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, ABSTRACT

The vertebral co{umns of )twenty-seven seriallyAsectioned
human embryos stained with .henatoxylin and eosin ‘were
studied with a light microscope. The crown-rump lengths of
the embryos ranged from 2 to 23.5 Imm,j representing a

closely;graded series of‘embryos. The purpose of this study

was to investigate the early development of the human

+
o

vertebral column in its blastemal and cartilaginous stages,

L /"\

The™ development of the vertebral . bodies, intervertebrai‘-

“d/sks, neural) :costal _and*tfhnsversenprocesses tnroughout
the ‘entire eit;nt of the vertebral. column were studied. 'éhe
main objective was . to -investigate the theory that the
segments of the blastemal vertebral. column undergo
reSegmentation- to produce the cartilaginous vertebrae wh1ch

are 1ntersegﬁenta1 with respect to the original segments.

This study» also investigated - the  nature of the

intersclerotomal vessels and fissures as well as the’

intrasclerotomal fissures, all .of which are controversial

£eatures in the 11terature dea11ng wltp human and ‘non-humen
,'vertebral devéiopment. It was concluded that resegmentat1on
of« the ‘blastemal segments does occur ‘and  that  the
intersclecotoma; vessels and 1ntrasclerotomal flssures are
,rea;‘ientities‘ in..human"embryos. The»’presence of - the

intersclerotomal fisSures, however, could“not belconfirmed;

A new theory -of human kvertebral development has. been'

aproﬁosed in wh1ch the dense caudal. sclerotome half and the

~les's dense cranial sclerotome half of each segment chenge_.

-~



leés-dense‘caudal zone B. Zone A . forms the intervertebral

.rﬁ

position relative to the arteries and fissures: ' the light

band surrounds the intersclerotomal. artery and the” depge
4 ’

band encompasses the intrasclerotomal fissure. The dark bagd

13 » . - . NS ! »
is divided into two zones: a very dense cranial zone A and a

‘ >

disk while zene B chondrifies with the light band‘caudal to :
> o _ .

it, both contributing to the vertebral body. The neural and

.costal processes are outgfbwths of zone B of the dense

PN

sclerotome.band. ) ‘ o

Tty

vi



2

A
ACKNOWLKPGEMENTS - /

| I wish -to thank the Alberta Hertage Foundation fb:.Med1cal

Research for their financial support of this project. I also
waht to thank my*“ supervisor, Dr. K.M. Bagnall, and
committee, Drs. B.R. MacPherson and D. Ford, for their help
and .adv1ce throughout the duration of this project. Special
thanks to Donald Reid and Toyo Turner for their friendship, °
sug’ort and en?ouragement over the years. o

hi

Cowvid



(2]

Table of Contents

Chapter ", . : (?age

I. INTRODUCTION tevenununennnnnnnnnneiennennnennneenal
N : »

" II. REVIEW OF THE LITERATURE ..............ve.oes.ise..d
. ! v - A‘—\ .

A. Techniques of Serial Reconstruct1on of ,
Mater4al Sectioned for Light Microscopy ceceaea3

Considerations in H1stolog1cal
Preparation and Sectioning ...........00.00..3

Serial Reconstruction Techhiques P
Solid Model Reconstrucfiph P 4
Graphiqal,Réconstrucqion-..:........,........9

B. Human Vertebral Deyeloﬁment .a;.;,;.........,;.12

C. Noﬁ-humah;Vertebral Development -v...eueeeass.s 26

D. Phylogenetic Development of .the Vertebral
Centra .'Q......'I..—-...‘....:....'."'.0040'.0......-‘38

]
III. MATERIALS AND METHODS c’c..o‘nnoooooooc.o-o-o'-oo'-t;41
IV.'RESUDTS ....m.........,;}........).......,t.......sz

Sumaryv......‘..,-..-..c-......;....-'...--..'--63

v. DISCUSSION Vo‘oooo.o.n;.}-obtoo.coc'.ooo.c.‘fciqoco_ltocntss.

» A. “'rhe Sclerotomes . L] . " e 0@ .l'. * 9 &% O 8 P e P L] : ¢ 6 00 00 0 e .67
: < _
" B, wThe Vertebral Bodies and Intervertebral ‘ o

Dlsks .l..'....'t....‘.-I...!O.l.l.........000077

C.-The Neural and Costal Processes ...............79,

D. A Rev1ew of the Theory of Resegmentatlon ......82
. «Comparlson of ‘the: Congen1tal Vertebral
‘Anomalies of Formation with the Theory of"
Vertebral Development ""”"5"""""""'°87

-

VI. SUMRY .»,.I..’I;...AIQ'OOI.....Al.‘,.“f...'..“....‘...‘.‘."...u93 '

"o

VII (B TABLES .‘0~;.0 '0 o‘o 0;‘0’0‘_ L] !.n LI B B LU co.- 0000900 -I'. . 0”0 c\_o (3] 96

'1. VIIIO FiGURE_S‘,v‘-;a...--4,"-..’.'...--...-.‘.-»-‘;’:‘-‘...,..........-0-97.

P

D owiidid

\



-
»

BIBLI‘OGRAPHY -o‘-.‘cl‘.’o"oo'loioocotn'-oo'.tlo"o...o.'!.ooolc-]SG

Ix. APPENDIX .o.uouo;oo-o..;"oc‘-o.-000'000'ooo-‘oo-oco164i.

S—

A. Techniques of Serial Reconstruction ..........164

A Wax Reconstruction of H104 ... . ..c0veu...164

A Transparent Graphical Model of H104 .....165

TransparentrGrapbical Models of H42, Ha4
and H86 .‘.”v........‘........‘..l.;..>..‘l..“...167

A Compu;ér Model of H89 .....f}:l....,.....168
A ‘Contour Model of"H104 ........c.eveeuu...168

A Photographic Reconstruction of H58 ......169
/ . ' -

e

“ix



LIST OF TABLES
Table 1. The CRL, Plane of Sectig: and Bection

‘Thickness of the Embryds.........................96

-
A}
.
]
.
.,
. .
1Y
i
\ -
L
T -
EY ’ 2
P .
L
L )
- ]
i |
-
t
.\.
[
B
* [}
-\N -
e
- " . . ‘ .
. L - . = - 2
s o : . )
—_— . e
kY ’ N ’ +
_— . .
. . . E -2
- T : B
: R
; .
7 K , .
» ‘ i ) i
s .
- L .
g



Figure

Figure

‘Figure

Figure

Figure

Figure

Figure

- Figure

iFigure

a

; Figﬁre
“Figure

vFigure

- Figure

7.
8.
9.

Sket

LIST OF FIGURES

Ve

ch Showlng the Method of Measurxng -

the CRL of the Embryos..........................98,

-

Resu

H37

H37

HB86
H86

H44

H42

H42

- Sketch Showing the Planes of Sectioning ' s

lting from the Curvature of the Embryo......QB_
2 mm Transverse Sectlon....................100‘w
2 mm'Transverse Section.....coeviiveene.. 100
3.5 mm-Transverse Section ........r.;..fi..102
3.5 mm Transverse Section.....;.,.....r....104_
305 MM Coronal SECtion ......evesesesess... 106

6 mm Transverse Sectionr.,.....l.;.....{...108

6 mm Coronal Sectlon.........}..n..........110

W

10. H55 6 mm Coronal Sectlon........;..;..........112 .

11.
12.
13.

H66
H66
"H28

.“ Fi gure§1 4 H2 1

/

L

-

Figure

‘Figure'

Eigure
Figure
F1gure

Flgure

.Flgure

vFngre

Figure

Figure

15
16.

17.

18..
19
20.
21.
22.
23.
24,

sz

H58
H58
. H58

H34.

H45

H45_
H45 

H43
;H43

6.5 mm Transverse Sectlon............Q....112.
6.5 mm Coronal Sectlon...................;114
7 mm Cor@nal Sectlon.......xrl............114
8 5 mm Transverse Sect1on.................116
‘8 5 mm: Coronal Sect1on—......,............116?;
> L

9.4 mmaTransverse Sectlon.................118; o
9: 4 mm Transverse Sectlon.......:.........1181
‘9 4 ‘m Coronal Sectlon.......;...,........1201ﬁ¢f
;10 mm Coronal Sectlon..........}..........120f'

L. L . "
11 mm- Transverse Sectlon..................122ﬂ}
11‘mm Transverse Sectlon......,......;....122s”}Jf

N < - E >
11mm COfOnal,SeCthno......-6............}24{.::'

12 5. mm Transverse Sectzon................126a

12 5 mm Coronal Sectzon.......Q...........128

SN
e
¥ 1



o,

)

Figure 25. H57 14 mm Coronal Section...................?.128
Figure 26. H19 14.6 m; Coronal Section....... e, ..;L130
-Figure 27. H19 14.6 mﬁ\quonal Section......covevue «e.. 130
Figure 28. H109 12 mm Sagittal Section.........ccuiveneen. 132
Figure 29. H109 12 mm Sagittal Section................... 132
JFigure 30. H60 15 mm Coronal Sectlon.‘ .................... 154
Figure 31. H80 17.5 mm Transverse Section........ e 136
L.Fiéureﬂ32. H51 15.5 mm}TransQerse Section............... . 138
| Figure 33. H81 23.5 mm Transyerse Section.....eeeeeeeens. 140
¢fFi;urg 34.VH81'33.5 mm Transverse Section..... X... ....... 142
Figure 35. H81 23.5 mm Coronal Section................. .. 144
. éfgure 3§.’H104_22 mm Sagittal Section........... ceerenna 146
»?‘igurne 37.° H104 22’?\/;11m Sagittal SECEION. e enenrnnnnnnnnis 146
]VaFiqunpn38 H104 22 mm Saglttal Sectlon..............};.é;j48
Fiégre 39. qrammat1c Representation of the Process of
S nVe;iebtél Development.......;,;.......g.;,.v..130
Figﬁre 40. Dlgéraﬁmatlc Reprqsentatlon of the’ Theor1es of -
- . » of Human Verteb;gl Sevelopment.........3.2;...jsé
) Figufef4ﬁ\ D1agr6mmat1c’Repéé;entation of the Theories of -
‘ Human Vertébral Development.........fj.,..::..154
2 . .
o i e *
. ‘ . =
o - 3 .,'
o | b Q TVMW; . '
\;o t - o ' ‘ %
. , . - 7 .
IR I p b
’ G n ) S ! o *\’ o
0 ;«"s ., ~(_1°'§ ;';5'3 xii . e g
S RO L I S



<

" LIST OF ABBREVIATIONS

A . zone A of the dark sclerotome band
a aorta
al all;ntoié .
at atlas | .
ax axis ' -
B zone B 6f'££é'dark sclefétomq band

“be . : béna‘éf.cells ’
bv : blood Qgssef ‘
c* . .
C ¢ cervical vertebra o ’
cas | . . caudal sclerotome half
co , o éoelom )
cp costai\process
crsku A _'\“ cranial ‘sclerotome hélf
a " . dermis

':db T dark sclerotome band
.
d& intervertebral disk
dm j' " dermatomyotomes ' )

. drg , : doréai root gangiion
éc 1 ectodéerm
iap ' ‘inferiéf afficulafingvprocesg i
in a intercés;al nerve ’
isa _ intersclegotdmal drtefx
. ' 2

_isb intersclerotomal blood cells -
ist . . intrasclerotomal fissure:
k .“ '. deGelqpiﬁg kidney _
L S 1umba9 vertebra : L
, SV T ki ‘



1b
ls
mb
me s
ms
msb
mu
my
nc
np
nt
nvb

ocC

op

rc
sap
scl
o)

son
spn

st

light sclerotome band
latgral sclerotome
myogomic bulge
mesenchyme

medial sclerotome

-mesenchymal band

"muscle tissue

myotome
notochord

neural process
neural tube
néurovascnlaf bundle
occiput
odontoid‘p;ocess

rib

ramus communicans

superior-articulating process

~sclerotome cells~

somite |

subécpipital ne%vg:
spinal nerve |
sympathetic trunk

sacral vertebra or sacrum
thoracic vertebra .
transverse 1igameht) ‘
vein o [ |
vertebral artery

L 4

Xiv



vb

N
vertebral body

!
A

XV



5 /
1. INTRODUCTION ‘
Theé purpose of this study -was to . examine. the theory

that the - biastemai segments of fhe e@febral column
resegment during human- vertebral development andto
establish the nature of the intersclerotomal vessels and
fissures and tge intrasclerotomal fissures in human embryos.,
Currenrly' there are only seven theories of human vertebral
development’.(Bardeen and ' Lewis, ]?Df; Bardeen, 19055;
Ehrenhaft{ 1943; Wyburn, 1944; . Sensenig, 1949, 1957;
Peacock; 1951) and while there are differences between the
theories, they all describe the process of resegmentation,
Numerous studies of non-human fetraoOds (for example Piiper
(1928) on birds, Dawes (193Q) end Sensenig (1943) on hice, |
Lawson (1966) on salamanders and Werner (1971) . and
AWinchester and Bellairs (1977) on reptlles) also descrlbe
resegmentatlon of the segments dur1ng the formatlon ofa the‘
vertebral column. Howeber recently several researchers
studying non- human vertebral development (Wake and Lawson,
d1973° Verbout, 1976 , 1985; Dalgleish, 1985) have questloned
the theory of resegmentat1on and have den1ed that it occurs

during vertebral, development. Wake and Lawson (1973) and

Dalgleish (1985) have confined ~'th‘e'ir conc1u51ons te the
- species they studied. However, Verbout (1985) has concluded
Jdthat resegmentat1on does not occur in- any \amnlote spec;es,
1nclud1ng hhumans.‘ Therefore,rﬂ the present ‘study uas'
undertaken 1n an \attempt , tos document ‘the blastemal andn'

’

cartllaglnous stages of vertebral development and to examine

i

AN
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~any evidence for or.against resegmentation.
A

w o There is a great deal of confusion in the literature

'.‘regarding the presence of the intersclerotomal vessels and

) .

. fissures and the intrasclerotomal fissures. Reports of these

- G

features are highly variable in the literature on human and
. B % :

non-human tetrapod vertebral development, buﬁ it indicates

B

that these vessels and fissures play an important role in

\ .
this process. Therefore, human embryos were examined for the

"presence~or absence of these features. '%~ ‘

I T
2 < »

Human embrybs were ‘chosen for this sﬁﬁdyfaé there are
feéjstudies which have examined such embryoét There was also
a need to reconcile the present theory of ' vertebral

development with human congenital vertebral anomaiies of
) 5 L4 ;.A: -

formation as this has not been attempted in any detail by

any of the researchers. '



I1. REVIEW OF THE LITERATURE
, . \
A. Techniques of Serial Reconstruction of Material Sectioned
for Light Microscopy
Three basic types of reconstruction techniques for
serral sectlons cu for 1light microscopy have -been

develop K graphlcal reconstruction, solid = model

‘' reconstruct serial section cinematography. The

success of these models depenas upon the conditioh of the
.original_sections (Gaunt and Gaunt, 1978). if{they are poor,
'this will be reflected in the reconstruction. Therefore, it
is necessary to review th_problem areas within the sections
themselves. . >
Considerations in Histological Preparation and Sectioning
The first concern in the histological preparation of
embryonic materials is the type of f1xat1ve used and its

effects on ‘the t1ssues. Patten and Ph1lpott (1921) compared

the shrinkage caused by six fixatives: Zenker's, 10%

¢ o—

formalin, formol-alcohol,” Orth, Tellyesnicky and- Bouin's
fluid on pig embryos of various crown- rump lengths (CRL).
They also 1ooked at the etfects of dehydratlon and - paraffln
'1nf11tratlon on these embryos. They concluded that the total
shr1nkage produced in embryos fixed in Zenker' 's, Orth' and
Tellyesnicky was,;approximately 25%, in 10% formalin and.
fBouin's it'twa‘ about 20% ‘ and in 'thOSe ~fixed ™ in

formol alcohol it was 11%.

238
7
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After fixation and;eﬁbedding, consideration ‘spould‘ be
given to producing reference"marks if reconstruction is
anticipated. Reference marks-are any impressidn> which  is
introduced to the block prior to sectioning &hich,maintains
a constant reiationship to the sections- or material under
investigation. They are u;ed in serial reconstructions to
alién the sections or reconstructions: Three types of
reference markers have been used: surface; included and
photographic references. |

\.

In maklng surface references the outer surfaces of the

paraffin block were modified by trimming, 'marking x or

painting. This_Was done prior to, or'just after, sectioning:‘,.

4_EarIy researchers‘(Alexanderl 1877; Keibel, 1894; Strasser,

1887a, b, cited inLGaunt and Gaunt,'1978) tried to paint'the

- |
outer edges of the block, but found that the pigment did -not

adhere well without first placing grooves on the surface of.

the block.. There'were other _-problems assoc1ated ‘with the

Q

type of palnt. it had to be re51stant to the solvents used

in processing the sections and not damage the surface of the

_wax _block (Gaunt and Gaunt, 1978).

£
i i

s,

bloé& before sectiening &hich 'malntalned a’ ‘constant

relat:onshlp to the tlssue be1ng sectloned Liver and bra1n |

leaves (Slta Lumsden, personal commun1cat10n,_c1ted in Gaunt

and.Gaunt, 1978) have been»;used for included ‘references.

rl
LA
I3
’

o o . - _
"Included references were an alternative " to surface -

w

‘references. They were ‘materials incorporated into the wax ”

: t%s sue (Dav1es, 1929 Gaunt and Gaunt 1978) and chtve



Larger tissues necessitated different techniques and
materials for implanting reference marks; rather than
placing the tissue under study within a reference tissue,
the references . were .implanted in the wax block. Pigmented
holeég(Eychlesheimer,,1892), grass stemsr(Gaunt ~and Gaunt,
1978), nerve fibers (Neumayer, 1907, cited in Gaunt and
.Gaunt, 1978; Burston and Thurlex, t957) and hensf egg
membranes (Barnett and Maxwell,. 1960) have all been used as
included references.

Not all r@searchers used included orvsurface‘reference o

b

marks. Heard; (1931) devised a  method for . producing

4

?
references in photographs of the sections rather than ig, the
sectlons themselves. This was accompl1shed by fllmlng the

surface of the block pr;or to cuttlng each: sectlon, using a

-~

camera with notches set into the aperture. The photographs
were then " used to gulde the alignment of the reconstructed
‘sections.

In cases where reference marks were not present in the
. sections the hest fit method of alignment was widely-rused

' ‘ . : &
(for example:_ﬂwilson; 1983' Zaw Tun and Burdl, 1985).

I3 . .
the purposes of allgnment, structures in add1t1on ’to tthose'

under 1nvest1gat10n were traced and allgned subjectlvely.
Gaunt and Gaunt (1978) recommended that at least msix-

additional features,‘ sectzoned hor1zontally through the1r

~-
-

long axis, be 1nc1uded Jfor the best f1t method . 5_ o ¢

Once the embryos have been sultably flxed and embedded

s"ﬂ‘

another source of potent1a1 error and dlstort1on lies in the

+



sectioning process. Gaunt and Gaunt (1978) ' recommended a

microtome with a flat cutting action such as is found in

sliding‘or rotary microtomes. Those which produged‘cuavature
%n,’the sections, |such as the Cambridge pattern roaf?;g.
microtome, were not tecommended when the sections were to be
reconstructed due to the distortion in the sections. The

sections should not be less than 13 um thick, as sections

'

thinner than this exhibited more distortion upon moﬁnting
(Gaunt and Gaunt, 1978). S o
: F

. ' k3
Various techniques have also been devised .to help

o

orient the tissue block to the microtome blade so -“that the

precise . plane vof(geqtioning was known.‘Strasser (1887a, b,
cited in Gaunt and Gaunt, 1978)‘and Born and Peter (1898

cited in Gaunt and Gaunt 1978) pIaced parallel grooves on
tae sides of the block. Long (1924) ‘incorporated sidlk thread

~into the block and Gaunt and Gaunt (1978) utilized papet

with: penc1lled in l1nes to produce orlentatlon marks: on*ftheA 3

”Q....

block. S S

. 8erial Reconstruction Techniques - I

Methods of sol1d model and graphlcal reconstructlon awe‘f

y'_brlefly rev1ewed here. Other more elaborate forms, such as

serial section clnematography and stereoscopic models, were
not‘attemptediin this study and have not been included. Ware
and LoPresti - (1975). and ‘Gaunt and Gaunt (1978). should be

consulted for information on these forms of reconstruction.

.
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Solid Model Reconstruction
Although His in-1868 (cited in Gaunt and Gaunt, 1978)
-first published the results of a studx involving models

i

constructed of clay and wax, it was Born (1876, 1883, cited
_ e
e%ho

.in Gaunt and Qauntj 1978) who first developed the n d ’ of
wax plate reconstruction. ResSearchers following Born used'-
modelling media such as gelatin, blotting paper, plaster of
Paris, tinfoil, cprk, leather, glass, wood, plastics,
cardboard:‘ celluloid and metal as alternatives to wax
plates. Wax _éﬁ;tea, however, were tne first mediuﬁ to be
used and ,many medifications hane been made to Born's
original nethoa of wax plate, production and model
reconstruction. The majority £ these changes innolved
making' the wax plates more durable (Gaunt and Gaunt, 1978).
Mark (1906-07), Lewis (1915), Pohlman (1919), Moore and

;fﬂayden (1963) and Sack .(1966) used Born's method of wax
plate reconstruction, put made ;oalflcat1ons -'tp the
techniqpe; All .of theae.researchers; with the‘exception of
Pohlman'(1919{} reduced the number of steps dinvolved in the
production of a solid model,'preénmabiybwitn.a,Cbnébmitant‘
redUetion in'the‘amount‘of error as fewer copies were made.g
Pohlman (1919) replaced - the turpehtlne used te adhere the
tzssue paper with more wax. Lew1s (1915) took photographs of
the sectlons and. traced them 'ONLo the wax plates rather than

-'trac1ng the sectlons onto paper and then retrac1ng them ‘'with

carbon paper onto the’ wax plates as Born hadvdone (Pohlman,p

/_94919) Moore and Hayden (1963) produced a mixture of talcum'



powdetr and butyl or  amyl 'ester—type' lacqeer whxch when
sprayed on the' wax plates, made the surface conduc1ve to
direct tracing from projected sections. Sack (1966) used en
apparatus vhich projected the sections through translucent
wax plates. The outlines were cut directly from. the plates
without prior -tracing. Pedler, and Tilly- (1966)’ used a
pantograph which was modified oso that a heated  wire
simultaneously traced and cut out rhe sections in‘
polystyrene sheets. Decades before, Merk.z1906-07) utilized
a similar principal to cut tracings in wax plates:
(’alterations were made to a Wheeler aed Wilson sewieg machine
so that a heated wire replaced the needle., In more recent’
times'many researchers,/1ﬁEleding.Gauﬁt (1955), 'Moore .and
Hayden (1963) and  Gaunt and “Gaunf (1978), ~ used
commercially-produced paraffln‘ wax plates, ebreeumably to
alleviate the difficulties of hand-producing the wax plates.
Many reseerchers felt that~War models were expensive,
difficult to make (particufarily the plates themeelves),and'
were not durable (Gage, 1907; . Miller) 1931; Green, '19373
Saunders, 1940) ‘ ﬁalliﬁ (1913) solved ‘the problem of poor,
durability of the wax models by electroplatlng them. The
‘others, however,' uSedL a completely‘,gifferent ‘modellieg

‘medium to rectify these problems. Lewiea €1915) constructed

a

plaster of  Paris models whereas  du ﬁoﬁyr-‘t 1; ¢1927)
preferred plastzcene. Green (1937) 'advodated. the 'uée\ of
‘wood pulp board which had been 1mmersed in molten wax and,j,

Pedler and T111y (1966) created models of polystyrene. Gage

¥



(1907)  developed a widely useo method of solid
reconstruction using blotring pape® which others (Schaeffer,
1911; Miller, 1931, 1932; 'Saunders, 194Q) sobsequently
edopted. Schaeffer (1911), Miller (1931) and Saunders (1940)
made some modifications to the technigque. Miller (71931)
found 'difficulties with cuttlng the sections from blottlng
paper with a sewing machlne, but found that a Cutawl machine
worked well. Miller (1931) and Saunders (1940) both
experimented with different gqlues »to aohere the . papers
together rather than using pins as did .Gage (1§07).
Schaeffer (1911f produced blotting ﬁggzr models whlch he

then cut open to show the internal aspect of each structure.

Graphical Reconstruction

| éraphical reconstructions have rangea from tracings on
trensparentfsheets which, when aligned andr iiluminatedk,'
reSulted in a ‘threeé-dimensional seria17ﬁodel ‘to traCing ail
of the sectlons on. one sheet of paper and adding shadxng to
i produce a three- d1men51onal 1llustratlon. Perspectlve in the

‘form of foreshorten1ng has also been ‘1ntroduqed to the

:111ustrat1on to create the_xmpress1on»of three dimensions..

-

| - One difference between - solid  and- graphiéal
'recohstructions ~was that solld models could.be manuelly
rotated to any pos1tlon,_whereas graph1cal .models ‘usually
onlyv represented one'V1ew of an ooject I another v1ew was_i'
5desired;vthelﬁodel:often had to be re—reconstructed._The‘one;'

exception to this was .contour drawings produced on the .

e



10

. (_"\v

computer. These models >could be redrawn or rotated to any
aggle on the:screen (Gaunt and Gaunt, 1978). One ‘of the
drawbacks to graphical modelsdwas noted by Pedier and Ti}ly
(1966) who argued that contour drawings on clear sheets did
not poitray ‘depth adequately for detailed studies and that
solfdlﬁodels were needed for full/understanding of tissues.
The production. of graphical models on transparent
sheets involved essentially the same steps as were entailed

’

in solid model reconstruction. The main d%fference was that

the outlines were not cut out, but were simply tracedv and
aligned. Thus, the number of productlon steps was reduced‘
Streeter (1905) used transparent paper whereas Senior . (1929)
used sheets of cellulo1d and éelatln, although® he found.that.'v
the latter‘ripped easily. Osborn (1967? photographed the
"sections ‘first and - traeed from theee. Brown~and'Arnott .
(1971) commented that model—mak1ng ‘had many dlsadvantages
such as errors in tracing and the lack of subtle contrast.;,
Therefore, they photographed the sectlons and pr1nted .then-:
"‘on DuPont Cronar " Ortho- thho Type S Sheet F1lm_ruhiehfv‘
produced a transparent image of the sect1ons. o |
' A;though contour drawlngs were notwthree—dimepsional,'
mah;,_résear'chér's‘iused them to illustrate their work. Krieg
(194§) Bang and Bang (1957) and Potts (1966) made contour;.
draw1ngs by trac1ng alh of the outllnes onto a’ s1ng1e sheetéuf
of}‘ paper. | Krieg (1949) and‘ Bang and Bang (1957)';i
;‘ndlstlnguiéhed each trac1ng fr;m the other by us1ng d1fferentdii
colors for the outllnes. o o | -

ot . -, K ' S R \.“_"
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PerspectiVve graphfca% :modeis are essentially coantour~
_ﬁranLgs.:byt they31ntroduce depth dr perspective ;h .the

"
. of foreshorten1ng to the 1ilustrat1on. Halpern (1953),

4 ’ N

: :1tchell and Thaemert (1965) “and” Porltsky' (1969) used a

spective - grld to " prdduce these 1f§ustratlons. Barnett
= 7%

'§(1956) employeg a m1cropr03ector aﬁd a. cyllndr1cal convex

%%gsg‘to project seetions onto a board angled at 30° to -
e '

créate _perspegtive modélls. Dixon - and Howarth - (1958)

a A )

rephotographed inked’ophotographs .at an angle of 45° to
produce pérspectlve models. - '2M/‘»

Computer models have been produced in essentlally the

«

 same fash1on as - other graphlcal models and they” are‘-much
11ke_‘contour models. The spct1ons vere.projected onto a
coordinate plotter and traced with a curspr.’ Progectlon of

". the sectﬁons onto the back of ‘a screen so that no shadows

are cast dur1ng the' tracing has been %ecommended The

'sections were aligned and separated based on the section

»

thxckness. The resulting model could then be ‘d1splayed on

.the screen and &ny view produced (Gaunt and Gaunt, 1978).

of ™

#: sections and

N 3

ware‘and LoPre:tl (1975) regarded the use omputers as

1mportant »for quantltatlve .analysls of
| models..Many researchers have used computers to reconstruct
and! Studyfthe:nervous sYstems of invertebrates as these are
“smal!.(Gaunt and Gaunt 1978)° for example, Glaser and Van

¢
der Loos (1965) used a computer-mlcroscope to study neurons;

LY

Garvey et al.. (1972) utlllzed a PDP-7 . computer -and a
.televisionfmfcroscope scannerﬁto-analyze'dendrites, whereas

L
.

[



- 12
e .

-Wann,’ t al. (1973) used a Digital Equipment Corporation-12

computer and a Z2Zeiss Universal microscope for the same

purpose. Levinthal and Ware (1972) and:Willey, et al. (1973)

used computers for the purpose of three-dimensional
. [ s
reconstruction. Levinthal and Ware (1972). used a computer to

reconstruct the ganglia of Asplanchna brightwelli . and

Daphnia magna, but did not describe the apparatus. Willey et

al. (1973) used an IBM.360/65 and a Rand computer tablet to
éeconstruct the synaptic boutons of a cat.

’ The methods of reconstruction are varied and several
techniques can: be eﬁployed in a-singlelstudy. The advantages
of reconstruttibns lie in their three-dimensional portrayal
of . two—dimensibnal sections. The wide range of materials
which éan‘be émployed, from wax plateé to ;éomputers, make
reconstrpctiéns accessible %o all researchers. The main
p;oblemsrin modelling te;hniques lie in the quality .of ihe

sections and the technique of alignment.

-

'e
S

B.. -Human VertebralIDevelopment

’

Human\ vertebral development has been a topic of
coﬁtroversf for over a éeﬁtury. The mgleriai'utilized may be
a contributing fa¢tor tg the controversy over verteﬁral
develppment (Verbout571985). Someé workers (Bardeen“1905a, b,
‘1908a; Ehrenhaf;,‘1943;‘Wyburn,'1944; Peacock, 1951) did not
deScrib;’;heir ﬁateriaiS'in sufficient  detail to be very
useful. Anoﬁher confribﬁting factor to the éontréversy over

human vertebf31 developm§nt is the method used to study this

BN
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| problem, namely observation "of serially sectioned human
embryos under a light hicroscope. This method has distinct
‘disadvantages, the main one being that observation of slides
is largely subjective with a great deal of the
interpretation left to the researcher. However, since
experimental technigues such as somite transplantation are
not available for . use on humans, observation of serial
sections under the microscope ‘is‘the only viable method.
Furthermore, the ill-defined boundaries of the vertebral
components in the early staééS‘make it difficult to apply.
methods of reconstruction to the sections. Only four
researchers have utilized reconstruction technigues to aid

in the understanding of human vertebral development (Bardeen

)

and Lewis, 1901; Bardeen, 1905a, b; Wyburn 1944; Sensenig,

1949).

\
»

There arernlx seven'papersjbaged on human embryos with
theories of vertebral development:‘Bardeen and Lewis (1901),
Bardeen (1905a), Ehrenhaft (1943), Wyburn (1944), Sensenig
(1949, 19575 and ;Eacock-(1951). Other resééréhérS'“such as
Dandy (1910) and Atwell (1930) have only studied and
described single embryos. The long 'tfmespan these papers
cover has led to a variety of termsﬁwhich are not_consisteﬁt
from paper to paper and an attempt has been made' here tob
standardiZerfhe terminology as_ﬁuch as po§sible;

It is importanf"to stress that the literatufe 'reyiewed'

here is based on human embryos. The theories of human

vertebral deVelopment as deScr?bed by Bardeen and Lewis "

.
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(1901), Bardeen (1905a), Ehrenhaft (1943)J Wyburn (1944),
Sensenig‘ (1949, 1957) and Peacock (1951’ have “been
diagrammatically illustrated in figures 404and 41,

It " is genéra;ly‘ accepted that the somites form }rbm
paraxial mesoderm. However, only Dandy (1910) and Davis
.(1923) stated thié with 1espect £o_human embryos. It is
ihtergsting that the déscriptions of the sémites’ are so
Varied.‘ Bardeen and Lewis (1901) stated that the somifes
(which were referred to as myétomes although the figures
indicafe tpat these were somites) were oval in transverse
sectioh, Johnson (1917) described the shape of the
twénty-fourth somite as a cube with four'walls (medial:
lateral, dorsal and ventral) while Davis (1923) depicted £hev
somiteg as wedges Jwith one point of the wedge flattened.
Davis (1923) described the same borders as Johnson (1917),
but’ also - included cephalic and'gaudal"bofders which were

1

seen to .converge, Senseﬂig'(1949) depicted“only three’ walls.\
in the somites: medial, lateral and,Qentral. The differing
descriptions are due, at least in patt, to' whether the
.reqearchers .described ;he.somité‘boundaries in t;o or three
dimensions. There may also be real. differences in their
morphoiogy ét differéné stages and in.differént regjohs of
,‘the vertebral column which would céntribute to"the vérying
descriptions.’ |

Many researchers noted thé'ﬁreéenceVof,myécdéles within
Zthe sbmites _(Bardeen. and Lewis, 190#; Dandy,ﬁi910; Davis,_
1923; Atwell, 1930; Heuser, 1930; Sensenig, 1949, 1957;

r
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¢
Peacock, 1951) containing cells (Johnson, 1917; 'Sensenig,

1949). None denrgd the presence of myocoeles in the somltes.
‘Johnson (1917) stated that the cells in the myocoeles and
those of the ventral walls and ventral part of the medial
walls formed the sclerotomes, Bardeen and Lewis " (1901)
thought that the sclerotome cells were éerived from the
ventromedial aspect of the somites. Sensenig (1949) cobserved
that only thev ventral and medidl walls of the somite
provided the cells (found in the myocoele) which formed .the
mesenchymal vertebral column; Davis (1923), however,
observed that all but the dorsal aspect of the‘ medial
boundaries and the dorsal walls provided‘ cells for the
vertebral column. Peacock (1951) observed that the cells
from the medial espect of the somite were involved in
‘vertebral formation. Others (Sensenig, 1957; O'Rahilly and
_ Meyer," 1979) stated only that «cells of the somite
contributed to the development of the vertebral column. It
was not clear how these 1nd1v1duals determlned wh1ch part of
the somite contrlbuted to the vertebral column from statlc,
two-dimensional sections. . -
Various boundaries of the somites broke'down'to release

the cells which contrlbuted to the vertebrae° the ventral

. walls and the ventral aspect of the medlaf walls k(Johnson,
1917), the medial wallv(Peacock, 1951), and the ventral and
ventronedial walls (Sensenig; 1949) These discrepancies may
be attrlbuted to the vary1ng descr1pt10ns, or lack thereof-

¢

wof the surfaces of the som;te. Ehrenhaft (1943) did not_

~—
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describe where the cells which formed the vertebral column
originated; he simhly referred to. "mesenchyme”

There were several interpretations of the early
dispersion of hhe ceils from the semi@e to the area eround
the notochord. (Bardeen and Lewis (1901) and Wyburn (1944)
did not detail the mechanism of d{spersal). In oge
interpretation by Bardeen (1905a) andrEhrenhaft (1943) the
cells released from the somite formed sclerotomes which
regaihed their segmental nature by | the presence  of
intersclerotomal vessels bordering the somites and their
pfoducts. The .sclerotomes were divided into cranial and
caudai halveé, or sclerotomites,t&by 1ntrasclerotoma1:
fisshres. The caudal 5clerotom1te or scleromere became more
dense and gave rise to three pairs of processes: the heurai,
costal and chordal processes._The chordal proceeses extended
‘medially to the notochord, the neural processes extended
vdorsaily around the neural tubé and- the costal processes
extended ventrally or ventrolaterally;LJohnson‘(1917) and .
Davis (1923) who each sthdied one embrye, observed only
‘aortic and notochordal processes from the sclerotomes whlch
.fextended to the areaF of the aorta andj' notochord
;espeétivelf; Sensenig (1949, 1957) and Peecock (1951) ,dig
‘not report any processes, but only the migration of - the
sclerotome cells to the'fegion of the notochord. ‘

There 1s some confusion in- the 11terature regard1ng the

def1n1t1on of the sclerotome. Sensenlg (1949: 23)Q§Bs the :

only one to define th1s term éas the ‘.,.axlal mesenchyme
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between two adjacent intersegmental ,vessels..t . Bardeen
(1905a) ahd Ehrehhaft (1943) used the term apbarently to
describe the cells adjacent to the open somite whose casdal
half possessed the various processes. -Wyburn (1944) and
-Peacock (1951), on the other hand, used the term to describe
the cells lateral to the notethord. Bardeen and Lewis (1901)
do not,refer to sclerotomes, bﬁt“used the term "axial
segments* which they did not define.

Intersclerotomal vessels are the genter'of considerable
controversy in the literature dealing with human vertebral
studies. They were described by Bardeen..apd Lewis (g?Ol),
Bardeen v(1905a), Ehrenhaft (1943), Wyburn (1944),‘Sensenig
(1949, 1§57), Peacock (1951)‘and O'Rahflly and Meyer '(1979)
with enly' some researchers stating that they were branches
from theiaorta (Bardeeh and Lewis, 1901; Ehrenhaft, 1943;
O'Rahilly shd Meyer, 1979) They were var1ously repoqted to

 mark the cranio- caudal limits of the - somites (Bardeen and
'éghew1s, 1901; Peacock, 1951)} or the sclerotbmes (Bardeen,_‘
1905a; Ehrenhaft, 1943). (Bardeen and Lewis (1901)l referred
.to myotomes, but the dlagrams clearly 1nd1cate that these]
were somites). Sensenlg descrlbed the_ vessels as forming
v incomplete boundaries of the sclerotomes (1949) Or;somites
(1957). Sensenig (1949)‘wasyalsb the only resiarehereto héﬁé»
breported the .presence of 1ntersclerotomal flssures whlch
farose pr1or to the vessels and whxch the vessels came to»

occupy. o' Rahllly ‘and Meyer (1979) 51mply stated that the

sclerotome around the notchord Was segmented by vessels.._
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" v . «
'Wyburn (1944) did not ~make the positién of the vessels

clear.

Another feature or' considerable conrroversy in the
literature is * the presence and morphology of the
intrasclero;onal fissures. They were descrrbed by Bardeen
(1905a), Ehrenhafr (1943), Wyburn (1944), Sensenig (]949;
1957), Peacock (1951) and O'Ranilly and Meyer (1979).
Others, such as Bardeen and Lewis (1901) have neither
conflrmed nor denied the presence of these fissures. Bardeen
(1905a) and O'Rahilly and Meyer (1979) noted the presence of
the fissures;‘but‘did not describe \them. Ehrenhaft (1943)
and Wyburn (1944) described the fissures as forming,the
dieiding line between the dense and loose sclerotome halves,
Peacock (1951) reported the presence of the intrasclerotomal
' fissures within the group of cells migraring toward the
notochord. FSensenfé staeed that the fissure divided each
sclerotome (1949} or somite (1957) @nro haiVes, but did not
form a complete division.b o

‘There also appears to be little 'agreementj,as to -the
fate of the sclerotomal processes or cells migrating from
the somite. Bardeen and Lewis (1901) were vague,- statlng
| only that the caudal thlrd of each sclerotome was. dense and?
.”representealthe 1ntervertebral d1sk as well as the neural"
and costal processes. Bardeen (1905a) observed that the
 chordal processes 301ned those opposxte to them around rthe
notochord, thus ,form;ng ther pr1m1t1ve dlsks, The'cranialy,

~halves of,tﬁe”“sclerotomes. provided interdiscal membranes
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which.loosely filled the areas between the primitive disks.
The: primitive disks 1lost cells to the cranial half of the
next segment and the primitive disks were then reintorced by
the cranial sclerotome half of the4same.5egment.-Ehrenhaft
(1943) stated that the scleromere gave off a ‘process which
migrated to the notcchord as the primitive vertebral body
while the caudal half of the -scleromere lost cells to the!
next adjacent segment. The rarified area was then
repopulated with mesenchymai cells whose origih Ehrenhaft
.(1943) did not detail. The dense zone was also reportec;to
be cranially "displacedﬁ, which Ehrenhaft (1943: 282)
attributed to ethe "...intersegmental' vessels and the
increased nutrition which is available to the celis closest
to those arteries". The dense zones were called the
primitive intervertebral‘disks and the looser areas the
anlage of the true vertebral bodles. Like Bardeen (1905a)
‘Ehrenhaft (1943) described an ;nterdlscal membrane, but
concluded that it originated from the primitive
intervertebral disks and surrchndeds’the *anlage of the
vertebral bodies.'nyhurn (1944) reported that’ the caudal
half, of the sclerotome produced procssses which jOlned at
_ thé; notochord wh1le the areas between these dense processes
apceared to be populated by.tlssue from the cranlal half fof
the sclerotome. The dense materlal around . the notochord was
srelnforced by cells ftom the cran1al half of the sclerotome-
these two areas then formed the perlchordal dzsks. Sensen1gw

(1949, 1957) stated fhat the cells which _mlgrated to the
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notochord were initially more dense in the center of aEach
segmeht than in the region ofighe‘intereclerotomal fissure.
The cells were also more ‘condensed laterally towards the~

) myotome than medlally around the notochord. In more advanced
embryos, the upper two-thirds of the caudal sclerotome half
and the lower one-third of the cranial nalfi of each segment
were more dense (Sensenig, 1949). 1In another study by
Sensenig, (1957) it was reported simply that the caudal
sclerotome half was more dense than the cranial. sclerotome
half. Peacock (1851)_descrihed dehse tiésue above end below
the intrasclerotomal, fissure in the’same proportions as did
Sehsehig (1949) and stated.that it formed the intervertebral
disks. In°less developed embfyos, the dense tissue was
located below the intrasclerotomal fissure and looser tissue
above the f1ssure.- Although all of these researchers
reported the‘ presence of differing densities, none had

. quantified the observations by counting the number of cells

in the light and dark areas, measuring the size of the cells

“in the two areas or measuring the 1nten51ty of the stain in

these area Othe; than that of Bardeen and Lewis (1901) and

»Sensenig‘(1957 ‘all of these descriptiohs indicate,that the

dense areas surroundéd the intrasclerotomal fissures.

Both Wyburn (1944) and—Sensenig (1949)'hreported éhe

-

presence of differing densities within - the perichordal

disks: a very dense' zone C and two less Jedse zones, A and
Y .

B, <cranial and caudal to zone C respectively. The remaining

t

less dense zone was named the primary centrum by Sensenig
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(1949) and zone D by Wyburn (1944). No others have reported
this phenomenon  in ‘human embryos. Unfortunately, the
photographs showing these three areas are vefy small ahd do
not.clearly indicate these zones. |

Several researchers de5cribed.the early development of
a sheath around the notochord. Bardeenb(1905a) reported that
the cells of the axial mesenchyme aggregated around the
notochord w1th tHeir long axes parallel it. Ehrenha{t (1943)
described mesenchyme (origin unstated) around the motochord '
forming the notochordal sheath. Sensenig (1949, 1957) stated
that the cells around the notochord were of sclerotomal
origin. Peacock (1951) ,described two different formations
around the notochord: several layers of mesodermal cells and
an aceilulaoﬂ sheath.,The latter wa54termed,the.notochordal
sheath anééy;t went through changes at chondrification,
beoomino thin within the vertebrae and thick between them.
Both Ba;deen (1905a) and Ehrenhaft (1943) reported that the
notochordéi' sheath eéxtended vehtrodorsallxt"to.di&ide the
anlage of the ‘véftebr;l body into halves. Initially ‘it

separated the centers of chondrification, but the sheath

. -

fb;oke down shortly after the onset of chondrification. None
of the researchers reported the notochordal sheath to have
.Lany role in the development of the vertebral column other
than separat1on, of fhe centers of chondrification of the
' vertebrei body (Berdeen, i905a;‘3hrenhaft, 1943). e

| ’Witﬁ. chohdrification, the definitive vertebrae and

’inten¢é:tebra1 disks ,emetge&; Bardeen * and ,Lewls (1901),
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statedvthat part of the scleromere (not in;olved in Yhe
fo%matien of the neural and costal processee) developed into
the intervertebral éisk and 'the areas between them
chondrified as the vertebral bodies. Berdeen {1905a)
concluded that the verteb;ai bodies  were derived from the
less dense sclerotome between the primitive disks and tge
inte:vertebral disks from the primitive disks. Phrenhaft
(1943) stated that the vertebral body formed from
chondrification of the lower aree of the céﬁdal sclerotome
half . which had initially becbme rarified and the cranial
sclerotome half ef the next segment. The intervertebral disk
formed from the dense_zone surroundin§ the intrasclerotomal
fissure. Both Wybufn (1944)'ana Sensenig (1949) ‘concluded
that the vertebral bodies chondrified from the less dense
‘areas and zone B of the perichordal disk above and zone A%of
the perichdrdal disk below. Zone C formed the intérQertebral
- disk. Sensenlg (f\EQ) stated that the dense ‘sclerotome half
-gave rise to the 1ntervertebral dlSk and the cranlal and
.caudal aepects of édjacent.vertebral bodies, wh11e the less
dense’ afeas also gave rise to part of the. vertebral body.
Peacock (1951) did not discuss the or1g1n of the vertebral;
bodies, but did observe that the intervertebral’ diské
originated from the area of dense cells .'aeoﬁnd v'the'
1ntrasclerotomal f1ssure. He also reported that the cran1al
and caudal aspects of the dlsk formed ca;t;lage platesn
(Peacock, 1951:'263), but dld not'elaborete'onuthese iﬁ\any'

“detail.
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The costal ano neural processes were mepo?ted to be
projections ’'from the caudal sclerotomg half by most
researchers (Bardeen 1905a; Ehrenhaft, }943; Wyburn, 1944}.
O'Rahilly and Meyer, 1979) or lowen'one—third (Bardeen and

.

Lewis, 1901) of the sc}erotome..'Sensenig (1949), however,
stated that both pcocesses were intersegmental 'in origin,
with the caudal half of one Segment arnd the cranial half .of
the next segment contributing to the ‘neural and costal
processes. In 1957 Sensenig came to the same conclusion
regarding the neural processes; but did not describe the
costal ones in any‘detail. Peacock (1951) did notv.discuss
the neural or costal processes in any detail. )

| .The' neurel- and costal processes vere reported‘ by
Bardeen (1905a) to be forced ceudally between the myotomes
by the myotomic bulge opposite the intrasclerotoﬁal fissure,
whereas ‘Sensenig‘-(1949 1957) stated - that the neural
processes were or1glnally posztloned between the dorsal root”
gangl1a and the costal processes between adjacent myotomes."
Wyburn (1944) explalned that the costal processes were at a
‘”h1gher level than the neural processes and that the amount_ :
.of chondr1f1cat1on of the pernphery of the perlchordal dlSkS
“esucceeded in br1ng1ng, the costalvprocesseS'to thelrvadu{t

‘ pos1tloniv

" The neural and costal processes were  joined by a

var1ety of mesenchymal bands.' Bardeen “and Lewis (1§01)-“

'observed a (unnamed) band of cells between the processes of

ad]acent segments. Bardeen‘ (1905a)‘ and-;Ehrenhaft ‘(19430'
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reported'interdorsal membranes, deriving from the cranial
half of the sclerotomes, between nenral processes and_
Ehrenhaft (1943) also_observed the same type of membrane
between the costal processes..Sensenig (1949) described the
membrana reuniens dorsalis which, nnlike the other

_membranes, joined the nefliral processes of the same §5gment.
Peacock (1951) described a membrane, the hypochordal bow,'
originating from the 1ntervertebral disk which joined the
head pf the rib in the thoracic reg1on |

In studles of the entlre vertebral column such as that
by Bardeen and Lew1s (1901) it was not always made clear
whether‘ costal processes were present in all reglons .0f the
vertebral column. Bardeen (1905a) ‘and Wyburn (1944),. who
studied only the thorac1c'peglon, descrlbed‘costal processes
which developed 1nto ribs. Bardeen reported the presence of !
costal processes rin' the cerv1ca1 vertebrae (1908a, b) as

;well as~in the lumbar, sacral and fzrst coccygeal vertebraeili

-(1905b, 1908b) §11 of the costal processes in these reg1ons
Were‘seen‘to; fuse wlth ‘the transverse processes durlngf

,‘chondrificatlon (Bardeen, 1905b. 1908a,7b) althougu in: the :

.cerv1cal reg1on only the d1stal tzps of the processes fused_.

‘(Bardeen, 1908a) ~In the sacral reg1on, the costal processes’ i
also fused together ﬁto form.-the" lateral sacral plate;if
'(Bardeen, 1905b 1908b) Wyburn (1944) and Sensen1g (19§7)
both ment1oned costal processes in. thevcervzcal regzon.f‘but'VJ

| neither descrzbed the1r fate. Sensenzg (1949) descrlbed r1b -

‘rudlments,,but d1d not make it~ 5ear whether' or not they' B
/o Y g ‘ ‘ _
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were present in any vertebrae other thah the thoracic.

Few researchers speculated on the origins of. the

Vo
ot

transverse and articular processes. Bardeen and Lewis (1901)

stated that the transverse processes were derlvatlves of the

m

dense caudal third of each sclerotome. Bardeen suggested

7 that in the «cervical region the transverse and articular\
’ . < .
processes arose from the neural processes  (1908a), as did

the' transverse processes of the theracic region (1905a) and

L ]

the transverse andvarticular.processes of the lumbar, sacral
_andf_first‘ two coccygeai vertebrae (1905b). ﬁardeen (1905b)
‘also noted that .in the 1lumbar region the superior
artlculatlng processes developed at a faster rate than‘did
thetlnfer1or processes. Sensenlg 's diagram (1549: Fig. 1)
: suggests that ¢ the transverse processes of the thoracic.

reg1on were derivatives of the caudal sclerotome halves. It

e

also 1nd1cates that the superlor articular processes were

i ‘ ! - 4 ’ ' v

o der1ved from the caudal sclerotome half, while the majority -
- —_ . =

' of -the 1n£er1or processes wvere formed from the cranial
sclerotome half of the next segment. The t1ps of both the
superlor -and 1nfer10r | artlculatlng processes * éy%y
«derivatives of the cranial sclerotome half

B " The odontoid process 1s a spec1allzed feature of the
N - ¢ ( ‘s
second cervical vertebra and few researchers have studied

its development Bardeen (1908a) observed that the body of

'Q

. the atlﬂp joined that of the axis by the conversion of .
W

"'1ntervertebral . dlsk : between them 1nto cart1lage.

Chondrlflcat1on of the dzsk began laterally ‘and proceeded to
. _ A ¥

-

- . N
.
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the center of the disk. Both Cave (1938) and Sensenig (1957)
considered the:édontoid process to be compdséd of two parts
of different origins. Cave (1938) did hot state the origin
of the basal part of the odontoid, but described the apical~
portion as the body of the proatlas. The. arch of the
proatlas joined with the neural arch of the first cervicgl‘
Qertebra. According to Sensenig (1957) the cranial half ofo
the first verteb<al' sclerotome’ formed the proatlas, which
had a body and_g\géural arch. The body of the atlas formed
the majority o} the odontoid processiwhile the body of the
proatlas contributed to its fip. The neural arch of the
proatlas joined the’Qccipitai condyles. |
All oflthg researchefs‘who formulated a theory of human
vertebral development (see above) invoked the mechanism of
resegmentation in the blastéagl\: stages of vertebral

developmqnt; but - the actual =pEQ§esses of vertebral
)

development are varied. Bardeen (1905a)\and Ehrenhaft (1943)°

[
- . . Y '
appear to have described a similar pp¢cess, as have Wyburn

. / .
(1944) and Sensenig (1949). The reasofis for the differing
theories are not clear, although\ it is probable that

differing interpretations may accoun for many of these
!

~ 7 Y
TS . . rd . '
diserepancies. , - - -
. \\ . = . 7/ ) .
" o '

~

~
" C. Non humaﬂ\béftebral Develogﬁént
. ° -
. \ ~~~~~~ .
The vertebral column of tetrapods has been studied
- extensively by many researchers. The imporiancg of non-human
vertebral development to the study of the human vertebral

I.'
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column has been elucidated by Williams (1959),Aqarvik (1980)
and Verbout (1985). Williams (1959) and Verbout (1985) have
stated that vertebral deve}opment 1s essentially the same in
all amniotes and thaf researchers have interpreted the eame
process differently. Jarvik  "(1980) etated ehat all

vertebrates have the same vertebral development, but

[

'specializations result in some differences in this process.

Severel of the most important papers from each class of
tetrapod (amphibians, reptiles, birds and non-human mammals)
have been reviewed. Only typical vertebral development has
been discussed and specialized yertebrae such as the atlas
and axis have been omitted. Mo~kerjee (1930), Lawson (1966)
and Wake and Lawson (1973) have each st&died amphibian

vertebral development in Trition vulgaris (salamander),

Hypogeophis rostratus (apodian) and Eurycea bislineata
(salamander), respectively. Reptiles have been investigated
by several people. Howes and Swinnerton (1901) studied

vertebral development in Sphenodon- punctatus, Werner (1971)

studied three. geckos, Ptyodactylus hasselquistii,

| Sphaerodactylus argus and Hemidactylus turcicus, = while

Winchester and Bellairs (1977) looked at two lizards,

Lacerta vivipara and Anguis fragilis and one species of

snake, Natrix natrix}'Bird Vertebrel development was .studied

by Piiper (1928) 1in .Larus canus (gull) and  Struthio

[

australis  (ostrich) and .by Williams (1942) in Gallus

doméstiCUS'(white leghorn chick). .Two types of mammals; have

, been(investigated: mice and sheep. Dawes (1930)'detailed the

P
S
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vertebral development of Mus musculus (common white mouse),

Sensenig (1943) studied Peromyscus maniculatus (deer mouse)

and Dalgleish (1985) studied DBA mice. Verbout (198%) was
the only researcher to develop a theory of sheep vertebral

development in Ovis ies. The entire vertebral column was

studied in most cases, wi h the exceptions of Winchester and
Bellairs (1977) who " onl looked at the mid-trunk and

mid—téil vertebrae, Piiper{ (1928). and Dawes (1930) _yho

studied the cervicalrand‘tho acic ve;tebrae, Williams (1942)
who observed the cervica)s and Dalgleish (f985) who studied
only the thoracic vertebrae.

/Serial séctions were studied by _the 'researchers
althéugh the ﬁumber of embryos. varied consideraﬁly. The
sections were often supplemented with whole mounted
specimens and skeletons. Only Howes and Swinnerton (1901)
and -Dawés (1930*\ utilized wax plate and graphical
reconstructions, };respectively,‘ . to sﬁpplament_ their

obgefvations.“ ’ |

There is a Xyidé variety ofV‘términOIOgy in the
literature, with some researchers Jsing the arcualia

terminology, while others rejected this in favor of the

\
i

Sclero;ome terminology;\ In host  cases; “theSe terms are
inﬁeréhangeable'And thef%fbre’have been sténdardized;as‘MUcb'v
as possible. The- bésalik \(basidorSals and basivehtfals)
arése fr;m thé dorsal \énd 'ventrél aspeéts of the'céuéal

sclerotome  half neépecujvely ‘and  the interbasalia.

o % \\ ' : : . ’ .
‘(interdorsals and interven$rals) were derivatives of the
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dorsal and ventral .aspects of the cranial sclerctome half
reépectively.. Dawes (1930) differed slightly in  his
interpretation of the basidorsals; he stated that chere was
also a small contribution from the cranial sclerotome‘ halfc
Mookerjee‘ (1930) did not 'describe the presence of the
interbasalia, but only  discussed the basalia. Verbout's
(1985)‘ scheme is not easilY'categorized as he compietely
rejects the‘sclerotome terminology and has devised his own.
‘;The somitic mesenchyme is roughly equivalent to the
sclerotome of others and is segmented by arteries at the
myotomal junctions. However, he denied the presecce of
definitive sclerotome halves - and preferred ito use
aterminology'such as "the caudal part of the segment".

‘None of the researchers detailed the shape 'of.'the
somites or their breakdown. The Jpresence of the
1ntrasclerotoma1 flssures and intersclerotomal vessels " and
fissures are as controvers1a1 in non—human ~ tetrapod
development as they are in human studies.v Ncne of the
' researchers ; working .on. amphibian qembryos reported the
_presence of intrasclerotomal fissures or intersclerorpmal
fissures ‘and vessels '(Mockerjee;,1930; Lawson, 1966; Wake
.and‘Lawson, 1973) nor ‘did HoWes ‘and Swinnerton (1901) in
their. reptllzan embryos. However, all other researchers did
J note tHe presence of all or some of these features. Sensenlg
(1943) and Werner (1971) did not note the presence of the
1ntersclerotoﬁal 'fissures wh1le W1nchester andx Bellairs
(19?7)h iﬁi‘ not -report ‘the presence of VeSSeis in the

8
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intersclerotomal' fissures. Dalgleish\(1985) did not make it
clear whether or not intrasclerotomal fissures were present.
All others (?iiper, 1928; Dawes, 1930; Awilliams, 1942;
Verbout, 1985) obsérved these three features. Only Dawes
(1930) and Verbout (1985) specifically referred to the
-intersclerotoméi vessels as artéries and Verbout (1985)
“§tated that they were branches from the aorta. Dawes (1930)
and Verbout {1985) were the only oneé to observe the
presence of wveins, in addition to arteries} in the
intersclerotomal fissures. Only Sensenig (1943) stated  that
the intersclerotomal blood vessels did not mark the exact
boundaries of the sclerotomes and that- both the blood
vessels ;nd' the intrasclerotomal fiésdres oniy partially
divided the sclerotomes. Dalglé}sh (1985) noted that the
intersclerqtomal fissures did not é;event thé intermingling
of phe cells from‘adjaéent sclerétomes, altﬁeugh he did not
describe Qgéwthis was determined. Both Dalgléish (1985) and
Verbout (1985).fe1t thaé the'intrasclefotomal fissu;éé were
artifactual. .

There is some controveféy over the eiéegt .of: the
vessels and fissures. ébawes‘(T930) andeebﬁer.(j971) both -
stated that the ‘in;résclerotomal fiséure§  enteredgg the u
§ubstanc§ of ,the perichbrdal ';pbe“ (see Abélow) »Qhereas

Dalgleish (1985) indicated that these did not -gnter' it.

Winchester and Bellairs (1977) stated that neither the
‘intersclerotomal nor intrasclerotomal fissures were "located

in the pericﬂbfdal tube, while Piiper 11928) mentioned thaﬁ
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the intersclerotomal blood vessels and fissures did not

enter the tube. No others commented on the precise extent of

the fissures andivessels. w

Almost all of the reéearchers'who reported thelﬁfesence
of inter- and intrasciegotomal fissures_also stated that the
caudal‘sclerotome half was more dense than the é;ania; half
(Piiper; 1928; Dawes, 1930; Werner, 1971; Winchester énd
Bellairs, 1977; Dalgleish, 1985), Williams (1942), Sensenig
(1943) and Verbout (1985; are exceptions. 1In Will{amé'
(1§%2) embryos, the most dense aSpect was in the region of
the intrasclerotomal ‘fissure. Parts of Dboth sclerotome
halves were dense in- Sensenig's (1943) embryos: iﬁ"the
cranial half the lateral ahd'caudomedial’aépects were dense,
while all of the caudal half, other than a small caudomedial
area, ;as dense. Vérbout's (1985) términology separated his
findings from that of the others; he stated that the .caudal
aspect of each segment was more dense. ’
fn general, the centra were described as hadiné
devéidped from the 'perichbtdal tube which was 6£ somitic
origin and whlch surrounded the notochord The ‘perichordallh
rings were descrlbed as sclerctomal structures by Piiper
(1928)-,_1;‘_Iookerjee~(1930)_,, * Daves (1930), Williams (1942),
Se%seni:g (1943), Lawson (1966), Werner (1971), Wake and
‘Lawson (1973), Dalgleish (1985) and Verbout (1985). Of these
reseatcﬁers only Lawson (1§66) Wake and Lawson (1973) and

W1nchester and Bellairs (1977) vere not clear as to - whether,

the rings wefe_‘1ntrasegmental,structures or,not and Howes'
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and Swinnerton (1901) did not describe perichordal rings -at
all 1in their specimens. Piiper (1928), Dawes (1930),
Williams (1942), Sénsenig (1943), Lawson (1966), Wake and
Lawson (1973), Dalgleish (1985) and Vérbout '(1985) stated
that thg cells between' the perichordal rings were
sclerotomal in origin. Mookerjee (1930) observed that cells
other than those‘ from the  sclerotomes produced these
vertebral regions, but did not make the origin of these
cells clear. Howes and Swinnerton (1901), Werner (1971) and-
Winchester and Bellairs (1977) did not stéte the origin of
the cells in ﬁhe interspaces between the pe?ichoréal rings;
In more advaqéed tétrapods, the birds and mammals, the

arcualia or sclerotomes also contributed to the vertebral

centra. In amphibians (Mookerjeé, 1930; Lawéon, 1966; Wake
and Lawson, 197?) and reptiles (Werner,‘1971; Winchéster/and’
Bellairs, 1977) thé intrasegmeqtal_‘perichordal riﬁgs and
,intergegmental _vverfebral “‘regions alternated in the
perichordal -tube. In birds, (Piiper,1928; Williams, 1942) and
mammals ‘(Daqes, 4930;> Sensenig, 1943; Dalgleish, 1985;
fVerboﬁt, 1985) the sclerotome halves »Contributed"to . the
_ pefichdrdal ‘tUbé to  fpfm> the centra. Piipér (1928) and .-
‘,wiliiéms‘ (1§42) both@lcame_.to the conclusion fhét'hghe
proépondflous and Qpisthdsponayloﬁs zones of the periéhbrdal
- ringg jdiﬁed éhé vertebral regions to’ fofm the  primary:
' .centra. The Secondary'Sr @efinitiVe centra here;formeé‘from '
‘the primary centra and parts of the adjacent arcualia.

Dawes' (1930) “and Sensenig's (1943) work on mice indicated
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that bird and mouee vertebral development was essentially
the -same. Neither researcher placed much emphasis on - the
perichordal tube, but rather emphasized the sclerotomes..
Dalgleish'e (1985) and Verbput’é (1985) findings were quite
different from other researchers' results in bird and
hammalian embryos. In Dalgleish's (1985) mice, the centra
developed like these oflamphibians and reptiles: from only
the loose areas of the perichordal tube. Verbout's (1985)
findings 'werei different from those of others due to his
E?rminology (see above). The loose areas of the perichordal
tube, in addition to parts of the neural processes and ribs
(the latter only in the cervical and lumbar rebians) of the
caudal halt of the segments, formed the vertebtal bodies.
The perichordal rings (the parts not involved in
vertebral formation) formed the intervertebral disks, except
in eome of the amphlblans and reptlles. In some amphlblans
(Mooker]ee, 1930; Wake and Lawson, 1973) the per1chorda1
4r1ngs contributed to the centra as artlcular surfaces, while
in other -amphibians (Lawson, - 1966), reptiles (Howes and
Swinnefton, 1901; Werner, 1971; Winchester and Belleirs,'
1977),u birds (Pi;per; 19285 Williams, 194é) and mammele
 (Dawes, 1930; Sensenig, 1943; Daigleish,' f985) - the
‘perichordal disks "developed inte iﬁterﬁettebral-disks. In
-blrds (Piiper, ’1928' Williams,. | 1942) the definitive

s

'ﬁ'wfervertebral dlsk had contr1but1ons from the arcualla and

were‘ ultimately composed of the ,m1ddlev zone. . of the
perichordal ring (primary intervertebral body) and the

“
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caudal aspect of the interdorsals. Williams (1942) .was
unsure of the contributioos of the atcualia to the
intervertebral disk and, as an alternative, proposed tﬁat
“migratingvconnectise tissue cells might' form the outer
covering. Verbout (1985) also thought that the definitive
intervertebral disk was a.comoound,structure from the dense
parts of the perichordal tube in addition to a small'amount
of the dense cranial somitic mesenchyme of the axial region.

There is general agreement among the theories‘ of’
vertebral 'development that the caudal sclerotome half
(besidorsal)‘ contributed to the‘ineural arches. (Lawson
(1966) was the only researcher not‘tO‘ describe ‘the neural
processes  in any detail). Some researchers thought that the
| neutal processes were intersegmental structures, arising

LY

jfrom the caudal sclerotome half and the subjacent cranial
sclerotome half (Piiper,‘1928; williams, 1942;. wincheste;\
and Beliaifs, 1917) Dawes (1930) con51dered the ba51dorsals
'vto be composed of the caudal sclerotome half as well as a
small part of the cranial sclerotome half € the same
segment, resultlng in 1ntrasegmental neural arches. Sensenig
(1943),  Werner (1971) and Dalgleish (1985) ;e;e'the only
reseatchers to report that 'the neoral arches were
derivetives‘ onlyﬂ.of"the caudal 5clerotome halves. Verbout
(1985) appeared to agree, with these workers, although in his
.scheme the neural processes were der1vat1ves of the dense

arcocostal trlangle, or' ‘the dense caudal area of each

segment. Howes' and Swinnerton (1901) and Wake and Lawson
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(A97?) described the neural arches as outgrowths of the
skeletogenous sheath A(perichordal tube) and prevertebral
cells (whose origin was not discussed) respectively.
Mookerjee's (1930) description of the development of the
neural arches‘was more complicaled aﬁd detailed than that of
any other researcher. He postulated that$¢the area between
the basxdorsals of two vertebrae was f1lled with fibrous
tissue and had roofs of connective tissue in addition to the
supradorsal connectlng pieces. All of this tlssue ossified,

except for a small area between the successive ba51dorsals.

Each basidorsal was’ JOlned to the fibrous tissue arches

cranial and caudélf:§:1t producing the neural processes.
There is also some”controversy as to how the neural
arches were joined dorsal to. the neural tube. (Williams
(1942), Werner (1971) Dalgleish (1985) and Verbout (1985)
| vdid—not_ address this problem). There were two methods
reported in the 1iterature: a third separateuelement joined
the processes (Piiper,  1928; ﬁookerjee, 1930} 'Sensenig,>
1943) or the processes of one vertebra joined directly
without the, e;d of any connect1ng pieces (Howes end ~
v'Swinnerton,-,19(‘)1:= Wake g Lawson, 1973; Winchester’andv”
Bellairs, 1977). - |
. There is also‘little'agree@ent as to the origins of the
articular'processes.‘(Hokes end Swinnerton {190i),° Lacson
(1966) and ’Delgleish (1985) did not jdéscribe‘ these
features)..Déées‘(1930)n and .Senseﬁig (f943)Z%tated that
i ‘ £, ,

parts of the cranial sclerotome halves (dorsal-interdorsals)

IE
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formed the aréiculating\processes exclusively. In Werner's
(1971) reptiles the processes were compound -Structuresy
arising from the caudal sclerotome half and from the the!
cranial sclerotome halves adjacent to it. Piiper (1928),
Williams (1942) and Winchester and Bellairs (1977) agreed
that the superior articulating processes were ‘dérived from
the caudal- sclerotome half and the inferior érticulating
proceﬁses from the .cranial sclerotome half
(dorsal-interdorsal). Wake .and Laéson"(1973) stated that the
superior processes were cartilaginous rods (whose origin‘ahd‘
development was not discussed) and the inferior processes.
were outgrowths of the neural arch in their specimens.
Mooker jee (1939) stated that .the' dorsoinfg;gé;febrals,

. e )
(which were of sclerotomic origin and seemed to be
homologous‘ to . the dorsal-interdorsals) lproddced the
-articular processes. Verbout (1985) did not give any details

on - the strand of tissue between the neural arches which

2

formed thevarticufér processes.
‘The ribs arelaﬁother controversial fgature‘in veftebral
devélopment, (Howesvand Swihnetton (1901), Mookéajee (1930);
Lawson (1966)' and Wihchester ‘and}ﬁellairs_(1977) did ‘not .
describe thevbrigin and eafly dgvéldpﬁeﬁt, off<the ribs).
Piipér (1928), - Dawes ;(1930); 'williams‘ (1942),§nd Werher
| (1971) stated that the ribs arose froh¢the‘éauda; sélgrotome
‘halves (basiventrals). Sensedig (1943) ‘was the only
fesearcher='to ‘aeséribe the ;riﬁs ag - intersegmentai' 

structures, which were formed from both the cranial and
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N@*\ \ ”‘59
) ' A
caudal sclerotome\ halGes. Dalgleish did not discuss the

lribs, but his figures 10,\11 and 12 (1985: 96) indicated

that they were projections of the dense perichordalydisks.

Verbout (1985) described the_ ribs as extensions of the

ventrolateral process of the arcocostal triangle.
The'only researcher to fully describe the development
of the chevron bones was Mookerjee (1930). They developed

from the basiventrals in the tail region in the same manner

as the neural arches (see above).“Piiper (1928) and Wake and

Lawson (1973) des¢ribed the ba51JEntra1§‘ as forming the

N
parapophyses. ‘\

Like’ the theories of human vertebﬁal‘ development (see
¥ ' «

b
'abng), and contrary to statements. made ‘by several

o _ N
researchers (Williams, 1959; Jarvik, 1980;‘\Yerb03¥, 1985),

there - is 1little ‘agreememt between reseaﬁg&ers%as to the

exact process of vertebral development _f@ non- human

—

"maft cases.

tetrapods. There appears to be two main causeS‘lnvolveS in

the dlscrepanc1es between the theor1es- dlfferences between
\\

the spec1es and dlfferences in. tﬂe 1nterpretat1on of
‘vertebral development by the researchers. Var1at10ns in 'thé '

termlnology employed by the researchers appear to make the ;

A

3@ .
theorles 1rreconc1lab1e, however, ciose 1nspectlon of ﬁhe

theor1es 1nd1cates that the term1nologles are compatlbleiln"
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D. Phylogenetic Development of the Vertebral Centra
The phylogenetic development of the vertentae,
particularily the‘centra, has not been agreed upon by the
researchers. Williams (1959'.55)*stated that the confusion
.over the phylogen{ of the vertebral column has been the
result of,a‘"lack ofvfacts partlcularly 1n regards to the
-development of the vertebfal column in the figh. leew1seg
JarvikA (1980~ 153) stated that the} ...knowledge of the
vertebrae in the early tetfapods is Stlll incomplete in many
respects’and'we have to admit that we still cannot interpret
safely the various types that have been described”. . Despite
these probiems,la general account of the'development‘of the"
.amniote centrum has been attempted\ It 1s 1mportant to ote}«
that humans are not spec1f1cally referred' to,' but thé -
discussions presenged bf W1111ams (1959) fand Parke (1§82)
j present- the generallzed condltlon in tetrapods and amn1otesx
‘respect1vely - :'! Y R | _
Accordlng to Parke (1982) vertebral elements were f1rst

“evident in Agnatha. Modern agnaths, the cyclostomes, possess'
S two cart1laglnous neural arches dorsal to the notochord .and -

‘two. hemal arches ventral to the notochord in - each .segment;ff
’ Parke. (1982: 14); stated ‘that »"...the ‘neufalavafch.’hast“
remained f“'"cy't.i'?“'amlllyl and ,'f.Im‘°frbhoilo'gicél-i‘y» cgr’;stant; .
thfonghout tne Vettebrate 'lineaoe" "It is thegefore theft
centra whlch are the center of ‘the- controversy. : }?@ ‘

Parke‘-(1982) _stated that '1n1t1ally, the centra verefti

' composed of four components in flsh' the dorsal and ventralfi'

A
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arch bases of the neﬁral and hemal-arches. The areas betweenl
these bases were filled in to form a definitive centrum. In
the evolut1onary development of the gentra, the dorsal arch
bases formed the pleurocentra, while the ventral arch bases
tofmed the intercentra. The pleurocentra (and intercentra) -
ot one Asegment either fused to form a single element or
remained as two separate elements. Both the pleurocentra and
‘intercentra might combine to form each centrum, or eithet
the pleurocentralor intercentra disappeared and the centrum
waéa formed. mainly from one element or the other. In the
reptiles the. ihtereentrau were thouéht to 'he' the major
component of the centra because they oossessed hemal arches,
This is in contraSt~ to ° higher amniotes where the
: pleurocentra’ contributgd to the majority of'the centra;
However, ;in the tail the intefbentra were still present and
possessed hemal arches. Parke <+1982: 15) stated that "In
/ moat non-oaudate mammals,»the*only discernible remnant of
the 1nterc%ntrum lles in the anterior arch of the atlas"”
wllllams (1959) stated that only three elements were
1nvolved tln then,evolution of the tetrapod vertebrae- the

b3

3neutapophysis, intercentrum and pleurocentrum.' In 'the
J\crOSSOpterygiane,l vhich ‘are ‘the earliest known tetrapods,
,there were two oentta pe;,»neural arch, The . general
: evolut1onary trend in the. tetrapbds,  however, vae ope
centrum per neural arch, In the early tettapods~-there' were

'two ‘lines of development in the fossil record: one lineage

d1ed out wh1le the other survxved and later gave rise to the

«
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mammals, birds and médernrreptiles. It is interesting that
in the former 1lineage the intercentrum formed the centrum
whergas in the_mofe successful lineage the pleurocentrum
‘formed the centrum. Williams (1959) gave no explanation for
" the success of the pleurocentrum 6ver the intercentrum in
the early tetrapods.

It is ﬁnfortunate that neither Williams (1959) nor
Pérke (1982) discussed the human vertebral column in
relation to the evolution of the column in.the ~vertebrates.
‘However, {t can be assuméd that human centra are composed of

the‘p}eurocentra.



I1I. MATERIALS AND METHODS

All of tge embryos used.in this sﬁudy were from the-
Shaner collection of human embfyos ;nd fetuses, located in
the Department of Anatomy at the Univérsity of Alberta. The
109 embryos which comprise this collection were acquired by
.researchers in the Department betweeé 1915 and 1975. Notes
on the .embryos indicated that they were fixec-in formalin
(with the exception of a siﬁgle embryo which was fixed in
Bouin's), embedded in paraffin, serially sectioned for light
microscopy and stained with,ngmatoxylin and eosin. In ‘some *
instances, photographs or scale drawings Qere made of the
embryqs“pribr to sectioning. There are some notes cohcerhing
‘ the health and age éf the mother prior fo the abortion, but
details of. the abortions, which were ‘apparently both
spontanebus and induced, are absent in the hajoritf 6f the
cases. The CRL of éhe embryo, "in addition to the plane and
thickness of the sectiéns, were recorded 1in.all cases.A
Althopgﬁ there were no notes as to how the CRL of each
embryo was measured, some of the drawings of the embryos
jndicateq;that this measurement was takén with the embryo in
its natural position; That ‘is, the embryos were not

N

straightened before measuring the dfstan;e between the
vertex and breech (Fig. ‘1), |

‘Of the 75'embrybs available between 2 and 23.5 mm CRL,
27 4were chosen for this étudy.ﬂThése embryos were chosen on
the basis of: |

1. the normalcy of the embryo: Several of the embryos .

. ‘ ‘ 41
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were grossly deformed ‘and could not be utilized. Only
embryos which did not:- appear to have‘ ;ny obvious
abnormalities were étudied.

2. the general condition of‘the séctions:tmany of the
‘sections had sustained damage (such -as tearing and folding)v
to the vertebral region, apparently during preparation and
mounting. The embryos chosen had little (a small rip or tear
in several sections) or no damage of these type§ in the
vertebral fegion. -

3. the amount of: stain taken up by the sections: in
some‘caées, all sections of an embryo were éither very
lightly or ver}‘darkly stained, which made it difficult to
differentiate thé.tissues of interest. The staiﬁ had to be
of such an intensity, neither very dark nor very, light, that
the vertebral elements could be distinguishéd with ease.

-4. the obliquity of the sections: all’of the embryos
were sectioned obliquely to some extent, but ih,'sqme cases
the obliquify vas so severe that appreciation of the
structures was difficult. For this reason, only eﬁbryos in
which the dbliqﬁity was at .a minimum were chosen for
observation. . ' ‘f o

' Table 1 lists the embryos utilized in this study, Qitﬁ
theix CRL, plane and thickness of the secfions.'An important

-

point_cohcerns the plane of section and the curvature of the

-

~ embryo. The term 'transverse' refefs only-to the body region
- o
of the embryos. Due to the curvature in the rump reg1on this

area was ‘actually sectloned coronally, thereby producing a
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complete-transition from a transverse plane to a coronal
plane in 'é“single embryo. The neck region was!often‘curved
and tilted to one side in the embryos, producing sections
which usuélly did not répresent.any standard plane (Fig. 2).
Before studying each embryo the slides wepe cleaned,
but the mountihg medium (Canada Baisa ér Pgrmount) had
crystallized ?t'the edges of the cbver‘sgip in many of the
slides. Therefore, these "sections could not‘be used as no
attempt was maée to clean the medium off the ‘edges of the
slides. 7 '
It‘was hoped .that the entire vertebral column éould be
" studied in 'the embryos. However, this was not ~always
possible. Prior to chondrification, ;t was ﬁot bossible to
identify the. first vertebra from the base of the occiput.
Therefore in transversely-sectioned embryos with mesenchYmél
vertebral columns, the upper pharyhgeal region was located
and all sections-caudal‘to this region' were examined.. In
transversely-sect}oned ‘embryOSIin'Which cﬁondrification had
begun, the first vertebra was located and all sections
Ccauﬁél‘ to this were‘sfudiedi There were problems with the
. tténsvéfsely,and coronally sectioned embryos‘ which impeded
the . stﬁdy of 'regions' ofA'the vertebral.édlumd. Often iﬁ'
i.ttahsvéréely=sectioned‘embryos; the neck was curyed at suéh
“an' angle .thaﬁ. tﬁe sections .&ére.~vefy<oblique and;_és a
fesuit, in'most céses ﬁhege‘Sections.wg;é not uﬁilized as
Jnaerstén&ing of the details was méde extremely difficult,

In coronally-sectioned embryos only the dorsal-most sections
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with vertebral elements were studied as the curvature in;the
neck and rump regions produced sections whicH were very
obligue and difficult to interpret. Occasionally .an .embryo
was damaged in certain areas of the vertebral column, but if
the remainder of'the column had significant information, the
embrYo was included in the study. .

Prior to examining the slides, specific questions were
formulated based upon areas of controversy in the literature
dealing with vertebral development. These questlons involved
the problem of whether or not resegmentatlon occurred durlng
the blastemal stages of vertebral.development and whether or
not the intrasclerotomal fissures and intersclerotomal'
veseels‘and fissures existed in human ‘embnyos. Tﬁese ‘were

specifically addressed during observation of each embryo,
but the scope of the obServations was not'confined to these
questions.‘v Tissues surrounding the vertebral column
(muscular, nervous and ébnnective'tissue) were studied and
changes in them which fappeared to affect thehvertebral
conponents were also recorded. As the ’sectionS'.of each
embryo . were studied with a Reichert’ binocular light
microscope, a permanent vrecord _of‘pthe ‘obSerVations;awaS'

produced on paper. Specific sections which illdstratedke
particular observations were noted so that photographs could
.be taken of them at a later date. The photographs were taken .
using black and wh1tepxodak-9anatom;c X f11m on a Lextz

orthoplan photomicroscope.

———
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The embryos'were.studied in series from the smallest tg
the largest CRL. In the majority of cases, it was found that
the . CRL was 'é good 1indicator of_vrelative vertebral
development: the larger the CRL,‘:the more developéd the

vertebral elements. As infbrmation was gathered from the

| slides, developmental trends were rechecked in the previous

embrygs (for example, when the neural pfocesses were first
identified, the younger embryos were studied again for the
development of this feéture). As a result, all E%e embryos,

in part or whole, were studied two or more times to ensure

the accuracy of the interpretations. \\Q;
: The literature dealing with vertebra1 developpent which

was reviewed prior to this géSea;ch indicated that there
were _épparently no diffefeﬂéés-‘ink the early blastemal
development - of the cervicai, thoracic, lumbar, sacral and
coccygeal véftgbrae. Therefqre;, before - the vresea;ch was

initiated, the assumption was. made that all vertébrae

develop in a similar mapner during the blastemal stage. As a .

result,. during ‘this stage when specific vertebrae (for
example, the fifth thoracic vertebra) could not be,

distinguished, the descriptions of vertebral’ development in

~each embryo were based on a composite .of the entire column.

~ When each regién could'be.distihguiSHed frbm';he others (for

®

separately,.

example, when:the tibs become prominent in the -‘thoracic
S e : wae

region) then the deVeloﬁment'of~each'region was described



Although all the data presented in the results section
‘was gathered from microscopic examination ofrthe slides, 'in
the initial stages of this study.it was hoped to develop
serial reconstructions of appropriate stages to eid.in the
understanding of: the early development of the hdman
vertebral column. The literature dealing with this subject
outlines many "problems and few reseachers, with the
exception of Bérdeen and hewis (i901), Bardeen (1905a, *b,
1908a), Wyburn (1944) and Sensenig (1949), used models as
aids in the interpretation of Qertebral development in
serially sectioned human embryos. Bardeen and Lewis (1901),
Baroeen (1905a, b) and Wyburn <1944)7Pfoduced wax plate
models and Sensenig - (1949) construoted_ one transparent
photographic model. Bardeen (1908a) 'did not describe the
:type‘_of models ' he made. It was hoped that two - and
three dlmens1ona1 models .would be of use in the
understandlng of th1s process, in addition toh aiding the
v1suallzatlon .of . the relationShips. ofj the .developing
vertebral column and surround1ng‘tlssues. It is d1ff1cu1t to
envision three-dimensional relationships from a series of
: rtwo-dimensionél sections and all three 'dimensions. cannot;
without difficulty, be conveyed to others. These problems,
however, eouldv be overcome 'w1th the use 'ot serial
reconstructions. Accord1ngly, sol1d model reconstruct1on in
wax plates, graphlcal recgnstructlons on transparent paper,.‘

contour drawlngs and computer- models' were all used to

‘produce two and three d1men51onal representations of the'



47

embryonic sections. (The specific meﬁhods used in these
reconstructions are in the Appendix).

The first type of reconstruction.attempted was a wax
plate model of H104 using dental wax. The symmetrical hature
~of the vertebrae allowed the 'reconstructiOn of ‘only ‘the
,left—half} of the first five thoracic vertebrae. The rihs,
hovever, were not reconstructed due to the difficulties of
fastening them onto the vertebral bodies with wax bridges
and heated wires. Wax models have two major limitations.
They are extremely fragile and respond ~to extremes in
temperature by cracking in the cold and melttng in the heag
and, because the outlines erthe Sstructures were cut out in
the -wax, there were 1limitations as 'to what could be
successfully and eas1ly cut out. For examp}e, small blood
vessels -and nerves were not easily cut out of the wax due to .
* their size. Therefore, a dlfferent method of reconstructlon
was used which did not have these . 11m1tat10ns. |

Graph1cal. models~ of- H104, H42, H44 and HB86 were
reconstructed on transparency sheets. ' There 'were» several
advantages thls type of reconstructionhover'wax plate
reconstroetlon. The pro;ected séct1ons vere. traced directly

“B
onto the sheets, whereas in wax plate modelling the sections

vere traced onto paper and then retraced‘ onto the .wax, .
'1ncreasing the number of steps and concomltantly the amount
of error w1th each step.: Furthermore, it was difficult to
cut out small objects such as blood vessels and nerves in

wax, but it is a relatlvely S1mp1e task to trace them onto

-
. )
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transbarent sheets. The one .disadvantage to graphical
reconstrucéions was that they usually only represented one
view of a structure. §olid moéel reconstructions were found.
%o. be “more vversatile in ﬁhis respect as they could be
manually rotated to any view, whereés this was not possible
with graphical reconstructions.

Computer reconstruction was examined as an alternate
technique as any view of the model could be produced on the
screen. The first thoracic véFfebra of H89 (44 mm) had been
previqusly -reconstructed by other researchers on a Hewlétt
Packard 9845B. There were several problems with the model,
the main one being that the modél did not have the illusion
Pf being three-dimensional, Sut_was flat with no depth to
the 1image. This was unsatisfactory as the‘purpdse of making
models was to iliustraﬁe‘and clarify the stages of vertebr;l
development. The computer madélsvwere'cgnfusing and did: not
help with these problems.

As on a graphics computer, a contour reconstruction can
be produced by’traéing the serial sections onto a single
sh;et of 'paper‘ by hand, producing ‘the Same effect asla
comﬁu%%r, but withouf the ability to rotate &he image. This
fype.‘of ‘§erial reconstruction was‘attemptedkbh seétions 9§
ﬁ104, but it was found that'it“was-dot Sgitable for detailed
reconstrUctidn of théahuman veffébral column. Depth was not
pbrtrayed well inffhehcontour dra&ing and the details became

indistinguishable as' more outlines were placed on top.of

"each other.". ' o
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It is the blastemal stage of vertébral development
which has been the subjeét of the most controversy and it
-was hoped that madels would provide a better hnderstanding
of ;this period. HoweYer, all of these methods of
reconstruction were eventuélly abandoned -"because, although
it was found that these methods were satisfactor{)whed the
‘vertebral elements were'chondrified, they were ofhlittle usé
on embryos . in which fhe vertebrae were aompbsed 'éf
uncondensed, unchondrified sclerotome. In these embryos the
bounaaries of the mesenchyme-were not well-defined and could’

/
not be accurately traced. To test the reliability of the

tracings of uncondensed.sclerotomg,‘one section of H86 was
retraced on five consecutive days, without refe;éing to the
preyious tracings. On the fifth day,.;he.five tracings were
compared with -each other and were fouﬁd to be consistently
diffefent 'and_ it was qoncludedAthat uncondensed sélerotome~
was not cbnducivgl.to' accdréte tfasihg with the methods
aVai;;ble'at that timé, Therefore, methpdé‘of reconstructioh
which involved tracing ~.unchondrified sclefptomé vere
subsequentlyk abéndoned. ‘Bardeen (1905a) ;lso- found this
4Prob1em‘with the\\models’ hej-constructed‘ from mesénchYmal
human vertéb:al columns. | |

One method of reconstrugtion'}wﬁich does not - involve
t:ating sectibns is photographic ;ééoﬁstructioh. This type
of model was attempted from coronal sections of H58.>'with‘
this method; there vﬁere ndl pfbblems"related ﬂtb tracing7
| mesenchxgal maSSes and this was¥it§ main’ad&antage._Howevef,,

N . : . < e i}
R . "
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the d1sadvantage of this method was that the model was not
(granSperent and it was Vtherefore essentially the same as .
viewing the mounted eections themselves in sequence, except .
that the phatographs were inferior in botﬁ contrast and
detail. In an attempt to overcome this problem, two methods
were testedﬁ the firet was to photocopy the photographs onto
tranSparency‘sheets and the other was to tggggeﬁhs features

of interest onto transparency shegfs. Regardless of the

_photocopying machine osed, the coples were not satisfactory
as they did not retain the coptrast found in the photographs~
-and the areas of light stain, such as aggregatlons of loose
sclerotome, did not reproduce vell. The dark areas on<the
photograph, such as the dermetomyotomes,‘came out very dark
on the photocopiee and their accumulation over a series of

| photocopies prevented the viewing of details in that area on

the photocopies below. The second method of tracing'the
N N . . . t . o ) . ' .
sections from .the photographs proved to be no” more

satisfactory t?an earlier 'attempts,at traclng uocondensedu;
sclerotome from projected sections. vThe unchondrified
sclerotome in itpe photographs d1d not have the‘distinct
boundar1es necessary for accurate trac1ngs.
'Thé\ advantages of us1ng models are' several°- theye
w//Presegst a magnlfled two or three- dlmen51onal representat1on
N

of selected features of the sectxons‘and.they.arefréhdlly

-~

aVailable to others in‘pictoral fofm,_ whereas the actual

sectlons may not be avallable. Models, however, do not take”'

the place of observatlon of the sect1ons with a mzcroscope,
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but they aid in the understanding of the.vsections. AS .was
previously . discussed, the majority' of the embryonic
materié?g utilized in this study were young embryos with
ill-defined - mesenqﬁymal vertgbrée and - therefore,
reéonstructions could not be utilized.” As a result, the
mgthod of study involved observing the sections of each’
embryo with a light micrdscopéf‘Blackland white phétographs
werq”/taken to illustrate the significant features of human

vertebral development.

~



IV. RESULTS

Twenty-seven embryos ranging from 2 to 23.5 mm CRL were
chosen for this study. The vertebral column and ribs were
observed in seduence"from the least to the most developed
embryo. ThlS sequence spans the development cf the vertebrae
from initial somite development to the onset of
chondrification.‘ The following is a describtion of the
salient features observed in the )vertebral columns‘ and
associated tissues of the embryosrrfge embryos‘are described
in sequencevfrom the least to most developedr In some cases;
the specimens are sufficiently similar that‘a-photograph.of

a single embryo'has been used to demonstrate a particular

feature present in several. ‘Figure 39 d1agrammat1cally

~illustrates theé process of vertebral development as

1)

"descrlbed in this sectlon.

The som1tes, which give r1se to’ the vertebral column

and ribs in. they human embryo, are flrst observed in H37>

layers; the ,ectoderm, mesoderm and. endoderm,
. e e

comprise the embryo. The SOmites are"forming from the

-paraxial meSOderm"whiCh is located on. elther s1de of the

1

3). This embryo is at the tr11am1nar d1sk stage-'

notochord The parax1al mesoderm is round ~in cross sectlon.‘

‘thh a*central enclosed coelom and the cells of the somxte

‘ends_'of the embryo there is no 1nd1cat1on of som1tes (F1g

)
4)., 7

- are oriented. radlally around it. At the cranlal and caudal\



" notochord. The notochord is'Separate from the ventral aspect

Unlike H37 in H44 (3.5 mm), H86 (3.5 mm) and H32 (5.5

mm) the neural tube is closed in the cranial regions (Fig,

5), but remains op
(Fig. 6). The cranial somites of H44, HB6 and H32 are “open,
parté of their ventral and medial borders having broken down

A}
(Fig. 5). The -sclerotome cells from these somites are

53

e caudal aspect of:these embryos

located betwéen the TrTemnants of the somite and the

of the neural "tube, the dorsal aspect of the' gut and the
t

dorsal aortae and ¢ardinal veins so the sclerotome cells

N

have no opposition to aggregation around it. The notochord

is already encircled by célls whiqh are loosely aggregated

(the medlal sclerotome) when cfﬂ

‘ to the neural tube on the lateral edge of the embryo (the

lateral sclerotome). It should be emphasized that the

;ed to those JUSt ventral

lateral and medial sclerotome masses are continuous and can

_ - _ -7
be discerned most easily. in transverse sectiocns at this

. stage, although they are also distinguishablé in coron%l

'.ééctions;~ As the cells condense around the notochcrd they

.'leave behlnd them the dermatomyotome on the lateral 51de of

the , neural tube. Lateral to the neural tube the mesenchyme

'is more.dense’than that around the‘notochord‘ This 1is the

Ireglon where the dorsal root ganglla develop from the neural

©

crest cells. H44 has no dorsal root gangl1a,, but they ,are

-develop1ng in H86 and H32.

o

. Somites in the caudal or ‘tail region are -not open in
. ! ¢ .

’ (H44, HB6 or H32 .(Fig. 6). ‘These qomités‘hAVg'a central
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coelom and possess four borders 1in transverse sections:
medial, lateral, ventral and dorsal. Somites in the tip of

the tail are cuboidal or wedge-shaped - in coronal and

transverse sections, with the 1ateral. and ventral MWorders':

i1
1

combiqed,as one.
Coronal sections (Fig. 7) of H44, H86 and H32 indieste
the presence of aggregatlons of intersclerotomal hiood
cells, with no discernible vessel walls, extending from the
lateral-most. - aspeee of the sclerotome, opposite the
dermatomyotomic junction, to the notochord. These blood
cells, " which appear to retain the original segmentation of
the somites, form elongated groups of cells whlch extend ;5
rthe. aorta giving the appearance of being branches from it.
The aggregations of blood cells extend’ throughout ' the
. majority of the ventrodorsal extent of the sclerotome cells.
The mesenchymal cells between two consecutive aggregations
of blood cells form® sclerotomes. It should be' emphasized
that the medial and lateral sclerotomes both comprlse each
sclerOEOme. - ' | o | o
| Tbe first clear indication of neural processés, the two

¢

" dorsal extensions of the lateral sclerotomes, are ,observed

pe

in H42 (6mm) (Fig. 8). They are found ﬁh;oughout the 1length
of . the'vertebral column in the transverse Sections.JCQronal
4sect10ns of the caudal aspect of H42 (Fig. 9) show 'the.

presence of intersclerotomal blood’ cells extendlng the Wldth

v

of the sScleroteme to the notochord. In addition, »the

sclerotomes are partially divided into cranial and caudal
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halves of approximately equal extent by an incomplete
intrasclerotomal fissure. The' fissures are clefts which

extend from the lateral-most - aspect . of the sclerotome,

opposite the middle of the dermatomyotome, to approkimately

the medial edge of the lateral sclerotome. Just cranial to

each fis;ure, on the lateral edge of the sclenotome;“is the
~spinal nerve. All of the éomites,—exéepf for those in the
very tip §£ the tail, are open in this‘embryo.

Although the next embryo, H55, is 6 mm in CRL (as is

H42), it is slightly mure developed than H42. In codronal

sections (Fig. 10), the .intersclerotomal blood cells clearly

'have vessel walls and - are now intersclerotomal arteries.
.fThey are branches from thé aorta and apbear to extend from
‘the ventral. aspect of the sclerotpme tBroughout the majority
~of _thé width of “the sclefotome. The intrésclerotomal
fisgures are also presenﬁ ana do not extend é{l £he way to
thé notochord. The fissdres‘ are si;uated; mainly in the
middle'of each segment and do not ;;bé;r‘;O“reach either the
ventral or dorsal borders of the scLerotome.:A bulge ih'the
medial -aspect of the defmatomyotome vlies' obpoéité the

fissure. Immediately caudal to the:fissure, between it and

the intersclerotomal artery, is a band of Ssclerotome cells

which, under the light microscope, appear to be more dense’

and darker staining than the sclerotome band cranial to the

fissure. These are*,the dark and 1light sclerotome bands

;esbegtively. In béth bands the‘laﬁeral aspects appear to be

-composed of more cells than medially. Therefore, the lateral

5o
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“and medial sclerotome divisions are still discernible in
both bands. Adjacent to the light band and cranial éo the
intrasclerotomic fissuré | lie the spiﬁal nervés. The
intersclerotomal arteries are opposite the 'junction of
adjacent dermatomyotomes. ¢

Costal processes, or ribs in the thoracic region, are
initially observed in H66 (6.5 mm) (éig. 11).  They are
ventral outgrowths of the lateral -‘sclerotome, as are the
neuraln processes which arise and extend dorsally arqund.the
neural tube and dorsal root-»ganglia. In this embryo the
costal processes are found caudai to the level of the upper
limb bud only and they can no longer be traced as thg'

sections becdme coronal in the tail reg%on.rﬂze and H93 (7

and 8.2 mm) also exhibit these ventral projections in

se;tions caudal to the upper limb bud. o

In the coronal éections of H66 (Fig. 12; the
ihtrasclerogomal‘ fisshres extend all the way to the
notochord. A myotdmic bulge is found oppositeldthe' fissure
and the spinal nérve is difectly cranial to the fissufea

In H28 (7 'mm) (Fig. 13) the dermétOmyQtomes have
diQided .into two éomponents and the myotomes have joined
tggether as a long unbroken chain.»Theré are notches 'in the
medial gspect of .the myotomic column at‘the region where the

. myotomes join togetherband mydtomic bulges at fhe:‘leyel of

the intrasclerotomal fissures. Most’ impbrtanfly; in this:

embryo tﬁe dark ané light ‘bands of sclefofqme have -altered

_ | ‘ s
their  position  relative to ‘.the spinal nerves,
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intrasclerotomal fissures and 1ntersclerotomal arteries
(Fig. 13): the artery is found within the substance of the
light band while the fissure is situated in the middle of
the dark band. The spinal nerve, which is directly cranial
to the intrasclerotomal fissure, is now lying‘opposfte both
the dark anq light bands; the upper part of the'spioal nerve
is opposite the caudal aspect of thé light band while the
lower part of the nerve is opposite the cranlal aepect of
the dark band. This is in contrast to earller observatlons
in youngef embryos where the fissures a;e situated between
the dark and. light ~ bands, with the arteries forming the
c;anial and caudal limits to‘eaoh pair of bands and the
| spinal nerve is situated cranial to the fissure'ana opposite
to the light band. 7
u The costal ‘processes, or ribs; are wéllrdéveloped in
H21 (8.5 mmy (Flg 14) and are only found in fhg' sections
‘chdal to the brachlal plexus. They are ventral xtensionso
of the lateral sclerotome and there is no differentiption of
the head of the rib from the. 5cler0tome .aréond ‘the:
- notochord. In coronal sectionsv (Fig. '15) fhe ﬁg;g;gfome
'_bands are identical to'thoee foono'pfeViously in‘H28 Part'
of the dark'band immediately caudal to the fissure is- found
| between the neural tube and dorsal root ganglla at the &evel
of the 1ntermyotom1c gap (not shown in the flgure) |
The 1light and dark bands of sclerotome Whlch in ¢

younger embryos, could only be observed in coronal sect1ons,

have _ condensed, suff1c1ently to be Vclearly‘ visible in -
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transverse .seetions of H58 (9.4 mm). The neural and costal
processes are situated at the 1evel'of the dark sclerotome
band (Fig. 16). The light bands have no processes associated
with them (Fig. 17). At this stage, the distinctions between
the medial and latera} sclerotome div%sions are lost.

In the corpnal sectionsﬂof H58 (Fig. 18) at the 1level
of the notochord and dorsel tovit, the caudal part of the
dark band below the fissure extends between the myotomes and
neural - tube .as the neural ‘processes. They appear to be

situated between adjacent myotomes, . within the small,

‘incomplete gep between them. There is do\indication of‘ribs,

in the. corenai sections. The distinction between the medial.
and lateral sclerotomes 1s no longer present in this embryo
and those more advanced in development.

The head of the rib becomes more clearly defined in H34

(10 mm). an@ H50 '(10.5 mm) as it initially begins to

(ot

differentiate " from the‘sclerotome of the vertehral“body and

intervertebraltdisk. Coronal sections ova34_(Fig{'19)‘ also !

show. the neural processes extendlng between the myotomes.
n
Transverse sectlons of H45 (11 mm) 1nd1cate that the
light . band " of ,sclerotome 1shround_whereas the dark band
with the neurallproeesses and ribs in the thoradiéf reg1on,

'_is elongated~»1aterally A th1n 1ncon51stent band . of cells

: from the notochord to the ventral and dorsal aspects of the

“light band is present in this embryo (F1g. 20).
The ribs appear to be placed at a h1gher level than the

neurali processes in H45, as the ribs are found in sect1ons

'

S oa
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cranial to those containing neural processes. Previously,
both pairs of processes were observed to be at the Asame
level, The spinal nerve follows the rib shaft from its
‘origin at the neural tube (Fig. 21). The  vertebrae cranial
and caudal to‘ the thoracio vertebrae do not have any
.indications of'costal processes. ‘ . :

! In the coronal sections of H45 (Fig; 22) the spinal
nerve is found to be opposite the caudalfmost aspect of the
light sclerotome and the cranial-most aspect of the dark
sclerotome. This sitdation is identical to'-that initialiyv'
observed in of H28. ' o 4

© H43 (12.5 mm) - exhibits the early stages of
chondrification 1in the light bands of sclerotome. The heads
of the ribs are not yet -completelj separate; a band of
mesenchyme bridges the neural process and the head of the
‘rib (Fig. 23). Studies of more advanced embryos »1nd1cate
that this mesenchymal band is the aniage of the transverse -
‘process in the thoracic region. A blood Qessel'fis' found
throughout the length of the .vertebral column on the
'Ventrolateral aspectkof the - sclerotomes. In - the thoraoic
region, thls vessel 1s iound between the head of the rib and,
" the rounded sclerotome. | |
The 1ntersclerotomal arteties and intrasolerotomal

fissures are no longer visible in the sections (Fig. '24);

The caudal aspect of the l1ght band is oppos1te the cran1al

‘\

half of the spinal. nerve. The dark band is d1v1ded into

zone5°' a _cran1al zone ‘A and a qaudal zone B, The cr-nial



60

aspect of =zone A is opposite the caudal half of the spinal.
nerve, but it also exteﬁds bel;w the level of ghe spinal
" nerve. =

The rib heads aépear to be ai;ost separate entities in
H57 (14 “fm). Again, there ié a band of mesenchymal tissue
bridging the gap be;ween the head of the rib and the neurgl
pro?éss. .

The coronal sectlons of H57 (Fig. 25) are similar to
those of“H43. The caudal half of the light band is opposite
the cranial half of the spinal nerve. Directly caudal to the
light band is a very dark zone of unchondrified‘sclerotome
cells (zone-A).and@directly below this area, add caudai to
the spinal nerve, 1is a 1lighter zone of sc;er?tome cells
(zone B) which is uﬁdergoing¢ the initial ' stages of
chondrification. Zone A is thinner.in the notdéhofdal re
and widens laterally. ' \¥Q, - . L;

' The sections ~of H19 (1§' mm) (Fig. 26) reve
b

distinct units: the vertebral ody; which is - un

ghondrification;“vand the intervertebral-disk, which is not.
v_Thére‘arevve;éelsron eitheriéide‘of théj)SClefotome in the
middle of the vertebral bodies. The'superior‘ahd inferior
;articulating facets are deVelopipg within»é mesenCHYmal band
which joiné v adjacent ’ néurél proéesSeé;’ The inféﬁidr"
) art1cu1at1ng processes appear'to be ‘more developed than the
"superior.. ones (Fig. 27). }5 | |

“ In the saglttal sect1ons of H109 (12 mm) (F1g 28) the

- suboccipital nerves, whlch are not assocxated with dofsa17

I
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root ganglia, are between the occiput and the first
vertebra. The vertebral arteries are also present, arching
over the' seventh vertebra, lateral to the first six
vertebral bodies. On either side of the vertebral body,
:eppesite the center of the body, is a small artery. The

first rib is oppositesthe seventh cervical vertebra (Fig,

29)3 o o &-

. * . .
The - vertebral bodies and intervertebral disks are

well;developed in HeO0 k15 mm) and H88 (15 mm). In the
‘(coronal sectiens (Fig.‘30) the lower part ef tge.‘vertebral
.bodyl is opposite the wupper half of the spinal nerve and’
corresponds to the light band énd zone B..The intermeréebral
disk, which corresponds to zone A, is opposite the caudal
half of the spinal nerve and extends below the level of the
spinal nerve. In H60, as }n H57, zone‘ A, or the
interveftebral'éisk, is wider len the edges than in the
middle.. In H88,thwe§er,‘the disk is of.approximately equal
thickness thfbughout its”width. The neurai precesses emerge
from the cranial part of the vertebral body, just below the
'1ntervertebral dlsk .

- Until HQQ, (17,5 mm)‘Jtherev is .no clear'enidence of
transverse pfeeeSSes'in any of the veftebra, otherttnanv the_'
}4band of tlssue between the rib and the neural process in the

' thorac1c vertebrae. In this embryo (Flg. 31) " the blood'
vessels» found on the ventrolateral aspect of the cervical
vertebral bodxes are encompassed by transve:se _processess~
1 Each transve:se‘ proeess extends from the neural process to 

' ' S I : &
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the lateral aspect of’ the vertebral body. There is no
eviﬁente of transverse processes in the lumbar vertebrae.

The transverse processes of the cervical vertebrae in’
H51 (15.5 mm) and H96 (20 mm) are cartilaginous. The blood
vessehs found »inv less developed embryos throughout the

entire column are, in these two embryos, present only in the

! O

cervical region where they are located within the transverse
foramina. The thoracicvvertebrae 6f HS1, H§6 and He8 ?20 mm)
(Fig. 32) have cartilaginous transverse processes, emerging
fron'ipe neural processes whlchtfrtlculate w1th the ribs.
The * heads of the ribs articulate with the intervertebral
disks and the adjacent vertebral bodies.

The articular processes .of ‘H17 (21.7 mm) are well
.developed and are undergoing chondrification within ‘the
bands of«tissue between the neural. processes.

The odontoid process, or dens, was not observed in any
of ‘the' prev1ously described embryos. In HB1 (23.5 mm) the

.atlas vertebra does not possess a vertebral body (Flg - 33),

although in younger embryos the first vertebra does have a’

'_vertebral body. The axls vertebra has an odont01d process

| with the notochord 51tuated in the middle of it (F1g 34)
" The lnmbar vertebrae of th;s*<embrvo ~do not 'yet possess'
1 dhOndrified transverse processes,_but -here is a ventrally

. .9 ‘ o
directed mesenchymal pro;ect1on from each of the lumbar

.neura"l processes. ‘The sacral vez:tebrae of HBS:?Flg/TSm:'e‘i

' 'beglnnlng to fuse together ap the1rv lateral-most’ aspects,

. but’ the vertebral bodles remain separated by 1ntervertebra1//J
- Rl
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disks.

H104 (22 mm) is slightly mpre advanced than H81. The
wertebral arteries are encompassed by chondrifié8 transverse
prncesseS'(Fig. 36) . The suboccipital nerves, which are not
associated with dorsal root ganglia, ate located between the
'base of the occiput and the atlas veftebra. The articulation
of the rib with the vertebral bodies is similar to that
found.in the adult. Neurovascular bundles and muscle tissue
are found in the intercostal spaces. (Fig. 37). In the
lumbar region, the transverse processes are chondrified and
muscle tissue. is found between adjacent processes. Five

\

sacral and several coccygeal verfebrae are present.‘ The

t

vertebral bodies and lateral aspects of the sacral vertebrae

are fusing together (Fig. 38).

" Summary

‘The 5c1erot3mes ' - : p

' In the ~early stages, the cells of the somites aggregate
around the notochord and form a column en jrcling 1t.‘pThe
presence .pof ‘aggregat1ons of ‘blood, cells '1nd1cate the‘
.‘original‘posit;ons ot the,somites priernto -thelr- break up.
These blood cells and vessels segment thevcolnmn of cells

into sclerotqnal units.v’ There” is no evidence of

intersclerotomal  fissures around - the 1intersclerotomal

. vessels. 'IntrasclerOtomai fissures,' dark " and light

séletotome bands and’ 1ntersc1erotoma1 arterles, which- are .

btanches from the aorta, occur shortly after the appearance

“a
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of intersclerotomal blood cells. <Initially, the dark and
light sclerotome bands are found within each segment. The
light sclerotome is cranial to the intrfsclerotomal fissure,
as is the spinal nerve ehich‘is»opposite_the lioht band. The
dark band 'is caudal to the fissure.

The bands of sclerotome undergo two changes from this -
point. At 7 mm the intersclerotomal arteries are found iné
the substance of the light band and the intrasclerotomalh
fissures in'the dark. band. The spinal nerve, which is
directly cranial to the fissure, now l1es opposite both the
dark and light bands. By 12.5 mm.the fissures and arteries

are no longer present in the coronal sections. The spinal

nerve is opposite.the'caudal-most aspect of the light - band

.and the cranial- most aspect of the dark band . The dark band

1s divided 1nto two zones: an uppermost dark zone, AL and a

1

less dense 2zone, . just caudal to it. .Zone A is opp te

| e
to, and extends Just below, the caudal aspect of the spinal -
nerve. | "

® By 15 mm the 1ntervertebra1 dlSkS and vertebral bod1es
are. weli developed. is?he -disk corresponds to zone A and the

1 body to both the llght sclerotome band and zone B.

- The Neural and Costal Processes

-they are outgrowths of the dark sclerotome bandawhxch is -

-

The neural and costal processes» ar 'projectiOns ~from
the lateral aspect of the sclerotomes.‘The neural: processes

flrst become visible at 6 mm., Coronal sectlons 1nd1cate that

's1tuated'caudal to the spinal ‘nerve  and intrasclerotomal
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fissure. They exténd.dorsally to surround the neural tube.

The tfgnsverée' processes . and the superior and inferior
articﬁlating ‘processes are projections from ‘the neural

processes. ‘ |

The ribs, or costal processes, are observed only ‘in

those segtionsv Eauda% to the brachial plexus and they
develop shortly aftér the neural processés first appear.

'Alfhough initially the ribs appear to arise from tﬁe dark
baad of thé sclerotomes at the same level as the neural
processes, by 11 mm they,appeaf‘to be situated at a higher
~level %han thé neural processes. By 22 mm, the ribs have
'éssumed’_a‘ positioh relative to the vertebral bodies and
intervertebral diské éimilar to that }ound in the adult,

There is no evidénce of'ribs or rib homoloéues'in any region

o

other than thejthoracié. o - | \



V. DISCUSSION
‘As revealed in the literature’review; the process: of
vertebral development in tetrapods is complicated and far
: <
from clear. Some of the differences between the theories in
both human and non-human tetrapods' can be attributed to
'vary}ng interpretations of similar events, while others 'ma{

be the result of the number of embryos studled is.

et
particularily important to have a closely graded series of
embryos (Verbout, 1985) so that conjecture of'the processes
of development between avallable stages is elther el1m1nated
or at least reduced. De3p1te Williams' 2?1959) Jarv1k s
(1980) and ' Verbout's .(1985)- assertions’ that wvertebral
development is 51m1lar in all amnlotes (and vertebrates in
the case of Jarvik (1980)), the avallable lé&erature points

to the opp051te conclh61on.

Problems were encountered in thls st;

k4

results of other researchers were analyzed as the ma 367 i
of the olctorlal materliE consxsted of -elther draw ngs or
ﬂfAsmall photographs;"As" a resdlt the observatlons of otheru
'researchers could not “be sétlsfactOrlly 1nve"tlgated. anddd
conf1rmed Wlth the Photographs and dlagrams prov1ded ithwas;i
therefore 1mposs1b1e in. many cases to determxne why t:”he»’~
| d1fferences 'inp‘vertebral deve10pment had hekg reported and
| whether these were due to var1atlons vinr 1nterpretatxon ,or
| actual dlfferences between Spec1es. However, 'whereverd

‘p0551b1e the or1g1na1 photographs and drawlngs were comparedi,

© ko those of the present 1nvest1gat1on

66
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c~ A. The Sclerotomes

f occurred in the .sclerotome' cells. By comparlng magn1fiedf.f

®ae -
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The following is a comparison of the results of the

. ) . | -
present investigation with  those %f other researche%s

*studying both human and non-human tetrapods. The
sclerotomes, vertebral bodies and intervertebral disks, and

neural and costal processes are dealt with in turn. In
addition, a‘discussiqh\bf the theory of resegmentation and a
‘comparison of the present theory w1th known human_ congenxtal

vertebral anomafles are presented.

£ w N

-

'Many of the researchers\studylng vertebral development

have assumed thaﬁ the cells froﬂ the somlte actlvely mlgrate
J

to the notochord -(Bardeen, 1905a; Piiper, 1930; erllams,
1942; Ehrenhaft[1;943;'Sensenig,‘1943, 19{9,A1957; Peacock,

"1951; Lawson, 1966). The current inveSBigarion was unable to

N~

determine the‘ mechanism by~ which the sclerotome L;ells '
: surrounded‘ the- noroehord However # 1t d1d appear that

relatlve movement was occurrlngrsance the sclerotome celIs“

were progre551?ely closer to the notoqhord in subsequent
_ , *

embryos However, this could be due elthervto the. migration

)

. of the sclerotome cells or to thé mlgratlon of *he som1t1c

. . Al
derivatives avay from the notochord as- Gasser (1979)‘

‘:proposed Gasser‘ (1979) studled h‘ei,\al sect1ons of rat and-

' B TR

. human embryos 1n order to determlne whether or not mlgratlon .

photographs of sect1ons -he determlned that 'the ‘somites -

m1grated dorsoIateraIly, dep051r/ﬁg sglerotome cells behlnd,,

»
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them, rather than the sclerotome cells migrating'from the
somites to the notochord. Gasser‘ (1979) aligned \‘the
photograpts using.the notochord as the reference point, but
did not explain the basis er assuming that the notochord
. 'was a etatic stiucture. Sinc%ithe somites shift in position,
it would seem reasonable to a umeithat' the notochord may
also migrate. Also, Gaeser (1979) did not explain how the
notochord'and neural tube separated and‘ sclerotome cells

surround the notochord? Several points'Of reference,

tion to the notochord, such as the .aorta and cardinal
. . n - -
would™ ensure correct alignment of the sections in
addit\on to inficating whether or not the notochord was a
ucture,
¥ ) .
‘. The présent. investigation of human embryos does not
support e presence of -a perichordal tube, an independent

strucjure fromithe sclerotomes, around the notochord as has

‘been described’ 1Q non-human embryos. Although in the’ early
stages thege‘;'wa.s‘ an_ area of: lesser 'den51ty' su‘_rroundlng%.the
/rjﬂotochord. — the meoiai ’sclerotome (Figt 7), in ‘more ;
\\‘developed embtyos thlS area was of" equal deneity Awith the
lateral: sclerotome and ‘there was no dlstlnctlon between the
two areas. Flgures 24 and 25 demonstrate that the .cells
surrounding_ the'notocho;d.do not form-dens1tié$iihdependent'
'Of the lateral areas as .has been reported vin;_hon:human
emhryoé.,' For example, Verbout‘e- fiéure 43 (1985: 48)
demonstrates that the den51t1es of the per1chordal tube were

LN

at a h1gher xleyel than the den51t1es “of thet-som1t1c

A se -
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mesenchyme and _thif; therefare they were independent
structures. This phenomenon ,did not occur in the human
embryos studied in tha present investigation, &Xut as
demonstrated by figuresv24 and 25, the dense areas extended‘
from the lateral-most aspects of the scleroaomes to tne-
notochord as continuons ‘strucﬁures. None of the other
-researchers studying human embryos have repprted the
presencanof an independent pericnordal tube (Bardeen and
Lewis,' 1901; Bardeen; 1905a; Ehrenhaft, 1943; ﬁynurn, 1944;
Sensenig, 1949, 1957; Peacnck, 1951). However, all of at;e
researchers studying non-human vertebral development did
.report its presence (Howes and‘ Swinnerton, }901; Piipeﬁf
1928{' Dawes, ‘1930; Mookerjee, 1936; 'Williams,u 1542;
Sensenig,‘194§; tawson, 1966; Werner, 1971; Wake and Lawson,
1973; ﬁinchester and Bellairs, 1977; Dalgleish, 1985;_
Verbout, 1985). of }heée raafarche:s,“ only Howas and
Swinnerton.51901), Wer#er (1971) and Winchester and Beliairs
(1977).we:a not clear aayas;to.whéthqr the pefichordal tube
was campletqu‘ sélerotnmaf ,in‘ origin -and only Mookerjee'
(1930) stated that. gpab’tube was- partly - sclerotomal and”
-bartly .non-sclefaéomal vin qfigin. Tha reasons Wfon the
d1screpancy between human and non—numan émbryéé? are not
~ clear, .But' would seem to be attrlbutable ‘to d1fferencesf
~+between Lhem. For example Sensenlg studled m1ce (1943) and‘
"humans (1949 1957), yet only descrlbed the perlchordal tube .

in m1ce. This tube appears to be the - focus around wh1ch the

vertebral centra and 1ntervertebra1 d1sks ‘develop in
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non-human tetrapods. Thls focal center is apparently lost in
humans and the entire sclerotome is the region - from wh1ch
the centra and disks develop. .
The presence of 1ntersclero§omal blood vessels and
f1ssures has generally been reported in the literature. This
studylsupports the presence of intersclerotomal vessels
(which are | branches from the aorta), but not
fntersclerotomal fissures. In the present investigation the-
intersclerotomal vessels’ were not encompassed'by fissnres.
In'some instances the yesselsﬁwereidevoid .of blood cells}
‘whicnﬁ were presumably removed -during processing - of the
enbryo, but vessel~wélls'were clearly distingoishable (Fig.
22). As Verbout (1985) suggested, these empty vessels may .
have ‘been mistaken for. fissures by some reseafchers. It is
interesting thet the researchers . studying amphibian'
vertebral development (Mookerjee, 1930; Lawson, 1966; Wake
and Lawson, 1973) and one group studying reotiie embryos
~(Howes and Swlnnertonﬁ 1901) d1d not mention ‘the vessels .and
f1ssures. All . other wo:ke;s studylng non-human tetrapods
reported thedpresence"of some,-or all, of these features
(see 'the review of the 11terature) of -all _of ibe
descrlptlons of human vertebral development, Sensenlg (1949)
- was the only Aone tq repopt*~the presence' of- both the.b
1ntersclerotomal°vessels and flssures,‘ gnereas all others_F
’(Bardeen “and Lewls, 1901b Bardeen, 1905a- Ehrenhaft 1943°\
: waufn, 194%;»Peseock- 1951; Sensen1g, 1957) only dlscussed

the intersclerqtomal! vessels. _Sensenzg s ,frndxngsu-are'
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particularily interesting since he repqrted the
intersclerotomal fissures in ene human study (1949), but not
inr two others dealing w1th human (1957) and mice (1943)
.embryos. Verbout (1985) concluded that the 1ntersclerotoma1
fissures were ejither artifacts, vessel lumina or obticalr
illusions created.by the arténgement of the nuciei.' This
would seem to account for the discrepancies in Sensenig's
(1943, 1949, 1957) work snd for the varying accounts of this
feature in the 1literature dealing'with non—humén tetrapod
development.“ | |
'~’The present investigation concluded that  the
interscletotomal vesselst (Fig. 7) and intrasclerotomaf
fissures® (Figq. 10) extended throﬁghbut the iateromedial and
dorsoventral extent of the sclerotomes. As des®ribed in the
review of’fth 11terature, few researchers study1ng human
’-embryos were clear as to the prec1se extent of the -vessels
and f1ssures. Only Sensen1g (1943, 1949, 1957) dgéatly
stated that the 1ntersc1erotomal vessels_ fotmed,»incomplete
-_‘undanes between the sclerotomes. This conc]:usmn 1s not
A v

; ”1n agreemént with the current f1nd1ngs, although the reasons

for thls dlscrepancy are not cLear. Dalgle1sh (1985) stated

b &1 u' '
"t: Q the vessels d1d not’ prevent the 1nterm1ngl1ng of cellsiﬂ

";between adJacent segments, but d1d not prov1de any evidence
to su%Fprt this statement.AIt would seem to be d1ff1cu1t,‘wof

determlne th;s from static sectlons.,., ,
; Y- ' ' o T A

1f1ntrasclerotomal f1ssures are also features. of

' ‘con51d rable conttoversy. Th1s study supports their. presence ';

am
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in human embryos and indicates that they ‘are not artifactual

as both Dalgleish (1985) and Verbout (1985) have proposed.
The fissures"nere consistentdfeatures ln'the sclerotomes in
frontal sectiona'of the‘embryos,atudied, appeared prior to
the definition of the dense bands (Fig. 9) &dnd were sti}l
preaent after‘they were encompaSséd by the dark band (Fig
:15) This is contrary to Dalgle1sh s (1985) and Verbout's
(1985) statements that the flssures were an@n@acts produced
by -the varylng densities in each sclerotome. According to
thedr prsposal, the fissure§ would not be_rviSible' either .
prior to the appearance'of the'dark and light bands or aftér?,%
the dark bands had surroundedw,thel.fisaures,QlYetcvjn the
present lnuestigation,.the fissures were clearly present in
‘both instances.‘ \ | ' C .
‘The present research has concluded that the-sclerqtomés'
were not of equal den51ty throughout their blastemal stages, .
.but develop ‘light and dark bands (Flgs. 10 13 24, 25).

similar phenomenon has been reported by all other work

studylng both human and‘ non-human vertebr development’,
.w1th .the except1ons - of - Howes :and~» Sw1 nerton (1901)
' lMookerjee (1930)' Lawson (1966) and Wake and Lawson (1 73)

N _
who studled e1ther amph1b1ans or reptzles.u ‘The. reason gor‘

‘thls dlscrepancy is not clear, although 1t may be a resul

of the spec1es studled, The .reasons for - the appearance
r .

‘llght and dark bands could not be determlned as. Kthe'

‘ e

thlckness of the‘sect1ons dxd not perm1t obserVat1on of tbe =

.nucle1 for - p1cnot1c or m1tot1c changes. Fl1nt (1977) stud1ed

B - s . "V""'"_ . .- : T . I-
s b -t . O o -Teolt -



73

this phenomenon in mouse embayos and camelto the fonclusion
that the densities were the result of the growth of the
spinal gangllon Iand nerve through the cranial half of each
-sclerotome, which displaced the cells laterally However, if
the cells were pnshed to the side as the nervous tissue
grohs through thelcranial sclerotbme ‘half, the cranial half
shouldg;become more dense rather than the caudal half. Flint
(1977 477) did not explain how "...forcing cells to either
7 side..." of"the spinal nerve.,produced a dense caudal
";éﬂerotome half | | L A; I '-‘ a

" There is also- some contronersy,over the position of the

dark and light bands. This study indicates that the 'darh .

bands were 1initially confﬁned to the caudal half of each’

sclerotome heloy the intrasclerbtpmal fissure, while the

light- bands were ’confined to the - cranlal half of»each

sclerotome above the 1ntrasclerotomal ‘fissure-. (Flg.g 10).

‘ However,lpthese bands ‘were‘»observed to change p051t1ons

relative to the. arterles ‘and flssures, w1th the llght bands‘l

‘_com1ng to surround the _1ntersclerotomal arterles and the

: dark bands encompass1ng the 1ntrasc1erotoma1 flssures (Flgs.

o 13 and 15). The p051t10n of ‘the sprnal nerve, 1n'each cranial

'sclerotome half was carefully noted(prlor to, and follow1ng,

tth'} relatlve p051tloh changes of the banas. The locatlon of

ethe sp1nal nerve was used as further eV1dence that changes :

[
"fhad occurreda Tﬂe conS1stency of the sp1na1 nerves was based

$

e

o on the vork of Keynes and Stern (1984) who stud1ed 'them in5

bffchick embryos. They fqund that the 5p1na1 nerve c°"515tently E
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Y

passed through the cranial sclerotome. half and in/énly six
of seventy—three somites‘ were any of the ‘sensery nerve
fibera found in the caudal sclerotome half. The motor nerve
fibers d1d not deviate from ‘the _cranlal 5c1erotohe- half.
Several ‘Q;hers also stated that the spinal nerve occupied
the cranial half of the segment (Bardeen, 1905a;7]Piiper,
1928; Dawes, 1930} Williams, 1942;'gensenig, 1943, 1949,
1957; Flint, 1977; Vefboﬁt, 1985). Baaed on the results of
Keynes‘ and Stern's (1984) work and ;he'observations of this-
study,gthe spinalanerves were thdnght'to be of .consistent
placemen§“and. were therefore used a landmarks in the
embryos. To enéu;é that-the‘obliquity‘of the spinal nerves
was at a minjimum; enly those‘sections in which the‘notochq;d
was coronally sectloned were analyzed Initially; the spinal

. ®
nerve was located craiial to the intrastlerotomal fissure

" and oppqsite»thevllght hand in fhe’cranial scle:otome' half.

(Fig.~ 10);'»H6weéer,f in ‘dldervemhryos in-which a relative -
"ehange in thespOSitions ofl he ’bands‘ had oecurred the
:spinai,inervev was” oppqsite the caudal aspect of the llght

‘selerotene band'and the cran1al aspect of : dark band,,
,wh11e reta1n1hg71ts p051t10n cranlal to the 1ntrasclerotomal :
Lflssure (Flgs.;13 and 15). ' |

o Thls ‘phenomenon:rof Vtheg chang1ng p051hions 'O£h{;he'
'ﬂden51taes appears to be! exclus1ve to human embryos as it has

| ‘ been f@ported by anyone study1ng nhn human vertebral"
dﬁlﬁdevelopment. Bardeen (19053) and Ehrenhaft (1943) descr1bede;

';avavxlgss::of‘ cells from the4cauda1 screrotome half %trdeen,ﬁ
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_ | |
(1905a) reported that the caudal densities were. then
reinforced by tissue frgm the orapral sclerotome halves,

' while Ehrenhaft (1943)"stated tBht the dense zone shifted

cranzally. It was not described by ,eithen researcher how

a

cellular movement could be determlned from static sections.

, v
This' is a similar 7 phenomenon to that described in the
present investigation '(although actual movement_of'cells

could not " be determined in . the sections): “the
L

intrasclerotomal fissures were_encompassed'hy the dark band. -
. :

/,\jq&ﬁﬂhﬂ?;§44) Setisenig (1949) and Peacock (f951) stated

that the dense bands were a comb1nat10n of the cranlal and

caudal - sclerotome halves of the same segment and although

L%

they‘ did not report any sh1ft1ng, the result was the same —
the 1ntrasclerotomal fissures were. surrounded by the dark-

,sclerotome bands.

-

Verbout (1985) reJected all reports of chang€s.  in the

]

P051t1on of the den51t1es,:stat1ng that this was a- result of
,‘the mlslnterpretatlon of two s%?arate -densatles in n* the

-

rperichordalt tube and ‘lateral areas -as a s1ngle den51ty.'
Q

However, there 1s no ev1dence Ifor a per1chorda1 tube in

humani embryos. In addition, Verbout s f1gures 15 (1985 22):
_and 27 (1985-'35) 1nd1cate that there has been a. change in
the} p051t10ns of the bands 51m1lar to that descr:bed here,w-

0

4wh1ch he has apparently not 1nc1uded in hlS 1nterpretat"p

\}
o

only researchers ‘not to descrxbe the. dense - areas as berng‘.

1ntrasegmental Ag‘nf’ pos1txon{

¥

ﬂsardeen;‘and;‘pewis *(1901)

T I

. "- )

Bardeen»'and Lewls (1901) and Sensenlg (1957) were theZM"
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reported that only the caudal third of‘each sclerotome ‘was
dense, while Sensenig' (1957) . stated tﬁat {/the caudal
sclerotome half - was dense. These dlffer&b? reports would
seem to be the result of varying 1nterpretat10ns

- particularly 1in the case , of Sensenrg- who studied human

\

embryos on two occasions (1949, 1957) and came to . different

<

conclu51ons 1n both studles.

)

It is 1nterest1ng to note that _non- human studies (see
’ L4

literature, review) d1d not‘ report any alterations of the

. B %'

density patterns. The most plausible explanation for  this

(o]
discrepancy between‘ human and non- human embryos wauld seem

) tg’be that human vertebral development is dlf}erent from
that of other tetrapods. “U | W

| The\currentfinvestigation has re§eaied_that the dense
sclerotomel'bands _were 'subdivided;Finto_two zones: a dense
Cranial zone A‘(the intervertebral diSk) and a less dense
caudal zoneb B (part of the centrum) (Figs. 24 and 25) No
,others have reported a 51m11ar phenomenon 1n any‘ etrapod
"1nclud1ng humans. However, Wyburn (1944) and Sensenlg (1949)

TT—
described three zones (cranlal mfﬂdle and‘caudal) “in each

-dense band ‘the'»bmlddle :'oi' whlch 'remained as rthé

: 1ntervertebral dlsk and those cranlal and caudal gd:«&i*

-contr1but1ng to: the vertebral bodies in human embryos. The

photographs prov1ded by Wyburn (1944) and: Sensen1g (1949)

are, smafiv and unclear,-‘but, suggest. that the’ cran1a1 and
(J . a - '

_caudal zones may be_tareas of the. chondrlfylng vertebral

ibodles wh1ch ara in a less advanced state of chondr1frcat1on
¢ N - N T n ,

4.

«

s
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than the central regioh, thereb} giving the impression‘thev}
they are part of the dense bands. The zones descr;bed in.the
present. research ‘appeared 'and were very clear, prior to
chondrlflcatlon of the dark bands. ;t is {nteresting that
"several ,researohers (P11per,~'1928: Dawes, 1950; Williams,
'1945;\Sensenig,.1943). also observed three zones in ‘the
perichordal'riﬁgs“of the perichordal tube, but they were nag.
ev;hent in the photographs of Dawes (1930), Williams (1942)
and ' Sensen1g (194;) nor in the dlagrams prov1ded hy Piiper
(1928) It was therefore impossible to compare theSe three

zones to those reportbd by Wyburn (1944) and Sensenlg (19493

and- to the two zones obse?ved in the present 1hvestlgatlon.

B. The Vertebral Bodies and Intervertebral Dishs*‘

<o,

This study .indicates® that the Vertebral centrum wa$’
éerivea from‘ the light “scberotome hand andv;one B of thel
dark band cranlal to it, 2one A‘of the-rdark band remained
;unchondrlfled ‘and formed the 1ntervertebral dlsk (F1g. 139). h
"The 1ntersclerot€;:Id§{:er1es and 1ntrascyerotomal flssures

 had »dlsappeared}_hy -the ‘stage ‘'when the tdo:vzones were
t%ietingpfeheaih' the ,derk band;z~Howe§er, 51nce zone ;A: S
A'ektendedv a"“short 'distance’ belowf the level of the splnal
‘nerve 1t would appear that zone A was not str1ctly conf1ned
'to the area-iogj the dark band oranlal to the flssure,,but~“
_extended 1nto the area of the f1ssure and sllghtly below it,e‘
~ (compare- the level of the frssure in Fxg 18 to that of the'

i leQel'oﬁizone A in: F1gs 24-vand; 25). Therefore, if thbﬁ;

a v : 5 N o . A : K e



78
~. ' | . ‘gi . ’
intrasclerotomal fissures were still present in the

A
sectlons,ﬁione A would surround the fissure (Flg. 39).

’ ' No other workets studylng human vertebral development

. have come to the same cpnclus1on regarding ‘the format1on of

,‘\ ' A “

;he verteh;al centra and disks. However, these results

[y

'appea‘r‘ t onguxﬁ with those of Bardeem (1905a) Ehrenhaf't"

‘ . .
(1943) ang Peacock (1951) who all oncluded that the

LY

interveftebral disks were” der1ved from the dense txssue
around the 1ntrasclerotomal f1ssure while the rema1nder of

the sclerotomes formed the Vertebral bodles However ‘none

of thesﬂhlnvest1gators descrlbed the d1ffer1ng zonesﬁgn the

~ dark bands.' It is possible that this discrepancy is due to
. T " . '
-these imvestigators not d;st1ngulsh1ng,the'two zohes.1n ‘the
- e
dense band. Wybuxn (1944) and Sensenig -(1949) agreed that

the central portlon bf ' the. ~ dark band formed "the
v‘ ‘ Bl ] . v ) . . ] .
{1n§ervertebral dlsks, whereas “the present investigation

'1nd1cated that it was the cranlal aspect’of the dense 'zone
.h wh1ch formed 'the dlSkS. In waurn s (1944) and Sensenlg s
(19%&) 1nvestlgatlons,_the cran1a1 and caudal aspects of the
_dark zones both contrlbuted to the vertebral bod1es. In the
present study, howeven only the caudal aspect of each dark
f?vband contrlbuted to the vertebral bodles. It 19 1ntereit1ng

that in’ 195% Seggen1g came to a dlfferent conc1u51on than 1n~?7

I
3

‘A;1949 (see’ above); - in the' former study ‘the dense oaudal

hhsclerotome half formed the 1ntervertebral dlSk as well

¥

,the‘ cranxar andf caudal aspects of the adjacent vertebral

<

abodxes. “The llght areas also contrzbuted to,;the tvertebral
. ). o . R ¥ o .

. AR
.
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bodies.‘The discrepancies between his two theories appear to
be the result' of d1ffer1ng interpretations. Bardeen and
Lequ (1901) ‘stated that part of the dense caudal "third’ of
each segment formed the 1ntervertebra1_ disks while the
;remainder of the disk and light areas formed the neural -
processes and‘uertebral bodies. In the*preSenttinvestigation'
the caudal th1rd of each segment was not denSe, but wa° part
of the light bang (Elg. 15), ' - . -
Comparisonsjof the - present results with those'%yof
resear;hers working with non;human embryos was .not possible
‘due to fundamental d1fferences, such as the presedﬁe of .the
.perxchordal " tube, between, the two groups. .A general
"s1m11arxty is that the per1chordal disks descrlbed by most.
uresearchers (see :the review of the ;1terature) were
B 1ntrasegmental and formed the 1ntervertebral\ disks, ;while"
the_lnfhzones . of the dark sclerotome band in the present
embryos ‘were al;o 1ntrasegmental - and formed - the:
,intervertebral‘disks; In-addition’-the Vertebral bodies wére .

,;;intersegmehtal structures i "the embryos .under - current

- 1nves+19at1onl.and ;n the majorlty of the non human tetrapod

Q‘fembryos. . . SN S Lo

T L

4 T A

‘:C The Neural and Costal Pr@%esses 4;{
| The present study supports ‘the ework' of others‘iinv
,non—hhman- (Sensen1g, ’1943- Werner, 1971-‘Dalgle1sh 1985; ‘
.’t,Verbout/ 1985) and human engryos (Bardeen and Lewxs, 1901-.
'B&rdeen,‘ 1905;,-. Bhrenhaft 1943; _Wybutn,: -' 1944) ‘that. the

5
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'be 1ntrasegmenta1 51nce they d1d not extend cranxal to thev

B

. Peacock (1951) Lawson (1966) and wake and Lawson (197314

h;were not suf£1c1ently clear as to the exact orlgln fof'~g””

© 80

neural processes were derivatives only of

sclerotome halves (Fig. 19). Thesg finding%. dotﬁnot_ agree.

LERY

caudaix'

with those of Piiper .(1928), Mookerjee (1930) W1ll1ams )

(1942) angd Winchester and Bellairs (1977) in _non—human

tetrqypds and ' Sensenig (1949, 1957) in humans where it was

*ﬁﬂ?’that he neural processes were intersegmental_

structures, arising. from the caudal sclerotome half of one

‘segment and the cranial sclerotome half of the next segment..-

In the present study, ?the rfeural processesj uere only -

prOJeCtlonS from zone B of the dark bands and, i& they were

1ntersegmental as has-been suggested they should then be

"Vformed from the 1light baqu | wh1ch surround ;'the'

‘ 1ntersc\“rotomal arter1es.vNor do these results concur wzth

those of Dawes (1930) who cons1dered the neural processes to_

Tw

processes for compar1son w1th the present woxk

’ . DEREE q‘s
. The- costal processes were. outg;owths,- £ the caudal
sCIerotome , halves "in -;the; embryos ilofﬂ'fth present

1nvestlgat1on. ThlS f1nd1ng is ﬂin agreement w1th--P11per‘

B (1928) e Dawes (1930)', Wllllams (1942) Wern r (1971) and

: Verbout (1985) In non humaﬁ tetrapods and Barde n and Léwxs

(1901), Bardeen K1905a),'

fEhrenhqft (1943) and Wyburn (1944)

‘in. humans. Sensenzg s uork on mxce (1943) and human enb.r_yo_sB

(1949) 1nd1cated ﬁhat thg 3 proéesses ;gefg

’ x“f1ntrasclerotoma1 .flssure.rlﬂowes -and Swlnnerton (1901),'
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intersegmental’étructﬁfes. Bowéver, in the present study the
ccsﬁal'proéesses;ﬁere inifiélly outgrowths of zone B of fhe
dark sclerotome  band éndi”'thefefbre . could not be
intersegmental structqres.' Howes ‘and' Syinnerton.,({901)[
-Mookerjee (1930), Péac&ck - (1951), Lawson (1966), Wake and
’ ﬁawsbn (1973)f*winchester and”Béllairs (1977) énd Dalgleish
(1985) did not describe the‘origins and early development of .
tbé ribsvin sﬁfficieht detail for comparison.

‘ It,‘ié interesting that some bﬁmé% anétomy texts (for

' exampie, ‘Grapt; :1951; Aﬁderson,. 1983) state that the
transverse pfocesses of the. cervical, lumbar and sacral
vértebraé,arelCOmposed 6fnthe rib rudiments fused to the
'ffansvérse‘ eiements .~ two elements’, that -are separate
eﬁtitiés' in %he thor§éic region. In the  present
investigation tiere wés'nO'evidehce of cbstal processes in
“any region other than the thoracic. Bardeen ;(1905a, 1908:—.\‘,~
b) was the only fesearcher to describe this‘dual co&positibﬁ
in human embryos. Others’(Wyburn, 1944;'Sensenig, 1957) also
describediacostal p;ocesses'in the ‘cervical region of human
embryos; but did not déscribe their fate. No Bhotographs of
_Eostél processes in regions other than'the‘thoracic were
provided by researchers who. described théir presence, SO
compar}spné betweén'”these',and. sections from the present
study vere impossible. | Q | | R

f ‘Unlike humans, an;hqmah fteﬁrapods ofteﬁ haveftibs
~ throughout the éhtirev vértébral_‘column ‘(Wake, 1979){ and
Dawes (1930) and Versouﬁ (i§35) described the cervical |

i J /
¢
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costal processes as forming part of the arterial ¢ana1 with

the transversebprocesses. Verbout (1985) stated that the

costal processes of the cervical and lumpar fegio;s fused to
the neural pfocesses. Thg present investigation does not
_support the predence of ribs or rib homolégues in any region

-

of the human vertebral column other than the thoracic.
) As described in the literature reviéw, the origins.of
tﬁe_articglaf processes are extremély varieé. The presént
study coﬁld.not determine the origin 6f the mesenchymai band
betweeﬁ the ﬁeﬁral processes from .which the articular
processés arosé. - |

=

D. AOReview of the Theory of‘Resegmenﬁation
’ As is ‘evidént in the review of éheylifera§ure, the
majo:ity of the ;etrapdd vertebral .devgiopmenﬁ theories
indicate that the centrum ultimately forms fﬁom‘twc adjacent
segmenﬁs. Verbout“(1976)h credits Remak -(1855) with th;
| oribingl éoncept’df nggggmeﬁtation in the vertebral column.’
'.f\Remak k1855, cited3iﬁ;Vérbout, 1976) used the theory of .- .
 r¢segmenta£ion to bring the'neural arches at'tﬁe caudal part
o of éaéh somitic‘sggmeﬁtvonto the cranial 'aépect' of each
 ‘vert§bra1 "body. ‘ 'His (1868,i éited' in;Verbout, 1976) also -
.f‘refetredfto reséémentation; but " used .itf to explain the
“‘éltg€nagibh 4o§-mus¢ies gnd:vertebrae necéééary for movemedt
 dfith§'-bohes.‘;Sensenig;"(1943) agreéa vith  this' latter
:Eérgﬁméht, s£§ting that sincé éhe original segmeﬁts vere

intrasegmental in relation to the myotomes, resegmentation .



[\ / . » " . . : B N * -

) : L o

G 83

s N “
was neoessﬁgy'to bring the vertebrae ‘into an intefsegmental
i ¢

postion “for reasons of muscular action. Von Ebner (1888)
* . .
'according to Verbout (1976), was the first to describe the

'presepce of the intrasclerotomal, or intervertebral,

.fissures, which were usea_as evidence for the process: of
resegmentation. o -,
' The only workers to disagree with the ‘theory of
reseomentation in their‘ ;Beoties of vertebral development
were Wake and Lawson (1973), Daléleish - (1985) and Verbout
(1985) who all studied non-human tetrapodé.“wake and Lawsoh °
(1973) stateq>that since - the sclerotome cells were not
initially ‘segmented they were unable to demonstrate any
evidence of:reseghentation. This also seems to be the case
of Howes and Swinnerton (1901) who only described their
segments es comprising an intercentrum, a centrum and neunal
arch. However, they neither 'deniedv nor confirmed thet
resegmentatlon had taken place. Verbout (1976, 1985) also
used the same argument as Wake and Lawson (1973) against
resegmentation in regards to the per1chordal ‘tube ,of sheep.
embryos. Earller, however,VVerbout (1976:220) concluded that
the concept of resegmentat1on was '"...1n all probab111ty
invalid". He also. studled several other amnioteAembryos,
1nclud1ng humans, and came to the conclusion that vertebral“
" development‘ was the same in all amniotes, thereby extend1ng
his argument aga}nst' resegmentat1on» to humans and other,

amniotes (Verbout, 1985).: oo
. O
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°\ Dalgleish's (1985) argument against resegmentation was

based on evidence gained from qﬂtﬁiii;ographic studies. He

_stated that if the vertebral centra were intersegmenta

structures! the centers of chondrification would be placed
between the dense perichordal disk and the loose perichordali
disk. However, as-revealed by autoradiography, the .centers
were initially located only in the loose perichordal.disks.
Dalgleish (1985) seemed to bebreferring to the dense and
loose perichordai disks themselves as segments and failed'to
take intc accouht that, as discussed in the ‘reriew of the
literature, other researchers based the. intersegmental

nature of the centra on the observation that the future

vertebral body regions of the perichordal tube were

L
derivatives of two sclerotomal segments. That is, the

vertebral regions “(and " perichordal disks) were not’

themselves segments, but were parts of the sclerotomal

segments’ Furthermore, since Dalglei%h (1985) descrlbed the

dense perlchordal disks (the intervertebral d1sks) as. belng

'adjacent to the 3unct10n of the cranial and caudal halves of

the sclerotomes, these were 1ntrasc1erotomal structures and

the  ‘loose per1chorda1 " disks (the  future ) centra)

1ntersc1erotoma1 structures. It is generally accepted that

_the centers of chondr1f1cat1on cccur 1n the middle of the

-

vertebral bodies and not at the edges,vso it would not be -

expected that the centers would occur at the . Junct1on of the
loése and dense dlSkS as Dalglelsh (1985) stated ,s1nce the

" dense dlSkS dld not form the ‘centra. If Dalglexsh (1985)
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were to é&ate, as did Wake and Lawson (1973) and Verbout

_ %
(1976, .1985), that the basis for the "~ rejection of

resegmentation was that there was initially no segmentation

ip the perichordal region, and therefore no resegmentation,

his argument would be more reasanable. Dalgleish (1985) also.
stated that since the neural arches were already in a

position between two myotomes without resegmentation that

-

this process need not ocqur. However, he falled to note that
it is most: often the vertebral bodles wh1ch are 1nvolved in
resegmentat1on, not the neural processes (see the rev1ew of
the literature).

Theﬁautotomous‘tail ve{;ebrae present in some lizards

have been cited as evidence for ° the process of
B . N ‘ a .

resegmentation. Howes and Swinnerton'(1901),“'Werner (1971)‘

4

and Winchester and Bellairs (1977) all reported the presence"

of autotomous tg;l vertebrae in their spec1mens. Both Wernerth

(1971) and Winchester and Bellairs (1977) stated that the

intersclerotomal fissures. ‘in these vertebrae  were not
. . 't . .o

)

obliteratedi in development as they vere in other areas of

the vertebral column, but rema1ned as part’of the autotomy*

split in the - middle of the centrum, Verbout s (1985).

argument aga1nst thi's was that there was no segmentat1on by

means of fissures and vessels in the perlchordal tube in the

'sheep embryos which he studied: However, ‘this does not - -
\ . . R P

R

necessarlly ‘mean that these features' did not occur in

v rept1les. The arguments for. and agalnst ‘the importance of'

the autotomy split in rept1les and for resegmentat1on 1n"'
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between the researchers.
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- general appear to be the result of differing interpretations'

-

The problem which needsb to be, and has not yet been

» . - . \\

“addressed, is hoy to prove that the ~sclerotome cells from

. . .
each somite retain .the original somitic segmentation, or how

to- prove that they do mot. Unt}i this has been attended to,
the theories of vertebmal developmentewill be split’by those
who believe in resegmentation and those who do not. All: the
researohers who_ ded&ribed ‘the vetteﬁtal body -as

intersegmental, including this~present study, have done so

.on the tacit assumption that the sclerotome cells remain in

the se§ment opposite the somite from which they ofiginated.

In the present’ research, this assumptionlwas based on the

position and morphology of the intersclerotomal vessels.

These wete present between the somites, or their

derivatives, in all of the embryos up . to the onset of

‘chondrification, with the exception of the very earliest one
in which the SOmites were just developing. It would seem

mfeasonable‘that the vessels provide boundaries which prevent

-

extens1ve exchange of sclerotome cellsr between Ladjacent
segments. A small amount of 1nterm1nglzng between segments“'
does not serlously affect\the theory of resegmentatlon, ‘but.

if the sclerotome cells from, for example,\the tenth somlte

,f1nterm1ngle=and are located oppos1te the f1fth \‘omlte, o:

‘the, thxrteenth then the theory of resegmentat1on would no"

)
longer be val1d‘¢The absence of vessels or f1ssures ~in the

axial reg1on does not prove that the cells 1n thls area arei"
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not from the somite opposite them. Until this can be proven,

the theory of ‘resegmentation, or the recombination of two

/‘\ - ! - N
,— :
adjacent ‘segments to form one centra, would seem reasonable

~

based on the evidence of the pPresent idﬁestigation.

!
k4

E. A Comparlson ef the Congenital VertebrEI'Anemalies of
Format1on w1th the Theory of ‘Vertebral Development
“_None og the researchers hageapompared ‘their theo;1esfof
vertebral deQelopment with .the knewn human ;congenital

vertebral anomalies of formetion to test whether their

- theories can account for these anomalies. An attempt to

reconcile the present theory with these anomalies is

presented. Unfortunately, little is known of their

etiologies at the present - time.

Tsou et al. (1980) have " documented many congenital

a

'Vertebral anomalies found to occur, in humans and have

~divided these anomalles as to whether they arise .in the

embryohzc ﬁup to 56 days gestatlon) or fetal perlods (57
dayshgestation’ until bisth) of development. " The formet

anomalles of fogmatlon are mainly those of hem1vertebrae and

hemlmetamer aplasia, or 1ps11ateral aplasia of the cen frum
_and ‘neural arch ‘and hem1metamer hypop1a51a, or the par ial

”d1m1nut1on of one lateral half of theV centrum and neural

—"

‘erch. ~In }the;:latter: per1od the defects 1nclude pa#txal

absence bffthe‘éehtrum'with;a complete'<neural arch Theset>

“@_:fetal per1od anomalkes ~are - thought" to be the result.of.'

'atyp1cal chondr1£1cat1on "and ossification (Tsou et al.,

3
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. perfectly palred'

-the last (n1nth on the

88

1980) and will not be\dealt with here.
Tsou et al. (1980) have proposed two theories to
expla1n the cause of 51hgle hemiyertebrae and hemimetamer

aplas1a (these aggggrutp ‘be the same anomaly, but apparently

: have been differentiated because they  have - dlfferent

etiologies). One theory is that due to retarded development

‘in one somite of a pair, the less advanced somlte shift5¢
a )

QEaudally, leav1ng the other somite w1thout a partner/to palr

with, resultlng 1n the d velopment of a single hemlvertebra.

. The other _theory is that of somite ap1a51a which leads té}

hemimetamer aplasia of the\centrum. Ehrenhaft (1943: 290)

also proposed that wedge vertebrae occurred as a result of
the shiftiné of "the vertebral segments" cranially which

"...will cause an anlage for a half vertebrae to remain at

‘the lower and the ‘upper end of the unequally shifted

column...". Therefore, in this theory ‘ote entire side of
~

+

sontites shifts cran1ally, 1eav1ng one som1te at the

.Cranial-most and another at the caudal-most aspects of the

‘column, .both of wh1ch form hemivertebrae. In contrast Tsou

et ugl. (1980) proposed that only some of the §egments shift

'caﬁdally The1r dlagram (Fig. 4, Tsou et>al 1980: 218) has

ten somltes ‘on the normal" 51de and’ only n1ne segments on

the sh1fted side and'at was not exp1a1ned why one somlte was

absent. This d1agram qhowss the, first five somites to be

the next three to ‘be offset in an

1ntersom1t1c posxtz n 1n relat1on to the normal som1tes and'

h1£($d sxde) to be perfectly matChedl'yl
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with the tenth somite. of the nogmal side. It Qould‘~seem
‘unusual that only some of the s;mites would shift (the
sixth, seventh and eig%;h onesfﬁand that the sOmites caudal
to these shifted ones/ (the ninth‘somite in their diagram)
would: ‘remain in normal alignment w1th their partners. It was
not' explq.ned how some of the ‘somites (the sixth, seventh
¢ and eighth on the shifted 51de) whi¢h -~were displaced by
one-half of a segment to those on the normal side, could
‘develQ;‘in a typieai manner considering that they were not’
_ id normal alignment with‘ the somites/opposite them. This
theory seems t& be unlikely when compared to that of
Ehrenhaft (1943) | ' | T ' .
Tsou et all. (1980) were4§3t spec1f1q as to the cause of
hemimetamer hypoplasia, but suggested that it was due to
problems with> the seletotome. cells. Theyi also did' not
explain the etiology of multiple hemiverte@gae.' .
The present investigation suggests that unilateral
absence* of ‘one . somlte of a pair would result in two deformed
. vertebrae and a deformed intervertebral disk «between~ them,
The . cranial-most vvettebra would bed‘no:mal in dts’Upper
aspect since it iS'derivedffrom ,a differeht segment} ».but
deformed caudally. one ‘1atefa1° half of its caudal aspect
would be missing. The . 1ntervertebral d1sk would con51st ‘only
'dé¥{ one, lateral half and the vertebra caudal to the disk
should be mlss1ng one- half of its: cran1a1 aspect, 1nc1ud1ng

part‘ of the neural arch HoWever, the caudal aspect of this .-

K vertebrae would be normal ® since it is formed érom a
. K .. ‘ . ) / - N
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different segment.aTherefore,'gnlike Tsou's et al. (198Q)
and Ehrenhaft's. (1943) theories,, two abnormal vertebrae,
although'not,hemive:tebtae, would be the result of the
absence ofJone‘somite.. ) ' ’ -

’ Hypoplasia of one_somite of a pair‘would also result in
ve;teﬁrdeﬁdeformitiésf;,élthough not hemivertebrae. If the
number of eolerotome cells is . diminished! _—but 7ﬁthe|
hypoplasticm somite still contributed equaily to both the
\\gfanial and caudal sclerotome . halves,. the same type of

H

fdeformitiesl should tesult as above,'but the severity should
4  bl decreased. If the hypoplastic somite were ’to contribute
/7//;:letotomelcel;s onl} to the cranial half of~the‘sclerotome;
fleavihg the caudal half devoid. of célls,‘theA inter&eétebtal
‘disk might- bet sliohtlf; diminished in -its crénio-caudai
~extent. The vertebta“cramial to the disk_should be normai.
Homever, the vertebta caudal‘tobthe disk wbuld-oe deficient
in its ctanieliaspect:‘ one—half of the’ neurel‘ arch and:
mertebral‘ oody‘ would be m1551ng. The caudal aspect of the

‘vertebra should be normal as tit is forded from the 'next

caudal segment. If the hypoplastlc somlte were to contr1bute

v

n

cells-only‘to‘the cauda) sclerotome half then ome lateral
tebral d1sk would be absemty ;;Amoul\_";-

v

half of the . intet
.‘one ‘half of the caudal aspect of the vertebral body cranialj
'to the disk. The ‘cranial half of this vertebra should be

.notmal.&s' it ,isf formed from a dxfferent segment.» The |

~

»vertebrsl body below the disk would a156 be - normal as it is

. totmed"from the caudal ha&f_of the segment and the cran1ari
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have suggested that. some hemivertebrae
: V .
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half of the next normal segment.

Accordihg'to the curfently proposed theory of'verteSral
development, ipsilateral absence of one vertebra could only
occur if two adjacent somites on one side of‘the embryo were
hYpoplagtic aﬂd,thercranial eémite contfibuted-cells only tel

the cranial half of its segment and the caudal somite only

a

.eontributed cells to its eéudal sclerotome half. This would:
reeult in the ipsilaterel absence of the s¢lerotome cells of
two adjacent §tlerotome’halves from diffefent-Segments which
normally béﬁtribﬁte/ to _‘onee vertebral body and the
intervertebral disk/below }t.A ; 'J ‘; o - ‘
.Unfortunatelyc it is difficult te reconcfle the.
predicted anomeL{es, as described above, ﬁjth. those which
are 'acteally /founa to occur in the human’verteBQEI column.
However, it ;g inferestieg to note that Nasca et al. (1975)
(superhumerary

/ - : . . . ‘ ; :
hemivertebrae)lare ‘the result of the splitting of the

| centerS/ of .chdndrifieation whiie- others (wedgershaped> .

hemzvertebrae) are attr1buted to the fallure of one of: the
cente;s of_ chondr1f1catxon to appear. It. may fherefore be
‘ /

/. . ’ : 2 ,
that hemivertebrae are .not the tesult of som1t1c or

»

/ SR : '
stlerotomlc def1c1enc1es. Although the present theory can

/;ccount for these congenital anomal1es -of Aformatibn; 'more

/,

/.

/.

research. 1nto the etlolog1es of these defects 1s needed in.

L

order to determ1ne whether the. pr1mary cause of these

—

¥ .
anomalies is som1t1c, cart1lag1nous or osseous,. before thgy

~.can be .ﬁsed 'tgg assess the .accuracy ~of any theory_vofy

’ .



vertebral development.

£~

92



VI. SUMMARY ~ - *
N A “.
The vertebral columns of ~ twenty-seven serially;_

’/ sectioned human embryos ranging from 2 to 23.5 mm CRL, were

studied#with'a light m1croscope. Reconstruct10n§ of the'’

<

early stages of vertebral development were attempted, but
were unsuccessful'due to the: uncondensed nature of the
tis5ue. Therefore, documentation of the process of vertebral
-development was ’accomolished through detailed- notes andpz
photographs., Both the blastemal and cartilaginous Stages of SQI
vertebral development“:vere investigated Aand‘"‘particular.'
attention was - paid to'the'vertebral bodies, intervertebral$.;
disks and the neural and‘fcostal processes throughout the
vertebral column. The main purpose for undertak1ng thls
research was to determ1ne if the process of resegmentatlon,s
= or recomb1nat1on of the sclerotome segments,noccurred in the
ﬁ%lastemal stages of - human vertebral development. Other
, problems 1nvest1gated focused on - determlnlng the presence»of
intersclerotomal vessels and fissures and ;antrasclerotomal‘

[ R DSV . ‘
flssur‘s. u';~' ‘ ch;!_,_‘n>‘; EREE I | v,": “
_ ~The ¢ranio- caudal grad1ent 56& development 'veach‘
4embryo was “an asseqp as several stages of developmentewere
- represented 1n a 51ngle embryo. L1kewlse, the» curvature of
d.the embryos was also an asset as it resulted in two planesi

.'of sect1qn1ng, transverse and frontal : 1n many of: the;"

: embryos.h: Thrs" allqwed obserVatlon of 'the‘.processffgf lﬂ

-

ifvertebral developmentfﬂin. several planes,_fenhancing‘ﬂthé'

s understandlng of the sehtions.‘- ”L?*ffffvgf_ .
‘ ) Sl Sle

”qu : ‘lfﬂ-iitff‘”h;'s 2;?93 3 .
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The discussion focused on comparing the thegyries put

RN

forth by others in both human and non-human tetrapods with
the results of the present -investigation. The most striking
observation with .comparison to the literature was that it

appears, contrary to Williams' (1959), Jarvik's (1980) and

‘ Verbout‘s (1985) conclusions, that human vertebral

development is not identical to that of other vertebrates or
bos

amniotes. The most obvious d1fference between human and

nen—humanntetrapod-vertebral development is the 1lack of a

-perichordal tube in humans. In other tetrappds, this tube is

_the , ceritral axis- of centrum and intervertebral @ disk

’deVelopment ' whé%eas Tin"humans the entire sclerotome is

) . y .
¢ ¢

1n&olved 1n vertebral format1on.. - ) e

y

Congen;tallvertebral anomalles vere brlefly compafed to

- ~

[} ’\'4

the present theory, 1t was' found that there ;gswfnot ~enough‘

6 . 5

_known ‘g%out 5t he etlology 95 hemlvertebrae "and hemlmetamer
‘hypoplasxa agd aplasra %to eltherv conf1rm - or " deny - h_*“

,«.acddracy °f\ the present é§EOry. And there a;e 1ndloatlons

‘" that these anomalles may be .the " result of' - abnormal

L2

Y

.

rchondrifieation, rather than atypical developmeet of the * .

. S & )
somltes and sclerotomes. ’ - .? 'a ; T
- B - o . LN

o The conclus1ons drawn from th1s 1nvestlgat1on were that

. ; ) .

’the interselerotoma} arteries and intrasc}erotomal - fissures
.do exist in‘human embryes,‘but the intersClerbtomalifisSures
C

" 8o hot and that*fesegmentatlod -of "the sclerotomes does occur

i

' r

. Y .
durxng the blastemal stage of human ‘vertebra developmentv
' ! 'l o .73

&

%BI the pr1m5§9 segmentahaon df the sclerotomes is deflned by {
1

wt o ' - L by
o . . .
5. .. R . N a -
T ]

4

< 1&:\0

\
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the intersclerotomal arteries-and somites, the definitive
vertebral bodies do not correspond to this segmentation, but
rather to the caudal half of - the segmenf above "and the

cranial half of the segmeht below;’
. . ) ;



V11. TABLES : L
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Ve

TABLE 1 -~ :

The CRL, Plane of Section and Section Thickness of
the Embryos ' .

EMBRYO CRL © PLANE OF SECTION

NUMBER (mm) - SECTION THICKNESS (um)
H17 . 21,7 coronal 20
H19 14.6 coronal 25
. H21 8.5 transverse 12
- H28 7.0 transverse 10
H32 5.5 transverse ) 10 ‘
H34 10.0 transverse 10 9
H37 2.0 ..transverse 10
H42 6.0 transverse 10
H43 12.5 transverse 10
H44 3.5 . transverse 10
H45 - 11.0 transverse . 10
H50 10.5 ‘transverse 10
H51 15.5 transverse : 20
HS55 6.0 . transverse 10
g HS57 14.0 transverse 12
H58 9.4 transverse 12
H60 15.0 transverse 12
H66 6.5 , ~ transverse 10
H68 20,0 ' coronal 12
H80 17.5 transverse: 15
H81 23.5 “transverse 20
H86 3.5 transverse 10
HB88 15.0 transverse 15
HO93. - 8.2 transverse 10
H96 20.0 transverse 20
H104 22.0 sagittal ‘ 10
~ H109 12.0 sagittal - 10

e o - S S o o B En W = e e G e W - A e S e -
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. VII1. FIGURES

“

L ) '
\\va\\\»The abbreviations used in these figures are located

after the List of Figures.

With most of these figures is a tracing of a’diagram
made of éach embryo prior to sectioning. Each tracing is of
the embryo in 1lateral view with the appfoxiﬁate lével and
angle of the section indiéated by a line. Drawings of the
embryos are not provided for photographs of sagittal
sections.

O; the coronal sectiéns é star indicates the cranial
aspect of the section.

The magnification bars'on each photograph fepresenf one’

millimeter. .

97 . s .



Figure 1 ,

A copy of a sketch of HB80 (17.5 mm) prior to sectioning
indicating the method of measuring the CRL of the
embryo. The CRL, the distance between the vertex and
breech, has been measured without straightening the
curled embryo.

Figure 2 ‘ . Lo

A copy of a sketch of H80 (17.5 mm) showing the several
planes of sectioning which result from the curvature of
the embryo. Due to the curvature of most embryos at the
neck and rump, several planes are produced when ‘the
trunk of the embryo is sectioned transversely. :
A. The sections in the head region are very oblique and
do not represent any particular standard plane.

B. The sections in the body are transverse.

C. The sections at the rump are coronal.
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‘Figure 3

H37 2 mm Transverse Sectlon

This embryo is at the’ tr11am1nared15k stage with three
layers of cells present: the;;ictoderm, endoderm and
mesoderm. The neural tube is forming from the ectoderm.
The somites are derived from the 'paraxial mesoderm
which is on either side of the notochord (which has
been removed presumably during processing of the
embryo). There is a small central coelom in the center
“of the somite on the right.

\

3 |

\
:
. * - . ;

F1gure 4 ) o -
H37 2 mm Transverse Sectlon
This section 1is from an area of the same embryo shown -
in figure 3 - in which somites have not formed from the
paraxial mesoderm. Note that the three layers of the
trilaminar disk are well developed :






Figure 5 :
"HB86 3.5 mm Transverse Section ‘ ' :
The neural tube -has closed and the notochord is
separated from the ventral aspect of the neural tube.
The  somites in this region are open and the sclerotome
cells have extended to th . notochord. The
dermatomyotomes are present on the sides of the embryo,
lateral to the neural tube. The cluster of cells
adjacent to the neural tube on the right side of the
figure represents the early formation of the dorsal
..root ganglion. Note the difference in the density of
the cells around the notochord (the medial sclerotome)
to that more laterally on the left side of the figure
(the lateral sclerotome).

——
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. Figure 6
H86 3.5 mm Transverse Section
In the tip of the tail the neural-tube is not well
formed and remains unclosed, whereas it 1is closed in
the cranial aspect of this embryo (compare to Fig. 5).
Ventral to the neural tube, and closely applied to 1it,
is the notochord. Ventrolateral fo the notochord are
two somites which have not yet broken down to .release
the sclerotome cells. A small b}lood vessel lies between
the somites and the allantoi in  the ventral-most
aspect of the tail.

J

K,






Figure 7

Top view: H44 3.5 mm Coronal Section

Bottom view: Close-up of the area in the box

The somites, except those in the tail, are open and the
cells have extended to the notochord. On the lateral
edges of - the embryo are the dermatomyotomes and
developing kidney. Medial to them, reaching to the
notochord and neural tube, ar® the sclerotome cells
which retain the :somitic segmentation with the
elongated aggregations ©of blood cells. These blood
cells reach the aorta and appear to be branches from it
(arrows). The ventrodorsal extent of the blood cells is

" clearly indicated in this section. Due to the curvature

.0f the embryo this section spans three levels: the
aorta, which is just ventral to the sclerotomes, the
_notochord, which is 1in the approximate center of the
~sclerotomes, and the neural tube, which 1is dorsal to
the sclerotomes. At all of these levels the
intersclerotomal blood cells can be discerned,
indicating that they extend throughout the majority of .
the ventrodorsal extent of each sclerotome. ‘
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sFlgure g8 " - .o e
42 6.mm Tr%nsverse Sect1on . '
N hé .neural tube and. dorsal -root ganglia are well
i[?g“ﬁ" developed (compare to Fig. 5). The neural processes are
%, evident and extend: dorsally betweefi the dorsal root
ségnganglia and dermatomyotdémes. They orﬁgméte from the

- dense lateral sclerotom%. L . "
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Figure 9

Top view: H42 6 mm Coronal Section

Bottom view: Close-up of area in box

The intersclerotomal blood cells extend opposite the
cleft between adjacent dermatomyotomes to  the
notochord. Intrasclerotomal fissures extend opposite
the middle of the dermatomyoteme to approximately the
medial edge of the lateral sclerotome. Directly cranial
to each fissure on 'the lateral aspect of each segment
are the spinal nerves. The oval structures at the
lateral edge of the embryo .on the 1left side of the
figure are parts of the developing kidney.

‘.






Figure 10

H55 6 mm Coronal Section .

The sclerotome 1is segmented by = intersclerotomal
arteries and intrasclerotomal fissures. The sclerotome
cells cranial to the fissure and medial to- the spinal
nerve of each segment are lighter staining and form the
light 'sclerotme band. The dark band is situated caudal
to the fissure and .is not associated“with the spinal
nerve. An artifactual tear has separated . the
dermatomyotomes from the lateral edge of the"
sclerotomes. :

Figure 11 '

H66 6.5 mm Transverse Section

The sclerotome cells on the lateral aspect appear to be
more dense than those around the notochord. From this
lateral sclerotome arise the neural ‘and costal:
processes. The neural processes are found throughout
the entire . vertebral column, whereas the costal
processés (or ribs) are observed only in sections
caudal to the . level of the upper limb bud.






*~ Figure 12

H66 6.5 mm Coronal Section

The intrasclerotomal fissures extend from the medial
edge of the dermatomyotomes to the notochord. Directly
opp051te the fissure is the myotomic’ bulge, a medial
prOJect1on of the dermatomyotome. Due to the poor
staining of this embryo, the dark and 1light bands
cannot’ be distinguished clearly. .

-

Figure 13

H28 7 mm Coronal Sectlon :

In this embryo, the dermatomyotomes have separated into-
their two components and the myotomes have joined to
form a continuous column. More 1mportant1y, the bands
of sclerotome have altered their p051t10n in relation
to the arteries, fissures and spinal nerves. The 1light
band now encompasses the intersclerotomal artery,
whereas in less developed embryos it is caudal to the
artery. The dark ' band now encompasses . the
intrasclerotomal fissure, whereas in 1less advanced
embryos it is caudal to the fissure. The spinal nerve
is now opp051te the caudal half of the light band and
the cranial 'half ©of the dark band, whereas in less
developed embryos it is opposite the light band only.
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Figure. 14
H21 8.5 mm Transverse Section :
The costal processes, or rikg, are observed only in
transverse sections caudal to the braéhial plexus. Note
that the costal process is immediately lateral to the
ramus communicans of the sympathetic trunk.

¢

-

D ’

Figure 15 _
H21 8.5 mm Coronal Section ‘
The relationship of the sclerotome bands is identical
7o that seen in H28' (compare to Fig. 13). The arteries
.are found in the center of the light band and the’
fissures4a the dark band. The spinal nerves are still
cranialzgzaéhg fissures, but lie opposite parts of both
the dark and 1light bands. . '

A

-






Figure 16

H58 9.4 mm Transverse Section

The dark  sclerotome band is clearly visible in
transverse sections and 1is wunited with the neural
processes and ribs (compare to Fig. 17).

Figure 17 _

H58 9.4 mm Transverse Section ~ .
In contrast to the dark band (compare to Fig. '16) the
light band, as shown here, has no processes associated
with it. Note that the spinal nerves are positioned
‘lateral to the sclerotome cells. :
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Figure 18 .

H58 9.4 mm Coronal Section i

Part of the dark band appears to extend into the

intermyotomic jynction, forming the neural process.

Note that the distinction between the meddal and

lateral sclerotomes is no longer visible. Also note the -
" mediolateral extent of the intrasclerotomal fissures. -

’ }

Figure 19

H34 10 mm Coronal Sect1on
The neural processes are more clearly developed in this
embryo than in H58 (compare to Fig. 18). They arise
from shé lateral. part of the dark band caudal to the
sp1na1 nerve and extend between adjacent myotomes.
e






5 Figure 20
* H45 11 mm Transverse Section
In the 1light sclerotome band, as shown here, there is

.occasionally a band of cells extending from the
notochord to both the dorsal and ventral edges of the
sclerotome. (The ventral extension of this band'is not
visible due to an artifactual tear). This is not a

consistent feature in this embryo.

F1gute 21
H45 11 mm Transverse Sectlon

This section indicates the position of the spinal nerve ' -

medlal to the shaft of the r1b






Figure 22

H45 11 mm Coronal Section .

This section shows the relationship of the spinal nerve
to the dark and light bands, which is identical to that
of H28 (compare to Fig. 13). The spinal nerve is
opposite the caudal-most aspect of the light band and
the cranial-most aspect of the dark band. The"
intersclerotomal arteries and irntrasclerotomal fissures
are also visible.
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Figure 23

H43 ‘12.5 mm Transverse Section

" The head of the rib is almost a separate entity  and
between it and ‘the remaining sclerotome cells is a
blood vessel. Joining the neural process and rib head
is a mesenchymal band which 1is the anlage of the
thoracic transverse process. '

Ll






Figure 24 A
H43 12.5 mm Coronal Section

The intersclerotomal arteries and . intrasclerotomal
fissures are no longer visible. The spinal nerve. is
opposite the caudal hal¥ of the light bagg and the
cranial aspect of the dark band. The dark ban is not
unlform in density, but is divided into two regions:
zone A, the upper more dense area and zone B, the area.
of less density just caudal to zone A. Note that zone A
extends below the level of the’ spinal nerve.

Figute 25

. H57 14 mm Coronal Section
‘The coronal sectionsy of this embryo are similar to
those of H43 (compare to Fig. 24). Zone A is dense and
unchondrified whereas zone B 1is 1lighter and |is
undergoing chondr1f1cat1on. The 1light band 1is .also
chondrifying. '

(G






/
Figure |26 .
H19 14/6 mm Coronal Section )
The veftebral bodies and ribs, which are undergoing
chondrification, and the intervertebral disks are shown
here. Note the position of the vessels on either side
of the vertebral body and the spinal nerves between the
ribs. '

Figure 27

"H19 14.6 mm Coronal Section ‘

The ribs and articulating processes are both shown in
this .section. A mesenchymal band joins the articulating

processes and the inferior articulating processes.

appear to be longer than 'the superior ones.

v






Figure 28

H109 12 mm Sagittal Section

The suboccipital nerve is located between the occiput
and the first cervical vertebra; it is not associated
with a dorsal root ganglion. The vertebral artery is
cranial to the-nerve. A

Flgure 29

H109 12 mm Saglttal Section

The first dorsal root ganglion is between the first and
second cervical vertebrae. Note that the first rib is
opposite the seventh cervical vertebra in this embryo.’
Also note the large spinal nerves ventral to the
cervical vertebrae. . ' :

i






~

Figure 30

H60 15 mm Coronal Section )

The vertebral BO&@QS are undergoing chondrification
which distipguishes. them from the unchondrified
intervertebral disksy The cranial half of the disk is
opposite the \lowerAaSpect of the spinal nerve and the
disk extends a short distance below the level of the
nerve. .

A






-Figure 31 . :

H80 17.5 mm Transverse Section

The cervical vertebrae have typical transverse
processes which syrround the vertebral artery. Parts of
the spinal nerves are located lateral to the transveéerse
processes in this section.






Figure 32

H51 15.5 mm Transverse Section -
The thoracic vertebrae possess cartilaginous transverse
processes which emerge from the neural processes to
articulate with the head of the rib. Note the relative
smallness of the neural tube in comparison to the size
of the wertebrae. .






Figure 33

H81 23.5 mm Transverse Section

The ventral arch of the atlas vertebra is situated
ventral to the axis vertebra. Note the absence of ‘the
vertebral body in the atlas vertebra and the transverse
processes partially surrounding-the vertebral arteries.






Figure 34

H81 23.5 mm Transverse Section 1
"The ventral arch of the atlas vertebra is ventral to
the odontoid process of the axis. Note the presence of
the notochord in the odontoid process and the
mesenchymal anlage of the transverse ligament. Also
‘note the trilobed appearance of the odontoid process.






Figure 35

H81 23.5 mm Coronal Section -

The lateral-most aspects of the sacral vertebrae are
fusing. However, the bodies of the sacral vertebra are
separated by intervertebral disks.

)
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Figure 36
H104 22 mm Sagittal Section
The vertebral artery is in a position similar to that
found in the adult: it arches over the seventh cervical
vertebra and passes through the transverse processes of
. the upper six cervical vertebrae. Note the wedge-shaped
anterior arch of the atlas and the muscle tissue
between the transverse processes.

Figure 37

H104 22 mm Sagittal Section
Between each rib in the upper part of the intercostal
space is a neurovascular bundle. Muscle tlssue .is also
" found in the intercostal spaces. -

-






Figure 38 o
H104 22 mm Sagittal Section
The bodies of the lumbar and sacral vertebrae are shown
here. While the lumbar vertebrae are clearly separated
by intervertebral disks, the - sacral vertebrae are
fusing together. Compare the sacral vertebrae in this
section to those of figure 35 in which the vertebral
bodi#es are separated by intervertebral disks.
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Figure 39
A-D. are diagrammatic representations of the process of
vertebral development as ~descr1bed in the current
study.
A. Each sclerotome segment (the cranial-most segment is
ignated by brackets throughout these diagrams) is
bounded by intersclerotomal arteries and is divided
into two -halves by an intrasclerotomal fissure. Each
'sclerotome half is of equal density. The spinal nerve
is positioned cranial to the intrasclerotomal fissure
and opposite the cranial sclerotome half. i :
B. The caudal sclerotome half becomes darker than the
" cranial half and this dense: area forms the dark
sclerotome band (stippled area). The light sclerotome

« band occupies the c¢ranial sclerotome half and is
_opposite the spinal nerve. The intrasclerotomal fissure
separates the two ban of each segment.
+C. A relative changeog; the positions of the sclerotome
bands occurs. The light band surrounds -the
intersclerotomal artery whlle the dark band surrounds
the intrasclerotomal fissy "The spinal nerve 1is now
opposite the caudal aspYe of the light band and the
cranial aspect. of the k band, while remaining
cranial to the intrasclerotomal fissure as in diagrams
A and B. The dark band _soon develops two . densities.
within it: a very dense zone A and a less dense zone B.
Concurrently, the intrasclerotomal fissures and
intersclerotomal arteries are no longer visible in the.
sections (they have not been removed from the diagram).
Since zone 'A extends below the level of the spinal

" nerve (the caudal-most level of zone A is indicated by

arrows), . if the_fissures‘were present: (as indicated® on

" the d1agram) this dense area would encompass the

fissure. zZone B extends from the level of the arrow to.

the caudal aspect .of the neural processes.” The netral

processes and costal processes are both initially
outgrowths of zone B.of the dark band.

.+ D, This diagram illustrates the.cartilaginous vertebral
bodies and intervertebral disks. (The. contribution of .
‘one sclerotome  segment to the ‘'vertebral bodies and

- disks is indicated by the bracket). Zone A of the dark
sclerotome band - forms . the intervertebral disk.while
~zone-B and the light. band caudal, to. it chondrify '
form the vertebral body. The splnal nerve is opp051te
‘the caudal aspect’ of the. vertebral body and the
subjacent intervertebral disk, Ultimately, one Segment
. contributes to one intervertebral disk and parts of two
 vertebral bodies: the caudal aspect of the vertebral
‘body cranial to the disk and the cranial aspect of the
vertebral body caudal to the dlsk
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Figure 40
A:C are diagrammatic representations of wvarious
theories of human vertebral development. The two blocks
at the left represent somites and the original segments
of the vertebral column. The dark bands are indicated
with hatching. Only the neural processes are shown in
the diagrams.
A.Human vertebral development according to Bardeen and
Lewis (1901).
1.The caudal thlrd of each segment is dense and the’
neural and costal processes emerge from it. (The
intrasclerotomal fissures are not described and are
therefore not included in these diagrams).
2. The dense caudal third contributes to the
intervertebral disk in addition to the vertebral body
caudal to the disk. The majority of the vertebral body
is compogsed of the light band. )
B.Human vertebral development according to Bardeen
(1905) and Ehrenhaft (1943).
1. Initially the caudal sclerotome half is more dense
thanh the cranial one. (The precise position of the
neural processes 1is not clear in either theory and
“therefore they are not included in these diagrams).
2. The position of the dense zone changes and it now
surrounds the intrasclerotomal fissure.
3. The intervertebral disk develops from the dense area
surrounding the .intrasc¢lerotomal fissure. The 1light
areas of two adjacent segments form the vertebral body.
% Hu?an' vertebral development according to Wyburn
1944 .
1. Initially the dense area is conf1ned to ‘the caudal
sclerotome half. (The precise position of the .neural
processes is not clear and  therefore they are not
included in these diagrams). :
2, The dense area is reinforced by cells of the cranial
" sclerotome half and it now. surrounds the
intrasclerotomal fissure,
3. Each dense area is divided into threﬁszones- a very
dense central zone C and two less dense zones, A and B,
cranial and caudal to it. (The relationship of the
‘intrasclerotomal fissure to these three zones 1is not
clearly described -and therefore the fissure is not
shown) '
4. Zone C forms the 1ntervertebral disk. The vertebral
body is a composite structure consisting of the 1light
band plus zone B cranial to it and“zone A caudal to it.
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Figure 41 \x
D-F are diagrammatic representations of the process of
human vertebral development (continued from Figure 40).
D. Human vertebral development according to Sensenig
(1949). .

1. The dense area surrounds the \intrasclerotomal
-fissure. The neural - and costal \\processes are
intersegmental structures originating © from twa
segments. ,

2. .Each dense area is divided into three\zones' a very
dense central zone C and two less dense zones, A and B,
‘cranial and caudal to jt. (The.relationship of these
zones to the 'intrasclerotomal fissure 1is ot clearly
detailed and therefore the fissure is not showh). ,
3. The central zone C forms the interverteggal disk.
Each vertebral body is formed from the light'\band plus
zone B cranial to it and zone A caudal to it.

E.Human vertebral development according to\Sensenig

(1957). ‘ ‘
1. The caudal .sclerotome half is more dense than the
cranial one. The neural and costal process are

intersegmental structures.
2. The intervertebral disk forms from part of the\dense
zone. The vertebral body forms from the light \areas
with additions from the dark bands cranial ‘and caudal
to it.
? Hu?an vertebral development accordlng to Peacock
1951 -
1. The: caudal sclerotome half is more dense than
cranxm&= one. . (No details of the neural processes were
glven and therefore they are not shown).
2. The position of the dark band has changed and it
‘surrounds the intrasclerotomal fissure.
3.. The - intervertebral disk develops from the dense’
zone. The vertebral bodies are intersegemental
structures; arising from the 1light areas 'of two
adjacent segments. ) XQ*
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IX. APPENDIX

Tt

A. Techniques of Serial Reconstruction

A Wax Reconstruction-of H104 o _ (h
first five thorac1c vertebrae,of H104 using plates of dental

wax., Only'the vertebrae, but, not the ribs, were included in

e . .
the' reconstruction.’

8 -

. \

1, The dental wax was measured with micrometer calipers

‘; s _
and found to have an average thickness of 1500 um per plate.

S1nce the ?mbryonlc sectlons were cut at 10 um, and .every
' second sept1on was to be.reconstructed the sect1ons were

magﬁ1f1ed to 75x in‘ order to "malntaln the .correct
. - ; l ©

LR
"- 3 <

.proport:ons in the model R

2.‘The sections were 'profected with a .Leitz Prado
microscope projector onto sheets of. paper pinned dnto the
- e T3, K o ) o - ‘,j : L . - ) ° r“ ) .

PR
e o, ,

wall. T h”‘&d |

' 3. The outllnes of the vertebrae were traced 1n penc1l
‘onto’the sheets of paper.dW  ;_7”7'”;i _,;‘ '

§ 4f’ Each trac1ng was placed on a llght box and a plate

! :of wax superlmposed on top of the paper, The eut;lnes \wehe

Vretracéd onto the vax platey ™

BN 5

5 Once all of the outu1nes were traced ‘the . features :

-were cut out of the wax plates . w1th a sharp scalpel Brxdges

of ng were left between ay%a;ate elements to«ma1nta1n thexr
i S ' , Hate |

. cofrect relationships. B

o

© A wax model wvas reconStructed from:-the. left ‘halfs of AJP » ?

”n -

3
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A \
6. The wax outlines were then lightly scraped with a

razor blade to remove the raised wax edges.

7. The outlines traced onto paper were stacked
serially’, using the best fit method, and were then used to
guide the alignment of the wax plates. white'giue was used
to bond the wax plates together.

. 8. The excess glue waevscraped off ‘and heated .wires
were. placed into 'the %odel in areas which needed support.
nfter this step was compl%ted, the bridges were removed with

a heated metal spatula. °

A Transparent Graphical Model of H104 o - .

Tne " first five thoracic ‘vertebrae of H104 were
‘reconstructed aga1n with the wuse ef acetate sheets. The
vertebraer -ribs, nervous txssue, blood vessels and,'as
ancillary SUxuctures for the use of alignment, the‘ lunge
were traced a | %

1. Two thlcknesses of acetate were available, ‘5> qil
(iés .um)' and 10 m11-(250 pm)., whlchlhad a'combined average
'thlckness of 375 um. The embryonlc sections w;te cut at 10‘
'um. Therefore, UtlllZlng every sectlon, a magn1f1catlen of‘ﬁ
137 5x was used to malntaln the proportlons of the model.

[ o

2. The sections were progected down onto sheets of

by
acetate using a Bausch and Lomb micréscope projector.
3. The structures "ofk'interest”,were traced onto the

acetate, u51ng permanent f1ne t1pped felt pens. A d1f£§rent

A color was used for most structures.

.
‘e

<
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4. A, cardboard sheet with a series of small holes was
used to aid in the aligngént of the tracings. The first
tracing was placed onto a lightbox and securely taped in
place. The cardboard éheet‘was placed on the tracing and the
outlines of the holes were drawn onto-the first sheet. These
circles were-placed-on the periphery of the sheet, outside

fof the trac1ngs S0 they would not interfere w1th the model.
A piece of 10 mil acetate, which was used as a spacer to
maintain the correct proportions of the model, was placed on
top of the»tracing and taped in place.

5. The next trac1ng was al1gned in accordance w1th the
flrst, u51ng the outlines of the lungs and other structures.
When ‘an. allgnment had been reached, the sheet was carefully

_ taped onto the llghtbox and the c1rcles drawn on the first

sheet_ weré retraced. onto the _second sheet. In order to

4w

accomplish thig, the cardboard sheet was used and the holes

11ned .up with the circles on the first sheet. The circles

N . ) v

,could then be ea511y and-accurately»traced'onto the second

sheet. When the structures became larger or sh1fted ‘so that
the reference c1rcles were 1ncluded wrthzn the outl1nes, new
oneSu were - produced, aga1n on the perlphery of the sheet. A

10 m1l sheet was ‘then placed on top of the second traczng
apd taped onto the- llght box. Kl

-

6. ThlS process cont1nued until all of the tracings'

o

were allgned‘ S1nce the acetate sheets had a bluish tinge to

them, only ten or‘fxfteen sheetsAcould.be stacked on top of ..

each other before.theistack waslho longer transparent,’When'

L LT -

¥
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this stage was reached, the bottom sheets were removed, and
- the top two or three sheets were aligned and taped onto the

light box and the process of aligment was begun again.

Transparent Graphical Models of H42, H44 and 886. .

Using the process outlined above for the production og
a- graphical reconstruction of H104,. graphical
reconstructions of three more embryos were. attempted.

However, Repro-Tran Xerographic Transparency Film sheets

~ were. used rather than acetate sheets. The Repro Tran sheets

were choseén as they,did not have to be cut 1nto sheets as

did the acetate and the .surface of the sheets was slightly

rough so that tracing with felt pens was easier..All of’ the

A

sections were projected using a Leitz Prado microscope

projector.

In order
“the coronal tall sect1ons of H42, a magnification of 610x,
'was chosen. Part of each section, which 1ncluded ‘the neural
tube, notbchord, sclerotome and dermatomyotomes,-was, traced

onto two. transparency sheets whlch had been taped together.

'Only ten sections were reconstructed because of the problems

outlined -in the Mater1als and Methods sect1on concernlng the _"

-
¢

tracing of loose mesenchymal masses. B
[} ‘;, . T
'H44 was .reconstructed - in - a . similar manner as H42,
- :

except: that the ent1re out11ne of the - coronal sections 'ofﬁ

the rump were traced Th1s 1nc1uded blood vessels, nervous,

tissueﬁ-‘thef dermatomyotomes ,‘and“ they sclerotome, A

to obtain a very large and detailed view 651

»

Y
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i

magnification of 121x was chosen. All of the coronal
sections,. seventeen in all, other than the very dorsal-most
sections which contained little vertebral material, were

-

traced.

Another attempt at making graphical - models on
transparency sheets \was attempted with H86. Rather than
reconstructing coronal Sections, a number of transverse
sections were traced. TheAsclerotome in this embryo was not
well condensed and led to‘problems with tracing the outlines
ofhthe sclerotomes. Several methods of‘shading and outlining
the sclerotomes were‘attempted,and the most satisfatory_-was |
found to be simplevoutlining of the deneities; Thirtyfone
sectiona,_heéinning in the pharyngeal region, Vere‘brojectedr
with Ja‘ Leitz PradO‘microgcope projecé%rhat“a.maonifiCation~

of 212x and traced. During thia process, the subjectivity of

the boundarles of the loose sclerotome came ieto questlon.

L=

. To - test this, one section was’ redrawn on, five: d1fferent

“daya. ‘The. outllnes were found to be substantlally var1ed in

:these flve trac1ngs. ‘L -

A

.o

;

s . . i .

’ : ’ : ‘
. ) .

i \ Computer Model of H89 -

-z% _
é&nlxgned on a Hewlett Packard 98453. L

Although no attempt was madev to produce a ~E%hputerf
model ofie such- modei had been créated by others at an.

e%"earl1er-date. Twenty-fo r sect1ons of.H89 a 44 ~mmf embryohj

‘from- the Shaner collection, -vere: reproduced ‘and serlallyQ

! -
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A Contour Model of H104 g
One contour model was reconstructed from the tracings
made of the firat five thoracic vertebrae‘of H104, which had
been usea in the construction of a wax model.
1. The original tracings. (at '75x.‘magnification) were
aligned and three reference marks drawn onto each sheet.
2. A master sheet of paper was"placed on-a lightbox and

-

the reference marks were traced onto it. oy

‘

*B -3. Each tracing was then.retraced.in pencil onto the

master sheet in accordance to the reference marks.

4. Twenty outlines were reconstructed in this aia%hion;

No attempt was made to qhade”or_;ntroduge perspective to the

model.

A Photographic Reconstructlon of 558 L _'

N4

A photographic model was made with the coronal sectlons,w

3

of H58. This method was chosen as it d1d not 1nvolve trac1ng'x

poorly condensed sclerotome, as dld the other methods -of

.

“.reconstruct1on. Therefore, there was no subject1v1ty 1n the'

productron of th1s model.

\

_ N\
. the embryo were photographed .in black and wh1te Kodak

Panatom1c X fllm on a Leltz orthoplan photom1croscope.:

o 2 The sectlons were enlarged to a magn1f1cat1on of 90xf;

4

and printed. SJnceij the;' photograph1c paper was_fnot‘

e

'ntransparept, ‘ﬁt- HaS‘h:ﬂét ' necessary vto : adjust the

~magnification ~of the sect;ons to that of the thzckness of

¢ i N
Cwm B - - T e
T \SE'F . - ’

-

1. Th1rty-f1ve coronal sect1ons of the cau al reg1on of»
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the photographic paper.

Two' more efforts were made to convert - the 'photographé

into ‘a three-dimensional model. Thg-fifst was to photocopy

the photographs, which Eesulted in a represeﬁtatién of the

se;tioné on transparent sheets. The second was to.trace-the

pﬁotographs onto transparency sheé;s qsing the methods used:

e}in the construetion of graphical models. Both methods were
unsatisfactéry; the‘photocopies‘has poor contrast and many

- of the details were - lost and the ‘mesenchyme was not

sufﬁigjently_cohdensed to render feliable<tracings.



