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Abstract. Prenatal and postnatal stages of the developing 
chamber angle in the rat eye were analysed qualitatively 
by light and electron microscopy. One eye of each of five 
weight-matched littermates was investigated at the follow- 
ing time points: prenatal days 14, 17, 18 and 21 ; day 0 = d a y  
of birth; postnatal days 5, 10, 15, 20, 40, 60, 100 and 200. 
From postnatal days 5 to 60, conspicuous amounts of ne- 
crotic cells were observed within the chamber angle area. 
At birth and at postnatal day 200, only a few scattered 
necroses were observed. Necrotic cells were found within 
the trabecular area, the region of Fontana's spaces and 
beams and the peripheral iris, the iris root, the ciliary body 
and the adjoining choroid. Large macrophages containing 
lysosomal dense bodies were found within the previously 
described areas and were frequently in close contact with 
necrotic cells. It is concluded that cell death within the de- 
veloping chamber angle of the rat may represent an impor- 
tant event that may contribute to two morphogenetic ef- 
fects: (1) the opening of large spaces of Fontana and (2) 
space formation within the trabecular area and uveoscleral 
outflow routes. 

Introduction 

The normal development of the chamber angle region has 
been studied in humans (Wulle 1972; Rein6 and Lalive 
1981), in primates (Smelser and Ozanics 1971) and in other 
vertebrate species (Aguirre et al. 1972; Bistner et al. 1973). 
Nevertheless, a question concerning the normal develop- 
ment remained unanswered: by which mechanisms is the 
chamber angle, which is initially filled with a dense cellular 
network, opened and reorganized? Several hypotheses have 
been proposed and these include (1) cleavage within the 
tissue (Allen et al. 1955; Maumenee 1959), (2) perforation 
or removal of a membrane (Barkan 1955; Hansson and 
Jerndal 1971), and (3) tissue rarefaction or atrophy (Smelser 
and Ozanics 1971). For a review of these concepts see refer- 
ences (O'Rahilly /975; Lee and Grierson 1982; Mullaney 
1982). Among the above-mentioned hypotheses, the atro- 
phy and rarefaction of chamber-angle tissues appear to be 
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the most convincing, even though atrophy due to cellular 
necroses has not yet been demonstrated in the developing 
trabecular meshwork. However, it appears to be unlikely 
that the specific tissue remodelling could occur without cell 
death at certain developmental stages. 

In a preceding paper we demonstrated that the rat is 
a suitable experimental animal for the study of the normal 
development of the vertebrate chamber angle (Rein6 et al. 
/983). Thus, in the rat eye a question which is paralleled 
in other vertebrate eyes emerges-how do the large spaces 
of Fontana develop within solid cellular tissue? Our study 
reveals that in the rat eye cell death may be involved in 
the final formation of the chamber angle area. Not  only 
the spaces of Fontana, but also the distinct spaces within 
the formerly dense tissues of the iris root, the ciliary body 
and even the peripheral choroid may be created by cell 
death. 

In this context, an obvious problem which arises is the 
distinction between in vivo cell death that occurs as a remo- 
delling process and post-mortem autolysis in cells which 
have not been adequately fixed. In our investigations, par- 
ticular care was taken to achieve well-preserved tissues to 
reduce the possibility of artefactual autolysis. Qualitative 
analysis of cell death was performed in material derived 
from the important stages in the development of the rat 
chamber angle. 

Materials and methods 

Experimental procedures. Pregnant Sprague-Dawley fe- 
males were obtained from the animal breeding institution 
of Tierspital Z/irich. Pregnancy, delivery and postnatal care 
of the rats was performed under controlled conditions with 
an 12:12 light-dark cycle with water and food ad libitum. 
Various pre- and postnatal stages were investigated. At each 
time point of the investigation five weight-matched litter- 
mates were used, and male and female animals were selected 
randomly. The animals were always killed between 10 a,m. 
and 12 noon, at the following time points: day 14, 17, 18 
and 21 during gestation, day 0 = day of birth, and days 5, 
10, 15, 20, 40, 60, 100 and 200 after birth. In order to 
obtain specimens from prenatal stages, pregnant females 
were anaesthetized with intramuscular injections of 0.2 ml 
fluanison. A Caesarean section was performd and the heads 
of the foetuses removed and immediately placed into fixa- 
tive. Determination of the foetal age was performed in the 
following manner: after mating, a vaginal smear was taken 
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Fig. 1 a-e. Low-power electron micrographs depicting the 
chamber-angle area at different developmental stages. 
a Postnatal day 5: the chamber angle is filled with a loose 
cellular network (*). Vascular channels constituting 
Schlemm's canal appear at the scleral sulcus (~'). C, 
cornea; S, sclera; / ,  iris; CB, ciliary body; R, chamber 
angle recess, x 460. b Postnatal day 20: conspicuous 
spaces (*) appear among the tissues that fill the chamber 
angle. Schlemm's canal (T) is seen within the corneoscleral 
trabecular meshwork (TR). A beam of Fontana (/~) is 
apparent. C, cornea; S, sclera; / ,  iris; CB, ciliary body; 
R, chamber angle recess, x 460. e Postnatal day 60: large 
spaces (*) appear within the chamber angle tissue, the 
corneoscleral trabecular meshwork (TR) and the iris root 
(/). Fontana's beams (/7) extend from the corneoscleral 
region towards the iris root. Schlemm's canal (T). C, 
cornea; S, sclera; CB, ciliary body; R, chamber angle 
recess, x 460. All pictures: uranyl acetate and lead citrate 
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Fig. 2a, b. Electron micrographs showing the appearance 
of cell necrosis, a The nucleus (N) is swollen and reveals 
a patchy distribution of the chromatin. Cisternae of the 
rough endoplasmic reticulum show a vacuolar distension 
(*), the cytoplasm is electron lucent and contains a few 
organelles, the plasma membrane reveals disruptions (~). 
x 12,900. b The nucleus (N) is pyknotic, the chromatin 
electron dense. The cytoplasm (C) is electron lucent and 
almost entirely devoid of organelles; the plasma " 
membrane shows conspicuous disruptins (T). x 22,900. 
Both pictures: uranyl acetate and lead citrate 

from the female animals within 24-36 h; the day the posi- 
tive smear was obtained was counted as day 1 of pregnancy. 

Preparation for morphological investigation. At the prenatal 
and postnatal stages of development the heads of the ani- 
mals were removed and immediately immersed in fixative. 
The eyes were enucleated under a dissecting microscope 
while immersed in a dish containing fixative. The eyes were 
then cut into halves or quarters and left in the fixative 
for 18-20 h. The fixative was 2.5% glutaraldehyde in 0.1 M 
cacodylate buffer, pH 7.2, 480 mosmol. Tissues were post- 
fixed in OSO4 for 1 h, dehydrated and embedded in 
Epon 812. Semithin sections were stained with toluidine 
blue. Thin sections were mounted individually on foil-cov- 
ered one hole grids and stained with uranyl acetate and 
lead citrate. At each designated period, one eye of each 
of five littermates was investigated, and from each eye three 
different tissue blocks were selected from the anterior seg- 
ment. 

Criteria of cell death. In our material, the distinction of 
cellular necroses was unequivocal only at the electron mi- 
croscopic level. Therefore, the analysis was performed by 
electron microscopy and cells displaying the following fine 
structural criteria were defined as necrotic ceils: clumping 
and densification of nuclear chromatin, reduction in cyto- 

plasmic organelles, vacuolar dilation of the rough endoplas- 
mic reticulum, discontinuities of the plasma membrane. 

Results 

In low-power electron micrographs from specimens of post- 
natal day 5, small spaces appear within the tissue flling 
the chamber-angle recess (Fig. 1 a). Those spaces are dis- 
tinctly enlarged and Fontana's beams are formed until post- 
natal day 60 (Fig. lb, c). From postnatal days 20 to 60, 
a tissue rarefaction occurs within the iris root and the ciliary 
body (Figs. l b  and c). At higher magnifications, cellular 
necroses are observed in the chamber angle area concomi- 
tant with the creation of spaces. One type of necrotic cells 
reveals a swollen nucleus with a patchy distribution of the 
chromatin, vacuolar transformation of the cisternae of the 
rough endoplasmic reticulum, a washed-out appearance of 
the cytoplasm with a reduction in organelles, disruptions 
of the plasma membrane (Fig. 2 a). Another type of necrosis 
consists of a pyknotic nucleus with heavily condensed chro- 
matin, an almost empty, electron lucent cytoplasm devoid 
of organelles and lysis of the plasma membrane (Fig. 2b). 
The necrotic cells are seen in groups within one area, or 
they are scattered among regular extracellular tissue compo- 
nents and cells of normal cytoarchitecture. At early devel- 



116 

Fig. 3a-e. Electron micrographs showing phagocytic cells 
in different chamber angle regions, a A macrophage (M) 
next to a necrotic cell (N) in the trabecular meshwork. 
Small lysosomal dense bodies (DB) and thin cytoplasmic 
processes (I") are seen. x 9,200. b A macrophage (34) next 
to a necrotic cell (N) in the iris stroma. Large lysosomal 
dense bodies (DB) appear in the cytoplasm, x 10,300. e A 
macrophage (M) in the ciliary body. Large lysosomal 
dense bodies (DB) are seen in the cytoplasm. Parts of lytic 
cells appear close to the macrophage (T). x 5,400. All 
pictures: uranyl acetate and lead citrate 
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opmental stages, cells in mitosis occasionally appear next 
to necrotic cells. Macrophages with conspicuous cytoplas- 
mic processes and numerous lysosomal dense bodies within 
their cytoplasm are found in the chamber angle area, fre- 
quently in close contact with necrotic cells (Fig. 3 a-c). 

Necrotic cells occur in the stroma of the peripheral iris 
(Fig. 4a) and the iris root (Fig. 4b). Tissues that line the 
chamber angle recess at early stages and Fontana's beams 
at later stages reveal necrotic cells (Fig. 4c). Cell necroses 
also appear in the developing trabecular meshwork 
(Fig. 4d) and within the inner wall region of Schlemm's 
canal (Fig. 4e). In the growing pars plana ciliaris and the 
most peripheral choroid, groups of necrotic cells appear 
and create electron lucent, confluent spaces (Fig. 4f). Since 
cellular necroses cannot be visualized in low-power over- 
view pictures, a schematic drawing representing an interme- 
diate stage (day 20) summarizes the localisations of cell 
death within the chamber angle region (Fig. 5 a and b). 

Cellular necroses are not observed within the chamber 
angle at prenatal stages, a few lyric cells are first seen at 
day 0 (average of 1 3 per section), increased numbers occur 
from postnatal days 5 to 100 (average of 10 20 per section), 
and small numbers are still present at postnatal day 200 
(average of i 3 per section). 

Discussion 

Methodological considerations. An obvious question arising 
is whether the necrotic cells represent a true morphological 
phenomenon or whether they are an artefact. For the fol- 
lowing reasons we do not consider the changes we have 
described as an artefact. Cell necroses are only observed 
in certain regions of the developing eye. Furthermore, ne- 
crotic cells are most commonly observed next to well-pre- 
served cells of the same histological type. Finally, in many 
instances macrophages containing phagolysosomes are seen 
in close contact with lyric cells, which points towards an 
intravital process of phagocytosis of necrotic material. 

Morphology of cell death. The morphology of cell death 
appears to display heterogeneous aspects in different devel- 
oping tissues. At the light microscopic level, cell death in 
the retina is observed as pyknosis (Glficksmann 1965) or 
as a necrotic locus (Silver 1981). At the electron microscopic 
level, large secondary phagolysosomes within phagocytic 
cells are described in the leg bud or the wing region of 
the chick embryo (Saunders 1966; Schoenwolf 1981). Cellu- 
lar and nuclear decay (Vogel 1978) and pyknotic nuclei 
and fragments of degenerating cytoplasm within the cyto- 
plasm of neighbouring cells (Theiler et al. 1976) are noted 
in the developing retina. In our study, cell necroses are 
not identified by light microcopy. Under the electron micro- 
scope, lyric cells reveal condensation of the nuclear chroma- 
tin, vacuolisation of the rough endoplasmic reticulum and 
cytoplasmic rarefaction. The reason for this apparent dis- 
crepancy may be that mesenchymal tissues of the develop- 
ing chamber angle reveal a different morphological aspect 
of cell death than other developing tissues, particularly neu- 
ral tissues. 

Another possibility implies that the appearance of cell 
death found in our material merely represents stages wich 
precede those found in other developing tissues. All of our 
experiments were performed between 10 a.m. and 12 noon. 

It cannot be excluded that cell death may follow a diurnal 
rhythm with a peak period during those hours. In the devel- 
oping rat retina, indications of a rhythmicity of cell necroses 
have been observed (Vogel and M611er 1980). 

Generally, two modes of cell death may be distin- 
guished: cell necrosis and apoptosis. Whereas cell necrosis 
is considered to be almost exclusively confined to pathologi- 
cal conditions in mature tissues, apoptosis is part of the 
physiological turnover of tissue components or of develop- 
mental morphogenesis (Wyllie 1981). In our material, cell 
necroses are most commonly observed. However, no patho- 
logical conditions are present such as hypoxia or exposure 
to various toxins that are considered to cause cell necroses. 
Instead, cell death occurs within apparently physiological 
developmental stages of the chamber angle region. Thus 
it appears that cell necroses may also occur under the physi- 
ological condition of developing tissue. 

Mechanisms of removal of cellular components follow- 
ing cell death during development appear to be different 
in different tissues. In the retina, exogenous macrophages 
have not been observed; nevertheless, cellular debris is re- 
moved (Theiler et al. 1976). Other possibilities include pha- 
gocytosis by Mfiller cells (Kuwabara and Weidman 1974) 
or phagocytosis by intact neighbouring cells, as is observed 
in many cases of apoptosis (Wyllie 1981). Moreover, break- 
down products from cellular decay may be recycled within 
growing tissues (Silver 1976). In our material, macrophages 
are observed in relatively large amounts at all stages investi- 
gated. At the electron microscopic level, recognizable cell 
particles are not observed within macrophages, but large 
lysosomal dense bodies are distinct. Thus we may assume 
that macrophages engulf and degrade remnants of cell nec- 
roses in the developing rat chamber angle. From our stu- 
dies, however, no indications emerge as to whether the mac- 
rophages are of local or of hematogeneous origin and where 
the macrophages finally migrate to. 

In addition to phagocytosis, other functions may be as- 
cribed to macrophages found in our material. In general, 
a wide variety of functions has been elucidated for macro- 
phages (Diegelmann et al. 1981). In our material, macro- 
phages may modulate fibroplasia and/or collagen degrada- 
tion. Reduced activity of macrophages may lead to an in- 
creased tissue density within the chamber-angle region. 

Cell death and remodelling of the chamber angle region. Two 
possible functional effects may be ascribed to cell death 
which occurs in the rat chamber angle. One effect may 
be to open the chamber-angle recess; the other may be 
to create space within the trabecular and the uveoscleral 
outflow routes. Cell necroses occur concomitantly with the 
opening of conspicuous spaces of Fontana. Parallel with 
the opening of Fontana's spaces, cell death occurs within 
the trabecular meshwork. In the rat, the trabecular region 
is confined to a relatively small area which corresponds 
topographically to the cribriform layer in the human eye 
and may not include the main aqueous outflow pathway 
(Van der Zypen 1977). Moreover, cell necroses parallel the 
creation of rather conspicuous spaces within the iris root, 
the ciliary body and even the peripheral choroid. These 
latter spaces may be important in the rat eye as a uveoscleral 
drainage route, since the rat has no mechanism of distension 
of the trabecular meshwork and thus facilitation of aqueous 
outflow, as is found in the primate eye (Grierson et al. 
1978). 
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Fig. 4a-f.  Electron micrographs demonstrating necrotic 
cells in different areas of the chamber angle, a Necrotic 
cell (N) in the iris stroma. A macrophage (M) appears on 
the anterior surface of the iris. P, posterior surface of the 
iris. Postnatal day 60. x 4,800. b Necrotic cells (N) within 
the iris root showing an electron lucent cytoplasm (T). R, 
chamber angle recess; L, vascular lumen in the developing 
ciliary body. Postnatal day 5. x 4,800. e Necrotic cell (N) 
and a macrophage (M) within the lining cellular layer of 
the chamber angle recess. Prospective trabecular beams 
(*), cells (1") and spaces (~')  appear. I, iris; R, chamber 
angle recess. Postnatal day 5. x 4,800. d Necrotic cells (N) 
within the developing trabecular meshwork. Trabecular 
beams with collagen fibers (C) and patches of elastic like 
material (E) are distinguished. Postnatal day 20. x 4,800. 
e Necrotic cell (N) underneath the lining endothelium of 
the inner wall (IV/) of Schlemm's canal. Endothelial 
vacuoles (*) appear in the inner wall. OW: outer wall of 
Schlemm's canal. Postnatal day 60. x 4,800. f Necrotic 
cells (N) in the pars plana of the ciliary body. The 
electron lucent, washed-out cytoplasm (]') is conspicuous. 
SM, smooth muscle cell; L, vascular lumen. Postnatal 
day 20. x 4,800. All pictures: uranyl acetate and lead 
citrate 
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Fig. 5 a, b. Schematic drawings indicating the occurence of cell nec- 
roses in different chamber-angle areas. An intermediate stage of 
development (day 20) is depicted, a Chamber angle area: C, cor- 
nea; L iris; R, recess; SC, Schlemm's canal; CB, ciliary body; 
CH, choroid; R, retina, b The stippled area shows the occurrence 
of cell necroses in different chamber angle regions : (1) iris stroma, 
(2) recess and iris root, (3) trabecular meshwork, (4) inner wall 
region of Schlemm's canal, (5) ciliary body and (6) most peripheral 
choroid 

In our  material ,  conspicuous amounts  of  necrotic cells 
are registered. The reason for this observat ion may  be the 
rapid  development  of  the rat  eye in general. Compared  with 
the human  or  pr imate  eye, similar developmental  steps oc- 
cur within a much shorter  time course. Thus, an accumula- 
t ion of  cell death  might  accomplish the opening processes 
within a short  time period. In primates and the human  
eye, accumulat ions of  cell necroses may never occur. In- 
stead, a cont inuous process set at  a lower level might  within 
longer periods fulfill the same functional  task. 

Rats  are considered to be mature  at  60 days of  age, 
but  they continue to increase their body  weight until  much 
later in their lives. Necrot ic  cells are still present in 200-day- 
old rats. Thus, cell death  continues in young adul t  animals.  
This indicates that  the final moulding of  the chamber-angle  
region extends over a relatively long time period. Final ly,  
single cell necroses might  also occur th roughout  the lifetime 
of  an individual  rat,  as well as in the human or  primate,  
representing a cont inuous remodell ing and turnover  of  tis- 
sue components .  

Cell death as a morphogenetic factor. Observat ions on cell 
death during the normal  development  of  vertebrate  species 
have been made by Gl i icksmann (1965) in the ret ina and 
a variety of  other  tissues. Subsequently, numerous  investi- 
gat ions revealed cell necroses during embryological  devel- 
opment  and ascribed major  functions to morphogenet ic  cell 
death (Schook 1978; Silver 1978; Hinchliffe 1981). Necroses 
within retinal nuclear  layers and the optic stalk appeared  
to be the condi t ion for a regular  outgrowth of  optic nerve 
fibers and the development  of  the optic fissure in rats  and 
mice (Theiler e t a l .  1976; Silver 1978; Silver 1981). Cell 
death within the developing ret ina of  the cat and rat  were 
considered to contr ibute to the final thickness of  inner and 
outer  nuclear  layers (Vogel 1978; Vogel and M611er 1980). 
Dur ing the development  of  the vitreous body,  the hyaloid  
vessels and  the pr imary  vitreous were found to disappear ,  
possibly by cellular necroses, in the human eye (Gloor  
1973). 

In conclusion, our investigations on the rat  chamber  
angle development  reveal selective cell death as a process 
that  may contr ibute to the final configurat ion of  the 
chamber  angle. Parallel  with the occurrence o f  cell death,  
large spaces of  F o n t a n a  are opened and conspicuous spaces 
are created within the t rabecular  meshwork,  the iris root,  
the ciliary body and the anter ior  choroid.  Re-examinat ion 
of  tissue f rom the charrlber angle of  the developing human 
eye (Rein6 and Lalive 1981) revealed cell necroses in several 
specimens. Thus, it  is conceivable tha t  cell death may  con- 
tr ibute to the remodell ing of  the human chamber  angle. 
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