|

) <

The University of Osaka
Institutional Knowledge Archive

Tale POTENTIALITIES OF DNA REPLICATION AND REPAIR IN
PROLIFERATING AND DIFFERENTIATING CHICK CELLS

Author(s) |Kitani, Hiroshi

Citation |KFRAKZ, 1985, HIHmX

Version Type|VoR

URL https://hdl. handle.net/11094/24328

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



POTENTIALITIES OF DNA__REPLICATION AND REPAIRA

IN PROLIFERATING AND 'DIFFERENTIATI_NG CHICK CELLS

HIROSHI KITANI




2 5

RO MG L T, B LA Ic
Lt FI9F)MIEO DNANKEE R & O
KEBIcEE L, ATOMELS > 45 .,
O EBEE LT Y 28RICEEFT
HhrPH)-tHAGO B 5 L5, 5 | B
Bl 09 5 ISPH)- HAQOIZEE LA ) N AR
mIsn, 21, PHI-LHAQO ¥ DNA v 0 # & 16
13T 2B E IR A(8.2, ymol / md P of
qucleotide ) 7 > 2O 5KV Liz. 505
Z g b YBRIZE W Tt 4HAQO O X A B 14 i
LBCAKZTHY, 202 ¢HARO L & B DNAIE
Blcitd aBEIAETIBC L, aeRE
CBAEILEWIAALER LU DL ) T AN
AHARO LB WEZH R R L, MHEE B2 E LU

VE WS RBINE, D KBEL KR
LI YBEDNAR YA T - X Bt v
AT I E AV EMERLIUAAIZL Y,
7 FVRRolL DX, BEE, BEIVHITAG
BENFTHLEELLORE, DNARY A T



- X EBREERT LT B MIE0 RN
Bhsnes, SRt E o, Sl
HhHMBTEERINT, 0B E0HE L
DNARBRBEBEOHBE LI HT L —FL TV
e — 7%, DNAOISE 2AAS LT WwB L EZ
SNTVWBDNAI Y X 7 -CLR X L5NTR
DH WTHOBERPE, AkicFnwT i, 1Z
@ﬁwiﬂﬁ%ﬁm?ui%méhﬁ,mm
WY A7 -—EBXILHT 2 MMAbEEWESEN
ZAIVK > T =7 k1) OBEIZH \\ T #8485 % &
RIZ, Kl B LIt H Lus pE» 2K
hdhorradeem-1r=. ) %27 2XKIC
CHBEBEYERo0MF LT, INBHERE B0 £%
BEZE LY BT, AHBENGHE LS A B2
velt=c =7 F YRR+ =158 HwWT,

DNARY ¥ 5 - Xid, O & BBE 213 1F1F°9-
KTOBREEMALIZE L S hie, FREE
LI ILINBGELBERI N bR, @28
BT dR bR LS omID, @888
O BRMER OB TAKEN BRI OHEF



nfERS, Wit 284k 0 vh TIAERE 048
BBl on, SOBANOKEE ILDNAEREED
RECIONHTELSL"HLTWE, 23220
Al TEEHBEZsNn1 3900
REILETDINEZAABOIGEEIC2WT, 2
MANBEINBENWSCERT LN TEEY
Bbhnb, —F, DNAKY A - ER1Z, L
SAEINTOEENZEFS N 1O BBKI
Bhrnr, 9»BAOKEBNTKE T4,
DNAMY A 5 — X (XHBAMMIEE | RIEH
MEILBASNENRN, T hd ) GEEa R
AMEGBBIDIZERE I LT, —F, DNAALRY
A7 —ELRBRFEIHAE X IZETINTOHE
Eommskiclhahe, BERILA0 B
SNBBEBHIZLIWTLILHE LI,



CONTENTS

Part 1I. Metabolism of 4-hydroxyaminoquinoline-l-oxide and
its binding to DNA in chick embryos

Summary

Introduction

Materials and methods
Results and discussion

Akanledgements

W VW L NN

References

Part II. Immunocyﬁochemical localization of DNA polymerase a
and B in the development of the chick embryo lemns,

retina and spinal cord

Summary : 12
| Introduction ' 13
Materials and methods 15
Results . 19
Discussion . 38
- References | 44



Part III. Immunocytochemical localization of DNA polymerase
o and B in the development of the -chick embryo in-
testine and in the adult chicken testis

Summary 48
Introduction 49
Materials and methods 50
Rgsults ~ 51
Discussion » 63
Aknowledgements 68
References . 69
Appendix ‘ ' 71

ii



PART 1I.

METARBOLISM OF 4HYDROXYAMINOQUINOLINE-1-OXIDE AND
ITS BINDING TO DNA IN CHICK EMBRYOS

SUMMARY

The metabolic pathway of 4-hydroxyaminoquinoline-1-oxide (4HAQO) and
its binding to DNA was studied in 2-day chick embryos administered [G-
3HJ4HAQO in a shell-less culture. The 4HAQO rapidly metabolized into
non-carcinogenic compounds and 1h after administration only very small
amounts of free 4HAQO could be detected in the embryo cells. The amount of
DNA-bound 4HAQO in the embryo cells reached a maximum 2h after
administration, tuen began to decrease. The maximum extent (¢ mol/mol P of
nucleotide) was 18.2, equivalent to 1 molecule of 4HAQO-purine adducts per
2.8 x 10% base pairs of DNA. It was possible to detect removal of 4dHAQO-
purine adducts from DNA in chick embryo cells in a shell-less culture. A
dose-response relationship for the killing effect of 4HAQO on 2-day embryos
was observed in the range of 0.24-24 nmol 4HAQO per embryo. The prac-
ticality of the present method of administration of 4HAQO for ‘flash ad-
ministration’ of compounds to chick embryo and the advantages of.the
shell-less culture method which provides access for biochemical and
developmental studies of chick embryos were also discussed.

Key words: 4-Hydroxyaminoquinoline-1-oxide — Chick embryo—-DNA — Shell-
less culture — Hydroxyapatite column '

Abbreviations: 4AQ, 4-aminoquinoline; 4AQO, 4-aminoquinoline-1-oxide; 4HAQO, 4-hydroxy-
aminoquinoline-1-oxide; 4HAQ, 4-hydroxyaminoquinoline; 4HQQ, 4-hydroxyquinoline-1-oxide;
4NQO, 4-nitroquinoline-1-oxide; PB, sodium phosphate buffer; SDS, sodium dodecyl sulfate;
TCA, trichloroacetic acid.



INTRODUCTION

Nakahara et al. [1], for the first time, reported that 4-nitroquinoline-1-
oxide (4NQO) was capable of producing cancer in the mouse. Kondo et al. [2]
has pointed out that-UV-sensitive strains of Escherichia coli were also highly
sensitive to killing and mutagenic action of 4NQO. Kato et al. [3] showed
that in various rat and mouse organs 4NQO was first reduced by cytosol
enzymes to 4HAQO. Tada and Tada [4-6] found that 4HAQO was converted to
an aminoacylated metabolite of 4HAQO through the action of certain species of
aminoacyl synthetase, and that the metabolite binds covalently with both the
guanine and the adenine residues of DNA to form 4NQO-purine adducts.
Ikenaga et al. [7] demonstrated that the major causes of 4NQQ killing and
mutagenic action of 4NQO in E. coli were the 4NQO-purine adducts, and that
these adducts were removed from DNA by the excision repair system. Ikenaga
et al. [8] also found a similar removal repair mechanism in normal human cells.
- Almost all of the studies on applied 4NQQO have been carried out in bacteria and
cultured mammalian cells; few have been done on developing embryos.
Mammalian embryos developing in the uterus were difficult to deal with and
were not as advantageous to our purposes as were avian embryos. As a first step
in studying the effects of 4HAQO, a proximate metabolite of 4NQO, on
developing embryos, we investigated the metabolism of 4HAQO, the binding of
4HAQO to DNA and the killing effect of 4HAQO on early chick embryos
cultured outside the shell.

This paper gives the results of this study as well as discusses an experi-
mental system which should be very useful in biochemical and develop-
mental studies involving administration of carcinogens or other chemicals to
whole chick embryos. ‘ ’

MATERIALS AND METHODS

Culture of chick embryos

Dunn’s shell-less culture technique [9] with slight modifications was ap-
plied in order to prepare chick embryos cultured outside the shell. Fertile,
white leghorn eggs from a-local breeder were placed in a humidified in-
cubator at 38°C for 48 h, by which time the embryos had reached Hamburger
and Hamilton stage 11-12 (13-16 somite stage) [10]. Afier the shell surfaces
had been sterilized with 70% ethanol, egg contents were removed and
" suspended in a sheet of plastic wrap (approx. 30 x 30 cm) supported by a
rubber band in a sterile paper cup (7 cm, diam., 8 cm, height and 200 ml, vol.)
as shown in Fig. 1. The paper cup was covered with a sterile culture dish
which allowed clearance for gas exchange and then placed under normal
atmospheric conditions at 38°C in a saturation humidity incubator to prevent
evaporation. No culture media or antibiotics were added.

Treatment of [G-HJ4HAQO to the embryos
[G-*H]4HAQO was obtained through the courtesy of Dr. Y. Kawazoe of
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Fig. 1. A shell-less chick embrya culture. The egg contents (ec) are suspended in a sheet of
plastic wrap (pw) supported in a paper cup {pe) and covered with a culiure dish {cd). The sketch
in the lower corner shows a vertical plane of the culture.

Nagoya City University. The stock solution, 0.1 M of [G*H]4HAQO (spec.
act., 28 mCi/mmol) in dimethylsulfoxide, was kept in the dark below 5°C and
then diluted with phosphate buffered saline (pH 7.4) immediately before use.
A 50-p1 quantity of the diluted solution containing 10 nmol of [G-*H]4HAQO
was dripped from a micropipeite (Gilson Pipetman P-200) over each chick
embryo (0.28 p Ci/fembryo) immediately after it was transferred to the shell-
less culture. After the [G-"H}4HAQO has been added, the embryos were
placed in a humidified incubator at 38°C. :

At 12,4 and 8h after AHAQO administration, the embryos were separated
from the yolk under a binocular dissecting microscope and washed by passing
through several baths of phosphate buffered saline.

Analysis of 4HAQO metabolites
At 1h and 2h after [G-*H][4HAQO administration, 5 embryos each were



suspended in 0.5-1 ml of distilled water and homogenized by sonication for
1min in a Kontes Micro Ultrasonic Cell Disrupter under maximum power
output. Three volumes of methanol were added to the homogenate, the -
mixture was shaken well and left for 1h at 4°C. After centrifugation at
3000 rev./min for 20 min at 4°C, the supernatant (the methanol soluble
fraction) was collected and condensed to 5 i1 by evaporation. The condensate,
together with authentic 4HAQO, 4-aminoquinoline-l-oxide (4AQQO), 4-
aminoquinoline (4AQ) and 4-hydroxyquinoline-l-oxide (4HQO) (Wako
Chemical Co. Ltd. Osaka) was applied to a silica gel plate (T'okyo Kasei KK,
Tokyo). The gel plates were developed in a mixture of @ ethyl-
acetate/methanol/acetic acid (6:3:1) by ascending chromatography for
90 min. After development, the fluorescence of the 4HAQO metabolites was
used to locate them under 260 nm or 320 nm UV light. The gel plate was cut
into individual lanes, each lane was cut from the origin into 5 mm segments
and the segments were placed in scintillation vials. A liquid scintillation
counter (Beckman, LS8000) was used to count the radioactivity of the
segments in the scintillation mixture (PCS: Amersham, U.S.A)..

Extraction and estimation of DNA in chick embryos

DNA was isolated by hydroxyapatite column chromatography according to
the method of Meinke et al. [11], as modified by Shoyab [12]. From 15 to 20
embryos, individually administered 0.28 uCi of [G-*"H][4HAQO, were homo-
genized by sonication in 1-2ml of lysing solution (8 M urea, 1% sodium

- dodecyl sulfate (SDS), 0.002M EDTA in 0.24 M sodium phosphate buffer
(PB)) for 1 min at room temperature. The entire cell lysate so prepared was
applied to a column which had been previously packed with 2-3 ml bed
volume of hydroxyapatite (DNA Grade Bio-Gel HTP, Bio-Rad) and equili-
brated with 2-3 ml of lysing solution. Proteins and RNA were removed from
the column by washing with 8 M urea in 0.24 M PB; then both the urea and
the SDS were washed out with 0.12 M PB. Finally, the DNA was eluted with
0.48 M PB. An ISCO UV monitor was used to monitor the absorbance of the
eluate at 254 nm.

UV absorbance at 260nm_was determined for the 0.48M PB eluted
fraction and the DNA content of the eluate was estimated using the rela-
tionship 1 mg/ml of DNA =20 O.D.y5 unit. Carrier DNA (25ug of calf
thymus DNA) and 10% cold trichloroacetic acid (TCA) were added to the
0.48 M PB eluate to make a final TCA concentration of 5%. This was allowed
to stand for 30 min at 4°C. The DNA was collected as the precipitate on a
glass microfiber filter (Whatman, GF/C 2.5 cm). This was followed by wash-
ing with 5% cold TCA and again with cold ethanol. It was then air-dried. In
order to determine the amount of DNA-bound [G-*H]4HAQO, radioactivity of
the filter was measured using a liquid scintillation counter.

Examination of 4HAQO effects on embryonic development
Gross observation of the embryos was carried out under a binocular
dissecting microscope at 3 days after administration of 4HAQO (0.24-



24 nmol/embryo, i.e., 0.05-5 pglembryo) in order to examine killing and
malformation effects. Embrvos showing no heart pulsation and with or
without tissue degeneration were regarded as dead, whereas those showing
microcephalia, myeloschisis and/or any other abnormal appearance were
regarded as malformed. After gross observation, all the embryos were fixed
in Bouin’s fluid. For some of them, this was followed by routine histological
sectioning and staining in preparation for more detailed observations.

RESULTS AND DISCUSSION

Metabolism of 4HAQO in 2-day chick embryo

In order to analyze the 4HAQO metabolites, the methanol soluble fractions
from the chick embryos were subjected to thin-layer chromatography at 1 h
and 2h after [G-’HJ4HAQO administration. Figure 2 shows the radioch-
romatographic patterns of the methanol soluble fractions from these
embryos. It was found that radiocactivity was high in the 4AQO region, low in
both the 4HAQO and the 4AQ regions, and barely detectable in the 4HQO
region for embryos at 1 h and 2h after administration. In comparison with
the embryos cultured at 38°C, radioactivity in the 4HQO region was more
readily detectable in embryos cultured at 20°C (data not shownm). The
metabolic rate was low at the later temperature. These results suggest that:
(1) 4HAQO in chick embryos may be metabolized as shown in Fig. 3, this is
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Fig. 2. Results of radiochromatography of methanol soluble fractions obtained from 2-day
embryos 1h (solid line) and 2h (dashed line) after administration of [G-"HI4HAQO. Preparation
of the methanol soluble fraction and radiochromatographic procedures were conducted as
described under Materials and Methods. Radioactivity is expresssed as cpm per 5-mm silica gel
plate segment. :
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Fig. 3. Suggested metabolic pathway for 4HAQO in chick embryos.

similar to metabolism in the mouse [13] and (2) conversion of 4HAQO (a

carcinogenic compound) to 4AQO (a non-carcinogenic compound) in chick

embryo cells may be very rapid while conversion of 4AQO to 4AQ and 4AQQO"
to 4HQO may be slow. Therefore, the potentiality of 4HAQO to produce DNA

lesions in chick embryo cells may be almost completely lost within 1-2h after

administration of 4HAQQO. Also the present method of drip administration of

4HAQO can be a practical ‘flash administration method’ for embryos in a

shell-less culture.

Binding of 4HAQO to DNA ,
Figure 4 shows the chromatographic profile of cell lysates from 2-day
chick embryos on a hydroxyapatite column. The DNA was eluted with 0.48 M

LLysing soln' 8M Urea in 0.28M PB 0.12M PB O.PQBSM :
Lof ‘ T ' ‘ '
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Fig. 4. Chromatographic profile of 2-day embryo lysates on a hydroxyapatite column. Lysates
obtained from 15-20 embryos were applied to a 2-3-ml bed volume of hydroxyapatite column as
described under Materials and Methods. The optical density of the eluate was monitored at
254 nm using an ISCO UV monitor. The last peak is the DNA fraction from the hydroxyapatite
column eluted with 0.48 M PB. Elution rate was approx. 0.5 ml/min.



PB as a clear peak. From twenty 2-day embryos (approx. 370 mg total wet
wt.), 48 ng of DNA was isolated by this chromatographic technique. ;

Solomon [14] reported that the average amount of DNA per nucleus in the
chick embryo is 7.5x 10"®g. Adopting this value, 48 pg of DNA (from
twenty 2-day embryos) corresponded to 6.4 x 107 cells and the average total
number of cells per 2-day embryo was estimated as approx. 3.2 x 105. This is
quite consistent with the number of cells reported by Solomon [14]. This may
indicate that the present method gives a good yield of DNA in nearly pure
form, and therefore the radioactivity associated with the DNA in this study,
even though apparently low, may be significant. We also found that the
hydroxyapatite column method is very useful for DNA isolation from even a
small amount of material. _

The amount of 4HAQO molecule covalently bound to the DNA, i.e., the
amount of 4HAQO-purine adducts, was estimated on the basis of the DNA-
associated radioactivity. Figure 5 shows the time course of the extent of
4HAQO bound to DNA in 2-day embryos administered [G-*H][4HAQO. Each
of the values in Fig. 5 represents the mean of 2 measurements from
duplicated experiments. Each measurement was carried out using 15-20
embryos. .

As shown in Fig. 5, the amount of DNA-bound 4HAQO per embrvo reached
a maximum 2h after administration. The DNA content per embryo was
2.7 ng; and the amount of DNA-bound 4HAQO per embryo was 0.16 pmol.
Accordingly, the extent of DNA-bound 4HAQO (zmol/mol P of nucleotide)
was 18.2, which was equivalent to 1 molecule of 4HAQO purine adduct per
2.8 X 10 base pairs of DNA. These values, obtained from the chick embryos,
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Fig. 5. Kinetics of DNA-bound 4HAQO in 2-day chick embryos in a shell-less culture at 38°C.
DNA isolation and radioactivity assays were carried out as described under Materials and
Methods. The amount of DNA-bound 4HAQO is expressed in pmol/embryo. Closed dots and bars
indicate means and ranges, respectively, of measurements from duplicated experiments.



were for all practical purposes consistent with the values obtained from
cultured mammalian cells by Morita et al. [15].

The extent of DNA-bound 4HAQO (uxmol/mol P of nucleotide) 1, 2, 4 and
8h after administration was 15.6, 18.2, 4.2 and 3.6, respectively, while DNA
content per embryo (ng) was respectively 2.4, 2.7, 2.9 and 3.3. Between 2h
and 4h following administration, the amount of DNA-bound [G-*H]4HAQO
per embryo decreased by 75%, whereas the DNA content per embryo in-
creased by only 7%. This decrease may suggest that the DNA-bound 4HAQO
was removed from the DNA in chick embryos.

In our preliminary experiments, when the embryos were kept at 20°C after
administration of [G-"HMMHAQO, no reduction or removal of DNA-bound
[G-"H]4HAQO was found. At 20°C, the embryos ceased development and both
per embryo DNA and protein content remained nearly constant. These
embryos began to develop again after the culture temperature was brought
back up to 38°C. .

Paterson et al. [16], who studied repair of UV-induced pyrimidine dimers
(UV-dimers) in 10-day embryo chick fibroblasts, found that in the dark the
UV-dimers were hardly removed from the DNA of the fibroblasts. On the
contrary, Wade and Lohman [17] reported that the excision of UV-dimers in
11-day embryo chick fibroblasts progressed more slowly than it did in human
fibroblasts. Recently, Bootsma et al. [18] found that in heterokaryons
obtained from fusion of chick erythrocytes with UV-irradiated xeroderma -
pigmentosum cells, the chick erythrocytes were able to provide factors which
may be complementary to the defects in the DNA repair system of the-
xeroderma pigmentosum cells. The function of the excision repair system in
chick embryo cells was or was not affected depending upon the experimental
conditions. Taking these together, one may speculate that the excision repair .
system is probably involved in the removal of the 4HAQO-purine adducts in
chick embryos. Further investigation into the repair mechanisms in chick
embryo cells is necessary.

"The effect of 4HAQO on embryonic development

Table I shows the effects of 4HAQO on 2-day chick embryos. When a dose
of 24nmol of 4HAQO was dripped on the embryos, only 11% of them
survived and just 10% of the survivals showed a normal appearance. The
others were malformed. When the dose was 2.4 nmol/embryo, 76% of the
embryos survived and when it was 0.24 nmol/embryo, no killing effect at all
was observed. These results indicated a dose-response relationship for the
killing effect of 4HAQO on 2-day chick embryos in a shell-less culture.
Additional morphological examinations are now being undertaken on the
effects of 4HAQO on embryonic development.

Shell-less chick embryo cultures as an experimental system

The shell-less culture method used in this study has several advantages
over the window method. These include: (1) the procedure is so simple that it
is possible to prepare a large number of embryos in a relatively short time,



" TABLEI

EFFECTS OF 4HAQO ON EMBRYONIC DEVELOPMENT
4HAQO was administered to 2-day chick emhryo. Examinations were conducted 3 days later.

Dose No. of No. of No. of
(nmol/ No. of dead malformed normal
embryo) embryo(%) embryo*(%) embryo®(%) embryo(%)
0.00 58(100) 4(D 3(5) 51(88)
0.24 38(100) 3(8) i 1(3) 34(89)
2.40 38(100) 9(24) 1) 28 (73)
24.00 71(100) 63 (89)F 7(10) 11

* Embryos showing no heart pulsation and with or without tissue degeneration were considered

dead.
®» Embryos showing lmcrocepha.ha. myeloschisis and/or other abnormal appearances were con-

sidered malformed.
¢ Application of y>-test with Yates’ correction yielded a P-value <0. 001 in comparison with the

control group.

(2) it permits normal chick embryo growth in paper cups for about 10 days,
from the 2nd day of incubation when the embryos have 13-16 somites
(Hamburger and Hamilton Stage 11-12) to the time when the embryos are
approx. 30 mm in crown-rump length and have conspicuous flight feathers
and just visible claw primodia on the toes (Hamburger and Hamilton Stage
36), (3) carcinogens or other drugs can be readily administered and UV or
X-ray irradiation and surgical operations can be accurately performed on the
embryo and its membranes and (4) the entire embryo is visible. The chick
embryo in a shell-less culture, therefore, provides easy access for studies of
morphogenesis, growth and cell proliferation and differentiation as well as
for studies in developmental biochemistry.
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PART II. IMMUNOCYTOHEMICAL LOCALIZATION OF DNA
POLYMERASE (¥ AND ’B IN THE DEVELOPMENT OF
THE CHICK EMBRYO LENS, RETINA AND SPINAL
CORD



SUMMARY

Intracellular localization of DNA polymerase a and 3

in the developing chick embryo lens, retina and spinal cord
was surveyed by indirect immunofluorescent methods with anti-
bodies against chick embryo DNA polymerase a¢ and B, in addi-
tion to autoradiographic studies to detect DNA synthesis in
these cells. - DNA polymerase a , namely responsible for DNA
replication, was detected in the nuclei of the cells capable
of proliferating but not detected in the nuclei of the cells
which began to differentiate in all tissues and organé examined.
The disappearance of DNA_pSlymerase e closely coincided with
the loss of DNA replicating capacity in these cells. On
the other hand, DNA polymerase 8, responsible for DNA excision
repair, was detected in almost all the cell nuclei at all de-
velopmental stages examined. The availability of the pre-
sent immunofluorescent method using the antibody against DNA
polymerase @ in studies of developmental biology, especially
to distinguish proliferative cells from non-proliferative cells

in the chick embryo has been discussed.

12



INTRODUCTION

The onset of cellular differentiation is generally accom-
panied by the progressive loss of cellular proliferative activ-
ity. The biochemical studies of DNA polymerase o« have shown
that DNA polymerase o, mainly responsible for DNA replication
( 1-3 ), declines in the course of cellular differentiation
( 4-8 ), while DNA polymerase B, responsible for DNA excision
repair ( 1-3 ), is detectable iﬁ various tissues and cells
( 4-9 ). However, it is difficult to clarify the intra-
cellular localization of DNA polymerases in growing tissue
cells by biochemical methods.

Recently, mouse monoclonal antibodies have been prepa;ed
against DNA polymerase a of human KB cell ( 10 ), calf thymus
( 11 ) and chick embryo ( 12 ); and also the intracellular lo-
calization of DNA polymerase o has been revealed by immunocyto-
chemical ﬁgthgds‘using these antibodies ( 13-15 ). These
studies showed that DNA polymerase a was detectable in the pro-
liferating cells but not in the quiécent cells in culture.

This means that the differential distribution of DNA polymer-
ase a in the proliferating and the quiscent cells in culture
can be immunnocytochemically observed.

Aimost/all the immunocytochemical studieé of DNA poly-
merase o, however, have been carried out in cultured cells;
few studies have been done on the embryo cells in situ.

The developing chick embryo is considered one of the very
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proper materials for the present subject to aim at distin-
guishing the proliferating cells from the postmitotic, dif-
ferentiating cells by means of immunocytochemical detection
of DNA polymerase a, if.possible, because a large number of
morphological works and reviews to be referred have been done
on the chick embryos by many experimental zoologists and em-

bryologists ( 16 ). ' Matsukage et al. ( 12 )

have opportunely prepared mouse monoclonal antibodies against
chick embryo.DNA polymerase @ ( 12 ) and a specific rabbit

antibody against chick embryo DNA polymerase B,( 17 ). By
the use of these antibodies, it is possible to reveal clearly
that the onset of cellular differentiation is concomitant with
the disappearance éf DNA replication potentiality in chick em-

bryo cells.

The present studies were designed to find out the distri-
bution of DNA polymerase o and B in the chick lens, retina and
spinal cord during development by indirect immunofluorescent

methods with these antibodies.
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MATERTIALS AND METHODS

Chick embryos and [3H]thymidine labeling

Fertile white leghorn eggs from a.local breeder were in-
cubated in a humidified incubator at 38°C.

In order to identify which cells in the developing embryo
are synthesizing DNA, a 0.4 ml of Ringer's solution containing
40-pCi 0f [ methyl-3H lthymidine ( 20 mCi/m mole, New England
Nuclear, Boston, Mass. ) was dripped from a micropipette (
Gilson Pipetman P-200 ) through & window opened on the egg
shell over the chorioallantoic ﬁembrane of each of the chick
embryos at 8,12,18 days of incubation. Aftrer [3H]thymidine
administration, the window was sealed with a piece of scotch
tape and eggs were back to a humidified incubator at 38°C.

The eﬁbryos &ere separated from the yolk and the extraembryo-

nic membranes at 1 hr and 24 hr after [3H]thymidine adminis-

tration, washed by passing several baths of phosphate buff-

ered saline ( PBS, pH 7.2 ), fixed and embedded as follows.

Tissue fixation and preparation of tissue sections

Embryos were fixed by 3.57 formaldehyde in 0.1 M sodium-
phosphate buffer ( pH 7.2 ) for 2-4 hrs at 4°C, rinsed in 0.1
M sodium-phosphate buffer at 4°C for 12 hrs by changing of

buffer solution several times to remove formaldehyde.

* Ages of the embryos were given either as days after the initiation of

incubation or as the Hamburger and Hamilton stage.
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The polyester wax embedding and sectioning technique was
embloyed for the immunofluorescent staining of DNA polymerase
¢ and B, according to Kusakabe et al. ( 18 ). Briefly,
whole embryos were dehydrated through an ethanol series and
embedded in polyester wax ( BDH Chemicals Ltd., Broom .Road,
Poole BH 12, 4NN, England ) without passing any toluene bath.
Embryos in the wax were cut serially at 4 ym at 4-8°C by a con-
ventional microtome and sections were mounted on ovalbumin
coated glaés slides. The wax was removed and rehydrated
through an ethanol series, the sections were rinsed in cold
0.01 M phosphate buffered saline ( PBS ) at pH 7.2, béfore.

the following staining procedures were applied.

Immunofluorescent microscopy

Both the mouse monoclonal antibody agéinst chick embryo
DNA polymerase ¢ and the rabbit antiserum against chick embryo
DNA polymerase B were obtained through the courtesy of Dr. A.
Matsukage of Aichi Cancer Center Research Institute. The
former antibody was prepared from the culture spernatant of a
mouse hybrydoma clone, 4-8H, which was established by Matsukage
et al (12). This antibody is7 ;-type IgG and is specific
to the 135000 dalton polypeptide of chick DNAVpolymerase a.
The latter anti-DNA polymerase B rabbit antibody was prepared

by Yamaguchi et al. ( 17 ), using a homogenous preparation of
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chick embryo DNA polymerase B as an antigen. - This anti-
body specifically immunoprecipitated the 40000 dalton poly-
peptide of chick DNA polymerase B .

For immunofluorescent staining of DNA polymerase a, the
sections on slide glasses were incubated with PBS containig
57 mormal goat serum to mask non—spécific binding éites, incu-
bated again with the mouse monoclonal antibody agaihst chick
DNA polymerase a at 37°C for 30 min, rinsed by 5.baths of cold
PBS, followed by incubation with the second antibody., a rabbit
antibody against mouse IgG ( 25 pg/ml, Zymed Lab., South San
Francisco, Calif. ), and finally with the third antibody, a
fluorescgin isothiocyanéte ( FITC ) conjugated goat antibody
against rabbit IgG ( 25 pg/ml, TAGO, Burlingame, Calif. ).

for immunofluorescet staining of DNA polymerase B, the
sections on slide glasses were incubated with diluted the rabbit .
antiserum against chick DNA polymerase B ( usually 1:50 dilution

with the antiserum ), rinsed in cold PBS and again incubated with

the FITC conjugated.goat éntibody against rabbit IgG,which was

used as the third antibody for the staining of DNA polymerase a.

As for the counter staining, 0.027 Evans Blue ( Merk ) in
PBS was applied for.2 min. The cytoplasm and non-fluoresceﬁt
nuclei could be easily recognized as stained deep orange with
Evans Blue when the dye was excited by a mercury lamp.

After rinsing briefly in PBS, sections were mounted in 807
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non-fluorescent glycerol ( Merk ) in PBS and covered with a
piece of cover glass to observe under a fluorescent microscope
( Olympus, model BH-2RFK, Tokyo ), using a BV excitation system.

Photographs were taken with Kodak VR-400 and/or Tri-X film.

Autoradiography

After fluorescent microscopy, the slide glass on which
the sectionswerenmunted, was dipped into PBS containing 607
glycerol to remove the coverglass, rinsed in PBS and followed
by immersion in a Sakura NR-M2 emulsion ( Konishiroku Photo,
Tokyo ) to coat the surface of the section with a thin film
of the emulsion. After 2-4 week exposure, the sectioné-
were applied photographic procedures and lightly stained with

Nuclear fast red ( Merk ) to identify the nuclei.
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RESULTS

Localization of DNA polymerase @ and B in the developing lens

In the 2-day embryo ( stage 12 ), almost all the nuclei of
the 1ensAplacode cells were shown distinct immunofluorescence
for either DNA polymerase o or DNA polymefase B ( fig. 1a,d ).

in the 3-day embryo ( stage 17 ), immunofluorescence for
DNA polymerase o was detected in the nuclei of cells in the
anterior wall of the lens vesicle;but not in the nuclei of the
primary lens fiber cells, just before beggining to elongate,
being located in the center of the posterior wall of the lens.
vesicle ( fig. 1b ). Immunofluorescence for DNA poly-
merase B was detected in the nuclei of both the anterior wall
and the primary lens fiber cells ( fig. le ).

In the 5-day embryo ( stage 25 ), when the basic archi-
tecture of the lens has been already established, immunofluo-
rescence for DNA polymerase o was detected in the nuclei of
the lens epithelial cells;but the strength of the fluorescence
declined sharply in the nuclei of the cells at the equatorial

margin of the lens, as compared with the nuclei of the epithe-
lial cells. No immunofluorescence for DNA polymerase o was
detected in the nuclei of the lens fiber cells ( fig. 1lc ).
Immunofluorescence for DNA polymerase g was observed in the

nuclei of both lens epithelial cells and lens fiber cells

19






Fig. 1. Immunofluorescent microphotographs showing the lo-
calization of DNA polymerase o in a transverse section of the
2-day embryo lens placode (a), the 3-day embryo lens vesicle
(b) and the 5-day embryo lens (c); and the localization of
DNA polymerase B in a transverse section of the 2-day embryo
lens placode (d), the 3-day embryo lens vesicle (e) and the
5-day embryo lens (f). Bar, 50 pm.
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( fig. 1f ).

In the 8-day embryo ( stage 33 ), faint immunofluore-
scence for DNA polymerase a was detected in the nuclei of
lens epithelial cells,but not in the nuclei of lens fiber cells
( fig. 2a ). Immunofluorescence for DNA polymerase B was
detected in almost all the lens cell nuclei except for the lens
fiber cell nuclei near the central region of the lens body
where lens fiber denucleation had begun from this stage ( fig.
2c ). |

In order to comgare the DNA polymerase a distributioﬁ with
the DNA replicating capacity among the chick embryo lens cells,
[3H]thymidine was administered to the 8-day chickhembryo.

In autoradiograms of the 8-day embryo lens at 1 hr and 24 hr
after [3B]thymidine administration, silver grains were observed
only on the nuclei of the lens epithelial cells and the grain
was hardly observed on the nuclei of the lens fiber cells ( fig.
2b,d ). The distribution of the grain-positive nuclei shown
in figs. 2b and 2d coincided closely with the distribution of
DNA polymerase ¢ ~positive cell nuclei shown in fig. 2a.

These results suggest that DNA polymerase a would be re-
tained only in the proliferating cell nuclei of developing chick
embryo lens, and that DNA polymerase & would not be retained in
the nuclei of lens cells which are destined to differentiate

into lens fiber.
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Fig. 2. Immunofluorescent microphotographs showing the local-
ization of DNA polymerase a (a) and B (c) in 8-day embryo lens
sections and autoradiograms of 3-day embryo lens sectiomns at

1 hr (b) and 24 hr (d) after [3H]thymidine administratiom.
Bar, 50 pm.
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localization of DNA polymerase o and B .in the developing retina

The chick retina is composed of two layers, the outer ret-
inal pigment epithelium and the inner neural retina.

The latter includes several types of neuronal cells and these
neuronal cells are separated into discrete strata in an order-
ly temporal and spatial sequence during its development ( 19 ).
This allows us to determine the type of neuronal cells from
their position in the neural retina at any stage of develop-
ment.

Fig. 3a showed the intracellular localization of DNA poly-
merase & in the optic cup of 3-day embryo. DNA polymerase
o was detected in alﬁost all the nuclei of cells in both the
inner and the outer layer of the optic cup.

Fig. 3b showed the intracellular localization ofVDNA poly-
merase o in the fundic region of the optié cup of 5-day embryo.
DNA polymerase a was detected in almost all the nuclei of cells
in the inner, thicker layer of the optic cup, differentiating
into the neural retina but not detected in the nuclei of cells
"in the outer, thinner layer of the optic cup, differentiating
into the retinal pigment epithelium. At this stage, many
mitotic figures were found in the inner layer (next the outer
layer ), whereas mitotic figures were rarely found in the outer
~layer of the optic cup. Thus, in the 5-day embryo retina,
DNA polymerase a was detected in the proliferative thicker

layer cells;but not in the thinner layer cells which had fin-
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Fig. 3. Immunofluorescent microphotographs showing the local-
ization of DNA polymerase o in a transverse section of the
3-day embryo optic cup (a) énd the 5-day embryo retina (b);
and the localization of DNA polymerase 8 in a transverse sec-
tion of the 3-day embryo optic cup (c) and the 5-day embryo
retina (d). Bar, 50 jpm.



ished their proliferation.

Fig. 4a showed the intracellular localization of DNA poly-
merase o in the 8-day embryo neural retina. In the neural
retina at this stage, the ganglionic cell layer and the inner
nuclear layer could be distinguished at the fundic region.

DNA polymerase o was detected in the spindle-shaped nuclei of
cells which was located in the middle zone of the inner nuclear
layer, as well as in the mitotic cells which was found just
below the outer limiting membrane. However, DNA polymerase
a was not detected in the spheroid-shaped nuclei of the gangli-
onic cells.

The autoradiogram shown in fig. 4b was obtained from the
same section that was applied to the indirect immunofluorescent
staining to show DNA polymerase a localization ( fig. &4a ).
Namely, at 1 hr after'[3H]thYmidine administration, an embryo
was sacrificed to get a retinal section and the section was
photographed after the immunofluorescent .staining for DNA poly-
merase &, and then the section was processed for autofadiography.
By these procedures it became possible of realization to examine
whether DNA polymerase o or B could be detected in the nuclei
téken up [3H]thymidine, Detailed examinations of the photo-
graphs obtéined showed séme of nuclei in the iﬁner nuclear layer
were DNA polymerase a-positive and covered with silver grains,

while, some of nuclei were DNA polymerase a-positive but not
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Immunofluorescent microphotographs showing the local-

b
ization of DNA polymerase o (a) and B (c) in the sections of

Fig.

and autoradiograms of the sectioms

8-day embryo neural retina;

day embryo meural retina at 1 hr (b) and 24 hr (d) after

8-
[3H]thymidine adm

of

. An arca shown in fig.4a is the

tration

inis

.

same that is taken in fig,4b (see text). Bar, 50 jpm.
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with silver grains. Each of these cells inéluding grain-
positive and DNA polymerase a-positive nucleus, therefore,
~would be regarded as being in S phase in the cell cycle, while
the cells including grain-negative but DNA polymerase a-posi-
tive nucleus would be regarded as being in either G, or G2
phase in the céll cycle. No ganglionic cell having be-
come already negative for DNA polymerase a at this stage was
labelled with [3H]thymidine in this aqtoradiogram.

Fig. 4d also showed the autoradiogram of the 8-day embryo
neural retina, but in this case the embryo was fixed to get
autoradiograms at 24 hr after [3H]thymidine‘ administration.
Silver grains were observed over almosf all the DNA polymerase
a-positive nuclei which were located in the inner nuclear
layer, as well as over almost all the mitotic figures.
However, the ganglionic cell nuclei were still free of silver
grains; Fujita and Horii ( 20 ) pointed out that mitotic
cells found in the receptor cell layer of the chick embryo
neural retina during the second week of incubation, were ndthing
but the representation of a mitotic phase of the cells in the
inner nuclear layer. Therefore, in the neural retina of 8-day
embryo, DNA .polymerase d—positive cells including the spindle
shaped nuclei and the cells in the course of mitosis were re-

garded as the matrix cells " ( 21, 22 ). DNA polymerase «

would be retained in the nuclei of proliferating matrix cells,
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but not in the nuclei of ganglionic cells ﬁhich had ceased to
turn round the cell cycle by this stage.

Fig. 5a showed the intracellular localization of DNA poly-
merase o in the 12-day embryo retina. At this stage, the |
ganglionic cell layer, the inner nuclear layer and the outer
nuclear layer have been clearly distinguished at the fundic
region. DNA polymerase a was detected only in a few spindle-
shaped nuclei of the neural retinal cells which were scattered
in the inner nuclear layer. Except-fof them, almoét all
nuclei of neural retinal cells, as well as those of retinal
pigment epithelial cells were practically immunofluorescent-
negaﬁive for DNA polymerase o, although all nuclei were still
DNA polymerase B positive ( fig. 5c ).

Only a few spindle-shaped nuclei in the inner nuclear layer
were covered with silver grains as shown in fig. 5b and fig. 5d.
These findings showed that in the 12-day embryo neural retina,
only a few cells were capable of replicating DNA, and the ma-
jority of the mneural retinal cells had finished their DNA repli-
cation by this stage.

In the 18-day embryo, histogenesis of the retina has nearly
finished and its histological architecture is almost as same as
the adult one. Neither the neural retinal cells nor the
retinal pigment epithelial cells of the 18-day embryo retina
were immunofluorescent-positive for DNA polymerase a, as shown

in fig. 6a. Fig. 6b and fig. 6d showed the autoradiograms
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Fig. 5. Immunofluorescent microphotographs showing the local-
ization of DNA polymerase a (a) and B (c¢) in the sections of
12-day embryo retina; and autoradiograms of the sections of
12-day embryo retina at 1 hr (b) and 24 hr (d) after [3H]thy-
midine administration. Bar 50 um.
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of the 18-day embryo retinae at 1 hr and 24 hr after [*H]thy-
midine administration. In these autoradiograms, labelled
cells were not found in both the neural retina and the retinal
pigment epithelium. The neural retinal cells of the 18-day
embryo could not replicate DNA for lack of DNA polymerase a.

From these results it would be concluded that distribution
of nuclei being DNA polymerase a-positive closely co;ncides
with the distribution of nuclei capable of replicating DNA in
the developing chick retina, and that DNA polymerase o was
retained in the nuclei of proliferative cells but not in the
nuclei of postmitotic cells which had ceased proliferating.

On the other hand, immunofluorescence  for DNA polymerase
B was detected in almost all the neural retinal and retinal pig-
ment epithelial cells in all stages examined as shown in figs.
3¢, 3d, 4c, 5c, bec. Thus DNA polymerase B would be retained
not only in proliferative cells but also in postmitotic cells

in the chick embryo retina.
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Fig. 6. Immunofluorescent microphotographs showing the local-
ization of DNA polymerase o (a) and B (c) in the sections of
18-day embryo retina; and autoradiograms of the sections of
18-day embryo retina at 1 hr (b) and 24 hr (d) after [3H]thy-
midine administration. Bar 50 Jam.

32



Localization of DNApolymerase o and B in the developing

spinal cord

Fig. 7a showed the intracellular localization of DNA
polymerase & in the 3-day embryo spinal cord, which was com-
posed of the matrix cells proliferating vigorously as the pro-
genitor cells of all neurons and glias ( 21-23 ). - DNA
polymerase ¢ was retained in the nuclei of these rapidly pro-
liferating matrix cells in the 3-day embryo spinal cord.

Fig. 7b showed the intracellular localization of DNA
polymerase o in the 5-day embryo spinal cord. DNA poly-
merase ¢ was detected in the nuclei of neuroepitheliai cells
located in the inner half of the spinal cord, but not in the
nuclei of neuroepithelial cells located in the.outer half of
the spinal cord. At this stage, the matrix cell layer be-
camethinnerand the neuroblast migration into the mantle layer
occured in the basal plate, while in the alar plate the matrix
cells were still actively proliferating ( 22,23 ). Thus,
DNA polymerase o would be retained in the proliferating matrix
cells but not in the postmitotic neuroblasts in the 5-day embryo
spinal cord.

Fig. 8a showed the intracellular localization of DNA poly-
merase o in the 12-day embryo spinal cord. At this stage,

a few nuclei of matrix‘cells lining along the ventricular lumen

of the spinal cord gave DNA polymerase o immunofluorescence-
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Fig. 7. Immmofluorescent microphotographs showing the local-

ization of DNA polymerase o in a transverse section of the

3-day embryo spinal cord (a) and the 5-day embryo spinal cord
(b); and the localization of DNA polymerase B in a transverse
section of the 3-day embryo spinal cord (c) and the 5-day em-

bryo spinal cord (d). Bar, 50 pm.
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positive, whereas the nuclei of neuroblasts or young neurons
located in the mantle layer gave DNA polymerase a immunofluo-
rescence-negative. Immunofluorescence for DNAIpolymerase

c¢ was also detected in the small cell nucleil beiag interspersed
among the neuroblasts in the mantle layer. | Eigs. 8c and
8d showed the autoradiograms of the 12-day embryo spinal cord
taken at 1 hr and 24 hr after [3H]lthymidine administration,
respectively. In these autoradiograms, a few nuclei of the
matrix cells located at the ventricular surface were labelled,
but the nuclei of the neuroblasts or young neurons in the mantle
layer were practically unlabelled. Several small nuclei with
‘silver grains, showing»DNA replication in the mantle layer would-
be the nuclei of glioblasts which had been derived from the
matrix cells.and were capable of differentiating all types of

- glial cells in the spinal cord ( 24,25 ).- Thus, in the 12-day
embryo spinal cord, a few matrix cells and also the glioblasts
would be proliferative and DNA polymerase o was detected only
in these cells. The neuroblasts or the young neurons had
ceased proliferating in 12-day embryo and these cells were neg-

ative in immunofluorescence for DNA polymerase a.

These findings indicate that intranuclear DNA polymerase a
would be retained in the matrix cells and also in the glioblasts,
but not in the neuroblasts or neurons in the chick embryo spinal

cord.
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Fig. 8. Immunofluorescent microphotographs showing the local-

ization of DNA polymerase a (a) and B (c) in the sections of
12-day embryo spinal cord; and autoradiograms of the sections
of 12-day embryo spinal cord at 1 hr (b) and 24 hr (d) after
[3H] thymidine administration. Bar, 50 jm.
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On the other hand, immunofluorescence for DNA polymerase
B was detected in almost all nuclei of neuroepithelial cells
found in spinal cord at any stage examined ( figs. 7c, 7d
and 8c ). The matrix cells, the glioblasts, the neuro-
blasts and the young neurons showed positive immunoflouresce-
nce for DNA polymerase g, that is, DNA polymerase B would be
retained in the muclei of both proliferative and the postmitotic

cells.
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DISCUSSION

By [3H]lthymidine autoradiography in addition to histo-
logical studies in the chick embryo lens, several previous
authors ( 26-31 ) reported that all of the lens placode cell;
were proliferative and capable of synthesizing DNA at the
' earliest stage of the lens development; that a high labelling
index was shown in the anterior wall of the lens vesicle, where-
as the indexdecreased progressively in the posterior wall; that
the primary lens fiber differentiation occured when labelled
cells in the early lens vesicle had disappeared completely;
that DNA replication and proliferation were confined in the
lens epitheliumand that ﬁeither DNA replication nor broliferation
occured in the lens fiber after the secondary lens fiber for-
mation begaﬁ. It has been regarded, therefore, that the
lens fiber differentiation of the primary or of the secondary,
is accompanied by the progressive loss of DNA replicating and
proliferative activity of individual lens cells. However,
it is impossible to identify which cells are capable of rep-
licating DNA by autoradiography, unless they are in S phase
of cell cycle. The present immunocytochemical method to
detect DNA polymerase,a is available to cells-not only in S
phase but also in G1 or G, phase of cell cycle to show poten-
tiality of DNA replication in their nuclei.

In the present studies, [3H]thymidine autoradiography was
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applied to ascertain whether the cell having DNA polymerase
a-positive nucleus is capable of replicating DNA or not.
It was found that the presence of DNA polymerase o were con-
comitantly with the DNA replication or the cell proliferation
in the chick embryo tissues, but not DNA polymerase B,
For example, as described above, during the lens development,
DNA polymerase o was detected in almost all the lens placode
cell nuciei.in the Z-day embryo ( stage 12 ); in the cell
nuclei located in the anterior wall of the lens vesicle, but
not in the cell nuclei located in the posterior wall of the
lens vesicle in the 3-day embryo ( stage 17 ); in the lens
epithelial.cell nuclei, but not in the lens fiber cell nuclei
in both the 5-day ( stage 25 ) and the 8-day ( stage 33 )
embryo. In fact, a sharp contrast of the immunofluorescence
for DNA poljmerase o at the equatorial margin of the lens as
shown in fig. lc would reflect a rapid loss of this enzyme
in the lens cells which have finished the last DNA replication
for cell proliferation and are destined te become the lens
fiber. Similar coincidence between the disapperance of DNA
polymerase a and the loss of proliferative potentiality was re-
vealed in the retinal cells as well as in the cells of spinal
cord in the chick embryo. |

Several previous authors determined, by autoradiographic
studies using [3H]thymidine, the timing and the order of the

retinal cell differentiation in the developing chick neural
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retina ( 20, 32-34 ). According to these studies, some of
the presumptive ganglion cells began to cease proliferating
as early as on the 3rd day of incubation and the majority of
them have completed their proliferation period by the 8th day
of incubation; next the presumptive receptor cells and fol-
lowed by the presumptive amacrine and horizontal cells to
complete their proliferation period by the 12th day of incu-
bation, while the pfecursors of the bipolar and/or Miller
cells were still proliferative at this developmental stage;
and bipolar and/or Muller cells were the last cells to com-
plete their proliferation period in the chick neural retina
development. The present immunocytochemical detection

of DNA polymerase o in the neural retina indicated also that
the presumptive ganglionic cells were the cells to become
DNA polymerése a-negative at the earliest stage of development
and followed by the presumptive ganglionic cells, the pre-
cursofs of the receptor, amacrine and horizontal cells, to
become negative and finally the presumptive biﬁblar and/or
Muller cells to become negative. The timing of the loss
of proliferative potentiality in neural retinal cells was
very closely coincided with the timing of the disappearance

of intracellular DNA polymerase ¢ in the neural retinal cells

during development. Therefore, the present immunocytochem-
ical technique using anti-DNA polymerase o antibody could re-

veal which cells are capable of proliferating or which cells
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are going to differentiate at a developmental stage.

Carré and Pieau ( 35 ) studied the changé of both DNA
polymerase o and B activities in the chick neural retina during
development, and found that the activity of DNA polymerase o
rapidly decreased between 7th and 1l1lth day of incubation.

The present immunocytochemical study of DNA polymerase a
coincided wifh their results obtained biochemically. _ Carré
and Pieau ( 35 ) also found a detectable activity of DNA poly-
merase o in the neural retina of chicken just hatched{ and even
of 5-year-old adults; and suggested that the DNA polymerase

a activity found in the adult neural retina may be due to
either a few glial cells keeping their replication capacity

or the retinal neurons. However, the present studies
showed that no DNA synthesis and no immunofluorescence-positive
cells for DNA polymerase & was fouﬁd_in the neural retina of
lS—déy embryos. The discrepancy between my findiﬁgs and
those of Carré and Pieau remained to be explained.

Fujita ( 21, 22, 24, 25 ) has distinguished three develop-
mental stages in the cytogenesis of neurons and neuroglia in -
the chick spinal cord as follows: the first stage’( until the
third day of incubation) that the chick spinal cord is com-
posed of only the matrix cells, which are vigorousry prolif-
erating and capable of differentiating the neuronal and glial

cells, the second stage ( from the third to eighth day of
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incubation ) that the neuroblasts are differentiating from
the matrix cells, the third stage ( from the nineth day of
incubation ) that the matrix cells are differentiating into
the ependymal cells and the glioblasts, which migrate into
the mantle layer, actively synthesize DNA and further traﬁs—
form into the glial cells. In either the first or second
stage it is necessary for the matrix cells to proliferate
actively, and in the third stage it is necessary for the
matrix cells as well as for the glioblasts to'proliferate in
the mantle layer. Findings of Fujita was supported by the
present results.

As contrasted strikingly in DNA polymerase a, DNA poly-
merase B, responsible for DNA excision repair was detected
at any stage of development in all proliferetive and post-
mitotic cells of the lens, the retina and the spinal cord,
except in the lens fiber cells near the central region of the
lens body in the 8-day embryo. According to Romanoff ( 16 ),
these lens fiber cells begin to denucleate from this stage on.
The disappearance of DNA polymerase B in these cells would
due to the denucleation.

Yamaguchi et al. ( 17 ) estimated that the half life of
DNA polymerase g polypeptide was about 10hr in the cultured
chick fibroblasts. Although few studies have been done on
the metabolism of DNA polymerase o in higher eukaryotic cells,

the half life of DNA polymerase .o might be much shorter than
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that of DNA polymerase B, because a rapid loss of DNA poly-
merase o from the postmitotic cells may be associated with
prompt degradation of this enzyme, the imunological inacti-
vation of this enzyme and/or the si;ructural change of the

DNA replication complex in which DNA polymerase a is considered

to be integrated ( 36).
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PART III. IMMUNOCYTOCHEMICAL LOCALIZATION OF DNA
POLYMERASE (X AND B IN THE DEVELOPMENT OF THE
CHICK EMBRYO INTESTINE AND IN THE ADULT CHICKEN

TESTIS



SUMMARY

Intracellular localization of DNA polymerase o and B

in the develoﬁing chick intestine and in the adult testis

wés- investigated by indirect immunofluorescent methods using
thé antibodies against chick embryo DNA polymerase o and B.

In the intestine, DNA polymerase o was detected (1) in almést
all the epithelial cells of the duodenum in the 8-day embryos,
(2) in the epithelial cells located in both basal and middle
part of the previllous ridges,but not in the tips of the
ridges in the 12-day embryos, (3) in the epithelial cells
located in the lower half of the villi just formed, but not
in the upper half of the villi in the 18-day embryos, and

(4) only in the cells of the crypts in 2-weeks after hatching.
On the other hand, DNA polymerase B was detected in the cells
of the all parts of the duodenum at any stage of the develop-
ment . In addition, almost all the epithelial cells detect-
able DNA polymerase o were also found labelled with [3H]-
thymidine, if administered. In the adult chick testis,
DNA polymerase o was detected in the spermatogonia and the
pre-leptotene spermatocytes, but not detected in the mature
spermatozoa. DNA polymerase B was detected in almost all

the germ cell nuclei except for the spermatozoan nuclei.
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INTRODUCTION

In the previous part of this thesis it was shown that an
immunofluorescent method using the antibody . against chick
embryo DNA polymerase o was very useful to distinguish each of
proliferative cells in the chick embryo, and by this immuno-
fluorescent method and autoradigraphy using [3Hlthymidine as
a DNA precursor- that cellular differentiation in chick embryo
began just after the cells had finished their last mitotic di-
vision in their respective cell cycle. Then in this part
these techniques applied to aim to detect intracellular local-
ization of both DNA polymerase o and B and also DNA synthesis
in the typical cells belonging fo a cell renewal system.

In such a system, cellular proliferation is balanced by cell

lossyand stem cells and their pregenitor cells should be dis-

)

tinguished. The chick intestinal epithelium in development
and the adult chick testis were chosen as the present materials

to be investigated.
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MATERIALS AND METHODS

The chick embryos and [3H]lthymidine 1labeling, tissue
fixation, prepatation of tissue sections, immunofluorescent
microscopy and autoradiography were carreid out as described
in the MATERIALS AND METHODS in PART II.

For chickens and adults, they were fed by commercial chick
food and water ad libitum in cages of our laboratory. As
a dose of [3*H]thymidine for the chickens and fowls, a 0.4 ml
of the Ringer's solution containig 80 uCi of [3H]thymidine
was injected into the abdominal cavity to each of them.

At 1 hr and 24 hr after [3H]thymidine injection théy were
sacrificed, and the duodenum or the testis was fixed and embed-
ded. as described previously. The chick duodenum is the most
proximal part of the small intestine, next to the gizzad and
occupies the whole first main loop of the intestine accompanied
by pancreas. By this morphblogical éharacteristic, the
duodenum can be identified in the chick embryos at any stage
of development or in the chickens and adult fowls, and this
was the reason why the duodenum was chosen as the material

for the present study.
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RESULTS

Localization of DNA polymerase A and B in the developing duodenum

The duodenum of the 8-day chick embryo showed a cylinder
like structure and any evidence of wvillus formation was not
yet found in the intestinal epithelium. As shown in fig.
la, DNA polymerase o was detected in the nuclei of epithelial
cells at this stage. . Fig. 1b is the autoradiogram of the
same section shown in fig. la. The section was obtained
from an embryo fixed at lhr aftér [3H]thymidine administra-
tion; In this autoradiogram, silver grains were found
over several epithelial cells but not over dividing ones.
Fié. 1d is an autoradiogram of duodenum obtained from a 8-day
embryo which was fixed at 24hr after [3H]thymidine adminis-
tration. - Silver grains were found over almost all of the
epithelial cells, as well as over the dividing cells in this
autoradiogram. . These findings indicated that in the 8-day
embryo, almost all the epithelial cells of the auodenum are
proiiferative and capable of replicating DNA.

In the duodenum of the 12-day embryo, zigzag-form pre-
villous ridges appeared and also villi had been formed at the
top of the ridges (1, 2 ). DNA polymerase ¢ was detected
in the nuclei of epithelial cells located in both basal and
middle regions of the ridges, but not detected in the nuclei
of cells located in the upper regions as shown in fig. 2a.

Fig. 2b was an autoradiogram of the same section shown in
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Fig. 1. Immunofluorescent microphotographs showing the local-
ization of DNA polymerase o (a) and R (c) in the sections of
8-day embryo duodenum; and autoradiograms of the sections of
8-day embryo duodenum at 1 hr (b) and 24 hr (d) after [3H]thy-
midine administration. An area shown in fig.la is the same that

is taken in fig.lb (see text). Bar, 50 pm.
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Fig. 2. Immunofluorescent microphotographs showing the local-
ization of DNA polymerase o (a) and B (¢) in the sections of
12-day embryo duodenum; and autoradiograms of the sections of
12-day embryo duodenum at 1 hr (b) and 24 hr (d)after [3H]thy-
midine administration. An area shown in fig.2a is the same that
is taken in fig.2b (see ‘text). Bar, 50 um.



fig. 2a. In this autoradiogram obtained from an embryo
section prepared at l1hr after [3H] thymidine administration,
epithelial cells with silver grains were located in the basal
and middle regions of the ridges, whereas no epithelial cell
with silver grains was found in the upper region of the ridges.
Silver grains were not found over the epithelial cells in the
upper region of the ridges in the autoradiogram obtained from
the seétion.of the 12-day embryo duodenum which were fixed at
24hr after [3H]thymidine administration ( fig. 2d ).

In the duodenum of the 18-day embryo, many definitive
villi were found and DNA polymerase o was detected in the
nuclei of epithelial cells  located in the proximal half of
the villi, but not detected in the nuclei of cells located
in the distal half of the villiA( fig. 3a ). Figs. 3b
and 3d wereAautoradiograms of the duodenum obtained from the
18-day embryos at lhr and 24hr after [3H]thymidine adminis-
tration, respectively. In both autoradiograms, labelled
epithelial cells were found in the proximal half of the villi,
whereas no cells was labelled in the distal half of the villi.

Fig. 4a showed the intracellular localization of DNA
polymerase a in the duodenum of 21-day embryo, immediately
before hatching. Well-developed villi were abundant in
the duodenum at this stage, although distinct crypts had not yet
occurred at the base of the villi. DNA polymerase.a~was

detected in the nuclei of epithelial cells located in the
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Fig. 3. Immunofluorescent microphotographs showing the local-
ization of DNA polymerase a (a) and B (c) in the sections of
18-day embryo duodenum; and autoradiograms of the sections of
18-day embryo duodenum at 1 hr (b) and 24 hr (d) after [3H]thy-

midine administration. Bar, 50 pm.
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Fig. 4. TImmunofluorescent microphotographs showing the local-
ization of DNA polymerase o (a) and g (b) in the sections of
21-day embryo duodenum. Bar, 50 pm.
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proximal half of the villi but not detected in the nuclei of
cells located in the’ distal half of the villi.

In the duodenum of a chicken 2 weeks after hatching,
only the epithelial cells consisting in the érypts'became
immunofluorescence-positive for DNA polymerase a as éhown in
figs. 5a and 6a. Autoradiograms of these duodenum at lhr
and 24hr after [3H]thymidine injection were showw1figs.5b
and 5d, respectively. At lhr after [3Hlthymidine injec-
tion, labelled cells were found only in the crypﬁ, and the
epithelial cells in villi were unlabelled. However, at
24hr after [3H]thymidine injection, labelled cells were found
in the crypt as well as near the base of the villi. Thé
lattef labelled cells had migrated no doubt from the crypt
-where [3H1thymidine was ﬁaken up. Thus, in the duodenum,
the region in a villus including epithelial cells showing
positive immunofluorescence for DNA polymerase o has become
to 1ocalize.as the developmental stage proceeds until the
region becomes limited in the crypts.

On the other hand, DNA polymerase B was detected in
almost all cell nuclei in every section of duodendm, irre-
»épective of its developmental stage and potentiality of cel-
lular DNA replication and proliferation as shown in figs. lc,

2c¢, 3¢, 4b, 5c and 6b.

57



:‘.,‘ A “: s
g . 2
o v
. y o = & L
s o :
. iy o -
b i ‘(-'
N
a
Lk e, £ S
v A
- v
' W
ag > <
* b g 3 Wi
Fa r g’ v -
2 b s
5 7 s 1_7‘ 2
. . ‘.‘3‘ : - ‘-
e s A t > [ <
) o ey e ] s,
YN g% N 4,
z 3{ . % gl N Y i
—“. " e _’, X g . -
O g nRL 7 3 L
1T, o1
£ L e
-\'S“ i & '. o o+
K . # i
B I
78 o
. "
. i4

L

Fig. 5. Immunofluorescent microphotographs showing the local-
ization of DNA polymerase & (a) and B (¢) in the sections of
duodunum of a 2-weeks old chicken; and autoradiograms of the
sections of a 2-weeks old chicken duodenum at 1 hr (b) and 24

hr (d) after [3H]thymidine injection. Bar, 50 Hm.
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Fig. 6. Immunofluorescent microphotographs showing the local-
izations of DNA polymerase a (a) and B (b) in the sections of
crypt regions of the duodenum of a 2-weeks old chicken at a

higher magnification. Bar, 50 jm.
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localization of DNA polvmerase a.and B in the adult testis

The adult testis, a sperical compound tubulér gland, is
divided into lobules by a number of septa which are projected
from the capsule of the testis. Within the lobules are
distributed the twisted seminiferous tubules, which end blindly.
The seminiferous tubule consists of a tunic of fibrous con-
nective tissue, a well-defined basal membrane and a complex
stratified epithelium. The epithelium comprises of Sertoli
cells and germ cells which are stacked in several layers that
occupy the space between the basement membrane and the lumen
of the tubule. The process of spermatogenesis can be ob-
served usually in these cell layers. The épermatogonia,
relatively small cells, are situated next to the basal mem-
brane; the primary and secondary spermatocytes, larger than
the spermatogoﬁia, are located nearer the lumen of the tubule;
the spermatids can be distinguished by their small size,
condensed chromatin, their location almost in the center of
the tubules; and the mature spermatozoa occupy the center of
the tubules.

In figs. 7a and 7c were shown the intracellular local-
izations of DNA polymerase o and B in the cross sections of
the testis obtained from an adult male white ieghorn; and
figs. 7b and 7d were demonstrated to show the detailed local-
ization of DNA polymerase o and B, respectively. DNA poly-

merase O was detected only in oval nuclei of cells forming a
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single layer along the basement membrane of the seminiferous
epithelium, but not in the nuclei of cells which located near
the lumen of the seminiferous tubules.

On the other hand, DNA polymerase B was detected in almost
all nuclei of cells in the seminiferous epithelium.' It was
very contrary to the findings as described above, however,
neither DNA polymerase o nor DNA polymerase B8 was detected in

the spermatozoan nuclei stayed in the lumen of seminiferous tu-

bule.
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Fig. 7. Immunofluorescent microphotographs showing the local-
ization of DNA polymerase o (a) and B (c¢) in the sectioms of
adult testis. Localization of DNA polymerase o (b) and B (d)

in the seminiferous epithelium were also shown at a higher mag-
nification. Bar, 50 pm.
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DISCUSSION

Hermos et al. ( 3 ) reported that DNA synthesis and
cell division had occurred in epithelium along the entire
length of the villi in tﬁé duodenum of the fetal rats until
one day before their birth,but the site of cell division was
restricted within the lower part of the wvilli. The present
observations confirmed that in the developing chick duodenum,
DNA polymerase a was detectable in the epithelial cells con-
sisting of the entire inner surface of the duodenum at the
early stage of development, that the cells being DNA polymerase
a detectable had beéome restricted to the proximal part of
the previllous ridges and later of the immature villi, as the
progress of the duodenal morphogenesis in the embryos; and
that in chicken 2 weeks after hatching, DNA polymerase & was
detected only in the cells of crypts, simple tubular glands
occurring between the bases of the villi. The sites of
cell division in the chick duodenal epithelium had become
also restricted during development, as was described the case
with cells being DNA polymerase o detectable in the epithelium.
In the mammalian small inteétine, the Paneath cells
containing acidophilic granules are found in the base of the
crypts ( 4 ). However, in the chicken small intestine,
no Paneath cell can be identified morphologically ( 5, 6.).

By the present immunocytochemical detection of DNA polymerase o,
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in the duodenum of the 2-week-old chicken, DNA polymerase &
was shown in almost all cells of the crypts, even in the

cells located in the part where Paneath cells would be found,
if present. . This finding supports strongly that no Paneath
cell, which is no longer proliferative, exists in the crypts
of the chick duodenum.

Matsukage et al. ( 7 ) reported that in the testis of a
4-week old chicken, DNA polymerase o was detected only in the
large rounded nuclei of cells considered to be spermatogonia
and/or spefmatocytes in the seminiferous tubule, whereas DNA
polymerase B was detected in the nuclei of almost all the tes-
ticular cells. However, the histological feature of the
L-weeks o0ld chicken testis is far from the mature state, and
the adult fowl testis was examined to clarify the difference
of the distribution of DNA polymerase o« and B among the cell
nuclei during spermatogenesis.

In the 9-month old adult chicken testis, examined in my
present studies, DNA polymerase a was detected only in the oval
nuclei of the cells in the : layer next to the basement mem-
brane of the seminiferous tubule. According to the locali-
zation, size and shape of these cells, they were surely regarded
as the spermatogonia proliferative for givingArise to the sper-
matocytes, and/or the pre-leptotene spermatocytes capable of
replicating DNA for the meiotic division.

It is well established by biochemical anylysis that in the
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mouse the fractions containing the spermatogonia and/or the
pre-leptotene spermatocytes exhibited a high activity of DNA
polymerase o. . The present'findings obtained from my immu-
nocytochemical study of DNA polymerase « in the adult fowl
testis agreed well with the biochemical analysis by the pre-
vious reseacheres ( 8,9 ). Moreover, by the present immupo—
cytochemical study both the timing and the site of the loss
of DNA polymerase o from the cell nuclei during spermatogene-
sis in the adult fowl testis could be shown.

' Again, DNA polymerase B was detected in almost all the -
nuclei of the cells in the seminiferous tubules. However, it
should be emphasized that DNA polymerase B was not found in the
nuclei of mature spermatozoa in the present study. DNA
polymerase B was detected in the nuclei of germ cells during
the first half of the spermatogenesis up to the second meiotic
division, but became undetectable after the spermatid was trans-
formed into mature spermatozoa. This finding suggests pre-
sumably that DNA polymerase B has been eliminated from the
spermatozoan nuclei during spermiogenesis. If so, the lost
of potentiality of DNA excision repair would be considered
rather signnificant or effective for a spermatozoon as a car-
rier - of genes for the next generation; because it would be
rather unnecessary to risk failure in repair of damaged DNA,

even the probability of the failure is not so high, in such
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a stage and in the nucleus being hetéropicnotic.

Several autoradiographic studies have revealed" unsched-
uled " DNA synthesis in mammalian spermatogenic cells, except
spermatozoa, after the irradiation of UV light or X-ray ( 10-
12 ) or after the treatment of chemicalvmutagen ( 13 ).

The " unscheduled " DNA synthesis would be considered a repair
synthesis of DNA, damaged by irradiation or chemicals in the
spermatogenic cell nuclei. It would be supported by the
the present finding that DNA polymerase B was expected tocbe
mainly responsible for such a DNA synthesis in birds.

A small amouﬁt of " natural " DNA synthesis also has been
shown to occur at the zygotent/pachytgne stages of prophase I
in the mammalian testis ( 10, 11, 14, 15 ). This kind of
DNA synthesis during the pachytene stage is considered to be
associated with the recombination process resulting in cross-
ing over ( 10, 11, 14 ). The present finding showing the
pachytene spermatocytes were detectable DNA polymerase B8 would
strongly suggest a possible involvement of DNA polymerase B8
in the recombination process in the meiotic division in birds.

In order to access the mechanism of histogénesis in the
developing embryo.or in the adult cell renewal system, it would
be important to manifest the distribution of both the prolif-
erative and the postmitotic cells in the tissue architecture.
[3H]thymidine autoradiography has been widely used for detect-

ing the proliferative cells in vivo. However, a lot of
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laborious works should be necessary to distinguish all the
proliferative cells in the tissue by [3H]thymidine auto-
radiography. The present.immunoéytochemical technique
for DNA polymerase o and B detection, therefore, would be
very useful : to investigate histdgenesis in the embryo
or the cell renewal system in the adultjand also may be
applicable to the studies on the cell proliferation in the

tumour tissues in future.
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