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Growth and Transparency in the Lens, an 
Epithelial Tissue, Stimulated by Pulses of PDGF 

BARBARA BREWITT* AND JOHN I. CLARK 

The rat lens undergoes dramatic growth during early postnatal development. Lens 
weight increased by a factor of 23 in 26 days. Growth rate per day oscillated between 0 
and 87 percent. A new culture system was designed to study the oscillations in growth 
during development. Lens growth and transparency in vitro required pulsatile delivery 
of platelet-derived growth factor (PDGF) in HL-1 serum-free medium. Continuous 
delivery of HL-1 medium with PDGF or pulsatile delivery of HL-1 medium without 
PDGF resulted in lens opacity and no growth. These results provide direct evidence 
that PDGF stimulates an epithelial tissue and that oscillations in growth occur during 

vitreous humors (4-6) .  These factors have 
been tested in lens epithelial cell culture and 
may act alone (4, 6) or synergistically (5). 
Growth factors may be responsible for ma- 
jor changes in transparency, hydration, wet 
and dry weights, protein content, gene 
expression, and cell shape that occur during 
the first 30 days of postnatal rat lens devel- 
opment (2, 7, 8). Despite many attempts at 
lens organ culture under conditions that 
would permit the identification and isola- 
tion of regulatory factors, an ideal culture 
medium for normal lens development has 
not yet been identified (5, 9).  Cultured 

normal development of th; rat lens. 
- - 

lenses typically lose transparency and have 
lower rates of mitosis and protein synthesis 

T HE RAT LENS IS AN IDEAL MODEL sary for transparency. Numerous gap junc- than are found in vivo (9) .  No culture 
for studies of normal growth and tions allow intercellular transport of the ions systems are known to be suitable for studies 
development of an epithelial tissue and small molecules required for lens of the development of lens transparency. 

(1). In the embryo, an invagination of sur- growth (2). Our goal was to develop an in vitro system 
face ectoderm results in the formation of a External factors that may regulate lens for studies of external factors that regulate 
lens vesicle (2).  The lens becomes a solid 
cellular tissue, without vessels and nerves, 
when the posterior epithelial cells elongate 
to fill the vesicle. The anterior epithelial cells 
migrate laterally, elongate, and differentiate 
into mature lens fibers, which constitute the 
bodv of the lens. An unusual feature of the 
lensJis that the apical surfaces of the epitheli- 
al cells face inward and attach to lens fibers 
(2).  The outside of the lens is covered by a 
thick basement membrane, the lens capsule, 
that influences the elastic, nutritional, and 
transport properties of the lens. All nutrients 
for normal growth and development come 
from the surrounding aqueous and vitreous 
fluids and pass through the lens capsule. 

A high concentration of protein is re- 
quired if the mammalian lens is to function 
as a transparent, refractile optical element 
(3). The lack of blood vessels and nerves in 
the lens is consistent with the general classi- 
fication of an epithelial tissue and is neces- 
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growth include insulin-like factor, lens growth during the developmeht of 
fibroblast growth factor, and epidermal transparency. 
growth factor, which are thought to be A systematic evaluation of changes in wet 
present in the surrounding aqueous and and dry weights during normal develop- 

Fig. 1. In vivo lens develop- 
ment. Rates of increase in 
dry weight oscillated be- 
tween 0 and 87% per day. 
Dry and wet weights in- 
creased by factors of 23 and 
10, respectively, between 
birth and 26 days (inset). 
The y-axis in the inset indi- 
cates multiples of birth- 
weight. Ten to 27 nonlitter- 
mate rats were killed, at each 
age. We avoided diurnal ef- 
fects by conducting all ex- 
periments between 1 and 3 
p.m. After enucleation, 

Lens age (days) lenses were removed by pos- 
terior cuts through the retina. Wet and dry weights were measured on an electrical analytical balance 
(Mettler AE163). Lenses were dried at 80°C to constant weight. The time period selected for organ 
culture is shown by the vertical dashed lines. The percent change in dry weight was calculated by the 
formula (DW,, I - DW,)IDW, x 100 where DW,, I is lens dry weight on day x + 1 and DW, is lens 
dry weight on the previous day. The standard error is contained within the symbols in both plots. 
Instead of growing continuously (ZI), the lens showed large oscillations during neonatal development. 
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ment provided the basis for the design of a values agreed with the general patterns of 
lens culture system. Lens weight increases growth in the rat lens (8) and provided a 
dramatically during in vivo development detailed evaluation of growth rates per day 
(Fig. 1, inset); lens dry weight increased for comparison with lens growth in culture. 
from 0.3 to 6.97 mg, and wet weight in- Large oscillations in the rate of lens 
creased from 2 to 20 mg. These in vivo growth in vivo (Fig. 1) were observed. The 

Trowth Appeal 
n ondition 59 hou - 

42 In vivo 

7 Pulsed Opaqu 
without 
PDGF 

7 Pulsed 
PDGF 

5 Continuous O ~ a a u  

Fig. 2. Evaluation of PDGF 
effects on lens transparency 
in vim. Lenses wire cul- 
tured in an enriched HL-1 
serum-free medium (22). 
Pulses of medium without 
and with PDGF were deliv- 
ered to the lens through the 
perfusion chamber at a flow 
rate of 2.8 &our for 1.25 
hours every 4.75 hours in an 
atmosphere of 4% O2 and 
96% air. Medium plus 
PDGF flowed continuously 
through the perfusion 
chamber at rates of 0.4,0.5, 
1.4, or 2.5 &our. Col- 
umn 1 lists the number of 
lenses observed under the 
growth conditions given in 
column 2. Column 3 indi- 
cates the appearance of the 
lens after 59 hours. Column 
4 shows photographs of the 
lenses at 59 hours. Lenses 
receiving pulses of medium 
without PDGF remained 
transparent for 31 hours and 
bec&e opaque by 59 hours. 

Continuous delivery of medium plus PDGF at all flow rates caused the lenses to become opaque by 20 
to 30 hours. Pulsed delivery of PDGF produced lenses that remained transparent for the entire culture 
period. 

Fig. 3. Evaluation of PDGF 
effects on lens growth in vitro. 
Dry weight (D) and wet 
weight (W) and soluble pro- 
tein concentration (P) were 
measured after lenses received 
pulsed delivery of medium 
without PDGF or with 
PDGF or with COIIMUOUS de- 
livery of PDGF. Three-day- 
old lenses were cultured under 
the same conditions as in Fig. 
2 (22). The percent increase 
from time 0 to 59 hours in D, 
W, and P in vivo is compared 
to the percent increase in vi- 
m. Standard error bars are 
shown. The difference be- 

- ] I 
I tween lens dry and wet 

weights in vivo and that with 
pulsatile delivery of PDGF is 
12 t 5% SEM and 7 + 14% 

-40 SEM, respectively, which is 
not statistically significant 

(P < 0.005). Pulsed delivery of medium plus PDGF stimulated increases in protein that were nearly 
normal. The percent increase in dry and wet weights were calculated by the formula given in the legend 
to Fig. 1. Increase in soluble protein was determined by [(Psg - Po)/Po] x 100 where Ps9 is the 
concentration of soluble protein in a lens after 59 hours in culture and Po is the concentration of soluble 
protein in the uncultured contralateral lens at the start of the experiment. Protein concentration was 
determined by the Bradford assay (23) after lenses were lyophilizcd, homogenwd, and resolubilized in 
120 rnM sulfate-phosphate buffer (pH 6.9); insoluble material was removed by ultracentrifugation. 

oscillatory growth was consistent with re- 
ports that, following birth, lens epithelial 
cell proliferation and aqueous intraocular 
pressure display cyclic variations (10). The 
oscillations in Fig. 1 resemble oscillatory 
responses of glandular organs to cycling 
hormones (1 1). In these glandular tissues, 
oscillations in cellular responsiveness and 
growth are caused by cycling polypeptide 
hormones (11, 12); constant hormone levels 
inhibit the cellular responses by receptor 
downregulation (13). The in vivo data sug- 
gested that the design for a culture system 
must consider the oscillating growth of the 
lens. Aqueous humor from humans and 
rabbits contains platelet-derived growth fac- 
tor (PDGF)-like activity (14) that may arise 
from nearby ciliary and retinal-pigmented 
epithelium (15). We seriously considered 
PDGF as the external growth factor for in 
vitro studies when we found that fetuin in 
HL-1 serum-free medium significantly im- 
proved lens culture conditions (1 6). Fetuin 
contains PDGF (17). It is possible that 
PDGF acts to stimulate oscillatory growth 
during lens development in vivo. 

Lenses from 3-day-old rats were selected 
for culturing because in vivo data indicated 
that major changes in growth, as defined by 
increased weight, occurred between day 3 
and day 6. Lenses increased 74% in dry 
weight, 55% in wet weight, and 95% in 
soluble protein content during this 72-hour 
period. We compared the effect on transpar- 
ency of pulsatile delivery with continuous 
delivery of PDGF during this period of very 
rapid growth. Lens transparency was found 
with pulses of PDGF; continuous delivery 
of PDGF produced opacity. Figure 2 pre- 
sents a photographic comparison of lens 
transparency after 59 hours. In vivo, lenses 
were transparent at time 0 (posmatal day 3) 
and after 59 hours (posmatal day 5.5). 
Lenses cultured with pulses of HL-1 medi- 
um without PDGF became opaque by 59 
hours, even though this medium contained 
insulin, a hormone that stimulates lens epi- 
thelial cell mitosis (5). In contrast, lenses 
cultured with pulses of HL-1 plus PDGF 
remained transparent. Lenses cultured with 
continuous delivery of HL-1 plus PDGF 
became irreversibly opaque within 20 to 30 
hours. 

Normal lens development was accompa- 
nied by significant increases in dry and wet 
weights and in soluble protein concentra- 
tion. The effect of pulsatile delivery of 
PDGF on these parameters is shown in Fig. 
3. In vivo, lenses increased 49% in dry 
weight and 33% in wet weight. Lenses 
receiving pulses of HL-1 without PDGF 
increased only 6% in dry weight and 36% in 
wet weight. In contrast, lenses receiving 
pulses of PDGF increased 37% and 26% in 
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dry and wet weight, respectively. Continu- 
ous delivery of PDGF decreased lens dry 
weight by 16.5% and increased wet weight 
by 16.5%. Transparency developed when 
dry weight increased faster than wet weight. 
A gain in wet weight without concomitant 
gain in dry weight has been frequently ob- 
served in cataractous lenses (18) and was 
consistent with the opacity observed in 
lenses receiving pulsatiie delivery of medi- 
urn without PDGF or continuously exposed 
to PDGF (Fig. 2). These results demon- 
strate that pulsatile delivery of PDGF is 
necessary for lens growth and transparency 
in vitro. 

The effect of pulsatile delivery of PDGF 

during development. The growth patterns 
and response of lens cells to circulating 
factors, such as PDGF, can now be evaluat- 
ed under controlled conditions by means of 
our in vitro system. Our data suggest that 
PDGF or other hormones act as pulsatile 
regulators of lens growth and development. 
Both the source of PDGF and the receptors 
for PDGF need to be identified in vivo. 
Experiments are under way to characterize 
the activity of PDGF isoforms (AB, BB, and 
AA) required for normal lens growth. The 
lens is an excellent model for studying the 
factors that regulate oscillatory growth, dif- 
ferentiation, and gene expression. 

was even more dramatic on the soluble 
protein content of the lens (Fig. 3). In vivo, 
soluble protein concentration increased 
56% after 59 hours. In vitro, an 88% in- 
crease in soluble protein resulted when 
lenses received pulses of PDGF. Lenses that 
received pulses of medium without PDGF 
increased only 6% in soluble protein, and 
lenses receiving continuous PDGF de- 
creased 26% in soluble protein. The loss in 
soluble protein and the loss in dry weight in 
lenses receiving continuous PDGF is similar 
to what occurs in human cataracto~enesis, " 
in which proteins are degraded or released 
from damaged lens fibers (19). These results 
demonstrated the importance of pulsatile 
delivery as opposed to continuous delivery 
of nutrients to cultured lenses. Only lenses 
receiving pulsatile delivery of PDGF simul- 
taneously increased in dry weight, wet 
weight, and soluble protein content and 
remained transparent after 59 hours in vitro 
(Figs. 2 and 3). 

Our results suggest that the target cell 
populations and long-term biological effects 
of PDGF need reassessment. PDGF stimu- 
lates protein synthesis in many mesoderm- 
derived cells and in some glial cells (20). Our 
results show that PDGF stimulates the lens, 
an epithelial tissue of ectodermal origin, 
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