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ABSTRACT.

The time of the la s t DNA rep lica tion  of the Mauthner's neuron 

precursor ce ll has been investigated using radioautography. Embryos o f 

Xenopus laevis were labeled at d iffe re n t stages o f early development 

by single microinjections o f t r i t ia te d  thymidine. Labeling times were 

designed to cover the entire  period o f development between gastrula 

and hatching stages. The embryos were fixed at la te r stages (41 to 

44, according to Nieuwkoop and Faber, 1967), when the Mauthner neuron 

can be readily distinguished by i ts  cha rac te ris tica lly  large size and 

large nucleolus.

Mauthner neurons o f embryos which received t r i t ia te d  thymidine 

from stage 10 (beginning of gastrulation) to stage 12 (advanced 

gastrula, medium yolk plug) were always labeled. Those embryos which 

received the isotope at or a fte r stage 12-1/2 (advanced gastrula, small 

yolk plug) were never found labeled. These results imply that the las t 

DNA rep lication of the ce ll destined to give • i jp  io the Mauthner 

neuron occurs during the la s t gastrula stages. This la s t DNA rep lication 

immediately precedes the time of the so-called "histogenetic deter­

mination" o f the Mauthner neuron proposed to correspond to stage 13 

( s l i t  blastopore) by S tefanelli (1951).

Therefore i t  appears that the developmental program of the 

Mauthner neuron involves a remarkably early cessation o f DNA rep lication 

closely followed by histogenetic determination. This is  the e a rlie s t 

known event of th is  type fo r a spec ific , well characterized neuron in 

the amphibian embryo.

Bromodeoxyuridine, a thymidine analog, was injected in to  embryos 

a t stages in which the Mauthner precursor ce ll was s t i l l  synthesizing



DNA. Even though the bromodeoxyuridine was incorporated in to  the 

Mauthner ce ll during its  la s t DNA synthetic period, i t  fa ile d  to 

a ffec t i ts  d iffe re n tia tio n . The ce ll attained normal size, with large 

dendrites and a large axon which decussated at the neural tube midline. 

Implications o f the results o f the bromodeoxyuridine experiments 

are discussed.
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INTRODUCTION.

A. History o f Mauthner's neuron: structure and function.

The Mauthner neurons are a single pa ir o f con tra !a tera lly  placed, 

exceptionally large neurons found in  the medulla oblongata o f te leost 

fishes and many amphibians (fo r review see S te fane lli, 1951). They 

are situated between the gray and white matter at the level o f emergence 

of the vestibular nerve. Each neuron has four primary dendrites, 

three medial ones and a large la te ra l one. The axon emerges from the 

dorsomedial dendrite, courses ventromedially to decussate in  the 

m idline, and then posterio rly  in the medial longitudinal fasciculus 

(Tagliam‘ ,1905; Beccari, 1907).

The Mauthner ce lls  are considered part o f an in tegrative motor 

associative center in  the medulla. They receive and convey impulses 

from the head sensory organs (eyes, ears, ta c t ile  receptors) and la te ra l

lin e  organs; th e ir dendrites branch among the afferent V II, V III and

IX nerves (Szepsenwol, 1936; Leghissa, 1941; S te fa ne lli, 1946). The 

Mauthner c e lls ' axons course down the spinal cord and co lla tera ls  

synapse with motor neurons which innervate segmental musculature through­

out trunk and t a i l .  The Mauthner neurons are thought to mediate quick 

avoidance responses such as the s ta rtle  re flex  seen in fish  and aquatic 

phase of amphibians (Taglian i, 1905; Detwiler, 1947; Rodgers and Melzack, 

1963; Furukawa, 1966).

Even though these cells are unique because o f th e ir  size and 

characte ris tic  morphology, th e ir  d iffe re n tia tio n  follows the general 

pattern o f developing nerve ce lls  in  other systems (Chezar, 1972; 

B illin g s , 1972). The appearance o f filopod ia  precede the emergence of

dendrites and general growth o f the body. Accumulation o f Golgi bodies
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correlate with the tremendous growth tha t the ce ll must undergo. There 

is  an increase in numbers o f ribosomes and endoplasmic reticulum 

membranes at the time o f nucleolar enlargement, but they do not appear 

in  discrete bodies. Instead they are found scattered in  the cytoplasm, 

especially around the nucleus. The Mauthner's nucleus is  s tr ik in g  

because o f i ts  large size as well as the large size of i ts  nucleolus. 

The nuclear to nucleolar size is  approximately 3.5:1. In spite o f the 

large nuclear volume, the c e ll contains a d ip lo id  amount o f DNA 

(B illing s  and Swartz, 1969). Because of . its . s tr ik in g , unique mor­

phology and easy loca liza tion  in  the medulla, the Mauthner ce ll system 

offers many advantages fo r the detailed analysis o f the d iffe re n tia tio n  

process o f a single nerve c e ll.  To understand the developmental 

sequence o f the Mauthner neuron, i t  is  essential to determine its  

"time of o r ig in ,"  that is ,  the time at which the la s t DNA rep lication 

o f the Mauthner's precursor ce ll occurs (Sidman, 1960).

B. Studies on the time o f o rig in  o f ce lls  o f the nervous system.

Previous work (fo r review see Angevine, 1970) has shown that the 

d iffe re n tia tio n  of neurons, growth of neurites, can be detected only 

a fte r the la s t mitosis o f nerve ce ll precursors. This time marks the 

trans ition  from a germinal, p ro life ra tin g  ce ll to a non-pro lite ra tive , 

immature neuron. The " ju s t born" neuron then continues the process of 

d iffe re n tia tio n  and migrates from its  place of o rig in  to a specific 

s ite  in the nervous system (Sidman et a l . ,  1959).

On the basis o f radioautographic data (F u jita , 1965; Angevine, 

1965, 1970; Hinds, 1968; and Taber Pierce, 1966, 1967) have constructed 

elaborate calendars o f neuron b irth  dates fo r  various regions o f the 

brain. Day to day follow-through of migrations o f populations of
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neurons has been done a fte r t r i t ia te d  thymidine in jections (fo r a 

comprehensive review see Angevine, 1970).

Radioautography has been essential in  elucidating ce ll o r ig in , 

ce ll cycle and ce ll migration in the central nervous system (Boulder 

Committee, 1970; F u jita , 1963, 1966; Watterson, 1965).

In determining the birthday of a nerve c e ll,  two things are taken 

in to consideration: 1) Thymidine is  a specific  precursor o f DNA, thus

radioactive thymidine is  almost exclusively incorporated in to  DNA at . 

the time of DNA rep lica tion  (Friedkin et a l . ,  1956); 2) Once a neuro­

blast has le f t  the p ro life ra tive  ventricu lar or subventricular regions 

of the developing nervous system, i ts  capacity to divide is  arrested 

(F u jita , 1963). Thus a label on a neuroblast is  permanent. Choosing 

appropriately the stages at which radioactive thymidine is  injected 

into an embryo, one can label a neuron precursor ce ll in  i ts  la s t DNA 

synthesis. The nucleus o f the fu lly  d iffe ren tia ted  ce ll arising from 

th is  labeled neuroblast w il l  be labeled i f  the isotope was administered 

during a s ig n ifica n t portion o f the S phase of the ce ll cycle p r io r to 

the la s t m itosis. The ce ll w il l  also be labeled to a lesser extent 

(depending on the time o f a v a ila b ility  o f the precursor and on the 

duration of the ce ll cycle) i f  the labeling period coincides with the 

next-to -last m itosis. The administration o f the radiochemical a fte r 

completion o f the las t DNA synthetic period w il l  resu lt in an unlabeled 

nerve c e l l .

I t  is  well known that nervous tissue is  already determined as 

such by the completion o f gastrula stages (12, 12-1/2), but th is  does 

not necessarily mean that at these early stages any given embryonic cell 

is  "determined" to  give rise  to a specific  nerve ce ll or group o f nerve 

ce lls . This histogenetic determination is  a gradual process.



4

S te fa n e lli, studying the development o f the nervous system in 

frog larvae, has shown tha t the Mauthner neurons are already determined 

as such at the la te  gastrula stages (S te fane lli, 1951J. This study is  

in teresting because i t  dissects the determination of a sing le , highly 

specific  nerve ce ll at a remarkably early stage o f development. I t  

implies that a Mauthner precursor ce ll or f ie ld  o f ce lls  is  present in 

the early neurula stage, even though the characte ris tic  morphology of 

the ce ll cannot be recognized u n til hatching stages. Thus one must ask 

what happens to the precursor ce ll during th is  prolonged period of time. 

At the time of i t s  histogenetic determination, is  the Mauthner cell 

precursor a ce ll that has ceased ce ll d iv is ion , hence DNA rep lica tion , 

or is  i t  a ce ll tha t w il l  proceed to divide and give rise  to a progeny, 

any one o f which may become a Mauthner cell? These are important 

questions to answer i f  we are to understand the processes that precede 

the cy to log ica lly  v is ib le  d iffe re n tia tio n  of a nerve c e ll.  The v irtue  

o f the Mauthner ce ll system is  tha t i t  allows one to approach these

questions at the level o f a sing le , unique nerve c e ll.

Of pa rticu la r in te rest is  the question o f whether or not the 

time o f the las t mitosis o f the Mauthner precursor ce ll coincides with 

i ts  time of determination. In order to investigate th is  question, the 

time of the fin a l DNA rep lica tion  which precedes the la s t mitosis o f 

the Mauthner's precursor ce ll in  developing Xenopus laevis embryos 

has been studied. The experimental approach was based on the in jec tion

o f t r i t ia te d  thymidine in to  embryos at specific  stages o f early develop­

ment followed by radioautographic examination o f the Mauthner's ce ll 

nucleus at la te r stages, when the neuron can be id e n tifie d  unequivo­

ca lly .

Using these methods, the time o f the la s t DNA rep lica tion  in the
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ce ll lin e  which gives rise  to the Mauthner neuron has been determined.

C. Studies on the effects o f 5-bromodeoxyuridine on developmental 

systems.

5-bromodeoxyuridine (BrdU), a thymidine analog, has been used 

extensively to suppress the terminal d iffe re n tia tio n  of many ce ll 

types without a lte ring  ce ll growth or ce ll d iv is ion (W ilt and Anderson, 

1972; Holtzer e t a l . ,  1972a; Younkin and Silberberg, 1973; fo r review 

see Holtzer e t a l . ,  1972b). BrdU's mode o f action seems to be de­

pendent on i ts  incorporation in to  DNA strands and so i t  e ffec tive ly  

affects d iffe re n tia tio n  only when administered to rep licating precursor 

ce lls  (Stockdale et a l . ,  1964; Bischoff and Holtzer, 1970; Ostertag 

et a l . ,  1973; Mayne et a l . ,  1973). In several ce ll lines some in ­

h ib it io n  o f expression o f a d iffe ren tia ted  product can resu lt from the 

presence of BrdU during a single round o f DNA synthesis (Turkington 

et a l . ,  1971; Mayne et a l . ,  1973; Scher et a l . ,  1973; O 'Neill and 

Stockdale, 1974). However, more in h ib itio n  is  obtained by exposing 

ce lls  to BrdU one or more cycles e a rlie r (Weintraub et a l . ,  1973).

Studies have been done showing that BrdU interferes with tran­

scrip tion  o f hemoglobin mRNA (Preister et a l . ,  1973; Ostertag et a l. ,  

1973). I t  has also been shown that the repressor o f the lac operon 

binds more t ig h t ly  to BrdU substituted DNA than to unsubstituted, 

normal DNA (Lin and Riggs, 1972). Lapeyre and Bekhor (1974) propose 

that " i f  the primary e ffec t o f BrdU is  to modify protein-DNA in te r­

actions,. . . i t  is  possible to explain the d iffe re n tia l inactivation of 

genes re la tive  to the number o f h its  cha racte ris tica lly  produced with 

low BrdU substitu tion in  DNA." They have found that BrdU affects the 

properties and structure o f chromatin, even with low levels o f in ­

corporation. For example, there is 1) an increase in  therm ostability
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o f the A-T base pairs where thymidine is  substituted by BrdU, 2) modi­

fica tio n  o f non-histone protein interactions with DNA by increasing 

the negative chai-ges in chromatin, thereby effecting a possible increase 

in supercoiling. Studies by Stellwagen and Tomkins (1971) fu rther 

indicate that transcrip tion of only certain genes is  inh ib ited although 

BrdU is  uniformly incorporated in to  DNA.

BrdU has been found to in h ib it  the synthesis o f so-called "luxury 

proteins" (ce ll and tissue specific  proteins as opposed to "house-keeping" 

enzymes). Examples of these are hemoglobin production in red blood 

ce lls , myosin, actin and tropomyosin in rep lica ting  myogenic ce lls ; 

tyrosine aminotransferase in hepatoma ce lls  (fo r review see Holtzer 

et a l . ,  1972b). I t  has been suggested that BrdU in h ib its  the in it ia t io n  

o f a new synthetic a c t iv ity  in a lineage (Weintraub et a l . ,  1971;

Holtzer et a l . ,  1972b). Only i f  i t  is  added at a pa rticu la r time during 

the m ito tic  h istory o f a ce ll lineage w il l  i t  a ffec t the d iffe ren tia tio n  

of the progeny in  that ce ll lin e . I t  apparently in h ib its  some function 

necessary fo r the commitment o f that ce ll lin e  to make its  specific 

product(s).

Several studies have been made on the effects o f BrdU on the 

d iffe re n tia tio n  o f the nervous system. Concentrations o f BrdU s im ila r 

to those used to in h ib it  tissue-specific  products in  other systems 

in h ib it  myelination in explants o f newborn ra t cerebellum (Younkin and 

Silberberg, 1973). BrdU was used to find  the time o f determination of 

oligodendrocytes as myelin-producing ce lls . I t  is  not known what the 

neurons might contribute to th is  process o f myelination in the cerebellum 

by v irtue  of th e ir  interaction with g lia l ce lls .

Degenerating neural ce lls can be seen in  explants o f amphibian 

gastrulae (stages 10-1/2, 10-3/4) a fte r they have been exposed to
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BrdU (Tencer and Brachet, 1973). However, the doses used (10“ ^M) 

are cytotoxic (Ostertag et a l . ,  1973; Hunt e t a l . ,  1974).

Studies on explants o f chick retinas have shown that BrdU in ­

h ib its  radial orientation o f peripheral c e lls . These ce lls  have 

cen tripe ta lly  extending nerve fibers when cultured without BrdU. In 

the presence of BrdU even though nerve processes formed, they were not 

arranged in  layers. The ce lls  were able to form aggregates but in a 

random fashion (Morris, 1973). The concentration of BrdU used in th is  

study was 5 x 10"5M (15 yg/ml).

Recently, in vivo studies on the effects o f BrdU on amphibian 

retinas have been done (Bergey et a l . ,  1973; Hunt et a l . ,  1974).

BrdU treatment o f retinas at stage 24±1 ( ta i l  bud) completely in ­

hib ited neuronal cy tod iffe ren tia tion  of central re tina ganglion ce lls .

The ce lls  were devoid o f neurites and morphologically s im ila r to un­

d iffe ren tia ted  neuroepithelial ce lls . Absence o f ce ll alignment and 

layering was noted. BrdU treatment at la te r stages affected the 

d iffe re n tia tio n  o f other neuron types o f the re tina while permitting 

ganglion ce ll d iffe re n tia tio n  to occur.

In studies done with developing mouse neocortex, Webster et a l. 

(1973) have used high doses of BrdU fo r d iffe re n t periods of time. They 

found that abnormal m ito tic  figures and grossly abnormal nuclei 

appeared in the neuroepithelial ce lls . I t  was not possible to deter­

mine whether or not these ce lls  d iffe ren tia ted  normally because of the 

im possib ility  o f iden tify ing  them from the many other ce lls  in  the cortex.

The Mauthner ce ll system can provide many insights in to  the problem 

of BrdU effects on developing systems. On the basis o f information 

concerning the m ito tic  h istory o f the ce ll obtained in the f i r s t  part 

o f th is  study, BrdU was administered to embryos before and during the
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la s t DNA synthetic period, and its  e ffec t on Mauthner ce ll d if fe re n ti­

a tion , as well as on d iffe re n tia tio n  o f the rest o f the brain, was 

studied.
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MATERIALS AND METHODS.

A. Breeding and maintenance of embryos.

Adult Xenopus laevis (Daudin) were obtained from the Lemberger 

Co., Oshkosh, Wisconsin. Males and females were kept in separate 

tanks which contained de-chlorinated tap water or spring water (Crystal 

Spring Water Co.) at room temperature (22-24°C). They were fed beef 

l iv e r  cut in 1 cm. cubes twice a week. Animals o f the same sex were 

distinguished from each other by clipping the claws on th e ir  hind 

limbs and noting th e ir  number and position.

Embryos were obtained by mating adult males and females a fte r 

in jec tion  o f gonadotropic hormones (Nieuwkoop and Faber, 1967). The 

adult male was injected with 1 cc. o f gonadotropic hormone (A n tu itrin  

S, Parke Davis) containing 280 I.U. dissolved with saline (NaCl) 

solution. The female was injected with 580 I.U. o f the same hormone.

A pa ir o f animals, or two males and one female, were placed in  a 

container with de-chlorinated water containing 0.010 g/1 o f P e n ic illin - 

Streptomycin (Gibco). A wire mesh was placed two inches from the 

bottom o f the tank to prevent damage to the embryos by the adult frogs. 

The tank was then placed in a dark, reduced-noise level area. The 

in jections were administered la te  in  the afternoon and eggs were ob­

tained early the next morning. Larger doses of gonadotropin (1-1/2 - 

2 times larger) were needed during the summer months.

The fe r t i l iz e d  eggs were collected and reared in  de-chlorinated 

water in finger bowls at 22-24°C. U n fe rtilized , damaged or otherwise 

abnormal looking eggs were eliminated immediately.

Following the in jection  o f isotope, the embryos were transferred 

to individual containers in 1/10 strength H o ltfre te r 's  solution
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containing Penici11in-Streptomycin (Gibco, 0.01 g/1).

Staging of the embryos was done according to Nieuwkoop and Faber 

(1967).

B. Method of labeling embryos.

1. In jection apparatus. J e lly  coats surrounding the embryos were 

removed manually with watchmaker forceps. Removal o f v ite l l in e  membrane 

was d i f f ic u l t  and often resulted in fra g ile  or dead embryos. Exposure 

o f embryos to a solution of 2% cysteine hydrochloride and 0.01% 

papain at pH 7.9 (Graham and Morgan, 1966) was also tr ie d . The quicker1 

and less detrimental method to the development o f the embryo was manual 

removal with forceps. The embryos were injected using a chemically 

cleaned glass micropipette drawn to a 15 - 20 micron t ip  diameter (O.D.) 

using a micropipette pu lle r (David Kopf Instruments). The micropipette 

was attached to a 2 m ic ro lite r syringe (Precision Sampling Co.) by 

polyethylene tubing (0.015 in . internal diameter) mounted on a micro­

manipulator (P fe iffe r PBL-2) (modification o f Elsdale e t a l . ,  1960).

The tubing was f i l le d  with Squibb mineral o i l through a side arm in  the 

syringe so as to eliminate a ll a ir  bubbles from the system. The micro­

pipette was f i l le d  with o il separately and the tubing was inserted in to  

i t ,  again avoiding formation of a ir  bubbles in  the closed system.

This was very important at the time of drawing the isotope or other 

solutions in to  the micropipette as creation o f even the most minuscule 

bubble decreased the e ffective  pressure needed fo r in jec ting  and fo r re­

f i l l i n g  the pipette. An interphase was created between the o il and the 

aqueous solutions making i t  possible to check the delivery o f the liq u id  

in to  the embryos and leakage from the embryos. As an additional pre­

caution the mineral o il was evacuated p rio r to use.
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2. Labeling o f embryos: methyl t r i t ia te d  thymidine. For the 

in jec tion  o f t r i t ia te d  thymidine the embryo was positioned in to  a 

depression carved in  a piece of paraffin  wax, and rotated so that the 

ventral side was facing the in jec tion  apparatus. The micropipette was 

slowly lowered t i l l  the t ip  entered the embryo and the solution was 

delivered. By slowly withdrawing the p ipette , the formation o f a 

"plug" consisting of yolk released from broken ce lls  and membranes was 

fa c i1i ta ted.

a. Dosage injected: Methyl t r i t ia te d  thymidine (aqueous TdR-

methyl- H, specific  a c t iv ity  10 Curies/nmole, 5m Curies/ml, International 

Chemical and Nuclear Corp.) was administered in  single 0.05 to 0.15 

m ic ro lite r in jections of approximately 0.50 to 0.75 microCuries. The

embryo was then allowed to develop to a la te r stage at which time i t

was fixed. At least ten embryos o f each stage were injected in  th is  

manner. In addition, to ensure the a v a ila b ility  o f isotope fo r  long 

periods of time (more than 6 hours), m ultip le in jections o f 0.05

m ic ro lite r were given (one every 4 hours) to ten embryos. Injections

in  these cases were given at d iffe re n t stages: 3 embryos received 3 

in jections at 4 hour in terva ls s ta rting  at gastrulation (stage 11); 

the other 7 embryos received 3 in jections a t 4 hour intervals beginning 

at neurula stages (14-23).

Approximately 500 embryos were injected. The stages injected 

ranged from stage 9-1/2 (2 hours before the beginning o f gastrulation) 

up to and past la te  ta i l  bud stages 29-30. A few embryos (about 3-4 

embryos at each pa rticu la r stage) were injected at stages 31, 37-38.

Less than 5% o f embryos injected before the onset o f gastrulation 

survived long enough to be fixed at la te r stages. M orta lity  in general 

was about 30% fo r older embryos, 70% fo r embryos at gastrula stages.

i
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Survival was improved by addition of penici11 in-streptomycin to the 

medium in which the embryos were grown and by reduction o f the volume 

o f liq u id  injected (from 0.15 y l to 0.05). Of approximately 300 

embryos injected successfully, only about a th ird , those showing 

excellent development and high ra d ioa c tiv ity  incorporation (see " ta i l  

te s t") were chosen fo r radioautographic examination.

b. Ta il tes t: In order to monitor the level o f ra d ioa c tiv ity  o f

each embryo, a ta i l  tes t was developed. Each embryo (stage 37-38+) 

used fo r radioautography was cut in to  two parts p rio r to fixa tio n  so 

tha t one part contained head structures and whole gut and the remaining 

part consisted only o f ta i l  structures. The head portion was fixed in 

Carnoy's or Bouin's so lu tion. The ta i l  portion was digested with 15% 

hydrogen peroxide. The digest was placed in Brays' s c in t i l la t io n  

f lu id  and counted in  a Packard s c in t i l la t io n  counter.

In preliminary experiments the ra d ioac tiv ity  o f the ta i l  portion 

and of the remainder o f the embryo was determined fo r a series of 

twelve embryos injected at stages 18-25. These embryos were processed 

in  th is  manner a fte r they reached stage 37-38. The ra tio  o f counts 

found in the ta i l  to counts in  the rest o f the embryo was approximately 

1:3.9. A conservative ra tio  o f 1:3.5 was used fo r calculations (see 

Table I ,  RESULTS). This provided a suitable index fo r assessing whether 

enough counts fo r radioautography were incorporated in  each embryo and 

fo r approximate determination o f exposure times.

Control embryos were injected with 1/3 strength Barth's solution X 

(Barth and Barth, 1959) and processed in the same manner as experimental 

embryos.

c. 3H-thymidine incorporation: Incorporation o f m e thy l-tr it ia te d -

thymidine in to  acid-insoluble material was assayed by a modification of
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the Schmidt-Thannhauser procedure (Schmidt and Thannhauser, 1945). 

Labeled embryos were homogenized in 10 mM Tris pH 7.4, and subsequently 

precipitated with 10% w/v Trichloroacetic acid (TCA). An aliquot of 

the acid-soluble supernatant was taken fo r counting and a fte r two 

additional TCA washes (showing neglig ib le cpm) the pe lle t was treated 

with 1 N KOH fo r one hour at 37°C. The digest was ch illed  and TCA was 

added to 10% w/v. A fte r centrifugation an a liquot was taken to assay 

fo r a lka li-sens itive  ra d ioa c tiv ity . The fin a l p e lle t was washed, 

treated with 0.1 N KOH and NCS (tissue so lu b ilize r, Nuclear Chicago 

Corp.), incubated overnight at 36°C, and counted in  toluene s c in t i l la to r  

in  a Packard s c in t il la t io n  counter. See Table I I .

d. Radioautography: Embryos were fixed overnight in Bouin's or

Carnoy's fixa tive s , dehydrated in  a graded series ofefcH^il and embedded 

in  paraffin (Paraplast) (Guyer, 1953). Serial sections 3-5 microns 

th ick were cut with a rotary microtome (Spencer "820", American Optical 

Co.) and mounted on appropriately labeled slides coated with albumen 

adhesive. A fte r sections were deparaffinized, re-hydrated, then a ir -  

dried, the slides were coated with Kodak NTB-2 photographic emulsion 

according to a s lig h t ly  modified dipping method o f Kopriwa and Leblond 

(1962). Coating was uniform when the emulsion was diluted in  a 1:2 

or 1:3 ra tio  with d is t i l le d  water. The slides were a ir  dried, then 

placed in  l ig h t- t ig h t  boxes in  a pre-determined order. Two slides per 

embryo were coated and put in  separate boxes: One s lide  had sections

in  which Mauthner's ce lls  could be found; the other had sections which 

had other parts of embryo's brain. This was done as an added precaution 

in  order to check exactly the time o f exposure needed fo r each embryo.

The lig h t- t ig h t  boxes were placed in a larger box containing small 

bags fu l l  o f d r ie r ite  and exposed fo r four to ten weeks at 4°C.
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Radioautographs were developed in Kodak D-19 developer (d ilu ted 1:2 

H2O) fo r 3-1/2 minutes, fixed in Kodak Rapid Fixer fo r 8-10 minutes 

and stained through the emulsion. Sections were stained fo r 10-15 

minutes in  Harris' Hematoxylin, rinsed in tap water, blued in  cold 

saturated LiCOg, dehydrated in a graded series o f ethanol and counter­

stained fo r 2-3 minutes in Eosin (Davenport, 1960). Dehydrated 

sections were cleared in xylene and mounted with Permount. A ll solutions 

were cooler than room temperature (18-20°C) as warm solutions tend to 

s tr ip  the emulsion o ff .

e. Enzymatic extraction of nucleic acids: In order to ascertain

that label was incorporated p re fe ren tia lly  in to  DNA, specific  removal 

of DNA or RNA from tissue sections was effected by deoxyribonuclease 

(DNA'ase; ribonuclease-free, c rys ta llized , Worthington) or ribonuclease 

(RNA'ase, Worthington) (Amano, 1962).

DNA'ase treatment: Sections o f labeled embryos, which were fixed 

in  Carnoy's f ix a tiv e , were mounted on slides, deparaffinized and hy­

drated. Half o f the sections on the slide were incubated fo r  approxi­

mately 24 hours at 37°C in a solution containing 0.05 mg DNA'ase/ml o f 

Gomori's t r is  buffer with 0.10 M MgSO^HgO pH 5.7. The other ha lf o f 

the sections were not exposed to the DNA'ase so lu tion, serving as a 

control. Sections o f un-injected embryos were also exposed to the 

DNA'ase solution. Additional controls were provided by sections of 

labeled embryos incubated in  the buffer alone. The slides were then 

rinsed in  several changes of d is t i l le d  water, and processed fo r 

radioautography as previously described.

RNA'ase treatment: Sections o f labeled embryos were incubated in

a solution containing Img o f RNA'ase/ml of d is t i l le d  water. The enzyme 

was heated to 90°C fo r  ten minutes p r io r to use in order to inactivate
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any contaminating DNA'ase. The sections were incubated at 40°C fo r 

4 hours with gentle shaking every hour. Control slides were incubated 

in  d is t i l le d  water.

A fte r incubation, both enzyme-treated and control slides were 

washed thoroughly in d is t i l le d  water and coated with Kodak NTB-2 

emulsion. Exposure time was fo r 30 days. Staining through the emulsion 

with Hematoxylin-Eosin was done as specified above.

3. Labeling of embryos: 5-bromodeoxyuridine experimental

treatment. Five series o f embryos derived from d iffe re n t matings, each 

series from one clutch o f eggs, were injected with 5-bromo-2'deoxyuridine 

at stage 10 through stage 25. They were prepared fo r  observation by 

l ig h t  or electron microscopy when embryos had reached stage 37-38 or 

la te r. Three d iffe re n t stock solutions o f BrdU were used fo r in ­

jections in order to obtain d iffe re n t experimental conditions. Thus, 

some embryos were injected with "cold" BrdU to obtain an estimation 

o f dosage e ffec ts ; some were injected with high specific  a c tiv ity  

labeled BrdU fo r radioautographic experiments; yet others were injected 

with a mixture o f "cold" and "hot" BrdU fo r  calculation of internal 

dosage and observation o f dosage e ffects .

Solution A: Solution A consisted o f varying concentrations

of non-radioactive BrdU ranging from 1 to 10 

mg/ml (BrdU Sigma; made in 1/3 d i l .  Barth's 

solution X).

Solution B: Stock solution B consisted o f high specific

a c tiv ity  radioactive BrdU (New England Nuclear 

Co., 5-Bromo 2'deoxyuridine-6^H; ethanol: 

water 7:3; 25 C/mmole, 5mC/ml).

Solution C: Stock solution C consisted o f 150 pi o f "cold"
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BrdU (Solution A) 1-5 mg/ml mixed with 50 y l 

o f radioactive BrdU (Schwartz-Mann; -5'bromo- 

2-deoxyuridine 6^H; 15.3C/mmole; 0.5 mC/ml).

For each set o f embryos injected with BrdU, control embryos were 

injected with 1/3 d ilu ted Barth's solution X and the same amount of 

radioactive BrdU tracer as other embryos. They were processed in

identica l manner as experimental embryos.

a. Dosage e ffects: Series 1. F if ty  four embryos ranging from

stage 11 to stage 23 were injected with 0.05 to 0.10 y l o f stock

solution A which would theo re tica lly  give internal concentrations of 

50-500^®/ml (assuming the volume o f an embryo to be 2 y l ) .  Actual 

concentrations inside each embryo are not known because o f uncertainty 

about the actual internal concentration o f BrdU (the ta i l  tes t was not 

used). Due to the known lig h t  se n s itiv ity  o f BrdU, embryos were 

exposed to l ig h t only fo r the b r ie f duration o f in je c tio n , a fte r which 

they were kept in the dark. They were allowed to reach stage 40+ and 

fixed in Carnoy's so lu tion; seria l sections were deparaffinized, 

dehydrated and stained with H and E. See Table I.

b. Radioautography: Series 2. Twelve embryos (stages 10, 10-1/4,

10-1/2, 11, 13-1/2) were injected with a modified stock solution B.

A drop of 20 y l o f high specific  a c t iv ity  BrdU (61.4 yg/ml) was 

evaporated in a vacuum dessicator in order to evaporate the ethanol.

An equal amount o f 1/3 d ilu ted Barth's solution X was added to the 

evaporated spot. Embryos were injected with 0.05 to 0.10 yl o f th is  

so lu tion, allowed to develop to stages 40+ and fixed in  Carnoy's 

f ix a tiv e . Processing fo r  radioautography was identica l to that used 

fo r  the thymidine injected embryos. Before fix in g  the embryos, the 

ta i ls  were removed fo r the ta i l  tes t.
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c. Light and electron Microscopy: Series 3 through 5.

Series 3. E ffect o f BrdU on development - Light microscopy, H & E.

Each o f s ix ty  nine embryos (stages 10, 10-1/4, 10-1/2, 11-1/2) was 

injected with 0.05 to 0.10 y l o f stock solution C (1.0 -  2.0 mg/ml).

The embryos were allowed to develop in the dark u n til they reached 

stage 37-38+ and fixed in  Bouin's f ix a tiv e  and stained with H & E.

See Table IV.

Series 4. Light microscopy - s ilv e r stained. T h irty  one embryos 

ranging from stage 10 to stage 25 were injected with 0.05 to 0.10 yl 

o f stock solution C (2.7 mg/ml). The embryos were allowed to develop 

in  the dark u n til they reached stage 37-38+, fixed in  Lawdosky's 

f ix a tiv e  and processed fo r  s ilve r-s ta in ing  (Bodian, 1936). A fte r 

deparaffin ization and hydration, sections were incubated fo r 24-48 

hours at 37°C in  a solution of 1% Protargol-S (Winthrop Laboratories) 

with 4-6% copper, reduced in 1% hydroquinone and toned in  1% gold 

chloride (Merck). Residual s ilv e r  salts were removed w ith 5% sodium 

th iosu lfa te . Sections were thoroughly washed in d is t i l le d  water, 

dehydrated and mounted in  Permount (see Table V).

Series 5. Light microscopy - s ilv e r stain and epon embedded 

materia l. F ifty  embryos (stage 10-1/4 to stage 25; 25 embryos were in ­

jected before stage 10) were injected with 0.05 to 0.10 y l o f stock 

solution C (2.0 - 5.0 mg/ml). Some embryos were fixed in  Lawdosky's 

f ix a tiv e  fo r routine processing fo r  l ig h t microscopy and s ilv e r  stained 

as described above. Embryos to be embedded in  epon were fixed in 3% 

glutaraldehyde in 0.2 M cacodyl ate buffer at 4°C, and post-fixed in 

W  osmium te troxide. Tissues were dehydrated in  a graded series of 

ethanol and passed through propylene oxide before embedding in  Epon 

812 (R. P. C arg ille  Labs). See Table VI. One micron th ick sections
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were cut with glass knives in  a Sorvall Porter Blum MT-2 microtome and 

stained with 1% to lu id ine  blue.

d. Tail te s t. The " ta il  tes t" (see resu lts) was performed fo r 

Series 2, 3, 4, 5 and the BrdU concentration inside of embryos was 

calculated according to the formula shown below. The ra tio  o f counts 

in  the ta i l  to counts in the head was found to be 1:2.7. A longer 

piece o f the ta i l  (compared with ta i l  tes t fo r thymidine ^h) was cut 

fo r  improved s ta t is t ic a l analysis o f cpm. The ta i l  was cut exactly 

at the posterior end o f the gut.

1. ["co ld" BrdU inside whole embryo] = am* ° t  B! ^ J n ^ ry0 =volume o f embryo
1  (amount o f BrdU in embryo)

2. amt. o f BrdU in  embryo:

(cpm in t a i l )  (3.7 whole embryo) [BrdUj ng/ml (stock _soln)J
cpm (cpm/ml

3. [BrdU] = X mg/ml (or yg/m l); cpm in  soln = 6.25 x 10  ̂ cpm/ml

6.25 x 107 cpm = (o.l25 mC/ml) (0.5 x 109 cpm)

50 y l o f 0.5 mC/ml ^H-BrdU is d ilu ted 4 times by 150 y l o f "cold" BrdU

1 mC=2.2 x 109 dpm — 0.5 x 10  ̂ cpm (assuming a 22-23% effic iency
of counting.)

4. BrdU whole embryo -  3.7 (cpm in t a i l )  (X yg/ml
6.25 x 107 cpm/ml)

5. [cold BrdU inside whole embryo] = 1 (3 .7 )(cpm in t a i l )
2 x T0~3ml

(x„yg/ml
6.25 x 1 0 / cpm/ml)

volume o f embryo 2 x 10- 3ml

= 0.296 (X yg/ml) (cpm in  ta i l )
104 '

This formula is  to be used with solutions containing 0.5 mC/ml.

The number 3.7 in calculation no. 2 refers to the ra tio  o f counts o f

BrdU found in  the whole embryo to those found in the t a i l .  Original



estimates o f the volume of an embryo were done by weighing embryos 

and calculating the volume by assuming the density o f an embryo to 

be approximately 1.26 mg/ml. These values were la te r ve rifie d  by 

d ire c t measurement o f the displacement o f liq u id  by 50 embryos in  a 

300 pi calibrated tube.
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RESULTS.

A. T r itia te d  thymidine studies.

The time o f the la s t DNA synthesis in Mauthner's ce ll can be 

found by checking the la s t time tha t labeled thymidine is  incorporated 

in to  the nucleus. Amphibian embryos have a very low permeability to 

the labeled precursors needed fo r analysis o f macromolecular synthesis 

(Landesman and Gross, 1968). I t  is  thus necessary to m icroinject the 

precursors d ire c tly  in to  the embryo.

M e thy l-tr it ia ted  thymidine was injected in to  embryos, each at a 

specific  stage o f early development. The embryos were then allowed to 

develop to la te r stages, and fixed at th is  time, when the Mauthner 

ce ll has attained a large size. This was followed by radioautographic 

examination o f the Mauthner's nucleus.

Approximately 500 embryos were injected in  th is  manner. Of these 

about 300 survived to reach la te r stages (37-38 to 41-42). The re­

maining 200 or so embryos developed abnormally or died. Improvement 

o f the survival rate was achieved by adding an tib io tics  to the medium 

in  which embryos developed and by keeping the volume of f lu id  injected 

to a minimum. Rate of growth of experimental embryos (in jected with 

t r i t ia te d  thymidine) was the same as control embryos (injected with 

sa lin e ).

The micropipette used fo r in jections was manipulated in such a 

way as to aid the formation o f a plug o f cytoplasm and membranes. This 

was very helpful in preventing too much leakage o f injected f lu id .

In most instances f lu id  leaked out of the embryo, especially in the 

case o f embryos injected a fte r neurula stages, when motor reactions to 

external stimulation commence. Embryos were observed fo r some time



21

a fte r delivery of f lu id .  On many occasions leakage was seen at th is  

time when none was observed r ig h t a fte r in jec tion . In quantitative 

experiments where the concentration of isotopes or other chemicals 

inside of the embryo must be known, i t  cannot be assumed that the 

concentration injected re flec ts  the actual internal concentration.

Tail Test. Preliminary experiments were done in which the 

amount o f rad ioac tiv ity  in d iffe re n t parts o f the embryo was determined 

several days a fte r in jec tion  (at la te  embryonic stages 41 or 42).

The ta i l  o f each embryo was cut, digested with a tissue so lub ilize r 

and counted in  a sc in tilla tio n  counter separately from the rest of 

the embryo. The results are shown in Table I .  In 10 out o f 12 

embryos the ra d ioac tiv ity  in the body was 4 times that found in the 

t a i l .  As a conservative estimate, a ra tio  o f 1:3.5 o f counts in the 

ta i l  to counts in the rest o f the embryo, was used fo r determining 

the re la tive  exposure times of radioautographs.

B. Determination o f the e ffec tive  labeling period.

Using a modified Schmidt-Thannhauser assay (see Materials and 

Methods) preliminary experiments were done to investigate the effective 

length o f the labeling period following a single in jection  o f tr i t ia te d  

thymidine. The time course of incorporation o f the label in to  acid- 

insoluble a lka li resistant m ateria l, mostJjDNA, was followed fo r 8 

hours following in jection  (Figs. la  and lb ) . In early embryos (stages 

12-12-1/2, la te  gastrulation) incorporation o f the labeled precursor 

into DNA takes place fo r at least 8 hours. Conversely, most o f the 

counts found in  the acid-soluble pool (unincorporated thymidine) 

decrease accordingly. As expected, incorporation of label in to  a lk a li-  

la b ile  material (mostly RNA) is  in s ign ifica n t and remains at about 2%
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o f the recovered counts throughout the experiments. The incorporation 

o f label in to  DNA in embryos injected at t a i l  bud stages (21-24) in ­

creases rapid ly fo r at least s ix  hours; incorporation continues at a 

reduced rate. Approximately 75% o f the to ta l recovered counts are 

incorporated into a lka li-re s is ta n t material in  eight hours fo r early 

embryos and in approximately s ix  hours fo r la te r ones. The rate of 

incorporation o f label in to  DNA is greater in older embryos than in 

younger ones. There is  the p o s s ib ility  tha t the thymidine pool o f 

la te  gastrula stage ce lls  is  larger than tha t o f ta i l  bud stage ce lls . 

Rates o f nucleoside transport could be altered by various factors 

thus affecting the k ine tic  behavior o f in tra c e llu la r pools; also, 

many enzymatic a c tiv it ie s  (fo r example, thymidylate kinase) could be 

d iffe re n t at d iffe ren t developmental stages (fo r review see,Hauschka,i 

1973). In older embryos approximately 45% o f to ta l cpm available are 

incorporated in to  DNA in the f i r s t  two hours a fte r in jec tion . In 

contrast, approximately the same percentage is  incorporated in four 

hours, in e a rlie r embryos. The actual counts incorporated are shown in 

Table I I .  On the basis o f these experiments, i t  was concluded that 

the e ffective  labeling period is  at least s ix  hours. Radioactive 

thymidine is  being incorporated in to  DNA fo r  more than six hours so 

the label is  available fo r at least th is  length o f time.

C. Radioautographic experiments.

Having determined the length o f the labeling period, the following 

experimental plan was adopted. Each embryo was injected only once at 

a pa rticu la r stage, then was allowed to develop with no fu rther in ­

jections up to stage 40 or 42, when the Mauthner neuron had attained 

a large size and could be unequivocally recognized. The idea was to 

cover with each embryo a single six-hour long developmental period
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during which the isotope was known to be available fo r incorporation.

The large number o f d iffe re n t stages injected and the numbers o f 

embryos injected a t each stage insured tha t the labeling in tervals 

overlapped extensively, thus covering a ll the possible times at which 

a DNA synthesis could occur.

Stages 10 through 13:

Embryos injected with ^H-thymidine at stage 10-10-1/2 consistently 

had heavily labeled Mauthner cells in  radioautographs (Figs. 2-4).

Figs. la  and lb show the two Mauthner ce lls  o f one embryo, with heavy 

label in both. On many occasions the nucleus looks "empty" with seeming 

cjjromatic condensations in  a cogwheel shape; the following seria l 

sections through the nucleus would show more label over the seemingly 

empty parts. The nucleolus was always heavily labeled (Figs. 2-4).

Embryos injected at stage 11 have Mauthner ce lls  that are 

s lig h t ly  less labeled in comparison with surrounding cells and with 

Mauthner ce lls from embryos injected at stage 10-1/2 (Figs. 5a and 

5b). The overall incorporation of t r i t ia te d  thymidine was lower due 

to less a v a ila b ility  o f the injected precursor. Cpm from the ta i l  

tests done on these embryos indicate that less isotope was injected 

or more isotope leaked out o f the embryos. Very seldom did the Mauthner 

c e ll 's  nucleus appear in only one section as the sections were seldom 

more than 5 y th ick . Figs. 6a and 6b show the pattern o f labeling in 

two seria l sections of the same c e ll.  Empty-looking spaces are 

prominent in  Fig. 6a. This is  probably due to clumping of chromatin.

Fig. 5b on the other hand shows no spaces and a uniformly labeled 

nucleus. Much more of the Mauthner neuron's cytoplasm can be appreciated. 

The empty looking spaces between d iffe re n t ce lls in  the rest o f the 

neural tube could be due to washing out o f yolk depositions during
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f ix a tio n . Early amphibian embryonic tissues have some remaining yolk 

p la te le ts .

The labeling pattern o f the Mauthner ce ll in embryos injected 

at stages 12 and 12-1/2 was variable (Figs. 7-11). Some embryos 

exhibited labeled Mauthner ce lls  and yet others had two Mauthner ce lls  

which were not labeled above background. This was not unexpected, 

considering tha t there may be some small v a r ia b ility  in the timing of 

developmental events from one embryo to another. Of pa rticu la r in te rest 

is  the case of one embryo injected at stage 12 which showed a single 

labeled Mauthner ce ll (Figs. 7a and 7b). The poorly defined nuclear 

area is  covered with s ilv e r grains (arrow, 6a). The nucleolus can be 

made out in Fig. 7b, again, covered with grains. The contralateral 

Mauthner c e ll,  however, showed no appreciable label over its  nucleus 

or nucleolus (Fig. 7c). Serial sections throughout the whole ce ll 

showed an unlabeled Mauthner nucleus (Fig. 7d). I t  therefore appears 

that in the same embryo a Mauthner ce ll precursor on one side o f the 

medulla incorporated t r i t ia te d  thymidine in its  nucleus (therefore was 

s t i l l  rep lica ting  i ts  DNA) while the contralateral precursor ce ll did 

not.

Radioautographs o f another embryo injected at stage 12 are seen 

in  Figs. 8a and 8b. These slides were exposed fo r a longer time because 

counts in the embryo were low. The cytology is  very clear and both the 

nucleus and nucleolus are labeled to the same extent in  both ce lls .

Fig. 9a is  a radioautograph of a Mauthner ce ll from an embryo 

injected at stage 12-1/2. Label can only be seen on the nucleolus and 

in  i t s  immediate v ic in ity .  The following seria l section shows a 

section through the nucleus in which label is  not above background 

(Fig. 9b).
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Figs. 10 and 11 show Mauthner cells o f two d iffe re n t embryos 

injected at stages 12-1/2. The ce lls  are not labeled above background. 

The same is  true fo r two d iffe re n t embryos injected at stage 13 

(Figs. 12 and 13). No label was found in  any part o f the ce ll in 

subsequent sections.

Stages 14 through 37-38:

A ll the embryos injected at stages 14 through stage 37-38 (the 

time at which a Mauthner ce ll can be distinguished unequivocally) also 

exhibited unlabeled Mauthner ce lls  (Figs. 14-24). In a ll these cases 

the nucleolus o f the ce ll was also unlabeled. The ce lls  around the 

Mauthner ce ll showed d iffe re n t labeling patterns depending on the 

stage injected and the stage at which the embryo was sacrificed.

Some radioautographs permit the observation of cytological de­

ta i l  while others appear "fuzzy" or b lu rry . This is  probably due to 

unevenness o f emulsion coating so tha t some slides exh ib it a thinner 

f ilm  over the sections than others.

Among the embryos examined there were two or three cases o f 

double Mauthner formation, i . e . ,  two Mauthner ce lls  on the same side 

of the medulla (Fig. 20). The cytology o f th is  pair o f Mauthner 

neurons was normal at the l ig h t microscope leve l, though possibly some 

abnormalities (of the axon, fo r example) could have escaped detection 

in the absence of s ilv e r sta in ing. On the contralateral side, i t  was 

found that one, and only one, Mauthner ce ll was present.

Fig. 24 shows the radioautograph of an embryo injected at stage 

37-38. This is  a stage by which a Mauthner ce ll in Xenopus laevis can 

be seen to be quite d iffe ren tia ted . I t  has abundant cytoplasm at that 

stage and an axon (see Chezar, 1972 fo r review), therefore i t  is  highly 

un like ly tha t i t  would be engaged in  DNA synthesis.
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As can be seen from Figs. 23 and 24, only a few ce lls  in the hind 

brain are labeled in  embryos injected at stages 33-38, although other 

regions of the brain show a somewhat larger number o f labeled ce lls .

Fig. 21 also shows a few ce lls  labeled, but in th is  case the amount o f 

ra d ioac tiv ity  in the embryo was low. As the embryo grows older, fewer 

and fewer ce lls  are labeled (less and/or slower m ito tic  a c t iv ity  in 

ce lls  giving rise to neurons). G lia l ce lls  continue to p ro life ra te  

and thus are labeled i f  t r i t ia te d  thymidine is  available.
I

Results o f enzymatic extraction:

The s p e c ific ity  of incorporation of the ^H-thymidine label into 

DNA was confirmed by DNA'ase treatment. DNA'ase treated sections 

showed no appreciable labe l, while untreated sections of the same 

brain region o f the same embryo are heavily labeled (Fig. 25). Fig.

25a is  a radioautograph o f a section through the beginning o f the 

telencephalon. I t  is  heavily labeled with s ilv e r grains. The following 

section (Fig. 25b), which was exposed to deoxyribonuclease treatment, 

shows no appreciably labeled nuclei in  any tissue. Fig. 25c is  a 

section through the foramen of Monro in the same embryo. The ce lls  of 

the neural tube are heavily labeled. Fig. 25d shows the following 

section, which is  unlabeled a fte r treatment with DNA'ase.

The experimental design and the results are summarized in Fig. 26. 

The f i l le d  c irc les pinpoint the stage at which the embryo was injected 

(stage 12 or la te r ) ;  the lines that extend from the c irc les indicate 

the stages covered in  the s ix  hours during which the label is  known to 

be available. In a ll of these embryos the Mauthner ce lls were un­

labeled. The bars represent embryos injected p r io r to stage 12; in 

a ll these embryos, the Mauthner c e lls ' nuclei were found to be labeled 

to varying degrees. The label is known to be available fo r incorporation
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fo r a t least s ix hours (see also Hunt & Jacobson, 1972). However, the 

isotope could not have been incorporated during the hours covered by 

the clear portion o f the bars, as shown by the embryos represented by 

the f i l le d  c irc les and lines. Embryos injected singly from stage 10 

to stage 29-30 are represented in  the graph.

A couple o f embryos (not shown in  Fig. 26) injected at stages 

e a rlie r than stage 10 exhibited labeled Mauthner nuclei. Six embryos 

were injected at stages la te r than 29-30 (not shown in graph). The 

la te r stages injected ranged from 31-32 to 37-38. A ll these embryos 

had unlabeled Mauthner ce lls .

D. Effects o f 5-bromodeoxyuridine on the development o f Mauthner's c e ll.

1. Dosage e ffec ts i Preliminary experiments were done to determine 

which dosage o f BrdU would have an e ffec t on development o f the embryo 

while permitting some percentage of survival (see Table I I I ) .  Dosages 

used fo r  in v itro  studies in other systems varied from 10“ ^ to 10"® M 

BrdU (0.3 to 300 yg/ml) (Stockdale e t a l . ,  1964; Schubert and Jacob,

1970; fo r review see W ilt and Anderson, 1972). There was no attempt to 

measure the actual concentration of BrdU inside the embryo, only non- 

radioactive BrdU was used. The overall percentage o f survival was 43%, 

the ea rlie s t injected stages resu lting in  the highest m orta lity  per­

centage. For embryos injected at stages 11-11-1/2 and stages 14-15, 

survival was 31-32%, fo r those injected at la te r stages (stages 18-19, 

22-23) 62-80%. The trend was fo r survival to increase with lower 

dosages and by in jec tion  o f embryos at la te  stages.

Embryos injected at stage 22-23 with high concentrations o f BrdU 

showed very low m orta lity . Even though development was not perfect 

(eyes did not develop normally, had transparant centers) they showed
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good pigmentation and good organ development ( i.e .  heart and gut).

Embryos which were injected at e a rlie r stages a ll showed varying 

degrees of the same type o f abnormalities, i .e .  very low pigmentation, 

body deform ities, incomplete development o f the eyes.

In embryos where Mauthner ce lls were found, the ce lls  exhibited 

large nucleoli and darkly staining cytoplasm. In some embryos, the 

marginal layer did not seem to be as well ‘developed as in  normal or 

thymidine injected embryos.

The results obtained through these experiments indicated that 

only concentrations of BrdU ranging from 1-5 mg/ml should be used as 

stock solutions fo r  in jection  of embryos. Due to leakage from the 

embryo i t  must not be assumed that the concentration o f BrdU or any 

other chemical injected in to  an embryo re flec ts  the actual internal 

concentration. Only by use o f tracers such as isotopes can a re la tive ly  

accurate estimate o f internal concentrations be obtained.

2. Results o f radioautographic experiments: Series 2. The 

thymidine analog BrdU has been shown to be p re fe ren tia lly  taken up by 

rep lica ting  ce lls  in d iffe re n t bio logical systems (fo r review see 

Holtzer et a l . ,  1972b). An experiment was designed to determine 

through radioautography the in tra c e llu la r s ite  of incorporation of 

BrdU in  the amphibian embryo.

Radioactive BrdU o f high specific  a c t iv ity  was injected in to  nine 

embryos at the developmental stage o f the las t DNA synthesis o f the 

Mauthner precursor ce ll (stage 10-1/2) and three embryos at a la te r 

developmental stage (stage 13-1/2) when no DNA rep lica tion  occurs in 

that c e ll.  In these experiments only BrdU o f high specific  a c t iv ity  

dissolved in saline was used. The effects of BrdU on development were 

not studied in  th is  series, therefore no additional non-radioactive
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BrdU in  concentrations used fo r series 1 and 3 embryos was used.

The molarity o f the BrdU injected was o f the order o f 2 x 10"® M 

(6 yg/m l), approximately 100 times less than the m olarity injected to 

obtain a BrdU e ffec t.

The embryos used, in  th is  experiment came from a summer mating 

tha t gave a re la tiv e ly  smaller proportion o f viable embryos (re fe r to 

page 9 o f Materials and Methods) and development was not always good.

Mauthner ce lls  could be unequivocally ide n tified  in three out of 

nine embryos which were injected at stages 10-1/4 to 11. A ll three 

embryos exhibited heavily labeled Mauthner nuclei. Cells from one 

such embryo are shown in  Fig. 27.

The cytoplasm o f the Mauthner ce ll is  c learly  v is ib le  and the 

nucleus and nucleolus are heavily labeled (Fig. 27a). The contra­

la te ra l ce ll is  also heavily labeled (Figs. 27b and 27c). A ll o f the 

other ce lls  o f the brain are also labeled. Cells near the neurocoel 

are not as heavily labeled as ce lls  near the marginal layer. Radio­

autography of three embryos injected at stage 13-1/2 showed Mauthner 

ce lls  with unlabeled nuclei (see Fig. 28). Cells in the v ic in ity  o f 

the Mauthner ce ll are labeled heavily.

The results o f these radioautographs show that bromodeoxyuridine 

is  indeed incorporated in to  the Mauthner c e ll 's  nucleus. Furthermore, 

they confirm the find ing tha t the Mauthner c e ll 's  precursor is  synthe­

sizing DNA at stages 10-1/2-11 and synthesis o f DNA has terminated by 

stage 13-1/2.

3. Light Microscopy: H & E, s ilv e r stained m ateria l: Series 3

through 5. In these experiments radioactive BrdU was used as a tracer 

in order to calculate the approximate concentration o f non-radioactive 

BrdU inside the embryos. The results are shown in Table I I .  There was
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42% surv iva l. BrdU concentrations used were calculated to give 

internal concentrations o f 50 - 100 yg/m l. Actual internal concentrations 

obtai ned were 2 - 1 3  yg/ml.

Five embryos that were injected at stage 10 were examined h is­

to lo g ic a lly . Relatively well d iffe ren tia ted  Mauthner ce lls  were found 

in these embryos; large nucleus and nucleolus, abundant cytoplasm 

compared to other ce lls . Varying degrees o f c e llu la r d isarray, abnor­

m alities in the morphology and cytology o f the neural tube were found 

to correlate with increasing internal concentrations o f BrdU. An 

embryo with an internal concentration of 11 yg/ml had an abnormally 

shaped, d istorted neural tube and eyes which were not well developed.

Sim ilar results were found in embryos tha t had been injected at 

stages 10-1/4 through 10-1/2. The neural tube was found to be rounded 

up in  some embryos; there was not a clear d is tin c tio n , fo r example, 

between the characteris tic  shape of the medulla and the rest o f the 

nervous system. In th is  case the embryo had a concentration of BrdU 

o f 9 yg/ml.

An embryo injected at stage 11-1/2 with the same internal con­

centration o f 9 yg/ml BrdU did not show the abnormalities mentioned 

above. The general cytology of the embryo, in  pa rticu la r the nervous 

system, was quite good. However, there seemed to be many more ce lls  

in the neural tube when compared with controls; the marginal layer 

seemed somewhat decreased in  these embryos. This was only a qu a lita tive  

observation, no quantitation was attempted. The Mauthner ce lls  o f these 

embryos d iffe ren tia ted  w e ll. The c e ll 's  axon could not be distinguished 

in sections stained with Hematoxylin and Eosin.

4. Effects o f BrdU on Development: Light microscopy, s ilv e r  s ta in : 

Series 4. In th is  set of experiments the internal concentration o f
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BrdU in  the embryos was increased to double the previous concentrations 

obtained. Eleven embryos out o f th irty-one injected managed to survive 

u n til stages 37-38+. Normal development was retarded compared to 

controls and greatly impaired. They were edematous, had skeletal 

deform ities, eyes developed very incompletely and,in some cases, not 

a t a l l .  The gut development was incomplete and the embryos were 

cha rac te ris tica lly  devoid o f body pigment.

In four o f these embryos, Mauthner ce lls  were found to be quite 

well d iffe ren tia ted . These embryos were s ilv e r stained so that ob­

servation of more cytological de ta il was possible. The Mauthner 

ce lls  in two embryos injected at stages 10-10-1/4 and with internal 

concentrations of BrdU o f 16 and 67 yg/ml d iffe ren tia ted  quite w e ll.

The embryo with 16 yg/ml BrdU appeared to have a neural tube which 

had a small marginal layer in proportion to the number o f ce lls  com­

pared with non-BrdU embryos. The axon and its  decussation at the 

midline o f the neural tube could be distinguished in  several contiguous 

sections.

The embryo that had an internal concentration of BrdU o f 67 

yg/ml was very badly developed both at the gross and microscopic, 

level (see Figs. 29a and b). The neurocoel was almost non-existent.

The ce lls  in  the v ic in ity  of the Mauthner neuron were few and in  no 

specific  order; there v/as a small amount o f marginal layer. The ce lls  

seemed to be undergoing necrosis due to cytotoxic levels o f BrdU used. 

However, the Mauthner ce ll s t i l l  had a very large normal-looking nucleus 

and nucleolus and abundant, well-stained cytoplasm, and some o f i ts  

processes could be seen including a long axon coursing ventro-medially. 

Fig. 31 shows the structure tha t developed in  place o f a normal eye in 

th is  embryo. There is  to ta l disarray o f c e lls , which are undergoing
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necrosis; some pigment from pigmented cells o f the re tina remains.

These embryos surely incorporated BrdU in th e ir Mauthner precursor 

ce lls  fo r at least one round of DNA synthesis.

Two embryos injected at stage 14-15, which had internal concen­

tra tions o f BrdU of 22 yg/ml and 50 yg/ml, showed very poor develop­

ment. There was very l i t t l e  pigmentation; the eyes and gut were small 

and d istorted. Histological examination revealed very poor general 

cytology, and very incomplete development o f the nervous system. The 

neural tube was abnormal in size, shape and cytostructure. The marginal 

layer was reduced in  area and did not have the characteristic con­

figu ra tion  in transverse sections (compare Fig. 33 showing the embryo 

with an internal BrdU concentration of 50 yg/ml, with sections of 

normal embryos Fig. 27). The neurites did not form the typical 

peripheral layer, but formed large and small fascicles with no apparent 

regular d isposition. Mauthner ce lls  with abundant cytoplasm and large 

nuclei could be id e n tified  in these embryos. Figs. 33 a-d show the 

Mauthner cells o f th is  embryo.

The Mauthner ce ll o f an embryo injected before stage 10 and having 

an internal BrdU concentration of 33 yg/ml is  shown in  Fig. 30a and b. 

The nucleus was large and had the cha racte ris tica lly  large nucleolus.

The axon was very well stained and its  ventro-medial course could be 

easily followed. The ce ll was well d iffe ren tia ted , judging from its  

size, shape and large processes. The nuclei in the v ic in ity  o f the 

Mauthner are probably of neurons and g lia l ce lls . The marginal layer 

is  not well developed; i t  is  scant. This can be better appreciated in  

Fig. 30d. Many ce lls  can be seen in the neural tube but th e ir  processes 

have not contributed much to the marginal layer. However, there is  

s t i l l  some preservation of the general, normal pattern and shape of
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the neural tube of th is  embryo in th is  region (medulla). Other 

parts o f the nervous system were highly abnormal. Fig. 30c, fo r  example, 

shows a region o f the neural tube (diencephalon) which had almost 

enveloped the notochord. The ce lls  were not organized in  any normal, 

recognizable pattern. The ce lls  o f the somites seemed to be under­

going necrosis (see Fig. 32).

5. Epon embedded material. (Figs. 35a and b show lig h t micro­

graphs of an embryo injected with saline at stage 15). Fig. 36a shows 

an overall view section of the neural tube of an embryo injected at 

stage 10-1/4 and with an internal concentration o f BrdU of 28 yg/ml.

The Mauthner ce ll (Fig. 36b) has d iffe ren tia ted  and has a well-developed 

abundant cytoplasm and processes. The rest o f the ce lls  in the neural 

tube look very abnormal (compare with con tro l, Fig. 35a and b). The 

nuclei are highly irre gu la r, ce lls  are in  disarray; there are some 

cells tha t appear to have been extruded in to  the lumen (Fig. 36a).

Fig. 36c shows the contralateral Mauthner ce ll w ith a long ce llu la r 

projection, probably a dendrite.

Some embryos that were injected with high concentrations o f BrdU 

developed in perfect conditions. None o f the observed abnormalities 

in other BrdU treated embryos were present. A fte r analysis of the 

ta i l  te s t, the internal concentration o f these embryos were found to 

be of the order o f 2 - 4 yg/ml. Lack o f incorporation o f BrdU in to  

the embryos was due in a ll p robab ility  to leakage of injected chemical 

from the embryo.

The rate o f development o f embryos injected w ith BrdU was slower 

by a couple o f hours than that o f control embryos.

Figs. 37a, b, c are 1 micron sections stained with to !u id ine blue. 

Serial u ltra th in  sections were cut thereafter. This embryo was
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injected at stage 24 and had an internal BrdU concentration o f 

105 yg/ml. I t  was found, at the microscopic le ve l, that the neural 

tube had developed in  a more or less normal fashion with respect to 

size and shape of the various encephalic regions. However, there was 

an abnormal amount o f in te rc e llu la r space, and the shapes o f the nuclei 

were more irregu la r than in the neural tube o f control embryos, 

especially the ven tricu la r ce lls  (compare Figs. 37a and 35a).

Another find ing which was characteristic o f embryos injected 

with BrdU was the growth or extension of ce lls  in to  the lumen o f the 

neural tube (see Fig. 36a and 37a). This was never observed in  control 

embryos nor in  embryos injected with ^H-thymidine fo r  radioautography.

The amount o f marginal layer in  th is  embryo was somewhat less than 

control embryos. Figs. 37a and 37b show part o f a Mauthner c e ll.

Fig. 37c shows the contralateral c e ll.  Even though much of the nucleus 

had already been cut away, the size of the c e ll 's  cytoplasm can be 

compared with that o f other ce lls  around i t .  What is  presumed to be a 

l ip id  or yolk inclusion at the upper end of the c e ll 's  cytoplasm was 

present in both c e lls , but is  more prominent in  the ce ll shown in 

Fig. 37c.

At the gross morphological level th is  embryo exhibited good 

pigmentation and good in tes tina l development. No skeletal deformities 

were found but eye development was not en tire ly  normal. A micro­

graph through the eye o f th is  embryo is  shown in  Figs. 37d and 37e.

The retina is highly abnormal when compared to an embryo injected with 

aqueous ^-thym idine (no BrdU). There is no formation (in  the experi­

mental embryo) o f plexiform layers or o f a pattern distinguishing a 

receptor ce ll layer from a ganglion ce ll layer as in  a normal embryo
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(Fig. 38). There is  no ind ication o f lens fib e r formation. Only ce lls 

can be distinguished. Cells from the pigmented retina have formed some 

pigment.
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DISCUSSION.

A. Time of o rig in  o f Mauthner's neuron.

I t  is  d i f f ic u l t  to  determine precisely the time of the la s t 

mitosis o f the Mauthner precursor c e ll.  However, i t  was possible to 

determine the time of i ts  la s t DNA synthesis. The time of the las t 

DNA rep lica tion  in tha t ce ll lin e  was found to occur between stages 

11 and 12-1/2. Injections o f isotope a fte r stage 12-1/2 fa i l  to show 

any incorporation o f label in to  the Mauthner c e ll 's  nucleus. Any 

embryo injected before stage 10 and up to and including stage 12 

always incorporated t r i t ia te d  thymidine in i ts  Mauthner c e ll.

The la s t mitosis was expected to take place at some point between 

gastrulation and stage 29 - 30, since neural induction occurs only 

a fte r gastrulation has begun and stage 29 - 30 is  the e a rlie s t stage 

at which the Mauthner neurons can be distinguished from other ce lls 

around them (Chezar, 1972).

The labeling protocol o f the experiments was thorough enough to 

exclude the p o s s ib ility  o f an additional DNA rep lica tion  at la te r 

developmental stages. A ll possible times and stages o f larva l develop­

ment during which a DNA rep lica tion  could have occurred were covered 

by the in jec tion  of several embryos at each pa rticu la r stage. There 

was extensive overlapping of the individual time periods, covering the 

interval from stage 10 up to and past stage 29 - 30. Embryos injected 

as la te  as stage 37 - 38 were found to have unlabeled Mauthner ce lls .

As mentioned above, by stage 29 - 30, the Mauthner neuron can be seen 

to have an axon, and in  general, a nerve ce ll does not divide fu rther 

once i ts  axon starts  developing (Lyser, 1964; Jacobson, 1970;

Angevine, 1970).
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B illings  and Swartz (1969) have shown tha t the Mauthner neuron

is  a d ip lo id  c e ll.  This implies that a m ito tic  event must take place

a fte r the la s t rep lica tion  o f DNA has occurred. According to the 

studies o f Flickinger and co-workers (1967) in Rana pipiens embryos, 

the S period o f the ce ll cycle (during which DNA rep lica tion  occurs) 

o f ectoderm ce lls  in gastrula stages lasts approximately 1.5 - 1.75 

hours and the G2 period of interphase lasts about the same length o f 

time. The M phase lasts approximately 30 minutes and remains constant

from stage 9 to stage 19 (Graham and Morgan, 1966).

As stated above, the la s t S phase o f the Mauthner precursor ce ll 

ends at about stage 11 - 12-1/2 (12 - 14 hours o f development), thus 

i t  is  probable that the la s t mitosis o f tha t ce ll occurs at about 15 

hours o f development, stage 13. I t  is  also possible tha t the Mauthner 

precursor c e ll,  in  contrast to other ectodermal ce lls  o f the gastrula 

stages, goes through a disproportionately long G2 period, but th is  

would seem un like ly . However, Graham and Morgan (1966) found that 

variations in the length o f ce ll cycles o f endoderm ce lls  from gastrula 

to neurula stages were due to increasing length o f the G2 phase. At 

stage 13, the G2 phase in  endoderm ce lls  is  about s ix  hours, S and G-j 

phase being 3.5 and 2.5 hours,respectively. In contrast, F lickinger 

et a l . (1967) found fo r stages 10 - 13 (gastru lation stages in  Rana 

pipiens) that S and G2 remained at 1.5 hour each and G-| phase lasted 

approximately 16 hours. The la t te r  measurements were done on ectoderm- 

mesoderm ce lls . Taking 3.5 hjurs as a rough average o f the time spent 

by neuroectoderm ce lls  on G2 phase, i f  the Mauthner precursor ce ll 

stops DNA synthesis a t stage 11 (in  the m ajority o f cases) then mitosis 

would be completed by stage 13 or 13-1/2.

Another im plication of th is  study is  tha t the Mauthner ce lls  are
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not m ito tic  s is te rs . The la s t S phase and subsequent ce ll d iv is ion  

apparently take place at a time when the precursor fie ld s  are known 

to  be physically separated (P ia tt, 1950; S te fa ne lli, 1951). Further 

evidence of th is  is  the fac t that one embryo injected at stage 12 was 

found to have a labeled Mauthner ce ll on one side of the medulla and 

an unlabeled ce ll on the other. Other ce lls  in the medulla were 

labeled. I t  appears that there are two precursor c e lls , one fo r each 

Mauthner ce ll that f in a lly  d iffe ren tia te s . The time o f th e ir  la s t DNA 

synthesis is probably at the same time but some v a r ia b ility  from 

embryo to embryo is  evident.

I t  is  important to note tha t the probable time o f the la s t mitosis 

o f the Mauthner precursor ce ll coincides in time with the so-called 

stage o f histogenetic determination o f th is  neuron, proposed to occur 

a t early neural plate (stage 13) by S tefanelli (1951). Based on the 

results o f experiments involving selective un ila tera l extirpation of 

the Mauthner ce ll region in the medulla o f anurans at d iffe re n t time 

points in development, S tefanelli established that the time o f de­

termination of the Mauthner ce ll occurred during the advanced gastrula 

to early neural plate stages. Before stage 13, the remaining portions 

o f the medulla restore the missing region including a Mauthner c e ll.  

A fte r stage 13, again there is  restoration, but a Mauthner ce ll is 

lacking so that there is  not fu l l  h isto logica l re s titu tio n . Were there 

other neurons which one could distinguish from other nerve c e lls , i t  

is  possible that one could observe the same phenomenon. S tefanelli 

concluded from these experiments tha t at early gastrula stages the 

Mauthner cells are not yet determined. They become determined pro­

gressively during la te  gastru la tion; a fte r these stages the determin­

ation becomes irrevocable. According to S te fa ne lli, th is  determination
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occurs in two steps. F irs t the neuroblasts a tta in  th e ir  general 

d iffe re n tia tio n  as nerve cells (prolongations, Nissl bodies, neuro­

f ib r i l s ) ;  then other secondary characters specific  to the Mauthner 

ce ll such as shape, form, size o f ce ll body, o f axon, begin to develop.

In these studies the term determination has been used in  re­

fe rring  to the acquisition o f information by a ce ll or f ie ld  o f ce lls 

which w il l  predispose i t  (them) to give rise  to a Mauthner neuron.

The precise nature by which the ce ll acquires th is  information is  not 

known. In general, two ways in which the Mauthner ce ll may be de­

termined can be considered: 1) there could appear in  the la te  gastrula 

stage a single neuroblast committed to d iffe re n tia te  as a Mauthner 

c e ll,  or 2) there could be a group of ce lls  in the presumptive Mauthner 

histogenetic f ie ld ,  any one of which could eventually d iffe re n tia te  as 

a Mauthner c e ll.  Perhaps at la te r stages, whfin one o f these cells 

s tarts  to exh ib it Mauthner neuron characteristics, the rest o f the cells 

in that f ie ld  are inh ib ited from doing the same. At th is  time there 

is  no way o f distinguishing between these two p o s s ib ilit ie s . I t  can 

only be said tha t, at these la te  gastrula stages, the ce ll which w il l  

eventually become a Mauthner neuron has stopped DNA rep lica tion . In 

instances in  which there is ip s ila te ra l double formation o f Mauthner 

c e lls , the two ce lls  could be m ito tic  s is te rs , or they could be two 

ce lls  from th is  histogenetic f ie ld  mentioned above. Double formation 

o f Mauthner ce lls  has been found in about 2% of embryos examined (also 

see Chezar, 1972). We have never observed more than two Mauthner 

ce lls  on the same side o f the medulla.

B. Comparison o f Mauthner's c e ll 's  m ito tic  h istory with tha t o f other 

nerve ce lls .

I t  is  o f in te rest to compare our findings on the developmental
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program o f the Mauthner neuron to the development o f other nerve 

ce lls . Extensive studies have been made on the generation o f d iffe ren t 

types of ce lls in the nervous.system of vertebrates. During neuro­

genesis four main events occur which shape the future adult brain: 

ce ll p ro life ra tio n , ce ll m igration, ce ll d iffe re n tia tio n , and ce ll 

death. As to the f i r s t  o f these, there is  a timetable o f neuron 

o rig in  specific  fo r the d iffe re n t regions o f the brain studied (fo r 

reviews see Angevine, 1970; Jacobson, 1970). A sp a tia lly  and temporally 

ordered program of o rig in  fo r d iffe re n t neuron types has been found in 

studies done in  mammals (Sidman et a l . ,  1959; Angevine, 1965; Altman, 

1967), birds (F u jita , 1966), and amphibians (Jacobson, 1970;

Straznicky and Gaze, 1971). I t  has been suggested tha t large neurons 

with long axons generally arise early in development and are highly 

specified at that time, while smaller neurons arise and are specified 

la te r in development (Hinds, 1968; Jacobson, 1970). The ganglion 

ce lls  o f the re tina have been shown to belong to the former type, i . e . ,  

they arise early in  development and the pattern o f re tina l connections 

seems to be at least generally and perhaps provis iona lly , specified 

at the time of th e ir  las t m itosis. Jacobson (1968) has shown a cor­

re la tion  between the cessation o f DNA synthesis in ganglion cells of 

the re tina and some events in  the development o f specification of 

th e ir  future central connections with the tectum in  Xenopus laevis 

larvae (w ithin a period o f ten hours; less than one ce ll generation 

cycle). Thus, though the process is  certa in ly  more complicated (Gaze, 

Chung, and Keating, 1972; Hunt and Jacobson, 1973) than e a rlie r 

experiments suggested (Jacobson, 1968) some important events in the 

process o f neuronal specification are closely related to the fin a l 

m itosis.
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The Mauthner ce ll system is  an outstanding example o f a large,

highly specified neuron determined very early in development.' These

studies indicate a very early cessation o f DNA rep lica tion  followed

w ith in a couple o f hours (the probable length o f the G2 period) by

histogenetic determination. I t  is  in teresting to note that in the

case of the re tina l c e lls , "determination" or "ce llu la r spec ifica tion ,"

as the case may be, seems to take place during or shortly a fte r the

fin a l ce ll cycle. Approximately 22 hours elapse between the time of

the la s t DNA rep lica tion  of the Mauthner c e ll 's  precursor and the

stage at which the neuron can be recognized as a Mauthner ce ll fo r

the f i r s t  time. I t  is not known precisely what biochemical events

are taking place during th is  in te rva l. I t  is  not known, fo r example, 
has

i f  the c e llAgrown appreciably during th is  period o f time. The size 

o f neuroectodermal ce lls  in Xenopus laevis range from 15 to 30 microns 

at stage 13 (Karfunkel, 1971). The size o f the Mauthner neuron at 

stage 29-30 fa lls  w ith in  th is  range, measuring approximately 26 

microns in length. The nucleus measures 9 microns and is  not appreci­

ably larger than nuclei o f other neighboring ce lls  at th is  time (Chezar, 

1972). I f  the Mauthner precursor ce ll belongs to the larger neuro­

ectodermal c e lls , i t  is  possible then, tha t there is  l i t t l e  or no 

ce llu la r growth during the interval between stage 13, the apparent 

time of o rig in  o f the neuron, and stage 29-30. However, i f  the pre­

cursor ce ll measures 15 microns, an increase in diameter to 26 microns 

represents a large increase in  volume. In both cases, o f course, there 

would be tremendous increase in axonal volume. Because the neuron 

already has a re la tive ly  long axon in  the e a rlie s t stages examined, the 

neuron must have achieved a certain po la rity  which determined the s ite  

and d irection of axon emergence. Biochemical, synthetic a c tiv it ie s
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occurring at th is  time are, o f course, not discernible by microscopy.

C. 5-Bromodeoxyuridine effects on Xenopus laevis embryos.

The d iffe re n tia tio n  o f several organ systems in  Xenopus laevis 

embryos is  interfered with when animals are exposed to the thymidine 

analog — 5-Bromodeoxyuridine. Embryos injected with d iffe re n t con­

centrations of the analog showed abnormal development o f body pig­

mentation, skeletal deformities and eye organs. With progressively 

higher concentrations of BrdU these abnormalities were accentuated. 

C yto logica lly, one can observe larger in te rc e llu la r spaces and abnormal 

looking ce lls  in  the neural tube of experimental embryos as compared 

with controls. There is  also disorganization o f ce lls  and a dearth 

o f axons in the neural re tina .

Mauthner ce lls  developed in a ll these embryos with nervous 

system abnormalities. Even in  embryos with very high cytotoxic 

internal concentrations o f BrdU there were cells tha t by th e ir  lo ­

cation, shape and size could be ide n tified  as Mauthner ce lls .

Even though BrdU inh ib ited the organization and neurite develop­

ment in re tina l c e lls , i t  did not a ffec t the d iffe re n tia tio n  of the 

characteristic shape and axon o f the Mauthner neuron when injected at 

stages 10-1/4 - 11. BrdU was incorporated into the nucleus of the 

Mauthner ce ll as ascertained by radioautography. When the chemical 

was given at stage 13-1/2, the nucleus o f the Mauthner ce ll was un­

labeled. This confirms the results obtained with ^H-thymidine, i . e . ,  

tha t the la s t DNA rep lica tion  of the Mauthner precursor ce ll occurs 

before stage 13 - 13-1/2.

As fa r as could be observed at the l ig h t microscope leve l, the 

Mauthner ce ll developed without any obvious abnormalities. In pre-
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1iminary studies a t electron microscope le ve l, what seemed lik e  normal 

looking organelles were observed; endoplasmic reticulum studded with 

ribosomes was seen, the mitochondria were a b i t  swollen and the cristae 

somewhat distended. But th is  could be due to inadequate fixa tio n .

A more detailed study o f electron micrographs taken o f embryos in ­

jected at early stages would have to be done in order to determine 

the effects o f BrdU at the u ltras truc tu ra l leve l.

Even though BrdU substitu tion experiments, which would measure 

the amount o f substitu tion of thymidine in  the DNA by BrdU, were not 

done, i t  is  l ik e ly  that a t least 50-80% o f the new strands of DNA 

were replaced by BrdU. Fabian and W ilt (1973) studying erythrogenesis 

in  chick embryos, have obtained 80% replacement o f thymidine by BrdU 

in  each new strand of DNA at a concentration o f 50 yg/m l. The range 

o f exposure to BrdU reported in several systems (Bergey, e t a l . ,  1972; 

Weintraub, et a l . ,  1973; O 'Neill and Stockdale, 1974) has been one to 

two generations; generally, the d iffe re n tia tio n  o f a m ajority of ce lls  

is  inh ib ited only a fte r one round o f S synthesis.

There may be several explanations as to why the Mauthner c e ll 's  

d iffe re n tia tio n  was not affected by exposure to BrdU: 1) the ce ll

could be "res is tant" to BrdU by v irtue  o f the fac t that i ts  pa rticu la r 

program of d iffe re n tia tio n  had already been started before stage 10 

and therefore BrdU could not in h ib it  i t .  This same phenomenon has been 

observed in other systems (see Holtzer, e t a l . ,  1972a). Apparently 

BrdU does not simply block terminal expression o f molecules o f a 

specific  product but can in h ib it  the in it ia t io n  o f new synthetic 

products in a ce ll lineage. A fte r th is  program has been started, the 

system becomes resistant to BrdU. 2) BrdU has to be present fo r more
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than one S phase o f the ce ll cycle. I t  is  in teresting to note tha t 

other nerve ce lls  (such as the ganglion ce lls  o f the re tina) only need 

to be exposed to BrdU fo r one S phase (see section on results o f BrdU 

treatment). While th is  work was in  progress, s im ila r experiments on 

the effects o f BrdU on re tina l ganglion ce ll d iffe re n tia tio n  came to 

our attention (Bergey, et a l . ,  1972; Hunt, e t a l . ,  in press). Not 

only was the terminal d iffe re n tia tio n  of central re tina ganglion cells 

suppressed by BrdU (suppression o f neurite growth, morphology s im ila r 

to neuroepithelial ce lls ) i f  added at a c r it ic a l time in  th e ir  m ito tic  

h is to ry , but also the time of axial specification o f these cells was 

blocked. The actual, internal concentration of these embryos is  not 

known, but they were injected with amounts o f BrdU that would presumably 

give concentrations o f BrdU in the embryo o f up to 250 yg/ml (0.5 yg 

in jections per embryo; assuming a 2 y l volume fo r an embryo). Hunt, 

et a l . (1974) used 0.5± .2 y l o f a 1 mg/ml BrdU stock solution in  

studies on the re tina l development of Xenopus laev is . 3) I t  is  pos­

s ib le  that exposure of BrdU fo r  one S phase o f the Mauthner precursor 

ce ll is  enough, but tha t due to factors such as a large size of 

thymidine pool, the ce ll is  not able to incorporate BrdU in  i ts  DNA.

I f  th is  is  the case, a DNA-BrdU substitu tion experiment (which could 

only give substitu tion in  an average o f ce lls ) w il l  not te l l  us what 

pa rticu la r substitu tion by BrdU there is in  the c e ll.  I t  is  l ik e ly  

that the thymidine pool is  large in  the Mauthner c e ll,  as compared to 

other c e lls , because o f its  early cessation o f DNA rep lica tion . However, 

radioautography shows that there is  a substantial incorporation o f 

BrdU. Whether th is  could be below a certain threshold is  open to 

question. There are several suggestions tha t can be explored to solve 

th is  problem; 1) to use larger doses o f BrdU; 2) to in je c t much
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e a rlie r in  development so that more than one S cycle is  covered.

I t  does not seem feasible to in je c t higher doses of BrdU in 

Xenopus laevis embryos without deleterious effects on overall develop­

ment. Very high concentrations o f BrdU were injected at stages which 

preceded stage 10 by at least one or two hours. I f  in jections of BrdU 

in Xenopus laevis were done extremely early (before stage 8) and a 

Mauthner ce ll was found to be e ither missing (a s ta t is t ic a l analysis 

would be imperative) or poorly d iffe ren tia ted , there is  always the 

p o ss ib ility  tha t th is  e ffec t is  not due to BrdU. Hydrostatic pressure 

on such a delicate stage embryo could damage i t  in such a way that 

development would be to ta lly  abnormal. A large number o f control 

animals would have to be used to circumvent th is  problem.

I t  is  also possible that the microenvironment of the Mauthner ce ll 

is  disrupted at a stage when the correct "influence" and support from 

neighboring ce lls  is  essential fo r the neuron's development.

In both these cases i t  can be argued that the lack o f d i f ­

fe rentia tion  o f the Mauthner ce ll was not due to a d ire c t e ffec t o f 

BrdU on its  terminal d iffe re n tia tio n .

I t  should be possible to in je c t early enough in the development 

o f the embryo so that several S phases of the Mauthner precursor cell 

lineage are exposed to BrdU in  such a way that survival and overall 

development is  not severely impaired. I f  a Mauthner ce ll s t i l l  develops, 

then i ts  response to BrdU can be compared to tha t of other nerve ce lls .

Tissue cultures o f early gastrula embryos could be prepared and 

incubated with very high concentrations of BrdU. D iffe ren tia tion  of the 

Mauthner ce ll could be easily followed in the explants.

Even though in the set o f experiments described the d iffe re n tia tio n  

of the Mauthner ce ll did not seem to be affected by exposure to BrdU,
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the thymidine analog can be a useful tool in studying d iffe re n tia tio n . 

In these studies re tina l ganglion ce lls  and re tina l organization in 

general were disrupted by BrdU. Only certain ce llu la r characteristics 

were affected (formation and organization of axons was de fic ien t); no 

other abnormalities were observed at the l ig h t  microscope leve l.

In conclusion, th is  work has shown that the time of o rig in  o f 

the Mauthner ce ll in  Xenopus laevis occurs very early in development 

(la te  gastrula stages) and that th is  event coincides with the histo- 

genetic determination of the c e ll.  I t  is possibly one o f the ea rlies t 

( i f  not the e a rlie s t) neurons to be determined in  the amphibian brain; 

th is  correlates with the find ing that large neurons with long axons in 

general arise before smaller neurons.

Elucidation o f the m ito tic  h istory o f the Mauthner ce lls further 

extend our knowledge of i ts  developmental program. I t  is  now possible 

to a lte r various biochemical and environmental factors at th is  specific 

c r i t ic a l period ( its  "time o f o r ig in ") and evaluate th e ir  e ffec t on the 

Mauthner ce ll d iffe re n tia tio n . One such agent used in  these studies 

is  BrdU.

In the present study exposure of re tina l ganglion ce lls  to BrdU 

during th e ir  las t DNA synthetic period affected severely th e ir  d i f ­

fe ren tia tion . These results confirm s im ila r studies done in  amphibian 

and chick retinas.

I t  was found tha t in contrast to these nerve c e lls , the Mauthner 

c e ll 's  d iffe re n tia tio n  (axonal growth, fo r example) was not affected 

by exposure of BrdU during the la s t DNA synthetic period o f i ts  

precursor c e ll.

Furthermore, radioautographic analysis o f embryos exposed to BrdU

at d iffe re n t stages o f the Mauthner c e ll 's  d iffe re n tia tio n  confirm that 

the time o f o rig in  o f the ce ll occurs at la te  gastrula stages.
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Tab le  I

In jection Tail cpm
stage A

20 1,450

23 3,296

25 4,851

24 5,266

24 5,840

18-1/2 12,002

22 15,702

25 17,816

20 32,920

19 44,349

21-1/2 9,073

22 33,305

Mean: 3.91

Rest o f embryo Ratio
cpm B/A
B

5,800 4.0

13,398 4.1

19.000 3.9

21.000 4.0

23.000 3.9

48,008 4.0

62,800 4.0

71.000 4.0

132.000 4.0

177.000 4.0

23,615 2.6

145,929 4.4

Standard Deviation: ±0.432

Determination o f ra d ioa c tiv ity  counts in  d iffe re n t parts of the 
embryo a fte r in jec tion  with 3H-thymidine.



Table I I

Schmidt-Thannhauser assay on embryos in je c te d  a t  stages 12 and 1 2 -1 /2 .

Total Hrs.
% of Incorp. : Post

cpm injected cpm In jection

56 560,195 0
34 341,645 2
45 446,570 4
39 393,683 6
35 352,666 8

Soluble
cpm

548,991 (98.8%) 
241,789 (70.8%) 
241,578 (54.1%) 
142,780 (36.3%) 
85,342 (24.2%)

Acid Labile 
cpm

2,801
3,416

13,323
9,680
6,915

0.5%
1.0%

(2.9%)
(2.5%)
(2 . 0%)

Acid Resistant 
cpm

8,403
96,441

191,670
241,227
260,409

1.5%)
28.2%)

(42.9%)
(61.3%)
(73.8%)

Schmidt-Thannhauser assay on embryos injected at stages 21-24.

78 780,362 0 767,876 (98.4%) 4,214 (0.6%) 8,584
51 510,722 2 274,000 (53.6%) 9,922 (1.9%) 227,271
80 795,026 5 177,380 (22.3%) 16,170 (2.0%) 601,476
68 679,771 8 115,500 (17.0%) 19,990 (2.9%) 544,281

•p >
00



Table I I I

Effects o f varying doses o f BrdU on m orta lity  o f embryos.

Stage
Injected

Calculated
Approximate

[BrdU]
Injected
yg/ml

Number
Embryos

Injected

Dead

11-11-1/2 500 8 8

11-11-1/2 250 8 5

11-11-1/2 125 4 2

11-11-1/2 50 5 2

14-15 500 5 4

14-15 250 5 3

14-15 125 6 3

18-19 500 4 3

18-19 50 4 0

22-23 500 5 1

Survival 43%

10 control embryos were injected with Barth's saline. 10 survived 

and developed w ell. They were injected at the same stages as ex­

perimental embryos.



Table IV

Embryos injected fo r  l ig h t  microscopy -  Hematoxylin -  Eosin Stain.

Approx. 
L BrdU J 
Inside Number Number Number Number

Stage Embryo Embryos Embryos Embryos Embryos
Injected yg/ml Injected Dead Moribund Fixed

10 5-13 23 13 5 5

10-1/4 7 18 11 4 3

10-1/2 3-9 18 12 3 3

11-1/2 2-9 10 4 2 4

42% Survival

Table V

Embryos injected fo r l ig h t  microscopy: s ilv e r  stained.

(Moribund)
Internal Number Number Number

Stage LBrdUJ Embryos Embryos Embryos
Injected yg/ml Injected Died Fixed

10 16 and 24 10 7 3
10-1/4 67 11 7 4
14-15 22 10 6 4

35% Survival



Table VI

Embryos injected fo r l ig h t  and electron microscopy (Series 4 and 5).

Stage
Injected

Internal
[BrdU]

yg/ml

Numbers
Embryos
Injected

Numbers
Embryos
Dead Microscopy

Before
10 3 and 33 24 22 Light

10-1/4-10-1/2 19 and 28 6 4 Light & Electron

15 40 and 50 5 2 Light

15 34 Light & Electron

20-21 13 and 29 5 1 Light

24 24 4 2 Light

24 105 Light & Electron

25 116 6 1 Light & Electron

25 2,7,15,74 Light

36% Survival



Time course of incorporation o f ^H-methyl thymidine in to  TCA 

insoluble material in  injected embryos. TCA soluble;

0 —  0, TCA insoluble; + — + a lk a li la b ile . TCA = Trich loro­

acetic acid, ihcorporation assays were done as indicated in 

Materials and Methods, page 12.

a. Groups o f 4 embryos were injected with 0.5 yC each at la te  

gastrula stages (12 or 12-1/2) and extracted at 0, 2, 4, 6, 

and 8 hours a fte r in jec tion .

b. Groups o f A  embryos injected at stages 21-24 (before 

t a i l  bud) and extracted a fte r 0, 2, 5, and 8 hours.



to to l CPM

o

M

cr

H
ours 

o
ftor 

lh
|tcllo

n

o  o f  to to l CPM

o

o>

0»



53

Figs. 2 - 2 5 .  Light micrographs o f radioautographs o f transverse 

sections through the medulla. This set o f embryos were injected with 

^H-thymidine. Embryos were fixed at stages 37-38+ in Bouin's or Carnoy's 

fixa tives  and stained through the photographic emulsion with H & E.

Fig. 2. Embryo injected at a stage ju s t before stage 10.

Fig. 2a. The Mauthner ce lls  nucleus (N) is  heavily labeled the density 

of grains is equal to that o f other ce lls  in its  v ic in ity .

The ce lfs cytoplasm is abundant and c lea rly  seen in  th is  

micrograph (m). Magnification x 980 

Fig. 2b. Contralateral Mauthner ce ll (M). The nucleolus can be made out 

in the dorsal aspect o f the nucleus (N) which is  also heavily 

labeled. Magnification x StO

Figs. 3-4. Embryos were injected at stage 10-1/2.

Fig. 3a. The Mauthner ce ll (M) is  heavily labeled.

Fig. 3b. Serial section following tha t shown in a. More grains are 

seen in th is  section. Magnification x 600 

Fig. 4a. Mauthner ce ll w ith labeled nucleus and a c lea rly  v is ib le  

nucleolus (n). Magnification x 710 

Fig. 4b. Contralateral Mauthner ce ll (M) showing labeled nucleus (N). 

Magnification x 600

m = marginal layer o f neural tube nc = neurocoel
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F ig s . 5 -6 . Embryos in je c te d  a t  stage 11.

Fig. 5a. The Mauthner ce ll (M) in  th is  section is  more lig h t ly  labeled. 

The nucleolus (n) is  very c learly  stained in th is  section. 

Magnification x $ 2 0

Fig. 5b. The contralateral Mauthner c e ll.  The Mauthner ce ll in th is  and 

following sections was less heavily labeled than in embryos 

injected before stage 11. Magnification x 730

Fig. 6a. Mauthner ce ll with "empty" looking nucleus. The nucleolus (n) 

is  seen surrounded by strands of nucleoplasm (probably clumped 

chromatin). Magnification x T2*f0

Fig. 6b. Following section showing s ilv e r grains over the nucleus (N).

No empty spaces are seen in  th is  section. Magnification x l^^fO

m = marginal layer o f neural tube nc = neurocoel

cy = cytoplasm

I





F ig . 7 . Embryo in je c te d  a t stage 12.

Fig. 7a. Mauthner ce ll showing poorly defined nuclear area (N)

covered lig h t ly  with s ilv e r grains. Magnification x 1310

Fig. 7b. Following seria l section showing the rest o f the Mauthner (M)

ce ll's ’ nucleus, th is  time through the level o f the nucleolus

(n), and heavier label over the nuclear area. Magnification 

x 1310

Fig. 7c. Contralateral Mauthner cell showing no label above background. 

Magnification x 1500

Fig. 7d. Following seria l section showing nucleus again unlabeled and 

large stream o f cytoplasm. Magnification *  410

m = marginal layer o f neural tube 

nc = neurocoel 

S = somite

cy = cytoplasm 

e = ear
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F ig . 8 . Embryo in je c te d  a t  stage 12.

Fig. 8a. Mauthner ce ll (M) with labeled nucleus and nucleolus. The

abundant cytoplasm contrasts with that o f surrounding ce lls .

Magnification x 730

Fig. 8b. The contralateral Mauthner c e ll.  Magnification x 730 

Fig. 9. Embryo injected at stage 12-1/2.

Fig. 9a. The nucleus (N) o f the Mauthner ce ll is  not labeled above

background. Some grains are v is ib le  over part o f the nucleolus. 

Magnification x 12&0

Fig. 9b. Following seria l section through the ce ll showing rest o f

unlabeled nucleus and cytoplasm. The rest of the cells in the

neural tube are heavily labeled. Magnification x t2 ^0
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Figs. K H I. Embryos in je c te d  a t  stage 1 2 -1 /2 .

Fig. 10. Unlabeled Mauthner neuron (M) surrounded by labeled neurons 

and g lia l c e lls . Magnification x 5 f0

Fig. 11. Mauthner's neuron in another embryo injected at same stage. 

Neither the nucleus nor nucleolus i t -  labeled.

Magnification x 530

Figs. 12-13. Embryos injected at stage 13.

Mauthner c e ll 's  (M) nucleus unlabeled. The ce lls  can be 

readily distinguished from surrounding ce lls  in the neural 

tube. Magnification x 510, **30

nc = neurocoel S = sonites





Figs. 14-17. Mauthner ce lls  (M) whose nuclei were unlabeled.

Fig. 14. Embryo injected at stage 16. Magnification x 610

Fig. 15. Embryo injected at stage 17. This embryo was fixed at

stage 44. The marginal layer is well developed. Compare 

with Figs. 14 and 16. Magnification x  $ 6 0

Fig. 16. Embryo injected at stage 18. Magnification X *f10

Fig. 17. Embryo injected at stage 20. Magnification x 620
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Fig. 18. Embryo injected from stage 22. Two seria l sections through 

the unlabeled nucleus (N) o f Mauthner's neuron (M) are 

shown. M ultip ly in jec ted . Magnification x 540

Fig. 19. Embryo injected at stage 24 (ta ilbud stage).

Magnification x 390

Fig. 20. Embryo injected at stage 26. Two Mauthner's neurons (arrow 

heads) c learly  stand out from the rest o f the c e lls . Both 

have large nuclei and very large nucleo li. The cytoplasm is 

seen more clearly on following seria l sections (not shown). 

On the contralateral side o f the medulla only one Mauthner 

ce ll was found. Magnification x 470

m = marginal layer o f neural tube 

e = ear

nc = neurocoel





60

F ig . 21. Micrograph o f  embryo in je c te d  a t  stage 27. This embryo did

not incorporate much ra d io a c tiv ity  but some nuclei are 

c lea rly  labeled above background. The nucleolus is  es­

pecia lly  clear in th is  section. Magnification x 520

Fig. 22. Embryo injected at stage 29-30. By th is  stage the Mauthner

ce ll can be recognized from other surrounding c e lls . This 

embryo was fixed at stage 41. The shape of Mauthner c e ll 's

(M) processes is  somewhat clearer than in  other sections.
\

Magnification x tyjJO

Fig. 23 and 24. Mauthner ce lls  (M) injected at stages 33 and 37-38 

respectively. The embryos were fixed at stage 44. 

Magnification x 520, 0

m = marginal layer o f neural tube nc = neurocoel

g = ganglion e = ear

d = dorso la te ra l dendrite
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Fig. 25. Radioautographs o f sections of embryos injected with 3H- 

thymidine and digested with deoxyribonucleose (DNA'ase).

Fig. 25a. Section through telencephalon showing heavily labeled cells 

in the nervous system. The cavities are the te l encephalic 

ventric les. Magnification x 330

Fig. 25b. Third section following section a was exposed to a solution 

of DNA'ase. More than 90 per cent o f the counts have been 

removed by the enzyme from ce ll nuclei. Magnification 

x 330

Fig. 25c. Section approaching the foramen o f Monroe of same embryo as 

sections a and b above. Neural tube ce lls  are heavily 

labeled. Magnification x 330

Fig. 25d. Section through same region o f the brain as c, but digested 

with DNA'ase. Magnification x 330
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Fig. 26. Diagram o f experimental design and resu lts . The lines 

represent the periods of labeling duration fo r groups of 

embryos injected a t specific  stages. Each line  represents at 

least five  embryos, a ll o f which had unlabeled Mauthner 

c e lls . The bars represent periods o f labeling of groups of 

four embryos which proved to have labeled Mauthner ce lls . 

Clear portion: no incorporation of label in to  DNA. Hatched

portion: probable period o f incorporation of the label.

Dark portion: period probably preceding the la s t S phase.
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Fig. 27. Radioautographs o f an embryo injected with t r i t ia te d  5- 

Bromodeoxyuridine (BrdU) a t stage 10-1/2.

Fig. 27a. Mauthner^ ce ll nucleus (N) is  labeled. Magnification x 690

Fig. 27b. Contralateral Mauthner's c e ll.  The ce ll is more c learly  seen 

in  th is  section. The nucleus (N) and nucleolus are heavily 

labeled. Magnification x 690

Fig. 27c. Following seria l section again showing labeled nucleus (N) 

o f Mauthner's ce ll (M). Magnification x 710

Fig. 28. Radioautograph o f Mauthner's ce ll (M) from an embryo injected 

at stage 13-1/2 with t r i t ia te d  BrdU. The c e ll 's  nucleus is  

unlabeled. Following seria l sections fa ile d  to show any 

label in  the c e ll.  Magnification x 980
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Figs. 29-33. S ilver stained sections from embryos injected with BrdU. 

Embryos were fixed in  Lawddsky's solution and stained in 

Bodian's protargol reduced with hydroquinone.

Fig. 29a. Mauthner's ce ll (M) in  an embryo injected at stage 10-1/4.

The nucleolus seems to be "vacuolated" (n). Following 

sections showed the rest of the nucleolus. The cytoplasm is 

heavily impregnated with the s ilv e r s ta in . The BrdU con­

centration in th is  embryo was 67 yg/m l. Magnification 

x 1500

Fig. 29b. Contralateral Mauthner's ce ll from the same embryo. This

nucleolus was not "vacuolated." Note disarray o f ce lls  o f the 

neural tube. The marginal layer is  scant. Magnification 

x 15*fO

Fig. 30a. Mauthner's ce ll in  an embryo injected at a stage before stage 

10. BrdU concentration inside of embryo 33 yg/ml. The 

Mauthner cell's nucleus (N) seems of normal size as well as 

i ts  nucleolus. Magnification x 1350

Fig. 30b. The axon's (Ax) course through the marginal layer towards the 

midline o f the neural tube can be followed. Following sections 

showed the axon's decussation a t the midline. The marginal 

layer is  scant. A more than normal number o f nuclei are seen 

as compared to neural tubes from control embryos fixed at th is  

stage (stage 37-38). Magnification x 1350
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Fig. 30c. Section through the telencephalon of same embryo as a and b.

The distorted neural tube "seems" to be enveloping the somites

(S) and the notochord (Not). Magnification x 310

Fig. 30d. Section through medulla at the level o f the Mauthner c e ll 's

location. The ce ll and its  axon can be seen at the r ig h t

side o f the neural tube. Note the c e llu la r ity  o f the medulla. 

Magnification x 310

Fig. 31. Section through the structure tha t developed in  place of an 

eye in  embryo shown in Fig. 29. Only pigment (P) from 

pigmented ce lls  o f the re tina distinguish these ce lls  from 

ce lls  o f other structures in  the embryo. G = gut. 

Magnification x JQO

Fig. 32 Section through the somite o f an embryo injected at stage 

10-1/4. This embryo had an internal concentration o f BrdU 

o f 28 yg/ml. The somites seemed to be in disarray when com­

pared with control embryos. Magnification x 530

e = ear 

S = somites 

nc = neurocoel

Not = notochord 

P = pigment
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Fig. 33. Radioautographs o f an embryo injected at stage 15. This embryo 

had an internal concentration o f 50 ym/ml.

Fig. 33a. The Mauthner ce ll is shown with i ts  large nucleus (N) and 

nucleolus (n). Its  processes are well stained with s ilv e r.

The neural tube is  in to ta l disarray. Magnification x 1130

Fig. 33b. Mauthner's ce ll (M) showing its  re lationship to other ce lls

in  the area. Part o f the axon (Ax) is  also seen.

Magnification x 850

Fig. 33c. Contralateral Mauthner's ce ll (M). Magnification x 1310

Fig. 33d. Section through neural tube in the location o f the medulla.

The normal shape o f the neural tube cannot be found. Some 

marginal layer (m) can be appreciated. Magnification

x 590
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Fig. 34. Overview of a transverse section at the level o f the medulla.

A Mauthner's ce ll (arrow) can be seen at the le f t  margin o f

the neural tube. Note i ts  size in  re la tion  to the rest o f the

structures in  the neural tube and other organs. Magnification * 
X iw

Fig. 35a. Section through a control embryo fixed fo r electron micro­

scopy. This is  a 1 micron section stained with To!uidine 

blue. Both Mauthner ce lls  (M) can be seen in  the same 

section. Magnification x 3fcO-

Fig. 35b. High magnification of section 35a, showing the Mauthner 

ce ll w ith its  axon (ax) and ventre-medial dendrite (vd). 

Magnification x 13.50

N = nucleus Cy = cytoplasm

m = marginal layer nc = neurocoel
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Fig. 36. Light microscope section (1 micron th ick) stained with

Toluidine blue. This embryo was injected at stage 10 and 

had an internal concentration o f Brdl) o f 28 yg/ml.

Fig. 36a. The Mauthner ce ll (M) and its  processes are seen on the le f t

o f the neural tube. Some cells (c) attached to the neural 

tube can be seen protruding in to  the neurocoel.

Magnification x 540

Fig. 36b. High magnification of section 36a. Magnification x 1320

Fig. 36c. Contralateral Mauthner ce ll (M) o f same embryo. Yolk

granules (y) near the nucleus can be seen. Magnification x 

1500
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Fig. 37. Light micrographs o f an embryo prepared fo r  electron micro­

scopy. Embryo was injected at stage 24 and had an internal 

concentration o f 105 yg/ml.

Fig. 37a. The Mauthner ce ll is shown (arrowhead) in a well-developed 

neural tube. There is  some disruption of the ce llu la r 

organization in  the neural tube. Aggregates of ce lls  (c) 

are seen protuding in to  the neurocoel. This phenomenon has 

never been observed in  any other experimental or control 

animal used in  th is  study. Magnification x 600

Fig. 37b. Higher magnification of section a. Magnification x 900

Fig. 37c. Contralateral Mauthner's c e ll.  Only part o f the nucleus is  

seen in th is  section but its  cytoplasm (cy) is  very abundant. 

A big l ip id  granule is  seen in the dorsal portion o f the 

c e ll.  Magnification x 1310
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Fig. 37d. Light micrograph (1 micron th ick) o f re tina from same embryo 

as 37a, b, c. The lens has developed and is  highly c e llu la r; 

there is  no ind ication of f ib e r lens formation. The d iffe re n t 

neural re tina ce lls  are pleomorphic and show no specific  

pattern o f layers. Magnification ^ 330

Fig. 37e. Another section through the neural re tina . The pigmented

re tina l ce lls  (PR) have formed a layer and pigment can be

seen. No plexiform layers are seen. Magnification x 510

Fig. 38. This is  a section through a normally d iffe ren tia ted  eye

from an embryo which was chosen fo r radioautography. The rods 

and cones (rc ) are c learly  seen as well as the pigmented 

cells o f the pigmented re tina (PR) and the ganglion ce lls  

(rg ). The plexiform layers are seen (PL). There is  f ib e r 

formation as well as ce lls  in the lens (L). Magnification 

x 3Ho
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