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Abstract
Therapies using adult stem cells often require mechanical manipulation such as injection or
incorporation into scaffolds. However, force-induced rupture and mechanosensitivity of cells
during manipulation is largely ignored. Here, we image cell mechanical structures and perform a
biophysical characterization of three different types of human adult stem cells: bone marrow
CD34+ hematopoietic, bone marrow mesenchymal and perivascular mesenchymal stem cells. We
use micropipette aspiration to characterize cell mechanics and quantify deformation of subcellular
structures under force and its contribution to global cell deformation. Our results suggest that
CD34+ cells are mechanically suitable for injection systems since cells transition from solid- to
fluid-like at constant aspiration pressure, probably due to a poorly developed actin cytoskeleton.
Conversely, mesenchymal stem cells from the bone marrow and perivascular niches are more
suitable for seeding into biomaterial scaffolds since they are mechanically robust and have
developed cytoskeletal structures that may allow cellular stable attachment and motility through
solid porous environments. Among these, perivascular stem cells cultured in 6% oxygen show a
developed cytoskeleton but a more compliant nucleus, which can facilitate the penetration into
pores of tissues or scaffolds. We confirm the relevance of our measurements using cell motility
and migration assays and measure survival of injected cells. Since different types of adult stem
cells can be used for similar applications, we suggest considering mechanical properties of stem
cells to match optimal mechanical characteristics of therapies.
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1. Introduction
Advances in the fundamental biological understanding of adult stem cells have enabled a
variety of therapeutic applications, primarily using bone marrow derived cells (Watt and
Driskell, 2010). Injection of cells and embedding cells within implantable biomaterial
scaffolds are the main currently used forms of introducing adult stem cells into patients (Li
et al., 2009; Noth et al., 2010). Stem cells from niches away from sites of cardiac injury
have been used in several clinical trials, mainly with bone marrow origin, where high
amounts of death of implanted cells occur (Assmus et al., 2006; Cleland et al., 2006;
Grogaard et al., 2010; Mansour et al., 2006; Meyer et al., 2006; Schachinger et al., 2006; Xu
et al., 2009), mainly due to inflammatory and immune reactions, and the presence of
apoptotic and necrotic factors preexistent in the injured site or caused by the delivery
system. Among these factors, the clinical efficacy of these methods may be limited by a
poor understanding of stem cell mechanical properties. In both technologies, stem cells are
exposed to an altered mechanical environment, either with fluid shear during injection or
with a stiff scaffold matrix. Both applied forces and the mechanical properties of cellular
environments, in addition to chemical factors, can direct cell differentiation and alter cell
function (Chowdhury et al., 2010; Engler et al., 2006).

The number of known stem cells available for therapies has increased in the last decade, and
stem cells have been collected from different regions of the body and stages of human
development (Teo and Vallier, 2010). The bone marrow offers rich sources of both
hematopoietic and mesenchymal stem cells, and cells of mesenchymal origin have also been
isolated from other regions of the body including the perivascular region (Crisan et al.,
2009; Crisan et al., 2008). With the variety of available stem cell sources, we suggest that
structural and related mechanical properties of stem cells, including cytoskeletal structures,
stiffness and resilience, can be a factor to optimize the efficiency of stem cell delivery.

Mechanical characterization of stem cells also provides valuable information related to cell
function. Cells are mechanoactive systems that sense, react to and match the force and
mechanical properties of the surrounding environment (Dembo and Wang, 1999; Discher et
al., 2005; Lo et al., 2000). Cells respond to mechanical stimulations by remodeling the
cytoskeleton (Fletcher and Mullins, 2010), membrane (Charras et al., 2004) and cell nucleus
(Dahl et al., 2008). Stem cells are sensitive to mechanical stimulation. Differentiation can be
directed by the extracellular stiffness (Engler et al., 2006) and often involves the alteration
of structural elements, such as the actin cytoskeleton (Maloney et al., 2010; McBeath et al.,
2004), the membrane (Titushkin and Cho, 2006) and the nucleus (Dahl et al., 2005).
However, mechanics and mechanical structures of stem cells isolated from different niches
have not been compared, quantitatively or qualitatively.

Here, we characterized mechanics and mechanical structures of three different adult stem
cell types: Human hematopoietic stem cells (CD34+ cells) are of bone marrow origin and
are small single-nucleated cells expressing the CD34+ cell surface marker (Baum et al.,
1992). Human mesenchymal stem cells (MSCs) are also of bone marrow origin, but are of a
different lineage and are characterized by surface markers CD105+, CD166+, CD29+,
CD44+, CD14−, CD34− and CD45− (Pittenger et al., 1999). Human perivascular stem cells
(PSCs) are isolated from blood vessels in fetal muscle and express CD146, NG2, PDGF-Rβ,
MSC markers, and are believed to be closely related to MSCs (Crisan et al., 2008). Cells
types were chosen since they are all currently used for therapeutic applications, either via
injection or incorporation into scaffolds.
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2. Materials and Methods
A more detailed description for this section is located in supplemental materials.

Cells culture, labeling and imaging
CD34+ and MSCs were cultured according to vendor’s instructions (Stem Cell
Technologies), and PSCs were cultured as reported (Crisan et al., 2008). For actin and lamin
imaging, cells were fixed, permeabilized, blocked and labeled with Oregon green phalloidin
(for F-actin), antibodies to lamin A/C and DAPI (nucleus).

Chemotaxis, scratch and injection assays
Already published methodologies were used to perform the scratch (Tottey et al., 2010) and
chemotaxis (Liang et al., 2007) assays. Cells were mock-injected through needles (BD 18-
gauge 1.5 inch needle) at 0.5 mL/sec. Cell recovery and viability was evaluated with a
hemacytometer and Trypan blue.

Micropipette aspiration of cells
Cells were aspirated according to previously published methodologies (Dahl et al., 2005;
Pajerowski et al., 2007) at 37°C, atmospheric oxygen levels in DMEM with 10% FBS and
nocodazole and cytochalasin-D for cytoskeletal depolymerization. The membrane and
nucleus was labeled with fluorescent conjugated wheat germ agglutinin and Hoechst 33342
DNA dye, respectively.

3. Results
3.1 Mechanics and deformation of stem cells

To determine mechanical properties of stem cells while visualizing deformation of
subcellular structures, we performed micropipette aspiration (Hochmuth, 2000). All cells
show viscoelastic character as observed by time-dependent deformation under constant
aspiration pressure (Fig. 1). CD34+ cells were the most deformable of the tested cell types
and could be aspirated completely into the small diameter micropipette. The nucleus, which
represents a large portion of the cell, also deforms under aspiration. At early aspiration times
the cell deforms but flows slowly. After 5 minutes of constant applied aspiration, CD34+
cells appear to transition and flows into the pipette. A subset of CD34+ cells rupture before
complete deformation into the pipette, but these cells are mechanically stiffer than the rest
(Supplemental Fig. 2).

MSCs and PSCs were both stiffer and presented a dramatically different mechanical
behavior compared to CD34+ cells. MSCs (Fig. 1B) and PSCs (Fig. 1C) deformed
viscoelastically under applied aspiration pressure until they reached a pseudo-equilibrium
length. Neither cell type was completely aspirated into the pipette in the considered time
frame. Nuclei of both MSCs and PSCs were elongated, occupied a smaller fraction of the
cytoplasm when compared to CD34+ cells (Fig. 1B, 1C) and reflected a smaller cell fraction
(Supplemental Fig. 3).

The deformation of CD34+ cells was consistent with the observed fluid transition (Fig. 2A;
Supplemental Fig. 2). This mode of deformation has been observed in other non-adherent
cell types (including leukocytes) and is consistent with a mostly cortical resistance to
deformation (Evans and Kukan, 1984). Conversely, PSCs and MSCs were modeled as
power law materials. Both A and α (Supplemental Methods; equation 5) were calculated for
PSCs and MSCs by fitting regressions to log-log plots of J as a function of t. Values of α
were similar for both cell types, between 0.2 and 0.3, as expected for materials dominated by
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cytoskeletal structures (Hoffman et al., 2006; Pajerowski et al., 2007), but there was a
difference in the deformability A (Fig. 2B). PSCs were stiffer (A = 0.01 ± 0.003 Pa−1) than
MSCs (A= 0.03 ± 0.006 Pa−1). These values were obtained from initial aspiration until 200
seconds, after which the membrane deformed substantially more than the remaining cell
structures.

3.2 Contribution of the nucleus to cell deformability
During deformation, nuclei in CD34+ cells showed morphological changes similar to the
whole cell (Fig. 1A), suggesting that the nucleus contributed significantly to cell mechanics.
Elongated nuclei in MSCs deformed less and moved slowly through the cytoplasm during
aspiration (Fig. 1B). Nuclei in aspirated PSCs remained undeformed and immobile, even at
late stages of aspiration (Fig. 1C), suggesting that the nucleus was either stiffer or shielded
by denser mechanical structures inside the cell. To discriminate between the two scenarios,
we analyzed nuclear translocation during deformation. We calculated the nuclear
contribution to deformation (NCD) from images (Supplemental Fig. 1B) to quantify
subcellular movement of the nucleus. Both average NCD and time-dependent NCD values
were lowest for CD34+ cells since CD34+ nuclei readily deformed and moved inside the
cell towards the pipette tip (Fig. 3). Conversely, the NCD of MSCs was considerably higher
over the aspiration timeline (Fig. 3B). Also stochastic failure of cellular structures may
occur as manifested by fluctuations in the NCD of MSCs during time. No nuclear
deformation is observed for PSCs and the NCD >1, implying a higher intracellular or
cytoskeletal stiffness, which could explain its higher stiffness relatively to MSCs (Fig. 2B).
Plots of NCD versus time for CD34+ cells (black) show that the nucleus deforms evenly and
in sync with the cell. For MSCs (white) the higher NCD values with time suggest
considerable stochastic reorganization of structures inside the cell under stress. This
suggests that cytoskeletal structures within MSCs and PSCs play a stronger role in defining
overall cell and nuclear mechanics compared with CD34+ cells (Supplemental Fig. 3),
where mechanics is dominated by the nucleus.

3.3 Actin and actin-nucleoskeleton connections in stem cell
The power-law deformation of MSCs and PSCs was similar to other adherent cell types and
could be modeled as a viscoelastic solid. However, CD34+ cells deformed in a manner
similar to non-adherent cells, including neutrophils. We visualized actin structures of these
cell types in culture conditions, since the actin cytoskeleton is the primary mechanical
structure in most adherent mammalian cells (Van Citters et al., 2006). Actin fibers connect
to the extracellular matrix via focal adhesions and to other cells via adherens junctions,
connecting also to the nucleoskeleton via the LINC complex (Dahl et al., 2010; Haque et al.,
2010).

Actin fibers in CD34+ cells were poorly developed in culture conditions and were located
mainly in the cell periphery (Fig. 4 A,D). The nucleus of CD34+ cells was spherical, (Fig.
4A) and the nucleoskeleton, labeled by lamin A/C, was homogeneously distributed at the
nuclear periphery (Fig. 4D). Cultured MSCs and PSCs adhered to the substrate and
developed actin fibers (Fig. 4 B,E). In PSCs, nuclei were centrally located and colocalized
with regions of dense actin fibers (Fig. 4C,F). PSC nuclei were larger, more elongated and
had heterogeneously organized nucleoskeletal lamin A/C within punctuate, filamentous
structures (Fig. 4F). This altered nuclear structure may result from strains applied on the
nucleus by direct or indirect interactions with actin fibers (Dahl et al., 2008). The nucleus of
MSCs was often located at the periphery of the cell and did not colocalize with regions of
dense actin fibers (Fig. 4B,C). Nuclei of MSCs were rounder and showed homogeneous
lamin A/C distribution (Fig. 4E). This differential spatial localization could imply higher
nuclear-cytoskeleton connectivity in PSCs compared to MSCs, which supports the
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hypothesis of a higher nuclear shielding by cytoskeletal structures to applied stress. The
significant differences in cell and nuclear structures between MSCs and PSCs suggest that
structural and mechanical properties may strongly depend on the tissue origin of stem cells.

CD34+ cells were differentiated to test the potential of actin fibers or nuclear structures to
develop (Supplemental Fig. 4). Given the similarity of CD34+ cells to leukocytes,
differentiated cells could still maintain a spherical and fluid phenotype. However, actin
fibers and substrate adhesions are formed in differentiated CD34+ cells (Fig. 5 A–C), which
were correlated to changes in morphology and cell area (Fig. 5D). However, projected
nuclear area decreased with differentiation (Fig. 5D) probably due to nuclear compaction
observed with the formation of heterochromatin, as observed in stem cell differentiation
(Meshorer and Misteli, 2006). A minority of cells after 9 days of differentiation showed
larger nuclei than the pre-differentiated CD34+ cells, but these were present in highly spread
cells with large cell area and highly extended fibers (Fig. 5C).

3.4 Oxygen dependent changes in PSC mechanics
While similar to MSCs, PSCs originate from a more rigid and mechanically active niche in
the body. Increased stiffness may result from a higher degree of connectivity between the
actin and nucleus. However, being too stiff to enter into scaffolds may be a concern with this
cell type. We tested the migration of cells through pores, and no cell migration was detected
through 3µm pores (Fig. 6A). Stem cells originate from niches, where low oxygen tension
plays a role in the maintenance of pluripotency and cell propagation that have been
replicated in vitro (Lekli et al., 2009; Piccoli et al., 2007; Szablowska-Gadomska et al.,
2011), including in PSCs (Tottey et al., 2010). All tissues of the body have oxygen
concentrations lower than atmospheric levels (21% oxygen), and the concentration of
oxygen is below 5% in the bone marrow (Hao et al., 2011). Since adult stem cells move
from their niches into sites of injury or development (Hess and Allan, 2011), we
hypothesized that PSCs in lower oxygen would be able to migrate through smaller diameter
openings. Generally, higher migration was observed in cells cultured in 6% than in cells
cultured in 21% oxygen, and importantly PSCs in 6% oxygen were able to translocate
through 3µm pores (Fig. 6A).

We also tested the effects of low oxygen on translocation of cells on two-dimensional
surfaces. We also performed an in vitro scratch assay with induced 500 µm scratches on a
monolayer of PSCs and monitored both individual and group cell movement (Fig. 6B,C).
PSCs in 21% oxygen migrated quicker than PSCs in 6% oxygen, up to double the maximum
speed (Fig. 6B). Scratch closure in 21% oxygen was also quicker than in 6% oxygen (Fig.
6C). Thus, PSCs at 21% oxygen are faster moving individually and in groups, but at 6%
oxygen are able to better deform and translocate through pores.

It appeared that increased pore translocation of PSCs in 6% oxygen was not a function of
cell motility, but rather was dependent on cell deformability. A more deformable cell can
result from lower actin myosin connectivity (Van Citters et al., 2006) and a differently
organized cytoskeleton (Maloney et al., 2010). The organization of actin fibers and actin-
nucleus interactions seem similar for PSCs in 6% and 21% oxygen (Fig. 7A). However,
actin fibers colocalized with nucleoskeletal invaginations in 6% oxygen (Fig. 7A – dashed
region). Statistical analysis of nuclear shape parameters, such as solidity, roundness, and
circularity, showed that MSCs have the roundest nuclei and PSCs in 6% oxygen present the
most elongated (Fig. 7B). More elongated nuclei can result from an increase in compliance
or stronger strains from actin cytoskeleton (Houben et al., 2007).

We measured mechanical properties of PSCs using micropipette aspiration. In contrast to the
PSCs at 21% oxygen, which were the stiffest cells, PSCs at 6% oxygen were the softest
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among tested cells of mesenchymal origin (Fig. 7C). To test the dependence of nuclear
mechanics in actin-nuclear connections without suspending cells, PSCs were incubated in
cytochalasin D and nocodazole (Fig. 7A) to disrupt the cytoskeleton. As observed
previously in cells of mesenchymal lineage (Mazumder and Shivashankar, 2010), the
nuclear envelope wrinkled, the nuclear area was reduced and nuclear shape evolved towards
an elongated structure similar to when cells are detached from the substrate (Fig. 1).

With incubation in cytoskeleton disrupting agents, the nuclear size in 6% oxygen is
significantly reduced compared to cells in 21% oxygen (Fig. 7D). Thus, the deformability of
the cell (Fig. 7C) appears to be related to the deformability and collapsibility of the nucleus
(Fig. 7D). Cell flexibility may be manipulated by altering oxygen conditions, allowing better
experimental design as well as a switch in cell phenotype upon implantation.

4. Discussion
Tissues are responsive mechanical structures and cells respond to both external chemical
and mechanical cues. Matching the mechanics of the tissues of origin is optimal for ex vivo
cellular function and in directing stem cell differentiation (Chowdhury et al., 2010;
Dimmeler et al., 2005; Engler et al., 2006). The mechanical differences of stem cells from
two different niches (bone marrow and perivascular), or of two different origins
(mesenchymal and hematopoietic), or in different oxygen culture conditions (6% and 21%)
reveals the importance of these different factors in governing cell structures and mechanics.
In general, organization of the cytoskeleton and nucleoskeleton can be affected by
extracellular force, intracellular force and changes in signaling pathways (Dahl et al., 2008)
– these may all be affected by low oxygen conditions.

Cell migration within hematopoietic microenvironments is increased in low oxygen
conditions (Jing et al., 2011). Low oxygen cell culture conditions also help maintain
pluripotency (Szablowska-Gadomska et al., 2011) in part due to the activation of hypoxia-
inducible transcription factor (HIF) pathways (Nakayama, 2009). HIF1-α also alters MSC
differentiation pathways (Jandial et al., 2011). Stimulation of HIF by low oxygen alters
levels of vascular endothelial growth factor (VEGF) (Semenza, 2003) and αVβ3 integrin
(Cowden Dahl et al., 2005), which are mechanotransducing elements (Roca-Cusachs et al.,
2009). Thus, there are many indirect pathways activated by low oxygen conditions that alter
cell phenotype and mechanics.

4.1 Optimizing the choice of stem cells for different usages based on their origins
MSCs have been the most widely studied for stem cell mechanics. Previous studies have
characterized hMSCs to be viscoelastic solids with an instantaneous Young’s modulus of
890 +/− 200 Pa and an equilibrium Young’s modulus of 300 +/− 100 Pa (Tan et al., 2008;
Yu et al., 2010) using a 3 component model or an elastic modulus of 1900 Pa (Darling et al.,
2008). Different assays usually provide different results depending on the way forces are
applied and on the tested length scales (Kasza et al., 2007). A power-law viscoleastic model
was here used after qualitative evaluation of deformation of cells during aspiration
(Supplemental figure 5). A direct comparison of data from different viscoelastic models is
difficult, especially with large uncertainties in the parameters. From fits to our power-law
analytical model, we observe an effective stiffness of ~900 Pa at 0.01 to 0.1 sec and an
effective stiffness of 100 Pa at 1–10 sec. Generally, our results suggest a slightly softer MSC
than previously reported possibly due to smaller aspiration pressures needed to fully observe
the power-law deformation.

The methodology used in the presented study allows the comparison of three different types
of adult stem cells as viscoleastic structures considering potential therapeutic applications.
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Hematopoietic, mesenchymal and perivascular stem cells present a high level of plasticity,
allowing differentiation into several cell types (Graf, 2002). Selection of stem cells for the
development of therapeutic devices has been traditionally based on biological criteria
considering chemical regulatory phenomena. In potential therapies, implanted stem cells or
progenitor cells may not only differentiate towards specific tissue cells, but also secrete
paracrine factors that sustain regeneration (Dimmeler et al., 2005; Malliaras and Marban,
2011). We suggest that selection criteria for stem cell use for therapeutic applications should
include consideration of mechanical and structural properties. Cells are sensitive to the
mechanical environment, which can affect in situ localization. Extracellular mechanical
environment can also impact stem cell differentiation (Engler et al., 2006); matching
mechanical properties of biomaterial scaffolds to cell mechanical properties will enhance
efficacy of hybrid materials. Similarly, injection of stem cells requires survival of suspended
cells in flow conditions.

Stem cell injection systems have been successfully used for the treatment of cell damaging
heart diseases in humans (Ghodsizad et al., 2009), treatment of autoimmunity (Locascio et
al., 2011), induction of immune tolerance (Kline et al., 2008) and cancer treatment (Jeltsch
et al., 2011). Our results suggest that CD34+ cells would be more tolerant to stem cell
injection. At flow rates of 0.5 mL/s, 16.7 ± 3% of CD34+ cells survived injection through
needles used clinically (see Supplemental Methods), but only 1.0 ± 0.2% of MSCs survived
the same injection. For injection, cells must be suspended without altered biological
properties, sufficiently deformable in fluid flow, and resist rupture. CD34+ cells were the
most compliant under deformation without rupture. In addition, these cells transitioned to
more fluid-like character when aspirated. Upon differentiation, CD34+ cells formed cell
structures appropriate for adherent cell function.

Transplantation of porous biomaterials with seeded stem cells has presented promising
outcomes in the treatment of several pathologies, as for example spinal cord injury (Sykova
et al., 2006), osteogenesis (Ben-David et al., 2011) and diabetic foot ulcer (Mansbridge et
al., 1998). For populating biomaterial scaffolds, cells must be flexible and interact with the
solid substrate. Cells of mesenchymal lineage are soft but show stable adhesions, highly
developed cytoskeletal and nucleoskeletal structures and may be the most suitable for
implantation in solid materials for transplantation.

PSCs appear to be the most rigid and organized mechanical cells, but altering oxygen culture
conditions increases flexibility. PSCs in 6% oxygen show optimal potential for seeding and
penetration into porous materials. Previously, an increase in cell proliferation and migration
was observed in cultures of PSCs under 6% oxygen (Tottey et al., 2010). This already
suggested that tissue-engineered structures produced in vitro might present different
mechanical and biological behaviors when implanted inside the body where oxygen
conditions may significantly change. Probably engineering of tissues should focus on the
influences of low oxygen environments to model more in vivo-like behavior.

4.2 Load bearing structures inside stem cells
Adult stem cells, including MSCs, can penetrate tight tissue matrices and travel long
distances away from their original niches (Ferrari et al., 1998). Cell translocation is
increased with actin force generation, but the nucleus is a resistive mechanical element that
limits motility and migration through tissues (Friedl et al., 2011). Here, we found that
organization of structural elements and cell mechanics in stem cells depend on the stem cell
lineage, tissue origin and oxygen culture conditions. The region of cell isolation may be a
useful metric for therapeutic usage. Only three different types of stem cells were here tested,
which leaves a large domain for future discovery. Similar properties may be observed in the
remaining variety of stem cells, such as stem cells isolated from the blood, presenting a high
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potential for the modeling and developing of several transplantation methods towards
several tissue homing sites.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Micropipette aspiration of CD34+ cells, MSCs and PSCs
Aspiration of the different cell types shows dramatically different response to force in
magnitude of stiffness, viscoelastic deformation and contributions of cell components.
Plasma membrane and nucleus (blue) deformations were followed over time after applying a
constant aspiration pressure (in kPa, to the left of each set of images). (A) CD34+ cells
showed significant viscous deformation with a strong contribution from the nucleus. (B)
MSCs were less fluid, and showed slight contributions from a more condensed nucleus. (C)
PSCs were stiff and showed minimal contributions from the nucleus. Scale is 25 µm.
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Figure 2. Quantification of micropipette aspiration shows different types of deformation and
flexibility of cells of mesenchymal origin
(A) Proposed general profile curve for creep compliance, J (Pressure−1) (equation 4 in
supplemental material), as a function of time highlight the different deformation behavior of
CD34+ cells relatively to PSCs and MSCs. These differences in profile can be better
visualized in the raw data represented in the supplemental figures 2 (for CD34+ cells) and 5
(for PSCs and MSCs) (B) Both PSCs and MSCs deform as viscoelastic solids. Comparisons
of the creep prefactor A shows that MSCs are significantly more deformable than PSCs (t-
test test p-value < 0.03). Error bars are SEM, and numbers above the bars are n of
independently tested cells.
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Figure 3. Nuclear contribution to deformation (NCD) in aspirated stem cells is a quantitative
measure of how the cell deforms as a unified structure
(A) Black points in plots of NCD versus time represent CD34+ cells and white dots
represent MSCs. Error bars are SEM. (B) Average values of NCD for each cell type show
that the nucleus of CD34+ cells contributes more to cell deformation, less in MSCs, but not
at all in PSCs, where NCD is always above 1 due to absence of nuclear mobility during
aspiration. (p-value < 10−5 between cell types).
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Figure 4. Actin, lamins and actin-nucleus connections are different among the studied cell types
in adherent cultures
(A) CD34+ cells show poorly developed F-actin (green) structures located around a central
nucleus (blue), which occupies most of the cell volume. (B) MSCs show regions of higher
development of F-actin stress fibers not coincident with nucleus. (C) PSCs show the most
developed actin stress fibers colocalized with the nucleus. (D) A-type lamins (red) are
homogeneously distributed in CD34+ cells, but are heterogeneous in MSCs (E) and PSCs
(F). Scale is 25 µm; A–C and E–F scaled collectively.
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Figure 5. Morphology, area and actin structures change significantly in CD34+ cells changes
with differentiation
(A) Multipotent CD34+ cells show poorly organized actin (green) and a nucleus (blue)
which occupies most of the cell volume. (B–C) With differentiation, cells show developed
actin stress fibers and enlargement. (D) With differentiation the cell area increases, but the
nuclear area decreases (p<0.002), suggesting cytoskeletal reorganization and stiffening of
the cell. Scale is 25 µm. Errors are SEM.
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Figure 6. Oxygen levels increase PSC migration through pores but decrease migration on
surfaces
(A) Migration of PSCs through small pores in 6% oxygen (dashed lines) is always
significantly higher than in 21% oxygen (solid lines) independent of the type of
chemoattractant. Extracellular matrix digests (green) showed the best migration. Serum (red)
also attracted cells but there was a significant increase in migration with no attractants
(blue). (B) On a surface, cells grown in 6% oxygen migrate slower and take longer to close a
scratched wound (C). Error bars are standard deviation.
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Figure 7. Oxygen levels affect mechanics and organization of subcellular structures in PSCs
(A) In low oxygen, nuclei become longer and lamins (red) appear smoothed at the nuclear
periphery and interact with actin (green; dashed circle). Cytoskeleton depolymerization
causes nuclear collapse and “wrinkling” of the nuclear lamina, suggesting that the intact
cytoskeleton had been producing outward stress on the nucleus. Scale is 25 µm. (B)
Quantification of nuclear morphology shows that PSC nuclei are more elongated than in
MSCs, and low oxygen enhances this difference (ANOVA p < 0.001), (C) While PSCs are
normally less deformable than MSCs (as in Figure 2), culture in low oxygen shows higher
deformability (t-test p < 0.005 – line). The three values for A (Pa−1) are statistically distinct
(ANOVA p < 0.04). (D) Changes in nuclear area with depolymerization of the cytoskeleton
are related to how deformed the nucleus is inside the cell by mechanoactive structures.
Projected nuclear area is larger in cells cultured at 6% O2 than at 21% O2, but nuclei
dramatically retract with cytoskeletal disruption. Nuclear area in cells cultured at 21% O2
show no statistical change with cytoskeletal disruption. Dashed lines are p < 0.001 (t-test
between samples). Errors are SEM.
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