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ABSTRACT
Retinal stem cell culture has become a powerful research tool, but it

requires reliable methods to obtain high-quality images of living and fixed
cells. This study describes a procedure for using phase contrast micros-
copy to obtain three-dimensional (3-D) images for the study of living cells
by photographing a living cell in a culture dish from bottom to top, as
well as a procedure to increase the quality of scanning electron micro-
graphs and laser confocal images. The procedure may also be used to pho-
tograph clusters of neural stem cells, and retinal explants with vigorous
axonal growth. In the case of scanning electron microscopy and laser con-
focal images, a Gaussian procedure is applied to the original images. The
methodology allows for the creation of anaglyphs and video reconstruc-
tions, and provides high-quality images for characterizing living cells or
tissues, fixed cells or tissues, or organs observed with scanning electron
and laser confocal microscopy. Its greatest advantage is that it is easy to
obtain good results without expensive equipment. The procedure is fast,
precise, simple, and offers a strategic tool for obtaining 3-D reconstruc-
tions of cells and axons suitable for easily determining the orientation
and polarity of a specimen. It also enables video reconstructions to be cre-
ated, even of specimens parallel to the plastic base of a tissue culture
dish, It is also helpful for studying the distribution and organization of
living cells in a culture, as it provides the same powerful information as
optical tomography, which most confocal microscopes cannot do on sterile
living cells. Anat Rec, 00:000–000, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

The increasing use of stem cells means there is more
need for microscopy techniques to obtain useful informa-
tion through digital data processing. Three-dimensional
(3-D) techniques are of great value for the study of cul-
tured cells because they enlarge cell details and make
their components more noticeable (Gustafsson et al.,
2008; Le Baccon, 2012). However, one of the most impor-
tant limitations in microscopic analysis of living cells is
the inability to visualize the volume of the recorded
object under sterile culture conditions. Further, process-
ing micrographs in experimental biology is a significant
issue, because the quality of the micrographs governs
the ability to perform reliable analyses. 3-D photographs
are among the most difficult to process and analyze, and
methods for the high-quality processing of 3-D images
would be very valuable (Solovei and Cremer, 2010; Shao
et al., 2011; Swedlow, 2012).

The term “anaglyph” refers to a stereoscopic image that
creates the illusion of depth in the visual cortex. This is
done by encoding an image for each eye, using filters of
chromatically opposite colors, commonly red and cyan. An
anaglyph can highlight specific cell parts, and elucidate
the volume of living sterile cells which is quite difficult to
show in a two-dimensional (2-D) image (Fiore et al., 2010;
Di Napoli et al., 2010a), making an anaglyph a useful
strategic tool for embryology and cell biology.

We developed simple, fast, economical, and high-
quality methods for obtaining 3-D reconstructions,
including anaglyphs of living cells in vitro, as well as
fixed and processed cells, axons, or tissues. Our method
can gather and analyze information about 3-D specimens
from crude micrographs generated using different types
of illumination and processing techniques although
important limitations persist. Ours procedures are sim-
ple to image depth and estimate volume. We present
elaborate pictures of living stem cells, including ana-
glyphs, and good illustrative full depth-of-field images of
living retinas, growing axons, and differentiating glial
cells, and show that the behavior of neural stem cells
under special culture conditions can be imaged. These
straightforward, rapid, and precise methods could be
applied to any cell in culture or to embryonic samples.

The method for creating 3-D images of living cells using
phase contrast illumination is shown in the section
“Living Cells, Neurospheres, and Explants”. In the
section “Fixed Retinal Neurospheres and Retinal
Axons,” we illustrate the procedure of applying an algo-
rithm for a Gaussian blur filter to focused images to enrich
the details of electron micrographs and confocal images.

MATERIALS AND METHODS

Embryonic Tissues

Chick embryos were obtained from fertilized White
Leghorn (Gallus gallus), pathogen-free eggs, from the
Rosenbusch Institute (Buenos Aires). They were incu-
bated at 100�F (38�C) and 60% of relative humidity.
Developmental stages were stated according to Ham-
burger and Hamilton (HH) (1951). Embryos were
removed from the eggs, decapitated, and dissected in ice-
cold Hank’s Balanced Salt Solution. For experiments with
living stem cells, the retina was removed with our
punched-out neural tissue procedure (Carri and Ebendal,

1986). The outgrowths were grown from the chick retinal
ciliary marginal zone isolated from eyes of embryos at dif-
ferent developmental stages from day 3 (HH19-20) to day
9 (HH 35). For the axonal immunostaining experiments,
these were from day 7 (HH 30-31) embryos prepared as
described previously (Ortalli et al., 2012).

Instruments and Procedures

All steps were performed using routine lab protocols
under sterile conditions in a laminar flow cabinet with the
aid of a stereo microscope illuminated with fiber-optic con-
ducted light (Schott light source KL 150). Surgery, cell dis-
aggregation, and manipulation in culture were performed
using an apparatus consisting of a capillary connected by
silicone tubing to a Wellcome SyringeVR . This is essential
for handling small pieces of retina with the required ori-
entation and limited trauma (Carri and Ebendal, 1984,
1986). Briefly, the interior part of the eye was exposed by
removing the distal half of the ocular bulb, and selected
plugs of peri–iris neural retina were obtained from the
proximal half.

For cell preparations, explanted tissue was washed twice
and mechanically disaggregated. Cells were cultured, float-
ing in stem cell medium in a 50-mL plastic flask in a
humidified atmosphere at 37�C and 5% of CO2 for 24 hr
(Cruz Gait�an et al., 2010). This procedure produced retinal
neurospheres. After 48 hr in the flasks, the cells were
transferred to a 100-mL drop of medium in a 35-mm plastic
culture dish precoated with Type I collagen. Cells were
then kept in the same trophic medium and observed for
weeks, taking pictures at different time points.

Organotypic plugs with stem cells were obtained using
the capillary apparatus described above. The apparatus
was placed on the left-hand side of the microscope and
explants were manipulated by repeated aspiration into
and expulsion from the capillary and finally placed in
the culture dish. The position of the explants was deter-
mined by the characteristics of the niches explanted.
Explants were used for studying the stimulation of out-
growth produced by the trophic activity of mitogenic and
differentiation factors. The spatial architecture of the
plugs was maintained, and they were placed on collagen
gels prepared as described earlier (Elsdale and Bard,
1972). Trophic stimulation of the outgrowth was pro-
duced by the addition of 20 ng/mL of glial-derived
growth factor (GDNF) from Peprotech, USA.

Living Cells, Neurospheres, and Explants

Image capture, camera, and microscope. Pic-
tures were obtained with a Digital D-100 Nikon camera
mounted on a Zeiss IM35-inverted microscope, using a
tungsten lamp and phase contrast illumination. Image
series for cells were taken with the following objectives:
an F-LD 323 (na: 0.4, Ph1), for neurospheres with an
F103 (na: 0.25 Ph1) and for retinal outgrowth explants
with a 2.53 (0.08, from Leitz). The manual mode with
sharpness criterion was used for image focussing. Micro-
meter has a resolution of 1.38 mm in each line. After
selecting the specimen, objectives were focused on the
cell detail nearest to the level of the plastic dish (0 z
level, Fig. 1). Then photographs were taken up regularly
at 6.9-mm intervals, ignoring the focus and using the
remote button to diminish camera shaking (Figs. 2–7).
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The final focus of the image will be then the software
integration of the 20 images taken every 6.9 mm to cover
138 mm; for example, the height one of the neurosphere.
These constituted a complete set of photographs num-
bered from 1 to 20 from the bottom to the top.

From photo series to fully integrated image.
The captured images were processed using Helicon Focus
5.1VR software (Helicon Soft, United Kingdom). Each pho-
tographic frame was identified with a number from 1 to
20, from the bottom to the top of the object as described
above (Fig. 1). The Helicon Focus 5.1VR support software is
compatible with several RAW formats, including JPEG,
TIFF, BMP, and others. We used TIFF format. These files
were then kept numbered in a folder and loaded for proc-
essing in the software. With this series of photos, we were
able to reconstruct a good detailed image, and the overall
focus was based on the interpolated information of the lev-
els used. The software processing utilized a statistical
algorithm in the Helicon Focus 5.1VR which deciphers dif-
ferences and similarities between the various components
of the images. Results from this algorithm were then ana-
lyzed by simple data comparison according to the final
spatial distribution.

The final result was the exact z-value for each pixel in
the x/y plane which, by means of trigonometric calcula-
tions, was used to generate a set of polygons that served as
the skeleton for the 3-D image processing unit of Helicon
FocusVR software 5.1. From this 3-D model, an anaglyph
was constructed using two different capture positions of
the software which, when finished, provided a stereoscopic
view of the object with excellent depth-of-field. Additional
details for individual image series are provided in the fig-
ure captions. The software can be used for processing a set
of images to generate an overall focused image, or to show
the final black and white or full color anaglyph.

Fixed Retinal Neurospheres and Retinal Axons

The embryonic retinal neurospheres were processed
as dry metallized specimens with routine protocols for
scanning electron microscopy. Retinal axons were proc-

essed as wet double immunolabeled samples, covered
with FluoromountTM (Southern Biotechnology, Birming-
ham) mounting medium.

Fig. 1. A schematic view of an object to show the z-level at which
the photograph was taken with a camera fixed to the microscope.
These frames give enough levels (20 photos) to recreate volume with
the reconstruction procedure used to produce the final image. A dia-
gram of x-, y-, and z-planes is shown in the bottom-left corner. Imagi-
nary planes cut the object at the bottom level where the object is
attached (the plastic culture dish) and the upper plane opposite to the
plastic. Bottom-right corner, the magnification bar is 33 mm.

Fig. 2. PLATE A – Image of living retinal stem cells after mitosis on
Type I collagen monomer coating on plastic culture dish. The high-
quality focus is owing to the composition produced by the software
integration of 20 standard photographs focused from the bottom to
the top. The cells were observed for recording a mitosis in which two
subsequent cells of different sizes were generated. Phase contrast illu-
mination with 323 objective (Ph1). Magnification bar, 12 mm.

Fig. 3. PLATE A – Red–cyan anaglyph of the same living retinal stem
cells shown in Fig. 2. The image shows well-preserved cell morphology
with good cell volume owing to the success of the procedure. Phase
contrast illumination with 323 objective (Ph1). Magnification bar, 25 mm.
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Retinal stem cell spheres. Retinal cells, corre-
sponding to a living neurosphere floating in culture
media, were fixed and processed for scanning electron
microscopy, applying conventional technical protocols.
Briefly, after rinsing with PBS the specimens were
washed in 0.1 M of cacodylate buffer, pH 7.4. Neural
stem cells (neurospheres) were fixed in 2.5% of glutaral-
dehyde in 0.1 M of cacodylate buffer, pH 7.4, at room
temperature. After 30 min, the neurospheres were care-
fully removed from the culture dish and stored for at
least 1 day in the same fixative containing 0.1% of eosin.
Eosin-staining during fixation helped to identify the
structures, mainly the smallest specimens, with only a
few cells. The specimens were then washed for 1 hr in a

Fig. 4. PLATE B – Image of the living retinal neurosphere attached
to Type I collagen monomer coating the plastic culture dish. The high-
quality focus of the sphere is owing to the integration of 20 standard
photos of the cell as shown in Figs. 2, 3. The neurosphere was cul-
tured for 1 week and observed for recording glial outgrowth (G) gener-
ated from the central retinal stem cells (SCs). Phase contrast
illumination with 103 objectives (Ph1). Magnification bar, 130 mm.

Fig. 5. PLATE B – Red–cyan anaglyph of the same neurosphere
shown in Fig. 4. As stated in Fig. 4, the neurosphere was cultured to
observe the glial outgrowth generated from the central stem cells. The
image shows the structure of the stem cells sphere with great detail,
thanks to the enhancement of volume achieved through reconstruc-
tion, so that it looks as if a snail was moving over the glial cells. Phase
contrast illumination with 103 objective. Magnification bar, 120 mm.

Fig. 6. PLATE C – Image of the explant of neural retina on collagen
gel substrate. The high-quality focus also results from composition by
software integration. The explant was observed for recording of cell
migration and tissue outgrowth. Photograph was taken 1 hr after
implantation onto the gel. Phase contrast illumination with 2.53 objec-
tive. Magnification bar, 250 mm.

Fig. 7. PLATE C – Red–cyan anaglyph of the living neural retina
explant shown in Fig. 6. The explant was cultured for 4 days on colla-
gen gel to observe neuronal response to trophic factors such as an
outgrowth generated from the retinal ganglion cells. Very low magnifi-
cation with dark field illumination at 2.53 objective. Magnification bar,
1,000 mm.
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0.1-M cacodylate buffer, pH 7.4, refixed in osmium
tetroxide, and dehydrated in graded acetone solutions.
The dried specimens were then mounted on microscope
holders with conductive silver paint and successively
covered with carbon and gold–palladium coats in a rota-
tor evaporator.

Scanning electron microscopy. The observation
of retinal neurospheres was done in a Zeiss Supra 35VP
X-Edax Gemini scanning electron microscope operated
at 5 or 15 kV for biological specimens. The focus was
adjusted manually or automatically. Neurosphere images
were kept, divided into several pictures, in a file holder.

Retinal explant cultures. Seven-day-old embryos,
HH 30–31, were removed from the eggs and processed
as previously described by Ortalli et al. (2012). The eyes
were enucleated, and the cornea, lens, marginal zone,
and vitreous humor removed and discarded, exposing
the central neural retina. The neural retina was sepa-
rated from the retinal pigment epithelium under a
stereo microscope. The edges of the optic vesicle were
partially cut with a surgical microscalpel for orientation.
Each retina was divided into three sections from nasal
to temporal pole; the middle third was discarded and the
nasal and temporal regions were then cultured in N2-
supplemented F12/DMEM containing 0.4% of methylcel-
lulose (Sigma, St. Louis, MO) on coated coverslips placed
in culture dishes as described earlier (Ortalli et al.,
2012). Coverslips were coated with poly-L-lysine (200 mg/
mL) (Sigma) and laminin (20 mg/mL) (Invitrogen, Grand
Island, NY) for 2 hr at room temperature.

EphA3-Fc fusion protein (R&D Systems, Minneapolis,
MN) or Fc (R&D Systems) was clustered with an antihu-
man Fc polyclonal antibody (Cappel-MP, Santa Ana,
CA). EphA3-Fc, the antihuman Fc antibody and EphA3-
Fc, or Fc, were preincubated for 1 hr at room tempera-
ture, and then added at 0.25 mg/mL (2 nM) Fc to the ret-
inal explant cultures. Explants were cultured in a
humidified atmosphere at 37�C and 5% of CO2 for 24 hr
in the dark. Then, the cultures were fixed with parafor-
maldehyde 2%–sucrose 2% in PBS for 30 min at room
temperature (Scicolone et al., 2009; Fiore et al., 2010; Di
Napoli et al., 2010a). The retinal axons to be shown on
anaglyphs were obtained from these cultures.

Axonal immunohistochemistry. For immunoflu-
orescence, nonspecific binding was blocked by preincuba-
tion with 5% of normal goat serum in PBS with or
without 0.5% of Tween-20 (Sigma) for 1 hr, and then
incubation with the primary antibodies for 30 min at
room temperature. For double immunostaining, two
antibodies were added at the same time. The following
primary antibodies were used at 1 mg/mL: (i) rabbit
antiephrin-A2 (L-20, sc912) and (ii) mouse anti-EphA4
(S-20, sc921) (Santa Cruz Biotech). These were diluted
in PBS containing 2% of normal goat serum with or
without 0.5% of Tween-20. A negative control was made
by the omission of the primary antibody. The specimens
were then incubated with Alexa Fluor 488 (green)-conju-
gated F(ab0)2 fragment of goat antimouse antibody (A-
11020, Molecular Probes, Eugene) and Alexa Fluor 594
(red)-conjugated F(ab0)2 fragment of goat antirabbit anti-
body (A-11072, Molecular Probes) (Dempsey et al., 2012).

Finally, they were mounted with Fluoromount-G (South-
ern Biotechnology).

Confocal laser microscopy. Confocal images
were acquired with an Olympus FV300 microscope
(Tokyo, Japan) using a green Ar laser 488 nm, 10 mW,
Red HeNe laser 633 nm, 10 mW with z-depth of 1.4 mm.
Exposure and gain of laser were the same for all condi-
tions in each experiment. Ten distinct fields of axons
growing from explants were acquired for each condition.
Seven photographs per field were obtained along the z-
axis. One plane of section was selected and photo-
graphed, and then three successive planes were photo-
graphed above the first one and another three successive
planes below it. Images were taken at 0.2-mm intervals
on the z-axis.

Image acquisition, processing, and final
reconstruction. It is very difficult to reconstruct vol-
ume in a series of images of neurospheres and axons.
Our procedure consists of five different stages outlined
below, culminating in a final reconstruction that gives
the final 3-D model, the tubular or spherical shape, most
similar to the actual biological shape (flow chart, Fig. 8;
the results, Figs. 9–14).

Stages. i. Imaging—A series of 2-D xy pictures are
obtained with a digital camera from a microscope just by
changing focus for different levels of z.

ii. Processing—Each series is easily integrated into a
digitally assembled image using the Helicon Focus 5.1VR

software. Technically, there are two possibilities when
applying the software: method A permits more defined
images, whereas method B provides images with more
detail in the depth map generated by comparing pixel by
pixel. The operator must choose the appropriate method
for the sample acquired, based on the morphology of the
sample. This second processing stage integrates a series
of images into a secondary overall focused one (Fig. 8).

iii and iv. Layering and Gaussian Blurring—These
two processing steps create different levels of informa-
tion, through layering of the image, using editing tools
from Adobe Photoshop C5VR software (Seattle). The tools
are for processing digital images to separate their ele-
ments which, in our samples, are cells from the back-
ground or axons from the substrata. In these steps,
three different levels of information, x, y, and z, are used
for creating the layers. In each layer, z-information is
improved, keeping image details. The resulting virtual
layers can then be superimposed on each other, making
it possible, for example, to group or discriminate image
compounds or mix different forms of light and color com-
binations (Fig. 8). A “mask” is linked to a hidden layer
and another (transparent) part that reveals the bottom
of the image layer. This “masking” method is applied to
hide the gray areas, overlapping another layer that con-
tains the same information for that position, but in more
detail in the photo.

The following sequential processing steps were carried
out on the image of fixed tissues in Adobe Photoshop
C5VR software:

1. Open the image;
2. Select the sample with the polygonal lasso tool to

mark the outline of a neurosphere or the axons;
3. Copy them to a new layer (Copy and Paste);
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4. Hide the background;
5. Capture the selection by pressing Control 1 click the

layer icon figure;
6. Select “select” in the menu, go to “get selection,” and

put in the value of 32 pixels;
7. Copy the selection to a new layer (Copy and Paste);
8. Hide the previous layer;
9. Repeat Steps 5–8, reducing the number of pixels

evaluated from the previous layer each time, divid-
ing by 2;

10. Proceed to the next step when the reduction of the
number of pixels reaches the value 1;

11. Select each individual layer to apply Gaussian blur.
Increasing blur should increase from the first layer
at 0 (full focus) to reach 32 pixels at the bottom
layer, multiplying the previous Gaussian blur by 2,
that is: 0, 1, 2, 4, 8, 16, 32, 64 from 0 to the last
layer, respectively (Fig. 8).

12. Save the composition as Adobe Photoshop C5VR to
keep layer information;

13. Save the resulting image again as a TIFF file for
processing, with the name of the first image;

14. Open the file in Adobe Photoshop C5VR with the layer
information saved;

15. Repeat Step 11 with a blur value of 1 for the first
layer, followed by 0, then 1, then 2, and continue as
it was explained above. The values increase by mul-
tiplying the previous value by 2. Repeat the proce-
dure in a row with eight layers, that is: 1, 0, 1, 2, 4,
8, 16, and 32 (Fig. 8);

16. Save the resulting image as a TIFF file with the
name of the first image; and

17. Repeat Steps 14–16 for the application of the values
in the list (image), but in each change of cycle repo-
sition the value 0 in the next layer until the last
layer.

As a result, we get a series of image files with layers
with different virtual focuses at several levels on a loga-
rithmic scale of imaginary histologic sections of the tis-
sue sample.

v. Creating anaglyphs—An anaglyph can be created
by digitally assembling reconstructed modified images in

Fig. 8. PLATE C – Schematic illustration of the acquisition, focus
reconstruction, masking, Gaussian processing and anaglyph recon-
struction on the left-hand side of the scheme. Layerization and Gaus-
sian treatment applied to neurosphere shown in Fig. 9 are illustrated
at the right-hand side of the scheme. Layerization is done for creating
layers on the image that represent different levels of focus, and is
shown in the upper part. Gaussian blur, to correct the focus of the
image is shown in the lower part of the scheme. Both are processed
in Adobe Photoshop C5VR .

Fig. 9. PLATE D – Electron photomicrography of a fixed-dry neuro-
sphere of retinal stem cells shown on the membrane used for handling
the specimen during scanning preparation (critical point dry system
and metallization). The neurosphere was cultured for 10 days before
fixation. Scanning electron microscopy. Magnification bar, 40 mm.

Fig. 10. PLATE D – Anaglyph of the same image shown in Fig. 9
rendered by Helicon Focus 5.1VR software after treatment with Gaus-
sian blur filter. The spatial volume of the neurosphere is owing to the
reconstitution of the 14 planes created with Gaussian treatment
through Adobe Photoshop C5VR software. Note the number of cells in
the upper part of the neurosphere. Magnification bar, 40 mm.
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Helicon FocusVR to obtain final 3-D model (Fig. 8 and the
results in Figs. 10, 12–14).

RESULTS

Procedure for Improving the Images of Cells in
Culture

The procedure described here for making a stereo-
graphic reconstruction from serial photographs of living
cells proved an excellent tool for analyzing cultured
embryonic tissues (Figs. 2–7). Floating cells were imaged
immediately after mitosis (Figs. 2, 3) as they were
attached cell cultures which showed a magnificent out-
growth of cells (Figs. 4, 5). In addition, we obtained
images of an organotypic explant at the moment of
implantation into collagen gels, and after a vigorous
GDNF-stimulated axonal outgrowth (Figs. 6, 7). We
reconstructed images of cells (Fig. 3), an attached neuro-
sphere (Fig. 5), and an organotypic explant (Fig. 7) from
serial pictures taken after treatment with trophic fac-
tors. In addition, we reconstructed images of other
embryonic tissues such as neurospheres from brain cells
or embryos (data not shown).

It was also possible to reconstruct these floating
objects into an anaglyph. The texture and shape showed
that there are no distortions owing to soft-processing.
This can be appreciated as shown in Figs. 6, 7. One of
the limitations of our procedure is the difficulty of work-
ing with super-flat cells in culture, such as retinal
M€uller cells.

Culture models are frequently used to assay the
behavior of stem cells or their physiological response to
different trophic treatments (Figs. 4, 7), and our image
enhancements make it possible to better visualize
responses to treatment. An anaglyph constructed by our
method (Fig. 5) made it possible to distinguish between
neurons and neural glial cells and to visualize a snail-
like neurosphere which appeared to be crawling over the
glial cells. It should thus prove possible to extend the
use of this procedure to a number of different purposes
in basic tissue culture, such as microimplantation, and
so on. Reconstructions and videos are being made using
this method for other short-term bioassays.

This method is exceptionally useful for analyzing the
morphology and organization of living cells within a cul-
ture, because it provides the tomographical information
of an optical image (Fig. 5) that the majority of confocal
microscopes cannot produce without epi-illumination.
Such information can be obtained, for example, from the
image series of living cells (Fig. 2), living neurospheres
(Fig. 4), and retinal explants (Fig. 6).

Process of Gaussian Enrichment of Scanning
and Retinal Axon Images

We have included a stepped procedure for enhancing
images into 3-D views with good volume rendering, clear
cellular details, and highlighted components. The proce-
dure was employed to reconstruct the images of immu-
nostained retinal axons with a laser confocal microscope
(Figs. 11–14). It was also employed with scanning elec-
tron photomicrography of dry-fixed metallized neuro-
spheres (Fig. 10). Both axons and neurospheres were
included for Gaussian processing. We have described a
procedure for creating a complete serial set of images,

Fig. 11. PLATE E – The confocal image of fixed retinal axons immu-
nostained with two different antibodies, anti-ephrin-A2 in red and anti-
EphA4 in green. Epi-illumination with 603 objective. Magnification, bar
10 mm.

Fig. 12. PLATE E – Anaglyph of image shown in Fig. 11 after recon-
stitution in Helicon Focus 5.1VR software. Note that the filopodias and
lamellipodias of the growth cone are more clearly appreciated in ster-
eology of a 3-D image. Growth of these retinal ganglion cell axons is
guided by a gradient of EphA3-Fc. Epi-illumination with 603 objective.
Magnification bar, 10 mm.
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which can be used for the reconstruction of stereographs
and videos.

In both cases, 10–15 photographs were taken serially
from the bottom to the top using a scanning electron or
laser confocal microscope, but this was not enough to
produce a deep anaglyph or video. This was done by
applying a Gaussian blur filter on a digitally layerized
set of images (Fig. 8). Each primary image from a scan-
ning or confocal microscope was treated individually, but
these series of primary acquisitions did not allow us to
obtain the expected 3-D volume with the software
(reconstructions not shown). The secondary images
obtained from fixed specimens at the SEM, or with con-
focal microscopes, have more restrictions than the photo-
graphs of living cells obtained with phase contrast
illumination as shown in Figs. 3, 5, 7. Scanning electron
microscopy gave us a good spatial image with good reso-

lution of the clumped cells, the surface of the cells, and
the contacts between them; it also showed mitosis in the
external ones and the spatial distribution among the
whole group (for details, see Fig. 9). However, the useful-
ness of these images is limited by the restricted focus
which could be obtained, manually or using autofocus.
The photographs of these series are not suitable for
reconstruction.

The treated images obtained with our proposed method
produced excellent videos and stereo images (Fig. 8). Con-
focal microscopy also provides good images of double
immunostaining (red and green) in a serial set of laser
images of retinal ganglion cell axons, the growing of
which is selectively stimulated by the EphA3 ectodomain
(Fig. 11). Figure 11 is a representative example of the 10
fields photographed in one condition. In this case, we had
difficulties recognizing the deep focus in the reconstructed
anaglyph. It is almost impossible to enrich volume in ana-
glyphs from 2-D 16-bit TIFF images that have to be gener-
ated from the z-stack from sequential image files captured
with two laser illumination, changing the beam focus over
the axons (Fiore et al., 2010). We applied our Adobe Pho-
toshop C5VR layerization and Gaussian blur procedure to
the confocal images obtained with red–green illumination
to reconstruct the series with the Helicon Focus 5.1VR soft-
ware. The procedure generated clear enhanced 3-D
images and corresponding 3-D video animations of retinal
stem cells (Figs. 12–14 and Supplementary video).

DISCUSSION

Finest Images of Living Cells

Various types of cell culture models are frequently
used to assay the effect of trophic factors on stem cells;
one way of measuring this effect is to analyze the behav-
ior of cells such as mitosis and migration, and also the
physiological responses to these treatments, such as dif-
ferentiation or apoptosis. The procedure described here
provides an excellent tool to aid analysis.

Fig. 13. PLATE F – The merged confocal images shown in Fig. 11
give a “pasty” morphology of the axon in which the two antigens iden-
tified by secondary red and secondary green are confused in a blurred
yellow by the digital conjunction of two primary colors. Red and green
secondary antibodies always give a well-defined cell structure with a
precision of details that the resulting yellow mixture never reaches. It
is necessary, if possible, to have an image that provides a compara-
tive individual red and green color reconstruction of the antigen label-
ing on the axon morphology, that is, a way the red–green confocal
double-detection can be reconstructed in Helicon Focus 5.1VR with low
angulations as option. Our procedure makes it possible for the opti-
mized colored anaglyph to separate the merged yellow into its struc-
ture of red and green, enabling the exact correlation of each color in
situ at the spatial positions on the axon morphology. Insets: The low-
angled anaglyph gives our procedure the possibility of optimizing the
separation of yellow into a clear red and green on the axon morphol-
ogy (observ Fig. 11 and then compare the insets on the right (a),
medial (b), and left images (c)). These are retinal axon structures out-
growing the explants with small and medium filopodias growing lateral
to the main branch and also the lamelipodias and filopodias in the
growth cone. These axons grow oriented from the retina to the
EphA3-Fc distribution.

Fig. 14. PLATE F – Figure 11 after reconstitution with no angle at all.
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Microscopists in tissue culture laboratories know the
difficulties of obtaining high-quality well-focused micro-
graphs of living objects (cells, neurospheres, or explants)
(Pertusa Grau 2003, Toomre and Bewersdorf, 2010; Mar-
ubashi et al., 2011). These difficulties are in direct pro-
portion to the objective used. Long distance objectives
provide more resolution. However, less depth-of-field
enables the easy reconstruction of the z-depth as shown
in Fig. 5. Although it is possible to enhance the volume
of photographed objects using other procedures, we were
unable to obtain quality-standardized images such as
those shown in Figs. 3, 5, 7 as rapidly and as easily as
with the method described here. This methodology
allowed us to quickly obtain the detailed photographs,
impressive anaglyphs, and good videos from any living
cell, neurosphere, or explant in culture, providing high
versatility with respect to the size of the samples and
the quality level of the reconstructions.

Multiple focus and the reverse engineering of images
greatly improved their quality. The volume of living objects
is an important property that is quite difficult to evaluate
in routine work, but it may be rapidly and easily deter-
mined by means of this procedure. The procedure of
reverse engineering the photographs of living cells
described above provides an excellent tool for studying cells
in several types of embryonic stem cell models (Fig. 1).

It is very difficult to store information on the behavior
or responses of cells in vitro or in vivo in a video recon-
struction. Microscopy of tissue culture techniques is
always limited by long-distance objectives or by illumi-
nation of the specimen. But these limitations did not
prevent us from getting the necessary information for
the reverse engineering of images with software (Figs.
2–5). After the image reconstruction, we were able to
identify unrecognized cellular details in the images and
videos, as well as in the anaglyphs. This method could
be extended to microimplantation or other tissue culture
uses. As simple as it is, this procedure can become a
strategic tool for embryology and cell biology.

Superior Scanning and Confocal Micrographs

As populations of stem cells routinely must be ampli-
fied in vitro, cell culture is a crucial technique. Phase
contrast microscopy of living cells is useful during the
preparation of the developing cells (Haug et al., 2009;
Toomre and Bewersdorf, 2010). However, after cell
enrichment, specific markers are required for studying
them. Cells are themselves analyzed by laser confocal
and scanning electron microscopy and reverse engineer-
ing is then used to construct stereoscopies of selected
areas. Stem cell technology then requires an appropriate
microscopic analysis of structural details, which
demands a combination of powerful optical imaging and
molecular labeling (Pertusa Grau, 2003). As van Teeffe-
len et al. (2012) clearly state, fluorescence microscopy is
the primary tool for studying complex processes inside
individual living cells.

The anaglyphs and videos of these fixed biological
assays are of a quality similar to those of the living cells
(Figs. 9–12). This method could provide good 3-D images
for future industrial needs in which anaglyphs could be
helpful. The present procedure is a simple and easy way
to analyze cell behavior. It shows the data that are not
available from microscopic images. Our underlying

hypothesis is that data obtained from bi-dimensional 16-
bit TIFF x and y references can generate a real z-stack
of images which can be used to render stereography and
videos. We tested our hypothesis by examining different
dry or wet specimens with scanning or laser confocal
microscopy. Anaglyphs and videos are digitally
assembled secondary images reconstructed from primary
photographs. In both cases, a series of 10–15 photomi-
crographs taken from the bottom to the upper part did
not render good anaglyphs. Constructing secondary
images is more complicated than taking a series of pho-
tographs while adjusting the focus in phase contrast illu-
mination, as it was done in living cells.

Advantages and Disadvantages of the Helicon
Focus 5.1VR Software

The use of our method with this software significantly
improved the quality of images from cultured living
cells, which had to be photographed while maintaining
culture sterility conditions. Cells and spheres in culture
dishes have several spatial planes. Quality images of
these cells or spheres can only be obtained if focus is set
to infinity, losing angles, brightness, sharpness, and
details. The application of the software to the series of
micrographs provides an overall sharp and well-focused
specimen image, minimizing defects from culture condi-
tions. Our method with the software was designed to
enhance images during routine work at the stem cell
laboratory. One of the great advantages of this applica-
tion is the sense of depth that normal illumination of
the microscope does not offer. Moreover, it is impossible
to achieve the virtual sense of volume from real-time
phase contrast illumination of living cells. With this sim-
ple application, cells, neurospheres, and outgrowth can
be observed in real, near to culture conditions, in a very
simple way. No sophisticated or expensive equipment is
necessary to obtain quality images of experimental
results under tissue culture conditions. However, the
software has some limitations: it cannot be automati-
cally run, and contrast and brightness have limited com-
mands from the software options.

Comparison

A comparison with other possible strategies that
enhance a good overall focus for living cell assays, depth,
brightness, and sense of volume of the cells would point
up the importance of the method. However, we have not
found any simpler and cheaper way to obtain these qual-
ity images from our cells, spheres, or stimulated
explants with vigorous outgrowth. We tested different
illumination angles trying to enhance shadows by follow-
ing other criteria (Chandraker et al., 2007), and even
simulated the virtual reflected-light microscopy pub-
lished by Harrison (Harrison, 2010; Harrison et al.,
2011), but we did not succeed, possibly because of the
limitation of the epi-illumination. Image quality was not
satisfactory because the resolution over this sphere
required a powerfully transmitted light.

Several circumstances in our lab strongly support the
application of our method. The clump of cells forming a
neurosphere in culture, under sterile conditions and
microscopic limitations, is opaque and does not allow light
to pass through the specimens easily. It is difficult to
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illuminate clumps of cells and capture transmitted light to
make a 3-D image. Refinements for processing depth and
brightness of the birefringence of living cells are always
significant. We compared the same cell clump shown in
Figs. 4, 5, which is the same sphere taken with bi-
dimensional x–y, and then with the corresponding 3-D ster-
eography. The processing affects the quality of the results.
We subsequently discussed the performance of other
approaches to evaluate our method. The virtual soft tex-
ture of the cell clump volume presented as a neurosphere
was similar to that observed with SEM. Our proposal is a
computerized tool to get high-quality images from experi-
mental results, obtained from the refocused reflectance
properties of phase contrast illumination. As an anaglyph,
it is a reshape of a set of series of specimen images.

Gaussian Application

Scanning electron microcopy images are generated by
acquiring a set of serial images while automatically or
manually changing the focus of the beam on the sample.
These serial photographs can then be integrated into a sin-
gle one with the help of the Helicon Focus 5.1VR software to
produce a 3-D representation or anaglyph. This figure
shows discrete volume and depth. However, this procedure
suffers from notable noise in the reconstruction of serial
frames, as it is easy to observe, for example, in the magnifi-
cation bar automatically placed by the microscope on the
picture. In images where the focus is programmed, the
noise in the magnification bar goes down but the specimen
is not so clearly focused. To solve this problem, we per-
formed layerization and then Gaussian blur processing in
Adobe Photoshop C5VR to have more detailed reconstruc-
tions of individual pictures (see complete processing in Fig.
8 on the right-hand side of the scheme).

The serial set of images compiled from scanning elec-
tron microscopy was used to reconstruct an image with
good multiple-focus through Helicon Focus 5.1VR process-
ing. This image was layerized with Adobe Photoshop C5VR

and then treated with a Gaussian blur algorithm with
individual filter processing (the right-hand side of the
scheme, Fig. 8). Then processed images were used to
render the final anaglyph reconstruction, showing the vol-
ume of the ball. The depth and volume of the sphere are
impossible to show with routine lab procedures. Gaussian
processing creates steady images and allows us to process
high-quality pictures in 3-D (Fig. 10) and also to render
videos. The merged confocal pictures of retinal axons give
overlapping areas of a soft yellow color (which represents
the merging of the red and green antibodies) (Fig. 11). The
application of triple reprocessing in our procedure, layer-
ing, filtering, and rendering, clearly increases the red and
green details of the axon morphology (Fig. 12A). This
reconstruction of processed materials makes it possible to
separate the red and green components of the merged soft
yellow color in situ with precise spatial positions in the
axon morphology (Figs. 13, 14). Hence, small and
medium-sized filopodia, growing laterally from the main
axonal branch, and growth cone lamellipodia can be seen
with their real 3-D morphology.

Future Work

We are testing the use of our stored data to provide
comparative information on video reconstruction, with

special attention to the texture of specimen immuno-
staining, which is quite difficult to visualize with laser
confocal techniques. Our method is advantageous when
compared to possible volume and depth renderings using
other applications.
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