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Abstract

Osteocytes are mechanosensitive cells that orchestrate signaling in bone and cartilage across the
osteochondral unit. The mechanisms by which osteocytes regulate osteochondral homeostasis and
degeneration in response to mechanical cues remain unclear. This study introduces a novel 3D
hydrogel bilayer composite designed to support osteocyte differentiation and bone matrix
deposition in a bone-like layer and to recapitulate key aspects of the osteochondral unit’s complex
loading environment. The bilayer hydrogel was fabricated with a soft cartilage-like layer
overlaying a stiff bone-like layer. The bone-like layer contained a stiff 3D-printed hydrogel
structure infilled with a soft, degradable, cellular hydrogel. The IDG-SW3 cells embedded within
the soft hydrogel matured into osteocytes and produced a mineralized collagen matrix. Under
dynamic compressive strains, near-physiological levels of strain were achieved in the bone layer (<
0.08%), while the cartilage layer borne the majority of the strains (>99%). Under loading, the
model induced an osteocyte response, measured by prostaglandin E2, that was frequency, but not
strain, dependent: a finding attributed to altered fluid flow within the composite. Overall, this new
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hydrogel platform provides a novel approach to study osteocyte mechanobiology /n vitroin an
osteochondral tissue-mimetic environment.
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A novel 3D hydrogel bilayer composite is designed to support osteocyte differentiation, facilitate
bone matrix deposition in a bone-like layer, and recapitulate key 3D aspects of the osteochondral
unit’s complex loading environment. This new hydrogel provides a novel platform to study
osteocyte mechanobiology /7 vitro in an osteochondral tissue-mimetic environment.
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Osteocytes are mechanosensitive cells that help to orchestrate signaling in bone and cartilage
across the osteochondral unit. Yet the mechanisms by which osteocytes regulate
osteochondral homeostasis and degeneration in response to normal and aberrant mechanical
cues remain unclear.[¥:2] Currently, we lack sufficient means of studying osteocyte
mechanobiology both /in vivo and in vitro. This study aimed to develop an /n vitro platform
to study osteocyte mechanobiology within a subchondral bone mimetic. Our novel platform
uses a 3D hydrogel bilayer composite designed to support osteocyte differentiation and bone
matrix deposition in a bone-like layer and to recapitulate key aspects of the osteochondral
unit’s complex loading environment with a specific focus on achieving near-physiological
levels of strain. Overall, this new osteochondral model may help to elucidate how changes in
mechanical and hormonal cues affect homeostatic and degenerative processes in
osteochondral tissues.

Osteocytes play a key role in regulating osteochondral homeostasis and degeneration. In
bone, osteocytes detect hormonal and mechanical cues and respond by secreting signaling
molecules that direct bone-forming osteoblasts and bone-resorbing osteoclasts.[3-61 In
subchondral bone, osteocytes also engage in crosstalk with chondrocytes that reside in
articular cartilage across the osteochondral interface.l*2] During the progression of
osteoarthritis, bone and cartilage undergo property changes; for example, cartilage
permeability increases,[”] which in turn increases the fluid flow in bone and cartilage.[8-°]
Osteocytes detect increased fluid flow in subchondral bone and then secrete signaling
molecules that affect chondrocyte, osteoblast, and osteoclast activities that further contribute
to osteochondral degeneration.[1:210-131 A 3D jn vitro model that recapitulates the strain and
fluid flow of the osteochondral unit would enable key questions to be answered about the
osteocyte’s role in regulating osteochondral homeostasis and degeneration.
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Currently, 3D /n vitro osteocyte models that capture relevant mechanical cues are
insufficient. The loading environment in bone and, in particular the osteochondral unit,
experiences matrix strains, typically between 0.001% and 0.3%,[3.14] and interstitial fluid
flow. Studying osteocyte mechanobiology 77 viva5-211 is challenging due to the difficulty
in isolating and controlling the effects of different mechanical stimuli on cells. While /n vitro
studies in 2D culture allow for tighter control over mechanical stimuli (e.g., fluid flow) and
have advanced our knowledge of osteocyte mechanotransduction,[22-2%] to date, these
studies lack 3D aspects of the /n vivo environment.[26] To this end, researchers developed 3D
osteocyte culture models to improve upon the limitations of 2D cultures.[27-33] For example,
one study achieved mature osteocyte differentiation in a 3D collagen gel but this culture
system lacked mechanical cues.[34] Other studies revealed new effects of direct matrix
strains on osteocytes in 3D [27:29.35] sych as strain-induced osteocyte regulation of osteoblast
bone formation.[27] These prior studies applied matrix strains ranging from 0.4—10%, which
exceed physiological levels of strain in bone. Other studies incorporated fluid perfusion into
3D cultures[1528.30.32,36.37] and revealed, for example, the link between fluid-induced shear
and gene expression of proteins that regulate osteoblast bone formation (e.g., sclerostin).[28]
However, 3D models that adequately capture both physiologically-relevant matrix strains
and fluid perfusion are limited.

Here, we designed a bilayer composite hydrogel to mimic the osteochondral unit and control
strain within the cellular niche where the osteocytes reside. While numerous studies have
developed bilayer scaffolds for osteochondral defect repair models (e.q.[38-46]), few studies
examine osteocytes in these scaffolds. A representative image of a histological section of
human osteochondral tissue (Figure 1A) illustrates articular cartilage overlaying a thin
interfacial calcified cartilage layer, underlying cortical subchondral bone plate, and
subchondral trabecular bone.[104748] The osteochondral unit possesses a large mismatch in
the compressive moduli between articular cartilage, ranging from 1-10 MPa,[49:50] and the
subchondral bone, ranging from 1-10 GPa.[3152] These disparate properties influence strain
transfer from cartilage to bone during normal joint movement. To capture this difference, we
fabricated a bilayer hydrogel with a soft cartilage-like layer overlaying a stiff bone-like
layer. Because cells encapsulated in a 3D hydrogel, including bone cells, require soft and
degradable hydrogels to form 3D interconnected cellular networks,[3] we introduced a stiff
3D-printed hydrogel structure into the bone layer to increase its composite modulus while
maintaining a soft cellular niche. We designed the geometry of the 3D-printed structure to
consist of vertical pillars which serve as stiff reinforcements to bear load, control strain and
protect the cells within the cellular niche.[54] Rather than mimicking the modulus of bone,
which is difficult to achieve in a 3D printed polymeric scaffold, we aimed to recapitulate the
level of strain in bone with this osteochondral model. Discussed below are four aspects of
this osteochondral model for the study of osteocyte mechanobiology: (1) fabrication of a
bilayer hydrogel, (2) calculation of strain in each layer, (3) demonstration of osteocyte
differentiation and bone matrix deposition, and (4) demonstration that loading induces an
osteocyte response.

The bilayer composite was fabricated from poly(ethylene glycol) (PEG)-based hydrogels
whose formulations were chosen to achieve functional differences in moduli that approach
those of osteochondral tissues (Figure 1B). The 3D-printed structure was fabricated using
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stereolithography and a PEG diacrylate resin whose material compressive modulus was 31.1
(1.2) MPa (i.e., mean (SD)). This 3D-printed PEG structure was chosen for its stiff
mechanical properties, hydrophilicity, and cytocompatibility.[54:5%] The 3D-printed structure
was infilled with IDG-SW3 osteocytes encapsulated in a soft and degradable PEG hydrogel
that supports osteocyte differentiation.[>8]1 PEG was chosen as the base synthetic chemistry
for it tunability, cytocompatibility, and ease of modifying with groups (e.g. norbornenes) that
participate in thiol-ene click reactions and allow for facile incorporation of peptides (e.g.
RGD) and peptide crosslinks. The hydrogel was made with crosslinks of matrix-
metalloproteinase (MMP) sensitive peptides to enable cell-mediated degradation and
tethered with RGD peptides to facilitate cell-hydrogel interactions. Over 35 days of static
culture, the soft hydrogel supported cell viability (Figure 1C with live cells stained green by
Calcein-AM and Figure S1 with dead cells stained red with ethidium homodimer) and
cellular spreading (Figure 1C) with dendrite-like protrusions. The latter is important for
creating an interconnected cellular system, known in bone as the lacunocanalicular network.
[4] Some cell aggregation was observed, which is likely to have occurred prior to the
encapsulation process,[>7] but did not adversely affect cell viability. The compressive
modulus of the acellular MMP-sensitive hydrogel was 8.8 (0.4) kPa, and after 35 days of
differentiation the cell-laden hydrogel was 2.2 (0.2) kPa. The softer cell-laden hydrogel is
attributed to several effects. At the time of encapsulation, cells can sequester crosslinker
molecules prior to polymerization which lowers the effective crosslink density and hence
stiffness.[8] After encapsulation, secretion of MMPs can lead to rapid degradation of the
hydrogel before the cells have time to differentiate and deposit their own ECM.[57:59] The
modulus of the 3D-printed structure infilled with the soft hydrogel (i.e. the bone layer shown
in Figure 1B) was 2.4 (0.5) MPa. The cartilage layer was made from a PEG hydrogel
containing non-degradable PEG-dithiol crosslinkers and a modulus of 2.9 (0.4) kPa.

We applied Hooke’s Law to determine the relative transfer of strain to each layer when the
bilayer composite is subjected to an applied compressive strain (Figure 1D). The strain in
the cartilage layer was approximately twice the applied strain (Figure 1E): 20% applied
strain resulted in 40 (0.012) % strain in the cartilage layer (Table S1). In contrast, strain in
the bone layer was minimal compared to the applied strain (Figure 1F): 20% applied strain
resulted in 0.066 (0.012) % strain in the bone layer (Table S1). We applied strains of 5, 10,
or 20% and in each case, the cartilage layer took on > 99% of the applied strain while strain
in the bone layer was consistently < 0.08%. These results confirm near-physiological strains
were achieved within the bone layer.

We evaluated two requirements of the cellular niche within this bilayer composite: mature
osteocyte differentiation and bone matrix deposition. The IDG-SW3 cell line was derived
from murine long bone chips and was chosen for the ability to differentiate from osteoblasts
to late osteocytes and deposit a mineralized collagen matrix.[6%] Over a 35-day static culture
(Figure 2A), IDG-SW3 cells differentiated from osteoblasts to osteocytes. Connexin 43 was
observed by punctate staining in the hydrogel (Figure 2B), which is consistent with connexin
43 staining in a 2D culture control (Figure 2C) and typical for connexin 43 (negative control
images included in Figure $2).[61.62] Connexin 43 comprises hemichannels and gap
junctions along the cell membrane and is essential for osteocyte function, survival, and
differentiation.[83-65] Concomitant, normalized expression (NE) of osteocyte-related genes
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Dmp1 and Sost, as measured by qPCR, increased over culture time (Figure 2D). DMP1
plays a role in hydroxyapatite formation and lacunocanalicular formation[®] and marks the
beginning of the osteoblast to osteocyte transition.[60.66-681 Sclerostin (encoded by Sosd),
expressed by mature osteocytes, regulates osteoblast-mediated bone formation.[>:6%1The NE
of Dmp1 and Sostat day 35 was significantly higher than both day 0 pre-encapsulated cells
(DmpZ: p=10.002, Sost. p=0.009) and day 1 encapsulated cells (DmpZ1: p=0.002, Sost. p=
0.022). Collectively, these results indicate that the statically-cultured IDG-SW3 cells in the
bone layer differentiated toward a mature osteocyte phenotype.

The deposition of bone matrix by the encapsulated osteocytes was also assessed after 35
days of differentiation in static culture. Matrix deposition was limited to the bottom layer, as
evidenced by opaque coloration in images of the bilayer composite on day 35 (Figure 2E).
Organic and inorganic components comprise bone matrix: the organic component includes
mostly collagen type | while the inorganic component includes predominantly
hydroxyapatite crystals, which are initially deposited as amorphous calcium phosphate.[47]
The collagen serves as the organizational backbone for mineralization, following nucleation,
[70] and binding[71-73] of hydroxyapatite crystals. We therefore assessed bone matrix
deposition by 3D X-Ray microscopy (XRM) imaging and staining for calcium and collagen
type | deposits in the bottom layer. XRM confirmed no detectable mineral content in the
cartilage layer at any time point or in the bone layer on day 1. However, mineral was present
through the bone layer by day 14 and further increased on day 35 (Figure 2F-G). The 3D
printed pillars were visible by an absence of mineralization. Minimal difference was
observed in the spatial distribution of deposited mineral, which suggests that the cellular-
mediated mineral deposition was unimpacted by the 3D-printed structure. Calcium
deposition was further confirmed by von Kossa staining of sections from glycol
methacrylate (GMA)-embedded samples (Figure 2H-1). Collagen type 1 deposition was
confirmed by immunohistochemical staining of sections from GMA-embedded samples
(Figure 2J-K). GMA embedding limited extracellular staining; yet the positive staining for
calcium and collagen type | within intracellular regions confirmed that the osteocytes
produced bone matrix. Taken together, the bone layer of the composite hydrogel promoted
both osteocyte differentiation and deposition of mineralized and collagenous matrix.

We next assessed the effect of loading on the osteocyte response by compressing the bilayer
composite at varying applied strains (0, 5, 10, 20%) and frequencies (0.5, 1, 2 Hz) (Figure
3A). To determine whether osteocytes could sense and respond to an applied load in the 3D
model, prostaglandin E; (PGE,) was chosen as a measure of osteocyte response. PGE; is
rapidly secreted by osteocytes, on the order of minutes,[747%] in response to a mechanical
stimulus (e.g., fluid flowl74.76] and compressionl’’1). Herein, PGE, was measured in the
culture medium immediately after on hour of loading. Bilayer composite hydrogels were
cultured between 35-43 days to first establish a bone matrix and mature osteocytes within
the cellular niche. Then, on the final day of culture, hydrogels were dynamically loaded in a
bioreactor for one hour. PGE; levels released into the culture medium immediately after
loading were affected (p < 0.0001) by loading group (Figure 3B). We did not investigate
loading of the infill hydrogel alone (i.e., without the stiff structure) due to its low modulus,
which when placed in the bioreactor will lead to high tare strains imparted by the weight of
the loading platens. All loading groups showed higher (p < 0.05) PGE; levels when
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compared to the unloaded group. Pair-wise comparisons between loading groups revealed
several interesting findings. There was no significant effect of strain for comparisons within
the same frequency. Here, bone layer strains were 0.033% and 0.066% (Table S1) for
applied strains of 10 and 20%, respectively. This suggests that a difference in strain of
0.033% experienced by the osteocytes was insufficient to further influence PGE; levels.
However, there were differences with loading frequencies. PGE, levels increased from 1 to 2
Hz frequency at both 10% (p < 0.0001) and 20% (o = 0.0003) applied strain. But an opposite
effect was observed where PGE; levels decreased with increased frequency from 0.5 Hz to 1
Hz at 20% applied strain (p = 0.0013). These findings suggest that in this culture system and
with IDG-SW3 cells, the osteocyte PGE; response is more sensitive to loading frequency
than strain magnitude.

We next added an inhibitor of COX2, NS-398, which is required for PGE; synthesis,[78] to
evaluate load-induced osteocyte synthesis of PGE, (Figure 3C). NS-398 was added to the
media in the unloaded control and for the condition with the highest PGE, concentration
(10% strain, 2 Hz). In the absence of loading, osteocytes secreted low levels of PGE,, which
was further reduced (p = 0.001) by NS-398. NS-398 treatment abrogated (p = 0.0002) the
load-induced PGE; levels, bringing the levels lower than the control samples without
NS-398 (p < 0.05). These findings confirm that dynamic compressive loading, when applied
to this composite hydrogel, induced PGE, synthesis by osteocytes.

While dynamic loading frequency elicited an osteocyte response via PGE, production, the
magnitude of applied strain had no effect. The applied strains that are translated to the bone
layer are small, which is consistent with /n7 vitro 2D studies that show bone cells are
unaffected by cellular strains less than 0.5%.[791 Yet, tissue-level strains within bone range
from 0.001-0.3% and rarely exceed 0.2%.241 When bone is strained, fluid moves through
the lacunocanalicular system and the elements that tether osteocytes to the canalicular walls
are subjected to tension. This process amplifies the tissue-level strains on the cell’s
cytoskeleton by 10100 fold.[22] Strain-amplification also occurs due to the softer
pericellular matrix that surrounds osteocytes i vivo, where strain increases by 1.4—2.7x.[80]
Thus, we postulate that osteocytes sense strain-induced mechanical cues when the
environment leads to cellular strain amplification. In this study, we surmise that the effects
dominated by frequency may be in part due to fluid flow-induced cellular strain
amplification that occurs as fluid moves through the soft hydrogel and adjacent to the
embedded osteocytes. Although the exact mechanisms remain to be determined, findings
from this study indicate that osteocytes are more sensitive to fluid flow than physiologically
relevant tissue-level strains, which is in agreement with computational models!1:81.82] and
in vitro experiments[11.83],

Our findings also suggest that the bilayer composite hydrogel can generate fluid-induced
flow in the bone layer despite the low strains that are transferred to the hydrogel. Increases
in frequency during unconfined compression of cartilage amplify the velocity of interstitial
fluid.[84] In our system, unconfined compression of the bilayer composite generated large
strains (~10-40%) in the cartilage layer. As the cartilage layer hydrogel contains 98% water
and PEG hydrogels exhibit poroelastic behavior,[85-871 fluid movement in the cartilage layer
will be, in part, forced downward and into the bone layer when compressed.[38] This
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phenomenon is similar to fluid movement across the osteochondral interface between
articular cartilage and subchondral bone when the unit is compressed.[8] We expect the
magnitude of fluid flow to be relatively low within the hydrogel (e.g., 1-10 nm second~1[38)
based on previous computational modeling of bilayer hydrogels where the bone layer
underwent ~1% strain. Contrarily, lacunocanalicular flow in bone is predicted to have
velocities of ~300 nm second™.[88] This, in combination with the finding that strains did not
affect load-induced PGE, synthesis by osteocytes, further points to the hypothesis that our
3D model may enable cellular strain amplification when subjected to frequency-induced
small changes in fluid flow. While fluid flow magnitudes are difficult to determine, future
studies will utilize experiments and computational modeling to evaluate this complex
loading environment.

In conclusion, this study presents a new 3D model of the osteochondral unit to study the
effects of simulated /77 vivo loading on osteocytes. Near-physiological levels of strain were
achieved in the bone layer of the composite hydrogel. Further, the model induced an
osteocyte response that was frequency, but not strain, dependent; we attribute the cellular
response to altered fluid flow and possibly cellular strain amplification, which is observed /in
vivo. Our model will empower /n vitro studies of osteocytes in a highly controlled system
that mimics the mechanical environment of the osteochondral unit’s subchondral bone plate.
While this study used an MMP-sensitive PEG hydrogel, other hydrogels that support
osteocyte differentiation could readily be infilled into the stiff 3D-printed structure and attain
near-physiological levels of strain in the bone-like layer. Other environmental considerations
that are known to influence osteocytes could be studied within this model, which include
pH, 81 oxygen tension, 90 drug treatment, (1] hormone levels,[92.931 or inflammatory
mediators.[94] Further, this unique model may generate new insights into the osteocyte’s role
in propagating osteoarthritis progression in response to the changes in fluid flow.[”:8] Even
further, chondrocytes can be encapsulated the top layer and osteocyte-chondrocyte crosstalk
—a key part of osteochondral homeostasis and degeneration—can be investigated under
different loading or inflammatory environments.

Experimental Section

Details of all methods are provided in the Supporting Information and all materials used are
provided in Table S2. A custom-built stereolithography system®4 was used to 3D-print the
stiff structure (Figure S3). A rectangular structure (3 mm x 3 mm x 1.5 mm) was designed
with an array of 250 pm diameter pillars occupying 25% of the volume and resulting in a
75% void volume. A lattice on top and bottom connects the pillars and allows fluid flow
between the layers. The resin was comprised of poly(ethylene glycol) diacrylate (700 g/mol)
and pentaerythritol tetrakis(3-ercaptopropionate) mixed at a ratio of 99:1 by weight with
2-(2-hydroxyphenyl)-benzotriazole derivative (10 mg ml~1, Tinuvin CarboProtect),
Diphenyl-(2,4,6-trimethylbenzoyl)phosphine oxide (0.05 wt%, TPO) as a photoinitiator, and
2,20-Azobis(2-methylpropionitrile) (0.56 mg mI~1, AIBN) for thermal post-curing. The
structure was printed in 10 um thick layers and each layer was exposed to 405 nm light for
12 seconds at an average intensity of 76 mW cm-2. Post-printing, structures were briefly
washed in 100% ethanol to remove the resin and then placed in an oven at a temperature of
105°C under vacuum for 1 hour. The structures were soaked in 100% ethanol for 72 hours to
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remove any unreacted monomers within the material and then sterilized in 70% ethanol for
48 hours.

The bilayer hydrogel was fabricated by first infilling the 3D-printed structure with the
MMP-sensitive cellular hydrogel containing IDG-SWS3 cells (at a concentration of 80x10°
cells mI~1 of hydrogel precursor) and then forming an overlying acellular layer using
established protocols.[9] The compressive modulus values were obtained by testing
cylindrical samples in unconfined compression.[561 Throughout static culture, samples were
stained using a Live/Dead assay (Calcein-AM and ethidium homodimer) and imaged using
confocal microscopy.[56] After 35 days of culture, samples were collected for:
immunohistochemical and histological staining for connexin 43, collagen type I, and
calcium[®6]; RNA extraction and gPCR analysis; X-Ray Microscope imaging of
mineralization; and dynamic loading using a custom bioreactor.[97-1001 After loading, PGE,
in the media was measured using a standard ELISA. Data were analyzed for statistical
significance using either a two-tailed t-test (mineral fraction) or a one- or two-way analysis
of variance followed by Tukey’s post hoc analysis (a=0.05). Data are presented as mean
(standard deviation) in the text, while graphical results are presented as box plots or as a
mean with standard deviations as error bars.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A bilayer composite hydrogel was designed to mimic the osteochondral unit and
achieve near-physiological levels of strain in the bone layer.

(A) Representative healthy human osteochondral tissue stained with Safranin-O Fast Green.
(B) Schematic of the bilayer composite hydrogel. The cartilage layer is comprised of a soft,
acellular, non-degradable hydrogel. An enlarged section shows the different components of
the bone layer: IDG-SW3 cells (purple) encapsulated in a soft, MMP-degradable hydrogel,
which is a continuous matrix infill of the 3D-printed pillar scaffold structure. (C)
Representative images of live cells stained green by Calcein-AM, scale bar is 50 um. Arrows
denote dendrite-like cellular protrusions. (D) Schematic of the strain in each layer with an
applied strain. (E) Cartilage and (F) bone layer strain as a function of applied strain (n=4).
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Figure 2. IDG-SW3 cells differentiated towar ds mature osteocytes and deposited bone matrix
within the bilayer composite hydrogel.

(A) Study design and corresponding assays at each time point. (B-C) Representative
confocal microscopy images of Connexin 43 (red, denoted with arrows) counterstained with
DAPI for nuclei (blue) on (B) day 35 within hydrogel by immunohistochemistry and (C) day
3 on collagen type | coated glass dish by immunocytochemistry, scale bar = 20 um. (D)
Normalized gene expression (to Day 0) of osteocyte-marker genes Dmpl and Soston Days
0 (pre-encapsulated cells), 1, and 35 (n=3). (E) Photograph of bilayer composite at Day 35
depicting a translucent cartilage layer and opaque bone layer. (F) Representative 3D X-Ray
Microscope (XRM) images show mineralization (black) on days 14 and 35. At day 1, there
was no detectable mineral content and hence an image was not included. (G) Volume
fraction of mineral content from the XRM images (n=3). (H-K) Representative images of
day 35 Glycol methacrylate-embedded sections stained with von Kossa for mineralization
(black) (H-1) and for collagen type | (red) and counterstained with DAPI for nuclei (blue) (J-
K). Scale bar = 100 ym (H, J), 20 pm (1), 10 um (K). In (H) and (J) 3D-printed pillar regions
are outlined with dotted circles. Symbols denote significance from post hoc Tukey’s test (D)
or two-sided t-test (G): * p<0.05; **p<0.01; ***p<0.001.
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Figure 3. Osteocytes could sense and respond to loading within the bilayer composite hydrogel.
(A) Experimental loading regimes. (B) PGE; concentration in the media directly after

loading as a function of applied strain, frequency, and applied strain rate. Outliers were
removed and experimental sample size of all groups was 6, except for the 20% applied
strain/1 Hz frequency condition which represents a sample size of 12. Symbols denote
significance of post hoc Tukey’s test: # compared to unloaded condition; * between strain-
matched or frequency-matched conditions. (C) PGE; in the media was analyzed directly
after loading (n=5) or in unloaded controls (n=3) with or without NS-398, a COX2 inhibitor.
Symbols denote significance of post hoc Tukey’s test: # compared to unloaded -NS-398, *
compared to unloaded +NS-398; % between NS-398 treatment within the same loading
condition. Significance levels: one symbol p<0.05; two symbols p<0.01; three symbols
p<0.001.
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