


Have 
Microscope, 
Will Travel

By Jennifer Michalowski  
Photography by Jared Leeds

Biology students and faculty 
immersed in summer courses at 
Woods Hole get their hands on 
a remarkably powerful imaging 
tool developed at Janelia Farm.



neer by training, Betzig listens carefully to biologists, and their top 
priorities have not changed since he began developing imaging 
technologies more than 30 years ago. Biologists want to see smaller 
structures. They want to see them with more detail, with more 
speed, and deeper inside a tissue. And they want to see them in 
healthy, living cells that are unperturbed by the tool they are using. 

Betzig and his team had created the Bessel sheet microscope 
to answer those demands, and after three years of development, 
they were convinced the instrument could offer researchers 
unprecedented views of dynamic subcellular processes. But many 
of the biologists at Janelia Farm are neuroscientists interested in 
understanding how neurons work together in complete circuits 
in the brains of fruit flies or mice, and, Betzig says, Bessel beam 
technology is not ideal for the size and thickness of the samples 
they want to image. “Our mandate is to develop new imaging 
technologies for biology, not necessarily just for systems neuro
science. So if we want to find users for these techniques, we have 
to look outside.” 

Word was beginning to spread about the power of the Bessel 
sheet, but the cultural divide between microscopists and biologists 
still frustrated the Betzig team. “It takes a surprisingly long time 
to get new microscopes to biologists,” Gao says. “So we decided to 
take our latest microscope to Woods Hole to introduce it to them.” 

 

Rapid-Fire Days
The Marine Biological Laboratory is situated on a narrow, salt-
swept piece of land in the far southwest corner of Cape Cod. 
Tourists unload bikes at the nearby ferry landing; fried clams, 
homemade ice cream, and other indulgences of a beach vacation 
are in ready supply. The tiny village of Woods Hole wakes up ear-
lier than the usual beach town, however, and working scientists 
vastly outnumber vacationers. 

Hundreds of scientists flock to Woods Hole in summer to 
immerse themselves in MBL’s unique culture for a few weeks or 
months. Distanced from routine distractions, most visitors find 
the MBL experience gratifyingly intense. Between coursework, 
research, and discussions and debates, time in the lab routinely 
stretches until 2:00 a.m., for students and faculty alike. “We’re not 
there to go to the beach,” Gao stresses. “There’s a vacationy feel 
here; it’s nice outside,” says Betzig, who set aside two weeks during 
June and July to work with Bessel sheet users at MBL. “But you’re 
only here a short time, and everyone works really long days.” 

So when Chen, Gao, and their microscope parts reached 
Woods Hole at the end of June, they wasted no time. They were 
greeted by Jim and Cathy Galbraith, a husband and wife team 
who have taught in the neurobiology course for seven years, 
and a small crew ready to help maneuver an 800-pound opti-
cal table, on loan from Thorlabs, into a tiny, windowless room 
in the basement microscope facility. The top of the table went 

i-Chang Chen spent the fifth day 
of his postdoctoral fellowship in a 
rented van headed for Cape Cod. 
He’d barely had time to unpack in 
Virginia before he was enlisted to 
help take apart the very microscope 
he had come to Janelia Farm to 
work on. Its lenses, mirrors, lasers, 
and other components were now 
fastidiously packed and stowed 
in the back of the van, traveling 
north on I-95. Chen was about to 
undergo what his new boss, Janelia 
Farm group leader Eric Betzig, was 
calling “trial by fire.”

Chen and his new colleague, Liang Gao, were transporting the 
Betzig lab’s newest technology to the Marine Biological Laboratory 
(MBL) in Woods Hole, Massachusetts—a seaside hub of scientific 
activity with an educational program that draws hundreds of stu-
dents and faculty from around the world each summer. It would 
take a full day to reassemble its components into what the Betzig 
group calls a Bessel beam plane illumination microscope—a high-
speed, high-resolution, three-dimensional imaging technology that 
gives extraordinarily detailed views of cellular processes in action. 

The plan was for Gao and Thomas Planchon—developers 
of the new microscope—to guide MBL students and faculty 
through the imaging process as they examined their specimens. 
Chen would have to learn quickly how to operate the microscope, 
because the team expected a steady stream of users, all demand-
ing expert attention. In exchange, the Betzig team hoped to learn 
exactly what biologists need their microscope to do. 

The Bessel beam plane illumination microscope, or “Bessel 
sheet,” was a work in progress. Betzig’s team had designed it to 
answer an obvious need of biologists—the ability to visually track 
movement of the tiniest structures inside living cells. In March 
2011, they had described the new technology online in Nature 
Methods, including as evidence of its power startlingly vivid por-
trayals of chromosomes sorting themselves in preparation for cell 
division and a lively cell surface sending out long, thin projec-
tions that quickly retract and reappear elsewhere. 

The short movies had generated considerable excitement 
among biologists: there was no doubt that the new microscope sur-
passed existing technologies in rapidly creating high-resolution, 
three-dimensional images without damaging living cells. But for 
Betzig’s team, this acclaim was not the ultimate goal. “We’re not 
developing technology for technology’s sake,” he says. “We want 
to create technologies that will have a broad and deep impact on 
biomedical research.”

Maximizing the microscope’s impact had been foremost in 
Betzig’s mind from its earliest development. A physicist and engi-
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in first, suspended on a scissor lift until its vibration-eliminating 
supports were positioned underneath. From there, the team fol-
lowed Gao’s lead. Modular segments of the microscope were 
unwrapped and bolted to threaded holes in the tabletop. A tower 
of electronic equipment—the control panel—was erected in the 
cramped room’s remaining space. Cables were connected; align-
ment measured; blue, green, violet, and infrared lasers tested. 

Gao knew what he was doing: he’d built this version of the 
microscope—a second-generation version, more compact and 
portable than the original built by Planchon at Janelia. And last 
summer, he and Planchon had accompanied the Bessel sheet on 
its first trip to Woods Hole, when it was so new Betzig was call-
ing it “bleeding-edge.” That visit had been grueling: two weeks 
of 18-hour days, imaging the very first living cells to be viewed 
with the microscope, save one quick run-through back at Janelia 
Farm with the Galbraiths. But the benefits were enormous. Dur-
ing the rapid-fire days, the team tested a panoply of samples and 
introduced the microscope to a range of users. The Bessel sheet’s 
early successes at Woods Hole became the vivid movies the team 
published in its Nature Methods paper, which is coauthored by 
the Galbraiths, whose own labs are at the National Institutes of 
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Health (NIH). And throughout the following year, the Betzig lab 
hosted collaborators at Janelia Farm to advance projects initiated 
during those fervent weeks. 

So when Betzig suggested they repeat the experience this past 
summer, Gao’s first thought was the challenge of transferring 
the delicate equipment to its temporary home. “It’s almost like 
starting a new lab,” he says. But he knew it would be worth the 
long drive and the long days that would follow, particularly if they 
extended their stay to work with a wider group of biologists.

They chose a four-week period during which their microscope 
could be integrated into two courses. Gao and Planchon made 
plans to helm the microscope in two-week shifts, while Chen 
would stay the entire four weeks to learn the intricacies of the 
Bessel sheet and become familiar with the language of its users. 
Betzig would join the team for the weeks in the middle.

During the first two weeks, the Bessel sheet would help 
physiology students working with Jennifer Lippincott-Schwartz 
from the NIH watch cells migrate or break down their unwanted 
parts; in the second half of the microscope’s stay, neurobiology 
students working with the Galbraiths could use it to visualize 
the processes that drive nerve cell function. Spare moments 

In what Eric Betzig calls a “trial by fire,” postdoc Bi-Chang Chen spent a month at Woods Hole this summer, 
familiarizing himself with the Bessel sheet microscope while helping students and faculty analyze their samples.
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would be tightly scheduled with MBL faculty curious to see what 
the Bessel sheet might reveal about their own samples. 

The Photon Budget
The Bessel sheet was the newest imaging technology at Loeb 
Laboratory, MBL’s educational hub, but it was not the only one. 
The basement and first-floor hallways were crowded with bulky 
crates emptied of sophisticated microscopes on loan for the sum-
mer. Course directors had collected commercial instruments 
for super-resolution imaging (including Zeiss’s ELYRA, based 
on the concept of photo-activated localization microscopy, or 
PALM, invented by Betzig and Janelia Farm colleague Harald 
Hess), microscopes designed to peer deep into tissue, and high-
resolution methods for three-dimensional imaging of fixed tissue 
to offer their students new perspectives on biological complexity. 

According to Cathy Galbraith, the two-week imaging section 
of the neurobiology course is designed not just to expose students 
to cutting-edge technology, but also to help them understand 
which tools are best suited for particular questions, as well as how 
the technologies are complementary. Likewise, physiology stu-
dents experience firsthand how each tool has its strengths—but 
none can do it all. 

It quickly becomes apparent how the Bessel sheet fits into 
the imaging landscape. Like other fluorescence microscopes, 
the Bessel sheet detects fluorescently tagged molecules within 
cells, letting biologists follow specific proteins and watch them 
interact with one another. The basic technique relies on fluo-
rescent tags that absorb light—typically directed at a sample in 
a focused laser beam—and rerelease the energy as fluorescence, 
which the microscope captures to create an image. Up to a point, 
brighter fluorescence contributes to a clearer image, but there is a 
trade-off. Too much light exposure can make a cell sick, so living 
samples don’t survive long under the laser’s glare. What’s more, 
light destroys fluorophores’ ability to fluoresce, meaning even 
dead cells can be imaged only a brief time before their signal 
begins to fade. So, fluorescence microscopy often ends up being 
an exercise in compromise. 

Capturing fluorescence becomes increasingly crucial as new 
technologies push the limits of both spatial resolution and speed. 
Higher-resolution microscopes must extract information faster, 
more frequently, and from ever-shrinking segments of a sample. 
Ideally, a microscope would glean information from each photon 
of fluorescence a sample emits. In practice, however, plenty of 
photons bounce off an illuminated sample and are lost forever. 

Betzig and his team designed their new microscope to take 
better advantage of what they call the “photon budget.” Most 
microscopes illuminate a sample from the same objective lens 
that collects light, directing a beam all the way through the 
sample even though only a single plane is in focus at a time. 
At high-resolution, where every photon counts, this is a problem 
because light in out-of-focus regions activates fluorescence and 
damages cells, with no imaging payoff.

An alternative is to direct a sheet of light through the side of 
a sample, via a lens that lies perpendicular to the objective that 

collects the returned light. This approach confines the excitation 
much closer to the portion of the sample in focus. It’s an old 
idea—first proposed more than 100 years ago—that has recently 
been adapted to high-speed imaging of multicellular organ-
isms. Ernst Stelzer, who was at the European Molecular Biology 
Laboratory in Heidelberg, Germany, and is now at the Frankfort 
Institute for Molecular Life Sciences, resurrected the technique, 
Betzig says, taking advantage of the reduction in light damage to 
image living samples repeatedly over prolonged periods. 

The thick sheets of light that have made Stelzer’s technique a 
success, however, obscure the tiny structures inside cells—a prob-
lem that Betzig’s team addressed with a Bessel beam. At its core, 
a Bessel beam is an extremely narrow beam of light that can be 
swept across a sample to create a thin sheet well suited for imaging 
subcellular structures. The Bessel’s central beam is surrounded by 
concentric rings of weaker light, however, which cause the same 
problems as any unwanted light sources do. So Betzig, Planchon, 
and Gao devised a few tricks to minimize the contaminating 
light. Rather than sweeping the beam continuously, they pulse 
the beam rapidly to eliminate out-of-focus blur—a technique also 
used in super-resolution microscopy called structured illumina-
tion. They combined this pulsing with two-photon microscopy, 
a method in which weakly exposed regions generate very little 
fluorescence. Together, these tricks add up to a microscope that 
collects unusually detailed images without damaging living cells. 

3-D Clarity
Gao, Planchon, and Chen help students mount their samples so 
they can receive the sheet of light created by the Bessel beam at 
the appropriate angle, then tweak the microscope’s parameters to 
accommodate variations in thickness, brightness, or background 
fluorescence. The Bessel beam sweeps quickly through each 
sample, collecting up to 200 images per second. As the micro-
scope’s computer compiles the two-dimensional images into 
three-dimensional stacks and the first pictures begin to appear on 
the monitor, what is astonishing is the extraordinary detail appar-
ent in all three dimensions. 

Clare Waterman, director of the MBL physiology course, says 
she was blown away when she saw the Bessel sheet’s first images of 
her students’ cells. “I’ve been looking at light microscopy images 
and 3-D reconstructions for 20 years,” she says. “When you rotate 
a 3-D reconstruction, you always know what the z-axis is.” That 
is, even when a microscope produces crisp, detailed images in 
two dimensions, resolution almost always declines significantly 
in the third dimension. But the Bessel sheet images were differ-
ent. “I could not tell what the z-axis was,” Waterman says. The 
cellular detail was clear from any angle.

The three-dimensional movies of migrating cells, which were 
grown in a collagen gel so they could move freely in any direc-
tion, settled for Waterman what she says had been an unresolved 
debate in her field. Waterman studies cell motility at the National 
Heart, Lung, and Blood Institute, and lately, she says, there’s been 
a big push to find out whether structures thus far observed only in 
cells squashed flat between a microscope slide and a coverslip are 
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physiologically relevant. But, she acknowledges, “There’s been a 
reason we’ve been doing stuff on a coverslip for so long: because 
that’s where optics are good.” Technologies that image in three 
dimensions lack the spatial resolution to determine, for example, 
whether migrating cells truly project the long, flat extensions 
thought to propel their motion. “Well, we could certainly see two-
dimensional, flat lamellipods with this [Bessel sheet] system that 
we could measure the thickness of, in every dimension.”

“It wasn’t like I was pining away for this,” Waterman says. 
“I had accepted the limits of optical microscopy and I’d learned 
to interpret my data within those limits.” But once she saw what 
was possible, she says, “I was doing backflips for a week.”

Watching Embryos Develop
The Bessel sheet gets little rest at Woods Hole. A grid on the wall 
blocks out time for faculty who want to squeeze into gaps between 
student projects, but unexpected visitors stream in at all hours. Uni-
versity of California, San Diego, developmental biologist Andrew 
Chisholm, who visits MBL as faculty in the neurobiology course, 
says so many people were in and out of the tiny room that the 
rising temperature sickened the C. elegans roundworm embryos 
whose developing skin he wanted to image. With the confocal 
microscopes Chisholm typically uses, he says, “you’re constantly 
balancing imaging quality with viability of the embryos. With a 
conventional microscope you really have to settle for images that 
don’t look very good.” But since the Bessel sheet limits phototoxic-
ity by using far less light, the dying worms were puzzling.

Chisholm and the Betzig team considered other factors, and 
discovered that if they imaged the developing embryos in the 
morning—after a few idle hours had let the room cool down—
they had better success. Working with Planchon, Chisholm 
assembled a movie that shows skin cells forming, making junc-
tions with one another, and then forming a sheet that spreads out (continued on page 48)

to encase the growing embryo. Chisholm says the movie, which 
spans eight hours of early development, is “an order of magnitude 
better than what we can get away with using the last generation 
[of imaging technology]. It’s just beautiful.”

User Feedback
By the time the weary team of postdocs disassembles the 
microscope for the journey back to Virginia, they have imaged 
developing embryos, cells suspended in growth media, the ner-
vous system of whole worms, cells embedded in collagen, dying 
cells, and dividing cells. Over the weeks, Chen says, they have 
taken every opportunity “to talk to biology people, to listen to what 
they are thinking. Because it’s really, really different from us.”

They have heard users’ frustration about the microscope’s 
unconventional sample holder, which requires a fussy assembly 
process to secure the sample in a vertical position—practical from 
an engineering perspective, but cumbersome for users. They 
know they need to adapt their optics to handle thicker samples, 
which introduce aberrations in the imaging process. And there is 
an unrelenting desire, biologists have told them, for even better 
spatial resolution, at even faster speeds. 

None of these requests are a surprise, the microscopists agree. 
And they are prepared to address them. The group plans to build 
a third version of the Bessel sheet, so they can continue to tweak 
the instrument and test out improvements while the original 
setups collect data. Chen will begin work immediately to add 
additional Bessel beams to the microscope, which he says will 
increase imaging speed while reducing phototoxicity. A new post-
doc in the Betzig lab, Kai Wang, will introduce adaptive optics 
into the system, and research scientist Lin Shao, who introduced 
the current methods of analyzing the data generated by the Bessel 
microscope, will continue to improve those algorithms. Thomas 

left: Interacting with biologists helps Eric Betzig (right) and Thomas Planchon improve design of their microscopes.
right: Three-dimensional imaging of live cells by the Bessel sheet microscope reveals remarkable detail, such as a cell’s 
ruffled edges and internal vacuoles.
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continued from page 29

(Have microscope, will travel)

	
w e b  e x t r a :�  Hear Eric Betzig talk about the microscope 
and see how it dazzled Woods Hole students and faculty in 
an audio slideshow. Go to www.hhmi.org/bulletin/nov2011.

Planchon, now an associate professor at 
Delaware State University, plans to develop 
similar microscopes to look at live multi-
cellular organisms and continue working 
closely with biologists. Ultimately, Betzig’s 
group would like to merge the Bessel sheet’s 

capabilities with the super-resolution of 
PALM, a project that the Galbraiths—fre-
quent collaborators at Janelia Farm who 
brought their own custom-built PALM with 
them to Woods Hole this summer—are urg-
ing forward. 

The long days at MBL will transition 
into long days back at Janelia Farm, as the 

Betzig team continues to improve the Bes-
sel sheet. Because what they really learned 
at Woods Hole, Gao says, is how urgently 
biologists await those improvements. W

This paper is certified by SmartWood for FSC 
standards, which promote environmentally 
appropriate, socially beneficial, and economically 
viable management of the world’s forests.

continued from page 23

(Calling all teachers)

were suspects, she added, and each suspect 
used a characteristic brand of pen. The 
students figured out how to use paper chro-
matography to distinguish the inks in Bic, 
RoseArt, and other pens. Most were able to 
finger the guilty suspect. “I wanted them to 
understand the concepts more deeply than 
they would if they had just been given the 
instructions,” Gurick says.

Getting in Practice
Stony Brook’s curriculum, like all good 
teaching programs, also requires preservice 
teachers to spend plenty of time in schools, 
watching and teaching. Before they’re 
allowed to student-teach in the third and 
final semester of their master’s course, pre-
service teachers at Stony Brook must spend 

100 hours each observing teachers—in mid-
dle schools and high schools, in ordinary and 
high-need districts, and teaching different 
subjects. Many preservice teachers also help 
teach in the university’s unique biotechnol-
ogy, chemistry, physics, and earth science 
teaching laboratories. Science teachers from 
80 percent of Long Island’s school districts 
bring their students for half-day laboratories.

Establishing strong ties with local schools 
can pay off for much smaller teacher-train-
ing programs. At Trinity University, aspiring 
science teachers do a year-long internship 
at one of three “professional development 
schools”—elementary, middle, or high 
school—in San Antonio, where they are 
mentored by an experienced teacher. In 
exchange, the university appoints these men-
tors as clinical faculty for a year, complete 
with library and other privileges, and Trinity 

FOR    MORE     INFORMATION: �             To learn about new science 
and math standards and to see a comparison of preservice 
programs, visit www.hhmi.org/bulletin/nov2011.

faculty lead professional development initia-
tives for the teachers at each school.

Back in Kalamazoo, Lauren Miller will 
do her student teaching next spring, and 
next summer she’ll teach eighth graders 
the unit she develops on sex hormones 
and obesity. Beyond that, she plans to 
teach family consumer science, which 
includes personal nutrition, reproductive 
health, and parenting, to high schoolers. 
She’ll take her newfound enthusiasm for 
science with her. “Science is asking ques-
tions—you ask one question and you’ve 
got 10 more after that,” Miller says. “I want 
to take that to my students and get them 
excited about science.” W

continued from page 17

(Living chemistry)

can launch career-changing collaborations, 
as Crabtree and Schreiber have learned. 

“The important thing,” says van der 
Donk, “is that biologists and chemists are 

really talking to one another more than we 
used to. As a result, biologists understand 
better what chemists can bring to the table. 
And chemists understand better the ques-
tions that biologists really care about.” This, 
he says, has led to a bigger impact of chem-

ists on biological problems. And they’ve  
only just begun. W

continued from page 33

(STAR SEARCH)

	
w e b  e x t r a :�  Travel with Mark Krasnow and his team 
as they explore the rainforests of Madagascar. See the 
slideshow at www.hhmi.org/bulletin/nov2011.

of background information concerning both 
wild and captive mouse lemurs with new 
genetic and genomic data is very exciting.”

At Stanford, Krasnow and his group 
are pushing forward with mouse lemur 
research, starting with seeking out addi-

tional samples and setting up collaborations 
with Malagasy scientists and other lemur 
biologists around the world. They think that 
learning about the genetics and physiology 
of mouse lemurs could help preserve the 
endangered animals.

“For decades Madagascar has been seen 
as a hotspot for biodiversity, and rightly so,” 

Richard says. “But it is welcome to see that 
recognition translating into a broader sci-
entific interest in mouse lemurs—primates 
found nowhere else in the world.” W

FOR    MORE     INFORMATION: �             See other articles on researchers 
applying chemistry to biological questions throughout this issue, 
in print, online, and on the iPad.
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