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The recent invention of superresolution microscopy has brought up much excitement in the biological
research community. Here, we focus on stochastic optical reconstruction microscopy/photoactivated
localization microscopy (STORM/PALM) to discuss the challenges in applying superresolution microscopy
to the study of developmental biology, including tissue imaging, sample preparation artifacts, and image
interpretation.We also summarize new opportunities that superresolutionmicroscopy could bring to the field
of developmental biology.

Introduction
In the past several years, the emergence of superresolution

microscopy has extended the resolution of fluorescencemicros-

copy by more than an order of magnitude, almost reaching the

scale of macromolecules (Hell, 2007, 2009; Huang et al., 2009,

2010). This new resolving power has immediately attracted the

attention from biologists wondering whether many unanswered

mysteries can now be clarified and old ‘‘dogma’’ be revisited.

Indeed, the focus of the superresolution microscopy field has

recently shifted from technological advancement to biological

applications, with a number of new discoveries already made

in cell biology (Kanchanawong et al., 2010; Wu et al., 2010),

neurobiology (Beaudoin et al., 2012; Dani et al., 2010; Frost

et al., 2010), and microbiology (Wang et al., 2011). What can

superresolution microscopy do for developmental biology

then? Are current technologies adequate to perform imaging in

the context of a complex organism? What are the challenges

and opportunities?

Superresolution microscopy refers to a collection of new

fluorescence microscopy methods that offer spatial resolutions

far beyond the classical limit set by the diffraction of light. All of

them achieve diffraction-unlimited spatial resolution by modu-

lating close-by fluorescent molecules into different states,

thus distinguishing their fluorescence signal. One approach to

achieve this distinction is to spatially modulate the illumination

light. The best known techniques using this approach are

stimulated emission depletion (STED) microscopy (Hell and

Wichmann, 1994; Klar andHell, 1999) and structured illumination

microscopy (SIM) (Gustafsson, 2000, 2005). The other approach

is based on stochastically switching individual fluorescent

molecules between a fluorescent and a dark state, which was

independently invented under the names of stochastic optical

reconstruction microscopy (STORM) (Rust et al., 2006), photo-

activated localization microscopy (PALM) (Betzig et al., 2006),

and fluorescence photoactivation localization microscopy

(FPALM) (Hess et al., 2006). This approach collects a series of

fluorescent images, each containing a sparse subset of fluoro-

phores (either fluorescent proteins or organic dyes) activated

into the fluorescent state. A superresolution image is then recon-

structed by determining the positions of individual activated

fluorophores. Later implementations and improvements of this

approach have added in more names, such as PALMIRA (Egner

et al., 2007), dSTORM (Heilemann et al., 2008), and GSDIM

(Fölling et al., 2008). Some new developments even avoid the

use of photoswitching (Burnette et al., 2011; Sharonov and

Hochstrasser, 2006) and single-molecule localization (Dertinger

et al., 2009;Mukamel et al., 2012; Zhu et al., 2012). Nevertheless,

all these methods share the same fundamental principle,

instrumentation, and, in most cases, the analysis procedure.

Therefore, here for simplicity, we refer to this single-molecule

approach of superresolution microscopy techniques by the

two best known names as STORM/PALM.

The optical configuration of a STORM/PALM microscopy is

almost identical to a common total internal reflection fluores-

cence (TIRF) microscope. This hardware simplicity, its relatively

low cost, and the high spatial resolution it can achieve make

STORM/PALM particularly popular among labs who would like

to join in as either developers or users of superresolution micros-

copy techniques. However, despite being relatively easy to set

up, obtaining ‘‘perfect’’ STORM/PALM images in real applica-

tions is not necessarily an easy task. Here, we discuss the

challenges and caveats when applying STORM/PALM to the

study of developmental biology. We then provide a brief survey

of opportunities in developmental biology where STORM/

PALM can make unique contributions.

Although we only discuss STORM/PALM here, we note that

STED microscopy and SIM are both powerful techniques that

often see challenges and opportunities similar to those of

STORM/PALM in biological applications.

Superresolution at a Depth
STORM/PALM has been extremely successful in producing

beautiful images of subcellular structures, including three-

dimensional (3D) (Huang et al., 2008a, 2008b; Juette et al.,

2008), multicolor (Bates et al., 2007; Bossi et al., 2008; Dedecker

et al., 2012; Shroff et al., 2007) and live (Hess et al., 2007; Manley

et al., 2008; Shroff et al., 2008) imaging of structures ranging

from the plasma membrane to inside the nucleus. Nevertheless,

except for a few cases,most of these achievements were done in

cultured cells. On the contrary, the study of developmental

biology routinely requires imaging in the tissue context, some-

times even long-term observation in living organisms. Many of

Developmental Cell 23, December 11, 2012 ª2012 Elsevier Inc. 1103

10x Genomics EX1032



these imaging tasks are challenging even for conventional fluo-

rescence microscopy at diffraction-limited resolution. Under-

standably, superresolution microscopy in the tissue context

could face much more difficulties.

For STORM/PALM, the major challenge in tissue imaging is

the requirement for high sensitivity to detect individual fluoro-

phores. The signal from one fluorescent molecule is very weak.

Typical photoactivatable fluorescent proteins allow fewer than

1,000 photons detected before photobleaching (Lippincott-

Schwartz and Patterson, 2009). Organic dyes can be brighter,

but the detected photon number is still smaller than 5,000 in

most cases (Dempsey et al., 2011). With the development of

high numerical aperture objectives and single-photon-sensitive

cameras, single-molecule imaging has been made relatively

straightforward for in vitro systems and in fixed cells. Never-

theless, detecting one fluorescent molecule in a large tissue

volume still has two obstacles: signal loss due to tissue scat-

tering and tissue-induced optical aberrations and the high

background from autofluorescence and out-of-focus fluoro-

phores. Although these two issues affect all fluorescencemicros-

copy methods, conventional or superresolution, STORM/PALM

particularly suffers because the resulting loss of signal-to-

noise ratio directly translates into worse precision in determining

molecule positions (i.e., the optical resolution; Thompson et al.,

2002).

For STORM/PALM in cultured cells, a common trick to reduce

out-of-focus fluorescence background is to use an illumination

scheme similar to TIRF microscopy but with the incident angle

slightly smaller than the critical angle (Tokunaga et al., 2008).

In this configuration, the excitation light is restricted to a depth

within several micrometers from the coverslip, efficiently illumi-

nating the cell but not the mounting media above. The wide

use of this scheme has created the misunderstanding that

STORM/PALMonlyworkswith thin samples under TIRF illumina-

tion. Very much on the contrary, the same strategy can be used

to image tissue sections, as long as the structure of interest is

within a few micrometers from the section surface. For example,

imaging in mouse brain sections has allowed the character-

ization of the protein organization of synapses, as well as

development-associated changes in the density, morphology,

and receptor composition of synapses (Figure 1A) (Beaudoin

et al., 2012; Dani et al., 2010).

Figure 1. STORM/PALM Imaging in Tissue
Samples
(A) Synapses in mouse brain cortex showing
immunostained presynaptic scaffolding pro-
tein Bassoon and postsynaptic density protein
Homer1 imaged in cryostat sections (Beaudoin
et al., 2012).
(B) Nuclei of human mammary MCF10A cell
spheroids. Cells express histone H2B fused to
photoactivatable fluorescent protein PAmCherry.
Images were recorded at a depth of 100 mm.
Adapted from Cella Zanacchi et al. (2011) with
permission from Macmillan Publishers Ltd.

To image deeper into the tissue,

many fluorescence microscopy tech-

niques have been developed in the past

years, including two-photon microscopy

(Denk et al., 1990) and selective-plane illumination microscopy

(SPIM) (Huisken et al., 2004) for optical sectioning, as well as

the use of adaptive optics to correct for tissue-induced aberra-

tions (Girkin et al., 2009). As the field of deep tissue imaging

continues to advance rapidly, we have now started to see the

application of these techniques in STORM/PALM. Two-photon

absorption can restrict fluorophore activation to a thin plane

(Vaziri et al., 2008), thus reducing the out-of-focus background

and allowing imaging into a depth of several tens of micrometers

(York et al., 2011). Using SPIM to confine both activation and

excitation, superresolution images have been acquired at

100 mm depth into mammary cell spheroid (Figure 1B) (Cella

Zanacchi et al., 2011). Resolution improvement at this depth

and beyond is more limited, though, due to tissue scattering

and aberrations. We expect that the use of adaptive optics

(Izeddin et al., 2012) and/or new tissue clearing reagents

(Hama et al., 2011) could substantially improve the use of super-

resolution microscopy in deep tissue imaging. Alternatively,

combing optical microscopy with serial physical sectioning

could image through a large volume of tissue sample without

the complexities in optical sectioning methods (Micheva and

Smith, 2007; Nanguneri et al., 2012).

Superresolved Artifacts
For STORM/PALM, the precision to determine the position of

a fluorescent molecule can routinely reach �10 nm in standard

deviation, or �25 nm in full-width at half-maximum, with some

of the best numbers smaller than 5 nm in standard deviation

(Aquino et al., 2011; Shtengel et al., 2009; Xu et al., 2012). These

values are at the same scale as the size of protein molecules.

Therefore, they can be smaller than the distance between

adjacent fluorophores that label the sample structure. This

discrepancy does not prevent us from studying the properties

of individual molecules, for example, when trying to observe

the trafficking of a low-copy-number membrane protein. How-

ever, even by labeling 100% of this membrane protein, the mole-

cule positions measured by STORM/PALM are insufficient to

describe the detailed membrane morphology due to the low

density (Figure 2A). In other words, the effective resolution in

visualizing a ‘‘continuous’’ structure is also limited by the density

of fluorescent labels. A simplified description of this relationship

is the Nyquist sampling theorem: The distance between adjacent

1104 Developmental Cell 23, December 11, 2012 ª2012 Elsevier Inc.

Developmental Cell

Perspective



fluorophores needs to be smaller than one half of the feature size

(Shroff et al., 2008), whereas a rigorous theory (Fitzgerald et al.,

2012) is yet to be established to account for the sample shape

and the randomness of probe labeling.

In live-sample STORM/PALM, a longer acquisition time for

each time step will allow the collection of more single-molecule

activation events, thus leading to a higher localization point

density and, correspondingly, a better point-density-limited

spatial resolution. Therefore, the spatial resolution requirement

limits the temporal resolution of live imaging. Typically, to avoid

overlap of single-molecule images, which hinders single-

molecule localization, the average density of activated fluoro-

phores is controlled to be no higher than 0.5 per mm2. Under

this condition, 2,000 camera frames give a 32 nm average

point-to-point distance if all points are homogeneously dis-

tributed. At a camera frame rate of 60 frames per second, this

corresponds to a 33 s recording time to support a 64 nm spatial

resolution. In practice, the effective spatial resolution could be

substantially better depending on the shape of the structure.

As an example, having all points in a 1 mm2 area concentrated

in one clathrin-coated pit (170 nm diameter) would lead to

a density-limited resolution of about 10 nm. The temporal reso-

lution can be improved using a faster camera (Jones et al.,

2011) or algorithms that can identify single molecules even

when their images start to overlap (Holden et al., 2011; Huang

et al., 2011; Quan et al., 2011; Zhu et al., 2012).

For fixed-sample imaging, on the other hand, the acquisi-

tion time can be arbitrarily long in order to sample through all

fluorophores. However, inadequate labeling still causes the

most commonly observed artifact in superresolution images:

a clustered appearance. This problem can result from several

possibilities:

(1) Imperfect sample fixation and permeabilization. The high

spatial resolution of STORM/PALM can easily reveal any

disruption of the ultrastructures during sample pre-

paration. For example, immunostained microtubules are

widely used to demonstrate the resolution of superresolu-

tion microscopy, but it is highly susceptible to depoly-

merization during fixation, which creates microtubules

that appear to be broken (Figure 2B). Crosslinking and

permeabilization may also cause the clustering of mem-

brane proteins. To solve these problems, more electron-

microscopy-like sample fixation protocols or live imaging

would be necessary.

(2) Low labeling efficiency. In the crowded cellular environ-

ment, the accessibility to the labeling target by fluores-

cent probes can restrict the labeling efficiency and,

hence, the ability to resolve small structures. Antigen

retrieval sometimes helps in improving antibody accessi-

bility in dense structures such as the postsynaptic

density (Beaudoin et al., 2012), albeit with the risk of ultra-

structure disruption. Smaller probes, such as nanobodies

(Ries et al., 2012), enzymatic tags (Klein et al., 2011;

Wombacher et al., 2010), and small molecules (e.g., fluo-

rescently labeled phalloidin for actin [Xu et al., 2012] and

a wide variety of organelle-specific dyes [Shim et al.,

2012]), often have higher labeling efficiency compared

to full-size antibodies. Labeling efficiency by fluorescent

protein fusion to the target protein can be very high but

is still limited by the existence of unlabeled endogenous

protein, overexpression artifacts, and the fact that not

all fluorescent protein molecules will properly mature

and be detected. Therefore, new approaches that can

specifically and efficiently label cellular targets with bright

fluorophores are much desired.

(3) Clustering of the fluorescent probe. In conventional

fluorescence microscopy, it is a common practice to

Figure 2. Clustering Artifacts in STORM/PALM
(A) Three-dimensional superresolution imaging of Golgi protein Giantin in
a B-SC-1 cell reveals the overall morphology of Golgi stacks (left), but the low
density of Giantin makes the superresolution image discontinuous (right). With
this low labeling density, judging whether some structures are connected can
be difficult (arrows).
(B) Superresolution images of immunostained microtubules in Drosophila S2
cells, comparing good fixation (left) and inadequate fixation (right).
(C) Zoomed-in view of the boxed region in themicrotubule image. Arrows point
to clusters generated by individual antibody molecules either nonspecifically
bound to the sample or bound to tubulin monomers not incorporated into
microtubules.
(D) Blinking of fluorescent protein mEos2 causes the nonclustering SrcN15 to
appear clustered on the plasma membrane. Adapted from Annibale et al.
(2011b) under the Creative Commons Attribution License (http://www.
plosone.org/static/license.action).

Developmental Cell 23, December 11, 2012 ª2012 Elsevier Inc. 1105

Developmental Cell

Perspective



‘‘amplify’’ the fluorescence signal by labeling the anti-

bodies with multiple dyes per antibody molecule, by

indirect immunofluorescence staining, and by tyramide

signal amplification (TSA) and other peroxidase-based

amplification techniques. These methods add many dye

molecules to one detected target, thus increasing the

fluorescence signal and compensating the low labeling

efficiency. However, these practices give no signal

increase in STORM/PALM because it always detects

individual molecules. In fact, they not only impair the reso-

lution because they increase the effective size of the

probe (Huang et al., 2008b; Ries et al., 2012) but also

exaggerate the clustering problem because it turns

a single probe into many fluorophores clustered together

(Figures 2A and 2B).

Actually, the aforementioned issue exists in all fluorescence

microscopy practices. They are usually not a problem for con-

ventional fluorescence microscopy because it does not have

the resolution to reveal these artifacts. A sample might appear

as ‘‘perfect’’ under a confocal microscopy and even under

SIM, but higher resolution methods such as STED microscopy

and STORM/PALM could reveal the ‘‘clustering’’ problem.

Therefore, higher resolving power always demands more strin-

gent sample preparation, verymuch resembling the case of elec-

tron microscopy.

The three aforementioned issues apply to all superresolution

microscopy techniques. For STORM/PALM in particular, the

photophysics of the fluorophores can further exacerbate the

clustering problem. Many organic dyes can undergo repetitive

switching (Bates et al., 2007; Dempsey et al., 2011; Heilemann

et al., 2008). With long acquisition time, multiple points are

generated the same fluorophore (Figure 2C). Althoughmost pho-

toactivatable fluorescent proteins can nominally be activated

only once, their blinking behavior also creates a cluster of local-

ization points (Figure 2D), which might be misinterpreted as

clustering of the target protein (Annibale et al., 2011a). Therefore,

it is important to develop analysis algorithms that can correctly

interpret these ‘‘single-molecule clusters’’ in STORM/PALM

superresolution images (Annibale et al., 2011b).

Making Sense of Superresolution Images
Single-molecule events are by nature quantized and stochastic:

there is no such thing as half of a molecule, and reactions at

single-molecule level happen by probabilities. These character-

istics serve as the basis of STORM/PALM and also bring

in fundamental differences between STORM/PALM and con-

ventional fluorescence microscopy, making it inappropriate to

interpret an STORM/PALM image without statistical analysis.

One consequence of imaging at single-molecule level is that

noise appears the same as single-molecule signal. For example,

the intrinsic noise in a fluorescence image has a low probability

to be misidentified as a single-molecule activation event,

especially when the background is high and the fluorophore is

dim. The resulting false localization point scatters around the

superresolution image and should not be confused with real

ones (Figure 3).

More complicated is the nonspecific binding of fluorescent

probes to the sample. Unlike the homogeneous background

often detected by conventional fluorescence microscopy,

STORM/PALM detects nonspecific probe binding as scattered,

individual probe molecules. Unlike the individually scattered

false localization points coming from image noise, repetitive acti-

vation or blinking of these fluorophores further renders them into

a cluster of localization points (Figure 2C).

Another situation in which false localization points appear is

the crosstalk in multicolor STORM/PALM. Generally, STORM/

PALM has two different approaches for multicolor imaging.

One approach is to use fluorescent proteins or dyes with dif-

ferent emission wavelengths (Bossi et al., 2008). The crosstalk

can be negligible in this case unless their emission wavelengths

are extremely close (Gunewardene et al., 2011). The other

approach is to use fluorescent probes (often a pair of organic

of dyes) that have the same emission wavelength but can be

activated by different wavelengths of light (Bates et al., 2007;

Huang et al., 2008a). This approach avoids the necessity to align

different emission channels, which can be challenging at nano-

meter scale, but it incurs more crosstalk due to spontaneous

activation (Dani et al., 2010). The crosstalk in STORM/PALM

appears as points in one color mixed into another color (Fig-

ure 3B), which could misinterpreted as colocalization. Unfortu-

nately, the usual approach of crosstalk correction by subtracting

pixel values cannot be applied here. Instead, crosstalk subtrac-

tion needs to be conducted for each localization point by

analyzing the density of different colors of points surround

it (Bates et al., 2007; Dani et al., 2010).

Crosstalk subtraction is one of the examples that demonstrate

the challenges in STORM/PALM image analysis. These images

usually consist of molecule coordinates instead of pixels, which

is incompatible with almost any existing image processing

routines. A simple way to adapt a STORM/PALM image to those

existing analysis packages is to bin it into a one-dimensional

Figure 3. Noise in STORM/PALM
(A) Zoomed-in view of a boxed region in Figure 2B, left panel, showing false
localization points (arrows). Particularly, misidentification of two nearby fluo-
rophores activated at the same time creates the false localization points in the
region surrounded by three microtubules.
(B) Inset of Figure 1A before correction for crosstalk. The crosstalk can be seen
as mixed green and red localization points. Arrows point to localization
points either from nonspecific antibody binding or from false identification of
background noise.
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histogram or a two-dimensional pixelated image based on the

number of localization points within each bin or pixel. Calculation

of subtraction, correlation, and shape fitting can then be per-

formed, as illustrated by the determination of the molecular

architecture of focal adhesion complexes and synapses (Dani

et al., 2010; Kanchanawong et al., 2010). In both cases, fitting

the histogram built from many molecule positions has resolved

different domains on the same protein molecule. The binning

method has also been used for counting the number of synapses

in a brain region (Beaudoin et al., 2012). More recently, methods

have been developed to calculate correlation function directly

from molecule coordinates, which have enabled quantitative

analysis of protein clustering and protein-protein colocalization

(Sengupta et al., 2011). We expect that more algorithms and

software packages will be developed in the near future to

facilitate the interpretation of STORM/PALM images.

The Opportunities
The development of an organism consists of three intercon-

nected elements: communication between cells, differentiation

and determination of the cell fate, and cell migration and mor-

phogenesis. Understanding the mechanisms behind the devel-

opment of multicellular organisms requires knowledge covering

scales from a molecule to a whole organism. Therefore, a wide

variety of biological and physical methods have been demanded

for the study of developmental biology. Superresolution micros-

copy, with its resolution lies at the scale between molecules and

organelles, adds perfectly to this toolbox. It reveals how mole-

cules work inside a cell, thus allowing us to link our structural

understandings of biomolecules to their functions in the cellular

and tissue context.

Cell Communication

During the organism development, a cell constantly exchanges

signal with other cells and the outside environment in order to

sense as well as establish its developmental context. These

signal exchanges are most mediated by receptor molecules on

the plasmamembrane, especially those in theNotch, Hedgehog,

Wnt, TGF(beta), and JAK/STAT pathways (Guruharsha et al.,

2012; Krauss, 2008). Adhesion molecules including neuroligin-

neurexin, cadherins, and DSCAM also play critical roles in

controlling cell recognition and cell morphogenesis (Zipursky

and Sanes, 2010).Many of these pathways involve combinatorial

use of a relatively small number of signaling molecules among

diverse cell types. In addition, the receptors and adhesion mole-

cules are regulated by oligomerization, clustering, anchoring

to scaffolding proteins, and partitioning into membrane com-

partments. Understanding these regulation mechanisms calls

for a method to uncover molecular interactions happening at

the nanometer-to-micrometer scale.

The planar geometry of the plasma membrane has made

membrane receptors extensively studied targets by STORM/

PALM. These studies have been focused on the receptor clus-

tering (Greenfield et al., 2009; Scarselli et al., 2012), participa-

tion of receptors in different lipid domains (Hess et al., 2007;

Sengupta et al., 2011), and using single-particle tracking to

monitor receptor diffusion (Hess et al., 2007; Manley et al.,

2008). Many quantitative analysis methods have been devel-

oped for these studies. The next challenges would be to probe

membrane receptors in the native tissue context.

The 3D and multicolor imaging capability of STORM/PALM

also makes it a powerful tool for studying the scaffolding and

compartmentalizing of signaling molecules. For example, the

composition and spatial distribution of neurotransmitter re-

ceptors in the postsynaptic density has been characterized by

3D STORM/PALM in the mouse main olfactory bulb and acces-

sory olfactory bulb, revealing the different maturation states of

synapses in these two brain regions (Dani et al., 2010). Similar

strategies could be applied to other development-related

signaling compartments, too, such as the machinery that con-

trols the signaling molecule transportation and localization in

the primary cilium.

Cell Fate Determination

One of the key processes during development is cell differentia-

tion, which is achieved through the integration of external and

internal signals by a complicated transcription, translation, and

epigenetic regulation network. Compared to the success of

microarray and sequencing techniques, imaging has been very

much underexplored in studying cell fate determination. This

situation can be partially attributed to the fact that much of

the information that controls differentiation regulation lies in the

DNA and RNA sequence, which perfectly fits microarray and

sequencing analysis. Nevertheless, the capability of imaging

techniques to probe dynamic processes in individual cells within

a heterogeneous population is still uniquely advantageous.

As has been mentioned earlier, STORM/PALM can routinely

achieve �25 nm resolution, which corresponds to just about

70 base pairs for a linear stretch of double-strand DNA.

Therefore, superresolution microscopy might ultimately enable

us to map the DNA sequence space to the physical space in

the nucleus. This capability could provide the opportunity to

examine how gene expression is regulated by chromatin pack-

aging and spatial organization, ranging from nucleosome scale

(e.g., heterochromatin formation) to gene level (e.g., allelic exclu-

sion; Yang and Kuroda, 2007) to whole chromosome scale

(e.g., X-inactivation). Most of the chromatin STORM/PALM

experiments so far rely on tagging histone proteins (Gunkel

et al., 2009; Matsuda et al., 2010; Watanabe et al., 2011; Wom-

bacher et al., 2010), although the development of small molecule

probes for DNA and RNA labeling (Benke and Manley, 2012;

Flors et al., 2009; Zessin et al., 2012) could further improve the

effective spatial resolution.

Another opportunity is to understand how nucleic acids

interact with proteins in a cell. STORM/PALM has already

demonstrated its potential in understanding how nucleoid-

associated proteins help organizing Escherichia coli chromatin

(Wang et al., 2011) and in revealing the interaction of

centromere-associated histones (Ribeiro et al., 2010) and

chromatin-remodeling proteins (Gunkel et al., 2009) with DNA.

Sequence-specific labeling of DNA could be critical to these

applications. In addition to fluorescence in situ hybridization

(FISH), which has already been used in superresolution micros-

copy in a number of cases (Markaki et al., 2012; van de Corput

et al., 2012; Weiland et al., 2011), newly developed labeling

methods with minimal disruption to the structure of chromo-

somes will be greatly appreciated.

Cell Morphogenesis and Migration

Cells exhibit diverse morphologies, ranging from simple flats

such as epithelial cells to extremely complicated shapes such
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as neurons. During development, these different cells some-

times migrate over a long distance to their final locations.

Guided by both external signals and internal control networks,

cell morphogenesis and migration involve protrusive struc-

tures such as filopodia and lamellipodia, cytoskeletons that

undergo dynamic reorganization, and mechanical anchors

such as focal adhesion and tight junctions. Many of these

structures consist of highly organized protein complexes.

Dissecting the architecture of these complexes presents a

challenge for both conventional fluorescence microscopy

(for the lack of spatial resolution) and electron microscopy

(for the lack of protein specificity). Therefore, we need a

technique that can fill in the gap between molecule-level

knowledge generated by structural biology and biochemistry

and cell-to-tissue level studies in cell and developmental

biology.

Superresolution microscopy comes in at the perfect

position to bridge this gap. Cytoskeletal structures such as

microtubules (Aquino et al., 2011; Bates et al., 2007; Heilemann

et al., 2008; Huang et al., 2008b) and actin network (Frost et al.,

2010; Izeddin et al., 2011; Xu et al., 2012) have long been the

most popular imaging target for superresolution microscopy

study. The morphology of the cell can also be defined with

membrane stains (Shim et al., 2012) and membrane-anchored

proteins (Aquino et al., 2011; Lakadamyali et al., 2012; Ries

et al., 2012). STORM/PALM has revealed the multilayered

molecular architecture of focal adhesions (Kanchanawong

et al., 2010) and synaptic terminals (Dani et al., 2010), both

demonstrating the capability to resolve different domains on

the same protein molecule and, thus, the orientation of the

protein in the complex. What can be even more helpful in

the future is to combine superresolution structural imaging

with STORM/PALM with functional imaging such as fluores-

cence resonance energy transfer (FRET). For example, com-

bining superresolution microscopy and FRET probes reporting

the activity of the Rho family of GTPases could uncover the

mechanism of how they regulate cytoskeleton dynamics in

a spatial-temporally defined manner (Kamiyama and Chiba,

2009).

Conclusions
Superresolution microscopy is still a young field under rapid

development. Considering the immense number of questions

awaiting answers in developmental biology, it is impossible for

us to give an exhaustive list of what superresolution microscopy

can do now and what new opportunities it will create in the

future. As closer collaborations have started to form between

research groups on the technology side and those on the biology

side, and an ever-growing number of biology labs begins to gain

access to superresolution microscopy through home-built

instruments, imaging cores, and commercial products, we are

confident that this new technology will lead to many new discov-

eries and new insights in the coming years.
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