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Ultramicroscopy of Nerve Fibers and Neurons: Fine-Tuning
the Light Sheets
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and Hans-Ulrich Dodt

Abstract

Light sheet generation approaches employed in the ultramicroscopy imaging technique are presented, and
three different designs are discussed. These include slit-based as well as more advanced slit-free setups,
including those based on aspheric optics, that is, inherently aberration-free. The performance of the light
sheets thus generated is briefly described theoretically, and experimentally compared. Images of a chemically
cleared fruit fly (Drosophila melanogaster), nerve fibers in an entire mouse embryo, and individual neurons
in intact mouse hippocampi are presented.
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1 Introduction

Virtual (i.e., optical/tomographical) sectioning of samples repre-
sents a noninvasive alternative to physical sectioning. Methods such
as optical projection tomography (OPT), optical coherence tomog-
raphy (OCT) and magnetic resonance imaging (MRI) are examples
of such an approach [1]. While their penetration depth is greater,
resolution is poorer than in microscopy [2].

Confocal and two-photon microscopy are well-established,
high-resolution, point-scanning options capable to optically sec-
tion uncleared (i.e., typically strongly scattering) specimens up to
~100 μm and ~1 mm deep, respectively [3]. Penetration depth of
3 mm has been achieved with confocal microscopy (i.e., single-
photon excitation) in a 10-days old (quite transparent) mouse
embryo, with a recently developed setup referred to as
“mesolens” [4].

Rather than point-by-point, ultramicroscopy (frequently
referred to as light-sheet microscopy) performs the optical
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sectioning with a light sheet, and is thus considerably faster than
confocal or two-photon microscopy, at the expense of spatial reso-
lution. Providing the specimens are sufficiently transparent (i.e.,
featuring long enough transport mean free path [1]) even
centimeter-sized objects can be analyzed. All of these approaches
enable volumetric measurements and 3D visualization of specimens
while relying on a computer reconstruction of a stack of images.

Siedentopf and Zsigmondy are credited with pioneering the
field of light-sheet microscopy back in 1903 [5, 6]. Richard Adolf
Zsigmondy was a physical chemist active in the field of colloid
chemistry, trying to visualize small colloidal particles (Ultramicro-
nen) while Henry Siedentopf was an optical physicist at Carl Zeiss
company. They illuminated colloidal solutions from the side (per-
pendicularly to the optical axis) as powerful enough dark-field
condensers were unavailable at that time. From a construction
(hardware) point of view, ultramicroscopy is essentially a variant
of dark-field or fluorescence imaging, depending whether or not a
fluorophore is used. A bulky carbon arc burner was employed as a
light source. Using lenses, aperture stops (slits) and microscope
objectives they generated a simple light sheet to illuminate a well-
defined volume of minimal thickness. This type of an ultramicro-
scope was referred to as “slit ultramicroscope.” Although it was
never widely used except in colloidal chemistry, Zsigmondy was
awarded in 1925 a Nobel Prize in Chemistry for this work.

Subsequent microscope development focused on making more
efficient dark-field condensers such as the cardioid condenser
[7, 8]. The Cassegrain condenser (akin to the Cassegrain telescope
in design) or the so-called (luminous) spot-ring condenser had
numerical aperture as high as 1.50 [8]. The cardioid condenser
(named after the cardioid curve), also invented by Siedentopf,
could be supplemented by an azimuthal (Szegvari’s) diaphragm
suitable for highlighting elongate particles oriented in a particular
direction [8, 9]. The history of dark-field microscopy dates back to
1830s [8, 10].

Jentzsch’s “ultrakondensor” (originally made by Ernst Leitz,
Wetzlar, and later also by C. Baker, London) dating back to 1910
was laid upon the stage of an upright microscope. It was built
around a flow-cell so that the liquid or gas sample could be illumi-
nated more-or-less perpendicularly to the optical axis [10, 11],
much like in the “slit ultramicroscope.” The term “ultracondenser”
was applied to any condenser employed in ultramicroscopy, and the
setup was referred to as “reflecting ultramicroscope.” Indeed, the
condensers had to be double-reflecting (“bireflecting”), mirror-
based to achieve sufficiently high numerical aperture, that is, illu-
mination near-perpendicular to the optical axis [8]. This concept
has now been “reinvented” by Leica (the successor of Ernst Leitz)
in the form of a mirror device (a DLS model) attached to the
objective of an upright microscope, to obtain a “digital light sheet.”
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In 1964, McLachlan described the use of light-sheet illumina-
tion in microscopy to visualize the surface of minerals and insect
eyes [12]. A similar approach was employed in light-scanning pho-
tomicrography to visualize the surface of insects, with two- or
three-sided illumination [7]. This setup, marketed as “Dynaphot”
by Irvine Optical Corporation (Burbank, CA, USA) as a
low-magnification imaging tool complementary to the scanning
electron microscope. Other examples include macroscopic imaging
of screws, coins and rifle bullets [7]. In 1993, Decre et al. reported
the use of laser light sheets to investigate specific phenomena in
fluid dynamics [13]. All of these setups employed light-sheet
microscopy to visualize the surface of the objects.

Voie pioneered the combination of light-sheet microscopy with
fluorescence excitation to visualize a biological object [14]. A
guinea pig cochlea made fluorescent by immersion into rhodamine
was used as a study object. In order to reduce scattering and achieve
better image quality, he made the cochlea transparent using a
special clearing solution developed a century ago by Werner Spal-
teholz [15]. In 2002, Fuchs et al. reported the usage of a light-
sheet microscope for microbial studies in oceanography [16]. Later
on, research conducted by Stelzer’s group drew a significant atten-
tion to the field of light-sheet microscopy (since then often referred
to as “selective plane illumination microscopy [SPIM]) by demon-
strating that this technique is an excellent method for visualizing
near-transparent transgenic fish embryos expressing green fluores-
cent protein (GFP) in muscles. They obtained images with semi-
isotropic resolution (i.e., approximately the same in all three direc-
tions) by combining light-sheet microscopy with acquisition of
image stacks along different directions [17].

Thereafter, light-sheet microscopy (or ultramicroscopy) became
popular among the biological fraternity. As most multicellular
biological samples are not very transparent, it is essential to (opti-
cally) clear them to reduce light scattering primarily responsible for
that. With rare exceptions, this is necessary if millimeter-sized
(or greater) objects are to be imaged, and as clearing is typically
achieved by chemical means, the process is referred to as “chemical
clearing” [18].

The cleared (semitransparent) specimen is placed in a chamber
filled with the clearing medium, illuminated and scanned by a very
thin light sheet generated by a dedicated optical unit. The image
quality in ultramicroscopy can be further enhanced by improving
the optical parameters of the system, chiefly determined by its
optical components.

The present chapter describes three different light-sheet (ultra-
microscopy) setups, and demonstrates their performance in imag-
ing neural tissue. To pay tribute to the original inventors of the
technique [5, 6], we adhere to its original name, that is,
ultramicroscopy.
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2 Ultramicroscopy Setups

To achieve good enough optical sectioning capability (i.e., resolu-
tion) of the ultramicroscope it is essential to use an ultrathin light
sheet. The following sections describe how this can be achieved, in
three different setups.

2.1 Slit-Based Setup In a slit-based ultramicroscope, the illuminating beam is produced
by a sapphire laser (500 mW, 488 nm) from Coherent (Dieburg,
Germany). It is initially expanded by two lenses, the so-called
Keplerian beam expander unit, and then guided toward a beam-
shaping unit housing a rectangular slit aperture and a cylindrical
lens, as shown in Fig. 1. By truncating the expanded Gaussian
beam, the aperture forms a semiuniform beam. The cylindrical
lens then focuses it in one direction (X) only, that is, the beam
remains practically unaltered in the other (perpendicular) direction
(Y). This results in converting an axially symmetrical laser beam into
a thin sheet of light (Fig. 1).

Fluorescence 
light

Brain

Cylindrical 
lens

Slit aperture

Z

X

Objective

Fig. 1 Slit-based ultramicroscopy setup. The specimen (e.g., mouse brain) is

submerged in a clearing medium and illuminated by two identical light sheets,

each generated by a slit aperture and a cylindrical lens. Beam expanders (not

shown) are placed before the slit apertures
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In such a system the optical properties of the light sheet are
mostly determined by the shape and dimensions of the slit aperture
[19]. A wide rectangular slit aperture produces a light sheet that is
tightly compressed at the focus, but diverges rapidly away from it,
that is, yielding a short Rayleigh range, and poor uniformity along
the light sheet [20]. In contrast, a narrow aperture increases the
Rayleigh range but also increases the thickness of the light sheet
and of course reduces the overall light intensity (Fig. 2). The
Rayleigh range is defined as the distance along the propagation
axis (z) from the beam’s waist located at the focusing plane to the
point where the beam’s cross-sectional area is approximately dou-
bled. The uniformity of laser intensity along the focusing line
(running perpendicularly to the beam propagation axis, i.e., in the
Y direction), and the length of this line are of course important
parameters in ultramicroscopy. The greater the uniformity of the
light sheets the better its optical sectioning capability.

Mathematically, the truncated Gaussian beam can be described
with the aid of Heavyside step function and a finite sum of complex
Gaussian functions [20–25], that is, as a generalized Huygens–
Fresnel diffraction integral [20]. The intensity profiles of a symmet-
rical Gaussian beam (i.e., of the same width in Y and Y direction)
upon passing through a rectangular slit aperture (either 8� 10 mm
or 2 � 10 mm), at near-field as well as far-field conditions, are
shown in Fig. 3.

The truncated Gaussian beam is turned into a light sheet by
passing through a cylindrical lens. The light sheet is then scanned
through the specimen, and the images (optical sections) thus
obtained are combined into a 3D image which can be further

Y

X

SLIT-BASED
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Fig. 2 Theoretical (A, B) and measured (C) intensity distribution of light sheets produced by slit-based and

alternative (slit-free) ultramicroscopy setups (normalized intensities in B, C are color-coded as in Fig. 3). The

slit aperture (dimensions are shown) is parallel to the Y axis. Scale bars: X ¼ 150 μm, Y ¼ 500 μm (images

expanded in X direction for clarity). Adapted from Refs. [20, 26] by permission of © Wiley Interscience
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processed, much like in confocal microscopy. A slit-based ultrami-
croscopy setup is shown in Fig. 1.

The optical characteristics of the light sheet, such as the unifor-
mity of laser intensity along the line of focus and the length of this
line are of critical importance in ultramicroscopy, and depend on
the width of the slit aperture. A combination of a wide slit aperture
(e.g., 8 � 10 mm) and a cylindrical lens of appropriate focal length
(e.g., f ¼ 80 mm, lens from (Qioptiq, Munich, Germany) yields a
very small beam spot size at the focal point. However, it quickly
diverges, that is, has a short Rayleigh range. Furthermore, we are
confronted with the fact that light sheet intensity is less uniform
along the propagation axis (z). For small specimens, this type of
light sheet can be used but for large (cm-sized) specimens such as
entire mouse brain, it fails to provide images of sufficient quality. By
reducing the width of the slit aperture, the Rayleigh range is
extended, but the thickness of the light sheet inevitably
increases [20].

A major loss of light intensity is another drawback of the slit-
based setup which is nevertheless sufficient in many cases. Various
designs employing lenses, wedges and prisms have been suggested
to provide a suitable laser light distribution, without causing a
major intensity loss [20]. Two of them are presented below.

2.2 Slit-Free Setup

“UM-1”: Standard

Optics

By using one spherical lens and three cylindrical lenses placed and
oriented as shown in Fig. 4, the properties of the light sheet are
markedly improved [20]. The light sheet is generated without
truncating the beam, thus preserving light intensity. In addition,
the beam uniformity along the line of focus is improved as no side
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Truncated beam

2mm x 10mm
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Fig. 3 Simulated intensity (I ¼ |E(x, y)|2) profiles of a normalized Gaussian beam and truncated Gaussian

beams produced by two slit apertures (8 mm� 10 mm and 2 mm� 10 mm), at near-field and far-field (image

plane). Only the far-field case is of practical relevance to ultramicroscopy; the side lobes are due to beam

truncation (slits parallel to the Y axis, cf. Fig. 1) and adversely affect image quality. Adapted from Ref. [20] by

permission of © Wiley Interscience
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lobes are generated at the focal point of the last lens; these would
otherwise appear at the aperture edges.

We used a specific type of Galilean beam expander that includes
a planoconcave spherical lens (1) and a planoconvex cylindrical lens.
(2) As the second lens is cylindrical, the beam expanded by the first
lens converges in one direction (Y) while remaining unchanged in
the perpendicular direction (X), that is, it adopts a semielliptical
profile. The orientation of the second cylindrical lens (3) is perpen-
dicular to the first cylindrical lens and controls the beam shape in
the X direction while not affecting its convergence in the Y direc-
tion. The third planoconvex cylindrical lens (4) is oriented perpen-
dicularly to the second cylindrical lens (3). The former converts the
incident light with elliptical profile into a thin sheet with improved
(longer) line of focus and Rayleigh range [20]. By adjusting the
position of the first two cylindrical lenses, the length of the line of
focus can be easily varied.

Figures 5 and 6 (showing an entire mouse embryo and the eyes
of Drosophila, respectively) demonstrate a marked improvement in
resolution and overall image quality that can be achieved with the
UM-1 setup, compared to the slit-based one. The three-
dimensional reconstructions (yielding the virtual optical sections
shown in image plates) were performed on stacks of images, each of
them acquired at a different position of the light sheet.

In the next section, we introduce another optical system for
light sheet generation that employs complex aspheric optical ele-
ments that reshape the initial beam into an ultrathin light sheet.
This design not only preserves light intensity but also significantly
improves resolution and other optical characteristics.

Z

X

Y

Fig. 4 Slit-free setup (UM-1) capable of generating the light sheet. One spherical

(1) and three planoconvex cylindrical (2–4) lenses are employed. Orientation of

the cylindrical lenses (0� or 90�) is shown more clearly in the cutouts. Adapted
from Ref. [20] by permission of © Wiley Interscience
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2.3 Slit-Free Setup

“UM-2”: Aspheric

Optics

One of the strongest motivations to use aspheric optics in any
optical design is its ability to form a distortion-free image with
minimum aberrations. Like the UM-1 setup described above,
UM-2 is also slit-free, thus preserving light intensity. In this novel
setup, we employed aspheric optical elements to generate a highly
uniform, ultrathin light sheet while at the same time achieving the
longest Rayleigh range, compared to both the slit-based and UM-1
setups. A detailed analytical description of its properties can be
found elsewhere [26].

Importantly for ultramicroscopy, aspheric optics can efficiently
reshape the laser beam. For example, two aspheric lenses facing
each other can convert a beam of a Gaussian intensity profile into a
semiuniform one. The Powell lens is another beam-shaping optical
element. Being a specific form of an aspheric prism, it is defined by
its fan angle and the refractive index of the lens, and is capable of
reshaping a Gaussian beam into a bone-shaped one [26]. By placing
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Fig. 5 Examples of image reconstructions obtained with the slit-based and slit-

free ultramicroscopy setups. Virtual (optical) sections along two planes through a

mouse embryo, with nerve fibers immunostained by anti-neurofilament 160 anti-

body conjugated with Alexa Fluor 488. Boxes mark the areas with the greatest

improvement of image quality. (∗) Vibrissae innervation. Objective: Olympus

XLFLUOR 4�/0.28
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the Powell lens between two aspheric condenser lenses facing each
other, an elliptical beam with a semiuniform intensity is formed
from a Gaussian beam (Fig. 7). To utilize this elliptical beam for
ultramicroscopy, it must be transformed into a thin light sheet with
sufficient uniformity along the line of focus. Using two achromatic
cylindrical lenses, we can generate a very thin sheet of light with
optimized Rayleigh range and minimal aberrations. Figure 7
describes the measured intensity profile in the XY plane at focus
(0 mm), and �4 mm down the optical axis (Z).

The UM-2 setup includes a beam splitter directing the laser
beam of a Gaussian intensity profile into two arms (50/50) guided
toward two identical light-sheet generator units [26]. Each of them
is placed at either side of a quartz chamber containing the chemi-
cally cleared specimen, and has five optical elements shown in
Fig. 7. The first one (1) is an aspheric condenser lens focusing the
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SLIT- FREE SETUP “UM-1”

(standard optics)

SLIT- FREE SETUP “UM-2” (aspheric optics)

100 µm
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A B

C D

Fig. 6 Virtual (optical) sections through the facetted eye of fruit fly (Drosophila

melanogaster), as reconstructed from a stack of images by Amira software.

Note the markedly better rendering of ommatidia with the “UM-2” setup.

(A, B) Reconstructions from 432 real optical sections. Adapted from Ref. [19]

by permission of Wiley Interscience. (C) Interommatidian bristles. (D) Ommatidia

(om), medulla (m) and lobula (lo). The near-horizontal stripes are due to optical

sectioning by the light sheet in one particular direction (X axis perpendicular to

the stripes, cf. Fig. 1). Objective (A–D): Olympus UPlanFL N 10�/0.30. Images

C and D are adapted from Ref. [26] by permission of © Wiley Interscience
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beam on the surface of the second element (2) (a conical aspheric
lens, e.g., a Powell lens) having a fan angle smaller than 10�. The
latter reshapes the Gaussian laser beam into a bone-shaped beam
with a semiuniform intensity distribution at its edges. The third
element (3) is another aspheric condenser lens placed at a distance
of 2f from the Powell lens, where f is the focal length of the lens
(identical to the first one). Combined, these three lenses convert
the Gaussian beam into an elliptical beam with a semiuniform
intensity distribution. The fourth element (4) is an achromatic
cylindrical lens placed at a distance of F+F0 (where F and F0 is the
focal length of the third and fourth lens, respectively). Finally, the
fifth element (5) (achromatic cylindrical lens of focal length F0)
placed at a distance of

ffiffiffi

2
p

F 0 from the fourth lens. Jointly, the fourth
and fifth lenses generate a very thin light sheet, at the focal distance
of the fifth lens.

Both theoretical and experimental comparison of the light
sheet in the slit-based, UM-1 and new (UM-2) setup shows a
more homogeneous luminance distribution [26] and a longer Ray-
leigh range in the latest system inherently featuring minimum
optical aberrations and maximum uniformity (Fig. 2). Providing

- 4 mm

+ 4 mm

0 mmcyl. lens 90°

cyl. lens 90°
Y

X

Fig. 7 Slit-free setup (UM-2) based on aspheric optics and capable of generating an ultrathin light sheet.

(1, 3) Aspheric planoconvex condenser lenses (focal length f ). (2) Conic aspheric lens (e.g., the Powel lens).

(4, 5) Achromatic planoconvex cylindrical lenses (focal length F and F0, respectively). The beam-shaping

effects of two planoconvex lenses alone (1+3) and the Powell lens alone (2) are shown in the bottom panels;

note the near-homogeneous and bone-shaped intensity distribution, respectively. A similar bone-shaped

distribution is obtained by a combination of lenses (1) and (2). Beam profiles in the XY plane are shown. The

illuminating beam intensity is of a Gaussian profile (left), �4 and 0 mm denote a distance down the optical

axis (Z ) from the rear focal point of the entire setup (right). Adapted from Ref. [26] by permission of © Wiley

Interscience. Cylindrical lenses (4 and 5): see a note in Fig. 4 legend
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the specimen is sufficiently transparent (optically cleared) the ultra-
thin light sheet, inherently causing minimum scatter from out-of-
focus planes, makes it possible to reliably inspect structures deep
within the tissue.

Figure 6 features both surface and inner structures of the head
capsule of a fruit fly (Drosophila melanogaster); ommatidial lens
facets, mechanosensory inter-ommatidial bristles, as well as inner
structures such as medulla and lobula are clearly discernible. Image
quality markedly improves from the slit-based to UM-1 to UM-
2 setups. The capability of the novel aspheric-optics setup (UM-2)
is further demonstrated by visualizing pyramidal cells in the hippo-
campus (Fig. 8).

Z

X

Y

lo

200 µm 100 µm

100 µm 50 µm

A B

C D

Fig. 8 Pyramidal cells in an intact, chemically cleared mouse hippocampus

expressing green fluorescent protein (GFP) under the control of thy-1 promoter,

as visualized by a slit-free ultramicroscopy setup (“UM-2”) employing aspheric

optics to generate the light sheet, and four different objectives (Olympus):

(A) XLFLUOR 2�/0.14. (B) XLFLUOR 4�/0.28. (C) UPlanFL N 10�/0.30.

(D) LUCPlanFL 20�/0.45. Image C is adapted from Ref. [26] by permission of

© Wiley Interscience
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3 Summary

Three ultramicroscopy setups presented here yield 3D imagery of
both outer and inner structures of chemically cleared biological
samples. The novel aspheric-optics setup (UM-2), inherently free
of optical aberrations, is clearly superior in terms of resolution and
image rendering in general, which in authors’ opinion outweighs its
higher cost and complexity. Its ultrathin and highly uniform light
sheet is of particular importance if not-too-transparent specimens
are to be examined, that is, when chemical clearing reaches its
limitation, as it is often the case.

Appendix

The complex light intensity in the X direction (i.e., perpendicularly
to the slit) of an axially symmetrical Gaussian beam propagating in
vacuum along the z-axis is described by Eq. 1 [20]:

E x, zð Þ ¼ E0
w0

w zð Þ exp � x2

w2 zð Þ

� �

exp �ikz � ik
x2

2R zð Þ þ iϕ zð Þ
� �

ð1Þ
where

E0 is the amplitude of the illuminating light
w0 is the radius of beam waist at the focus (z ¼ 0)
w(z) is the radius of the beam at distance z from the focus
i is the complex unit,

ffiffiffiffiffiffiffi

�1
p

k is the wave number (2π/λ, where λ is the wavelength of the
illuminating light)

R(z) is the radius of curvature of the beam at distance z
φ (z) is the longitudinal phase delay at distance z

R zð Þ ¼ z 1þ z
zR

� �2
" #

ð2Þ

w zð Þ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ z
zR

� �2
" #

v

u

u

t ð3Þ

ϕ zð Þ ¼ arctan
z
zR

� �

ð4Þ

where zR is the Rayleigh range (Fig. 9),

zR ¼ πw2
0

λ
: ð5Þ
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At the beam waist (z¼ 0), w(z)¼ w0,R(z)¼R0, φ(z)¼ φ0 and
Eq. 1 becomes simplified as follows:

E xð Þ ¼ E0 exp � x2

w2
0

� �

exp �ik
x2

2R0
þ iϕ0

� �

ð6Þ

E(x) is the complex amplitude of light while its (measurable)
intensity is

I xð Þ ¼ E xð Þj j2 ¼ E2
0 exp �2x2

w2
0

� �

ð7Þ

This is a well-known Gaussian distribution. As the beam is
axially symmetrical the same type of dependence is obtained for
the Y direction, that is, the intensity can be generalized as follows:

I x, yð Þ ¼ j E x, yÞð j2 ¼ E2
0 exp

�2 x2 þ y2
� �

w2
0

ð8Þ

However, in a slit-based system the Y direction (parallel to the
slit) is of little relevance as the beam is truncated by the slit mainly in
one direction only (X in our notation), and later also “flattened”
(in the same direction) by the cylindrical lens.

The effect on the Gaussian beam of the slit (width ¼ 2a in the
X direction) is described by the Heavyside step function Ap(x)
which equals 1 for �a � x � a, and 0 elsewhere. A generalized
Huygens–Fresnel diffraction integral then describes the truncated
(modified Gaussian) beam [20–25]:

E xð Þ ¼ E0

Z

a

�a

Ap x0ð ÞE x0ð Þ exp � ik
2B

Ax20 � 2xx20 þDx2
� �

� �

dx0

ð9Þ
where A–B and D are elements of the optical transfer matrix.
Equation 9 is not dependent onC, the third element of the transfer

Z

X

0
2w

R
Z

0
w

Fig. 9 Detail of a light beam at focus. Rayleigh range (zR) describes the beam

expansion along the direction of propagation (Z ), and is defined as the distance

from the waist (diameter 2w0) to the point where the cross section of the beam is

approximately doubled. For a Gaussian beam, this occurs at a beam diameter of
ffiffiffi

2
p

w 0. Adapted from Ref. [20] by permission of © Wiley Interscience

Ultramicroscopy of Nerve Fibers and Neurons 337



matrix. In the Y direction, the beam is practically untruncated
(assuming a relatively narrow slit), so the Heavyside step function
is not applied.
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