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Abstract

Blebs, pressure driven protrusions of the plasma membrane, facilitate the movement of

cell such as the soil amoeba Dictyostelium discoideum in a three dimensional

environment. The goal of the article is to develop a means to predict nucleation sites.

We accomplish this through an energy functional that includes the influence of cell

membrane geometry (membrane curvature and tension), membrane-cortex linking

protein lengths as well as local pressure differentials. We apply the resulting functional

to the parameterized microscopy images of chemotaxing Dictyostelium cells. By

restricting the functional to the cell boundary influenced by the cyclic AMP (cAMP)

chemo-attractant (the cell anterior), we find that the next nucleation site ranks high in

the top 10 energy values. More specifically, if we look only at the boundary segment

defined by the extent of the expected bleb, then 96.8% of the highest energy sites

identify the nucleation.
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Author summary

This work concerns the prediction of nucleation sites in the soil amoeba-like 1

Dictyostelium discoideum. We define a real valued functional combining input from 2

cortex and membrane geometry such as membrane curvature and tension, cortex to 3

membrane separation and local pressure differences. We show that the functional may 4

be used to predict the location of bleb nucleation. In the region influenced by the 5

cAMP gradient (the cell anterior), the next blebbing site lies in the ten highest energy 6

functional values 70% of the time. The correctness increases to 96.8% provided we 7

restrict attention to the segment in the general location of the next bleb. We verify 8

these claims through the observation of microscopy images. The images are sequential 9

at 1.66 and 0.8 seconds per image. We first identify the earliest sign of the bleb. We 10

then use several observational factors to identify the nucleation site and estimate the 11

corresponding location in the prior image. 12

Introduction 13

For Dictyostelium discoideum (D. discoideum) as well as various mammalian cell types, 14

the means of motility changes depending on varying conditions. At least since Yoshida 15

and Soldati [37], we have known that D. discoideum cells in three dimensional 16

environments often use blebs as a means of cell extension. These are pressure driven 17

blister-like protrusions of the cell membrane. Further, the greater the pressure from the 18

environment, the greater the reliance on blebs during migration. In humans, well-known 19

cases of cells using blebbing to migrate include embryonic organ development and 20

cancer cell migration ( [6], [33], [15], [26], [2], [13]). 21

D. discoideum is a species of soil-living amoeba-like organism. It is a eukaryotic 22

organism whose motility and shape is controlled predominantly by intricate actin based 23

structures in the cytoplasm. In turn, the cell cytoplasm is encased by a plasma 24

membrane, a 4-5nm thick semi-permeable lipid bilayer [38]. Beneath this membrane is 25

the cell cortex, an assembly of thin cross-linked actin filaments held together firmly by 26

cross linking proteins such as Filamin, α-Actinin, Fimbrin and Fascin. The cortex 27

thickness is several hundred nanometers [1]. The cortex plays a major role in 28
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maintaining cell shape and the formation of motility structures. Its contractile 29

capabilities are due to the presence of Myosin II in the network. The membrane is 30

attached to the cortex by trans membrane proteins such as Talin [9]. In addition to the 31

cortex, the cytoplasm includes distinct actin-based structures referred to as the 32

cytoskeleton. The fluid part of the cytoplasm (cytosol) contains water, ions and 33

dissolved molecules. 34

Blebs and blebbing have been approached from several viewpoints. These studies 35

may describe blebs as geometric objects (Euclidean) [36], the result of physical force 36

(pressure) [7], [5], [17], the result of cortical tension (related to pressure) [32], the result 37

of fluid dynamics [30], [29] and forces on the boundary of a smooth manifold 38

(differential geometry) [34], [39], [21] and [9]. 39

By and large, the question of the cause of bleb nucleation has not been resolved. 40

Most researchers agree that blebs are formed by the action of pressurized cytosol on the 41

plasma membrane [11], [37], [6]. This pressure is the result of local contraction of the 42

actin cortex by Myosin II motor proteins at the posterior end. This causes a flow of 43

cytosol towards the anterior. What differs among the theories of nucleation is the 44

mechanism by which the plasma membrane detaches. According to Charras et al. [5], 45

the membrane-cortex detachment is the result of the pressure differential between the 46

posterior and anterior. The pressure differential dislodges the membrane from the 47

cortex. This point of view is supported by Pullarkat [24] and Young and Mitran [38]. 48

Also supporting this point of view, Collier et al [9] show that Talin is concentrated at 49

the posterior where there is little blebbing while at the anterior the Talin is sparsely 50

distributed in D. discoideum. Alternatively, Paluch et al [22] and Keller and Eggli [19] 51

suggest that membrane-cortex detachment is enhanced by local degradation of the actin 52

cortex. At these locations, the membrane no longer has the support of the cortex. The 53

force of the flow is then capable of breaking the adhesive bonds and detaches the 54

membrane. Interestingly, Charras et al [7] also provide evidence for the local cortex 55

degradation through the action of Myosin II. They are seemingly on both sides of the 56

debate. 57

In this study, we approach this issue from a different point of view. We begin with 58

the solid foundation of our geometric platform [27]. When under environmental 59

pressure, D. discoideum cells are largely two dimensional. Hence, like our predecessors 60
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we use two dimensional geometric constructs. With this foundation, we have developed 61

an energy functional and used it to predict bleb nucleation sites. This functional is a 62

modified version of the one presented in [9] and [34] or alternatively the one in [21]. 63

Both are derived from an interactive graphics application developed in [18] from work 64

originated by Helfrich to model the shape of red blood cells [16], [14]. 65

According to [18], any shape has an energy cost. This idea goes back to 66

Euler-Lagrange that provides the solution to the related calculus of variation 67

problem [12]. Any unconstrained shape will seek to transform into a shape of lower 68

energy cost. We expand this idea and propose that blebs occur at locally high energy 69

locations. Subsequently, the convex, circular bleb has nearly constant energy. Hence, 70

there are no longer high energy spikes and the cost of maintaining the shape is lowered. 71

Secondly, we focus our attention to the area of the cell affected by the gradient of 72

cAMP, the area of blebbing activity. In our setting, this is roughly half the cell boundary. 73

Then we ask whether the energy functional can identify the specific nucleation site. 74

For chemotaxing and confined D. discoideum cells under 0.7% agarose, we identify 75

newly formed blebs and use various observational methods to identify the nucleation 76

site. These cells generally exhibit high energy profiles in the blebbing region. For cases 77

that we can infer the nucleation site in the image prior to the bleb, this location 78

coincides with the local high energy location identified by the functional in over 96% of 79

the observed cases. Furthermore, when applying the functional to the general region 80

affected by cAMP, our energy functional located the next nucleation site 40% of the 81

time as the first or second top energy value.This finding is comparable to results 82

reported in [9]. 83

This project has used differential geometric and local pressure differential to predict 84

bleb initiation site. In addition, in the process of locating nucleation sites, we have 85

noted frequent evidence of cortex degradation just prior to blebbing. This validates the 86

point of view that cortex ruptures initiates belb nucleation. We have tabulated these 87

events below. Subsequent biological research may be able to clarify the interplay 88

between the differential geometry and the biology in bleb site selection and explain the 89

observed early cortex disassembly. 90

This article is organized as follows. In the Methods and Materials section, we review 91

the cell preparation and microscopy technology. We state the geometric procedures 92
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underlying this work and the basic boundary energy functional to be used. At that time 93

we list the separate energy functional components. In Results and Discussion we derive 94

the discrete form of the energy functional with all parameters resolved. Then we carry 95

out a study to test the functional against ROI observation in predicting bleb nucleation 96

sites. Finally, we compare the individual components of the functional against the full 97

functional. In the Conclusion we summarize what we have done and consider possible 98

future biological work and more sophisticated numerical processing. 99

Materials and Methods 100

Strain and culture conditions 101

All D. discoideum cells were grown axenically in shaking culture in HL5 nutrient 102

medium with glucose (ForMedium) supplemented with 100 µg/mL penicillin and 100 103

µg/mL streptomycin (Amresco) at 150 rpm at 22oC with 4-20ug/mL G418 (Geneticin) 104

for LifeAct-GFP expressing Ax2 wild-type cells [27]. Cells were starved for cAMP 105

competency on filter pads using the method described in [27]. 106

cAMP under agarose assays 107

cAMP under agarose assays were used as described in [26]. Cells crawled under a 0.7% 108

Omnipur® agarose (EMD Millipore) gel that was laced or not laced with 1mg/mL of 109

70,000 MW Rhodamine B isothiocyanate-Dextran (Sigma-Aldrich). 110

Image Acquisition 111

All imaging data were collected using a Leica DMI-4000B inverted microscope (Leica 112

Microsystems Inc.) mounted on a TMC isolation platform (Technical Manufacturing 113

Corporation) with a Yokogawa CSU 10 spinning disc head and Hamamatsu C9100-13 114

ImagEM EMCCD camera (Perkin Elmer) with diode lasers of 491 nm, 561nm, and 115

638nm (Spectra Services Inc.) [24] using the same Volocity software and parameters as 116

described in [26]. To summarize, LifeAct-GFP and RITC-Dextran were excited using 117

the 491nm and 561nm lasers, respectively. Cells were imaged for 30 seconds using either 118

80x magnification (40x/1.25-0.75 oil objective with a 2x C-mount) or 100x (100x/1.44 119
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oil immersion objective). Data collected using both GFP and RITC channels resulted in 120

one frame per 1.66 seconds where data collected using only GFP resulted in one frame 121

per 0.800 seconds. ImageJ was used to adjust the brightness and contrast of the images, 122

which were then imported into our Mathematica based geometric system. 123

Digitizing Microscopy Images 124

We use our own system to render photographic images as objects in Cartesian space. 125

In [27], we detail the system components and provide reason that this is appropriate for 126

this setting. 127

in particular, we apply our procedures to the microscopy output to produce a cubic 128

B-spline representation of the cell. We use this view of the cell or alternatively the view 129

produced by a sequence of equally spaced (arc length) points on the B-spline. The point 130

spacing is approximately 100nm or 0.5 pixel units. (Note: 5 pixels is approximately 1 131

µm.) We refer to these points collectively as the EquList. This is the foundation for the 132

discrete form energy functional. 133

An Energy Functional 134

We use a membrane energy functional related to the one introduced by T. Bretschneider 135

in [34] and [9]. This functional is a modified version of one used in a computer graphics 136

application [18], which in turn is modified from one that arose in modeling red blood 137

cells [14]. Our energy functional (1) is identical to the one defined in [9] save for the last 138

term in the integrand. 139

In another setting, something similar was used to derive a model for blebbing [21]. 140

In this paper and [9], the energy functional is used to identify locations likely to bleb. 141

In this section, we use a third version of the functional to compute energy values. Our 142

changes are discussed below. Our purpose is the same. 143

Note that the fourth term of the integrand in (1) is not energy. Hence, the integrand 144

is not energy and the integral is not total energy. We denote it as pEtotal for 145

pseudo-energy, and refer to it as energy as the alternative is cumbersome. Moreover, 146

others have called a similar expression energy [9]. 147

At this time we lay out the functional and present the separate elements. We begin 148
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with the notation. Points on the membrane are denoted x̄ = (x(s), y(s)), points on the 149

cortex by x̄c = (xc, yc), while link lengths are inferred by the distance between the 150

curves. In the discrete model this reduces to the distance between corresponding points 151

in the respective point lists. 152

The total energy of the complex is expressed as the point-wise energy integrated 153

(summed) along the cell boundary. 154

pEtotal =

∮ Λ

0

1

2
α

[∣∣∣∣dx̄ds
∣∣∣∣−m0

]2

︸ ︷︷ ︸
Tension

+
1

2
β

∣∣∣∣d2x̄

ds2

∣∣∣∣2︸ ︷︷ ︸
Curvature

155

+
1

2
a(s)κ |x̄− x̄c|2︸ ︷︷ ︸

Links

+ Π̂

(
1 +
|x̄− x̄c|2

σ(s)L2
0

)
︸ ︷︷ ︸

Pressure

ds, (1)

where Λ denotes the total boundary length. The individual terms are described as 156

follows. 157

� The first two terms refer to the membrane mechanics with membrane stiffness 158

parameter, α, and bending rigidity parameter, β. The term m0 is the resting 159

membrane length. The first term is the energy derived from the Tension, the 160

second term is the energy required to bend the membrane [16]. Parameter 161

estimates α, β and m0 are provided in Results and Discussion. 162

� The third term is energy associated to link tension. It is determined by the linking 163

proteins modeled as a linear spring between corresponding cortex/membrane 164

points with spring constants as parameters. Setting, lx̄ = |x̄− x̄c|, important 165

values of lx̄ are 0.03µm, the minimal link length, l0 = 0.056µm, the breaking 166

length. The breaking length is in effect the maximal length of a link. Finally, lx̄ at 167

rest will be about 0.04µm. The spring constant κ is resolved below. 168

� The last item is the hydrostatic pressure. It is not formatted as energy. The 169

parameters are l0, the breaking length of the links, σ(s) = σ the local multiplier 170

required to scale the data, and Π̂ the ambient pressure differential. Values of σ(s) 171

are computed so that the ratio |x̄− x̄c|2/σ(s)L2
0 < 1 172

The value of this term reflects the activity of Myosin II. Local pressure raises as a 173
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result of cortex contraction by Myosin II. For the most part, these small increases 174

are canceled by other small changes in the cortex/membrane. But this process is 175

not perfectly efficient. Hence, we accommodate for small local variations in 176

pressure. In [4], this effect is identified in cancer cells. In [2], there is a similar 177

report for zebra fish cells. 178

Since we cannot measure pressure directly, we settle for an alternative means. If 179

the actin cortex is contracted, we expect increased separation from the membrane. 180

As a result, the linking protein is stretched. Hence, we use changes in the linking 181

protein lengths as a replacement for pressure changes caused by Myosin II 182

contractions. 183

We caution the reader that the first term of the integrand of (1) is not a constant as 184

it might appear. Rather, the statement in (1) represents the energy at the initial values. 185

Upon initialization, the membrane seeks a position that minimizes the functional. As 186

relaxation occurs, the membrane parameterization is no longer arc length. See also [28]. 187

We may use the integrand in (1) to define pointwise or local energy. 188

pE(x, y) =
1

2
α

((dx
ds

)2

+

(
dy

ds

)2
)1/2

−m0

2

+
1

2
β

[(
d2x

ds2

)2

+

(
d2y

ds2

)2
]

189

+
1

2
κ[(x(s)− xc(s))2 + (y(s)− yc(s))2] (2)

190

+Π̂

[
1 +

(x(s)− xc(s))2 + (y(s)− yc(s))2

σL2
0

]
.

Results and Discussion 191

The Discrete Energy Functional 192

In order to use the local functional (2) we needed to know the location of the membrane. 193

We knew the cortex as a cubic B-spline or via the EquList {x̄ci} of equally spaced cortex 194

points. Furthermore, we knew that the membrane is so close to the cortex that it is 195

nearly indistinguishable in a microscopy image. 196
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We began by defining the membrane via a list of points x̄i = x̄(si) where each point 197

has distance li from x̄ci along a ray initiating at an interior point of the cell (usually the 198

cell centroid). We identified this distance with the length of the linking protein joining 199

x̄i and x̄ci . The issue now was to determine the li. 200

We proceeded with the assumption that the cortex and membrane are nearly 201

identical, or equivalently, the li are very small. Consequently, we supposed that the list 202

{x̄i} is nearly equally spaced. Furthermore, as we did not know the curve representing 203

the membrane, we used finite differences, specifically central differences, for the 204

derivatives in (2). Next, we restated the local energy functional in discrete form. 205

pE(xi, yi) ≈
1

2
α

((xi+1 − xi−1

2∆s

)2

+

(
yi+1 − yi−1

2∆s

)2
)1/2

−m0

2

206

+
1

2
β

[(
xi+1 − 2xi + xi−1

(∆s)2

)2

+

(
yi+1 − 2yi + yi−1

(∆s)2

)2
]

207

+
1

2
κ[(xi − xci )2 + (yi − yci )2] (3)

208

+Π̂

(
1 +

(xi − xci )2 + (yi − yci )2

σL2
0

)
= pE(xi, yi),

where ∆s is the designated fixed distance between points on the membrane list. In turn, 209

we defined the discrete total energy. This is in effect the distance between points on the 210

cortex list. 211

∮ Λ

0

pE(x, y)ds ≈
n∑

i=1

pE(xi, yi)∆s = pEtotal(x̄(s1), x̄(s2), · · · , x̄(sn)), (4)

a function of n variables, where n is the length of the EquList. 212
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Resolving the li 213

It remained to determine the li, equivalently the x̄i. When that was done, we knew 214

pEtotal and each pE(x̄i). 215

First we set the parameters for (3) as follows: 216

� α = 17.0 pN/µM, 217

� β = 0.14 pN/µM, 218

� κ = 10.0 pN/µM, 219

� Π = 81 pa. 220

These values were found in [34]. 221

We resolved the n unknowns by arguing that the complex relaxes from an initial 222

state and seeks a stable state. At this state, the energy attains a local minimum, so that 223

any small variation in any li increases the energy. 224

We took an initial value li = 0.03µM, the minimal distance between the membrane 225

and cortex. We proceeded with minimization via a gradient directed search [20] and 226

arrived at a local minimum for pEtotal. We accepted the li and x̄i for this state. This 227

done, we could evaluate pE(xi, yi) for each x̄i = (xi, yi). 228

Energy and Bleb Nucleation 229

We began by reviewing how to locate the bleb nucleation site. For instance, consider 230

Fig 1A. Here there are two microscopy images of a cell taken at successive times, just 231

before and just after a bleb occurs. The images, Fig 1A1 and Fig 1A3 show prior and 232

after views of the membrane and the images Fig 1A2 and Fig 1A4 show the prior and 233

after images of the cortex. While there is clear evidence of membrane/cortex separation 234

in the right hand images, A3 and A4, there is no sign of this separation in A1 and A2, 235

the area of the expected bleb. 236

Clues to the location of the nucleation point can be found in the bleb. There are four 237

features to note. First, we looked for the furthest or maximal extent of the bleb. This is 238

the point furthest from the actin scar or degrading cortex. It is also the oldest part of 239

the bleb with the most developed cortex. We expect the nucleation point to be opposite 240
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Fig 1. Identifying The Nucleation Site as ROI (A) Bleb: Pre and Post Images.
Pre Bleb images of the cell are shown in A1 and A2. A1 is the membrane image and A2
is the corresponding cortex image. The post bleb images are A3, membrane and A4,
cortex. The arrows on A3 and A4 identify the membrane-separation associated to the
bleb. Note there is no separation in A1 and A2. (B) Finding bleb features in order to
infer nucleation in the pre bleb image. Images B1 and B2 show the cortex just after
formation of the bleb. In B1 we identify the bleb shoulder points a and b, the furthest
extent of the bleb is denoted by c, the cortex gap is noted d. In B2 we have identified
GFP bundles on either side of the gap, These features are denoted α and β. (C)
Identifying the post bleb features in the pre bleb image. The shoulder points
corresponding to a and b are identified as a′ and b′. α′ and β′ identify the GFP bundles
in the prior state. The point d′ is the predecessor to d in A. (D) Plot of discrete energy
functional between a′ and b′. The maximum value is identified by x. This point and its
near neighbors form an isolated cluster of high energy values. (E) The maximal energy
value is identified on the cell boundary by a purple arrow. It corresponds to d′ in C.

the maximal extent. This indicator is present even when there are multiple nucleations 241

or modifications of the bleb caused by cortex geometry or neighboring blebs. Hence, it 242

was the most frequently used of the criteria listed here. Fig1B1 shows a close up of the 243

blebbing region after the event. The point of furthest extent is denoted c in this figure. 244

Another important feature was the shape of the bleb. The bleb in Fig1B1 is mostly 245

a circular arc. When it is circular then the nucleation point should be at the midpoint 246

of the segment joining the bleb shoulder or base points. These are the points at the 247

extent of the bleb. When a feature in the cell geometry prevents the cortex/membrane 248

separation at one side, then the bleb is not circular and the nucleation point is not at 249

the midpoint. Another case when the bleb is not circular occurs when the nucleation is 250

closely followed by a second nucleation. 251

In the case of Fig1B1, the bleb is nearly circular. However, the prior blebs at the 252

actin structure on the right of b prevent extension in that direction. Both of these blebs 253

are visible in Fig1A4. Indeed, the second bleb from the prior frame joins the current 254

bleb. Hence, the current bleb appears to extend to the right. Taking this into account, 255

a and b, Fig1B1, are the shoulder or base points of the nascent bleb. The furthest 256

extent at c lines up well with the midpoint of the segment āb. 257

The third feature as in the old cortex scar in Fig 1B1. We observed a distinct narrow 258

gap. We have denoted this feature d. This is likely the means for the cytoplasm to fill 259

the nascent bleb with actin and other proteins sufficient to form a new cortex. This 260

feature, d, is about at the midpoint between a and b and opposite c. We frequently used 261

the presence of a gap in the early cortex scar to identify nucleation. As the old actin 262
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cortex is disassembled, this sort of indicator will be obliterated. 263

Another indicator of nucleation is the streaks inside the nascent bleb caused by the 264

moving actin fragments. This feature is an artifact of the slow shutter speed. It is 265

common during the initial frames of a bleb. The streaks indicate the direction of the 266

fluid flow carrying the actin toward the new cell boundary. The source of the flow, the 267

nucleation point must be at the origin of the streaks. In some cases the streaks are the 268

only means to locate nucleation. 269

When there are multiple nucleation sites, then the streaks display the presence of 270

multiple flows with a turbulent patch between. In this case the furthest extent will 271

indicate which is primary. 272

It may be impossible to identify a nucleation site. The most common problem was 273

we did not have an image of the bleb at the right time. 274

In final analysis, for the example all indicators point to d as the nucleation site. 275

Note that this conclusion is based solely on observation. Moreover, the example cell is 276

unusual as it is rare to have all these features present for a given bleb. 277

When the nucleation point was identified, then the next step was to identify the 278

corresponding point on the prior image. Eventually, we applied the energy functional to 279

this location. Even though the cell in general was usually little changed from frame to 280

frame, this may not be true of the region near the bleb. 281

The first step in this process was to locate points corresponding to the bleb shoulder 282

points. For the current example, we used the cortex features to identify points in the 283

prior state that corresponds to a and b. We have identified these as a′ and b′ in Fig1C. 284

Now, it is clear that the predecessor to d is the area we have marked as d′. 285

There is already a visible gap at d′. This is not a rare event. In fact we have 286

observed it in over 70% of the blebs we have looked at. Refer to Table 1 line 5. 287

An alternate approach was to look at the internal actin structures and GFP bundles. 288

Two such structures are identified in the Fig1B2 for the post bleb state. These 289

structures are identified as α and β. The same structures are present in the pre-bleb 290

state and denoted α′ and β′ in Fig1C. Correlating these structures between stages was 291

often the only means to locate the predecessor of an identified nucleation site. 292

Combining this information, we identified d′ as the predecessor of the nucleation 293
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point. 294

Next, we executed the discrete energy functional for the membrane segment between 295

a′ and b′ in Fig1B1. The values are shown in Fig1D. The horizontal axis shows the 296

point id from the membrane point list while the vertical axis is the energy value. We 297

joined the values with line segments to make it easier to determine the sequential order 298

of the values. We have marked the maximal value with and x. The arrowhead in Fig1E 299

identifies the corresponding point on the cell boundary. Note that we are pointing at 300

the area of the gap denoted d′ in Fig1B1. This is the location we arrived at via 301

observation. Hence, the energy functional and the observation return the same result. 302

Table 1 shows our cumulative results. The data show that the energy functional does an 303

excellent job in predicting the nucleation site when applied to the region defined by the 304

expected bleb shoulder points. 305

Table 1. Local Combined Prediction Results

Count Percentage

Total Number of Cells 33
Total Number of Blebs 142

Confirmed Nucleation from ROI 109 76.8 %
Predicted by Energy Functional 105 96.8 %

Confirmed gaps 79 72.5 %

We expect that the energy functional would be as successful with the nearly 25% of 306

cases where no nucleation point could be determined. Indeed, the predicted results in 307

those cases seem to be reasonable. 308

We have proved a correlation between bleb site selection and edge geometry. The 309

correlation is more conclusive than in prior works. In the next subsection we include 310

cAMP in the discussion on bleb nucleation. 311

Global Energy and Blebbing 312

The natural question is whether the energy functional predicts bleb nucleation when 313

applied to the entire cell. We began by looking at the 10 points with highest energy 314

values for the cell and frame we have been studying. See Fig2A. The points are marked 315

with small dots. The first observation is that the nucleation site we have been studying 316

is not included. This is the one point we know will nucleate at the next frame. Next, 317
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many of the high energy locations are at locations where the cell is convex. Bassed on 318

our previous studiy, these are places that are not likely to bleb [27]. 319

Looking closely at the region to the center right, there are 5 high energy locations 320

close together. In Fig2B we plot the energy values for this boundary segment. The 321

energy is high throughout the region. Even though it satisfies geometric requirements 322

for a likely bleb, the underlying biological factors for blebbing are not present. Indeed, 323

this is the current cell posterior. According to [9] Talin concentrations are high in this 324

region. That should suppress the tendency to bleb even though the geometric 325

prerequisite is present. 326

On the other hand, we restricted attention to the part of the cell boundary where 327

the cAMP gradient influences cell components. In this case, we saw that the next 328

nucleation site ranked high in the energy top ten more than 70% of the time. This is 329

illustrated in Fig2C. This figure shows cumulative results for high energy in the cAMP 330

affected region and bleb nucleation. We see now that the top 3 energy values account 331

for 40% of new blebs and the top 6 for 60%. Furthermore, a Chi-Square test showed 332

that the distribution is significant with 95% confidence. It is stated that a cAMP 333

gradient attracts a list of actin side binding proteins including Myosin II [17]. It seems 334

likely that this protein may play a role both in high energy values and bleb nucleation. 335

In the following subsection we see that high energy values also indicate high 336

membrane tension. This too will point toward Myosin II as the initiator of blebs as well 337

as the reason for high energy values. 338

Fig 2. High Energy Locations. (A) The ten highest energy locations for the cell
that is about to bleb. Locations are identified with a light blue dot. Note the five high
energy locations on the right opposite the pending bleb, shadowed from the cAMP
affected area. The region is the posterior where Myosin II activity is known to be
clustered. The scale is the same as in Fig 1A. (B) The energy plot for the posterior
region showing regional high energy. (C) Histogram showing how the bleb site ranks
among the 30 high energy locations on the cAMP affected face. This data is based on
20 cells and 109 blebs. It is statistically significant with 95% confidence.
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Comparison of the Energy Functional against Several 339

Alternatives 340

We considered several alternatives to the energy function. Each time we asked the same 341

question, does the alternative perform as well when asked to predict the next nucleation 342

site given the bleb shoulder points. This is the same question asked in the section 343

Energy and Bleb Nucleation. We looked at a total of 23 cells and 86 blebs. 344

First we considered the energy functional before the minimization process. This 345

functional was only successful in 74 cases or 86% of the time. We concluded that the 346

unminimized energy functional defined by fixed length linking proteins is not effective. 347

Next, we isolated each term in the energy functional. In particular, we removed each 348

term one at a time. The result of this study is displayed in Table 2. 349

Table 2. Component Significance within the Energy Function

Model Component Successes W/O Component Percentage

Membrane Tension (α = 0) 0 0.0%
Curvature (β = 0) 82 95.3%

Link Tension (κ = 0) 85 98.8%
Pressure (Π = 0) 3 3.5 %

These results are striking. Membrane tension and local pressure are highly 350

significant while curvature and linking protein tension appear to be irrelevant. It would 351

appear that we could remove the latter two terms without changing the effectiveness of 352

the functional. This is something we will need to consider in subsequent realizations of 353

the energy functional. Recall that the pressure term is distinct from the one used in [9] 354

in an attempt to model the local activity of Myosin II. It is likely that both the 355

membrane tension and pressure point toward the presence of Myosin II. This will need 356

to be considered separately as a biological question. 357

Conclusion 358

We have developed an energy functional that predicts the location along the cell 359

membrane where bleb formation initiates. Using data from an under agarose assay, we 360

have shown that our functional accurately predicts over 95 percent of observed bleb 361

nucleation in Dictyostelium discoideum as confirmed using cortex gaps, greatest extent, 362
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symmetry of the bleb and streak lines in the nascent bleb. This is the case when we 363

restrict attention to the boundary segment between the bleb shoulder points. 364

The presence of a gap or developing gap at the predicted nucleation site leads us to 365

lean toward cortex degradation as the predecessor to bleb formation. Indeed, we have 366

tabulated more than 70 % of identified nucleation sites show signs of cortex degradation 367

prior to blebbing. 368

For cases where we cannot identify the nucleation site via observation, the energy 369

functional returns a prediction. We expect it will be as reliable in those cases. 370

It is an attractive idea that the highest energy locations would cluster about the 371

Myosin II rich posterior face. However, isolating the cell posterior requires microfluidic 372

channels. On the one hand, we know that high energy correlates with membrane tension 373

and we know that the posterior end is rich in Myosin II contracting the cortex. 374

Meanwhile, in [9], Collier et al show that the high Myosin II concentration is offset by 375

high concentration of Talin, which should suppress blebbing. A study that clearly 376

isolate the anterior region will improve global prediction. 377

There are three elements of this study that separate us from [9], the pressure term in 378

our energy functional is not constant, the underlying geometric platform is based on a 379

B-spline defined from the points returned by the edge detect and we have asked 380

different questions. The result of these changes is a highly successful predictive 381

functional that we believe will point to the origin of blebbing. Furthermore, Π = 0 is 382

equivalent to a constant pressure term. The data in Table 2 show clearly that this is not 383

a viable option. Hence, this is a critical extension of its predecessor. 384

We expect that while the energy framework is highly predictive, it still does not 385

account for all the complex processes influencing the selection of nucleation sites. Aided 386

by our mathematical model, biological experiments can now be designed to study the 387

local mechanism responsible for bleb initiation. 388

In turn, more biology should be implemented into the energy functional. For 389

instance, Collier et al [9] report the uneven distribution of Talin at the posterior face. 390

To include this information into the energy functional requires developing the functional 391

without equally spaced points, hence without the finite difference method. This is 392

beyond the scope of the current article yet within known numerical processes. This is a 393

matter looking at the several alternatives and determining what adapts best to the case 394
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at hand. 395
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