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very difficult to ascertain what chemical 
additives are present in a garment. Our 
study demonstrates the absorption of a 
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tally stimulated in vivo. 

Although the retinal pigment epithe- 
lium of the RCS rat has been thought not 
to phagocytize the debris shed from rod 
outer segments (1), we now present evi- 
dence that such phagocytosis occurs, but 
at a greatly diminished rate relative to 
that of the normal rat. Furthermore, the 
apparent rate of phagocytosis in RCS 
pigment epithelium varies with a diurnal 
rhythm similar to that of unaffected ani- 
mals (2), and the rate can be increased by 
maintaining the eyecup in organ culture. 

Table 1. Number of phagosomes in pigment 
epithelium of OM and RCS rats. Each value 
represents the mean + standard error of the 
mean of phagosomes per 180-/tm field from 
six sections per eye for two eyes. In all exper- 
iments the lights were on between 0700 and 
1900. The RCS peak at 0800 is significantly 
(P < .005, by one-way analysis of variance) 
different from the other levels. 

Time of Large phagosomes per 180 ,/m 
enucle- 
ation OM RCS 

0600 4.9 ? 0.36 0.54 + 0.03 
0630 0.23 + 0.03 
0700 4.4 ? 1.7 0.49 + 0.14* 
0730 9.3 + 1.4 0.65 + 0.29* 
0800 29.0 + 5.2 1.58 + 0.23* 
0830 29.4 + 1.8 0.90 + 0.20* 
0900 0.40 + 0.12* 
0930 12.0 + 8.0 0.52 + 0.16* 
1100 6.3 + 0.7 0.44 + 0.15 

*Average of two separate experiments (four eyes). 
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Phagocytosis is an integral part of the 
process of photoreceptor renewal, in 
which new discs are added to the base of 
the rod outer segment and packets of old 
discs are shed at the apex (3). The shed 
discs are phagocytized by the retinal pig- 
ment epithelium and, if the animals are 
maintained under cyclic lighting (12 
hours of light and 12 hours of darkness), 
the bulk of this shedding occurs in a peak 
within 2 hours of the beginning of the 
light phase of the cycle (2, 4). If the pro- 
cess of phagocytosis is defective, an im- 
balance can result between synthesis and 
degradation of outer segment mem- 
branes, leading to an accumulation of 
outer segment debris and eventual pho- 
toreceptor death. Such a defect occurs in 
the RCS rat (1), in which a genetic abnor- 
mality leads to the accumulation of rod 
outer segment debris from postnatal day 
12 through 3 months of age, when few 
photoreceptor cells survive. No evi- 
dence has been reported of phagocytosis 
in the pigment epithelium of eyes of in- 
tact, affected animals (1), although the 
pigment epithelium of such animals can 
phagocytize carbon particles and, in rare 
cases, exogenous outer segment frag- 
ments which have been introduced sub- 
retinally (5). Since it has been demon- 
strated that the genetic lesion is in the 
pigment epithelium (6), cultures of RCS 
pigment epithelium were studied and 
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Phagocytosis in the Retinal Pigment Epithelium of the RCS Rat 

Abstract. The retinal pigment epithelium of RCS rats, previously thought not to 

phagocytize photoreceptor outer segments, exhibited a peak of phagocytosis in vivo 
when animals were kept under conditions of cyclic lighting (12 hours of darkness and 
12 hours of light). This peak occurred at 1 hour after the onset of light, with maxi- 
mum and minimum levels ofphagocytosis averaging about 5 percent of that found in 
the pigment epithelium of Osborn-Mendel rats used as a control. Eyecups that were 
obtained from Osborn-Mendel rats and maintainedfor up to 3 hours in organ culture 
demonstrated levels of phagocytosis that were sevenfold greater than those of unin- 
cubated controls. Likewise, a tenfold increase occurred in incubated as opposed to 
unincubated RCS eyes, raising the possibility that phagocytosis could be experimen- 
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found to exhibit normal phagocytosis of 
polystyrene spheres and infrequent 
phagocytosis of outer segment fragments 
(7). 

To determine whether phagocytosis 
occurs in the pigment epithelium of the 
RCS rat under in vivo conditions, we 
tested whether a peak occurs in the nor- 
mal rat retina soon after the onset of light 
and at various times in the light cycle. 
Having observed elevated levels of 
phagocytosis in the pigment epithelium 
of normal rats when the eyecups were 
maintained in vitro for 1 to 3 hours, we 
used organ culture to evaluate shedding 
and phagocytosis in eyecups from RCS 
rats. 

All animals in this study were supplied 
by the NIH Small Animal Facility, were 
3 weeks of age, and were raised from 
birth under conditions in which the lights 
were on between 0700 and 1900 hours. 
Littermates from either the dystrophic, 
pink-eyed, tan-hooded (PETH) strain of 
RCS rats or the normal Osborn-Mendel 
(OM) strain of albino rats were used in 
each experiment. Eyes were enucleated 
and processed for electron microscopy 
directly or maintained in culture (8) be- 
fore being processed (9). Phagosomes in 
the pigment epithelium were counted by 
light microscopy (10). 

Phagocytosis in the pigment epithe- 
lium of OM rats in vivo shows a sixfold 
increase in phagosomes at 0830 or 11/2 
hours after the onset of light (Table 1). 
Phagosome counts were slightly lower 
than those reported by LaVail (2) be- 
cause of our more stringent scoring cri- 
teria and the use of 0.5-um sections in- 

Table 2. Phagosomes in pigment epithelium 
from OM and RCS rats. The eyecups were ei- 
ther intact (0 hours of incubation) or in- 
cubated in vitro. Counting and lighting condi- 
tions are as in Table 1. 

Time of Hours Large 
enucle- of incu- phagosomes 
ation bation per 180 um 

OM strain 
0600 0 14 ? 1.5 
0600 3 57 ? 2 
0700 3 55 + 13 
0800 3 55 + 0.5 
0800 0 29 - 5 
1100 0 6 + 0.7 
1100 1 23 ? 2 
1100 2 42 ? 7 
1100 3 43 ? 3 

RCS strain 
1100 0 0.4 ? 0.2 
1100 3 4.6 ? 0.7 

stead of the 1.5-tm sections of LaVail. 
Table 1 also shows that a peak of phago- 
cytosis occurs in the RCS at 0800, 1 hour 
after the onset of light, at a level three 
times above baseline. This difference is 
statistically significant (P < .01 by t-test 
for two means; P < .005 by one-way 
analysis of variance). Phagosomes in the 
RCS pigment epithelium (Fig. la) strong- 
ly resemble those of the OM pigment epi- 
thelium (Fig. lb). The RCS phagosomes 
can be recognized in various stages of in- 
gestion (Fig. 2a) by electron microscopy. 
Phagosomes demonstrating a typical la- 
mellar pattern (Fig. 2b) could be recog- 
nized which were totally surrounded by 
cytoplasm and embedded 1 gtm or deeper 
into the cell. Residual bodies displaying 
compressed lamellar features (Fig. 2c) 

were visible at all times, but were most 
numerous in tissue taken later in the 
cycle. 

Shedding and phagocytosis of ROS 
fragments appear to be stimulated when 
OM eyecups are maintained in organ cul- 
ture. For example, intact eyes showed 
the expected increase in the number of 
phagosomes between 0600 and 0800 
(Table 2), but eyecups isolated at these 
times and incubated for 3 hours all had 
identical numbers of phagosomes at a 
level almost double that of the control 
eyes at 0800. In addition, incubation of 
the eyecups isolated at 1100, when the 
phagosome number in intact eyes had 
dropped to preshedding levels, produced 
an elevated number of phagosomes, but 
only about two-thirds of that seen earlier 
in the day. The number of phagosomes 
under these conditions showed a distinct 
elevation by 1 hour and reached a maxi- 
mum by 2 hours of incubation. When the 
incubation was performed with RCS eye- 
cups, an increase of phagocytosis of 
about tenfold was observed (Table 2), 
showing that phagocytosis can be en- 
hanced in the RCS pigment epithelium. 

The mechanisms of the enhancement 
of phagocytosis in vitro are not clear. 
The increase in phagocytosis may reflect 
changes due to the separation of the eye 
from the hormonal system of the body, 
or may merely indicate the presence of 
trauma to the eyecup. 

It has been reported that the OM rat 
undergoes a spontaneous retinal degen- 
eration (11), with an onset at between 7 
and 10 months of age. Since the animals 
in this study were only 3 weeks of age, 

Fig. 1 (left). Phagosomes (arrows) in pigment epithelium of eyes enu- 
cleated at various times and either fixed immediately or maintained 
in vitro. The bar represents 25 tzm in all micrographs. (a) From RCS rat, 

at 0800, in vivo. (b) From OM rat at 0830, in vivo. (c) From OM rat, enucleated at 0700, maintained in vitro for hours. Fig. 2 (right). Pigment 
epithelium of RCS rat, enucleation at 0800. (a) The microvilli of the pigment epithelium enclose packets (1 to 3) of lamellar debris. One phago- 
some (4) has been totally engulfed by the cell. The bar represents 2 tim. (b) Phagosome at a higher magnification. (c) Residual body showing 
compressed lamellar features. The bars in (b) and (c) represent 0.5 ALm. 
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this degeneration was not a factor in our 
experiments. No evidence of such dam- 
age was observed in the eyes we studied, 
and the patterns of shedding and phago- 
cytosis obtained with the OM rats were 
similar to those obtained by LaVail (2) in 
Fisher rats. 

We have demonstrated that not only is 
the RCS pigment epithelium capable of 
phagocytosis, but that it normally phago- 
cytizes small amounts of endogenous 
outer segment debris in a daily burst sim- 
ilar to that of the normal rat. The levels 
in vivo average about 5 percent of that of 
OM rats under comparable conditions. 
Furthermore, the phagocytosis can be 
increased in vitro to a level comparable 
to that in normal intact rat eyes before 
the burst of shedding (that is, about 5 
phagosomes per 180 ,/m). The observa- 
tions of residual bodies in the dystrophic 
pigment epithelium strongly suggest that 
not only does phagocytosis take place, 
but that the digestion of these phago- 
somes also occurs. Thus it is clear that 
the pigment epithelium of the RCS rat is 
impaired but not lacking in its ability to 
phagocytize the debris from the shed rod 
outer segments. This raises the possibil- 
ity that the phagocytic rate could be ma- 
nipulated (in vivo) to achieve normal lev- 
els and, thus, retard or prevent the prog- 
ress of the retinal degeneration. 

ARNOLD I. GOLDMAN 
PAUL J. O'BRIEN 

Laboratory of Vision Research, 
National Eye Institute, 
National Institutes of Health, 
Bethesda, Maryland 20014 
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buffer, pH 7.2. There was no change in phago- 
some counts that could be attributed to the ef- 
fect of the fixative. Tissue was postfixed in 1 
percent osmium tetroxide, dehydrated in a se- 
ries of ethanol concentrations, and finally em- 
bedded in Araldite 502 resin. Thin (0.5 ,tm) sec- 
tions were collected for light microscopy and 
sections of a silver interference color were col- 
lected for electron microscopy. 

10. Phagosomes were counted across 290-tam 
lengths of pigment epithelium, the field of view 
of the 63X Zeiss Planapochromat oil immersion 
objective used for the counting. Phagosomes in 
OM rats were defined as densely staining bodies 
measuring at least one outer segment diameter 
in the smallest dimension and located either in 
the pigment epithelium somas or microvilli. 
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An indoor swimming pool in northern 
Bohemia proved to be the source of the 
infectious agent in four repeated out- 
breaks of primary amoebic menin- 
goencephalitis (PAME) between 1962 
and 1965 (1). In epidemiologic investiga- 
tions the actual location where pathogen- 
ic Naegleria survived and multiplied to 
critical concentrations was not traced. 
The system of water recirculation and 
technology was improved, and neither 
Naegleria fowleri nor further cases of 
PAME occurred in the following years 
(2). 

After a 12-year interval, in the winter 
of 1977 to 1978, several strains of N. fow- 
leri highly virulent to laboratory mice 
were isolated from samples of water 
from this swimming pool. For new exam- 
inations the method by Cerva (3) as mod- 
ified by Griffin (4) was used (5). During 3 
months 23 strains of N. fowleri were 
found. The first five strains were isolated 
from the water near the steps, the bot- 
tom of the swimming pool, and the sur- 
face of the filter in the recirculation sys- 
tem. 

Renewed investigations revealed that 
the inside front wall in the deep part of 
the pool was cracked in several places. 
It was found that this wall had been 
built many years ago to adjust the 
length of the swimming pool to exactly 
25 m. The isolating layer between the 
main concrete wall of the swimming 
pool and the inside tiled surface 
(Moni6r's wall) cracked and a layer of 
free air approximately 10 cm thick result- 
ed. Later the cracks in the facing enabled 
water to flow between these walls. The 
temperature in this space was between 
27? and 30?C and the water there was 
relatively isolated from the influence of 
any disinfectants. Rich populations of 
pathogenic Naegleria developed on the 
inner walls of the confined area. 
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Phagosomes in the RCS rats were defined as 
being completely contained within the pigment 
epithelium and having a minimum diameter of at 
least 1 ,Am. Although the diameter of an outer 
segment was found to be 1.5 ,um, these bodies 
are inserted into the pigment epithelium at an 
angle, so that the projection of an average outer 
segment onto the pigment epithelium was 
1.8 ? 0.3 ,um (based on measurements of 37 
eyes). Counts are reported as phagosomes per 
180 tAm, which approximates phagosomes per 
100 outer segments. 

11. L. von Sallman and P. Grimes, Arch. Ophthal- 
mol. 88, 404 (1972); Invest. Ophthalmol. 13, 
1010 (1974). 
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For the purpose of competitive swim- 
ming, at weekly or monthly intervals, the 
water level was raised to about 40 cm 
above the usual level maintained for rec- 
reational swimming. We assume that this 
periodic fluctuation of the water level 
flushed some of the pathogenic amoebas 
from the space between the two walls 
and that these amoebas then infected the 
swimmers. 

Thick layers of organic material con- 
taining N. fowleri were found on the 
walls of the confined space. Eighteen 
strains of N. fowleri pathogenic for mice 
were isolated from samples of this mate- 
rial. 

In our opinion this source of the infec- 
tious agent survived from the time of the 
first epidemic occurrence of PAME in 
1962. This space served as a reservoir for 
the Naegleria until it was found years 
later when the cracks in the wall surface 
became more obvious. Reconstruction 
of the wall should remove the risk of oc- 
currence of PAME among swimmers in 
this pool in the future. 
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Virulent Naegleriafowleri in an Indoor Swimming Pool 

Abstract. A reservoir of pathogeniw Naegleria fowleri has been located in the 
cracked wall of a swimming pool where repeated outbreaks of primary amoebic men- 
ingoencephalitis were observed between 1962 and 1965. 
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