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Simultaneous Imaging of Different Focal Planes in
Fluorescence Microscopy for the Study of Cellular

Dynamics in Three Dimensions
Prashant Prabhat, Sripad Ram, E. Sally Ward, and Raimund J. Ober*, Senior Member, IEEE

Abstract—The imaging of cellular dynamics in three dimensions
using a standard microscope is severely limited due to the fact that
only one focal plane can be imaged at a given point in time. Here
we present a modification of the classical microscope design with
which two or more focal planes can be imaged simultaneously. This
is achieved by a modification of the emission pathway of a standard
microscope. The efficacy of the design is shown by imaging bead
samples and an FcRn–green fluorescent protein expressing tubule
that leaves a sorting endosome and subsequently exocytoses at the
plasma membrane.

Index Terms—Biological cells, fluorescence microscopy, three-
dimensional (3-D) tracking, trafficking pathway.

I. INTRODUCTION

FLUORESCENCE microscopy of live cells is an important
tool to investigate cellular trafficking pathways. Much

improved fluorescent labeling techniques, not least the use
of the green fluorescent protein (GFP), in combination with
highly sensitive detectors allows for new types of experiments
to be carried out that have led to significant advances in the
understanding of cellular events [1]. The current microscope
design is very well suited to image fast moving organelles in
one focal plane. In addition, the sensitivity of charge-coupled
device (CCD) detectors allows for the use of relatively high
frame rates. However, the imaging of organelles as they move
between different focal planes poses a significant problem. This
is due to the fact that as the organelle leaves the current focal
plane, the focal plane has to be changed. This can be done by
the use of a focusing device such as a piezo z-focus. However,
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such focusing devices are relatively slow, typically taking tens
of milliseconds to move the focal plane even by a fairly short
distance. In addition, independent of the speed of the z-focus,
only one focal plane can be imaged at a time. As a result,
important events may not be imaged if they are not in focus.

These limitations make it very difficult to image relatively
rapid intracellular trafficking processes that are of central in-
terest to cell biologists. For example, due to the rapid movement
of the organelles involved and the distance between the loca-
tions of the sorting endosomes and the plasma membrane, the
tracking of tubules or vesicles on the recycling pathway leading
from sorting endosomes to exocytosis has, in general, not been
possible.

A central problem with current microscope setups is that only
one focal plane can be imaged at a time and that imaging of
different focal planes is, therefore, limited by the time taken
to readjust the focus to a distinct plane. Here we address this
problem by proposing a novel microscope design with which
two or more focal planes can be imaged simultaneously. This is
achieved by a modification of the emission pathway of a stan-
dard fluorescence microscope and by using a dual camera ac-
quisition format with which two different focal planes can be
imaged at the same time.

Our proposed design requires a reconfiguration of a standard
fluorescence microscope. This reconfiguration is, however, such
that existing setups could be altered to incorporate the proposed
approach without necessitating major modifications. We expect
that this novel design will become an important tool in the study
of intracellular trafficking pathways in live cells.

II. MATERIALS AND METHODS

A. Sample Preparation

Preparation of Bead Samples: Fluoresbrite carboyxlate
YG 1 m or fluoresbrite carboxylate YG 100-nm-diameter
beads (both from Polysciences Inc., Warrington, PA) were
resuspended at 4.5 10 or 4.55 10 beads/ml, respectively,
in MilliQ water. One hundred fifty microliters of the bead
suspension was added to coverslips and allowed to air dry for
24 h. Prior to imaging, 1 mL of MilliQ water was added to the
dish.

Plasmid Constructs: Expression constructs encoding the
chain of FcRn linked to enhanced GFP (EGFP) in pEGFP-N1
(Clontech, Palo Alto, CA) and human -microglobulin in
pCB7 have been described previously [2]. An analogous
plasmid with the same polylinker and reading frame as
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Fig. 1. (a) Layout of microscope configuration. The emission path is split by a beam splitter into two paths. In each of those two paths emission filters are followed
by a tube lens that focuses the image onto the detector. One focusing method is provided by the focusing mechanism of the microscope (not shown) by changing
the position of the objective with respect to the sample. The focal plane that is imaged with camera 1 is adjusted in this way. The focal plane that is imaged by
camera 2 is additionally adjustable through the position of the translation stage on which camera 2 is mounted. This translation stage changes the distance of the
detector of camera 2 with respect to the tube lens. In contrast, the detector of camera 1 is located at the focal plane of its tube lens. If the detector of camera 2 is
also put at the focal plane of the tube lens, both cameras will image the same focal plane in the sample. Changing the position of camera 2 away from the focal
plane of the tube lens changes the focal plane in the sample that is imaged by camera 2. Moving camera 2 toward the tube lens results in imaging planes in the
sample that are further away from the cover glass. (b) Sketch of emission light path that shows how a detector position different from the typical infinity corrected
position results in the imaging of a focal plane that is further from the cover glass than the focal plane corresponding to the standard configuration.

pEGFP-N1 was generated by replacement of the EGFP gene
in pEGFP-N1 by the monomeric red fluorescent protein gene
(mRFP [3]), generously provided by Dr. R. Tsien, University
of California at San Diego, La Jolla, using standard methods.
The FcRn -chain gene was recloned into this mRFP plasmid
(“mRFP-N1”) as an EcoRI fragment.

Maintenance and Transfection of HMEC-1 Cells: HMEC-1
cells [4] were maintained and transfected as described previ-
ously [2]. Cells were cotransfected with constructs encoding
the FcRn -chain gene in pEGFP-N1, mRFP-N1, and human

-microglobulin.

B. Dual Focal Plane Microscope

A Zeiss Axiovert S100 was modified by removing the stan-
dard optical emission system and replacing it by a custom built
emission system (see Fig. 1 for a sketch of the layout). In the
emission light path of the objective, a beam splitter is inserted
to split the emitted light into two paths. In each of the two paths,
an appropriate emission filter is inserted, followed by a tube lens
that focuses the image onto the detector. The important feature
of this design is that one of the cameras (camera 2 in Fig. 1) is
positioned on a translation stage that allows the distance to be
changed between this camera and the tube lens. Changing this
distance results in introducing a difference in the focal planes
that are imaged by the two cameras.

All images were acquired using a 100 Zeiss NA1.45 objec-
tive that is suitable for total internal reflection excitation. Using
a custom beam steering setup, two laser lines were used for ex-
citation: a 488-nm laser (Laser Physics, West Jordan, UT) and a
543-nm laser (Research Electro-Optics, Boulder, CO). Custom
filter sets and beam splitters were used (Chroma Technology
Corp, Brattleboro, VT) for combining the laser lines on a bread-
board and guiding the emitted fluorescence to the camera. The
bead samples were imaged with the 488-nm laser in widefield
mode. For the analysis of the cell sample, the 488-nm laser line
was focused onto the sample in total internal reflection mode

[5], whereas the 543-nm line was used for widefield excitation.
Images were acquired with two Orca ER cameras (Hamamatsu,
Bridgewater, NJ) at a rate of 5 frames/s.

All data were processed in our Matlab (Mathworks, Inc.,
Natick, MA)-based custom-written software package Micro-
scope Image Analysis Toolbox (MIATool).1 The images from
the two cameras were registered with an approach that is based
on a piecewise linear registration algorithm. Exocytosis is
detected by inspection of the time-lapse images and by plotting
the fluorescence intensity over time for a region of interest A
that contains the exocytic site and for a region of interest B that
forms an annulus around the first region. An exocytic event is
characterized by a dispersion of the fluorescence in the plasma
membrane. Therefore the signal from region A will increase
with the tubule coming in focus at the plasma membrane. This
is followed by a rapid decrease of the signal in region A and a
rapid increase in region B as the fluorescent molecules disperse
into the plasma membrane.

Calibration: An important aspect of the novel dual focal
plane setup is the calibration of the distances between the two
focal planes. To do this and to demonstrate the functioning of
the approach, bead samples were prepared as above.

In our configuration [Fig. 1(a)], the position of camera 1 is
fixed, whereas that of camera 2 can be changed toward the tube
lens. This position of camera 2 was changed in increments of
1 mm. For each position of camera 2, a z-stack was acquired
of the bead sample at 25-nm increments using a piezo z-focus
system (Polytec-PI). For each z-focus position and each camera,
the fluorescence intensity of the images acquired for a 1- m
bead are recorded and plotted [Fig. 2(b)]. The distance between
the maxima for the fluorescence intensity for each camera then
gives a measurement for the distance of the focal planes at this
position of camera 2. Those distances are then plotted (appro-
priately calibrated to account for parfocality) and a least-squares

1See www4.utsouthwestern.edu/wardlab/miatool/
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Fig. 2. (a) Montage of images taken of a 100-nm-diameter fluorescent bead with the two-camera system for the imaging of different focal planes (Fig. 1). Camera
1 was positioned at the focal plane of the tube lens, whereas camera 2 was positioned 8.8 mm away from the focal position toward the tube lens corresponding to
a 1-�m distance between the two focal planes [based on calibration data obtained from (c)]. The top row shows images acquired by camera 2 whereas the bottom
row shows images acquired by camera 1. The images were taken at different positions of the z-focus of the objective (from left to right, the z-focus positions of the
objective were 1.125, 1.375, 1.625, 1.875, 2.125, 2.375, 2.625, and 2.875 �m). It is clearly seen that the bead is in focus at different planes for the two cameras,
thereby confirming that the acquisition system allows the imaging of different focal planes. (b) Fluorescent intensities of the images acquired as in (a) plotted
against objective z-focus levels. Here images are analyzed that were acquired at 25-nm increments. The fluorescence intensity plots have different peaks indicating
that the focal planes for the two cameras are different. (c) Measurement of the distance between the peaks of the plots in (b) gives a measurement of the difference
in the focal planes between camera 1 and camera 2. For different positions of camera 2, analyses of the images were carried out as in (b) that result in estimates of
the difference in focal planes between the two cameras. The current plot reveals a linear relationship between the position of camera 2 (X mm) and the difference
in focal planes between the two cameras (Y �m), given by Y = 0:113X .

fit to these data points reveals the relationship between the po-
sition of camera 2 and the distance of the focal planes between
the two cameras.

III. RESULTS AND DISCUSSION

In the current study, we have developed a novel design of the
emission pathway of a microscope for the purpose of imaging
two different focal planes simultaneously. The specifics of the
design (Fig. 1) are discussed in Section II. That this modified
microscope is indeed capable of imaging two different focal
planes was first verified by imaging a small fluorescent bead. In
Fig. 2(a), the results are shown of the imaging of a 100-nm fluo-
rescent bead. The bead was imaged with camera 1 positioned at
the focal plane of the tube lens, i.e., positioned at the standard lo-
cation in a conventional microscope. Camera 2 was positioned
8.8 mm toward the tube lens from the parfocal position. In a
montage plot images are shown that are acquired in the two cam-
eras as the z-focus of the objective is incremented. The bead is
clearly seen to be in focus at different positions of the objective
z-focus. This shows that the imaging system indeed produces

images at different focal planes. In Fig. 2(b), fluorescence in-
tensity levels are recorded for different focal levels of the objec-
tive z-focus for a 1- m bead. These plots also confirm that the
two cameras image two different focal planes. The difference
between the peak positions of the two plots allow the determi-
nation of the distance of the focal planes for the two cameras.
This is further analyzed in Fig. 2(c), where for different posi-
tions of camera 2 with respect to the tube lens, the difference in
focal planes was determined between the two cameras. For the
range of positions of camera 2 that were investigated, there is
a linear relationship between the position of camera 2 and the
difference in focal planes between the two cameras.

We next used the new imaging set up to analyze the traf-
ficking of the Fc receptor FcRn in transfected human endothelial
cells (HMEC-1). In earlier studies, we have shown that this re-
ceptor is a recycling receptor that sorts bound IgG molecules in
the sorting endosomes [2]. Receptor bound IgG is subsequently
exocytosed [6]. However, in these earlier studies we were not
able to track the movement of an individual tubule or vesicle
from the sorting endosome to an exocytic site at the plasma
membrane due to the distance between the plasma membrane
and the sorting endosomes which are typically located at least
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Fig. 3. Time-lapse images acquired with dual plane configuration of endothelial (HMEC-1) cell cotransfected with both FcRn-GFP and FcRn-RFP. One focal
plane was set to image (images are labeled “L”) the plasma membrane (in TIRFM with a GFP specific filter set); the second focal plane (images are labeled “U”)
was set to image the sorting endosome level (0.88 �m above in widefield with a RFP specific filter set). The two images in the top left-hand corner show a larger
part of the cell with the sorting endosome marked by the box in both the upper and lower planes. The frame in image 10 shows the excerpt that is presented for
the subsequent images. Images are shown for both focal planes. The number in the bottom right hand corner indicates the time of acquisition (in seconds). The
frames in the upper level show how a tubule leaves the sorting endosome (images 1U–6U). This tubule then breaks up (images 9U–10U). One of the two resulting
tubules (arrow) then starts to leave the sorting endosome level and appears in the membrane level (image 14 onwards) until it has completely disappeared from
the sorting endosome level (image 21U). After arriving on the membrane, the tubule partially exocytoses (27L–30L). The fluorescence intensity plots confirm this
partial fusion event. Size bars equal 2 �m.

around 0.8 m above the plasma membrane. In Fig. 3, images
are shown of the results of a live-cell experiment using HMEC-1
cells cotransfected with FcRn-GFP and FcRn-mRFP. A sorting
endosome is imaged in one focal plane (see [2] for the identi-
fication of the sorting endosome). The plasma membrane is si-
multaneously imaged in the second focal plane that is 0.88 m
from the first focal plane. A tubule first leaves the sorting endo-
some. The tubule then travels in this focal plane for a number of
frames, leaves this focal plane, and emerges in the focal plane

corresponding to the plasma membrane. Subsequent images of
the focal plane of the plasma membrane show that the tubule
moves along the plasma membrane until it partially fuses with
the plasma membrane.

The presented technique has also been successfully applied to
image cellular events away from the plasma membrane with two
focal planes such as tubular behavior above and below a sorting
endosome (data not shown). These events were imaged in wide-
field mode. Total internal reflection fluorescence microscopy
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(TIRFM) is a widely used technique to image dynamic cellular
events near the plasma membrane ([7]–[9]). The reason for the
success of TIRFM lies in the fact that out-of-focus fluorescence
does not interfere, since only a thin layer near the cover glass is
illuminated [5]. To take advantage of the properties of TIRFM,
and also to clearly visualize exocytosis [6], the images for the
plasma membrane in Fig. 3 were acquired in TIRFM mode. The
plasma membrane was illuminated in TIRFM mode with the
488-nm laser to excite FcRn-GFP. The 543-nm laser was used
in widefield illumination to excite FcRn-mRFP. Due to the spec-
tral separation of GFP and mRFP, the mRFP emission does not
obscure the events that are imaged in proximity to the plasma
membrane. Thereby, the advantages of TIRFM imaging can be
preserved while at the same time the cell is illuminated in wide-
field mode to allow the imaging of the sorting endosomes.

The design of the emission light path described here allows
for the simultaneous imaging of two focal planes. This approach
can be generalized in a relatively straightforward manner so that
additional focal planes can be imaged by inserting further beam
splitters into the emission light path and repeating the setup for
camera 2 using the current design. In this context, it is important
to point out that for the purposes of tracking, only relatively few
focal planes need to be imaged that can be significant distances
apart. This is in contrast to other approaches that aim to obtain a
full reconstruction of the cell for which it is necessary to acquire
images for focal planes that are much more closely spaced.

In [10]–[13], methodologies were proposed that are suitable
for the tracking of a labeled object such as a bead using a
confocal microscope. Based on a measurement of the current
position of the bead, the z-focus of the microscope is adjusted in
a feedback scheme to track the bead. However, for image-based
sensors and the tracking of organelles, this approach appears
less well suited than the approach presented here, since the
objects that are to be tracked can typically only be identified
in a postacquisition examination of the acquired imaging data.
Our design does not only allow the simultaneous imaging
of focal planes that can be significantly apart. It also avoids
the vibrational disturbances that can occur when the focal
plane is changed using a standard focusing device. Our new
approach can, of course, be combined with changes of the focal
planes using a focusing drive, should this be desirable. The
current study was carried out for fluorescence microscopy. The
underlying principles, however, also apply to other imaging
approaches, such as transmitted illumination.

In summary, we have described a new imaging modality with
which cellular events can simultaneously be imaged at two or
more focal planes. This approach, for example, circumvents
earlier limitations for the tracking of entire intracellular traf-
ficking pathways. In the example presented, we demonstrate that
it is possible to use this method to follow the movement of the
same tubule along the part of the recycling pathway that spans
from the sorting endosome to exocytosis at the plasma mem-
brane. Such an imaging method, therefore, has obvious impli-
cations for the study of this, and numerous other, intracellular
trafficking pathways. Importantly, the proposed redesign of a
microscope does not require a severe modification to existing
microscope setups and could readily be incorporated into stan-
dard microscope bodies. We, therefore, expect that this imaging

method will become an important and readily available tool for
the study of cellular dynamics in three dimensions.
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