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Cell cycle and developmental control of cortical 
excitability in Xenopus laevis

ABSTRACT  Interest in cortical excitability—the ability of the cell cortex to generate traveling 
waves of protein activity—has grown considerably over the past 20 years. Attributing bio-
logical functions to cortical excitability requires an understanding of the natural behavior of 
excitable waves and the ability to accurately quantify wave properties. Here we have investi-
gated and quantified the onset of cortical excitability in Xenopus laevis eggs and embryos 
and the changes in cortical excitability throughout early development. We found that cortical 
excitability begins to manifest shortly after egg activation. Further, we identified a close rela-
tionship between wave properties—such as wave frequency and amplitude—and cell cycle 
progression as well as cell size. Finally, we identified quantitative differences between cortical 
excitability in the cleavage furrow relative to nonfurrow cortical excitability and showed that 
these wave regimes are mutually exclusive.

INTRODUCTION
The cell cortex, broadly defined as the plasma membrane and its 
proximal cytoplasm, represents the intersection between the cell 
and its environment. It is typically rich in signaling and cytoskeletal 
proteins, which allow it to integrate chemical and mechanical cues 
from both intracellular and extracellular sources and appropriately 
exert physical changes in response to these signals. These changes 
are often dynamic and easily observable, such as extending cell pro-
trusions during migration or pinching the cell in two during cytoki-
nesis. Consequently, the cell cortex has attracted the attention of 
biologists for well over a century. However, while many cortical be-
haviors have been thoroughly studied and are well understood, new 
and important cortical behaviors continue to emerge.

One such behavior is cortical excitability, loosely defined as the 
ability of the cell cortex to generate traveling waves of filamentous 

actin (F-actin) polymerization and F-actin regulator protein recruit-
ment. Excitability and related dynamics, such as oscillations, are 
thought to result from intertwined positive and negative feedback 
loops, with the former driving the traveling wave front forward at a 
constant velocity and the latter following closely behind to extin-
guish the trailing edge of the wave (for a review, see Michaud et al., 
2021). While cortical waves of F-actin were first reported over 20 
years ago (Vicker, 2000), improvements in imaging technology and 
molecular probes have led to a steady increase in the number of cell 
types reported to exhibit cortical excitability. Cortical excitability 
appears to be particularly common in locomoting cells, but it has 
recently been detected in distinctly nonmotile cell types including 
those of the germline (Chanet and Huynh, 2020), stationary adher-
ent cells (Graessl et al., 2017), and early embryos (Bement et al., 
2015; Maître et al., 2015; Michaux et al., 2018), suggesting that the 
ability to generate waves may be a general feature of the cell cortex. 
The functions ascribed to cortical excitability are as diverse as the 
cell types within which it has been described and include establish-
ing new adhesions (Case and Waterman, 2011), facilitating cell 
spreading (Hui et  al., 2014), facilitating cell locomotion (Weiner 
et al., 2007; Miao et al., 2019), controlling the mode of cell locomo-
tion (Stankevicins et al., 2020), driving cell compaction (Maître et al., 
2015), regulating spindle orientation (Xiao et al., 2017), and promot-
ing cytokinesis (Bement et al., 2015).

Cortical excitability remains a relatively new and sparsely studied 
process and, as such, a number of outstanding questions about it 
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have yet to be answered. For example, what happens during the 
transition from a quiescent cell cortex to an excitable one? What is 
the relationship between cortical excitability and the cell cycle? Do 
waves scale with cell size? Does cortical excitability manifest differ-
ently in different parts of the cell cortex? While the answers may 
depend on the cell type and the behavior that cortical excitability is 
associated with, it is nonetheless of broad interest to follow and 
quantify features of natural cortical excitability in a single system as 
it changes and proceeds through different physiological states.

Here we have exploited the early development of Xenopus lae-
vis to study cortical excitability. In many ways, this system is ideally 
situated to answer the questions posed above: The rapid rate of cell 
division in X. laevis embryos and concurrent reduction in cell size 
makes this system well suited to address how these factors influence 
cortical excitability. Moreover, the early development and cell cycle 
regulation of these embryos are well understood. Finally, cortical 
excitability in this system is constitutive and relatively easy to moni-
tor, which allows for accessible imaging and extraction of quantita-
tive metrics.

RESULTS
Egg activation initiates cortical excitability
Cortical excitability is absent in immature X. laevis oocytes but 
clearly evident in developing embryos and in artificially activated 
eggs several hours after activation (Bement et al., 2015). Similar os-
cillatory dynamics have also been reported using synthetic cortices 
based on supported lipid bilayers and activated egg cytoplasm 
(Landino et al., 2021). However, when and how the transition to cor-
tical excitability occurs remain unknown. To determine this, we ex-
ploited the fact that traveling F-actin waves—the manifestation of 
cortical excitability—can be clearly detected in cells expressing the 
F-actin probe UtrCH (Burkel et al. 2007; Figure 1, A, A’; Supplemen-
tal Video S1). Moreover, UtrCH-labeled samples also allow quantifi-
cation of informative wave metrics, namely, wave period (time be-
tween consecutive waves), temporal width, and peak-to-trough 
wave amplitude, all of which can be determined by following UtrCH 
fluorescence over time (Supplemental Figure S1A). As reported pre-
viously, these measurements can be made with subframe accuracy 
by simultaneously measuring n subregions of a field of view and 
averaging the results (Landino et  al. 2021; Supplemental Figure 
S1B). In the experiments and analyses below, we have incorporated 
this approach into an analysis pipeline using the free and open-
source language Python 3 and further expanded it to allow analysis 
of changing wave properties over time (Supplemental Figure S1C).

To identify the developmental transition to cortical excitability, 
we first monitored cortical F-actin dynamics during the process of 
meiotic maturation by treating immature oocytes with progester-
one. Due to the large size of Xenopus oocytes (∼1.2 mm in diame-
ter), the germinal vesicle (the large oocyte nucleus) is too deep in 
the cytoplasm to use canonical markers for the cell cycle state, such 
as DNA condensation. Thus to simultaneously monitor meiotic pro-
gression and cortical F-actin dynamics, oocytes were microinjected 
with fluorescent probes for F-actin (UtrCH) and microtubules (EMTB; 
Faire et al., 1999). EMTB distinguishes between interphase and M-
phase in that cortical microtubules are present during interphase 
but withdraw from the cortex during M-phase (von Dassow et al., 
2009; Supplemental Figure S2, A and A’). Indeed, EMTB labeling 
was consistent with the expected progression through meiosis; a 
long stretch of interphase with abundant cortical microtubules 
followed by meiosis-I where cortical microtubules were lost, a brief 
interphase-like state where cortical microtubules were once again 
abundant, and finally a prolonged arrest in meiosis-II where cortical 

microtubules were again lost (Figure 1B; Supplemental Video S2). 
Despite prolonged imaging with high temporal resolution, we were 
unable to detect the presence of a periodic signal in either imma-
ture or maturing oocytes. However, we identified a reproducible in-
crease in F-actin dynamics, defined here as the difference between 
signal minimum and maximum over time, as oocytes approached 
entry into meiosis-I. Dynamic actin once again returned to low levels 
during meiosis-I (Figure 1, B–B’’). Similar to previous reports in 
Echinoderm oocytes (Bement et al. 2015 and Bischof et al. 2017), 
we detected wavelike oscillations of F-actin and a large increase in 
dynamic actin following exit from meiosis-I (Figure 1, B–B’’; Supple-
mental Video S2). We found these features to be suggestive of ex-
citable dynamics; however, unambiguous waves were difficult to 
pinpoint and were not uniform across the field of view. Finally, as 
matured oocytes arrested in metaphase of meiosis-II, the cortex re-
turned to a quiescent state with sharply reduced F-actin dynamics 
(Figure 1, B–B’’).

During the natural course of development, a mature (i.e., meta-
phase-II arrested) oocyte would be laid by the frog and fertilized 
externally. While in vitro fertilization is routine, imaging the events 
preceding and following fertilization is impractical as it requires an 
intact jelly coat which both hinders microinjection and makes high 
resolution imaging impossible. Accordingly, we activated mature 
(meiosis II arrested) oocytes by treating them with the calcium iono-
phore ionomycin, a widely used approach to mimic fertilization by 
elevating intracellular free Ca++. Ionomycin treatment evoked dra-
matic F-actin recruitment and simultaneous contractions of the cell 
cortex (seen in Figure 2B), consistent with the normal response to 
fertilization (Hara and Tydeman, 1979). Once cortical contractions 
stabilized ∼15 min after ionomycin exposure, cortical waves of F-
actin with a period of 58 ± 6 s (mean ± SD, n = 3 cells 15 min after 
activation) could be detected in kymographs and fluorescence 
traces over time (Figure 2, A–A’’; Supplemental Video S3). To con-
firm that these findings were consistent with sustained cortical excit-
ability, we performed extended time-lapse imaging with sufficient 
temporal resolution to capture wave dynamics. Cortical waves were 
indeed sustained but not uniform over time (Figure 2B; Supplemen-
tal Video S4). While mean UtrCH fluorescence steadily decreased 
following egg activation, quantification of wave amplitude and 
wave period revealed that the normalized wave amplitude steadily 
increased over time. Similarly, the wave period initially decreased 
and then subsequently began to increase at ∼20 min postwashout 
of ionomycin (Figure 2B’).

Wave properties oscillate with the cell cycle
Our previous analysis of wave dynamics in X. laevis revealed only 
slight changes over the cell cycle (Bement et al., 2015). However, 
this analysis included limited developmental stages and was largely 
qualitative. Thus with improved imaging and quantitative analysis, 
we sought to determine whether the changes we observed through-
out the first interphase were representative of subsequent cell cy-
cles. While the first mitotic interphase is relatively long (1–2 h), sub-
sequent cell cycles are comparatively rapid (15–30 min), allowing 
the recording of several cell cycles from a single cell (Hara et al., 
1980).

Low magnification imaging of whole embryos suggested that 
the cortical cytoskeleton transitioned between loosely packed and 
densely packed waves prior to the appearance of a cleavage furrow 
(CF; Figure 3A; Supplemental Figure S3, A and A’; Supplemental 
Video S5). However, the normal cortical contractions associated 
with cytokinesis made long-term, high-resolution imaging difficult. 
To perform continuous high-resolution imaging, we instead imaged 
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activated oocytes—which do not undergo cytokinesis but otherwise 
exhibit normal mitotic biochemistry (Gerhart et al., 1984)—and, as 
described above, exploited the presence or absence of cortical mi-
crotubules to infer cell cycle state. Consistent with the imaging of 
embryos, we found that wave properties are in a continuous state of 
change in activated oocytes (Figure 3B; Supplemental Video S6). 
The wave period consistently rose slowly throughout interphase, 
peaked prior to mitotic entry, and then “reset” back to early inter-
phase characteristics beginning approximately halfway through 
mitosis (Figure 3, B and B’). In contrast, wave amplitude peaked 
early in interphase and then remained steady or declined slightly as 

the cell approached mitosis. While wave peak and trough values 
were both consistently the lowest as the cells entered mitosis, the 
subsequent rise in wave trough values resulted in the lowest wave 
amplitude values about halfway through mitosis. Wave amplitude 
measurements rose rapidly as the cells exited mitosis due to the 
continuing rise in wave peak and rapid drop in wave trough (Supple-
mental Figure S4).

These clear changes in wave behavior throughout mitosis 
reveal remodeling of the cortical F-actin cytoskeleton. Importantly, 
remodeling could result from a change in the rate of F-actin 
assembly, a change in the rate of F-actin disassembly, or both. To 
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FIGURE 1:  Analysis of excitable dynamics in maturing oocytes. (A) Still frame from an interphase ∼stage 5 embryo 
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outlined in yellow. A color-coded merge of the three time points is shown to illustrate the forward movement of the 
UtrCH labeling. (A’) Kymograph drawn from time-lapse used to create A illustrating the periodic nature of the waves in 
space over time. (B) Kymograph from a progesterone-treated oocyte undergoing maturation. The oocyte is expressing 
mCh-EMTB (microtubules; top kymograph) and GFP-UtrCH (F-actin; bottom kymograph). (B’) Plot showing changes in 
UtrCH amplitude (signal max-min over a 14-min window) over time. The plot is positioned to match the kymograph 
above, and relevant cell cycle events (interphase, meiosis-I, and meiosis-II) are labeled consistent with the kymographs. 
(B’’) Regions marked with vertical lines on the GFP-UtrCH kymograph in B showing still frames in grayscale and a 
color-coded merge of a 1000-s time frame. Regions with mostly unchanging signal show up as gray while regions with 
changing signal are colored. Schematic diagrams illustrate cell cycle state. Time in minutes is shown in the top left of 
each still.
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investigate how these factors shaped cortical waves during mito-
sis, we used UtrCH fluorescence as a readout for the quantity of 
F-actin present and measured the change in intensity of each pixel 
over the preceding 25 s as a readout for the relative rates of F-ac-
tin assembly and disassembly. Because the waves are insensitive 
to myosin-2 inhibition (Bement et al., 2015) and are thus not likely 
to reflect motor-mediated transport, we reasoned that if an indi-
vidual pixel value increased over time this reflected net F-actin 
assembly in that region and that if the pixel value decreased this 
reflected net F-actin disassembly in that region. While this ap-
proach cannot differentiate the contributions of assembly and dis-
assembly toward the signal from a single pixel, by summing the 
net assembly and net disassembly measurements in all regions of 
the field of view, we can differentiate the contributions of each to 
the total signal in the field of view. These pixelwise measurements 
revealed that entry into mitosis is marked by a decrease in net F-
actin assembly and a simultaneous increase in net F-actin disas-
sembly (Figure 3B’’; Supplemental Video S7). This change results 
in a sharp decrease in the percent of the cell cortex occupied by 
F-actin from ∼60% to ∼30% of the field of view. This trend is then 
reversed for the remainder of mitosis where net F-actin assembly 
outpaced net F-actin disassembly, leading to an increase in wave 

occupancy to ∼80% of the cortex before plateauing again at ∼60% 
of the field of view (Figure 3, B’’ and B’’’; Supplemental Video S8).

Cdk1 and anaphase promoting complex/cyclosome 
activation are associated with changes to excitable 
dynamics
The above results suggest that the cell cycle regulates cortical excit-
ability. To test this, we first incubated cells in the protein synthesis 
inhibitor, cycloheximide, to induce a late interphase arrest (Newport 
and Kirschner, 1984) due to suppression of cyclin synthesis and 
Cdk1 activation (Murray and Kirschner, 1989). Consistent with a role 
for cell cycle regulation of wave dynamics, cells incubated in 100 µg/
ml cycloheximide develop high amplitude and clearly spaced corti-
cal waves uninterrupted by the transitions associated with entry and 
exit from mitosis (Figure 4, A and B; Supplemental Video S9).

The finding that wave properties begin to reset approximately 
halfway through mitosis suggests that cortical excitability may be 
responsive to different stages of mitosis. Unfortunately, while 
cortical microtubules are a useful marker for mitotic entry and exit, 
they offer no information on the substages of mitosis. To better 
understand how wave behavior is influenced by the cell cycle state, 
we instead compared wave metrics with the surface contraction 
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waves (SCWs). The SCWs are sequential waves of cortical relaxation 
(SCWa) and contraction (SCWb), which precede cytokinesis in large 
cells (Hara, 1971; Hamaguchi and Hiramoto, 1978; Hara et al., 1980; 
Amiel and Houliston, 2009). SCWa appears concurrent with Cdk1 
activation, while SCWb appears concurrent with anaphase promot-
ing complex/cyclosome (APC/C) activation (Rankin and Kirschner, 
1997; Pérez-Mongiovi et al., 1998; Bischof et al., 2017; Figure 4C); 
thus SCWs provide finer temporal markers for mitotic progression 
than cortical microtubules. In X. laevis embryos, the SCWs can be 
detected by virtue of the pigmentation at the animal hemisphere 
(Hara et al., 1980); during SCWa, the cortex relaxes, decreasing cor-
tical pigment density and lightening the cell, while during SCWb 
the cortex contracts, increasing cortical pigment density and dark-
ening the cell (Figure 4D; Supplemental Video S10). For this analysis 
we used X. laevis zygotes injected with dye-labeled UtrCH protein 
and treated with nocodazole as embryos showed more obvious 
SCWs than activated oocytes, and nocodazole treatment ensured 
that a field of view would not be interrupted by a cleavage furrow 
but otherwise caused no obvious changes to wave dynamics. Con-
sistent with our findings using cortical microtubules as a readout for 
cell cycle state, we found a tight correlation between F-actin wave 
dynamics and cell cycle state as inferred from SCW onset. More-
over, we found that the transition between SCWa (high Cdk1 activ-
ity) and SCWb (high APC/C activity) perfectly marked the transition 
between sparse F-actin waves and tightly packed F-actin waves 
(Figure 4, E and E’).

Changes in wave behavior scale with development 
and cell size
The early embryonic cleavages in X. laevis embryos continually 
change the cytoplasmic volume, the ratio of cell cortex to cytoplas-
mic volume, the ratio of DNA to cytoplasmic volume, and the over-
all complement of proteins, each of which have been shown to in-
fluence intracellular scaling during early development (Good et al., 
2013; Hazel et  al., 2013; Brownlee and Heald, 2019; Hara and 
Merten, 2015; Chen et al., 2019). Excitable dynamics are insensi-
tive to cell size in some cases (Gerhardt et al., 2014; Xiao et al., 
2017) and scale with cell size in other cases (Xiao et al., 2017). To 
determine whether features of cortical excitability scale with size in 
X. laevis embryos, we analyzed wave dynamics at different stages 
of early embryonic development. First, we used cycloheximide to 
arrest cells in interphase at different stages of development to 
standardize wave behavior between cells and qualitatively as-
sessed F-actin wave properties at different stages of development 
(Figure 5A). It appeared that individual F-actin waves became 
poorly defined and less interconnected during later stages of de-
velopment. We quantified this change by measuring the two-di-
mensional wave area of individual waves in cycloheximide arrested 
cells by blindly thresholding UtrCH fluorescence (see Materials and 
Methods) and measuring the resulting area of thresholded parti-
cles (area of interconnected thresholded pixels) with the rationale 
that wave structures which were well defined and interconnected 
would produce large areas of continuous thresholding while wave 
structures which were poorly defined would produce relatively 
smaller areas of continuous thresholding. Wave area measure-
ments were highly variable within and between cells using single 
time point analysis, but by averaging 100 sequential time points for 
each cell, we found a good agreement between cells at a given 
time point and a steady decrease in wave area from ∼30 to ∼15 µm2 
as cells became smaller (Figure 5A’). This finding agreed with our 
qualitative interpretation of individual still frames at different stages 
of development (Figure 5A), suggesting that indeed excitable 

dynamics change as development progresses. Next, we asked 
whether the wave period showed a similar trend. By analyzing the 
wave period throughout multiple full cell cycles at different stages 
of development, we found a consistent increase and then decrease 
in both the maximum and the minimum wave period throughout 
development, with the longest wave periods identified around 
stage 4–5 (16–32 cells; cell diameter 400–500 µm; Supplemental 
Figure S5). As described above (Figure 3B), cells at all stages of 
development invariably showed some change in wave period 
throughout the cell cycle (Figures 3A’ and 5B). However, the 
changes observed in smaller cells were consistently less extreme 
than those identified early in development. Indeed, by stage 6–6.5 
(cell diameter ∼325 µm), most cells showed only subtle changes in 
either wave period or amplitude over the course of the cell cycle 
(Figure 5B; Supplemental Video S11). To quantify these changes, 
we measured the difference between the maximum and the mini-
mum wave period and plotted this as a function of cell size (Figure 
5, C and D; Supplemental Figure S5). Similar to the wave area, 
measurements were irregular due to both biological variability and 
sample quality, but the overarching trend was a decrease in the 
variability of the wave period as development progresses. Finally, 
we asked whether cortical excitability was a consistent feature 
throughout embryogenesis. We easily identified F-actin waves in 
embryos as late as stage 9, but in later stage embryos (∼stage 20) 
F-actin waves were undetectable against the background of stable 
F-actin (Supplemental Figure S6, A and A’).

Excitable dynamics is detected within the cleavage furrow
F-actin waves were previously noted within the cleavage furrow of 
blastula-stage frog embryos (Bement et al., 2015). However, cortical 
excitability has never been investigated within the cleavage furrow 
of early-stage frog (stages 4–6) embryos. Moreover, the relationship 
between cleavage furrow cortical excitability and nonfurrow excit-
ability is unclear. Thus we sought to detect and characterize wave 
parameters within the cleavage furrow of early-stage X. laevis em-
bryos. Consistent with previous work, we detected traveling waves 
of F-actin assembly and disassembly within the cleavage furrow of 
early (stage 5) frog embryos. However, these waves were low in am-
plitude relative to the excitable F-actin waves outside of the furrow 
and were largely obscured by the thick cables of F-actin that make 
up the contractile ring (yellow arrowheads, Figure 6A; Supplemental 
Video S12; Supplemental Video S13). Because the cables were sta-
ble over space and time relative to the traveling waves, calculating 
the change in fluorescence over time in each pixel (also known as a 
difference subtraction; Bement et  al., 2015; Landino et  al., 2021) 
allowed better visualization and quantification of waves in the cleav-
age furrow (Figure 6, A and A’; Supplemental Video S12; Supple-
mental Video S13). When compared with nonfurrow waves, there 
was no significant difference in the wave period or temporal width 
(Figure 6, B and C). However, the rate of new F-actin assembly (i.e., 
the wave amplitude following a difference subtraction) of furrow 
waves was significantly lower than the rate of assembly of nonfurrow 
waves (Figure 6D). Thus while some wave properties are preserved 
between the furrow and the nonfurrow regions, the two sets of 
waves are spatially segregated and display both qualitatively and 
quantitively different properties.

DISCUSSION
Cortical excitability is a consistent feature of embryos (Bement et al., 
2015; Maître et al., 2015; Michaux et al., 2018), but the develop-
mental genesis of cortical excitability is not well understood, nor is 
the relationship of cortical excitability to cell cycle progression, at 
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FIGURE 3:  Cortical excitability fluctuates with cell cycle state. (A) Still frames (top) and kymograph (bottom) of a young 
embryo injected with Alexa647–conjugated UtrCH protein (F-actin). The kymograph was drawn from the region 
indicated in the pink box on the first still frame. The still frames correspond to the regions marked with vertical lines on 
the kymograph. The appearance of a cleavage furrow on the kymograph is marked with “CF.” (B) Kymograph from an 
activated oocyte expressing GFP-UtrCH (top kymograph) and mCh-EMTB (bottom kymograph). Entry into and out of 
mitosis, approximated from changes in EMTB labeling, is marked with vertical dashed lines. (B’) Plot showing wave 
period (orange) and normalized amplitude (blue) measurements over time from cell shown in (B). Measurements were 
individually calculated from a 200-s window that rolled over the full dataset at 5-s intervals. (B’’) Plot showing total net 
F-actin assembly (light blue) and total net F-actin disassembly (light orange) over a 60-s window. Points on the plot 
represent single measurements; solid lines represent a rolling average of 5 frames. Pink arrows indicate regions where 
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least in Xenopus. To address these gaps, we explored and carefully 
quantified the origin and behavior of cortical excitability in activated 
X. laevis oocytes and embryos. This analysis revealed previously un-
noticed cortical behaviors over both short time scales (minutes) and 
developmental time (hours) and underlined the differences between 
different populations of excitable waves, namely, those within the 
cleavage furrow and those outside of it.

Previous research in starfish oocytes revealed clear traveling 
waves prior to meiosis-I and meiosis-II (Bement et al., 2015), sug-
gesting that this behavior was related to normal polar body emis-
sion. While we detected wavelike flickers of F-actin and a large in-
crease in the overall amount of F-actin turnover during meiosis, 
these dynamics were not consistent or obvious enough in X. laevis 
oocytes to confidently label them as excitable. Rather, the first clear 
examples of cortical excitability—unambiguous and uniform F-actin 
waves—were detected throughout the cell cortex ∼15 min after egg 
activation. Previous work on cortical excitability in X. laevis embryos 
hinted at potential changes in wave dynamics that coincided with 
cell cycle progression (Bement et al., 2015). Here using improved 
and complementary imaging approaches, we show that quantitative 
wave metrics are in a continuous state of change and reset with each 
passage through the cell cycle. Specifically, the wave period steadily 
increased throughout interphase, reaching peak values (∼100 s) at 
the beginning of the next mitosis. Wave amplitude and the fraction 
of the cortex occupied by waves both peaked early in interphase 
and either remained steady or declined slightly until the next mito-
sis. The most dramatic changes to wave behavior coincided with 
appearance of the relaxation (SCWa) and contraction (SCWb) waves 
preceding cytokinesis. That is, the fraction of the cortex occupied by 
waves fell by approximately half concurrent with the appearance of 
the relaxation wave (SCWa), leading to sparse F-actin wave distribu-
tion throughout the cortex. This behavior reversed coincident with 
the contraction wave (SCWb), where F-actin waves rapidly ex-
panded into a dense network off waves. Biochemically, the appear-
ance of SCWa is linked to Cdk1 activation while SCWb is linked to 
APC/C activation (Rankin and Kirschner, 1997; Pérez-Mongiovi 
et al., 1998; Bischof et al., 2017). Finally, treatment with cyclohexi-
mide arrests cells in interphase with low Cdk1 activity; this treatment 
prevented fluctuations in wave behavior over time, further establish-
ing a causal link between wave behavior and cell cycle state.

The interplay between cortical excitability and the cell cycle pre-
sented above provides an interesting contrast to those from earlier 
studies. In mast cells, randomly oriented cortical waves were con-
verted to bullseye and spiral waves during mitosis in some cells,and 
completely lost in others (Xiao et al., 2017). In starfish, excitability 
was consistently and completely lost during early M-phase and re-
appeared shortly after anaphase onset (Bement et al., 2015). In con-
trast, in the frog system, where cortical excitability manifests con-
tinuously, it nonetheless reproducibly fluctuates according to cell 
cycle state. This observation underscores a point suggested previ-
ously (Michaud et al., 2021), namely, that the maximal “all-or-none” 
response—that is, the resulting wave—of cortical excitability can 
encompass a spectrum of different behaviors depending on the cel-
lular environment. This lies in contrast to more extreme examples of 

excitability, such as neuronal action potentials where the maximal 
response is typically consistent within the same cell. While both F-
actin waves and the electrochemical waves of neurons are governed 
by the same principles, from the biological standpoint, this differ-
ence makes sense. Neurons rapidly send information in the form of 
undamped waves with the eventual interpretation of the informa-
tion reflecting the participation of many cells. Cortical excitability, in 
contrast, must be interpreted within a single cell and therefore the 
interpretation—that is, the cellular response—to cortical excitability 
must be fine-tuned in space and time according to the needs of the 
cell.

During early development, the effect of the cell cycle state on 
cortical excitability was so pronounced that entry into and out of 
mitosis could be deduced by eye in the absence of any other mark-
ers. However, as embryos continued to develop, we found that 
wave behavior became less and less responsive to the cell cycle 
state. Eventually, entry into and out of mitosis could only be de-
tected with a dedicated cell cycle marker or by careful quantification 
of wave dynamics. Simultaneously, we found that two-dimensional 
wave area scaled with decreasing cell size as development pro-
gressed from stage 2 (two cells) to about stage 8 (∼4000 cells). We 
eventually lost the ability to detect excitability at all, suggesting that 
cortical excitability is primarily functional during early embryonic de-
velopment. However, it is possible that additional changes in wave 
behavior occur between the period of time where we focused our 
attention (∼stage 2 to ∼stage 8) and the developmental period 
where we found no evidence for cortical excitability (∼stage 20). The 
observation that cortical excitability scales with developmental pro-
gression is intriguing both from a mechanistic and from a functional 
perspective. While investigating the mechanism of scaling is be-
yond the scope of the present work, we find it likely that previously 
proposed mechanisms for cellular scaling, such as changes to the 
surface to volume ratio or nuclear to cytoplasmic ratio, could influ-
ence the amounts or activity of the relevant players at the cell cortex 
(for a review, see Miller et al., 2020).

While it remains difficult to assign a specific biological function 
to cortical excitability in X. laevis embryos, we are intrigued that it 
predominantly manifests in large cells, which face biophysical chal-
lenges that small cells do not. For example, X. laevis embryos are 
far too large for diffusion to be an effective means of signaling. In-
stead, much of the early coordination for cell division is driven by 
trigger waves of Cdk1 activation which coordinate mitotic entry 
across the ∼1-mm-diameter cell (Chang and Ferrell, 2013). One role 
of this coordinated trigger wave is to regulate the dynamics of mi-
crotubules, which ultimately deliver cleavage signals to the cell cor-
tex (Ishihara et al. 2014). Similarly, it may be the case that excitability 
of the cell cortex allows it to respond to Cdk1 activation and inacti-
vation and remodel the vast cortical cytoskeleton in a rapid and 
coordinated manner. Indeed, we found that during interphase, the 
rate of total net F-actin assembly and disassembly was largely 
matched. However, these trends rapidly diverged on Cdk1 activa-
tion—as determined by SCWa onset—with net assembly dropping 
and total net disassembly rising. This divergence led to the net dis-
assembly of ∼50% of the total wave area over the course of ∼60 s 

total net assembly and disassembly significantly diverge from one another. (B’’’) Plot showing the percent of the field of 
view occupied by F-actin waves at each time point. Points on the plot represent single measurements; solid lines 
represent a 25-s rolling average. Markings for mitotic entry and exit in B’-B’’’ are consistent with the markings in B. 
(B’’’’) Still frames from the kymograph in B corresponding to the time points indicated by the vertical pink dashes in B’’’. 
UtrCH fluorescence is shown in grayscale and thresholded wave regions are shown outlined and highlighted in light 
blue.
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(see above). This trend immediately reversed on APC/C activa-
tion—as determined by SCWb onset—with total net assembly out-
pacing total net disassembly and cortical F-actin transitioning to a 
dense network of waves. The finding that changes in net F-actin 

assembly/disassembly rates closely match the appearance of the 
SCWs suggests that these rapid remodeling events may be neces-
sary for the SCWs to form properly. Consistent with this line of 
thought, we found that wave dynamics became less sensitive to the 
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cell cycle state over time, mirroring the decreasing intensity of the 
SCWs. While it is conceivable that a linear system could accomplish 
the same feats, an excitable cell cortex makes it uniquely posed to 
execute these steps faster for two simple reasons. First, the inter-
twined positive and negative feedback loops of excitable systems 
quickly integrate and amplify small stimuli. Second, as shown here, 
excitable waves are in a continuous state of remodeling, with each 
wave completely turning over in an approximately one-half wave 
period (30–60 s), which allows for rapid replacement of existing 
structures. Thus an excitable cell cortex may be an evolutionary ad-
aptation allowing the comparatively vast cell cortex of early blasto-
meres to rapidly remodel according to the changing demands of 
early embryogenesis.

In addition to the remodeling events observed during the SCWS, 
we also observed a rapid transition from baseline cortical excitability 
to the formation of the cleavage furrow during cytokinesis. Strik-
ingly, this event resulted in the formation of a new population of F-
actin waves confined to the cleavage furrow region that are clearly 
segregated in space from the otherwise pan-cortical actin waves. 
While the furrow waves were similar to nonfurrow waves in terms of 
period and temporal width, the F-actin waves within the cleavage 
furrow were significantly lower in amplitude than the nonfurrow 
waves. Moreover, the furrow waves appeared to be propagating 
within a background of relatively stable F-actin cables. Altogether, 
the furrow waves appeared to represent a quantitatively different 
regime of cortical excitability.

Our previous analysis of cortical excitability in X. laevis revealed 
low amplitude waves of active Rho associated with the pan-cortical 
F-actin waves. This work suggested that the Rho GEF Ect2 was a 
critical component for regulating the amplitude and behavior of the 
Rho waves, and that Ect2 accumulation at the equatorial cortex dur-
ing cytokinesis is responsible for mediating the transition between a 
state of excitable Rho dynamics and a state with largely stable Rho 
activity in the furrow (Bement et al., 2015, Goryachev et al., 2016). 
Functionally, this model suggests that cortical excitability could rep-
resent an “idling” of the cell cortex, allowing it to quickly respond to 
faint cues from the mitotic spindle. As previously proposed, it is pos-
sible that the mutually exclusive wave patterns (furrow vs. nonfurrow) 
we observed could be a consequence of locally concentrating the 
Rho GEF Ect2 at the cell equator and depleting it from the neighbor-
ing areas (Bement et al. 2015). Alternatively, it is possible that this 
mutually exclusive pattern is a consequence of different wave regu-
lators—e.g., different GTPases, F-actin assembly factors, or F-actin 
binding proteins—that could be active in the waves outside of the 
contractile ring and excluded from within the contractile ring or vice 
versa. Consistent with this possibility, Arp2/3 networks have been 
proposed to antagonize Rho signaling during cytokinesis (Pal et al., 
2020), and inactivation of Rac at the cleavage plane by the central-
spindlin complex is necessary for normal cytokinesis (Canman et al., 
2008; Bastos et al, 2012; Zhuravlev et al., 2017), making the segre-
gation of these players a prerequisite for a successful cytokinesis. 
GTPases are ideal players in excitable systems because they can 
engage in both positive feedback and delayed negative feedback. 
Accordingly, we are intrigued by the possibility that segregation of 
different GTPases could explain the different behavior of the furrow 
and nonfurrow waves. While the possibilities discussed above are 
not mutually exclusive, untangling the origin of the differences be-
tween the cleavage furrow and the nonfurrow waves is essential to 
understanding how cortical excitability contributes to cytokinesis.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Embryo preparation
Mature Xenopus laevis females were injected in the dorsal lymph 
sac with 800 U of human chorionic gonadotropin (MP Biomedi-
cals) and incubated at 18°C for 12–18 h before use. Eggs were 
laid into 1× high-salt Modified Barth’s Saline (high-salt MBS; 
108 mM NaCl, 0.7 mM CaCl2, 1 mM KCl, 1 mM MgSO4, 5 mM 
HEPES, and 2.5 mM NaHCO3) and fertilized in vitro with testes 
fragments; 15–30 min following fertilization, embryos were dejel-
lied in a solution of 2% cysteine in 0.1× Marc’s Modified Ringer’s 
(MMR; 100 mM NaCl, 2 mM KCl, 1 mM MgCl2, and 5 mM HEPES, 
pH 7.4) and then rinsed thoroughly with 0.1× MMR. Embryos were 
injected once at the one-cell stage (30–45 min following fertiliza-
tion) in 5% Ficoll (Sigma) in 0.1× MMR with 5 nl of in vitro synthe-
sized mRNA or purified protein and maintained in 0.1× MMR dur-
ing development.

Oocyte preparation and activation
Approximately half ovaries were removed from mature Xenopus 
laevis females anesthetized with MS-222. Ovary chunks were cut 
into ∼5-mm pieces, rinsed thoroughly in 1× Barth’s solution 
(87.4 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4, 
0.6 mM NaNO3, 0.7 mM CaCl2, and 10 mM HEPES at pH 7.4), and 
then treated with 8 mg/ml collagenase in 1× Barth’s solution for 
1 h at 17°C. After rinsing thoroughly with 1× Barth’s solution, 
oocytes were allowed to recover overnight at 17°C. Following 
recovery, follicle cells were manually removed with forceps and 
oocytes were injected with 40 nl of in vitro synthesized mRNA or 
purified protein. Following injection, oocytes were treated with 
5 µg/ml progesterone in 1× Barth’s for 15 min and then incubated 
in 1× Barth’s overnight at 17°C. The following day, mature eggs 
were activated by soaking in 10 µg/ml ionomycin in 0.1× MMR for 
30–60 s. Activated eggs were maintained in 0.1× MMR while 
imaging. For the oocytes in Figure 1B, oocytes were maintained at 
17°C overnight following injection and then treated with proges-
terone shortly before imaging.

Constructs, mRNA synthesis, and microinjection
Plasmids for eGFP-UtrCH, mCherry UtrCH, 3xGFP-EMTB, and 
mCherry-EMTB were made as described previously (Burkel et  al. 
2007; Miller and Bement 2009). Plasmids were linearized following 
the open reading frame and used as a template for mRNA synthesis 
using the mMessage Machine SP6 kit (Ambion); mRNAs were poly-
adenylated using a Poly(A) tailing kit (Ambion) and purified with a 
phenol-chloroform extraction and isopropanol precipitation. Alexa 
Fluor 647–conjugated UtrCH protein was generated as described 
previously (Landino et al., 2021). eGFP-UtrCH and mCherry-UtrCH 
mRNA were injected into oocytes at a needle concentration of 
20 ng/nl into embryos at 80 ng/nl for imaging stages 4–6, and at 
40 ng/nl for imaging stages 6–8. mCherry-EMTB mRNA was injected 
into oocytes at a needle concentration of 50 ng/nl. 3xGFP-EMTB 
mRNA was injected into embryos at a concentration of 500 ng/nl for 
imaging stages 4–6.

Drug treatments
Embryos were arrested in interphase by incubating in 0.1× MMR 
with 100 µg/ml cycloheximide. Embryos were treated with 
nocodazole by soaking in 1 µg/ml (3.3 µM) nocodazole.

Microscopy and image processing
For all imaging experiments, embryos were maintained in 0.1× 
MMR at room temperature (20–24°C), which was maintained over 
the course of an imaging experiment. For all confocal experiments, 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-01-0025
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embryos or mature/activated oocytes were gently compressed with 
a clean #1.5 coverslip. Oocytes were activated on the microscope 
(Figure 2B) by mounting oocytes in a custom metal slide with a flow 
channel that allowed drugs to be flowed into and out of the cham-
ber. The images in Figure 4D and the reference images in Figure 5, 
A and B were acquired using a Samsung Galaxy S6 camera mounted 
to an Olympus SZX12 stereomicroscope with a Gosky Universal Cell 
Phone Adapter. The images in Figures 1; 2; 3, B and B’’’’; 5; and 6 
and Supplemental Figures S1, S2, and S6 were collected using a CFI 
Plan Apo 60×/1.4 NA oil immersion objective on a Nikon Eclipse Ti 
inverted microscope equipped with an Opterra swept-field confocal 
unit (Bruker) using a 60-µm pinhole array, a PZ-2000FT series piezo 
XYZ stage (ASI), and an Evolve Delta EMCCD camera (Photomet-
rics). The microscope was controlled, and images were acquired us-
ing Prairie View software (Bruker). The images in Figures 3A and 4, 
A and E and Supplemental Figure S5 were acquired using a UP-
lanSApo 10×/0.40 NA dry objective on an Olympus Fluoview 1000 
laser scanning confocal. Z-series were acquired using 0.5-µm steps 
(Bruker) or 5-µm steps (Olympus); all confocal images shown are 
maximum intensity projections. Transmitted light images in Supple-
mental Figure S3 were acquired by measuring a transmitted 640-nm 
laser light. Still frames shown in Figures 1B; 2, A and B; and 5B were 
from data registered for 2D drift using the StackReg plugin (Théve-
naz et al., 1998) set to “translation” mode. Images in Figures 1B, 2A, 
and 4, A and E and Supplemental Figure S6A were corrected for 
bleaching to optimize display by using an exponential fit within Fiji. 
Temporal color coding for Figure 1A’ was performed manually. Tem-
poral color coding for Figure 1B’’ was performed using the temporal 
color code plugin packaged with Fiji (Kota Miura; Centre for Mole-
cular and Cellular Imaging, EMBL Heidelberg, Germany). The kymo-
graphs in Figures 2A; 3, A and B; and 6A and Supplemental Figure 
S6A’ were scaled in the y-axis using bicubic interpolation. All kymo-
graphs represent the average pixel intensity within a ∼2- to 16-µm-
thick slab.

Image quantification and statistical tests.
The workflow for wave amplitude, period, and width calculations 
was conceptually based off of a MATLAB framework written by Mar-
cin Leda and Andrew Goryachev (Landino et al., 2021) and was rei-
magined here by Zac Swider and Ani Michaud in Python form to 
increase speed, accuracy, and access. Briefly, datasets were ana-
lyzed by breaking a field of view into n ∼5.5-µm2 squares and using 
the mean signal within each box to quantify the wave amplitude, 
width, and period within each box (Supplemental Figure S1). Boxes 
were then averaged to approximate the population mean (Supple-
mental Figure S1B). Rolling analysis of long movies was accom-
plished by independently analyzing subsections of a movie. For ex-
ample, the data in Figure 3B were generated by analyzing a 
1500-frame dataset in 1451 50-frame subsections, each of which 
progressed by 1 additional frame (Supplemental Figure S1C).

Wave periods (Supplemental Figure S1A) were estimated by 
generating a full autocorrelation of each box mean using numpy.
correlate and identifying the position of the first nonzero peak using 
scipy.signal.find_peaks. Wave maximum and minimum values were 
calculated by first smoothing the mean signal within a box with a 
Savitzky-Golay filter using scipy.signal.savgol_filter and then identi-
fying peak indices using scipy.signal.find_peaks. Temporal width of 
peaks was calculated using scipy.signal.peak_widths at full width 
half maximum. As multiple peaks were typically identified within 
each time point, the average of each peak metric was reported for 
each box. Python scripts and instructions for use can be found at 
github.com/zacswider/waveAnalysis.

The relative rates of net F-actin assembly and disassembly 
(Figure 3B’’ and Figure 5, B and E’) were quantified using a custom 
script written in Python 3. Briefly, every frame was compared with 
the frame n time points previous to it. If the change in signal was 
positive for a pixel, it was considered to reflect net F-actin assembly. 
If the change in signal was negative for a pixel, it was considered to 
reflect net F-actin disassembly. The total amount of net F-actin as-
sembly and disassembly for each time was calculated by averaging 
the total amount of positive and negative boxes for each time point. 
The percent occupancy of F-actin waves for a given field of view was 
calculated by thresholding the F-actin signal in Fiji and measuring 
the total area above the threshold. The two-dimensional wave area 
was approximated by thresholding the F-actin signal using the de-
fault algorithm for every time point of a time series in Fiji and mea-
suring composite ROIs, excluding particles on the edge of the im-
age. The ROI areas throughout the time series were averaged to cut 
down on noisy measurements. Difference movies were generated 
within Fiji by calculating the positive difference between n frames, 
typically (10–30 s). Figure 6, B’, C, and D use unpaired Student’s t 
test with α = 0.05.
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