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Abstract. During embryogenesis, presumptive brain compartments are patterned by dynamic networks of gene
expression. The spatiotemporal dynamics of these networks, however, have not been characterized with suffi-
cient resolution for us to understand the regulatory logic resulting in morphogenetic cellular behaviors that give
the brain its shape. We have developed a new, integrated approach using ultrashort pulse microscopy [a high-
resolution, two-photon fluorescence (2PF)-optical coherence microscopy (OCM) platform using 10-fs pulses]
and image registration to study brain patterning and morphogenesis in zebrafish embryos. As a demonstration,
we used time-lapse 2PF to capture midbrain-hindbrain boundary morphogenesis and a wnt1 lineage map from
embryos during brain segmentation. We then performed in situ hybridization to deposit NBT/BCIP, where wnt1
remained actively expressed, and reimaged the embryos with combined 2PF-OCM. When we merged these
datasets using morphological landmark registration, we found that the mechanism of boundary formation differs
along the dorsoventral axis. Dorsally, boundary sharpening is dominated by changes in gene expression, while
ventrally, sharpening may be accomplished by lineage sorting. We conclude that the integrated visualization of
lineage reporter and gene expression domains simultaneously with brain morphology will be useful for under-
standing how changes in gene expression give rise to proper brain compartmentalization and structure. © 2014
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1 Introduction
Embryonic development is a thoroughly dynamic process, in
which a combination of proliferation and programmed death,
morphogenetic choreography and individual migrations, genetic
programs, and environmental influences intersect to grow a single
cell into a living organism. Attempts to understand the inter-
actions of these processes have driven advances in imaging
and registration techniques to acquire multiplexed data from a
single experiment and to additionally integrate data from multiple
experiments in silico.1,2 However, despite recent advances in in
toto microscopy, labeling techniques, and image registration,
the integration of dynamic gene expression patterns with their
resulting morphogenetic programs remains to be demonstrated
in a vertebrate model. Toward this goal, we have developed a
method for combined lineage mapping and gene expression
profiling in zebrafish embryos using ultrashort pulse microscopy
(UPM, a combined two-photon fluorescence (2PF)-optical coher-
ence microscopy (OCM) platform using 10 fs pulses) and image
registration. The major benefit provided by our approach is the
ability to compare genetic lineage maps and domains of active
gene expression within a live morphological context.

Patterning during embryonic brain development may be a par-
ticularly suitable system to address with combined lineage

mapping and fate profiling analysis. During segmentation, the
divisions of the early brain are marked by the unique expression
of genes overlapping at presumptive boundaries that are sub-
sequently refined to abutting domains of gene expression. At
the same time, the early brain begins to develop its complex mor-
phological architecture. Thus, at sites where compartment boun-
daries are positioned, cells must modulate their gene expression
profiles and/or their behavior to choose between compartments
while also executing a complex morphogenetic program.

Consider the extensively studied midbrain-hindbrain boun-
dary (MHB), a conserved secondary organizer responsible for
patterning the vertebrate midbrain-hindbrain domain (MHD).3,4

In zebrafish, within the MHD, the midbrain and the anterior
hindbrain give rise to the optic tectum and the cerebellum,
respectively, each arising from the dramatic growth and reshap-
ing of neuroepithelial tissue and the brain ventricular system on
either side of a constricted ring of cells called the isthmus. While
the identity of key genes constituting this organizer has been
elucidated with gain and loss of function experiments in
vivo,5,6 the precise relationships of these genes or their potential
role in morphogenesis of the surrounding region have not yet
been understood.

The homeobox transcription factors otx2 and gbx1,
expressed in the anterior and posterior neural plate, respectively,
position the MHB during gastrulation.3 At the boundary, otx2
and gbx1 domains initially overlap, but this overlap is sub-
sequently resolved into abutting domains by an unknown*Address all correspondence to: Holly C. Gibbs, E-mail: holly.gibbs.bme@gmail
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mechanism. Shortly after, several genes are activated in the
MHD including wnt1 and fgf8a, genes encoding secreted signal-
ing molecules in the presumptive midbrain and hindbrain of the
neural plate epithelium, respectively. Like otx2 and gbx1, wnt1
and fgf8a also initially overlap at the MHB.4 By segmentation,
within the evolving morphology of the MHD, wnt1 expression
has receded to the MHB, becoming confined to a small ring of
cells around the neural tube at the posterior limit of the midbrain
and a stripe of cells positioned along the dorsal midbrain. fgf8a
expression becomes confined to a ring of cells in the anterior
hindbrain.

As with the otx2/gbx1 overlap, the mechanism responsible
for refining the wnt1/fgf8a overlap has not been understood,
partly because the predominant technique for studying changes
in these gene expression patterns, in situ hybridization (ISH),
requires fixation. Thus, with ISH, it cannot be determined if
the boundaries are resolved due to (1) cells sorting into brain
compartments based on small pre-existing differences in their
gene expression profiles, or (2) cells remaining in their original
positions but modulating their gene expression profiles, or
(3) some combination. Fluorescent protein (FP) reporters, on
the other hand, can be used to genetically label and track cell
lineages dynamically. Protein reporters are not as reliable as
ISH to assess changes in gene expression because of the mis-
match between the dynamics of endogenous mRNA transcripts
and their reporter protein counterparts. Thus, using such a
lineage mapping technique, it would also be difficult to deter-
mine how the MHB boundary is resolved. By combining these
techniques, however, we can track the spatiotemporal distribu-
tion of a genetic lineage up to a point where we desire to exam-
ine which subset of the lineage is still actively expressing a gene
of interest. In the case of wnt1, if the boundary is resolved by
changes in gene expression, we would expect to see reporter
fluorescence perduring in cells in the hindbrain that no longer
stain positive by ISH for the wnt1 transcript. Alternatively, if the
boundary is resolved by cell sorting, then we would expect the
movement of fluorescently labeled cells from the hindbrain into
the midbrian and thus neither fluorescence nor positive staining
by ISH for wnt1 in the anterior hindbrain.

To combine lineage mapping and gene expression data, we
must image ISH with three-dimensional (3-D) resolution. The
enzymatically deposited dark purple NBT/BCIP chromagen
remains one of the most robust and widely used visualization
methods for ISH in developmental biology laboratories, though
typically it is visualized with limited resolution. However, con-
focal reflectance microscopy has been used to image NBT/BCIP
staining in 3-D,7 and a previously unknown red fluorescence of
the stain that can be used for high-resolution imaging has also
been characterized.8 As OCM, like confocal reflectance micros-
copy, relies on detecting backscattered light from biological
samples,9 we have investigated its potential in combination
with 2PF as another useful technique to image NBT/BCIP
with 3-D resolution in our approach.

Since lineage reporters will be imaged live, but gene expres-
sion domains can only be imaged after fixation, integration of
these data will require image registration even when they
are acquired from the same embryo. Much work has been
done to develop registration techniques for various medical im-
aging modalities10–13 that have been extended to microscopy
images14–18 including 3-D images of model organism
embryos.19 Specifically, elastic registration techniques20

have been of interest for merging gene expression datasets

acquired from different samples to generate virtual models
and atlases21–33 and will be useful in our present case to
merge datasets obtained from the same sample (lineage map
and gene expression domain) under different conditions (live
and postfixation).34

The ideal registration tool for this application should be
familiar to the biology community, should be open-source, per-
form registration on 3-D image stacks, and require minimal
computational time. One such tool is found in the image
processing software package FIJI, an extended version of
ImageJ, with a system for review and submission of custom plu-
gins.35 The plugin “Name Landmarks and Register” allows
users to easily mark correspondences in two datasets, registers
one onto another, and applies an elastic registration algorithm
based on thin-plate splines, radial basis functions that model
a thin metal sheet.36 To interpolate deformations, chosen land-
marks are constrained to perfect correspondence and, away from
these landmarks, the transformation minimizes the bending
energy of a metal sheet. This approach has the advantage of
requiring relatively few landmarks, resulting in tractable com-
putation times. It has been widely applied to register neuroanat-
omy,30,37,38 and thus should be suitable for registering gene
expression data onto live lineage tracing data in the early zebra-
fish brain.

UPM enables our integrated approach to combine lineage
mapping and gene expression profiling during brain patterning
and morphogenesis by utilizing the broad two-photon power
spectrum and short coherence length of 10-fs pulses.39 The
broad power spectrum of these pulses, in comparison to conven-
tional wavelength tunable pulses, provides the efficient excita-
tion of cellular autofluorescence (AF) for visualizing brain
morphology in both live and ISH processed embryos, allowing
for landmarks to be easily identified in both datasets as well as
the opportunity to simultaneously multiplex the excitation of
multiple FP reporters. The short coherence gate of 10-fs pulses
provides high resolution for OCM and thus for imaging gene
expression patterns. Due to the high peak power of 10-fs pulses,
care should be taken to minimize any potential phototoxic
effects (due to photochemical formation of reactive oxygen spe-
cies or induction of DNA strand breaks, or photothermal heat-
ing, for example) in a particular biological system;40 however, it
has been shown that for a given two-photon signal, shorter pulse
durations result in less photobleaching and phototoxicity.41,42

2 Materials and Methods

2.1 Generation and Maintenance of Transgenic
Zebrafish Lines, In Situ Hybridization, Mock In
Situ Hybridization, and Immunohistochemistry

Fish care and maintenance were performed according to stan-
dard protocols.43 The stable transgenic line Tg[wnt1:enhanced
green fluorescent protein (eGFP)] has been described elsewhere
(Lilie et al., in revision). Briefly, a transgene construct was gen-
erated with an upstream 110 bp, major evolutionarily con-
served44 wnt1 enhancer region driving eGFP expression, and
injected into wild-type embryos at the one-cell stage. Parent
lines were crossed and the expression patterns of identified
founders were compared to endogenous wnt1 expression at
bud stage, mid-somitogenesis, and 24-h postfertilization
(hpf). The reporter construct recapitulates the spatiotemporal
expression of wnt1 within the MHD. ISH was performed as pre-
viously described6 using NBT/BCIP (Roche, Indianapolis,
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Indiana). To minimize morphological distortions, embryos were
never dehydrated in methanol for storage.

To compare eGFP protein distribution before and after fix-
ation and ISH, embryos were imaged live with our UPM system
at 24 hpf and immediately placed in 4% paraformaldehyde at 4°
C and left overnight. Embryos were washed in phosphate buf-
fered saline with tween (PTW) 3× for 5 min and, to protect the
antigenicity of the eGFP protein against heat denaturation,45

incubated in 150-mM Tris-HCl at pH 9.0 for 5 min and heated
to 70°C for 15 min. Embryos were washed again in PTW 3× for
5 min, and mock ISH was performed exactly as a standard ISH
but no probe was used. For subsequent immunodetection of
eGFP, embryos were blocked in 1% bovine serum albumin
(BSA) in PTW for 1 h at room temperature and incubated
with 1∶100 rabbit anti-GFP primary antibody (A-11122,
Invitrogen, Life Technologies Corporation, Grand Island,
New York) overnight at 4°C. Embryos were then washed in
PTW 6× for 20 min, blocked again in 1% BSA in PTW for
1 h at room temperature, and incubated with 1∶50 Alexa
Fluor 488 goat anti-rabbit secondary antibody (A-11008,
Invitrogen) overnight at 4°C. After washing again 6× for
20 min in PTW, embryos were washed 3× for 5 min in phos-
phate buffered saline (PBS) and reimaged with our UPM
system.

2.2 Time-Lapse Two-Photon Fluorescence Imaging

For time-lapse imaging, Tg(wnt1:eGFP) embryos were inter-
crossed and maintained at 25°C with 0.003% (w/v) phenyl-
thiourea (ptu) to prevent melanization until the 10 somite
stage (ss), when they were dechorionated and mounted in a dor-
sal orientation in 1.2% low melt agarose in a 2 to 3 mm deep
well constructed from 1.2% standard agarose using a p200 tip
(to allow room for tail growth). During imaging, embryos were
maintained at 27°C using a temperature controller (Cole Parmer,
Vernon Hills, Illinois) in a feedback loop with a heating pad
placed underneath the embryo (Omega, Stamford, Connecticut)
and thermocouple (Omega) placed in the embryo medium which
contained 200 mg∕L tricaine and 0.003% (w/v) ptu. Z-stacks
were acquired every 30 min at a step size of 3 μm with a
pixel dwell time of 488 μs using a 20× objective with 1.0
NA (Carl Zeiss, Thornwood, New York) and 40 mW of
power (measurement does not account for the agarose embed-
ding the embryos, though rough estimation by placing an agar-
ose layer on a coverslip in front of the power detector suggests
an average of 30 mW on the sample).

The UPM system has been described elsewhere.46 Briefly,
sub-10-fs pulses from a passively mode-locked Ti:Sapphire
oscillator (800-nm center wavelength and 133 nm full-width-
at-half-maximum) were precompensated with dispersion com-
pensating mirrors (GSM 270, Femtolasers) and coupled by a
galvanometer driven x-y scanner (Cambridge Technology,
Cambridge, Massachusetts) into an upright microscope
(Axioskop2 MAT, Carl Ziess). The beam was directed by a
635-nm short-pass dichroic mirror (Chroma, Bellows Falls,
Vermont) through the imaging objective to the sample. AF
and eGFP signals were collected through the imaging objective,
separated using a 490-nm long-pass dichroic mirror, further dis-
criminated with bandpass filters (450∕60 nm for AF and
525∕50 nm for eGFP) (Chroma), and detected with photo multi-
plier tubes (Hammamatsu, Bridgewater, New Jersey). Data
acquisition was controlled with custom LabVIEW software
(National Instruments, Austin, Texas).

2.3 Two-Photon Fluorescence-Optical Coherence
Microscopy Imaging

For 2PF-OCM imaging after ISH, embryos were mounted in
agarose the same as for time-lapse imaging except for samples
cleared with glycerol, for which a coverslip was placed over the
well containing the embryo and coupled to the water immersion
objective with PBS. In the 2PF-OCM setup, a 5% beamsplitter
introduced in the path of the beam of the UPM system described
above created a Michelson interferometer in which the sample
and reference beams were recombined, coupled into a single-
mode fiber, and sent to a home-built spectrometer that has
been previously described47,48 for Fourier domain detection.
Z-stacks were acquired with a step size of 3 μm using a 40×,
0.8 NA objective (Carl Zeiss), and OCM images generated
by integrating the fast Fourier transform of the spectral interfero-
gram acquired for each pixel as images were simultaneously
rendered en face with 2PF collection. Precompensation of the
sub-10-fs pulses was adjusted to account for the beam splitter
and 40× objective.

2.4 Image Processing and Coregistration of
Datasets

Image stacks (256 × 256 × 60 voxels) were scaled in FIJI to
account for different samplings along the in-plane dimensions
versus the axial dimension, so that each voxel was equivalent
to 1.6 × 1.6 × 1.6 μm3. Stacks obtained of the MHD region
of developing embryos were rotated in FIJI to an optimal ori-
entation in which the entire dorsoventral axis of the MHB con-
striction was aligned parallel to the z-axis. This standard
orientation ensured that the measurements taken from the
same embryo over time, or from the same embryo imaged
under different conditions, were repeatable. Multichannel and
multimodal 3-D renderings were created in V3D, known now
as Vaa3D.49,50

The OCM images contained contrast from both the embry-
onic tissue and the NBT/BCIP stain. To produce images exclu-
sively of gene expression domains marked by the deposition of
NBT/BCIP stain from combined 2PF-OCM, we took advantage
of the quenching of embryonic tissue AF by the NBT/BCIP pre-
cipitate. First, we measured the average value of the signal from
the tissue in regions where no NBT/BCIP was expected in both
the 2PF and OCM images. We normalized the intensity of tissue
in the 2PF image to the intensity of the tissue in the OCM image
and subtracted it from the OCM image in order to subtract the
contribution from the embryonic tissue and to isolate the NBT/
BCIP signal. Since the AF was quenched in regions where NBT/
BCIP was deposited, values subtracted from the OCM image
were much lower in these regions, additionally enhancing the
contrast.

Processed post-ISH image stacks of NBT/BCIP-marked
gene expression were registered to image stacks of eGFP-
marked lineage using the mutual morphological information
in each stack from tissue AF with the “Name and Register” plu-
gin in FIJI.35 Global accuracy of registration was evaluated by
manually segmenting the neuroepithelium in each transverse
section of the 3-D data along the anteroposterior axis, converting
these to a black and white binary image, and calculating an over-
lap coefficient defined as the ratio of the sum of the intersection
of the transformed image and the live template image divided by
the sum of the live template image. Local accuracy was deter-
mined by comparing the alignment of the peaks of eGFP from
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anti-GFP immunostained embryos after mock ISH registered to
live Tg(wnt1:eGFP) embryos along the dorsoventral axis.

3 Results and Discussion
We combined lineage mapping and gene expression profiling
using UPM and image registration to study the formation of
the MHB constriction with the approach shown in Fig. 1. We
hypothesized that the distinct midbrain and hindbrain compart-
ments are created by the changes in gene expression within lin-
eages at the MHB, as this boundary was previously reported to
be lineage restricted by the 5 ss.51 To test this hypothesis, we
quantified the dynamics of wnt1 enhancer-driven eGFP signal
in the MHD during the segmentation period and registered
the end point with subsequent ISH for wnt1 mRNA. We also
used 2PF to quantify the effects of fixation and ISH on
MHD morphology and the accuracy of registration. We
found that this approach provided a good approximation of
the 3-D distribution of a particular genetic lineage compared
with the subset of the lineage still actively expressing the

gene of interest, within the context of live brain morphology
and that the subset of the wnt1 lineage found initially in the
hindbrain behaved differently depending on its dorsoventral
position in the neural tube to sharpen the MHB.

3.1 Midbrain-Hindbrain Domain Morphogenesis and
Mapping the wnt1 Lineage with Time-Lapse
Two-Photon Fluorescence

We utilized the broad power spectra of 10-fs pulses, compared
with those used in conventional 2PF,52 to image the MHD of
embryos from mid-somitogenesis to early pharyngula stages
in order to capture the dynamics of neuroepithelium morpho-
genesis and the wnt1 lineage. As a control to measure whether
this imaging regimen affected normal development, transgenic
and wild-type embryos were imaged under the same conditions
and allowed to develop until the swim bladder had inflated at 5
days postfertilization (n ¼ 3∕3). No apparent damage was
observed, apart from mild edema from extended exposure to tri-
caine and restricted growth of the tail from embedding in agar-
ose similar to what has been previously reported.53 For
combined 2PF-OCM, embryos were immediately fixed after
time-lapse imaging.

We set the initial time point, t ¼ 0∶00 at the 10 to 12 ss,
when the MHB is morphologically visible, but the neural
keel is closed along the anterior-posterior axis [Fig. 2(a),
t ¼ 0∶00], and acquired 180 μm z-stacks with a step size of
3 μm approximately every half an hour. Figure 2(a) shows
three views of this progression, a dorsal section through the
center of the neural keel at the MHB, a sagittal section lateral
to the midline, and a transverse section at the MHB constriction.
The hindbrain ventricle opens first, initiating at the roof plate
and extending ventrally, while the neural keel of the
midbrain and MHB remains closed [Fig. 2(a), t ¼ 1∶22].
Subsequently, the midbrain vesicle opens while the neural
keel/tube remains shut at the MHB constriction [Fig. 2(a),
t ¼ 2∶02] until it opens at t ¼ 3∶13, and the constriction
becomes more pronounced, giving rise to the primordia of
the tectum and cerebellum in the midbrain and hindbrain,
respectively [Fig. 2(a), t ¼ 7∶34]. This sequence of events is
in correspondence with what has been previously reported54

and further demonstrates the viability of embryos imaged
with 2PF using sub-10-fs pulses over long periods of time.
We also observed the retraction of fine cellular processes during
ventricle formation, marked by an arrow in Fig. 2(a) (t ¼ 3∶13)
in both midbrain and hindbrain formations, as has been previ-
ously shown.55

Within this evolving architecture of the embryonic brain, the
wnt1 lineage is marked by the expression of a reporter eGFP
molecule under the control of a wnt1 enhancer, such that
once the wnt1 gene is activated in a cell, that cell and its progeny
will remain fluorescent for the lifetime of the eGFP proteins that
were generated, even if wnt1 expression ceases. Thus, all cells in
the embryo that have expressed wnt1 under the control of this
enhancer are marked by eGFP for >24 h,56,57 and we simulta-
neously followed this lineage throughout somitogenesis.

We quantified fluorescence intensity profiles of the wnt1
lineage from the neuroepithelial tissue in dorsal and ventral
regions of the embryo using the freehand line tool, allowing
us to profile the same tissue over time despite dramatically
changing morphology. At t ¼ 0∶00, the wnt1 lineage extends
into the anterior hindbrain as shown by the position of the
bars in Fig. 2(a) and quantitatively in Figs. 2(b) and 2(c). As

Fig. 1 Combined lineage mapping and expression profiling. Using
combined 2PF-OCM utilizing ultrashort pulses, complementary data-
sets of the spatial distribution of a genetic fluorescent protein (FP)
reporter used as a lineage tracer and regions of active gene expres-
sion (mRNA stain) were collected from the same embryo live and after
fixation, respectively. Subsequent registration of the data using mor-
phological landmarks from the neuroepithelium autofluorescence
(AF) enabled direct comparison of the active and historical gene
expression profiles of a particular cell lineage in a live morphological
context.
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development progresses, cells in the midbrain just anterior to the
sharpening physical constriction build up increasing amounts of
eGFP protein regardless of dorsoventral position in the neural
tube [−50 to 0 μm, Figs. 2(b) and 2(c)]. In the dorsal midbrain
neuroepithelium, the lineage proliferates at a higher rate than in
nearby tissues,54 possibly contributing the bowing of the devel-
oping tectal lobes, as the overall length of this domain increases
[Fig. 2(b)] despite its confinement to the same space along the
anterior–posterior axis [bars, Fig. 2(a)]. In the anterior of the
dorsal midbrain neuroepithelium, reporter intensity increases
at the presumptive epiphysis [−250 to −300 μm, Fig. 2(b)], a
sensory region involved in circadian rhythms. In the dorsal hind-
brain neuroepithelium, reporter intensity fluctuates and appears
to decrease slightly by 24 hpf [asterisk, 0 to 100 μm, Fig. 2(b)].
We measured similar dynamics in the ventral midbrain

neuroepithelium, however, in the ventral hindbrain neuroepi-
thelium, the reporter fluorescence drops sharply over time [0
to 100 μm, Fig. 2(c)].

Measurable changes in intensity of reporter fluorescence can
be due to the combined behavior of several independent factors.
Continuing transcription would contribute to an increase in fluo-
rescence intensity, as can be seen in the wnt1 lineage just ante-
rior to the MHB and in the presumptive epiphysis. In these
tissues, we can conclude that wnt1 remains actively expressed
if the activity of the native and reporter mRNA transcripts is
similar. Unchanging or decreasing reporter intensity is more dif-
ficult to interpret. FP degradation, FP photobleaching, or FP
redistribution during cell proliferation all would cause a
decrease in intensity. Since the rates of these different options
are difficult to measure independently, we cannot make

Fig. 2 wnt1 lineage mapping during morphogenesis using time-lapse 2PF indicates different mecha-
nisms for boundary refinement depending on dorsoventral position in the neuroepithelium.
(a) Dorsal, sagittal, and transverse sections of the wnt1 lineage in the developing midbrain-hindbrain
domain (MHD) over time. As the midbrain-hindbrain boundary (MHB) forms dividing the midbrain
(mb) and hindbrain (hb) primordia, the hindbrain ventricle (hbv) opens first, followed by the midbrain
ventricle (mbv) that is subsequently connected by the opening of the isthmus region (asterisk).
Cellular processes retract during ventricle formation (arrowhead). By þ7∶34, regions that will develop
into the optic tectum and cerebellum are morphologically distinct. Bars indicate that the wnt1 lineage
within the neuroepithelium is stationary in the A/P direction. A portion of the wnt1 lineage in the midbrain
undergoes epithelial-to-mesenchyme transition at þ7∶45 (not shown). Scale bar ¼ 100 μm.
Quantification of reporter fluorescence intensity changes from dorsal (b) and ventral (c) regions of
the MHD over time shows steady increase of reporter intensity just anterior to the MHB (0 to
−30 μm) within the midbrain as well as more anteriorly near the epiphysis (dorsal plot, −250 to
−300 μm). Intensity within the midbrain and hindbrain slowly (dorsal, asterisk) or sharply (ventral)
decreases.

Journal of Biomedical Optics 126016-5 December 2014 • Vol. 19(12)

Gibbs et al.: Combined lineage mapping and gene expression profiling of embryonic brain patterning. . .



definitive conclusions about which cells in the lineage are still
actively expressing the gene of interest if the intensity is
unchanging or decreasing. With respect to MHB refinement,
our results suggest that in the dorsal neuroepithelium, the
MHB is refined as a small group of cells continue or increase
their rate of transcription of wnt1 while cells away from the
boundary reach a steady-state or stop transcription by the end
of somitogenesis. In the ventral neuroepithelium, the sharp
decline of eGFP signal could indicate cells sorting to sharpen
the boundary, as the wnt1 lineage is no longer physically present
in the anterior hindbrain to generate the eGFP signal. The ability
to see the regions where wnt1 remains actively expressed by
imaging wnt1 mRNA distribution would help to distinguish
among these possibilities.

3.2 Quantification of Morphological Distortion due to
In Situ Hybridization

Although ISH is a common technique, there has been little work
done to quantify how the protocol affects embryo morphology.
Fixation is already known to shrink biological tissues,58–61 but
how fixation and further processing with ISH may affect tissue
morphology, specifically of the early embryonic brain, has not
been examined.

To quantify the distortions we would need to correct in order
to register mRNA transcript data acquired post-ISH to fluores-
cent reporter protein data acquired from live embryos, we
imaged 24 hpf embryos with 2PF at different points in the
processing. AF from the neuroepithelium was collected
(1) live, (2) postfixation, (3) after ISH, and (4) after optical clear-
ing with glycerol. Qualitative analysis of the images, shown in
Fig. 3(a), reveals a dramatic and additive change in brain
morphology.

We selected four parameters to characterize brain morphol-
ogy deformation within the MHD. A/P distance is the distance
from the widest point of the midbrain to the widest point of the
hindbrain [Fig. 3(b)] and provides a measure of changes in the
anteroposterior aspect of the embryo, which we refer to as longi-
tudinal changes. The MHB angle characterizes the changes in
the structure of the constriction, and, as this value changes
with depth, it is always measured in the dorsal plane of the sul-
cus limitans, identified in the transverse section where the mid-
brain is widest. The midbrain tissue parameter is the cross-
sectional area of the tissue in a transverse section at the widest
point of the midbrain and is a measure of distortions of the neu-
ral tube radially. Finally, the midbrain ventricle parameter is the
cross-sectional area of the ventricle in the same transverse sec-
tion and provides a measure of ventricle collapse. How these
parameters change would then inform potential registration
strategies.

We found that for each of these four parameters, measured
using FIJI, each step in the processing produced a significant
change, with effects cumulating in 31% average longitudinal
shrinkage, 77% increase in the MHB angle, 53% shrinkage
in the radial direction, and 79% ventricle collapse. Notable is
the significant increase in MHB angle, changing the conforma-
tion of the morphologically complex constriction after ISH
when compared with live embryos. With this information, we
decided to concentrate more registration landmarks near the
MHB to compensate for these drastic distortions. We also
noted that even though the MHB angle increased, which pos-
sibly has the effect of increasing the A/P distance, the overall
distance we measured decreased. We considered this might

lead us to underestimate the shrinkage in the A/P direction, mak-
ing it difficult to assess if the embryo shrinks uniformly. For this
reason, we did not attempt to scale embryos prior to image regis-
tration. In the future, it may be useful to use fiduciary markers,
such as GFP-H2B and/or DAPI stained nuclei, to characterize
strain fields within the tissue, as has been done in human
brains62 and avian embryos,63 to quantify local tissue-dependent
differences in the deformations induced by ISH.

3.3 Imaging Domains of Gene Expression with
Two-Photon Fluorescence-Optical Coherence
Microscopy

To utilize the robustness of NBT/BCIP staining for analyzing
gene expression domains in 3-D, we imaged embryos after per-
forming ISH to detect wnt1 mRNA using combined 2PF-OCM.
Using both modalities provides the advantage of simultaneously
imaging tissue morphology with gene expression domains.
Subsequent image registration may also be simpler with both
datasets acquired on the same UPM platform.

Figure 4(a) shows the results of imaging wnt1 gene expres-
sion domains in zebrafish embryos fixed at 24 hpf that were not
optically cleared after ISH. The two-photon excited AF signal is
quenched in regions of the embryo where a strong contrast in the
OCM image shows the presence of NBT/BCIP (yellow outline)
compared with areas where wnt1 is not expected to be
expressed, unstained tissue (blue outline). The neuroepithelium,
which in the zebrafish embryo at this stage of development is
quite transparent, is also visible with OCM. In the resulting
overlay, red to yellow indicates the tissue unstained and
unquenched by NBT/BCIP, while green regions are where
NBT/BCIP is present.

OCM has been used to image retinal regeneration in adult
zebrafish64 and to evaluate the effects of ethanol on embryonic
brain development in larval zebrafish.65,66 These tissues are tur-
bid compared with the 24 hpf embryo, and we could only find
one report of OCM imaging on 24 hpf zebrafish67 in which the
signal seemed comparable with our data, relatively weak, pre-
sumably due to the transparency of the embryo. In these cases,
OCM provides only structural information about tissue mor-
phology. There have been efforts to use OCM for imaging
with molecular contrast such as detecting backscattered light
from gold nanoparticles conjugate to antibodies for immunode-
tection68,69 and using spectral domain detection to look for
absorption signatures of specific molecules such as hemoglo-
bin.70 We have added molecular contrast to OCM by imaging
NBT/BCIP enzymatically deposited in embryos following
immunodetection of gene expression domains with transcript-
specific antisense RNA probes containing a digoxegenin
epitope.

By omitting the clearing step that requires equilibration in
glycerol, morphological distortions of the early brain from
ISH processing could be drastically reduced. A/P shrinkage,
MHB angle relaxation, radial shrinkage, and ventricle collapse
could be reduced 14%, 30%, 38%, and 29% respectively, sig-
nificantly minimizing demands on image registration. Yet opti-
cal clearing agents such as glycerol are known to reduce tissue
attenuation and improve contrast in OCM on a variety of bio-
logical specimens,71–73 including mouse embryos,74 and we con-
sidered whether clearing could preferentially improve the signal
from the NBT/BCIP precipitate over the neuroepithelium tissue.
To determine if there was indeed any benefit to clearing the tis-
sue toward enhancing the NBT/BCIP signal and to decide if that
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Fig. 3 Processing for in situ hybridization (ISH) introduces significant morphometric distortions, including
longitudinal and radial shrinkages of the tubular neuroepithelium, diminishing of the constriction angle,
and ventricle collapse. (a) Dorsal, sagittal, and transverse sections of AF signal from the same embryo
imaged with 2PF live, after fixation in 4% paraformaldehyde, after performing mock ISH, and after equili-
bration in 100% glycerol show striking distortion of early brain morphology at 24 hpf. Scale bar ¼ 100 μm.
(b) Four morphometric parameters were measured from the same individual embryo to quantify signifi-
cant (p > 0.95) contributions of each processing step toward longitudinal and radial tissue shrinkages (A/
P distance and midbrain tissue area), disruption of the constriction (MHB angle), and ventricle collapse
(midbrain ventricle area). These distortions will need to be corrected to combine the spatial distributions
of the live reporter and mRNA for direct comparison.
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benefit was worth correcting for the additional distortions to the
embryo, we performed ISH for wnt1 transcripts on embryos and
compared the signals from the ones that were subsequently
cleared to those that were not (n ¼ 10).

Figure 4(b) shows a comparison of the relative potential for
NBT/BCIP specific contrast in embryos that were equilibrated
in 100% glycerol after ISH and those that were stored in PBS. In
agreement with previous reports, tissue AF measured from
unstained neuroepithelial tissue in the region outlined in blue,
AFt, increased significantly with glycerol treatment.75,76

OCM signal in stained and unstained regions of the embryo
both increased significantly (not shown) but not preferentially
for unstained tissue as the ratio of the signal from stained versus
unstained tissue, OCMp∕t, did not change significantly. Clearing
did cause a small but significant increase in the ratio of AF in
unstained versus stained tissue, AFt∕p, due to decreased signal in
the region of the precipitate, possibly because of increased
quenching of the signal by NBT/BCIP. When the two modes
of contrast were combined (OCMp∕t þ AFt∕p), there was no sig-
nificant improvement in the cleared embryos.

3.4 Morphological Landmark Registration of
Different Datasets from the Same Embryo

After quantifying the effects of ISH on tissue morphogenesis and
determining that there was no benefit to optically clearing the
embryos, we defined landmarks in the late somitogenesis zebra-
fish MHD for 3-D image registration. Constantly changing mor-
phology made the selection of reliable landmarks nontrivial and

since thin-plate spline registration can be computationally costly,
it was desirable to minimize the number of landmarks. In studies
on the rhesus hippocampus, 10 landmarks were a sufficient
number for accurate registration,77 while in prostate samples,
22 landmarks provided sufficient accuracy.78 In Fig. 5, we present
a set of 24 landmarks for registration of the zebrafish MHD.

Figure 5(a) shows an X-slice rendering of the 24 hpf MHD
imaged live with 2PF. Three transverse planes were readily iden-
tifiable during the morphogenesis of the MHD from mid to late
somitogenesis within the same embryo imaged over time and
from the same embryo imaged under different conditions, ta,
for transverse anterior; tm, for transverse middle; and tp, for
transverse posterior. ta was the same plane used for quantifying
embryo distortions due to ISH, the transverse plane in the mid-
brain where the neural tube is widest. tm was the narrowest point
of the constriction, and tp was the transverse plane in the hind-
brain where the neural tube is widest. These transverse sections,
shown in Fig. 5(b), provided several obvious choices of morpho-
logical landmarks, which we chose to concentrate close to the
boundary where deformations between datasets to be registered
were predicted to be greatest. We applied thin-plate spline regis-
tration in FIJI to register the neuroepithelium of embryos
imaged post-ISH to those imaged live, using the AF signal to
obtain this mutual information. Figure 5(c) shows an overlay
of the live (magenta) and registered post-ISH (green) morphol-
ogies and suggests qualitatively that the registration is reason-
ably accurate. We then sought to quantitatively determine
registration accuracy at different scales relevant to the goals
of our registration.

Fig. 4 Imaging gene expression in the MHD with 2PF-OCM using ultrashort pulses is not enhanced with
glycerol optical clearing treatment. (a) Dorsal section from a 24 hpf embryonic brain after ISH to detect
wnt1 shows quenched AF and increased backscattering detected by OCM in regions where the NBT/
BCIP precipitate is deposited (yellow outlined region). Unstained neuroepithelial tissue generates pos-
itive AF and OCM signals (blue outlined region). Combining these images results in brain tissue appear-
ing red to yellow and the precipitate marked regions actively expressing wnt1 to appear green in the
midbrain anterior to the MHB constriction. Scale bar ¼ 100 μm. (b) Signals from embryos treated
with or without glycerol after ISH were quantitatively compared. Tissue AF, AFt, significantly increased
with glycerol treatment, and to a lesser extent, the intensity ratio from unstained tissue relative to areas of
quenching from the precipitate, AFt∕p also increased ðp > 0.95Þ. Glycerol treatment increased OCM sig-
nal from unstained tissue and areas where the precipitate was deposited similarly, resulting in no sig-
nificant difference in the intensity ratio OCMp∕t. When both quenched 2PF and positive OCM signals are
combined, OCMp∕t þ AFt∕p, NBT/BCIP can be detected from embryos not treated with glycerol just as
well as those that have been cleared, so that the morphological distortions can be minimized.
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Analysis of registration accuracy depends highly on the
application.79–81 We first evaluated the accuracy of registration
of the data at the scale of the tissue to characterize the global
accuracy. Figure 6(a) shows the effect of registration on the
parameters previously used to characterize the deformations
in the MHD due to ISH. In all cases, parameter values matching
those for live embryos were recovered with registration. Target
registration error82 is a common method to quantify registration
accuracy, but it is not suitable for this thin-plate spline imple-
mentation since it constrained our landmarks of interest to cor-
respond exactly which would result in zero error unless
alternative targets were measured. As we already implemented
our most reliably identifiable landmarks (targets) for registra-
tion, it seemed more appropriate to use an overlap coefficient,
o.c., based on the Dice Similarity Index83–85 that quantifies over-
lap between objects. Our results, ranging between 0.77 and 0.99
with an average of 0.89, fell within what is clinically considered
useful for medical image registration.78,86

To address registration accuracy at the level of the gene
expression domain, we imaged Tg(wnt1:eGFP) embryos live
with 2PF at 24 hpf, subsequently processed them with a
mock ISH protocol, immunostained for eGFP, and then reim-
aged and registered them. Immunostaining for eGFP using fluo-
rescein isothiocyanate for secondary detection was required
since the hybridization step in ISH required heating to 76°C
which denatured the eGFP protein. With these data, shown in
Fig. 7, we compared the lineage boundary of the highest
eGFP intensity at the MHB in the template and registered
images. Using the same plotting tool that we implemented to
trace the dynamics of the eGFP-marked wnt1 lineage, we plotted
the live eGFP distribution and post-ISH α-GFP distribution from

different dorsal planes along the dorsoventral axis. The bounda-
ries coincided within 3.2 to 8 μm, equivalent to 1 to 5 pixels,
with the best performance near the sulcus limitans that corre-
sponds with many of our landmarks. These results suggested
that we can register the MHB in 3-D with an accuracy within
one to three cells, given the density and orientation of the cells
within the neuroepithelium at this stage of development.

While our first application of thin-plate spline registration
was reasonably accurate, improvements and further quantifica-
tion of registration accuracy should be considered. If it can be
determined that the ISH caused the MHD tissue to shrink uni-
formly, then scaling the embryos prior to registration could
potentially improve accuracy. Also, an affine registration
could be implemented prior to nonrigid registration to poten-
tially increase performance, and landmark selection could be
automated to remove user error. Optimization of the registration
approach should account for accuracy at the cellular scale. For
example, morphological landmarks could be used for registra-
tion and individual cell positions, marked by H2B-GFP for
example, used to calculate target registration error.

3.5 Registration of the wnt1 Lineage and the
Subpopulation of the wnt1 Lineage Still Actively
Expressing wnt1 in a Live Morphological
Context

Having shown that the our registration approach using morpho-
logical landmarks from 2PF AF will allow us to compare the
distribution of the eGFP-marked wnt1 lineage in Tg(wnt1:
eGFP) embryos with the distribution of egfp mRNA, we sought
to determine which cells within the MHD were still actively

Fig. 5 Qualitative performance of morphological landmark registration of different datasets from the
embryonic zebrafish brain at 24 to 28 hpf. (a) To find the same landmarks in different datasets, points
were selected from AF data in the anterior region of the MHD from the widest transverse section of the
midbrain, ta, from the narrowest section of the constriction, tm, and posteriorly from the widest section of
the hindbrain, tp. (b) From each section, 6 to 11 landmarks can be identified from the distinct morphology
introduced by the ventricles and the dorsolateral hinge points of the neural tube and the lobes of the
expanding tectum. (c) Overlay of registered transverse sections of live (magenta) and post-ISH
(green) datasets, where the distorted morphology is restored onto the live morphology.
Scale bar ¼ 100 μm.
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expressing wnt1 in order to shed light on how the MHB boun-
dary is sharpened. Figure 8(a) shows the results of registration of
these data. Optical sections in the dorsal neuroepithelium of AF,
eGFP, and NBT/BCIP show the morphology, wnt1 lineage, and
wnt1 expressing cells, respectively. Maximum intensity projec-
tion of the data registered in 3-D shows eGFP lineage tracer per-
durance away from the boundary (green), while NBT/BCIP was

exclusive to a group of boundary cells anterior to the constric-
tion within the wnt1 lineage (yellow). Punctate NBT/BCIP sig-
nal in the dorsal hindbrain may correspond to a small number of
cells known to express wnt1 as part of the initiation of a program
of migration and differentiation to tegmental nuclei.87

As with dynamic lineage tracing, we quantified the distribu-
tion of eGFP and NBT/BCIP across the MHB in the dorsal and

Fig. 6 Quantitative analysis of the global accuracy of morphological landmark registration. (a) The sig-
nificant tissue shrinkage and morphological distortions (p > 0.95) to brain morphology measured from AF
and introduced by ISH can be restored to values matching live morphology using landmark registration.
(b) The overlap coefficient, o.c., of binary transverse sections of manually segmented coregistered data-
sets was calculated to quantify the accuracy of the registration algorithm at the global or tissue level.
Accuracy is comparable in both the constraining planes where the landmarks are selected and planes
in between.

Fig. 7 Qualitative and quantitative analyses of the local accuracy of morphological landmark registration.
(a) Dorsal sections at varying depths from coregistered overlay of live eGFP reporter distribution (green)
and α-eGFP immunostaining postmock-ISH (pink). Outlined yellow lines correspond to normalized inten-
sity plots depicted in (b), which show that the MHB boundary, marked by peak eGFP intensity, can be
accurately aligned within one to two cell diameters. Scale bar ¼ 50 μm.
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ventral regions of the neural tube, respectively, as shown in
Fig. 8(b). Now it is possible to ascertain whether or not the
wnt1 lineage in the dorsal hindbrain has stopped expressing
wnt1, which it appears the majority of the cells in that lineage
have done. These results show that while wnt1 was initially
expressed across the presumptive MHB, cells in that region
received signals telling them to stay in place and turn wnt1
off, resulting in a sharp boundary of gene expression at the dor-
sal MHB constriction. In contrast, in the ventral neuroepi-
thelium, we know from dynamic lineage tracing that the
wnt1 lineage is initially present in the ventral hindbrain but
by the end of segmentation, no perduring eGFP is found
there. The lack of eGFP in this region once occupied by part
of the wnt1 lineage suggests that those cells have physically
moved to a new location, potentially by sorting either anteriorly
across the MHB into the midbrain, or also possibly dorsally into
the dorsal hindbrain, leading to the refinement of the ventral
MHB. As the dorsal and ventral environments of the neuroepi-
thelium are known to differ in terms of gene expression and sub-
sequent fates, it is not surprising that the mechanism for refining
the MHB should differ along the dorsoventral axis. What is
remarkable is that two different mechanisms may exist to seg-
ment the midbrain and hindbrain along the anteroposterior axis,
highlighting the importance of this evolutionarily conserved
boundary.

Our approach will also be useful for evaluating aberrant neu-
ral patterning. For example, the major feature of the fgf8a
mutant phenotype, acerebellar, is lack of a cerebellum. In
these mutants, several MHB genes, including wnt1, pax2a,
and engr2, are activated properly but their expression at the
MHB is not maintained after mid-somitogenesis.88 The sub-
sequent fate of these lineages has not been well characterized,
but since expression is properly activated, the perdurance of a
reporter gene could be used to track these populations and com-
bined with ISH to reveal morphogenetic and molecular altera-
tions of their developmental programs due to the lack of fgf8a
activity. In such cases, combined 2PF-OCM could provide
important insights into the roles and regulatory relationships
of MHB genes.

4 Conclusion
We have demonstrated the potential of combining two common
techniques used to study embryonic development, lineage trac-
ing and ISH, for uncovering mechanisms of neural patterning
with UPM. To date, ISH data have been rarely linked to lineage
maps, and only by immunodetection of the lineage marker after
ISH.87 Our results have shown, however, that the fixation and
subsequent processing by ISH significantly distort brain mor-
phology from its in vivo shape. By imaging the lineage map
in vivo and registering a subsequently acquired 3-D gene

Fig. 8 Visualization and quantification of the subset of the wnt1 lineage actively transcribing wnt1mRNA
in a live morphological context. (a) Dorsal sections of the AF, live eGFP reporter, and coregistered NBT/
BCIP signal from combined 2PF-OCM showing live morphology, wnt1 lineage, and actively wnt1
expressing cells, respectively, in the MHD region at 24 hpf. A maximum-intensity projection of the 3-
D pseudocolored overlay shows that the active gene expression is restricted to a subpopulation of
the initially specified wnt1 lineage in the posterior midbrain, just anterior to the MHB constriction, and
isolated cells in the anterior hindbrain. Scale bar ¼ 100 μm. (b) Intensity profiles of the live reporter fluo-
rescence and NBT/BCIP signal from dorsal sections in the neuroepithelium show that dorsally there is
still a significant presence of wnt1 lineage that has stopped expressing wnt1 as evidenced by the eGFP
signal in the absence of NBT/BCIP. Ventrally, the anterior hindbrain does not have significant eGFP or
NBT/BCIP signal, indicating that thewnt1 lineage previously present has moved physically from the loca-
tion, perhaps migrating into the midbrain or sorting to the dorsal region of the anterior hindbrain.
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expression domain onto the in vivo map with landmark corre-
spondences, however, we have shown that these distributions
can be visualized within the true morphology of the developing
brain, which will be useful to uncover the roles of MHB genes
in brain morphogenesis. In this report, we have demonstrated
this potential by characterizing previously unreported dorsoven-
tral differences in the mechanism of the sharpening of the wnt1
gene expression domain during MHB morphogenesis.

Several important, unique aspects of our approach enable
such analysis. First, this analysis was enabled by the preserva-
tion of eGFP perdurance throughout 2PF time-lapse imaging.
Lack of photobleaching was apparent by comparison of the
broad distribution of eGFP fluorescence and contrastingly nar-
row distribution of egfp mRNA transcripts from registration of
the last time-lapse frame, that accurately reflected the historical
and the instantaneous expression of wnt1, respectively, within
the MHD. We also demonstrated embryo viability under
these imaging conditions, showing that the development of
the MHD region progresses as expected in embryos that further
develop normally to larval stages. Finally, we showed that sub-
10-fs pulses excite the AF signal well enough to clearly see the
morphology of embryonic tissues, providing important context
for analysis of cell lineage and molecular fate. Of
particular importance was its usefulness both in vivo and
post-ISH for visualizing and marking morphological landmark
correspondences.

Multimodal image registration also provides a way to inte-
grate various morphometric and molecular data collected from
different embryos and to build up systematic models of devel-
opmental processes.89–91 Here, we demonstrated the beginnings
toward a dynamic zebrafish atlas of early brain patterning that
incorporates both gene expression and lineage information.
With the development of UPM to dynamically image several
FP reporters at once,39 our lineage mapping experiments have
the potential, with the requisite multicolor transgenic lines, to
simultaneously monitor the spatiotemporal distribution of multi-
ple lineages and to map the unique pathways of gene expression
leading to specification of different cell types. Subsequent ISH
and image registration would reveal unique gene expression sig-
natures within those lineages that could simultaneously be cor-
related with morphogenesis within a complex 3-D brain
architecture. Such an approach will be useful for integrating
the analysis of neural patterning at the morphological, cellular,
and molecular levels.
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