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ABSTRACT
The Sustainment and Consequences of Cytosolic Calcium
Signals in Osteocytes

Genevieve N. Brown

Osteocytes are widely regarded as mechanosensors, capableatihgathanges in the
mechanical environment of the bone tissue and modifying cellular responses accordingly.
Indeed, an intact osteocyte network is required for bone changes in response to unloading, and
studies have shown that loading/unloading influsnosteocyte expression of proteins that
modulate bone turnover, such as sclerostin and receptor activator of nuclear factor kappa B
ligand (RANKL). However, mechanisms underlying osteocyte mechanotransduction remain
unclear. For instance, one of the eatlieesponses of bone cells to mechanical stimuli is a rise in
intracellular, or cytosolic, calcium (é*ayt), but the mechanisms by which osteocytes generate or
utilize C&" signals to direct bone adaptation are largely unknown.

In this thesis, | exploredhe mechanisms underlying the sustainment o?*cg;a
oscillations in osteocytes as well as downstream consequences of these patterns. | discovered that
Ca2+cyt oscillations are generated in osteocytes b§ @lease from the endoplasmic reticulum
and thatthe predominant expression ofType voltage sensitive Gachannels in these cells
facilitates this behavior. | also explored the role of the actin cytoskeletmother prominent
feature in osteocytesand found that actin dynamics are important far generation of Cf“a'gyt
signals. Furthermore, | confirmed that ZQﬁ transients subsequently activate actomyosin
contractions in osteocytes by monitoring interactions of osteocytes exposedl fy@aists on

micropillar substrates.



With this informaton, | sought to relate é*ayt signaling and actomyosin contractility in
osteocytes to their roles as coordinators of bone adaptatiéhd€zendent contractions have
been shown to facilitate the release of extracellular vesicles, small meremeasedpackages
of proteins that cells use for communication, in other cell types. | found that mechanical
stimulation increased the production and release of extracellular vesicles in osteocytes, and this
was dependent on €asignaling. These extracellular velsis contained key bone regulatory
proteins and were small enough to plausibly transport through the lacunocanalicular system.
Thus, | uncovered a novel mechanotransduction pathway by which osteocytes may coordinate
tissuelevel adaptation. As an extensiohthis work, | also characterized these behaviors in new
osteocyte cell lines which may better reflect native cell physiology.

The work in this thesis anchors Casignaling as a critical osteocyte response to
mechanical loading and adds to the bodywoik exploring how and why these signals are
generated. The results of these studies add new information to the still limited knowledge of this
important bone cell and extend Caignaling research by connecting early mechanosensation
events to subsequeptotein responses to mechanical loading. Understanding the mechanisms
behind the robust é&yt oscillations in osteocytes and how they relate to their roles as
coordinators of bone adaptation may improve our ability to prevent or treat bone degemeration

diseases like osteoporosis where mechanosensitivity is impaired.
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List of Figures

Figure 1.1 Types of bone cells and their primaryunctions. Bone is comprised of three major

cell types that work in concert to maintain the skeleton. Osteoblasts are responsible for matrix
deposition, while osteoclasts are responsible for matrix resorption. Osteocytes are the most
abundant cells thoughto primarily function as mechanosensors. Osteoblasts that become
embedded in their deposited matrix can mature into osteocytes. Osteocytes are characterized by
numerous dendrites emanating from the cell body that connect cells to one another and to
osteoltasts and osteoclasts on the bone surfanages adapted from OpenStaxatomy &
Physiology. OpenStax CNMay 18, 2016 http://cnx.org/contents/14fb4e8Bal-4eeeabbe

3Ef2482E3C22@BE........eeeeeeeeeeeeei e ————— et e e e e e e e e e e e e e e 11..

Figure 1.2 Osteocyte regulation of osteoblast and osteoclast activiti€cSummary of the
various biochemical responses of osteocytes to mechanical loading and how these function to
promote or ihibit bone formation and resorptoh.mage adapted fr om: nThe

the hard work backstage. 0 Madicogrdphia. 80423 34228and L

Figure 1.3 Mechanicallyinduced calcium oscillatons inin vitro and in situ osteocytes(A)
MLO-Y4 osteocytes cultured in micropatterned cell networks exhibit repetitive, -ldpeke
changes (oscillations) in é*ayt levels when exposed to steady fluid shear. (B) Osteocytes
embedded in an explanted muitibia exhibit similar patterns in @fa,t when subjected to

dynamic, deformational loading of the whole boimeages adapted fromef 65 and 68........1 3

Vi



Figure 2.1. Pathways involved in intracellular C&* signaling in osteocytes.Both the
extracellular reswoir and intracellular storage organelles contribute td* Gagnaling in
osteocytes. Channels along the cell membrane facilitaté ®mnsport from these spaces.
Purinergic receptors and-Tlype VSCC are the most critical channels in osteocytes. Adivati

of purinergic signaling generates phospholipase C (PLC), which generates inositol triphosphate
(IP3), which can bind to the ¥receptors (IER) on the membrane of the endoplasmic reticulum
(ER), resulting in C& release from the ER. Sarcoplasmic/eridsmic reticulum C& ATP-ase
(SERCA) pumps on the ER membrane serve to refill the ER wiffi iBas. C&" from the
extracellular environment can be transported directly througtype VSCC upon activation.

Image adapted from ReferenCEBB7. ... ... ..o . 32

Figure 2.2. The effects of VSCC inhibitors on C?afcyt responses in osteocytes and
osteoblasts. Representative images of Fl8o stained cells, (fécyt time courses, and
quantification of the number of &3, peaks are shown for (A) ML¥4 and 8) MC3T3-E1

cells treated with the-DType inhibitor nifedipine or the -Type inhibitor NNC 550396 prior to
exposure to fluid flow. Cd.y transients are shown as intensity changes of the fluorescent
indicator Flue8 normalized to intensity at baselinaqgorto fluid flow exposure. Error bars are

standard deviations. *p<0.05 compared to controls within each graup....................... 3 3

Figure 2.3. Localization of D1ER to the ERLive, transfected cells were stained with (A)-ER

Tracker Red to show localization ofeti{B) D1ER plasmid (yellow = FRET) to the ER. This

imagei s a representative 0StEO0CY!L @ i

vii



Figure 2.4. The effects of VSCC inhibitors on C4 dynamics in the ER.(A) Thapsigargin

was used to induce depletion of the ER over the tiouese of the experiment. The FRET ratio

was calculated by registering and dividing the FRET and donor images and calculating the ratio
within the cell. Depletion was determined by a reduction in the normalized FRET ratio to below
0.8. (B) Untreated MLOY4 exhibited similar depletion characteristics as those treated with an
L-Type inhibitor. Treatment with the-Type inhibitor resulted in significantly faster depletion,
guantified in the bar graph. (C) In MC3El, no differences were detected in the demteti

times among all groups. Error bars are standard deviations. Significance was assessed by one

way ANOVA. *p<0.05 compared t0 CONLOL..........ccuuie it e e 36

Figure 2.5. Effects of inhibitors alone on C&gr levels. MLO-Y4 cells were imaged for 20
minutes and drug was added after 1 min. Drugs were used at the following concentrations:
thapsigargin (1uM); amlodipine (10uM); nifedipine (10uM); NNC-6396 (20uM). Note the
rapid depletion of the ER (ratio below 0.8) upon addition of amlodipine. No othes shagved

off-target effects........cooiiii i e e 38

Figure 2.6. Simultaneous measurement of éayt and C&'gr dynamics. To simultaneously
monitor C&" in the cytosol and the ER, cells were transfected with D1ER and stained with the
red-shifted fluorescent Cé.y indicator Fura Red\M. Single cells at 60X were imaged using a
guadview beamsplitter with single excitation of both indicators to achieve simultaneous, real
time measurements of €g, and C4'cr. A representative image is shown(ify). The FRET

ratio was calculated from the FRET and donor images, and (B) shows the selection of a

viii



subregion to determine the changes irf‘Gamicrodomains corresponding to ?C@q spike

([ T1AE= Ui T0] o VT 39

Figure 2.7. The efects of VSCC inhibitor treatment on C& "y responses and Ca./Ca* er
synchrony in MLO-Y4 osteocytes and MC3T&E1 osteoblastsRepresentative time courses
from MLO-Y4 and MC3T3EL1 cells imaged at 60X magnification under fluid flow exposure in
the presace or absence of-land FType VSCC inhibitors. Flow was started after the collection

of 60s baseline. Detected peakdanv al | eys are indicated by *+7 ...

Figure 2.8. Quantification of the effects of VSCC inhibitors on the number of Céy
responses and C%Tcyt/Ca2+ER synchrony in MLO-Y4 osteocytes and MC3T&1 osteoblasts.

(A) The number of C?écyt responses in untreated;Tlype inhibitor treated, and-Type inhibitor

treated bone cells. (B) The percentage of synchronous responses wYMba@ MC3T3IE1

treated with VSCC inhibitors. The percentage of synchronous responses was defined as the
number of coincident G4, and C&'gr transients divided by the total number of transients
(peaks and inverse peaks). Error bars are standard deviigoificance was assessed by multi

factorial ANOVA with Bonferroni’'s postdhoc an

Figure 2.9. Inhibition of SOCE in MLO-Y4 cell populations. (A) Percentage of responsive
cells and (B) number of é‘ayt peaks in combl and treated groups. Error bars are standard

deviations. *p<0.05 compared t0 CONTLOL . ........oiuiriie e e .. 42



Figure 2.10. Pharmacologic inhibition of SOCE in single MLQY4 osteocytes(A) Number

of Ca?*cyt peaks in control and inhibitor treated greugB) The percentage of synchronous
responses in MLEY4 treated with SOCE inhibitors. Simultaneous measurement G, Cand

Cd*erin MLO-Y4 cells exposed to fluid shear preated with (C) YM58483, (D) SkB6365,

and (E) 2APB. Flow was started aftéine collection of 60s baseline. Detected peaks and valleys

are indicated by *“+". Swag ANOVA. &ron lzas arevstatidard S S e S ¢

deviations. *p<0.05¢ * * p<0. 001 compared to control ....ccceeiinnn.

Figure 2.11. Immunostaining of FType VSCC in MLO-Y4 osteocytes.Representative
images of osteocytes probed fofType VSCC (red) and counterstained with WGA (green) to

indicate the plasma membrane a& P1 ( bl ue) to i ndicate nucl ei

Figure 2.12. Immunostaining of FType VSCC in MC3T3-E1 osteoblasts.Representative
images of osteoblasts probed foiType VSCC (red) and counterstained with WGA (green) to

indicate the plasma membrane ah& P1 ( bl ue) to i ndicate nucl el

Figure 2.13. Immunostaining of IBR in MLO-Y4 osteocytes.Representative images of
osteocytes probed for IP3R (red) and counterstained with WGA (green) to indicate the plasma

membraneand DRl ( bl ue) to indicate nucl ei

Figure 2.14. Immunostaining of IBRR in MC3T3-E1 ostedlasts. Representative images of
osteoblasts probed for IP3R (red) and counterstained with WGA (green) to indicate the plasma

membranean® APl (bl ue) to indicate nucl ei
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Figure 2.15. Positive and negative staining of -Type VSCC and IP3R in bone cells.
Representative images of cells stained with and without (negative) primary antibGdAds) (1

forT-Type VSCC and | P 3 R e e

Figure 2.16. Proximity ligation assay between -Type VSCC and IRBR in MLO-Y4
osteaytes. Representative images of interaction events (red dots) betweegoahtand ani
rabbit PLA probes in fixed osteocytes. The top panel represents interaction events between
probes targeting -Type VSCC and IP3R antibodies raised in goat and rat#spectively.
Nuclei are indicated by counterstaining with DAPI. Representative images are also shown for
controls with either antibody alone or absence of both primary antibodies (negative). The right

column is a threshold image thfe interactionevenisn r ed ......ccovvvvvviiiiiiiiiiieeeen. 49

Figure 2.17. Proximity ligation assay between -Type VSCC and IR in MC3T3-E1
osteoblasts.Representative images of interaction events (red dots) betweegoantnd ari

rabbit PLA probes in fixed osteoblasts. The top panefesgmts interaction events between
probes targeting -Type VSCC and IP3R antibodies raised in goat and rabbit, respectively.
Nuclei are indicated by counterstaining with DAPI. Representative images are also shown for
controls with either antibody alone absence of both primary antibodies (negative). The right

column is a threshold imagebfh e i nt eracti on events in red......

Figure 2.18. Comparison of PLA interaction events between-Type VSCC and IPR in

osteocytes and osteoblastén adjustel number of PLA interaction events was determined for
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each cell type by counting the number of interaction events in samples probed for both
antibodies, normalizing by the total number of cells, and subtracting an average number of non
specific interactios per cell from the images with either antibody alone. Error bars are standard

devi at i on stestwaslused w detetmined difeces between cell types. ({€5....53

Figure 3.1. Effects of cytoskeletal disruption on Cﬁcyt oscillations in oseocytes.(A) A dose

study demonstrated that cells exposed to varying concentrations of CytoD could still respond to
Cd* elevations by ionomycin. (B) Representative traces o;f*cg;atransients in untreated
osteocytes and cells treated with CytoD or Cysoid thapsigargin. (C) Percentage of responsive
cells under each condition. (D) Number osz‘,a peaks under each condition. Error bars are

standard deviations. *p<0.05 compared to untreated cells..................c..cceeeeiient....6 6

Figure 3.2. MLO-Y4 osteocytes on PDMS imropillars. (A) Cortical actin morphology of
MLO-Y4 osteocytes seeded onto micropillars. (B) Micropillars coated with rhodamine

fibronectin and (C) seeded ML®4 stained with the C&y indicator FIu@8..................... 68

Figure 3.3. Particle tracking to determire pillar displacements.(A) Representative image of
particle tracking in image stacks from experiments using-Blgtained MLGY4 cells seeded

onto fluorescent micropillars. For each image, the positions of 7 pillars at the cell periphery and
7 pillars avay from the cell were tracked over time, and maximum displacements following
Ca2+cyt induction were calculated from the pillar position data. (B) Tracking of static pillars away

from the cell. (C) Tracking of pillars beneath the cell periphery. Linesateljgositions over the
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Figure 3.4. Effects of addition of vehicle (media alone) on Garesponses and pillar
displacements.(A) Representative osteocyte stained with FBudB) Rhodamine micropillars
beneath the cell. (C) Time course of Feiintensity. (D) Maximum displacement following the
addition of vehicle of pillars under the cell periphery and static pillars away from the cell. A

St u d etest wasusdd to deteima differences between groups............c.ocoveveeennee. .70

Figure 3.5. Effects of addition of ionomycin on C& responses and pillar displacementgA)
Representative osteocyte stained with FRBu¢B) Rhodamine micropillars beneath the cell. (C)

Time course of Flu® intensity. (D) Maximum dispteement following the addition of
ionomycin of pillars under the celll per-i phery

test was used to determine differences between groups. *p<s0.05..........ccccvvivvveen. 71

Figure 3.6. Effects of addition of ATP on C& responses and pillar displacements(A)
Representative osteocyte stained with FRBu¢B) Rhodamine micropillars beneath the cell. (C)

Time course of Flu® intensity. (D) Maximum displacement following the addition of ATP of
pillars under the cell peiper y and static pil |l ar stesawasaysedf r om

to determine differences between groups. *p<0.05....... ..ot Y A

Figure 3.7. Quasi3D microscopy.Single osteocytes with rounded morphology are imaged in a
square glass flow chaber at 60X. Duaéxcitation and a custom quadview emission filter allow

for simultaneous collection of three fluorescence channels: YFP and CFP of the FRET sensor
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and mkate2. An inverted microscope provides a traditional bettem image. A 45° mirror in

the light path directs emissions to an upright microscopéstoprovide aside i ew | mage ....

Figure 3.8. C&",: responses and E strain measurements in osteocytes exposed to steady
g y Y

fluid shear. Ca"oy transients are displayed as solid lines, wEilgstrains are shown as dotted

lines.FI| ow was started at B S e CONAS i

Figure 3.9. C&*Cyt responses and E strain measurements in osteocytes exposed to steady
fluid shear following pre-treatment with jasplakinolide. Ca?*cyt transients are displayed as
solid lines, while E; strains are shown as dotted lines. Cells were treated for 15 minutes prior to
flow with 1uM jasplakinolide, and the drug was included in the flow medium. Flow was started

AL D SBCONAS. .. oot 75

Figure 4.1. C&'s oscillations in MLO-Y4 cells exposed to fluid shear in medium

supplemented with exosomelepleted FBS.Representative time courses are shown for 5 cells

exposed o f | ow. FIl ow onset was at 60S .ciiiiiiiiiiiniinnnnnnn..

Figure 4.2. Overview of the experimental design(A) Three experimental conditions were
examined in this study. Cells were exposed to fluid shear, and one group was treated with
neomycin to prevent flovinduced C&. oscillations. Untreated cells under statamditions

served as controls. (B) Cells were exposed to two bouts of steady flow with an inserted rest

period. Flow duration was 10 minutes. Neomycin was present in the medium for beth pre
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incubation and equilibration steps, resulting in 30 minutes exposurthe drug por to

mechani cal S T T MU 8 0 T 0 N e e e e e e e e e

Figure 4.3. Differential ultracentrifugation procedure for isolating extracellular vesicles.
Extracellular vesicles were isolated from conditioned medium and subjected to0O8 %O¢g)
centrifugation step to eliminate cell debris and two 100,000 x g centrifugation steps to wash and

////////////////

pelletvesiclessma ge adapted fr om éRédédehhiébke élbéleg8ie.c.

Figure 4.4. Inhibition of Ca”*: signaling by treatment with neomycin.Repesentative MLO

Y4 cells stained with the Flud Cd"., indicator and exposed to steady flow at t=60s under (A)
control conditions or (B) with 15mM neomycin treatment for 15 minutes prior to flow. The drug
was also included in the flow medium. The normedizantensity for 4 representative cells is
shown on the right. (C) Percent of cell exhibiting at least oﬁécﬁaansient following flow
onset. (D) Average number of "C‘@,t transients per cell in responsive cells. Error bars are
standard deviations. $td e n-test svas tused to assess differences between the two groups.

K005, et e e e .90

Figure 4.5. LAMP1 immostaining in MLO-Y4 cells exposed to fluid shearMLO-Y4 cells

were fixed immediately following the experiment and iomostained for LAMP1 expression

with a secondary antibody conjugated to AlexaFHb@4. Nuclei were indicated with a DAPI
counterstain. Representative 20X (left panel) and higher magnification 60X (insets, right panel)

images were taken for..each . ..gr.oUup. ... ... 92
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Figure 4.6. Flowinduced extracellular vesicle releaseNanoparticle tracking analysis was

used to determine the concentration of particles in samples prepared by differential
ultracentrifugation. (A) Representative frame of paggdn a sample exposed to fluid flow. (B)
Particle concentration. Oneay ANOVA with Dunnett’s post hoc

among groups compared to control samples. Error bars are standard deviations. **p<@.0G1

Figure 4.7. Immuno-detection of extracellular vesicle contents(A) Vesicles fractions were
isolated by differential ultracentrifugation and resuspended in lysis buffer to extract protein for
Western blots. The proteins examined included the vesicle marker LAMP1 and the bone
regulatoy proteins RANKL, OPG, and slerostin. (B) Quantification efetted bands for each

T S o T S 0 R 1

Figure 4.8. Size distribution of osteocytalerived extracellular vesicles.(A) Representative
distribution of particle size foa sample of vesicles isolated from cells exposed to flow. (B)
Average patrticle size for each group. Error bars are standard deviations. Differences were
evaluated byonwvay ANOVA wi th Dunnet tesweremetected amang . N o

o T o U T PP 96

Figure 5.1 Summary of available osteocyte cell lineslighlighted is the lack of sclerostin

expression in the ML&4 cells line, which is the most common cell line used fodwhg

osteocyte mechanobi Ol OQY ciiiiiiiiiiciicieieeeec e 1.0.7
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Figure 5.2. Ocy454 differentiation. Expression of GFP driven by the DMP1 promoter in

Ocy454 cells grown at 33°C and 37°C for5,9,12, 8@ d @y S .covoiiiiiiiiiiiiiiiiiiciie e 108

Figure 5.3. Immuno-detected of sclerostin protein(A) Increase in sclerostiaxpression with

differentiation of Ocy454 cells. (B) Sclerostin expression is more abundant in mature Ocy454

cells than in the MLOY 4 cell line. (C) Negative controlwt h no 1° anti body ..........

Figure 5.4. C&". signaling in immature and mature Ocy#54 cells.The top panel shows
Fluo-8 staining in immature and mature Ocy454 cells under fluid shear stimulation.
Representative time courses of“Ga responses in three cellsom each group are shown

D B | O W oo 11 0

Figure 5.5. Quantification of differences in C4" signaling behavior between immature and
mature Ocy454 cells.(A) Responsive cell percentage. (B) The number of*cg;apeaks
following flow onset in responsive cells. Error bars are standard deviations. Differesece

assessed Hest*pg<@@E.N.L..S...lo . 10101

Figure 5.6. Regulation of sclerostin expression by mechanical loading and 2(’;@;
oscillations. Mature Ocy454 cells were exposed to fluid flow in the presence or absence of

neomycinand compared with static controls. Whole cell protein was extracted and probed for

scleros i n expression by Western bl ot ..
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Figure 5.7. IDG-SW3 cell line.(A) After 21 days of differentiation under osteogenic conditions,
cells expess high levels of GFP driven under the DMP1 promoter. (B)-Ratastaining in

IDG-SW3 cells to iNdicate Chyt..........coeeriiivrerieieeieeeeiiiieieeeee e eiiiieieeeeeeieee . . 113

Figure 5.8. C&" signaling patterns in early (Day 0) and late (Day 21) stage IDGSW3
cells. FuraRed stainingwas used to indicate €a,, and plotting the FurRed intensity over

time reveals transieNt €28 C T i Vi T Y .oouiiriee e e,

Figure 6.1. Trabecular bone explants.(A) Trabecular bone core drilled from a bovine
metacarpus. (B) 7 mm trabecularneoexplant cut from thedme core using a low speed

S A W ettt et e e .. 128

Figure 6.2. Cleaning of trabecular explants(A) A confocal image of a cleaned trabecular
bone explant stained with a LIVE/DEAD cytotoxicity/viability kit. peEated PBS rinsing and
trypsinization removes all surface cells, leaving only live osteocytes embedded in the bone (live
cells are green). (B) Cleaned explant after 14 days in culture. Live osteocytes remain in the
interior, and rigorous cleaning ensurésittfew surface cells (arrows) remaio populate the
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Figure 6.3. Controlled seeding of primary osteoblasts onto trabecular bone explants.
Confocal images of trabecular explants stained with a LIVE/DEADtoyicity/viability kit. A

defined number of cells are seeded onto explants using a custom cell seeder. Osteoblasts

gradually and evenlypopulae t he avail able bone surfaces.......
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Figure 6.4. Loadable perfusion bioreactor for perfusion and mdeanical testing/dynamic
loading of trabecular bone explantsThe exploded view highlights the main components used
to secure the trabecular bone explant (bone core) for loading and perfusion. The assembly view

is a schematic of a bioreactarfan individa | b one speci men .......coooviiiiinn.

Figure 6.5. Setup of the experimental systenitach loadable perfusion bioreactor is connected
to a multichannel perfusion pump and can be placed in a mechanical testing devazelfiog

or mechanical T €St i N e enieeenen « . 1 32

Figure 6.6. Representative load and displacement curve from the last ten cycles of dynamic
mechanical testing.The applied waveform was a 1 Hz sinusoidal compressive waveform from

-5N (level 1) to-10N (level 2) under load cONtrol...........coviiiiiiiii e, .. 133

Figure 6.7. Configurations for mechanical testing of a standard material to evaluate effects

of the chamber design on accuracy of mechanical testingconfiguration 1 represents a
standard unconfined compression testing configuraietween two rigid stainless steel platens.
Configurations 2 and 3 are in the polyetherimide chamber base with and without the chamber
cap, respectively. Standard utnagh molecular weight polyethylene solid specimens machined

to the same geometry ofatsecular bone explants (n=5) were tested in each configuration, and
the apparent elastic modulus was determined from the slope of aligpdalcement curve
constructed from the final compressive cycle of a mechanical test and the specimen geometry.

Using meway ANOVA with Bonferroni’s post hoc

XiX



detected in the sample moduli determined from specimens in the chamber, but upon correction
for the compliance of the plastic base, these differences were no longer significant.

FHDL0.0 et ee e e e e e e e e et et e ettt e et et eementeem s et e s 134

Figure 6.8. Percent change in elastic modulus of devitalized bone cores loaded routinely

and culture for 4 weeks.(A) 36 trabecular bone explants were randomly assigned to one of 6
groups (n=6/group): tissue culture control, Aoaded, and loaded for 1, 3, 5, and 10 days.
Apparent elastic moduli were determined for each sample at Day 0, and a load level
corresponding t®400Le was determined for each sample to apply similar strains across all
specimens. The modulus was determined again after 4 weeks (Day 28), and a percent difference
was calculated. (B) Average percent change in apparent elastic modulus for each goyup. Er
bars are standard deviations. One sample was eliminated as an outlier from the 5 day loading
group (gray italics). Onevay ANOVA with Bonferroni’ s post
determine differences among groups, and p<0.05 was set to indicate aigrafido differences
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Figure 6.9. Influence of perfusion on osteocyte viability over long term culture(A)
Reconstructed confocal image of an explant perfused for 14 days in the loadable perfusion
chamber (B) Inset of the confocal slice corresponding to the bone surface. (C) Live osteocytes
(green cells, white arrows) are observed 20um below osteoblasts on the bone surface. (D) A
number of dead osteocytes (red cells) can be observed in giitices atthe same time
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Figure 6.10. Histological assessment of osteocyte viability in explants cultured for 2 or 4
weeks (wk) in loadable perfusion bioreactors compared with static tissue culture controls.
Error bars a standard deviations. Sample numbers for each group are indicatedia®®ne
ANOVA with Dunnet’s post hoc analysis was us:¢

live osteocytes from initial l[evels. *P<O.05...... ..o e 139

Figure 6.11. Calciumsignaling in trabecular bone explants.Confocal image of an explant

stained with the Flu8 calcium indicator and treated with 50uM ATP. Arrowsdicate
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Chapter 1

1.1Background

1.1.1 Bone adaptation

Wol ff's Law posits t tiuatire tb suppert anddsasfainh extemal s i n
loads. This is demonstrated by the enhanced bone strength in dfiletesthe loss of bone in
unloading conditions, such as extended betieesi microgravity®. Furthermore, it is believed
that changes in thability of bone to adapt to its mechanical environment underlie several
skeletal pathologies, including osteopords’s bet t er understanding of
adapt to physiologic mechanical loads has potential to reveal new strategies datimgitthe
more extreme demands placed on bones in pathologic conditions and to inform novel,
innovative, and more precise treatments for patients with bone dis€hss, there is
considerable interest in studying the mechanisms of bone adaptation.

For these architectural changes to occur, one or more cells within the bone must be
sensitive to mechanical stimulation. Bone is comprised of three major cell types (Fig. 1.1).
Osteoblasts are cuboidal cells derived from the mesenchymal lineage responsibkgriior m
deposition. Osteoclasts are large, moiicleated cells of hematopoietic origin that resorb bone.

The balanced activity of osteoblasts and osteoclasts, with bone formation following resorption on
identical surfaces, is called remodelitgrbalancedactivities of osteoblasts and osteoclasts can
result in either excess bone formation or resorption, both typically pathologic outcomes.
Together, these cells make up less than 10% of the bone cell popaladpnvith lifetimes

estimated in only weeks, negsent a transient population of cells



The majority of bone cells are osteocytemature bone cells embedded within the bone
matrix that can survive for decade®steocytes mature from osteoblasts that become entombed
in deposited matrix. Their functiomas enigmatic for a long time, largely due to their
inaccessibility. While osteoblast and osteoclast populations were relatively easy to isolate and
characterize, it was challenging to extract osteocytes from the bone and maintain their
phenotype. Howevemwith the introduction of an osteocyike cell line’ and new technologies
to probe their functionsn vitro andin viva', the role of osteocytes in bone adaptation has

received considerable attention over the last few decades.

1.1.2 Osteocytes as nfemosensors

Osteocytes are considered ideal mechanosensors due to their abundance and intricate
arrangement within the bone tis&t®. They are stellate cells characterized by numerous
cellular processe- or dendrites- emanating from the cell body and connecting cells with one
another and with cells on the bone surface, such as osteoblasts and osteddktstcyte cell
bodies reside in lacunae, and the dendrites extend through channels witlondhessue called
canaliculi. The extensive network created by these structures is called the lacunocanalicular
system (LCS).

Mechanical loading of bone results in bending, with areas of compression and tension
forming along the bone surfaces. Physioldgads from activities such as running and jumping
can engender strains in the range of 280001e*’. However, when similar strains were used to
stimulate bone cellsn vitro, they were not sufficient to engender a biological respfnse
suggesting that e embedded within the bone experience a different mechanical stimulus than

strain on the whole bone surface. Using poroelastic models to relate whole bone strains to cell
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level mechanical signals, it was proposed as early as the 1970s that smallrebges sicting on
osteocytes within the LCS are induced by the flow of interstitial ff4id In the 1990s, a
seminal theoretical paper predicted that the relatively small deformations to the whole bone
tissue could translate to fluid shear stresses airttl those in vascular tissuggreviewed in?9).
It is therefore now widely accepted that the predominant stimulus experienced by ost@ocytes
situ is fluid shear stress that results from this interstitial fluid pressurization in the LCS upon
dynamicdeformation of the whole boff*** Indeed, this has been verified experimentafly
and fluid shear is now extensively used as a stimulus fatro studies.

In vitro studies subjecting osteocytes to fluid shear have shown that loading caneenhanc
the release of prostaglandin PGE)?*?®, nitric oxid€**° osteopontift, Wnts?, and modulate
the ratio of receptor activator of nuclear factor kappllgand (RANKL) and its decoy receptor
osteoprotegerin (OP&)** over the course of hours andyda A few studies have also
demonstrated that conditioned medium from osteocytes exposed to fluid flow decreases
osteoclastogenedis™ inhibits osteoclast resorptive activity and promotes osteoblast
differentiatiori®. Taken together, these studiesmi@strate that osteocytes can respond to
mechanical loads by adapting downstream protein responses.

In vivo studies have also demonstratedt osteocytes are sensitive to their mechanical
environment and can orchestrate bone turnover in response tonchareghanical demantfs-
In transgenic mice with ablated osteocytes, bone resorption was enhanced due to an increase in
the RANKL/OPG ratio, and mice were resistant to unloadfidgced bone 108§ More recent
studies using osteocyspecific inducibé knockouts of RANKL suggested that osteocytes are
the primary source of RANKL for modulating osteoclast actiVity Loading has also been

demonstrated to af fect osteocyt e c oaatenino | of
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inhibitor sclerostin, with suppresses the activity of osteoblasts. Studies of both ulnar and tibial
loading in mice have been shown to decrease levels of the sclerostin protein expression, while
unloading has been shown to increase levels of sclefbstimese changes are highdorrelated

with sites of anabolic bone formation in these mod&f§. Taken all together, these studies
highlight the essential role of osteocytes in both immediate mechanosensation and the

coordination of later adaptive responses (Figure 1.2).

1.1.3Calcium signaling in bone cells

One of the earliest responses of bone cells to mechanical stimulation is a ri$&if"Ca
Ca2+cyt signaling mediates a multitude of physiological processes in a wide range of*fissues
including cell growth in cardiac rpgenitord®, i nsulin product i*%n i
differential gene expression in-cells’®, and migration in lung fibroblasts In the
musculoskeletal system, Ef@t signals affect the differentiation of mesenchymal stem “Cells
and contributed RANKL-induced osteoclastogenesi¥’,

In one of the earliest studies of ré¢imhe bone cell mechanotransduction, primary
osteoblasts were demonstrated to exhibit heterogenec’rt@ @zsponses to different fluid shear
stress levels, with most cellshekiting a single response to fluid flow with variable magnitiide
Further studies examined the effects of different flow profiles on osteobl&s) @sponses and
found that osteoblasts are more responsive to steady and pulsatile flow than osfiittetSty
Furthermore, cells exposed to multiple bouts of flow were found to exhibit similar response
characteristics, suggesting an intrinsic mechanosensation re¥p8na&hen cultured in
micropatterned networks recapitulating the characteristic spacidgonnectivity of osteocytes

in vivo, osteoblasts exhibited subsequent, lemegnitude responses to steady flowin
4
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addition, osteoblasts cultured in these networks could propagé‘i@t G@nals to neighboring
cells when a single cell was stimuldtey indentatior?.

The characterization of osteocytengar responses to mechanical loading came nearly a
decade later. In explanted fragments of chicken embryonic calvariae, bone cells were
demonstrated to exhibit autonomous’O@sponses, and embedet osteocytes stimulated by
microneedle displaceméftor shear stress over the explant suffaeeere shown to exhibit
Ca2+cyt responses that could be propagated to neighboring’céllsthermore, osteocytes were
more responsive and more sensitive taromeedle displacement when stimulated along a
dendritic process rather than at the cell B8dyhis result was confirmed by a later study using
localized hydrodynamic forc&s

When exposed to fluid shear vitro, osteocytes cultured in micropatterneetworks
were discovered to exhibit unique patterns iﬁ*@a robust, umattenuated oscillations in Efag,t
were observed in response to steady flow in MYDosteocytes, with some cells exhibiting up
to 17 Cé*cyt transients in a-8ninute stimulation pegod®. These responses were distinct from the
Ca2+cyt responses of osteoblast precur&t¥sand more pronounced under steady than oscillatory
flow®”.

This unique pattern in C&, was recently confirmed in aex vivo system where
osteocytes and ostdabts in native murine tibiae were subjected to dynamic deformational
loading. Osteocytes, identified as cells residing in lacunae approximately 40 um below the bone
surface, exhibited robust oscillations in“Ga in response to lo4dl This pattern wasnore
pronounced than the autonomou§*§aresponses of osteocytes, which were undetectable, as

well as the loadingnduced and autonomous responses of cells on the bone 3Uffataken



together, these studies allude to a key role &F&asignalingin osteocyte mechanosensation

(Figure 1.3).

1.2 Motivations

While robust C%\*cyt have been observed in osteocytes in response to mechanical loading,
and mechanical loading has been demonstrated to affect the adaptive response of osteocytes
through modultion of protein expression, to date no studies have connectéem@diated
mechanosensitivity to signal transduction in osteocytes. Furthermore, the mechanisms
underlying the initiation and sustainment of"Ga oscillations have not been clearly ideieif.
Ca2+cyt oscillations in osteocytes are dependent on ER stores and modulated by inhibition of
membrane Cd channel®, but the exact nature of this interaction remains unknown. For
instance, inhibition of AType voltagesensitive calcium channels (VEE has similar effects as
disruption of ER stores, yet no link has been demonstrated between them in osteocytes.
Furthermore, the role of the ER has only been studied indirectly through the use of
pharmacologic inhibitors.

A prominent feature of osteocytessan actirrich cytoskeleton. By tracking strains in the
actin network within osteocytes subjected to fluid fidW our laboratory previously observed
that development of tension in the actin precedes & @aponse. We also discovered an
immediate ompression of the actin network following a?Csignal, indicative of an actomyosin
contraction. This is the first demonstration of a mechanical consequence of mechanotransduction
in osteocytes and likely relates to the function of osteocytes as reguwatoone adaptation, but

no studies have explored this phenomenon. This warrants a detailed investigation of the



interactions between the actin cytoskeleton an%l*cgesignals in osteocytes, which are so far
largely unexplored.

Furthermore, Cd.,-depemlent contractions may facilitate the release of proteins from
osteocytes within the bone to cells on the bone surface through the shedding of extracellular
vesicles. Though vesicles have been identified in ostedtyiad shown to contain osteocyte

protens’?, to date no studies have explored their role in osteocyte mechanobiology.

1.3Aims and Organization

The goal of this thesis is to extend the understanding of hS\*/gyﬁa'gnals in osteocytes
are generated, sustained, and involved in adaptive proton®ss.

In the first study presented in Chapter 2, we explored whether the ER sustéigs Ca
oscillations in osteocytes through interaction withTyipe VSCC. We hypothesized the
predominant expression ofTlype channels in osteocytes may contributeh&rtunique C%\*Cyt
patterns and further speculate thatyipe VSCC in osteocytes may interact with ER stores. Our
efforts were guided by the following aims:

Specific Aim 1a: To determine the effects of VSCC inhibitors on’fgasignals and

Cd*er dynamie in osteocytes and osteoblasts.

Specific Aim 1b: To investigate the physical association efyipe VSCC with the ER in

osteocytes and osteoblasts.

In the next study presented in Chapter 3, we explored how the dynamics of the actin
cytoskeleton are coupleto C&* signaling in osteocytes. Our first aim was to determine whether
actin dynamics are important in sustaining? Cascillations in osteocytes. Next, we sought to

confirm osteocytes exhibit €adependent contractions in an alternative experimeysaés by
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chemically and mechanically inducing?C@t responses in osteocytes seeded onto micropillars.
Finally, looking towards future studies in animal models, we sought to identify an inhibitor of
this contractility that could be translatedinovivo studies.

Specific Aim 2a: To evaluate the influence of actin dynamics oﬁ@aoscillations in

osteocytes under fluid shear stimulation.

Specific Aim 2b: To verify C&*-dependent actomyosin contractility in osteocytes by

measuring interactions with a defable substrate.

Specific Aim 2c: To inhibit actin contractions independent of Csignals in osteocytes.

In Chapter 4, we wanted to link the observed*®@acillations and actin contractility to a
functional consequence in osteocytes. There is aasdblished role for GHactin dynamics in
promoting exocytosis, and recent research has highlighted the importance of exocytosis in the
shedding of vesicles that serve to transport proteins from one cell to another. Thus, we
hypothesized C?écyt oscillaions have a role in immediate osteocyte protein responses by
facilitating the shedding of extracellular vesicles. This hypothesis was explored through the
following aims:

Specific Aim 3b: To quantify mechanicalljnduced extracellular vesicle release in

osteocytes with and without inhibition of €ascillations.

Specific Aim 3c: To characterize the size and contents of osteadstived extracellular

vesicles.

The previous chapters use the MIY@ osteocyte cell line, which, since its introduction
in 1997° has revolutionized the study of osteocytes. However, as our studies begin to link
behaviors in MLQY4 osteocytes to their protein responses, it is important to evaluate how well

they recapitulat@ative osteocyte physiology. Recently, two new osteocyte cell4ilie&-SW3
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and Ocy454- have been developed to address the lack of sclerostin expression iy #Mt6.
Sclerostin is expressed almost exclusively in osteocytes and serves to inhibfotmaton,
therefore it is a specific and effective target of current therapies for osteoporosis. In order to rely
on these new cell lines for experimental studies linkin§ @sponses to changes in sclerostin
expression, we sought to characterize tliesponses in Chapter 5. Given the consistency among
our prior in vitro and ex vivo studies, we hypothesized mature osteocytes would exhibit
oscillations in C&. in response to fluid shear, while immature cells would be less sensitive.
The following aimgeflect the characterization of these two cell lines:

Specific Aim 4a: To evaluate the percentage of responsive cells and number’of Ca

peaks in immature and differentiated Ocy454 cells subjected to fluid shear.

Specific Aim 4b: To evaluate the perceng@f responsive cells and number offCa

peaks in immature and differentiated IEBSV3 cells subjected to fluid shear.

Lastly, though the final study in Chapter 6 was actually developed prior to the start of the
other studies presented herein, it represantgnportant move in extending that work to inter
cellular communication dependent on these processes. A loadable perfusion chamber was
developed to simultaneously load and perfuse explanted bovine bone cores. These bone cores are
organotypic, with preseed osteocytes in the lacunocanalicular system connected with
osteoblasts on the bone surface. This system also has the singular advantage to generate an
experimental group that cannot be madeitro or in vivo: genetically modified osteoblasts with
intact osteocytes. Culturing these bone cores in a loadable perfusion bioreactor thus enables
precise mechanical interventions and kegn culture of these critical samples. This work was

guided by the following aims:



Specific Aim 5a: To design a loadable gasion chamber for the lorgrm culture of

bovine trabecular bone.

Specific Aim 5b: To evaluate the accuracy of the mechanical properties of bone tissue
calculated from samples inside the chamber.

Specific Aim 5c: To confirm that perfusion of bovine tracular bone in could maintain
osteocyte viability for up to 4 weeks in culture.

Chapter 7 summarizes the conclusions of this thesis work and suggests future studies to

expand on these findings.
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1.4Figures
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Figure 1.1 Types of bone cells and their primar functions. Bone is comprised of three major

cell types that work in concert to maintain the skeleton. Osteoblasts are responsible for matrix
deposition, while osteoclasts are responsible for matrix resorption. Osteocytes are the most
abundant cells thoing to primarily function as mechanosensors. Osteoblasts that become
embedded in their deposited matrix can mature into osteocytes. Osteocytes are characterized by
numerous dendrites emanating from the cell body that connect cells to one another and to
osteblasts and osteoclasts on the bone surfimages adapted from OpenStaxatomy &
Physiology. OpenStax CNMay 18, 2016 http://cnx.org/contents/14fb4e8bal-4eeeabbe

3ef2482e3e22@8.25
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Figure 1.3 Mechanicallyinduced calcium oscillations inin vitro and in situ osteocytes(A)
MLO-Y4 osteocytes cultured in micropatterned cell networks exhibit repetitive, -ldpgke
changes (oscillations) in @fayt levels when exposed to steady fluid shear. (B) Osteocytes
embedded in an explanted murine tibia exhibit similar patterns ?ﬁcyQarhen subjected to

dynamic, deformational loading of the whole bomeages adapted from references 65 and 68

13



Chapter 2
Interactions between the endoplasmic reticulum and AType voltagesensitive calcium

channels in osteocytes to sustain mechanicailyduced calcium oscillations

This thesis chapter has been previously published, in part, in the manuscript:

GenevieveN. Brown Pui L. Leong, a{Type vHlltagesénsditivea r d Gu

calcium channels mediate mechanicaliguced intracellular calcium oscillations in

osteocytes by regulating endoplasmic retic

2.1 Introduction

Osteocytes are widely regarded as mechanosensors, capable of detecting changes in the
mechanical environment of the bone tissue and modifying cellular responses acctrtfingly
Osteocytes exhibit robust oscillations ianﬁin response to mechanical stilaton, a pattern
distinct from their osteoblast precursors and attributed to their mechanosefifivigyior in
vitro work from our laboratory concluded thatQQg( transients depend on both the extracellular
reservoir of C&' ions (with C&" transprted through channels on the plasma membrane) and
intracellular storage organelles, in particular the endoplasmic reticulurf®(ERjure 2.1).

Indeed, prior studies in osteoblasts alluded to the importance of the ER as a subcellular
store of C&" for flow-induced C&' responses in bone cells. Block ofGa release by TMB8*
or neomycift® dramatically reduced the number of osteoblasts capable of exhibitifig,Ca
transients, and thapsigargin treatment eliminated the lower magnitude subsequent peaks in

micropatterned osteobla3ts
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In osteocytes, depletion of ER stores abrogates oscillations. Treatment with the drug
thapsigargin to block ER Gareuptake significantly reduced the number oF*Q;,atransients
from an average of five down to a single @sge. A similar effect was observed im situ
osteocytes, where thapsigargin treatment abolished multigfer€monses induced by dynamic
loading of a murine tibf4.

The distinct C& oscillations in osteocytes, which are absent in osteoblasts laibited
by ER disruptiof®, suggest that a phenotypic difference between these two cells may explain
this behavior. C?a“{cyt oscillations in osteocytes are also affected by inhibition of a number of
membrane channels involved in Céransport, and targetinchannels expressed primarily in
osteocytes should clarify some mechanisms underlying this unique behavior. For instance, the
expression of voltagsensitive calcium channel (VSCC) subtypes changes as osteoblasts
differentiate into osteocyt&s Osteoblass express both low threshold @nd high threshold L
type VSCC, whereas osteocytes predominantly expre¥yp& VSCC® Previous studies
published from our laboratory explored the effects of VSCC inhibitors when added to the flow
medium after shear stinatior?>. The addition of the Type inhibitor NNC 550396 interrupted
Ca2+cyt responses in osteocytes, preventing subsequétitti@asients, but had little observable
effect on osteoblasts. Treatment iof situ osteocytes with the -Type inhibitor prior ©
mechanical stimulation also significantly reduced the number 8fr@sponses. Interestingly,
inhibition of these channels in both systems had similar effects as disruption of ER stores, though
no link has been demonstrated between them in osteodytsssuggests that-Type VSCC
may interact with the ER in osteocytes, with the ER possibly relying -yp€ VSCC to

replenish C& following C&" release.
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VSCC have been shown to interact with the ER antggaelease pathways in other
cells. A directassociation of IType VSCC with the ER has been previously demonstrated in
arterial smooth muscle, where \@&a2 channels were found to be localized to ER caveolae by
transmission electron microscopy and to bind to ryanodine receptors (RyR) on the ER by a
proximity ligation assay. In a previous study, blocking RyR by tetracaine did not abolish
Ca*ey Oscillations in osteocytes, but inhibition of inositol triphosphate (IP3) generation by
treatment of cells with neomycin, which prevents IP3 receptor (HrBRl)iated release of €a
from the ER, abolished multiple resporfSe3hus, a similar association may exist between T
Type VSCC and IP3R in osteocytes. In addition, a number of proteins participate iel€ase
from ER stores and Gaentry triggeredby this release- a phenomenon referred to as store
operated calcium entry (SOCE)such as Stromal Interaction Molecules (STIMs) and*Ca
Release Activated Channels (CRAESs)n particular, STIM1 has been shown to interact with L
Type VSCC in rat cortidaneuron&® and vascular smooth muscle c&land Cg3.1 T-Type
VSCC in cardiac myocyt& The potential role of SOGEelated proteins in osteocyte Ca
signaling have not yet been explored.

Though our previous studies implicate roles for both the ER Biype VSCC in
osteocyte C?:icyt responses, their relative contributions or any interactions between the ER and
T-Type VSCC remain unknown. This is largely due to an inability to observe ERI@zmics

8485 i e. to monitor C4 localized to the ER

in the same way that we can probe”@;,aevent
separately from C& entering the cell from the extracellular fluid. However, advances in
genetically encoded &abiosensors now enable the targeting of these sensors to subcellular

organelles, including theFE®®8,
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Thus, the focus of this work is to observe®&a dynamics in bone cells to better
understand the role of ER stores in the uniqu& Bscillations in osteocytes. We hypothesized
that an ability to refill ER stores results in %Ga oscillations in osteocytes.We also
hypothesized that the predominant expressionyp€ channels in osteocytes may contribute to
their unique C%i*cyt patterns and further speculated thatjpe VSCC in osteocytes may interact

with ER stores.

2.2 Materials and Methads

2.2.1 Cell culture

Osteocytdike MLO-Y4 cells (a gift from Dr. Lynda Bonewald, University of Misseuri
Kansas City, Kansas City, MO) were cultured on 0.15 mg/ml collagen (rat tail type I, BD
Biosciences, San Jose, CA) coated culture dishes in minimaire @st i a | al MEMy medi u
Life Technologies, Carlsbad, CA) supplemented with 5% fetal bovine serum (FBS, Hyclone
Laboratories Inc., Logan, UT) and 5% calf serum (CS, Life Technologies, Carlsbad, CA).
MC3T3-E1 preosteoblasts (ATCC, Manassas, VA) weré duu r eMEM isupplemented with
10% FBS. Cells were maintained at 5% &0d 37°C in a humidified incubator. ML®¥4 cells
were subkcultured prior to reaching 780% confluence in order to maintain an osteotie

phenotype.

2.2.2 Inhibitors

All inhibitors used in this study were purchased from Sigwdaich (St. Louis, MO).
Thapsigargin is an inhibitor of the €aATPase pump on the ER (SERCA) which facilitates the

reuptake of C& into the ER, and thapsigargin treatment (1uM) thereby results in ElRtidep
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Two VSCC inhibitors were used in this study: thd@ype inhibitor NNC 550396 (20 uM) and
the L-Type specific inhibitor nifedipine (10uM). MLQ'4 cells were also treated with the
following inhibitors related to SOCE: YM58483 (3uM), a CRAC inhibitprSK~96365
(50puM), a SOCE inhibitor that inhibits STIM1 (similar effects as STIM1 silen&hpt
exhibits offtarget effects on VSCC activity and 2APB (50uM), a reliable inhibitor of SOCE
and IRR*>% Cells were incubated in the inhibitors fd§ fninutes prior to flow exposure, and

the inhibitors remained in the flow medium for the duration of the experiment.

2.2.3 C&'spindicators and Cég visualization

To observe C?écyt changes only, MLOY4 and MC3T3EL1 cells were stained with Flt®
AM (AAT Bioquest, Sunnyvale, CA) dissolved in 20% Pluroni¢Z in DMSO (Invitrogen,
Carlsbad, CA). To visualize ER calcium levels in osteocytes and osteoblasts, cells were
transiently transfected with the D1ER plasmid (plasmid #36325, Addgene, Cambridy&, MA
using standard neliposomal techniques (Fugene 6, Promega Corporation, Madison, WI). D1ER
is a second generation cameleorf Cfuorescence resonance energy transfer (FRET) sensor
targeted to the ER with a retention sequence. To simultaneously xﬂs@ﬁfm and C&'e,
cells were transfected with D1IER and then stained with theshifd C4": indicator Fura
RedAM (20uM, Life Technologies, Carlsbad, CA) in DMSO and Kolliphor® EL (Sigma
Aldrich, St. Louis, MO) prior to fluid flow stimulation.

To verify the localization of the D1ER plasmid, transfected cells were stained with ER
Tracker Red (Molecular Probes, Eugene, OR). Cells were rinsed and incubated with a warmed
1uM working solution of ERTracker Red for 30 minutes at 37°C. Cells were ringigh fresh

medium and posihcubated for 15 minutes prior to imaging. The FRET biosensor was excited at
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430nm, and fluorescence emission of YFP (530nm) was collected as the FRET image. The ER

Tracker Red dye was imaged using 568nm excitation/660nm emissio

2.2.4 Fluid flow stimulation

Prior to staining with appropriate €aindicators, cells were plated onto 10pg/mL
fibronectin (Corning, Corning, NY) coated glass slides at ~80% confluency to establisklicell
contact. Slides were then stained and abssaninto a custom parallplate flow chamber with a
glass bottom that permits live cell imaging under fluid shear stimulation. For single cell studies,
cells were plated onto 500um thick glass slides (Delta Technologies, Loveland, CO) to
accommodate thehorter working distance of the higher magnification objectives. The chamber
was placed on the stage of an inverted microscope (Olympus, Waltham, MA) and attached to a
magnetic gear pump (Scilog, Madison, WI) for the application of steady, laminar, atiafied
flow at a shear stress of 35 dynesicrwhich has been shown to induce multiple2+@a
responses in osteocytes and fewer, weaker responses in osteoblasts in our previotls Istudies
addition, the CHy patterns observeih vitro under this flov profile are consistent with those
observed inex vivo mouse tibia under physiologic dynamic lo¥dsvhile oscillatory flow
induces fewer respon$ésBaseline fluorescence intensity was captured for 1 minute prior to

fluid shear stimulation for 9 minwte

2.2.5 Imaging and image analysis

For monitoring ER depletion, tirMapse images were collected -88 hours post
transfection at 40X magnification. The FRET biosensor was excited at 430nm using a Lambda

DG-4 xenon lamp (Sutter Instruments, Novato, CAhd fluorescence emissions of YFP
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(530nm) and CFP (470nm) were captured simultaneously using a quadview beamsplitter
(Photometrics, Tucson, AZ) and custom cahd polychroic (Chroma, Bellows Falls, V1)
To monitor ER depletion, cells were imaged for &@inutes following the addition of
thapsigargin (1uM). Images were acquired every 3 seconds to minimize photobleaching. The
FRET ratio was calculated on a pb®l-pixel basis using crossorrelation based image
registration of the FRET and donor emissidasobtain relative Cégr levels. The time to
depletion was defined as the time at which the normalized FRET ratio fell bef$w 0.8

To monitor the effects of VSCC and SOCE inhibitors oﬁ*@taresponses, timapse
images of cells were collected at 20Xagnification for 9 minute periods of fluid flow
stimulation. The Flu® C&" indicator was excited at 488nm, and fluorescence emissions were
collected at 527nm. A éayt transient was defined by an increase Rumtensity at least 4
times the magnituglof noise prior to flow onset

To simultaneously monitor é*ayt and C&'gg, single cells expressing Fura Red and the
D1ER FRET sensor were identified at 60X magnification. Single excitation (430nm) was used to
excite the dye and FRET biosensor, anadrdscence emissions of YFP, CFP, and Fura Red
(641nm) were captured separately and simultaneously. Images were acquired every 3 seconds.
Ca* eyt time-courses were extracted from the Fura Red image. Photobleaching was corrected in
this channel using an expential fit of the baseline G4, levels. The FRET ratio was
determined from registered FRET/donor emissions. Regions of interest were selected to capture
Ca* micro-domains within the cell based on the location of the initiation of’4feespons¥.
To investigate the relationship betweer?Cactivity in the cytosol and the ER, we defined a
percentage synchrony as the number of coincide?ﬁcﬁand C&'r transients divided by the

total number of transients (peaks and inverse peak%*)ey@maksand decreases in €ar were
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identified as transient responses (i.e. decrease and recovery) with a magnitude greater than four

times the magnitude of the noise in the baseline images.

2.2.6 Immunedetection

For immunostaining, cells wererinsedinDdbe o’ s Phosphate Buffere
Gibco, Carlsbad, CA), fixed in 4% paraformaldehyde (Sigma Aldrich, St. Louis, MO) in DPBS,
and permeabilized with 0.2% TritBh X-100 (SigmaAldrich, St. Louis, MO). Norspecific
protein antibody interactions were bked using 2.5% Normal Horse Serum for 30 minutes
(Vector LaboratoriesBurlingame, CA). A rabbit polyclonal antibody to IP3R (ab5804, Abcam,
Cambri dge, MA) and a goat pol-Vypd UGG (kel626h,t i body
Santa Cruz Biotechnology, Dallas, TX). Cells were incubated overnight at 4°C with antibodies
diluted in 1% Bovine Serum Albumin (BSA, Vector Laboratories). Detection was achieved using
antirabbit IgG and amgoat 1gG secondary antibody solutions conjugated to Dylight 594
(VectaFluor, Vector Laboratories). Following antibody incubations, the plasemabrane was
labeled with 5 pg/ml Wheat Germ Agglutinin (WGA) AlexaFluor 488 conjugate (Invitrogen,
Carlsbad, CA), which also stains the Golgi apparatus in permeabilized cells. Samples mounted
with DAPI mounting medium (Vector Laboratories). Negative adatwith no primary antibody
were prepared to evaluate ngpecific binding. We observed considerable-spacific staining
in MLO-Y4 cells probed with the goat polyclonal antibody and isolated the calf serum used in
cell culture as the primary contributtw this nonspecific staining. Subsequently, cells were
cultured for 48 hours prior to fixation in @8e medium to eliminate this effect. Images were

taken on a FV1000 confocal microscope (Olympus, Waltham, MA).
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2.2.7 Proximity ligation assay

To evalate a functional interaction betweeslype VSCC and the ER in osteocytes, we
used a proximity ligation assay (PLA). In this assay, primary antibodies raised in two different
species are bound by two different PLA probes against those species. EachdBeAispa
secondary antibody conjugated to a DNA strand. In close proximity (<40nm), the DNA strands
from each probe can ligate, forming a closeopp DNA oligonucleotide which exhibits
fluorescence.

For this assay, we used the Duolink In Situ Red PLAréabgnizing goat and rabbit
primary antibodies (Sigma Aldrich, St. Louis, MO) to detect interaction events between the T
Type VSCC and IP3R on the ER, respectively. The assay was performed according to the
manufacturer’s pr ot o ciedy.prodddueswere pegiornaed as inR2.7v.mar y
Samples were incubated with the PLA probes for 1 hour at 37°C, washed in buffer, and treated
with ligation solution for 30 minutes at 37°C. Cells were washed again and then exposed to an
amplificationpolymerasesolution for 100 minutes at 37°C. Samples were mounted with DAPI
mounting medium contained in the kit and imaged by confocal microscopy.

Controls were used to evaluate repecific interaction events by also preparing samples
without any primary antibod and with only one of each of the primary antibodies. For
comparing the number of interaction events between the two cell types, an adjusted number of
interaction events per cell was calculated by subtracting the average numberspienibic
reactions pr cell from the number of interaction events per cell for each sample. To facilitate the
counting of interaction events, PLA images were thresholded in Image J (NIH, Bethesda, MD)

such that interaction events appeared as black dots on a white background.

22



2.2.8 Data analysis

The data presented herein analyzes only responsive cells, though responsive percentages
were greater than 80% for all experiments, except for-S6365 and ABP treatment, which
reduced the number of responsive MIY@ cells to ~60% mad 50%, respectively in cell
populations. A cell was defined as responsive if the magnitude of the f?f“s;;tmponse was at
| east four times higher than fluctuations i n
tests were used to determirigrsficant differences for the number of €g: peaks at a specific
experimental condition and for differences in mean interaction events between the two cell types.
All data are shown as mean * standard deviation. Madtorial analysis of variance (ADVA)
with Bonferroni’s post hoc analysis was perfo
mean values of inhibitor treatments on the two cell types. Statistical significance can be observed

when p<0.05.

2.3 Results

2.3.1 Effects of Land TType VSCC inhibitors on bone cell €, responses to fluid flow
Osteocytes (n=480 cells, 18 slides) exhibited numeroﬁiﬁascillations under fluid

flow, and these multiple responses were significantly reduced by treatment withtype T

inhibitor NNC 55-0396 (n= 201 cells, 10 slides) (Figure 2.2A). Theype inhibitor had no

effect on the number of é*ayt responses in osteocytes (n=187 cells, 8 slides). Osteoblasts were

less responsive than osteocytes, exhibiting less than t\ﬁg,t(p@aks on averagfor all groups

(n=237, 53, 79 cells; 8, 2, 3 slides for control,dnd TType inhibitors, respectively) (Figure

2.2B).
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2.3.2 Effects VSCC inhibitors on ER dynamics in bone cells

The localization of the D1ER plasmid to the ER was verified by stainihg§RD
transfected osteocytes with ER Tracker Red (Figure 2.3). Transfected cells were imaged for 20
minutes following the addition of thapsigargin to deplete the ER. Representative FRET ratios of
a single osteocyte treated with thapsigargin is shown in &R4iA.

Though osteocytes express little to nd'ype VSCC, in an earlier study the inhibitor
amlodipine influenced G4 baseline levels in both cells types. Further study found that
amlodipine is actually a nespecific VSCC inhibitor with an offarget effect of rapidly
depleting the ER (Figure 2.5). We therefore confirmed that the VSCC inhibitors used in this
study had minimal effect on ER depletion.

The time to deplete the ER under the outlined conditions is shown in Figure 2.4. The
scatter plots showepresentative depletion curves for MX3 cells (Figure 2.4B) and MC37T3
E1 cells (Figure 2.4C). The small difference (3%) between untreated-¥4LCells (n=14) and
MC3T3-E1 cells (n=6) in the time to depletion did not reach significance. Similarly, fibet ef
VSCC inhibitors had on the time to depletion in osteoblasts was not significant (Figure 2.4C;
n=5, 4 cells for k and T-Type inhibition, respectively), and theType VSCC inhibitor had no
effect in osteocytes (Figure 2.4B, n=5 cells). TreatmeMldD-Y4 cells with the TType VSCC
inhibitor prior to the addition of thapsigargin resulted in a significantly faster time to depletion
compared to untreated controls (Figure 2.4B, n=6 cells). On average, it took ~300s longer for

C&*zr levels to depleteni control cells than those with disruptedi§pe VSCC.
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2.3.3 Simultaneous imaging of €g:and C&'grin bone cells under fluid flow

To simultaneously image €3, and C&'gr, bone cells were transfected with D1ER,
stained with Fura RedM, and imagedising a quadview beamsplitter (Figure 2.6A). The FRET
ratio was calculated from the FRET and donor images, and in some cells, a subregion
corresponding to C?éeyt spike initiation was selected for analysis (Figure 2.6B). Representative
time courses for MD-Y4 and MC3T3EL cells under control (untreated);Tlype inhibitor
treated, and -Type inhibitor treated conditions is shown in Figure 2.7. In osteocytes, elevations
of Ca?*cyt coincided with depression of €ag, with subsequent peaks occurring afteoxery of
Cd*er levels (n=10 cells). In osteoblasts, significantly fewe?*@.aresponses were observed,
and while the ER contributed to these responses, a depressiofida\@s often not recovered
in the course of the experiment (n=11 cells). Treatroéarither cell type with the{I'ype VSCC
inhibitor nifedipine had no detectable effect on the number 6Tc§:peaks (n=8 osteocytes, 5
osteoblasts), and the-Tlype VSCC inhibitor NNC 5396 had no detectable effect on
responses in osteoblasts (n=61gx)el Treatment of MLGY4 cells with the TType VSCC
inhibitor significantly reduced the number OfQQQ responses (Figure 2.8A, n=9 cells).

The percentage of synchronous responses was defined as the number of coin€igent Ca
and C&'s transients divded by the total number of transients (peaks and inverse peaks). The
synchronous response percentage was high in control osteocytes, with more than 86%1 of Ca
peaks corresponding to dynamic changes ffigg&Figure 2.8B). MC3T&E1 cells exhibited few
Ca2+cyt peaks in response to flow (Figure 2.8A), and more often than not those peaks were not
synchronous with a transient drop in %Ga (Figure 2.8B). Inhibition of TType VSCC
significantly reduced the synchrony in osteocytes to similar levels obsenestieoblasts, with

an average of ~20%.
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2.3.4 Effects of SOCE inhibitors on osteocyté garesponses

MLO-Y4 cells were subjected to fluid flow stimulation in the presence of three different
SOCErelated inhibitors to inform the mechanism of “‘Caxchange with the ER. These
inhibitors were first used on osteocyte populations (YM58483: n=223 cells, 7 slides; SKF
96365: n=231 cells, 4 slides-APB: n=84 cells, 5 slides) to evaluate their effects on the
percentage of responsive cells (Figure 2.9A) aecthtimber of Cﬁcyt peaks (Figure 2.9B).

Treatment of single osteocytes transfected with D1ER resulted in similar effects (Figure
2.10). The number of éayt peaks (Figure 2.10A) and the synchronous response percentage
(Figure 2.10B) were determined feach group. YM58483 had no effect onZC@responses in
osteocytes (n=3 cells), and though S8&365 reduced the number osza responses, the
effect was not significant (n=4 cells). Neither treatment influenced synchrony. Treatment with 2
APB significantly reduced the number of %’;@1 responses and the percent of synchronous
responses (n=5 cells). Again, the effect on2+g;aresponses was consistent with FRio
experiments on larger cell populations. Representative curves%ﬁ@ad C4'zrin MLO-Y4
cells treated with these inhibitors showed high synchrony in YM58483 aneb68&5 treated
cells (Figure 2.10C,D), whereasAPB treatment resulted in no recovery of ER levels following

a Cd'cp transient (Figure 2.10E).

2.3.5 Interaction betweenType VSCC and the ER

Immunostaining for TType VSCC revealed punctate staining in osteocytes, with some
regions of dense staining along the border of the cell membrane (Figure 2.11). Staining for T

Type VSCC in osteoblasts revealed weaker, more difftesairsg (Figure 2.12). Staining for
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IP3R in osteocytes showed strong nuclear localization and striated patterns of staining
throughout the cell (Figure 2.13). Osteoblasts exhibited similar IP3R staining patterns, though
the striations were less pronoundgdgure 2.14). Specificity of staining was confirmed with
negative controls for each antibody (Figure 2.15).

The PLA revealed a considerable number of interaction events betw&gpeTVSCC
and IP3R in osteocytes (n=5, Figure 2.16), with some imagesirgipawer 100 interaction
events for as few as 6 cells. Controls revealed only minorspenific interactions. Far fewer
interactions were detected in osteoblasts (n=3, Figure 2.17). Quantitative comparisons of
adjusted interaction events between cell sypevealed significantly greater proximity between

T-Type VSCC and IP3R in osteocytes (Figure 2.18).

2.4 Discussion

The purpose of this study was to uncover mechanisms underlying the generation of
Ca2+cyt oscillations in osteocytes. Previous studies han@icated the ER as an important source
of C&" for transient C# signals in osteocytes responding to mechanical stimuli, however to date
no study has precisely identified the mechanisms by which the ER enaBT@,scGaillations in
osteocytes. Thistsdy represents the first attempt to visualize the dynamics Sfspacifically
in the ER in osteocytes. Using a FRET biosensor localized to the ER, we were able to
simultaneously observe €aexchange between the ER and the cytosol. We found high
synchray between rises in €4, and depressions in €ag, with subsequent G4y, responses
occurring after a recovery of €ag levels, suggesting that ER dynamics dictate osteocyté Ca
responses to fluid flow. Additionally, a major goal of this study wadirtk a phenotypic

difference between osteocytes and osteoblasts in the expression of VSCC to the mechanobiology
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of these cell types. Indeed, we found that challengifigyge VSCC alters the kinetics of ER
depletion in osteocytes and that the predomirexpression of IType VSCC in osteocytes
sustains CHey: oscillations by facilitating Cée,/Caf*gr Synchrony. Using inhibitors of various
SOCErelated pathways, we determined that this exchange dfb@aveen the cytosol and the
ER is likely not a resulof STIM proteins or transport of &athrough CRACs, but rather
through an interaction of the ER withRTlype channels on the osteocyte cell membrane.

Previous studies detected little to nelipe VSCC expression in ML-@4 osteocytes,
but found detectabllevels of TType VSCC'. Furthermore, a pattern of development suggested
a loss of LType VSCC with the differentiation of osteoblasts to osteocytes. A later study
confirmed this finding and additionally reported thafyipe channels mediated mechanigall
induced ATP release in osteocyfedvost recently, a study in IDGW3 osteocytes found that
parathyroid hormone treatment increased the expressioiTgpé VSCC and decreasedTpe
VSCC in osteocytstage cells to revert them to a less mature phee®Btypur results are
consistent with the role of VSCC in the differentiation of osteoblasts to osteocytes and
additionally suggest the predominant expression-dipge VSCC in osteocytes is important for
their distinct role as mechanosensors. Indeeflye VSCC have been shown to associate with
integrins in a mechanoreceptor complex in osteocytes, lending credence to the role of these
channels in osteocyte mechanobioldgy

As previous studies resulted in similar effects of VSCC and ER antagonists ocytesteo
Ca2+cyt responses, we sought to determine whether there was any interaction betiwge: T
VSCC and the ER in osteocytes. The time to depletion was very similar (within 3%) in untreated
MLO-Y4 and MC3T3E1, suggesting that ER release kinetics alonemataccount for the

Ca*y oscillation behavior in osteocytes. Treatment of MY@with a T-Type VSCC inhibitor
28



prior to thapsigargin resulted in a significantly faster time to depletion compared to untreated
controls. This suggests that the presenc&-dlype VSCC may serve to refill ER stores in
osteocytes, which may explain the ability of osteocytes to sustéTa,t(bacillations.

Though inhibitor studies challenging the ER allude to a mechanism involvifigrCa
release and refilling in sustaining T4 oscillations in osteocytes, these conclusions are
speculative without the direct measurement of Gadynamics under flow. This is also true for
measurements of ER depletion, where only a single induction?¢:Jalease is monitored. In
this stug, by simultaneously monitoring €aseparately in the cytosol and ER in osteocytes, we
found that most rises in @f“ay[ were accompanied by a corresponding decrease and recovery in
C&*er. This supports the hypothesis that osteocytes are capable oft@nm@zﬁ*cyt oscillations
by an ability to refill the ER stores. The effects offJpe VSCC inhibition implicate -Type
channels in this process.

Though the TType inhibitor had a large suppressive effect oﬁ*&,}ﬂ:a?*ER synchrony
in osteocytes, there @wther possible mechanisms linking the exchange of i@aween these
two spaces. However, the lack of a pronounced suppression between control cells and those
treated with YM58483 on the number osza responses and the percentage of synchronous
respases indicates that CRACs are not involved. While -S&B65 treatment mildly decreased
the number of responses, this reduction is likely due to reportedrgét effects on VSCE
The only inhibitor that produced similar effects as th€ype antagonistvas the IBR inhibitor
2-APB, which blocks IRmediated release of €afrom the ER. Thus, the exchange of*Ca
between the cytosol and the ER is likely not a result f €ansport through CRAC or STIM1

involvement, but rather through thesiPediatedrelease of Cder.
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The results of the proximity ligation assay further support the hypothesis {hgperl
VSCC interact with the ER to facilitate hediated C&gr release. Immunostaining forType
VSCC revealed strong presence of this channel in ogiep and weaker staining in osteoblasts,
consistent with prior work from our laboratdtyIP3R staining patterns were similar between
cell types, with striated staining throughout the cell and expression in the nucleus. The large
number of interaction @nts between-Type VSCC and IP3R in osteocytes is likely in part due
to stronger presence ofTlype VSCC.

There are a few limitations to the current study. First, the small sample sizes, though
consistent with our experiments on large cell populatiogmour study was only designed to
detect relatively large effects of the investigated treatments. Future studies looking for more
subtle differences will require a larger sample size. In addition, our conclusions are drawn from
experiments using small nedule inhibitors, which often have incomplete or-taffget effects.

Thus, future studies could be aimed at genetic modifications of cells to alter the expression of
VSCC to investigate their role in osteocyte’Cgignaling. The average synchrony in oblests

was also approximately 20%, though standard deviations were somewhat high due to the limited
number of responses. As aliTlype treated MC3T-E1 cells analyzed in this study had only one
response with no coincident inverse response from the ERytiohirony in the Type treated
osteoblasts was zero, though this value was still not statistically different from MEBT3
untreated controls. Although the present study indicates that the f?r*gtﬂ@esponse in both

cells can have some contributiontb® ER, it is known that extracellular €as also required,

thus this effect is likely due to differences between the first and subsequégt t@msients in

these cells. Future work could explore these differences. Finally, the aim of the proximity

ligation assay was to evaluate a functional interaction betwekyp& VSCC and the ER. IP3R
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were targeted due to the numerous pathway studies indicating their importance in regufting Ca
release from the ER in osteocytes; however, strong staining s@®olserved in the nucleus.

The lack of nuclear expression ofType VSCC and range of the assay suggests that any
interaction events detected here indeed represent proximity betwa@gpeTVSCC on the
plasma membrane and IP3R on the ER, but future stwdielsl aim to clarify the cellular
localization of these structures. Furthermore, whether the differences in interactions between
cells is simply a result of the abundance efyipe VSCC in osteocytes remains unclear, but

could be explore in future work mwerexpressing -Type VSCC in osteoblasts.

2.5 Conclusions

The sustainment of robust oscillations in“Gaunder mechanical loading is a hallmark
of osteocytes botin vitro andex vivq thus the primary goal of this study was to uncover the
mechanismby which osteocytes rely on specific subcellular stores &f @agenerate these
multiple responsesBy observing C& dynamics in both cytosolic and ER spaces, this study
demonstrated that osteocytes generate multiple responses through an ability E& refores.
Our data suggests thattfpe VSCC facilitate the recovery of €azthrough a functional
interactionin osteocytes to permit this behavior. We uncovered a new mechanism involving T

type VSCC underlying the unique behavior of osteocytes akanesensors.
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2.6 Figures

Endoplasmic
reticulum

Figure 2.1. Pathways involved in intracellular C&" signaling in osteocytes.Both the
extracellular reservoir and intracellular storage organelles contribute %6 s@maling in
osteocytes. Channels along the cell membriauiitate C&" transport from these spaces.
Purinergic receptors and-Tlype VSCC are the most critical channels in osteocytes. Activation

of purinergic signaling generates phospholipase C (PLC), which generates inositol triphosphate
(IP3), which can bindo the IR receptors (IER) on the membrane of the endoplasmic reticulum
(ER), resulting in C# release from the ER. Sarcoplasmic/endoplasmic reticuluth AJeP-ase
(SERCA) pumps on the ER membrane serve to refill the ER wiffi iBas. C&" from the
extracellular environment can be transported directly througfyge VSCC upon activation.

Image adapted from Reference 67.
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Figure 2.2. The effects of VSCC inhibitors on C%Tcyt responses in osteocytes and
osteoblasts. Representative images of FH8o staned cells, CH,: time courses, and
guantification of the number of @fay[ peaks are shown for (A) MLO4 and (B) MC3T3E1l

cells treated with the-DType inhibitor nifedipine or the -Type inhibitor NNC 550396 prior to
exposure to fluid flow. C?écyt transients are shown as intensity changes of the fluorescent
indicator Flue8 normalized to intensity at baseline prior to fluid flow exposure. Error bars are

standard deviations. *p<0.05 compared to controls within each group.
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D1ER (FRET)

Figure 2.3. Localization of D1ER to the ER.Live, transfected cells were stained with (A)-ER
Tracker Red to show localization of the (B) D1ER plasmid (yellow = FRET) to the ER. This

image is a representative osteocyte.
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Figure 2.4. The effects of VSCC inhibitors on C& dynamicsin the ER. (A) Thapsigargin
was used to induce depletion of the ER over the time course of the experiment. The FRET ratio

was calculated by registering and dividing the FRET and donor images and calculating the ratio
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within the cell. Depletion was detemad by a reduction in the normalized FRET ratio to below

0.8. (B) Untreated MLOY4 exhibited similar depletion characteristics as those treated with an
L-Type inhibitor. Treatment with the-Type inhibitor resulted in significantly faster depletion,
quantfied in the bar graph. (C) In MC31B1, no differences were detected in the depletion
times among all groups. Error bars are standard deviations. Significance was assessed by one

way ANOVA. *p<0.05 compared to control.
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Figure 2.5. Effects of inhibitors alone on C&'gr levels. MLO-Y4 cells were imaged for 20
minutes, and drug was added after 1 min. Drugs were used at the following concentrations:
thapsigargin (1uM); amlodipine (10uM); nifedipine (10uM); NNC-8396 (20uM). Note the

rapid depletion of th&R (ratio below 0.8) upon addition of amlodipine. No other drugs showed

off-target effects.
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oney 1344

Figure 2.6. Simultaneous measurement of é&yt and Ca'gr dynamics. To simultaneously
monitor C&" in the cytosol and the ER, cells were transfected with DaRdRstained with the
red-shifted fluorescent Czétyt indicator Fura RedM. Single cells at 60X were imaged using a
guadview beamsplitter with single excitation of both indicators to achieve simultaneous, real
time measurements of Ef@,t and Ca'zr. A representative image is shown in (A). The FRET
ratio was calculated from the FRET and donor images, and (B) shows the selection of a
subregion to determine the changes irf'Gamicrodomains corresponding to ?C@t spike

initiation.

39



Untreated

L-Type

T-Type

Figure 2.7. The effets of VSCC inhibitor treatment on Cé*., responses and C&.,/Ca*'er
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Figure 2.9. Inhibition of SOCE in MLO-Y4 cell populations. (A) Percentage of responsive
cells and (B) number of é‘éyt peaks in control and treat groups. Error bars are standard

deviations. *p<0.05 compared to control
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Figure 2.11. Immunostaining of FType VSCC in MLO-Y4 osteocytes.Representative
images of osteocytes probed forTlype VSCC (red) and counterstained with WGA (green) to

indicate the plasma membrane and DAPI (blue) to indicate nuclei.



overlay

Figure 2.12. Immunostaining of FType VSCC in MC3T3-E1 osteoblasts.Representative
images of osteobl&s probed for TType VSCC (red) and counterstained with WGA (green) to

indicate the plasma membrane and DAPI (blue) to indicate nuclei.



Figure 2.13. Immunostaining of IBR in MLO -Y4 osteocytes.Representative images of
osteocytes probed for IP3R (jeand counterstained with WGA (green) to indicate the plasma

membrane and DAPI (blue) to indicate nuclei.



overlay

Figure 2.14. Immunostaining of IRR in MC3T3-E1 osteoblastsRepresentative images of
osteoblasts probed for IP3R (red) and counterstainedWidA (green) to indicate the plasma

membrane and DAPI (blue) to indicate nuclei.
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Figure 2.15. Positive and negative staining of -Type VSCC and IP3R in bone cells.
Representative images of cells stained with and without (negative) primary antikizdigs) (

for T-Type VSCC and IP3R.
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Figure 2.16. Proximity ligation assay between -Mype VSCC and IR in MLO -Y4
osteocytes Representative images of interaction events (red dots) betweegoahtand ani

rabbit PLA probes in fixed osteocytes. The fognel represents interaction events between
probes targeting -Type VSCC and IP3R antibodies raised in goat and rabbit, respectively.
Nuclei are indicated by counterstaining with DAPI. Representative images are also shown for
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controls with either antibodglone or absence of both primary antibodies (negative). The right

column is a threshold image of the interaction events in red.
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Figure 2.17. Proximity ligation assay between -Mype VSCC and IR in MC3T3-E1
osteoblasts.Representative images of intetian events (red dots) between aguiat and ari

rabbit PLA probes in fixed osteoblasts. The top panel represents interaction events between
probes targeting -Type VSCC and IP3R antibodies raised in goat and rabbit, respectively.

Nuclei are indicated bgounterstaining with DAPI. Representative images are also shown for
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controls with either antibody alone or absence of both primary antibodies (negative). The right

column is a threshold image of the interaction events in red.
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Figure 2.18. Comparism of PLA interaction events between ¥Type VSCC and IPR in
osteocytes and osteoblastén adjusted number of PLA interaction events was determined for
each cell type by counting the number of interaction events in samples probed for both
antibodies, normeing by the total number of cells, and subtracting an average number-of non
specific interactions per cell from the images with either antibody alone. Error bars are standard

devi at i on stestwasused w detetmined differences betweenypekt*p < 0.05
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Chapter 3

Actin cytoskeletal dynamics and C4' signaling in osteocytes

This thesis chapter, in part, is being prepared for submission as the manuscript:

Genevieve N. BrowrAndrea E. Morrell, Samuel T. Robinson, Rachel L. Sattlesredm

D. Bai k, and X. Edéperdent conBactlity anl @eaidlecreleasa in

osteocytes mediate bone mechanoadaptati on.

3.1 Introduction

Many in vitro studies have explored the role of subcellular organelles in ooty to
the biochemical responses of osteocytes to mechanical stimulation. For instance, both the
primary ciliun?® and the endoplasmic reticulum (ER) have been demonstrated to contribute to
C&" signaling in osteocytes, and mechanosensitive channelis with cell membrane have also
been shown to contribute to these respdis€sirthermore, subcellular structures influence the
transmission of mechanical forces to cells from the extracellular environment. The cell
cytoskeleton and its associated molesulelay this mechanical information to locations within
the cell containing mechanosensitive proteins, such as the nucleus or theTE#&s, the
cytoskeleton of osteocytes likely plays a critical role in fiaduced mechanosensifigf*®2

The actin cytskeleton is very pronounced in osteocytes, with dense perinuclear actin
networks and actin filaments extending along the entire length of osteocytes proteasts
filaments maintain cell shape, dendritic morphology, and support membrane tension in
ogeocytes as evidenced by studies using latrunculin B to depolymeriz€&&inndeed, the

dramatic differences in cytoskeletal components between osteocytes and osteoblasts, particularly
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in dendrites, suggest that actin may play a critical role iaoogte mechanosensory functith
Furthermore, differences in osteocyte morphology in long bones compared with those that
experience relatively mild mechanical environm&ftsuggests the importance of the cell
cytoskeleton and conferred cell shape indadaptation.

Many studies have explored the role of the actin cytoskeleton in bone cells exposed to
loading®, with a particular focus on cytoskeletal rearrangement following fluid flow
stimulation. Fluid flow induced stress fiber formation in ostestislaand osteocytes, with
differential effects of flow profile (unidirectional or oscillatory) and duration on the fiber
arrangemenit. Stress fiber formation in osteoblasts was dependent Ghy[Csignaling, as
disruption of ER stores prevented flomduced stress fiber formation, though stretattivated
C&* channel (SACC) inhibition had no effétt Cytoskeletal rearrangement in response to
loading can even be observed situ, where osteocyte cell bodies align along the principal
loading direction®.

Fewer studies have investigated the role of cytoskeletal deformation/dynamics in
initiating the responses of bone cells to mechanical stimuli, though many studies have alluded to
its importance. Spontaneous oscillations if'gain mesenchymal stem celivere found to be
dependent on the small GTPase protein RhoA and-aRbociated protein kinase (ROCK)
signaling, but not the cytoskeleth The expression of RhoA and ROCK in osteoprogenitors
are modulated by fluid flow, and inhibition of ROCK was ataeprevent flowinduced Runx2
expression in these céff8 Furthermore, an intact actin cytoskeleton was necessary for this
response, suggesting that cytoskeletal tension maintained by ROCK is necessary for flow
induced osteogenic differentiation of meskeymal stem celf§®. Inhibition of actin was also

found to decrease €3, oscillation frequency in myofibroblastd In osteoblasts, fluighear
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induced COX2 expression was dependent on an intact actin cytosk&fetbnt PGE release
and C&'.,: were actually increased by actin disruptitn

In osteocytes, flownduced PGErelease was inhibited by actin disruption, supposedly
through effects on SAC®. The actin cytoskeleton was also shown to be important in
hypotonicityinduced C?fcyt rises inosteocytes™, which was previously demonstrated to depend
on SACC™. In another study, cell strain was found to increase with increasing fluid shear stress
over osteocytes, and this was correlated with increases’Tp£a However, this study did not
measure C4 dynamics simultaneously with deformation and did not track the deformation of a
specific cytoskeletal element. To date, no studies have investigated the role of the actin
cytoskeleton in initiating G4 responses in osteocytes under physiclagechanical loads.

Our laboratory developed a technique to observe the deformation of cytoskeletal
elements in rounded osteocytes under fluid flow at high temporal resolution in both-betim
sideview °°. Using this technique, we reconstruct a qulastedimensional (quassD) image of
the cell under fluid flow. Traditional bottowiew imaging of osteocytes transfected with a
fluorescent protein tagged to the actin cytoskeleton showedd@mendent deformation of the
cytoskeleton under loading, \witmoderate creep and recovery of the actin cytoskeleton in the
normal strain directions. The addition of silew imaging revealed more pronounced
cytoskeletal deformations and the observation of a shear strain. In a later study, the cortical actin
netwok in osteocytes was found to be more responsive to oscillatory flow than microtubule
networks when the temporal resolution was sufficient to probe subcellular responses within a
single oscillation period. Taken together, these studies suggest that afimamics are
important for bone cell responses to mechanical loading, and thus likely influeficsigbaling

in these cells.
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In addition, in unpublished work from laboratory, we discovered that the actin
cytoskeleton compresses, or contracts, foIIovﬁr@é*cyt transient. This contraction was phasic,
with strains in the cytoskeleton recovering to baseline levels in approximately the same period
we observe between €g, oscillations in osteocytes. Furthermore, we detected smooth muscle
contractionrelaed proteins in osteocytes and found that inhibition of myosin light chain kinase
(MLCK) by ML-7 significantly delayed the contraction, suggesting a smooth muscle mechanism
underlying this contractility.

For this study, we hypothesized that the actin skgteton is tightly coupled to &a
signaling in osteocytes to effect a mech#émramsductiormechano process in which actin
dynamics facilitate C& entry, and C%Tcyt rises result in an actomyosin contraction. We first
explored the role of actin dynamigs the generation of G4, oscillations. Though previously
examined, we also sought to verify that osteocytes exhibit tﬁféymependent contractility in
an alternative system. Micropillar substrates are commonly used to investigate cellular force
generation and dynamic substrate interactibhs so we next translated our Casignaling
experiments to this experimental setup. To our knowledge, this is the first study to explere Ca
dependent dynamics of cells on micropillars. Furthermore, sinc& bhly delayed contractions
in our earlier quas8D work, we sought to identify an inhibitor of contractility that could be used
in future work to delineate the roles ofﬁ@ signaling and concomitant contractions in

osteocyte responses to mechanicadliiog.
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3.2 Methods

3.2.1 Cell culture

Osteocytdike MLO-Y4 cells (a gift from Dr. Lynda Bonewald, University of Misseuri
Kansas City, Kansas City, MO) were cultured on 0.15 mg/ml collagen (rat tail type I, BD
Biosciences, San Jose, CA) coated cultureedisn minimum essential alphadne u ’IMEM 0
Life Technologies, Carlsbad, CA) supplemented with 5% fetal bovine serum (FBS, Hyclone
Laboratories Inc., Logan, UT) and 5% calf serum (CS, Life Technologies, Carlsbad, CA). Cells
were maintained at 5% GQand 37°C in a humidified incubator. UD-Y4 cells were sub

cultured prior to reaching 780% confluence in order to maintain an ostectike phenotype.

3.2.2 Inhibitors

Cytochalasin D (CytoD) prevents actin polymerizattdrnd was used in this study to
explore the role of actin dynamics the generation of é*ayt signals in osteocytes (3uM in
DMSO, Sigma Aldrich, St. Louis, MO). Thapsigargin is an inhibitor of th&-@ZPase pump
on the ER (SERCA) which facilitates the reuptake of*Qato the ER, and thapsigargin
treatment (1uM) theby results in ER depletion (Sigma Aldrich). Cells were treated for 15
minutes prior to assembly in the flow chamber, for an additional 15 minutes prior to flow onset,
and throughout the experiment. Jasplakinolide is-aictih stabilizing agent that hasdn used
bothin vitro andin vivoto disrupt cortical actin network$ 2. It was used in this study (1uM in
DMSO) to evaluate its potential as an inhibitor of Gadependent contractility. Cells prepared
for quasi3D studies were assembled into flasmambers with drugontaining medium and

incubated with the drug for 15 minutes prior to flow exposure.
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3.2.3 C&".indicators and cell transfections

To observe C?écyt changes only, MLOY4 were stained with Flu8 AM (AAT Bioquest,
Sunnyvale, CA) dsolved in 20% Pluronic 27 in DMSO (Invitrogen, Carlsbad, CA). To
visualize the actin cytoskeleton, cells were transiently transfected with a Li&Aetplasmid
using standard neliposomal techniques (Fugene 6, Promega Corporation, Madison, WI). To
simultaneously visualize the actin cytoskeleton and measufe,Caells were dualransfected
with a LifeActmkate2 plasmid and a cameleon?*CHuorescence resonance energy transfer

(FRET) sensdf?

3.2.4 Fluid flow stimulation on osteocyte populaso

Prior to staining with Flud, cells were plated onto 10ug/mL fibroneetioated glass
slides at ~80% confluency to establish -@all contact. Slides were then stained and assembled
into a custom parallgdlate flow chamber with a glass bottom thatnpies live cell imaging
under fluid shear stimulation. The chamber was placed on the stage of an inverted microscope
(Olympus, Waltham, MA) and attached to a magnetic gear pump (Scilog, Madison, WI) for the
application of steady, laminar, unidirectionabvil at a shear stress of 35 dynes/cBaseline

fluorescence intensity was captured for 1 minute prior to fluid shear stimulation for 9 minutes.

3.2.5 Micropillar fabrication and cell stimulation

Micropillars were fabricated from PDMS with 1um diameter dpain height according

to previously published methdd8'?®> PDMS micropillars were demolded in isopropanol and

59



then gradually switched to PBS to prevent dehydration and collapse. Pillars were dtatHal w
pg/ml rhodamine fibronectin (Cytoskeleton, Inc., Denver, CO) overnight at 4°C.

To evaluate actin morphology in osteocytes seeded onto the pillars, L{EACt
transfected MLGY4 cells were seeded onto fibroneetioated micropillars for 30 minutgsior
to imaging.

To simultaneously image pillars and <@ dynamics, pillars were rinsed gently in PBS,
and MLO-Y4 cells were seeded onto the pillars in FRistaining solution with reduceserum
medium (2.5% CS, 2.5% FBS ella wereNiskt) gentlyAwith e r
reduced serum medium and then set up for imagin§’. @as elevated by chemical induction
using 50uM ATP (Sigma Aldrich, St. Louis, MO) or 5uM ionomycin (Sigma Aldrich) infused

gently into the dish with a syringe.

3.2.6 Sinat cell quasBD microscopy

For quasi3D studies, cells were plated onto fibronecoated glass microslides
fabricated by lasecutting glass coverslips and inserted into a square glass flow chamber

(Vitrocom, Mountain Lakes, NJ) mounted on a microscdpges Bottornand sideview images

of single cells were collected simultaneously by acquiring images from an inverted microscope

(Olympus, Waltham, MA) and a 45° mirror (Red Optronics, Mountain View, CA) in the light
path of an upright microscope (Olympug/altham, MA), respectively. Steady, laminar,

unidirectional flow at a shear stress of 20 dyne$/mas applied by a syringe pump (Kent

Scientific, Torrington, CT). Baseline fluorescence intensities were captured for 5 seconds prior

to fluid shear stimulan for an additional 55s.
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3.2.7 Imaging and image analysis

To monitor the effects of CytoD on @f@,,[ responses, timlpse images of cells were
collected at 20X magnification for 9 minute periods of fluid flow stimulation. The-Bl@at"
indicator wasexcited at 488nm, and fluorescence emissions were collected at 527nm’A Ca
transient was defined by an increase RBuatensity at least 4 times the magnitude of noise prior
to flow onset®.

Separate images of Fk#stained MLQOY4 cells and rhodamafibronectin micropillars
were captured every 10 seconds on an inverted microscope with a stage warmer at 100X using an
oil objective. Baseline images were collected for 60 seconds prior to the addition of medium or
agonists.

The actin probe and FRET lsensor were excited simultaneously by a custom triple
exciter (Chroma, Bellows Falls, VT) capable of 430nm and 570nm excitations on a Lambda DG
4 xenon lamp (Sutter Instruments, Novato, CA), and fluorescence emissions of YFP (530nm),
CFP (470nm), and mk&2€641nm) were captured simultaneously using a quadview beamsplitter
(Photometrics, Tucson, AZ) and custom cibaehd polychroic (Chrom&) Stage movement was
corrected for using crosrrelation based image registration of the first frame with remaining
frames in the image stack. The FRET ratio was calculated on alyyspekel basis using image
registration of the FRET and donor emissions to obtain relativg,davels. Wholecell strains
in the actin cytoskeleton were determined by digital imageelation of the fluorescent-&ctin

image according to previously described metfdds
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3.2.8 Pillar deflection

Images were first registered using crassrelation to account for stage movement during
acquisition. Uneven illumination intensity wasj@sted by subtracting a heavily blurred image
from the original, and adaptive filtering was used to smooth the pillar boundaries. Pillar
displacements were then analyzed from these processed images by tracking pillar positions in
i mage st acksacuksiinngg Qbhjeect §7r feature i n Met a
Sunnyvale, CA). A thresholdased tracking algorithm was used to determine the location of
pillar centroids in each image of the stack. Maximum displacements following the addition of
medium with owithout C&* agonists were recorded for 7 pillars under the cell periphery and 7

static pillars away from the cell for each image.

3.3 Results

3.3.1 CytoD impairs C&, responses in osteocytes

We first sought to determine whether dynamics of the agtinskeleton were critical to
the generation of é&yt responses by treating ML®4 cells with 3uM CytoD to disrupt actin
polymerization prior to fluid flow. Actin inhibition significantly reduced both the number of
flow-induced Cé*cyt spikes and the pkamagnitude of C?zicyt spikes, but it did not abolish the
ability of cells to generate multiple responses (control: n=88 cells, 82% responsive; cytoD: n=70
cells, 39% responsive; Figure 3.1). We hypothesized that the remaining responses could be due
to therelease of C& from ER stores, which may or may not be disrupted with actin inhibition.
Indeed, treatment of cells with both CytoD and thapsigargin completely abolished the multiple

responses (n=19 cells, 5% responsive).
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3.3.2 Chemicallyinduced C&'-dependent contractions of osteocytes on micropillar substrates

By controlling the plating time, osteocytes were found to exhibit cortical actin
arrangement on micropillars (Figure 3.2A), recapitulating the morphology preserved in quasi
3D. We seeded Flud fained MLGOY4 cells on rhodaminébronectin coated micropillars, and
chemical induction was used to elevate2+g;,alevels by adding CA agonists in solution and
focusing on the pillar heads during image acquisition. Pillar positions were trackednoeéeo ti
determine displacements following Canduction (Figure 3.3). Addition of media alone (n=2,
Figure 3.4) had no effect on pillar displacements. Following addition of 5uM ionomycin (n=3,
Figure 3.5) or 50uM ATP (n=3, Figure 3.6), ?C@t was elevatedand pillars near the periphery
of the cell deflected further inward, suggesting a contraction. Particle tracking using a threshold
based algorithm demonstrated that the maximum displacement of pillars below an osteocyte was

significantly higher than statipillars away from the cell in both agonist conditions.

3.3.3 Inhibition of actomyosin contractility by jasplakinolide

As in our previous work, fluid shear in cells imaged by g@&smicroscopy (Figure 3.7)
induced Cé*cyt transients which were oftasoupled to compressions in the, Btrain (n=5 cells,
Figure 3.8). We next explored whether the actin stabilizing agent jasplakinolide could permit
Ca2+cyt responses in cells but inhibit actomyosin contractions. Cells treated with 1uM
jasplakinolide wereapable of generating @f“ayt transients, but decreases ip &rains were not

observed (n=2 cells, Figure 3.9).
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3.4 Discussion

We have shown now in two separate experimental systems that osteocytes exhibit
contractions following Cdgy: induction. QuasBD studies confirmed that rises in g occur
with decreases ingstrain in actin networks, and inward deflection of pillars following a rise in
Ca2+cyt levels suggest contractile behavior. Though the micropillar studies cannot confirm that
this is anactomyosin contraction, the cortical actin arrangement of cells plated on the pillars
corroborates this hypothesis. Furthermore, we now have evidence that an actin stabilizing
compound can prevent these contractions in egi2siThough preliminary, theseesults are
encouraging. We have yet to determine a function for actomyosin contractility in osteocytes,
though in other cells, Ghoscillations and corresponding actin dynamics facilitate exocytosis of
important chemical signafé'%> Indeed, jasplakislide has been used bathvitro andin vivoto
prevent exocytosis. These results suggest it is a promising agent for future studies aimed at
delineating the roles of Gaoscillations and contractility in downstream osteocyte functions.

We have previoug reported the development of viscoelastic strains in cytoskeletal
networks of osteocytes under fluid shear stimulation and have shown that tensile strains occur
prior to calcium spike initiation (unpublished work). This study demonstrates that actmidgna
are important for osteocyte Ef@,t oscillations, but other mechanisms ofCaobilization, such
as release from ER stores, can still enabfé @ansients in the absence of actin polymerization
or in the presence of actin stabilization. Whetheinagynamics interfere with G4 release is
unclear from this study. Alteration in the expression of ag$igociating proteins has been shown
to accompany the differentiation of osteoblasts to osted®é% For instance, osteocytes
express much moréllin than osteoblasts, and its expression is primarily contained within the

cell body?®. Furthermore, previous studies have shown that the activity of phospholipase C
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(PLC), which generates IP3 to releasé'Geom ER stores, is regulated by viltid. Thus, it is
plausible for actin dynamics to be coupled to the ER in osteocytes, and future studies
simultaneously measuring €gg and actin dynamics, as in using the D1ER FRET sensor, could
help elucidate this mechanism.

A major limitation to these stuek is the small sample sizes, partially because these
measurements are made on single cells. Methods of extrapolating these results to population
studies would prove valuable. For instance, though our preliminary data and the work of
others® suggests #k C&* signals are not impaired by jasplakinolide treatment, the drug should
be evaluated on cell populations exposed to flow, as in the CytoD treatment. Conversely, the role
of actin dynamics in C?écyt spike initiation could be more thoroughly exploredquasi3D,
where the temporal resolution may unveil interesting differences in the time it takes*for Ca

signals to initiate when actin dynamics are impaired.

3.5 Conclusions

We demonstrated that the prominent actin cytoskeleton in osteocytesad ingelved
in biochemical responses of these cells. We confirmed that osteocytes exhibit a mechano
transductiormechano process in which actin dynamics facilitaté* @atry, and C%\*Cyt rises
result in actomyosin contractions. Future work exploring tleehanisms involved in actin
mediated responses to load may improve our understanding of mechanosensation and

mechanotransduction in bone.
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3.6 Figures
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Figure 3.1. Effects of cytoskeletal disruption on Cﬁcyt oscillations in osteocytes(A) A dose
studydemonstrated that cells exposed to varying concentrations of CytoD could still respond to
Cd" elevations by ionomycin. (B) Representative traces o?*cg;atransients in untreated

osteocytes and cells treated with CytoD or CytoD and thapsigargin. (€3nPege of responsive
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cells under each condition. (D) Number osza peaks under each condition. Error bars are

standard deviations. *p<0.05 compared to untreated cells
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LifeAct-GFP

MLO-Y4 stained with Fluo-8

&~

Figure 3.2. MLO-Y4 osteocytes on PDMS micropillars(A) Cortical actin morpholgy of
MLO-Y4 osteocytes seeded onto micropillars. (B) Micropillars coated with rhodamine

fibronectin and (C) seeded ML®4 stained with the C, indicator Flues.
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Figure 3.3. Particle tracking to determine pillar displacements(A) Representative iage of
particle tracking in image stacks from experiments using-Blgtained MLGY4 cells seeded

onto fluorescent micropillars. For each image, the positions of 7 pillars at the cell periphery and
7 pillars away from the cell were tracked over time, amkimum displacements following
Ce?*cyt induction were calculated from the pillar position data. (B) Tracking of static pillars away
from the cell. (C) Tracking of pillars beneath the cell periphery. Lines indicate positions over the

entire imaging period.
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Figure 3.7. Quasi3D microscopy.Single osteocytes with rounded morphology are imaged in a
square glass flow chamber at 60X. Deatitation and a custom quadview emission filter allow
for simultaneous collection of threkiérescence channels: YFP and CFP of the FRET sensor
and mkate2. An inverted microscope provides a traditional bettem image. A 45° mirror in

the light path directs emissions to an upright microscope to also provideaesidenage.
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Chapter 4
Mechanically-Induced Calcium Oscillations in Osteocytes Facilitate the Release of

Extracellular Vesicles Containing Proteins Involved in Boe Adaptation

This thesis chapter, in part, is being prepared for submission as the manuscript:

Genevieve N. BrowAndrea E. Morrell, Samuel T. Robinson, Rachel L. Sattler, Andrew

D. Bai k, and X. Edéperdent conBactlity antl @eaidletzase im

osteocytes medi ate bone mechanoadaptati on.

4.1 Introduction
Osteocytes are the most abundant bone cells, making up more than 90% of the cell
population buried in the bone matrix. They are highly dendritic cells, inteexded by cellular
processes emanating from cell bodies through an extensive network called the lacunocanalicular
system (LCSY®*®. In this respect, osteocytes form cellular networks that are ideally situated to
sense and respond to mechanical evémsarise from physiological loading conditiGh&***
136 Studies have demonstrated that the loss of osteocytes alone by targeted ablation will induce
osteoporosf¥. Interestingly, these transgenic mice with ablated osteocytes were also resistant to
unloadinginduced bone loss, and numerous studies have demonstatedcytes can
orchestrate bone turnover in response to changing mechanical d&hartlsstrating their
critical role in detecting mechanical signals and maintaining skeletal integrity
Mechanotransduction refers to the conversion of a physical stimulus, such as applied
load, to a biochemical respon®e Over time, these biochemical responses act on osteoblasts,

osteoclasts, and other supporting cell types to modulate the tissuestionpand architecture,
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resulting in adaptation of the whole bone. In health, these processes are coordinated to maintain
tissue homeostasis. In disease, alterations in these biochemical responses and/or reduction in
sensitivity to the applied forces mdgad to the overall pathologies that present at the tissue
level. Thus, there is considerable motivation to reveal mechanisms of mechanosensation and
mechanotransduction in order to more effectively understand bone adaptation in health and
disease.

The mos promising osteoporosis treatments are in fact targeted at osteocyte Bfblogy
Osteocytes are the primary source of RANKI®**® which stimulates bone resorption, and
sclerostif®®**! which inhibits bone formation. The aRIANKL antibody denosumabnd anti
sclerostin antibody romosozumab have both shown osteoanabolic effects in the clinic and in

s421%3 respectively. However, prolonged inhibition of RANKL signaling disrupts

clinical trial
routine remodeling of the skeleton, and #mabolic effe of antisclerostin antibody attenuate

with repeated administrati®fi'®>. An underlying factor may be the desensitization of
mechanotransductidff, warranting further study of osteocyte modulation of these drug
targeted proteins.Previous studies have shown mechanical loading downregulates (and
unloading upregulates) gene and protein expression of sclerostirinbeito and in vitro”.
However,recent studies indicate that sclerostin knockout mice still respond to anabolic loading
in vivo”, and wildtype animals treated with argtlerostin antibody can still sense disuse
environments "> Stulies of the regulation of RANKL and its decoy receptor OPG by loading
have also produced conflicting results, though most suggest that anabolic levels of fluid shear

reduce RANKL/OPG gene expressiorf>14*4° Notably, few studies have examined piote

production of RANKL or OPG, and nm vivo experiments have examined gene or protein
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changes of RANKL or OPG under physiological mechanical loads, only overloading or
unloading®*2

The sustainmet of robust oscillations in Giis a hallmark of osteocytes responding to
mechanical stimulP?36>68153158 c£* gignaling can regulate many cellular functions, including
gene and protein expression, but no studies have explored the role of es@@tgtgnaling in
the regulation of RANKL, OPG or sclerostin expression over time. To our knowledge, only two
studies have even linked €asignaling in bone cells to protein responsks.a study on
osteoblasts, fluid flow was shown to induce actinsstrigber formation and the production of
COX-2'%. Pretreatment of cells with the intracellular €ahelator BAPTAAM prior to flow
abolished these responses. In another study, treatment of osteoblasts with thapsigargin prevented
flow-induced upregulatio of osteopontitr>. However, to date no studies have investigated the
role of osteocyte CGAoscillations in protein modulation by mechanical loading.

Furthermore, though the actin cytoskeleton has been implicated in mechamnidatgd

g 101102106111 b5 srydies have connected*Gdependent actin

protein responses osteocyt
dynamics to osteocyte signal transductitnmyofibroblasts, spontaneous“Cascillations and
C&*-dependent contractions are critical for cellular communication in remodéksué®,

though this study focused on force communication rather than biochemical signaling.

Recently, vesicle release has been highlighted as an important means of intercellular
communicatior®’**® where cells package proteins and mRNAs in mengbeaclosed
extracellular vesicles (EVs) to shuttle their contents among one ahndthgrActomyosin
contractility has been shown to facilitate EV release in endothelial®elind actin/C&

oscillations are coupled to vesicle secretion in mast'€ellsterestingly, vesickike structures

have been detected in osteocyte netwarksitu’!, and osteocytdike cells were found to
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produce EVs enriched in proteins related to bone adaptation, including RANKL and scférostin
It is still unknown how o®ocytes send biochemical signals from within the bone matrix to cells
on the bone surface, and microvesicle trafficking could be an explanation.

The overall purpose of this study is to demonstrate the importance of the unidye Ca
oscillations in ostecytes in their role as coordinators of bone adaptation. We hypothesize that
loadinduced C&": oscillations facilitate the production and release of EVs containing proteins
involved in bone adaptation and posit this as a means by which osteocytesateoldine

responses to mechanical loading.

4.2 Methods

4.2.1 Cell culture

Osteocytdike MLO-Y4 cells (a gift from Dr. Lynda Bonewald, University of Missauri
Kansas City, Kansas City, MO) were cultured on 0.15 mg/ml collagen (rat tail type I, BD
Bioscierces, San Jose, CA) coated culture dishes in minimum essential alpha meediliv(

Life Technologies, Carlsbad, CA) supplemented with 5% fetal bovine serum (FBS, Hyclone
Laboratories Inc., Logan, UT) and 5% calf serum (CS, Life Technologies, Carlsbad, CA). Cells
were maintained at 5% GQand 37°C in a humidified incubator. ML®4 cells were sub
cultured prior to reaching 780% confluence in order to maintain an ostectike phenotype.

Cells were plated onto 10ug/ml fibronectin (Corning, Corning, NY) coated large (38 x
75mm) glass slides at a density of 30ktells/slide and ctlired for 36 hours. Prior to fluid
shear exposure, ML¥4 cells were rinsed 3 times for 5 minutes each in phosphate buffered
saline (PBS, Gibco, ThermoFisher Scientific, Waltham, MA) andimrebated with minimum

essential medium alpha supplemented wikosemedepleted fetal bovine serum (System
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Biosciences, Palo Alto, CA) to remove contaminating bovine exosomes. Exospmheted

serum had no effect on the ability of cells to exhibﬁ*@aesponses (Figure 4.1).

4.2.2 Fluid shear stimulation

Cells wee assembled into a custom parapidte flow chamber. Fluid shear was applied
at 35 dynes/cffor two 10minute bouts of steady flow separated by a 15 minute rest period,
which has been shown to induce®Cascillations in earlier studi&s Flow was drien by a
magnetic gear pump (Ismatec, G8larmer, Vernon Hills, IL). To inhibit Gaoscillations, cells
were pretreated for 30 mins prior to flow onset with 15mM neomycin (Sigma Aldrich, St. Louis,
MO), which has been shown in earlier studies of mictepagd cells to reduce the number of

Cd" transients to a single response. This experimental design is summarized in Figure 4.2.

4.2.3 Isolation and characterization of extracellular vesicles

Conditioned medium from flow experiments was collected imntelyia after
experiments and frozen a20°C prior to analysis. Exosomes were purified from conditioned
medium by differential ultracentrifugatibi! on a Beckman L8/ ultracentrifuge (Beckman
Coulter, Brea, CA) with a 50.2 Ti fixeangle rotor (Figure 4.3onditioned medium samples
were centrifuged at 2000 x g to pellet dead cells, and the supernatants were transferred to
polycarbonate ultracentrifuge tubes (Beckman Coulter). Samples were massed to within 0.02 g to
ensure balance. First, samples were deged at 10,000 x g for 30 minutes to remove any cell
debris. Supernatants were further spun at 100,000 x g for 70 minutes to pellet out extracellular
vesicles. As this fraction often contains contaminating protein aggregates, pellets were rinsed and

restspended in PBS and centrifuged once again at 100,000 x g for 70 mins. Pellets from 6
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independent slides exposed to one of the experimental conditions (control, steady flow, or steady

flow with neomycin treatment) were combined to generate one samplealgsianPellets were

resuspended in 1 ml PBS for particle characterization or 150 pl RIPA buffer for Western blot.
Particle concentration and size distribution were analyzed by Nanoparticle Tracking

Analysis on a Malvern NanoSight (Malvern, United Kingdatthe Cornell Nanobiotechnology

Center (Ithaca, NY). Samples were diluted in PBS, and data from 5 separate measurements of the

same sample were averaged to determine the sample concentration and average particle size. The

average of n=4 samples per goomere analyzed.

4.2.4 Immunedetection

Immediately following flow exposure, cells were fixed and permeabilized htate
acetone. Cells were probed for the expression of the secretory exosome marker lysosomal
associated membrane protein 1 (LAMP1) gsstandard immunocytochemistry techniques.
Briefly, cells were blocked in 5% BSA (Sigma Aldrich, St. Louis, MO) and incubated overnight
with a rabbit polyclonal ariAMP1 antibody (ab24170, Abcam, Cambridge, MA). The
VectaFluor Detection system with Dylhig 594 Antirabbit Ig reagent (Vector Laboratories,
Burlingame, CA) was used to probe the antibody for LAMP1.

Exosome contents were assessed by Western blot. Exosome protein lysates were prepared
by lysing vesicle preparations in RIPA lysis and extracbaffer supplemented with protease
and phosphatase inhibitors (ThermoScientific, Waltham, MA) for 10 mins. Protein lysates were
mixed 1:1 with 2X Laemmli buffer (Sigma Aldrich, St. Louis, MO) and boiled for 5 minutes at
95°C. Protein samples were separdigdjel electrophoresis using prast polyacrylamide gels

and a MintPROTEAN electrophoresis chamber (Biorad, Hercules, CA). Proteins were
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transferred to a PVDF membrane (Biorad) by wet transfer. Membranes were blocked with 5%
BSA (Sigma Aldrich), and pmary antibody incubations were performed overnight at 4°C. The
following primary antibodies were used to assess vesicle contents: goat polyclonal antibody to
RANKL (sc-7627, Santa Cruz Biotechnology, Dallas, TX); goat polyclonal antibody to OPG (sc
8468, &nta Cruz Biotechnology); rabbit polyclonal antibody to LAMP1 (ab24170, Abcam);
goat polyclonal to sclerostin (AF589, R&D Systems, Minneapolis, MN). Membranes were
rinsed well with TBST (Biorad) and then probed with the appropriate secondary antibodies.
Detection was performed using the SuperSignal West Femto chemiluminescence detection kit
(Thermo Scientific) and a FujiFilm LA8000 Luminescent Image Analyzer (FujiFilm,
Stamford, CT). Proteins were verified by band size using a molecular weight |Bduted] and

specificity using concurrent negative controls.

4.2.5 Statistics
Oneway ANOVA with Dunnett’s post hoc was u:
among the three groups studied relative to the control group. Significance was observed at

p<0.05

4.3 Results

4.3.1 Neomycin inhibits G oscillations in osteocytes exposed to fluid flow

To evaluate the relative role of flewduced Cé*cyt oscillations in osteocyte responses to
mechanical loading, we treated cells with the phospholipase C (Rib@)itor neomycin to

reduce the number of €a, responses in cells exposed to flow (Figure 4.4). Treatment of-MLO
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Y4 cells before and during fluid shear stimulation resulted in a dramatic decrease in the number

of responsive cells as well as the numl:fefr:a?*cyt responses in responsive cells.

4.3.2 Fluid flow increases LAMP1 expression

Immunostaining for the secretory vesicle marker LAMP1 revealed punctate staining
consistent with the presence of vesidke structures (Figure 4.5). Exposure of M@
osteocytes to fluid flow increased the expression of LAMP1, with more abundant punctate stains
visible in cells and staining present further throughout the cell bauhibition of C&"

oscillations using @omycin diminished this response.

4.3.3 Flow imluces the release of extracellular vesicles in%-@apendent fashion

Mechanical stimulation of osteocytes induced significant release of extracellular vesicles
into the culture medium (Figure 4.6A), with nearly af8ldl increase in the number of detedt
particles (Figure 4.6B). This response was dramatically blunted in the presence of neomycin.
Oneway ANOVA with Dunnett’s post hoc reveal ed

groups. No difference was detected between control and flow with neonmgatimént.

4.3.4 Extracellular vesicles from osteocytes contain proteins related to bone adaptation

Western blots on osteocyte EV protein lysates detected LAMP1 within the vesicles. In
addition, the bone regulatory proteins RANKL, OPG, and sclerostin amamng the proteins
contained within these EVs (Figure 4.7A). Densitometric analysis of detected bands (Figure

4.7B) showed increased levels of all detected proteins by flow.
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4.3.5 Patrticle size

The average diameter of all released EVs was 175nm. Asesgisgive distribution of EV
sizes is shown in Figure 4.8A. The EV diameters were not significantly different among groups

(Figure 4.8B).

4.4 Discussion

Our most intriguing finding is that losidduced, C&-dependent actomyosin contractions
in osteocyes facilitate the release of EVs. Our data suggests that fluid flow modulates osteocyte
protein expression by enhancing the production and release of EVs which contain key bone
regulatory proteins such as RANKL, OPG, and sclerostin. Thisitaated respose is C&-
dependent, as treatment with neomycin, which significantly reduces the number*'of Ca
responses, diminishes LAMP1 expression as well as EV release. Interestingly,-liesicle
structures have been identified in osteocytes and shown to be eehiithbone regulatory
proteing®>. Though actin networks had been previously implicated in mechanindliged
protein responses in osteocytes, this is the first study to explore the regulation of EV production
by mechanical loading as a potential mecharfisr these observations.

In a recent morphological study, RANKL and OPG showed stronpaadization to
vesicles of osteocytes, indicated lggosomalassociated membrane protein 1 (LAMP1)The
presence of several ORg&sitive structures in canalicuprompted the group to measure
canaliculi diameter in TEM images. They reported a mean canaliculi diameter of 219 + 45 nm in
the cortical bone of mic&, which is in line with previously published vald&s'®? It is still
unknown how osteocytes sendthemical signals from within the bone matrix to cells on the

bone surface, and EV transport represents a compelling potential mechanism. Our prelminary
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vitro data has found RANKL, OPG, and sclerostin in EVs with an average diameter of 175 nm;
thus traasport of these proteins through the LCS is a plausible and intriguing means by which
osteocytes may coordinate tisdaeel bone adaptation.

This is one of few studies to demonstrate that*@Gsediated vesicle release can be
mechanicallyregulated. Mostecent studies coupling €adynamics with exocytosis focus on
agonistinduced C&' signaling and exocytosis. In an early study of surfactant secretion in lung
epithelial cells, substrate stretch was shown to inducé& @ansients and concurrent
exocytoss ™. Furthermore, the response was ddependent. In the musculoskeletal system,
dynamic compression was shown to induce exocytosis in chondrysesl C&" signaling has
been established as an important biochemical response in these cells ag vgelvell
established that mechanical loading induces a-dependent increase in %@4 transients in
osteocyte¥ %% thus, this further supports the role of EV release in regulating responses to
mechanical loading.

There are a few limitations to éhcurrent study. First, though we identified sclerostin
within EVs released from mechanically stimulated M@ cells, this cell line historically
expresses limited levels of this protein. Therefore, future work examining the regulation of
sclerostin expresion by load and éayt signaling should translate these experiments to primary
cells or more appropriate cell lifé$> Many studies have generated data to support the role of
actomyosin contractility in exocytosis, and we have shown actin contsatiliowing Ca?*cyt
responses in our cells, but we did not directly show a relationship between actin contractions and
EV release in osteocytes. Repeating these studies with an inhibitor of actomyosin contractility

would help to solidify this hypothesidlumerous studies have shown that the astbilizing
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compound jasplakinolide interrupts exocytdStstherefore, this is a promising drug for future

studies explored EV release in osteocytes.

4.5 Conclusions

This study uncovered a novel and direct sequence of mechanicaliyduced C&
signaling in osteocytes and connected this early biochemical response to subsequent protein
responses under mechanical loading. We added insights into the regulation and release of
proteins involved in bone adaptaticw mechanical loadingBetter understanding these
mechanisms may inform the pharmacodynamics of current treatments targeting RANKL, OPG

and sclerostin and potentially help optimize treatment strategies.
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4.6 Figures
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Figure 4.1. C&'s oscillations in MLO-Y4 cells exposed to fluid shear in medium
supplemented with exosomelepleted FBS.Representative time courses are shown for 5 cells

exposed to flow. Flow onset was at 60s.
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Figure 4.2. Overview of the experimental design(A) Three experimental calitions were
examined in this study. Cells were exposed to fluid shear, and one group was treated with
neomycin to prevent flovinduced Cé*cyt oscillations. Untreated cells under static conditions
served as controls. (B) Cells were exposed to two bdusdeady flow with an inserted rest
period. Flow duration was 10 minutes. Neomycin was present in the medium for beth pre
incubation and equilibration steps, resulting in 30 minutes exposure to the drug prior to

mechanical stimulation.
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culture supematant/fluid
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pellet = dead cells /r
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Figure 4.3. Differential ultracentrifugation procedure for isolating extracellular vesicles.
Extracellular vesicles were isolated from conditioned medium and subjected to a 10,000 x g
centrifugation step to eliminate cell debris and two 100,000 x g centrifugation ctepsh and

pellet vesiclesimage adapted from Reference 151.
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Figure 4.4. Inhibition of Ca”".; signaling by treatment with neomycin.Representative MLO
Y4 cells stained with the Flu® Ca?*cyt indicator and exposed to steady flow at t=60s under (A)
control conditions or (B) with 15mM neomycin treatment for 15 minutes prior to flow. The drug

was also included in the flow medium. The normalized intensity for 4 representative cells is
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shown on the right. (C) Percent of cell exhibiting at least or?éc}glaansient following flow
onset. (D) Average number of %f@,[ transients per cell in responsive cells. Error bars are
standard devi destivasnused toSassesd diffetericas bdtween the two groups.

*p<0.05

91



Control

SRy
AL
o4

Figure 4.5. LAMP1 immostaining in MLO -Y4 cells exposed to fluid shearMLO-Y4 cells

Steady Flow
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were fixed immediately following the experiment and immunostained for LAMP1 expression
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with a secondary antibody conjugated to AlexaFb®4. Nuclei were indicated with a DAPI
counterstain. Representadi 20X (left panel) and higher magnification 60X (insets, right panel)

images were taken for each group.
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Figure 4.6. Flowinduced extracellular vesicle releaseNanoparticle tracking analysis was

used to determine the concentration of particles ampdes prepared by differential
ultracentrifugation. (A) Representative frame of particles in a sample exposed to fluid flow. (B)
Particle concentration. Oreay ANOVA with Dunnett’s post hoc

among groups compared to contsamples. Error bars are standard deviations. **p<0.01
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Figure 4.7. Immuno-detection of extracellular vesicle content§A) Vesicles fractions were
isolated by differential ultracentrifugation and resuspended in lysis buffer to extract protein for
Westen blots. The proteins examined included the vesicle marker LAMP1 and the bone
regulatory proteins RANKL, OPG, and slerostin. (B) Quantification of detected bands for each

protein.
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Figure 4.8. Size distribution of osteocytelerived extracellular vesicks.(A) Representative
distribution of particle size for a sample of vesicles isolated from cells exposed to flow. (B)
Average particle size for each group. Error bars are standard deviations. Differences were

evaluated byonway ANOVA wi t hhob Nodifferéntes weremetested among

groups.
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Chapter 5

Validation of Ca** signaling patterns in the Ocy454 and IDGSW3 cell lines

5.1 Introduction

Osteocytes are abundant cells buried within the bone with an essential role in maintaining
skeletd healtH!. They are widely regarded as mechanosensors and are considered the primary
sourceoscl erostin and receptor activator of nucl
osteoblast and osteoclast activities, respectively. However, the mechangenkying osteocyte
control of bone adaptation are not completely clear, limiting our ability to effectively treat
diseases underpinned by reduced sensitivity, such as osteoporosis.

Due to the nature of their location in the bone, osteocytes are Hitficstudy. Isolation
of primary cells requires intensive digestion treatments to extract cells from the boné®fatrix
resulting in low yields. However, a few studies using primary osteocytes have considerably
furthered our understanding of how osteecyésponses to mechanical loading can regulate
osteoblast and osteoclast activities. In studies subjecting primary chick osteocytes to pulsatile
fluid flow (PFF), conditioned medium was shown to inhibit osteoblast proliferation, promote
osteoblast differdration, upregulate the expression of Wnt proteins, and inhibit osteoclast
formation and resorptive capacity>* In a study by the same group on primary human
osteocytes, conditions of inflammation such as rheumatoid arthritis were shown to upitbgulate
ratio of RANKL and its decoy receptor, osteoprotegerin (OPG), and PFF reduced the ratio back
to control level¥®’. The introduction of the MLEY4 osteocytdike cell line in 1997
revolutionized the study of osteocytes, making it feasible to studyithegy of this important

cell typein vitro and the regulation of key osteocyte proteins by mechanical load. For instance,
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exposure to oscillatory fluid flow was found to reduce the ability of osteocytes to support
osteoclastogenesis by decreasing the raf RANKL to OPG mRNA?*3**1% and PFF had

similar effects®. In another study using lowagnitude, highHrequency vibration, RANKL

protein expression was decreased as well, though very early, suggesting to the authors that
loading likely inhibited RANKL release from the membrane rather than new protein syntflesis

Indeed, our laboratory recently discovered that dioadiced Cé*cyt oscillations and
actomyosin contractions in osteocytes facilitate the release of extracellular vesicles (EVSs)
containirg bone regulatory proteins. In addition to RANKL and OPG, we detected sclerostin in
these MLOY4-derived EVs. However, ML&Y4 cells historically express low levels of
sclerostin, limiting the ability to study the mechanical regulation of this importaigiprcA
better understanding of sclerostin expression by mechanical load is needed. Previous in vivo
studies have shown mechanical loading downregulates (and unloading upregulates) expression of
sclerostin, and that this dowegulation is required for ben formation responses to
loading®*"> However, recent studies indicate that sclerostin knockout mice still respond to
anabolic loading in vivl¥, and wildtype animals treated with argtlerostin antibody can still
sense disuse environmetit§, Thus, there is conflicting evidence regarding whether sclerostin is
important in bone mechanoregulation.

Two new osteocyte cell lines have been established recently to address the lack of
sclerostin expression MLO-Y4 (Figure 5.1). The Ocy454 cell line exhibits a mature osteocyte
phenotype, characterized by high levels of DMP1 and sclerostin relative toYvLcellS™.
Furthermore, sclerostin expression is modulated by both mechanical and hormonal stinmulation
these cells, with microgravity inducing increases in both sclerostin and RANKL expression in

mature Ocy454, and parathyroid hormone (PTH) and prostaglandif@&) suppressing
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sclerostin levels upstream of these mechanical responses. The cellGH&NB exhibits a late
osteoblast phenotype capable of differentiating into a mature osteocyte phenotype in osteogenic
conditiong®. Over time, IDGSW3 cells decrease the expression of alkaline phosphatase, turn on
expression of early osteocyte markers sashEll, and gradually increase the expression of
DMP1, sclerostin, and FGF23. This cell line is therefore a useful system for studying phenotypic
differences between these two cell types. Both cell lines provide new models for studying the
mechanical redation of sclerostin and opportunities to overcome limitations of M{4 cells.

As our laboratory is interested in connecting®'@aediated mechanosensitivity to
downstream protein responses in osteocytes, we sought to characterize®‘thig@aing
pattens in immature and mature Ocy454 and eahd latestage IDGSW3 to determine if they
resemble the previously characterized patterns observed in MEBTéhd MLQOY4 cells,
respectivel{”. Given the consistency among our prior vitro and ex vive® studes, we
hypothesized mature osteocytes would exhibit oscillations ?ﬁ;pm response to fluid shear,

while immature cells would be less sensitive.

5.2 Methods

5.2.1 Cell culture and differentiation

Ocy454 cells were allowed to proliferate at 33°@nimimum essential alpha mediuwor (
MEM, Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS,
Gibco, Life Technologies) and 1X antibiotic/antimycotic (AAfti, Life Technologies) on
0.15mg/ml collageftoated tissue culture dishes {tail type I, BD Biosciencg San Jose, CA).
Upon confluence, cells were transferred to 37°C to differentiate. Cells were cultured for an

additional 14 days with routine medium changes.
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IDG-SW3 <cel |l s were al |l oweMEMiwih 10% EBE cohtaningt e a't
recombinant rause interferoty (-V FNLi fe Technol ogi es;coat€hr | sba
dishes. Confluent ID&W3 were then transferred to 37°C with medium without-fFN a n d
suppl ement ed wi t h 50pug/ mL -glyaesophosplaie cto iadade d an
differentiation Cells were grown for 21 days under these conditions.

MLO-Y 4 cell s wer e cul t uMEMdwitht 5860 FBS (Hf/clonee n c e

Laboratories, Inc., Logan, UT) and 5% calf serum (Life Technologies).

5.2.2 C4&" indicators

To observe C?écyt changes in Ocy454ells, plated cells were stained with FH80cAM
(AAT Bioquest, Sunnyvale, CA) dissolved in 20% PluronilZ in DMSO (Invitrogen,
Carlsbad, CA). Flu@ was excited at 488nm, and fluorescence emission was collected at 527nm.
IDG-SW3 cells were stained Witthe redshifted C&"., indicator Fura Red\M (20uM, Life
Technologies, Carlsbad, CA) in DMSO and Kolliphor® EL (Sighidrich, St. Louis, MO)
prior to fluid flow stimulation. Furd&ked was excited at 430nm, and fluorescence emission was
collected at 641m, resulting in increases in FuRed emission upon €abinding. C&'.y
transients were defined by increases in intensity at least 4 times the magnitude of noise prior to

flow onset.

5.2.3 Fluid flow stimulation

Differentiated cells were digested byerml collagenase (200 U/ml, Gibco, Life
Technologies, Carlsbad, CA) treatments and trypEdTA (0.05%, Life Technologies) and-re

plated onto collagenoated glass slides in antibiofiee medium. Immature cells were
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subcultured onto glass slides usingpsintEDTA dissociation. Cells were stained with the
appropriate C4 indicators and then assembled into a custom pafafie fluid flow chamber.
Cells were exposed to laminar, unidirectional steady flow at 35 dynfessing a magnetic gear
pump (Ismé&ec, ColeParmer, Vernon Hills, IL). Baseline fluorescence intensity was captured for
1 minute prior to fluid shear stimulation for 9 minutes.

To evaluate the influence of fluid shear on sclerostin expression, cells were exposed to
fluid shear at 35 dyné=’ for two 10minute bouts of steady flow separated by a 15 minute rest
period. Slides were poegtcubated in flowconditioned medium for 24 hours, and total protein
was extracted. To investigate the role of fimduced C&" oscillations in these rpsnses, an
additional group was treated with 15mM neomycin (Sigma Aldrich, St. Louis, MO), which we

have shown in earlier studies to impaifQ&sponsiveness.

5.2.4 Immunedetection

Immediately following flow exposure, cells were fixed and permeabilirette-cold
acetone. Cells were probed for the expression of sclerostin using standard immunocytochemistry
techniques. Briefly, cells were blocked in 2.5% normal horse serum and incubated overnight
with a goat polyclonal antibody to sclerostin (AB89, RRD Systems, Minneapolis, MN). The
VectaFluor Detection system with DyLight 594 Agtat Ig reagent (Vector Laboratories,
Burlingame, CA) was used to probe the antibody for sclerostin.

Cellular expression of sclerostin was assessed by Western blot.nPlysaies were
prepared by lysing 100mm dishes of confluent cells in RIPA lysis and extraction buffer
supplemented with protease and phosphatase inhibitors (ThermoScientific, Waltham, MA) for 30

mins. Protein lysates were mixed 1:1 with 2X Laemmli buffagiha Aldrich, St. Louis, MO)
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and boiled for 5 minutes at 95°C. Protein samples were separated by gel electrophoresis using
pre-cast polyacrylamide gels and a MIRROTEAN electrophoresis chamber (Biorad, Hercules,
CA). Proteins were transferred to a PVBEEmbrane (Biorad) by wet transfer. Membranes were
blocked with 5% BSA (Sigma Aldrich), and incubation with the primary-seigrostin antibody

was performed overnight at 4°C. Membranes were rinsed well with TBST (Biorad) and then
probed with a rabbit angjoat IgG secondary antibody (Abcam, Cambridge, MA). Detection was
performed using the SuperSignal West Femto chemiluminescence detection kit (Thermo
Scientific) and a FujiFilm LASI000 Luminescent Image Analyzer (FujiFilm, Stamford, CT).
Proteins were védred by band size using a molecular weight ladder (Biorad) and specificity

using concurrent negative controls.

5.2.5 Statistics
Differences in the number of €a, peaks between mature and immature cells were

eval uat ed wests.ISigrsfiancedwandetécted at p<0.05.

5.3 Results

5.3.1 Ocvy454 differentiation

The differentiation of Ocy454 cells was verified by monitoring DMBRP expression.
Few cells exhibited DMRGFP expression at 33°C, even after 14 days-pasiuence. At
37°C, Ocy48 cells exhibited considerable DMfEFP expression by Day 12 (Figure 5.2).

We also evaluated sclerostin expression in these cells. Sclerostin was not detected in
immature (undifferentiated) Ocy454 cells, while mature (differentiated for 14 days) celledho

strong immunoreactivity between 20 and 30 kDa (Figure 5.3A). In addition, sclerostin
102



expression was stronger in Ocy454 cells than in protein extracted fromYL@igure 5.3B).

Negative controls without primary antibody verified antibody specifi¢tigyre 5.3C).

5.3.2 C4"¢y signaling in the Ocy454 cell line

Due to the moderate GFP expression in these cells, cells were stained with #e Fluo
Ca2+cyt indicator to evaluate Garesponses to fluid flow (Figure 5.4). Representative traces of 3
cellsare shown in Figure 5.4.

Approximately 50% of immature cells responded to fluid shear with at least Gfig; Ca
transient, and on average cells exhibited 1 or Z.G@eaks (n=126 cells, 7 slides; Figure 5.5).
Mature cells were more responsive, witlomn than 75% of cells responding to flow (n=442
cells, 5 slides; Figure 5.5A). The average number chg,;aransients in mature Ocy454 cells
was nearly 4 peaks, though some cells exhibited up to 19t@asients in a single stimulation

period (Figure 5B).

5.3.3 Influence of G signaling on slerostin changes in response to fluid shear

We next sought to determine whether these dilasuced C&'; oscillations were critical
for downstream regulation of sclerostin by mechanical stimulation. Matwgl52 cells
exhibited strong sclerostin expression, while sclerostin was no longer detectable in cells exposed
to fluid shear (Figure 5.6). Sclerostin was also doegulated to undetectable levels in

neomycintreated cells.
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5.3.4 C&'.y signaling in tke IDG-SW3 cell line

After 21 days in culture, ID&W3 cells exhibited strong expression of DMBEP
(Figure 5.7A). Cells were stained with the FRed Cé*cyt indicator to characterize Ca2+
responses (Figure 5.7B). Representative time courses of fﬁgt @zsponses of these cells are
shown in Figure 5.8. Undifferentiated ID&®N3, which represent a latsteoblast, exhibited a
strong peak after the onset of flow, with a few subsequent smaller responses. Day2WHG

which represent an osteocyte, exte'UiCﬁkyt oscillations in response to flow.

5.4 Discussion

In this study, we demonstrated that mature Ocy454 and-SBG cells are more
responsive to fluid shear than their immature counterparts, with a higher percentage of
responsive cells and highawerage number of €&, transients. These results are consistent
with previous data using the ML:®4 and MC3T3EL1 cell lines as well as studies performed on
explanted mice tibia from our laboratory. Taken together, these results suggest that 2thase Ca
signaling patterns are inherent to osteocyte behavior.

We also showed that the Ocy454 cell line in particular is useful for studying mechanisms
underlying sclerostin downregulation in response to levels of mechanical stinaitfo that can
stimulate lone formation responsés vive®. The only previous study using Ocy454 evaluated
changes in sclerostin mRNA to very low levels of fluid shear (maximum 8 dyr@@Slc@ur
results more closely mirror the dramatic decreases in sclerostin protein expthasiothers
have shown in loaded limbs of mice by immunohistochenffsttyinterestingly, we found that
inhibition of C&*Cyt oscillations, i.e. inhibiting the osteocyte response closely linked to

mechanosensing, has no influence on sclerostin downtegul@herefore, sclerostin expression
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itself may not be finely regulated by mechanical load, which would explain some of the
discrepancies in knockout and sclerostin inhibited animals subjected to loading. Additional
validation of the signaling patternsder various levels and profiles of fluid shear in these cells
may clarify this behavior.

The limitations of this study are largely due to the limitations that exist in the culture of
these cells. Mature cells of both cell lines were digested from theasded matrix and replated
for fluid shear stimulation. This was chosen to ensure accurate transmission of fluid shear to the
cell monolayers; however, the procedure certainly influenced the morphology of the cells and
modified their environment. Indeedthreedimensional culture enhanced the osteocytic
phenotype of Ocy454 cells in a previous sfiidgo digestion would presumably influence the
phenotype of the cells. However, the similarity to our characterization of mature cells across the
cell lines andex vivosuggests we are recapitulating a true osteocyte behavior. Another limitation
lies in the detection of the sclerostin protein. The expected molecular weight of the sclerostin
monomer is 228kDa, and we detected immuneactivity at a slightly lowemolecular weight.
Though we verified specificity with negative controls, we have no other explanation for this
observation. A recent publication demonstrated that sclerostin can be expressed in multiple
molecular weight forms corresponding to dimer amuieric forms of the protein in addition to
other bands, and a band was detected in bone cells at this moleculal Wetghire work will
aim to clarify this observation by testing other antibody manufacturers and using blocking

peptides.
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5.5 Concluson

In this study, we highlighted that lo&clduced C%\*cyt oscillations are a hallmark of
osteocyte mechanosensitivity by exploring the”*Gagnaling patterns of two relatively new
osteocyte cell lines. We also recapitulated ithgivo time course of derostin suppression by
mechanical load in am vitro system, providing a platform for future studies to explore finer

aspects of osteocyte regulation of bone adaptation.
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5.6 Figures

Osteocyte Cell Lines

| |

MLO-Y4 IDG-SW3
Established 1997 Reported 2011
Collagen coating Isolated from DMP1
No induction required transgenic mice

Collagen coating
Osteogenic conditions
21-35 days

Lack of sclerostin Sclerostin by Day 14
expression

|

Ocy454

Reported 2015
Collagen coating
Regular media
14 days

Sclerostin by Day 11

Figure 5.1 Summary of available osteocyte cell lineslighlighted 5 the lack of sclerostin

expression in the ML&Y4 cells line, which is the most common cell line used for studying

osteocyte mechanobiology.

107



) ....
. ....

Day 5 Day 9 Day 12 Day 14

Figure 5.2. Ocy454 differentiation. Expression of GFP driven by the DMP1 promoter in

Ocy454 cells grown at 38°and 37°C for 5, 9, 12, and 14 days.
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Immature Mature Mature
Ocy454 Ocy454 MLO-v4 Ocy454

37kDa — 37kDa —

25kDa — 25kDa — — -

20kDa — 20kDa — 25kDa —

37kDa —

20kDa —

Figure 5.3. Immuno-detected of sclerostin protein(A) Increase in sclerostin expression with
differentiation of Ocy454 cells. (B) Sclerostin expression is more abundant in mature Ocy454

cells than in the MLOY 4 cell line. (C) Negative control with no 1° antibody.
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Figure 5.4. C&" signaling in immature and mature Ocy454 cellsThe top panel shows
Fluo-8 staining in immature and mature Ocy454 cells under fluid shear stimulation.

Representative time coursesQe’ ., responses in three cells from each group are shown below.
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Figure 5.5. Quantification of differences in C&" signaling behavior between immature and
mature Ocy454 cells.(A) Responsive cell percentage. (B) The number of*&apeaks
following flow onset in responsive cells. Error bars are standard deviations. Differences were

assessed Hest*Sg<u@@Ent’ s t
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Flow +
Neomycin

Control Flow

37kDa —

20kDa —

15kDa —

Figure 5.6. Regulation of sclerostin expression by mechanical loading and ?C'.‘@t
oscillations. Mature Ocy454 cells were eaped to fluid flow in the presence or absence of
neomycin and compared with static controls. Whole cell protein was extracted and probed for

sclerostin expression by Western blot.
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DMP1-GFP

Figure 5.7. IDG-SW3 cell line.(A) After 21 days of differentiation ured osteogenic conditions,
cells express high levels of GFP driven under the DMP1 promoter. (B)R@adrastaining in

IDG-SW3 cells to indicate Ch,.
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Figure 5.8. C&" signaling patterns in early (Day 0) and late (Day 21) stage IDGSW3
cells. FuraRed staining was used to indicate’Ga, and plotting the FurRed intensity over

time reveals transient &zactivity.
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Chapter 6

A Loadable Perfusion Bioreactor for the Long Term Culture of Bovine Bone Explants

This thesis chapter has been previpgsiblished, in part, in the manuscripts:
Silvia Marino, Katherine Ann Staines, Genevieve Brown, Rachel Anne HOwaes,
and Magdal ena Adamczyk. AModel s of ex Vviv
research. 0 BoneKEy RepR@6ts 5, Article numb
and

Genevieve N. Brown Rac hel L. Sattler, and X. Edwar

bone mechanoadaptation: bridging in vitro

Interface Focus 6, 2016.

6.1 Introduction

The observation that bone cadapt its internal structure to the external mechanical
demands placed upon it dates back to more than a hundred yedfé dgo, a clear
understanding of the mechanisms underlying mechanoadaptation remains unknown. This is in
part due the complexity oftiedying a process involving numerous cell types interacting in a
complex loading environment over varying time scales. Bone adaptation involves changes in
bone structure and composition over weeks achieved through coordinated changes at sites of
resorption formation, and remodeling. It is thought that osteocytibe mechanosensors in bone
— direct these processes by regulating osteoclast and osteoblast activdiegever, in
traditionalin vivo or in vitro approaches, it can be difficult to marry thed-term sensing and

longerterm responding timescales, and preserving the spatial relationship between bone cells is
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challenging. The cellular network formed by osteocytes in the LCS integrates information from
whole bone deformation at different locaisoin the organ, communicates biochemical responses

to bone surfaces where effector cell populations reside, and coordinates the sites of bone
formation and resorption responses to adapt the bone structure. Therefore, there exists a need for
experimental ygstems that can couple early osteocyte network responses to mechanical loading to
later tissue level changes.

The introduction of thredimensional (3D) cell cultures has added some complexity to
vitro studies and has proven immensely valuable in ungedell behaviors that are intricately
tied to the native morphology and parameters of the microenviroAt&Ht® >, However, the
opposite approach stripping down native tissues to fewer, more controllable featunes also
provided unique platims for connecting these scales. By nature of their source, major
advantages of thesx vivoor explanted tissues are that they maintain native tissue architecture,
cellular composition, and cetlell arrangement. Thus, explants that can approximate this
environment in a controlled experimental setting offer a unique opportunity to study the load
regulated processes in bone biology.

Few bone explant cultures have been established to investigate the adaptive response of
bone tissue to mechanical cues, #ygdue to the requirement to sustain viability of the
explanted tissue in culture over long enough periods. The introduction of the ZetOS bioreactor
overcame these limitations by providing a system to simultaneously perfuse nutrients through
trabecular boe explants and apply dynamic loadiffd’’ Bovine bone cores complete with
surface cells and bone marrow were sustained for three weeks in culture, with osteocyte viability
remaining above 60% and osteoblast/osteoclast populations responding to na¢chadic

chemical stimufi’® The application of simulated jumping strains resulted in increased bone
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formation parameters in some samples, and most importantly, architectural changes in the
trabecular bone tisst/€ Furthermore, application of load resdltsn changes in the apparent
stiffness of the bone sampt&s Similar results were reported in a rabbit trabecular bone explant
model cultured in a perfusion/loading system, where mechanical loading resulted in new bone
deposition demonstrated by oste@mdmation and the presence of double fluorochrome labeled
surface$®. Comparable systems have been developed to sustain viability in whole bone organ
cultures®’. These improvements in culture conditions lay a strong foundation for using
trabecular bonexplants to study the mechanisms underlying mechanical adaptation.

A major advantage of transferring tissues to culture environments is the ability to adapt
the tissue to remove confounding variables and isolate critical interactions. Our laboratory
develgped a trabecular bone explant model of osteecgteoblast interactions to evaluate
histological and mechanical property changes in response to loading that had been built on
previous explants used for short term loading experirf&if& In this systembovine trabecular
bone cores were thoroughly cleaned to remove bone marrow, disrupted nerves, and vasculature,
as experimental studies have demonstrated an influence of these systems in bone. The explants
were also treated to remove any surface cellsclwhave been shown to populate the bone
surface after a few days in culture in an uncontrolled m&fnér controlled number of primary
osteoblasts could then be seeded back onto the surface. The resulting explant provides a system
in which osteocytes irtheir native environment can send signals to osteoblasts, and bone
deposition and changes in mechanical properties can be measured in response to load. For
instance, we demonstrated that dynamic deformational loading resulted in early biochemical

responssg, such as the release of P{GRs well as the deposition of osteoid and changes in
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apparent elastic modulus of the explant after 4 weeks. Blocking the le§ionse abrogated the
anabolic effects of loadirtf.

In this earlier study, mechanical loadingdatissue perfusion were applied by a custom
loadable perfusion bioreactor based upon previously reported systems for bovine bori& cores
179 and similar systems have been recently reported for rabbit trabecular bone explants and
whole bone organ cultus#®®2 However, these systems as well as those that are commercially
available have several limitations. First, many loadable perfusion systems do not accommodate
the culture of individual specimens, limiting the statistical methods that can be empdoyed
evaluating multiple experimental conditions. Second, some of these systems caoooplde
the effects of flow perfusion, which itself can be a mechanical stimulus to osteocytes, from the
dynamic applied load®’. Though the ZetOS system addressesséhlimitations, the design
necessitates stimulating bone under displacement cBftrdl which can result in inaccurate
loading of trabecular bone due to the unsupported struts of the trabeculae along the cut explant
boundaries. Indeed, in previousdies from this group, they found higher increases in stiffness
in dead bone cores than living ones cultured in ZetOS biore®¢tansggesting to us that end
crushing is symptomatic in this design. Finally, though our early custom bioreactor attempted to
overcome these limitations, too many manipulations to remove the bone for mechanical testing
complicated the experimental setup, increasing risks of contamination throughout the long
culture period.

Therefore, the goal of this study was to design an-tmsge loadable perfusion
bioreactor for individual bovine trabecular bone explants to maintain cell viability over long

culture periods and permit routine mechanical stimulation and testing of specimens.
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6.2 Methods

6.2.1 Explant and cell culture reaten

Explants and primary osteoblasts wer-e cul't

MEM, Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS,
Hyclone Laboratories, Inc., Logan, UT) and antibiotics (100 U/ml penicillin, 100nlug/
streptomycin, Life Technologies). Cells were maintained at 5% &@@ 37°C in a humidified

incubator.

6.2.2 Obtaining bovine trabecular bone cores

Bovine wrists with intact carpahetacarpal joint capsules from 6 week old calves were
obtained from adcal slaughterhouse shipped overnight on ice. The hoof was removed at the
fetlock joint along with tendons along the shaft of the metacarpus. Joints were sterilized in
diluted RoccaD Plus (Zoetis, Florham Park, NJ) for 30 minutes and 70% ethanol for an

The flat articular surface of the metacarpus was exposed and cleaned of synovial fluid
using gauze soaked in 70% ethanol, and the carpal bone was secured into a vise. Using a
diamondtipped coring tool (Starlite Industries, Rosemont, PA) and a hand®dnim diameter
bone cores were drilled from the articular surface through to the medullary cavity with constant
PBS irrigation. Bone cores were transferred to petri dishes withvamaed, fully supplemented

media.

6.2.3 Preparing individual bone explant

Trabecular bone cores were lightly cleaned with PBS jet rinsing (Interplak water jet,

Conair, Stamford, CT) and then cut to the appropriate sirenf7height) using a IsoMet low
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speed saw with high carbon (HC) wafering blade (Buehler, Lake Bluff, ligu(Ei6.1). The
individual bone explants were then thoroughly cleaned using repeated PBS rinses and 0.25%
trypsinEDTA (Gibco, Life Technologies, Grand Island, NY) treatments to remove marrow
components, damaged vasculature and nerves, and any surfacdteell®maining cells are
osteocytes embedded within the bone matrix. This procedure results in thorough cleaning such

that few resident surface cells repopulate the bone, even after weeks in culture (Figure 6.2).

6.2.4 Obtaining primary osteoblasts bypkant outgrowth

The “excess’” bone cores pieces from tri mm
PBS, cut into 22 mm bone chips, and transferred to tissue culture dishes withgoneed, fully
supplemented media. The bone chips were kept at 37°C ar@»% allow for outgrowth of
primary cells. The second population of cells migrating from the chips was considered a more
homogeneous population of osteoblasts. Upon confluence, cells were switched to osteogenic
medi a suppl eme n t-glyderopn@phate arid 060 pgivhl aBcorbic acid (Sigma

Aldrich, St. Louis, MO).

6.2.5 Seeding primary osteoblasts onto explants

The primary osteoblasts isolated by explant outgrowth were used to seed a controlled
number of cells back onto the bone cores at a condentrait 2.5 x 10 cells/explant in fully
supplemented media using a custom-seétder with slow stirring for 1 hour. Explants were then
transferred to @vell plates prior to assembling into bioreactors. Seeding of bone cores with
primary osteoblasts resslin uniform distribution of cells, which gradually populate the bone

surface (Figure 6.3).
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6.2.6 Loadable perfusion bioreactor

To sustain the viability of osteocytes in culture periods long enough to observe changes
in bone formation and elastic modulus response to mechanical loading, we designed a
loadable perfusion bioreactor. The design consisted of a polyetherimide perfusion base and cap
with a 316L stainless steel piston to transmit load (Zero Hour Parts, Ann Arbor, MI). A
compression spring witthreaded button and retractable stainless steel plungers were used to
easily lock the positions of the piston and cap (McMaSw&mr, Elmhurst, IL). Silicon @ings
were used to create a tight seal for perfusion (McMa&3ter). Ceramic discs custeaut from 4
bore ceramic tubes (McMast@arr) were used to provide an even surface for loading the bone
cores through which fluid could perfuse. All stainless steel components were passivated with
10% wl/v citric acid for 30 minutes at 65°C.

Low-level perfusionat 0.01 ml/min was driven by a multichannel peristaltic pump
(Ismatec, ColéParmer, Vernon Hills, IL) to supply the bone tissue with nutrients and enhance
waste exchange to keep osteocytes embedded within the borié’alfubing was connected
between tb pump, reservoir, and bioreactor by luer adapters {Eatmer). The bioreactor was
coupled to a mechanical testing (Bose Electroforce, Bose, Eden Prairie, MN) for mechanical
interventions and testing of mechanical properties. The average of 5 sepaaateements of
height and diameter were used to determine the geometric properties of the explant. On Day O,
the apparent elastic modulus was determined for each specimen from the slope of the stress
strain curve constructed from the last 5 loading cycfes 80 second 1Hz sinusoidal bout of
loading from-5 to-10N. From this information, the load necessary to apply a stimulus of 2400

microstrain (j£) was calculated. Subsequently, samples were subjected to daily loading with a
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1Hz sinusoidal compressive weferm from a prdoad of-2N to the determined load. On the
final day of experimentation, the apparent elastic modulus of each specimen was determined

again.

6.2.7 Validation of mechanical testing in the bioreactor

Solid ultrahigh molecular weight posthylene (UHMWPE) cylinders were machined to
the size of the explants (7 mm diameter, 7 mm height) and used as standard materials to evaluate
mechanical testing in the bioreactor, as the moduli is comparable to that of trabecular bone.
Apparent elastic madi were determined in three different configurations: a standard unconfined
compression test between two stainless steel platens, a compression test between the load piston
with the sample in the bioreactor base, and an additional compression tesewitbr&actor cap
attached to the loading piston (the intended configuration for using the bioreactor). To correct for
compliance of the polyetherimide base,{@, an adjusted displacement for the sample was
calculated by:

| | O 6
Chase Was calculated as the inverse of stiffness determined from the slope of the force
displacement curve for the base only (average of 5 independent tests). In each configuration, 5
UHMWPE samples wertested.

To evaluate whether mechanical testing, routine loading, and long term culture caused
artificial increases in apparent moduli of bovine bone cores throughout the duration of the
experiment, we loaded devitalized bone cores for 1, 3, 5, andy$Cadd compared the percent
difference in apparent elastic modulus after 4 weeks in culture ttoaded explants and tissue

culture controls. Bone cores were harvested as described and then devitalized by repeated freeze
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thawing. Loads corresponding téd@e were determined for each sample to apply dynamic

loading of similar strains across all groups.

6.2.8 Analysis of osteocyte viability

Explants were cut vertically in half using the Isomet saw prior and stained with
Molecular Probes LIVE/DEAD Viabity/Cytotoxicity kit (Invitrogen, Carlsbad, CA) to evaluate
cell viability. Explants were imaged by confocal microscopy (Olympus FV1000, Olympus,
Waltham, MA) ~100um into the bone tissue.

Traditional histological techniques were also used to complemeiningtan living
explants. The other half of the explants were fixed in neutral buffered formalin (Fisher Scientific,
Hampton, NH), embedded in paraffin, sectioned at 8um thickness, and stained with hematoxylin
and eosin (H&E) to evaluate cell viability byorphology. Empty lacunae or shriveled cell nuclei
were used to discern dead osteocytes. The number of live osteocytes were counted and
normalized to bone area. Counts were performed orncapsecutive sections by three

independent blinded observers.

6.29 Statistics

Oneway ANOVA with appropriate pogtoc analyses were used to evaluate differences
across groups. For differences among configurations and the percent change in moduli of
devitalized explants, Bonf er rreallipairs. Fop astedcyteh o ¢
viability, Dunnett’s post hoc was perfor med

was detected at p<0.05.
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6.3 Results

6.3.1 Design of a loadable perfusion bioreactor for individual bovine trabecular bone £xplant

The exploded and assembly views for the bioreactor design are shown in Figure 6.4.
Perfusion is achieved in a bottemp approach through an inlet in the bioreactor base and an
outlet in the loading piston. Silicon-fhgs and ceramic discs sit above d&edbw the trabecular
bone explant in the base, guiding fluid to perfuse through and not around the bone tissue.
Another Oring serves as a secondary seal between the base and the cap, preventing leaks and
avenues for infection. The stainless steel loagisgpn secures the bone core throughout culture.

The threads of the piston are engaged by a button with compression spring to lock the piston into
position. For ease of use for mechanical testing, this button can release the threads to allow the
piston tocome off the bone core. Furthermore, the qiiaadking plunger screws allow the cap to
be released from the base and moved up along the piston away from the sample. In this
configuration, mechanical testing can be performed. The entire assembly, withgla si
bioreactor connected to the perfusion pump and mechanical testing device, is shown in Figure

6.5.

6.3.2 Validation of frictionless loading and accurate mechanical testing

We first sought to validate that dynamic deformational loads could be @sliverbone
explants in this device in a frictionless manner. This is evidenced by smooth load and
displacement curves from a representative mechanical test of a trabecular bone explant (Figure
6.6).

We next wanted to verify the accuracy of mechanicaingsn this device by comparing

mechanical testing results from different configurations on samples of a standard material
124



(Figure 6.7). Correction for the compliance of the plastic base resulted in no differences in
apparent elastic moduli determined voeén a standard unconfined compression test and one
performed in the bioreactor.

Finally, we wanted to ensure that mechanical testing, routine loading, and long term
culture did not result in significant artificial increases in apparent moduli of bé&ane cores
throughout the duration of the experiment. We loaded devitalized bone cores for 1, 3, 5, and 10
days and compared the percent difference in apparent elastic modulus after 4 weeks in culture to
nontloaded explants and tissue culture controlsdiffierences were detected among groups, and

average percent changes were below £10% for all groups (Figure 6.8).

6.3.3 Confirmation of osteocyte viability over extended culture

We also sought to confirm perfusion could maintain osteocyte viability tareulAfter 2
weeks, live osteoblasts appear confluent along the bone surface (Figure 6.9A, B), and beneath
this surface layer, live osteocytes can be identified (Figure 6.9C). Static cultures, in comparison,
show a number of dead osteocytes (Figure 6.#9tological assessment revealed osteocyte
viability is maintained in perfused cultures for up to 4 weeks, whereas viability is compromised

in static conditions (Figure 6.10).

6.4 Discussion

We have described the design of a loadable perfusion biorgetaitting the long term
culture and characterization of trabecular bone explants capturing ostestaablast
interactions in response to mechanical load. The bioreactor design permits routine and accurate

mechanical testing, precise mechanical ireations, and perfusion to sustain cell viability for at
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least the 4 weeks examined in this study. This system sets the stage for studies aimed at
determining the role of osteocytes in sensing mechanical loads and coordinating bone adaptation
to those loadsAs an example, osteocytes embedded within trabecular bone explants have been
shown to elicit C& responses (Figure 6.11), which we have shawnritro to be a critical
mechanical response to applied loads that modulates the production of bone regubaéomg.

Future studies could explore the role of Csignaling in regulating the expression of proteins
involved in osteocyte control of osteoblast activity to better understand how bone formation is
initiated.

This bioreactor design overcomes a numbérlimitations in similar available or
previously described systems. Foremost is the ability to evaluate individual specimens for
biochemical characterization and study endpoints. Additionally, loading of individual specimens
under load control permitsehapplication of similar strains across all samples, similar to strain
matching that is done fan vivo experiments.

While powerful as a model system, limitations exist. The added challenge of keeping
osteocytes viable makes decoupling the long terncisffef loading versus transport difficult.
Additionally, while native arrangement of the osteocytes and connection with surface cells is
achieved with the explant, the bone core size and shape do not capture the whole bone response
to mechanical loading daithfully as would a whole bone explant, models of which exist, but for
shorter term experimentation. Additional limitations relate to the chosen cell types. For instance,
both osteocytes and osteoblasts are capable of releasing iRFGEsponse to mecheal
stimulation, so it is unclear from our earlier study if this response was mediated primarily
through osteocyte mechanosensing. A critical advantage of this explant system, however, is the

ability to selectively manipulate the osteoblast populatiordissupt signaling pathways in
126



osteoblasts only, a condition that cannot be created biyo studies. Finally, the removal of all

cell types except osteocytes and the seeded cell type of interest may obscure the essential
interactions of other native ¢elin the adaptive process. Despite these limitations, explanted
trabecular bone cultures can be used to probe outcomes of mechanical loading at very different

time points with a simplified cell composition in a still intricate arrangement.

6.5 Conclusio

We designed an easg-use loadable perfusion bioreactor for trabecular bone explants to
capture longerm tissudevel changes in response to mechanical loads mediated by osteocytes.
This system enables us to isolate interactions between osteocytest@oiolasts in a controlled
manner to delineate mechanisms underlying dioddced bone formation responses. This
bioreactor can serve as a platform for future studies aimed at understanding mechanoadaptation

in bone.
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6.6 Figures

Figure 6.1. Trabecula bone explants. (A) Trabecular bone core drilled from a bovine

metacarpus. (B) 7 mm trabecular bone explant cut from the bone core using a low speed saw.
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A. Day 0
4X -magnification

¥

Figure 6.2. Cleaning of trabecular explants(A) A confocal image of a cleaned trabecular
boneexplant stained with a LIVE/DEAD cytotoxicity/viability kit. Repeated PBS rinsing and
trypsinization removes all surface cells, leaving only live osteocytes embedded in the bone (live
cells are green). (B) Cleaned explant after 14 days in culture. Lie®@aysés remain in the
interior, and rigorous cleaning ensures that few surface cells (arrows) remain to populate the

bone surface.
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Figure 6.3. Controlled seeding of primary osteoblasts onto trabecular bone explants.
Confocal images of trabecular eapts stained with a LIVE/DEAD cytotoxicity/viability kit. A
defined number of cells are seeded onto explants using a custom cell seeder. Osteoblasts

gradually and evenly populate the available bone surfaces.
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Stainless steel
piston with
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Press-lock for
piston threads

O-ring for
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plunger screws
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Figure 6.4. Loadable perfusion bioreactorfor perfusion and mechanical testing/dynamic
loading of trabecular bone explantsThe exploded view highlights the main components used
to secure the trabecular bone explant (bone core) for loading and perfusion. The assembly view

is a schematic of a bicaetor for an individual bone specimen.
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Figure 6.5. Setup of the experimental systenitach loadable perfusion bioreactor is connected
to a multichannel perfusion pump and can be placed in a mechanical testing device for loading

or mechanical testing.
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Figure 6.6. Representative load and displacement curve from the last ten cycles of dynamic
mechanical testing.The applied waveform was a 1 Hz sinusoidal compressive waveform from

-5N (level 1) to-10N (level 2) under load control.
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Configuration 1 Configuration 2 Configuration 3
E1 E2 E3
Original 214948 198.0+9.7* 200.1=+7.9**

Corrected 546.7+204 5941+816 6088+719

. , p=0.36
. , p=0.16

Figure 6.7. Configurations for mechanical testing of a standard material to evaluate effects

of the chamber design on accuracy of mechanical testingconfiguration 1 represents a
standard unconfined compression testing configuration between two rigid stainle gtasteesl.
Configurations 2 and 3 are in the polyetherimide chamber base with and without the chamber
cap, respectively. Standard utnagh molecular weight polyethylene solid specimens machined

to the same geometry of trabecular bone explants (n=5) estedtin each configuration, and

the apparent elastic modulus was determined from the slope of aligpdalcement curve
constructed from the final compressive cycle of a mechanical test and the specimen geometry.

Using oneway ANOVA with Broao &nelysis, csignificant diffeceriscés were
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detected in the sample moduli determined from specimens in the chamber, but upon correction

for the compliance of the plastic base, these differences were no longer significant. **p<0.01
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Figure 6.8. Percentchange in elastic modulus of devitalized bone cores loaded routinely
and culture for 4 weeks.(A) 36 trabecular bone explants were randomly assigned to one of 6
groups (n=6/group): tissue culture control, Aoaded, and loaded for 1, 3, 5, and 10 days.
Apparent elastic moduli were determined for each sample at Day 0, and a load level
corresponding to 240@uwas determined for each sample to apply similar strains across all
specimens. The modulus was determined again after 4 weeks (Day 28), and a pézoentceli
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was calculated. (B) Average percent change in apparent elastic modulus for each group. Error
bars are standard deviations. One sample was eliminated as an outlier from the 5 day loading
group (gray italics). Onvay ANOVA with B o &nalysis wasiused top 0 st

determine differences among groups, and p<0.05 was set to indicate significance. No differences

were detected.
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A. Perfusion 3 B. Bone surface | C. 20um deep

. Static culture

Figure 6.9. Influence of perfusion on osteocyte viability over long term culture(A)
Reconstructed confocal imagd an explant perfused for 14 days in the loadable perfusion
chamber. (B) Inset of the confocal slice corresponding to the bone surface. (C) Live osteocytes
(green cells, white arrows) are observed 20um below osteoblasts on the bone surface. (D) A

number ofdead osteocytes (red cells) can be observed in static cultures at the same time point.
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Figure 6.10. Histological assessment of osteocyte viability in explants cultured for 2 or 4
weeks (wk) in loadable perfusion bioreactors compared with static tissuculture controls.
Error bars are standard deviations. Sample numbers for each group are indicatagyOne
ANOVA with Dunnet’s post hoc analysis was

live osteocytes from initial levels. *p<0.05
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Figure 6.11. Calcium signaling in trabecular bone explantsConfocal image of an explant
stained with the Flu8 calcium indicator and treated with 50uM ATP. Arrows indicate

responsive osteocytes.
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Chapter 7
Summary

The work in this thesis solidifies €asignding as a critical osteocyte response to
mechanical loading and adds to the body of work exploring how and why these signals are
generated. In Chapter 2, we discovered Gatransients are coupled to €& dynamics in
osteocytes exposed to fluid flow darthat FType VSCC interact with the ER to effect this
behavior. In Chapter 3, we demonstrated that actin cytoskeletal dynamics are involvéd,in Ca
signal generation and that ¥asignals in turn activate actomyosin contractions. These
contractions cabe prevented by the drug jasplakinolide, which has been previouslynuggd
In Chapter 4, we identified a new mechanotransduction pathway in whichnihaced C?fcyt
oscillations are facilitating the production and release of extracellular vesiclesteocytes,
which contain key bone regulatory proteins such as RANKL, OPG, and sclerostin. In Chapter 5,
we translated our studies to new osteocyte cell lines which more faithfully capture native cell
behaviors, namely the expression of sclerostinalfinin Chapter 6, we introduced a novel
system for exploring interactions between embedded osteocytes and cells on the bone surface
which may help translate some of our findings from the cellular level up to the tissue level.
Ultimately, a better undewstding of the mechanisms behind the robu§t+c§;a)scillations in
osteocytes and how they relate to their roles as coordinators of bone adaptation may improve our

ability to prevent or treat bone pathologies underpinned by reduced mechanosensitivity.
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