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Osteocytes in vivo experience complex fluid shear flow patterns to activate mechanotransduction path-
ways. The actin and microtubule (MT) cytoskeletons have been shown to play an important role in the
osteocyte’s biochemical response to fluid shear loading. The dynamic nature of physiologically relevant
fluid flow profiles (i.e., 1 Hz oscillatory flow) impedes the ability to image and study both actin and MT

Keywords: cytoskeletons simultaneously in the same cell with high spatiotemporal resolution. To overcome these
;)lstzo;yte limitations, a multi-channel quasi-3D microscopy technique was developed to track the actin and MT
un ow

networks simultaneously under steady and oscillatory flow. Cells displayed high intercellular variability
and intracellular cytoskeletal variability in strain profiles. Shear Exz was the predominant strain in both
steady and oscillatory flows in the form of viscoelastic creep and elastic oscillations, respectively. Dra-
matic differences were seen in oscillatory flow, however. The actin strains displayed an oscillatory strain
profile more often than the MT networks in all the strains tested and had a higher peak-to-trough strain
magnitude. Taken together, the actin networks are the more responsive cytoskeletal networks in osteo-
cytes under oscillatory flow and may play a bigger role in mechanotransduction pathway activation and

Mechanotransduction
Cytoskeleton

regulation.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Osteocytes have been hypothesized as mechanosensors in bone
that can directly regulate bone turnover and adaptation [1].
Mechanical load-induced oscillatory fluid flow through the lacun-
canalicular system has been proposed to induce shear stresses over
the cell body and processes of osteocytes in the pericellular space
to activate biochemical pathways [2,3]. Most in vitro cell studies of
osteocytes under oscillating flow have been performed on conflu-
ent, adherent osteocytes. Very few studies have considered the
mechanical behavior of osteocytes at the single cell level [4-6].
However, osteoblasts are morphologically and biochemically dis-
tinct from osteocytes [7]. This highlights the need to characterize
osteocyte mechanics under a range of physiologically relevant fluid
shear flow patterns.

Previous in vitro fluid shear studies on primary osteocytes and
osteocyte cell lines have focused on flat, spread osteocytes, but
the in vivo cell body shape of osteocytes is ellipsoidal or spherical
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[8,9]. Osteocytes in this 3D configuration have different mechani-
cal properties and biochemical responses than when flat and
spread [10]. Additionally, the actin and microtubule networks in
round osteocytes are distributed differently than in spread osteo-
cytes [11,12]. Downstream cytoskeletal remodeling events in
osteocytes were also affected by the usage of oscillatory flow ver-
sus steady flow [13,14]. A previous study in our laboratory studied
how actin and microtubule networks deformed individually in
osteocytes, but a high degree of intercellular variability was seen
[5]. Mechanical comparisons between the two networks were lim-
ited due to this heterogeneity between individual cells. Studies in
actin and MT polymer gel solutions have revealed composite-like
behavior when the two networks interact under mechanical load-
ing [15,16]. Therefore, it was of interest in this study to character-
ize the deformational behavior of the actin and MT networks
simultaneously in an osteocytes’ cell body under a physiological le-
vel of fluid shear flow at the single cell level.

Limitations in temporal resolution of traditional raster-
scanning 3D microscopy techniques (i.e., confocal or deconvolution)
have hindered the ability to capture the 3D mechanical behavior
of osteocytes because of the dynamic nature of oscillating flow
(1 Hz) and the near-instantaneous mechanical responses of the
cell. We developed a “quasi-3D” microscopy technique that was
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able to image a single cell in two orthogonal planes simultaneously
while maintaining a high temporal resolution [5]. This technique
allowed better spatiotemporal visualization of the dynamics of cel-
lular deformation in 3D that would have been lost in the slower
raster scanning techniques.

The viscoelastic deformational behavior between steady and
oscillatory flow patterns in osteocytes will be compared using
the actin and microtubule networks as measures of strain. By
tracking both networks simultaneously using new developments
in the quasi-3D microscopy technique, direct comparisons can
now be made between the two networks, since the cytoskeletal
analyses are paired and at a high enough temporal resolution to
fully map out the oscillatory and steady loading profiles. The objec-
tives of this study were to (1) simultaneously image in quasi-3D
the actin and MT networks in osteocytes under steady and oscilla-
tory fluid flow, (2) calculate the developed strains in the actin and
MT networks under the different flow profiles, and (3) compare
their behaviors within the same cell.

2. Methods
2.1. Quasi-3D microscopy

The basic quasi-3D design is presented in a previous study from
our laboratory [5]. In brief, an inverted microscope and an upright
microscope with a 45° mirror in its lightpath are focused on a sin-
gle cell in a rectangular tube with 60x objectives (Fig. 1A). These
microscopes are independently yet simultaneously focused on
two orthogonal planes of the same cell, dubbed “bottom-view”
and “side-view.” For this current study, an additional functionality
of simultaneous collection of up to four emission channels was
added into the quasi-3D system. Two Quadview beamsplitters
(Photometrics, Tucson, AZ) and custom-designed dichroics and
excitation filters were used to visualize both the actin and micro-
tubule networks simultaneously in quasi-3D. The multichannel
quasi-3D system was designed to collect the emissions of the

following common dyes: CFP, YFP, mCherry/mkate2, and DiR
(emission filters of 470/28, 530/30, 641/75, and 809/81, respec-
tively) (Semrock, Rochester, NY). To achieve simultaneous dye
excitation, a multi-band excitation filter was added to the xenon
lamp light source to excite CFP and mkate2 (430/25 and 570/40).
A custom-made dichroic was placed in the microscopes to reflect
the excitation bands and pass-through the emission bands to the
beamsplitter. DU-885 EMCCD cameras (Andor, Belfast, Northern
Ireland) on each of the microscopes captured the bottom- and
side-view emissions.

2.2. Cell culture

MLO-Y4 osteocyte-like cells (a gift from Dr. Lynda Bonewald of
the University of Missouri-Kansas City) were grown in o-modified
Eagle’s medium supplemented with 5% fetal bovine serum and 5%
calf serum. The Lifeact live-cell F-actin probe [17] was cloned into a
TagCFP fusion plasmid (Evrogen, Moscow, Russia) to allow visual-
ization of F-actin dynamics in cyan. The EMTB (ensconsin microtu-
bule binding domain) MT probe [18] was cloned into an mkate2
fusion plasmid to allow visualization of MT dynamics in red/
far-red. The TagCFP and mkate2 fluorescent protein variants were
chosen to minimize spectral bleed-through of the fluorophores to
negligible levels during simultaneous acquisition. Cells were
double-transfected with the TagCFP-Lifeact and mkate2-EMTB
plasmids 24 h prior to flow experiments using Fugene 6 (Roche
Applied Science, Indiana, IN) according to manufacturer’s
instructions.

2.3. Fluid flow experiments

Twenty four hours after transfection, cells were trypsinized and
plated on narrow glass slides for 45 min to ensure a fully attached,
rounded cell shape. The glass slides were then placed into a square
glass tube for imaging and flow. Hank’s Buffered Saline Solution
was used as flow media. Steady, unidirectional fluid flow (n=38)
at a wall shear stress of 10 dynes/cm? was achieved by using a
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Fig. 1. Schematic of the multi-channel quasi-3D microscopy technique to visualize the F-actin and MT networks simultaneously. The CFP and mkate2 fluorophores are
excited with a dual-excitation filter. A beamsplitter in both microscopes separates the CFP and mkate2 emissions. Each microscope’s camera is synchronized to obtain images
at the same timepoint. Definitions for subcellular regions in the two views are presented on the right.
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syringe pump (New Era Pump Systems, Wantagh, NY) and gas-
tight syringe (Hamilton, Reno, NV).

Dynamic, oscillatory fluid flow (n = 7) with a peak shear stress
of 10 dynes/cm? was provided by a custom-built oscillatory pump
[19]. The flow profile was sinusoidal at a 1 Hz frequency. Both flow
types were applied to the flow chamber for 10 s. An individual cell
was imaged in quasi-3D at a 10 Hz frequency to fully map out the
fluid flow profiles.

2.4. Image analysis

All calculations were performed in MATLAB 7.8 (The Math-
Works, Natick, MA). Intracellular displacement fields of the actin
and MT networks for each cell were obtained identically for both
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bottom and side views according to a previously elaborated tech-
nique involving digital image correlation [5,20,21]. Displacement
fields were first smoothed with a bilinear least squares filter [22]
and then smoothed and differentiated using a thin-plate spline
algorithm [23]. Finite Lagrangian strain fields were then calculated
(three bottom-view strains: Eyy, bottom-view Exx, and Exy; and
three side-view strains: Ezz, side-view Exx, and Exz). The absolute
strain error on simulated rigid-body displacement actin and MT
networks was 0.027 + 0.0312 (%).

2.5. Strain analysis

Strains were averaged in various subcellular regions (Fig. 1B).
For steady flow, exponential constants for strains that displayed
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Fig. 2. (A) Sample image of the F-actin and microtubule networks of an MLO-Y4 osteocyte imaged simultaneously in two orthogonal planes (bottom and side views). (B)
Sample side-view whole-cell shear Exz strain trace for both cytoskeletons under steady flow or oscillatory flow. Both networks display creep and creep-recovery behaviors in
steady flow. Both networks display sinusoidal shear strains that follow the oscillatory flow pattern. (C) Sample side-view whole-cell shear Eyy strain trace for both
cytoskeletons of a single osteocyte under steady or oscillatory flow that show different mechanical responses within the same cells between the two cytoskeletons. In these

examples, only the actin network displays characteristic creep or oscillation.
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creep and creep recovery behavior were extracted from strain time
course plots. Strain time course plots for each region were fit to an
exponential function &(t) = a+ be " using least squares curve fit-
ting. Plots that converged were considered to have creep-like
behavior and the exponential constants were used in further anal-
yses. Strains that displayed creep-like behavior in both networks
were directly compared in paired statistical tests.

Strain time course plots in oscillatory flow were run through a
high pass filter, and plots that displayed periodic ~1 Hz behavior
had the peaks and troughs extracted for further analyses.

2.6. Statistical analysis

All statistical analyses were performed using NCSS 2007 soft-
ware (NCSS LLC, Kaysville, UT). Strain values for the actin and MT
networks within each cell at different times or in subcellular re-
gions were compared in paired analyses within a cell. Most com-
parisons were determined to have non-normal distributions, so
the non-parametric Wilcoxon-signed rank test was used. The sig-
nificance level, «, was set at 0.05.

3. Results
3.1. Simultaneous tracking of actin and MT networks under fluid flow

Using the dual-excitation filter and emission beamsplitter, the
actin and microtubule networks in a single osteocyte were able
to be imaged simultaneously (Fig. 2A). F-actin networks formed
primarily cortical networks near the membrane with diffuse stain-
ing perinuclearly. MT networks were also perinuclear but were
noticeably less prevalent near the plasma membrane. Both net-
works were excluded from the cell nucleus. F-actin was also visible
in very short filopodia-like cellular processes in the basal periphery
of the cell, given the short plating time. MT networks were not vis-
ible in this area. A high temporal resolution of 10 Hz was main-
tained, allowing instantaneous strain deformations, i.e., at the
onset of flow, to be measured in steady and oscillatory fluid flow
profiles (Fig. 2B and C).

3.2. Steady flow strain comparisons

Actin and MT networks tended to behave with viscoelastic
creep and creep-recovery behaviors in the actin and MT networks
strains under steady flow, confirming previous results [5]. This
behavior was observed in 65.6% of the subcellular shear Exz in both
networks but was also present to a lesser degree in the normal Ezz
and Exx strains at 50.5% of the time. Bottom-view Eyy exhibited
creep behavior only 27.1% of the time. There was no statistically
significant difference in the occurring frequency of creep behavior
between the two networks. However, some cells displayed creep
behavior in only one of the networks and not the other.

Additionally, high variability was seen in the heterogeneous
distribution of the strains of the actin and MT networks within
the same cell (Fig. 3A). Peak strains at the end of the flow period
were averaged in the subcellular regions of the cell (Fig. 3B and
C). All comparisons were performed using paired statistical tests
between the actin and MT networks within each cell. In the apical
region, MT Exz was higher than actin Exz (p < 0.01) by an average
of .0192. However, this difference was reversed in the basal region
of the cell. Actin Exz was higher than MT Exz (p <0.05) by an
average of 0.0201 in the basal region. Ezz normal strain was higher
by an average of 0.0237 and 0.00797 in the leading (p < 0.01) and
middle regions of the cell (p <0.05).

Subcellular regional strains that displayed creep behavior in
both networks had their exponential time constants directly com-

pared (Table 1). Creep was slower in the normal strains than in
shear strain, as evidenced by the higher time constants to reach
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Fig. 3. (A) Strain contour plot of steady flow strains at the end of the loading period.
The side-view strains of the actin and MT networks are presented from the same
cell. Between the networks, the magnitudes of strains are different, and areas of
tension and compression do not coincide in all areas, such as in Ezz in this cell. (B)
Mean of the paired differences within each cell between the Actin and MT Exz
strains at different locations in the cell at the end of the steady flow loading period.
In the apical region of the cell, Actin Exz was significantly lower than MT Exz
(p <0.01). In the basal region of the cell, the Actin Exz was significantly greater than
MT Exz (p < 0.05). (C) Mean of the paired differences within each cell between the
Actin and MT Ezz strains at different locations in the cell at the end of the steady
flow loading period. In the leading (p = 0.05) and middle (p < 0.05) regions of the
cell, Actin Ezz was significantly higher than MT Ezz when comparing the paired
differences between the two strains within each cell. Error bars represent standard
deviation.

Table 1
Creep and creep recovery time constants for each network for the side-view strains.

Strain Creep time constant Creep recovery time
constant
Actin MT Actin MT
Ezz 10.67£13.68" 13.172£10.12> 2.83+1.64° 258+1.16°
Exx, side- 9.60 +7.74° 6.74+5.66° 1.76+1.14*® 231+0.68°
view
Shear Exz 4.45+2.83 3.77 +£1.54 358+1.74  3.82+1.33

¢ Significantly different from other network (p < 0.05).
b Significantly different between creep and recovery (p < 0.05).



722 A.D. Baik et al./Biochemical and Biophysical Research Communications 431 (2013) 718-723

A Shear Strain Development under 1 Oscillatory Flow Cycle Imaged at 10 Hz B Actin
3 002 § (I
1 S 100
CEX XX LI I"KF].: | |
= =
< . 0.01 g 80 T

Flow Direction 4— -
N L=
2 B 4 1 = 60
OO0
' 3 B

e = i 1001 O 404

g1 ® = Acquisition Timepoint (at 10Hz) | g !

£y /—\/ i :

i c

H Q

ﬁ g T T T GEJ

° 05 1 003 @

Time (sec)

0
Ezz Exx(SV) Exz Eyy Exx(BV) Exy

Fig. 4. (A) Actin and MT strain contour plots of the 5th cycle (of 10 total at 1 Hz) of oscillatory flow. Ten images were taken during each cycle and are presented. Strains
oscillate in magnitude following the oscillatory loading profile. The areas of oscillating strains in the two networks are distinct. (B) Percentage of cells that displayed
oscillatory behavior in each strain. Oscillatory strain behavior was readily apparent in the actin strains and in shear Exz. The percentages in the MT networks were always

lower than in the actin networks. Error bars represent standard deviation.

equilibrium. Ezz and side-view Exx strains, but not Exz, reached
equilibrium in creep recovery faster than in creep (p < 0.05). Creep
recovery of side-view Exx, actin networks were able to reach equi-
librium faster than MT networks (p < 0.05).

3.3. Oscillatory flow strain comparisons

The actin and MT networks had elastic-like behavior under
oscillatory flow. Both networks had smaller strains than in steady
flow, with heterogeneous strain patterns that oscillated with the
loading profile (Fig. 4A). No residual strains were apparent after
the end of flow (Fig. 2B).

Oscillations were more prevalent in the actin networks than in
the MT networks (Fig. 4B). For Exz, oscillations occurred in 83.3% of
the subcellular regions of the actin networks, but only in 30.9% of
the subcellular regions in the MT networks. For the side-view nor-
mal strains (Ezz and side-view Exx), actin networks displayed
oscillations in 35.7% of the subcellular regions, but in only 2.4%
of the subcellular regions in the MT networks. However, oscilla-
tions in bottom-view normal strains (Eyy and bottom-view Exx)
were more readily visible in both networks; actin and MT network
bottom-view normal strains displayed oscillations in 76.2% and
21.4% of the subcellular regions, respectively.

When comparing shear Exz at the whole cell average level of
cells that displayed oscillations in both networks, the average
peak-to-trough amplitudes of the actin and MT networks were
0.94+0.38 and 0.51+0.25 (%), respectively, and the peak-to-
trough amplitude was consistently higher in the actin networks
than in the MT networks (p < 0.05).

4. Discussion

In this study, a multichannel quasi-3D microscopy technique
was implemented to directly compare the fluid shear-induced
strains of the actin and MT networks within a cell. Steady and
oscillatory flow patterns were used to analyze differences between
the two flow patterns on the cytoskeletal networks. The advantage
of the multichannel quasi-3D microscopy technique was in its abil-
ity to image the two cytoskeletal networks at a sufficiently high
spatiotemporal resolution to map the intracellular strains under
the dynamic oscillatory fluid flow profile. Dual labeling of the actin
and MT cytoskeletons has been used in studies in other cell types
[24,25], but this study used a truly simultaneous, rather than
sequential, acquisition of the networks. Imaging a sinusoidal load-
ing profile without undersampling generally requires at least 6
acquisition frames per period [26]. Here, we obtained full coverage
of the 1 Hz loading frequency by imaging both cytoskeletal net-
works at 10 Hz. Heterogeneity at the single-cell level has been ob-

served in many cytoskeletal and mechanical behavior studies
[5,27,28], and this study observed that mechanical responses be-
tween the two networks were not always coupled spatially or tem-
porally. Inter- and intracellular variability was high in this study,
but the ability to pair the comparisons revealed novel observations.

Both steady and oscillatory flow produced measurable re-
sponses in shear strain Exz. Under steady flow, shear strain in both
networks displayed viscoelastic behavior, while creep and creep
recovery were prevalent in both networks. The differences in actin
and MT peak strains may be partially explained by the spatially
heterogeneous distributions of the two networks. The cortical actin
networks next to the leading edge membrane experience fluid
shear flow before the MT networks, as the bulk of the MT networks
are more intracellular and further away from the membrane, and
this shielding may explain the observed higher actin Ezz strains
near the leading edge of flow. The higher observed shear Exz in
the basal actin Exz may also be due to anchoring of actin at the fo-
cal adhesions at the cell-extracellular matrix interface, which the
MT networks are not strongly coupled to.

The decrease in time constant between the creep from fluid
shear loading and creep recovery from flow removal of both net-
works suggests an active cellular process that may be modulating
the viscoelastic behavior of the cell and its cytoskeleton. Previous
studies have demonstrated rapid reorganization of the cytoskele-
ton in response to flow [29], and molecular motors like myosin
have been shown to be able to actively control cytoskeletal net-
work viscoelasticity by allowing entangled cytoskeletal fibers to
move more easily [30].

Under oscillatory flow, shear strain in both networks behaved
elastically and followed the oscillatory loading pattern with no
residual strains post-flow. The actin networks were the most
responsive networks in frequency and magnitude of shear strains,
suggesting that actin is an important link in mechanotransduction
this physiologically relevant load level and pattern. The activation
of actin-related signaling pathways but not MT-related pathways
may be the link between the observed differences in steady and
oscillatory flow in bone cells [13,19,31], as the MT networks are
less responsive in oscillatory flow but similar in steady flow. Strain
oscillations were more visible in bottom-view than side-view,
emphasizing the 3D nature of the deformation. Neither view alone
was sufficient to characterize the full behavior of osteocyte cell
bodies under the two fluid flow profiles used in this study.

Dendritic processes have been hypothesized as mechanosensi-
tive compartments in osteocytes [32,33]. Additional theoretical
studies have mapped out the strain on the cytoskeleton in osteo-
cyte processes in bone canaliculi [34]. The osteocyte cell body, sit-
uated in the bone lacunae, has been regarded as insensitive
because it would experience lower strains in vivo. Recent in vitro
and in vivo evidence have renewed interest in the role of the oste-
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ocyte cell body in mechanotransduction. For example, focal adhe-
sions in the osteocyte cell body in vivo rearrange within the cell
body depending on its mechanical environment, suggesting the
cell body actively senses deformation and adapts to the loading
[35]. When osteocytes were not allowed to spread to avoid non-
in vivo artifacts such as thick, aligned stress fiber formation and nu-
clear flattening, elastic modulus decreased and mechanosensitivity
increased [10]. In vitro experiments that recapitulate the in vivo
shape and organization of osteocytes may prove crucial to under-
standing the interplay between the osteocyte processes and the
osteocyte body.

In conclusion, we have developed a novel multi-channel quasi-
3D technique to measure actin and MT network strains in a single
cell. Mapping the link between flow stresses and biological signal-
ing pathway activation requires an understanding of the mechan-
ical responses of the cellular structures, including the cytoskeleton,
membrane, and nucleus. Further studies in the downstream effects
of actin network deformations and its spatial heterogeneity will
help elucidate these questions.
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