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A bold new effort to disrupt every gene in the mouse genome necessitates systematic, interdisciplinary approaches to 
analyzing patterning defects in the mouse embryo. We present a novel, rapid, and inexpensive method for obtaining 
high-resolution virtual histology for phenotypic assessment of mouse embryos. Using osmium tetroxide to 
differentially stain tissues followed by volumetric X-ray computed tomography to image whole embryos, isometric 
resolutions of 27 |im or 8 |im were achieved with scan times of 2 h or 12 h, respectively, using mid-gestation E9.5-E12.5 
embryos. The datasets generated by this method are immediately amenable to state-of-the-art computational 
methods of organ patterning analysis. This technique to assess embryo anatomy represents a significant improvement 
in resolution, time, and expense for the quantitative, three-dimensional analysis of developmental patterning defects 
attributed to genetically engineered mutations and chemically induced embryotoxicity.
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Introduction

G en e  ta rg e tin g  in  m ice  allow s u n p re c e d e n te d  in s ig h t in to  
th e  fu n c tio n  o f  gen es a n d  th e i r  ro le s  in  p a t te rn in g  th e  
m a m m a lia n  e m b ry o  111. A fu ll u n d e r s ta n d in g  o f  m a m m alian  
d e v e lo p m e n t by th is  m ean s, u s in g  th e  g e n e - ta rg e tin g  a p 
p ro a c h  fo r  every  o n e  o f  th e  a p p ro x im a te ly  25,000 o r  m o re  
m o u se  genes, m ay  seem  like a d a u n tin g  task. N ev erth e less , 
m o re  th a n  10% o f  k n o w n  m o u se  gen es have  a lre ad y  b een  
d is ru p te d  by g en e  ta rg e tin g . M o reo v er, th e  N a tio n a l In s ti tu te s  
o f  H e a lth  is le a d in g  a n  e f fo r t  to  c re a te  a  c o lle c tio n  o f  m o u se  
lines w ith  d is ru p t io n  o f  every  k n o w n  g en e  |2 |. T h e  ch a llen g e  
la id  b e fo re  d e v e lo p m e n ta l b io lo g ists  w ill be  to  system ically  
a n a ly ze  m o rp h o lo g ic a l  p h e n o ty p e s  a n d , w h e re  p o ss ib le , 
d e te rm in e  th e  q u a n ti ta t iv e  c o n tr ib u t io n  o f  e a c h  g en e  to w ard s 
p a t te rn in g  o f  th e  em b ry o . T o o ls  fo r  th is  type  o f  " p h e n o m ic ” 
analysis m u st in c lu d e  ra p id ,  in ex p en siv e , a n d  accessib le  h igh - 
th ro u g h p u t  m e th o d s  o f  h ig h -re s o lu t io n  a n a to m ic a l im ag in g  
(a d d re ssed  h e re )  as w ell as stage-sp ec ific , s ta tis tica lly -a v era g ed  
w ild -ty p e  m o rp h o lo g ic a l a tla ses  th a t c an  be  u se d  to  d isc e rn  
n o rm a l v a r ia tio n  f ro m  m u ta n t  p h e n o ty p e  |3 |.

T h e  in t r o d u c t io n  o f  m a g n e tic  re s o n a n c e  m ic ro sc o p y  
(MRM) r e p re s e n te d  a n  im p o r ta n t  tim e  savings o v e r  classical 
h is to lo g y  in  th e  s c re e n in g  o f  F 6 .5 -F  19 m o u se  em b ry o s  fo r  
m u ta n t  m o rp h o lo g ic a l p h e n o ty p e s  |4 | (rev iew ed  by S c h n e id e r  
a n d  B h a tta c h a ry a  |5 | a n d  T yszka e t  al. |6 |) . H ow ever, th e  
sp ec ia lized  a n d  e x p en s iv e  e q u ip m e n t  r e q u ir e d  fo r  su ch  h ig h  
f ie ld  m a g n e tic  re s o n a n c e  scan s  is n o t  w ide ly  av a ilab le . 
F u r th e rm o re ,  scans a t  u se fu l re so lu tio n s  (1 2 -4 3  }.im, b u t 
g e n e ra lly  25 }.lm) re q u ire  9 -1 4  h  o f  in s t ru m e n t  tim e  17,81 a t  a 
co st o f  a p p ro x im a te ly  U S$200 p e r  h o u r .

W e in tro d u c e  a new  m e th o d  o f  o b ta in in g  v ir tu a l h is to lo g y  
u s in g  X -ray m ic ro sc o p ic  c o m p u te d  to m o g ra p h y  (m icroC T ). 
T h is  te c h n iq u e  p e rm its  m id -g e s ta tio n  m o u se  e m b ry o s  to  be 
s c a n n e d  a t u p  to  8-f.im re s o lu tio n  in  c o m p a ra b le  o r  less tim e,

' PLoS Genetics | www.plosgenetics.org

a n d  a t a  f ra c t io n  o f  th e  e x p en se  o f  MRM . T h is  new  m e th o d , 
w h ic h  em p lo y s  o sm iu m  te t ro x id e  to  d if fe re n tia lly  s ta in  
tissues, w ill fa c ili ta te  th e  q u a n ti ta t iv e ,  th re e -d im e n s io n a l  
analysis o f  m o u se  d e v e lo p m e n ta l d e fec ts  fo r  re se a rc h e rs  a t 
a  b ro a d  ra n g e  o f  in s t i tu t io n s  a t  re la tiv e ly  l ittle  e x p e n s e — a n d  
a t r e so lu tio n s  a n d  th ro u g h p u t  c o m p a ra b le  to  o r  ex ce ed in g  
m a g n e tic  re so n a n c e  m e th o d s .

Results
Virtual Histology by Computed Tomography Is a Powerful 
Method for Imaging Embryo Anatomy

F o rm a lin -fix ed  w ild -ty p e  FI 1.5 em b ry o s  w hose cell m e m 
b ra n e s  w ere  s ta in e d  in  a  1% s o lu t io n  o f  o sm iu m  te tro x id e  
w ere  im ag ed  by v o lu m e tr ic  c o m p u te d  to m o g ra p h y  (CT) a t 8- 
fim  iso m e tr ic  re so lu tio n . F x te rn a l su rfa ce  fe a tu re s  o f  th e  
sc a n n e d  e m b ry o s  w ere  r e p re s e n te d  as iso su rfaces  (F igu re  1A), 
d e m o n s tra t in g  a level o f  d e ta il  c o m p a ra b le  to  a  d isse c tio n  
m ic ro sc o p e . In te rn a l  s tru c tu re s  c o u ld  be v isu a lized  by a se m i
t r a n s p a re n t  m a x im u m  in te n s ity  p ro je c tio n  o f  th e  e n tire  
em b ry o , s im ila r  to  a  p la in  r a d io g ra p h  (F ig u re  IB). In  o r d e r  
to  c o m p a re  th e  sp a tia l  r e s o lu tio n  o f  t r a d i t io n a l  o p tic a l
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Synopsis

Developmental biology is entering the digital age, thanks to 
advancements in imaging technologies, instrumentation, and 
software. These advancements are converging with discoveries in 
developmental biology to deliver unprecedented insight into how 
human development is impacted by the products we use, the 
environment we live in, and our genetic composition. Industrial 
societies are becoming increasingly concerned with the exposure of 
women and their unborn fetuses to pharmaceuticals and common
place household chemicals. In addition, understanding genetic 
causes of birth defects is now possible through the isolation of 
specific genes, which can be efficiently disrupted in embryos, and 
subsequently observed for birth defects. Such studies of embry- 
otoxicity typically involve the use of mouse embryos. However, 
evaluation of mouse embryos in the past has involved expensive 
and cumbersome external inspection and thin sectioning for view 
under the microscope. As such, developmental biologists have 
eagerly anticipated the advent of tools that would allow them to 
routinely assess the complex and dynamic organization of embryos 
using techniques that are fast and inexpensive. In this article, the 
authors introduce a rapid, high-quality, and inexpensive technique 
for the three-dimensional visualization of mouse embryos using X- 
ray computed tomography that is ideally suited for researchers in 
pharmaceutical, industrial, and academic laboratories.

h isto lo g y  to  n iic ro C 'T -b ased  v ir tu a l h isto logy , p a ra ff in -e tn -  
b e d d e d  4.5-f.im se c tio n s  w ere  s ta in e d  w ith  h e m a to x y lin  a n d  
e o s in  a n d  v isu a lized  a t 2X m a g n if ic a tio n  (F ig u re  1C -1E). 
S ag itta l, c o ro n a l, a n d  ax ia l se c tio n s  by m ic ro C T -b a se d  v irtu a l 
h is to lo g y  w ere  c o m p a ra b le  in th e  d e lin e a tio n  o f  in te rn a l  
fe a tu re s  (o rg an s  a n d  tissues) to  p a ra ff in  se c tio n s  a t  th e  sam e 
m ag n ifica tio n . A n a to m ic a l la n d m a rk s  as sm all as th e  d o rsa l 
ro o t  gan g lia , th e  n e u ra l tu b e , a n d  th e  a n te r io r  c a rd in a l vein  
c o u ld  b e  easily  d isc e rn e d . B ecau se  o sm iu m  s ta in in g  in c reases  
w ith  lip id  c o n te n t  o f  tissues, la rg e  d iffe re n c e s  in d e n s itie s  a re  
o b se rv ed  b e tw een  tissues (n o rm a lize d  C T  a tte n u a t io n  values 
f o r  tis su e  ra n g e d  fro m  5,785 to  32 ,767 H o u n sfie ld  un its).

Virtual Histology is Most Amenable to Mid-Gestation 
Embryos

U n lik e  MRM , w hich  d o es n o t  n ecessa rily  re q u ire  s ta in in g , 
th e  o sm iu m  te t r o x id e  s ta in  f o r  m ic ro C T -b a s e d  v ir tu a l  
h is to lo g y  is b est su ite d  to  g e s ta tio n a l ages w ith  lim ite d  
e p id e rm a l layers (unless th e  e p id e rm is  is m an u a lly  re m o v e d  
w ith  a ff-  fo rc e p s  o r  p ro te a se  d ig es te d  p r io r  to  s ta in in g  [9]). In  
o u r  e x p e rie n c e , m id -g e s ta tio n  w ho le  em b ry o s  (E 8-E 13.5) th a t  
lack  s ig n ific a n t e p id e rm a l d e v e lo p m e n t a re  m o s t a p p r o p r ia te  
f o r  th is  m e th o d , a lth o u g h  sk in n e d  em b ry o s  u p  to  E li)  c an  be 
sa tis fac to rily  s ta in e d  a n d  im ag ed  as well (u n p u b lish e d  data). 
F ig u re  2 d e m o n s tra te s  iso su rfaces (F ig u re  2 A -2 I))  a n d  sag itta l 
c ro ss-sec tio n s  (F ig u re  2 E -2 H ) o f  a tim e  se ries  o f  E9.5, E10.5, 
E l  1.5, a n d  E 12.5 em b ry o s , re sp ec tiv e ly , s c a n n e d  a t  8-f.im 
iso m e tr ic  re so lu tio n . A t th e se  re so lu tio n s , fe a tu re s  such  as th e  
d e v e lo p in g  b ra in  vesicles, n e u ra l  tu b e , h e a r t  c h am b ers , a n d  
liv e r  can  be  c learly  d e lin e a te d . D ue to  th e  in c re a se d  lip id  
c o n te n t  o f  th e  liver, a tte n u a t io n  o f  o sm iu m -s ta in e d  h e p a tic  
tis su e  re su lts  in th e  h ig h es t o p a c ity  a n d  b rig h tn ess .

Rapid 27-pm Resolution Scans Can Be Performed on a 
Small Animal CT Scanner

L o w er sp a tia l re so lu tio n s , c o m p a ra b le  to  m o s t ty p ica l 
m a g n e tic  re so n a n c e  m e th o d s  (2 5 -2 7  f.itn) c an  be a ch iev ed

Figure 1. Comparison of Virtual and Paraffin Histology of an E ll.5 
Embryo Scanned at 8 pm
(A) Isosurface renderings of the CT-scanned embryo.
(B) Maximum intensity projection of the same embryo, with overlying 
places of section.
(C-E) Sagittal, coronal, and axial sections of an E ll.5 littermate.
(F-H) Sagittal, coronal, and axial computed tomography sections of the 
embryo in panels (A) and (B), corresponding to the planes of section in 
panels (C-E). At low-power magnification, virtual and true paraffin 
histology demonstrate a similar level of detail. Scale bar indicates 400 pm. 
a, cardiac atrium; cv, cardinal vein; drg, dorsal root ganglia; fv, forebrain 
vesicle; liv, liver; nt, neural tube; v, cardiac ventricle; v4, fourth ventricle. 
DOI: 10.1371 /jou rna I. pgen.0020061 ,g001

w ith  o n ly  a 2-h a c q u is it io n  t im e  o n  a sm all an im a l C T  
sc a n n e r . These liv e -an im al sc a n n e rs  a re  m o re  likely to  be 
av a ilab le  a t  a ca d em ic  im ag in g  c o re  fac ilitie s . E m p lo y in g  a GE 
e X p lo re  RS sm all a n im a l sc a n n e r , we p e r fo rm e d  scan s o f  
w ild -ty p e  E12.5 e m b ry o s  a t  27-f.itn iso m e tric  re so lu tio n  in 
a p p ro x im a te ly  2 h. A c o m p a r is o n  o f  8-f.im a n d  27-f.itn scan s o f  
th e  sam e e m b ry o  is sh o w n  in F ig u re  3. A lth o u g h  8-f.im 
se c tio n s  (F ig u re  3 A -3 I))  d isp lay  c o n s id e ra b ly  h ig h e r  sp a tia l 
re so lu tio n , th e  27-f.itn se c tio n s  (F igu re  3 E -3 H ) w ere  n o n e th e 
less a d e q u a te  to  d is tin g u ish  fe a tu re s  such  as th e  se m ic irc u la r  
c a n a l, th e  n e u r a l  tu b e  c e n t r a l  c a n a l, a n d  th e  c a rd ia c  
c h am b ers . F ro m  th e  p e rsp e c tiv e  o f  h ig h - th ro u g h p u t p h e n o -  
ty p in g , th e  re so lu tio n  o f  th e se  27-f.itn m ic ro C  I' scans w ere  in 
th e  ra n g e  o f  MRM , b u t  a t a n e a r ly  6 -fo ld  t im e  savings a n d  a 
3 0 0 -fo ld  c o s t  sav in g s . F u r th e r m o r e ,  th e s e  2 h , 27-f.itn 
re so lu tio n  scan s w ere  a d e q u a te  to  p e r fo rm  h ig h -q u a lity  
s e g m e n ta t io n  an a ly sis  o f  m a jo r  o rg a n  c o m p a r tm e n ts ,  a 
p re re q u is i te  fo r  c o m p u te r-b a se d , a u to m a te d  p h e n o ty p in g  
(F ig u re  3M -3P ). A cav ea t is th a t  th e  sm all lu m e n s w ith in  som e 
o rg an s , such  as th e  r ig h t a tr iu m  o f  th e  h e a r t ,  a re  less well 
se g m e n te d  in  th e  ra p id  scan  th a n  by th e  h ig h e r  re so lu tio n  
scan  (F ig u re  3 I-3 L ). H ow ever, as show n  in th is  figu re , th e  
sam e o sm iu m -s ta in e d  e m b ry o  s c a n n e d  a t 27-f.itn re so lu tio n
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Figure 2. Ultra-High-Resolution Virtual Histology for a Time Series of Wild-Type Embryos 
(A-D) Isosurfaces of E9.5, E10.5, E11.5, and E12.5 embryos scanned at 8-|.im resolution.
(E-H) Corresponding sagittal sections. Vertical scale bars to the right of each embryo indicate 1.62, 2.94, 4.50, and 6.73 mm, respectively, 
mv, midbrain vesicle.
DOI: 10.1371 /journal.pgen.0020061 .g002

c an  b e  sc a n n e d  a t 8-|.lm re so lu tio n  w h en  in c re a s e d  d e f in it io n  
o f  sm a lle r  s tru c tu re s  is necessa ry .

Rapid 27-nm Scans Are Sufficient for Segmentation and 
Screening for Developmental Defects

T o  te s t th e  value  o f  m ic ro C T  v ir tu a l h is to lo g y  fo r  h igh - 
th ro u g h p u t  p h e n o ty p in g  fo r  m a jo r  o rg a n  c o m p a r tm e n ts  a n d  
tissu e  s tru c tu re s  o f  y o u n g e r  em b ry o s , w e u tiliz e d  Pax3:Fkhr 
tra n sg e n ic  m o u se  e m b ry o s  k n o w n  to  have  c o m p lex  ro s tra l  
n e u ra l  tu b e  m a lfo rm a tio n s  [ 10, l l |. These e m b ry o s  ex p ress  
th e  Pax3:Fkhr fu s io n  o n c o g e n e  in  p lac e  o f  th e  Pax3  g en e  in  th e  
d o rsa l n e u ra l  tu b e  a n d  th e  d e rm o m y o to m e , re su ltin g  in  
p a r tia l  fa ilu re  o f  n e u ra l  tu b e  c lo su re . W ild -ty p e  a n d  Pax3:Fkhr 
m u ta n t  E l 1.5 e m b ry o s  w ere  sc a n n e d  a t 27-|.lm  re so lu tio n , 
th e n  r e n d e r in g s  w ith  s e g m e n ta t io n  w e re  p e r fo r m e d  to  
v isualize  th e  c ep h a lic  fo re b ra in ,  m id b ra in , a n d  h in d b ra in  
vesicles, th e  h e a r t  w all a n d  c a rd ia c  v en tric le s , a n d  th e  liv e r  
(F igu re  4A -4J). W ith  th ese  re n d e r in g s , o n e  can  a p p re c ia te  
fa ilu re  o f  n e u ra l  tu b e  c lo su re  a t  th e  level o f  th e  h in d b ra in  a n d  
m id b ra in , o v e rg ro w th  o f  th e  m id b ra in  m esen ch y m e , as w ell as 
th e  h y p o tro p h y  o f  th e  te le n c e p h a lic  vesicles. A lth o u g h  th ese  
fin d in g s  w o u ld  h av e  b e e n  a p p a r e n t  w ith  re a l h is to lo g y  
d e r iv e d  f ro m  p a ra f f in -e m b e d d e d  sp ec im en s , th e  c o m p lex  
g lo b al th re e -d im e n s io n a l  o rg a n iz a t io n  o f  th e  m u ta n t  fo re 
b ra in , m id b ra in , a n d  h in d b ra in  w o u ld  n o t  have  b e en . The 
c a rd ia c  v e n tr ic u la r  w all (b lue) is e ssen tia lly  th e  sam e b e tw een  
w ild ty p e  a n d  m u ta n t  a t th is  age, w ith  n o  a p p re c ia b le  
d if fe re n c e  in  th e  v o lu m e  o r  p a t te rn in g  o f  th e  c o m m o n  
v e n tric le . The liv e r also  a p p e a rs  to  be  p a t te rn e d  n o rm a lly  in  
b o th  w ild ty p e  a n d  th e  m u ta n t .  U sin g  in d iv id u a l 27-|.lm  
p lan es, a n  a d d itio n a l, m o re  su b tle  d e fec t was d e te c te d  in  th e  
n e u ra l  tu b e  a t th e  level o f  th e  fo re lim b s  (F ig u re  4K a n d  41,). 
M u ta n t em b ry o s  e x h ib it  m is p a t te rn in g  (d y sm o rp h o lo g y ) o f  
th e  d o rsa l n e u ra l  tu b e , w h ich  w as c o n firm e d  by co n fo ca l

m ic ro sc o p y  a n d  im m u n o h is to c h e m ic a l  d e te c t io n  o f  th e  
d o rsa l n e u ra l  tu b e  m a rk e r , P a x l  (F ig u re  4M a n d  4N). F ro m  
th e  p o in t  o f  view  o f  a sem i- o r  fully  a u to m a te d  h ig h - 
th ro u g h p u t  sc ree n  fo r  d e v e lo p m e n ta l p a t te rn in g  d e fec ts , 
th e  r a p id  27-|.im  scan  r e p re s e n ts  a fe a s ib le  m e th o d  o f  
m o rp h o lo g ic a l ty p in g  o f  b o th  co m p le x  g ross a n d  re la tiv e ly  
su b tle  m o rp h o lo g ic a l fe a tu re s .

Discussion

W e p re s e n t  a ra p id  a n d  in ex p e n s iv e  sc re e n in g  m e th o d  fo r  
a n a to m ic a l  p h e n o ty p in g  o f  m id -g e s ta tio n  e m b ry o s  u s in g  
o sm iu m  te t ro x id e  s ta in in g  a n d  m ic ro C T -b a se d  im ag in g . 
M ic ro C T -b ased  v ir tu a l h is to lo g y  m a tc h e s  o r  ex ceed s th e  
tissu e  c o n tra s t  a ch iev e d  by m o re  tim e- a n d  c o s t- in te n s iv e  
MRM, w h ile  d e liv e rin g  m o re  th a n  2 -fo ld  h ig h e r  re s o lu tio n  [3| 
(u p  to  8 |.im fo r  m ic ro C T ). A t lo w e r m ic ro C T  re so lu tio n s  (27 
|.lm), as m an y  as 120 e m b ry o s  can  be  s im u lta n eo u s ly  sc a n n ed  
in  a p p ro x im a te ly  2 h  w ith  a d e q u a te  q u a lity  fo r  p o s t- im a g in g  
s e g m e n ta tio n  analysis a llo w in g  th e  r e c o g n itio n  o f  g ross a n d  
su b tle  m u ta n t  p h e n o ty p e s  (F ig u re  4: Table 1). F o r  in c re a se d  
d e ta il  o f  a b n o rm a li t ie s  su sp e c te d  o n  th e  lo w -cost 27-|.im  
scans, th e  sam e o sm iu m -s ta in e d  sp e c im en s  c an  la te r  be  r e 
s c a n n e d  a t 8-|.im re s o lu tio n  fo r  u n p re c e d e n te d  d e ta il  o f  o rg a n  
s u b c o m p a r tm e n ts  a n d  fine  tissu e  s tru c tu re s . W e be liev e  th a t  
th is  te c h n iq u e  will b e  m o st u se fu l as a f irs t- lin e  sc re e n  o f  
e m b ry o n ic  d e fec ts , f ro m  w h ic h  in v e s tig a to rs  c o u ld  th e n  
p e r fo rm  tra d i t io n a l  h is to lo g ic a l/im m u n o h is to c h e m ic a l a n a l
ysis o f  re g io n s  o f  in te re s t .  This te c h n iq u e  c o u ld  a lso  be  
v a lu ab le  in  th e  h ig h - th ro u g h p u t  e v a lu a tio n  o f  te ra to g e n ic  
e ffec ts  o f  m e d ic a tio n s  a n d  c h em ica ls  (e.g., em b ry o to x ic ity  
s tu d ie s ) , e v a lu a t io n  o f  tis su es  f ro m  a d u lt  a n im a ls , a n d  
n e o c a p illa ry  m a p p in g  fo r  tu m o r  b io p sie s  o f  p a tie n ts  u n d e r 
g o in g  a n ti-a n g io g e n e s is  th e ra p ie s . F o r  in c re a s e d  th ro u g h p u t
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Figure 3. Comparison of High-Resolution (8 (.im) and More Rapid (27 (.im) Virtual Histology Techniques
(A-D) Wild-type E12.5 embryo scanned at 8-|.im resolution. (A) Orientation of the planes of section. (B) Sagittal plane. (C) Coronal plane. (D) Axial plane. 
(E-H) The same embryo as in (A-D), scanned by a more rapid protocol at 27-|.im resolution. Most of the features present at 8-|.im resolution are also 
appreciable at the lower 27-|.im resolution.
(I-P) Comparison of segmentation analysis of cardiac chambers for the 8-|.im and 27-|.im scans, respectively. The right atrium is teal, the right ventricle is 
blue, the left atrium is pink, the left ventricle is red, and the cardiac wall is transparent grey. A region of the right atrium that could not be segmented on 
the 27-|.im scan is shown with a white asterisk (*).
Scale bars in panels (B) and (F) represent 1.2 mm. Movies of sagittal, coronal, and axial planes corresponding to panels (B-D) are presented as Videos SI, 
S2, and S3.
a, cardiac atrium; cc, central canal of the neural tube; fl, forelimb; sc, semicircular canal; v, cardiac ventricle.
DOI; 10.1371/journal.pgen.0020061.g003

o f  th ese  ty p es o f  s tu d ies , m u ltip le  sam p le s can  b e  sc a n n e d  
s im u lta n eo u s ly  in  th e  sam e  field  o f  v iew  (e.g.. six to  120 
e m b ry o s  c an  b e  sc a n n e d  a t o nce). T h is  h ig h - th ro u g h p u t  
te c h n o lo g y  m ay b e  e sp ec ia lly  a p p lic a b le  to  T ie r  1 P h e n o ty p -  
in g  in  th e  N a tio n a l In s ti tu te s  o f  H e a lth  M ouse K n o c k o u t 
P ro je c t  [2], T h e  e x p e c te d  h ig h e r  sen sitiv ity  o f  th is  em b ry - 
o to x ic ity  analysis to o l also  h as th e  p o te n t ia l  to  s tre a m lin e  th e  
p ro to c o ls  fo r  e v a lu a tin g  ch em ica l- a n d  d ru g - re la te d  r e p r o 
d u c tiv e  sa fe ty  in  ro d e n ts , th e re b y  r e d u c in g  th e  n u m b e r  o f  
a n im a ls  re q u ir e d  fo r  tes tin g , a g ro w in g  c o n c e rn  in  th e  
E u ro p e a n  U n io n  a n d  e lsew h ere  [12],

A p ra c tic a l c o n s id e ra tio n  is w h e th e r  m id -g e s ta tio n  is an  
a p p r o p r ia te  in te rv a l fo r  th e  d e te c t io n  o f  b i r th  d e fec ts  a n d

em b ry o to x ic ity ; h o w ev er, in  o n e  fo rw a rd  g e n e tic  s c re e n  fo r  
recessiv e  m u ta tio n s . 58 o f  83 (70% ) o f  m u r in e  b i r th  d e fec ts  
e v a lu a te d  b e fo re  a n d  a f te r  b i r th  h a d  a r is e n  p r io r  to  E13 a n d  
c o u ld  b e  d e te c te d  a t K9-K13 by  ro u t in e  e x a m in a tio n  a n d  
m ic ro sc o p y  [13.14]. U sing  m ic ro C T -b ase d  v ir tu a l h isto logy , 
th e  sen sitiv ity  m ay  b e  even  h ig h e r  th a n  70% ,

W e e x p e c t th a t  a n  e n ti r e  field  o f  m ic ro C T -b ase d  v ir tu a l 
h is to lo g y  m e th o d s  w ill so o n  e m e rg e  g iven  th e  re c e n t  ad v an ces 
in  h ig h -re s o lu tio n  m ic ro C T  in s t ru m e n ta t io n  a n d  th e  e x p lo ra 
t io n  o f  e x is tin g  a n d  new  e le c tro n -d e n se  sta in s . In p re lim in a ry  
e x p e r im e n ts  o n  a new ly  av a ilab le  c o m m e rc ia lly  sc a n n e r , we 
have  a ch iev ed  iso m e tr ic  sp a tia l r e so lu tio n s  as h ig h  as fi [im  in  
p i lo t  s tu d ies . O u r  o th e r  p re lim in a ry  e x p e r im e n ts  su g g est th a t
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Figure 4. Phenotyping of Mutant Transgenic Embryos Using Segmentation Analysis
Wild-type El 1.5 embryo (A-E) compared to a mutant littermate (F-J) that expresses the Pax3:Fkhr oncogene in neural crest and myogenic tissue. (A and 
F) Isosurface renderings.
(B-E) and (G-J) Segmentation renderings of cranial neural crest (grey), brain vesicles (red), liver (brown), cardiac muscle (blue), and the conotruncal 
cavity (red within the blue cardiac muscle). From the segmented renderings, the mutant embryo is noted to have partial neural tube closure failure 
resulting in absence of the hindbrain vesicle, overgrown midbrain mesenchyme (mm), as well as severely hypomorphic telencephalic vesicles (fv, shown 
in red). Movies of rotating renderings for mutant and wild-type embryos are presented as Videos S4 and S5.
(K and L) MicroCT axial sections of the neural tube at the level of the forelimbs (dorsal surface is up) from wild-type and control embryos, respectively. 
Magnification of the neural tube is shown in the upper right insets of each panel. The sulcus limitans, which separates the dorsal and ventral neural 
tube, is shown as a red line. Severe blunting of the dorsal neural tube is evident in the mutant embryo.
(M and N) Axial confocal microscopy sections from embryos of the same genotype and developmental stage as the corresponding axial cross-section as 
in panels (K and L), respectively. Sections were stained with the Pax7 immunohistochemical marker of the dorsal neural tube. Pax7-stained cells of the 
dorsal neural tube and flanking dermomyotome are white. The sulcus limitans is shown as a red line, confirming the dorsal neural tube blunting seen in 
the microCT sections.
Scale bars in panels (B) and (F) are each 1.2 mm.
DOI: 10.1371/journal.pgen.0020061.g004

a c o m b in a tio n  o f  o sm iu m  a n d  c is -p la tin u m  (o r  e th id iu m  
b ro m id e )  m ay  a llow  fo r  d if fe re n tia l  s ta in in g  o f  cell m e m b ra n e s  
a n d  n u c le i, resp ec tiv e ly , so th a t  th e  s ta in in g  c h a ra c te ris tic s  o f  
o rg a n s  a n d  tissu es can  be  f u r th e r  d i f fe re n tia te d  (u n p u b lish e d

d a ta ). F u r th e rm o re ,  o u r  p re lim in a ry  e x p e r ie n c e  a n d  s tu d ie s  
by B en tley  (see [15]) d e m o n s tra te  th a t  o sm iu m -s ta in e d  tissue, 
w ith  o r  w ith o u t c o u n te rs ta in s , c an  be  la te r  se c tio n e d  fo r  t ru e  
h is to lo g ica l s ta in in g . T h e  m u ltip le  uses o f  o sm iu m -s ta in e d

Table 1. Comparison of Embryo Phenotyping Screening Methodologies and Costs

Method Sample Handling Acquisition Resolution Information Content Embryos/Scan3 Cost/Scan

EFIC Fixation and embedding 3-4 h 1.5 jim 3D morphology 1 Not available
In situ molecular markers

OPT Fixation and embedding 12 h 5-10 |im 3D morphology 1 Not available
In situ molecular markers

MRM Fixation/none 12 h 25 jim 3D morphology <6 US$2,400 ($600/embryo)
Diffusion tensorsc

MicroCT (standard) Fixation and staining 12 h 6-8 }im 3D morphology <6 US$480 (US$80/embryo)
MicroCT (rapid) Fixation and staining 2 h 27 jim 3D morphology >120 US$80 (US$1.50/embryo)d

aEl 2.5 embryos (approximately 5X5X7 mm). 
bRequires continuous monitoring [16].
cDiffusion tensor imaging allows the diffusion of water along tissue planes to differentiate similar-density tissues. 
dCost estimates are based upon an academic rate of US$200/hour for MRM and US$40/hour for microCT.
EFIC, episcopic fluorescence image capturing; OPT, optical projection tomography; 3D, three-dimensional.
DOI: 10.1371 /jou rnal.pgen.0020061 .t001
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tissu es will th e re fo re  sp e e d  th e  tra n s it io n  fro m  m ic ro C T - 
b a se d  sc ree n s  to  e p isc o p ic  [16] a n d  m ic ro sc o p ic  h is to lo g ica l 
v e r if ic a tio n  o f  s u sp e c te d  m o rp h o lo g ic a l p h e n o ty p e s .

In  o r d e r  to  a ch iev e  h ig h - th r o u g h p u t  p h e n o ty p in g , o r  
p h e n o m ic s , th e  c o m p u tin g  m e th o d s  f o r  analysis m u st be  
s e m i-a u to m a te d  o r  fu lly  a u to m a te d . M a g n e tic  r e so n a n c e  
im a g in g  o f  p o s tn a ta l  m o u se  b ra in s  (as well as h u m a n  b ra in s )  
h as led  to  s ig n ifican t ad v an ces  in  sem i- o r  fully  a u to m a te d  
d e fo rm a b le  sh a p e  m a p p in g  w h ereb y  sp e c im en s  o f  d if fe re n t  
sizes can  b e  c o m p a re d  f o r  th e  e v en tu a l d e te c t io n  o f  sta tis tica lly  
d if fe re n t  fe a tu re s  o f  m o rp h o lo g y  [17], M ic ro C T -b a se d  v irtu a l 
h is to lo g y  d a ta se ts  a re  idea lly  su ite d  to  th is  ty p e  o f  analysis.

M ic ro C T -b ased  v ir tu a l h is to lo g y  is n o t  in te n d e d  to  re p la c e  
th e  g en era lly  m o re  v e rsa tile  m a g n e tic  re so n a n c e  m e th o d s  
(fo r  a review  o f  MRM , see  re fe re n c e s  [3,5,7]), b u t  is in s te a d  a 
u sefu l a d ju n c t  f o r  a n a to m ic a l im ag in g . A  c o m p a r is o n  o f  CT 
a n d  m a g n e tic  re so n a n c e  m e th o d s , a p p lic a tio n s , a n d  costs  a re  
g iven  in  Table 1. In c lu d e d  fo r  c o m p a r is o n  a re  th e  low- 
th ro u g h p u t  b u t  e x c e p tio n a l re so lu tio n  m e th o d s  o f  ep isco p ic  
f lu o re sc e n c e  im ag e  c a p tu r in g  [16,18] a n d  o p tic a l p ro je c tio n  
to m o g ra p h y  f 10]. M ag n e tic  re so n a n c e  im ag in g  allow s th e  
analysis o f  a v a rie ty  o f  tis su e  p r o p e r t ie s  to  be  in te r ro g a te d , 
d e p e n d in g  u p o n  th e  p u lse  se q u e n ce , a n d  p o s t-p ro c e ss in g  
p a ra m e te rs  such  as d iffu s io n  te n s o rs  [17] allow  th e  o rg a n 
iza tio n  o f  tissu es to  v isu a lized  a n d  m o d e le d  in u n p re c e d e n te d  
ways. In s te a d , m ic ro C T -b a se d  v ir tu a l  h is to lo g y  o ffe rs  a 
p o te n tia lly  h ig h e r  re so lu tio n  m o d e  o f  m o rp h o m e tr ie s  th a t  
is s im p le  to  im p le m e n t, re la tiv e ly  in ex p e n siv e , a n d  m o re  
r a p id  th a n  c o m p a ra b le  m e th o d s  o f  p h e n o ty p in g  em b ry o  
a n a to m y .

Materials and M ethods
Sample preparation. The Pax3:Fkhr transgenic mice have been 

previously described [10,11]. Embryos were harvested at E9.5--E12.5 
gestational ages, then  fixed in 1.0% buffered form alin overnight at 4 °C. 
Hem atoxylin and eosin-stained paraffin sections were p repared using 
established m ethods [10], then visualized at 2X m agnification on  a 
Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan). Im m unohisto
chem istry with the Pax7 m onoclonal antibody (Developm ental 
H ybridom a Studies Bank, Iowa City, Iowa, U nited  States) was 
perform ed as previously described [10]. For m icroCT-based virtual 
histology, formalin-fixed embryos were stained using a beta version of 
a commercially available kit (Numira Biosciences, San Antonio, Texas, 
U nited States http://www.nurnirabio.com). In brief, embryos were 
stained to sa tu ration  overnight in a solution o f 0.1 M sodium 
cacodylate (pH 7.2), 1% glutaraldehyde, and 1% osmium tetroxide 
rocking at room  tem perature. We note that osmium tetroxide requires 
careful handling that is possible in most m olecular biology laborato
ries (for the in ternational safety and handling inform ation, see http:// 
ww w.cdc.gov/niosh/ipcsneng/neng0528.htinl). Embryos w ere then 
washed fo r 30 min in 0.1 M sodium  cacodylate buffer, and twice m ore 
fo r 30 m in in phosphate-buffered  saline. Sam ples w ere then  
transitioned by a series o f gradients to 100% ethanol p rio r to 
scanning. For each 25%, 50%, 75%, and 100% ethanol gradient 
equilibration, embryos were incubated for 15-30 min, o r  until the 
embryos lost buoyancy. P rior to imaging, embryos were placed in 2-ml 
polypropylene microfuge tubes.

Imaging. High-resolution volumetric CT of embryos was pe r
form ed at 8-(.tin3 isom etric voxel resolution using an eXplore Locus 
SP MicroCT specim en scanner (GE Healthcare, London, O ntario, 
Canada). This volumetric scanner employs a 3,500 X 1,750 CCD 
(charge-coupled device) de tecto r for Feldkamp cone-beam  recon
struction, and is similar in perform ance to o th er commercially 
available in vitro scanners under $300,000 that are commonly 
o p e ra te d  a t reg io n a l co re  fac ilitie s  (h ttp ://c c ri.u th scsa .ed u / 
IinagingFacility.htm l). In this study, the p la tfo rm -in d ep en d en t 
param eters o f current, voltage, and exposure time were kept constant 
at 100 flA, 80 kVP, and 4,000 ms, respectively. For each scan, 900 
evenly spaced views were averaged from eight frames/view, fil tered by

0.2-mm alum inum. At 8-(.tin resolution, the field o f view o f this 
instrum ent is 1.5 X 15 X 1.5 mm. Each scan took approxim ately 12 h. 
Cost o f this m ethod is approxim ate US$40 per hour (US$480 per 
scan). Images were reconstructed with the m anufacturer’s proprietary 
EVSBeam software.

More rapid volumetric CT scans o f embryos perform ed at 27-Jim3 
isom etric voxel resolution using an eXplore Locus RS small animal 
MicroCT scanner (GE Healthcare). Like the specim en scanner, this 
live-animal volumetric scanner employs a 3,500 X 1,750 CCD detector 
for Feldkam p cone-beam  reconstruction and is sim ilar in perform 
ance to o th er commercially available in vivo scanners under $300,000 
that are commonly operated  at regional core facilities (http://ccri. 
uthscsa.edu/IrnagingFacility.html). In this study, the p latform -inde
pendent param eters o f curren t, voltage, and exposure time were kept 
constant at 450 mA, 80 kVP, and 2000 ms, respectively. For each scan, 
450 evenly spaced views were averaged from  six frames/view. At 27- 
jlim resolution, the field o f  view o f this instrum ent is 45 X 45 X 45 mm. 
Each scan took 2 h and 4 min. Cost o f this m ethod is also approxim ate 
US$40 per hour (US$80 per scan). Images were reconstructed with 
the m anufacturer’s proprietary EVSBeam software. The 600 MB 
three-dim ensional dataset and the raw data  for the scan were 
transferred to a single DVD (approxim ate total, 4.5 GB). Prelim inary 
visualizations (unpublished data) and virtual histology sections were 
generated in  real time with the freely-available MicroView program  
(http://rnicroview.sf.net).

Isosurface generation. Isosurfaces renderings o f the CT datasets 
were generated using a com bination o f the open-source Teem 
utilities [20] and the open-source, platform -independent Biolrnage 
[21] rendering  program . Both sets o f software are available online 
(http://software.sci.utah.edu). Sub-sampling of the microCT volumes, 
which are significantly larger than the available memory on curren t 
gr aphics car ds, was also perform ed using the Teem  libr ar ies. The final 
sub-sampled volumes were 255 X 255 X 255 mm and equally spaced 
using a nearest neighbor approach. Pre-com puting o f the gradient 
and Hessian data was also perform ed using the Teem  libraries. The 
com bined process o f sub-sam pling and generation  o f gradient and 
Hessian da ta  produced two data volumes, which were stored together 
with the original CT values in a “VGH” (value, gradient, Hessian) 
volume. The VGH volumes were subsequently used to create 
isosurfaces in real time with the Biolrnage software package.

Segmentation. Image volume segm entations were done using a 
W atershed algorithm  [22] provided in the National Library of 
Medicine Insight Segm entation and R egistration Toolkit (ITK; 
http://www.itk.org). W atershed segm entation is a region-growing 
algorithm  in which user-defined seed points are positioned in areas 
of in terest, and a statistical analysis is m ade o f the g radient 
m agnitude in the local neighborhood to find the standard deviation. 
The structure  is then found as the perim eters o f the seed points 
extend through the continuous surrounding area, w ithout crossing 
points where the g rad ien t m agnitude is beyond one standard  
deviation o f the mean. The resulting structures are saved to disk as 
separate volumes. Segm entations were done on a com puter equipped 
with 2.5 GHz Intel Pentium  III processor and 2 GB o f RAM. The 
resulting volumes were then com bined into one volume by m arking 
each segm entation as a unique value, and then m erging it in to  the 
original again, such that the or iginal value of existing segm entation is 
overwriten with the new m arked value.

Volume renderings. The volume renderings o f  wild-type and 
Pax3:Fkhr m utant em bryo datasets were created using direct volume 
rendering  techniques using the in-house software package, Nenners 
[23]. N enners reads a volume and casts n~ geom etric rays through the 
volume per pixel. For each ray that intersects with the volume, 
equally spaced samples o f length At are acquired along the respective 
ray. To ensure that renderings capture the fine detail o f these high- 
resolution datasets At<\\v;. — v;. _ j||, where Vi is the position o f Ith 
voxel,the data are sampled at least once per cubic voxel. Samples are 
acquired by convolution using separable kernels (page 197 in  [24]). 
Cubic B-splines were used to in terpolate  both the CT value and 
gradient [25]. C olor and opacity were defined at each sample poin t 
using a two-dimensional transfer function, with g radient m agnitude 
and X-ray density defining the dom ain [26,27]. This was done in  a 
front-to-back fashion, such that when the opacity o f a ray becomes 
equal to or greater than 1, the ray is term inated early and the next ray 
is com puted. Bounding volumes were also used to speed this process 
such that rays that have not yet o r  will no t hit the volume were not 
sampled. The gradient was also used to approxim ate the Phong 
shading models used [28]. For Figure 3, a curvature-based transfer 
function [28] and dep th  queuing was also applied to the volume 
renderings. The transfer function  is based on the dot product o f the 
angle o f an  incident ray with the surface norm al. If the dot product
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was less than some constant k, 0 <  k <  1, then the surface was marked 
black to emphasis surfaces perpendicular to the viewing direction. 
Furtherm ore, a depth queue to shade interpolated samples was used to 
give a greater feeling of depth and to seperate foreground from 
background. Parameters o f camera position, viewing direction, and 
ligh ting relative to the specimen were also passed to define the view of the 
rendering. The software was run on an  SGI Onyx 3800 (Silicon Graphics, 
Mountain View, California, United States) a t 80 s pe r rendering.

Supporting Information
Video SI. Sagittal Sections o f a W ild-Type E l2.5 Embryo a t 8-jum 
Resolution
Found a t DOI: 10.137l/journal.pgen.0020061.sv001 (1.2 MB WMV).

Video S2. Coronal Sections o f a W ild-Type E l2.5 Embryo a t 8-jrm 
Resolution
Found a t DOI: 10.137l/journal.pgen.0020061.sv002 (1.3 MB WMV).

Video S3. Axial Sections o f a W ild-Type E l2.5 Embryo a t 8-j,im 
Resolution
Found a t DOI: 10.137l/journal.pgen.0020061.sv003 (1.7 MB WMV).

Video S4. Rendering o f a Segm ented Pax3:Fkhr M utant El 1.5 Embryo 
This embryo corresponds to Figure 4F-4J.
Found a t DOI: 10.137l/journal.pgen.0020061.sv004 (3.6 MB MOV). 

Video S5. Rendering of a Segm ented W ild-Type E l 1.5 Embryo 
This embryo corresponds to Figure 4A-4E.
Found a t DOI: 10.137l/journal.pgen.0020061.sv005 (3.6 MB MOV).
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