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PSEUDOEXFOLIATIVE MATERIAL
CONTAINS AN ELASTIC

MICROFIBRILLAR-ASSOCIATED
GLYCOPROTEIN*

BY Barbara W. Streeten, MD, Sandra A. Gibson, BA

(BY INVITATION), AND (BY INVITATION) Anthony J. Dark, MD

INTRODUCTION

IN THE PSEUDOEXFOLIATIV'E (PSX) SYNDROIE, A FIBRILLAR PROTEIN ACCU.MULATES

on and within many of the tissues bathed by the aqueousl5 and some of
the adnexal tissues.68 It is still unclear whether this material is of purely
local origin and of what it is composed. The possibility that PSX material
bears some relation to the zonules arises from shared histochemical reac-
tions, including some unusual ones, such as positivity with Gomori's
ch.rome alum hematoxylin9"o and oxytalan staining. 11 12 PSX material and
zonular fibers have a similar lectin-binding profile'3 which together with
the histochemistry suggest a complex glycoprotein-proteoglycan nature.
Morphologically, the resemblance of PSX fibers to zonules is not striking,
although there are similarities. The PSX fiber is much larger in diameter,
but has a similar macroperiodicity of 25 to 50 nm, and contains some
microfibrils of 6 to 8 nm with a 10 to 12 nm periodicity,5 which is closer to
zonular fibril morphology.
To determine whether there is a close structural similarity between the

two fibrillar proteins, we have compared them immunologically. As de-
scribed in a preliminary report, 14 there was strong binding of a polyclonal
zonular antiserum to PSX material. Since zonular fibers appear to be part
of a wide-spread elastic-microfibrillar system, 15 we looked for evidence of
an affinity between PSX material and other members of this system. In
the present study, we compare the results of staining PSX material with
bovine zonular antisera,15 microfibrillar protein (MFP) antisera derived
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from bovine ligamentum nuchae, 16 and a recently described monoclonal
antibody to elastin-associated microfibrils. 17

MATERIALS AND METHODS

Ten human lenses, with the clinical diagnosis of PSX disease, were ob-
tained in the operating room immediately after extraction and frozen in
liquid nitrogen within 20 minutes. Cataract lenses without PSX disease
were processed in the same way, as controls. For antibody staining, the
lenses were thawed and sectors of the anterior and equatorial capsule
were immediately cut from the lens and immersed in phosphate-buffered
saline. Remaining cortex and epithelium usually separated cleanly from
the capsule during washing before immunostaining, giving an almost pure
capsular preparation. After immunostaining, the tissues were fixed in
2.5% glutaraldehyde, embedded in Mollenhauer's medium, and pro-
cessed for electron microscopy. Portions of three capsules were taken for
whole mounts, without further staining. Grids for transmission electron
microscopy were examined both unstained and double-stained with uran-
yl acetate and lead citrate. Controls for PSX and non-PSX disease lenses
had omission of immune serum in the staining sequence or substitution of
normal rabbit serum.

Antibodies to fresh bovine zonules were raised in rabbits, as described
previously. 15 Antibodies to elastic MFP, extracted from bovine ligamen-
tum nuchae, were similarly raised, as detailed before. " Monoclonal anti-
body to an elastic mnicrofibrillar-associated protein'7 (presently called
fibrillin) was kindly supplied by Dr Lvnn Sakai. All antisera and the
monoclonal antibody were used in full strength or 1:10 dilution. For
immunohistologic staining, the indirect peroxidase-labeled staphylococ-
cal protein A method was used for the polyclonal antibodies,15"16 and an
indirect peroxidase-labeled second antibody technique for the mono-
clonal antibody. Whole avian serum 1:10 or 4% bovine serum albumin
(BSA) were used to block nonspecific staining, before application of pri-
mary antibody.

RESULTS

In PSX disease, there are three characteristic zones of different morphol-
ogy in the lens capsule. The most familiar clinical accumulations are the
small bush-like aggregates on the anterior capsule in its midperiphery,
but they also occur over the whole zonular insertion region in advanced
disease. They are composed of thick (20 to 55 nm) fibers banded at 25 to
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50 nm and a small number of thin (6 to 8 nm) fibrils (Fig IA). On the
undersurface of the capsule, more laterally, is the fibrogranular zone,1
where the multilaminar capsule is expanded in round patch-like areas, by
infiltration with exuberant vertically-oriented bundles of 7 to 12 nm
fibrils. These fibrils splay out horizontally and are associated with granu-
lar material (Fig IB). The third zone consists of fibrogranular inclusions,
lying horizontally within the lens capsule almost throughout its width,
appearing similar to common aging inclusions,9 but larger and more
profuse (Fig IC). The latter two zones lie, for the most part, over the
germinative region of the lens epithelium. A less well defined zone is a
central disc of superficial capsular thickening, which will not be consid-
ered here.

After reacting the lens capsule with zonular antisera, without counter-
stain, PSX vegetations stood out as black nodules, in light microscopy of
the plastic thick sections (Fig 2). The larger vegetations were most heavily
stained in their outer portions. The fibrogranular deep patches were
sharply demarcated with their multiple columns of vertical fibrils. In-
clusions within the capsule were visible but paler, and the capsule itself
was negative. Staining was always densest in the outer portions of the
stained areas, which was probably related to the limited ability of anti-
bodies to penetrate tissue. In paraffin sections where a full thickness of
capsule was exposed to the antibody, the distribution of stain was the
same. No staining was visible in the controls, except on any adherent
zonules and occasional small aging inclusions.
On electron microscopy, the appearance of all PSX areas was similar

(Fig 3). In the superficial aggregates, antizonular reaction product cov-
ered the whole fiber, both thick and thin types, with occasional evidence
of increased stain at intervals of 45 to 55 nm (Fig 4). In cross-section, the
thicker fibers showed rims of darker stain. The deep fibrogranular zone
had extensive stain associated with the vertical fibrillar bundles and their
branches (Fig 5). The inner capsular surface was free of stain or had a few
small nodular clumps, like those of vertical fibrils, occasionally confluent
with the next adjacent fibrillar bundle. The capsule in some specimens
also had a faint granularity in the fibrogranular zone, not seen in the rest
of the capsule. Clumping of reaction product on the vertical fibrils ob-
scured their details, but in the exposed fibrillar bundle "tails," when
spread out, a diffuse coating was visible as in the surface PSX, darker
around the fibril itself with rare macroperiodicity visible. Capsular inclu-
sions which were sufficiently close to either surface and sometimes even
those in midcapsule, were moderately stained by the zonular antisera (Fig
6).
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FIGURE 2
Lens capsule from PSX disease reacted with zonular antisera, showing binding to patches of
deep fibrogranular zone (arrows) on one side and to nodular PSX aggregates on the other.
Linear capsular inclusions also visible but rest of capsule is unstained. APO method, no

counter-stain (magnification, x 420).

FIGURE 1
A: Nodule of PSX material on anterior lens capsule. Note both thick fibers with macroperi-
odicity, and thin fibrils (magnification, x 30,000). B: Fibrogranular zone showing bundles of
thin fibrils with some associated granular material, entering capsule and splaying out be-
tween lamellae of BM (magnification, x 43,700). C: A fibrogranular inclusion within mid-

zone of lens capsule (magnification, x 56,000).
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FIGURE 3
Zonular antisera binding to PSX nodules on superficial lens capsule. Note iris pigment
granules (P). Inset shows patches of deep fibrogranular zone under this area with deeper
stained "tails." Penietration of this thick fibrogranular zonie is incomplete. APO method, no

couinter-stain (magnification, x 9200).
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FIGURE 4
Diffuise staininig of a PSX suiperficial aggregate, with stiggestion of macroperiodicity (ar-
rows). Both thick anid thini fihers are stainied. Zoiutlar anitisera-APO method, ino counter-

staini (magniification, x 47,500).

FIGURE 5
Dense staininig of a filrogranular "tail" aid branches in lens capstile. Some simililar climps at
ininer capsuilar edge. Capsuile itself hais a finie granularity. Zoniuilar anitisera-APO( method, ino

coIliiter-staiin (miaginification, x 36,200).
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FIGURE 6
Surface of capsule with infiltration of PSX fibers. Large horizontal capsular inclusions also

stained. Zonular antisera-APO method, no counter-stain (magnification, x 40,000).
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Staining with antisera to bovine MFP, from ligamentum nuchae, was
similar to that with zonular antisera, but had less diffuse staining of the
fibers and more fine dot-like staining around the thin fibrils (Fig 7A). In
the deep zone, there was more capsular granular staining. Compared to
zonular antisera, the fibril stain was more discrete, with clearer period-
icity, and had penetrated less deeply (Fig 7B).

Monoclonal antibody to fibrillin gave diffuse staining of PSX fibers on
the anterior capsule (Fig 8A) and of most capsular inclusions. The deep
fibrogranular "tails" and branches were also well stained (Fig 8B) with a
fine inner capsular granularity, like that from most of the other stains.

Controls processed without primary antibody or with the substitution
of normal sera, were unstained. In the non-PSX disease lenses, the
zonules and occasional aging inclusions were stained by all three anti-
bodies.

DISCUSSION

There was considerable similarity in the staining produced by all three
antibodies on PSX material. Zonular antibody gave the most intense
stain, especially in fibrils of the fibrogranular zone. All three antibodies
accentuated a 35 to 45 nm macroperiodicity on PSX fibers, and on accom-
panying zonules, as previously described for zonular and ligament micro-
fibrillar antisera.15'16 However, the peroxidase method results in such a
diffuse aggregate of reaction product at the electron microscopic level,
that it will be necessary to use a more discrete label, such as gold, to
determine whether the macroperiodicity sites are the primary affinity for
one or more of the antibodies.
These findings very much strengthen the previous histochemical""2

and lectin13 evidence, of a relationship between PSX material and the
zonular-elastic microfibrillar system, although not defining what the
shared components are, since elastic microfibrils are complex structures
and MFP itself is as yet poorly characterized. It is quite possible that
more than one antigen is being demonstrated by these three microfibril-
lar antibodies. At least one, fibrillin, the newest but best characterized of
the three microfibrillar antigens, is a glycoprotein. 17

FIGURE 7
A: Heavy staining of PSX aggregates on lens capsule reacted with bovine MFP antisera.
APO method, no counter-stain (magnification, x 54,400). B: Fibrogranular "tail" with same
antisera. More granular staining of capsule, discrete clumps on vertical fibrils, and less
penetration around fibril into capsule compared to zonular AB. APO method, no counter-

stain (magnification, x 48,700).
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Several suggestions about the nature of PSX material have been ad-
vanced in recent years. Eagle et alf believe that PSX material is abnormal
banded basement membrane (BM), and that the disease should be called
the BM exfoliation syndrome. This theory is based on the morphology of
the fibers and the fact that they occur in and around several of the BM of
the anterior segment and adnexa, which are often themselves unhealthy.
Such proximity appears to implicate the respective BM-producing cells,
but it does not necessarily mean that PSX material is composed of BM in
any usual sense. BM is composed primarily of type IV collagen, which
there is no evidence of, in this study, in any of the antigens used to raise
the antibodies. Of course, BNI has a number of other components besides
collagen which might be involved. We have found no cross-reactivity
(unpublished work) between PSX material and three of these compo-
nents: type IV collagen, laminin, and BM proteoglycan (predominantly
heparan sulfate). Harnish et al,'8 using an earlier antibody for the latter,
did find positivity in several PSX capsular sites. In digestion studies of
PSX material, 19 we found evidence of a small amount of heparan sulfate
and chondroitin sulfate, but concluded that proteoglycan did not consti-
tute a major component of PSX fibers. In a series of studies using histo-
chemical techniques, Davanger20' also inferred the presence of proteogly-
cans in PSX material, but came to the same conclusion that they did not
constitute the central fiber itself.
The other frequent suggestion about PSX composition, first made by

Ringvold and Husby,2' was that it was an amyloid-like substance. PSX
material does indeed show some features of amyloid, such as fluorescence
with thioflavin T, 10 but it does not show the polarization dichroism with
Congo red, presently required for the histological diagnosis. Morpholog-
ically, there are also significant differences in the fibers, although the
designation "ainyloid-like" is not unreasonable.
The possibility, that a variety of ocular region BM-producing cells may

be secreting material which polymerizes as microfibrils, with components
antigenically like elastic microfibrils and zonules, has some support from
the behavior of many such cells in tissue culture. A number of BM-pro-
ducing mesenchymal cells, besides fibroblasts, are known to produce

FIG;URE 8
A: PSX aggregates oni aniterior capstile with fibrillin niioinoclonial antibodv showinig a diffuise
stain on1 fibers, with rare evidence of imiacroperiodicitv. Ildirect peroxidase method, lno
couinter-stain (magnificationi, x 41,600). B: Deep capsulle with complete staininig of fibro-
granular zonie fibrils, anid capstilar horizonital inclusionis. Inidirect peroxidase method, nio

couinter-staini (magniificationi, x 16,200).
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large quantities of tubular microfibrils of this type, in culture. Micro-
fibrils, secreted by epithelial cells in culture, are less definitely of this
type, but tubular fibrils have been described.23 It might be expected that
cells in other than the ocular region, would be able to produce PSX-like
abnormal microfibrils; a more extensive search for these should be made.
An intriguing question is, what stimulus turns on this secretory product?
Is it a local change in environment or a systemic one? Are there heredi-
tary factors, or is PSX material possibly an abnormal gene product from
the outset? What relation does PSX material have to the main disease
associated, namely glaucoma? It is hoped that further studies of PSX
composition will begin to answer these questions.

SUMMARY

Because of histochemical similarities, there is reason for thinking that
some component or components of PSX material are also present in
zonular fibers. Since the zonule is a member of the elastic microfibrillar
system, PSX material on the lens capsule was tested for immunologic
affinity to elastic MFP from three widely divergent sources, using an
indirect immunoperoxidase electron microscopic method. Positive stain-
ing was obtained with all three antibodies on all components of lens PSX
material, including the superficial aggregates, deep fibrogranular zone,
and capsular inclusions. The results support our hypothesis that PSX
material derives from abnormal polymerization of glycoprotein associ-
ated with the zonular-elastic microfibrillar system. Similar staining of the
abnormal material within the lens capsule indicates that the lens epithe-
lial cell is involved in processing this protein. It might be suspected that
other microfibrillar-secreting cells, even beyond the present range of
suspected sources, could produce similar material.
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DISCUSSION

DR WILLIAM H. SPENCER. Doctor Streeten and associates are to be congratulated
for their painstaking evaluation of the nature of pseudoexfoliative material and its
relationship to the lens zonule. With the current emphasis on extracapsular
cataract extraction in this country, it must have been difficult to obtain ten lenses
removed by the intracapsular technique from patients with pseudoexfoliative
disease and from patients without this disease to serve as controls. In her Ameri-
can Ophthalmological Society thesis, Doctor Streeten utilized histochemical,
ultrastructural, and biochemical techniques to explore the nature of the normal
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human ocular zonule. This established the basis for the current study of abnormal
material associated with the zonule; it also provided a basis for future investiga-
tions of other conditions involving the zonule, such as the hereditary lens dislocat-
ing diseases (Marfan's syndrome, homocystinuria, Weill Marchesani syndrome).

In the present communication, the authors provide convincing immunologic,
histochemical, and ultrastructural evidence to support their hypothesis that pseu-
doexfoliative material can form as a result of abnormal polymerization of glycopro-
teins, associated with zonular elastic myofibrils. Doctor Streeten has previously
suggested the general name "elastic microfibrillar system" after showing that
isolated microfibrillar bundles of the zonule, as well as microfibrils around the
elastic fibers, not only closely resemble the microfibrils of elastic tissue morpho-
logically but also share cross-reactivity to anti-bovine zonular antisera, suggesting
biochemical structural similarities as well. The concept of a general "elastic mi-
crofibrillar system" is strengthened by the demonstration of similar staining of
abnormal material in association with the lens epithelial cells, and by the observa-
tions of pseudoexfoliative material in proximity to basement membranes in other
portions of the anterior segment of the eye and in the conjunctiva. For many
years, it has not been known whether the material seen in association with
pseudoexfoliation is limited to the eye or is part of a systemic process. I should
like to ask Doctor Streeten whether she has attempted to answer this question, by
applying these immunologic staining techniques to sections prepared from biop-
sies taken from other parts of the body, such as the skin or mucosa. I should also
like to ask Doctor Streeten whether she believes this process to be one that is
developmental or acquired. The exfoliative syndrome seems to occur in older
individuals. This suggests that either it is developmental and accumulates
throughout life, only becoming clinically apparent later, or that the basement
membrane producing cells in the eye undergo an acquired change in adult life,
causing them to begin to secrete abnormal microfibrillar material. Doctor Street-
en has indicated that mesenchymal cells can produce large quantities of these
microfibrils in tissue cultures. Were the cells used for these tissue culture studies
from individuals who had the exfoliative syndrome or, from so-called normals?

I very much enjoyed reviewing this interesting manuscript. So many basic
discoveries in medicine result from a combination of curiosity and persistence.
Doctor Streeten has demonstrated both of these qualities in her studies of the
zonule and related conditions, and I look forward to reading her next manuscript.

DR CLEMENT MCCLTLLOCH. Doctor Streeten has pursued this subject with great
effect; this paper adds to what she has previously described. Doctor John S.
Speakman and I found the exfoliation material on the surface of the ciliary body,
among the zonular fibers, on the surface of the lens, in the lens capsule, deep to
the lens capsule, and among the lens fibers deep to the lens epithelium. There
was exfoliation material in the iris and among the conjunctival vessels. The
material was, indeed, very widespread. Wondering about the source of the exfoli-
ation material, its presence among the lens fibers deep to the lens epithelium
would suggest that one source may have been lens epithelium. Doctor Streeten

318



Pseudoexfoliative Material

may have a commiiiienit on the source, or sources, of exfoliation material.

DR ROBERT DREW'S. This is an exciting paper. The relationship between zonule and
lens capsule, not only anatomically but also microscopically and biochemically is
apparently an extremnely complex one. I was intrigued by the apparent extension
all the way down to the lens epithelium. One wonders if you postulate some
relationship betweeninormal zonule and lens epithelium? There appears to be
somile beginnling evidence from extracapsular surgery that there is a differenice in
attachment of the lens epitheliumil to lens capsule comparing the equator and
zonular area to the central area anteriorly. What you have shown histologically, at
least relating to this abnormal material, may have some relationship to the normal
lens epithelial anatomy as well. I thought it was a fasciinating paper.

DR BARBARA STREETEN. I thank my discussants, Doctors Spencer, McCulloch, and
Drews very much for their interesting and kind comments. Doctor Spenicer asks
whether we have used or plan to use this new method on other tissues. Yes, we
are very interested in doing so. We have done quite a bit of electron microscopy
on the conjunctiva in a project with Doctor Ritch, investigating further the areas
in which pseudoexfoliative material actually accumulates. Unfortunately, we need
different methods of immunostaining. On the lens capsule, PSX material is right
on the surface, but the antibodies do not penetrate very far into tissue. We are
working on a post-fixation method of immunostaining so that we can examine the
whole section, which will be necessary when dealing with solid tissues. Doctor
Spencer also asked whether we think that this is a developmental corneal disease.
I assume that "developmental" would imply some hereditary component and, of
course, I don't know the answer to that. Doctor Spencer always asks insightful
questions. The possibility of an hereditary component is very interesting because
this is often a bilateral disease. But if 11% of people in Scandinavia have pseudo-
exfoliative disease on their lenses, it seems almost too common for a single gene
disease, although there might be multifactorial imput. So I guess we have to say
that at present PSX seems most likely to be an acquired disease. I do want to
mention that I was not the first to describe the elastic-microfibrillar system. It is a
concept which has been put together by many investigators over the years, but we
added evidence that the zonule belongs to this system. To date, I don't know of
anyone who has cultured cells from patients with the pseudoexfoliative syndrome,
which would be a most interesting thing to do to determine what kind of fibrils
would be produced. Doctor McCulloch mentions that he and Doctor Speakman
saw pseudoexfoliative material deep to the lens capsule. I don't know how deep,
but presumably amongst the cortical fibers and superficial cataract. This is fasci-
nating. I haven't seen that, although it would seem possible if the lens epithelium
is making this material, as I strongly believe. We have looked at iris and conjunc-
tiva, and confirm all the previous observations. Doctor Drews brings up an
interesting point about some relationship between the lens epithelium and zon-
ules. As far as differences in anatomiiy, we have described zonular attachments on
the anterior capsule, equator, and posterior capsule, and there is some difference
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in the kinds of attachments. I don't know whether he was leading to this point, but
it does involve a most interesting question of whether the lens epithelium nor-
mally contributes something biochemically to the zonules, either in their attach-
ment sites, something important for their attachment to the lens capsule, or even
in the actual formation of zonular fibers. Again, I don't know the answer to this
but it is a very interesting question.


