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e Abstract

The polymodal channel TRPV4 has been shown to regulate development and mainte-
nance of cartilage. Here we investigate whether TRPV4 activity regulates the early deposi-
tion and structure of collagen matrix in the femoral head cartilage by comparing the 3D
morphology and the sub-micrometer organization of the collagen matrix between wild
type and Trpv4~'~ mice pups four to five days old. Two-photon microscopy can be used
to conduct label-free imaging of cartilage, as collagen generates a second harmonic signal
(second harmonic generation [SHG]) under pulsed infrared excitation. In one set of mea-
surements, we use circularly polarized laser light to reconstruct the 3D morphology of the
femoral head cartilage and to measure the tissue thickness. Second, by rotating the direc-
tion of the linearly polarized light and using polarized SHG detection, we investigate the
sub-micrometer orientation of collagen fibers in the cartilage. At this developmental stage,
we cannot detect statistically significant differences between the two mice strains,
although a tendency toward a more random orientation of collagen fibers and a higher
thickness of the whole cartilage seems to characterize the Trpv4™~ mice. We discuss
possible reasons for these observations. ~ © 2019 The Authors. Cytometry Part A published by Wiley
Periodicals, Inc. on behalf of International Society for Advancement of Cytometry.

e Key terms
two-photon microscopy; second harmonic generation; polarization microscopy;
cartilage; collagen; TRPV4 channels; mechanotransduction

STUDIES of the architecture and function of articular cartilage are particularly
important due to the high incidence of pathological conditions such as osteoarthritis
(OA), especially in the population > 45 years of age (1). The normal functioning of
the articular cartilage is based on an interrelation between (a) the mechanical prop-
erties of the cartilage matrix and the articular fluid on the one hand and (b) the ana-
bolic and catabolic processes within the cellular elements (chondrocytes) on the
other hand.

The homeostatic maintenance of cartilage depends on the ability of cho-
ndrocytes to sense and respond to changing mechanical loads. There are a range of
mechanosensors in these cells that have been shown to influence chondrocyte biol-
ogy, including mechanosensitive ion channels. It has been demonstrated that distinct
types of mechanical stimuli can activate different ion channels in primary cho-
ndrocytes, where PIEZOL1 is activated by cellular compression (2), stretch of the
membrane and, to a lesser degree, by tensile inputs applied at the cell-substrate
interface (3). In contrast, the polymodal channel TRPV4 is only activated by
mechanical inputs that affect the chondrocyte at cell-substrate connections (3).

Manipulation of TRPV4 using pharmacological tools has demonstrated that sig-
naling via TRPV4 can regulate the production of extracellular matrix (ECM) pro-
teins by chondrocytes. In vitro studies using a TRPV4-specific agonist have shown
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that TRPV4 activation increases ECM production by cho-
ndrocytes even in the absence of a mechanical input (4). In
addition, the application of a TRPV4-specific antagonist dur-
ing cyclic mechanical loading inhibits the mechanically
dependent production of matrix (4). What is not clear is how
mechanical activation of TRPV4 affects chondrocyte biology
and cartilage homeostasis in vivo. This question is particularly
difficult to address as TRPV4 has been involved in chondro-
cyte development (5). In addition, a global knockout of
TRPV4 and conditional knockout of TRPV4 in adult cho-
ndrocytes have divergent impacts on the development of
OA. Namely, Trpv4~"~ mice are more susceptible to develop-
ing age- and obesity-related OA (6), whereas the conditional
mutants—where TRPV4 is removed from adult cartilage—are
protected against the onset of age-related OA (7). Here we
have investigated whether there are structural changes in the
cartilage in Trpv4~~ mice at an age before the femoral heads
have been affected by mechanical loading due to weight bear-
ing and walking, that is, pups 4-5 days old. Given that
TRPV4 is mechanically activated by movements of the
matrix, by addressing this question, we hope to gain insight
into whether matrix production is modulated by TRPV4 dur-
ing development and early life, when such stimuli are reduced
compared with periods of physical activity.

We investigate the morphological characteristics of the
femoral head cartilage at the micrometer and sub-micrometer
scales using two-photon microscopy in order to understand if
the absence of spontaneous and induced Ca** activation via
the TRPV4 channels (2,3,8,9) has consequences on the archi-
tecture of the collagen fibers during embryogenesis and fetal
development, up to days 4-5 after birth. While cartilage dam-
age during OA progression is typically investigated using
radiography and magnetic resonance imaging (10,11), subtle
information on the organization of collagen at the molecular
and fibrillary levels can be obtained using microscopy tech-
niques. Electron microscopy and small-angle X-ray diffraction
have been utilized in literature to study the structure and ori-
entation of collagen fibers at the nanometer scale (12,13), but
the drawback of these techniques is that they provide only a
snapshot on a relatively small scale of the whole sample.
Staining of tissue sections or cellular assemblies using
picrosirius red enables visualization of collagen fiber distribu-
tion in light microscopy on the micrometer scale, and sample
observation between cross-polarizers can reveal information
also on the sub-micrometer alignment of collagen fibers (14).
On a larger scale, optical coherent tomography (OCT) and
polarization-sensitive OCT have also been used, but these
techniques suffer from averaging over a larger volume due to
their low axial resolution, in the order of tens of microme-
ters (15,16).

The property of collagen to generate second harmonic
signal (second harmonic generation [SHG]) when excited in
two-photon microscopy has been applied to study native col-
lagen in tissues, as it provides a label-free imaging method
while preserving the sub-micrometer resolution of confocal
microscopy. The SHG is the property of non-
centrosymmetric molecules or supramolecular assemblies
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(i.e., molecules or assemblies without a symmetry center) to
scatter an incident radiation at half the excitation wavelength.
This condition is met in biology by helical molecules such as
collagen and its supramolecular fibrillary assemblies. Collagen
type I organization is the most studied using this method, as
it provides a high SHG signal due to the formation of long
and thick bundles (30-500 nm in diameter, up to 1cm
length), for example in skin, tendons, ligaments, organ cap-
sules, or connective tissue (17). Collagen type II, which is
found in the cartilage, forms much smaller and thinner fibrils,
with a diameter of ~48 nm due to the interposition of colla-
gen IX (12), giving a lower SHG signal, and therefore harder
to detect.

Adding polarized excitation and detection in all light
microscopy techniques (including two-photon microscopy)
confers a supplementary dimension to the images
(in addition to intensity) by giving information on the molec-
ular orientation (18,19). As shown in Figure 1A, the laser lin-
early polarized in the xy plane excites the collagen fibers
(represented as a triple helix) with a given 3D orientation.
The fibers are preferentially excited if their long axis is
aligned along the laser polarization direction. The intensity of
the emitted SHG signal is proportional to the magnitude of
the fiber projections on the x- and y-axes (which depend, on
their turn, on the angles formed by the fiber with the three
axes—x, y, and z). Note that the signal emitted in the
z direction cannot be measured in this configuration and
requires other experimental setups for detection (20).

MATERIALS AND METHODS

Sample Preparation

Femoral bones with cartilage topping the head have been
obtained from pups aged 4-5 days. Two mouse strains have
been used in this study: the wild type (WT) C57Bl/6 from
Charles River (Wilmington, MA) and the knockout strain lac-
king the expression of the mechanosensitive voltage channel
Trpv4 (Trpv4_/ ~, Jackson Laboratory (Bar Harbor, ME), MGI
ID: 2667379 on a C57Bl/6 background) (21). The dissected
femoral heads were washed with phosphate buffer saline
(PBS), then immediately immersed in 80% glycerol, and fro-
zen in liquid nitrogen. All samples have been imaged within
2 weeks after the collection. On the day of the experiment,
the samples were thawed on ice and washed with PBS to
remove the excess of glycerol, then mounted in 1% low-
melting point agarose, and covered with a cover glass no. 1.5
for imaging. The femoral heads were placed with the intra-
articular ligament facing upward (as shown in Fig. 1C), trying
to ensure that all samples were fixed in the same orientation.
All animal works have been done in compliance with proto-
cols approved by the German Federal authorities (State of
Berlin).

Two-Photon Microscopy

SHG images have been acquired with a two-photon micro-
scope (Trimscope I; LaVision Biotec GmbH, Bielefeld, Ger-
many) custom modified for polarization measurements
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Figure 1. (A) Schematic of collagen fiber excitation and SHG detection in a polarization experiment. Collagen is represented as a triple
helix with a 3D orientation. When the linearly polarized laser excites the fiber, the intensity of the SHG signal detected on the parallel or
perpendicular direction relative to the laser depends on the magnitude of the fiber projections along the x- and y-axes. (B) Schematic of
the two-photon setup for polarized SHG measurements of the cartilage. (C) Schematic of the femoral head and of the sample preparation
for imaging. (D) Workflow of image acquisition and analysis to obtain information on morphology and orientation of collagen fibers
within the cartilage. [Color figure can be viewed at wileyonlinelibrary.com]

(Fig. 1B). The SHG signal of the femoral cartilage was gener-
ated using 1,100 nm excitation wavelength from an optical
parametric oscillator (OPO) (APE, Berlin, Germany) pumped
by a Titanium:Sapphire laser (Chameleon Ultra II; Coher-
ent, Santa Clara, CA). The OPO wavelength was chosen to
avoid the Titanium:Sapphire path, which contains other
polarization-active elements. The OPO beam was passed
through a polarizing beam splitter (Thorlabs, Newton, NJ)
to clean up the polarization direction and then either
through a quarter-wave plate (Thorlabs) to obtain circularly
polarized light or through a half-wave plate (Thorlabs) to
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rotate the plane of the linearly polarized light. Rotation of
the polarization plane of the OPO beam was achieved by
placing the half-wave plate in a motorized rotation mount
(Thorlabs). Thus, the collagen fibers of the cartilage with
different orientations could be sequentially excited. A water
immersion Olympus 20X, 0.9 NA, objective dedicated for
multiphoton excitation was used for imaging. The SHG sig-
nal was detected in the backward direction using a
560/40 nm emission filter. The emitted light was then split
using a polarizing beam splitter (Thorlabs) between two
GaAs detectors (LaVision Biotec GmbH).

SHG Microscopy of Trpva™~ Mice Cartilage
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Using circularly polarized excitation, the whole cartilage
structure was scanned using 3 X 3 tiles (400 X 400 pm each)
and a depth of ~500 pm. The tiles were stitched in Image]J/Fiji
(22). The merged SHG intensities measured in the parallel
and perpendicular channels using circularly polarized light
were used to reconstruct the 3D structure of the whole carti-
lage in Imaris (Bitplane/Andor, Belfast, UK). All other image
processing was done in Image]/Fiji (https:/fiji.sc/).

Using linearly polarized excitation, only one confocal
plane (400 X 400 pm, 512 X 512 pixels) was selected and
imaged using different rotation angles of the half-wave plate.
The plane was chosen close to the top of the cartilage struc-
ture, avoiding the ligament region.

To correct for the different transmission and collection
efficiencies of the system for the parallel and perpendicular
directions, a rhodamine 6G solution in water (with very fast
depolarization time) was measured for every experiment
using both circularly and linearly polarized excitation. The
correction factor G was calculated:

I
G = LLRh6G (1)

I|rnsG

where Ijrheg and I grnec are the intensities measured for the
rhodamine 6G solution in the parallel and perpendicular
channels, respectively.

The SHG intensity images of the cartilage in the parallel
and perpendicular channels were also corrected by back-
ground subtraction.

Polarization images of the SHG signal were calculated
using the formula:

In—
= ]H& (2)
I +GI 1

The parallel detection channel was considered for all
images relative to the 0° orientation of the half-wave plate.

Histograms of polarization values per pixel were
obtained in ImageJ/Fiji, and further statistical analysis was
done in the open source software R (https://www.r-project.
org/) using the fitdistrplus package (23). The background
contribution to the histogram of polarization values has been
excluded by creating a mask from the intensity images after
applying a band-pass fast Fourier transform (FFT) filter.

The SHG intensity images obtained along the parallel
direction using linearly polarized light were plotted against
the rotation angle of the half-wave plate, and the curve was
fitted with a model from literature (24) using the Matlab
software (Mathworks, 2018, Natick, MA):

I = Acos4a + Bcos2a + C (3)
where I is the SHG intensity measured along the parallel
direction, o is the rotation angle of the polarization direction,

and A, B, and C are fitting parameters that can be further
used to calculate the ratio p of the two independent tensorial
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components of the second-order susceptibility (Yo Xxyy) (see
Ref. 24 for notation details):

XXXJC
p="2= (4)
Xyy
A+B+C
2
==~ 5
P =ATB+C (%)

Graphs were plotted in Matlab or GraphPad Prism
(GraphPad, San Diego, CA).

RESULTS

To investigate the collagen structure in articular cartilage, we
obtained images of samples from 4-5-day-old mice pups, six
WT mice, and seven Trpv4~'~ mice. All average and standard
deviation values are reported on these number of samples
(n=6for WT and n = 7 for Trpvd™'").

The femoral heads with a layer of intact cartilage were
immobilized in low-melting-point agarose with the intra-
articular ligament facing upward to ensure that the surface of
the cartilage was imaged with the highest resolution of the
microscope, corresponding to the xy plane (Fig. 1C).

In a standard configuration, the SHG of collagen fibers
aligned parallel with the polarization direction of the illumi-
nating two-photon laser will be preferentially excited. In order
to circumvent this limitation, we modified the excitation path
in two ways (Fig. 1B):

a. By inserting a quarter-wave plate (A/4), circularly polar-
ized light was obtained, to equally excite the collagen
fibers in all directions in the xy plane of the microscope.

b. By inserting a half-wave plate with the possibility of rota-
tion, images were acquired at multiple excitation angles,
from 0° to 180° in steps of 10°.

We additionally modified the detection path of the
microscope by inserting a polarizer between two sensitive
GaAs detectors, allowing the acquisition of the SHG images
on a parallel and a perpendicular direction relative to the
laser polarization direction.

In order to obtain morphological information on the
femoral cartilage structure, we acquired SHG intensity images
with circularly polarized light excitation. To extract informa-
tion on the orientation of collagen fibers within the cartilage,
we used the parallel and perpendicular images obtained with
linearly polarized light excitation (Fig. 1D).

Morphology Analysis of the 3D Cartilage Structure

Using the circularly polarized light, the whole femoral head
structure was scanned in xyz using 3 X 3 tiles that were
stitched and rendered in 3D. Figure 2 shows an example of
such 3D reconstruction, where the cartilage network generat-
ing the SHG signal is visible and delineates the lacunae hold-
ing the chondrocytes. The cellular structures are not visible,
as they do not generate SHG signal. The overall morphology
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of the femoral cartilage is very similar for the WT and
Trpv4™"~ samples.

To analyze the thickness of the cartilage, we measured
transversal sections at different depths: 200, 300, and 400 pm
below the end of the ligament (Fig. 3A). On these sections, the
femoral head cartilage appears as a ring-shaped structure
(Fig. 3B). The Radial Profile plugin implemented in Image]/Fiji
(https://imagej.nih.gov/ij/plugins/radial-profile html) was then
used to quantitate the integrated intensity as a function of dis-
tance from the center of a circle defined around the cartilage
structure (Fig. 3B, yellow circle). The resulting plots were nor-
malized according to the highest intensity value (Fig. 3C). To
estimate the width of the cartilage, we applied two approaches.
First, the widths at 25%, 50%, and 75% from the normalized
peak intensity were measured (Fig. 3C). Second, the integrated
area under the curve was also calculated. Although the average
values of all these measurements indicate that the cartilage of
the Trpv4™~ mice has a tendency toward increased thickness,
no statistically significant differences were detected between
any of these parameters (Fig. 3D,E).

Analysis of Collagen Fiber Orientation from
Polarization Images

We then investigated whether there were changes in the ori-
entation of collagen fibers in articular cartilage isolated from

the Trpv4™’~ mice. Images were acquired with linearly polar-
ized laser excitation, and emission was split between two
detectors using a polarizing cube. Figure 4A explains how
these images provide information on the orientation of the
collagen fibers. The linearly polarized laser light preferentially
excites the collagen fibers parallel with the polarization direc-
tion. If these fibers are also oriented along the parallel direc-
tion of the polarizing cube, the intensity along this direction
will exhibit a higher intensity. The fibers oriented at an angle
relative to the laser polarization direction will emit on either
the parallel or the perpendicular channel, depending on the
angle: the higher this angle, the more light will be emitted on
the perpendicular direction of the polarizing cube. Fibers with
90° orientation relative to the laser excitation direction will
not be excited and thus not contribute to the images. When
the laser polarization direction rotates, different collagen
fibers within the composition of the cartilage will be excited
and will emit either on the parallel or the perpendicular direc-
tion of the cube, depending on their orientation. Thus, the
SHG intensity varies along the parallel and the perpendicular
directions with the rotation of the polarization direction of

the laser, as shown in Figure 4B. Using these intensity values,
= h=6L
REEh

also Materials and Methods for the explanation of G). The

the polarization parameter p can be calculated (see

Figure 2. 3D reconstruction of the mouse femoral head cartilage and ligament using the merged SHG intensity in the parallel and
perpendicular channels. Top row: lateral view (A), top view (B), and a cross section along three perpendicular planes through the cartilage
(C) for a WT sample. Bottom row: lateral view (D), top view (E), and a sagittal cross section (F) on one of the Trpv4™~ samples. [Color

figure can be viewed at wileyonlinelibrary.com]
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Figure 3. Morphological analysis of cartilage SHG images. (A) Schematic of the femoral head cartilage and of the intra-articular ligament.
On the 3D reconstructed image, transversal planes were selected at 200, 300, and 400 pm below the end of the ligament. (B) Example of a
transversal section on the 3D structure shows a ring pattern, with the highest SHG signal at the periphery. When using the Radial Profile
plugin implemented in ImageJ/Fiji, a circle (yellow) is generated and its size can be adjusted to cover the entire transversal tissue section.
(C) The Radial Profile analysis results in a plot with integrated intensities as a function of distance from the center of the circle. On the
normalized plot, the width of the peak (black solid line) was measured at 75%, 50%, and 25% from the maximum intensity (red dashed
lines). (D) Statistical analysis of the widths of femoral head cartilages measured at 200, 300, and 400 pm and at 25%, 50%, and 75% from
the maximum intensity peak. Mean values and standard deviations are plotted: WT (black) and the Trpv4~"~ (gray) samples. (E) Statistical
analysis of the area under the curve (AUC) calculated on the intensity radial profiles plot. Mean values and standard deviations are
plotted: WT (black) and Trpv4™~ (gray) mice. The round and square symbols indicate the normalized values per femoral head that was

imaged. [Color figure can be viewed at wileyonlinelibrary.com]

parameter p also shows variations with the orientation angles
of the laser polarization direction (Fig. 4C). As the SHG emit-
ted along the perpendicular direction can have higher values
for some orientation angles of the laser excitation direction,
p can take negative values.

Polarization images were calculated on a pixel-by-pixel
basis for all WT and Trpv4™~ cartilage samples (Fig. 4D) and
statistically analyzed (Fig. 5). Example histograms of polariza-
tion values p for individual images measured for WT and
Trpv4~'~mice are shown in Figure 5A. The total histograms
of these values have been obtained by putting together the
values in all pixels of the polarization images obtained at all
laser excitation angles (Fig. 5B). These data indicate that the
polarization parameter tends to be distributed toward higher
values for the WT samples compared with the Trpv4™~ sam-
ples. Interestingly, the amplitudes of the two peaks of the his-
togram are similar in the distribution calculated for the WT
samples, while the amplitude of the peak situated at negative
(ie., low) polarization values is higher for the Trpv4™'~ sam-
ples. Higher polarization values (p) come from a higher inten-
sity of the SHG signal detected along the parallel direction of
the polarizing cube splitter. Thus, these results show that the
WT cartilage tends to have more collagen fibers aligned with
the parallel direction of the detection. In the Trpvd™~

Cytometry Part A @ 97A: 504-514, 2020

samples, the fibers seem to be more randomly oriented along
multiple directions, as the intensity emitted along the perpen-
dicular direction is higher.

The total histograms of polarization values have a com-
plex shape, and therefore, it is difficult to find a model to fit
them. To understand better where differences between the
two groups of samples occur, we analyzed individual histo-
grams obtained at each rotation angle of the laser excitation
direction. We observed that the distribution of p values in
individual histograms is not always symmetric; so we ana-
lyzed the skewness of these distributions. This parameter
indicates how well the histogram resembles a normal
(Gaussian) distribution. A skewness value around 0 indicates
a symmetric Gaussian distribution, while positive or negative
skewness values indicate that the distribution is not symmet-
ric, with tails observed toward positive or negative values.
Depending on the incidence angle of the laser, the distribu-
tions of the polarization values for both types of samples were
either normal or nonsymmetric (Fig. 5C). Therefore, we con-
sidered the median and the interquartile range rather than
mean and standard deviation to compare these distributions.
At all rotation angles, a tendency toward lower median polar-
ization values is observed for the Trpv4™'~ mutants compared
with the WT mice (Fig. 5D), similar to the total histogram.
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The spread of the values within individual histograms is indi-
cated by the interquartile range. For most of the rotation
angles, the mutant samples show slightly higher interquartile
ranges, that is, slightly higher spread of the polarization
values (Fig. 5E). We interpret the tendency toward higher
spread of the p values in the mutant samples (indicated by
the interquartile range and skewness) as a tendency toward a
more random orientation of the collagen fibers in mutants
compared with the WT samples.

Although all the parameters measured for the distribu-
tion of the polarization values indicate a tendency toward a
higher spread of the orientation of the collagen fibers in
Trpv4™"~ samples, we could not conclude that there is a statis-
tically significant difference between the mutants and the WT
mice within the error limits given by the standard deviation
(plotted on Fig. 5C,D,E).

Analysis of Collagen Fiber Orientation from SHG
Intensity Images

We next applied a second approach to ask if the orientation
of collagen fibers in articular cartilage differs in Trpv4™~
samples. Under the influence of the oscillating light electric
field, separation of molecular charges occurs in the collagen
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fibrillary structures (Fig. 6A). The magnitude of the charge
separation has a nonlinear dependence on the laser intensity
in two-photon microscopy, when high power, pulsed laser
sources are used (for a review, see Ref. (25)). This property is
known as second-order polarizability (or susceptibility). Fur-
thermore, due to the elongated form of the collagen fibers,
the amplitude of the charge separation is not the same on all
spatial directions (Fig. 6A). This is mathematically described
using a 3D vector (or tensor), which takes into account both
the magnitude and orientation of the generated electrical
fields in the fibers, as well as the direction of the laser in 3D.
Thus, by evaluating the ratio between the tensorial compo-
nents of the second-order susceptibility along the long and
short axis of collagen fibers, it is possible to obtain informa-
tion on the orientation of the collagen fibers. This can be
done by fitting appropriate equations to the SHG intensity
images obtained via the rotation of the direction of the laser
polarization. Analytical expressions have been derived for
both the case when the total SHG intensity is measured (26),
as well as when the SHG intensity is detected along the paral-
lel and perpendicular directions (24). We have used the sec-
ond approach and fitted the SHG intensity along the parallel
direction of detection using Eq. 3 (Materials and Methods).

SHG Microscopy of Trpva™~ Mice Cartilage


http://wileyonlinelibrary.com

ORIGINAL ARTICLE

(A) (B) 10t
2000 EEWT (angle = 0) 8 — Trpv4-/- ,
[IWT (angle = 40) —WT
Il Trpv4-/- (angle = 0)
> 1500 T 0 5 6 | ||||||||”
= 2 i ||||||||" A
3 S, e
g 1000 & |
IC e ‘l
2 “WH"
T — |
0 - : ; -09 -05 -02002 05 08
-09 -06 -03 0 03 0608 SHG polarizati |
Polarization polarization values
() 2 +WT (D) +WT (E) °3 Wi
Trpva-/-| 1 0.5 Trpvé-/-
1.5 I, )
S o 0.4
g 1 g o i
uc) N 0 K |V l f I 1
= 05 & £ 03 J
8 o g )
» 0 o ) \U/ |
0.5 202
05 IS N N1
-1 . : : . 0.1 :
0O 30 60 90 120 150 180 0 50 100 150 0 30 60 90 120 150 180
Angle (deg) Angle (deg) Angle (deg)

Figure 5. Statistical analysis of the SHG polarization images. (A) Examples of histograms of pixel polarization values for WT (black and
white bars) and knockout (gray) at two different angles of the laser rotation. The 0 value of polarization has been excluded from the
histograms, as most pixels with this value belong to the background, after masking the images. (B) Total histograms of the polarization
values on images obtained at all laser rotation angles. (C) Skewness of the polarization value distributions calculated at all measured
angles. (D) Median polarization values calculated for individual histograms at different angles. (E) Interquartile range of the polarization

value distributions calculated at all measured angles. On all graphs, gray lines and markers indicate Trpv4™~ samples and black WT
samples.
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Figure 6. (A) Schematic of the charge separation in collagen fibers depending on the orientation direction of the two-photon laser
excitation. (B) The values of the SHG signal emitted along the parallel direction (black dots) of detection were fitted with Eq. 3 (Materials
and Methods) (gray dotted line). (C) The average ratios of two independent tensorial components of the second-order susceptibility of
collagen fibers and their standard deviations (SD).

An example of such fit on a Trpv4~~ sample is shown in Figure 6C. Fitting was done separately on the integrated
Figure 6B. The average ratios of two tensorial components of intensity in the most superficial layer (~20 pm from the carti-
the second-order susceptibility of collagen fibers (Eq. 4 and 5 lage surface) and the integrated intensity across the rest of the
in Materials and Methods) and their standard deviations cal- cartilage on each image. No significant differences could be
culated for the WT and mutant samples are shown in observed between the superficial and the deeper zones for
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either WT or mutant samples using the integrated intensity
values (Fig. 6C). The average value of the two tensorial com-
ponent ratio is closer to 1 in the case of Trpv4™'~ mice, possi-
bly indicating again the tendency of collagen fibers to be
more randomly oriented in different directions. However, also
from this analysis, we cannot conclude a statistically signifi-
cant difference between the two groups.

DiscussioN

In previous studies, we have focused on the influence of the
ECM on the function of the mechanosensitive channels (3).
In this study, we aimed to explore the inverse relationship
and to see if we can identify possible correlations between the
expression of the TRPV4 channel and the organization of the
collagen fibers forming the cartilage. We addressed this ques-
tion in an animal model rather than isolated cells. Our model
was chosen based on the observation that the Trpv4™~ mice
are known to develop OA (6,27), thus alterations in the carti-
lage structure, in contrast to the conditional deletion in adult
mice which was shown to protect against OA development
(7). However, in human patients, mutations in the TRPV4
gene can lead to joint dysfunction (28,29), with joint defects
exacerbated in load-bearing regions. These data highlight the
fact that TRPV4 can have variable impacts depending on
when the channel is ablated, and these differences may reflect
diversity in activation via mechanical inputs. The impact of
TRPV4 signaling is further complicated by the fact that
TRPV4 has been implicated in chondrogenic differentiation
(5). In addition, TRPV4 inactivation disrupts collagen deposi-
tion in mesenchymal stem cells (30). These data suggest that
TRPV4 may be required for ECM deposition during the
development of the cartilage tissue.

In order to determine whether cartilage is malformed
when TRPV4 is absent during development, our study was
conducted using a label-free imaging technique based on the
measurement of the SHG signal under two-photon excitation.
The structure of the osteoarthritic cartilage has been investi-
gated before using SHG, but data were obtained on cartilage
samples subjected to mechanical load, either after surgical
induction of OA in mice (31-33) or from patients undergoing
knee surgery for OA (34-36). Our present contribution aims
to correlate the structural modifications of the cartilage
matrix with molecular mechanisms affecting the chondrocytes
(ie., reduction of Ca®* transients due to the absence of the
TRPV4 channels) at a time point post-cartilage development
but before the tissue has been subjected to ongoing mechani-
cal loads, that is, in pups at P4-5. In addition, at this develop-
mental stage, the cartilage is known to be thicker than at
adult stages (37), and the bone ossification process is not yet
fully finished, thus avoiding the overwhelming contribution
of bone SHG signals to the imaging (32). We compared fea-
tures within the whole structure of the femoral cartilage, as
well as the sub-micrometer scale orientation of collagen
microfibrils in the femoral cartilage of the two groups
of mice.
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The overall morphological structure of the femoral carti-
lage was imaged with circularly polarized light to excite with
equal probability fibers oriented in different directions of the
space. Quantitative measurements of the cartilage thickness
did not demonstrate statistically significant differences
between WT and Trpv4~'~ mice, although a tendency toward
higher mean values of the thickness was observed for the
mutant samples (Fig. 3D,E). This observation could be corre-
lated with other results obtained at the cellular level, showing
the requirement of active TRPV4 channels for collagen com-
paction (38).

The orientation of collagen fibers was explored at the
sub-micrometer scale by exciting the samples with linearly
polarized laser light and detecting the emission of the SHG
signal with two detectors, aligned parallel and perpendicular
to the excitation direction. Rotating the direction of the laser
light ensures the sequential excitation of fibers with all spatial
orientations in the xy plane. However, this does not explore
molecular orientations along the z-axis. The calculated polari-
zation parameter p offers information on the ratio between
the light detected along the parallel and the perpendicular
directions. Lower values of p for the same orientation of the
laser excitation imply more collagen fibers emitting along the
perpendicular direction of detection. A tendency toward
lower p values has been observed for mutant samples and
might indicate that the collagen fibers have more scattered
orientations along different spatial directions compared with
the WT mice (Fig. 5) at 5 days old. However, the detailed sta-
tistical analysis did not reveal significant differences between
the two groups. This tendency to a more random orientation
of collagen fibers in Trpv4™~ mice is also supported by the
lower values of the ratio of two tensorial components of the
second-order susceptibility of collagen fibers, but again, with-
out showing significant differences with the WT group
(Fig. 6). The trend of a more disorganized collagen II matrix
in Trpv4~~ mice suggests that over time (aging) and extra
load (overweight), the cartilage could be more prone to
develop OA, as observed before (6,27).

Although our measurements point toward more
scattered orientations of collagen fibers in Trpv4™~ mice, the
differences were not statistically significant compared with
WT samples at this age (4-5 days after birth). We interpret
these data in the view of some recent results obtained by
Gilchrist et al. (30). Using stem mesenchymal cells grown on
micropatterned substrates, the authors demonstrate that con-
tinuous exposure to TRPV4 channel inhibitors leads to a
marked decrease in the deposition of aligned collagen fibers
after 14 days in 2D substrates. However, the cell signaling
(measured by quantitation of Ca** spontaneous oscillations)
decreases significantly during the first day and recovers back
to control levels after 7 days in the continuous presence of
TRPV4 channel inhibitors. This means that adaptive mecha-
nisms are in place to compensate for reduced Ca®" signaling
via TRPV4 channels, which might also be the case in the
embryonic cartilage. This hypothesis is supported by our
recent data analyzing the activation of mechanosensitive
channels in primary chondrocytes. We noted that in WT
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cells, the application of a TRPV4-specific antagonist reduced
mechanically activated currents to 13 &= 6% or the original
magnitude. In contrast, in cells isolated from a Trpvd™~
mouse, mechanosensitive channel activity was only reduced
to around 50%, indicating a compensatory current was pre-
sent when TRPV4 was chronically ablated. Knockdown of
PIEZO1 transcripts in the Trpv4™~ cells completely ablated
the currents, suggesting that PIEZO1 can compensate for a
chronic loss of TRPV4 (3,39). In addition, the cartilage is a
complex environment where collagen II fibers associate with
proteoglycans and other collagens to stabilize the network
(40). Thus, the additional ECM proteins might have an
influence on collagen II deposition and alignment in a 3D
environment. One important difference between animal
samples and isolated cells is that collagen deposition still
occurs in the Trpv4~~ mouse cartilage during the intrauter-
ine development and the first few days after birth at compa-
rable levels with the WT mice. We propose that significant
differences with the WT mice could not be observed in the
orientation of collagen fibers because at this stage of devel-
opment, the mechanical load on the articular cartilage is
minimal and compensatory mechanisms take place. Indeed,
substantial modifications of the structure of the osteoar-
thritic cartilage have been observed 8 weeks after the surgi-
cal induction of OA in mice (31,32) or in human samples
where the advanced stage of OA progression required surgi-
cal replacement of the joint (34-36).

It is also possible that in our measurements, the differ-
ences are somehow mitigated by the lack of very precise
alignment of the cartilage supported by the femoral bone
along the z-axis. Sample fixation in agarose was done manu-
ally, and although we tried to keep the ligament upward,
small variations in the angle were possible. This could influ-
ence the magnitude of the xy projections both for measuring
the cartilage thickness on the 3D reconstructed images and
for estimating the polarization values.

Using 1,100 nm wavelength and a 0.9 NA objective, we
excite fibers in a confocal volume of ~730 nm in the xy and
> 2 pum in the z directions. Given the small thickness of colla-
gen II fibers (~50 nm), we probably average over a relatively
high number of fibers, with possible different orientations.
Furthermore, it was shown that with high NA excitation, col-
lagen fibers with an off-plane tilt above 50° could introduce
extra polarization coupling contributions from out-of-plane
components (36), influencing the p values in the xy plane.

The initial experiments presented here demonstrate that
the impact of a loss of TRPV4 on cartilage biology is likely
not due to malformation of the cartilage but due to a slower
process that occurs over time. Future studies are necessary to
investigate the progression of fiber alignment at later stages in
the development, after the articular cartilage has been submit-
ted to physiological mechanical load. To the best of our
knowledge, an intravital examination of the osteoarthritic car-
tilage using two-photon microscopy and SHG has not yet
been published. Understanding the different stages of the dis-
ease progression requires finding new techniques for longitu-
dinal intravital imaging of the articular cartilage. These
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regions are not easily accessible with microscope objectives,
but recent developments of GRIN lenses for the exploration
of deep organs and cavities in live animals (41,42), as well as
the first report on preclinical translation of SHG microscopy
to the meniscal and articular cartilage (43), could provide
solutions for this problem.
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