HISTOCHEMICAL STUDIES OF MUCOPOLYSACCHARIDES

IN EXFERIMENTAL MYELOSCHISIS

by

Stuart Dudley Wilson, B.S.

A THESIS
Presented to the Department of Anatomy '
and the Graduate Division of the University of Oregon Medical School
in partial fulfillment of
the requirements for the degree of
Master of Science

May, 1964



hesis)




hAcknowledgments

My sincere gratitude to Dr. Robert L. Bacon, whose counsel,
assistance, and enthusiasm over the past two years were greatly
appreciated and a preat aid in the completion of this work,

I also wish to thank Dr. David L, Gunberg, who gave me the
orportunity to participate in this program and under whose direction
this study was initiated, i

And, finally, I wish to express my fond appreciation for

the patience, encouragement, and assistance put forth by my wife, Jane,
thus enabling me to complete this study.,

~1il-



TABLE OF CONTENTS

IVISION

Iv,
Vl
vi.

VII.

INTHODUCTION covcococecosososssosossossoensossasonnnssane
MATZRTALS AND METHODS cesvvccosencccocscssscoscsscnsaeess
RESULID g nwsiweissoiisasesig wi erevaseaes tovnescscecveccs

A. Normals e..on.».uoo.»aee,,.@,.eg..e..;.....,......

Be EXperimentals ....uecvceecesccescconcsocsnssscsssos
DISCUSSION T L IR I ¥ T o I o O N
SUMMARY AND CONCLUSION o0 ssocnceseocecoecooscssessesess
REFERENCES 640 cosvooscsecoosncesascsoscosascenssonssnsene
APPENDIX

A. Staining MethOds POOCVOEVEO0ROOCVPEPOOR VOIS ORIOGOORO R

B. Tables oolooooncboooptbae-v.owocoaw.ocaauaanlc.cob
Co Graphs ...oeeaecmten-w.wee-aQODvwmeebowvnaoetsto-a
Do Plates 060000009eoaoﬂﬁ'echah.cocDc.o'eobﬂﬁownoeoe

iV

101



Introduction

Spina bifida is a lower axial sksletal lesion that, prosumably,
has been present in man since antiquity, but only during the past two
hurdred years do we find it describad in sclentific writings. The lesion-
has frsquently been associated with variable degrees of neural tissve
defects. These defects, myeloschisis and myelomeningocele in the humzn,
were well described by Keiller (30) im 1922 and again by Patten (44) in
1953; and more recently, experimental production of these abnormalities
was achioved in the mouse and rat newborn ( 2,11,12,16,19,53,60) (such
as were described and produced by Warkany et al (54), using trypan blue
injections). Thus, the morphological pattern of development has bsen
well discussed; but of the two theories which propose to explain the
changes, neither has been verified,

Though spina bifida cystica, etc,, had besen recognized for
centuries, it was not until 1761 that Morgagni (39) presented the fir:t
theories of the origin of these defects, His hydromyelic theory was
bzsed on the bellef that the necural tube failed to close dorsally, due
to increased cerebral spinal fluid pressure. "Thess watery tumors of the
vertebra-" represented a disruption resulting from the pressure of fluid
"descending in the tube of the spins™ from the hydrocephalic head, This
idea persisted unopposed until 1886 when von Recklinghausen (51) dis-
credited it and proposed his own araphic concept. On the basis of
appearance alone, he felt the lesions were the result of an arrest in
development and that the failure of the neural tudbe to close dorzally was
not secondary to an increased cerabral spinal fluid pressure, Instead, he

hypothosized that a primary noural tissue defect occurred prior to the



initial closure of the neural tube. A little over a half-century later,
Patten (43) stated that he had observed in human embryos marksd local
overgrowth at the site of the defect and concluded that this overgrowth
prevented the tube from closing. As his confirmatory evidence, he pointed
to Fowler's (6 ) work in which the normally closed neural tube of chick
embryos was mechanically slit dorsally and an overgrowth of neural tissue
followed., Gardner ( 8 +9 »10) felt this to be an incorrect interpreta-
tion, for Fowler's work was done in the intact neural tube while Patten's
cbzervations were based on initially deformed material. Gardner related
the development of the cystic lesion to a subsequent rapture of the neural
tube, which, in turn, produced the secondary neural overgrowth, Cameron
(&) also supported the secondary fallure concept, but he felt the defor-
mity resulted from an exaggeration of the physiologic hydromyelia that
Weed (58 ) observed during normal morphogenesis, This, Cameron hypothe~
sized, would prevent the initial dorsal closure of the neural tubs and
neural arches, Thus, both the primary and secondary failure theories are
still being disputed,

In reviewing these theories as to the method by which the
defects are formed, I find that neither explanation can yet account fcr
the range of lesions observed. Spina bifida is invariably present with
meningocele, myelomeningocele, and myeloschisis, However, spina bifida
occulta does not usually have an associated meaingeal or neural lesion,
as demonstrated by its lpresenco in lS-Zb per cent of the normal human
population. As’a consequence, we are faced with two forms of spina
bifida: one most frequently purported to be a primary, isolated lesion
without associated neural defects (occulta), and the other a secondary
- neural arch deformity associated with meningocele, myelomgningocele. and
mysloschisis (U4 ), To contribute to a unified araphic or primary failure



to closs concept, I have attempted to approach the problem from a dif-
ferent point of view in this study.

It has been demonstrated that two mechanisms, the histogenic
and the:morphogenic. operate in normal axial skeletal chondrogenesis. In
the context of this paper, histogenic refers to cellular acquisition
(induction) of a differentiation potentisl; whereas morphegenic refers
to the influences acting on these altered cells to create structural
form and to establish morphological interrelationships with surrounding
tissues, In this case, the histogenic inductor is a specific substancs
which can be isolated from the ventral half of the spinal coxd., The sub-
stance presumably acts on recsptive cells to induce them to secrete the
vertebral cartilage matrix, which is chiefly composed of the acidic
mucopolysaccharide chondroitin sulfate., It is hypothesized that an al-
teration in this induction system may lead to altered acid mucopolysac-
charide elaboration during chondrogenesis, the end result perhaps besing
spina bifida and/or other vertebral deformities. In an attempt to
verify this hypothesis, I have chosen myeloschisis for the experimental
nodel,

In myeloschisis, the asscociated abnormalities in developnent
of centrum and neural arch may be postulated as arising from two
mechanisms, These are related to the alterations in the action of his-
togenic industion and of the morphegenic influences, It is assumed for
this study that: 1) An alteration in the histogenic inductive mechanism
will produce alterations in the biochemical development of the centrum
and/or neural arch cartilage; and 2) an alteration in the factors (mor-
phogenic) determining normal morphologic relationships between the
vertebral elements and the spinal cord will not, by definition, produce

alterations in the biochemical development of the cartilages,



In gathering support for these assumptions, I might begin by
citing observations made by Patten (44). In the more severe forms of
the deformities, he noted that the neursal tube defects were established
priorvto the spira bifida deformity, i.e., when there were yet no indi-
cations of the neural arch primordia whatever, Around the notochord at
this time, only suggestions of mesenchymal condensations were seen
representing the primordia of the vertebrsl centra, Thus, primary
neural tlssue defects could be related embdryologically to the develop-
ment of axial skeletal defects,

During the past few years, further supportive evidence has

Qarisen threugh the demonstrstion that a close relationship exists between
the spiral cord and the subseguent development of normal vertebra.
Studies have been done which show that the embryonic neural tube excris
the major influence in the inducticn of vertebra formation (5 ,14.23).
This influence appears to act in two ways, The first is in the histo-
genesis of precartilage elements from sclerotomal cells, The second ’s
the demonstration that the neural tubs, spinal ganglia, and motor nerves
have a significant bearing upon the form of the developing cartilage,
i,e., morphogenesis, These two influences, apparently emansating from
the spiral cord, appear to be the most prominent in vertebral develop-
ment, Though the notochord plays a partial role in centrum formation,
po evidence has yet been presented to show that it plays a role in
neural arch formation,

These stateménts'concerning the significant role of the spinal
eord in neural arch fermation are supported by studies performed on
several‘diffbrent vertebrates, including Amblystoma, fish, chicks, and
mice (15,21,55 ,57). In Amblystema, it was shovm that when a piece of

spinal cord from 23~ to 24-stage embryos was excised, vertebra failed to



develop in the cordless region (<20). Some cartilage was noted to appear
in the anterior and posterior portions of the operated region, but this
was felt to be a result of caudal and cephalic sclerotomal migration of
ad jacent normally-induced cartilage centers. When the exclsed spinal
cord was then grafted into the somites of a host (parallel to the host's
spinal cord), a supernumerary vertebral column with neural arches frcem
presumptive myoblast tissue was formed in all cases. All components of
the induced system were morphologically identical to the normal host
axial skeleton., When the medisl three-fourths of such a group of somites
(unilateral and bilateral, including the somite grewth centers) were
excised, normal neural arches still. developed, but the dorsal, longitu-
dinal musculature was markedly deficient.

Holtzer and Detwiler (22) have carried out further studies with
Aublystoma to lend support tc their previcus conclusions that the urodele
vertebral column is primarily induced by the spinal cord, Spinal cords
in stagé 37 embryos were split longitudinally along the midline, and
three donor somites were then placed in between the two halves of the
cord. Later, at four weeks after the yolk resorption stage, examination
revealed that muscle and cartilagirous elements had formed between tho
two portions of the split cord, Each spinal cord was surrounded laterally
by neural arches of their ouwn, and medislly by either an individual or,
wore frequently, a common neursl arch, This dorsal neural'arbh systei
articulated with the appositional cartilage of the notochord. To demon-
strate that the transplanted somites were undifferentiated at time of
transplant, scmites of the same stage donor were excised and implantec
alone in the mesenchyms ventrolatersl to a host’s somitic mass, No car-
tilage or dorsal,longitudinal muscle was formed. These authors found

that cartilage would form only if the donor spinal cord was included in



such a transplant. When another donor cord was implanted between the
host's cord and somites number 6, 7, and 8 (with these shifted laterzlly),
no cartilage developed to separate the two cords unless migratory mesene
chymal components of the sclerotoma‘had migrated between the two corcs,

In cither case, the two cords were later encased by neural arches which
assuned the contour of the cords.

Hotzer, Lash, and Holtzer (2+) carried ocut experiments invol-
ving transplantation of 6-10 samites frcm tailbud Amblystoma eambryos to
the dorsal fin of young larval host embryos, Whsn the somites alona
were transplanted, examination 3-5 weoks later revealed that only small
sirards of muscle and pronephric tissue had formed; but implantation of
the notochord along with the somite resulted in the formation of a small
mess of muscle, irregular and inconstant cartilage mounds which adhered
to the notochord, and scattered kidney tubules. Finally, when the
somites were transplanted with a piece of spinal cord, there occurred a
large mass of well differentiasted ruscle as well as cartilaginous ver-
tebral elements (incliuding precocicusly formed centra). That this
spinal cord effect was not typical of all different types of neural tis-
sue was demonstrated by co-transplantation of somites and forebrain,
Examination of such transplant sites 3-4 wooks later revealed that only
strands of mmscle were present,

The fish embryo has alsoc been the focus of some studies,

Watterson (55), using the Fundulus hetercclitus, extirpated the neursl

tube from somites 4-14 and sacrificed the specimens when centrum and
neural arch developments were evident at the unoperated levels, A com-
plete absence of neural tissus typically resulted in no cartilage cells
being found eithe# lateral or dorsal to the notochqrd at the level of

extirpation, Neural arches were found only when neural tissue was



encountered anterior and posterior to the excision site. If any neural
tissue were left in the extirpated region, cartilage cells would form
nearby. Associated, badly disorgardzed, nervous tissue served to demone
strate that relatively normal neursl arches may form in relation to it.
It was also noted that neural arches were complete in dorsoventral sxtent
even though the dorsoventral extent of the cord was reduced. In the
absenca of the spinal cord, occasicnal small cartilage cell clusters lay
dorsolateral to the notochord in the position of the bases of the neural
arches, |

The major studies in chick embryos have been carried out by
Watterson, Fowler, and Fowler, (57) They demonstrated that partial ex-
tirpation of the neural tube resulted in a corresponding reduction in
the dimensiéns of the vertebral canal, A decrease invthe size of the
neural tube produced decreased and thickened neursl arches. Complete
extirpation resulted in the absence of a vertebral column at the opera-
tive level, When this gap was small, the region between the free erd:
of noural tissue became filled with a solid cartilaginous rod, Complete
removal of just one segment of spinal cord had this effect in the chick
but not in the urodele., When the notochord was left behind, it was
alwvays enclosed by appositional cartilage, as in the urcdele, Strudel
(49 ) observed this in the chick also. His report states that vertebral
cartilage was completely absent only when the notochord was also extir. '
pated and when the ingrowing strands of nmeural tissue did not appreach
each other too closely, In retrospoct, the investigators felt such
results should have been expected; for in the e;rliar work of Wolff (& ),
description of degeneration of the neural tube and notochord was re-
ported in the course of i;radiating chiclk embryos, This, in turn, was

accompanied by a reduced or absent vertebral column.



Lash et al (32), working with chick embryonic tissue cultures,
confirmed these findings. They demonstrafed that cartilage could be
induced in cultures of chick somites only when spinal cord or notochord
was present., In order to delimit the time of induction in chicks, a row
of somites plus adjacent nephrotome were transplanted to the chorioal-
lantois. In very young embryos (day 1), somite transplants resulted in
no vertebral cartilage formation., 3-day-old donors formed cartilaginous
rods or océasion#l vertebra-like masses, In 4-day-old donors, vertebra-
like masses of cartilage were formed. The conclusion reached was
similar to those from Holtzer's work with urodeles: Precartilagé cells
acquire their capacity for histological differentiation prior to the
capacity for morphological differentiation., The same sequence has been
seen with the mesenchymatous cores of limb buds of chick embryo cultures
in vitro (57). However, this sequence has beep disputed by Weiss and
Amprino (59). who feel that the prescleral mesenchyme of the chick seems
to acquire both the capacity for histological and morphological
differentiation at the same time. In'any case, somites definitely have
been induced in urodeles after stage 35 (20) and, in the mouse, after
25 somites (15).

- Few studies with mice have been recorded., An in vitro
experiment has been carried out by Grobstein and Parker {15) in which
they implanted clusters of six somites from 9-day mouse embryos into
tissue culture media and found that the somitic tissue failed to differen-
tiate into either muscle or carfilage. When cultured with a neural tube
of the same stage embryo, the mesoderm differentiated into cartilage
nodules, Grobstein and Holtzer (14) then performed in vitro studies of
cartilage induction on mouse somite mesoderm. The spinal cords of 9-day

mouse: embrycs were halved, and subsequently each half was independently



cultured in somite tissue. Of the 45 ventral-half cords, all but three
formed cartiiage; wherease, of the 20 dorsal-half cords, only one formed
cartilage from the culture cord and mesoderm. Thus, it was concluded
that the cartilage-promoting activity of the embryonic spinal cord is
primarily located in tﬁo ventral half., When 9-day mouss somites were
combined with fragments of spinal cord from successively older stages.

a decline in the cartilage-promoting activity of the ventral spinal cord
from 12- to 13-day-old embryos, and its disappearance in the 15-day-old,
was noted. At no time was the dorsal one-half of the spinal cord -
significantly active, Also, they found no simple correlation between
the mitotic activity or degree of neuron differentiation and cartilage-
promoting astivity of the spinal cord. Attempts at induction at

various times with killed CNS tissue, other living and dead tissues,

and inert materials were unsuccsssful. Finally, by minimizing the area
of contact between neural and somitic tissues in vitro, it was demon-
strated that the inductive process of the neural tissue with the
chondrifying cells is not necessarily contact-dependent.

Lash, Hommes, and Zilliken (33), interested in previous work
performed by Holtzer that indicated the ventral half of the spinal cord
possessed cartilage-inductive capabilities, initiated a study of the in
vitro induction of vertebral cartilﬁge in chicke., Using isolated
chick somites, spinal cords, and notocherds taken from 2,5- to 3-day
incubates of stage 16- to 18- embryos (with the exception of some
4,5-day spinal cords used for extractions), cultures were made of in-
ducing tissues (notochord and spinal cord), reacting tissues (somites),
and chondrogénie cultures (indueing plus reacting tissues), A cold
perchloric acid extract of ventral half of the spinal cord and notochord

was observed to simulate the inducing actions of both of these intsct
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structurss in vitro, i.e., inducing the formation of cartilage in explanted
scmites. Out of 228 cultures of the explanted somites, 186 developed car-
tilage when exposed to the extracted inducing substance. Cartilage
usually developed within four days after the inducer was applied. In
control somites, onrly 38 small nodules of cartilage were produced in 304
cultures, No inductive capacity could be attributed to extracis of the
dorsal half of the spinal cord or %o the sugar phosphate extract alsc
obtained from the inducing tissues. Electrophoretic and chromatographic
studies have revealed this inductive properiy as belonging to a nuclec-
tide-containing fraction, Partial purification of this fraction showed
that the cartilage-inducing capability was restricted to one nucleotide-
containing component,

Hommes, van Leeuwwsn, and Zilliken have further studied this
fsctor and believe that column chromatography has

definitely identified cyiidine monophosphate and the

anino aclds aspartie acid, thrsoniaa, serine, gluta-

mic acid, glycine, alanine, and valine in different

ratios, and in addition & reducing hexosamine., Be-

sides a cytidine nuclsotide, spectral evidence shows

the presence of a guanosine nucleotide, (25)

Tais complex is what I refer to in this paper as the histogenic induetion
factor(s), Nc indication was given in either of these studies as to the
mechanlsm of ths,morphogenié relationship between the spinal cord and

tae developing cartilage.

In the studies mentioned earlier, portions were concerned with
the spinal cord and its relationship to the diameter of the spinal canal,
the morphology of the vertebral column, and the distance of the neural
arches from the neural cord, Attentiom was first drawn to the relation

ship betwesn the spinal cord morphology and the neural arch contour by
Holtzer (20) in 1952, Studying urodeles, he found that the cartilage



formod aroumnd the cord and followed both normal and abnormal contours.
As a corollary finding he also obsarved that the precartilage cells
always maintained a characteristic distance from the cord and that the
diameter of the spinal canal was dependent upon the diameter of the
spinal cord. This was demonstrated by increasing or decreasing the
amount of cord tissue, which resulted in a proportional adjustment in
the size of the spinal canal, A critical amount of neural tissue, ap-
proximately 25 per ceﬂt of its normal value, was discovered to be pro-
requisite to normal molding of the vertebra and its processes; for when
the amount of neural tissue fell below an apparently critical level of
25 per cent, vertebral arch forwation was highly varisble. In the
complete absence of neurel tissue before stage 36 urodele, the vertebra
would not be formed, However, by this stage the precartilage cells of
the trunk were determined, and they still formed a simple type of carti-
lage although all neural tissue was absent. This simple cartilage took
the form of a dorsally located, solid, continuous, cértiiaginous rod
with periodie ventral extensions articulating with the notochord., Thus
a distinct relationship between spinal cord morphology and neural arch
morphogeneslis was demonstrated,

Watterson and Spiroff (56) experimentally decreased the dimen-
sion of the lumbosacral level in the spinal cord of chick exbryos by
unilateral or bllateral leg bud extirpation., This resulted in a corre-
sponding reduction in the dimensions of the vertebral canal. They also
discovered that modifications in the spinal cord's shape were unusually
reflected by corresponding modifications in the shape‘of the vertebral
canal, ,

Each of the studiss cited has served to point up the important

role of the vertebrate spinal cord in axial skeleton formation., To re-



capitulate briefly, it was shown in fmblystoma, fish, and chicks, that
early extirpation of the neural tubs resulied in vertebral agenesis or
dysgensgls, On the other hand, traasplanting Amblystoma and chick neural
tubes into somites in vitro led to formation of relatively normal veriee
bral elements surrohnding the neurel tissue. In Amblystoma, when somites
were transplanted to a site between the spinal cord split longitudinally
alonz the midlins, formation of muecle and cartilaginous elements
occurrad, These cartilaginous elements assumed the contours of the
surrounding neural tissues as wsll as articulating with the centrum
belew, However, if two segments of Amblystoma spinal cord were placed
in dirsct contact (side by side) in vivc,vno cartilage or muscle would
form unlecs messnchymal elsments hed migrated into the intervening area,

In vitro culture studies utilizing chick embryonic tissues
demonstrated that cultursd sonites developed cartilage only when tho
spinal cord or the notochord wes included in the culture, Using similar
culturs techniques, the actual time of somite induction in chicks was
shown to be separate from the later time (3 days) of morphogenesis of
cartilage. In somite cultures from mouse embryos, this inductive activity
was related to the ventral portions of the spinal cord, and perchlori:
acid extractions from chick nsural tubes and notochord proved to be
chondrogenic when applied to receptive somites in culture,

Thess evidences of « biounemical interrelationship betwesn the
ventral portions of the spinal cord and the receptive ceatrum and nsural
arch precartilaginous sclerotomal cslls appsars to be ona of major impore
tance in axlal skeletal development. I referred earlier to these induce
tive influences as histogenic, We have also seen that the morphology of
the vertebra is chiefly dependent upon spinal cord morphology. No

experimental evidence has been presented indicating that separate factiors
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mediate the cord's influsnce onAvcrtobral morphology and spatial relation-
ship to the vertebra, However, I have referred to those factors attending
this relationship as morphogenie.

In conclusion, the histogenic and morphogenic influences are
the major determinants in normal, and presumably abnormal, neural arch
and centrum formation. Though the morphogenie factor influences the ab-
normal position and form of the vertebra in myeloschisis, by definition
this influence would not participate in the biochemical process of chon-
drogenesis, As such, it is the histogenic inductive mechanism which forms
the basis for this study, the hypothesis being that an alteration in the
histogenic inductive system may lead to altered acisd mucopolysaccharide
elaboration during chondrogenesis. This will be accomplished by a:two-
phase study;

1, By the employment of histochemical methods for the study of
complex acid muGOpolysaécharigeSysmncbproteiQ.1zlyeopxate;na;ﬁzlycﬁgen and
neutral mucopolysaccharides; .the normal -pattern of cpolysaccharides elax -
boration -in-the developing centra and neural arches will be studied.

2, By the application of these same histcchemical methods to animals
with the myeloschisis deformity, the altered histogenie induction hypothe-
sis will be tested rélative to the‘normal animals,
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Materials and Methods

Rats of the Sprague-Daﬁley strain were maintained on a standard
Purina rodant chow with Abdec® vitamin supplements and sulfamerazine added
to the water supply. Random mating of primiparous females for a period of
two hours (+ 1 hour)‘aach day in an inverted light-eycle roocm produced
adequate numbers of offspring for the study. At 9 days, 17 hours (+ 1 hour)
of gestation, the mother was given an intraperitoneal injection of 1 per'
cent aqueous trypah blue solution (the dye injection was frection II blue,
obtained from the crude commercial dye by column chromatography). The
fetuses were collected on the desired days (13 through 18, + 1 hour) while
the mother was anesthetized, With each fetus, wet weight and crown-rumpr
measuremenfs were taken. After this procedure, each was immediately immersed
in cold buffered-neutral formalin for 16-20 hours (37). Follwing fixation,
dehydration in graded alcohols and clearing in Xylene were carried out at
room temperature. The speciments were vacuum-infiltrated with paraffin for
40-60 minutes at a maximum temperature of 65°C, and finally embedded. The
blocks were sectioned at 10 microns, and every section was mounted serially on
five sets of slides (i.e. each of the five sets included every fifth section
serially following the corresponding section on the preceding siide).

Histochemical techniques demonstrating the presence of acid mucopoly-
saccharides and muccprotein, glycoproteins, glycogen and neutral mucopolysac-
charides were applied to the five parallel sets of mounted embryos, each
staining procedure reing carried out on the resﬁective tissues at single
sittings. The three techniques used to demonstrate the presence of
acidiec mucopolysaccharides were the Hale reaction and the Hale

reaction control (after Mowry), the aleian blue
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acthed (after Mowry), and the cresyl vicliet procedure (modificd frcn
Xromor and Windrum)., Demonstration of the noutral muccepolyszcehoridos
wos accemplished by enploying Uie poricdie acid-Schiff reaction {(after
Mowry). Fotuses from noninjected mothors were preparcd and steined by
tho paae nothods and were usad for the nsrwal study a8 well as for come

trols in tho experimental study, The Z¢llewing briefly describos the
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if the solution were applied tc the tissue S@ctioaé long enough.
Since the marufacturer hes not yet made the information evailsble,
the sxect chemical nature of the dys remains 2 trade sccred, Howevsr, it
4

16 dnown $0 be an amphoteric dye whick is & water-soluble derivative oF

sopper phthalocyanin. Tho dye propsriies are believed to result fiwm
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thilouronivm or pyridinium groups attazched to this parent cocwpound (17,
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Line motachromasia and thersty confirmsd ite use a5 2 muein stain., By

W Tay N o 2 1 .. ¥ PN 3 . Y
ng from 0,025 to 0.5 por «en® &isian blue in pd 2.6 affer, Rizzsli
£y M P % - - i maT B L aod S o ™ : - & Yo
. cosgrved that the enmhancsd seissiivity of the dye sppeared 1o 95 Cg-
PSR, L T T T ae 2 Fail o | £ o e v g T & T 3
rondent upon the acid pH of the stelining solation, e furthsr noted

trat: 1) hyzluronic acid, chomdroitin sulfate, and heparin applizd o

tar paper became steinsble with aleian blue; 2) glycozen oxidized by

P
rad ¥

perdsdic aeld and then treatsd with scdium bisulfate was stainabls;

3) mothylation of tissuss sbolished the stsinability of the mucopolysica
crarideos with alcian blue; 4) zeetylation of tiésu@ﬁ reduced but did not
aoclish the reactivity with sleiar blue. The sscond obssrvation in the

resunably relates Yo the sulfonic groups (acidie) formed
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frosm visulfite addition to azldibydes, It has also been found that aleian
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or ¢apsules of Z. =aoformins known to contain carboxyl but
not sulfate groups (41,6}, Tne third and fourth observations are

assumed L0 be based upon procedurss that altsr free acidie groups, (1.9,

carboxyl) of the complex carbvohydretcs, thus blocking the resctivity %o

the dyc, Mowry (#0) felt that staining by the original procedure was
wot nighly selsctive, but that the dye's sontrast and sensitiviiy for
acld mucopolysaccharides were enharcsd by decreasing the conceantration

£ the solution to 0.1 per csnt in addition to lowering the pH from 2.7
to 3.0 with acetic acdd, Wegner ard Shapiro (52 reporited that films
made of choudroitin sulfate, hyaluronis aseid (heparin and wubilisal
cord), and vitroous hmor all staired with the dye; whersas fibrin, albie
mw, and globulin did not color, Thuy zlso demonstrated that the bsst

L) ”

pi range for ¢rs binding specificliy was from 2,3 to 2.8, Their conclue

slion . was that cleisnm blue 5till lscked th
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for the metachromatic reaction. The secondary requirement is relsted to
the surface density of negative charges on the substrate; that is,
inGreased metachromatic intensity his besn shown to oceur as S0sH group

aensity per disaccharide unit of 2 polysaccharide increases (45), Sy wven,

es cited by Pearse {45), disapred

&

s with this concept of metachromasia.
Eiz position is that sscondary new nigh-energy bonding (van der Waal's
forves} between the aggregated dye molecules leads to the spectral shifts
menifested as metachromasia in stained tissues, Despite the thecretical
discussion that still persists on the mechanism of this reaction, the
metachromatic staining of acidiws muceopolysaccharides by these dyes is
generally accepted,

Previous investigators have found that the metachromasia
exnibited by mucous cells and many grounct substances is dve to the muc o-
pelysaccharides (38,61). However, as Michaelis (38) has pointed cut
earlier, not all metachromasiaz is refsrrable to the mucopolysaccharides,
for nucleoproteins and substances of unkunown composition stained metacnro-
metically undsr certain conditions. Wislocki, Bunting, and Dempsey (61)
ciscovered that some of the extraneous stained substances were ribo-
nuclease-sensitive, while other, faintly metachromatic, extraneous
reactions could be reduced by initisl fixation with 10 per-cent neutral-
formalin., Using the thiazine dye toluidin blue, they found metachromasis
to be very intense in fibrocartilage matrix and other tissues knoun to
contaln basophilic acid sulfate groups. That such staining was not
entirely dependent upon the sulfate linkage was demonstrated by the meta-
chromatic staining of another acid ruccpelysaccharide, hyaluronic acid,
They employed toluidin blue in staining the ground substance of

cartilage and found metachromatic = aining to be stronger inthe perilacunar
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than in the interlacunar portion of the hyalin matrix. This corresponded
with the distribution of bascphilia. Only the perilacunar region remained
metachrométic to toluidin blue when the cartilage matrix was subjected

to low pH, 1.5-3.0 (thereby increasing specificity of the technique);
whereas both portions of the cartilage ground substance stained the same
at pH 5.7,

Because its metachromatic contrast is better than that of
toluidin blue, cresyl violet (at low pH) has been used in the present
study. Also, the metachromatic staining reaction of cresyl violet is
more stable for storage over-longer periods of time than that of toluidin

blue,

Periodic Acid-Schiff for Complex . Carbohydrates: Jackson

and Hudson (29) in 1937 were the first definitely to show periodis acid's:
ability to quantitatively oxidize carbohydrates (starch and cellulose),
while McManus (36) in 1946 became the first to describe its use in the
histological demonstration of mucins. McManus's report stated that fixed
tissues were, first of all, brought to water and treated with periodic
acid; then they were washed briefly and placed in Schiff's reagent,
Following this, the sections were washed in sulrhurous acid and afterwards
dehydrated, cleared and mounted for study. The mucins of several tissues
were found to be strongly colored as a result.

Using periocdic acid, Schiff's reagent, and sodium bisulfite,
Lillie (35) and HotcﬁkiSs (27) elasborated the method, and the latter felt
his method should derive positive results from any substance that fulfils
the following criteria: 1) It must contsain either a 1:2-glycol grouping (or
the equivalent amino or alkylamine derivative) or the oxidation product

CHOH-CO: 2) it must not diffuse away during tissue fixation; 3) it should



givs an oxidation product which is not diffusible; and 4) it must be
vrasent in sufficient concentraiion to give a detectabtle final coler,

In animal tissue, the naturally occurring substances &ble to give posi-
tive vesalts and thus fulfil thess criteris were monosaccharidss, poly-
szecharides, mucoproteins, glycoproteins, phosphorylated sugars, cersio-
gidsg, and inositalecontairing lipids, However, after fixation,
dehydration, clearing, and infiltrating with par&ffih. the only substunces
wiiceh verained in the tissues to give a positive reaction were polysac-
charides, hyalurcnic acid, muccproteins, and AN,

LeBlond et al (34) carrisd out axtrsction studies on tissve znd
seeretions knwm to react variocusly ito the pericdice acid.Schiff procedure,
Fraction I of tﬁeir extracts, which was known to contain the acidic muco-
polysaccharides, was PAS-negative; but fraction II, containing hexcses,
fucose, hexosamines, and sialic scid, wes strongly positive., It was
found that the hexose content of these substances closely paralleled the
irtensity of PAS staining in paraffin secticns. Uronic acid (no 1l:2-
glycol groups) was not found to be present in the chemical determinations.

In determining the hexose content of reticulin and collagencus
fibers, Glegg et al (13) found that bothk materials contained the same four
sugarg: galactose, gluccse, mannose, and fucése. The quantitative amcunt.
oi each of the hexoses paralleled the intensity of PAS staining, the
reticulin fibers containing significantly more (as well as being more
intensely colored) than the collagen fibers, In vitrc tests carried cut
by Braden (3 ) confirmed the fact that.thg acid muceopolysaccharides de
not support the PAS reaction., He studled preparaticns of hyalurcnie
acid, chondreitin sulfate, heparin, the acidic mucopolysaccharides from

cornea, gastric mucin and dentine, and the neutral mucopolysaccharides
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ficm gostric mucin, With the exception of the dentine preparation, the

P

acid mucopolysaccharides stained only weakly, while the neutral mucopoly-
seecharides colored intensely. The acidic mucopolysaccharides were found
to react positively to toluidine blue and the original Hale stain.
Hooghwinkel and Smits (26) observed likewise that hyaluronic acid and
chondroitinsulphuric acid in vitre did not color with the pericdic acidf
Sciif{ reaction, In conclusicn, it is gonerally believed that the PAS
techniques only demonstrate the presence of 1:2 glycol (and alpha~

aminoazlcohol) groups in tissues,
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Results

A total of 23 fetuses with the deformity were prepared for

study, Twelve were found to support the hypothesis; however, four

there did not appear to uphold it. Three of the latter were 18-day-old

¢
£
o)

I&

‘Gtuses, and one was l6-days-old. The remaining seven deformed fetuses
were noh-contibutory to ths study due to technical difficulties, Of the
12 fetuses supporting the hypothesis, 8 will be presented in the text.
Two more fetuses, each 15-days-old, were similar to the 15-day embryca
aiready chosen for presentation, aid on this basis are not reported ia
detail, Another l%-day-old animal demonstrated no alteration in sub-
gpinal mesenchpyme or neural arch matrix staining even though z well
dufined wyeloschisis deformity was obviocus. And, finally, a l5-day-clid
Jotus demonstrated disruption of the spinal cord without classical B G
iosciisls or spina bifida cystica defects being formed, In succesding
caudal levels, the spinal cord was represented by sporadic neural tissues
in the dorsal portions of the animnl. Some of these masses were accom-
panied by staining of the surrcunding mesenchyme, and in these instances,
surrounding cartilages were obssrved to have formed.

The normal control study was‘suppprtad by detailed descriptions
and data tabulations of one representative embryo for each day., Tas
vesultant pattern of mucopolysaccharide distribution was confirmad oy
subsequent study of 27 normal fetuses, &s tabulated in Table XIV., Tho
normal or control study represented an attempt to define the cartilags
matrix morphology and histoch@mical‘proﬁarties at a ropresentative level
(anterior portion of the posterior limb buds). It also served to sum-
marize the histochemical properties at several normal levels with which

were compared the levels in malformed fetuses where the lesions cccurred,
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These normal levels have been represented by the Roman numerals I through
VI, corresponding to selected paraxial structures that serve as landmarks.
The paraxial structures and the normal reading levels were both related
to ranges of approximate vertebral levels summarized in Table I, Table
II corrolates the reading levels (I through VI) in the normal animals
with the lesion levels (1 through 5, 6, or 7) of the experimental group.
The normal readings are summarized for the 14—, 15-, and lé-day fetusss
ir graphs 3, 6, and 9 respectively. Howaver, to relate these data te the
graphic patterns of experimental data, Tables I and II must be simultene-
cusly studied to determine which of the normal reading values applies teo
the particular lesion level where the experimental rezding was taken,

It must bs remembered that the staining values presented cannot be applied
a3 a moasurs of quantitative variaticns between fetuses, and, as such,
the data are limited to determining im ecach fetus the pattern of muco-
pelysaccharides at progressively more caudal levels, Only the datz pore
talning to the acidic mucopolysaccharides in the abnormal and normal
rneural arches and subspinal cord mesenchyme have been presented in
graphic form. In both groups of arnimals the data were collested from
levels separated from other levels by varying and unequal distances. 48
such, the graphic representation dces not infer equal intervals betwsen
piotted values, The ratings were based on a subjective scale from zero
to 4+, which was devised as a summary evaluation of three staining para-
meters: density, intenéity. and quality, Thergfora, this rating systea
répres&nted an approximation geined frem visual inspection. Quantitative
compariscns between spotimens could not be made because of variability

in staining. The usefulness of the system was in the comparison of the
relative staining qualities of structures at different levels in any cone

fetus,
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Plates, tables, and graphs were used throughout the results and
discussion and were interrelated in the text., In particular, Plate 7 is
corposed of normal 1l4., 15,, and lé-day-cld fetuses for comparison with
cross-sections of deformed animals to be described.

Finally, in the text and tables a system of abbreviations for
the histochemical methods is used, as follows: Hale = Hale reactioﬁ;
4B = alcian blue staining reaction; CV = cresyl violet staining reaction;
and PAS = pericdic acid-Schiff staining reaction. Each of these stained
characteristically: Hale reaction = blue; alcian blue = turquoise green;
cresyl viclet = pink to magehta; and pericdie acid-Schiff = pink to

magenta.

I, The develepment and distribution of acidic mucopolysaécharids and. PAS-
positive m&terialﬁinTthnﬁdevelbping:normai,pcutefior‘axial,skeleton.

A. Prior to the thirteenth day: Classical embryoclogical description
depicted the origins of the post-cranial axial skeleton as resulting from
madial migration of the paraxial proliferating somitic cells, the embry-
onic mesoblasts, The cells were derived from the inner cell mass of the
embryonic disc, As the primitive streak formed caudally and extended
cranially, the mesoderm spread laterally over the disc parallel to the
streak's course. When the primitive knot was formed and the notochord
continued to grow cranially, the mesoderm likewise continued to sweep
arniiaily. and laterally alongside this structure between the primitive
ectoderm above and entoderm below, Segmentation of the mesoderm took
place, and soon, following the primary somite formation, secondary sub-
divisions occurred, formiﬁg the lateral dermatomic, central myotomic, and
medial sclerotomic cellular accumulations. The myotome and sclerctome

were separated by a cavity, the myocele, Early migrant cells could now
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b2 seon to extend medially from the sclerotome toward the centrally placed
notochord (which lay ventral i¢ the neural tube)., It is at this point
that the present study commences.

B, Thirtesn-day-cld fetus: N13.10, Fertilization age 13 days
+ 1 hour, Crown-rump length 0.8% ¢m, Wet weight 69.6 mgm. Crcss-
sectioned. Good preservation with minimal varisbility in steining between
swetiong,

Caudal to the anterior rmergins of the postericr limb buds, no
dofirdtive cartilage cells were present in the regions of the future
contr& or neural arches. Sclerotomal cells migrated medially as flow pate
Lirns from the lateral somitic mass. Centrslly, these cells formed
cegmentally arranged cell aggregates located on either side of the noto-
cord; in the intersegmental regions destined to beccme centra, the
mezenchymal cells showed no change frem the primitive stats., Both the
intercellular spaces of the sezmental and the intersegmental regions
stained equally for acidic mucepolysaccharides on fine, fiber-like strue-
tures.

The sclerotomal cell migrations also formed aggregates in the
regions of the future neursl arches. These cells remained undifferenti-
ated and formed a polariszed flow laterally, sweeping in a ventral-to-
dersal direction around the spinal cord, The intercellular peortions of
this ce;lular flow cclored variasbly with the Hale and alcian blue
reactions, the strongest site (2+) occurring ventroemedially to the re-
spective dorsal root ganglion. However, no distinct nidus of precarti-
lage formation was prosent. Cresyl. vioclet was minimally metachromatic
(1+) in the fine, intercellular, fiber-like processes extending betwesn
the cells, In the same region, pericdic acid-Schiff staining was absent.

The intervening mesenchyns between the spinal cord and the
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centra and neural arches was very lightly cclored. The intercellular
portions of the notochord were stained PAS-positive (2+), The perinoto-

rordal region was markedly stained (Hale 1+; AB 3+; CV 2+; PAS 0) while

2]

the eentral notochord was unsitzined. No beading of the notcchord was yet
apparent, The spinal cord and gangliia were unstained,
C. Fourtecn-day-eld fetus: N1ky-6, Fertilization age 14 days

1 hour, * 1 hour, Crownerump length 1.02 cm, Wet weight 123.8 mzm.

]

P

ross-sectioned., Good preservation with little variability in staining
batwesn sections,

Caudal to the anterior mergins of the posterior limb buds, no
~arly cartilage cells were discerned in the regions of the future centra
or neural arches, At the levals of the znterior portion of the posterior
limb buds, the region of the intercentrum (segmental) and the region of
the future centrum (intersegrental) stained intercellularly. As compared
e the 13-day-old fetus, the sclerctomal cells were more condensed in
the regiom of the future neural arches lateral to the spinal ganglia,
However, the intensity of the intercellular staining in this region
increased and extended further dorsally than before. The intercellular
precartilage matrix varied in structure with different stain technigqueaz
enployed,

In the prepeural arch region, the Hale reaction and alecian blue
stain demonstrated fiber-like structures (Hale 2+; AB 1+) intermingling
with a background of stained, irregularly shaped aggregates of granular
saterizl (Hale 2+; AB 1+), Cresyl violet did not stain the prensural
arch matrix, The stained areas did not terminate at the margins of the
intensely stained regions bul sxterded dorsally into a group of cells
migrating over the spinal cord. The FAS-positive coloring appeared as

randomly occurring, discrete, large but irregularly shaped, homogensous
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duposits in the intercellular spaces (1+). The mesenclhymal tissue ventral

to the spinal cord again exhibited coloring,and the notochord remained in

23

.te cylindrical form without evidenees of segmental beading, Intercellu-

t

staining of notechord was only PAS-positive (2+) while the perincto-

L}

e
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P

chordal region stained with Hale (2+), aleclan blue (3+), and cresyl violet
(24). & small, round, central core in the notochord was present both
sogmentally and intersegmentally, and it could be identified by alecian
tlue {2+) and cresyl violet (2+), The spinal cord and ganglia were not
stalned,

Staining values taken at several reading levels are recordsd in
Z.ble IIZ., Histogram 3 demonstrates that the normal staining patierns
exnibited by the three acidic mucopolysaccharide reactions were identical
at reading levels II, III, and IV for the subspinal cord mesenchyme
(Hale 2+; AB 2+; CV 1+) and the prensural arch matrix (Hale 2+; AB 1+,
CV 0j. At reading level V, the subspinal cord mesenchyme remained
wickanged (Hale 2+; AB 2+; OV 1+), whereas the preneural arch matrix
stained with less intensity (Hals 1+; AR 0; CV 0).

D. Fifteon-day-old fetus: N154-6. Fertilization age 15 cays
% 1 hour, Crown-rump length 1.28 ¢m, Wet weight 245.6 mgm. Cross-
sectioned. Good preservation with minimal variation in stalninz bestween
sections, |

Caudal to the anterior mergins of the posterior limb buds,
cartilage of early neural arch ard centrum was well formed. At the levels
of the anterior portion of ths posterior limb buds, the centrum exhibited
strong intercellular staining, Likswise, the stained neural arckes of
the early cartilaginous masses did not extend dorsally beyond a herizontal
line drawn between the ventral third and the dorsal two-thirds of the

spinal cord, bisecting the ganglia., The cartilaginous neural arches wsre
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in direct continuity with the centrum, and the overlying subspinal cord
mesenchyme was colored, The amatrix of the nsural arch and the centra
were prominently stained, but regicnal variation within each cartilage
'b&ﬁy occurred for the firet time., With the Hale feaction (Figure 1A),
tands composed of many deeply stained, fine, fiber-like threads coursed
between the cellular structures. These bands ﬁere accompanied by small
zggiregates of intensely stained gramules.which, in turn, lay upon a
background of small, fine granules and fiber-like structures that stained
less intensely, The lacurar spaces were not distinet frem the contained
Tells,

Alcian blue (Figure 1-B) demonstrated an almost homogenecus,
woll stained background with colored, fine, fiber-like structures in the
matrix. The lacunae were better defined than with the Hale reaction.

Cresyl violet. (Figure 1-C) also demonstrated narrow bundles of
fine, fiber-like material om a baclground of finely granular material
waich stained only slightly less intensely than the bundles, The lacunar
spaces could be discerned with this method,

The PAS reaction (Figure 1-D) demonstrated no significart matrix

coloring, but small intercellular ceposits of PAS-positive material (3+)

5

vere present, Again, the lacunar spacss could not be well differentiated

vy

rom the contained cells,

None of the techniques demonstrated a well defined perichordriun.
The notochord (Figure 3-A) displayed no beading, and the vertebral (inter-
segmental) and intervertebral (segmental) portions stained alike:
intercellular (Hale Q; AB 0; CV 0; PAS 3+); central core (Hale 0; AB &+;
CV 4+; PAS 1+); perinotochordal regidn {Hale 2+; AB 4+; CV 4+; PAS i+).

e spinal cord and ganglia were unstained. The myotomes and ganglia

were in thelr normal positions.
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Al the anterior segmeats of the posterior limb buds, a rapid
tansitlion from selerotomal sgzgregates to early cartilage occurred batwesn

a2 Tourteenth and fifteenth day. To £ill this descriptive gap, the

for easy comparison of contiguous segments. The change from precartilage
to cariilags matrix was represented by a progressive increase in staining
for the acidie mucopolysaccharides. The change was not abrupt, and
progressive alteration from & l4-day-old to a 15-day-old matrix pattern
spread over four to five consecutive segments, proceeding caudal to

crarn.al in direction. The neural arch transition zone was found to bs
Lo o three segments anterior to the centrum transition zone, 2 consis-
tont pattern observed in all Tetuscs. In this trensition region, the
subspinal cord mesenchyme wasz well colored.

Staining values taken at several reading levels are recorded
in Table IV, Histogram 6 demonstrates that normal staining patterns
szhibited by the three acidic mucopolysaccharide reactions were identical
av levels 1II, IV, and V for the subspinal cord mesenchyme (Hale 2+;

AS 2+; CV 2+) and the nsural arch matrix (Hale 4+; AB 4+; CV 3+), Af

v,

reading level VI only one stain revealed change in the subspinal cord
mesenchyms (Hale 2+; 4B 2+; CV 1+), whersas the neural areh magfrix
stained lsss intensely with all three techniques (Hale 2+; AB 2+; CV 1+),

E, Sixteen-day-old fetus: N16,-2, Fertilization age 16 days
23/4 hours, + 1 hour. Crown-rump length 1,55 cm, Wet weight 382.8 mgm.
Cross-sectioned, qud preservation with minimal variation in stainirg
between 5ectiqns,

At ths anterior segments of the posterior limb buds, the centra

and neural arch cartilages were well formsd. The segmental intercentrum
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aggrezates were not stained., The cartilage matrix of the centra
and the neural arches did not differ from sach other, but regzional vari-
ation within a single cartilage occurred. The neural arches extended
corsally to the level of a horizontal line which bisected the spinal
cerd into dorssl and ventrel halves and lay at the dorsal aspect of the
spinal ganglis, Ventromedially, each arch was in direct continuity
wiith its centrum,

The Hale reaction, when applied to the meural arch matrix,
disclosed a light blue, homogensous-appearing background (3+) with
promirnent pleomorphic perilacunar granules (4+) and occasional pleomoi-
phiec matrix granules (4+). No fibers ren in the matrix, and the lacunar

spaces could not be discerned from the cytoplasm of the enclosed cells.

()
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&

sreellular staining extended into the region where cartilage was
at the distal end of each wsural arch., Otherwise, the cartilage
was well delinsated at its margins,
The portions with an alcian blue staining intensity of 4+ wsre

associated with narrow, waltiple, fiber-ilke accumulations forming

1le bundles which coursed between the cells in the matrix., Surroune-
ding thess were finer fiber-like lines with a coloration of 4+ on a l:s3
prominent, homogeneous-appearing background (3+). The portions with
lacunar spaces were homogeously stzined. In the dorsal portions of the
neural arches, the matrix differed by having a deeper homogeous-locking
background (4+) with no fine, fiber-like accumulations moving through it.
Tha larger,intensely stalned, Tfiber-like bundl@s rﬂmainedAas noted above
{4+), The margins of the cartilapge matrix showed gradual diminshment of
coloratlion, but significant amounts occurred intercellularly in the
migrating mass of cells extending dorsally over the cord,

Cresyl violet was more spscifically restricted to the magenta-
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colored, well fermed portions of the cartilage., Many fiber-like accwma-
lations made up larger, magenta-colorsd bands running through the matrix
between the cells. These were set on 2 finely granular, pink background
(1+). Relatively less mature, dorsally located, neural arch cartilage
matrix consisted of similar hsavy bands lying midway between the ceils,..
Thoese bands were made up of many fine fibers {4+ magenta). Meshing with
these larger accumulations, fine isolated fibers (3+) coursed in a finsly
granular, deep pink (2+), intercellular watrix. The lacunar spaces did
not color, In both the early and the older cartilage bodies, all matrix
coloration diminished rapidly in irntensity at the periphery of the
cartilaze, with neither magenta nof pink extending beyond the apposition
cells or into the cells flowinz toward the dorsum of the spinal cord.

PAS-staining was minimally distributed in the matrix (1+ paie
pini). This matrix appeared ncmogensous, and no fibrous strucitures wars
visible, The cell cytoplasms coloraed 3+‘mag@n%a, with some small,
sporadlie, granule-like accumvlations being slightly the more promirent
{3+). The areas of heavy cytoplasmic staining (3+) increased in density
&3 the periphery of the cartilaginous mass was approached, The peri-
czllular lacunar spaces were uncolcired. Magenta coloring of small
pleomorphic masses located intercellularly became noticeable in the ap-
positional cell layers at the margins of the cartilage and among the
cells extending dorsally over the spinal cord (4+).

Ventral to the spinal cord, the mesenchyme ¢olored promiunently
(Hale 3+; AB 3+; CV 1+; PAS 3+). The lateral somites likewise exhibited
intercellular étaining (Hale 3+; AB 3+; CV 1+; PAS 4+) though this was
rless intense in other normal spscimens, The notochord was bsaded segmen-
tally, and st the regions where the incrzased diameters were prominent,

the staining was as follows: intercsllular., (Hale 4+; AB 4+; CV 4+; FAS 0);
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contral core (Hale O; AB 4+; CV 4+; PAS 0); perinotochordal region,
{Fzle 4+; AB 4+; CV 3+; PAS 0). Within the centra, notochord morphclozy
recained unzltersd, The staining characteristics wers: intercellular
{Hale 2+; AB 0; CV 0; PAS 4+); central core (Hale Q; AB U+; CV 4+;

PAS 0); perinotochordal region (Hale 4+; AB 4+; CV 3+; PAS 0). Ths
spinsel cord and ganglia were unstained,

Staining values taken at several reading levels are recorded
in Table V, Histogram 9 demonstratas that the normal staining patterns
exhibited by the three acidic mucopolysaccharide reaction were identical
at reading leveles II, III, IV, and V for the subspinal cord mesenchyms
{(Hale 3+; AB 3+; CV 2+) and the neural arch matrix (Hale 4+; AB 4+;

CV L+,

G. .Seventeen~day-old fetus: N175-9. Fertilization age 17 days
+ 1 hour. Crown-ramp length 1.71 cm., Wet weight 631.8 mgm; Cross-
sectioned, Good preservation with minimal variation in staining betwemen
sections,

At the anterior segments of the posterior limb buds, the carti-
lzes was well forwmed in both the centra and neural arches. The neurs
arches extended dorsally to s horizontal line drawn tangent to the
dorsal surface of the spinal cord. The matrix worphology and staining
werea the same in both structures., Neurul arch matrix stained prominently;
howsver, the staining pattern was variable within each cartilage., The
Hale rezction markedly colored the matrix, Heavy, irregular bands {(3+)
ccursed between the lacunar spases, At random sites the heavy bands
appearad ﬁd have fragmented, leaving small granular islands and fins
fivers (4+) supported on a homozsneous blue background (3+). The lacunar
spacas wers rated 3+, but the containsed ecells remained unstsined. There

was prominent perilacunar accontuation of stained granules (4+) seen
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elsswhere in the matrix., The coloring cid not extend bsyord the well
defined cartilage bodies except at the dorssl end where new cartilege
was forming over the spinal cord (spotty intercellular 3+).

alcian blus distinguiched more prominently between the matrix
round staining (3+) and the heavier interlacunar bands of fiber-like
structuras (4+). Bands of fine, fiber-like components wers also present
in the matrix but were not as prominent as in the 1lé6-day-old fetus. The

2

rodominant component of the cartilage stained with alcian blue was the

4

homogenvous portion of the heavier bands. The periphsral coloring was
limited to the inner layers of the future perichondrium, and dorsally,
wnere the neural arch cartilags was being néwly formad to cover the
soinal cor&, less prominent staining occurred (gradation down to 1+ in
tne cell fiow).

Cresyl violst staining wes limited to cartilage of the neursal

areh and esntrum and to the subspiral cord mesenchyme, A backgroupd of

4y

inely grenular matrix was stainsed 3+, while promin@ntly colored (4+)
bundles of definitely fiber-like siructures lay between the lacunar
spaces. These bundles appearsd to Ifragment and become less distinct or
absent in the larger areas of matrix that were relatively devcid of
cells, No staining of lacunmar space appeared, snd the cells did not
color motachromatically. No staining occurred arcund the periphery of
the cartilage. Howsver, in the are¢as where new neural arch cartilage
formed dorsally, color decreased rapidly.

The PAS reaction stained the matrix only minimally (1+). The
cytoplasm of the cells contained pleomerphic accumulations of metachro-
matic material similar to those of the 18-day-cld fetus to be describsd
neXt. |

The subspinal cord mesenchyme was stained prominently (Hale 3+;
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3+; CV 1+; PAS 1+). The sogmentsl, widensd portion of the beaded

P

Moo
fo

nctochiord stained in the following pattern: interceilular, Hale 44+, 4B b+,
CV O, PAS 4+; central core was zbsent; perinotochordal, Hale 4+, 4B 4+,
CV %4+, PAS 1+. The spinal cord and ganglis were unstained. The myotomes
and ganglia were in thelr norwmael Jateral positiens.

H, Eightecen-dey-cld fetus: Nl&l-loo' Fertilization age 18 days
3% hours, + 1 hour. Crown-rusp length 2,49 cm., Wet weight 1282.2 mgm.
Cross-sectionsd, Good preservation with minimsl variation in staining
between sections,

At the anterior segments of the posterior limb buds, vertebral
certilage was well formed, The cenilra aznd neural archss both d@monstrated
changes compaiible wlth the early establishment of pre-cssification
centers, Other regicns were similar to the eartilage described for the

1l7-tday-old fetus. The neursl arches were in direct ceontimilty with the
centra below, and they extended dorsslly and medially to cover partially
the dorsclateral portions of the splnel cord., For the first time, a very
celinite sheath of spindle-shapsad cslls formed a perichordrium around
the formod cartilage, The most distel portion of the neural arches

rapidly changed frem cartilage to precartilage elements in the short cell.
flow which interconnscted the bilatersl nsural arches dorsal to the
spinal cbrd.

The Hale reaction {Figure 24) in the pre-cssification canters
predominated in a perilacunar pattern (4+). Aside from these areas of
irregular deposzition arcund the immediate margins of the lacunar spaces,
the homogencous turqueise cclor was less intense than that seen in the

v 5| ]

7=day-cld fetus, The lzcunar spatss and cells were devold of stain.

fed

-4

n more peripheral regions of the nsural arch, the same distribution of

stzin was present, However, the density and amount of stainable material

f



hud desrezsed. Only irregular 4 deposition occurred around the immedi-
ate marging of the Jacuna. The remsinder of the homogencous-appsaring
matrix cclored a much lighter shade of furquoise (3+). No fiber-like
caregates of stained material filled the matrix., Near the dorscmedizl
portion of the meursl arch, the transition region demonstrated heavy
apzregutes of stained materiel (4+) resembling a ccarse precipitate
that were irregularly distributed in s less promirently colored matrisx
(2+), The interconnecting flow of cells extending dorsally over tha
curd had small amounts of turqueise celering (1+4) intercellularly.
Zreept in this transition region, the exteat of the reaction was limited
to the cartilage margins,

Regions of cellular d&gener&tﬁon in the neural arch showed
e turquoise-green color of alcian blue (Figure 2B) to be most maried
in the perilacunar area (4+}. This appesred organized in & web-like
mannol between the cells on 2 baclground of homogensous-appésring matrix
{3+}. Minimal staining took place in the lacunar spacez, The more
porighersl, non-degenerating portions of the neursl arch cartilage
demonstirated a narrow margin of homegenscus-sppearing, perilacunar
ccloring (4+). The more aburdant, homogenecous-appearing, matrix back-
ground colored only slightly less intencely, still &+, In the transition
arsa {precartilage to cartilage), the intercellular region showed
otcasicnal fine, fiber.like, stainsbls reterial (I4) on a somswhat les
intense, finely granular backgroumd (3+) between the more spirdle-shaped
cells, Some turquoise. gresn was present in the cell flow over the
spinal cord (2+). The steineble tissue ended abruptly at the cartilave
margins except in the transiticn arsa.

Botween the lacunar spaces where degeneration of the chondroe

2

cytes occurred in the pre-cssification centers, cresyl violet (Figure 2C)
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colered the matrix intensely (4+) in a web-like distribution, The more
hemogeneous background cf matrix (3+) contained a few fine, filament-like
structures (4+). Fine, reticular, interlaced structures occurred in a
loose pattern surrounding the ceils, The cells were devcid of coloring,
8s were the lacunar spaces, In more peripheral portions of the neursl
arch cartilage, the cells colored slightly (3+) and the lacunar spaces
stained magenta (2+), The intercellular material appeared as a homo-
goneous background of magents (4+) contalning fine, filament-like
structures (4+). In the transitional zone, metachromasia extended a
short distance into the cell flow, diminishing rapidly in intensity.
Elesewhere, staining continued only to the margips of the cartilage.

PAS metachromasia (Figure 2D) was again only slight in the
matrix of the degenerating regions of the neural arch (1+). Howevef. the
degenerating cells contained many large, round and pleomorphic, meta-
chromatic granules (4+). Toward the periphery of the cartilage, this
material became progressively less distinct, less regular, and decreased
ir amount. In these more periphersl regions, the matrix remained the
same (J+). The transition area demonstrated a gradual diminution of in-
tercellular metachromasia and a gradual increase of small and plecmor:hic,
extracellular accumulations of metschromatic material (3+)., The margins
of the cartilage were not well defined by staining, The cell flow dorsal
to the spinal cord stained 3+ intercellularly,

The subspinal cord mesenchyme stained less preminently than in
younger fetuses (Hale 3+; AB 3+; CV 0; PAS 1+) and the resction was
limited.to the region above the well defined meninges. The notochord
divided into large, intervertebral expansions and smaller, deganerating,
Antracentrum aggregates which occasionally disappeared. The intervertabral

portions stained as follows: intercellular, Hale 4+, AB U+, CV 3+, FAS b+;
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the central core was essentially absent; perinotechordal, Hale 3+, AB 4+,
CV 4+, PAS 0. The spinal cord and ganglia were unstained. The myotomes

and ganglia remained in their normal lateral positions.

II. The distribution of acidic and neutral mucopolysaccharides in the

developing, malformed, posterior axial skeleston.

4, Fourteen-day-old fetus: El%,-7. Fertilization age 14 days
% 1 hour, Crown-rump length 0,94 cm., Weight 137.%4 mgm. Cross-sectioned.
The fetal tissues were well preserved throughout processing with minimal
histochemical staining variability between sections. A myeloschisis
deformity was noted grossly, and on microscopic examination the deformity
extended from the cranial portion of the posterior limb buds in the rump
to a position caudal to the posterior limb buds, The region immediately
¢ranial to the lesion showed no morphological or histochemical deviations
from normal (lesion level 1).

The cranial portion of this lesion is represented by Figure 44,
This region (lesion level 2) was cut in frontal section, and beyond the
level of the cutaneous tissue the dafect appeared only as a dorsal exten-
sion of the spinal cord tissue, Its dorsal surface was denuded of
epithelium and appeared to have undergone moderate degenerative changes,
No other deviations could be observasd within this section.

A few segments caudally (lesion level 3), the dorsal spinal
root ganglia had coalesced in the midline while the spinal cord had
become eccentrically displaced dorsally (Figure 4B), It now lay as an
irregular mass of neuroms about the level of the skin, and the diameter
along the transverse axis was much greater than that along the wvertical

axis., The underlying edematous mesenchyme was minimally colored (Hale 0;
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AB 1+; CV 0; PAS 1+). The coalesced midline ganglionic body beneath this
resenchyme was irregularly shaped with a disorganized tail of ganglion
cells tralling off laterally (side a), The opposite side (side b) con:~
tained only mesenchyme in the same area, Both scleratomes were present,
but the group of cells on side b, located immediately lateral to the
central ganglionic mass, showed no histochemical staining. On the cortra-
lateral side, the corresponding mass was more laterally placed and
likowise exhibited no histochemical staining. However, the latter group
of cells were separated from the subspinal cord mesenchyme by a continuous
sheet of ganglion cells. The somite on side a had moved to a more medial
position, but a similar change had not occurred on the opposite side (b).
The centrum lay below the central ganglionic mass in its normal position,
Normal staining occurred (Hale 3+; AB 2+; CV 2; PAS 0).

In the next caudal segment (lesion level 4), the ganglia were
again separate and lateral in positiom (Figure 4C). At this point, the
somites had joined across the midline above the centrum. The centrum
demonstrated diminished staining (Hale 3+; AB 2+; CV 1; PAS 0), while
the mesenchyme beneath the spinal cord was minimally stained (Hale O;

AB 1; CV 0; PAS 2), as were the sclerotomic aggregates (Hale O; AB O;
CV 0; PAS 1).

At lesion level 5, the ganglia had formed two neural bodies in
the midline, and myotomic interlayers were still present (Figure 4D),
(Myotomic interlayers are defined as the lateral: somite of one side Jjoined
across the midlines with the lateral somite of the contralateral side,
forming tissue layers between the centrum and spinal cord,) Thé doraally
¢ccentrie spinal cord lay over the ganglion bodies and the subspinal cord

mesenchyme (Hale 1; AB 1; CV O; FAS 0), The sclerctomes demonstrated
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essentially no coloring (Hale 1; AB O; CV O; PAS 0). The centirum was
5till displsced ventrally and reduced in size,

At the anterior borders of the posterior limb buds (lesion
level &), the ventral portion of the spinal cord shifted towardé a more
normal position closer to the notechord (Figure 4E), The lateral
pertions of the opened spinal cord still remained flattened above the
cutansous cdorsal surface of the fetus, and as before, there was evidence
of moderate degcnérative changes on the exposed surface. The ganglia had
assumed thelr normal lateral position, and ventral to them were the
stained sclerotomic cell aggregates of the future neural arches (Hale 2+;
AB 2; CV O; PAS 1+), Mesenchyme immediately ventral to the spinal cord
tissue remained edematous, and the portion beneath the ventrally projec-
ting tissue was colored Hale 1+, 4B 1+, CV 0, PAS 0. The centrum was
found to be in direct contact with this colored mesenchyme and demonstrated
steining graded Hale 2+, AB 1+, CV 1+, PAS 0. Lateral myotomic tissue
was no longer above the centrum but now lay in the normal lateral position.

At the level of the middle of the posterior limb bud (lesion
level 7), the lesion was less marked (Figure 4E), The ventral portion
of the spinal cord approached a normal position while the dorsal half
rerained as an exposed remnant laterally on the cutanecus surface, More
rhology and histochemical properties were once again within the normal
rangavechpt for absence of cresyl violet staining in mesenchyme and
neural arches, The abnormal staining pattern demonstrated by the neursl
arch and subspinal cord mesenchyme in cross-gections is represented in
Table VI and graph 2. The normal pattern derived from fetus N1k, -6
(Table V, graph 1), when correlated with the experimental results (Table
II), demonstrated no such fluctuations in the Hale reaction, alcian blue,

or crésyl violet at the reading levels II (corresponding to lesion levels
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2, 3, and 4) and III (lesion level 5),

B, Fourteen-day-cld fetus: El4;-3, Fertilization age 1% days
% 1 hour., Crown-rump length was unavailable, Wet weight 214.2 mgn.
Cross-sectioned. The fetal tissues were well preserved thrcughout
processing with minimal histochemical staining variability between
sections. A myeloschisis deformity was noted grossly which extended i'rcm
the level of the diaphragm to the caudal segments of the posterior limbd
buds,

A dorsal displacement of the spinal cord was first observed in

~th@ superior portions of the lesion, This gradually formed an exposed
eccontric mass of flattened neural tissue on the dorsal surface of the
fetus, and beneath this tissue at the midlimb bud segments, lay the
ganglia and minimally stained sclercotomes. The mesenchyme beneath the
spinal cord colored only in the regions approximating the original
ventral portions of the spinal cord. In midlesion, the centra were ri-
duced in size and were separated from this mesenchyme by medially dis-
placed myotomie tissue which had formed intervening layers. Staining of
mesenchyme at these midlesion levels was reduced, accompanied by miniral
intercellular ccloring in the sclerotomes,

At the caudal segments of the posterior limb buds, the spinal
cord still remained on the dorsal surface of the fetus, but it was not as
disorganized, The underlying structures were now in closer proximity to
it, for the myotomes had agéin assumed a more lateral position. The
mesenchyme beneath the cord was more prominently colored, as was the
normal-éppearing centrum, while each sclerotome also exhibited increased
staining, Caudal to the lesion, morphology and histochemical properties

were normal., The abnormal staining pattern demonstrated by the neural
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arch and subspinal cord cross-sections is represented in Table VII and
graph 3. The normal pattern derived from fetus Nl4;-6 (Table V; graph iy
when correlated with the experimental results (Table II), demonstratecd

no such fluctuations in the Hale reaction, alcian blue, or cresyl violet
at the reading levels II1 (lesion levels 2 and 3) and IV (lesion levels

i and 5)'

C. Fourteen-day-cld fetus: El44-5, Fertilization age 14 days
+ 1} hours. Crown-rump length 0.99 cm. Wet weight 123.4 mgm. Sagittale
sectioned, The tissues were well preserved throughout processing with
minimal variation in histochemical staining between sections. Since
this fetus was sectioned sagittally, it was chosen for description so
rogional variations at different lesion levels along the sagittal plane
couwld be compared simultaneocusiy. Microscopic examination revealed a
ryeloschisis deformity had developed between L &4 and Co 1,

A midline section through the lesion is represented by Figure
3C. Cartilage was not yet present in post-axial portions of this embryo.
Subspinal cord mesenchymal staining cranial to the anterior portions cf
the lesion (lesion level 1) was easily identified (Hale 2+; AB 2+; CV 1l+;
PAS 1+), as were the sites of the future centrs in the same region
(Hale 3+; AB 3+; CV 2+; PAS 0)., The pre-neural arch portions of sclerc-
tomal aggregates in more lateral sections were also stained (Hale 2+;

AB 1+; CV 0; PAS 0),

In the anterior region of the lesion, the enlarged ganglia
coalesced in the midline over two vertebral segments. The overlying
spinal cord was dorsally displaced and its dorsal surface was exposed to
the extericr. Staining of the subspinal cord mesenchyme was minimal

(Hale 0; AB 1+; CV 0;: PAS 1+), The underlying future centra were
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ventrally displaced and showed diminished affinity for the stain except
in the ventral portions around the notochord (Hale 2+; AB 2+; CV 0; PAS 0).
More lateral pre-neural arch staining was absent (Hale O; AB 0; CV O; PASO)

At the midlesion levels, the centrally coalesced ganglia and
dorsally displaced cord were still as above, The subspinal cord mesen-
chyme remained unstained (Hale 0; AB 1+; CV O; PAS 1+), while the centra
still stained as above (Hale 2+; AB 2+; CV 0; PAS 0), but now the pre-
central region stained both dorsally and ventrally. The pre-neural arch
regions were unstained (Hale 0; 4B 0; CV 0; PAS 0),
| In the posterior portions of the lesion, the overlying deformed
neural tissue and midline ganglia wsre noted to be still present. The
subspinal cord mesenchyme remained uncolored (Hale 0; AB l+; CV 0; PAS 1+);
tne centra were now ‘in their normal position and stained prominently
(Kale 3+; 4B 3+; CV 1+; PAS 0); and the laterally placed, pre-neural arch
tissue was minimally colored (Hale 1+; AB 0; CV O; PAS 0).

Irn the region immediately caudal to the lesion, the normal
morphological relationships were re-established, The subspinal cord
mesenchyme was stained (Hale 2+; AB 2+; CV 1+; PAS 1+); the centra were
stained (Hale 3+; AB 3+; GV 0; PAS 0); but at no level were the ganglia
or spinal cord tissues stained for mucopolysaccharides,

The abnormal staining pattern demonstrated by the neural arck
and subspinal cord mesenchyme in sagittal-sections is represented in

_Table VIII and graph 4. The normal pattern derived from fetus Nl4;-6
(Table V, graph 1), whén correlatea with the data in Table I, demonstrated
no such fluctuations in the Héla reaction, alcian blue, or cresyl violet
between reading levels IV (corresponding to lesion levels 2 and 3) and V

(lesion level &),
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D, Fifteen-day-cld fetus: El5g-ll. Fertilization age 15 days
+ 1 hour. Crown-rump length 1,18 cm., Weight 194,0 mgm. Cross-sectioned.
The fetal tissues were well preserved throughout processing with minimal
nistochemical staining variability between sections. A myeloschisis
deformity was noted grossly which extended from the levels located at
the anterior portion of the posterior limb buds to the segments located
immediately caudal to the posterior limb buds,

At the level just superior to the posterior limb buds (through
the kidneys), the lesion was not yet‘apparent. The only deviation from
normal was a slight increase in the transverse diameter of the cord.

The remaining structures were within the limits of normal,

Within a few caudal segments (lesion level 1), the spinal cord
became elevated dorsally but remained covered by skin (Figure 34). The
scisrotomic cell flow-dorsal to the cord was indistinguishable from the
overlying skin. In the edematous mesenchyme ventrolateral to the spinal
cord, marked staining occurred (Hale 3+; AB 3+; CV 2+; PAS 1+ near cord
and 2+ near centrum)., The centrum immediately below this mesenchyme was
alterea in position and form. Though the notochord remained in the
normal position and the surrounding cartilage was well stained (Hale &4+
AB 4+; CV 3+; PAS 2+), there had occurred a dorsal extension of this
cartilage mass toward the mesenchyme beneath the eievated spinal cord.
This protraction was occupied by two areas of intercelilular staining
{Hale L+; AB 4+; CV 3+; PAS 2+) which were continucus laterallj with
‘extensions toward the'carlyvneural arches, The neural arches were easily
recognized as areas of good intercellular staining (Hale 3+; AB 3+;

CV 3+; PAS 1+) located lateral to the normally placed ganglia. The
lateral somites remained in their normal positions.

At the level of the middie of the limb bud (lesion levsi 2),
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the spinal cord became a little more dorsally displaced, bui the over-
7ing cutaneous structures wers still intact (Figure 5B). The mesenchyme

ventral to the cord exhibited decrsased staining (Hale 1+; AB 1l+; CV (;
PAS 1+). The ganglia had moved to a mors ventrolateral position and
were increased in size, forming an interrupted layer between the mesen-
cuyme and the structures below, Immediately ventral to the spinal cord,
myotomic cell layers had formed intervening sheets over the normally
placed, tut smaller, centrum. The centrum matrix had stained less than
normally (Hale 2+; AB 2+; CV 2+; PAS 0), and the neural arch sclerotome
evidenced minimal staining of matrix (Hale 1+; AB 1+; CV O; PAS 3+),

At the caudal level of the posterior lihb buds (lesion level 3),
the dorsally eccentric spinal cord had increased along the dorso-ventral
axis while narrowing along the transverse axis {Figure 5C), The entire
structure was tilted to one sides with a depression evident on the dorso-
lateral (side a) surface of the embryo, Below the cord a single, midline,
coalesced, ganglionic mass occurred. Minimal mesenchyme was present
between the cord and this structure, and no staining was evident in this
mesenchyme, In the depressed area noted above, a small mass of neural
tissue lay above ‘the skin layer; below this (iateral to the spinal cord
and fussd ganglia below it) was a small mass éf ganglionic cells. There
was minimal staining in the surrounding sclerotomes (iale 0; AB 1+; CV 0O;
PAS 3+). The myotomic cell layers were present as above, continuing to
separate the ganglion accumulations from the centrum below., The centrun
colored prominently (Hale 3+; 4B 3+; CV 2+; PAS 0) but was reduced in
size from normal,

Within two segments (lesion level 5D), the spinal cord as seen

before had disappeared. Replacing it was a very dorsaliy-arched,
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eccentric mass of neural tissue (Figzure 22), No epithelium covered this
structure oa its dorsal surface, and there was evidence of moderate
degenerative change., Below the cord was the minimally stained mesenchyme
(Hale O; AB 2+; CV 0; PAS 1); underlying the mesenchyme was a large,
midline, ganglionic mass; and ventrolateral to this were the neural arch
sclerotomic masses {Hale 2+; AB 2+; CV 1+; PAS 2+). The underlying
centrum was easily recognizable (Hale 4+; AB 3+; CV 3+; PAS 1+). The
latera) somitie tissue had again regzained its normal position. Howéver.
this section was in the rump of the animal, and since this was a partial
frontal section, the vertebral and sclerotomic structures actually cor-
responded to the spinal cord's morphology and its underlying unstained
mesenchyme located a half-segment more posteriorly.

in the rump curve (lesioﬁ level 5), depicted in Figure 5E, the
neural arch sclerotomses assumed prominent staining (Hale 2+; AB 2+; CV 1+;
PAS 1+) as did the centrum (Hale 3+; AB 3+; CV 2+; PAS 0) and the ventral
spinal cord mesenchyme (Hale l+; AB 3+; CV 1+; PAS 0). In the distal
Tump curve, the lesion disappeared so that normal morphology and histo-
chemical properties could be observed,

The abnormal staining pattern demonstrated by the neural ar:h
and subspinal cord mesenchyme cross-sections is represented in Table IX
and graph 6, The normal pattern derived from fetus N154-6 (Table IV,
graph 5), when correlated with the experimental results (Table II),
demonstrated no such fluctuations in the Hale reaction, alcian blue, or
cresyl violet at the reading levels III (corresponding to lesion level 2),

IV (lesion level 3), and V (lesion level 4),

E, Fifteen-day-old fetus: E157-ll. Fertilization age 15 days

+ 1 hour. Crown-rump length 1.30 cm. Wet weight 232.4 mgm, Cross-
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sectioned, The fetal tissues were well preserved throughout processing

with minimal histochemical staining variability between sections. A

‘myeloschisis was noted grossly which (not unlike that in the previous

fetus) extended from superior segments of the posterior limb buds to the
caudal levels of the posteriocr limb buds,

A mediazl migration of tﬁe ganglia and lateral somitic tissus.
toward the midline followed the initial dorsal elevation of the spinal
cord, Myotomic cell interlayers were then formed, and the overlying
ganglia were found to coalesce intermittently in the midline, Included
with the midline structures were randomly distributed nerves, smaller
zanglienic masses, and loose mesenchymatous tissues, Corresponding o
these deviations, there was a diminishment in the subspinal cord mesen-
chyme staining, and in one segment coloring was completely absent.
Concurrently, at these anterior and midlesion levels, the neural arches
had migrated to a more ventromedial position beneath the deformed cord
where they remained in dir@ct continﬁity with a dorsal extension of the
ventrally displaced centrum. Soon this articulation disappeared, and
the neural arches were represented by minimal intercellular staining of
the sclerotomie aggregates., These aggregates elther lay ventral to tue
ganglia or were in direct contact with the subspinal cord mesenchyme,
In onoe segment they were completely unstained, but this did not corrs-
spord to the more superior level at whieh the subspinal cord mesenchye
remained unstalned, The centra were decreased in area and appeared to
surround the notochord inAan appositional manner with little deviation
from the normal  staining pattern.

In the posterior portions of the lesion, the deformed spinal

cord was found to have remained in its dorsally eccentric position, but
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as the gangia, somites, and now-cartilaginous neural arches gradually
assumed the normal lateral positicns, the spinal cord began to shift
venirally to assume its normal position in more caudal segments. The
underlying meseuchyme was unstained, and it was in direct continuity
ventrally with the normal-appearing centrum. Caudal to the posterior
aspects of the lesion, morphology and histochemical properties were
normal.

The abnormal staining pattern demonstrated by the neural arch
and subspinal cord mesenchyme cross-sections is represented in Table X
and graph 7. The normal pattern derived from fetus N154-6 (Table IV,
graph 5), when correlated with the experimental results (Table II),
demonstrated no such fluctuations in the Hale reaction, alcian blue, or

cresyl violet at the reading levels III (corresponding to lesicn level 2)

and IV (lesion levels 3 and &).

F. Fifteen-day-cld Zetus: E1l5¢-5. Fertilization age 15 days
+ 13 hours., Crown-rump length 1.32 2m, Wet weight 223,8 mgm. Sagit-
taliy-sectioned, The tissues were wzll preserved throughout precessing
with minimal histochemical staining wvariablility between secticns. Decause
of the vlane of section, this Tetus was chosen for descripticen so the
regional variations at different lesion levels could be compared simul.
taneously, Myeloschisis was cuserved grossly, and microscopic examination
revealed the deformity had develcped between L 1 and S 3.

Just anterior to the deformity (lesicn level 1), subspinal cord

¥

mesenchyme staining was observed (Hale 2+; AB 2+; CV 1+; PAS 1+), The
centra were in a normal positicn and stained within normal limits (Hale 4+;
AB 3+; CV 3+; PAS 1+). The neural arches were likewise normal in pesiticn

and staining (Hale 4+; AB 3+; CV 2+; PAS 1+).
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At the anterior portions (lesion level 2) of the lesion which
extended from L 1 to L 3, a midline ganglionic mass and myotomic inter-
layers appeared, but no cord defect was yet observable, There was a.
siight ventral displacement (Hale 3+; AB 2+; CV 1+; PAS 1+) of the centra
and accompanying notochord, and the subspinal cord mesenchyme (Figure‘BD)
demonstrated diminished staining (Hale 0; AB 0; CV 0; PAS 1+), as did
the neural arches (Hale O; AB O; CV 0; PAS 1+).

The initial abnormality seeh in the spinal cord occurred
between L 3 and L 5 (lesion level 3) and consisted of a dorsally dis-
placed, denuded,neural tissue mass, The midline ganglionic masses were
interrmittently present, and the myotomic interlayers still extended
across the midline, The centra and accompanying notochord were displaced
further ventrally with staining now only in the ventral portions of the
¢entrum in the area surroﬁnding the notochord (Hale 3+; AB 2+; CV 1+;

P4S 1+)., The subspinal cord mesenchyme remained minimally stained
(Hale 0O; AB 0; CV 0; PAS 1+) as did the neural arches (Eale 1+; AB 1+;
CV 0; PAS 1+),

In the posterior half of the lasion between L 5 and 3 2, the
spinal cord remained eccentric and denuded dorsally. The sporadic
ganglionic masses and myotomic interlayers were'still in the midline
(Haie 3+; AB 2+; CV 2+; PAS 1+), The ceﬁtra and notochord were ventrally
displaced, and the subspinal cord mesenchyme was stained (Hale 0; AB i+;
TV 0; PAS 14)., Normal staining was demonstrated by the ﬁeural arches
(Bale 2+; AB 2+; CV 1+; PAS 1+),

At S 2 and S 3, normal morphological relationships were re-
established (lesion level 5). The centra were stained normally (Hale 4+;

AB 2+; CV 2+; PAS 1+) as were the nzural arches. (Hale 2+; 4B 2+; CV 1+;
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PAS i+) and the subspinal cord mesenchymal elements (Hale 2+; AB 2+;
CV 1+; FAS 1+). At no level was the spinal cord or gangliqnic tissue
observed to stain for mucopolysaccharides,

The abnormal staining pattern demonstrated by the neural arch
and subspinal cord mesenchyme in sagittal sections is represented in
Teble XI and graph 8, The normal pattern derived from fetus N15,~6
(Table IV, graph 5), when correlated with the experimentsl results
(Table II), demonstrated no such fluctuations in the Hale reaction, .
alcian blue, or cresyl violet at the reading levels III (corresponding

to lesion levels 2 and 3) and IV (lesion level 4),

G, Sixteen-day-old fetus: Ei6;-5., Fertilization age 16 days
+ 1 howr, Crown-rump length 1.38 cm. Weight 325.6 mgm. Cross-secticned.
The fetal tissues were well preserved throughout processing with minimal
histochemical staining variability between sections., Cross observation
demonstrated that a myeloschisis deformity had developed, and subsequent
micrescopie axaminat;on showed the deformity to extend from the segments
irrediately anterior to the posterior limb buds to the caudal levels of
the posterior limb buds.

At the mid-renal level (lesion level 1) superior to the pos-
terior limb buds, the dimensions of the slightly dorsally-elevated spinal
cord became altered such that the diameter along the transverse axis was
increased while the vertical axis was decreased (Figure 6A). The cell
flow from the lateral sclerotomes and the overlying skin was present but
disrupted by artifacts, The mesenchyme approximating the ventral and
ventrolateral aspects of the spinal cord was stained (Hale 2+; AB 2+;

CV 1+; PAS 2, ventral portion), Lateral to the spinal cord, the ganglia

appeared in their normal positicns; lateral and ventral to these ganglia
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were the definitive neural arch cartilage bodies, which on one side
prejected in a dorsal extension om the ncrmally placed centrum. Both
this extension and the neural arches were stained (Hale U+; AB 4; CV L+,
?AS 1+). The centrum itself was reduced in size but showed no diminished
steininz (Hale 4; AB U+; CV L+; PAS 3+). The lateral scmites were in
thelr normal positions.

Slightly poSterior (lesion level 2), the intact spinal cord
ccntinugd to increase in diameter along the horizontal axis while
decreasing along the vertical axis (Figure 1B), The skin and sclerotcomic
call flow dorsal to the cord were intact. The ganglia had coalescad
beneath the cord with two small ganglionic bodies still remaining along
the ventrolateral surface of the ccrd., The ganglionic mass on side a
approximated the central gangiionic mass, whereas a broad gap existed
betwesn this central mass and the small one on side b, The gap was filled
by unstained mesenchyme which was continuous with mesenchyme ventrzl to
the spinal cord (Hale 1+; AB 1+; CV 0; PAS 2+, ventral portion). Beneath
_the gap stocod the sclerotome of side b, which was colored (Hale 1+; AB 1+;
CV 0; PAS 2+), On the éontralateral aide, the sclerotome was separated
from the mesenchyme ventral to the spinal cord by the ganglionic mass,
and it remained unstained (Hale 0; /B 1+; CV 0; PAS 3+). The lateral
myotomes had migrated medially and joined with each other across the mid-
line to form myotomic interlayers under the central gangionic mass. The
underlying centrum was reduced in size as compared to nermal and had
stained (Hale 4+; AB L+; CV 4+; PAS 2+). The notochord remained normal
in appearance and location.

Within the next few caudal segments (lesion level 3), the small
lateral ganglicnic masses disappeared and the neural arch-sclerotomic

tissue were blended with the myctomic interlayers that were more prominent
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with PAS 3+ interstitial staining (Figure 1C), There presented a smaller
"midline mass above which edematocus subspinal cord mesenchyme colcred
minimally in the midlime (Hale 1+; AB 1+; CV 0; PAS 1+ in the lateral
portioens),

Caudal to this region at the supefior level of the posterior
lirb buds (lesion level 4), the spinal éord remained dorsally exposed and
open (Figure 6Dj. The centrum was within normal limits in size, ana
staining was varisble (Hale B4 AB 44; CV L+; PAS 2+), The‘structur@s
dorsal to the cord had not persisted (cell flow and skin), and minimal
degenerative changes of the spinal cord took place on its external
surface.

At the cranial level of the pésterior limb buds, the dorsal
eccentric spinal cord was soon accoupanied ventrolaterally (Figure 1E)
oy two large aggregates of spinal cord tissuss derived frem it (lesion
level 5). No cutaneous covering protected these structures dorsally,
Ventral to these spinal cord tissués, the edematous mesenchyme stocod
unstained, except in a small area immediately beneath the midline,
ventral to the spinal cord (Hale 0; AB 1; GV O; PAS 1+)., No staining
occurred beneath the new, laterally placed, spinal cord tissue. Two
circular cartilage bodies, presumably neural arches (Hale 4+; AB Ly
CV 4+, PAS 2+), were seen in the somitic interlayers beneath this mesen
chyme (which was derived from a dorsal extension of the centrum. The
dorsal edge of the myotomic interlayer stainsd (Halé 1+; 4B 2+; CV ©;
PAS 4+), but the normally positicned, but still smaller than normal,
centrum was well colored (Hale 4+; LB 4+; CV U4+; PAS 2+).

4%t the mid-postericr limb obud level (lesion level §), the two
lateral spinal cord tissue masses hed cozlesced to form one large cap

over the dorsal surface of the fetus (Figure 6F)., The underlying
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edematous mesenchyme stained (Hale 2; AB 2+; CV 1; PAS 2+). There was
cne discrete ganglion body on each side of the midline dorsolateral to
the centrum (Hale 4+; AB 4+; CV &; PAS 3+). Ventral to these ganglioiic
bedies, short processes extendsd from the midline centrum (Hale 4+; AB 4+;
CV 4; PAS 2+)., The lateral somites were present in théir normal position.

At the posterior limb bud level (lesion level 7), the subspinal
cord mssenchyme showed staining (Hale 1+; AB 2+; CV 1+; PAS 2+). The
normal sized centrum (Hale 4; AB 4; CV 3; PAS 2) and short neural arch
pr,ca53§s (Hale 4; AB 4; CV 2; PAS 2) were present as above.

Caudal to the iimb buds in the rump curve, morphology and
histochemical propertles returned to nermal.

The abpormal staining pattern demonstrated by the neural arches
ard subspinal cord mesenchyme cross-sections is represented in Table XII
and graph 10, The normal pattern cerived from fetus N16;-2 (Tacle V,
graph 9}, when correlated with the experimental results (Table II),
demonstrated no such fluctuations in the Hale reaction, alcian blue, or
cresyl violet at the reading levels III (corresponding to lesion levels

1 and 2) and IV (lesion levels & ard 5).

H. Sixteen-day-old fetus: El6y-2, Fertilization age 16 days
+ 1 hour., Crown-rump length 1.40 cm. Wet weipght 333.8 mgm. Cross-
sectioned. The fetal tissues were well preserved throughout processing
with minimal histochemical staining variability between sections. A
myeloschisis defofmity was noted grossly which, upon microscepic exami-
ration, was seen to extend from the levels just anterior to the posterior
imb buds to segments in the mid-portions of the posterior limb buds.
Again a slight dorsal elevation of the spinal cord with under-

lying edematous mesenchyme herslded the anterior portions of the lesicon,
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Then the spinal cord opened dersally and flattened on the dorsal surface
of the embryoc. Concurréntly, the ganzlia and neural arches were diver-
gent laterally, in that the arches connected to a dorsal extension of a
ventrally displaced centrum. The subspinal cord mesenchyme was stained
only beneath the previously ventral portions of the now flattened spinal
cord, Deviaticns from normal varied as the lesion was studied aﬁ
successively caudal levels, but, in summation (Figure 3B), the ganglia
and myctomes formed intervening midline layers beneath the>dorsally
eccentric spinal cord, The isolated centrum ventral to these layers was
decreased in size, but stzininz remained relatively nommal, The neural
arches decreased in staining, and the resultant sclerotomic masses varied
in position from midline to more laleral sites., These neural arch
changes were seen at the same anterior and mid-lesion levels where
decreased coloring of subspinzl cord mesenchyme occurred,

) At more posterior levels of the lesion, the altered morpholozy
persisted, but gradually the flattened spinal cord moved ventrally with
the ganglia, myotomes, and neural arches {(Hale 2+; 4B l+; CV 0; PAS 3+),
assuning more lateral positions. The centra were unaltered in size and
histochemical reactions, and the subspinal cord mesenchyme still staired
iess intensely than normal., Finally, at the mid-posterior limb bud
levels, the normal morphology and histochemical properties of these
tissues were restored,

The abnormal staining pattern demonstrated by the neural arches
and subspinal cord mesenchyme cross.-smctions is represented in Table XIII
and graph 1l. The normal pattern derived from fetus N16;-2 (Table V,
graph $), when correlated with the normal experimental results (Table II),
demonstrated no such fluctuations in the Hale reaction, alcian blue, or

cresyl vioiet at the reading level II (corresponding to lesion levels 3 & &),
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Trhe normal centrum and neural arch developmernt in the posterior
axial skeleton exhibited a definite pattsern of acidic mucopolysaccharide
production in the cartilage matrix, This development was divided inte
three phases, according to the distribution of the acidic mucopolysac.
charides: 1) precartilaginous. 2) cartilaginous, and 3) preossecus.

The first indication that the centrum and neural arch matrix
were present occurresd in the 13-day-0ld fetuses, There was a minimel
etzining of fine, fiber-like stiructures between the cells in the scleic-

sric aggregates, By the fourteenth day staining was more prominent,
.Lth some color occurring between the small, fiber-like structures; but
ne definitive cartilage was yet present in the posterior axizl regicnis

hen, in the 15-day-old fetuses at the lovel of the posterior limb tuds,
the centras and neural arches r orphoicgically differentiated into carti-
lage., This rapid transistion had taken place at some time durinz the
twenty-four hour periocd batween the fourteenth and fifteenth days, and in
vae rump of a l5e-day-cld fetus, a rogion of sharp trsmsition from pre-
cartilage to definitive cartilaps extonded over a distance of fouwr %o
five sogments, The new cartilapge matrix assumed a different histechenl-
cal pattern and entered the cartilajinous phase of acidic mucopolysec-
charide staining, (Figure 34).

This second rhase of matrix staining was merked by two distinect
staining patterns. The first was pepresented bty the Hale reaction. On
the fifteenth day, the matrix initially assumed an irrezular pattern of
tundle-like structures accompenied by more widely distributed, grarulﬁ
like material (Figure 1A), During the next three days, there was a

gradual redistribution of the intercellular materials, so that by the
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seventoenth and eighteenth days (Figure 24) only a strongly stained,
granuler-appsaring material remained around the lacunar spaces. The
remalpder of the homogenesous-epvearing matrix stained less intensely.
Daring the sixteenth, seventesnth, and elghteonth days, a different
pattern was present in the region of the future ossification centers,
ventral to the neurzl aerch region just describsd as the cartilagzinous
hase, In the preosseous matrix, the deeply stasined, band-like appesar-
apce of the matrix was prominent, btut the amount of matrix markedly
diminished, The lacunar spaces enlarged but contained only atrophic
small cells., The second staining pattern im the cartilaginous phase of
Zutriz bhiztochémistry showsd 2 different distribution of acidic muco-
polyseccharides as demonstrated by the alelan blue and cresyl violet
staining reactions. With these techniques, the matrix did not conbain
any grenular-appeéaring material, and with asging, the perilscunar dilstrie
tution of intensely stained materisl was not observed. From the
fifteenth (Figure 1B) through the elghtesnth days (Figure 2B), the fins,
Tiber-like material of the malriz dsveloped into prominently stained
bundles coursing in the mairix betwsen the lacunss. In the regions
suhere preossecus changes were occurring, there was accentuation of %k
bundle-staining, but the matrix again reduced in extent, secondary to
the lacunar space expansion. The crasyl violet pattern in phases twc
and three (Figures 1C and 2C) did not differ from that of alcian blue
Howsver, the cresyl violet metachromasia was more specifically limited
to the cartilage matrix, in conirast to the Hale reaction and the less
specific alecian blue stain,

| The study of normal neuwral arch and centrum development demone—
strated four points., First, there were three stages of histochemical

morphology defined: 1) precariilaginous, 2) cartilaginous, and 3) pre-
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ossecus, OSecondly, the transition of the precartilaginous elements to
definitive cartilage occurred rapidly, and along the sagittal axis the
transition zone was correspondingly short (four to five segments).
Finally, in the cartilaginous phase two different histochem;cal patterns
of acidic mucopolysaccharides were demonstrated in the matrix of centr#
and neural arches, This is an interesting point, for the presence of

two different patterns of acidic mucopolysaccharides could ke interpreted
several different ways, First, one may assume that one of the patterns
is artefactual and inherent in the histochemical method, the techniques
and stains being different for both patterns., Secondly, the three
reactions might vary in sensitivity (wider distribution), though this is
an unlikely explanation since the least sensitive (alcian blue) and the
most sensitive (cresyl violet) methods stain with a similar pattern.

The Hale reaétion. representing an intermediate sensitivity, reacts
unlike either of these, Finally, two different scidic muccopolysaccharides k
may be present, one being\stained by the Hale, and poséibly alcian blue
and cresyl violet, and the other only by the #lcian blue and cresyl

violet stains. There is mo erperimental evidence that such a‘separation
of muccpolysaccharides exists,

The PAS:ipositive sudstances - - . did not seem to play a prominent
role in chormdrogenesis, On the thirteenth and fourteenth days, PAS-
positive material occurred intercellularly in the neural arch sclerctomes,
and it developed at sites where acidic mucopolysaccharides would soon bs
stained. Other than during this phase 6f precartilage development, the
positive reactions were very minimal in the cartilaginous matrix (Figures
1D and 2D), However, staining was present in the cytoplasms of the
cartilaginous and preosseous cells (Figure 2D), PAS-staining was promi-

nent in tissues other than cartilage, such as somites, subspinal cord
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mesenchyme (the ventral portion where meninges would develop) and the
cutaneous layers, In essence, though the PAS-pogitive material . - -
was - detected in precartilaginous and cartilaginous structures and in
other tissues, no implications for chondrogenesis were drawn from their
appearancé .

The normal notochord, previously implicated in appositional
cartilage development of the centra { 125 ,32), demonstrated interesting
histochemical properties, In ali fetuses the acellular perinotochordal
region stained intensely with the acidic mucopolysaccharide procedures.
This celoring was distinct from the less intense matrix-staining in
centra of earlier animals which had no well defined dartilagé.(IB- and
l4-day-old)., 1In the older fetuses with definitive cartilaginous centr@
(16-, 17-, and 18-day-o0ld) this perinotochordal staining blended with the
ratrix, In previous investigations (25) a substance capable of inducirg
cartilage in somite cultures has been extracted from the notochords of
chicks, This inducing agent cannot be distinguished chromatographicslly
from a similar inductive extract of the ventral portions of the spinal
cord in chicks. Tae relationship between the perinotochordal staining
and the inductive activity of the notochord may be related to the process
of appositional cartilage formatiqp.

The central-notochordnalso demonstrated a core of acellular,
homogeneous material that stained only with the alcian blue (Figure 34)
and cresyl violet tachniques. In younger fetuses (14~ and 15-day-cld),
the stained material appeared to represent’ a cylindrical rod running
longitudinally within the notochord, In the older’fetuses (36-, 17-, and
18-day-old), progressive development of intervertebral enlargements
(beading) and intracentrum degeneration of the notochord occurred. Con-

currently, the distinct central core disappeared in the intracentrum



59

portions or was represented there by randomly distributed intercellular
spots. In summary, the histochemical reactions of alcian blue and crasyl
viclet in the normal central and perinotochordal regions parallelad the
histochemical properties demconstrated in the normal cartilage matrix,
Crnce sgain the Hale reaction behaved unlike the other ¢two techniques,
both in the irregular nature of the perinotochordal staining and in the
assence of the central core staining, Whether this was secondary to a
difference in techniques or due to real differences (i.e., two acidic
mucopelysaccharide components) is uvnimown,

In the normal animals, the mesenchyme located between the
spinal cord and the surrounding centrum and neural arches (Figures 14,
1B, and 1C) was stained by all three techniques demonstrating the acidie
muccpolysaccharides, This staining was limited to the subspinal cord
mesenchyme below the level at which the dorsal spinal roots entered ths
cord, This distribution is correlated with the findings of previous
investigators who have demonsirated the importance of the ventral spinal
cord in chondrogenic induction (15,31,32,33), The subspinal cord messa-
chyme is located in a position which the inducer elaborated by the
ventral portions of the spinal cord must pass to reach its targest. From
this Lfinding it 1s concluded tnat the histogenic inductive materisl
found mesodermally-derived cells receptive to its influence, Because
these cells are not as well differentiated as the sclerotomal elements,
thay do not respond by forming cartilaginous elements, but develop,
instead, histochemical propertiss similar to very early 13-day-old
cartilage matrix (i.e., secretion of small amounts of acidic mucopoly-
ssccharides), If such a mechanism is operating to induce these histo-
chiapical proporties, any alterztion in the elaboration of the inductive

material should result in a corresponding change in staining of the sub-
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spinal mesenchyme. As has been discussed earlier, a relationship between
this histogenic inductive mechanism and chondrogenesis has been experi-
mentally defined, Therefore, a relationship between the histogenic
inductive mechanism, the subspinal cord mesenchyme, and the neural arches
may b8 postulated if both the neural arch and subspinal cord*masenchyme
show parallel histochemical changes in rasponse to a deformed spinal
cord (i.e., an altered histogenic inductivé mechanism -- see Introduction).
The experimental studies revealed several points of interest,
¥First, deviations ware présent in centrum development at the region of
the lesions, Resulﬁs of in vitro studies (32) with chick somite and
spinal cord cultures appear to be related to the alterations noted in
myeloschisis., The in vitro study demonstrated that placement of an initer-
venlng milipore filter between spinal cord and early somitic tissue
delayed = the development of aawtilage.bodias in the somite tissue. In
the myeloschisis lesions, myotomic and ganglionic tissues were seen to
cross the midline in some specimens, thereby placing an in vivo bafricr
between the spinal cord tissue and the cartilage below, Some animals
with this morphology responded by producing minimal cartilage in the
centra (Figures 3B and 3C). This appaared to surround and confom to
the circular structure of the notochord, giving the cartilage the ap-
prarance of appositional structure. No deerease in the staining propera
ties of the formed cartilages occurred with any consistency. Such
changas were present, however, in a few instances where the absence of
subspinal cord mesenchyme,staining was the only other alteration present.
Another factor which possibly contributed to altered centra development
was the increased distance separating the spinal cord and these struc-
“tures. This was noted to be secondary to ventral displacement of the

centra and notochord and dorsal displacement of neural tissue (Figure 3C).
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This increased the distance across which a histogenic inductive agent had
tc be effective.

Of the several marked alterations accompanying the myeloschisis
lesions, most prominent was the decrease in acidie mucopolysaccharide-
staining in the neural arch matrix ventrolateral to the deformed neural
tissue (Figure 3B). The change was either a total absence of staining or
a decreass in staining., In comparing the normal and deformed fetuses,
it was concluded that these changes represented states of immaturity or
retardation rather than agenesis. This was felt to be the case because
of the presence, in.SOme animals, of minimal staining in the most sevurely
affected regions of the lesion, However, at the present time, no conclu~
sive evidence can be presented which suppofts this concept of immaturity
or retardation versus agenesis,

Frequently accompanying the myeloschisis lesions was absent or
Ciminished staining of the subspinal cord mesenchyme (Figures 38, 3C, and
3D). - The ten cases presented in the results demonstrate that simultareous
aiterations occurred in both of the neural arches beneath portions of
the lesions., These changes are represented in the tables and in graphs
2, 3, 4, 6, 7, 8, 10, and 11 which demonstrate the occurrence of a corsis—
tent pattern in each lesion. In thase graphs staining of neural arch
and subspinal cord mesenchyme are plotted from values recorded for each
at the same levels. The pattern demonstrated in each lesion is a dimi-
nution in the staining of both structures at the same levels, This
change predominantly occurred in the anterior half of each lesion, It
seems certain that these concomitant decreases in staining of subspinal
cord mesenchyme and neural arch matrix are more than chance and may
represent an important observation, The findings of other investigators

presented in the introduction, the results in the present study of normal



62

fetusesg, and the presumptive evidence from the experimental data indicate
the probability that a causal relationship exists between the deformed
spinal cord and the altered histochemical propertieé seen in the sub-
spinal cord mesenchyme and neural arch matrix, This relationship is pre-
sumed to occur through an alteration in the inductive mechanism mediated
by the ventral spinal cord., However, the hypothesis advanced in the
introductlon is not completely subsiantiated., To reiterate, I proposzd
that an alteration in the histogenie inductive systsm may lead to altered
acid mucOpolysacchéride elaboration during chondrogenesis. Although the
evidence presented in this study is only presumptive,(since no direct
evaluation of the histogenic inductive mechanism has been made), such
inferences as have been made seem reasonable in the light of‘the altera-
tions described above,

In order to verify the original hypothesis, a further work
would be necessary., To evaluate better the histogenic inductive mechanisn,
I would suggest the use of tissue culture technique. Early normal
somites from rat fetusss would be cultured, and the deformed portions of
spinal cords from trypan blue-induced myeloschisis would be explanted to
the cultures. The number and character of cartilage nodules formed would
then be tabulated and statistically compared with a normal study. DBoth
would be statistically tested against the cartilage developed in somite
cultures without transplants. In this manner the histogenic inductive
capacity of the deformed spinal cords could bs ascertained. If more con-
clusive information were desired, extracts from deformed spinal cords
could be made and their histogenie inductive capacities tested in somite
cultures, |

The possibility of diminiéhed receptivity of the cells in both

the mesenchyme and sclerotomes could of course account for the changes



that occur without an alteration in the histogenic¢ inductive mechanism,
Such an alteration could be consideresd secondary to the lesion or to the
direct action of trypan blue, If the latter is accepted as a possibility,
future deformities could be produced by other means (5%) and the study
repeated to determine if the alterations persist or become markedly

changed,
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Summpary and Conclusions

Tho normal developmental pattern of acidie mucopolysaccharides in
the matrix of the neural arches and centra of the posterior axial
skeleton has been divided into three stages in terms of histochemi-
cal wmorphology: 1) precartilsginous, 2) cartilaginous, and 3) pre-~
oSsecus,

The transition from the precartilaginous to the cartilaginous matrix
J¢cr any one vertebral level was a rapid process, and the regions
exhibliting this change extended over four or five vertebral levels.
In the cartil#ginous phase, two acidic wmucopolysaccharide patterns
were present in the matrix of the neural arches and centra. Whether
this discrimination was secondary to artifacis of stain technique or
actually representative of two separate mucopolysaccharide fractions
in the developing cartilage is unknown.

Centra develcpment from the precartilaginous to the cartilaginous
state was appréximately two tc three vertebral levels ahead of the
corresponding changes seen in the neural arches.

In the fetuses with myeloschisis, the centra ventral to the lesions
demonstrated reduction in size with little consistent alteration of
acidic mucopolysaccharide staining., In some spacimens the smaller
cartilage mass assumed the circular form of the enclosed nofochorng
Accompanying this change were variable combinations of the.following
abnormalities: absence of the subspinal cord mesenchyme staining;
intervening myotomic and ganglionic layers between the spinal corc
and centrum; and an increased distance between the spinal cord and

centrum secondary to dorsal displacement of the spinal cord and
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ventral displacement of the notochord,

The acellular perinotochordal region was rich in acidic mucopolysac-
charide material., A corrslation between the histogenic inductive
property of the notochord, the formation of appositional cartilage,
and perinotochordal staining was suggeéted. Observations suggesting
such a process were observed in several experimental fetuses.

An acsllular core located in the central notochord extended through-
cut the length of the posterior axial sxeleton in 14~ and 15-day-old
fetuses, The histochemical reactivity of this central core was
limited to alcian blue and cresyl violet stains, while the Hale
reaction did not demonstrate the siructure.

Staining occurred in the mesenchyme surrounding the veniral portions
of the spinal cord. This was postulated as being a result of the
inductive influence of»fhe ventral portion of the spinal cord acting
on receptive mesenchymal cells and was considerad to be a coincidental
change occurring at the time that the histogenic influence acted
across this tissue on the sclerotomal elewments,

t variable sites in the myeloschisis lesions, the subspinal cord
mesenchyme was unstained, The predominant region of the change was
in the anterior and middle portions of the defects,

In portions of the myeloschisis lesions, the neural arches were found
to be retarded or absent and represented by their precartilage
elements, the sclerotomes,

A correlation was establishad bstween the diminution or absence of
staining in subspinal cord meseachyme and in neural arch matrix at

the same levels of the lesions,

The original hypothesis was not entirely verified, but the presumptive

evidence indicated that a histogenic induction defect is probable in



&

the development of spina bifida associated with myeloschisis, A4

future study to evaluate directly this histogenic inductive mechanism

was suggested,
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Technizal Directicns for the Modifisd Hale Reaction Method after Mowry: (40,

A. Sclutions:

1.

7-

Stock Colloidal Solution; 4.4 ml of 29% FeCly solution are
added to 250 ml boiling distilled water. When this solution
turns dark red, it is allowsd to cool, This stock colloidal
iron is then dialyzed for 24 hours in three changes of distilled
water of a volume 5-10( that of the iron solution. It isg then
filtered through Whatman No. 50 paper, and the filtrats is
stored at room temperaturs,

Working solution: Distilled water, 18 volumes; glacial acetic
acid, 12 volumes; stocik colloidal iron, 10 volumes. Made
frash each day,

Acetic acid, 30 per cent.

Potassium ferrocyanide, 2 per cent in distilled water.
Hydrochlorice acid, 2 par cent in distilled water,

Harris' hematoxylin: dissolve 5 gm hematoxylin in 50 cc,
absolute and 100 gn, potassium alum in 1000 cc, distilled water,
both with the aid of gentle heat. The two solutions are then
mixed and brought to a boil. When boiling, the flame of the
burner is extinguished and 2.5 gm. of mercuric oxide is added.
The solution is then mixed well, cooled by immersion of the
container in cold water, and aged 2 to 3 days before use.
Picric acid, 0.5 per cent in distilled water.

B, Procedups:

10.
11,

C. Results:

Paraffin sections are taken through xylenes and graded alcohols
to water,

Sections are placed two hours in the working solution.

Rinsed in three changes of 30 per cent acetic acid, 10 minutes
each,

Washed in rumning tap water for 5 minutes and then rinsed
briefiy in distilled water,

Trzated for 20 minutes in a freshly prepared mixture of equal
volumes of 2 per cent potassium ferrocyanide and 2 per cent
hydrochloric acid,

Washed 5 minutes in running tap water and rinsed briefly in
distilled water,

Stained in Harris' hematoxylin for 5 minutes,

Washed briefly in running tap water,

Placed in picric acid solution for 20 seconds,

Rinsed for a few seconds in running tap water.

Dehydrated, cleared, and mounted.,

Acidie carbohydrates are colored Prussian blue in test sections
but are not colored in control sections., Nuclei are red-brown.
Background and cytoplasms (including erythrocytes) are yclliow.
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fechnical Directions for the Alcian Blue 8GX-300 Stain after Mowry: (40)

A, Solutlions:

L
2.

3.
4,

Aqueous acetic acid, 3 per cent, in distilled water.

Alcian blue 8GX-300 solution: Distilled water, 97 ml; glacial
acetic acid, 3 ml; Alcian blue 8GX-300, 1.0 gm. When the dye
is dissolved, it is filtered and a thymol crystal is added to
prevent the formation of mold., The pH is 2.8.

Harris' hematoxylin as in the Hale reaction.

Aquecus picric acid, 1.5 per cent, in distilled water,

B, Procedure:

1.

.
»

L
.

Co~3 O\\n 0w

e
10.

Bring the paraffin sectiocn through xylenes ard graded alcohols
to water,

Rinse in 3 per cent acetic acid for 3 minutes.

Stain in Aleian blue solution for 2 hours.

Dip in tap water and then rinse 3-5 minutes in 3 per cent
acetic amcid,

iash in tap water for 3 minutes and dip in distilled water,
Stain for 5 minutes in Harris' hematoxylin,

Wash briefly in running tap water,

Stain in picric acid solution for &0 seconds.

Rinse momentarily in tap water.

Dehydrate, clear, and mouat,

C. Result: Complex carbohydrates rich in free acidic groups are colored

@

turquoise blue (all connective tissue mucins and the great
majority of epithelial mucins), Nuclei are red-brown, The
background and cell cytoplasms are yellow,
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Technical Directions for the Cresyl Violet Stain Medified from Kramer

ard Windrum (45 ):

A, Solutions:

-
oo

Chresylecht violet solution 0.1 per cent in distilled water
acidified with acetic acid to pH 2.75.

B. Procedure:

1

-

2.

3
4‘
5.
6.

Paraffin sections are taken through xylenes and graded alcohols
to water (tap and then distilled),

Imgersa for 5 minutes in acidified cresyl violet solution at

35% C.

Distilled water rinse,

Two changes of 95 per cent ethyl alcohol, 1l-3 minutes each.

One change of absolute ethyl alcohol, 3-5 minutes.each.

Xylol clearing.

C. Result: Acidic mucopolysaccharides color purple or magenta. Lighter

degrees of metachromasia represented by pink to red, Cther
structures light blue.
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fechnical Directions for the Periodic Acid-Schiff Stain after Mowry:(40)

“utions:
i, Periodic acid solution: distilled water, 100 ml; periodic acid,
0.5 gm.

2. Schiff's reagent: Distilled water, 192 ml; concentrated hydro-
chloric acid, 8 ml; sodium metabisulfite, 3.8 gm; basic fuchsin
(color index no. 677), 0.5 gm. Mixture is mixed well and re-
peatedly well shaken, 24 hours later it is filtered through
Whatman No, 50 filter paper and stored in the cold and dark. No
active decclorizing carbon is used just before filtering, as
directed by Mowry., My reagent consequently assumes a more amber
color, but results are as wished for the staining,

3. Stock (molar) sodium bisulfite solution: sodium bisulfite, 10.4
gm; distilled water, 100 ml,

L, Sodium bisulfite rinse (M/20): stock (molar) socdium bisulfite
solution, 1 volume; distilled water, 19 volumes. This solution
is mixed fresh,

5. Picric acid solution, 0.5 per cent.

B, Prcecedure:
1, Take paraffin sections through xylenes and graded alcohols to
water, : '
2, Oxidize for 10 minutes in periodic acid,
3. Wash in running tap water for 5 minutes and rinse in distilled
water briefly.
L, Treat in Schiff's reagent for 10 minutes,
5. Rinse in three changes of M/20 sodium bisulfite for 2 minutes
each,
6. Wash for 5 minutes in running tap water and briefly in distilled
water,
7. Stain for 5 minutes in Harris' hematoxylin,
8. Wash briefly in tap water,
9. Stain in pieric acid soiution for 60 seconds.
10. Rinse briefly in running tap water,
1l. Dehydrate, clear, and mount.
C. Result: mucoprotein, glycoproteins, glycogen, and neutral
o hiisromucopolysaccharidess: with their vicinal hydroxyl groups are
colored magenta. Nuclei are red-brown. Erythrocytes and
cytoplasms of most cells are yellow,
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This table summarizes the approximate vertebral levels included in the

normal reading levels and the corresponding paraxial anatomic landmarks

for 14, 15-, and 1lé-day-old fetuses,

Readirg Paraxial Approximate Range of Equivalent
Levels Anatomie Vertebral levels
for Landmarks .
Fotmls lé-—day 15-day 16-day
I Lower Diaphragm Th-5 T9-10 19-1C
It Segments Anterior
to the Postericr T6-L1 T11-13 Ti1-13
Limb Buds
IIT,IV,V  Segments at the
Posterior Limb Buds Li-sk L5-Col S2.Co2
VI Segments Immediately
Caudal to the Posterior Posterior Fosterior
Posterior Limb Buds to S4 to Col-Co2 to Col-Co2
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Table III

The Hale reaction (H), aleian olue (AB), and cresyl violet (CV) staining
values in the centra {C), neural arches {NA), and subspinal cord mesen-
chyme (M) at reading levels II, III, IV, and V in the normal li-day-old

fetus (Nlbl-é).

Readipg Level Stainirp Technique C NA M

Ix bt 3 2 2
4B 2 1 2
cv 2 0 L §

III H 3 2 2
4B 2 1 2
cv 2 0 i

Iv 24 3 2 2
4B 2 1 2
cv 2 0 i

v ot 3 1 2
AB 2 0 2
cv 2 0 1



The Hale reaction (H), alcian blus (AB), aud cresyl violet (CV) staining
velnes in the centra (C), uneural arches (NA), and subspinal cord meson-
chyme (M) at reading levels III, IV, V, and VI in the normal 1l5-day-olid

fetus (N15,-6).

Reading lavel Staining Technique cC NA M

111 H L 4 2
AB 4y 4 2
cv 5 2 1
Iv H L 4 2
: AB L 4 2
cv 3 3 2
v H b o4& 2
AB 4y 4 2
oV 3 3 z
VI il

b
W
wEE
NN
BN



Table ¥

-2

80

ko Hale reaction (H), alcian blue (4B), and cresyl violet {CV) staining

values in the centra (C), neural arches (KA), and subspinal cord mesen-

chyme (M) at reading levels II, IXI, IV, and V in the normal 16-day-olid

fetus (N16;-2).

Reading Level Stalnirz Technique C__NA M
LT H L 4 3
AB 4 4 3

cv L 4 2

III H Ly 3
AB L

cv 4 L 2

v o4 L 4 3
iB 4 4 3

cv 4 4 2

v H 4 4 3
AB 4 4 3

cv 4 4 2
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Ths Hale reaction (H), aician blue (£3), and cresyl violet (CV) staining

values in the centra (C), neural arches (NA), and subspinal cord mesen-

ehyme (M) at reading levels II, III, and IV in the 14.day-old fetus

(Elbz-?) with a myeloschisis deformity.

Lesion
Taveld

l.

Normal Reading Staining ¢ MNA H
Laval Technioue

I H 2 2 1

AB 3 1 2

cv 2 1 s

IT a 3 1 0

AB 3 0 1

oV 2 0 0

11 H 3 0 0

AB X 2 i

cv 0 2 0

108 H 3 0 0

4B 2 0 1

Ccv 1 0 0

11T H 2 1 1

AB i 0 5y

cv 1 ¢ o

IIT H 2 2

: AB 2 1 2

oV 1 0 0

iv H 2, = 2

AB 2 1 1

cv 2 1 0
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Tabliea VIT

Toe Hale reaction (H), alcian blus (4B), and eresyl violet (CV) staining
vaiuves in the centra (C), neural arches (NA), and subspinal cord meseie
chyme (M) at reading levels II, IXI, IV, and V in the ll-day-old fetus

(El!#l-B) with a myeloschisis deformity.

Lesion Normal Reading.  Staining C M ¥
Level Leval Technigue

1 Iz H 3 2 2
AB 3 3 2

cv 2 2 1

2 I1x H 2 2 1
AB 2 X 1

cV 1 1 0

3 111 H 2 0 4]
AB 2 1 1

CcV i1 0 4]

4 v H 3 1 0
AB 3 a4 i

cv 2 0 o]

5 v H i 1
AB 3 2 2

cv 2 0 1

6 v H 3 2 2
AB 3" 2 2

cv 5 1 1l

7 v H 3 2 2
AD 3 2 2

cv 2 A 1
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Tabis VITIT

The Hale reaction (H), alcian blue (AB), and cresyl violet {CV) staining
values in the centra (C), neural arches {NA), and subspinal cord mesenhe
ehyme (M) at reading levels III, IV, V, and VI in the 4-day-old fetus

(E1#3.5), sagittally.sectioned, with a myeloschisis deformity.

Lesion Normal Reading Staining C HNA M

ievel Lewal Technlique
& III H 3 B 2
AB 3 1 2
cv 2 0 i
2 iv H 2 0 ¢
4B 2 0 1
cv 6 © 0
3 Iv H 2 0 0
AB AR 1
cv 0 o 0
L \ H 3 1 0
AB 3 90 .
cv 1 o0 0
5 VI H 3 1 2
AB 3 1 2
cv 2 0 1



Zabie IX

“aie reaction (H), alcian blue (AB), and cresyl violet (CV) staining
values in the centra (C), neural arches (NA), and subspinal cord mesen-
chyme (M) at reading levels III, IV, V, and VI in the 15-day-cld fetus

(Eljs—ll) with a myeloschisis deformity.

losion Normal Reading Staining C NA M
Level Level Technigue

1 TIL H & 3 3

AB L 3 )

cv 3 3 2

2 111 24 2 1 1

AB 2 1 1

cv 2 0 0

3 IV H 3 0 0

AB 3 1 0

cv 2 0 0

4 v H L 27 0

AB 3 2 2

cv & & 0

5 Vi H 3 2 1

AB 3 2 3

Ccv 2 1 1
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Table X

The Hale reaction (H), alcian blue (AB), and cresyl violet (CV) staining
values in the centra (C), neural arches (NA), and subspinal cord mesen-
chyme (M) at reading levels III, IV,,and V in the 15-day-old fetus

(Elj?-ll) with a myeloschisis deformity,

Lesion Normal Reading Staining C HA M
ievel Level Technigue

1 1EL .| 3 3 2
AB btz 3 2

cv 3 2 1

2 III H 3 1 1
AB 3 0 2

4 2 0 0

3 Iv H J B 0
AB 3 X i !

cv 2 0 0

4 v H T 2 23
AB 3 .2 2

cv 2 2 1

5 v H 3 2 2
AB 3 £ 2

cv 2 A

6 v H 3 2 2
AB 3 2 2

cv 2 1 1
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Tabls XI

The Hale reaction (H), alcian blue (AB), and cresyl violet (CV) staining
values in the centra (C), neural arches (N¥A), and subspinal cord mesen
chyme (M) at reading levels III, IV, and V in the 15-day-old fetus
(E156-5). sagittally-sectioned, with a myeloschisis deformity.

Lesion Normal Reading Staining C NA M

Llevel Lovel Technigue
1 I H v 4 2
AB 3 3 2
cv 3 2 1
2 III H 3 0 0
AB 2 0 (o]
cv 1 ¢ 0
, 3 IIT H 3 1 o
‘ AB 2 1 0
cv 1 o 4]
13 v H 3 "2 0
AB 2 2 1
cv 2 1 0
k- v H 4 2 2
AB 2 2 2
cv 2 1 1
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Tabla XII

The Hale reaction (H), alcian blue (AB), and cresyl violet (CV) staining
values in the centra (C), neural arches (NA), and subspinal cord mesen-
chyme (M) at reading levels II, III, IV, and V in the l6-day~-old fetus

(E16,~5) with a myeloschisis deformity,

Lesion Normal Reading Staining C NA M
level Level Technigue

1l II H b 4 2
AB 4L 4 2

cv L i

2 IIT H 4L 0 2
AB L 1 1

cv L o 0

3 : I1I H 4 o 1
AB 4 1 1

cv 4 o0 0

& Iv H 4 1 1l
AB L 1 0

cv 4 0 0

5 Iv H 4 4 ¢
AB 4 4 1

cv 4 4 0

é \ H L L 2
AB 4 4 2

cv 4 4 y 8

7 v H 4 4 1
AB b 4 2

cv 5 2 1l



Table XITT

The Hale reaction (H), alcian blue (AB), and cresyl violet (CV) staining
values in the centra (C), neural arches (NA), and subspinal cord mesei-
chyme (M) at reading levels II, III, and IV in the l6-day-old fetus

(E16,-2) with a myeloschisis deformity.

lesion Normal Reading Stalining C M M
Level __Lavel Technjque

1l II H 4 4 2
AB 4 4 2

cv 4 4 1

Z II H b 4 2
AB L& 2

cv - 4 4 1

3 II H 3 0o o
AB 4 1 1

cv 4 ¢ 0

4 II H 3 0 0
AB 4 1 0

cv 4 0 0

5 ’ TEEs H L 2
AB 4y 4 1

cv 3 2 1

6 IV H 4 3 2
4B L 4 2

cv L 2 1l
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Table XIV

Tally by age of fetuses from noninjected mothers reviewed for normal study.

Age Secticn Total Number Studied

13 Cross 3
‘ Sagittal 3
14 Cross 2
Sagittal 3
15 Cross 3
Sagittal 3
16 Cross 2
Sagittal 2
1?7 Crcss 2
Sagittal 2
18 Cross 1
Sagittal 1



Orayh 1

hormal Tetus Nl4+-6, described on pazes 27-28 and tabulated in Table I.1.
o compare with El4,-7 and Eliirﬁ-ﬁ, consult text and Table IT on page 7.
No¥ that no changes in staining values occcur until reading level 5 is
reached,
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Fetus El&z-? with myeloschisis deformity. Note the decreased staining

values for the subspinal cord mesenchyme and neural arches, esgecially

at lesion levels 3 and 4. Refer to pages 38 through 41 for description
and correlation with the proper graphs and tables,
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Gra Qh ]

Fetus Ellbl-B with myeloschisis deformity. Note the decreased staining
values for the subspinal cord mesencayme and neural arches, especially
at lesion levels 3 and 4, Refer to pages 41-42 for description and
correlation with the proper normzl graphs and tables.
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Fetus El4q-5 (sagittal) with myeloschisis deformity. Note the dscreased
staining values for the subspinzl cord mesenchyme and neural arches,
especlally at lesion levels 3, 4, ard 5. Refer to pages 42-44 for

description and correlation with the proper normal graphs and tables.
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To comwpare with El54-11, El54-21, ani El54-5, consult text and Table IT

Normal fetus N15,-6, described on pares 23-30 and tabulated in Table IV
on page 77. Note that no changes in staining values occur until reading
level 6 is reached,
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Grapi &

Fetus Eljé-ll, with myeloschisis defurmity. DNote the decreased staining
values for the subspinal cord mssenchyme and neural arches, especially
at lesion levels 2 ard 3. Refer to pages Lu4lb for description and
correlation with the proper graphs aud tables,
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Fetus El5,~11 with myeloschisis defcrmity. Note the decreased staininz
values from the subspinal cord mesenchyme and neural arches, especially

‘at lesion levels 2 and 3. Refer to pages 46-48 for description and
correlation with the proper graphs and tables,
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Fetus E19 -E with myeloschisis deformity. Note the decreased staining
values for the subspinal cord m=senciyme and neural arches, espscially
at lesion levels 2 and 3. Refer to pages 48-50 for deseription and
correlation with the proper graphs arnd tables,
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Kormal fetus Nlé%-z, described con piges 30-33 and tabulated on Table ¥,
To compare with BEl6y-5 and E1§,-2, consult text and Table II on page 77.
Note that no changes in staining values occur through reading levels
2-5.
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Fetuz E16, -5 with myeloschisis deformity. Note the decreased staining
valuzs for the subspinal cord mesenchyme and neural arches, especially
at lesi

sion levels 2, 3, and 4. Refer to pages 50-53 for description and
orrelation with the proper graphs and tables.
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Fetus Elég-—?. with myeloschisis deformity. Note the decreased staining
values for the subspinal cord mesenchyme and neural arches, especially
at lesion levels 3 and 4. Refer to pages 53-54 for description and
correlation with the proper graphs and tables,
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Plate 1

Figures from normal fetus N15,-2 at the levels of the anterior segments
of the posterior limb buds. 7The lateral portion of the ventral spinal
cord is seen in the upper part of the plcture, Immediately below it is
located the subspinal cord mesenchyme. A single portion of neural arch
cartilage in the early cartilaginous phase can be seen in the lower
portions of each picture. A porticn of dorsal rpot ganglion can be
ssen at the mid.left margin,

Figure A: Hale reaction., For description and discussion, refer to
pages 29 and 55-56. (X170)

Figure B: Alcian blue stain, For cescription and discussion, refer
to pages 29 and 56. (X17C). :

Figure C: Cresyl violet stain, For description and discussion, refer
: to pages 29 and 56. (X170)
_ 3y
Figure D: Periocdic acid-Schiff stain., For description and discussion
refer to pages 29 and 57-58. (X170)
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Plate II

igures from normal fetus N18.-7 at the levels of the anterior segmen.s
cf the posterior limb buds, %he lateral portion of the spinal cord

lies outside the limits of the picture to the right. The large cartilage
body, representing neural arch, is differentiated into two regions: the
late cartilaginous phase above and the preosseous below., The neural arch
arose from a centrum ventromedial to the picture, Staining in the
myotomic tissue may be noted in the tissue at the left margin of the
picturs,

Figure A: Hale reaction. For description and discussion, refer to

pages 35-36 and 55-56. (X130)

Figure B: Alcian blue stain, For description and discussion, refer to
pages 36 and 56. (X130)

Figure C: Cresyl violet stain. For description and discussion, refer
to pages 36-37 ard 56. (X130)

Figure D:  Periodic acid-Schiff stain, For description and discussion,
refer to pages 37 and 57-58. (X130)






Figure A;

Figure B;

Figure C:

Figure D:

Plate IIT

Alclan blue stain, Rump of Ni5,-2 cut in frontal secticn.

4 portion of notechord in surrcunding precartilaginous phass
centrum is deplcted. Note the stained core of acellular
material in the cenirsl rotochord. The perinotochordal
region is artifactually cisrupted but increased staining may
be observed at the wargins, For description and discussion,
refer to pages: notochorc, 29 and 58-59; precartilaginous
rhase centrum, 30 and 55. (X370)

Hale reaction, Cross-section from midlesion of a myeloschisisz
deformity in Eléy.C {page 54) is depicted. The deranged
spinal cord tissue in the upper part of the picturs overlies
in order from dorsal to ventral, subspinal cord mesenchyme
(unstained), sclerctomsl csll layer (no neural arch -
unstained), myotomic irterlayers, and centrum arcund notochord.
The centrum stained only in an appositional nature arcund the
notochord, Both the notcchord and the centrum were displaced
ventrally from their normal position, (X685 )

Hale reaction, Midline sazittal section through a myelo-
schisis deformity in ®14:-5, The cranial part of the lesiocn
is at the top of th= nicture, and the lesion is located at

the mid-left margin. See page 42 of the text for descripticn,
(X34 )

hale reaction. Midline sagittal section through the anteriur
portion of a myeloschisis lesion in Bl5¢-5. Note the staining
of the subspinal cord mesenchyme beneath the spinal cord on
the left portion of the picture (cranial) and how it abruptly
disappears at the margin of the lesion (right). (X65)






Fetus El&z—? with myeloschisis deformity is represented on the left in
each photomicrograpn. Deseription c¢f each figure will be found in the
text on pages 38 through 41, Data is represented in Table VIII and

graph 4, Black and white photographs were made from slides stained oy

he Hale reaction., (X55 )

Figure A;  Lesion level 1,

Figure B: Lesion level 2,

Figurs C: Lesion level 3.

Figure D: Lesion level 4, Compare with Nl44-2, Plate VII, Figure A,

Figure E: Lesion level 5,

Figure F: Lesion level 6. Compare with N14,-2, Plate VII, Figure E,






Platf;}{,

Fetus E154-11 with myeloschisis defcrmity is represented by the following
Tive photomicrographs., Descriztion of each figure will be found in the
text on pages 44 tarough 46, Data is represented in Table XI and graph 8.
Elack and white photographs were made from slides stained by the Hale

reaction, (X35)

Figure A: Lesion level 1.

Figure B: Lesion level 2, Compare with W15;-2, Plate ViI, Figure C,

Figure C: Lesion level 3,

Figure D: lesion level 4, Compare with Ni5.-G, Plate VI, Figure D,

Figure H; Lesion level 5,






Plate VI

Fetus E164-5 with myeloschisis deformity is represented by the following
six- photomicrographs, Description of each figure will be found in the
text on pages 50 through 53. Data is represented in Table XII and on
graph 10. Black and white photographs were made {rom slides stained by
the Hale reaction. (X5 ) ,

Figure A: Lesion level 1,

Figure B: Lesion level 2. Compare with N167-2, ’late VII, Figure E.

Figure C: Lesion level 3. Compare with N16,-2, Plate VII, Figure E.

Figure D: Lesion levelyh. Compare with N16j-4, Plate VII, Figure F,

Figure E; Lesion level 5, Compare with N16j-%, Plate VII, Figure F,

Figure F: Lesion level 6,
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