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Summary 
This paper is a continuation of parts I (history, methods and cell kinetics) and II (clinical applications and carcinogenesis) 
published previously (Dolbeare, 1995 Histochem. J. 27, 339, 923). Incorporation of bromodeoxyuridine (BrdUrd) into DNA is 
used to measure proliferation in normal, diseased and injured tissue and to follow the effect of growth factors. Immunochemical 
detection of BrdUrd can be used to determine proliferative characteristics of differentiating tissues and to obtain birth dates for 
actual differentiation events. Studies are also described in which BrdUrd is used to follow the order of DNA replication in 
specific chromosomes, DNA replication sites in the nucleus and to monitor DNA repair. BrdUrd incorporation has been used 
as a tool for in situ hybridization experiments. 

Proliferation in normal tissues 

In a number  of the references cited in previous  parts of 
this review and particularly in part  2 of Tumour prolif- 
eration, and Carcinogenesis, normal  tissues served as con- 
trols (Dolbeare 1995a, b). In this section I have in tended 
to deal separately with normal  tissues, e.g. central nerv- 
ous system (CNS), skin, and gastrointestinal system, 
where studies were aimed primari ly at obtaining infor- 
mation on proliferation in normal  and not diseased 
organs and tissues. 

Several studies have shown the efficacy of BrdUrd 
labelling in the intact animal. The impor tant  issue was 
the stability of the incorporated pyr imidine  under  
physiological conditions. Likhachev et al. (1983) demon-  
strated that bromodeoxyur id in~ (BrdUrd) injected into 
foetuses or newborn  rats labelled cells th roughout  the 
animal, and that the label was stable for months  beyond  
the initial pulse. Ward et al. (1991) showed also that the 
BrdUrd label persisted long after the initial injection, 
especially in tissues with slow turnover ,  such as brain 

and  u t e r ine  s t roma ,  w h ich  s h o w e d  pe r s i s t en t  label 
at 49 weeks. 

CNS 

Fujita et al. (1988) s tudied postnatal  proliferation in the 
rat cerebrum following int ravenous administrat ion of 
BrdUrd at various times up to 24 weeks after birth of 
the rats. They showed that only few labelled cells ex- 
isted in the cerebral cortex and cauda te -pu tamen at 
birth and that these d isappeared  by adul thood.  In the 
white  mat ter  (corpus callosum), the labelling index (LI) 
was 5.6-6.3% at birth and became zero later, whereas  in 
the subependymal  layer of the lateral ventricle it was 
high at birth and decreased to 7.5% in the adult. Grenier  
et al. (1989) cul tured glial fibrillary acidic protein 
(GFAP)-positive astrocytes obtained from surgically re- 
sected temporal  lobes of young  adults opera ted  upon  to 
remove  epileptogenic foci. They observed a mitotic in- 
dex of 6% in these cells. In older individuals,  astrocytes 
were  non-proliferative.  Estes et al. (1993) also estab- 
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lished GFAP+ cell lines from surgically resected tissues 
from cerebral white matter. They found that the GFAP- 
positive cells also incorporated BrdUrd in culture. 
Knapp (1991) showed that immature glial cells may 
serve as progenitors for oligodendrocytes even before 
they express galactocerebrosides. Those cells did not 
express GFAP. In a separate study, Knapp (1992) estab- 
lished cultures of astrocytes and determined that their 
cell cycle time was 20.5 h, approximately that of glial 
cells in vivo. Scarpini et al. (1988, 1992) developed tech- 
niques for dissociating adult peripheral nerve cells from 
myelin and connective tissues to establish cultures of 
Schwann cells, which were identified by indirect 
immunofluorescence with antibodies against S-100, 
galactocerebroside, and laminin. These cells were main- 
tained in culture for 7 days to obtain sufficient numbers 
for proliferation studies and morphological charac- 
terization. Seki and Arai (1993) found in the adult rat 
the persistent expression, by newly generated granule 
cells of the dentate gyrus, of a highly polysialylated 
neural cell adhesion molecule generally specific for 
developing tissues. They showed  that the newly  
generated granule cells involved in neuronal circuit 
formation in the hippocampus also transiently ex- 
pressed the sialylated neural cell adhesion molecule at 
day 12 but not day 80 after BrdUrd injection. 

Olfactory tissues 

Kimura et aI. (1990) employed both morphological and 
immunohistochemical analysis of BrdUrd in olfactory 
mucosa in mice. They found that BrdUrd label was 
concentrated in the basal layer of the epithelium after 
5 h but became a part of the mid-layer of the epithelium 
at 15 days and disappeared completely from the epithe- 
lium by 30 days. They were also able to follow regen- 
eration of damaged neurons in the olfactory apparatus 
by this technique. In a similar study, Nakamura (1991) 
obtained tissue specimens from guinea pigs 7 and 21 
days after olfactory nerve axotomy. BrdUrd label was 
found in the eplithelial layer directly above the basal 
layer at day 7 and these cells were thought to be precur- 
sors to regenerating olfactor receptor cells. Corotto et al. 
(1993) used a combination of BrdUrd and tritiated 
thymidine labelling and demonstrated both neuro- 
genesis and cell migration in the olfactory bulbs of adult 
animals where growth had ceased. 

Ear 

Roberson et al. (1992) showed that there is ongoing 
pos~atal  production of supporting cells and Type II 
hair cells in all chick vestibular epithelium organs. Simi- 
lar findings were not obtained in other vertebrates. 
Takeno et al. (1993) used fibroblast-reorganized colla- 
gen gels as a matrix for growing long-term cultures of 
middle ear epithelium of guinea pigs. At the marginal 

portion of the explants, the cells changed from cuboidal 
to squamous and exhibited high proliferative activity. 

Oral tissues 

Casasco et al. (1988, 1989a, b) applied immunochemical 
detection of BrdUrd on tissue sections to measure pro- 
liferation in developing teeth and other oral tissues in 
the rat. They found that the immunohistochemical 
measurement of the labelling index did not agree with 
earlier autoradiographic data on similar oral tissues. 
Casasco et al. (1992) used double staining of BrdUrd and 
anti-enamel protein to detect the temporal relationship 
in developing teeth. Their study suggested that cells 
withdrew from the cell cycle in the inner enamel epithe- 
lium before they started to secrete enamel protein. 
Casasco et al. (1993) confirmed with the use of the P10 
monoclonal antibody that PCNA represented G1, S, and 
G2/M phases of cycling cells in the developing enamel 
epithelium. Sfrondini et al. (1989) found BrdUrd incor- 
poration in periodontal tissue following experimental 
tooth movement in guinea pigs by a coil spring. Young 
et al (1992) showed that the odontogenic mesenchyme 
in growth hormone deficient dwarf rats showed only 
approximately 50% the proliferation of control rats and 
that treatment of the dwarf rats with bovine growth 
hormone increased DNA synthesis in the internal 
enamel epithelium stratum intermedium and Hertwig 
root sheath to a level equal to that in control rats. 

McCulloch and Knowles (1991) labelled hamster 
gingiva fibroblasts in vivo with tritiated thymidine 
([3H]dThd) and in vitro with BrdUrd. Using anti- 
vimentin and anti-keratin antibodies as additional 
labels, they found two fibroblast (vimentin+, keratin-) 
progenitor populations in early explant cultures of 
hamster gingiva. Hume (1989) and Hume and 
Thompson (1990) demonstrated in the mouse tongue a 
circadian rhythm in the labelling index using double 
labelling with tritiated thymidine and BrdUrd. There 
was a period with a short S phase duration (Ts) and a 
high efflux of cells from S phase, followed by a period 
of high labelling index and a slow efflux of cells from 
the S phase. Ultrastructural studies by Savelli et al. 
(1991) also revealed a circadian effect in labelling of 
epithelium and basal elements of the vocal fold epithe- 
lium in rats, with a higher proliferation rate at night. 

Baeza-Squiban et al. (1991) obtained primary cultures 
of rabbit tracheal cells from explants, in which epithelial 
cells, uncontaminated by fibroblasts, grew in a pattern 
similar to normal tracheal epithelium. The cultures con- 
tained basal cells and epithelial polarized cells as well 
as ciliated cells which functioned in culture. 

Bone~growth plate 

Postnatal bone growth occurs by the process of endo- 
chondral ossification in cartilagenous growth plates at 
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the ends of long bones (Farnum & Wilsman, 1993). 
These authors examined progression of BrdUrd label- 
ling in time and the spatial pattern of chondrocyte 
proliferation. They found that cells entered the cell cycle 
in the proximal part of the growth plate, spent four days 
in the proliferative cell zone, and then, after leaving the 
cell cycle, required 48 h to become terminally differen- 
tiated chondrocytes. They suggested that this was the 
time required to complete hypertrophy. Marshall & 
Davie (1991) injected four-day old mice with BrdUrd 
and observed labelled osteoclast nuclei in the parietal 
bone within 24 h, whereas the half-life of the label was 
1.3 days. Peltomaki and Hakinen (1992) found BrdUrd 
labelling in rib costochondral junction, both in the pro- 
liferative zone and also in the germinative zone. They 
proposed that this was evidence that the growth poten- 
tial of costochondral grafts was related to the length of 
the cartilagenous portion. 

skinfl~air 

Hair follicles are epidermal derivatives that produce 
hairs characteristic for thin skin. They develop by in- 
growth of the epidermis through the dermis and then 
into the subcutaneous tissue below. Soft keratin is 
found in the inner root sheath, and is the soft centre of 
most hair. Hard keratin is the major component of the 
hair body. Hair is produced by the proliferation of the 
matrix at the base of the follicles (Cormack, 1984). 

Egawa et al. (1988), Tezuka (1990) and Tezuka et al. 
(1990, 1991) studied cell kinetics in anagen (prolifera- 
tion phase) of generating hair follicles in newborn and 
7-day old mice. In anagen hair tissues, a large number 
of cells in the hair bulb were stained for BrdUrd. They 
proposed that the suprapapillary cell group might be 
responsible for the production of the hair cortex 
through the innermost cell layer of the outer root sheath, 
and that the outer group of cells may be responsible for 
hair elongation. In a further comparative study of hu- 
man and mouse hair follicle proliferation, Tezuka et al. 
(1990) defined the growth of various parts of the inner 
and outer root sheaths and hair cuticle. In late anagen, 
the lowest outer portion became BrdUrd-negative, fol- 
lowed by the upper and inner portion and finally, the 
main germinative portion, where the outer root sheath 
abruptly increased in thickness. 

Aarnaes et al. (1990, 1993) developed mathematical 
models to describe the BrdUrd/DNA bivariate analysis 
of the basal cells from mouse epidermis. Using the 
models, they were able to describe the heterogeneity in 
the proliferation rates that normally occurs in the epi- 
dermis. Kirkhus and Clausen (1990, 1992) localized ba- 
sal cells in the mouse epidermis during the cell cycle at 
various times during the day and found that progres- 
sion of cells through S and G2 phase was delayed con- 
siderably at night, producing a higher labelling index. 

Casas & Jefferies (1992a, b) estimated S phase duration 
and cell turnover time in goat epidermis by an intra- 
dermal double labelling technique using BrdUrd and 
tritiated thymidine. They found that both labels gave 
similar results with an S phase duration of 7.7 h and a 
cell turnover time of 22-26 days. 

Czernielewski and Demarchez (1990) studied the pro- 
liferation of Langerhans cells in human skin and com- 
bined localization of BrdUrd with that of the surface 
antigen, OKT-6, for Langerhans cells. De Fraissinette et 
al. (1988) and Staquet et aI. (1989) employed the same 
combination (OKT6 and BrdUrd) for Langerhans cell 
proliferation with an additional marker for basal 
keratinocytes. 

Musc le  

Smith et al. (1992) developed cultures of adult human 
atrial myocardium which stained positively for actin, 
myoglobin, atrial natriuretic peptide, incorporated 
BrdUrd, and which showed bundles of myofibrils with 
dispersed dense Z-bodies. Yamamoto et al. (1992) used 
flow cytometry of primary cultures of rabbit arterial 
smooth muscle to monitor modulation of phenotype 
and cell cycle analysis. During the first day, the cells 
exhibited the contractile phenotype but then began to 
enter the cell cycle and proliferate. Kuyatt et al. (1993) 
utilized multicolour image analysis to assess prolifera- 
tion in rabbit aorta smooth muscle segments in primary 
cultures. They were able to follow changes in normal 
and perturbed muscle segments. 

Gastrointestinal tract 

Replication patterns of normal colon and rectal crypts 
provide useful information for the evaluation of kinetic 
changes in dysplastic or neoplastic tissues. Several of 
the following studies have dealt with the crypt labelling 
patterns and kinetics. Potten et al. (1992a) studied the 
crypt dimensions and labelling patterns in normal colon 
and rectal crypts. They found that the average crypt of 
the large bowel and rectum was 82 cells in height and 
41 cells in circumference with a total of about 2000 cells. 
The highest labelling index in the colonic crypt (30%) 
was found at the 15th position, and the labelling was 
much lower at the bottom of the crypt, the probable 
stem cell zone. In an additional study, Potten et al. 
(1992b) compared the labelling indices of epithelium of 
ileum, large bowel, and rectum. They found the average 
labelling index to be 17.8%, 10.3%, and 8.5% respec- 
tively, suggesting an inverse relationship between can- 
cer development and cell proliferation. Kellett et al. 
(1992) used combination labelling of tritiated thymidine 
and BrdUrd to determine the spatial distribution of 
label within the ileum and colon of mouse and human. 
They determined that the crypts of the mouse and the 
human consisted of approximately 250 and 450 cells, 



534 FRANK DOLBEARE 

respectively, and the colon of 590 and 2000 cells respec- 
tively, the labelling index being approximately two-fold 
greater in the mouse. In another study by this group, 
Patel et al. (1993) determined proliferative properties of 
the human gastric crypt and gland cells. They observed 
that the median length of the crypts was 137 cells for the 
gastric body (GB) and 188 cells for the gastric antrum 
with labelling index and duration of S phase of GB 2.8% 
and 7.7 h for the gastric body and 4.8% and 10.8 h for 
the gastric autrum. Abe et al. (1992) used multiple doses 
of BrdUrd to determine distribution patterns and kinet- 
ics of proliferation in mouse ileum. Other studies of 
BrdUrd label distribution and cell kinetics in murine 
intestine include those of Shutte et al. (1987) showing 
intestinal mucosa kinetics and antigen distribution pat- 
terns, of Lacy et al. (1991) on rat intestinal epithelium, 
and of Abe et al. (1992) on mouse jejunal crypts. 

Sato and Ahnen (1992) studied the localization of stem 
cells and the direction of colonocyte migration in the 
normal rat colonic crypt. They showed that, in the distal 
colon, cells migrated up toward the luminal surface. In 
the proximal colon, the stem cells were located in the 
midcrypt, and the colonocytes migrated in two direc- 
tions, up towards the luminal surface and downward 
towards the base of the crypt. Other kinetic studies of 
colonic mucosa were performed by Verstijnen et al. 
(1988) us ing xenograf t s  of normal  h u m a n  colon 
mucosa, by Darmon et aI (1990) using crypt labelling for 
risk assessment, by Wanders et al. (1992) using colon 
and vaginal mucosa, and Welberg et al. (1990) using the 
colonic crypt zone. 

Han et al (1993) observed that macrophages in the 
lamina propria at the tips of the villi of small intestine 
of guinea pigs extended their pseudopodia into the 
epithelial lining, and internalized fragments of effete 
enterocytes in their phagosomes. They suggested that 
effete enterocytes were not simply exfoliated into the 
lumen, but were damaged by intraepithelial lympho- 
cytes possessing natural killer cytotoxicity, and were 
subsequently phagocytosed by subepithelial macro- 
phages. 

Liver~pancreas 

Jezequel et al. (1991) used BrdUrd labelling to follow cell 
renewal in normal rat liver. They found that the hepa- 
tocyte labelling index was 0.45%, with over 80% of the 
labelled cells in periportal zones. Kupffer cells showed 
0.5% positive labelling, and these labelled cells were 
distributed randomly through the hepatic lobule. 

Yuasa et al. (1993) showed that normal rat hepatocytes 
grew as spheroids  in a serum-free supp lemented  
medium,  and expressed a lbumin and glucokinase 
activity but no DNA synthesis. Hepatocytes grown as 
monolayers on a collagen substrate became prolifera- 
tive but did not express albumin or glucokinase activity. 

Koike et al. (1993) used both pulse and cumulative label- 
ling of bile duct epithelium of the rat and demonstrated 
that these cells underwent a slower renewal rate than 
other parts of the gastrointestinal tract. They also showed 
that the renewal time for epithelial cells at the ampulla was 
shorter than at the intra- or extra-hepatic bile ducts. 

A study of proliferation in normal adult pancreatic 
tissues was performed by Davidson et al. (1989), who 
demonstrated by BrdUrd labelling that there was pro- 
liferation in pancreatic beta cells in the rabbit. De 
Vroede et al. (1990) compared three methods of labelling 
in adult rats and investigated BrdUrd incorporation in 
endocrine and non-endocrine cells of the pancreas. 
They showed that there was no evidence of prolifera- 
tion in the endocrine B cells of the islet. 

Urinogenital tissues 

Hanazono et al. (1990a, b) surveyed BrdUrd labelling in 
luminal and glandular epithelia, in periluminal, in 
periglandular and deep stromal regions, and in the 
myometrium in normal adult mice, during the oestrous 
cycle and during early pregnancy, in prepubertal mice, 
in ovariectomized mice and in young animals treated 
with progesterone. They observed a sharp increase in 
the labelling index of luminal epithelium at metoestrus 
and on the morning of pro-oestrous, indicating exten- 
sive proliferation in the absence of oestrogen stimula- 
tion. The change in the labelling index in adult mice was 
more evident in the luminal epithelium than in the 
glandular epithelium. Jablonka-Shariff et al. (1993) de- 
termined growth and cellular proliferation of ovine 
corpora lutea throughout the oestrous cycle. Their data 
suggested that growth of the ovine corpora lutea was 
extremely rapid from days 2-12 due to hyperplasia of, 
primarily, nonsteroidogenic cells, mostly endothelial. 

Mammary  tissue 

Sapino et al. (1990) measured amounts of alpha smooth 
muscle actin in epithelial cells, keratin in luminal 
epithial cells, alpha lactalbumin and b-casein in secre- 
tory cells and followed organogenesis in mouse mam- 
mary glands from virgin, primed, and lactating 
animals, and in glands ctiltured under specific hormo- 
nal stimulation. Proliferation was found mainly in focal 
areas (end buds) as undifferentiated cells. Oestrogen 
and progestin stimulation induced increases in prolif- 
eration of epithelial and myoepithelial cells. Christov et 
al. (1991) studied the proliferative activity of normal 
acinar and ductal breast epithelial cells with in vivo 
labelling using BrdUrd in 26 cases with concurrent 
breast carcinoma. The fraction of labelled epithelial cells 
declined with age of the individuals and was signifi- 
cantly higher in premenopausal women. In a later 
study, Christov et al. (1993) used xenografts of mam- 
mary tissue in nude mice to analyse cell proliferation. 
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Pro l i f era t ion  as a resu l t  of  in jury  or t rauma 

Injury to tissue, in the form of surgery, ablation, or 
chemical trauma, is generally followed by a prolifera- 
tive response in order to repair and replenish the 
damaged tissue zones. 

CNS 

Cockroach neuroglia can be repaired rapidly and or- 
derly, with normal structures appearing within 14 days 
after selective glial damage (Smith et al. 1984, 1987). 
Smith et al. (1990) used incorporation of BrdUrd to 
determine the sequence and pattern of glial prolifera- 
tion in the cockroach following selective killing of glial 
cells in penultimate abdominal connective tissue. They 
found that cell proliferation occurred in both major glial 
domains, the perineurium and subperineurium, with 
all cells in the damaged area participating in prolifera- 
tion. Bernardini et al. (1992) performed unilateral abla- 
tion of the brachial or lumbar segment of the spinal cord 
of larvae of Xenopus laevis and also removed related 
ganglia, or as a control, only removed the related gan- 
glia. With spinal cord ablation and removal of ganglia, 
restitution of the spinal cord and regeneration of the 
spinal ganglia occurred following migration of neural 
elements from the regenerating spinal cord. Clowry and 
Vrbova (1992) transplanted embryonic spinal cord 
grafts from rat embryo into the lumbar spinal cord of 
adult rats, which were depleted of sciatic motoneurons 
by previous nerve injury, and also implanted a soleus 
muscle from the leg with the proximal end of the nerve 
grafted to the graft site. They found that 21-90 days after 
transplantation, muscle fibres had regenerated with 
several phenotypes, including immature acetylcholin- 
esterase-positive neurons possibly caused by the new 
motor innervation. Sieradzan and Vrbova (1993) used 
their previously reported technique (Sieradzan & 
Vrbova, t989) and transplanted small solid grafts of 
ED-12 embryonic spinal cords, prelabelled with 
BrdUrd, into the host's hemicord on the side of sciatic 
nerve injury. Each graft was connected to a neuromus- 
cular implant, either in a newborn rat or in a compatible 
adul t  rat. The BrdUrd label led pos i t ive  cells of 
embryonic origin were only observed in adult but not 
in developing anima~ls. 

Tsurushima et al. (1993) proposed that cell adhesion 
molecules play important roles in the host-graft inter- 
action during reconstruction of the injured nervous 
system by neural transplantation. They reported the 
expression of adhesion molecules in migration and dif- 
ferentiation of donor Purkinje cells (cerebellar primor- 
dium from 14 day gestation) in the adult rat cerebellum. 
Purkinje cells had been labelled with BrdUrd, and 
tenascin was detected by a specific antibody. Tenascin 
was detected adjacent to the migrated Purkinje cells but 
not remote from that site. 

Orita et al. (1988) followed the regeneration of cerebral 
vascular system and Orita et al. (1989) studied cerebral 
endothelial regeneration following cold injury of the 
brain. Regenerating endothelial cells were evident by 
the 3rd day post-injury and these cells participated in 
rebuilding of the blood-brain barrier. Repair of the 
microvascular architecture had begun by the 3rd day 
after injury, with haematogenous cells and reactive as- 
trocytes participating in the regenerating process. 
Swales and Smith (1990) and Swales et al. (1992) devel- 
oped histochemical methods for electron microscopical 
examination of insect neuroglial tissues, to study repair 
of the blood-brain barrier following glial damage. High 
resistance barrier cells did not incorporate BrdUrd, but 
sheath cells became labelled. They suggested that the 
cells may be a form of invasive, transitional blood cell 
producing matrix molecules for neural lamella repair. 

Astrocytes are star-shaped cells of the CNS, which 
attach both to capillaries and to neurons, forming a 
support ing structural matrix. Takamiya et al. (1988) 
investigated proliferation and expression of cytoskele- 
tal proteins in astrocytes following brain injury in rats. 
They proposed that astrocytes in the molecular layer of 
the cortex and white matter adjacent to the lesion pro- 
liferated in response to injury and expressed vimentin 
transiently, then acquired glial fibrillary acid protein 
(GFAP). Takemoto et al. (1989) found that GFAP+ glial  
cells proliferated between days i and 5 following cere- 
bral infarct in the Mongolian gerbil. Nishino et al. (1993) 
infused thrombin into the caudate nucleus in rats and 
observed an infiltration of inflammatory cells, prolifera- 
tion of mesenchymal cells, induction of angiogenesis, 
an increase in vimentin-positive reactive astrocytes, and 
gliosis. They suggested that antithrombin therapy fol- 
lowing brain injury could reduce gliosis and scarring. 
Yu et al. (1993) developed a tissue culture model of 
astrogliosis in which mechanical injury to astrocytes 
induced hyperplastic and hypertrophic effects with in- 
creased GFAP synthesis. They were able to block the 
effect with antisense oligonucleotides to the coding 
region of mouse GFAP. 

Schiffer et al. (1991, 1993) administered ethylnitroso- 
urea to pregnant rats and then investigated the effect of 
injury trauma, during the 1st and 2nd month of extrau- 
terine life, on cell proliferation in the cerebral cortex. 
They found that there was an increase in BrdUrd-posi- 
tive cells in foetuses injured at 2 months and analysed 
15 days later. Miller (1992) found a diurnal variation of 
cell proliferation in the neocortical ventricular zone. 
Prenatal exposure of foetuses to ethanol eliminates the 
foetal circadian rhythm of cell proliferation. 

Head and neck 

Minabe (1989) induced regeneration of acinar cells in 
submandibular glands of the rat by ligating excretory 
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ducts. Ligation of the ducts led to disorganization of the 
gland, with infiltration of inflammatory cells resulting 
in fibrosis. Major regeneration of the gland was ob- 
served at 21 days. Tsuji et al. (1989) induced oesophageal 
ulcers in the rat with acetic acid, which led to regenera- 
tion of the mucosa from day 3 to day 14. Marked prolif- 
erative activity was observed, with thickening of the 
oesophageal mucosa by day 14. Hashiguchi et al. (1993) 
studied the role of the autonomic nervous system in 
proliferation of the gastric mucosa during stress. They 
showed that the parasympathetic rather than the sym- 
pathetic nervous system played a role in stress-induced 
reduction of BrdUrd labelling in the corpus ventriculi 
mucosa of Wistar-Kyoto rat. 

Hashino and Salvi (1993) determined the spatio-tem- 
poral pattern of DNA synthesis following noise damage 
to chick cochlea. They found that DNA synthesis began 
approximately 12 h after hair loss and that synthesis 
accelerated near the end of the 48 h of noise exposure. 
Warchol et al. (1993) showed that supporting cells in the 
vestibular epithelia from the ears of mature guinea pigs 
and humans proliferated following aminoglycoside 
antibiotic treatment that caused sensory hair cells to die. 
Four weeks after treatment, new cells showing charac- 
teristics of immature sensory hair cells began to reap- 
pear in culture. Takeno et al. (1993) found that in long 
term culture of guinea pig middle ear epithelium on 
fibroblast-reorganized hydrated collagen gels, the 
growth pattern resembled that which occurs in normal 
respiratory epithelial after mechanical injury or insult. 

Hitchcock et al. (1992) excised small patches of retina 
from goldfish, using a trans-scleral surgical approach, 
and then followed morphology and proliferation for 
several weeks. They observed that the gap in the exist- 
ing retina was replaced by new retina with regeneration 
of new neurons and neuroepithelial cells clustering at 
the wound margin. 

Muscle  repair 

Muscle regeneration can occur following injury, by the 
replacement of damaged mature muscle cells with sat- 
ellite cells. These myeloblasts, which are formed rapidly 
during the postnatal period, fuse with muscle cells to 
lengthen the muscle fibres during periods of growth 
(Hurme & Kalimo, 1992). They examined proliferation 
of satellite cells in a contusive myofibre rupture in the 
rat. They found that proliferation occurred within one 
day and was extensive during the first 4 days in the 
necrotic zone but not in normal tissue. They showed 
that a majority of the myoblasts were derived from local 
precursors and not from surviving parts. Robertson et 
al. (1993) found that several growth factors (platelet 
derived growth factor, basic fibroblast growth factor, 
transforming growth factor-p, and leukaemia inhibi- 
tory factor), generated by macrophages which were 

attracted to damaged myofibres, were chemoattrac- 
tants for myogenic cells and also induced proliferation 
in these cells. 

Hanke and co-workers reported two studies of prolif- 
eration of muscle cells following induction of cardiac 
ischaemia. In one of these, Hanke et al. (1990) used 
balloon angioplasty to induce the ischaemia. They used 
c~-actin labelling to identify smooth muscle cells, and 
found maximal proliferation in the intimal cells within 
7 days while medial proliferation was delayed with a 
small increase at 21 days after balloon dilation. In a 
further study, Hanke et al. (1991) found that after laser 
excimer angioplasty, smooth muscle cells proliferated 
during 14 days after ablation, resulting in intimal thick- 
ening within 4 weeks. Zeymer et al. (1992) used balloon 
denudation of rat aorta to compare labelling indices 
obtained by PCNA, [3H]dThd, and BrdUrd labelling. 
They found that after 7 days the intimal labelling was 
46%, 42% and 40%, by the 3 methods, respectively. 
Tanaka, N. et al. (1993) also examined the effect of 
balloon injury on rabbit aortas. They showed that local 
inflammatory activation of endothelium persisted up to 
30 days after injury and resulted in epithelial regenera- 
tion and migration. Hassenstein et al. (1992) performed 
holmium laser angioplasty to remove calcified intimal 
plaques in rabbits. The ablation resulted in an initial 
decrease in BrdUrd incorporation followed by a large 
increase in proliferation at days 7 and 14 following the 
angioplasty. Schiffers et al. (1992) reported that the arte- 
rial endometrium in young rats acted as a modulator to 
reduce BrdUrd incorporation in the tunical medium in 
denuded arteries where DNA synthesis was high. 

Surgical in jury  

Surgical injury also can induce proliferation in the zone 
of repair at the incision site. McDowell et al. (1990) used 
BrdUrd labelling of cells of the wound site, following 
wounding of the epithelium and submucosa of the 
hamster trachea. They were able to distinguish the 
boundary of the wound and found that cells distant 
from the wound site remained unlabelled. Miyata et al. 
(1989, 1990) showed that wound injury to cultured bo- 
vine corneal epithelium induced proliferation after 24 h 
which became maximal between 48 to 60 h and then 
decreased rapidly. Van Dierendonck et al. (1991) surgi- 
cally removed primary tumours in a rat mammary 
tumour model, to determine the proliferative response 
in local tumour remnants, secondary implants and me- 
tastases. They found that in both slow growing and fast 
growing tumours, the removal of the primary tumour 
caused a significant rise in labelling index, and that 
surgical trauma served to modulate the kinetics at 
distant sites. Svensson & Aldskogius (1993) induced 
peripheral nerve injury in rats by hypoglossal nerve 
transection and were able to block microglial cell pro- 
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liferation with 1-~-D-arabinofuranosylcytosine (ara-C) 
infusion into the cerebrospinal fluid. Kennerknecht et al. 
(1991) found that stress due to surgical biopsy reduced 
BrdUrd labelling in chorionic villi, but that a brief cul- 
ture period allowed recovery of labelling in these cells. 

Chemical injury 

Chemical injury has also been shown to induce prolif- 
eration in target tissues. McDowell et al. (1989) found 
that streptozoticin, which destroys islet cells of the pan- 
creas producing mild to severe diabetes, induced pro- 
liferation of the beta cells which subsequently reduced 
hyperglycaemia. Hexachlorobutadiene (HCB) induced 
nephrotoxicity in goldfish, Carassius auratus, is followed 
by clustering of basophilic cells that incorporated 
BrdUrd, which elongated and fused with collecting 
ducts, and subsequently developed into immature 
nephrons (Reimschuessel et al., 1990). Pan et al. (1990) 
induced duodenal ulcers in rats with cysteamine and 
then administered BrdUrd one hour prior to laparo- 
tomy, to follow cell kinetics during and after healing. 
They found that neither the ulcer scar nor regenerating 
mucosa proliferated as rapidly as normal mucosa. Man- 
son et al. (1992) found that ethoxyquin-induced liver 
toxicity in the rat was both age- and sex-dependent. 
Savage et al. (1992) showed that administration of emet- 
ine dihydrochloride caused severe depletion of the 
number of plasma cells after day 3 in the Harderian 
gland of 5-12 week old chicks with a complete repopu- 
lation by days 5-7. Rahman and Tsuyama (1993) stud- 
ied the reversible epidermal hyperplasia induced by 
cholera toxin, and found that the basal layer became 2 
to 3 times thicker than normal epidermis and that label- 
ling reached a peak during the first 24 h and returned 
to normal after 7 days. 

Liver regeneration 

Regeneration is the process by which part of a tissue is 
replaced by controlled growth following loss by injury 
or disease. Liver regeneration occurs when parts of the 
liver are removed surgically, after severe hepatic dis- 
ease such as cirrhosis, or after chemical poisoning. 

During postnatal development, the hepatocyte popu- 
lation is mostly mononuclear diploid and shifts to- 
wards tetraploidy and binucleation when the animal 
reaches maturity. Octaploidy and even higher ploidies 
are found frequently in the hepatocytes of older rats and 
mice. It is only during regeneration or hepatocarcino- 
genesis that the hepatocytes revert to lower ploidy 
classes, with mostly mononuclear hepatocytes being 
found (Saeter et al., 1988). Several recent reports describ- 
ing BrdUrd labelling have been used to study the com- 
plex problem of ploidy during regeneration. Frederiks 
et al. (1990) studied the relationship between ploidy 
class and DNA synthesis following partial hepatectomy 

in the rat, and found that not only mononuclear diploid 
cells, but also binuclear diploid, mononuclear tetra- 
ploid and binuclear tetraploid hepatocytes were in S- 
phase. Labelled nuclei were found mainly in the 
periportal zones at 24 h after partial hepatectomy. Vitale 
et al. (1991) observed that hepatocytes were present in 
early S-phase as early as 18 h after partial hepatectomy, 
and that the labelling was mainly localized in interchro- 
matin domains of hepatocytes. Thirty-four h after par- 
tial hepatectomy, cells were in late S-phase, with 
specific labelling of the heterochromatic regions. Ger- 
lyng et al. (1992) compared image and flow cytometry 
analysis of incorporated BrdUrd to calculate labelling 
indices for hepatocytes following partial hepatectomy. 
The image analysis technique using fluorescence or 
Feulgen staining appeared to be inferior to flow cy- 
tometry for DNA and ploidy analysis, but superior for 
obtaining information about binucleation and cell iden- 
tification. The non-immunological method (Latt, 1973), 
based on BrdUrd quenching of the fluorescence of 
DNA-bound Hoechst dye, could only be applied to 
assay isolated nuclei and did not give information about 
nucleation. 

Chemical agents such as ethanol, carbon tetrachloride 
and chloroform lead to liver injury and subsequent 
proliferation. Tanaka, Y. et al. (1990) used anti-desmin 
to identify lipocytes, and anti-BrdUrd to quantify 
BrdUrd incorporation, and found that the labelling 
index of lipocytes increased from 3.7% in controls to 
25.7% at 48 h after chemical induction of proliferation. 
Tanaka, Y. et al. (1991a) demonstrated that lipocytes 
may differentiate to myofibroblast-like cells, since des- 
min and smooth muscle actin labelling was found in 
cells around collagen bundles near to the scar tissue 
formed after chemical treatment. In another study, 
Tanaka, Y. et al. (1991b) found that ethanol ingestion by 
rats suppressed the proliferative response of lipocytes 
following partial hepatectomy, but  that the ethanol 
effect was independent of changes of vitamin A levels 
in the liver. 

Johnson et al. (1992) showed expansion of desmin- 
positive perisinusoidal cells predominantly within the 
damaged pericentral zones, which reached a peak at 3-4 
days after CC14 administration. The perisinusoidal re- 
sponse was preceded by an increased proliferation of 
Kupffer cells and an influx of blood monocytes. In 
another study by this group, Hines et al. (1993) investi- 
gated the response of macrophages and perisinusoidal 
cells during biliary cirrhosis after ligation and division 
of the common bile duct. Proliferation of Kupffer cells, 
macrophages and monocytes was shown by BrdUrd 
and ED1 and ED2 labels. Nakamura and Hotchi (1992) 
showed that acute CC14 toxicity induced proliferation 
first in hepatocytes and then in non-parenchymal cells 
after pericentral necrosis. DNA strand-breaks were also 
observed in non-parenchymal cells. Burr et al. (1993) 
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used BrdUrd labelling to follow the temporal and spa- 
tial distribution pattern of proliferation, and polyclonal 
antibodies to TGF-(x, and observed that this cytokine 
may play a role in regeneration following CC14 toxicity. 
Larson et al. (1993) found that chloroform intoxication 
produced increased necrosis in liver and kidney. Manc- 
ini et al. (1992) studied proliferation of lipocytes induced 
by dimethylnitrosamine cirrhosis in rats. They showed 
that lipocyte proliferation was high (22.6% at day 7 and 
reduced to 8.5% by day 21 after chemical treatment). 

Regulatory effects have also been demonstrated in 
animals following partial hepatectomy. Katoh et al. 
(1989) found that, after activation of the reticulo- 
endothelial system with K-432, phagocytic activity, the 
level of cyclic AMP, and DNA synthesis were increased 
significantly following partial hepatectomy. Cha- 
muleau et al. (1991) studied the role of conjugated biliru- 
bin in liver regeneration in Gunn rats, in transport- 
mutant (TR-) rats, and in rats with extrahepatic biliary 
obstruction. Conjugated bilirubin levels were positively 
correlated with proliferation in the Gunn rats, but did 
not play a role in the other two models. Wagenaar et al. 
(1993) observed loss of the normal lobular distribution 
pattern of glutamine synthase and carbamoylphos- 
phate synthase after repeated hepatectomies in the 
same rat. Van Noorden (1995) showed that rats on a fish 
oil diet had increased beta-oxidation, increased lipid 
peroxidation and reduced cell proliferation in peripor- 
tal zones following hepatectomy. The results suggest a 
regulatory effect of lipid peroxidation products on cell 
proliferation. 

Loizidou et al. (1991) studied the effect of trauma and 
regeneration on the growth of intraportally injected 
cancer cells. Tumours grew at the incision scar when 
partial hepatectomy was performed 2 days before tu- 
mour injection, and within the regenerating lobes if 
hepatectomy was done 4-7 days before cancer cell in- 
jection. There were two peaks of BrdUrd labelling, one 
confined to regenerating hepatocytes, and a second 
peak coinciding with the beginning of tumour growth 
in the regenerating lobe. Tanaka, N. et al. (1993a, b) 
showed that interleukin-2 or lymphokine-activated kil- 
ler cells can destroy not only cancer cells but also 
syngeneic hepatocytes during regeneration. Yuasa et al. 
(1990) induced liver necrosis by administration of heat- 
killed Propionibacterium acnes to mice, which caused an 
infiltration of neutrophils and macrophages in the liver. 
An increase in proliferating neutrophils and macro- 
phages was observed followed by a subsequent prolif- 
eration of these types of cells in the spleen. 

Vroeman et al. (1988) examined the effect of liver 
regeneration on the cytokinetic behaviour of hepato- 
cytes transplanted into the spleens of rats. They found 
that there was a short transient rise in the labelling index 
of the ectopically transplanted hepatocytes to about 
10%, which returned rapidly to a control level of 3%. 

Growth factors and cell proliferation 

Growth factors are generally endogenous, have general 
proliferative actions (e.g., endocrine secretions such as 
growth hormone and insulin), or can be growth factors 
with a specific target cell type such as mast cell growth 
factor. Autocrine secretions by some cell types provide 
self stimulation of growth. An example is interleukin-2 
secretion by T cells, which helps to enhance prolifera- 
tion of these cells after either antigenic or mitogenic 
stimulation. Non-endogenous factors include retinoic 
acid, 12-O-tetradecanoylphorbol-13-acetate (TPA), and 
plant lectins. See Table 1 for a summary of studies of 
growth factors and target tissues in which BrdUrd in- 
corporation has been used to analyse the proliferative 
action of these factors. 

A C T H  and steroids 

Arola et al. (1993) demonstrated that ACTH caused 
strong inhibition of proliferation of foetal rat adreno- 
cortical cells in the first 24 h, but provided a potent 
stimulation of proliferation during the following 48 h. 
Hanazono et al. (1990a, b) studied the effect of hormonal 
stimulation on proliferation of uterine cells in adult and 
prepubertal mice. A marked rise in the labelling index 
was found in luminal epithelium at metoestrus as well 
as on the pro-oestrous morning, indicating extensive 
cell proliferation in the absence of oestrogen stimula- 
tion. The change in labelling in adult mice was more 
evident in luminal epithelium than in glandular epithe- 
lium under the same conditions. In immature mice a 
large increase in labelling was observed in muscle 
layers and perimetrium. 

Epidermal growth factors (EGF) and transforming growth 
factor (TGF) 

Di Lorenzo and Steinberg (1990) studied the response 
of normal laryngeal cells and viral-induced papillomas 
cells to TGF-[3. They observed that both cell types exhib- 
ited growth inhibition at 10 ng m1-1 in low calcium 
medium, with less effect in high calcium medium. Liver 
fat storing cells are stimulated by TGF-c~ and EGF 
(Bachem et al., 1989). In contrast, hepatocytes that were 
treated with diethylnitrosamine and which became 
gluthathione S-transferase (GST)-positive were resis- 
tant to TGFq3, but hepatocytes which were GST- 
negative were inhibited by TGF-[3. 

Interferons 

Lagra et al. (1989) reported that 50 IU interferon R-2b 
caused an increase in cell proliferation of PHA-stimu- 
lated T lymphocytes  in comparison with control 
individuals and patients with chronic brucellosis. In- 
creasing the dose to 100 IU caused s t imula t ion  of 
T lymphocytes from anergic patients and controls. 
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Tab le  1. BrdUrd assay of prol i fera t ion induced  by g rowth  factors 

Grozvth  fac tor s  Targe t  t i s sue  Re f e rences  

Acetylcholine 
ACHT 
Activin A 
Alanine 
Autocrine growth factors 
b-FGF 

b-FGF/TGF-{3 
Bile acids 
c-myc 

Calcitonin related peptide 
Calcium 
Calmodulin 
Cardiac growth factor 
Cell-to-cell contact by preadipocytes 
Cyclin A 
Dietary fibres 
Dihydroxycholecalciferol 
EGF 
EGF, PDGF 
EGF, PHA 
Electrical stimulation 
Fasting and refeeding 
Fats, fibre 

Fatty acids short chain 
General growth factors 

General growth factors, serum components 
Glial cell growth factor 
Glioma derived growth factor 
Glucocorticoids 
Glucose 
GM-CSF 
GM-CSF, G-CSF 

Growth hormone 

Hepatocyte derived growth factor 
Hydrocortisone 
IL-1, IL-2, IL-4, IL-7 
Insulin 

Insulin-like growth factor 
Interferon c~ 

Interferon "f 

Interleukin-2 
Interleukin-4 
L-glutamate, D-aspartate 
Lactation 
Laryngeal growth factor 

Mouse eggs 
Foetal rat adrenocortex 
Vascular smooth muscle 
Hamster thymus 
Lung cancer 
H / N  squamous cell carcinoma 
Pituitary adenomas, prolactin secretion 
Chick embryonic bone cells 
Gastric epithelium 
Myelo-monocytic cells 

Guinea pig tracheal epithelium 
Sigmoid colon 
Rat kidney 
Chick embryo cardiac myoblasts 
Human epidermal keratinocytes 
HeLa cells 
Rat colon 
Avian chondrocytes 
Head/neck cancer 
Human diploid fibroblasts 
Kidney epithelium (LLC-PK1) 
Osteoblasts, undifferentiated mesencbymal cells 
Rat colon epithelium 
Rat colon 
Rat colon 
Regenerating liver 
Human skin mast cells 
Rabbit limba] and corneal epithelium 
Schwann ceils 
Human glial cells 
Human astrocytes 
Chromaffin cells 
Human endothelial cells 
Human CD34+ bone marrow cells 
Bone marrow ceils 
Pancreas [3-cell 
Islet cells 
Rat testis 
Osteoblasts 
Human osteoblast-like cells 
Lewis dwarf rat odontogenic epithelium 
mesenchyme 
Lipocytes 
Chick chorioallantoic membrane 
T cells 
Human alveoli 
Human diploid fibroblast 
Mouse ectoplacental cone cells 
Lung endothetium 

Human endometrium 
Astrocytes 
Rat skeletal muscle 
Regenerating liver 
EBV cell line 
Human T cells 
NIHG-3T3 
Rat bone marrow cells 
Laryngeal cells 

Moore et al. (1993) 
Arola et al. (1993) 
Kojima et al. (1993) 
Hagglund & Sandberg (1993) 
Yamaguchi et al. (1989) 
Schultz-Hector & Haghayegh (1993) 
Atkin et al. (1993) 
Lundy et al. (1991) 
Murata et aL (1991) 
Yen et al. (1992) 
Karn et al. (1989) 
White et al. (1993) 
Kleibeuker et al. (1993) 
Lopez-Girona et aL (1992) 
Nagano et al. (1993) 
Miyashita et al. (1992) 
Sobczak-Thepot et al. (1993) 
Edwards et al. (1992) 
Farquharson et al. (1993) 
Ozawa et al. (1988) 
Chen & Rabinovitch (1989) 
Soler et aL (1993) 
Matsunaga et aL (1993) 
Butler et al. (1988) 
Lee et al. (1993) 
Chapkin et al. (1993) 
Hamada (1993) 
Rein & Karasek (1992) 
Kruse & Tseng (1993a,b) 
Stewart et al. (I991) 
Yong et aI. (1988) 
Couldwell et al. (1992) 
Yang et al. (1990) 
Lorenzi et al. (1987) 
Lardon et al. (1993) 
Danova et aL (1993) 

Nielsen et al. (1989) 
Scharfmann et al. (1990) 
Closset et aI. (1991) 
Lundy et al. (1991) 
Kassem et al. (1993) 
Young et aI. (1992, 1993) 

Gressner et al. (1992) 
Desbiens et al. (1992) 
Duschl et al. (1992) 
Mason et al. (1990) 
Chen & Rabinovitch (1989) 
Kanai-Azuma et al. (1993) 
Lagra et al. (1989); 
Hammar et aL (1992) 
Tabibzadeh et al. (1988) 
Yong et al. (1992) 
Kelic et al. (1993) 
Sato et al. (1993) 
Lantz et al. (1991) 
Lernbecher et aL (1991) 
Bussolati et al. (1993) 
Betancourt et al. (1992) 
Vambutas et al. (1993) 
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Table 1 c o n t i n u e d  

Growth factors 

Lithium 
Melatonin 
Myogenin, MyoD 
Nerve cell growth factor 
Nutritional factors 

Oestrogen/progesterone 

Oestrogen/testosterone 

P70s6k 
Paracrine 

PDGF, TGF-[3, b-FDG, LIF 
Phenobarbital 
Pituitary factor 
Platalet derived growth factor 
Polyvinyl alcohol sponges 
Prolactin (glycosylated, non-glycosylated) 

Prostaglandin E2, iloprost, TGF-[3 
Protein bound polysaccharide (PSK) 
Reserpine 
Retinoblastoma gene product 
Retinoic acid, Ch55 
Retinoic acid/vitamin A 

Seric factors 
Somatostatin 
(octreotide) 
Stem cell factor 
Thymic growth peptide 
Thyroid hormone 

Thyroliberin 
Tissue necrosis factor 

TPA (phorbol esters) 

Transcription factor E2F1 
Transforming growth factor 

Target tissue 

Human perathyroid cells 
Liver cells 
Myoblasts 
Anaplastic glioma 
Squamous carcinoma 
Colorectal cancer 
Mouse uterine 
Breast cancer 
Human osteoblast 
Rat mammary cancer 
Rat ventral prostrate 
Rat embryo fibroblasts 
Rat embryo atria, ventricles 
Muscle precursor cells 

Rat liver 
Uterine adenomyosis 
Human diploid fibroblast 
Transplanted rat hepatocytes 
Islet cells 
Rat arterial endothelium 

Mouse T cells 
Chromaffin cells 
RB cells 
Embryonic mouse molar 
Pituitary cancer 
Regenerating hepatocytes 
Murine epidermis 
Murine erythroleukaemia ceils 

ECL cells 
Rat colonic mucosa 
Human fetal liver 
Guinea pig thymus 
Mouse submandibular gland 
Rat testis Sertoli cells 
Thymus 
Acute myeloblastic leukaemia 
Daudi lymphoma 
Chick embryo chorioallantoic membrane 
Human astrocytes 
B cell leukaemia 
Oligodendrite 
Peripheral blood lymphocytes 
Quiescent cells 
Human laryngeal epithelial cells 
Human neoplasms 
Hepatocytes 
Rat intestinal epithelium 
Glomerular mesangial cells, glomerular epithelium 

Avian embryo 
Transgenic mouse epidermis 
Hepatocytes 

References 

Saxe & Gibson (1993) 
Karasek et al. (1992) 
Wolf et al. (1992) 
Marushige et al. (1992) 
Frank et al. (1992) 
Levin et al. (1992) 
Hanazono et al. (1990a, b) 
Scheres et al. (1990) 
Scheven et al. (1992) 
Ormerod et al. (1993) 
Murakoshi et al. (1992) 
Lane et al. (1993) 
Love & Tucker (1993) 
Robertson et al. (1993) 

Jones et aL (1993) 
Sakamoto et al. (1992) 
Chen & Rabinovitch (1989) 
Uyama et al. (1993) 
Sinha & Sorenson (1993) 
Schiffers et aL (1992) 

Hirai et al. (1993) 
Tischler et al. (1991, 1992) 
Goodrich et aL (1991) 
Mark et aI. (1992) 
Roy et al. (1990) 
Tanaka et al. (1991a) 
Lutzow-Holm et al. (1992) 
Mencherini et al. (1992) 
Modlin et al. (1992) 
Pawlikowski et al. (1993) 
Irani et al. (1992) 
Sandberg & Ernstrom (1991) 
Fujieda et al. (1993) 
Van Haaster et al. (1993) 
Pawlikowski et al. (1992) 
Kleine et al. (1992) 
Santavenere et al. (1991) 
Olivo et al. (1992) 
Moretto et aI. (1993) 
Stephenson et al. (1991) 
Avossa & Pfeiffer (1993) 
Vinogradov et al. (1991) 
Johnson et al. (1993) 
Di Lorenzo & Steinberg (1990) 

Miller et al. (1992) 
Burr et al. (1993) 
Ciacei et aL (1993) 
Nitta et aL (I993) 

Sanders et al. (1993a,b) 
Sellheyer et al. (1993) 
Stenius (1993) 

ACTH, adrenocorticotropic hormone; EGF, epidermal growth factor; FGF, fibroblast growth factor; G-CSF, granulocyte colony-stimulating 
factor; GM-CSF, granulocyte/macrophage colony-stimulating factor; IL, interleukin; LIF, leukaemia inhibitory factor; PDGF, platelet derived 
growth factor; PHA, phytohaemagglutinin; PSK, protein-bound polysaccharide; TGF, transforming growth factor; TPA, 12-O-tetradecanoyl- 
phorbol-13-acetate. 
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Tabibzadeh et aI. (1988) used recombinant interferon- 7 
(IFN-7) to induce HLA-DR (human lymphocyte anti- 
gen) molecules of the major histocompatibility complex 
to inhibit proliferation of human endometrial cells and 
a human endometrial carcinoma cell line (EnCal01AE) 
in a dose-dependent manner. Labelling with BrdUrd, 
Ki67, and MPM-2 (a marker for mitotic cells) was 
markedly lower in the cell line than in control cultures. 
Hammar et al. (1992) showed induction of tubuloreticu- 
lar structures in cultured human endothelial cells by 
application of recombinant IFN ~z and [3. 

Endocrine and autocrine factors 

Endocrine or autocrine factors may either stimulate or 
inhibit cell proliferation. Mashiba et al. (1981) found that 
peripheral blood monocytes from patients with head 
and neck, gastro-intestinal, uterine, or cervical cancer, 
Or suffering from several inflammatory diseases, 
showed elevated cytostatic activity, whereas super- 
natants from cultured monocytes did not differ from 
those of controls. Stevenson et al. (1985) incubated vari- 
ous cancer cell lines in the presence of a tumouricidal 
macrophages after BrdUrd labelling. They observed 
that in the presence of the macrophages, the BrdUrd- 
labelled cohort did not progress through the cell cycle 
but remained in S-phase during the 12 h culture period. 
G1 cells did not progress into S-phase. Ackermann et al. 
(1989) showed that YAC-1 lymphoma cells were killed 
by polymorphonuclear leukocytes (PMNs) within the 
first 24 h of coculture, or were able to escape killing and 
eventually reach growth rates faster than control cells. 
The liver sinusoids also contain Kupffer cells which are 
cytotoxic against several cancer cell lines. Lukomska et 
al. (1991) investigated the origin of these cytotoxic cells. 
They transplanted a female liver into a syngeneic male 
Lewis rat. About 9% of the liver sinusoidal mono- 
nuclear cells from both control and transplanted liver 
showed mitotic activity, with no proliferating cells in 
the peripheral blood. The proliferating sinusoidal cells 
were of the male (XY) karyotype indicating that they 
were recruited from the blood. 

Often the growth of a cell type is dependent on activity 
or secretion of a second cell type., i.e. endocrine or 
exocrine stimulation. In vitro culturing of the target cells 
in media preconditioned by previous growth of other 
cell types is one method of determining the origin of 
specific cell growth factors. Gard and Pfeiffer (1990) 
tested culture media, preconditioned by either type-1 
astrocytes, meningeal cells, or cerebellar interneurons, 
on the growth of cells from intermediate stages of 
oligodendrite development. They found that in normal 
medium, no proliferation was observed, but prolifera- 
tion of A2B5+O4- cells was stimulated by the above 
mentioned precursor cells, whereas intermediate 

O4+GalC- cells were only stimulated by neuronal 
products. 

Lymphokines and haematopoietic growth factors 

A number of factors affect the growth of specific bone 
marrow elements and drive proliferation of specific cell 
types after severe blood loss, radiation, or chemother- 
apy. These include factors such as granulocyte/macro- 
phage colony-stimulating factor (GM-CSF) that drives 
the myeloid differentiation and growth, and the inter- 
leukins that enhance growth and differentiation of the 
lymphoid derivatives. Erickson-Miller et al. (1990) ob- 
served that M-CSF (GM-CSF) stimulated proliferation 
and maturation of human blood monocytes, whereas 
platelet-derived growth factor (PDGF), interleukin 1 
(ILl,z), lipopolysaccharide (LPS) and interferon T (IFN- 
u did not show these effects. Lardon et al. (1993) fol- 
lowed the kinetics of purified bone marrow progenitor 
CD34+ cells after stimulation with G-CSF or GM-CSF. 
They found that these populations were strongly stimu- 
lated by either or both of these factors. 

Specific cell cycle action of growth factors 

Chen and Rabinovitch (1989) used the Ho33258/ 
BrdUrd flow cytometric assay and studied effects of 
platelet-derived growth factor (PDGF) , epidermal 
growth factor (EGF), somatomedin C (SMC), transferrin 
(Trf) and dexamethasone on human diploid fibroblasts 
in culture. They showed that PDGF and EGF regulated 
the proportion of cells entering the cell cycle from the 
quiescent state, and SMC regulated the exit of cells from 
G1, whereas Trf and dexamethasone had only small 
effects on the cell cycle. Seyschab et al. (1989), also using 
the Ho33258/BrdUrd technique, showed that recombi- 
nant interferon, bacterial lipopolysaccharide and anti- 
IgM mu chain antibodies stimulated a majority of 
human resting B cells to enter the cell cycle with one 
subset of B cells with a short Tc (<10 h). Goodrich et al. 
(1991) showed that the retinoblastoma gene product, a 
nuclear phospholipid, blocked cells at the G1/S border 
but did not block BrdUrd incorporation in cells already 
in S-phase. 

Growth stimulation by a combination of factors 

Mason et al. (1990) reported that EGF, endothelial cell 
growth supplement, and acid and basic fibroblast 
growth factors (a-FGF and b-FGF), but not cholera 
toxin, were able to induce proliferation in human alveo- 
lar type II cells, which are important in recovery of 
alveolar epithelium following acute lung injury. Kanai- 
Azuma et al. (1993) showed that insulin-like growth 
factor I and pl0 day placental extracts stimulated 
growth and migration of ectoplacental cone (EPC) cells 
in vitro. TGF-ot appeared to have no effect on the EPC 
cells but b-FGF and EGF stimulated migratory activi-  
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ties. IGF-II reduced transformation of EPC cells into 
trophoblast giant cells. Olivo et al. (1992) tested a 
number of angiogenic-like factors on the chick embryo 
chorioallantoic membrane and found that tissue ne- 
crosis factor-R (TNF-c~), human angiogenic factor, and 
b-FGF produced angiogenic reactions in the membrane 
that were due to chemotaxis rather than cellular prolif- 
eration at the site. Two studies by Kruse and Tseng 
(1993a, b) concerned the growth modulation and differ- 
entiation of cultured rabbit corneal and limbal epithe- 
lium. In the first report, they showed that several factors 
(insulin, EGF, FGFa and b, and cholera toxin) were 
mitogenic, especially in AE-5 negative cells, and that 
TGF-~I was strongly inhibitory in AE-5 positive cells. 
In the second study, they suggested that the cell cycle 
length of corneal and limbal epithelial cells was corre- 
lated with the mitogenic pathway via calcium- and 
phospholipid-dependent protein kinase C. The kinase 
was inhibited by prolonged treatment of phorbol ester 
tumour promoters. 

Proliferation in diseased tissue 

Proliferation is increased in a number of diseases such 
as inflammation, autoimmune diseases and lympho- 
proliferative disorders. Studies in which BrdUrd was 
used to measure the proliferation are summarized in 
Table 2, which lists the disease type, tissue affected and 
physical or biochemical parameters analysed. 

Differentiation and development 

Differentiation is the acquisition of completely individ- 
ual characteristics, as occurs during the development of 
various functional tissues from the embryonic state. 
Immunohistochemical detection of incorporated 
BrdUrd can be used to determine proliferative charac- 
teristics of differentiating tissues, and to obtain birth 
dates for actual differentiation events. BrdUrd labelling 
can be used in tracing the course of development in the 
embryo or foetus, and to follow the migration of pre- 
labelled cells to discrete zones within the developing 
tissue. Generally a second antigen (surface or cytoplas- 
mic) or visual examination are the techniques employed 
in the identification of differentiated tissues. 

Early development: invertebrates 

Prokop and Technau (1991) traced the development of 
triply labelled single precursor cells of the thoracic 
ventral nerve cord from the early gastrula stage to late 
larval stages in Drosophila melanogaster. Their results 
indicated that postembryonic cells always appeared 
together with embryonic cells in one clone, and that the 
embryonic neuroblast itself, rather than one of its pro- 

genitors, resumed proliferation as a postembryonic 
neuroblast. Ito and Hotta (1992) studied the spatial and 
temporal proliferation of postembyronic neuroblast in 
the central brain region of the supraoesophageal gan- 
glion of Drosophila melanogaster. They observed 5 prolif- 
erating neuroblasts per hemisphere in larvae just after 
hatching with 4 of these in the postero-dorso region of 
the brain continuing to proliferate during the mid 
larval-early pupal stages until an estimated 800-1200 
progenitor cells existed per hemisphere. 

Selleck and Steller (1991) concluded that the arrival of 
photoreceptor axons in the larval brain of D. melanogas- 
ter initiates cell division, directly or indirectly, to pro- 
duce lamina neurons. They demonstrated that, without 
axon ingrowth, lamina precursors did not enter their 
finalS-phase but appeared to arrest in the previous G1 
phase. Selleck et al. (1992) showed that progress through 
the cell cycle was regulated at the G2/M transition in 
the newly cellularized Drosophila, whereas regulation 
later in postembryonic neuronal precursors was at the 
G1/S transition. Neurogenesis in the ventral CNS of 
Drosophila was studied by Truman and Bate (t988) us- 
ing Toluidine Blue staining and BrdUrd labelling. The 
thoracic neuromere consisting of 47 stem cells prolifer- 
ated for 12 h with a cell cycle time of less than two h and 
produced 100 progenitor cells, whereas the abdominal 
neuroblasts with a Tc of less than 2 h, proliferated for 
50-90 h of larval life. Neurons found during the larval 
stage accounted for more than 90% of the cells found in 
the adult ventral CNS. Ito and Hotta (1992) examined 
the spatio-temporal proliferation of the oesophageal 
ganglion of Drosophila melanogaster and found that the 
initial five proliferating neuroblasts per hemisphere in 
new larvae proliferated to an estimated 800-1200 per 
hemisphere in the post embryonic stage. Green et al. 
(1993) investigated the development of the Drosophila 
larval photoreceptor (or Bolwig's) organ and the optic 
lobe, and the role of Notch in the development of both. 
They found that Notch limits the number of cells incor- 
porated into Bolwig's organ and that it is required for 
the maintenance of the epithelial characterer of the 
optic lobe cells during and after its invagination. 

Phillips and Whittle (1993) used the wingless geno- 
types of Drosophila to dissect the role of this gene in late 
stages of wing disc development. Wingless activity is 
also required at the presumptive wing margin and is a 
necessary precondition for the change in proliferation 
patterns in this region. 

Skaer (1992) examined the patterns of cell activity 
resulting in the generation of epithelium of Malpighian 
tubules of Rhodnius prolixus during embryogenesis. A 
unique cell in each tubule was shown not to enter the 
cell cycle, but was required for proliferation of all the 
other cells of that tubule, and it was found that these 
cells imposed on each tubule a clear proximo-distal axis. 
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Table  2. Proliferation in diseased tissue 
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Reference Disease model Tissue Parameters 

Akiya et al. (1992) 

Arimura (1991) 

Biasco et al. (1992) 

Chono (1993) 

Farmer & Phillips (1993) 

Hadrava et al. (1992) 

Hogen et al. (1993) 

Hong et al. (1993) 

tto (1993) 

Rat diabetes 

Gastric ulcer 

Gastrointestinal hyperproliferative disorders 

Myelochisis 

Familial adenomatous polyposis 

Rat hypertension 

Chronic proliferative dermatitis in mice 

Chlonorchis sinensis infected rats 

Gall bladder disorders 

Katelaris et al. (1992) 

Katsuda et al. (1993) 

Kosaka et al. (1990) 

Kuni et al. (1988) 

Marucci et al. (1993) 

Matsumoto et al. (1988, 1993) 

Mazure & Grierson (1992) 

GVH disease in mice 

Human atherosclerosis 

Familial polyposis coli 

Liver cirrhosis, chronic hepatitis 

Rat biliary obstruction 

Rat autoimmune, encephalomyelitis 

Proliferative vitreoretinopathy 

Miura et al. (1992) 

Morimoto et al. (1991) 

Nagai et al. (1991) 

Nishizaki et al. (1990) 

Xeroderma pigmentosum 

Skin diseases 

Lung disease 

Tuberous sclerosis 

Ohara et al. (1992) Anterior capsule opacification 

Ohshio 1992 Oligodactyly 

Orton et al. (1992) Hypoxia in calves 

Perros & Kendall-Taylor (1992) Thyroid-associated ophthalmopathy 

Poot et al. (1992) Werner syndrome 

Ren et al. (1991) Immune complex nephritis 

Risio et al. (1991) 

Sakamoto et al. (1992) 

Scarpini et al. (1992) 

Nonfamilial neoplastia of large intestine 

Murine uterine adenomyosis 

Human diabetes 

Schimizu et'al. (1988) 

Tachibana et al. (1993) 

Tarao et al. (1989) 

Tarao et al. (1991) 

Tazzari et al. (1989) 

Weissman et al. (1992) 

Wheeler et al. (1993) 

Wilson et al. (1990) 

Witzig et al. (1988) 

Wolf & Michalopoulos (1992) 

Yokoi et al. (1988) 

Liver cirrhosis, chronic active hepatitis 

Spontaneously hypertensive rats 

Liver cirrhosis / HCC 

Primary biliary cirrhosis 
Bovine leukaemia virus infection 

Limbic keratoconjunctivitis 

Glomerulonephritis in mouse 

Colonic polyps 

Monoclonal gammopathies 

Hepatitis 

Diabetic corneal epithelialopathy 

Lingual papillae 

Regenerative epithelium 

Stomach, colon 

Rat neural plate 

Rectal mucosa 

Arterial smooth muscle 

Dermal epithelium 

Biliary mucosa 

Gall bladder, pancreatico- 
choledochoductal junction 

Dermal cells, fibroblasts 

Smooth muscle cells 

Colonic epithelium 

Hepatocytes 

Biliary epithelium, hepatocytes 

Astrocytes, T cells 

Bovine scleral fibroblasts, retinal 
pigment epithelium, retinal glia 

Fibroblasts 

Keratinocytes 

Fibroblasts, macrophages 

Subependymal giant cell 
astocytoma 

Human lens epithelium 

Hand plate development 

Pulmonary arterial cells 

Porcine extraocular myoblast 

Lymphoblastoid cell line 

Glomerular macrophages 

Rectal mucosa cells 

Endometrial epithelium 

Schwann cells 

Hepatocytes 

Cardiac myocytes 

Hepatocytes 

Hepatocytes 

Lymphocytes 

Human conjunctival epithelium 

Capsular, tubular, and tuft cells 

Colonic mucosa 

Peripheral B cells 

Hepatocytes 

Basal cells 

LI, labelling pattern 

LI 

LI, cell kinetics 

LI, labelling pattern 

LI 

LI, Tc, rate of entry into S phase 

LI, Mac-l, CD3 

LI 

LI 

LI, labelling pattern 

LI, PCNA 

LI 

LI, labelling patterns 
LI, labelling patterns, cytokeratins 

LI 

LI, matrix formation 

PCNA, DNA repair 

LI 

LI, labelling pattern, DNA repair 

LI 

LI, outgrowth length 

Mesenchyme labelling 

IgG effect, LI 

S-phase transit 

LI, labelling patterns, 
ED1 antibody 

LI, morphology 

LI 

LI, laminin, fibronectin, NGF 
receptor, HLA antigens 

LI, serum chemistry 

LI 

LI 

HCC development 

LI 

Labelling pattern, LI 

LI 

LI, labelling pattern, Tpot 

LI 

LI, regeneration 

LI, cell movement 

HCC, hepatocellular  carcinoma; LI, labell ing index. 
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Baptista et al. (1990) demonstrated that ablation of 
male genitalia of the leech, Hirudo medicinalis, early in 
embryogenesis, or disruption of the nerves that connect 
them to ganglia, prevented birth of these neurons. They 
concluded that generation of the late-appearing neu- 
rons depended on a highly localized signal produced 
by male genitalia, to which only the ganglia that nor- 
mally innervate these organs have the capacity to re- 
spond. 

Plickert and Kroiher (1988) were able to follow cellular 
differentiation pathways with BrdUrd labelling, using 
macerates of several Hydra species. They were also able 
to trace cellular lineages and migration pathways by 
this technique. Teragawa and Bode (1990) labelled 
interstitial cells of H. vulgaris to follow their migration 
in unlabelled host polyps. Migration of these cells was 
dependent on their position in the body column and not 
on their origin. Dubel and Schaller (1990) showed that 
differentiation to either head- or foot-specific ectoder- 
mal epithelial cells can start and be completed within 
the same G2 phase in Hydra. Neuron differentiation in 
Hydra has been assumed to follow a pathway where a 
multipotent stem cell among the large interstitial cells 
becomes committed to neuron differentiation and di- 
vides. The two daughter cells, which are post-mitotic 
small interstitial cells, differentiate further into neurons 
(Bode et al., 1990). These investigators examined the 
neuron pathway in the lower peduncle region of H. 
oligactis and found that the neurons involved were de- 
rived from proliferating small interstitial cells, and that 
the pathway involved proliferating intermediates. 
Koizumi et al. (1992) showed that the nerve ring in this 
species is a distinct neuronal complex running circum- 
ferentially at the border between the hypostome and 
tentacle zone, and that it was a stable and static struc- 
ture compared to the dynamic nerve net of Hydra. 

Ettensohn and Ruffins (1993) labelled small mi- 
cromeres in the embryo of the sea urchin to show that 
descendants of those cells did not participate in skele- 
togenesis in primary mesoderm-depleted larvae. They 
proposed that skeletogenic secondary mesenchyme 
cells were derived exclusively from the veg2 blas- 
tomeres and that a primary mesenchyme cell-derived 
signal regulates a switch in the development of the 
pigment cell phenotype rather than a skeletogenic one. 

Early development: amphibia 

Gaze et al. (1993) studied the position of the earliest optic 
synapses in Xenopus and determined the stage at which 
they start to develop. They found that the earliest ma- 
ture optic synapses were found in the mid-diencephalic 
region, where the major diencephalic optic neuropils 
were beginning to develop. Oinuma et al. (1992) com- 
pared cellular differentiation in the fundic glands of 
adult and larval Xenopus laevis. They found, using accu- 

mulative labelling with BrdUrd, that the proliferative 
cell zone in the adult was between the surface mucous 
cells and mucous neck cells, whereas in the immature 
gland of the larvae, labelling was distributed randomly 
throughout the developing mucosa. 

Stofer and Horn (1993) studied the relation between 
dates of birth of sympathetic neurons and their sub- 
sequent differentiation into cutaneous B cells and vaso- 
motor C cells in the paravertebral ganglia 9 and 10 of 
the bullfrog tadpole. They established that neurogene- 
sis and gliogenesis occurred during the tadpole stages, 
and that the last wave of neurogenesis in sympathetic 
ganglia did not give rise to a specific subclass of sym- 
pathetic neurons. 

Early development: chick embryo 

Sanders et al. (1993a) used computer-aided reconstruc- 
tion maps of BrdUrd and PCNA labelling to follow the 
labelling pattern in the primitive streak and the various 
cell layers in gastrulating chick embryo. Generation 
times ranged from 2 h in the caudal region of both 
epiblast and mesoderm to almost 10 h in rostral regions 
of the gastrulating embryos. Sanders et al. (1993b) 
showed that TGF-~I induced cell proliferation among 
the mesodermal populations during early develop- 
ment. 

Seifert et al. (1992) suggested, on the basis of cytoki- 
netic studies that not only angiogenesis but also vascu- 
logenesis take place from mesenchymal precursors of 
differentiated endothelial cells during limb vasculariza- 
tion in situ in avian embryos, and appeared to be in- 
volved in limb bud vessel formation as well. White et al. 
(1992) provided kinetic data on the progression of chick 
wing bud mesoderm cells in the cell cycle by continuous 
BrdUrd labelling of stage 20 embryos. The authors cal- 
culated equations for estimating the fraction of unla- 
belled cells in G2/M which could be used to estimate 
durations of G2/M (TGaM) , of G1 (Tel), and of S-phase 
(Ts). Desbiens et al. (1992) monitored S phase cells at day 
6.5 in chick embryos and showed the importance of the 
spatial pattern of ectodermal and mesodermal cell pro- 
liferation during normal feather morphogenesis, and 
corroborated the role of epidermis both in the estab- 
lishment of feather rudiments and in the cephalocaudal 
orientation of the feathers. 

Early in development, the chick embryo hindbrain 
manifests an axial series of bulges, termed rhombo- 
meres. The possible cellular development of this region 
of the brain may be related to early patterns of cell 
division (Guthrie et al., 1991). They used BrdUrd label- 
ling of proliferating cells, and Basic Fuchsin, to visualize 
mitotic cells, to show that S-phase nuclei within the 
rhombomeres were located towards the pial surface of 
the neuroepithelium, whereas at the rhombomere 
boundary, S-phase cells were located close to the ven- 
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tricular surface. Layer and Alber (1990) used a combi- 
nation of histochemical localization of cholinesterase, 
peanut lectin histochemistry, BrdUrd labelling and im- 
munolocalization of neurite-specific G4 protein anti- 
bodies to follow development of the rhombomeres of 
chick hindbrain. They proposed that an early rostro- 
caudal wave establishes major brain vesicles, and a 
superimposed pairwise segmentation emanates ros- 
trally and caudally from the otic vesicle, and that segre- 
gation of the cerebellar rhombomere is a late step in 
development. 

CNS development 

CNS development, neurogenesis and cellular migration 
in mammals has been conve.niently monitored by ad- 
ministration of BrdUrd to pregnant animals at various 
times during gestation. In this way it has been possible 
to determine birthdates of cellular events and paths of 
migration and differentiation during CNS develop- 
ment. Brown and Stanfield (1989) were able to label 
foetal brain tissue prior to transplantation because of 
the stability of BrdUrd incorporation, and could follow 
migration and location of the transplanted cells. Miller 
and Nowakowski (1988) administered BrdUrd to preg- 
nant mice and rats and showed that after 1 h BrdUrd- 
positive cells were distributed throughout the CNS. 
One to 3 days after BrdUrd administration, intensely 
positive cells were found in the superficial cortical plate 
and less intensely labelled cells were scattered through- 
out the deep cortical plate, the intermediate zone, and 
the germinal zone. In a recent study by this group, 
A1-Ghoul and Miller (1993) examined the spatiotempo- 
ral sequence of migration of neurons to the principal 
sensory nucleus of the trigeminal nerve (PSN) of the rat 
by injecting BrdUrd on the 12th and 14th days of gesta- 
tion (E12 and E14). Early and late neurons were distrib- 
uted medially and laterally, respectively following 
radial glial fibres in migration. Wood et al. (1992) la- 
belled the earliest generated cells of murine cerebral 
cortex when the cells were dividing, and then followed 
distribution patterns of the cells during development of 
the foetus. They found many of the labelled cells above 
the cortical plate, in the marginal zone, or below it 
before birth. The labelled cells had disappeared by post- 
natal day 21. During cortical development, neurons 
generated at the same time in the ventricular zone mi- 
grate out into the cortical plate and form a cortical layer 
(Berry & Eayrs, 1963). G6tz and Bolz (1992) studied the 
migration of rat cortical neurons in slice cultures of 
embryos and postnatal rats. They found that cortical 
cells reached their final laminar position only in postna- 
tal animals, whereas cells in embryos became scattered 
throughout the cortex. Development of the mammalian 
forebrain involves massive proliferation of ventricular 
zone cells lining lateral ventricles. Part of this region 

continues to proliferate in adult life as the subependy- 
mal layer (Morshead & van der Kooy, 1992). In a study 
to ascertain the fate of these proliferating cells, they 
examined proliferation and fate of mitotic cells of the 
subependyma of adult mice. They found that the 
growth fraction was 33% with a T s of 12.7 h. Following 
injection of replication-deficient recombinant retro- 
virus, they found that one of the progeny of each cell 
division dies. Takahashi et al. (1992, 1993) analysed the 
cytokinetic behaviour and cell number in proliferative 
populations involved in neocortical histogenesis in the 
mouse embryo on E14. They observed BrdUrd labelling 
in two periventricular proliferative zones in the cerebral 
wall. In a similar study, Del Rio and Soriano (1989) 
injected pregnant mice with BrdUrd to label postmitotic 
neuroblasts. The distribution patterns of labelled nuclei 
after injection at different embryonic stages followed 
spatiotemporal gradients of cortical and hippocampal 
neurogenesis previously described in [3H]dThd-label- 
ling studies. McDermott and Lantos (1990) combined 
thymidine autoradiography and BrdUrd immunohisto- 
chemistry to study proliferative activity of the subepen- 
dymal layer in the marmoset. They found BrdUrd- 
incorporating cells at all postnatal ages. The labelled 
cells were most abundant around the anterior lateral 
ventricle except in neonates, where the proliferating 
cells were located dorsally and ventrally at the junctions 
of the corpus callosum and caudate nucleus. 

Placzek et al. (1993) used antibodies to monitor expres- 
sion of floor-plate differentiation in neural plate ex- 
plants of early embryonic stages of rats, and found that 
contact-mediated signals from both the notochord and 
the floor plate affected directly the differentiation of 
neural plate cells. The response of neural plate cells to 
inductive signals declined with embryonic age. 

In a study of the development of the rat meninx (one 
of the membrane coverings of the brain and spinal 
cord), Kamiryo et al. (1990) observed proliferation in the 
compact cell layer around the neural tube, the meninx 
primitiva, in 12- and 13-day foetuses. They found 
BrdUrd-positive cells from day 12 of gestation to day 15 
post partum with the largest percentage of positive 
cells, 50%, in foetuses 12-13 days old, but decreasing 
gradually towards the neonatal period. They also found 
that pronounced cell proliferation in the meninx started 
after migration of neural crest cells. 

Bourrat and Sotelo (1991) used periodic administra- 
tion of BrdUrd to rats to correlate the birthdate of neu- 
rons with their ultimate location within the inferior 
olivary nucleus (ION). They found that ION neurons 
that were born at the same time became arranged as 
clusters in the adult, indicating that the cytoarchitecture 
of the neuronal nucleus was the consequence of the 
temporal sequence of the generation of its neurons. 

Kitao et al. (1993) determined the sequence of origin 
of the different vestibulospinal projection neurons in 
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rats, by labelling the foetuses between days E12 and 
E15. When the rats reached adulthood, they were in- 
jected with fluoro-gold as a retrograde tracer into the 
cervical cord to identify the spinal projection neurons. 
They suggested that genesis of the vestibulospinal neu- 
rons was in the order of LVe, IVe, and finally MVe. In a 
study to determine whether neuroepithelial cells in the 
mammmalian CNS express neurotransmitter-synthe- 
sizing enzymes, Ma et al. (1992) measured glutamate 
decarboxylase (GAD) immunoreactivity and BrdUrd 
uptake in cells dissociated from Ell-E18 spinal cords of 
the rat. The ventral-to-dorsal gradient of GAD expres- 
sion in precursor cells and postmitotic neuroblasts 
correlated anatomically and temporally with the se- 
quential generation of motoneurons, commissural neu- 
rons, and interneurons in the dorsal horn. They 
suggested that spinal neuron precursors synthesize 
GAD-related proteins prior to or during the terminal 
cell cycle. Noll and Miller (1993) applied antibodies to 
distinguish astrocytes, oligodendrocytes and their pre- 
cursors following injection of BrdUrd at day E16.5. They 
found that the majority of proliferating cells differenti- 
ated into astrocytes in cultures of dorsal spinal cord 
whereas cells in ventrally-derived cultures from the 
same animals differentiated into oligodendrites. 

Sejvar et al. (1993) suggested that expression of SA-1 
antigen is correlated with the ability of rat sympatho- 
adrenal cells to proliferate in the superior cervical gan- 
glions early in embryogenesis, to proliferate in 
chromaffin cells both during embryogenesis and in the 
adult, and to proliferate in small intensely fluorescent 
cells during the transient period of division in the 
superior cervical ganglion. 

Krushel & Van der Kooy (1993) studied in vitro the role 
of cell adhesion in the organization of neurons within 
the rat telencephalon. Their results suggested that early 
(E13) but not late (E18) postmitotic striatal and cortical 
neurons are selectively associated in their respective 
zones. 

Eye 

Rod precursor cells in the outer nuclear layer of the 
mature retina continuously generate photoreceptors. 
Knight and Raymond (1990) using double antibody 
labelling for BrdUrd and opsin, followed the time 
course of the commitment of rod precursor cells to 
differentiated rod receptor cells. They found that the 
first double-labelled, thus committed, cells appeared 4 
days after BrdUrd injection. The number of double- 
labelled cells peaked at 10 days and then decreased. The 
results suggest that the rod precursor cells were prob- 
ably a multipotent stem cell not committed to rod cells. 
In a more recent study, Braisted and Raymond (1992) 
investigated regeneration of dopaminergic receptors in 
goldfish retina following administration of 6-hydroxy- 

dopamine. After 3 weeks of the 6-hydroxydopamine 
administration, regenerated dopaminergic receptors as 
well as cones and ganglion cells were found. These 
results demonstrate that specific ablation of dopamin- 
ergic neurons resulted in the generation of a variety of 
cell types. Larison and Bremiller (1990) developed a 
monoclonal antibody, FRet 43, that binds specifically to 
the double cone photoreceptor in the embryonic zebra 
fish. They observed positivity with this antibody at 48 
h postfertilization and found that the onset of this an- 
tigenicity occurs within 3 h after the cell division that 
generates the double cone photoreceptors. Their results 
indicate that the double cone phenotype is expressed at 
the cellular birthday and that the cone mosaic pattern 
occurs within 6 h of this expression. Thus, accurate 
information about the terminal mitosis of a precursor 
cell is useful in determining the relationship between 
proliferation and differentation. Repka and Adler 
(1992a, b) used a 'window labelling' technique to deter- 
mine the timing of terminal mitosis in chick retinal 
precursor cells. They were able to determine the birth- 
dates of differentiated cells within minutes to hours. 
Willbold and Layer (1992) demonstrated '  that the 
inner neuroblastic layer of the retinal primitive 
neuroepithelium of the embryonic chick is composed 
exclusively of acetylcholine esterase positive cells rep- 
resenting a primary differentiation zone of the retina. 

Watanabe and Raff (1990) described a system of reag- 
gregated embryonic rat cells in culture, in which retinal 
neuroepithelial cells give rise to rod photoreceptors at 
a similar schedule in vitro and in vivo. Ye et al. (1993) 
double-labelled allotransplanted retinal pigment epi- 
thelial cells to follow their migration in Bruch's mem- 
brane in albino rabbits. The cells possessed distinct 
basal and apical morphology and were in close contact 
with outer segments of the photoreceptor of the host 
without rejection. Fedtsova (1991) showed that lens 
developed from explants of both retinal and pigment 
epithelium of chick embryos. 

Suzuki and Takeda (1991, 1993) found, using BrdUrd 
labelling, that the basal region in developing olfactory 
epithelium of mice was differentiated into either basal 
proper cells or globose basal cells between embryonic 
day 18 and postnatal day 1, and that during this period 
olfactory cells originate from globose basal cells and not 
from basal cells proper. 

Pituitary 

Immunochemical detection of BrdUrd in proliferating 
anterior pituitary was applied in vivo by Carbajo-Perez 
et al. (1989) and in vitro by McNicol and Duffy (1987). 
Carbajo-Perez and Watanabe (1990) used the same tech- 
niques to study cellular proliferation in the anterior 
pituitary of the rat during the postnatal period. They 
observed maximum proliferation in 2-day-old animals, 
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with a sharp decline in BrdUrd labelling afterwards. 
Approximately 30% of all BrdUrd labelled cells were 
also positive for various pituitary hormones. Carbajo et 
aI. (1992a, b) followed BrdUrd incorporation in the in- 
termediate and marginal layers of the pituitary gland of 
developing rats from birth until day 14 postnatally, and 
found most of the proliferating cells in the marginal 
layer, suggesting that the marginal layer has a role as 
germination zone of the intermediate layer during post- 
natal growth. 

Haematopoietic system 

The haematopoietic system offers a unique opportunity 
to study not only differentiation of a specialized tissue 
but also migration, compartmentalization, and activa- 
tion of cells of that system under a variety of autocrine, 
antigenic and mitogenic influences. The cells of the bone 
marrow, lymph nodes, thymus and spleen can be la- 
belled with BrdUrd and then followed from one com- 
partment to another over the course of time after either 
a pulse or continuous label. Continuous infusion or 
feeding of BrdUrd in drinking water to animals offers a 
tool for determining population turnover and migra- 
tion. Gray (1988) examined the recirculating B cell pool 
after a 5-day treatment of rats with BrdUrd via drinking 
water. He found that 3-4% of the peripheral pool is 
replaced by new B cells each day (approximately 10% 
of the putative output of the bone marrow of the rat) 
while 0.3-0.6% became part of activated clones each 
day. Forster et at. (1989) combined BrdUrd measure- 
ment with that of specific B cell subset surface markers, 
to determine the distribution and proliferation of B cells 
in adult mice. They found two B cell populations in bone 
marrow, which proliferated and remained in the bone 
marrow for long periods of time. Only 20% of splenic B 
cells could be found to proliferate over a period of 8 
days, whereas no peritoneal B cell proliferated during 
that period. In a second study, Forster and Rajewsky 
(1990) compared the turnover of splenic B cells in young 
and adult mice. They found that two-thirds of splenic B 
cells in the young adult have lifetimes from several 
weeks to several months, but that in 4 week old mice, 
the same population had a much shorter life time. Crip- 
pen and Jones (1989) used continuous perfusion of 
BrdCyt into mice to label bone marrow, thymus, and 
spleen cells. They found that after 6 days of infusion, 
95% of bone marrow and thymus cells were labelled, 
but only 50% of the spleen population (Fig. 1). Wester- 
mann et al. (1989a, b) studied the organ distribution of 
various lympocyte subsets in lymphoid organs of the 
adult rat. Rocha et al. (1990) looked at the the precursor 
compartments and kinetic behaviour of both B and T 
cells in the adult mouse. They found that at least 10% of 
mature B and T lymphocytes  were generated every 
24 h. Furthermore, they found that while 90% of S-phase 

cells in thymus and bone marrow were labelled after a 
single BrdUrd pulse, continuous labelling with BrdUrd 
was necessary to label peripheral B and T lymphocytes. 
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Fig. 1. Accumulation of BrdUrd labelled cells in bone marrow, 
thymus and spleen as monitored by flowe cytometry follow- 
ing in vivo exposure to BrdCyt. Each datum is presented as a 
percentage of the total number of events in all phases of the 
cell cycle and is the result of analysis of cells from one mouse. 
Mice were infused with BrdCyt (50 mg h -1) for the number of 
days indicated. The percentage of BrdUrd-labelled cells in- 
creased as a function of exposure time. The kinetics of the 
accumulation of labelled cells is represented by two regres- 
sion lines for bone marrow and thymus. The first regression 
line (B) represents those cells which become labelled within 
2 days in bone marrow and within 3 days in thymus. The 
second regression line (e) represents those cells labelled 
within 6 days. All regression lines had significant slopes 
(p<0.05). From Crippen & Jones (1989). Permission granted by 
Blackwell Scientific Publications. 
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Similar results were obtained by Schittek et al. (1991), 
who labelled 87% of S-phase cells in mouse bone 
marrow and 85% in spleen after only 1.5 h of BrdUrd 
administration. 

Medina et al. (1993) demonstrated a reduction of B 
lymphocyte precursors and IL-7 responsive cells by day 
6.5 in normal pregnant mice. They found production 
and transport of B lymphocytes from the bone marrow. 
Deenen and Kroese (1993) used continuous labelling of 
Thy-l+ B cells which represented newly formed bone 
marrow derived B cells. They found that most of the 
Thy-l+ B cells were labelled by BrdUrd within a period 
of 8-16 days, indicating that all of these cells are rela- 
tively short lived. Chan and MacLennan (1993) found 
that a cohort of newly produced virgin B cells, originat- 
ing in the bone marrow, arrived in the spleen in non- 
immunized rats and survived less than a week in the 
red pulp and T zones of the spleen, but that these 
represented only a small proportion of the splenic B 
cells in the adult. 

The thymus represents both origin and the site of 
selection for T-cells. Thymus differentiation and T-cell 
maturation have been described by Penit and co-work- 
ers in numerous reports in which they used BrdUrd 
incorporation to follow the proliferation of various cell 
populations of the thymus. Penit (1986, 1988) and Penit 
& Vasseur (1988) followed murine thymus regeneration 
for 3 days during treatment with hydroxyurea or demi- 
colcine to deplete the thymus of all cycling cells. New 
cells rapidly entered the cell cycle that were negative for 
both L3T4+ and BrdUrd then became positive for L3T 
4+ and finally positive for BrdUrd. Cycling cells in the 
regenerating thymus were located first at the cortico- 
medullary junction and then in the subcapsular region, 
suggesting a reverse migration process to that observed 
after cessation of proliferation. In a subsequent study, 
Penit and Ezine (1989) used 6 Gy whole body irradiation 
to deplete murine thymus of cycling cells. These inves- 
tigators found that the thymus regenerated in 2 waves 
at 3-10 days and again at 25-32 days. The depletion 
affected all subsets, but the CD4+8+ population de- 
creased later than immature cells. When irradiation was 
followed immediately by intrathymic injection of 105 
C57B1/Ka (Thyl.2) bone marrow cells, the relapse in 
thymus reconstitution was not observed. In a more 
recent paper, Baron & Penit (1990) studied normal mur- 
ine thymocytes using bivariate BrdUrd/DNA analysis 
24 h after a single injection of BrdUrd. They found that 
T c, Ts, and TG1 and TG2 M w e r e  10 h, 6.5 h and 1.5 h 
respectively. Seventy percent of all labelled cells re- 
turned to and remained in a resting state. Cell loss was 
not observed for cycling cells, indicating that cell death 
is not directly linked with the proliferative stage in 
thymus differentiation. Ezine et al. (1993) and Penit et al. 
(1995) described a novel CD45RA+CD4+ transient thy- 
mic subpopulation in various thymic and peripheral T 

cell subsets of MRL-lpr/lpr mice, and they suggested 
that this subpopulation may generate the CD4-CD8- 
tumour cells. Lucas et al. (1993) examined in vivo kinetics 
of T cell differentiation and T cell receptors with 
BrdUrd and two surface markers in normal murine 
thymus. Figure 2 demonstrates the method for simulta- 
neous BrdUrd/surface antigen labelling. They found 
that progression of CD4+8+ cells to CD4+8- and 
CD4-8+ was restricted to cells containing high levels of 
T-cell receptor (TCR). 

Huesmann et at. (1991) demonstrated in T cell receptor 
(TCR) transgenic mice that CD4+8+ thymocytes gener- 
ally have a lifespan of 3.5 days, but that binding of TCR 
to thymic major histocompability complex (MHC) res- 
cued the CD4+8+ cells from programmed death. Only 
20% of those cells reach maturity. Chan et al. (1993) 
challenged the instruction model of thymocyte commit- 
ment of the CD4 helper versus CD8 cytotoxic lineage 
using MHC class I, and class II, double-deficient mice 
to provide data that suggest a double TCR-MHC 
molecule: the first provokes random downregulation of 
either CD4 or CD8 and a degree of differentiation; the 
second requires participation of an appropriate co-re- 
ceptor, permitting end-stage differentiation. Zhou et al. 
(1993) studied the abnormal development of T cells in 
the thymus using TCR transgenic MRL-lpr/lpr mice. 
They found that in the TCR transgenic mouse, lympho- 
proliferation was inhibited by reduced production 
of CD4+CD8+TCR null thymocytes  that normally 
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Fig. 2. Three-colour labelling of thymocytes. Cycling thymo- 
cytes were labelled with BrdUrd, labelled on their surface 
with PE-conjugated anti-CD4, and biotinylated anti-CD8 
revealed using Cy-chrome-conjugated streptavidin. BrdUrd 
was then detected with the DNAse 1 technique. From Penit 
and Vasseur (1993). Permission granted by John Wiley & Sons, 
Inc. 
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undergo Fas-antigen mediated apoptosis. In non- 
transgenic mice this subpopulation was able to escape 
to the periphery where it could proliferate. Boehme & 
Lenardo (1993) showed that CD4+ and CD8+ T lympho- 
cytes could be made susceptible to T cell receptor- 
mediated apoptosis if treated with IL-2 or IL-4 when the 
cells were in S phase but not when blocked in G1. They 
suggested that these T-cell growth lymphokines may 
participate in the down-regulation of T cell responses 
by an apoptosis pathway. 

Mackay et al. (1990) addressed the way in which naive 
and memory T cells recirculate through the body, and 
the intrinsic rate of division within the naive and mem- 
ory populations. They found an enrichment of 2 popu- 
lations in different circulatory compartments, an~t that 
memory T cells divided whereas the naive cells did not. 
A similar study was performed by Schittek and Ra- 
jewsky (1990), to explain long lived memory B cells. 
They were able to determine whether adhering antigen 
maintained a proliferative memory B cell or whether the 
life span of the memory B cell was very long. With in 
vivo BrdUrd labelling, they showed that after an initial 
period of extensive proliferation, the memory B cell 
persisted for long periods without further division. In a 
subsequent study, Schittek et al. (1991) used BrdUrd 
labelling in vivo to demonstrate that lymphocytes at an 
early stage of maturation also labelled as efficiently as 
lymphocytes at a later stage of maturation. 

T and B cell proliferation occurs following either allo- 
genic stimulation, antigenic stimulation, endogenous 
cytokine stimulation, or exogenous mitogen stimula- 
tion (phytohaemagglutinin, concanavalin A). McClure 
& Hein (1989) assessed activation/differentiation of T 
cells in sheep following in vivo challenge by a number 
of alloantigens or in vitro with alloantigens or various 
mitogens. They found that BrdUrd-labelled CD4+ or 
CD8+ cells in the blood and lymph rose to a peak at 5-8 
days, whereas the percentage of 197+ cells continued to 
increase even at day 14 following allogenic challenge. 
Purified 197+ cells were activated in vitro by phyto- 
haemagglutinin and concanavalin A but not by B-cell 
mitogens. Matsuno et al. (1989) used triple labelling to 
resolve the role of the antigen-laden marginal metallo- 
phils (MM) and other macrophages in the intrasplenic 
response of specific B-cells to a thymus independent 
type-2 antigen, and found that the antigen specific 
plasma cell accumulated near the antigen-laden MM 
cells and ED2-positive macrophages, and were stimu- 
lated to proliferate in the periarterial lymphoid sheath. 
Fuller et al. (1993) studied antibody reponse to T cell- 
dependent antigens, which requires the physical inter- 
action between antigen-specific T and B cells. They 
demonstrated that germinal centres must recruit and 
retain antigen-specific T cells for the interaction be- 
tween antigen-specific T and B cells. 

Resting peripheral human lymphocytes show consid- 
erable heterogeneity in response to IL-2 stimulation. 
Kubbies et al. (1990) applied the BrdUrd/Hoechst flow 
cytometric method to study the heterogeneous re- 
sponse to reducing agents. They found that ct-thioglycol 
enhanced recruitment of G o lymphocytes with partial 
increase in production of IL-2, which alone did not 
increase lymphocyte stimulation. In another BrdUrd/ 
Hoechst study, Lehrnbecher et al. (1991) showed that 
both IL-2 and IL-4 could drive PHA-stimulated human 
peripheral lymphocytes through at least one cell cycle, 
and that the IL-4-stimulated cells appeared to be a 
subset of the IL-2 stimulated population. Maggio-Price 
et al. (1993), showed that CD4+ and CD8+ T cells in the 
mutant anaemic mice (sphha/sphha) have increased 
levels of IL-2 receptor, and consequently increased pro- 
liferation, which could not be explained by differences 
in activation state, transmembrane signalling, accessory 
cells, or cytokines. Spontaneous stimulation of human 
T cells in vi tro after reduction of the proportion of mono- 
cytes has been suggested by Treves et al. (1980). The 
proliferating cells were Fc receptor-negative and some 
were E-rosette-forming. 

A number of plant lectins stimulate either B or T cells 
or both to proliferate within 24 h of treatment. Adriaan- 
sen et al. (1990) tested the proliferative effects of 
phytohaemagglutinin, concanavalin (Con A) poke- 
weed mitogen (PWM) and staphylococcal protein A on 
the CD4+ and CD8+ subsets of T cells in vitro. Both 
phytohaemagglutinin (PHA) and Con A gave rise to 
more CD8+ than CD4+ proliferating cells. PHA, but not 
Con A, induced B cell proliferation. SpA is also a B cell 
mitogen and stimulated primarily the CD4+ subset of 
T cells: Larramendy and Knuutila (1990) combined 
morphology, subset monoclonal antibody labelling and 
chromosome staining procedures to show that (1) the 
relative proportions of mitotic B and T cells are similar 
irrespective of the mitogen used, (2) T and B lympho- 
cytes proliferate faster in cultures stimulated by PWM 
than by PHA and (3) that T cells enter mitosis sooner 
than B cells when PHA or PWM were used as mitogens. 
Schindler et al. (1988) used the BrdUrd/Hoechst flow 
cytometric method and found no correlation between 
age and PHA stimulatory response in humans. Con- 
versely, PHA response was shown to be reduced in the 
elderly without a difference in the CD4+ or CD8+ 
response (De Greef et al., 1992). 

In the delayed hypersensitivity reaction induced in 
the skin of young pigs, Fritz et al. (1990) showed that 
lymphocytes, and mostly CD8+ but not CD4+ T cells, 
appeared to be clustered around venules, and that the 
labelling index of these cells was much higher than in 
surrounding normal skin. 

Several methods have been introduced to replace the 
tritiated thymidine autoradiographic method for evalu- 
ation of lymphocyte activation. Huong et al. (1991) em- 
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ployed an ELISA type assay to quantitfy proliferation 
of human peripheral lymphocytes following antigen 
stimulation. Duschl et al. (1992) compared 3H-thymid- 
ine incorporation with a colorimetric method based on 
reduction of tetrazolium dyes, and immunochemical 
detection of incorporated BrdUrd. They found that the 
three methods gave similar results when lymphocytes 
from different individuals were stimulated with IL-2, 
IL-4, and IL-7 but with greater variability in the IL-4 
response. Wemme et aI. (1992) evaluated autoradio- 
graphy, ELISA, and BrdUrd incorporation as methods 
for assaying human lymphocyte activation. 

Murate et al. (1993) demonstrated a close relationship 
between replication and selection of differentiation line- 
ages of human erythroleukaemia cell lines K562, HEL, 
and cytokine TF1. TPA induced commitment towards 
megakaryocytic differentiation, whereas the inhibitor 
of DNA synthesis, aphidicolin, induced cells towards 
the erythroid lineage. 

Myogenesis 

During differentiat ion of skeletal muscle, mono- 
nucleate myoblasts proliferate, stop replicating, fuse 
spontaneously and express a number of genes which 
determine the muscle phenotype. Kaufman and Robert- 
Nicoud (1985), using BrdUrd labelling, found that 
cessation of replication was a prerequisite for final 
myoblast differentiation as had also been found in pre- 
vious studies with [3H]dThd labelling. Kaufman and 
Foster (1988) studied the final replication cycles in 
myoblasts during the last stage of mammalian skeletal 
myogenesis. They found that the markers desmin and 
an integral membrane protein, H36, were present in the 
replicating myoblast prior to BrdUrd incorporation, 
and that these phenotypes represented a distinct stage 
in mammalian myogenesis. Harris et al. (1989) used 
BrdUrd to determine myonuclear birthdates, in order to 
distinguish primary and secondary myotubes in em- 
bryonic mammalian skeletal muscles. They concluded 
that primary myotubes were formed by a nearly syn- 
chronous fusion of myoblasts with a similar birthdate, 
but that the secondary myotubes were formed in a 
progressive manner. Labrecque et a]. (1991) labelled rat 
myoblasts with various concentrations of BrdUrd for 
varying durations and found that normal myoblast  
fus ion occur red  even wi th  m y o b l a s t s  that  had 
incorporated BrdUrd. 

Spermatogenesis 

Spermatogonia differentiate via 8-10 stages, leading to 
mature haploid spermatocytes. Studies have been per- 
formed with [3H]dThd to determine cell cycle duration 
of the various stages, and whether cell cycle delays 
occur due to radiation (Clermont, 1972). Clausen et aI. 
(1992) isolated testicular tissue from the blue fox (Alopex 

lagopus) following pulse labelling with BrdUrd for 35 
days. Using flow cytometric methods, they were able to 
determine kinetic parameters of various cohorts of cells 
as they progressed from the stem cell stage to the hap- 
loid spermatocyte stage. They determined that the sper- 
matogenic cycle went through the 8 phases in 12 days. 
BrdUrd appeared to be non-toxic, and incorporated 
label was not degraded during the course of the study. 
Miething (1993) labelled hamsters and found that M- 
prespermatogonial cells proliferated during post-con- 
ception days 10.5-15.5, Tl-spermatogonial cells were 
quiescent from days 16.5-23.5, and T2-spermatogonial 
cells proliferated during days 24.5-27.5. Moreover, the 
prespermatogonial M-phase of germ cells started at 
least 24 h before testicular differentiation. 

Fertilization 

Brandriff and Gordon (1989) analysed the first cell cycle 
after fertilization of hamster eggs by human sperm. 
They found that S-phase began synchronously at 3- 
3.5 h after co-incubation of sperm and eggs and 2-cell 
stages appeared after 16 h. DNA was still synthesized 
in the pronuclei. In a timed study with BrdUrd pulses 
lasting from 0.5 to 5 rain, the earliest incorporation sites 
were detectable at 2 min and were distributed through- 
out the pronuclei. These sites became brighter but not 
more numerous or differently distributed in the pronu- 
clei during subsequent 5 or 30 minute pulses of BrdUrd 
(Fig 3). Nomura et aL (1991, 1993), examined DNA 
labelling patterns in the first S-phase of starfish oocytes 
after fertilization, during or after maturation, using con- 
focal microscopy. They found that label was distributed 
uniformly at first, and condensed during maturation. 
Furthermore, a mosaic of fibrillar DNA patterns from 
the putative female region was confined to the periph- 
ery of the nucleus, and condensed sites of DNA replica- 
tion were found in the male region. 

Moore et al. (1993) tested the hypothesis that sperm- 
induced oocyte activation has several features in com- 
mon with signal transduction pathways mediated by 
ligand-receptor-effector systems. It was found that 
treatment of mouse oocytes expressing the human ml 
muscarinic receptor, a G protein-coupled receptor, re- 
sulted in the events that lead to oocyte activation in the 
absence of sperm. 

Munaut et al. (1990) studied the fate of chloroplast 
DNA in zygote formation in Chlamydomonas reinhardtii, 
and found that mitochondrial- (mt-) nucleoids were 
lost within a few h of copulation, but that the rot+ DNA 
was retained in the large majority of zygotes. Mutations 
of the mat-3 types prevented selective destruction of 
paternal chloroplast DNA. 
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Fig. 3. Zygote pronucleus showing BrdUrd incorporating sites after a 5 min pulse. BrdUrd was detected using a monoclonal 
antibody, followed by a fluorescein-conjugated secondary antibody. From Brandriff & Gordon (1990). Permission granted by 
Cold Spring Harbor Laboratory Press. 

Oncogenes in development 

Oncogenes and their products play various roles in cell 
activation, cell cycle regulation, and differentiation (see 
review by Studzinski, 1989). One such example of the 
involvement of an oncogene in differentiation is c-myc. 
There are indications that terminal differentiation is 
often accompanied by a sharp reduction in the levels of 
the c-myc protein (Reitsma et al., 1983; Campisi et al., 
1984). Farquharson et al. (1992a, b) found that c-myc 
levels increased 74% and 146% in the rat and chick, 
respectively, when proliferating chondrocytes became 
differentiated. Almazan & McKay (1992) suggested that 
conditior/al oncogenes can establish neural precursor 
cell lines which are capable of differentiation in vitro. 
They established permanent cell lines from the optic 
nerve of the rat by incorporation of a temperature sen- 
sitive immortalizing oncogene (Simian Virus 40 large 
T-antigen). At the permissive temperature (33~ a 
clonal line expressed some of the properties of oli- 
godendrocyte precursors and at the nonpermissive 
temperature (39~ the cells appeared to differentiate 
further, expressing specific oligodendrocyte compo- 
nents. 

Hashiro et al. (1991) used antisense oligomers of c-myc 
mRNA to study the inhibitory effect of c-myc produc- 
tion on human keratinocytes. They observed a 50% 
decrease in c-myc protein productiorkand almost 80% 
inhibition of growth, but the oligomers did not induce 
differentiation in these cells, suggesting that growth 
and differentiation were not necessarily coupled in 

these cells. Hirning et al. (1991) used in situ hybridiza- 
tion to detect c-myc and N-myc expression in different 
developing tissues during mouse organogenesis, and 
found c-myc expression only during formation of carti- 
lage, brown adipose tissue, submandibular gland, thy- 
mus, and liver, and expression of N-myc in brain, retina 
and eye lens. In gut epithelium, expression of the two 
oncogenes became diverse during villus formation. 

Chromosome replication patterns and DNA 
replication sites 

BrdUrd incorporation has been used since 1973 for the 
assay of sister chromatid differentiation (Latt, 1973). 
Incorporated BrdUrd causes quenching of DNA fluo- 
rescent dyes as well as colour differentiation with 
Giemsa staining. The technique has been used exten- 
sively since the mid 1970s to assay sister chromatid 
exhange (SCE) and related chromosomal abberrations 
induced by various environmental agents. A survey of 
chromosomal aberrations and SCEs is beyond the realm 
of this review. A recent comprehensive survey of the 
applications of SCEs is the review by Tucker et al. (1993). 
A few references relevant to chromosomal banding in 
relationship to cell kinetics or DNA replication sites will 
be covered in the following section. 

Replication sites and replication patterns in polytene 
chromosomes of Drosophila larvae during replication 
have been studied by biologists interested in the sites of 
initiation of DNA synthesis, as well as in the change of 
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patterns of DNA synthesis during S-phase (Cave, 1968; 
Darrow & Clever, 1970; H~igele, 1970; Arcos-Terfin, 
1972; Kroeger et al., 1973; Achary et al. 1981). Generally 
the patterns revealed a continuous synthesis during 
early S-phase with a discontinuous synthesis during 
late S-phase. However,  all of these studies were per- 
formed with [3H]dThd and lacked the sensitivity of 
fluorescent immunochemical or gold-immunohisto- 
chemical techniques. Lau and Arrighi (1981) reported 
that the elements necessary for differential chromatid 
staining were present throughout the cell cycle and that 
the prematurely condensed chromosome technique al- 
lowed banding patterns for G1/S, early, middle and late 
S-phase replication to be established. Camargo and 
Cervenka (1982) suggested that DNA synthesis in chro- 
mosomes was segmented but co-ordinated on the basis 
of high resolution chromosome analysis. They showed 
also that R-bands coincided with initiation sites even in 
late-replicating late X and Y chromosomes. Vogel et al. 

(1985, 1986, 1989, 1990) and Vogel and Speit (1986) used 
first the BrdUrd-Ho33258 labelling technique and 
then the immunohistochemical method for localizing 
BrdUrd in metaphase chromosomes in the mouse and 
in various murine cell lines. They used immunogold 
labelling for analysis at the electron microscopic level. 
Latos-Bielenska et al. (1987) found the two staining 
techniques comparable but the immunohistochemical 
technique stained a few GTG bands and constitutive 
chromatin less intensely. Latos-Bielenska and Vogel 
(1990, 1992) observed that heterochromatin was mostly 
synthesized in early S-phase, with most of the synthesis 
before the initiation of G-banding. Furthermore, they 
found that the immunohistochemical method was as 
sensitive as the [3H]dThd incorporation, and more sen- 
sitive than the traditional Giemsa differential staining 
of chromosome bands. Iannuzzi et al. (1989) used 
electron microscopy to find late-replicating segments 
(G + C bands) in mammalian chromosomes. 

In a number of vertebrates, DNA synthesis during 
S-phase has been shown to be discontinuous (for a 
review see Holmquist, 1987). DNA synthesis appeared 
to cease for a period of time up to one hour in mid 
S-phase. Conversely, flow cytometric bivariate 
BrdUrd/DNA studies of Dolbeare et al. (1983), Dean et 

al. (1984), and Sasaki et al. (1986) and the chromosome 
banding studies of Cawood & Savage (1985) showed 
clearly that DNA synthesis during S-phase is continu- 
ous without interruption. Aghamohammadi & Savage 
(1990) used 10 rain BrdUrd pulses and reversed Giemsa 
staining procedure (TT chromatin pale, TB chromatin 
dark) to establish that a clear-cut demarcation does not 
exist between early R-banding regions and late banding 
G-banding regions, and that a mid-S-phase pause does 
not exist. However, Van Dierendonck et al. (1989) pro- 
posed subdivisions of the S-phase based on distinct 
changes in S-phase labelling patterns with BrdUrd. A1- 

lison et al. (1985) observed several patterns of DNA 
synthesis in polytene chromosomes with the fluores- 
cent BrdUrd technique. In early S-phase, DNA synthe- 
sis was first detected in puffs and interbands, and later 
in bands. Most bands appeared to initiate DNA synthe- 
sis synchronously except in the centromeric and hetero- 
chromatic regions. 

Nakamura et al. (1986) demonstrated ring-like struc- 
tures of replicating replicons in interphase nuclei of 
mammalian cells with immunofluorescence detection 
of BrdUrd. They reported that the number of replication 
sites (126+13.8) remained nearly constant during S- 
phase, and that the duration of replication for one site 
was approximately 1 h. Nakayasu & Berezney (1989) 
compared biotinylated dUTP incorporation patterns 
with immunocytochemically detected BrdUrd incorpo- 
ration in 3T3 mouse fibroblasts and kangaroo kidney 
cells. They found three similar patterns of replication 
sites in relationship to chromatin domains within the 
nucleus. Fox et al. (1991) followed the temporal course 
of DNA synthesis in synchronous 3T3 cells with the aid 
of a charge-coupled device camera and a confocal laser 
scanning microscope. They showed that replication 
begins in a small number of interior sites in very early 
S-phase and then proceeds to form a large number of 
discrete sites throughout the nucleus. Baumarm et al. 
(1992) applied algorithms to generate stereo pairs from 
three dimensional data, acquired with confocal laser 
scanning microscopy as described by Fox et al. (1991), 
to provide a map of DNA replication sites within the 
nuclei of mouse fibroblasts. Humbert and coworkers 
used BrdUrd alone or in combination with PCNA and 
newly developed analytical methods to characterize the 
distribution of newly synthesized DNA within the 
nucleus (Humbert & Usson, 1992; Humbert  et aI., 1992; 
Usson & Humbert, 1992). They used spectral analysis 
for visual ordering of BrdUrd patterns, followed by 
k-nearest neighbour cluster technique and application 
of nine topographical features, to characterize DNA 
fluorescence patterns. Neri et al. (1992) used confocal 
microscopy and pulse labelling with BrdUrd in Swiss 
3T3 cells, to detect five different staining patterns for 
DNA replication during S phase, with significant differ- 
ences in the time, suggesting that a different number of 
replicons is activated at different stages of the S phase. 

Manders et al. (1992) used two halopyrimidines, 
CldUrd and IdUrd and confocal microscopy to study 
temporal and spatial progression of DNA replication in 
single nuclei of Chinese hamster V79 cells. By following 
progression of label development in single nuclei, they 
were able to avoid the problem of orientation of the 
chromatin in different nuclei. Figure 4 shows the multi- 
colour images of nuclei they labelled first with IdUrd 
and subsequently with CldUrd. They concluded that 
during late S-phase, replicon clusters situated in the 
same region are replicated synchronously and that after 
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Fig 4. Optical sections (CSLM) through the middle of nuclei doubly labelled with two different halogenated nucleotides. The 
nucleus in (A) was labelled with IdUrd and CldUrd simultaneously. The time interval between the incorporation of the labels 
in the other nuclei was 1 h (B and C), 3 h (D and E) and 5 h (F). IdUrd-labelled DNA (first label) is depicted colour and 
CldUrd-labelled DNA is green. (F) shows early and late replicated DNA in the same nucleus. From Manders et al. (1992). 
Permission granted by The Company of Biologists Limited. 

a period of replication there are no unreplicated clusters 
left in the region. 

Vassilev and Russev (1988) and Vassilev and Johnson 
(1989) used a combination of BrdUrd labelling and 
polymerase chain reaction (PCR) to amplify nascent 
DNA strands dur ing replication. They isolated BrdUrd- 
labelled initiation sites by  immunoprecipi ta t ion  with 
monoclonal  antiBrdUrd. Shinomiya and Ina (1993) used 
2-dimensional gel electrophoresis to map  replicon and 
BrdUrd labelled nascent strands, to determine that 

DNA replication is initiated at mult iple sites located 
within the histone gene repeat  unit  in early embryos  of 
Drosophila melanogaster, and to show that there were  
several replication pause  sites located at 5' ups t ream 
regions of the histone genes. 

Indirect  i m m u n o g o l d  techniques  were  appl ied  to 
analyse incorporated BrdUrd ultrastructural ly (Thiry, 
1988; Thiry & Drombowicz,  1988). Ultrathin sections 
were  analysed following 22 h BrdUrd incorporat ion in 
the presence of FdUrd to examine DNA synthesis sites 
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in the nucleolus. They found gold particles over the 
perinuclear chromatin and over its intranucleolar in- 
vaginations connected with the fibrillar centres where 
only light labelling was found. No gold particles were 
seen in the dense fibrillar regions. Recently, Thiry 
(1992a, b) described a sensitive method using exoge- 
nous terminal deoxynucleotidyl transferase, and either 
biotin or digoxigenin analogues of dUTP, for the detec- 
tion of replication sites within the nucleus. Immuno- 
gold staining was applied also by Mazzoti et al. (1990) 
to murine erythroleukaemia cells without acid denatu- 
ration of DNA. Using electron microscopy, they ob- 
served similar labelling patterns to those observed by 
fluorescent antibody staining. After 5 min labelling, 
55% of the cells appeared to be positive. Rizzoli et al. 
(1992) performed immunogold labelling of 3T3 fibro- 
blasts, and observed labelling in the interchromatin 
region during early S-phase, at the boundary between 
heterochromatin and euchromatin during middle S, 
and in the he t e roch roma t in  doma ins  dur ing  late 
S-phase. These sites were intrepreted as single replica- 
tion units being activated during different parts of S 
phase. About 50% of the positive cells showed labelling 
at the border between heterochromatin and interchro- 
matin and 30% in the interchromatin domain. Just et al. 
(1993) applied immunoperoxidase and immunogold 
techniques after partial removal of histones to demon- 
strate replication patterns in mammalian chromo- 
somes, but without any additional advantages over 
conventional cytogenetic staining methods. 

Timing of replication and gene expression 

DNA sequences in chromosomes of eukaryotic cells 
appear to be replicated in a defined temporal order 
during S-phase (Taylor, 1960), and this order is main- 
tained during subsequent cell cycles (for a review see 
Edenberg & Huberman, 1975). Dutrillaux et al. (1976) 
and Dutrillaux and Viegas-Pequignot (1981) applied 
techniques based on quenching of Hoechst or quinac- 
rine, and Giemsa staining with BrdUrd incorporation, 
to determine sequences of replication of R-, Q- and G- 
bands in human lymphocytes. Not only are the banding 
patterns of lymphocyte chromosomes of man and Cebus 
analogous (Dutrillaux, 1979) but also the chronology of 
replication is very similar when lymphocytes from the 
two species were labelled for 7 h with BrdUrd (Coutu- 
rier et al., 1979; Couturier & Dutrillaux, 1981). Karube 
et al. (1987), and Karube and Watanabe (1988) compared 
immunolabelling for BrdUrd in human lymphocyte 
chromosomes with locations of R- and G-banding using 
image analysis. They showed that early phase DNA 
synthesis roughly coincided with R-bands and late 
phase DNA synthesis with G-bands. 

Reddy et al. (1988) examined the replication patterns 
of early and late replicating X chromosomes in fibro- 
blasts and lymphocytes and found similar banding se- 
quences and intervals. They also found that the late X 
had a delayed start in synthesis but proceeded at the 
same rate as the early X. Ved Brat et al. (1981) used 
continuous labelling of human skin fibroblasts beyond 
two replication cycles, which caused bifilar staining of 
some chromosome regions, which they intrepreted as 
late replicating regions. 

Furst et al. (1981) used bromouracil-substituted DNA 
that was replicated during selected S-phase intervals 
and cleaved this DNA with EcoRI, subjected the frag- 
ments to agarose gel electrophoresis and then hybrid- 
ized the DNA to diazobenzyloxymethyl paper with 
probes to the 0t-globin gene. They were able to demon- 
strate that the R-globin gene sequences were replicated 
early in S-phase. In a later study of this group, Calza et 
al. (1984) applied the same techniques for isolating 
BrdUrd labelled fragments and concluded that a gene's 
position in the chromosome rather than its sequence 
determines the time of replication. Furthermore, they 
showed that immunoglobulin gene rearrangements can 
affect the timing not only of the expressed gene but also 
of genes with which it is linked. Spack et aL (1992) 
performed BrdUrd density labelling of DNA in T-lym- 
phomas and myelomonocyte cell lines, separated cells 
by centrifugal elutriation, and then isolated the DNA. 
The temporal order of replication of groups of DNA 
segments  suggested 5 or 6 replicons with similar 
rates of replication. Schmidt and Migeon (1990) used 
BrdUrd-sensitive restriction sites and UV irradiation to 
identify the order of replication of HPRT and factor IX 
loci in mouse-human hybrids. The hypoxanthine- 
guanine-phosphoribosyl-transferase (HPRT) gene was 
replicated early in S-phase when located on the active 
X chromosome, but late in S-phase when located on the 
inactive X chromosome. Gonzalez-Fernandez et aI. 

(1992) also used UV irradiation to inactivate BrUrd- 
substituted DNA, to show that portions of the genome 
replicated in late S phase had a positive effect on initia- 
tion of S phase synthesis, while DNA replicated in early 
S had a negative effect, and replication in mid S phase 
had no regulatory effect. Haase and Calos (1991) 
showed that centromeric alpha sequences, which nor- 
mally replicate late in S phase when they are present in 
their chromosomal context, replicate earlier when they 
mediated replication of an extrachromosomal vector. 

Sorscher et al. (1993) examined the transformed ham- 
ster fibroblast cell line BP6T using caesium chloride 
gradients and hybridization to investigate the correla- 
tion between expression and timing of replication of 
suB+ and suB- cells. Their results suggested that down- 
regulation of transcription was not always accompa- 
nied by a concomitant change in time of gene replication 
from early to late S phase. Sinnett et al. (1993) studied 
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the chronological order of replication using BrdUrd 
incorporation, UV photolysis of BrdUrd strands and 
PCR amplification of remaining strands to permit iden- 
tification of non-replicated genes. Ma et al. (1990) were 
able to localize three early firing initiation loci of the 
dihydrofolate reductase amplicon in the Chinese ham- 
ster cell line DC3F-A3/4K, and were able to localize the 
termini between each of the sites and the next origin in 
the 5' direction. Mah et al. (1993) identified two replica- 
tion sequences, ors8 and ors12, of nascent CV-1 cells. 
Ors12 replicated almost exclusively on the matrix in 
early and mid S phase. Replication sequences of ors8 
were also found to be enriched on the matrix in early 
S-phase. 

Hartmann and Rode (1982) and Rode et al. (1983) 
showed, with the use of caesium chloride density chlo- 
ride gradients, that the higher density DNA due to 
BrdUrd oversubstitution during early S-phase may in- 
fluence the metabolism of BrdUrd and thus affect the 
timing of substitution throughout the S-phase. These 
findings were similar to that of Brown and Schildkraut 
(1979), who showed that BrdUrd substitution caused 
perturbation of both growth and differentiation in 
murine erythroleukaemia cells. 

Maniotis and Schliwa (1991) removed the centro- 
somes by microsurgery from BSC-1 cells and followed 
the fate of the experimental karyoplast. They observed 
that the karyoplasts  re-established a juxtanuclear 
microtubule-organizing centre, an astral array of 
microtubules, and a compact Golgi apparatus. The 
karyoplasts completed S-phase but did not regenerate 
centrioles or undergo cell division. 

Parental DNA strand segregation 

DNA strands in mammalian cells synthesized during 
the same,cell cycle but on different chromosomes later 
segregate at random (Geard, 1973; Mayron & Wise, 
1976; Sinkus et al., 1980). In experiments using 3H- 
thymidine to label proliferating ceils in the tongue and 
intestinal epithelium, Potten et aL (1978) found that 
most of the proliferating cells segregated their DNA 
randomly at mitosis. Ito and McGhee (1987) found, 
using BrdUrd labelling to study the fate of gamete DNA 
in the next generation embryos of the nematode C. 
elegans, that both the number and position of fluorescent 
spots in the embryo indicated that gamete DNA strands 
segregate randomly during development. In another 
study, Ito et al. (1988) treated male mice with BrdUrd to 
label the germ line, and then mated these animals with 
unlabelled females. Sperm DNA strands in the early 
embryos derived from those matings could be detected 
by the fluorescent antibody technique. Again position 
and number of fluorescent spots indicated that the 
paternal DNA strands segregated randomly. Neff and 

Burke (1991) investigated the pattern of chromatid 
segregation in Saccharomyces cerevisiae by labelling the 
DNA of a strain auxotrophic for thymidine with 
BrdUrd. Chromatids of the same replicative age were 
distributed randomly to daughter cells at mitosis. They 
concluded that BrdUrd was distributed randomly due 
to mitotic segregation of the chromatids and not via 
sister chromatid exchanges. 

D N A  repair 

Mammalian cells possess a variety of mechanisms to 
restore the integrity of DNA after damage by environ- 
mental or endogenous agents. Some DNA damage can 
be repaired with minimal disturbance to the DNA mole- 
cule (e.g. by photoreactivation of cyclobutane pyrimid- 
ine dimers by a dimer-specific endonuclease), whereas 
other repair processes remove not only the lesion, but 
also a number of adjacent nucleotides. The standard 
assay for DNA repair during the last 30 years has been 
the incorporation of [3H]dThd into DNA of non-repli- 
cating cells following damage (Rasmussen & Painter, 
1964). Other methods for following DNA repair include 
the analysis of loss of adducts from damaged DNA 
(Crathorn & Roberts, 1966), the use of caesium chloride 
density gradients (Painter & Cleaver, 1969), alkaline 
sucrose gradients (Elkind & Kamper, 1970; Lett et al., 
1970), BrdUrd photolysis (Regan & Setlow, 1971), alka- 
line elution to follow single strand breaks (Kohn & 
Grimek-Ewig, 1973), and benzoylated naphthoylated 
diethylaminoethyl cellulose column chromatography 
(Scudiero et al., 1975). Ahmed & Setlow (1978), Ahmed 
(1980) and Ley et al. (1989) used the BrdUrd-photolysis 
technique to determine repair patch size in normal 
human fibroblasts and in xeroderma pigmentosum cell 
lines following ultraviolet irradiation. Ley et al. (1989) 
found that patch size ranged from 13 nucleotides in an 
RSV-10denV cell line to 95 nucleotides in normal 
fibroblasts. Repair appeared to be more efficient in the 
xeroderma pigmentosum cell lines, with 50% dimer 
removal  in 3-6 h compared  with 18 h in normal 
fibroblasts. Zelle et al. (1980) were able to show, using 
the BrdUrd photolysis technique, that excision repair in 
a xeroderma pigmentosum fibroblast strain, XP2RO, 
was not due to shorter lengths of repair regions but a 
decrease in the number of sites removed. Rosenstein et 
al. (1980b) used a combination of Hoechst 33258 and the 
UV photolysis technique, and Rosenstein and Rosen- 
stein (1992) combined the BrdUrd photolysis and alka- 
line elution techniques for analysis of DNA repair. 

Cohn & Lieberman (1984) used monoclonal antibodies 
to isolate DNA patches which had incorporated BrdUrd 
during the repair process. Russev and Boulikas (1992) 
combined thymidine synchronization, hydroxyurea in- 
hibition at different intervals, in si tu hybridization and 
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BrdUrd immunohistochemistry to determine that most 
actively transcribed genes are repaired at constant rates 
throughout S- and G2-phases of the cell cycle, but that 
non-transcribed genes appeared to be repaired at a 
slower rate in early S-phase but at faster rates in late S- 
and G2-phase. Kalle et al. (1993), using streptavidin- 
coated magnetic beads to isolate BrdUrd-labelled repair 
patches from the adenosine deaminase gene in UV- 
treated human fibroblasts, showed that after longer 
repair times, the active gene incorporated more label 
than the inactive gene. They suggested that this was 
consistent with the more rapid repair of cyclobutane 
dimers from housekeeping genes. Mullenders et al. 

(1993) also used immunoextraction to isolate BrdUrd- 
labelled patches during repair, to investigate repair in 
transcribed and non-transcribed HPRT genes in V79 
Chinese hamster cells. They found no preferential re- 
pair of the 6-4 pyrimidine photoproducts at the higher 
UV dose (10 J m 2). In an earlier study, Rosenstein and 
Setlow (1980) showed that during DNA repair in UV 
irradiated ICR 2A frog cells, pyrimidine dimers were 
long acting inhibitors of nascent DNA synthesis. 
Kusewitt et al. (1992) compared UV dimer repair in a 
repair-efficient murine fibroblast and in fibroblasts 
transfected with the bacteriophage T4 denV gene. The 
authors found that the transfected cells were inhibited 
longer in DNA synthesis, which might be attributed to 
the differences in excision repair of dimers by endo- 
nuclease V instead of cellular repair enzymes. 

Herpes Simplex Virus (HSV) infection of mammalian 
cells induces unscheduled DNA synthesis. Lehtinen et 
al. (1989) were able to demonstrate DNA synthesis in 
human cells infected with HSV by flow cytometry. Ku- 
lomaa et al. (1992) compared HSV2 induced unsched- 
uled synthesis in a virus-susceptible HeLa cell line with 
that in non-susceptible CaSki and C-33A cells. They 
found that DNA synthesis in the HeLa cells was 100- 
fold more efficient than in the non-susceptible cell lines. 
Carty et al. (1993) used an in vi tro replication system of 
human HeLa and monkey CV-1 cells to replicate a 
simian virus 40-base shuttle vector plasmid. They 
showed that UV treatment resulted in inhibition of 
replication, and that replication of the UV-damaged 
template occurred in a normal  semiconservative 
manner and that this replication resulted in fixation of 
mutations within the vector. 

Berges et al. (1993) used androgen ablation to induce 
programmed cell death in androgen-dependent pro- 
static glandular cells. During the process of apoptosis, 
a number of cells in G O underwent partial DNA repair. 

Navone and Raza (1987) used a combined autoradio- 
graphic [3H]dThd and BrdUrd fluorescence technique 
to double-label proliferating P388 murine leukaemia 
cells. They were able to distinguish unscheduled DNA 
synthesis (UDS) in individual cells from S-phase DNA 
synthesis, and could quantify the level of repair in these 

cells. Rudolph and Latt (1989) used flow cytometric 
BrdUrd/DNA analysis to assess the kinetics of ataxia 
telangiectasia (AT) fibroblasts following X-ray damage. 
They used [3H]dThd autoradiography to measure the 
level of repair, since the fluorescent BrdUrd assay was 
not sensitive enough to measure repair following 
200 rads of irradiation. Normal fibroblasts, but not at~at 
cells, were prevented from entering S-phase. Rudolph 
et al. (1989) used the same technique to identify AT 
heterozygotes by flow cytometric measurement of 
X-ray damage. 

Beisker and Hittelman (1988) developed a flow cyto- 
metric BrdUrd/DNA assay to study the level and rate 
of repair following UV irradiation of human diploid 
fibroblasts. Their method was based on determination 
of the increase in fluorescence of either G1 or G2/M cells 
above controls to quantitate incorporated BrdUrd as a 
measure of DNA repair. The assay permitted simulta- 
neous detection of both repair and proliferation synthe- 
sis. They were able to detect repair following UV 
irradiation at 0.1 J m -2 in a repair time of 15 min. They 
found that above 5 J m 2, the repair process was satu- 
rated but that repair continued until all damage was 
repaired. Selden et al. (1993) modified this method to 
permit greater sensitivity as well as stoichiometry of the 
measurements of repair in both UV- and chemically- 
damaged cells. Figure 5 shows flow cytometric analysis 
of the increased incorporation of BrdUrd into the 
G0/G1 region of the BrdUrd/DNA bivariate distribu- 
tion after human diploid fibroblasts (IMR-90) were 
exposed to 4-nitroquinoline oxide, ICR-170 (acridine 
orange), ethyl methane sulphonate, or methyl methane 
sulphonate. In an additional study, Selden et al. (1994) 
developed an in vitro rat hepatocyte assay for evaluat- 
ing DNA repair following the application of a number 
of chemical mutagens and carcinogens. Srivastava et aI. 
(1993) blocked the cells in the plateau stage by serum 
depletion, and followed repair of damage by UV irra- 
diation or methyl methane sulphonate (MMS) by fluo- 
rescent image analysis of incorporated BrdUrd. They 
suggested that the BrdUrd method was more sensitive 
for the short patch repair than the [3H]dThd method in 
the MMS studies. 

In situ hybridization 

In si tu hybridization has been used extensively in recent 
years to identify chromosomal locations of specific 
genes or DNA sequences. BrdUrd technology has been 
applied to these studies in three ways: (1) labelling of 
DNA with BrdUrd, followed by isolation of labelled 
DNA fragments by density sedimentation and identifi- 
cation on filters; (2) production of specific DNA or RNA 
probes with incorporated BrdUrd; (3) determination of 
cell proliferation by BrdUrd incorporation in combina- 
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tion with in si tu hybridization of specific genes with 
specific probes. 

Using method 1, Doggett et al. (1988) pulse-labelled 
C3H 10T1/2 cells with BrdUrd for various periods of 
time throughout S-phase. They then used 32p probes to 
identify isolated fragments from early, middle or late 
S-phase. They found that Ha-ras  was among the first 
genes replicated, at the onset of S-phase. The myc  proto- 
oncogene replicated later but within the first hour of 
S-phase. Ki-ras,  raf, and mos were detected between 1 
and 2 h after the beginning of S-phase. Selig et al (1992), 
labelled cells for 2 h with BrdUrd, separated the cells by 
elutriation and then digested the DNA with nucleases, 
and used DNA probes of the cystic fibrosis (CF) gene. 
They were able to map replication timing topography 
of DNA within the flanking DNA of the CF gene locus 
on chromosome 7. 

Using method 2, Sakamoto et aL (1987) labelled M13 
DNA in vivo with BrdUrd. Frommer et al. (1988) incor- 
porated BrdUrd into highly repeated satellite sequences 
cloned into M13 followed by indirect immunochemical 
detection of a 100 bp repeat from human satellite DNA 
on chromosome 3. They found  that  the probe 
hybridized to the subcentromeric heterochromatin of 
chromosome 9 and to the centromeric chromatin of 
chromosomes 1, 16, 17, and 20. Jirikowski et al. (1989, 
1990) used a combination of BrdUrd and 32p labelled 
probes complimentary to oxytocin mRNA in sections of 

mouse hypothalamus. They showed that while both 
kinds of probes provided similar localization of the 
reaction product, only the immunocytochemical tech- 
nique showed a clear cellular localization of the reaction 
product. BrdUrd has also been incorporated into probes 
using PCR (Tabibzadeh et al. 1991) and enzymatic label- 
ling (Kitazawa et al. (1992, 1993). Kitazawa et al. (1989) 
used plasmid DNA with human inserts and incorpo- 
rated BrdUrd for DNA-RNA hybridization, where 15% 
of the total DNA of the plasmid DNA was substituted 
with BrdUrd. The probes with incorporated BrdUrd 
were detectable on nitrocellulose filters at picogram 
levels. They could detect mRNA on filters and in cells 
using immunohistochemistry and peroxidase-labelled 
antibodies. Niedobitek et aI. (1988) employed both 
BrdUrd and biotin-labelled probes for the detection of 
viral DNA in infected tissue. The method was sensitive 
enough to detect co-infection by two viruses when the 
combination labelling was used. Niedobitek et al. (1988, 
1989) attempted to detect cytomegalovirus (CMV) and 
hepatitis B virus (HBV) in human liver. BrdUrd-labelled 
probes showed CMV but not HBV. BrdUrd was a useful 
alternative for biotin probes for detecting viral DNA in 
liver, because of the high background produced by 
endogenous liver biotin. Scippo et al. (1989) were able 
to avoid the use of radiolabelled precursors for very 
sensitive detection of both DNA and RNA in human 
testis and placenta using probes with free ends contain- 
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ing incorporated BrdUrd, combined with immunogold 
and silver staining. Yao et al. (1993) employed BrdUrd- 
labelled DNA probes for mRNA detection by both 
fluorescence and electron microscopy in HL-60 cells. 
The probes were localized in the nucleus and in the 
endoplasmic reticulum. 

Jirikowski et al. (1990) used BrdUrd-labelled probes to 
detect vasopressin mRNA in ultrathin sections in which 
mRNA was well-preserved. When they localized both 
vasopressin mRNA and vasopressin protein with anti- 
bodies, they found neurons in the magnocellular nuclei 
that were positive for either RNA or protein or both, 
indicating different stages of synthetic and secretory 
activity. Kitazawa et al. (1992) used BrdUrd-labelled 
cDNA probes for parathyroid hormone-related protein 
to identify its expression in oxyphil and transitional 
oxyphil cells of the normal parathyroid. Senger et al. 
(1993) used eight well-characterized probes derived 
from the human major histocompatibility complex class 
II region and were able to order the probes with anti- 
body staining of BrdUrd in a linear fashion with dis- 
tances from 200-1000 kb. 

With the use of method 3, i.e. immunocytochemical 
labelling of incorporated BrdUrd in combination with 
fluorescent in situ hybridization, Van Dekken et al. 
(1991) labelled human bladder cancer cells with 
BrdUrd-labelled DNA probes to identify the chromo- 
some number. They found that a majority of the 
BrdUrd-positive cells also exhibited monosomy for 
chromosome 9. Balazs et al. (1991) used a combination 
of DNA repetitive probes to determine chromosome 
number and state of cell proliferation in breast tumours. 
Bessereau et al. (1990) coupled BrdUrd labelling, to 
measure cell proliferation, with in situ hybridization for 
c-los and c-jun oncogenes in denervated lower leg mus- 
cle cells in mice. They found that the oncogenes were 
differentially expressed following denervation, cells 
expressing c-jun being more numerous than BrdUrd- 
labelled cells. Biffo et al. (1992) combined in situ hybridi- 
zation to localize calmodulin mRNA simultaneously 
with immunochemical detection of BrdUrd in embryos 
at day 20. Decalcified nasal mucosa was shown to be 
both calmodulin and BrdUrd positive. Dolbeare et al. 
(1993) used biotinylated probes for c-myc exon 3 to 
localize and analyse the level of this oncogene in two 
cell lines, HC-8 and LC-5, subclones of the recombinant 
CHO-5AHSMyc cell line that was developed by Wurm 
et al. (1986). LC-5 cells contained 10-50 copies of c-myc 
and the HC-8 cell line contained 450-1300 copies of the 
oncogene per cell. Flow cytometric measurements of 
BrdUrd/DNA/c-myc could distinguish high-copy cells 
from low-copy cells, whereas image cytometry was 
required to distinguish low-copy cells from back- 
ground. Rosette et al. (1990) compared c-myc protein 
simultaneously with levels of BrdUrd incorporation 
and cellular DNA, and found that BrdUrd incorpora- 

tion was 4.4 times lower in the high-copy C-myc cell line. 
Dirks et al. (1993) combined  f luorescent  in s i tu  
hybridization with BrdUrd-labelling of rat 9G cells for 
localization of intron and exon mRNA. They were able 
to detect spliced out intron sequences scattered around 
the nucleus. 
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Disclaimer 

This review has been written to provide as comprehen- 
sive a coverage of the literature as possible through a 
computer search of the international literature. Some 
omissions may unavoidably occur because abstracts 
were not published, or the key words proposed did not 
put the references within the search frame. This review 
may not cover works on chromosome banding or sister 
chromatid exchanges since these topics are reviewed 
elswhere. Also omitted from this review were subjects 
related to bromodeoxyuridine pharmacology, toxicol- 
ogy, or its use in radiosensitization. 
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