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Abstract: As members of the family of nucleotide receptors, P2X7 receptors are of particular interest
due to their unique structural and pharmacological characteristics. As ATP-gated ionic channels,
P2X7 receptors in their activation elicit membrane depolarization; extracellular calcium influx; and
activation of several downstream intracellular signaling pathways, some of them independent of the
ionic channel activity. Further interactions of P2X7 receptors and cytoskeleton-related proteins have
also been confirmed, and we previously described the effects of P2X7 receptor stimulation on the
morphology of rat cerebellar astrocytes. In the present work, we used time-lapse video microscopy
and atomic force microscopy (AFM) to elucidate the effects of P2X7 receptor stimulation on the
morphology, migratory capabilities, and mechanical properties of rat cerebellar astrocytes in vitro.
Stimulation of P2X7 receptors with the selective agonist BZATP specifically caused an increase in cell
size, motility, and number of membrane protrusions of the astrocytes in culture. These effects were
reverted when cells were previously treated with the competitive antagonist of P2X7R, A 438079.
AFM analysis also showed an increase in cell stiffness and viscosity after P2X7 receptor stimulation.
Surprisingly, these effects on the mechanical properties of the cell were not blocked by the treatment
with the antagonist. Fluorescence microscopy analysis of the actin cytoskeleton showed an increase in
actin stress fibers after BZATP treatment, an effect that again was not blocked by previous treatment
with the antagonist, further confirming that the effects of P2X7 receptors on the cytoskeleton of
astrocytes are, at least in part, independent of the ionic channel activity.

Keywords: astrocytes; P2X7 nucleotide receptor; force spectroscopy; force mapping; time-lapse
video-microscopy

1. Introduction

Nucleotides act as extracellular messengers that regulate vast functions in almost
any cell type present in animal organisms [1], and their effects are particularly important
in the nervous system, both in physiological and pathological conditions [2,3]. On cells,
nucleotide actions are mediated by P2 receptors, a family of membrane receptors that can
be further classified into two different groups: P2Y and P2X receptors [4,5]. From these,
P2YRs are metabotropic receptors that belong to the G-protein-coupled receptor (GPCR)
superfamily. They are formed by seven-membrane-spanning domain proteins coupled to
G proteins that are activated selectively by adenosine and uridine tri- and diphosphates.
In total, eight different subtypes have been discovered in mammalians: P2Y; 5 4 6,11, 12,13,
and 14 [4]. P2XRs, in turn, are ATP-gated ionic channels consisting of seven distinct subunits
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(P2X1-7) that are assembled in homotrimers or heterotrimers. The trimeric assembly of
the subunits constitutes the functional receptor, whose structure consists of a chalice-like
extracellular domain where the three ATP-binding sites are found: the ionic pore, composed
by six transmembrane (TM) domains, two TMs for each subunit, and a shorter intracel-
lular domain. Upon nucleotide activation, P2XRs have been shown to elicit membrane
depolarization, extracellular calcium influx, and activation of several intracellular signaling
pathways, both in a calcium-dependent and -independent manner [5].

Among the different P2XRs described, the P2X7 receptor is of particular interest for
our studies because of its unique structural and pharmacological characteristics. P2X7R is a
homotrimer whose subunits show the longest C-termini of all P2X subunits (200 additional
amino acids), and its affinity for ATP is 100 times lower than that shown by the other P2X
receptors [5,6]. Besides its well-known role in the regulation of the immune response [7,8]
(it was previously known as the P2Z receptor from macrophages and lymphocytes [9]),
P2X7R is implicated in important physiological and pathological processes in the central
nervous system, including the modulation of neurotransmitter release, neuritogenesis and
synapse formation, the neuroprotective role in cerebellar granule neurons and astrocytes,
and several neurodegenerative diseases [6]. Likewise, multiple intracellular signaling
pathways are regulated by P2X7Rs. For instance, P2X7R is known to activate several
phospholipases, protein kinases (protein kinases C and D, mitogen-activated protein ki-
nases, and the cellular sarcoma tyrosine kinase), and the phosphoinositide 3-kinase/ Akt
pathway [10]. P2X7 receptor is also known to interact with several cytoskeleton-related
proteins, such as the extracellular matrix protein laminin-«3, integrin 32, x-actinin, and
-actin [11], and it has also been reported that P2X7R stimulation in macrophages causes
actin-cortex reorganization that is required for the membrane blebbing [12]. Hence, such
tight interaction between P2X7Rs and the cytoskeleton, upon external stimuli, ultimately
implies their involvement onto changes in the mechanical properties of the cell. Indeed,
previous research in this regard indicated that the signaling of these ionotropic receptors in
rat cerebellar astrocytes also includes metabotropic pathways independent from the ionic
channel activity, such as MAP kinases ERK1/2 and protein kinase D activation [13-15].
Interestingly, while activation of ERK1/2 kinases by P2Y, /P2Y, receptors induce migration
of the astrocytes [16], activation of these kinases by P2X7 receptors cause complex changes
in cell morphology [17]. Therefore, P2X7-originated changes in the cytoskeleton and, by
extension, in the mechanical properties of the cell are to be expected. However, a detailed
quantification of the triggered mechanical variation has not been reported so far.

In this regard, atomic force microscopy (AFM) is one of the most extended techniques
employed to study the mechanical properties of cells and biomaterials. This technique,
mostly known for its application on sample topography imaging, can also be used to
analyze changes in the stiffness, rheology, and adhesive properties of cells, and it is based
on the perpendicular indentation of the cell membrane with a tip located at the end of
a cantilever [18-21]. The forces resulting from the controlled interaction between the tip
and the sample are displayed as force-vs.-distance or force-vs.-time curves (see Figure 1).
Initially, the tip is approached to the sample, and the indentation of the membrane pro-
vides information about the deformability and stiffness of the cell [19]. Upon reaching a
previously stablished maximum loading force value (or setpoint), the tip can be maintained
at a certain height (stress—relaxation experiments) or can be pushed further in order to keep
constant the force applied (creep experiments). Both experimental situations correlate with
the rheological properties of the cell and provide quantitative information over factors such
as relaxation times and viscosity [18]. In a last step, the tip is retracted from the sample,
causing the cantilever to deflect in the opposite direction due to the adhesion between
cell membrane and tip, thus delivering information about the adhesive properties of the
cell, such as the maximum adhesive force, the adhesive work required to split the tip-cell
contact, and to identify the potential formation of membrane tethers during retracting
motion [20,22-25].
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Figure 1. Force vs. time curve. Colored scheme showing the mechanical information derived from
each of the different segments in one experiment: elastic modulus and stiffness (from the initial
deformation and the slope, subsequently), stress relaxation (by fitting the decay obtained when fixing
the Z position of the indenting tip during the pause time it is possible to elucidate the relaxation
time), and adhesion-related factors (the minimum of the peak indicates the maximum adhesive force,
and the integration of the area under the curve relates to the adhesion work).

On the basis of these principles, previous collaborative work between our groups
showed how nucleotide receptor regulation can influence the mechanical properties of cells
at the nanoscale, as concluded from the studies performed on P2YR-expressing endothelial
HUVEC cells and rat cerebellar astrocytes [26]. Stimulation of P2Y;Rs with UTP in both
cell types caused an increase in cell stiffness and a decrease in adhesive properties. Further
experiments with astrocytes showed that the effects of the purinergic agonist 2MeSADP
on the mechanical properties of the cell were mediated by P2Y;3 receptors and negatively
modulated by P2Y; receptors. As a logical continuation to those initial studies, and
attending to what is described above, unravelling the role of P2X7 nucleotide receptors on
the mechanical properties of rat cerebellar astrocytes becomes extremely interesting.

Following this, in the present work, we show how stimulation of the P2X7 receptor of
rat cerebellar astrocytes with the selective agonist BZATP specifically induced an increase
in the cell size, motility, and number of membrane protrusions of the astrocytes in culture.
Such effects were reverted when cells were treated with the competitive antagonist of
P2X7R, A 438079 (henceforth referred to as A43), prior to treatment with the agonist BZATP.
Interestingly, when AFM was employed to further disentangle the role of P2X7 receptor
in the modulation of the mechanical properties of this population on the nanoscale, an
increase in the stiffness of the cells was observed. However, treatment with A43 did not
effectively block such increase in stiffness caused by the agonist, pointing to the fact that the
effects observed were not exclusively dependent on the ionotropic activity of the receptor
but also on additional effects caused by independent metabotropic pathways that remained
unblocked. Similar results were obtained when analyzing the viscous moduli of astrocytes,
which indicated potential changes occurring in the cytoskeleton. In order to obtain a more
general view on the induced effects, complementary force spectroscopy maps performed
over the whole body of treated/untreated cells allowed for the observation of higher
stiffness values and stronger adhesive forces throughout all the cell body after treatment
with the agonist, further supporting the evidence of changes on the cytoskeleton level.

2. Results
2.1. Stimulation with BzATP Modified the Cell Size and Migration of Rat Cerebellar Astrocytes In Vitro
It was previously shown how the stimulation of metabotropic P2Y13 receptor was

sufficient to modify the cell motility of postnatal cerebellar astrocytes in primary cell
cultures [26]. To explore whether the activation of the ionotropic P2X7 receptor may also
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induce changes in the cell size and migration of this cell population, cerebellar astrocytes
were incubated in the presence or absence of the selective agonist of the P2X7R, BZATP
(300 uM), for 1 h. Astrocytes were subsequently placed on a time-lapse video microscopy
device and monitored for 3 h, acquiring bright field images every 5 min. These experiments
allowed us to measure the cell size (area in um?) and the distance covered by the astrocytes
in the plate culture. As shown in Figure 2 and the values in Table 1, the treatment with
BzATP resulted in a significant increase in the cell size of astrocytes (1001 pum? in treated
cells versus 812 pm? in control cells, at 20%). Importantly, this change was avoided in
the presence of the P2X7R antagonist A43 (10 uM), pointing to the P2X7 receptor as the
responsible for the effects observed. Cell size of astrocytes pretreated with A43 and BzATP
was 765 pm?. The number of membrane protrusions in the isolated astrocytes was also
measured. While untreated astrocytes exhibited 3.10 protrusions/cell, cell treatment with
BzATP increased the number of protrusions (4.85). Moreover, the P2X7R antagonist A43
also reduced the BzATP effect (3.96) (Figure 2a,c).
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Figure 2. Effects of BZATP treatment on cell size and membrane protrusions of rat cerebellar as-
trocytes. (a) Bright field images of astrocytes obtained after 3 h of time-lapse video microscopy.
(b) Histogram showing the evolution of the cell size (area, in pum?), during a period of 3 h, in basal
conditions or in the presence of 300 uM BzATP. The effect of the P2X7 antagonist A43 is also in-
cluded. In this case, astrocytes were preincubated with 10 uM A43 for 5 min, prior to BZATP addition.
(c) Histogram indicates the number of membrane protrusions present in astrocytic cells across the
imaging experiment. Whiskers indicate standard deviation (SD); statistically significant differences
were calculated by employing a one-way ANOVA with Dunnett’s post-test and are indicated by *
when p < 0.05 or *** p < 0.001. Experiments with only A43 are not considered for comparison because
of the lack of visual evidence.
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Table 1. Statistics on data depicted in Figures 2 and 3 obtained after 3 h of time-lapse video microscopy.
Values represent the means and the standard deviation (SD). A pixel corresponds to 0.5 um.

Membrane
2 . . .
Cell Area (um?) Protrusions/Cell Migration (Pixel)
Control (untreated) 812 + 138 3.10 £ 0.70 33.00 £ 35.14
BzATP 1001 £ 215 4.85+1.28 78.90 + 49.81
A43 + BzATP 765 + 166 396 +1.17 27.04 £+ 20.33
(a)
‘ Control BzATP 300 uM BzATP+A43

(b) 150

*k

100 —

Migrated distance

Figure 3. Effects of BZATP treatment on migratory capacity of rat cerebellar astrocytes. (a) Bright
field images of astrocytes obtained after 3 h of time-lapse video microscopy in control astrocytes
and astrocytes treated with 300 uM BzATP in the presence or absence of the antagonist A43.
(b) Histogram showing the distance travelled in pixels by the astrocytes during a period of 3 h,
in basal conditions, or after incubation with BZATP for one hour, in the presence or absence of antag-
onist A43. Whiskers indicate SD; statistically significant differences were calculated by employing a
one-way ANOVA with Dunnett’s post-test and are indicated by ** when p < 0.01.

Next, we tested whether cell migration was also affected by the stimulation of the
P2X7 receptor, assessed by measuring the distance covered by the astrocytes throughout
the imaging experiments. As shown in Figure 3 and Table 1, BZATP induced a significant
increase in the distance covered by individual astrocytes. Similar to what was observed
for cell size measurements, the effect on cell motility was also blocked by the presence of
A43, further confirming the involvement of the P2X7 receptor in the increase in astrocytic
migration capacity.

Table 1 summarizes data obtained for cell size, number of membrane protrusions, and
cell migration of astrocytes after the different treatments by the time-lapse microscopy
approach. A colored box is used to attract the reader’s attention onto the reversion of the
effects of BZATP by the P2X7R antagonist (A43).

The implication of these observed effects is that P2X7R stimulation generates a dy-
namic response in cells, with either their shape or motility being certainly affected. There-
fore, and due to the nature of this response, it is somehow evident that the mechanical
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properties of the astrocytes undergo a re-adjustment during this process. From mere vi-
sual analysis, such readjustment cannot be appropriately quantified, and the need for a
complementary technique is highlighted.

2.2. Mechanical Response of Astrocytes upon P2X7 Receptor Stimulation/Blocking: Elastic Modulus

To solve the aforementioned issue, the mechanical response of rat cerebellar astro-
cytes upon treatment (for 1 h) with BZATP (300 uM), either in the presence or absence of
the P2X7R antagonist A43, was determined by means of AFM indentation experiments.
Figure 4 and Table 2 indicate the cell indentation required to reach a pre-defined load-
ing force of 1.5 nN and the correlated apparent Young’s modulus values (Eapp) for the
respective astrocytes after the different treatments (Table S1 in the Supplementary Materials
section shows further calculated parameters).
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Figure 4. Cerebellar astrocyte nucleotide stimulation influence on approach-derived mechanical factors.
(a) Cell indentation before maximum load (1.5 nN) achievement and (b) calculated apparent elastic
moduli (Eapp) variation for untreated cells (control, black), and cells exposed to BzATP agonist (green),
A43 antagonist (red), or both A43 + BzATP (gradient). The horizontal line indicates the median, and
the square refers to the mean value, which are shown numerically in Table 2. Whiskers indicate SD.
Statistically relevant variations p < 0.05, and p < 0.001 are highlighted by *, and ***, respectively.

Table 2. Statistics on approach segment (mean indentation and apparent elastic modulus). Error
values indicate the standard deviation (SD).

System (1 h Incubation) Indentation (um) £+ SD Eapp (kPa) &= SD
Control (untreated) 1.07 £ 0.53 4.84 + 4.69
BzATP 0.82 +£0.33 5.93 +4.42
A43 0.99 + 0.42 4.03+2.70
A43 + BzATP 0.81 £ 0.52 8.60 + 7.76

As one might intuitively predict, larger indentations connect to a softer material
being probed. At first glimpse, and compared to untreated astrocytes, an increase in the
stiffness (Eqpp) of the astrocytes after nucleotide stimulation of P2X7 receptors with BzZATP
can be observed (4.84 4+ 4.69 kPa in control conditions vs. 5.93 4+ 4.42 kPa after P2X7
stimulation), while initial treatment with the antagonist compound (A43) did not cause any
significant effect in these same factors, and cells resembled those used as control (untreated).
Interestingly, subsequent exposure of A43 treated cells to BZATP (A43 + BzATP) also caused
a significant increase in the stiffness of the cells (8.60 £ 7.76 kPa), therefore indicating
that the intended blocking by A43 was ineffective.. A similar behavior was described for
pre-blocked P2YRs treated with 2MeSADP, which was finally connected to the intervention
of two distinguishable contributors (P2Y; and P2Y13) [26]. Then, and attending to our
current observation, the intervention of a second element, which is not suppressed by
action of the A43, can also be envisaged.
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Table 2 shows the values for both indentation (in um) and apparent elastic modulus
(Eapp, kPa) as calculated from the respective agonist-antagonist incubation processes. A
colored box was employed to attract the reader’s attention onto the variation caused by
combined blocking/stimulation with respect to the individual treatments or the situation
without a pre-blocking of the P2X7Rs (which stayed at 35% lower).

These values confirm the lack of mechanical response observed for cells treated with
the antagonist A43, which was statistically confirmed as non-significant (Figure 4) in
comparison with control cells, meaning that such a treatment leaves the cells in an intact
(at least structurally) status before the action of BZATP on them. Therefore, a contributive
effect from that side to the large boost observed afterwards can be discarded, only being
assigned to selective modulation of the membrane receptors.

2.3. Stress Relaxation and Viscous Properties of Astrocytes

In addition to the analysis performed on the approach segment, the variation in the
viscoelastic properties of the astrocytes resulting from P2X7R stimulation was determined
from the stress-relaxation profiles obtained during the 5 s pause in tip-cell contact, at
constant height, after a 1.5 nN load was reached. Such stress relaxation is inherent to
viscous materials, and in the case of cells, it is tightly connected to the cytoskeleton activity
and the overall rheological properties. Thus, a double exponential decay was fitted to the
force-vs.-time profiles (see description in Figure 1) on which a Zener model of the cell was
applied to determine different viscoelastic parameters. Such a model considers the cell
as a viscoelastic material comprised by one spring and two Maxwell elements (a spring
and a dashpot in series) set in parallel. The viscoelastic parameters determined by this cell
model are the equilibrium modulus (E); the elastic (compressive) moduli of the springs of
both Maxwell elements (E; and Ej); the instantaneous modulus (E;,,5;); and, in addition,
the relaxation times (73 and 1) and viscosities (#; and 7,) of the dashpots of both Maxwell
elements. Effects of the different treatments in the values of all the parameters can be
found in Tables S2 and S3. In general, treatment with BZATP caused an increase in the
compressive moduli, an effect that, once again, was not blocked, but seemed to be further
enhanced by the pre-treatment with the antagonist A43 (see values for the equilibrium and
instantaneous moduli).

The relaxation times calculated for the viscous dashpots of the Maxwell elements were
around one-tenth of a second and two seconds for the first (77) and the second elements
(1), respectively (Table S3). These values were close to those observed in previous works
where this model of the cell was used [27,28]. Indeed, the work by Moreno-Flores et al.
(2010) demonstrated the implication of actin cytoskeleton in both the relaxation times
and viscosity of Maxwell elements and, on the basis of previous studies [29], associated
the first Maxwell element with the membrane-actin cortex and the second element with
the cytoskeleton response. In our case, although the trend of those relaxation times did
not appear to be significantly affected by the different treatments (except for a certain
trend in 1), the viscosity moduli calculated for both elements did, and such a response
mainly occurred after the corresponding treatment with BzATP (Figure 5). As observed
for the rest of the parameters, the antagonist A43 did not effectively block the increase in
viscosity caused by exposure to the agonist but further promoted such an increment. This
potentiation, although not statistically significant, was more pronounced in the case of the
second Maxwell element (Figure 5b). An additional effect brought about by such receptor
passivation was the much broader variability of the values obtained, most likely attributed
to the diverse number of receptors expressed between the indented cells (n > 30).
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Table 3. Statistics on pause segment (mean viscous moduli, #; and 7). Error values indicate the
standard deviation (SD).

System (1 h Incubation) 11 (Pas) £ SD 12 (Pas) £ SD

Control 319 +229 590.8 + 510.1
BzATP 449 +£29.2 1171.2 £ 1095.0
A43 318 +£16.7 680.1 £+ 523.8
A43 + BzATP 50.4 + 45.2 1775.0 £ 2231.5
X% £
* 1250 o
* %% 1000
(a) 100+ (b) 5000 750 =
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Figure 5. Calculated viscous moduli 1 (a) and 2 (b) for rat cerebellar astrocytes in control conditions
(black line), or those treated with BZATP (green), A43 (red), or both (gradient). The horizontal line
indicates the median, and the square refers to the mean value, which are shown numerically in Table 3.
Whiskers indicate SD. Inset in (b) shows the same values in a shorter scale in order to appreciate
the differences in the mean and the median. Statistically relevant variations p < 0.05, p < 0.01, and
p < 0.001 are highlighted by *, **, and ***, respectively.

A more accurate comparison than that from mere visual observation of the trends in
Figure 5 can be established from the values collected in Table 3 for the viscosities of both
Maxwell elements, #; and 7. While the former yielded an increase of around 10-15%,
between the direct and the pre-blocked exposure of P2X7 to BZATP, the later reached up
to the 50% increase (1171.2 Pa s vs. 1775.0 Pa s). Indeed, this value represents a threefold
viscosity increase in comparison to untreated (control) astrocytes. Since the 7, term can be
approximated to the potential cytoskeletal contribution to the overall viscoelastic variation,
as explained above, then the combined blocking/stimulation treatment of purinergic P2X7
receptors refers to a critical transformation or rearrangement induced at the inner structural
level (i.e., cytoskeletal fibers/filaments).

2.4. Force Mapping on Individual Cells: Mechanical Factor Distribution

An alternative measuring mode to regular force spectroscopy (explained in the sec-
tions above) is brought about by performance of whole-body cell mappings (force vol-
ume measurements), which enable the characterization of the overall distribution of the
cytomechanics-related factors. This methodology becomes a very interesting approach
to the receptor stimulation hypothesis under analysis. As main drawback, one should
cite the noticeable loss in data precision in comparison with single-point indentations
applied in the measurements above (allowing for a better controlled statistical analysis,
more representative of the mechanical response of the cell), the larger experimental time
required, and the logical distribution variation between cells (even under the same treat-
ment) according to the respective receptor expression. Despite these weak points, mapping
studies were here applied for the first time on individual cerebellar astrocytes in order to
explore alternative routes for addressing the cell response to external stimulation of P2X7
nucleotide receptors. Similar studies have been already reported in the literature for sliced
brain (pituitary gland) tissue to show the spatial distribution of its elastic properties [30],
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from which the authors described the non-uniformity and gradient-like appearance of
their values. The information thus obtained (colored 2D distribution maps) provides a
logical extension to the single point experiments and can be considered an approximate
intermediate level between the measurements in the previous section and the dynamic
micrometric analysis of living cells by microscopy (i.e., motion, area variation). Hence,
the output might render a lower statistical accuracy but, simultaneously, generates a more
general view on the spatial response of cells to P2X7 receptor stimulation.

Figure 6 shows the 2D mapping of the elastic moduli extracted from the four systems
under comparison: (a) untreated, (b) BzZATP-treated, (c) A43-treated, (d) A43 + BzATP-
treated. At first glimpse, the overall distribution of the values appeared quite affected
when comparing that in Figure 6a to any other conditions (Figure 6a—d). In an untreated
astrocyte, the highest elastic modulus values recorded appeared very localized into central
positions, while the rest of the body yielded very regular and homogeneous values. This
behavior was significantly affected when receptor stimulation took place. For these cases,
larger moduli were observed all over the area being tested, with a notorious increment
of cyan to green colors (in the range of 20-30 KPa). It must be noted that the presence
of sharp local spots with very large values (such as in (b) and (c)) could be explained by
underlying substrate detection, with astrocytes being very thin, while nucleus-topping
regions appeared as broader and gradually incrementing (i.e., Figure 6d). The aligned
stiffening observed in Figure 6¢ resulted from the presence of a neighboring cell, which
caused the reinforcement along the cell-cell contact. When those values were taken aside,
the behavior was a hybrid between Figure 6a,d. A quantitative comparison between the
respective values is presented in the shape of histograms (see Figure S1).

Y Position
Y Paosition

Y Position
Y Position

X Position X Position

Figure 6. Cell mapping on elastic (Young’s) modulus variation resulting from P2X7R stimulation of
rat cerebellar astrocytes. (a) Control (untreated), (b) BZATP, (c) A43, and (d) A43/BzATP. The thick
dashed line in (c) delimits two neighboring astrocytes. The inner thin line and the arrow point at the
area occupied by the body region of such an attached cell, from which values were removed to avoid
a distorted interpretation. The color scale bar ranges in all cases between 1 and 100 kPa. Out-of-range
values are shown in dark grey (i.e., glass substrate).

Similar results were obtained for the maximum adhesion force values (from the peak
minimum in the retraction segment), which is another factor that correlates to the variations
in the cell state caused by the different stimulations of the P2X7 receptor (Figure 7). Here,
untreated cells presented larger values localized closer to the edge, while the central part
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of the body remained less prone to attachment to the AFM tip. In the other three cases,
distribution of the values was, by far, more homogeneous, being very surprising the
overall increment observed for adhesion values upon exposure to BZATP (without previous
receptor blocking).

Y Position

Y Position

X Position X Position

Figure 7. Cell mapping on adhesion force variation resulting from P2X7R stimulation of rat cerebellar
astrocytes. (a) Control (untreated), (b) BZATP, (c) A43, and (d) A43/BzATP. The thick dashed line in
(c) delimits two neighboring astrocytes. The inner thin line and the arrow point at the area occupied
by the body region of such an attached cell. The color scale bar ranges in all cases between 2.5 and
250 pN (piconewton). Out-of-range values are shown in dark grey (i.e., glass substrate).

The use of A43 shown in both Figure 7c,d seemed to slightly attenuate such a huge
response in terms of absolute values, but still the distribution was affected to a large extent.
In any case, these results over the whole body were in close connection to values calculated
for one single point indentation of astrocytes (Table S1). In those, direct exposure of control
cells to BZATP unexpectedly increased the mean maximum adhesion force calculated
(194.9 to 213.2 pN), while treatment with A43 and subsequent BzZATP exposure followed
an opposite trend (176.8 to 142.0 pN). A quantitative comparison between the respective
values is presented in the shape of histograms (see Figure 52).

2.5. Spatial Reorganization of Actin Cytoskeleton: Phalloidin Staining

The body stress- or adhesiveness-induced distribution observed from the mechanical
mappings above open the door to a discussion on how receptor stimulation can originate
a localized accumulation of anchoring points between the astrocyte and the underlying
substrate, indicative of how prone to motility cells are, etc. Therefore, selective staining and
observation of proteins involved in such processes might contribute to obtaining a more
precise picture of the ongoing situation. P2X7R stimulation could be inducing reorgani-
zation of cytoskeleton proteins, including actin cytoskeleton [12]. Morphological changes
induced by BzATP were also evidenced by staining of actin filaments with rhodamine-
phalloidin (Figure 8). Treatment of astrocytes with BzATP (300 pM) altered both parameters
analyzed: fluorescence intensity and cells exhibiting stress fibers. Similar to what was
observed in AFM experiments, blocking of P2X7R with the antagonist A43 did not reverse
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BzATP effects but further increased them. Therefore, a correlation between changes in
actin cytoskeleton and cell mechanical properties caused by treatment with both agonist
and antagonist were observed. The increase in actin stress fibers can be associated with an
increase in cell stiffness and viscosity, as shown in previous work [27,28].
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Figure 8. P2X7 receptor stimulation induced reorganization of cytoskeleton proteins in rat cerebellar
astrocytes. (a) Fluorescence images of astrocytes labelled with rhodamine-conjugated phalloidin
(red) and immunostained with anti-GFAP antibodies marked with Alexa Fluor 488 (green) secondary
antibodies, after time-lapse recording. Statistics show the distribution of the fluorescence intensity
of phalloidin staining (b) and number of cells exhibiting stress fibers (c). Whiskers indicate SD.
Statistically significant differences were calculated by employing a one-way ANOVA with Dunnett’s
post-test and are indicated by * when p < 0.05, *** when p < 0.001, and **** when p < 0.0001.

3. Discussion

Both the presence and activity, upon nucleotide-induced stimulation, of functional
P2X7 receptors in rat cerebellar astrocytes in culture were studied and have been described
throughout the results reported in this manuscript. Indeed, the identification, quantification,
and interpretation of cell responses upon external stimuli remain a topic of great interest
for both biologists and biophysicists.

As a main difference from previous studies in the literature, the current experimental
conditions and approaches are certainly innovative. For instance, in the present work,
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astrocytes were plated at very low density (4000 cells/cm?) in order to follow changes of
individual, isolated, cells. This differs from biochemical studies focused on calcium imaging,
on which much denser starting populations (400,000 cells/cm?) were needed, and samples
were even incubated for over 24 h until an optimal confluence was achieved [13,14,16].
Another difference would come from the exposure time-range selected (max 4 h) to observe
the P2X7R stimulation by nucleotides. For instance, previous studies covered stimulation
of P2X7R in rat cerebellar astrocytes with high concentrations of BZATP over a longer
period in order to show how such treatment did not induce cell death (in contrast to
what was found in mouse cerebellar astrocytes) [31]. The different, and certainly critical,
behavior observed between rat and mouse cells could be hypothesized to stem from
differences in the density of the P2X7Rs along the plasma membrane, and/or from their
coexistence with other receptors favoring cell survival (P2Y;R and EGFR) [16]. In general,
such stimuli-induced responses have been observed to a supra-micron scale by monitoring
variations on the triggered cell motility, oriented polarization, or changes in size, etc.
These factors are extensively described by light-interacting microscopy techniques, from
which a true quantification of the forces behind cannot be extracted, unfortunately, unless
complementary approaches are considered in parallel (as is the case here).

We first analyzed the cellular behavior upon selective exposure to agonist and antago-
nist compounds by time-lapse microscopy. As observed in Figure 2, P2X7R stimulation with
BzATP (300 uM) did not affect cell viability and increased the cell size (>20%), cell migration
(>200%), and number of protrusions (>50%). In turn, the competitive P2X7R antagonist,
A 438079 (or A43, as it has been referred to along the manuscript), significantly reversed
the effects of BZATP treatment. These findings agree with previously reported results and
highlight the connection between those changes and the mechanical properties of the cell.
In order to delve into the intracellular events (i.e., cytoskeletal rearrangement) accounting
for these P2X7R-induced responses, we used atomic force microscopy (AFM), which offers
a well-established biophysical approach to analyze the potential changes on the mechanical
properties of living rat cerebellar astrocytes on the nanometric level. These mechanical
parameters were determined after stimulation or blocking of their P2X7 purinergic recep-
tors with BZATP or A43, respectively. A sequential blocking/stimulating combination
(A43 followed by exposure to BZATP), which already brought about interesting results
for P2YRs to help discriminating between P2Y; and P2Y;3 receptor contributions [26],
was also studied. In the current case, AFM-based studies allowed for the identification of
effects beyond the mere ionotropic activity of the receptor, which are caused by alternative
pathways that remain unblocked. This is here evidenced by more extreme variations in all
the analyzed mechanical factors (apparent elastic modulus, adhesion force, and adhesion
work) after sequential stimulation of P2X7 receptors with both A43 and BzATP, instead
of the initially expected blocking. As a surprising outcome, it must be noted that trends
observed for BZATP and A43 + BzATP treatments were overall the same, compared to
untreated cells, except for their respective maximum adhesion force values, which went in
opposite directions. This factor (F,qn) provides an idea of the strength of the interaction
between the indenting tip and the cell, which varied accordingly with the affinity (or
selectivity) between both, as well as the availability shown by the cell membrane to be
pulled. The latter correlates to a tighter or looser membrane—cytoskeleton connection. Cell
stiffness, for instance, is among the (physical) parameters affecting the adhesive behavior
of cells. As a general rule, softer samples (cells) usually induce measurement of larger
adhesion events, in comparison to stiffer ones. However, in the current case, such an
observation was certainly distorted. In terms of stiffness, astrocytes exposed to BzZATP
appeared in an intermediate level between untreated (control) cells and cells undergoing
receptor pre-blocking followed by agonist stimulation (A43 + BzATP). This would lead to
predicting a gradual decrease in F,4, from one case to the other. Surprisingly, our mea-
surements suggest a generation of stickier cells upon direct exposure of P2X7 to BZATP in
comparison to those generated after A43 blocking. Divagation over this point may be rather
diverse: the membrane—cytoskeleton connection was not as strengthened as actin fibers



Int. . Mol. Sci. 2022, 23, 11927

13 0of 19

(and other constitutive elements) within the cytoskeleton were (see explanation below); the
surface charge was locally affected by means of the activation performed; or, perhaps, a
different type of process was triggered. Indeed, a very similar trend was observed in our
previous work—when testing exposure to UTP to identify the presence of P2Y; receptors
in astrocytes. P2Y2R is one of the receptors inducing cell migration, and its stimulation also
resulted in stiffer cells, albeit more adhesive [26].

AFM was also used to determine the viscoelastic behavior of the astrocytes. A good
representative of this behavior is the cell viscosity value derived from cytoskeleton contri-
bution, which increased up to a 150% after direct receptor simulation with BZATP when
compared with the pre-blocked case (1171.2 vs. 1775.0 Pa s, BZATP and A43 + BzATP,
respectively). A larger viscosity clearly pointed towards re-arrangement of cytoskeleton
constituents to form a much-reinforced structural supportive mesh. This also correlated
with the detection of a stiffer cell when P2X7Rs were initially passivated prior to stimu-
lation, attending to the instantaneous elastic modulus (2.00 vs. 3.06 kPa) behavior. Such
reinforcement seemed not to have a dramatic impact at the so-considered cortex level,
since 11 did not vary much, despite an increment of the 58% between A43 + BzATP-treated
cells and the control system that should be noted. Additionally, astrocytes treated with
BzATP showed more actin stress fibers compared to control conditions (Figure 8), therefore
confirming the implication of actin cytoskeleton in the increase in viscosity observed after
P2X7 stimulation.

Finally, force spectroscopy maps of the astrocytes (see Figures 6 and 7) were gener-
ated for the first time. These maps clearly indicated that the cell response upon receptor
stimulation occurred all over the cell body, with a special mention to what was observed
for adhesion under direct treatment with BzATP: a huge general increase in attachment
independently of the cell region, which was not observed under receptor pre-blocking. This
result brings us to the discussion above, again showing certain similarities between the
effects of P2X7R and P2Y;R stimulation. In rat cerebellar astrocytes, both P2X7 and P2Y,
receptors increase intracellular calcium levels and share several intracellular pathways,
including protein kinase D (PKD), and mitogen activated protein kinases (MAPKs), such
as the extracellular regulated kinases 1 and 2 (ERK1/2) [14-16] and p38 [32]. Furthermore,
both receptors also induce transactivation of epidermal growth factor receptor (EGFR),
which is essential for the inactivation of MAPKSs, preventing MAPK overactivation that
would lead to cell death (unpublished results). Despite sharing several intracellular path-
ways, stimulation of each receptor causes different effects on astrocytes. As mentioned
above, P2Y; stimulation is linked to astrocyte migration [16], while P2X7 receptor activation
causes morphological changes [17]. Surprisingly, in the current work, we also determined a
slight increment in the migration of astrocytes after P2X7 receptor stimulation. Thus, such
an effect could be, at least in part, responsible for the similarity in the changes observed in
the mechanical properties of the astrocytes after stimulation of both receptors (stiffer and
more adhesive cells). In addition, the activation of MAPKs has been previously linked to
actin cortex reorganization in other cell models [12]. Since MAPKs are activated by both
receptors, their implication in the reorganization of the actin cytoskeleton in astrocytes
cannot be discarded. Further experiments, employing inhibitors of different MAPKSs, are
required to determine the effects of this pathways in our cell model.

A final surprising result to mention from the present work is the different effects of the
P2X7R antagonist, A43, on both the mechanical properties of the astrocytes and on their
activity. A43 completely abolished the increase in migratory capabilities, cell spreading,
and membrane protrusions of astrocytes treated with BZATP. However, when analyzing the
mechanical properties of the astrocytes with AFM, A43 did not hinder the effects of BZATP
on the stiffness and viscosity of the cells. In fact, it appeared to enhance such effects instead.
The same applies for the effects observed on the actin cytoskeleton. Such inconsistency
in the effects of A43 may lie on the distinctive features of P2X7 receptors. As indicated
previously, P2X7 receptors possess the largest C-termini present in P2X receptors. Such a
particular feature allows P2X7 receptors to interact with different proteins, such as integrins
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and f3-actin [11], and also to activate different signaling pathways, such as phospholipase
C (PLC), protein kinase C (PKC), and phosphatidil-inositol-3 kinase (PI3K), which are
independent from ion channel activation (for a review, see [10]). While A43 may block the
activity of the ionic channel and calcium influx, this type of signaling activated by the C-
termini is independent and therefore unaffected by A43 activity. On one hand, the increase
on the migratory capabilities of astrocytes after P2X7 stimulation could be dependent on
channel ionic activity, and therefore blocked by A43; on the other hand, further effects on
the actin cytoskeleton and, by extension, on the mechanical properties of the cell, could be
dependent of the activity of the C-termini, and as such, unaffected by A43. Previous work
of the group, related to the activation of ERK1/2 in astrocytes after P2X7R stimulation,
supports this hypothesis [32]. Treatment with A43 prior to stimulation of the receptors
with BzATP alters the temporal pattern of phosphorylation and activation of ERK1/2, but
it does not completely block it [32]. Although implication of the C-termini in this process is
not confirmed, it could explain the activation of ERK1/2 despite the treatment with the
antagonist, possibly by means of EGF receptor transactivation [16,32]. As stated above,
MAPKs, including ERK1/2, are linked to actin cytoskeleton remodeling, and since A43
does not block the activation of these MAPKSs after P2X7 stimulation, this could also explain
the inability of the antagonist to block the changes in actin cytoskeleton and the mechanical
properties of the cell. The enhancement of the effects observed after treatment with both A43
and BzATP, however, suggests complex interactions between different signaling pathways.
Unraveling such complex effects elicited by P2X7R stimulation, however, requires further
research and is out of the scope of the current work.

4. Materials and Methods
4.1. Chemicals, Materials, and Antibodies

Papain was purchased from Worthington (Lake Wood, NJ, USA). Fetal bovine serum
(FBS), Dulbecco’s modified Eagle’s medium (DMEM), penicillin/streptomycin solution,
Leibovitz’s-L15 and TrypLE™ Express, rhodamine-conjugated phalloidin, and nuclear
counterstain DAPI (4/,6-Diamidino-2-phenylindole) were obtained from Gibco, Thermo-
Fisher (Waltham, MA, USA). Plastic Petri dishes and culture flasks were supplied by
Falcon Becton Dickinson Labware (Franklin Lakes, NJ, USA). Borosilicate circular cover
glasses (diameter: 24 mm, 15 mm, thickness: 0.08-0.12 mm) were purchased from Men-
zel Glaser, VWR, (Bruchsal, Germany). Bovine serum albumin (BSA), BzATP (2'(3')-
O-(4-benzoylbenzoyl)adenosine 5'-triphosphate), A438079 (3-(5-(2,3-dichlorophenyl)-1H-
tetrazol-1-yl)methyl pyridine), and anti-GFAP antibody were provided by Sigma-Aldrich,
Merck (Kenilworth, NJ, USA). Alexa Fluor 488 secondary antibody was from Dako/Agilent
(Santa Clara, CA, USA). All other non-specified reagents were routinely supplied by Sigma-
Aldrich, Merck, or Roche Diagnostics SL (Basel, Switzerland).

4.2. Cell Cultures

Primary cultures of cerebellar astrocytes were prepared at the Complutense University
of Madrid, following the International Council for Laboratory Animal Science guidelines,
as described previously [15]. Cerebella from Wistar rat pups (P7) were digested with
papain; the resulting cells were resuspended in complete DMEM medium (10% (v/v) FBS,
2 mM glutamine, 25 mM glucose, 100 U/mL penicillin, and 100 mg/mL streptomycin) and
then seeded in culture flasks at a density of 70,000 cells/cm?. The cells were maintained
in culture until they reached confluence, and then they were purified by orbital shaking.
Purified astrocytes were then detached from the culture flasks by trypsin digestion and
cryopreserved in FBS containing 10% (v/v) DMSO at —80 °C. Cryopreserved cells were
thawed when necessary, resuspended in complete culture medium, and grown in flasks
until reaching confluence again.
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4.3. Time-Lapse Video Microscopy, Single-Cell Tracking, and Immunofluorescent Staining

24 h before time-lapse video microscopy experiments, astrocytes were seeded at very
low density (4000 cells/cm?) onto 15 mm coverslips in 24-well plates in complete culture
medium. Before the experiment, cells were serum-starved for 30 min in complete DMEM
medium containing only 1% FBS and then stimulated with 300 uM BzATP for 1 h. Where
indicated, cells were pretreated with P2X7 antagonist (A 438079, 10 uM) for 5 min, prior to
the nucleotide addition.

After treatment, cells were tracked using a NIKON TE-2000 microscope and equipped
with a long-distance 20x phase contrast objective (Nikon) and a ZYLA camera from AN-
DOR [33]. Cells were kept at a constant temperature of 37 °C and in 5% CO,, and images
were acquired every 5 min over 3 h using the 4.7 /NIS-elements software from NIKON.

After finishing the time-lapse experiments, cells were fixed with 4% (w/v) paraformalde-
hyde for 10 min at room temperature, followed by cell permeabilization with 0.1% (v/v)
Triton X-100 in phosphate-buffered saline (PBS) for 15 min at room temperature. Unspecific
antibody interactions were blocked by adding 2% (w/v) bovine serum albumin (BSA) in
PBS for 1 h at room temperature, and then the samples were incubated with a primary
anti-GFAP rabbit antibody and diluted 1:1000 in 1% (w/v) BSA-PBS solution overnight at
4 °C. This was followed by incubation for 1 h at room temperature with a 1% (w/v) solution
of BSA-PBS containing a secondary goat anti-rabbit antibody labelled with the fluorophore
Alexa Fluor™ 488, diluted 1:500; a rhodamine-labelled phalloidin actin marker, diluted
1:40; and a nuclear counterstain DAPI, with a final concentration of 2 pg/mL. After a final
washing step with PBS, samples were air-dried, covered in mounting medium, and stored
at 4 °C until their visualization in the fluorescence microscope.

Cell mobility was determined by single-cell tracking, using specific custom software
(The Tracking Tool, TTT) [34]. Migrated distance was determined as the total distance
covered by each cell during the 3 h of time-lapse, on the basis of the displacement of the
cell nucleus.

4.4. Atomic Force Microscopy

Before AFM experiments (48 h in advance), astrocytes were plated at very low density
(4000 cells /cm?) onto 24 mm diameter glass coverslips (previously cleaned with oxygen
plasma) in 6-well plates in complete culture medium. Right before the experiments, cells
were subjected to trophic factor withdrawal by washing them for 30 min with Leibovitz’s
medium, and then the cells were stimulated with 300 uM BzATP in the same medium for
1 hat 37 °C. Where indicated, cells were pretreated with P2X7 antagonist (A 438079, 10 uM)
for 5 min, prior to the nucleotide addition.

AFM measurements were carried out in a JPK Nanowizard III (JPK Instruments,
Berlin, Germany), mounted on an inverted optical microscope (Axio Observer Z1, Zeiss,
Jena, Germany), and equipped with a CellHesion module and a BioCell chamber (JPK
Instruments, Berlin, Germany). To ensure the duration and quality of the experiments, cells
were maintained in Leibovitz’s medium at 37 °C. Before each experiment, triangular silicon
nitride cantilevers equipped with a quadratic pyramidal tip (DNP-10, B, Bruker; r = 22 nm,
« = half-to-face-angle = 22°) were cleaned with ozone/UV and calibrated on a clean glass
surface covered in Leibovitz’s medium at 37 °C, and their spring constant was determined
by means of the thermal tune method (nominal spring constant of 0.12 N/m).

Force spectroscopy curves were obtained as previously described [21,26,35]. Cells
were indented on top of the nucleus to reduce variability and influence of the substrate
on the measurements. The tip was approached at a constant velocity of 5 um/s, and after
reaching a setpoint of 1.5 nN, it was kept in contact at constant height (stress-relaxation
measurements) for a period of 5 s. The tip was then retracted at the same constant velocity
(5 um/s). To ensure tip cleanliness, the glass substrate was probed in between the indenta-
tion of cells. For statistical purposes, each cell was indented 5 times, and at least 20 cells
per condition were analyzed.
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Complementary mapping analysis was applied on individual cells, after the selection
of an optimal zone and performance of an optical calibration. Then, measurements were run
over a 32 x 32 pixel map covering between 30 and 40 um? areas, attending to the respective
cell shapes. Each of these pixels originated individual force vs. distance plots recorded at
the same conditions described above. As a main difference to previous measurements, the
pause segment was omitted in the recording of the maps (retraction started at maximum
load achievement) due to experimental feasibility, and the tip was immediately retracted at
maximum loading force.

4.5. AFM Data Analysis

Force curves were analyzed using JPKSPM Data Processing software (JPK Instruments,
Berlin, Germany) and the R afmToolkit [36]. The batch data processing from JPK was
particularly useful in the case of force-volume maps and also offered a good starting
point for comparison with those analyzed with R in the case of individual measurements.
Regarding R afmToolkit, force spectroscopy curves were imported into the toolkit, and
contact point detection, baseline calibration, and zero-point determination were realized
using the corresponding algorithms of the toolkit [37]. Deformation of the sample (Js) was
determined as indicated in Equation (1):

F
§s:Zp—5c:Zp—Fr (1)
Cc
where Z,, is the extension of the piezo, J. is the deformation of the cantilever, F is the force,
and k. is the spring constant of the cantilever. Apparent Young’s modulus (E,py) values
were obtained for an indentation range of 500 nm, following a Hertz-Sneddon model

optimized for the tip geometry employed (quadratic pyramid) according to Equation (2):
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where F is the force, v is the Poisson ratio (set to 0.5), « is the half-to-face angle of the tip
used (22°), and ¢ is the indentation of the sample.

Stress-relaxation pause segments were used to determine the viscoelastic properties of
the cell. A double exponential decay function was fitted to the stress-relaxation segments,
and calculation of the different viscoelastic values were determined by applying a Zener
model of the cell (a spring in parallel with two Maxwell elements), following Equation (3):

@

1

2 t
Eoo+ Eiexp<_> ’ (3)
=1 Ti

where v is the Poisson ratio, E is the equilibrium modulus (at infinite time), E; is the
compressive moduli of the respective springs of the Maxwell elements, 7; is the relaxation
times of the viscous dashpots, and C is a constant that depends on the geometry of the
indenter. For pyramidal tips, C is defined as indicated in Equation (4):

1

Cpyramidal = 2 tan adp?, 4)
where « is the half-to-face angle of the tip used and 4y is the indentation value that is kept
constant during the stress relaxation phase. Lastly, viscosities of the dashpots (1;) were

calculated following Equation (5):
i = EiT, ©)

where E; is the compressive moduli of the respective springs of the Maxwell elements and
T; is the relaxation times of the viscous dashpots.
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Retract curves were adapted similarly, and maximum adhesion force was measured
as the lowest point of the curve in the Y-axis. The total number of rupture events, their
relative position, and the rupture force associated were also saved for further analysis.

In the case of colored maps, these were obtained after batch processing of the related
plots, data exporting of the thus extracted factors, and final plotting in Origin software.

4.6. Statistical Analysis and Data Presentation

Statistical analysis of AFM data was carried out using the OriginPro 2018 (Origin-
Lab, Northhampton, MA, USA) program. At least 20 cells per experimental condition
were analyzed, and 5 force curves were obtained from each cell. Values for the appar-
ent Young’s modulus (E,pp), cell indentation, maximum adhesive force, compressive
moduli, relaxation times, and viscous moduli were obtained as indicated above, and
the outliers were removed using Grubb’s test. Statistically significant differences be-
tween the different experimental conditions were determined with an analysis of the
variance test (one-way ANOVA) followed by Dunnett’s post-test analysis, and they are
reported in the figures as * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for
p < 0.0001. Data graphs were generated in OriginPro 2018 and further processed using
Adobe Illustrator Adobe Inc, San José, CA, USA.

Statistical analysis of time-lapse video microscopy experiments was performed us-
ing GraphPadPrism8 (GraphPadsoftware), and one-way ANOVA followed by Dunnett’s
multiple comparisons tests was used to analyze the results. The data are presented as
the mean =+ SD, and each independent experiment shown was reproduced at least three
times. A p-value < 0.05 was considered statistically significant.

5. Conclusions

The present work demonstrates yet another role of P2X7 receptors in the vast array of
functions inside the cell. Stimulation of P2X7 receptors increase the migratory capabilities,
spreading and membrane protrusions of rat cerebellar astrocytes seeded at low density.
Analysis of the mechanical properties of the cell with atomic force microscopy indicate an
increase in cell stiffness, viscosity, and cell adhesion—the former two can be related to the
increment observed in actin stress fibers. Surprisingly, treatment with the antagonist of
P2X7 receptor A43, prior to P2X7 stimulation, only blocks the increment in cell migration,
spreading, and membrane protrusions; the mechanical properties of the cell, as well as
the presence of actin stress fibers, are further enhanced by this. This contradictory effect
indicates that P2X7R is not a simple ionic channel but a complex receptor, capable of
activating different signaling pathways that are independent from the channel activity.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ijms231911927 /s1.

Author Contributions: Conceptualization, FO., R.P-S,, J.I, and E.G.D,; formal analysis, ] C.G.-R., ] .L,
Y.T,, M.B.-L., and F.O. investigation, ].C.G.-R., ].I,, Y.T., and F.O.; writing—original draft preparation,
J.C.G-R,].I,EO, RP-S,, and E.G.D.; writing—review and editing, ].C.G.-R., EO.,R.P-S,, ] I, ].L.T.-H.,
and E.G.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the local government of Madrid (Comunidad
de Madrid, Spain) under the Multiannual Agreement with the Universidad Complutense through
the Program to Stimulate Research for Young Doctors in the context of the V PRICIT (Regional
Programme of Research and Technological Innovation) UCM-CAM (PR65/19-22453). Funding was
also received from the Spanish Ministerio de Ciencia, Innovacién y Universidades (MCIU, PID2019-
109155RB-100, BFU2015-70067REDC). ]J.L.T.-H. was funded by a grant from the Austrian Science
Funds (FWF) under project number 29562-N62.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
International Council for Laboratory Animal Science and approved by the Animal Ethics Committee
of Complutense University RD 53/2013 (PROEX 178.5/20, 2020 to 2023).

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ijms231911927/s1

Int. . Mol. Sci. 2022, 23, 11927 18 of 19

Acknowledgments: We thank Amsatou Andorfer-Sarr for the technical support with the cell culture,
despite her difficulties coping with the COVID-19-related continuous (and sometimes last-minute)
school re-scheduling of her children. We send our greetings to the four of them. We also would like
to thank Yul Brinner for his assistance during the process.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Burnstock, G.; Knight, G.E. Cellular Distribution and Functions of P2 Receptor Subtypes in Different Systems. Int. Rev. Cytol.
2004, 240, 31-304. [CrossRef]

Pérez-Sen, R.; Delicado, E.G. Dissecting the Purinergic Signaling Puzzle. Int. . Mol. Sci. 2021, 22, 8925. [CrossRef]
Miras-Portugal, M.T.; Queipo, M.].; Gil-Redondo, ].C.; Ortega, F.; Gémez-Villafuertes, R.; Gualix, J.; Delicado, E.G.; Pérez-Sen, R.
P2 receptor interaction and signalling cascades in neuroprotection. Brain Res. Bull. 2019, 151, 74-83. [CrossRef] [PubMed]
Jacobson, K.A.; Delicado, E.G.; Gachet, C.; Kennedy, C.; Von Kiigelgen, I.; Li, B.; Miras-Portugal, M.T.; Novak, I.; Schoneberg, T.;
Perez-Sen, R.; et al. Update of P2Y receptor pharmacology: IUPHAR Review 27. Br. J. Pharmacol. 2020, 177, 2413-2433. [CrossRef]
[PubMed]

Illes, P.; Miiller, C.E.; Jacobson, K.A.; Grutter, T.; Nicke, A.; Fountain, S.J.; Kennedy, C.; Schmalzing, G.; Jarvis, M.F,; Stojilkovic,
S.S.; et al. Update of P2X receptor properties and their pharmacology: IUPHAR Review 30. Br. J. Pharmacol. 2020, 178, 489-514.
[CrossRef]

Miras-Portugal, M.T.; Ortega, F; Gomez-Villafuertes, R.; Gualix, J.; Pérez-Sen, R.; Delicado, E.G. P2X7 receptors in the central
nervous system. Biochem. Pharmacol. 2021, 187, 114472. [CrossRef] [PubMed]

Ferrari, D.; Chiozzi, P,; Falzoni, S.; Susino, M.D.; Melchiorri, L.; Baricordi, O.R.; Di Virgilio, E. Extracellular ATP triggers IL-1 beta
release by activating the purinergic P2Z receptor of human macrophages. J. Immunol. 1997, 159, 1451-1458.

Csolle, C.; Sperlagh, B. Peripheral origin of IL-13 production in the rodent hippocampus under in vivo systemic bacterial
lipopolysaccharide (LPS) challenge and its regulation by P2X7 receptors. J. Neuroimmunol. 2010, 219, 38-46. [CrossRef]
Surprenant, A.; Rassendren, F; Kawashima, E.; North, R.A.; Buell, G. The cytolytic P2Z receptor for extracellular ATP identified
as a P2X receptor (P2X7). Science 1996, 272, 735-738. [CrossRef]

Kopp, R.; Krautloher, A.; Ramirez-Fernandez, A.; Nicke, A. P2X7 Interactions and Signaling—Making Head or Tail of It. Front.
Mol. Neurosci. 2019, 12, 183. [CrossRef]

Kim, M,; Jiang, L.-H.; Wilson, H.; North, R.; Surprenant, A. Proteomic and functional evidence for a P2X7 receptor signalling
complex. EMBO J. 2001, 20, 6347-6358. [CrossRef] [PubMed]

Pfeiffer, Z.A.; Aga, M.; Prabhu, U.; Watters, ].].; Hall, D.J.; Bertics, P.J. The nucleotide receptor P2X7 mediates actin reorganization
and membrane blebbing in RAW 264.7 macrophages via p38 MAP kinase and Rho. J. Leukoc. Biol. 2004, 75, 1173-1182. [CrossRef]
[PubMed]

Carrasquero, LM.G.; Delicado, E.G.; Bustillo, D.; Gutiérrez-Martin, Y.; Artalejo, A.R.; Miras-Portugal, M.T. P2Xyand
P2Y3purinergic receptors mediate intracellular calcium responses to BZATP in rat cerebellar astrocytes. J. Neurochem. 2009, 110,
879-889. [CrossRef] [PubMed]

Carrasquero, LM.G.; Delicado, E.G.; Sanchez-Ruiloba, L.; Iglesias, T.; Miras-Portugal, M.T. Mechanisms of protein kinase D
activation in response to P2Y2and P2X7 receptors in primary astrocytes. Glia 2010, 58, 984-995. [CrossRef]

Queipo, M.].; Gil-Redondo, J.C.; Morente, V.; Ortega, F.; Miras-Portugal, M. T.; Delicado, E.G.; Pérez-Sen, R. P2X7 Nucleotide
and EGF Receptors Exert Dual Modulation of the Dual-Specificity Phosphatase 6 (MKP-3) in Granule Neurons and Astrocytes,
Contributing to Negative Feedback on ERK Signaling. Front. Mol. Neurosci. 2017, 10, 448. [CrossRef]

Paniagua-Herranz, L.; Gil-Redondo, J.C.; Queipo, M.].; Gonzalez-Ramos, S.; Boscd, L.; Pérez-Sen, R.; Miras-Portugal, M.T,;
Delicado, E.G. Prostaglandin E2 Impairs P2Y2/P2Y4 Receptor Signaling in Cerebellar Astrocytes via EP3 Receptors. Front.
Pharmacol. 2017, 8, 937. [CrossRef]

Delicado, E.G.; Carrasquero, L.M.; Perez-Sen, R.; Miras-Portugal, M.T. Identification of Functional P2X7 Receptor in Rat Cerebellar
Astrocytes. In Proceedings of the VII European Meeting on Glial Cell Function in Health and Disease, Amsterdam, The
Netherlands, 19-25 May 2005.

Efremov, Y.M.; Okajima, T.; Raman, A. Measuring viscoelasticity of soft biological samples using atomic force microscopy. Soft
Matter 2020, 16, 64-81. [CrossRef] [PubMed]

Gavara, N. A beginner’s guide to atomic force microscopy probing for cell mechanics. Microsc. Res. Tech. 2017, 80, 75-84.
[CrossRef] [PubMed]

Zemta, J.; Danilkiewicz, J.; Orzechowska, B.; Pabijan, J.; Seweryn, S.; Lekka, M. Atomic force microscopy as a tool for assessing
the cellular elasticity and adhesiveness to identify cancer cells and tissues. Semin. Cell Dev. Biol. 2018, 73, 115-124. [CrossRef]
[PubMed]

Iturri, J.; Weber, A.; Moreno-Cencerrado, A.; Vivanco, M.D.; Benitez, R.; Leporatti, S.; Toca-Herrera, J.L. Resveratrol-Induced
Temporal Variation in the Mechanical Properties of MCF-7 Breast Cancer Cells Investigated by Atomic Force Microscopy. Int. J.
Mol. Sci. 2019, 20, 3275. [CrossRef] [PubMed]


http://doi.org/10.1016/s0074-7696(04)40002-3
http://doi.org/10.3390/ijms22168925
http://doi.org/10.1016/j.brainresbull.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30593879
http://doi.org/10.1111/bph.15005
http://www.ncbi.nlm.nih.gov/pubmed/32037507
http://doi.org/10.1111/bph.15299
http://doi.org/10.1016/j.bcp.2021.114472
http://www.ncbi.nlm.nih.gov/pubmed/33587917
http://doi.org/10.1016/j.jneuroim.2009.11.011
http://doi.org/10.1126/science.272.5262.735
http://doi.org/10.3389/fnmol.2019.00183
http://doi.org/10.1093/emboj/20.22.6347
http://www.ncbi.nlm.nih.gov/pubmed/11707406
http://doi.org/10.1189/jlb.1203648
http://www.ncbi.nlm.nih.gov/pubmed/15075366
http://doi.org/10.1111/j.1471-4159.2009.06179.x
http://www.ncbi.nlm.nih.gov/pubmed/19457067
http://doi.org/10.1002/glia.20980
http://doi.org/10.3389/fnmol.2017.00448
http://doi.org/10.3389/fphar.2017.00937
http://doi.org/10.1039/C9SM01020C
http://www.ncbi.nlm.nih.gov/pubmed/31720656
http://doi.org/10.1002/jemt.22776
http://www.ncbi.nlm.nih.gov/pubmed/27676584
http://doi.org/10.1016/j.semcdb.2017.06.029
http://www.ncbi.nlm.nih.gov/pubmed/28694112
http://doi.org/10.3390/ijms20133275
http://www.ncbi.nlm.nih.gov/pubmed/31277289

Int. . Mol. Sci. 2022, 23, 11927 19 of 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chu, C; Celik, E.; Rico, F.; Moy, V.T. Elongated Membrane Tethers, Individually Anchored by High Affinity «431/VCAM-1
Complexes, Are the Quantal Units of Monocyte Arrests. PLoS ONE 2013, 8, e64187. [CrossRef] [PubMed]

Sun, M.; Graham, ].S.; Hegedus, B.; Marga, F; Zhang, Y.; Forgacs, G.; Grandbois, M. Multiple Membrane Tethers Probed by
Atomic Force Microscopy. Biophys. |. 2005, 89, 4320-4329. [CrossRef] [PubMed]

Sariisik, E.; Popov, C.; Miiller, J.P.; Docheva, D.; Clausen-Schaumann, H.; Benoit, M. Decoding Cytoskeleton-Anchored and
Non-Anchored Receptors from Single-Cell Adhesion Force Data. Biophys. J. 2015, 109, 1330-1333. [CrossRef]

Maares, M.; Keil, C.; Loher, L.; Weber, A.; Andorfer-Sarr, A.; Haase, H.; Iturri, J.; Toca-Herrera, ].L. Time- and Zinc-Related Changes in
Biomechanical Properties of Human Colorectal Cancer Cells Examined by Atomic Force Microscopy. Biology 2020, 9, 468. [CrossRef]
[PubMed]

Gil-Redondo, J.; Iturri, J.; Ortega, F; Pérez-Sen, R.; Weber, A.; Miras-Portugal, M.; Toca-Herrera, J.; Delicado, E. Nucleotides-
Induced Changes in the Mechanical Properties of Living Endothelial Cells and Astrocytes, Analyzed by Atomic Force Microscopy.
Int. ]. Mol. Sci. 2021, 22, 624. [CrossRef]

Gil-Redondo, J.C.; Weber, A.; Zbiral, B.; Vivanco, M.D.; Toca-Herrera, ].L. Substrate stiffness modulates the viscoelastic properties
of MCF-7 cells. |. Mech. Behav. Biomed. Mater. 2022, 125, 104979. [CrossRef]

Moreno-Flores, S.; Benitez, R.; Vivanco, M.D.; Toca-Herrera, J.L. Stress relaxation and creep on living cells with the atomic force
microscope: A means to calculate elastic moduli and viscosities of cell components. Nanotechnology 2010, 21, 445101. [CrossRef]
Karcher, H.; Lammerding, J.; Huang, H.; Lee, R.T.; Kamm, R.D.; Kaazempur-Mofrad, M.R. A Three-Dimensional Viscoelastic
Model for Cell Deformation with Experimental Verification. Biophys. ]. 2003, 85, 3336-3349. [CrossRef]

Bouchonville, N.; Meyer, M.; Gaude, C.; Gay, E.; Ratel, D.; Nicolas, A. AFM mapping of the elastic properties of brain tissue
reveals kPa um~! gradients of rigidity. Soft Matter 2016, 12, 6232-6239. [CrossRef]

Salas, E.; Carrasquero, LM.G.; Olivos-Oré, L.A.; Bustillo, D.; Artalejo, A.R.; Miras-Portugal, M.T.; Delicado, E.G. Purinergic P2X7
Receptors Mediate Cell Death in Mouse Cerebellar Astrocytes in Culture. J. Pharmacol. Exp. Ther. 2013, 347, 802-815. [CrossRef]
Gil Redondo, J.C.; Garcia Delicado, E.; Pérez Sen, R.; Miras Portugal, M.T. Identification of Dual Specificity Phosphatases Targeted by
Nucleotide Receptors In Cerebellar Astrocytes; Universidad Complutense de Madrid: Madrid, Spain, 2020.

Paniagua-Herranz, L.; Gémez-Villafuertes, R.; de Agustin-Duran, D.; Gascon, S.; Pérez-Sen, R.; Delicado, E.G.; Miras-Portugal,
M.T.; Ortega, F. Time-Lapse Video Microscopy and Single Cell Tracking to Study Neural Cell Behavior In Vitro. Methods. Mol.
Biol. 2020, 2150, 183-194. [CrossRef] [PubMed]

Hilsenbeck, O.; Schwarzfischer, M.; Skylaki, S.; Schauberger, B.; Hoppe, P.S.; Loeffler, D.; Kokkaliaris, K.; Hastreiter, S.; Skylaki, E.;
Filipczyk, A.; et al. Software tools for single-cell tracking and quantification of cellular and molecular properties. Nat. Biotechnol.
2016, 34, 703-706. [CrossRef] [PubMed]

Weber, A.; Iturri, J.; Benitez, R.; Toca-Herrera, ].L. Measuring biomaterials mechanics with atomic force microscopy. 1. Influence
of the loading rate and applied force (pyramidal tips). Microsc. Res. Tech. 2019, 82, 1392-1400. [CrossRef] [PubMed]

Benitez, R.; Bolds, V.]J.; Toca-Herrera, J.L.J.R.J. afmToolkit: An R Package for Automated AFM Force-Distance Curves Analysis.
RJ. 2017, 9, 291. [CrossRef]

Benitez, R.; Moreno-Flores, S.; Bolds, V.J.; Toca-Herrera, J.L. A new automatic contact point detection algorithm for AFM force
curves. Microsc. Res. Tech. 2013, 76, 870-876. [CrossRef]


http://doi.org/10.1371/journal.pone.0064187
http://www.ncbi.nlm.nih.gov/pubmed/23691169
http://doi.org/10.1529/biophysj.104.058180
http://www.ncbi.nlm.nih.gov/pubmed/16183875
http://doi.org/10.1016/j.bpj.2015.07.048
http://doi.org/10.3390/biology9120468
http://www.ncbi.nlm.nih.gov/pubmed/33327597
http://doi.org/10.3390/ijms22020624
http://doi.org/10.1016/j.jmbbm.2021.104979
http://doi.org/10.1088/0957-4484/21/44/445101
http://doi.org/10.1016/S0006-3495(03)74753-5
http://doi.org/10.1039/C6SM00582A
http://doi.org/10.1124/jpet.113.209452
http://doi.org/10.1007/7651_2019_219
http://www.ncbi.nlm.nih.gov/pubmed/31020634
http://doi.org/10.1038/nbt.3626
http://www.ncbi.nlm.nih.gov/pubmed/27404877
http://doi.org/10.1002/jemt.23291
http://www.ncbi.nlm.nih.gov/pubmed/31106928
http://doi.org/10.32614/RJ-2017-045
http://doi.org/10.1002/jemt.22241

	Introduction 
	Results 
	Stimulation with BzATP Modified the Cell Size and Migration of Rat Cerebellar Astrocytes In Vitro 
	Mechanical Response of Astrocytes upon P2X7 Receptor Stimulation/Blocking: Elastic Modulus 
	Stress Relaxation and Viscous Properties of Astrocytes 
	Force Mapping on Individual Cells: Mechanical Factor Distribution 
	Spatial Reorganization of Actin Cytoskeleton: Phalloidin Staining 

	Discussion 
	Materials and Methods 
	Chemicals, Materials, and Antibodies 
	Cell Cultures 
	Time-Lapse Video Microscopy, Single-Cell Tracking, and Immunofluorescent Staining 
	Atomic Force Microscopy 
	AFM Data Analysis 
	Statistical Analysis and Data Presentation 

	Conclusions 
	References

