
VU Research Portal

Sensing Cilia

van Krugten, J.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
van Krugten, J. (2020). Sensing Cilia. [PhD-Thesis - Research and graduation internal, Vrije Universiteit
Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/fa2ee0aa-0335-470c-a833-c50520aaab20


3



Imaging adult C. elegans live 
using light-sheet microscopy

J. van Krugten*, K.H. Taris* and E.J.G. Peterman  
(*Authors contributed equally)

Journal of microscopy (2020)



46

Chapter 3

Summary

Live observation of biological phenomena in the context of living organisms can 
provide important insights in the mechanisms of these phenomena. However, the 
spatially complex and dynamic physiology of multicellular organisms can be a 
challenging environment to make observations with fluorescence microscopy. Due to 
the illumination of out-of-focus planes, confocal and particularly widefield fluorescence 
microscopy suffer from low signal-to-background ratio (SBR), photo toxicity and 
bleaching of fluorescent probes. In light-sheet microscopy (LSM), solely the focal plane 
of the detection objective is illuminated, minimizing out-of-focus fluorescence and 
photobleaching, thereby enhancing SBR, allowing for low laser intensities and longer 
acquisition periods. Here we present a straightforward light-sheet microscope with a 1.0-
NA detection objective and a fast sample-positioning stage that allows for four degrees 
of freedom. By imaging the sensory cilia and nervous system of living young adult C. 
elegans, we demonstrate that the instrument is well suited for relatively fast, volumetric 
imaging of larger (hundreds of micrometers cubed) living samples. These experiments 
demonstrate that such an instrument provides a valuable addition to commonly used 
widefield and confocal fluorescence microscopes. 
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Introduction

Capturing dynamic processes in biological specimens provides great insight into the 
mechanisms of the ever-changing physiology of the cell. Imaging the spatially complex 
and dynamic physiology in the four dimensions of space-time simultaneously comes 
with challenges. Widefield and confocal fluorescence imaging can provide high-
resolution images and fast acquisition in two dimensions, but in three dimensions 
there is a tradeoff in speed or resolution(Stephens and Allan, 2003). These widely used 
techniques illuminate the entire sample along the axis of the (detection) objective, 
which can create undesired out-of-focus background fluorescence, photobleaching 
and results in phototoxicity. In light-sheet microscopy (LSM; also called Selective 
Plane Illumination Microscopy (SPIM)), the sample is illuminated only in the focal 
plane of the detection objective, creating a higher signal-to-background ratio (SBR), 
allowing lower illumination intensities and enabling rapid image acquisition in three 
dimensions (Reynaud et al., 2014). The optical advantages of LSM make it ideal to 
study multicellular organisms, including Arabidopsis, Drosophila, C. elegans, organoids 
and the beating heart of Danio rerio embryos, providing insights in the mechanisms 
of, for example, gastrulation, cell lineage, endocytosis, and organelle morphology and 
dynamics (Candeo et al., 2017; Chhetri et al., 2015; Huisken et al., 2004; Liu et al., 
2018; Valm et al., 2017; Wang et al., 2018; Wu et al., 2011).

In many implementations of LSM, two perpendicularly oriented objectives are used: one 
for light-sheet illumination, the other for fluorescence emission detection. The physical 
size of the objectives and the aqueous nature of most living specimens make the practical 
implementation of illuminating the sample perpendicular to the detection objective 
a challenge. Most light-sheet microscopes therefore use water-dipping objectives with 
long working distances to accommodate the illumination objective and mounted sample 
(Power and Huisken , 2017). These objectives often have a low numerical aperture (NA 
< 1) and magnification, limiting fluorescence collection efficiency, reducing sensitivity 
and resolution. These limitations have partly been overcome in newer approaches. Lattice 
light-sheet microscopy employs a lattice of non-diffracting Bessel beams that is used to 
perform structured-illumination microscopy, creating a thin and deep penetrating light 
sheet (Chen et al., 2014). Another method to ensure deep penetration of the sheet is to 
use two opposing light sheets. In combination with two detection paths, this is known 
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as isotropic light-sheet microscopy (Chhetri et al., 2015). These techniques, however, 
require complicated and costly optics and extensive computational processing of the 
acquired images. 

Here, we present a uncomplicated LSM, based on the design of the OpenSPIM initiative 
(Pitrone et al., 2013), but with a higher-magnification, higher-NA detection objective, 
and a faster and more accurate sample positioning stage. The instrument was designed 
for volumetric imaging of multicellular organisms, in particular C. elegans, and as a 
valuable addition to commonly used widefield or spinning disk confocal fluorescence 
microscopes. We demonstrate the capabilities of this instrument by imaging the sensory 
cilia and nervous system of living, young adult C. elegans nematodes. Because of the 
enhanced SBR, combined with the four degrees of freedom in the sample positioning, 
the instrument is well suited for relatively fast, volumetric imaging of larger (hundreds 
of micrometers cubed) living samples, ideal for organisms like C. elegans.

Material and Methods

Design of the Setup

Our design for a microscope to image live, adult C. elegans is based on the Open-SPIM 
platform (Pitrone et al., 2013). This open-source platform provides comprehensive 
descriptions and tutorials on the construction of a basic LSM. In Figure 3.1, the design, 
optimized for our applications, is shown (see also Supplemental Figure 3.1). Detailed 
notes on the assembly and alignment, including a list of components, of the instrument 
can be found in the supplemental information (Supplemental table 3.1). To allow for 
dual color imaging, the beams of a 488 nm (Coherent Sapphire, 488-150 CW CDRH) 
and a 561 nm (Cobolt Jive, 0561-04-01-0025-300) wavelength continuous-wave laser 
are combined using a dichroic mirror (Semrock, LM01-503-25). To make full use of 
the NA of the illumination objective, and thereby creating a light sheet as thin as the 
objective allows, the excitation laser beam is expanded ~7× to create a beam diameter 
of ~5 mm (1/e2). Next, a cylindrical lens is used to focus the light along one axis, 
creating the light sheet. To create evenly distributed illumination and suppress speckle, 
a rotating diffuser (SUSS MicroOptics SA) was placed in the convergent image plane 
of the telescope. 
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The light sheet is focused on the back focal plane of a 10× illumination water-dipping 
objective (Nikon, Plan Fluor, NA: 0.3). The aluminum outer structure of a custom-
designed objective holder (Figure S3.1A) allows mounting the stage and up to four 
objectives. Inside this aluminum structure, the tips of the objectives are installed in 
the watertight openings of an acrylic immersion fluid basin. Since the positions of the 
objectives are fixed, the area of the sample illuminated by the light sheet and imaged 
using the detection objective, has to be positioned by moving the sample with a stage. 
We use one open-loop rotation and three closed-loop linear piezo-motor stages, allowing 
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Figure 3.1: Diagram of the light-sheet microscope.  
Mirrors (M1-M6), dichroic mirror (DM), lenses of the beam expander (L1 and L2) 
and telescope (L3 and L4), cylindrical lens (CL), illumination and detection objectives 
(io and do) and tube lens (TL).
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for motion with four degrees of freedom (PI Q-51.230 as y-stage, and two PI Q-51.130s 
as x- and z-stage, and a PI Q-622.900 as rotational stage). The four stages are mounted 
on a custom-made holder that slides on top of the objective holder with dowel pins 
(Figure 3.1 and S3.1). The light emitted by the sample is collected by a 60× water-
dipping objective (Nikon, NIR Apo, NA: 1.00). We tried a higher NA objective (Nikon, 
Plan Achromat 100x, NA: 1.1), but this objective performed substantially worse due 
to inferior aberration correction. The fluorescence light was subsequently filtered by a 
band-pass (525/30) and a multi-band rejection filter (405/488/532/635), and finally 
focused on an EMCCD camera (Andor iXon3 897) by a tube lens (TL, f=300mm, 
Thorlabs AC254-300-A-ML). This tube lens provides an additional 1.5× magnification 
of the region of interest. Micromanager is used as a user interface to control the linear 
stages and camera (Edelstein et al., 2010). 

Sample Preparation

One of the challenges in live imaging in multicellular organisms like young adult C. 
elegans, is to keep them alive and healthy during the time of acquisition. The perpendicular 
configuration of the illumination and detection objectives in our instrument, and their 
water-dipping nature have as consequence that samples cannot be mounted in the 
classical configuration between a microscope slide and a cover slip. Here we describe 
how the sample is mounted to allow four degrees of freedom while keeping optical 
aberrations to a minimum. 

C. elegans are grown using standard procedures (Brenner, 1974). Strain information 
is provided in Supplemental Table 3.2. To keep the nematodes alive and minimize 
optical aberrations due to the mounting, they are embedded in an agarose cylinder 
attached to the positioning stage (Figure S3.1). To achieve this, healthy, young adult 
C. elegans expressing a fluorescently labeled protein of interest are placed in a droplet of 
5 mM Levamisole, an acetylcholine receptor agonist that immobilizes the nematodes. 
Levamisole is specific for neuromuscular junctions, and does not influence sensory 
neurons (Boulin et al., 2008). After ten minutes incubation, the worms are carefully 
spun down, and as much as possible Levamisole is removed without losing worms. 
Low-melting point agarose (Sigma, A9414, 2% W/V in M9) is first heated to dissolve, 
and subsequently cooled down just above room temperature in order to not harm the 
worms. We have observed before that above 30˚C, there is no distal segment anymore, 
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and IFT particles slow down(Mijalkovic, 2018), which was not observed in our current 
experiments. The liquid agarose is sucked into a glass capillary (Brand, d = 1.8 mm, 
BR701910) and partially pipetted onto the worm pellet. After mixing agarose with 
worms, the mixture is sucked back in the glass capillary and allowed to solidify. Once 
solid, the bottom ~1 cm of agarose is pushed out of the capillary. We refrained from 
imaging through the glass capillary, as this results in too strong optical aberrations 
(Bourgenot et al., 2012). The other, open, end of the capillary is then sealed off with 
VaLaP (equal parts of vaseline, lanolin and paraffin) to prevent upwards capillary action, 
which slowly suck the agarose cylinder back in to the capillary, or downward motion 
due to gravity. Next, the capillary is mounted in a cut plastic syringe using two plungers 
and mounted to the stages using a custom-made holder (Figure S3.1). Finally, the stage 
holder is placed on top of the objective holder such that the capillary is submerged in 
the immersion medium close to the objectives. To prevent osmotic stress, the standard 
C. elegans buffer M13 (30mM Tris–HCl, pH7.0, 100mM NaCl, 10mM KCl in water) 
is used as immersion medium.

Epifluorescence Microscopy

As reference point for our results obtained with LSM, we obtained images on our custom-
built epifluorescence microscope. As described before(Prevo et al., 2015; van Krugten and 
Peterman, 2018), the key components of the microscope, built around a Nikon Eclipse 
Ti inverted microscope body, are the following: Excitation illumination is provided by a 
continuous-wave laser (Cobolt Calypso 50 491nm DPSS). Excitation light is focused on 
the sample and emission light is collected by a 60× water-immersion objective (Nikon, 
CFI PlanApo IR WI, NA: 1.27). Excitation and emission light is separated using a 
dichroic mirror (Semrock, Brightline dual-edge laserflat, Di01-R488/561-25×36) and 
emission light filtered by a band-pass filter (Semrock, 525/50nm Brightline, FF03-
525/50-25) before being imaged on an EMCCD camera (Andor, iXon 897, DU-897E-
COO-#BV).
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Results  

Specifications of the Setup 

To visualize the thickness profile of the light sheet in along the x-axis of the FOV, we 
added 9.7 nM fluorescein (Trotec GmbH & Co.) to the immersion water and turned the 
light sheet 90° by rotating the cylindrical lens (Figure 3.2A, C). At the edges of the field 
of view (91 µm × 91 µm) the light sheet was 19.0 ± 0.7 µm (FWHM) wide and in the 
center of the field of view 12.3 ± 0.2 µm. The thickness of the light sheet along the y-axis 
and in center of the FOV was measured with a gold mirror placed at 45° in the light 
sheet to image it directly on the camera (Figure 3.2C). We measured a FWHM of 2.08 
± 0.01 µm (SD of single scan) for the 488 nm laser. To determine the optical resolution 
inside the agarose cylinder holding our specimens, 45 nm yellow-green fluorescent beads 
(Invitrogen, F10720-COMPONENTA) were imaged (Figure 3.2D, E). For resolution 
determination, line scans across beads were plotted as a function of position (axial and 
lateral) and fitted with Gaussian functions. The average axial resolution obtained from 
two different beads is 1.7 ± 0.6 µm (S.E.M.). The lateral resolution (n=15 beads) is 541 
± 9 nm (S.E.M). To be able to perform fast scans through the sample, the stage must 
be able to move to a new position and stabilize quickly. Figure 3.2F shows the set and 
actual stage position, illustrating the stage response time, overlaid by the exposure time 
of the camera. Typically, the axial stage reaches the desired position within 15 ms. For 
most volumetric imaging experiments, an exposure time of five milliseconds and a frame 
rate of 3 Hz was used. 

Figure 3.2: Setup Specifications. (right)  
(A,B) Light sheet imaged via a mirror in the focal plane. (Scale bars 10 µm). (A,C) 
Visualization of the light sheet by fluorescein in the propagation direction. (D) Line 
scan of sheet thickness of B. (E) Line scans were performed at the three colored lines 
to calculate the thickness (at edges (red and green) 19.0 ± 0.7 µm (FWHM) wide and 
in the center of the field of view (yellow) 12.3 ± 0.2 µm wide) (F) Images of a 45 nm 
fluorescent bead with an axial resolution of 2.27 ± 0.01 µm (G) and lateral resolution of 
518 ± 8 nm. (Scale bar 2 µm). (H) The set position (black) and actual position (red) of 
the axial stage during a measurement. The exposure time (cyan areas) is 5 ms and frame 
rate is 3 Hz.  
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We noted that in our instrument, with one-sided illumination, a thin light sheet can 
only be obtained in the first 100 µm of a worm sample embedded in an agarose cylinder. 
Deeper penetration of the light sheet in the agarose results in scattering of the light 
sheet and optical aberrations. We overcame this limitation by positioning the worms to 
be imaged in such a way that the path lengths of excitation and emission through the 
agarose were minimized. 

Single-plane Static Imaging 

One of the mayor disadvantages of epi-illuminated widefield fluorescence imaging is 
out-of-focus emission and auto-fluorescence. The orientation of the illumination plane 
with respect to the detection objective in LSM should enhance SBR in comparison 
to widefield illumination. To test this, we imaged the two pairs of phasmid cilia of 
the nematode C. elegans. These phasmid cilia protrude from the ends of the dendrites 
of chemosensory neurons in the tail region of the worm and are chemosensory hubs 
(Bae and Barr, 2008). For these experiments, we used two worm strains endogenously 
expressing cilium-specific proteins (see Supplemental Table 3.2). In one strain, EJP76, 
the protein OSM-6, a component of the cilium-specific intraflagellar transport (IFT) 
machinery, is fused with EGFP. IFT is essential for cilium assembly, maintenance and 
function. In IFT, so-called IFT trains transport cargo from ciliary base to tip and back 
again. These IFT trains consist of many copies of two protein complexes, IFT-A and 
IFT-B, to which motor proteins and cargo bind. OSM-6 is a component of the IFT-B 
complex (Prevo et al., 2015). In another strain, EJP401, the cilium-specific β-tubulin 
TBB-4 is fused with EGFP. 

Figure 3.3: Single plane static and live imaging in adult C. elegans. (right) 
(A) Phasmid cilia expressing OSM-6::EGFP and TBB-4:EGFP. Scale bar 2 µm. 
Colors represent different positions in the axial direction. (B) Cross section of worms 
expressing TBB-4::EGFP and  (C) PH::GFP. Scale bar 2 µm. (D) Single-plane image 
of the phasmid cilia expressing OSM-6::EGFP. Scale bar 1 µm. Kymographs of OSM-
6::EGFP dynamics in the phasmid cilia using LSM (E), or epifluorescence microscopy 
(F) Scale bars: vertical: distance, scale bar 1 µm. Horizontal: time, scale bar 2 s. Colored 
lines in (E) and (F) indicate the positions of the line scans in (G), showing IFT-train 
tracks. 
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As can be seen in Figure 3.3A, for both C. elegans strains, the two pairs of phasmid cilia 
are situated close to the cuticle at the left and right side in the tail of the nematode. We 
used color coding (magenta and cyan) to indicate different depths. The two pairs are 
separated by ~5 µm. Depending on the orientation of the worm, the two pairs can overlap 
in the axial direction. In this case, it is our experience that in epi-illuminated widefield 
fluorescence microscopy, out-of-focus fluorescence from one of the pairs hampers 
proper, high signal-to-background imaging of the other. In the single-plane LSM images 
of Figure 3.3A individual pairs of cilia with minimal fluorescence background from 
other planes can be observed, even in case the two pairs are on top of each other (in the 
axial direction, as is the case for the TBB-4::EGFP worm in Figure 3.3A). 

Imaging of the phasmid cilia of worms in the proper orientation works well with epi-
illuminated widefield fluorescence microscopy, since it only involves two pairs of cilia 
(Prevo et al., 2015). For more complex, 3-dimensional structures this is, however, not 
possible and confocal approaches are typically used. To test how well our LSM performs 
on such structures, we imaged neuronal microtubules (using the TBB-4::EGFP strain) 
inside the head region of C. elegans. The neurites are positioned in six bundles stretching 
from the cilia next to the mouth of the worm to the axons about 100 µm posterior 
of this. As can be seen in Figure 3.3B, the cross sections of the bundles do not reveal 
any influence of out-of-focus fluorescence. Next, a cell-membrane marker (PH::EGFP), 
which is expressed in all cells, consequently resulting in much more densely labeled 
worms, was imaged (Figure 3.3C). Although the images are less clear and clearly suffer 
from some out-of-focus background fluorescence (for example, in the top left of the 
image, the rest of the worm is visible as an out-of-focus haze), individual cells can still be 
discerned in a cross section. In this cross section, the lumen of the intestine and gonad 
can be seen. 

Single-Plane Dynamic Imaging 

We next performed an experiment to assess whether SBR, contrast and resolution 
of the LSM are sufficient for quantitative live imaging of dynamic processes. To this 
end, we imaged the dynamics of EGFP labeled OSM-6, which is a part of the IFT 
transport machinery, inside the phasmid cilia of C. elegans (Figure 3.3D). We then 
made kymographs from the obtained image sequences to visualize the OSM-6::EGFP 
dynamics (Figure 3.3E, Supplemental Movie 3.1) (Mangeol et al., 2016). We compared 
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the kymographs to those obtained with epi-illuminated widefield fluorescence imaging 
of the same strain (van Krugten and Peterman, 2018). The observed IFT velocities are 
similar on both instruments and similar to previously observed values (Prevo et al., 
2015). Although the kymographs obtained with LSM show clear tracks due to IFT 
dynamics, the individual tracks are much harder to distinguish than is the case for 
kymographs obtained with the epi-illuminated fluorescence microscope (Figure 3.3E-
G). This is most likely due to the decreased spatial resolution and lower sensitivity of 
the long-working-distance detection objective used in our LSM instrument, which has 
a substantially lower NA than the objective used in the epi-illuminated fluorescence 
microscope (1.00 instead of 1.27). Increasing the excitation intensity will not increase 
the contrast in the kymographs, since SNB appears comparable. Thus, although the 
out-of-focus background fluorescence can be substantially reduced by using the LSM 
instrument, the resolution and sensitivity of the instrument are lower than that of a high-
NA epifluorescence microscope, which makes the light-sheet microsope less suitable for 
high-resolution applications. 

A

C D

BLSM - maximum projection LSM - single slice 

Epi�uorescence - 
maximum projection 

Epi�uorescence - 
single slice 

Figure 3.4: Volumetric imaging of amphid neurons expressing TBB-4::EGFP. 
(A) Maximum projection of 115 slices of each 0.75 µm of TBB-4::EGFP in the head 
region of C. elegans from anterior to posterior and (B) a single slice obtained with LSM. 
Scale bars 2 µm. Neurites going around the two pharyngal bulbs are indicated with 
arrows. (C) Maximum projection of a z-stack of 15 slices, each separated 1 µm of TBB-
4::EGFP in the head region of another specimen of C. elegans and (D) a single slice 
obtained on our epifluorescence microscope. Scale bars 2 µm. Arrows indicate the two 
bundles of amphid cilia.
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Volumetric Imaging of Static Structures

One of the major advantages of using a multicellular organism as a model system is to 
be able to observe molecular processes in their natural cellular context. To test how our 
LSM performs in static volumetric imaging, we imaged the microtubule network in the 
head region of live adult C. elegans expressing EGFP-labeled tubulin (TBB-4::EGFP). 
We imaged 115 slices, separated by 0.75 µm in order to image the entire diameter of 
the worm in the head region (Figure 3.4A, and Supplemental Movie 3.2). As can be 
seen, the head of the worm is slightly tilted to the bottom left. The two pharyngeal 
bulbs are visible as the microtubules are situated around them, with the second bulb, on 
the right, located next to the neuronal cell bodies. In Figure 3.4B, a single slice of the 
stack is shown, demonstrating that optical sectioning is very effective. For comparison, 
we imaged the same region of a worm using epifluorescence microscopy. As is evident 
from Figure 3.3C and Supplemental Movie 3.2, only in the tip of the worm’s head, 
structures can be discerned (e.g. the amphid cilia on the left). More to the right, where 
the worm’s body is substantially thicker, sharp features are swamped by out-of-focus 
background fluorescence. These results confirm the expectation that LSM is far superior 
to epifluorescence microscopy for live, 3D imaging of structures of the order of tens of 
micrometers, because of its efficient reduction of out-of-focus background signals. 

Volumetric Imaging of Dynamic Processes 

LSM has been shown to be very suitable for long time-scale imaging of live processes 
such as development, because of its gentle illumination conditions. To test this for our 
instrument, we imaged neuronal activity by Ca2+ imaging with the Ca2+-sensitive 
probe GCaMP in living C. elegans (Tian et al., 2009). To this end, we used a C. elegans 
strain (AML32) expressing GCaMP in the nucleus of all neurons. First, we scanned 
through the head region of the nematode to get a 3D image of the nuclei, containing 
43 slices, each separated 0.75 µm. GCaMP expression is high in these worms, resulting 
in a bright fluorescence signal, allowing illumination times as short as 5 ms per slice 
(Figure 3.3F). A maximum projection, color coded for depth, is shown in Figure 3.5A 
(see Supplemental movie 3.4 for a 3D rendering). Similar to the volumetric images of 
tubulin, one can appreciate the bulb of the pharynx, which does not contain neuronal 
somas. Somas can be seen below (cyan), around (yellow) and on top of the pharynx 
(white). 
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Figure 3.5: Imaging of GCaMP activity.  
(A) Somas in the head region with color coded depth. (B) Volumetric fluorescence 
image of the tail region, overlaid with a brightfield transmitted-light image. (C) Activity 
of two somas, indicated with yellow circle, (D) from the maximum projection (E) and 
a single slice. Scale bars 2 µm.
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Next, we used this approach to image neuronal activity in living C. elegans. We note 
that neuronal firing in C. elegans is slow and takes place on a time scale of minutes 
(Hara-Kuge et al., 2018; Tanimoto et al., 2017; Tian et al., 2009; confirmed by our own 
epifluorescence experiments, Figure S3.3 A-B). This shows that our LSM volumetric 
imaging approach (~0.5-1 s per z-stack) is fast enough. We performed long term (1-2 
hours) imaging of a GCaMP expressing worm, to confirm that LSM imaging does not 
causes substantial bleaching, phototoxicity, or loss of SBR (Figure S3.3C).

We focus here on the tail region of a worm expressing GCaMP (Supplemental movie 
3.5). For effective visualization of the location of the somas in context of the location in 
the worm, we merged a z-stack fluorescence image of GCaMP with a brightfield image 
(Figure 3.5B). To visualize the dynamics, we generated a movie of maximum projections 
of each z-stack (Supplemental movie 3.5). Time traces of the fluorescence intensity of 
a soma, measured in the maximum-projection movie and in a movie containing only 
the slice with that soma, are shown in Figure 3.5C. Not all peaks occur in the intensity 
traces obtained from the maximum projection and the single slice, however. This could 
be due to some drift causing the soma to drift in and out of the single slice that was 
selected. Despite this, the use of a maximum projection instead of all slices of the movie 
reduces data processing time and leads to an acceptable loss of information (Figure 
3.5D, E). Taken together, our data on neuronal activity show that our LSM instrument 
is very well suited for dynamic 3D imaging of live, adult C. elegans on a time scale of 
several minutes to 1-2 hours. 

Discussion

LSM has greatly advanced the imaging toolbox for the life sciences, in particular with 
respect to long-term imaging of sensitive specimens on the hundreds of micrometer 
scale. A key advantage over widefield epifluorescence microscopy is that out-of-
focus background fluorescence is effectively suppressed. Here, we have presented an 
uncomplicated LSM design, with a 60× detection objective, a fast and accurate sample 
positioning stage, optimized for live imaging of young adult C. elegans nematodes. The 
instrument is excellent for long-term (1-2 hours) volumetric imaging on the cellular 
scale with a temporal resolution of a few seconds. On the subcellular scale, however, 
resolution and contrast suffer from the substantially lower NA of the detection objective 
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compared to that of an epifluorescence microscope. 

The high number and tight configuration of cilia in the head region of C. elegans makes 
this a challenging area to distinguish them. Our initial goal with the LSM instrument 
was to image the dynamics of IFT in this region, as this requires a high SBR, which 
our epi-illuminated microscope does not provide sufficiently. The detection objective 
we used, 60× NA 1.0, allowed sharp imaging with a good SBR. Nevertheless, the 
resolution turned out to be insufficient to image IFT in the head of young adult C. 
elegans. This might be improved by the use of a higher-NA detection objective, and/or 
the implementation of adaptive optics (Ji, 2017). 

For larger structures, such as somas and cell membranes, the instrument does provide 
a substantial improvement in SBR compared to widefield epi-illuminated microscopy. 
The incorporation of accurate closed-loop positioning stages and open-loop rotation 
stage allowed us to position the worms in the most favorable way and enables making 
volumetric movies. Another advantage of the selective illumination is that lower laser 
intensities and an overall lower illumination of the sample are required, leading to less 
photo bleaching and photo toxicity compared to widefield epi-illuminated microscopy. 
Furthermore, the embedding in agarose and subsequent immersion in the immersion 
medium prevents dehydration of the nematodes. This allows one to image for hours, 
making the lack of available food the biggest time limitation. 

In summary, the enhanced SBR, compared to epifluorescence imaging, and four degrees 
of freedom makes the instrument well suited for relatively fast volumetric imaging 
of larger living samples like C. elegans. With that, it is a straightforward and valuable 
addition to commonly used microscopes such as epifluorescence and spinning-disc 
confocal.
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Supplemental figures

Supplemental Figure 3.1: The Light-sheet Microscope.   
(A) Photograph of the stage holder with stages and sample. (B) Expanded diagram of 
the objective and stage holder. Rotational stage and linear stages can be seen in yellow, at 
the top of the image. Par example, three 10× water dipping (illumination) objectives and 
a 100× water dipping objective are shown. Detailed technical drawings will be provided 
on request. (C) Photograph of the setup. (D) Close up of the objective and stage holder 
assembly.
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Neuronal Activity Imaging with Epifluorescence Microscopy

In order to estimate the timescale of fluorescence intensity changes in the somas, we 
imaged nematodes expressing GCaMP on our epifluorescence microscope. Supplemental 
Figure 3.2 shows GCaMP located in somas in the tail region of C. elegans, and an 
example intensity profile of a soma during the course of the experiment. As observed 
before (Hara-Kuge et al., 2018; Tanimoto et al., 2017; Tian et al., 2009) and shown in 
Supplemental Figure 3.3B, most spikes last about a minute. This provides us ample time 
to image multiple slices with the LSM instrument in order to capture a large volumetric 
space, while still being able to detect action spikes in C. elegans neurons. Furthermore, 
the image of GCaMP made with the epi-illuminated microscope illustrates the advantage 
of the low background of single-plane illumination over widefield epi-illumination in 
densely labeled samples. 

Supplemental Figure 3.2: High-time resolution imaging using epifluorescence 
microscopy demonstrates that spontaneous neuronal firing in C. elegans 
is a process on the time scale of a minute.      
(A) Maximum projection of 500 (exposure time 32 ms) subsequent epifluorescence 
images of GCaMP fluorescence in the C. elegans tail region. (Scale bar 2 µm.) (B) 
Changes in GCaMP intensity of a single soma (indicated with yellow circle) indicating 
neuronal activity.
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Supplemental Figure 3.3: Long-term (69 minutes) LSM imaging of spontaneous 
neuronal activity in adult C. elegans.       
(A) Stills of a maximum-projection (of each image stack consisting of 42 images, total 
time 13.9 s / stack) movie showing GCaMP activity in the head region of an adult C. 
elegans. (B) Mean intensity of GCaMP expressing somas.
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Notes on the assembly

Taking the OpenSpim design as inspiration, we altered most of the components and the 
arrangement with respect to the original design. As we were not limited by space on our 
optical table, we could spread out the setup for easy access and alignment (See Figure 
S3.1 and Figure 3.1). For laser safety and to prevent the dichroics to become dusty, we 
placed a box around the first four mirrors and the dichroic. 

Mirror M5 and the lenses of the beam expander were placed in a cage system for easy 
alignment. Although included in early stages of building the setup, we found no use 
of the vertical slit, which is placed between the lenses of the beam expander in the 
OpenSpim design. The last mirror (M6) is excluded from this cage system as this 
gave the possibility of mounting a stage below it. This stage was used to provide extra 
precession in translational alignment. The objective holders were designed such that the 
foci of the illumination and detection objective superimpose. Thus, the position of the 
sheet is determined by the incidence position and angle of the light on the illumination 
objective, which is determined by mirror M6. The beam height, realized by custom 
aluminum heat dissipation blocks, was set by the height on which we could securely 
mount the camera. 

We used several alignment samples to align the sheet parallel to, and overlapping with, 
the focal plane of the detection objective. First, a small mirror glued to a glass rod that was 
placed at approximately the working distance of the detection objective using the sample 
positioning stage. Then, M6 was used to rotate and translate the sheet until a thin line 
was visible through a 4.0 ND filter. By moving both the glass rod and M6, the thickness 
was minimized (Figure 3.2B). Second, another small mirror was treated similar to the 
nematodes (embedded in 2% Agarose, and pushed out of a glass rod) and the alignment 
process was repeated to account for potential aberrations caused by the circular agarose. 
Next, by turning the cylindrical lens 90° and adding a low concentration of fluorescein 
to the immersion water, we could optimize the focal point of the illumination objective 
by moving the final telescope lens (L4) (Figure 3.1). Afterwards, we repeated the 
alignment with the mirror samples. Next, a low concentration of fluorescent beads 
in 5% agarose was used to further parallelize the sheet by moving a bead around in 
the FOV. Then, we moved on to C. elegans samples: first, worms expressing a highly 
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expressed membrane probe (PH::GFP) were imaged to further optimize laser intensity 
and improve how the parallel the sheet is. Finally, worms expressing TBB-4::EGFP were 
imaged, as fluorescence is confined to smaller structures in this strain and is substantially 
lower. The mirror was set to give a similar image and maximum intensity in all corners 
of the FOV by moving the sample to different positions of the FOV. This should result 
in an optimal overlap between the focal plane of the detection objective and the light 
sheet. A hypothetical imperfect overlap would not explain the difference between the 
epifluorescence setup and the LSM, since an imperfect overlap would mainly lower the 
SBR. It is more likely that the difference between the optical performance of the setups 
is due to the difference in detection NA, resulting in different resolutions. 

The laser intensity was controlled on multiple levels: for the whole measurement, we 
could set the output of the laser on a specific power and use a variable ND wheel 
to fine-tune this intensity. During the measurement, we would flip in/out different 
combinations of ND filters to change the laser intensity. For 488 nm, the maximum 
laser intensity is 52 mW (no ND filter, measured before objective) and for 561 nm 9.2 
mW. 
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List of Components

Supplier Product Number Description N
TMC 63-574 Optical Table (90x150cm) 1
Custom Laser Heat Dissipation Blocks 2

Coherent
Sapphire 488-150CW 
CDRH Laser 488nm 1

Cobolt Jive 0561-04-01-0025-300 Laser 561nm 1
Thorlabs NE510B-A ND Filter - OD1.0 2
Thorlabs NE520B-A ND Filter - OD2.0 2
Thorlabs NE530B-A ND Filter - OD3.0 1
Thorlabs NE540B-A ND Filter - OD4.0 1
Newport 9897-M Flip Mount for ND Filter 6
Semrock LM01-503-25 Laser Overlay  - Dicroic mirror (DM) 1
Newport 05D20ER.1 Laser Overlay – Mirrors (M1, M3) 2
Newport 10D20ER.1 Laser Overlay – Mirrors (M2, M4) 2
Newport HVM-.5 Laser Overlay – Mirror Mounts 2
Newport HVM-1 Laser Overlay – Mirror Mounts 2
Thorlabs NDC-PM Continuous ND Filter Mount 1
Thorlabs NDC-50C-4-A Continuous ND Filter 1
Thorlabs MFFHS1 Shutter button 1
Thorlabs MFF001M Motorized Shutter 1
Thorlabs KCB1/M M5 Mount 1
Thorlabs BB1-E02 M5 + Sheet Positioning Mirror (M6) 2
Thorlabs LC2679-A Beam Expansion (L1), f=-30mm 1
Thorlabs AC254-200-A-ML Beam Expansion (L2), f=200mm 1

Thorlabs ER12
Cage System rods 12” (from M5 to 
Objective Holder) 3

Thorlabs ER2
Cage System rods 2” (from M5 to 
Objective Holder) 1

Thorlabs ER6
Cage System rods 6” (from M5 to 
Objective Holder) 2
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Supplier Product Number Description N

Thorlabs ER3
Cage rods 3” (from M5 to Objective 
Holder) 4

Thorlabs ER1
Cage rods 1” (from M5 to Objective 
Holder) 3

Thorlabs ER8
Cage rods 8” (from M5 to Objective 
Holder) 1

Thorlabs ER4
Cage rods 4” (from M5 to Objective 
Holder) 1

Thorlabs ER05
Cage rods 1/2” (from M5 to Objective 
Holder) 5

Thorlabs CP02/M Cage Plates for mounting lenses 3
Thorlabs CP02T/M Cage Plate for mounting lenses 1
Thorlabs CP36 Cage Plates for stability around diffuser 2
Thorlabs ACY254-050-A Cylindrical Lens (CL) , f=50mm 1
Thorlabs CRM1/M Cylindrical Lens Mount 1
Siskiyou M100.A2a Sheet Positioning Mirror Mount (M6) 1
Thorlabs MT1/M 1-axis manual stage under M6 1
Thorlabs LA1131-A Telescope (L3), f=50mm 1
Thorlabs LA1509-A Telescope (L4), f=100mm 1
S U S S 
MicroOptics 
SA 13-00022 Diffuser 1

Nikon N10XW-PF
Illumination Objective (io), 10x, 
N.A.=0.3, WD=3.5mm 1

Thorlabs LEDD1B LED Illumination 1
Thorlabs KPS101 LED Illumination 1
Thorlabs F240SMA-532 LED Illumination 1
Thorlabs M28L02 LED Illumination 1
Thorlabs MWWHF2 LED Illumination 1
Thorlabs FT030 LED Illumination 1

PI Q-51.130 x-, z-stage 2
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Supplier Product Number Description N
PI Q-51.230 y-stage 1
PI Q-622.900 Rotational stage 1
PI Q-motion E-873.30TU xyz Driver 1
PI PIShift Driver E-870 Rotational Driver 1
Nikon NIR Apo, NA: 1.00 Detection Objective (do) 1
Semrock FF01-525/30-25 Filter for eGFP emission 1
Semrock 405/488/532/635 Laser line reject filter 1
Chroma AT535/40m Filter for mCherry emission 1
Thorlabs FW102C Filter Wheel 1
Thorlabs AC254-300-A-ML Tube Lens f=300mm (TL) 1
Thorlabs SM1L05 Tube 1
Thorlabs SM1L10 Tube 1
Thorlabs SM1L20 Tube 2
Thorlabs SM1L25 Tube 2
Thorlabs SM1V10 Tube 1
Thorlabs SM1CMM Non-rotating Coupler 1
Thorlabs SM1CMF Non-rotating Coupler 3
Thorlabs SM1A9 Adapter Tube to Camera 1
Andor DU-897E-CS0-}BV EMCCD Camera, iXon3 897 1
Custom Objectives Holder with water bath 1

LUMICKS
Adapted prototype of 
u-FluxTM syringe sealer Sample Holder 1

Thorlabs BE1/M Post Base 7
Thorlabs TR30/M Post 30mm 9
Thorlabs PH30/M Post Holder 30mm 6
Thorlabs PH50/M Post 50mm 3
Thorlabs PH20/M Post Holder 20mm 3
Thorlabs CF125 Post Clamp 17
Thorlabs RS1P/M Pedestal Post 1” 2
Thorlabs RS2P/M Pedestal Post 2” 5
Thorlabs RS25P4/M Pillar Post 1” 2

Thorlabs RS75P4/M Pillar Post 2” 1



74

Chapter 3

Supplier Product Number Description N
Thorlabs TR150/M Post 150mm* 5
Thorlabs RA90/M Post Connection* 6
Thorlabs TR100/M Post 100mm* 2
Thorlabs CL4 Flat Clamps 22
Thorlabs SH4MS12 Screw 39

*Used to mount camera

Table 3.1: List of components.
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Strain Genotype Short notation

EJP76
vuaSi15 [pBP36; Posm-6::osm-6::eGFP; cb-
unc-119(+)] I; unc-119(ed3) III; osm-6(p811) V OSM-6::EGFP

AML32
wtfIs5 [rab-3p::NLS::GCaMP6s + rab-
3p::NLS::tagRFP]

GCaMP Calcium 
sensor

EJP401
vuaSi401 [pSA401; Ptbb-4::tbb-4::eGFP;cb-
unc-119(+)]I TBB-4::EGFP

SV1677
CxTi 10816(he259[Peft-
3::PH::eGFP::LOV::tbb-2])

PH::GFP (extra-
chromosomal 
array)

Table 3.2: Strains used in this study.
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Supplemental movies

Supplemental Movie 3.1: IFT dynamics IFT dynamics of OSM-6::EGFP, an IFT-B 
particle complex component, in the phasmid cilia of C. elegans, imaged with light-sheet 
microscopy. Related to Figure 3.2D.

Supplemental Movie 3.2: Head region neurons with light-sheet microscopy Movie 
of z-stack of neuronal microtubules, visualized with TBB-4::EGFP, imaged with light-
sheet microscopy. Related to Figure 3.3A.

Supplemental Movie 3.3: Head region neurons with epifluorescence microscopy 
Movie of z-stack of neuronal microtubules, visualized with TBB-4::EGFP, imaged with 
epifluorescence microscopy. Related to Figure 3.3C.

Supplemental Movie 4.3: Neuronal cell bodies in the head region 3D visualization of 
z-stack of GCaMP, imaged with light-sheet microscopy. Related to Figure 3.4A.

Supplemental Movie 5.3: Neuronal activity in the tail region Neuronal activity 
visualized with GCaMP in the tail region, imaged with light-sheet microscopy. Related 
to Figure 3.4B-E.
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