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Effects of Agonist Distributions and Actin States On Chemotaxis Responses
Sheel Dandekar
Abstract

This thesis describes four projects aimed towards understanding different
mechanisms underlying chemotaxis.
The first chapter tackles the question of whether chemotaxing HL-60s move by
spatially biasing the generation of new protrusions, or whether they move by random
generation of protrusions followed by spatially biasing the selection of these protrusions.
We found that both modes can occur during establishment of the first protrusions, and
that the dominant mode is determined by three factors: external agonist gradients, preexisting morphological polarity, and unknown intrinsic cues. We further identified a role
for the actin cytoskeleton in establishing polarity of the WAVE complex, an actinnucleation promoting factor.
In the second chapter, we try to identify molecules which have an instructive role
in establishing polarity, by generating spatial asymmetries of candidate molecules across
a cell. The work here involves using a combination of microfluidics and drug inhibitors
to carve out asymmetries in distributions of endogenous signaling proteins.
In the third chapter, we tried to determine the spatial range of signaling from
activated receptors for different steps in the chemotactic cascade. Chemotaxing cells
must integrate information across their surface to determine the proper direction of
movement. Knowing how receptor occupancy is translated into activation of downstream
signals at different levels in the cascade is crucial for understanding this process. We
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used a variety of experimental techniques to apply agonist distributions to part of a cell,
and then visualized spread of the signals beyond the agonist-bound region. Initial results
suggest that the WAVE complex is not activated beyond the region in which receptors
are activated.
The fourth chapter deals with ongoing efforts to characterize the feedback roles of
actin at different levels in the chemotactic cascade. Using a combination of
pharmacological inhibitors, we are able to distinguish between roles that depend on
dynamic processes involving actin rearrangements, versus those where having a static
actin cytoskeleton is sufficient. So far, we have identified a role for dynamic actin
processes in the resensitization of agonist-bound receptors. We further hope to determine
a role for the static actin cytoskeleton in the desensitization of agonist-bound receptors.
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Chapter One - Introduction

1

Effects of Agonist Distributions and Actin States On Chemotaxis Responses

Chemotaxis is the process by which cells migrate up a gradient of an extracellular
chemical agonist. It plays a vital role in a diverse set of processes, including axonal
guidance, development, and pathogen hunting by the innate immune system.
Neutrophils, professional migratory cells of the innate immune system, chemotax in
response to agonists released by foreign invaders and other host cells. During
chemotaxis, agonist is recognized by specific transmembrane receptors at the plasma
membrane. Binding of the agonist activates a cascade of intracellular signals, which
finally relays the message to the actin cytoskeleton. Polarized rearrangments of the actin
cytoskeleton, consisting of protrusions caused by actin filament growth at the front of the
cell, and myosin-actin filament contractions at the back of the cell, provide the force for
migration. Understanding chemotaxis in greater detail will be of value in both basic
science understanding of these fundamental processes, as well as dealing with disease
states like inflammation and metastasis.
From an engineering standpoint, chemotaxis is a marvel of signal processing.
Neutrophils can chemotax over at least four orders of magnitude of agonist
concentrations. They can sense very shallow gradients, where only a one percent
difference in agonist concentration exists between the front and back of the cell. They
remain sensitive to rapidly shifting gradients, as they must constantly update their
migration direction in response to moving targets, such as bacteria, that they chase.
Greater understanding of the subcircuits that enable such sophisticated signal processing
can aid with understanding of other biological systems that contain similar subcircuits.

2

Additionally, this understanding may as well as one day aid synthetic biologists in
porting these functions into designed systems.
As one might expect, the simplified, unidirectional flow of information from
receptors to intracellular signals to the actin cytoskeleton is not sufficient for creating the
robust circuits responsible for the sophisticated signal processing tasks a neutrophil must
perform. A large, growing body of evidence suggests that the wiring of the circuits
involved in chemotaxis contains a number of negative and positive feedback loops.
Negative feedback almost certainly must exist to allow the cell to adjust its sensitivity to
agonist over such a large dynamic range; such negative feedback circuits have been
clearly shown to exist in systems such as bacterial chemotaxis. Also, in response to acute
addition of agonist, a number of the key chemotaxis signals show a transient, pulse-like
response which is typically generated by negative feedback. Positive feedback is thought
to amplify up small differences in signaling across the cell, enabling the cell to interpret
shallow gradients correctly, and also to polarize even in response to uniform agonist. The
presence of such feedback circuits is likely responsible for many of the sophisticated
signaling processing functions taking place during chemotaxis, but also greatly
complicates understanding of the mechanisms using traditional gain or loss of function
techniques.
Of particular interest to us are feedback loops involving actin. Actin, which
provides the force necessary for movement of the cell, has been shown to affect the
activity of a number of other steps in the chemotactic cacade. It has a well established
role in a positive feedback loop involving PIP3. It has even been shown to have effects
as high up in the cascade as the receptor level, where it forms complexes with agonist-
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bound receptors in preparation for endocytosis. Previous evidence also suggests that
different actin structures affect the sensitivity of the cell to agonist. Actin’s dual role as
the force-generating machine that pushes the cell forward, combined with its effects at all
levels of the cascade, make understanding its interactions crucial to understanding
chemotaxis.
In this thesis work, we focus on studying how perturbations at the top level
(agonist distributions) and bottom level (actin) affect chemotaxis responses, in
neutrophil-like HL-60 cells. Our choices of focusing on these levels of the cascade are
partially shaped by the availability of different agonists and small molecule inhibitors for
manipulating these levels of the cascade. Another reason for focusing on these levels of
the cascade is that they are clearly important for chemotaxis. The question of which
intracellular signals are instructive for chemotaxis (Chapter 3) remains open, and until it
is resolved, the choice of which signaling molecule to focus on in detail remains
daunting. Currently, genetic knockdowns and knockouts are difficult to perform in HL60 cells, while next-generation technologies such as light-induced protein-protein
interactions are still in development. These other methods will enable revolutions in
understanding the molecular mechanisms underlying signal processing circuits in
chemotaxis. This work focuses primarily on understanding systems-level responses in
chemotaxis, whose molecular mechanisms will have to be unraveled in future studies.
Two major questions are addressed in this work:

1) How are extracellular distributions of agonist interpreted by the cell?
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In Chapter 2, we look at responses of the WAVE complex, a signal which initiates
new actin protrusions, during establishment of cell polarity. We wanted to distinguish
which of two proposed mechanisms occurred during establishment of polarity: 1)
spatially biased generation of protrusions 2) uniform generation of protrusions followed
by spatially biased selection of protrusions. Cells are exposed to gradient and uniform
agonist stimulation of varying concentrations, in order to determine the effect of agonist
presentation on WAVE response. In Chapter 4, we examine how far away WAVE
complex activation can spread from activated receptors. In this chapter, we develop tools
for restricting agonist to a portion of the cell’s surface. Again, simultaneous
measurement of agonist distribution and WAVE response is used, in order to determine
this range. These measurements will be important in constraining future models of
chemotaxis.

2) How does actin affect cell’s responses to agonist?
In Chapter 2, we also examine the role of preexisting morphological polarity on
cell’s responses to agonist. Here, both actin asymmetries and signaling asymmetries are
able to shape the cell’s response to agonist. In Chapter 5, we focus specifically on actin’s
role in affecting cell sensitivity to agonist. Pharmacological inhibitors preserving the
actin cytoskeleton but inhibiting its rearrangements are used to determine the effect of
dynamic actin processes on cell sensitivity to agonist. Future studies will address the role
of the static actin network in affecting cell sensitivity to agonist.
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Chapter Two – Neutrophils Establish Rapid and Robust
WAVE Complex Polarity

Reprinted from Millius A*, Dandekar SN*, Houk AR*, Weiner OD 2009 Current
Biology, Vol. 19, Issue 3, pp 253-259.

* = co-first author

6

SUMMARY
Asymmetric intracellular signals enable cells to migrate in response to external cues.
The multiprotein WAVE (SCAR/WASF) complex activates the actin-nucleating Arp2/3
complex [1-4] and localizes to propagating “waves”, which direct actin assembly during
neutrophil migration [5, 6]. Here, we observe similar WAVE complex dynamics in other
mammalian cells and analyze WAVE complex dynamics during the establishment of
neutrophil polarity. Earlier models proposed that either spatially-biased generation [7] or
selection of protrusions [8] enables chemotaxis. These models require existing
morphological polarity to control protrusions. Similar spatially-biased generation and
selection of WAVE complex recruitment occur in morphologically unpolarized
neutrophils during the development of their first protrusions. Additionally, several
mechanisms limit WAVE complex recruitment during polarization and movement:
intrinsic cues restrict WAVE complex distribution during the establishment of polarity,
and asymmetric intracellular signals constrain WAVE complex distribution in
morphologically polarized cells. External gradients can overcome both intrinsic biases
and control WAVE complex localization. After latrunculin-mediated inhibition of actin
polymerization, addition and removal of agonist gradients globally recruits and releases
the WAVE complex from the membrane. Under these conditions the WAVE complex no
longer polarizes, despite the presence of strong external gradients. Thus, actin polymer
and the WAVE complex reciprocally interact during polarization.
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RESULTS AND DISCUSSION
For neutrophils, the WAVE complex is required for motility and polarity, exhibits
propagating waves generated through rapid sequential rounds of recruitment and release
of the complex from the plasma membrane, and requires actin polymer for its recycling
from the plasma membrane [6]. Several pieces of evidence suggest that similar WAVE
complex dynamics organize protrusion in other metazoan cells: the WAVE complex is
required for the movement and morphogenesis of cells in C. elegans [9], Drosophila [10,
11], and mice [3, 12]; the WAVE complex localizes to the tips of protruding lamellipodia
in B16F10 murine melanoma cells [13] (Fig. 1A, Movie S1); and this leading edge
localization represents rapidly cycling WAVE complex (half life 8.6 s for WAVE in
murine melanoma cells compared to 6.4 s for the Hem-1 component of the neutrophil
WAVE complex [6, 14]). To determine whether actin assembly is required for WAVE
complex recycling in cells other than neutrophils, we depolymerized the actin
cytoskeleton in B16F10 cells expressing a fluorescently tagged subunit of the WAVE
complex (Abi1). Actin disassembly resulted in cessation of WAVE complex movement
and significant WAVE complex enrichment (2.4 +/- 0.3 fold, P < .005) near the plasma
membrane (Fig. 1B, Movie S2), suggesting that actin is also required for WAVE complex
recycling in these cells. Collectively, these data suggest that the WAVE complex exhibits
similar properties in diverse mammalian cells and is likely a general regulator of cell
migration throughout metazoans.
WAVE complex dynamics exhibit several features that make them ideal for a
quantitative readout of polarity in neutrophils over other internal signals such as the
phospholipid PIP3 [15-17] or cell morphology [7, 8, 18]. PIP3 now appears to be
dispensable for chemotaxis in neutrophils [19] and Dictyostelium [20]. Morphology
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results from the integration of many signals. Compared to previous morphological
studies [7, 8], our use of TIRF imaging only visualizes the footprint of the cell and is
likely to emphasize stabilized protrusions versus protrusions that are unlinked to the
surface.
To compare WAVE complex dynamics and cell morphology as readouts for polarity,
cells were analyzed following exposure to chemoattractant gradients (Fig. 1C and 1D;
Movie S3). We developed automated image analysis software (Fig. S1) to quantify the
input/output relation between agonist perturbations and WAVE complex response for a
large number of cells. When a micropipette containing agonist was moved to a new
location, WAVE complex recruitment changed more dramatically in the following 10 s
than did cell morphology (Fig 1C., compare 84 s to 94 s). For quiescent cells exposed to
gradients of chemoattractant, significant WAVE complex asymmetry was observed in the
absence of obvious morphological polarity (Fig 2B, 14 s time point). These cells were
examined to determine how morphological protrusions and WAVE complex behavior
relate to the external gradient. Both were highly accurate in predicting the ultimate
gradient direction. However, protrusions oscillated significantly around the true gradient
direction (SD = 24%), whereas changes in WAVE complex behavior were more precisely
aligned with the gradient (SD = 12%). These data suggest that under our stimulation
conditions, changes in WAVE complex dynamics represent a more quantitative and
robust readout of polarity than cell morphology.
The establishment of WAVE complex asymmetry was determined by analyzing the
signaling response of an initially quiescent cell to chemoattractant (Fig. 2A). Quiescent
cells were exposed to a range of agonist increases and split into two equal size
populations based on the size of the mean estimated increase in fractional receptor
occupancy (see methods; 0.63 was the median increase). Among our micropipette
35
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experiments, the average receptor occupancy change correlated better with cell response
than did the slope of the gradient (data not shown). Cells exposed to increases in
estimated mean receptor occupancy from 0 to < 0.63 responded to the new gradient with
focused generation of WAVE complex recruitment (Fig 2B and 2D; Movie S4). For
mean receptor occupancy increases greater than 0.63, most cells produced a relatively
uniform distribution of WAVE complex recruitment that collapsed into a focused
distribution on the up-gradient surface (Fig. 2C and 2D; Movie S5). In both cases,
WAVE complex asymmetry ultimately aligns with the external agonist gradient.
Previous analyses of uniformly stimulated neutrophils showed initially uniform
signaling responses before cells became polarized [6, 17]. It is unknown whether cells
can also produce initially asymmetric signaling in response to uniform stimulation. To
test this possibility, the responses of quiescent cells (when cells lost all WAVE complex
dynamics and any obvious morphological front and back) were observed. A mean
receptor occupancy increase from 0 to 0.1 caused the cells to produce focused WAVE
complex recruitment (Fig. 3A and 3C; Movie S6). In contrast, a mean receptor
occupancy increase from 0 to 0.7 caused cells to produce a spatially uniform distribution
of WAVE complex recruitment that ultimately collapsed into a focused distribution (Fig.
3B and 3C; Movie S7). The first detectable response in either case occurred
approximately 12-18 s after stimulation. These data suggest that immediate signaling
asymmetries are generated in response to small agonist steps. Previous studies
examining the establishment of PIP3 asymmetry [17] and WAVE asymmetry [6] used
larger increases in receptor occupancy, conditions that prevent the initially focused
recruitment of WAVE complex in response to uniform chemoattractant (Fig. 3B and 3C).
There are several potential mechanisms that could constrain WAVE complex dynamics
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to a limited region of the cell surface. For instance, upstream molecular asymmetries
could act to restrict WAVE complex recruitment to a limited region of the cell surface
during the establishment of polarity. An example of this type of internal directional bias
is centrosome position, which influences the initial axis of morphological polarity in
response to uniform chemoattractant [21]. This sort of intrinsic bias could be
responsible for the immediate WAVE complex polarity in response to small steps in
uniform chemoattractant (Fig 3A). A second source of internal directional bias could
operate during migration. Moving cells have polarized morphologies and intracellular
signals, which act as a directional bias to restrict protrusions near the existing leading
edge [18, 22]. This type of internal directional bias spatially restricts WAVE complex
responses for intermediate increases in mean receptor occupancy (Fig. 3D; Movie S8) in
a manner similar to the role of an intrinsic bias during the establishment of polarity.
However, larger steps of uniform agonist elicited uniform WAVE complex recruitment
(Fig. 3E and 3F; Movie S9), indicating that this bias can be overcome.
During chemotaxis, both an external bias from the agonist gradient and the cell’s
intrinsic biases could influence the establishment of WAVE complex asymmetries. In
other cell types, such as Dictyostelium, only agonist gradients and not uniform
chemoattractant produce signaling polarity [15]. Under these conditions, it is difficult to
separate the effects of intrinsic biases from the external gradient. In contrast, neutrophils
exhibit signaling polarity in uniform chemoattractant as well as gradients [17], enabling
us to determine the role of internal directional bias independent of gradient sensing.
External gradients limit the spatial extent of WAVE complex recruitment for initially
quiescent cells (Fig. 2B). Here, external gradients set the final direction of WAVE
complex polarity and overwhelm any internal signaling biases within the cell. This
occurs for mean receptor occupancy increases less than 0.63. In contrast, under a
37
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condition where only internal signaling biases operate, a similar step size (an increase of
0.34), elicited uniform WAVE complex recruitment in polarized cells (Fig. 3E). These
data indicate that gradient sensing can overwhelm intrinsic biases and can constrain cell
responses over a larger range of agonist increases than intrinsic biases.
Some cues such as PIP3 can polarize in the absence of actin rearrangements [15, 17,
23, 24], but it is unclear whether WAVE complex asymmetry can also be uncoupled from
downstream actin-dependent morphological rearrangements. Neutrophils were treated
with latrunculin to inhibit actin polymerization. Even in the absence of external agonist,
latrunculin transiently increased the concentration of WAVE complex at the membrane
(Fig. 4A, 40 s). Under these conditions the WAVE complex still responds to stimulation,
although WAVE complex puncta are observed instead of propagating waves. Sudden
addition of an agonist gradient increased WAVE complex recruitment (Fig. 4A, 160 and
300 s), whereas removal of agonist caused WAVE complex release from the membrane
(Fig. 4A, 200 and 360 s). In latrunculin-treated cells exposed to gradients of
chemoattractant, the localization of WAVE complex was relatively uniform (Fig. 4B, 170
and 330 s; Movie S10). Untreated cells typically produced focused WAVE complex
recruitment in response to small increases in agonist gradients (Fig. 2B). In contrast,
latrunculin-treated cells that experienced a similar increase in receptor occupancy
exhibited a significantly wider WAVE complex distribution (Fig. 4C). Therefore, actin
polymer, which is generated downstream of the WAVE complex, also appears to be
required for the initial generation of WAVE complex asymmetry in neutrophils.
Additionally, for control cells exposed to large increases in agonist gradients, the WAVE
complex was initially relatively uniform but resolved into a more focused distribution
over time. In contrast, this selection mechanism was not apparent over the timescale
analyzed in latrunculin-treated cells (Fig. 4D). Furthermore, previous studies implicate
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actin polymer as a factor that stabilizes signaling components at the membrane [25, 26],
whereas our data suggest that actin polymerization can also remove signaling proteins
from the membrane.
Biochemical fractionation was used to measure WAVE complex enrichment near the
plasma membrane as a complement to our TIRF studies. A significant two-fold
enrichment of the WAVE complex was observed in the plasma membrane fraction
following stimulation and actin depolymerization, indicating that at least some of the
TIRF-visible pool of the WAVE complex represents plasma-membrane association (Fig.
S3).
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CONCLUSIONS
Two models cover how cells reorient polarity during directional migration, and aspects
of each apply to how cells initially establish polarity. One model showed that
Dicytostelium respond by selectively retaining the pseudopod that experiences the highest
agonist concentration, rather than biasing pseudopod generation [8]. In our system, the
unit of selection is not a pseudopod, but rather smaller organizing units consisting of
WAVE complex recruitment events. In contrast, the local generation model for
chemotaxis proposes that the chemotactic behavior of the cell is the sum of local,
independent protrusion events all over the surface of the pseudopod [7]. Once a cell is
polarized, the probability of a protrusion event occurring in a particular location on the
pseudopod depends on the relative local concentration of agonist. Extending this
generation-based model to unpolarized cells can explain how a cell can initially bias
WAVE complex asymmetry when receptor occupancy is low (~0.1), a phenomenon
inexplicable by a selection-based model. However, the generation-based model fails to
explain how cells could generate WAVE complex recruitment everywhere and selectively
retain WAVE complex recruitment up-gradient; so each model succeeds where the other
fails.
We propose a model where local generation events are linked to cellular adaptation
machinery. For small increases in agonist, a generation-based mechanism leads to
immediately focused polarity. For larger increases in agonist, the generation machinery
is saturated, resulting in a uniform WAVE complex distribution. In this case, global
adaptation allows the cell to selectively retain WAVE complex recruitment to achieve
WAVE asymmetry in a direction set by intrinsic biases or the external gradient. Our
model enables the cell to balance rapid polarization (initial signal generation to the upgradient side) with a more robust polarization (a slower gradual selection of uniform
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signal distribution, which can occur over a wider range of stimulation conditions).
Importantly, the dominant mechanism of polarization depends on the amount of
stimulation.
Intriguingly, actin polymerization is essential for WAVE complex polarization during
chemotaxis. There are many examples of loss-of-function perturbations of chemotactic
signaling that block intracellular signaling responses including PIP3 generation, Ras and
Rac activation, actin polymerization, and morphological changes in response to external
chemoattractant [5, 26-32]. The WAVE complex is the first example of an intracellular
signal that depends on actin polymer for its polarization but not for its global
responsiveness to stimulation.
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Figure 1. Propagating waves of the WAVE complex are mechanistically conserved in
other mammalian cells and represent a dynamic quantitative polarity readout in
neutrophils (A) Representative TIRF time-lapse sequences for a B16F10 fibroblast cell
migrating on fibronectin expressing Abi1 (a component of the WAVE complex) tagged
with YFP. Similar to HL-60 cells, propagating waves of the WAVE complex are
observed at the leading edge (Movie S1). (B) Representative Abi1-YFP TIRF time-lapse
sequences for a migrating B16F10 fibroblast exposed to 10 µM latrunculin at 0 s. Similar
to HL-60 cells, B16F10 cells exhibit an enrichment of WAVE complex near the
membrane following latrunculin treatment, suggesting a role for actin polymer in WAVE
complex recycling (Movie S2). (C) Representative brightfield and Hem1-YFP TIRF timelapse sequences for a HL-60 cell executing a turn in response to a change in the direction
of the agonist gradient (Movie S3). (D) Corresponding heatmap shows wave response.
Green arrow indicates initial up-gradient direction; red arrow indicates final up-gradient
direction. Bars, 5 µm.
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Figure 2. Cells establish Hem-1 wave asymmetry through either focused generation
or uniform generation followed by selection. (A) Illustration of experimental setup.
An agonist gradient was applied to a cell and then removed. This process was necessary
to ensure quiescence because cells adhered to a coverslip often exhibited polarity and
motility even in the absence of chemoattractant. Cells were classified as quiescent when
they lost all wave dynamics and any obvious morphological front and back. The
micropipette was repositioned at a different angle and the gradient reapplied at t = 0 s.
Therefore, all cells start with a mean receptor occupancy of 0 for this figure. The angle
difference and interval between agonist applications did not affect WAVE complex
distribution, nor did the cell retain memory of the original micropipette position after the
micropipette was turned back on (Fig. S2). (B and C) Representative DIC and Hem-1YFP TIRF time-lapse sequences and corresponding heatmaps show that cells exhibit a
focused (B, Movie S4) or uniform (C, Movie S5) distribution of waves. Note that wave
asymmetry is apparent in the absence of any obvious morphological differences
(arrowheads). Green arrows indicate initial up-gradient direction; red arrows indicate
final up-gradient direction. Bars, 5 µm. (D) Bar graph (left) of a 20 s average of wave
response immediately after gradient reapplication. Black bars show response for cells
with mean receptor occupancy (post-stimulation) of <0.63. Gray bars indicate cells with
mean receptor occupancy (post-stimulation) of >0.63. Error bars are s.e.m. Asterisks
indicate statistically significant differences between means of each sector (p <0.05,
Student’s t-test). Dot plot (right) shows a statistically significant difference (p = .03,
Student’s t-test) between the mean width (red line) of the distributions as defined in Fig.
S1.
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Figure 3. Directional bias limits wave generation in response to small increases in
mean receptor occupancy. (A and B) Initially quiescent cells were subjected to spatially
uniform mean receptor occupancy increases from 0 to 0.1 (at t = 0 s), which produced
focused waves (A, Movie S6), or 0 to 0.7 (at t = 0 s), which produced a spatially uniform
distribution of Hem-1 waves that ultimately collapsed into a focused distribution (B,
Movie S7). Bars, 5 µm. (C) Dot plot shows a statistically significant difference (p = .
001, Student’s t-test) between the mean width (red line) of the distributions. (D and E)
Representative time-lapse images of cells with prepolarized WAVE complex distributions
responding to spatially uniform increases in mean receptor occupancy from (D) 0.61 to
0.73 (n = 6, Movie S8) or (E) 0.39 to 0.73 (n = 8, Movie S9). (F) Dot plot shows a
statistically significant difference (p = 0.002, Student’s t-test) between the changes in
wave width for small versus large increases in mean receptor occupancy (note that mean
receptor occupancies are statistically different even after removing the outlier for the 0.61
to 0.73 increase). These data suggest that intrinsic directional bias can maintain the
asymmetric distribution of Scar/WAVE over a limited range of agonist concentrations in
both quiescent and prepolarized cells.
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Figure 4. Actin polymer is required for establishment of Hem-1 wave asymmetry (A)
Transient fMLP pulses (red trace) induce transient Hem-1-YFP (black trace)
accumulation at the membrane. An initially migrating cell was subjected to 20 µM
latrunculin treatment to depolymerize the actin cytoskeleton (40 s). This induced Hem-1YFP recruitment even in the absence of external stimuli. Subsequent fMLP pulses from a
micropipette (160 and 300 s) induced further recruitment. When the agonist was
removed, Hem-1-YFP quickly disappeared from the membrane. (B) Selected TIRF and
DIC images (Movie S10) from the traces shown in (A). Red arrows indicate direction of
gradient pulses. Arrowheads indicate areas of significant Hem-1-YFP accumulation at
the membrane. Note the broad distribution following each agonist pulse. Bar, 5 µm. (C)
Dot plot of a 20 s average of wave response immediately after an agonist pulse for cells
untreated (-lat) and treated with 20 µM latrunculin (+lat). There is a statistically
significant difference between the mean width (red lines) of the two populations (p = .
002, Student’s t-test). (D) Untreated cells that showed an initially broad wave
distribution after an agonist pulse were compared to latrunculin-treated cells. The wave
distribution in untreated cells converged into a focused distribution, whereas the wave
distribution in latrunculin-treated cells did not converge. Error bars are s.e.m. Inset
shows statistical significance between the difference in mean sectors (red lines) of the two
populations (p = .002, Student’s t-test).
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Cell culture
The HL-60 cell line stably expressing Hem-1-YFP was generated, cultured, and
differentiated as described previously [1]. Cells were plated on #1.5 coverslips (Lab-Tek)
precoated with 0.2 mg/ml bovine fibronectin (Sigma) and stimulated in RPMI plus Lglutamine, 10% FBS, and 25 mM HEPES (10-041-CM, Fisher) with indicated
concentrations of formyl-met-leu-phe (fMLP, Sigma) mixed with Alexa594 hydrazide
(Invitrogen).

Image acquisition
Images were taken at 37°C on a Nikon Eclipse TE2000-E inverted microscope with a
60x PlanApo TIRF 1.49 NA objective and an electron microscopy charge-coupled device
(EM-CCD) camera (Cascade II 512, Photometrics; http://www.photomet.com). Sample
drift was minimized using an autofocus system (Perfect Focus, Nikon). 514 nm and 561
nm lasers (20 mW ion and solid-state lasers, Melles Griot) were used for excitation of
Hem-1-YFP and Alexa594 hydrazide, respectively. Nikon Elements software version 3.0
was used for image acquisition; levels of still images were adjusted linearly in Photoshop
to enhance contrast.

Micropipette experiments
Typical imaging conditions used 600 ms YFP-TIRF, 20 ms 594-TIRF, and 5 ms DIC
exposures every 2 s with near maximal multiplication on the EMCCD to minimize
phototoxicity and photobleaching. Glass filaments (TW100F-4, World Precision
Instruments) were pulled on Sutter Model P-87 (program: heat = 750, pull = 0, velocity =
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20, time = 250, pressure = 100, loops 2 or 3 times) to achieve ~2-3 µm needle tip
diameter. Needles were backfilled with 5 µl 200 nM fMLP containing 10 µM Alexa594
and held by a micromanipulator (MM-89, Narishige). Agonist flow rate was controlled
by adjusting balance pressure between 0-3 psi on an IM-300 injection system (Narishige)
connected to a needle holder (MINJ4, Tritech).

Uniform experiments
Typical imaging conditions used ND2 neutral density filter, 100 ms YFP-TIRF, 20 ms
594-TIRF and 5 ms DIC exposures every 6 s with maximal multiplication on the
EMCCD to minimize phototoxicity and photobleaching. Cells were plated in 0.1 mL
media. The coverslips were then placed on the microscope and time-lapse movies were
started. Increases or decreases in chemoattractant were monitored by mixing Alexa594
into the fMLP stocks. For Fig. 3, cells were pre-stimulated with 20 nM fMLP for 3
minutes; the fMLP was completely removed and replaced with 0.1 mL media before the
start of the movie. This was done to increase the number of quiescent cells prior to
stimulation with chemoattractant.

Biochemical fractionation
One liter of 7 day differentiated HL-60 cells (or fresh pig leukocytes [2]) were spun at
1500 x g for 15 min, resuspended in ~4 mL mHBSS containing 3 mM DFP, and
incubated for 15 min at room temperature. Cells were spun again for at 90 x g for 10 min
and resuspended in warm cavitation buffer or cavitation buffer containing 1 µM fMLP, 10
mM Latrunculin B, and 100 µM GTP!S. Cells were pressurized for 5 min at 37°C for 5
min, lysed into 2 mM EGTA, spun at 1500 x g for 10 min at 4°C, layered on a
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15%/38%/60% sucrose gradient, and spun at 100,000 x g for 1 hour. The 15%/38%
interface was collected, TCA precipitated, and subsequently used for a Western blot for
Hem-1 and NaK ATPase (a membrane loading control).

WAVE complex visualization within B16F10 cells
B16F10 cells were cultured on 10 cm dishes in MEM Eagle with Earle’s BSS, 10%
FBS, non-essential amino acids and antibiotic/antimycotic. The cells were transfected
with Abi1-YFP (Lipofectamine2000) 48 hours before the experiment. For WAVEcomplex visualization during spreading (Fig. 1A), Abi1-YFP transfected cells were
trypsinized, replated on fibronectin-coated coverslips, and Abi1-YFP was visualized
immediately after replating. This allowed us to visualize waves as cells initially spread
along the coverslip. For latrunculin experiments, Abi1-YFP transfected cells were
trypsinized and replated on fibronectin-coated coverslips 24 hours before the experiment.
AlF was added (30 mM NaF, 50 mM AlCl3) to stimulate spreading approximately 10 min
before Latrunculin B addition (10 mM). In both sets of experiments, the cells were
plated on LabTek 8 well #1.5 coverglass chambers pre-coated with 0.05 mg/mL bovine
fibronectin (Sigma).

Image denoising
The Hem1-YFP channel of the acquired image series was cropped in space so that
only one cell was in the image. The resulting time series was denoised in collaboration
with John Sedat, using software developed by Jerome Boulanger, as described in (Fig.
S1), [3]. Default parameters were chosen for a two-dimensional time series, except for
the patch size, which was 7x7. The effect of the denoising was to remove speckle noise
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from the background while minimizing feature loss from the waves, which enabled semiautomatic segmentation of the cell and wave regions. In the fMLP channel for both the
uniform and micropipette experiments, the true intensities should be smoothly varying.
To get rid of hot pixels (extremely bright or dark relative to surroundings), the fMLP
channel was smoothed following image reconstruction examples [4].

Image segmentation
The cell region (region of the cell in contact with the coverslip) and wave region
(regions of high Hem-1 density within the cell region) were defined using the denoised
image. Two user-defined intensity thresholds were chosen using ImageJ, where the
region of the image above the low threshold was the cell region (distinguishable above
background because of cytosolic Hem-1) and the region of the image above the high
threshold was the wave region (Fig. S1). For Fig. 4 (latrunculin-treated cells), the
cytosolic pool of Hem-1 was greatly depleted, making it difficult to segment the cell
region automatically. For these experiments, the cell region was a user-defined circle.
This method of segmentation consistently underreported the width of the WAVE
distribution when compared to the intensity thresholding method using control cells (data
not shown).

Image analysis
We wrote analysis software in MATLAB 7.4 with Image Processing Toolbox and the
help of the Nikon Imaging Center at UCSF. For the micropipette experiments, the
position of the micropipette was calculated as the centroid of the region with intensity
greater than 0.9*(max pixel intensity of smoothened fMLP channel). A total of 18 sectors
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covering 20 degrees each were drawn using the centroid of the cell region as the center,
and the up-gradient direction falling between the middle two sectors. Sectors with
normalized fractional wave area greater than 0.1 were defined as sectors containing
waves (Fig. S1).

Concentration and receptor occupancy calculations
For uniform chemoattractant experiments, chemoattractant concentration was known,
and receptor occupancy was calculated in the same manner as the gradient experiments.
For the gradient experiments, concentration was calculated by mixing known
concentrations of Alexa594 with fMLP and drawing a standard curve under defined
imaging conditions. Two curves were created and the average slope used to calculate
concentration. Fractional receptor occupancy was calculated for a Kd of 9.5 nM for
binding of fMLP to its receptor [5] using the equation receptor_occupancy = [fMLP]/(Kd
+ [fMLP]). Background was subtracted from the fMLP channel in the following
manner. For experiments in which some images in the time series were taken with no
chemoattractant (Fig. 2), the median fMLP intensity during periods without
chemoattractant was subtracted from all measurements, and all resulting negative values
set to 0. For experiments in which all images had some chemoattractant, a constant value
(2500 CCD counts) estimated from the median fMLP intensity values reported from the
images without chemoattractant was instead subtracted, and all resulting negative values
set to 0. To calculate the concentration following a change in fMLP, the median sector
fMLP intensity for frames in the 20 s prior to and following the change were calculated,
and the minimum and maximum for each, respectively, was used.
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Statistical methods
Unpaired, two-tailed Student’s t-test was used to compare mean widths for wave
distributions in Fig. 2-4. These data met the criteria for normalcy by the Lilliefors test
and the Jarque-Bera test.
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Figure S1. Illustration of image acquisition, processing, and analysis used in this
paper. (A) A three channel merged image stack (top) is split into Hem-1-YFP
distribution in TIRF (left), cell morphology in DIC (center), and fMLP distribution
(visualized by the fluorescent dye Alexa594, which has a similar diffusion constant to
fMLP) in TIRF (pseudocolored, right). Red arrow indicates up-gradient direction. Bars,
5 µm. (B) The Hem-1 channel is denoised and segmented into a wave region, which
contains high Hem-1 concentration on the membrane, and a cell region, which
additionally contains cytosolic Hem-1. (C) For each frame the cell is divided up into 18
equiangular sectors with the up-gradient direction (denoted by red arrow) between sectors
9 and 10. For each sector the ratio of wave area to cell area (left) and the average agonist
concentration (right) are calculated. This agonist concentration is converted into a crude
estimation of mean receptor occupancy using the reported Kd of the formyl peptide
receptor {Coats, 1990 #27}. (D) The data from (C) is pictorially represented over the
course of the movie as a heatmap. Each column is one time point, and the rows
correspond to each sector’s position, with high values shown in red and low values
shown in blue. (E) The average of the wave response over 20 s following an agonist
change (white box shown in D) is plotted on a bar graph, and the number of sectors with
fractional wave area > 0.1 defines the width of the wave region.
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Figure S2. Angle difference and quiescence period do not affect wave distribution,
nor are cells skewed toward original micropipette location. (A) Movies from Fig. 2
were sorted according to angle differences between old and new micropipette positions.
Dot plot shows no statistical significance (p = 0.28, Student’s t-test) between mean sector
widths (red line). (B) Movies from Fig. 2 were sorted according to the duration between
agonist applications (quiescence period). The average quiescence period was 85 s. Dot
plot shows no statistical significance (p = 0.46, Student’s t-test) between mean sector
widths (red line). (C) There was no correlation between the old micropipette location on
the center of the wave distribution relative and the new micropipette location (R-squared
= 0.03).
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Figure S3. The WAVE complex biochemically fractionates to the plasma membrane upon
fMLP stimulation and latrunculin treatment. The WAVE complex normally rapidly fluxes
in and out of the TIRF field (with a half-life of 6.4 s), but stably associates in the TIRF
field following actin depolymerization by latrunculin treatment {Weiner, 2007 #1}.
Cavitation and discontinuous sucrose gradients were used to purify the plasma membrane
of unstimulated cells versus stimulated latrunculin-treated cells. (A) Western blot shows
Hem-1 and NaK ATPase (a membrane loading control) plasma membrane fractions for
both untreated and stimulated (+fMLP, +latB, +GTP!S) cells. (B) Quantification shows a
significant ~2-fold enrichment of the WAVE complex at the plasma membrane after
stimulation compared to controls cells (p = 0.04, one-sample student’s t-test) for 5
independent experiments.

68
!"

SUPPLEMENTAL MOVIE LEGENDS
Movie S1. WAVE complex dynamics occur in B16F10 murine melanoma cells. A
B16F10 fibroblast cell expressing Abi1-YFP was imaged at 37°C by TIRF while
migrating on fibronectin. Playback speed is 10 frames per s. Corresponds to Fig. 1A.

Movie S2. WAVE complex dynamics arrest in latrunculin-treated B16F10 murine
melanoma cells. A B16F10 fibroblast cell expressing Abi1-YFP was imaged at 37°C by
TIRF while migrating on fibronectin and exposed to 10 µM latrunculin. Playback speed
is 10 frames per s. Corresponds to Fig. 1B.

Movie S3. Hem-1 wave dynamics in response to a moving point source of
chemoattractant. An HL-60 cell expressing Hem-1-YFP was imaged at 37°C by TIRF
and brightfield microscopy once every 2 s (overlay, left; TIRF, right). Note that Hem-1YFP waves are a more sensitive readout of polarity during a turn than morphology.
Playback speed is 10 frames per s. Corresponds to Fig. 1C.

Movie S4. HL-60 cells spatially bias wave generation in response to small increases
in chemoattractant gradients. An initially unpolarized HL-60 cell expressing Hem-1YFP was suddenly exposed to an fMLP gradient at t = 0 s and imaged at 37°C (Hem-1YFP TIRF alone, left; overlay, right) by TIRF (green) and DIC microscopy with 2 s frame
intervals. Alexa594 dye corresponding to agonist from the micropipette was imaged in
TIRF (red). Playback speed is 10 frames per s. Corresponds to Fig. 2B.

Movie S5. HL-60 cells exhibit spatially unbiased wave generation followed by
69
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selection to establish wave asymmetry in response to large increases in
chemoattractant gradients. An initially unpolarized HL-60 cell expressing Hem-1-YFP
was suddenly exposed to an fMLP gradient at t = 0 s and imaged at 37°C (Hem-1-YFP
TIRF alone, left; overlay, right) by TIRF (green) and DIC microscopy with 2 s frame
intervals. Alexa594 dye corresponding to agonist from the micropipette was imaged in
TIRF (red). Playback speed is 10 frames per s. Corresponds to Fig. 2C.

Movie S6. HL-60 cells spatially bias wave generation in response to small increases
in uniform chemoattractant. An initially quiescent HL-60 cell expressing Hem-1-YFP
was exposed to a sudden uniform increase in receptor occupancy from 0 to 0.1 at t = 0 s
and imaged at 37°C by TIRF and DIC microscopy with 6 s frame intervals. Playback
speed is 10 frames per s. Corresponds to Fig. 3A.

Movie S7. HL-60 cells exhibit spatially unbiased wave generation followed by
selection to establish wave asymmetry in response to large increases in uniform
chemoattractant. An initially unpolarized HL-60 cell expressing Hem-1-YFP was
exposed to a sudden uniform increase in mean receptor occupancy from 0 to 0.7 at t = 0 s
and imaged at 37°C by TIRF and DIC microscopy with 6 s frame intervals. Playback
speed is 10 frames per s. Corresponds to Fig. 3B.

Movie S8. For cells with a prepolarized distribution of the WAVE complex, small
increases in uniform agonist do not alter wave distribution. An HL-60 cell
expressing Hem-1-YFP was exposed to an increase in mean receptor occupancy from
0.61 to 0.73 delivered at t = 0 s and imaged at 37°C by TIRF microscopy with 6 s frame
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intervals. Playback speed is 10 frames per s. Corresponds to Fig. 3D.

Movie S9. For cells with a prepolarized distribution of the WAVE complex,
intermediate increases in uniform agonist produces unbiased wave generation. An
HL-60 cell expressing Hem-1-YFP was exposed to an increase in mean receptor
occupancy from 0.39 to 0.73 delivered at t = 0 s and imaged at 37°C by TIRF microscopy
with 6 s frame intervals. Playback speed is 10 frames per s. Corresponds to Fig. 3E.

Movie S10. Actin polymer is required for establishment of Hem-1 wave asymmetry.
An initially unpolarized HL-60 cell expressing Hem-1-YFP was treated with 20 mM
latrunculin at t = 40 s, followed by pulses of fMLP from a micropipette at t = 160 and 300
s. Cells were imaged at 37°C by TIRF (green) and DIC microscopy with 2 s frame
intervals. Alexa594 dye corresponding to agonist from the micropipette was imaged in
TIRF (red). Playback speed is 10 frames per s. Corresponds to Fig. 4B.
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Chapter Three – Using Local Perfusion of
Pharmacological Inhibitors to Generate Asymmetric
Signaling Distributions
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Summary
Using a combination of genetics, pharmacology, and microscopy, previous studies
have uncovered molecules that are essential for neutrophil chemotaxis and display a
spatially polarized distribution[1]. It is not yet clear which of these molecules play an
instructive role in chemotaxis (those whose asymmetric distribution can bias the direction
of migration) versus those that are merely permissive for chemotaxis. The goal of this
chapter was to tackle this question using microfluidics and drug inhibitors to generate
asymmetric distributions of endogenous signaling molecules across an HL-60 cell.
Recently, a local perfusion system enabled generation of asymmetric signaling
distributions that were not previously achievable using a micropipette[2]. We tried
porting this approach to studying chemotaxis in HL-60 cells. However, due to
mechanosensitivity of HL-60s, the results could not be interpreted as being due to
asymmetric drug inhibition rather than differences in force applied across the cell. A less
mechanosenstive cell type, or genetic/pharmacological perturbations where the
mechanosensitivity of HL-60s could be reduced, might permit use of this technique to
identify instructive versus permissive roles for candidate molecules during chemotaxis.

Introduction
In trying to understand how chemotaxis works, one of the first steps is to
assemble a parts list of all the proteins and other signaling molecules required for the
process. Using genetic and pharmacological approaches, previous studies have uncovered
molecules that are essential for neutrophil polarization[1]. Among these, fluorescence
microscopy has identified some that localize to the front or back of the cell. It is not yet
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clear which of these molecules play an instructive role in chemotaxis (those whose
asymmetric distribution can bias the direction of migration) versus those that are merely
permissive for chemotaxis.
The goal of this chapter was to develop an assay that would allow us create
asymmetric distributions of endogenous signaling molecules, by using microfluidics to
generate a gradient of a drug inhibitor across an HL-60 cell (Figure 1). Work by other
members of the lab involves using a phytochrome-based light system[3] to recruit
exogenous signaling proteins to defined regions of the plasma membrane; our approach is
a complementary technique to their method. While asymmetric inhibition has been
achieved for some drugs using passive diffusion from a micropipette[4], other drugs, such
as latrunculin, rapidly equilibrate inside an HL-60 cell. Recently, local effects of
latrunculin and cytochalasin D were observed using a local perfusion system (Figure 4a)
that uses laminar flow to sharpen the gradient generated by a micropipette[2]. The goal
was first to repeat the results for latrunculin and cytochalasin D in HL-60 cells, but then
to extend this approach to other drugs for which local inhibition cannot be seen using
passive diffusion from a micropipette.

Results
In order to test whether a given candidate molecule was instructive for
chemotaxis, several steps would have to be achieved. First, approximate threshold doses
of a drug would have to be determined from dose response experiments. According to
previous work[2] a 3x dose of the threshold amount of a drug needed to see a response
was a good starting amount to load in the micropipette (Fig 1). Drug candidates had to be
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able to be washed out of the cell when under continuous perfusion, as otherwise drug
would steadily accumulate in the cell and local inhibition would become impossible.
Cells had to migrate persistently in one direction without turning, to be able to interpret
turns as being due to the local perfusion. The perfusion would be more likely to induce an
internal asymmetry of the inhibited candidate molecule if the inhibitor gradient generated
by the perfusion was steep. For some candidate molecules of interest, asymmetric
distributions of the candidate molecule could be verified by imaging of a fluorescent
reporter cell line. Finally, cell turning had to remain unaffected when no drug was added
to the pipette, to negate the possibility that mechanical forces on the cell exerted by the
difference in flow was responsible for the cell turning.
The first candidate tested was F-actin; while it clearly is required for chemotaxis,
it remains an open question as to whether F-actin levels would be instructive for
chemotaxis. Latrunculin, a potent and specific inhibitor of actin, depolymerizes actin and
induces a round morphology at a concentration of 1 uM, while showing no significant
effects at 100 nM in our hands. We decided to test whether 1 uM latrunculin could be
washed out of HL-60s. Using timelapse microscopy, we observed changes in
polarization and migration of HL-60s (Fig. 2, left panel) in response to acute addition of
1 uM latrunculin (Fig. 2, center panel). After 2 min of incubating cells with the drug, the
syringe pump filled with buffer required to generate laminar flow in Fig 4a was switched
on. After a washout period of a couple minutes, cells began to reanimate, and by 5.5
minutes (Fig 2, right panel) cell migration appeared to be similar to before the application
of the drug. Therefore, it is possible to washout latrunculin from HL-60 cells.
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Optimal conditions were then found for persistent migration (that is, moving
straight in one direction as long as possible) for HL-60 cells on coverslips in laminar
flow. Over the course of the timelapse dataset shown in Figure 3, the fronts of cells were
manually tracked, and the resulting positions from preceding panels indicated with
yellow or red dots. Both cell paths shown in Figure 3 look relatively straight, over the
course of 10 minutes. Therefore, under these conditions, we can get HL-60s to migrate
persistently, so that their natural turning rate is very low. This allows us to interpret turns
as being due to our drug perfusion.
Because a gradient generated solely by diffusion from the tip of a micropipette
had not been previously sufficient to generate a local effect with latrunculin, we wanted
to generate a steeper gradient using a local perfusion device[2] (Fig 4a). In our hands,
typical asymmetries generated across an HL-60 cell using diffusion from a micropipette
were about 20%[5]. After optimizing needle size and laminar flow, we were able to
generate a 10-fold difference (1000%) across the surface of the cell (Fig. 4b and 4c),
which is roughly 50-fold steeper than a typical gradient generated by passive diffusion.
This significant increase in gradient steepness provided hope that we might be able to
induce asymmetric inhibition of F-actin across an HL-60 cell.
Finally, we decided to observe the migration of cells when locally perfused with
the same buffer as the laminar flow, to measure the effects of the mechanical forces on
the cell caused by the difference in flows across its surface. We wanted to ensure that
turns induced by local perfusion were due to the chemical inhibitor being applied and not
an effect of the mechanical forces being applied to the cell. However, cells did turn away
and avoided fully entering the flow from the micropipette (Figure 5), suggesting that
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these forces do have a significant effect on HL-60 cell migration. At this point, we
decided to abandon the local perfusion technique as a means to address this question in
HL-60s. In light of more recent evidence implicating membrane tension as an inhibitor
of protrusions in HL-60s[6], it is perhaps not surprising that HL-60s are sensitive to these
mechanical forces.

Discussion
In order to show that a particular candidate molecule is instructive for chemotaxis,
it is vital to be able to directly generate asymmetries of the candidate molecule and
observe changes in the direction of migration. The use of drug inhibitors to create
asymmetries of endogenous signaling molecules would provide a nice complement to
approaches where the asymmetries are generated by recruitment of exogenous signaling
molecules to the plasma membrane. Each has shortcomings (specificity of the drug
inhibitor in our case, or concerns about supraphysiological levels of the candidate
molecule in the other), but the combination of these two experiments would provide a
strong foundation in arguing for or against candidate molecules as being instructive for
chemotaxis.
An alternative device for generating sharp gradients has two parallel laminar flow
streams containing different buffers[7]. Such devices have been shown to generate
similarly sharp gradients to the ones generated by our local perfusion device. A potential
advantage of using this would be that the entire cell would be under the same speed flow,
eliminating the asymmetry in flow applied to cells in our perfusion device. However,
previous reports using such devices have usually used larger, non-motile cells, and
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applied much higher velocity (~ 100 x) streams to them than required in our local
perfusion device. It is unlikely that our cells could maintain contacts with the fibronectin
substrate with this kind of shear force, so it remains an open question whether these
double stream devices could generate sufficiently sharp gradients without stripping HL60s from the coverslip.
While the mechanosensitivity of HL-60s made this an unsuitable experimental
method for addressing the question in this system, it is hoped that this technique could be
useful to future members of the lab addressing similar questions in other cell types. The
perfusion setup described[2] was originally used in larger, non-motile cells. A less
mechanosenstive cell type, or genetic/pharmacological perturbations where the
mechanosensitivity of HL-60s could be reduced, might permit use of this technique to
identify instructive versus permissive roles for candidate molecules in a variety of
contexts.
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Chapter 3 Figure Legends

Fig 1. Determining which molecular asymmetries across the cell are sufficient to
bias HL-60 cell polarity. Persistently migrating cells under laminar flow are locally
perfused with a micropipette containing drug inhibitor targeting a candidate organizer of
polarity (left column). Cells turning away (top row) or turning towards (third row) the
pipette can be interpreted as that molecule being instructive for polarity. Cells that show
no change (2nd row) may not be exposed to sufficient concentrations of inhibitor, and the
experiment may be repeated with higher concentrations of inhibitor in the pipette. Cells
which stop moving (bottom row) and thus show a global effect may be exposed to
excessively high concentrations of inhibitor, and the experiment may be repeated with
lower concentrations of inhibitor in the pipette.

Fig 2. Latrunculin washout from HL-60 cells under continuous perfusion. Cells are
migrating on a fibronectin coated coverslip (left panel). At t = 0, 1 uM latrunculin is
added to the cells, which depolymerizes actin and causes the cells to have a rounded
morphology 1 min later (center panel). At t= 2 min, perfusive flow with drug-free buffer
begins, and 5.5 min later migration appears to be normal for all cells in the field (right
panel).

Fig. 3 Optimized conditions for achieving persistent migration of HL-60 cells under
flow. a) Selected frames from a 10-minute time lapse of cells migrating in a flow cells.
Under these conditions (described in the text), cells are able to migrate persistently. Red
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and yellow tracks are shown for two cells, each dot indicating the front of the cell in the
preceding frames. b) Enlarged frame from center panel in a). Note the well formed,
broad fronts (yellow arrows) and absence of retraction fibers emanating from the tail,
which are crucial for allowing persistent migration.

Fig 4. Charras local perfusion device can generate a 10-fold difference in inhibitor
concentration across the length of an HL-60 cell. a) Side view schematic drawing of
the perfusion device. An inlet fed by a syringe pump delivers buffer at a fixed rate,
which generates a laminar flow at the coverslip near the bridge. A micropipette
containing a drug inhibitor is placed near the bridge to generate a sharp gradient, as
inhibitor diffusing out of the pippette is quickly swept away by the laminar flow. A
coverslip with cells plated on the top surface is attached to the bottom of the device, and
cells near the bridge are imaged using an inverted microscope. A vacuum line at the
other end of the device constantly aspirates to keep the liquid volume constant in the
perfusion device. b) Top view of a cell in the perfusion device. The micropipette has an
Alexa 561 tracer dye added to be able to visualize the steepness of the gradient, using
epifluorescence. c) Intensity profile along the blue line drawn in b). Using calibration
measurements, pixel distances from the image can be converted into microns. Over the
average size of an HL-60 cell (about 10 um), the signal drops about 10-fold after
background subtraction.

Fig 5. HL-60s are mechanosensitive and resist entering perfusion flow. Time lapse of
a cell migrating in perfusion device where both the bulk flow and the pipette contain
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buffer, with an inert tracer dye added to the pipette, but no drug inhibitor has been added.
This is to test whether the difference in flow across the surface of the cell affects
migration (in the absence of a drug inhibitor). The flow is positioned in the path of a
migrating cell (left panel). The cell partially enters the micropipette flow, but begins to
retract the portion of the front in the flow (center panel). The cell continues moving, but
has turned away from the flow (right panel). The sensitivity of the cell to differences in
flow alone make it very difficult the effects of any drug inhibitors used in this assay, so
the project was terminated.
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Chapter Four – Measuring Spatial Range of
Chemotaxis Signaling Using Local Agonist Presentation
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Summary
Chemotaxing neutrophils must integrate information from thousands of receptors
distributed across its surface to come to a collective decision as to which direction it
should move. In order to begin to understand this process, it is vital to know how the cell
converts extracellular distributions of agonist into intracellular signals that ultimately
inform the actin rearrangements required for movement. In this work, we set out to
determine how far away different chemotactic signals can spread from activated
receptors. To do this, we tried to develop tools for restricting agonist to a portion of the
cell surface. Observation of spatial distributions of chemotaxis signals at different levels
of the cascade would then allow us to measure how far away the signals could spread.
We investigated three methods for restricting agonist to a portion of the cell: agonist
tethered to beads, agonist patterned on the surface of a coverslip, and local perfusion of
soluble agonist. Initial results suggest that the WAVE complex, which is observed at the
front of migrating cells, is not activated beyond the region in which receptors are
activated.

Introduction
Neutrophils are capable of sensing gradients where there is a 1% difference in
agonist concentration across their surface. Somehow, the cell must integrate information
from thousands of receptors distributed across its surface to come to a collective decision
as to which direction it should move. In order to begin to understand this process, it is
vital to know how the cell converts extracellular distributions of agonist into intracellular
signals that ultimately inform the actin rearrangements required for movement. Cells
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which polarize in uniform agonist or in gradients of agonist ultimately adopt a similar
front size and shape. This has led some observers to wonder whether agonist simply
triggers self-organizing circuits which are ultimately responsible for determining the size
and shape of the front.
Our goal in this chapter was to develop tools for restricting agonist to a portion of
the cell surface, and to measure whether various chemotactic signals associated with the
front of cells could spread beyond the region where receptors were activated. Usual
methods of applying agonist to cells are either uniform addition or gradients generated by
a micropipette, but in both these cases all portions of the cell are exposed to some level of
agonist. Knowing whether signals can spread beyond the stimulated region would
constrain models of how the agonist distribution is interpreted by the cell

Results
In this work, we set out to determine how far away different chemotactic signals
can spread from activated receptors. In order to achieve this, four conditions needed to
be met. In order to be able to interpret the signals we would observe as being activated
by our perturbations, we first needed some way of getting HL-60 cells in a quiescent
state, where there was no obvious morphological or signaling polarity. Second, we
needed to develop a way of restricting agonist to one portion of the cell’s surface. Third,
we needed to verify that our method of restricting agonist to one part of the cell did not
interfere with the agonist’s ability to activate receptors, and to be able to measure the area
of activated receptors. Finally, we needed to observe the distribution of activated signals
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at different levels of the chemotactic cascade, in response to our locally presented
agonist.
We preferred not to use the method of obtaining quiescent cells shown in Chapter
2, where agonist was presented to cells and then removed; since agonist still remains
bound for minutes after signaling stops[1], we could not say that we had restricted
agonist to one portion of the cell. Instead, we decided to serum starve cells for 1 h, which
allowed us to obtain a reasonably high percentage (20-50%) of quiescent cells (Fig 1).
These cells were defined as ones lacking morphological polarity beforehand (likely
indicating a lack of signaling polarity), and which spread and polarized following
addition of uniform agonist.
Our initial method of restricting agonist was to tether it to a bead using a biotinstreptavidin linkage. This semi-covalent interaction has an extremely small Kd (10-15 M),
which makes it ideal for limiting the amount of agonist that can leach off beads into
solution. Another advantage of the biotin-streptavidin interaction is that it avoids using
highly reactive crosslinking molecules present in covalent linkages, which later need to
be quenched to avoid unwanted interactions. Using a competition assay, we first tested
the extent to which our streptavidin beads specifically bound our biotin-tagged agonist
(Fig 2a). Different ratios of biotin-FITC and biotin-fMLP were mixed and added to
beads, with the amount of biotin-FITC chosen to be at the saturating dose for the reported
number of streptavidin binding sites on the beads. We looked for loss of fluorescence of
the beads after adding increasing amounts of biotin-fMLP, indicating competition for the
streptavidin binding sites (Fig 2b). We saw significant decreases after adding 20-fold
more biotin-fMLP, and virtually total loss of fluorescent binding when adding 200-fold
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more biotin-fMLP. This strongly suggests that we are getting specific binding of the
biotin-fMLP to the streptavidin binding sites on the bead.
To assess the ability of the beads to induce a response from cells, we measured
cytoplasmic calcium increases by loading cells with a calcium dye and allowing them to
migrate in a well containing agonist-coated beads for 1 h (Fig 2, c-f). After 1 h
incubation with the agonist beads, we could see a number of beads that were clustered
together with cells (Fig 2c). Similar comparisons for beads coated with a non-stimulatory
peptide did not show any significant attachment to cells (Fig 2d). Throughout the course
of the incubation, transient flashes of the calcium dye (Fig 2e,f) in response to agonist
beads could be observed. By comparison, beads coated with non-stimulatory peptide did
not induce calcium flashes (Fig 2f). Importantly, these beads did not induce calcium
flashes upon their initial addition to the well containing cells, suggesting that there was
no significant leaching of agonist from the beads into the medium. These results suggest
that the agonist beads are still capable of activating formyl peptide receptor, and that the
activated receptors are limited to the portion of the cell in contact with the bead surface.
Difficulties with interpreting the results came from two main sources. We
suspected that the agonist coated beads in Fig 2 may be getting phagocytosed by the cells.
To confirm this, we coated beads with a mixture of biotin-FITC and biotin-fMLP and
added them to cells (Fig 3a). FITC is a pH-sensitive fluorophore, and quenches upon
lysosomal acidification. We noted that all beads associated with cells lost fluorescence
shortly afterwards, indicating that they were being internalized. This internalization
meant that they were only present at the surface for a short amount of time, so we would
be limited to observing signals for the first minute or so after the beads contacted the
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cells. We attempted to apply beads acutely to quiescent cells by holding and moving
them using a micropipette (Fig 3b). However, mechanical stimulation from the force of
applying the bead made it difficult to interpret the results of the bead application. It was
also difficult to exactly measure the portion of the cell in contact with the bead. In
addition, many of our signaling readouts are TIRF-based, which was incompatible with
agonist presented this far away from the coverslip. For these reasons, we decided to
move to an approach where agonist was patterned on the surface of a coverslip.
To pattern agonist on the coverslip, we used two different approaches:
microcontact printing and the NanoEnabler. Microcontact printing involves generating
PDMS stamps with small repeated features, activating the stamp by adsorbing the
molecule of interest, and then stamping a reactive glass surface, allowing covalent
attachment of the protein of interest to the surface (Fig 4a). The NanoEnabler essentially
consists of an AFM tip with a liquid reservoir; the tip can be brought into contact with the
surface and deposits a small liquid drop containing the protein onto the surface (Fig 4b).
Both system can generate pattern sizes smaller than an HL-60 cell (10 uM). We tried
several different chemical linkages: adsorbed, biotin-streptavidin, sulfhydryl-maleimide,
and lysine-NHS ester. Ultimately, we were not able to generate patterns that were
simultaneously stimulatory to cells on the pattern, while non-stimulatory to cells off the
pattern.
Our final approach for trying to deliver agonist locally to cells was to use the local
perfusion device[2] in Chapter 3, but with agonist rather than a drug inhibitor. We first
determined the threshold for response to uniform addition of fMLP agonist. We then
loaded the micropipette with a tracer dye and fMLP agonist dose around 3-fold higher
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than the threshold agonist dose, while simultaneously measuring distribution of the
WAVE complex (Fig 5a). The key frames to look at are at 485 and 500 s. At 485 s, the
entire portion of the cell in the flow has activated WAVE complex. At 500 s, the cell has
moved further into the flow, and again the entire portion of the cell in the flow (a larger
area than the preceding frame) has activated WAVE complex. This suggests that at 485
s, the WAVE distribution is capable of growing to a larger area, but does not due because
its activity is restricted to the area of the cell in the flow. Further repetition would be
necessary, but this is a first step suggesting that in response to agonist, the WAVE
complex is not activated beyond the area where receptors are activated.
Some of the challenges associated with determining the exact regions of the cell
where receptors are activated are shown in Fig 5b. Through diffusive mixing (arrow 1),
receptor-ligand internalization (arrow 2), or receptor-ligand diffusion in the plane of the
membrane (arrow 3), agonist could activate receptors in regions outside the flow as
delineated by the tracer dye. A better approach is to conjugate a fluorophore to the
agonist, allowing its direct visualization. Initial attempts at doing this using FITCconjugated fMLP are shown in Fig 5c. Cells are perfused with FITC-fMLP (left panel),
and the flow is then removed (right panel). Portions of the membranes of three cells
retain fluorescence, due to binding of the FITC-fMLP. FITC’s rapid bleaching rate
makes it unsuitable for capturing images of the bound agonist at multiple timepoints, so
this assay could be improved by making an Alexa dye conjugated fMLP, which would be
both brighter and not bleach as quickly[3]. While not having the same level of precision
as a tethered, non-diffusing agonist would, soluble agonist applied through local
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perfusion may provide sufficient resolution to be able to answer whether a particular
signal is able to be activated beyond the area where receptors are activated.

Discussion
Initial results from soluble agonist presented to cells using local perfusion suggest
that the WAVE complex, which marks sites of new protrusions, may be restricted to the
region where receptors are activated. Further experiments involving imaging of a
fluorophore-conjugated fMLP are required in order to simultaneously measure where
agonist is bound and where signals are activated. To strengthen this point, it would be
useful to observe other chemotactic signals localizing to the front, such as PIP3 and Rac.
One extension of this setup would be to perturb the cell in ways that selectively
inhibit signaling programs associated with the front and back of chemotaxing cells.
Front/back mutual inhibition[4] has been proposed to restrict signals to one part of the
cell, and it would be interesting to repeat these local agonist experiments in cells where
one of the programs has been perturbed. For example, if the backness program helps
limit the front to the region where receptors are activated, as seen in Fig 5 with normal
cells, might the front be able to spread beyond once the back has been inhibited?
Treatment of the cell with the ROCK inhibitor Y-27632 would be one way to address this
question. Another interesting question is whether the back program has a similar
behavior as the front program in response to local agonist. It has been shown that in PTX
treated cells, where frontness is inhibited, backness signals localize upgradient when cells
are presented with a micropipette[4]. It would be interesting to see if PTX treated cells,
when locally perfused with agonist, would restrict backness signals to the activated
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region, or whether they could respond beyond this region. Such experiments could
directly inform models of how front/back crosstalk may operate in neutrophils.
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Chapter Four Figure Legends

Fig 1. HL-60s can be made quiescent using serum starvation. For interpreting the
effects of subcellular, localized agonist presentation, it was important that the cell not
have any preexisting morphological or signaling polarity. We were able to get cells in
this quiescent state by 1 hour of serum starvation followed by brief plating on fibronectin
(see Materials and Methods for full details). Shown here are frames take before ( left
panel) and after (right panel) the addition of 100 nM fMLP agonist. Examples of cells
that are unpolarized prior to agonist addition, and then polarize after agonist addtion, are
indicated with red and yellow circles, respectively. Only a subset of the cells in the frame
meeting these criteria for quiescence are circled here. On different days, the fraction of
quiescent cells ranged from 20-50% of the cells in the field.

Fig 2. Agonist-coated beads activate HL-60s when in contact, and do not leach
soluble agonist. a) Schematic for testing whether agonist binding to beads was specific.
Streptavidin beads were incubated with different ratios (b) of biotin-FITC (green) or
biotin-fMLP (red), then washed to remove unbound agonist. b) Images of beads
incubated with either only biotin-FITC (left panel), 1:20 biotin-FITC:biotin-fMLP
(middle panel), or 1:200 biotin-FITC:biotin-fMLP (right panel). Note that fluorescence
decreases and is essentially undetectable for the largest dilution, suggesting that biotinfMLP is binding to the bead specifically. c) Brightfield channels of cells that have been
migrating in a well for 1h with biotin-fMLP labeled beads. Note the clusters of beads
overlaying and sticking to cells. d) Brightfield channels of cells that have been migrating
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in a well for 1h with biotin-control peptide labeled beads. Unlike c), cells are not able to
stick to beads, and no clusters are visible. e) Fluorescent image of cells loaded with
calcium dye migrating in a well containing biotin-fMLP coated beads. A cell contacting
bead (red circle) has a transient increase in cytoplasmic calcium concentration, which
shows up as an increase in dye intensity. f) Bar graph comparing the number of such
calcium flash events for cells migrating for 1 h in wells containing either agonist coated
or control-peptide coated beads. No calcium events are seen for the control well, while ~
1/ min is seen in the agonist well. No calcium flash events are seen upon initial addition
of the beads, suggesting that the bead supernatant does not contain leached agonist.

Fig 3. Difficulties in measuring responses of cell to agonist-coated beads. a) Beads
labeled with a equal mixture of biotin-FITC and biotin-FMLP were added to cells.
During the course of the movie, beads that stuck to the cell surface soon after lost
fluorescence. This indicates acidification of the FITC after phagocytosis of the beads. b)
We attempted to apply beads acutely to cells using a micropipette and suction pressure to
hold the beads in place. Cells were loaded with a calcium sensitive dye. The frames in
b) are images from applying control-peptide beads to cells (which should not induce a
response). However, likely due to mechanical stimulation during the bead application,
cytoplasmic calcium release is induced.

Fig 4. Micron-scale printed agonist patterns possible using microcontact printing
and the NanoEnabler. a) Microcontact printing was used to generate different scale
patterns of agonist. A tracer dye has been mixed with the agonist to view the stamped
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surface area. Briefly, a silicon wafer containing different scale etched patterns was used
to generate PDMS stamps, which were then coated with the protein of interest and
stamped on a reactive glass coverslip. b) NanoEnabler was used to generate liquid
spotted patterns of agonist. The NanoEnabler consists of an AFM tip with a liquid
reservoir, which deposits small amounts of liquid when in contact with a glass surface.
Factors such as the tip size, dwell time, and humidity of the chamber were used to control
the size of the spots.

Fig 5. Initial attempts to deliver soluble agonist locally to a portion of a cell suggest
that cell response does not extend beyond agonist-stimulated region. a) The local
perfusion device described in Chapter 3 was used to deliver fMLP agonist, mixed with an
Alexa tracer dye to visualize the shape of the gradient, to an HL-60 cell. Multichannel
timelapse images show the micropipette flow (red) as well as WAVE complex
distribution (green) in the cell. At 485 s, a significant increase in the WAVE intensity is
seen. As the cell moves further into the flow (500 s) the area where WAVE is activated
grows, but does not spread further backwards into the area of the cell outside the flow.
After more time (535 and 575 s), the cell is able to restrict the activated region to only a
subset of the area inside the flow. b) Schematic illustrating potential issues with using an
agonist/dye mixture to assess which portions of the cell are in contact with agonist.
Diffusive mixing (where dye and agonist could potentially have slightly different rates of
diffusion) might make agonist extend further beyond or not quite to the edge of the dye
channel (arrow 1). Internalization of ligand-receptor complexes could allow for signaling
away from the site of agonist application (arrow 2). Similarly, ligand-receptor complex
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diffusion could occur in the plane of the membrane (arrow 3). For these reasons, an
agonist that is directly fluorescently labeled is preferable to mixing agonist with dye. c)
Local perfusion of cells with FITC-fMLP. Flow was applied to three cells (left panel),
with varying amounts of the cells in the flow. The pipette was withdrawn (right panel),
and agonist bound to the surface could be visualized. However, due to rapid bleaching of
the FITC, only a few images could be taken before the agonist could no longer be
visualized. Future directions would require making a brighter (Alexa dye) conjugated
agonist.
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Chapter Five – Dynamic Actin Processes Are Required
For Rapid Resensitization Of FPR Following Exposure
To Formyl Peptide Agonist
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Summary
Chemotaxis is the process by which cells move up an extracellular chemical
gradient of an agonist. Neutrophils, professional migratory cells of the innate immune
system, are suspected to have feedback loops within their chemotactic signaling cascade,
which permits them to respond properly over a wide range of conditions. Actin, a
cytoskeletal protein whose assembly into filaments provides the mechanical force needed
for movement during chemotaxis, is believed to participate in such feedback loops.
Evidence for this largely comes from the use of actin depolymerizing agents which have
two effects on actin: they disassemble actin polymer, and in doing so, effectively inhibit
dynamic processes involving actin. A recently published combination[1] of
pharmacological inhibitors, known as JLY, allows us to selectively inhibit dynamic actin
processes while leaving the actin cytoskeleton intact. Using a micropipette assay, we
demonstrated that JLY-treated cells cannot generate a persistent PIP3 response to a
gradient of the agonist fMLP. We then showed that JLY-treated cells exposed to fMLP
agonist are desensitized relative to untreated cells after exposure to agonist, and that this
desensitization was specific to the formyl peptide receptor (FPR). Taken together, our
results confirm a role for dynamic actin processes in resetting receptor sensitivity
following exposure to fMLP agonist. We hope to extend these results to answer a long
standing hypothesis in the field regarding the effect of forming receptor-actin complexes
on receptor desensitization following exposure to agonist. JLY treatment should be of
general use in elucidating the mechanisms by which actin affects signaling during
chemotaxis, as well as its roles in other cellular processes.
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Introduction
Chemotaxis is the process by which cells move up an extracellular chemical
gradient of an agonist. It is fundamental for a number of vital processes such as axonal
guidance, patterning of a developing embryo, and pathogen detection by the innate
immune system. Neutrophils, which are among the first responding cells in the innate
immune system, are one of the best studied models of eukaryotic chemotaxis. Neutrophil
chemotaxis is an incredible signal processing achievement. Neutrophils must be able to
sense subtle agonist gradients, and do so over several orders of magnitude of agonist
concentrations. They must also constantly update their direction of movement in
fluctuating environments. Most models of chemotaxis postulate the existence of
feedback loops that allow the cell to perform its functions properly in a wide variety of
environments.
Actin, a cytoskeletal protein whose assembly into filaments provides the
mechanical force needed for movement during chemotaxis, is believed to participate in
such feedback loops. While in a sense it is the most downstream component of the
chemotactic cascade, directly providing the force for movement, it appears to have
significant effects on upstream components of the chemotactic cascade. Examples of this
include effects on the distribution of the WAVE complex[2], PIP3[3], and formation of
complexes with agonist-bound receptor[4]. Identifying the mechanism by which actin
affects other components of the chemotactic cascade is difficult, since it interacts with a
large number of proteins and forms a diverse array of structures. The evidence for the
three studies cited above comes from treating the cell with actin depolymerizing drugs,
which has two effects: it prevents formation of actin polymer in the cell, and by doing so
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effectively blocks any dynamic processes involving actin. Probing more deeply into the
mechanisms by which actin exerts its effects on chemotaxis signaling is challenging with
existing tools.
A recently developed tool[1] allows us to distinguish the roles of dynamic
processes involving actin from roles where actin polymer is present as a static scaffold.
The combination (known as JLY) of three pharmalogical inhibitors, blocking actin
depolymerization, polymerization, and myosin-induced contraction, leaves the actin
cytoskeleton intact while preventing any new rearrangements. By comparing JLY treated
cells with untreated cells, we can specifically infer roles for dynamic actin processes in
shaping chemotactic signaling. Similarly, by comparing JLY treated cells with cells
treated with an actin depolymerizing agent such as latrunculin, we can specifically infer
roles for static actin polymer. JLY treatment may be a useful tool in understanding the
mechanisms by which actin affects signaling during chemotaxis, as well as its roles in
other cellular processes.

Results
In this work, we set out to determine the role of dynamic actin processes in
shaping chemotactic signaling. We first wanted to determine what defects in chemotaxis
signaling occur when dynamic actin processes are inhibited. To do this, we wanted to
observe the behavior of JLY-treated cells in an assay where the ability of cells to perform
the impressive signal processing feats required for chemotaxis (sensitivity over several
orders of agonist concentration, ability to sense subtle gradients, and ability to reorient in
response to fluctuating gradients) would be tested. For this purpose, we decided to use a
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movable micropipette to apply gradients of fMLP agonist to cells (Figure 1). Clearly, the
latter two abilities can be tested using the micropipette, and we can also test the
sensitivity to different concentrations of agonist by using cells at different distances from
the pipette. A defect in any of the key signaling circuits responsible for chemotaxis
would be likely to show up as some defect in the cells’ ability to respond to the pipette.
Morphological readouts of cell response cannot be used here, since the actin
cytoskeleton has been frozen with JLY. Fluorescent reporters of PIP3 have been
extensively used to measure responses to chemotactic agonists in immobilized cells[3].
Previous reports have shown that latrunculin-treated Dictyostelium can still generate
intracellular gradients of PIP3 in response to extracellular cAMP gradients[5]. We
measured cell responses to the micropipette using spinning disk confocal microscopy to
visualize spatial distributions of the PIP3 reporter, phAKT-GFP[3].
Unlike untreated cells, JLY treated cells cannot form a stable intracellular
gradient of PIP3 in response to a stationary micropipette containing fMLP (Fig 1). At
early times (1 min) after exposure to the micropipette, JLY-treated cells were able to
form intracellular gradients of PIP3 (Fig. 1a center panel, and Fig 1b, pink line).
However, the PIP3 gradient faded over time and was completely abolished by 4 min (Fig
1a, right panel, and Fig 1b, yellow line). The corresponding fMLP gradients from the
time points in Fig 1 are shown in Supp Fig 1. JLY cells appear to be able to generate a
PIP3 response at early times, but appear to lose responsiveness relative to untreated cells,
when exposed to agonist for extended periods of time.
We wanted to investigate the apparent defect (greater loss of responsiveness in
JLY cells after exposure to agonist for extended periods of time) using a more
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quantitative, population-level readout of cell response. We chose to measure increase in
cytoplasmic calcium levels, which is also activated by chemotactic agonists and can be
assessed using a cell-permeable dye (Fluo-4 AM), with no need to make a reporter cell
line. To readout changes in fluorescence intensity of the dye, we used the FlexStation 3
plate reader. Raw kinetic traces were converted into a single number measuring response
(Supp Figure 2).
Using the calcium assay, we wanted to test our hypothesis that the initial
sensitivity of cells to agonist was unaffected by JLY treatment. Cytoplasmic calcium
increases reach their peak rapidly (5-30 s, depending on dose) after fMLP addition, so
they should be a fair way to measure the responsiveness of cells at early times following
agonist addition. We added different amounts of fMLP to cells that were either JLY
treated or untreated (Fig 2a), in order to calculate dose-response curves for each condition
(Fig 2b). This was repeated this for n=5 independent experiments. We used the height of
the peak to define the response (for a detailed description, see Supp Fig 2), and plotted all
responses as a % of the maximum response from untreated cells from that run. A small
but consistent lag in the amount of time needed to reach the peak was observed for JLY
cells, relative to untreated cells receiving the same fMLP dose (Supp Fig 3). For almost
all of the concentrations measured, the peak responses of JLY treated and untreated cells
were similar. The lone exception was at the lowest responding dose for untreated cells,
where a statistically significant difference (p<.05, paired Student’s t-test) between
untreated and JLY cells was found. Our data suggest there may be a role for dynamic
actin processes in amplifying responses to threshold levels of fMLP agonist. For most
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fMLP concentrations, however, JLY and untreated cells have similar responses upon
initial exposure to agonist.
We cannot use the calcium assay to verify our hypothesis that JLY cells are less
responsive than untreated cells when continuously exposed to agonist for several minutes,
as the calcium response is transient and fades about 1 min after exposing cells to agonist.
However, we can answer a different but related question: Does the loss of responsivity of
JLY cells after agonist exposure persist, even when the agonist is removed? The ability
of a cell to “remember” the previous stimulus has been previously shown[6]. where cells
are exposed to agonist, agonist is washed away, and after some time cells are re-exposed
to the same agonist. Cells recover responsiveness as more time elaspses following the
removal of agonist. We decided to measure the responses of JLY cells and untreated
cells using agonist pulse-wash-pulse experiments (Fig 3).
First, we tested whether JLY cells exposed to fMLP agonist were less sensitive
than untreated cells upon subsequent re-exposure to the same agonist. We tested this by
stimulating untreated or JLY cells with a saturating dose of fMLP ( 1uM) for 10 min,
washing it away, and then restimulating with a range of fMLP doses 40 min later (Fig
3a). Here, we see greatly reduced sensitivity for JLY treated cells as compared to
untreated cells (Fig 3b). Even with the relatively small sample size (n =3), we are able to
see statistically significant differences at almost all concentrations where untreated cells
show calcium response. The one dose assayed where we did not see a statistically
significant difference was at 100 nM fMLP. We suspect that the reason for this is the
larger error bars, owing to its position around the EC50 of the curve. Given the large
difference in reported means, we suspect that this concentration would also become

86

statistically significant for larger n. There is also a large shift in overall sensitivity
between the curves – about a 7-fold difference in sensitivity to agonist over a wide range
of concentrations. This result suggests that after exposure to agonist, JLY cells remain
desensitized to a greater extent than untreated cells, even after the agonist is removed.
Next, we wanted to figure out at which level of the chemotactic cascade this
desensitization occurs. To do this, we wanted to activate cytoplasmic calcium increases
by some other means than fMLP stimulation for the 2nd pulse. By activating calcium
through different “side” pathways, which have varying degrees of overlap with the
pathway from fMLP to calcium, we hoped to pinpoint the level of the cascade involved.
We repeated the pulse-wash-pulse experiments from Fig 3a, but using c5a instead of
fMLP for the 2nd pulse (Fig 3c). The pathway of c5a activation of calcium differs from
fMLP only in the first node – it activates a different Gi-linked GPCR. After this though,
both pathways activate a common pool of G-proteins that then go on to activate
downstream effectors contributing to cytoplasmic calcium increase. In contrast to the
results when fMLP is used for the 2nd pulse (fig 3b), JLY cells are no less sensitive than
untreated cells when c5a is used for the 2nd pulse (fig 3d). Similar results matching
figures 3a and 3b were also seen when cells were directly visualized on the scope (Supp
Fig 4). Prestimulation with fMLP does not appear to have an effect on the relative
sensitivity of JLY versus untreated cells to c5a, as evidenced by the similar dose response
curves +/- prestimulation (Supp Figure 5). This justifies the use of c5a as an orthogonal
input to fMLP for activating calcium responses. Taken together, these results suggest that
JLY cells that are exposed to fMLP agonist develop a persistent defect in responsiveness,
and that this defect occurs at the level of the formyl peptide receptor (FPR).
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Discussion
In this work, we showed that dynamic actin processes are required for rapid
resensitization of FPR following exposure to formyl peptide agonist. A previously
published combination of pharmacological inhibitors, known as JLY, was used to inhibit
dynamic actin processes, while leaving the actin cytoskeleton itself intact. Using a
micropipette assay, we demonstrated that JLY-treated cells cannot generate a persistent
PIP3 response to a gradient of the agonist fMLP. This led us to suspect that JLY-treated
cells were initially unaffected to their sensitivity to agonist, but lose sensitivity after
prolonged exposure to agonist. Using a more quantitative, population-level calcium
assay, we confirmed that the intial sensitivity of JLY treated cells and untreated cells to
agonist was similar. We then showed that JLY treated cells exposed to fMLP agonist are
desensitized relative to untreated cells, well after the agonist has been removed. Finally,
this desensitization was specific to the FPR, as JLY cells were not less sensitive than
untreated cells to stimulation with a different agonist (c5a), following exposure to fMLP.
Taken together, our results demonstrate a role for dynamic actin processes in resetting
receptor sensitivity following exposure to fMLP agonist.
What is known about mechanisms affecting receptor sensitivity? We start by
considering the mechanisms thought to play a role in persistent receptor desensitization,
following exposure to agonist. FPR phosphorylation has been shown to be both
necessary[7] in transfected U937 cells and sufficient[8, 9] in solubilized membranes for
persistent receptor desensitization. One possibility is that redundant mechanisms of
persistent receptor desensitization exist, but that not all the native modes of regulation
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function in these other systems (FPR-transfected cell lines and solubilized membranes).
Another possibility is that receptor phosphorylation is the main mechanism for persistent
desensitization, but that actin or other factors could regulate the extent or lifetime of
receptor phosphorylation.
Liganded FPR have a higher affinity for, and rapidly form complexes with (within
a few seconds), the actin cytoskeleton[10]. Upon ligand binding, the receptor is thought
to be only actively signaling for a few seconds, even though ligand remains bound to
receptors at the surface on the order of minutes[11]. Therefore, the time scale of receptor
deactivation correlates well with the time scale of receptor-actin complex formation.
The question is, does receptor-actin complex formation cause receptor
deactivation, or are the two events just correlated? Previous attempts to demonstrate role
of receptor-actin complex formation in deactivating receptor have mostly focused on
cell’s ability to generate superoxide in response to chemotactic agonist. Dihydrocytochalasin B, an actin depolymerizing agent, blocks receptor-actin complex formation,
and also potentiates and prolongs superoxide response to agonist[4, 10]. A burst of
superoxide generation occurs upon upon addition of cytochalasin B to desensitized
neutrophils; this response is blocked by PTX and formyl peptide antagonists[12]. Both
studies show that upon treatment with actin depolymerizing drugs, an increase in
superoxide response occurs in an agonist dependent fashion. However, they do not show
that the effect of the actin depolymerizing drugs occurs at the receptor level. Other
studies strongly suggest that the effect of the actin depolymerizing drugs in boosting
superoxide response takes place below the level of the receptor[13]. In light of these
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other results, there is no evidence to our knowledge that receptor-actin complex
formation causes receptor deactivation.
By comparing JLY and latrunculin treated cells, we are in a unique position to
confirm or deny the hypothesis that receptor-actin complex formation plays a role in
receptor deactivation following exposure to agonist. Latrunculin treated and JLY treated
cells both lack dynamic actin processes, but JLY treated cells contain a static actin
cytoskeleton which latrunculin treated cells lack. If latrunculin treated cells are shown to
be more sensitive following subsequent re-exposure to fMLP than JLY treated cells, this
will be strong evidence that receptor-actin complex formation plays a role in receptor
deactivation. Based on the differences in response in the micropipette assay between our
JLY-treated HL-60s, which show a transient response to agonist gradients, and published
reports of latrunculin-treated Dictyostelium, which show persistent PIP3 responses to
agonist gradients, we expect that this will be the case.
How are receptors resensitized, following exposure to agonist? Our results argue
strongly that dynamic actin processes are needed to reactivate the receptor. Furthermore,
JLY provides a way to preserve the desensitized state so that it can be studied in further
mechanistic detail. Some possible mechanisms by which dynamic actin processes may
affect receptor resensitization may occur include (not necessarily mutually exclusive):
ligand unbinding from receptor, receptor dephosphorylation, re-localization of receptor in
a compartment where it can interact with downstream effectors[14, 15], or
internalization/recycling of the receptor. Some possible experiments to test some of the
different mechanisms (which would be beyond the scope of this paper), are listed below:
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1) It would be interesting to see if receptors remain phosphorylated for longer times after
agonist addition in JLY cells. Failure to dephosphorylate the receptor could be assayed
by a blot for phosphorylated FPR (using the mass shift between phosphorylated and
unphosphorylated receptor).

2) It would be interesting to note whether inhibition of FPR endocytosis would
phenocopy JLY-treated cells in this desensitization assay. Unfortunately, FPR
internalization appears to occur independently of arrestin, dynamin, clathrin[16], so a
drug inhibition strategy is not possible. One way to test this, however, would be to use an
FPR where some of the phosphorylation sites have been mutated, such that , receptor
internalization is selectively inhibited while still allowing receptor desensitization[9].

3) Receptor binding to actin increases the affinity of the receptor for ligand[10], so it
could take longer for ligand to fall out of binding pocket in JLY treated cells, where the
actin network remains stable. Peptide is normally degraded by NEP, a peptidase,
following receptor internalization. One could add extracellular NEP to see if this speeds
up receptor resensitization.

Upon initial exposure to agonist, untreated cells have higher responses to the
lowest doses of agonist than do JLY cells (Fig 2, Supp Fig 5), suggesting the possibility
that dynamic actin processes are needed for amplification of threshold doses of agonist.
Actin has been previously implicated in a positive feedback loop that allows normal cells
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to break symmetry and polarize in response to uniform agonist[3]. Many models of
chemotaxis suggest that symmetry breaking response to uniform agonist is the result of
amplification of small stochastic differences in receptor-agonist binding. It is tempting to
speculate that these two behavior are caused by the same underlying amplification
mechanism involving dynamic actin processes.
We did notice a trend where JLY cells gave higher responses to the highest doses
of agonist than did untreated cells (Fig 2, Supp Fig 5) upon initial exposure to agonist.
although the differences were not statistically significant with the number of samples
collected here. This result would need to be tested to see if it held for other responses or
was specific to calcium. If general, one possible explanation is that a significant amount
of actin polymerization occurs in the untreated cells at higher doses, but not in the JLY
cells. Assuming actin-receptor complex formation has an inhibitory role, complex
formation might occur more quickly/to a greater extent in the untreated cells at the
highest doses of agonist, thus leading to diminished signal relative to JLY cells.
Why might actin-based feedback play a role in affecting receptor sensitivity? It
has been known for almost forty years that different sides of a migrating cell have
different sensitivities to agonist. Classic experiments by Zigmond[17] show that the front
edge of a migrating cell is more sensitive to agonist than the sides and the back.
Additionally, actin polymerization, depolymerization, and myosin-induced contraction
also vary between the front and other parts of the cell. It is possible that these differences
in actin processes are the cause of the differences in sensitivity across the cell surface.
From a design perspective, rates of actin polymerization may be affected by variations in
the concentrations of signaling molecules higher up in the cascade. Having adaptation’s
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negative feedback loop depend on actin, the final output of the cascade, may allow the
system to be more robust to fluctuations in the levels of intermediate signaling molecules.
In this work, we have demonstrated the utility of JLY, a combination of
pharmacological inhibitors, which allows us to separate dynamic and static roles of actin.
We envision that this tool can be useful as a starting point for studies investigating the
mechanism by which actin exerts its effects in other systems. We hope to complete this
story for submission as a paper by adding two additional sets of experiments. The first
would be to confirm the pulse-wash-pulse data of Figure 3 for other chemotactic
responses such as phosphorylation of AKT, using Western blots. This would give us
greater confidence in the generality of our results for other chemotactic responses, and
might raise the level of interest in our work among members of the chemotaxis field. The
second experiment would be to compare pulse-wash-pulse results for JLY and latrunculin
treated cells, to provide evidence for or against the hypothesis that receptor-actin
complex formation causes receptor desensitization.
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Chapter Five Figure Legends

Fig 1. JLY-treated cells respond initially to agonist gradient with intracellular PIP3
gradient, but fail to do so at later times. A micropipette containing 1 uM fMLP agonist
and 1 uM Alexa 594 dye (red) was moved into close proximity to an HL-60 cell
expressing phAKT-GFP (green) at t=0. 10 min prior to the pipette being moved into the
field, the cells were treated with JLY (not shown) in order to freeze their actin
cytoskeleton. Multichannel images from a timelapse acquisition are shown in Fig 1a, and
intensity profiles of PIP3 distribution, corresponding to the blue arrow drawn at each
frame are shown in Fig 1b. Initially, the distribution of PIP3 across the cell is relatively
flat (Fig 1a, left panel and 0 min, blue line, Fig 1b). After 1 min of exposure to the
agonist gradient, there is a clear front/back asymmetry in the PIP3 gradient (Fig 1a,
center panel, and pink line, Fig 1b). Unlike untreated cells (not shown), JLY treated cells
are unable to sustain their intracellular PIP3 gradient in response to continuous exposure
to an extracellular gradient (Fig 1a right panel, and yellow line, Fig 1b). The
corresponding gradient at each time point is shown in Supp Fig 1.

Fig 2. JLY treated cells have similar sensitivity as untreated cells to initial exposure
to fMLP agonist. Cells are presented with agonist and their resulting calcium responses
are measured, according to the schematic in a). Cells are first split into 2 populations,
with half receiving JLY treatment and the other half left untreated. To ensure full
freezing of the actin cytoskeleton, the treatment is given 10 min to take effect before cells
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are exposed to agonist. Calcium responses were measured for JLY and untreated cells,
spanning 4 orders of magnitude of fMLP agonist concentrations. The plots in b) show
mean and errorbars (2*SEM) for data from n=5 independent paired runs for JLY and
untreated cells. Each run was taken on a different day from a different flask of cells. For
all concentrations measured between 1-300 nM fMLP, there was not a statistically
significant difference between the untreated and JLY treated curves. Only at the very
lowest dose (0.3 nM) was a statistically signifcant (p<.05) difference shown by paired
Student’s t-test; we suggest that dynamic actin processes may play a role in amplifying
responses to threshold doses of agonist. In addition to the fact that there was not a
statistically significant difference over the bulk of the curve, at no point is there more
than a 2-fold difference between the amount of fMLP necessary to see the same level of
response between the JLY and untreated curves.

Fig 3. JLY treated cells exposed to fMLP are desensitized relative to untreated cells,
upon subsequent re-exposure to fMLP. Cells are split into JLY treated and untreated
groups, following the method of Figure 2. However, instead of immediately measuring
fMLP-calcium dose response curves as in Figure 2, cells are exposed to 1 uM fMLP for
10 min, washed 3x to remove unbound agonist, and incubated in buffer for 40 min. Cells
are then exposed to varying doses of either fMLP (schematic in a), data in b)) or c5a
(schematic in c), data in d)). The plots in b) and d) show means and error bars for n =3
independent runs. When re-exposed to the same agonist (fMLP, in b)), JLY treated cells
had a much lower response than untreated cells across a range of concentrations. This
difference was statistically significant (p<.05, paired Student’s t-test) across all
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concentrations for which untreated cells responded, except for 100 nM fMLP. This point
has large error bars in the untreated case, likely due to the fact that it is at the EC50 where
small flucutations have the largest effect on response. Given the large difference in the
means of the curves, we think it is likely that this point would also become statistically
significant if a couple more runs were taken. However, when cells were exposed to a
different agonist (c5a, in d)) for the 2nd pulse, the sensitivity of the cells was very
similar. This indicates that for JLY cells, the increase in desensitization due to the first
pulse was receptor-specific, as the c5a and fMLP pathways to cytoplasmic calcium
increases only differ at the receptor level.

Supp Fig 1. Agonist gradients applied to HL-60 cells are relatively steep and stable
over time. Intensity profiles for fMLP channel, corresponding to the blue arrows in Fig
1a, are shown here. The bowl shaped dip indicates the position of the cell, where dye is
partially excluded. At all time points, there is a significant (>50%) asymmetry in agonist
across the cell, which is well within the detection range of an HL-60 cell. A global rise in
signal exists over time in this movie. It was difficult to find movies where the global
concentration was completely fixed over time; however, the behavior seen here was also
noted for cells where global concentrations slightly decreased over time. Based on
previous experiments with untreated cells, the presence of a 50% gradient across the cell
should induce a strongly polarized PIP3 distribution.

Supp Fig 2. Measuring calcium responses from raw kinetic traces from FlexStation
plate reader. In a), calcium responses are shown for different agonist concentrations
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applied to cells, as well as one blank well which contains buffer without cells (lowest
trace). The initial baselines (from t= 0 to t=20 s) are very similar between wells,
indicating that a similar number of cells has been loaded for each well. The buffer blank
trace is subtracted from all other traces to yield the cells’ contribution to the calcium
signal (b). In the Softmax Pro software, the reduction function is used to align curves so
that t=0 is set to 0 for all wells (c). Four distinct regions of the curve can be seen here.
From left to right, there is an initial baseline, then a spike/dip when agonist is added at
t=17 s. Around t=25s, the cells recover to a new baseline, which is typically lower than
the initial baseline (most likely due to some cells being washed off of the bottom of the
plate). After this new baseline, the signal goes up and quickly reaches a peak before
declining again. The reported responses are calculated by measuring the difference
between the peak of the curve and the new baseline around t =25 s. For most
concentrations, this is measured automatically using functions written in the Softmax Pro
software. For the 2 highest concentrations (open circles and open squares in c)), it is
difficult to measure the baseline preceding the peak, as the time to reach the peak is
faster. For these two concentrations, the new baseline is estimated by taking the average
of the drops from initial baseline to new baseline for all other concentrations.

Supp Fig 3. JLY-treated cells reach peak calcium response more slowly than
untreated cells. Raw kinetic traces showing responses of untreated (open circles) and
JLY-treated (open squares) to 1 nM fMLP agonist. Note that the peak of the JLY
response (42 s) lags behind that of the untreated response (36 s). While the peak heights
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are similar for the two conditions, dynamic actin plays a role in helping the cell reach its
peak response more quickly.

Supp Fig 4. Analogous desensitization upon reexposure to fMLP agonist for JLY
cells, as seen in FlexStation assay in Figure 3, measured using epifluorescence
microscopy. Cells were assayed according to the methods of Figure 3, but here cells
were plated at lower density than in the Flexstation 96-well plates, on fibronectin instead
of poly-D-lysine, and calcium response was measured using epifluorescence microscopy
instead of the FlexStation plate reader. Frames are shown of pre- and post-addition
images of untreated (a) or JLY-treated (b) cells to a single dose (100 nM) of fMLP.
Increases (brighter intensity) of the calcium dye were seen in 90% of untreated cells, but
only 15% of JLY-treated cells (c). To see whether JLY cells were capable of responding,
a saturating dose of c5a was applied (d) at the end of the acquistion of the movie whose
frames are shown in b). All cells in the field (d) were activated by this, suggesting that
the cells were still capable of responding. Taken together with the results of Figure 3,
this provides strong support for the idea that JLY-treated cells exposed to fMLP are
desensitized relative to untreated cells upon subsequent reexposure to fMLP, and that
desensitization occurs at the level of the receptor. Also, given that the cell density and
choice of adhesive substrate (fibronectin vs poly-D-lysine) differ between this experiment
and Figure 3, it is unlikely that the observed effects are dependent on these factors.

Supp Fig 5. Prestimulation with fMLP, followed by washout and recovery in buffer,
does not affect the relative sensitivity of JLY and untreated cells to c5a. In a), cells’

100

response upon initial exposure to c5a agonist is shown. Identical conditions to the
experiment in Fig 2 were used, but c5a instead of fMLP was used as the agonist. In b),
the fMLP-c5a chart from Fig 3d) has been copied. The overall shape of the curves is
strikingly similar without (a) and with (b) fMLP prestimulation, suggesting that this does
not have a significant effect on c5a sensitivity. A very small, but statistically significant,
difference was seen in the sensitivity of untreated and JLY treated cells to the lowest dose
of c5a (.03 nM). We suspect that this difference may be again due to a role for dynamic
actin in amplifying responses to threshold doses of agonist, as a similar difference was
seen at the lowest fMLP dose in Fig 2. Why this difference exists for the initial exposure
to c5a agonist (a), but not after prestimulation with fMLP (b), remains unclear.
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Supp Fig 1
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Supp Fig 3
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Supp Fig 5
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Chapter Six – Summary
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The main findings of this work are:

1) During the initial establishment of polarity, both spatially biased generation and
selection of protrusions operate, with the former dominating for small increases in
agonist concentration, and the latter dominating for large increases in agonist
concentration.
2) The presence of extracellular agonist gradients, pre-existing morphological
polarity (which includes both polarized signals as well as polarized actin
assemblies), and as of yet unknown intrinsic cues, all increase the range of agonist
concentrations over which spatially biased generation of protrusions occurs.
3) Actin polymer is required for polarization of the WAVE complex in response to
agonist gradients.
4) Initial results suggest that activation of the WAVE complex does not spread
beyond the area where receptors are activated.
5) Dynamic actin processes are required for rapid resensitization of formyl peptide
receptor following exposure to formyl peptide agonist.
6) Dynamic actin processes increase cell’s sensitivity to threshold doses of agonist.

The drug cocktail JLY, used here to inhibit dynamic actin processes, is still a very
recently developed tool, and there are many untapped uses for it. For this project,
important future directions include extending the results observed for calcium responses
to responses required for chemotaxis. The comparison between JLY and latrunculin
treated cells permits exploration of the function of the static actin network, and its
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possible role in desensitization of the receptor upon complex formation. The molecular
mechanisms by which dynamic actin processes affect resensitization of receptors also
remain unstudied. Good starting points for this would be to measure receptor
phosphorylation and lifetime of agonist binding. Depending on the results of these
experiments, transfected formyl peptide receptors with critical phosphorylation sites
mutated might then provide a more precise mechanism.
For the local agonist presentation project described in Chapter 4, future efforts
will first need to focus on cleaner delineation of the region where receptors are activated.
Two methods for this are suggested. First, a recent paper[1] shows attachment of formyl
peptide to surfaces using self-assembling monolayers (SAMs) on a gold substrate. This
approach seems very promising, although some expertise in forming the SAM as well as
patterning it will be required. Also, imaging through the gold substrate may provide
some technical challenges, for which it may be useful to sandwich the cells between
coverslips so that the top coverslip is where the agonist is applied. Alternatively, making
the Alexa dye conjugated agonist[2] may prove to be sufficient to visualize the region
where agonist is applied.
Once these technical hurdles have been cleared, interesting questions involving
front/back crosstalk, and its role in limiting the spatial ranges of signals, may be
addressed. While initial results here suggest that frontness may not spread beyond
regions where receptors are activated, it would be interesting to see if the same is true in
the presence of an inhibitor of the backness program, such as Y-27632. Alternatively, it
will be interesting to see if the back operates in a similar manner under local perfusion,
by observing the distribution of Rho or myosin for cells treated with PTX toxin.
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Finally, while efforts to use local perfusion of drug inhibitors (Chapter 3) did not
work due to mechanosensitivity of HL-60 cells, the goal of determining which molecules
are instructive for chemotaxis remains an important one. Current projects by other
members of the lab making use of the light-inducible phytochrome system for regulating
protein-protein interactions will be a very useful tool for this purpose, as well as
providing mechanistic insight into the functions of the sophisticated signal processing
circuits underlying chemotaxis. It is hoped that some of the work done here can provide
a starting point for these future mechanistic investigations.
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