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Abstract

As human brain development proceeds, there are complex changes in size and shape, most notably in the developing forebrain. Molecular
technologies enable us to characterise the gene expression patterns that underlie these changes. To interpret these patterns the locatic
of expression must be identified and, often, gene expression patterns compared for several genes or across several developmental stage
To facilitate interpretation we have generated a set of three-dimensional models using a recently developed technique, optical projection
tomography. The models act as a framework onto which gene expression patterns are mapped and anatomical domains identified using
custom-designed software, MAPaint. Here, we demonstrate their use to compare forebrain development at two embryonic stages (Carnegie
stages 18 and 21; 44 and 52 days post conception, respectively) and as a means of recording, storing and visualising gene expression data fc
three example gené&aMX1, EMX2andOTX2 Anatomical domains were also mapped to the models and the comparison of gene expression
and anatomical data is demonstrated at Carnegie stage 21. The three-dimensional models and sophisticated software facilitate the analysis an
visualisation of morphological changes and gene expression patterns during early brain development and can be applied to the development
of other complex structures.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction and across developmental time. An integral part of the anal-
ysis is to identify the specific location(s) where genes are
The telencephalon, the rostral-most part of the neural tube,expressed. As complex changes are taking place in brain
is the largest and most complex part of the mammalian CNS size and shape, most spectacularly in the telencephalon dur-
and shows numerous functional subdivisions, which corre- ing human developmerj6] this can be a difficult task. To
late with distinct gene expression pattefB$. In order to facilitate this task, three-dimensional (3D) models of the
understand the mechanisms underlying the development ofdeveloping human brain have been generated spanning the
these subdivisions, multiple gene expression patterns neednajor period of organogenesis, Carnegie Stage 12 (CS12;
to be analysed both within individual developmental stages approximately 26 days post conception (dpc)) to CS23
(approximately 56 dpc). The models were generated using
Abbreviations: CC, cerebral cortex; Ch, choroid plexus; CS, Carnegie Optical projection tomographi], a novel technique, which
stage; dpc, days post conception; DRG, dorsal root ganglion; LGE, lateral can rapidly create digital 3D models from unstained intact
ganglionic eminence; Ly, Ia_teral ventricl_e; MGE, medial ga_nglionic_ emi- specimens. Internal and external morphology can be visu-
nence; OE, olfactory epithelium; OG, optic groove; OPT, optical projection . . -
tomography: SC, spinal cord allged in the model.s and they provide a 3D framework onto
* Corresponding author. Tel.: +44 191 241 8656; fax: +44 191 241 8666. Which both anatomical domains and gene expression patterns
E-mail addresss.lindsay@ncl.ac.uk (S. Lindsay). can be mapped using MAPaint, a set of software developed
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as a part of the Edinburgh Mouse Atlas Projgit2] 3. OPT
(http://genex.hgu.mrc.ac.yk/
Telencephalon development has been compared in OPT Intact, unstained specimens were rehydrated through a
models of two developmental stages, CS18 (approximately graded series of ethanol and embedded in a block of 1% low
44 dpc) and CS21 (approximately 52 dpc) and sample genemelting point agarose. They were dehydrated and cleared
expression studies carried out for three gk 1, EMX2 and 400 digital images were captured while the specimens
and OTX2 in order to test the usefulness of the models were rotated in a full circle with 09steps between each
for comparisons and image-analysis of gene expression patimage. The signal corresponded to the weak autofluores-
terns and comparisons between gene expression patternsence originating fromthe paraformaldehyde-fixed tissue and
and anatomical domains. The murine orthologueShiX1, was detected using a wideband FITC filter with excitation at
EMX2andOTX2 are known to play key roles in forebrain  465-500 nm and emission from 515 to 560 nm. The images
developmenf10]. Otx2is involved in early specification of  were then assembled to recreate the 3D shape of the embryo,
the head and at later stagesiitis also involved ®itix2in the using modified tomography algorithr{@].
specification of the diencephal§hl], Emx1lis expressed in
all pallial regions except the ventral palliud] while Emx2 3.1. Anatomical domain painting
is expressed strongly in the medial pallium and in a gradient
in other pallial areaf4]. Anatomical domains on the OPT models were ‘painted’
using MAPaint software which was developed in Edin-
burgh Mouse Atlas projecthftp://genex.mrc.ac.ul1,2])

2. Materials and methods and then visualised using a 3D rendering program called
AVS-Express.

2.1. Embryo collection
3.2. Probe preparation and tissue in situ hybridization

Human embryos were collected from termination of preg-
nancy material, with appropriate written consent, approval  Sense and antisense probes fOTX2 EMX1 and
from the Newcastle and North TyneSide NHS Health Author- EMX2 were synthesized by transcribing linearized p|as-
ity Joint Ethics Committee and following national guide- mid (pGEM32Z) containing 300, 350 and 1200 bp fragment
lines [7]. Embryos were staged, fixed overnight in 4% [nucleotides 374—674 of GenBank accession no.0@728
paraformaldehyde at“€ and either stored in 70% ethanol (OTX2), nucleotides 730-1080 of GenBank accession no.
prior to OPT imaging or wax embedded. NM_004097 EMX1) and nucleotides 730—-1930 of GenBank

(2) (h) (i) () (k) (M

Fig. 1. Comparison of telencephalon development in the CS18 and CS21 models: (a and d) show the volume rendered OPT models of CS18 and CS21. Fron
view (b and e) and lateral view (c and f) of the painted domains of CS18 and CS21 OPT models are shown. The painted domains are neural tube, orang

dorsal root ganglion, light blue (b and e); eye, dark blue; otic pit, yellow (b). Transverse digital OPT sections viewed in MAPaint of the CS18¢&dland
(j-1) models. The most rostral section from each model is on the left. CC, cerebral cortex; CP, choroid plexus; DRG, dorsal root ganglion; E, ejerdl GE, |
ganglionic eminence; LV, lateral ventricle; MGE, medial ganglionic eminence; OE, olfactory epithelium; OG, optic groove; SC, spinal chord.
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Fig. 2. Mapping and comparison of gene expression data in the CS18 model: (a) shows the OPT section on the left hand panel and the experimental section
with gene expression dat®{X2) in the middle panel. A matched OPT section was chosen by manipulating the OPT model until the same plane of section

as had been used to generate the experimental sections was identified and then the rostro-caudal position of the experimental section wdsei@plified. T

model was of a different specimen to that used to generate the experimental data but the two were closely stagimatoeheight hand panel shows the
superimposition of the two sections after aligning the two based on distinct anatomical landmarks and (b) shows the subsequent thresholdirsigoat of th

(yellow) and data being mapped on to the OPT section (EEM)X1(c and f) is shown in purpl&EMX2(d and g) is shown in green and overlapping expression

domain is shown in blue (e and h). The exact position of the transverse OPT sections mapped (c-h) is shown as lines (j) and (i), respectivelytain the sagit
view. For the purpose of viewing the overlapping expression domain, the Java Atlas Viewer w§&|used

accession no. NMD04098 EMX2)] with T7 or SP6 RNA magnification) using the Zeiss Axiovision system. A mod-
polymerases, respectively, usitRg-UTP as alabel. Thewax ified warping interface of the MAPaint software was used
embedded tissue was cut ap.fd microtome sections and to match each stained, physical section to the corresponding
mounted four sections per slide. The probes were hybridizeddigital OPT section. Correspondences between the physical
to the tissue-section slides at 82, and following stringent  (source) and digital (target) images were identified and man-
washes, the slides were coated in 11ford K5 emulsion and ually tie-pointed. The source image was then transformed

exposed for 10 days following existing protoc{s5]. to the shape of the target section, and the image transfor-
mation saved. The interface uses interactive thresholding
3.3. Gene expression mapping to extract the expression signal from the source image and

then applies the image transformation to map this signal into
Images of the stained sections were captured through athe space of either the CS18 or CS21 3D OPT model as
x2.5 objective (as viewed down the microscope ak25 appropriate.
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4. Results Java Atlas Viewer, which allows their manipulation on any
platform[2], are available on request.

Changes in the size and shape are clear even in the sur- Gene expression data can be mapped to the models and the
face views of the CS18 and CS21 models and, for exam- process has been shown in detail for one section hybridized
ple, the increase in size of the lateral ventricles become with OTX2(Fig. 2(a and b))Fig. 2(c—h) also shows the com-
even more apparent when the neural tube is painted: com-parison ofEMX1 andEMX2 at two levels in the CS18 model.
pareFig. 1(a and d) which show the volume rendered OPT The software relates the position of one section view to the
models withFig. 1(b, ¢, e and f) in which neural tube has others being viewed simultaneously; in this case, the exact
been painted. Changes in the internal morphology can beposition of the transverse OPT sectioR&gy 2(c—h)) is shown
seen in digital sections through each model. These can beas lines (j) and (i), respectively, in the sagittal view. The over-
generated in any plane and several planes can be viewedapping and non-overlapping domains of expression at these
simultaneously using MAPaint softwarfl (2] and Section two levels can be clearly identifieBig. 2e and h) and this pro-

2). Example digital OPT sections are shown through the cess can be continued until the full 3D domain of expression
CS18Fig. 1(g-i)) and CS21Kig. 1(j-1)) models. These show is defined and also for comparisons with other gene expres-
the increase in size of the choroid plexus and the medial sion patterns.

wall of the telencephalon between the two stages and the

changes in size and shape of the lateral and medial gan-

glionic eminences. Interactive movies of these models and5. Discussion

models of all other stages from CS12 to CS23 can be viewed

(http://www.ncl.ac.uk/ihg/EADHBY/ as can sections in all It is crucially important to the analysis and interpreta-
three orthogonal planes for each model. The full models andtion of gene expression data to identify where the expression
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Fig. 3. Comparison of gene expression and anatomical domains in the CS21 EMA&.(a) is shown in greerQTX2 (b) is shown in purple. The blue
colour in (c; with arrows) shows the overlapping expression regions (d and e) shows the painted anatomical domains in the CS21 model with liriee showing
angle of section in transverse (d) and sagittal view (e). The painted anatomical domains are: choroid plexus vessels, dark blue; hippocaaipestieroid
light brown; hypothalamus, dark brown; prosomere 1 (including pretectum), green; prosomere 2 (including dorsal thalamus), orange; prossuaang 3 (in
eminentia thalami and ventral thalamus), light blue; pallidum, red; striatum, yellow.
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occurs. The process of mapping the gene expression datdduman Developmental Biology Resource at IHG, Newcastle
described above is aninitial aid as itinvolves a detailed review upon Tyne.

of both model and experimental sections in order to define

matching section planes. If anatomical domains have been

defined and painted onto the model then, once the matchedReferences
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