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SUMMARY

Aging disrupts tissue integrity through the accumulation of senescent cells that impair morphology,
signaling, and regeneration. We investigated how bioelectric signaling, specifically resting membrane poten-
tial (Vmem), guides the transition to senescence in human keratinocytes. Using voltage-sensitive dyes, we
tracked V,,em alongside senescence markers, chromatin state, and senescence-associated secretory
phenotype (SASP) cytokines. Senescence was marked by depolarization, increased inter-culture heteroge-
neity, reduced intra-culture variability, and loss of spatial V,em Organization. SASP activation was partial:
depolarization selectively enhanced interleukin-6 (IL-6) but not IL-1a or IL-8, indicating V,em Shapes the se-
nescent secretome. Senescent cells showed reduced responsiveness to hyperpolarizing drug pinacidil and
impaired bioelectric resilience. Hyperpolarization attenuated, and depolarization exacerbated, senescence-
associated phenotypes. These findings support the morphostatic information loss theory, which posits that
aging results from breakdown of bioelectrically encoded cues that preserve tissue structure. V,,em, emerges
as a low-dimensional integrator of cell state and spatial order, offering a biophysical target to delay senes-

cence and maintain tissue coordination.

INTRODUCTION

Aging, the progressive decline of form and function, affects
almost all multicellular organisms."* Many theories have been
proposed to explain the cause of aging and generally fall into
two broad categories: damage-based and programmatic-
based. Damage-based theories argue that aging occurs due to
the accumulation of damage caused by oxidative stress, DNA
damage, and the progressive malfunction of cellular repair
mechanisms.®* Conversely, programmatic-based theories posit
that aging is hardwired into the genome to give an evolutionary
benefit at the cost of a limited lifespan.”® Despite much effort
consistent with these hypotheses, there is a notable lack of
definitive anti-aging treatments.” This led to the emergence of
the information-loss theory of aging which posits that aging is
caused due to the progressive loss of biological information
required to maintain homeostasis.® This loss of information is
said to occur at the level of the epigenome—changes in the
methylation profiles lead to epigenetic drift, reducing the fidelity
of information driving cellular processes, and causing loss of cell
identity.®

Theories of aging focused on loss of information at the genetic
(telomere) or epigenetic levels can explain changes in cellular
properties. However, resistance to aging is a whole-body phe-
nomenon that is likely connected to the overall processes of
embryogenesis and regeneration. Resistance to aging is not
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something that is only needed later in life—it is likely part of the
general machinery needed for a body to maintain order amidst
the daily replacement of cells and the molecular noise that
constantly threaten to disrupt tissue- and organ-level struc-
tures.®'? Aging can be seen as the eventual failure of funda-
mental, ubiquitous mechanisms that organize cellular and mo-
lecular events toward the maintenance and repair of the target
morphology and away from degeneration and cancer.'''®

One possible cause of aging is progressive loss of morpho-
static information.? During development, cellular collectives tra-
verse the anatomical morphospace (the latent space of potential
geometric configurations), to reach their target morphology—a
region within that space that corresponds to the correct anatomy
of a given species.’'*'® Importantly, even after development into
an adult, maintaining the final adult morphology is a highly active
state that must counteract environmental stress and noise. It is
likely that the key to longevity is understanding the computa-
tional processes enabling cellular collectives to establish and
maintain order at various scales. What maintains the information
needed for continuous upkeep of structure, within a specific re-
gion of morphospace over decades? A number of mechanisms
have been implicated in on-going morphostasis, including dy-
namic biochemical and biomechanical gradients. Here, we focus
on endogenous bioelectricity: an important modality that
has been implicated in large-scale morphogenetic control in
embryogenesis, regeneration, and cancer suppression.'®'®
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Endogenous bioelectrical signaling is driven by ion channels
and pumps, present in all cells—not only neurons. The resting
potential of cells regulates proliferation, migration, differentia-
tion, and gene expression.'®?® However, as in the brain,
bioelectric signaling is not just a factor determining single cell
behavior: due to electrical synapses known as gap junctions®®
and large-scale trans-epithelial electric fields,**" tissue-level
bioelectric states propagate and integrate across considerable
distances in vivo. Spatial patterns of resting membrane potential
have been shown to regulate the morphogenesis of the wing,
eye, heart, limb, and brain in a range of model species and hu-
man patients (reviewed in'®""®°23%) and it is becoming clear
that bioelectric regionalization provides an important underlying
scaffold for defining tissue boundaries and organ-level struc-
ture.>" Recent work has especially shown that a number of birth
defects, induced both chemically and genetically, exert their
teratogenic influence by blurring the endogenous bioelectric
prepatterns that set the size and shape of the brain; moreover,
the sharpness of these patterns are an attractive target for ther-
apeutics because reinforcing the crisp boundaries between
different bioelectric regions results in repair of severe defects
of the brain, gut, and heart.*>~*® Interestingly, cancer—another
loss of tissue-level order, which a human intact body must battle
for decades®*°—can likewise be induced by disruptions of
endogenous bioelectric states and normalized by therapeutic
restoration of Vmem and gap junctional connectivity. %

While much work on V,em patterns has occurred in various
model systems,*®* less is known about human cells—a prereg-
uisite for developing therapeutics. More generally, while resting
potential of human cells, such as mesenchymal stem cells in cul-
ture,*®°* has been studied, it is not known what kind of multicel-
lular patterns would exist in vitro—a scenario different from the
cells’ usual evolutionarily established organ context, in which
embryonic organizer processes are not available to regionalize
Vmem Patterns. Finally, the changes in bioelectric pattern over
long timescales, beyond embryogenesis, are not well character-
ized. Thus, here, we sought to address these knowledge gaps by
studying bioelectric states in human cells in vitro, during their
natural process of senescence, using a state-of-the-art voltage
dye visualization method that goes beyond first-generation
bioelectric profiling methods.>*°

While there is a paucity of research into the role of
bioelectricity in aging, some researchers have investigated ion
channels and membrane potential changes in senescing cells.
Plasma membrane depolarization has been suggested to be
an important trigger for the induction of senescence,”’° via de-
polarization as a result of increased expression of voltage-gated
sodium channels.®°° Knocking down these channels prevented
the expression of p53 and the downregulation of mitotic genes.”®
Experiments exposing cells to depolarizing treatments were
shown to induce senescence.’®*° Together with the functional
evidence for a role of bioelectric patterns in regenerative, embry-
onic, and neoplastic contexts,®>°' these data suggest the
importance of bioelectricity not only as a biomarker of aging,
but also reveal it to have a functional role in cellular senescence.

Thus, we proposed a model in which loss of morphostatic in-
formation is specifically due to spatial bioelectric patterns de-
grading with age, becoming blurred and thus making it more
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difficult for individual cells, even when replaced with new prog-
eny, to take on appropriate system-level roles within the anatom-
ical structure.” This model makes a number of non-mutually
exclusive predictions, which we tested here: (1) Is there an abso-
lute shift in mean V,em during senescence? (2) Is there a reduc-
tion of precision (increase in variance) among cells with
increasing culture duration? (3) Is there spatial order (separated
domains of resting potential) which becomes less distinct over
time? And (4) does cells’ ability to respond to bioelectric sig-
nals®? or resilience (time to return to equilibrium after perturba-
tion) decline in senescence?

To explore these ideas, we used human keratinocytes isolated
from the neonatal epidermis. According to the manufacturer,
these cells have 15 population doubling before undergoing cell-
cycle arrest.®® Progenitor keratinocytes residing in the basal layer
of the epidermis initially undergo proliferation, then differentiate
while migrating toward the surface of the skin.®* However, with
increasing age, progenitor keratinocytes in the basal and spinous
layer increasingly become senescent, reducing the skin’s regen-
erative potential, thinning the epidermis, and impairing homeo-
stasis.®® As keratinocytes are the dominant cell type in skin,
in vitro cultures provide researchers with a highly relevant model
for studying skin aging processes such as senescence.

In this study, we investigate whether senescence alters the
spatial organization, responsiveness, and resilience of the mem-
brane potential in human epidermal keratinocytes. While mem-
brane depolarization is a known feature of senescent cells, the
broader implications of senescence for bioelectric patterning
and signaling remain poorly understood. Here, we show that
senescent-associated depolarization coincides with increased
inter-culture heterogeneity, reduced intra-culture variability,
diminished cellular responsiveness, and disrupted spatial Vinem
organization. By experimentally modulating resting potential,
we further demonstrate that hyperpolarization attenuates, while
depolarization exacerbates, senescence-associated pheno-
types—positioning membrane potential not just as a biomarker,
but as a functional regulator of cellular aging dynamics.

RESULTS

Senescent keratinocytes exhibit depolarization, and
reduced intra-culture, but increased inter-culture, V,em
heterogeneity

We quantified baseline bioelectrics by imaging keratinocytes
cultured for varying durations and stained with 600 nM of the
voltage-sensitive dye BeRST.°®"° BeRST is comprised of a sili-
con rhodamine fluorophore attached to a phenylvenevinylene
molecular wire that is sensitive to changes in the electric
field.>*° The mechanism underpinning the voltage sensing in-
volves photoinduced electron transfer (PeT). Staining cells with
BeRST results in the molecular wire embedding into the plasma
membrane, while the silicon rhodamine head resides on the sur-
face. If the membrane potential is hyperpolarized the electron-
rich molecular wire quenches the head, causing a reduction in
fluorescence and Lifetime. Upon membrane depolarization, the
PeT mechanism is disrupted, leading to an increase in fluores-
cence and Lifetime from the silicon rhodamine head.®%¢7:6%:7°
This dye provides important advantages over other voltage
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Figure 1. Human epidermal keratinocytes
undergoing senescence exhibit membrane
depolarization, increased inter-culture, and
reduced intra-culture V.., heterogeneity
Human epidermal keratinocytes were cultured onto
flat-bottom 96-well plate (pre-coated with poly-L-
lysine for 1 h) 24 h prior to imaging. Cells were
loaded with 600 nM BeRST in keratinocyte media
for 30-min in humidified incubator at 37°C and 5%
CO,, then washed twice with PBS and kept in fresh
keratinocyte media for imaging with the Leica SP8
confocal microscope.

(A) Human epidermal keratinocytes became
significantly depolarized at day 40 and 50 (n = 6
biological replicates, p < 0.05 and p < 0.001,
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(B) The calculated standard deviation of each bio-
logical replicate shows increased variability be-

D Representative FLIM Images
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tween replicates.

(C) The average standard deviation within each
biological replicate (i.e., within a single dish) was
calculated by averaging the standard deviation in
each age group. This analysis revealed that vari-
ability within a single cell culture significantly de-
creases with culture duration (n = 6 biological
replicates, p < 0.05 and p < 0.001, respectively).
(D) Representative FLIM images of BeRST stained
keratinocytes. Violin plots (A,C) show the full data
distribution for each group; the thick central

dashed line represents the mean, and the upper and lower dotted lines represent the 75" and 25™ percentiles, respectively. Statistical comparisons were performed

using Dunn’s multiple comparisons test; scale bars, 10 pm.

dyes currently being used. Firstly, it has a near-far red excitation,
reducing photo-toxicity and enabling long-term live imaging.
Secondly, since PeT underpins the voltage sensing mechanism
of this dye—unlike other dyes that use the movement of a
charged fluorophore in/out of the cell—the fluorescence inten-
sity and Lifetime is not altered by changes in membrane perme-
ability. This reduces artifacts introduced by differential dye up-
take by cells.

Our results revealed significant depolarization of keratinocytes
upon reaching day 40 (p < 0.05, n = 4 biological replicates) and
50 (p < 0.05, n = 13 biological replicates) in culture (Figure 1A)
relative to day 10 cells (n = 9 biological replicates). This coincided
with increased levels of three senescent markers: p16/NK4A™"
levels (Figure 2A), SA-p-galactosidase activity’® (Figures 2B
and 2D-i), and senescent associated heterochromatin foci
(Figure 2C) as measured by the chromatin condensation param-
eter (CCP)"® (p < 0.05, n = 4 biological replicates; p < 0.0001, n =
6 biological replicates; p < 0.0001, n = 6 biological replicates).
Importantly, CCP detects edges’*’® formed by SAHF punc-
tate’® as can be seen in 50-day cultures in Figures 2D-ii and
2D-iii. To confirm that 50-day cells were indeed undergoing
senescence rather than quiescence, we characterized the
expression of key cytokines associated with the senescence-
associated secretory phenotype (SASP): interleukin-1a (IL-1a),
IL-6, and IL-8 (Figure S2). RT-gPCR analysis revealed a signifi-
cant increase in IL-6 mRNA levels in 50-day cultures compared
to 10-day cultures (p < 0.01, n = 3 biological replicates), consis-
tent with canonical SASP activation. In contrast, IL-1a and IL-8
expression showed no statistically significant change. This

selective upregulation of IL-6 is consistent with context-depen-
dent selective SASP activation, a feature observed in other
models of cellular senescence.”’ It also supports the notion
that the observed bioelectric and chromatin changes in 50-day
cells are linked to senescence, rather than a general stress
response or quiescent arrest, and are indicative of a partial
SASP activation.

The degree of Vihem heterogeneity between biological repli-
cate cultures increased markedly with time in culture, with stan-
dard deviation values rising over 22-fold at day 40 and 15-fold at
day 50 compared to 10-day cultures (Figure 1B). In contrast,
variability within individual cultures significantly declined:
50-day cultures exhibited a 38% reduction in intra-culture het-
erogeneity relative to 10-day cultures (o < 0.0001, n = 9-16 bio-
logical replicates) (Figure 1C). These opposing trends suggest
that as keratinocytes remain longer in culture and begin to ac-
quire senescent features, cells within a given dish first converge
toward a shared Vpem distribution—prior to the bioelectric
switch to depolarization—even as substantial V,em variability
persists across dishes. At day 40, the Vem distribution across
replicates is clearly bimodal, reflecting a mix of cultures in polar-
ized and depolarized states (Figure 1A). By day 50, although
some cultures remain more polarized, the overall distribution
shifts toward depolarization, and intra-dish consistency remains
high. These findings suggest that membrane potential serves not
only as a sensitive indicator of senescence but also as a repro-
ducible feature that captures the internal bioelectric uniformity
of individual microenvironments, despite broader variability in
senescence onset across cultures.
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Figure 2. Senescence biomarkers are

Chromatin elevated in 50-day keratinocyte cultures
Condensation Human epidermal keratinocytes were thawed and
plated into 6-well plates for p16™K*A mRNA
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expression analysis and into 96-well plates for
quantification of SA-B-Gal and chromatin
condensation levels.

(A) RT-gPCR analysis revealed a ~2-fold increase
in p16™K4A mMRNA levels in 50-day cultures relative
to 10-day cultures (p < 0.05, n = 4 biological
replicates).

?5éé

T
10 20 30 40 50 10 20 30 40 50
Age (Days)

Age (Days)

10 20 30 40 50 (B) SA-p-Gal staining was quantified by calculating

the integrated density of inverted-stain images in

Age (Days)

o

Representative Images
Day 10

Imaged, normalized to the number of nuclei per
field. Results showed a 9.8-fold increase in 50-day
cultures compared to 10-day cultures (o < 0.0001,
n = 6 biological replicates).

Day 20 Day 30
e #
£ +» N\

e :

¢ w ¥ §

(i) SA-B-Gal

Day 40
¥

Day 50
# (C) Chromatin condensation was assessed using
the chromatin condensation parameter (CCP), a
metric that quantifies intra-nuclear edge density in
b Hoechst-stained images. CCP serves as a proxy
3 for detecting senescence-associated hetero-
chromatin foci (SAHFs). 50-day cultures exhibited

e W
e @ \ ol
X

ik

(ii) Hoechst

(iii) CCP

Senescent keratinocytes are less responsive and less
resilient to induced changes of V,em

We next investigated senescence-dependent changes in
responsiveness of keratinocytes to bioelectric signals, which
is of relevance both to the design of external interventions via
electroceutical drugs*®’®®° and to the understanding of
responsiveness of cells to endogenous bioelectric signals
in vivo.** To trigger a Vmem change, we used the hyperpolariz-
ing drug pinacidil—a KATP channel activator.®’ We acquired
images of keratinocytes stained with BeRST pre- and post-
treatment to calculate the percentage change in fluorescence
Lifetime (Figure 3A). Keratinocytes progressively exhibited
greater absolute percentage change in Lifetime, peaking at
—42% response on day 30 (p < 0.0001, n = 3 biological repli-
cates). However, by day 40 keratinocytes appear to have the
most diminished response level (A-8.9%), albeit statistically
not significantly different than day 10 (Figure 3A). In 50-day cul-
tures, keratinocytes responded by depolarizing (Figure 3A)
when exposed to pinacidil (A+16.9%). These data show that
keratinocytes become increasingly more responsive to pinacidil
treatment up to day 30; however, once they approach and
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the highest CCP values, indicating increased
chromatin compaction (0.001 < p < 0.05, n = 6
biological replicates).

(D) Representative images of (i) SA-p-Gal staining,
(i) Hoechst nuclear staining, and (jii) CCP edge-
detection overlays, showing progressive chro-
matin condensation and SA-B-Gal accumulation
with time in culture. Scale bars, 10 um. Violin plots
(B,C) display the distribution of biological repli-
cates, with the thick central dashed line repre-
senting the mean and the dotted lines indicating
the 75™ and 25™ percentiles. Scatterplots show
individual biological replicates with error bars
representing the standard deviation.

Statistical significance was assessed using un-
paired two-tailed t-tests and Dunn’s multiple
comparisons test, as indicated; scale bars, 10 um.

achieve senescence (Figure 3A), they become not only less
responsive but also depolarize when given a hyperpolarizing
stimulus.

To determine the presence of senescence-dependent changes
in keratinocyte’s resilience to Ve perturbations, we calculated
the level of timeseries’ variance post treatment with pinacidil
(Figure 3B). In system dynamics, resilience is the ability of a com-
plex system to adapt to a new equilibrium post perturbation.” A
system that is resilient will quickly and effectively adjust to a new
setpoint, exhibiting little variance'; conversely, a frail system will
struggle with adjusting to a new setpoint, exhibiting greater vari-
ance in its response. The variance of each culture time point was
calculated by using the standard deviation of each timeseries.
Figure 3B shows 50-day cells having the highest level of variance
(6 = 33, representing standard deviation) compared to earlier time
points (c < 10) exposed to pinacidil (p < 0.05 days 10-day n = 3 bio-
logical replicates, vs. 50-day n = 8 biological replicates). Further-
more, 50-day cultures immediately depolarized when given pinaci-
dil followed by hyperpolarization, then showed a gradual
progression toward depolarization (Figure 3C). These data reveal
that senescent cells have the lowest degree of V,em resilience,
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Figure 3. Senescent human epidermal ker-
atinocytes exhibit reduced responsiveness
and resilience

Human epidermal keratinocytes were cultured in
* flat-bottom 96-well plates, stained with 600 nM
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BeRST, and incubated at 37°C with 5% CO, for
30 min. After two PBS washes, cells were imaged
using the Leica SP8 confocal microscope. Base-
line pre-treatment fluorescence Lifetime images
were acquired, followed by immediate treatment
with 10 uM pinacidil in fresh media. Percentage
change in BeRST Fluorescence Lifetime was
| calculated relative to the pre-treatment baseline.

(A) Keratinocytes showed peak responsiveness at

30 days in culture (—42%, p < 0.05, n = 3 biological
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and they fail to achieve a steady hyperpolarized state despite an
initial attempt.

Senescent keratinocytes lose ability to form distinct
bioelectric domains

We next sought to determine whether cells in culture exhibit
large-scale spatial regionalization with respect t0 Viyem (as
observed in bioelectric patterns in vivo®"®>®%) and whether
this changes with senescence. To this end, we used the
voltage-insensitive VoltageFluor 2.0 (VF2.0) and voltage-sensi-
tive VoltageFluor 2.1 (VF2.1), which are analogs of BeRST.
These dyes contain a sulfofluorescein fluorophore instead of
rhodamine, requiring excitation with 488-nm light. VF2.0 lacks
the aniline donor group necessary for photoinduced electron
transfer (PeT), rendering it voltage insensitive and suitable as
a control for evaluating voltage-independent dye behavior. At
higher concentrations, VF2.0 exhibited apparent spatial
patterning in fluorescence Lifetime, resembling voltage do-
mains (Figure S1). However, this effect was attributed to con-
centration-dependent quenching rather than true bioelectric
structure. When the concentration was reduced to 50 nM,
this domain-like structure was no longer present, and the Life-
time signal appeared randomly distributed (Figure S1). Based

10 20
Age (Days)

—~— 10
—- 20
— 30
—~— 40

T T T
30 40 50

response at 40 and 50 days (A —-8.9%
and +16.9%, respectively; p < 0.0001, n = 8 bio-
logical replicates), indicating diminished ability to
hyperpolarize in response to pinacidil.

(B) The standard deviation of fluorescence Life-
time timeseries, used as a measure of post-
perturbation variance, revealed significantly
higher variability in 50-day cultures (c = 33)
compared to earlier time points (c < 10), indicating
reduced resilience (n = 3-8 biological replicates).
(C) Averaged timeseries traces show that kerati-
nocytes from 10 to 40-day cultures hyperpolarized
upon pinacidil treatment and maintained a rela-
tively stable bioelectric oscillation. In contrast,
50-day cultures displayed an initial depolarization,
a transient hyperpolarization, and a return to de-
50 polarized state—indicating impaired ability to
maintain stable Viyem dynamics. Violin plots (A,B)
show the distribution of biological replicates; the
thick central dashed line represents the mean, and
the dotted lines indicate the 75™ and 25™ per-
centiles. Statistical comparisons were performed
using Holm-Sidak’s multiple comparisons test.

on this control, we used 50 nM as the working concentration
for VF2.1 in keratinocytes to ensure that spatial autocorrelation
analysis would reflect true voltage-sensitive patterns, not dye
artifacts.

Surprisingly, we found that even in vitro—absent any exoge-
neous morphogenetic cues as would be present in vivo—the
cells self-organized into domains (Figure 4). This was particularly
apparent in 10-day cultures, as evidenced by the relatively high
positive Global Moran’s | of 0.5 (Figure 4A). This metric measures
the degree of spatial autocorrelation—Moran’s | values close
to +1 indicate a strong positive spatial correlation, values close
to zero indicate random spatial patterning, while negative values
imply dissimilar values are adjacent.®* Furthermore, to investi-
gate whether senescence affects keratinocytes’ bioelectric
spatial organization, we computed Moran’s Global and Local |
at each time point. This metric allowed us to quantify the spatial
“sharpness” of bioelectric patterns—the crispness with which
adjacent regions maintain differences in Vy,em. Compared to
10-day cultures (n=10 biological replicates), a significant reduc-
tion in Moran’s | from 0.5 down to 0.13 in 40-day cells
(p < 0.0001, n = 7 biological replicates) and 0.26 in 50-day cells
(p < 0.0001, n = 10 biological replicates) was observed. A reduc-
tion in linear regression was also observed when plotting the
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Figure 4. Spatial organization and clus-
tering of membrane potential is reduced
with time in culture

Human epidermal keratinocytes were stained with
the Viem-sensitive dye VoltageFluor 2.1 (VF2.1,
50 nM) for 30 min at 37°C and 5% CO,, then
washed with PBS and incubated in fresh kerati-
nocyte medium. Fluorescence Lifetime imaging
microscopy (FLIM) was performed using a Leica
SP8 confocal microscope. Lifetime maps were
generated by biexponential curve fitting in the
Leica software, thresholded to remove back-
ground, and exported as .tif files. A 15 x 15 pixel
sliding ROI was used to extract X, Y, and Lifetime
values for regions with 100% foreground pixels.
To determine the optimal number of nearest
neighbors (k) for Moran’s | analysis, an elbow test
was performed, identifying k = 3 as the inflection
point. Data were subsampled to 1000 ROIs and
averaged across 10 iterations to control for vari-
ation in cell number.

(A) Violin plots show a significant decrease in
global Moran’s | in 40-day (p = 0.0011, n = 7
biological replicates) and 50-day cultures (p =

Day 50

c -
4

RS

o O
D

s 8

3

L e

(D) Representative FLIM images of BeRST-stained keratinocytes corresponding to each time point. Violin plot (A) shows the distribution of biological replicates;
the thick central dashed line represents the mean, and the dotted lines indicate the 75™ and 25™ percentiles. Statistical comparisons were performed using
Dunn’s multiple comparisons test; scale bars, 10 pm.

Lifetime values against spatially lagged Lifetime (Figure 4B)—the
distribution of points became progressively more random with
increasing time in culture. Moreover, computing and mapping
Local Moran’s | revealed a reduction in the size and distribution
of distinct clusters with increasing culture duration (Figures 4C
and 4D). Taken together these data show a loss of bioelectric
spatial organization and reduced spatial heterogeneity (loss of
ability to maintain coherent, distinct voltage regions) with
increasing time in culture.

Bioelectric modulation of keratinocytes alters
senescence-associated phenotypes

To determine whether bioelectricity functions solely as a passive
readout or as an active regulator of senescence, we functionally
modulated the resting membrane potential of keratinocytes and
assessed the resulting changes in senescence biomarkers. We
selected 30-day-old cultures for these experiments because,
as shown in Figure 3A, these cells exhibited the highest respon-
siveness to induced V,em changes—making them an ideal win-
dow to probe the causal influence of bioelectric modulation
before full entry into the senescent state. Cells were treated for
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0.0005, n = 10 biological replicates) compared
to 10-day cultures (n = 10 biological replicates),
indicating reduced spatial autocorrelation.

(B) Spatial lag scatterplots of Lifetime vs. spatially
lagged Lifetime values illustrate reduced spatial
correlation with time in culture. Regression lines
flatten from 10-day (R? = 0.58) to 40- and 50-day
cultures (R? = 0.02 and 0.08, respectively), indi-
cating more random spatial patterning.

(C) Local Moran’s | maps visualize distinct Vimem
clusters (red) against non-significant background
regions (blue). Cluster size and distribution decline
progressively with time in culture, consistent with
erosion of spatial patterning.

six days with either control medium, 10 pM pinacidil (a K_ATP
channel opener that hyperpolarizes cells), or 25 mM potassium
gluconate (a depolarizing agent). Following treatment, all groups
were cultured in control medium for an additional two days prior
to imaging. As shown in Figure 5A, pinacidil-treated cultures ex-
hibited a significantly higher number of nuclei (o < 0.0001,n =18
biological replicates), whereas potassium gluconate-treated cul-
tures showed reduced cell counts (p < 0.05, n = 24) relative to
control (n = 17). SA-p-Gal staining was markedly increased in
the depolarized group (p < 0.001, n = 6) compared to control
(n = 12), indicating enhanced senescence (Figure 5B). Although
pinacidil-treated cells showed reduced SA-p-Gal levels, the dif-
ference did not reach statistical significance, likely due to vari-
ability in the control group (Figure 5B). Interestingly, potas-
sium-treated cells appeared more solitary and heavily stained
(Figure 5G-iii), suggesting a potential disruption in gap junc-
tion-mediated intercellular communication. Chromatin conden-
sation analysis (Figure 5C) revealed that pinacidil treatment
significantly decreased condensation (p < 0.05, n = 16), while po-
tassium gluconate significantly increased it (o < 0.0001, n = 16).
The elevated condensation observed in depolarized cells,
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quantified using our edge-detection-based CCP, is consistent
with the formation of senescence-associated heterochromatin
foci (SAHFs)—a hallmark feature of terminally arrested cells.
We next assessed expression of SASP-related cytokines
(Figures 5D-5F). IL-1a mRNA levels were elevated in both hyper-
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Figure 5. Hyperpolarization reduces, while
depolarization increases, senescence-
associated phenotypes in keratinocytes
Human epidermal keratinocytes (30 days in cul-
ture) were incubated for 6 days in either control
medium, medium supplemented with 10 uM pi-
nacidil (hyperpolarizing), or 25 mM potassium
gluconate (depolarizing). Media were replaced
every 2 days. After 6 days, all groups were
switched to control medium for 2 additional days.
On day 8, cells were stained with BeRST and
Hoechst 33342 and imaged using a Leica SP8
confocal microscope and ImageXpress Confocal
HT.ai.

(A) Total number of Hoechst-stained nuclei was
significantly higher in pinacidil-treated cultures
(p < 0.0001, n = 18 biological replicates), and
significantly lower in potassium gluconate-treated
cultures (p < 0.05, n = 24) relative to control
(n=17).

(B) SA-B-Gal per-nucleus signal significantly
increased in potassium gluconate-treated cells
(p < 0.001, n = 6) compared to control (n = 12).
Pinacidil-treated cells showed a reduction
compared to the potassium gluconate group
(p < 0.001), though not statistically different from
control.

(C) Chromatin condensation, measured using the
chromatin condensation parameter (CCP), signif-
icantly increased with depolarization (p < 0.0001,
n = 16) and decreased with hyperpolarization
(0 < 0.05, n = 16), compared to control (n = 18).
(D-F) Cytokine expression was measured by RT-
qPCR. Total RNA was extracted (Qiagen RNeasy
Mini Kit), reverse transcribed from 200 ng RNA
(iScript cDNA Synthesis Kit), and amplified using
SYBR Green Master Mix. Absolute mRNA levels
were quantified using a lambda DNA standard
curve. Each group included n = 4 biological repli-
cates, with technical triplicates. (D) IL-1a was
significantly increased in both pinacidil- and po-
tassium gluconate-treated groups (o < 0.001). (E)
IL-6 increased ~5-fold in depolarized cells only
(p < 0.001). (F) IL-8 levels were unchanged across
groups.

(G) Representative images: (i) Hoechst-stained
nuclei, (i) segmented nuclei used for chromatin
condensation analysis, and (jii) SA-p-Gal staining.
Scale bar: 10 pm. Violin plots (A-F) show biological
replicate distributions; the thick central dashed
lines indicate the mean, and the dotted lines
represent the 25" and 75™ percentiles. Panel A:
Holm-Sidak’s multiple comparisons test; B: Tu-
key’s multiple comparisons test; (C): Kruskal-
Wallis test; (D)—(F): Dunnett’'s multiple compari-
sons test; scale bars, 10 um.

polarized and depolarized groups (p < 0.001, n = 4), suggesting
that this inflammatory component may be sensitive to bioelectric
shifts despite the direction. However, IL-6 expression was signif-
icantly increased only in depolarized cells (p < 0.001, n = 3), and
no significant differences were observed for IL-8. Taken
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Figure 6. Hyperpolarizing keratinocytes maintains cellular respon-
siveness

Keratinocytes at 30-day of culture were grown for an additional 6 days in either
control media, media containing pinacidil, or potassium gluconate (+25 mM).
They were then given fresh control media and grown for another two days, then
stained with 600 nM BeRST and 1 pM Hoechst 33432 prior to imaging. (A) The
percentage change in BeRST Lifetime was significantly higher in pinacidil
treated cells compared to control (p < 0.01, control n = 4 biological replicates,
pinacidil n = 3 biological replicates). Treatment with potassium gluconate
appeared to decrease the level of responsiveness; however, this was not
significantly different than control cells.

(B) Average timeseries of each group reveals control cells appeared to oscillate
near 0%, whereas potassium gluconate treated cells progressively became
hyperpolarized. Notably, pinacidil treated cells progressively depolarized over
time. Violin plot (A) displays biological replicate distributions; the thick central
dashed line represents the mean, and the dotted lines indicate the 25" and
75™ percentiles. Statistical comparisons were performed using Tukey’s mul-
tiple comparisons test.

together, these results suggest that bioelectric modulation can
directly influence senescence phenotypes: hyperpolarization
generally attenuates, while depolarization exacerbates, canoni-
cal markers of senescence.

To determine if hyperpolarization of keratinocytes also helped
abate diminished cellular responsiveness associated with
senescence, we acquired timeseries images of BeRST stained
keratinocytes pre- and post-treatment with pinacidil. Our results
revealed that keratinocytes pre-treated with pinacidil for 6 days
exhibited the greatest degree of responsiveness (p < 0.01, con-
trol n = 4 biological replicates, pinacidil n = 3 biological repli-
cates) when exposed to fresh media containing 10 pM of pinaci-
dil (Figure 6A). Conversely, cells pre-treated with elevated
potassium levels (+25 mM potassium gluconate) exhibited the
lowest levels of responsiveness (n = 3 biological replicates),
albeit this diminished responsiveness was not statistically signif-
icant relative to the control group; however, it is suggestive.
Notably, Figure 6B reveals that although pre-treated pinacidil
cultures had the highest levels of responsiveness, they in fact
progressively depolarized with time. In contrast, pre-treated po-
tassium cells appeared to initially depolarize but then progres-
sively hyperpolarized when exposed to pinacidil. Control cells
exhibited an initial recovery from depolarization, followed by
oscillation near +10%. Taken together, these data reveal that
while hyperpolarization abates diminished cellular responsive-
ness associated with senescence, the cellular response is
altered so that cells depolarize when given hyperpolarizing
stimulus.
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We next investigate the impact of Ve, modulation on bioelec-
tric spatial clustering and organization. Figure 7A reveals no sig-
nificant difference between control cells and cells pre-treated
with pinacidil for 6 days. However, it appears that pre-treatment
with elevated potassium ions significantly reduced Moran’s |
from 0.64 down to 0.26 (p < 0.01, control n = 4 biological repli-
cates, potassium gluconate n = 4 biological replicates). This is
also evident in the Lifetime vs. spatial lag Lifetime scatterplots
which show pre-treated potassium keratinocytes with a reduced
R2 value of 0.31 vs. 0.67 in the control group, and by the more
random distribution of points (Figure 7B). Performing local Moran
analysis also revealed that the size and distribution of distinct
clusters was significantly reduced (Figures 7C and 7D). These
data demonstrate that hyperpolarization via pinacidil did not
significantly improve V,em clustering, while depolarization signif-
icantly diminished keratinocytes’ ability to self-organize in
distinct Vinem domains.

DISCUSSION

Here, we characterized bioelectric patterns associated with ker-
atinocyte senescence. We determined the relative Vem of kera-
tinocyte stained with the voltage responsive dye, BeRST, while
also quantifying senescence biomarkers p16™K4A levels,””
senescence associated p-galactosidase activity,”” and senes-
cence associated chromatin condensation. Our results revealed
that keratinocytes significantly depolarize after 50 days in culture
(Figure 1). This time point coincides with a significant increase in
p16'NK4A |evels, B-galactosidase activity, and chromatin conden-
sation (Figure 2). To further support the presence of senescence
rather than a quiescent state, we examined expression of canon-
ical SASP cytokines IL-1q, IL-6, and IL-8.2>%° Notably, only IL-6
was significantly upregulated in 50-day cultures (Figure S2),
while IL-1a and IL-8 remained unchanged. This pattern is consis-
tent with partial SASP activation, a feature observed in context-
dependent senescence models,”” and further supports the inter-
pretation that the bioelectric and structural changes observed
are senescence-associated rather than indicative of quiescence.
These findings establish membrane depolarization as a robust
marker of keratinocyte senescence and are in line with prior
studies showing that depolarization can be both a marker and
a functional driver of the senescent state.”>9%"

We also found that the inter-culture heterogeneity of cells’
Vimem Values (Figure 1B), p16™K4A levels, and SA-p-Gal activity
(Figures 2A and 2B) were significantly greater in 40 and 50-day
old senescent keratinocyte cultures. Notably, the distribution
of both culture time points is bimodal; however, at day 40, the
distribution is more equal between depolarized and hyperpolar-
ized values. By day 50, the distribution shifts more toward depo-
larized values, indicating a greater fraction of the cultures
becoming senescent. Paradoxically, we observed a significant
reduction in intra-culture V,em heterogeneity at 40 and 50 days
relative to earlier time points. This inter-culture variability likely
reflects differences in microenvironmental factors—such as
nutrient availability, cell density, and paracrine signaling, which
influence the timing and extent of senescence induction across
dishes.®® Notably, despite variability between cultures, cells
within a given dish consistently converge toward a similar



iScience
A .
Spatial
Autocorrelation
% %k
0.8 * %
| —
0:6-
»
& 0.4
S
=
0.2
0.0 I I I
Control Pin K*Glu
Control Pinacidil K* Glu
B
w oo
c Q 5
© = O
s 3o
)
C
- C
8o
O O
==
D
8
=5
-1 ©
L e

Figure 7. Depolarization of keratinocytes leads to loss of spatial
organization and clustering

Keratinocytes at 30-day of culture were grown for an additional 6 days in either
control media, media containing pinacidil or potassium gluconate (+25 mM).
They were then given fresh control media and grown for another two days; then
immediately prior to imaging, cells were stained with 50 nM VF2.1 and 1 uM
Hoechst 33342 for 30-min in a humidified incubator at 37°C and 5% CO,,
washed twice with PBS and then given fresh keratinocyte media. Fluores-
cence Lifetime Imaging was performed with the Leica SP8 Confocal micro-
scope. The collected FLIM images were fitted with biexponential decay curve
in the Leica suit, thresholded to remove background, and exported as “.Tif”
files for further analysis. A 15 x 15 pixels ROl was used to scan the image and
generate an excel file containing “X”, “Y”, and “Lifetime” for ROIs above
100% “ON” pixels. To determine the appropriate “k” value, i.e., number of
clusters, for the Moran’s | calculation, we initially ran an elbow test to trial k
values from 1 to 10 and determined the elbow of the curve to be at k = 3. To
control for differences in cell number, we subsampled our data (1,000 cells)
with 10 iterations which was then averaged.

(A) Pre-treatment with pinacidil did not result in a significant change; however,
potassium gluconate treatment significantly reduced Moran’s | from 0.63 to
0.26 (p < 0.01, control n = 4 biological replicates, potassium gluconate n = 4
biological replicates).

(B) Scatterplot of Lifetime vs. spatial lag Lifetime also revealed a more random
distribution of points, consistent with reduced spatial autocorrelation.

¢? CellPress

OPEN ACCESS

Vmem distribution before fully transitioning into a depolarized
state (Figure 1C), suggesting that local microenvironments drive
bioelectric homogenization prior to the onset of senescence-
associated depolarization.®”®° In vivo, this may mirror how
senescence unfolds asynchronously across the epidermis,
where keratinocytes reside in spatially distinct niches that differ
in mechanical tension, oxygen availability, cytokine exposure,
and morphogen gradients.’*°' These spatial cues could cause
localized convergence of membrane potential among neigh-
boring cells, resulting in patchy distributions of senescent, depo-
larized cells within a broader, heterogeneous tissue landscape.

It is known that senescent cells exhibit substantial variability in
gene expression due to differences in upstream stressors,
epigenetic states, and pathway activation.’” Several pathways
can initiate senescence through membrane depolarization. Up-
stream of this shift in membrane potential, signaling pathways
such as mTORC1 have been shown to upregulate sodium chan-
nels like SCN1A, increasing sodium influx and driving depolari-
zation.”®® Similarly, oncogenic or inflammatory activation of
the nuclear factor kappa B (NF-kB) pathway increases SCN9A
expression, further promoting sodium-driven depolarization.*®
Additionally, PPP3R1 —a regulatory subunit of calcineurin—pro-
motes membrane depolarization, likely through modulation of
ion channel activity, which in turn facilitates calcium influx and
activates calcineurin signaling to drive senescence.®” Once de-
polarized, cells exhibit increased calcium influx through
voltage-gated calcium channels, triggering downstream effec-
tors, such as NFAT, ATF3, and p53.°"°® In parallel, SCN9A-
mediated depolarization engages the Rb pathway and represses
mitotic gene expression.®® This convergence on a common de-
polarized state suggests that V,em functions as a low-dimen-
sional emergent phenotype—meaning that it is a stable, scalar
readout arising from the collective activity of a limited set of ion
channels and pumps, even as gene expression remains high-
dimensional and variable. In other words, while senescent cells
diverge in transcriptional signatures, they converge on a com-
mon electrical state, likely reflecting the presence of a bioelectric
attractor state that reinforces and stabilizes the senescent
phenotype. This supports the idea that membrane potential
acts as an upstream integrator of cellular state, buffering against
transcriptional noise and coordinating the transition into
senescence.®’

Homeostatic processes, such as the ones that enable cells to
cooperate toward reaching and maintaining a specific large-
scale target morphology, can fail in one of several ways. For
example, they can lose setpoint information, and/or they can
become unable to implement the error minimization steps
even if the setpoint information is available to them. Thus, over
time, one way in which the on-going maintenance of the body
can be disrupted is through progressive degradation of

(C) Local Moran computation shows reduction in size and distribution of
distinct clusters in potassium gluconate pre-treated cells.

(D) Representative images of VF2.1 stained cells showing corresponding
clusters. Violin plot (A) displays biological replicate distributions; the thick
central dashed lines represent the mean and the dotted lines indicate the 25"
and 75" percentiles. Statistical comparisons were performed using Tukey’s
multiple comparisons test; scale bars, 10 um.
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bioelectrically encoded information. Our data on V,em changes
during senescence is consistent with this. Another possible fail-
ure point of the morphological homeostasis cycle in vivo could
be diminished responsiveness of individual cells to signals that
drive collective behavior.? It is known that with increasing age,
cells have a reduced response to growth factors,”* hormones,®
immune signals,’® and even nutrients (e.g., aged muscle cells
show reduced sensitivity to amino acids such as leucine®’).
Here we investigated whether the ability to implement instructive
bioelectrical signals likewise reduces over time, by determining
cells’ responsiveness to a V,em-altering drug. We characterized,
at different culture durations, the Ve, of cells pre- and post-
treatment with pinacidil—KATP agonist®’ (Figure 3). Results
show that keratinocytes become increasingly more responsive
to hyperpolarization until day 30; however, upon approaching
and achieving senescence on 40-50 days of culture, a significant
reduction in responsiveness is observed (Figure 3). In fact, it ap-
pears that 50-day old senescent cultures undergo depolarization
rather than hyperpolarization when exposed to pinacidil. Imme-
diately after exposure to pinacidil, 50-day old senescent cultures
became depolarized and then they ostensibly attempt a correc-
tion with hyperpolarization; however, they seem unable to main-
tain a hyperpolarized state. These data suggest that even if sen-
escing cells produce and receive the signals needed to maintain
tissue-level bioelectrical order, they may be incapable of re-
sponding appropriately. If this phenomenon holds in vivo, then
it would mean that senescent cells contribute to disrupting tissue
homeostasis not only by their diminished responsivity to bioelec-
tric/morphogenetic cues, but also by executing the wrong
response. The accumulation of these senescent cells in tissue
would increasingly lead to a progressive loss of morphostatic in-
formation stored in bioelectric gradients. These data also reveal
that bioelectric interventions aiming to prevent senescence
should target keratinocytes when they are most responsive to
hyperpolarization (30-days of culture) rather than attempting to
rescue unresponsive senescent cells.

The resilience of a system is measured by how quickly and
effectively it can converge or diverge from its equilibrium after
perturbation.” Stochastic resilience theory incorporates the
randomness of biological systems and therefore investigates
the distribution of the system around equilibrium.” Here, we
sought to investigate how the resilience of keratinocyte bioelec-
trics changes with culture duration. One resilience metric is the
variance of a timeseries after perturbation — greater variance in-
dicates lower resilience.! To this end, we performed a times-
eries acquisition pre- and post-treatment with Pinacidil. Our re-
sults revealed that 50-day old senescing cells exhibit the
greatest degree of variance in Vyem (Figures 3B and 3C). These
data reveal that senescent cells have significantly reduced re-
silience preventing them from quickly and effectively reaching
a new homeostatic setpoint. The presence of such frail cells
would expectedly introduce noise to the system, diminishing
the ability to collectively coordinate their Vi,em, and possibly
reducing the system’s ability to navigate through morpho-
space, because bioelectric patterns and their integration with
downstream transcriptional and other mechanisms require sig-
nificant temporal coordination to maintain longevity and optimal
function.
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The presence of frail senescent cells in culture or in tissue may
consequently result in the degradation of instructive spatial
bioelectric patterns. To investigate whether the spatial organiza-
tion of bioelectric patterns changed over time in culture, we
computed Moran’s Global and Local |, as well as linear regres-
sion analysis of Lifetime vs. spatial-lag Lifetime for each time
point. Moran’s |, which ranges from —1 to +1, is a measure of
spatial autocorrelation and consequently the degree of spatial
clustering and organization present.®*°® A high Moran’s | indi-
cates strong spatial clustering of similar V,,em values; values
closer to zero indicate randomness, and values close to negative
one indicate negative clustering, i.e., cells with dissimilar Vi,em
values neighbor each other. Computing Moran’s | for keratino-
cytes of different times in culture revealed a time-dependent
decrease in Moran’s |, reaching the lowest degree in 40- and
50-day cultures (Figure 4A). Plotting the Lifetime values of cells
against the spatial lag-Lifetime values, which reveals whether
there is strong linear regression, showed higher levels of linear
regression in earlier time points, and a progressive reduction
with time, reaching the lowest at 40- and 50-day cultures
(Figure 4B). Moreover, computation and mapping of Local Mor-
an’s | revealed a progressive reduction in the size and distribu-
tion of distinct Vi,em Clusters over time in culture (Figure 4B).
This loss of spatial structure coincided with reduced intra-culture
variability (Figure 1C), suggesting that as cells converge toward a
uniform depolarized state, their ability to form distinct bioelectric
domains diminishes. Taken together, these data indicate that the
spatial organization of membrane potential in keratinocyte
monolayers erodes with time in culture, supporting the morpho-
static information loss theory, in which sharp differences be-
tween regions of distinct V,em become blurred —a phenomenon
also observed in various developmental defects.’*® One
notable feature of these data is that bioelectric regionalization
exists at all, in vitro. While domains of different Vem, demar-
cating developmental compartments, are well-known in the
context of complex morphogenesis in vivo,°"#>%971% it is sur-
prising to find them in the absence of organizing centers. While
the origin and significance of in vitro bioelectric patterns are as
yet unknown, it is likely that they indicate the innate tendency
of patterns to emerge via symmetry-breaking and self-organiza-
tion in the excitable media of bioelectrically active and sensitive
Cells.105—109

To determine whether bioelectricity plays an instructive role in
senescence rather than serving merely as a correlative
biomarker, we experimentally modulated the resting membrane
potential of keratinocytes and examined the resulting impact on
senescence-associated phenotypes. As shown in Figure 5,
30-day cells were cultured for six days in either control medium,
hyperpolarizing medium containing pinacidil, or depolarizing
medium containing elevated potassium ions. Hyperpolarization
significantly increased proliferation and reduced chromatin
condensation levels. Although pinacidil-treated cells also
showed an approximate 50% reduction in SA-p-Gal staining,
this difference was not statistically significant, likely due to vari-
ability in the control group. In contrast, depolarized cells ex-
hibited reduced proliferation, elevated SA-f-Gal activity, and
increased chromatin condensation. Taken together, these
data demonstrate that hyperpolarization attenuates, while
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depolarization exacerbates, senescence-associated pheno-
types. These findings are consistent with previous reports
showing that membrane hyperpolarization can delay the onset
of senescence, whereas depolarization promotes senescence
marker expression.®%:>°

Interestingly, potassium gluconate-treated keratinocytes also
appeared more disconnected from one another, particularly
among cells with strong SA-B-Gal staining (Figure 5G-iii). Within
the same cultures, cells with low SA-pB-Gal activity often re-
mained in clusters, suggesting that highly senescent cells may
become bioelectrically isolated. This is reminiscent of cancer
cells, which frequently lose gap junctional communication and
become refractory to higher-order morphogenetic signals.''®
Indeed, cancer cells are also characteristically more depolarized
than their non-transformed counterparts.’'"''> Though seem-
ingly paradoxical, this discrepancy may reflect distinct Vimem
“windows” that differentially regulate cell fate. It is possible
that moderate depolarization promotes proliferation, while
further depolarization drives senescence. Supporting this, Math-
ews et al."' demonstrated that pharmacological agents that
further depolarize glioblastoma cells can induce senescence
and arrest, underscoring a context- and threshold-dependent
role of membrane potential in determining cell fate.

In addition to morphological and proliferative changes, modu-
lation of membrane potential also influenced the expression of
SASP-related cytokines (Figures 5D-5F). Both hyperpolarization
and depolarization significantly increased IL-1a mRNA levels,
suggesting that IL-1a may be a general stress-responsive fac-
tor'"® sensitive to Vmem fluctuations, regardless of direction.
However, IL-6 was selectively upregulated in depolarized cells,
aligning with its well-established role as a key effector of the
senescence-associated secretory phenotype.”””'"* No signifi-
cant changes were observed in IL-8 expression under either
condition. These data suggest that membrane potential not
only regulates canonical senescence markers, but also exerts
pathway-specific control over inflammatory signaling.

We next characterized pre-treated keratinocytes’ responsive-
ness to ascertain whether modulation of the resting membrane
potential also helped abate diminished cellular responsiveness
associated with senescence (Figure 6A). Our results revealed
that pre-treatment with hyperpolarization resulted in keratino-
cytes with the highest level of responsivity (Figure 6A). However,
these cells underwent depolarization rather than hyperpolar-
ization when given fresh pinacidil (Figure 6B). This could be
due to compensatory mechanisms activated during the chronic
exposure to pinacidil over the 6 days. These data imply that
future bioelectric modulations should possibly employ multiple
hyperpolarizing drugs with different mechanisms of action to
overcome the compensatory mechanisms of cells. Pre-treat-
ment with depolarization resulted in the lowest responsivity;
however, this was not statistically significant. Taking together,
these data demonstrate that bioelectric interventions can abate
senescent-associated diminished responsivity.

We then characterized the spatial organization of cells pre-
treated with depolarization or hyperpolarization (Figure 7). We
expected that depolarization would lead to a reduction, while
hyperpolarization would lead to an increase in spatial Viyem
clustering and organization. Our results show that compared to
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control cells, depolarization treatment did lead to significant
reduction in spatial organization and clustering. However, pina-
cidil treatment did not increase spatial autocorrelation but
instead led to a non-statistically significant reduction. These
data reveal that depolarization diminishes cells’ ability to collec-
tively organize and cluster in distinct Ve domains, revealing a
possible role of gap-junction disruption during senescence.
Indeed, gap-junction (cx43) mMRNA and protein levels are report-
edly downregulated in aged human umbilical vein endothelial
cells.”"® Our data also reveal that treatment with pinacidil did
not enhance spatial autocorrelation as expected. This may be
due to the fact that pinacidil prevented the onset of senescence
on an individual cell level but did not work to drive collective cell
behavior.

These findings carry important implications for therapeutic
strategies targeting aging-related conditions. Current senolytic
and senomorphic approaches aim to either eliminate or
reprogram senescent cells but often face challenges due to
cell-type specificity, tissue heterogeneity, and off-target
effects.”"®""” Our data suggest that modulating bioelectric
states—particularly through controlled hyperpolarization—of-
fers a complementary, potentially upstream intervention point,
as has been seen in the context of bioelectric signals inducing
whole organs,''® and triggering complex transcriptional and
cell behavioral cascades in the context of birth defects repair®
and cancer normalization.”'® By targeting membrane potential
before cells become unresponsive or fully committed to senes-
cence, it may be possible to delay or prevent the accumulation
of dysfunctional cells that compromise tissue homeostasis. In
the context of skin aging where keratinocyte senescence con-
tributes to epidermal thinning, impaired barrier function, and
reduced regenerative capacity,'*”'?" restoring bioelectric bal-
ance may help maintain epithelial integrity and responsiveness.
The skin also represents a uniquely tractable tissue for bioelec-
tric intervention, given its accessibility to topical agents, wear-
able devices, and localized electrical stimulation.”®'** Our
in vitro model of keratinocyte aging provides a relevant and scal-
able platform to explore such interventions and screen for
bioelectric modulators that could be deployed non-invasively.
Moreover, because membrane potential integrates multiple
cellular inputs and influences diverse outputs —from proliferation
to SASP expression—bioelectric modulation may provide a uni-
fied approach to broadly tune aging-related phenotypes across
tissues. Future strategies may leverage electroceuticals such as
ion channel-targeting drugs'®®>~'?° or bioelectric devices'?*'%®
to preserve or restore bioelectric gradients, thereby enhancing
tissue resilience and extending health span.

The present study characterizes the bioelectrics of senescing
keratinocytes, both in terms of the membrane potential (Vinem)
patterns they generate and of their declining capacity to respond
to bioelectric modulation. We observed culture time-dependent
shifts toward depolarization, reduced spatial organization,
diminished responsiveness, and loss of bioelectric resilience—
each pointing to a breakdown in the coordinated electrical
signaling that underpins tissue-level homeostasis. These
changes are consistent with the core predictions of the “loss
of morphostatic information” theory of aging,” which posits
that the progressive erosion of instructive bioelectric patterns
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contributes to age-related dysfunction. More broadly, it points to
the involvement of tractable biophysical parameters that may
represent attractive endpoints for modulation. Future work will
explore how spatial and temporal features of V,em are inter-
preted by cells, and whether these pathways can be harnessed
or restored for therapeutic rejuvenation.

Limitations of the study

While our findings establish membrane depolarization as a
robust marker and functional contributor to keratinocyte senes-
cence, several limitations remain. First, our in vitro monolayer
culture system lacks the full complexity of the in vivo epidermal
niche, including immune interactions, extracellular matrix
context, and mechanical stress gradients. As such, the extent
to which bioelectric pattern erosion occurs in aged human skin
tissues remains to be validated. Second, partial SASP activation
suggests context-dependent transcriptional regulation by Vem,
but the specific pathways linking membrane potential to cyto-
kine expression remain unresolved. Third, while pinacidil and po-
tassium gluconate modulate Ve effectively, they may exert off-
target effects; thus, future work using additional ion channel
modulators or genetic approaches will be necessary to dissect
causal mechanisms with greater specificity.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

SYBR™ Green Master Mix Thermo Fisher Scientific Cat# A25777

iScript™ cDNA Synthesis Kit Bio-Rad Cat# 1725035

RNeasy Mini Kit Qiagen Cat# 74104

SA-B-Gal Staining Kit Cell Signaling Technologies Cat# 9860

VF2.0.Cl Gift from Dr. Evan Miller (UC Berkeley) N/A

VF2.1.Cl Gift from Dr. Evan Miller (UC Berkeley) N/A

BeRST dye Gift from Dr. Evan Miller (UC Berkeley) N/A

Poly-L-lysine (PLL) ScienceCell Cat# 0403

Keratinocyte Medium ScienceCell Cat# 2101

Hoechst 33342 Thermo Fisher Scientific Cat# H3570

Deposited data

Raw Data This Paper https://doi.org/10.7910/DVN/NEUSUO
Experimental models: Cell lines

Human Epidermal Keratinocytes—-neonatal (HEK-n) ScienceCell Cat# 2100
Oligonucleotides

p16INK4A: Fwd - CTCGTGCTGATGCTACTGAGGA; IDT; designed via NCBI Primer-BLAST N/A

Rev - GGTCGGCGCAGTTGGGCTCC

IL1-o: Fwd - TGTATGTGACTGCCCAAGATGAAG; IDT; designed via NCBI Primer-BLAST N/A

Rev — AGAGGAGGTTGGTCTCACTACC

IL6: Fwd — AGACAGCCACTCACCTCTTCAG; IDT; designed via NCBI Primer-BLAST N/A

Rev - TTCTGCCAGTGCCTCTTTGCTG

IL8: Fwd - GAGAGTGATTGAGAGTGGACCAG; IDT; designed via NCBI Primer-BLAST N/A

Rev - CACAACCCTCTGCACCCAGTTT

Lambda DNA (standard): Fwd - CTGCTGGCCGGAA Rutledge'*° N/A
CTAATGAATTTATTGGT; Rev - ATGCCACGATGCCT

CATCACTGTTG

Software and algorithms

Custom Python Scripts for Moran’s | This paper In supplemental

RStudio Posit (formerly RStudio, PBC) https://posit.co/

GraphPad Prism GraphPad Software https://www.graphpad.com
ImageJ NIH https://imagej.nih.gov/ij/
Other

EVOS M7000 Imaging System
ImageXpress® Confocal HT.ai
Leica SP8 Confocal Microscope
NCBI BLAST tools

Thermo Fisher Scientific
Molecular Devices
Leica Microsystems
NIH

N/A
N/A
N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human Epidermal Keratinocytes—neonatal (HEK-n) were purchased from ScienceCell Research Laboratories (Cat# 2100). These pri-
mary cells are derived from neonatal foreskin tissue isolated from a single donor. The sex of the donor was not specified by the

manufacturer.
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METHOD DETAILS

Cell culture

HEK-n cells were cultured in T75 flasks pre-coated with poly-L-lysine (PLL; ScienceCell Cat# 0403) and maintained using keratino-
cyte medium (ScienceCell Cat# 2101) in a humidified incubator at 37 °C and 5% CO,. The medium was replaced every 48 hours. Cells
were initially seeded at ~20% confluency (~2.2 x 10* cells/cm?) and passaged at ~80% confluency (~9.0 x 10* cells/cm?) using a
1:5 split ratio. This expansion and passaging cycle was repeated continuously. At each target culture duration (10, 20, 30, 40, and
50 days), a portion of cells was cryopreserved in keratinocyte medium supplemented with 10% DMSO. The approximate passage
numbers for each timepoint were passage 2 (day 10), passage 4 (day 20), passage 6 (day 30), passage 7 (day 40), and passage 8 (day
50). According to the manufacturer, all HEK-n cells are tested for: viability, cell morphology, proliferation capacity, cytokeratin
expression (CK14) by immunocytochemistry, negative for HIV-1, HBV, HCV, mycoplasma, bacteria, yeast, and fungi. The cells
are notimmortalized and are intended for research use only. Authentication by short tandem repeat (STR) profiling was not performed
by the authors. RRID is not available for this cell line as of June 2025. These cells were used in all experiments described in this study.
All cell culture manipulations were performed under sterile conditions in a biosafety cabinet using standard aseptic techniques.

Bioelectric imaging of resting voltage potential

To measure resting membrane potential (Vimem), HEK-n cells were thawed from cryopreservation and seeded onto 10-cm? culture
dishes containing 20 mL of keratinocyte medium. Cells were incubated at 37 °C with 5% CO, for 6 hours, after which the medium
was replaced to remove residual DMSO. Cells were then cultured for 7 days, then seeded into 96-well plates precoated with
poly-L-lysine at least 48 hours before imaging. Cells were incubated with 600 nM BeRST (a voltage-sensitive dye) for 30 minutes,
washed twice with PBS, and imaged using a Leica SP8 Confocal microscope. Fluorescence Lifetime Imaging Microscopy (FLIM)
was used, exciting BeRST at 658 nm and collecting emissions from 681-800 nm. Images were processed by fitting the signal
with a biexponential decay curve. Resulting FLIM images were exported as .TIF files and processed in Imaged for single-cell segmen-
tation using Otsu thresholding. Mean lifetime values per cell were extracted and analyzed using GraphPad Prism or RStudio.

Spatial autocorrelation imaging and analysis (Moran’s I)

To evaluate spatial autocorrelation in Vo, Cells were stained with either the voltage-sensitive dye VF2.1 or its voltage-insensitive
control VF2.0. VF2.0 lacks the aniline donor group necessary for voltage sensitivity and served as a control for non-V,em-related
spatial patterning. Higher concentrations of VF2.0 led to quenching artifacts; therefore, 50 nM was used for all experiments. Cells
at various timepoints were seeded into 96-well plates 24 hours before imaging. They were stained with 50 nM VF2.1 and 1 pM
Hoechst 33342 for 30 minutes at 37 °C, then imaged using a Leica SP8 Confocal microscope equipped with a 25 x air objective. Seg-
mentation masks were created by applying Otsu thresholding to intensity images, and background pixels were set to zero. A custom
Python script scanned each image using a 15 x 15 pixel region of interest (ROI), saving X and Y coordinates and FLIM lifetime values
for non-background pixels. Results were saved as .csv files for downstream spatial analysis. An elbow method was used to deter-
mine the optimal value of k (humber of nearest neighbors), yielding k = 3. Subsamples of 1000 cells were taken, and Moran’s | values
were averaged over 10 iterations to account for variability in cell number.

Chromatin Condensation Parameter (CCP) quantification

To assess chromatin compaction, CCP was computed from Hoechst-stained nuclear images. Cells were stained with 1 pM Hoechst
33342 for 30 minutes at 37 °C and 5% CO,, washed twice with PBS, and imaged immediately using the ImageXpress® Confocal HT.
ai system (10x Plan Apo 0.45 NA air objective, single-plane acquisition). Image processing included: (1) Gaussian blur (c = 2) to
reduce noise, (2) Sobel edge detection to enhance nuclear structure, (3) Otsu thresholding to binarize the edge map, (4) Skeletoni-
zation to reduce chromatin edges to linear forms and reduce processing time. Only signals within nuclear boundaries were retained.
The number of ‘on’ (skeletonized) pixels was divided by the nuclear area to generate the CCP value for each nucleus.

Senescence-associated f-galactosidase (SA-p-Gal) assay

Cells were seeded into 96-well plates 48 hours before assay. SA-p-Gal staining was performed using the Cell Signaling Technologies
kit (Cat# 9860), following manufacturer instructions. Briefly, cells were fixed, washed, stained, sealed with parafilm, and incubated for
24 hours in a dry (non-CO,) incubator. Hoechst 33342 was then used for nuclear counterstaining. Images were acquired using an
EVOS M7000 microscope and processed in ImagedJ following Krzystyniak et al.*°: color thresholding to segment stained cells, inver-
sion of the signal, and measurement of integrated density. This value was divided by the number of nuclei to yield the integrated
SA-p-Gal density per cell.

RT-qPCR

Total RNA was isolated with the Qiagen RNeasy Mini Kit (Cat# 74104). 200 ng of RNA was reverse transcribed using iScript™ cDNA
Synthesis Kit (Bio-Rad, Cat# 1725035). gPCR was performed using PowerUp™ SYBR™ Green Master Mix (Thermo Fisher, Cat#
A25777).
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The following primers were used: p16™€**: Fwd - CTCGTGCTGATGCTACTGAGGA; Rev - GGTCGGCGCAGTTGGGCTCC; - IL1-a:
Fwd - TGTATGTGACTGCCCAAGATGAAG; Rev — AGAGGAGGTTGGTCTCACTACG; - IL6: Fwd — AGACAGCCACTCACCTCTTCAG;
Rev - TTCTGCCAGTGCCTCTTTGCTG; - IL8: Fwd - GAGAGTGATTGAGAGTGGACCAC; Rev — CACAACCCTCTGCACCCAGTTT; -
Lambda DNA (standard): Fwd - CTGCTGGCCGGAACTAATGAATTTATTGGT; Rev - ATGCCACGATGCCTCATCACTGTTG. Thermal
cycling conditions were: 50 °C for 2 min for activation, 95 °C for 10 min for denaturation, followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min. A melt curve was performed with 95 °C for 15 s, 60 °C for 15 s, and 95 °C for 15 s. Quantification was done using the
Linear Regression of Efficiency method.'?® 100 fg of lambda DNA was used as an internal reference standard for all transcripts.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using RStudio or GraphPad Prism. Specific statistical tests and exact n values are reported in
the figure legends and results section. Moran’s | spatial autocorrelation was calculated using custom R scripts. For each experi-
mental condition, FLIM lifetime data were analyzed in biological replicates (n > 3). Each replicate included >1000 cells. Optimal k
was determined via elbow method (k = 3), and analysis was repeated across 10 random subsampling to ensure robustness.

Chromatin Condensation Parameter (CCP) values were measured per nucleus and averaged across biological replicates (n > 3).
Distributions were assessed for normality using the Shapiro-Wilk test. Group comparisons were made using one-way ANOVA or
Kruskal-Wallis test, depending on distribution.

SA-B-Gal activity was normalized to nuclei count and quantified per well. Data from independent replicates (n > 3) per condition
were compared using unpaired two-tailed t-tests or Mann-Whitney U-tests as appropriate.

RT-gPCR results were obtained from three independent biological replicates. Expression levels were calculated using the Linear
Regression of Efficiency method and normalized against 100 fg of lambda DNA. Group differences were assessed by one-way
ANOVA followed by Dunnett’s post-hoc test.

All data are reported as mean + standard error of the difference (SED) unless otherwise noted. A significance threshold of p < 0.05
was used throughout. No blinding or randomization was applied. No data were excluded except in the case of technical imaging
errors.

iScience 28, 113275, September 19, 2025 e3




	Bioelectric characterization of senescing human keratinocytes
	Introduction
	Results
	Senescent keratinocytes exhibit depolarization, and reduced intra-culture, but increased inter-culture, Vmem heterogeneity
	Senescent keratinocytes are less responsive and less resilient to induced changes of Vmem
	Senescent keratinocytes lose ability to form distinct bioelectric domains
	Bioelectric modulation of keratinocytes alters senescence-associated phenotypes

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Material availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Method details
	Cell culture
	Bioelectric imaging of resting voltage potential
	Spatial autocorrelation imaging and analysis (Moran’s I)
	Chromatin Condensation Parameter (CCP) quantification
	Senescence-associated β-galactosidase (SA-β-Gal) assay
	RT-qPCR

	Quantification and statistical analysis



