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THE ZONULE of Zinn is small, it is difficult to see, and its function
is not wholly apparent. The fibers are hard to define, they do not
stain well with ordinary stains, their origins and insertions are
not easy to determine, and their courses involve an appreciation of
three dimensions and of many neighboring structures. For all
these reasons the zonule has enjoyed the continuous academic
interest of anatomists during the last two centuries. With the ap-
pearance of the two major theories of accommodation, by Helm-
holtz (1) and by Tscherning (2-5), and with the introduction of the
intracapsular cataract extraction, and, finally, as a result of the
possible relation of the pull of the zonule to retinal detachment,
knowledge of the anatomy of the zonule has found practical ap-
plication.

In recent years there have been excellent papers on the zonule.
The most comprehensive have been by Loddoni (6), Moreno (7),
and Lauber (8, 9). Strangely enough, the zonule has not been dis-
cussed in the English literature, except in relation to certain
clinical problems or as part of a larger anatomic study. Troncoso
(1o), in describing the anterior segment of the eyeball of man and
of certain vertebrates, gives a careful description of the zonule.
Minsky (i i), Goldsmith (12), Kirby (13-15), and Vail (i6, 17)
describe the zonule as they think about the problems of cataract
extraction. These are excellent studies, but, beyond these, there is
need for a review, and for confirmation, of some of the major works
on this structure.
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REVIEW OF 'IIILE LITERATURE

Early aniatomuists thloLughlt of the zon0l1e as part of the anterior
face of the vitreous. Petit, in 1723 (i8), by injecting air between
the zonule and the vitreous, defined a space wlhich still carries hiis
name. He described the zonule as a folding of the anterior face of
the vitreous, whiclh passed to the anterior face of the lens. The
posterior fold of the vitreous extended across the posterior face of
the lens, the space betwveen the two folds being the canal of Petit.
Tlhis view of the zonule wvas also held by WVinslow (19) and
Cloquet (20). Zinn (21, 22), however, felt that it was composed of
material entirely different from that of the vitreous; he appreci-
ated its fibrillar clharacter and its toughness. He described it as a
separate membrane passing from the region of the ora serrata to
the anterior surface of the lens. The face of the vitreous then
formed a sheet lying posteriorly, which passed to the posterior
surface of the lens. This viewv remained essentially unchanged
into the middle of tlhe nineteentlh century, and is reflected in the
writings of Cobbold (23), K6lliker (24), Hannover (25, 26), and
Muiller (27, 28). Altlhough Muller did not change this general
concept, he did point out that the epithelium of the pars ciliaris
retinae wvas different from that of the retina proper, that it was
much thinner, and that it might represent rods and cones, Muller
cells of the retina, ganglion cells, or merely undifferentiated cells.
He noted that the zonule was intimately adherent to this epi-
thelitum near the ora serrata, was fused to the internal limiting
membrane, and might be classed among the glass lamellae of the
eye. Hannover (26), by injecting air, found a space about the
equator of thie lens. He tlhouglht this lay betwveen the vitreous and
the zonule; but it is nov known to lie betwveen tile two faces of the
zonule, and is called Hannover's canal.
Our present knowvledge of the zonule of Zinn may be said to

have developed from tlhe wvritings of Merkel (29) and Schwalbe
(3o), in 1870. During the next 50 years most of what wve knowv of
this structure was assembled. In recent years the introduction of
the slit lamp and the possibility of physical and chemical studies
have opened newv avenues of research on the zonule.
The discussions wvhiclh have been carried on since I 870 concern-
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ing the zonule have been so extensive that chronological listing of
the contributions wvould be confusing. However, by tracing a few
problems which have appeared in the literature it will be possible
to indicate most of the important communications on this subject.

THE STRUCTURE FROM WHICHI THE ZONULE ARISES

The zonule hlas been described as arising from nearly every
structure lying in its neighborhood. It is in close association vitlh
the vitreous and wvas considered by the early anatomists to be part
of that structure (18-20, 22, 25, 31-.32). More recent wvriters, stcli
as Szent-Gydirgyi (33), DeWVaele (34), Dejean (35, 36), and Kolliker
(37) hiave thouglht of the zonule as a condensation at the anterior
face of the vitreous. Duke-Elder (38) and Lauber (g) have pointed
out many similarities between the stubstance of the zonule and that
of the vitreous. Retzius (39) and HocquLard and Masson (40)
agreed that the zonule may have the same origin as the vitreous,
althoulgh it may be of slightly different composition. Kolliker
(37, 41) tlhouglht thiat both the vitreous and the zonule wvere
formed as extensions from the unpigmented cells of the ciliary
body. Berger (42) and Rabl (43, 44) described the zonule as a
condensation in the vascular part of the primary vitreous whiclh
lies about the lens. Druault (45, 46), Dejean (35, 47, 48), Baldwvin
(49), and Troufesco (5o) believed that the zonule is mesodermal
in origin and that it is related to the vascular portion of the pri-
mary vitreous.
The zonule lhas been considered to be formed from the retina.

Haemers (5 1) thouglht that both thie zonule and the vitreous are
derived from the retina. Arnold (52) stated that the zonule is a
membranouis extension fromi the retina. Many otlher authlors
thiouglht the zonule is not particuilarly related to the retina, but
is formed, in one way or anotlher, from the epitlhelium of the
ciliary body. Claeys (53), Heiberg (54), Kolliker (37, 41), Addario
(rr, 56), and Schoen (r57, r8) sawv the zontule as protoplasmnic ex-
tensions from the nonpigmen ted epitlhel ial cells. According to
Claeys (53), Terrien (59, 60), and Sclhwalbe (6i), these extensions
are equivalent to Muller's fibers of the retina. Carlini (62), Agaba-
bow (63.3), and Sbordone (64) suggested that they may be (glial
fibers. But Hannover (65) had previoimsly pointed out that the
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ciliary epithelium cannot be considered to be equivalent to any
particular type of cell in the retina.
A great many atuthors have stated that the zonule may form

as an extracellular substance from the ciliary epithelium (66).
Damianoff (67) and Truc and Vialleton (68) suggested that it is
a secretion. Magitot and Mavas (69), Mawvas (70-73), and Pignede
(74) described it as exoplasmic substance wvhich also forms the
internal limiting inembrane of the ciliary body. Carrere (75) indi-
cated that Mawvas meant a glass membrane. Baclh (76) suggested a
cement substance binds the zonular fibers to the ciliary epithelium.
Czermak (77), Hess (78), Salzmann (79), Mliiller (27), and An-
gelucci (80) looked upon it as a substance akin to the glass mnem-
branes of the eye or as an extension from the internal limiting
nembrane of the ciliary body.
Lenhossek (8i, 82) suggested a mixed origin, the part near the

ciliary body coming from the epithelial cells, the midpart being
mesodermal from the vascular part of the pr.imary vitreous, and
the part near the lens being from the cells of the lens. 13railey (83)
and Circincione (84) thouighit that there is a double origin, meso-
dermal and epitlhelial.
Opinion today is in favor of the zonule being ectodermal in

origin (Mann, 85, 86; Vail and Alertz, 87). The lens capsule appears
before the zonule can be seen; therefore, the zonule mtust arise from
the ciliary epithelium (69).

IS THE ZONULE A MEMBRANE OR IS IT MADE UP OF FIBERS?

Schwzalbe (61) and Merkel (88) described the zonule as made uip
of fibers, and this viewlhas been agreed upon by mnany (42, 56, 62,
77, 79, 89-95). Schoen (96, 97), wvlio conceived of eachi fiber as an
extension from a cell of the unpigmented epitlhelitum, sawv the
zonule as fibers with an occasional bit of cemnent suibstance be-
tween. Ulrich (98), Dessauer (99), and Henderson (ioo) tlhotughlt
of the zonule as a membrane. The method that an investigator
used in examining this structure greatly affected hiis understanding
of its architecture. UJsing the slit lamp, Egger (94), Kahmiiiann (ioi),
and Duverger and Velter (102) noted that the zonule appears as
fibers. Troncoso (io), Beauvieux (103), Dejean (36, 47), Gold-
smith (12), and Moreno (7) agreed tupon this general appearance,
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but after dissecting the zonule under the microscope they felt that
it is really formed of fibers with an intermediary substance. Lod-
doni (6) and Duke-Elder (104) indicated that there is not sufficient
interfibrillar substance to stop fluid. Schwalbe (105), Ulrich (98),
Mawas (70), and Wolfrum (128) saw the zonule in microscopic
sections as formed of fibers and intermediary substance. Most of
the authors who studied sections, such as Berger (42), saw the
zonule as fibers, although by this method of examination the inter-
fibrillar cement substance may well have been precipitated (io6).

If the zonule is membrane, it should block any passage between
the posterior chamber and the face of the vitreous. When air is
injected it stays in the canal of Petit (18, 12, io) or in Hannover's
canal (26). However, air will not pass through small openings, and
leakage across this membrane must be tested with solutions of
dyes. Schwalbe (30) and Merkel (29) were greatly influenced in
their opinion that the zonule was composed of fibers by their ob-
servation that solutions of dyes could cross the zonule. Subse-
quently Angelucci (80, 1o07), Czermak (1o8), Berger (42), and
Pagenstecher (1og) have all found that dyes pass through. Aeby
(1io), with air and dyes, and Goldsmith (12), with air, dyes, and
barium, could find no passage. Comberg (i I i) noted movement of
blood through the zonule after intraocular hemorrhage, and
MacMillan ( 112) observed that inflammatory cells during uveitis
were not stopped at the zonule. Loddoni (6) has summed up the
findings in the literature by saying that there is not enough inter-
fibrillary substance to stop fluid from crossing the zonular mem-
brane.

OF WHAT IS THE ZONULE COMPOSED?

Much has been learned of the composition of the zonule by
analyzing its staining properties. While it does stain with Wei-
gert's neuroglial stain (63) and aniline blue (103), most authors
have been struck by its resistance to acids and to alkalis and its
refusal to accept stains (8, 28, 62, 70, 71, 73, 74, 78-80, 113, 114).
Because of these characteristics the nature of its substance has been
in question. Schtulze (1 15), Angelucci (8o), and Haensell (1 i6) sug-
gested that it is hyalin, and Carlini (62) felt that it is elastic or
glial; Schwalbe (117), Agababow (63), and Lauber (8) considered
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that it might be elastic; Dejean (i 48) and XVolfruiim (13g) sawv
it as collagen; and NliMller (27), Salzmnann (79), Carrere (75), and
Hess (78) sawv it as a glass membrane. Recently, Vislocki (i 19) lhas
greatly clarified the situation. He hlas pointed out that the zonule
stains like a baseiiient imienlibrane, and that in its staining char-
acteristics it is coimiparalble to Reissner's nlenlbrane in tlle thlird
ventricle and the tectorial membrane of the ininer ear (120). He
noted that time zoiulile stainis (leeply with periodic acid-Scliff
reagents (121-12,3) an1d witlh the (clrome aluim1 hie1natoxylin conm-
ponent of Gomori's stain (124). He considered that it is a mnuco-
polysaccharide secreted by tlhe ciliary epitlhelitlml.
The details of tlhe struictture of tile zontule and sonme of its pliysi-

cal and chiemical properties are of interest. It is generally agreed
that the fibers are Forme(l of fibrils (8, 79). The fibers tend to lhave
flat sides and squtared ecdges. Tliey mnay be considered eitlher
squared or triangutlar in outitline (12, i6, 79 io8). The fibers vary
in size; tlhe larger are ab)oult . microns in diameter (79). Berger
(125) noted that they are refractile. Latuber (8) observed that tiley
are birefringent, aInd tlherefore different from collagen. This opti-
cal property mutst reflect a regutlar orientation of tile miolecules in
the fibers. PfluLgok (12(i) and Latuber (9) noted that they are ex-
tremely elastic, mluclh muore elastic tlhan is tile lens capstile. Tilis
may account for the fact that the lens capstule rolls outwvards wlien
it is broken.

THE DETAILS OF THE ORIGIN OF THE ZONULE IN THE
CILIARY EPITHELIUMV

The early anatonlists (i8, 1(, 20), wh11o coinsidered the zontule
to be part of the vitreous, saw no Ineed for the zonule to take origin
from any otlier structures. As its distinct coIlposition wvas realized
other possil)le origoins were considered.

Tlhe details of time origill of the zonule in tlhe ciliary epitlieliumn
have been discussed extensively in the literatture. Tile view that
the fibers attacli to tlhe internal limiiiting meInml)rane of the ciliary
epithelium hlas been expressed repeatedly (29, 62, 63, 92, 98, 99,
127). Since tile tiIme of MUiller (27) imiany hiave considered that tile
zonule and the internal limiting mnembrane of the ciliary epi-
thelium are glass membranies, and part of a single system (77, 79,
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93, 114, 117). Schwalbe (117) noted that on the ciliary processes,
and Wolfrum (128) noted that near the ora serrata, where the
zonular fibers do not attach, there is no internal limiting mem-
brane.
The depth to which the zonule penetrates among the epithelial

cells has not been settled. Many workers have traced fibers from
the zonule, or from the internal limiting membrane, to between
the unpigmented epithelial cells (49, 53, 63, 67, 77, 128, 82, 98, 83).
Wolfrum (128), Pignede (74), and Mawas (70) could trace them
to the membrane deep to the unpigmented cells. Terrien (59) saw
the fibers between the pigmented epithelial cells. Berger (130) and
Redslob (131) could trace the fibers from the internal limiting
membrane to the connective tissue beneath the pigmented epi-
thelium; and Troufesco (50) and Metzner (132) found attach-
ments of the zonular fibers to the ciliary muscle. The different
authors' views on the nature of the zonule account for some of
the variation in opinion concerning how deeply the fibers attach.
The men who believed the zonular fibers are an extension of the
protoplasm of the unpigmented epithelial cells could not see deep
attachments (57, 133); those to whom the zonule was a glass mem-
brane could see fibers between epithelial cells (27, 77, 93, 117);
those who saw the zonule as fibers from Muller's cells could trace
extensions into the pigmented epithelium (53, 59).
Lange (I34) and Schultze (1 14) noted that the epithelial cells

in the pars plana ciliaris slope toward the lens along the direc-
tion of the zonular fibrils, whereas the cells in the region of the
valleys were cuboidal and not sloping.

THE ORIGIN OF THE ZONULE AT THE ORA SERRATA

The early anatomists (18, 19) thought that the vitreous attaches
to the pigmented part of the eye at the ora serrata, and that the
zonule comes off as a separate fold. That the vitreous, the retina,
and the zonule are fused in the region of the ora serrata was noted
by Iwanoff and Arnold (31), Schwalbe (105), and Merkel (129).
Agababow (63), Kahmann (ioi), Druault (135), Mawas (70), and
Merkel and Orr (136) wrote that the zonule is attached right up
to the ora serrata. Schultze (I 14), Hocquard and Masson (40),
Iwanoff and Arnold (31), and Merkel (129) stated that the zonule
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pulls upon the retina. Lauber (q)) noted that at certain places the
zonule attaches to the retina at the ora serrata, whlereas at other
places it is distant from-i the retinia. Retziuis ( <j) described stupra-
traction of the retina resuiltinig fromii the puill ol thie zonutile. Sclhoen
(97), Berger (42, 125, 137), Dessauer (99), and Alexander (138)
observed that the zonuile attaches to the retina at the spikes of the
retinal tissue and believed that these points of attaclhment result
in the formation of the spikes. Sclhoen (97), Retzius (,3) Berger
(42), and Dessauer (99) fotund that in children the ora serrata is ill
defined but that with age the zonule drawvs on the retina and
causes the spikes. But Schultze (139) and Keibel (140) pointed out
that the spikes of tile ora serrata are closely related to the develop-
ment of the ciliary processes and are present in tile fetus.
Many authors have stated that the final fibers of the zonule fall

1 mm. to 11/2 mm. sliort of the ora serrata (1, 53, r5, 56, 59, 79,
92, 94, 99, 141). Kolliker (37), Dessauier (qq), and Addario (55, 56)
thought that tlhe last ii/2 iimm. is the area of attachmient of thie
vitreous, and XVolfrum (128) sawv no internal limiting mnembrane
in this region. The attaclhment of tlhe zontule to the vitreous as vell
as to the ciliary epithelium in the region of the ora serrata has
been noted by many wvriters (28, 31, 34, 40, 42, 79, 98, io8, 127,
101, 142). Dessauer (99), Claeys (53) and Topolanski (92) could
see no attachment to the vitreous, but merely to ciliary epitlhelium.

THE COURSE OF THE ZONULE AND ITS RELATION TO THE

CILIARY PROCESSES

One of the long-debated problems concerning the zonule is its
relation to the ciliary processes. This is intimately connected withl
the problem of whetlher the zonular fibers are actually attachled to
the ciliary processes. If the zonular fibers are attached to the proc-
esses, then the processes tliemselves are merely one part of the
large area of attachment. If the zonular fibers bypass the ciliary
processes, then the processes muist lie in clefts in the total zontlle.
Presumably the processes can move in these clefts and can secrete
fluid into these clefts.

Muller (27), Pignede (74), Redslob (131), Merkel (129), Retzitus
(39) and Angelucci (107) all considered the zonuile to be attached
to the ciliary processes. Schultze (I 14) realized that if the zonular
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fibers did attach to the processes the processes themselves would
need to be supported, and such supporting fibers he found running
from the region of the ora serrata to the posterior surfaces of the
processes. Magitot and Mawas (69) and Mawas (70-73), Egger (94),
1Loddoni (6), Wolfrum (128), and Lauber (g) all noted zonular
fibers attaching to the processes, but felt that these are relatively
unimportant. Wolfrum (128) and Vail (16) saw the zonular fibers
attaching to the sides only. Schwalbe (117) could find no fibers
attaching to the ciliary processes and noted that there is no in-
ternal limiting membrane in this region. Many other authors have
felt that the ciliary processes are essentially free and that the
zonular fibers merely pass by (9, 42, 44, 49, 53, 62, 63, 143).
Putter (144) described two types of ciliary processes: one which has
a suspensory function, and another which regulates intraocular
pressure. MacDonald (145) noted, in the rabbit, two types of
processes: one with a clear, gelatinous stroma, the other with a
dense, fibrous stroma. Kahmann (1o0) and Walls (146) pointed
out that in certain animals, such as the cat, there are two types
of ciliary processes, small and large. The zonular fibers attach to
the small ones but pass by the large ones. In man he felt that the
ciliary processes are essentially free.

If the ciliary processes lie free it should be possible to find clefts
in the zonule between the ciliary processes and the lens. Such
clefts have been described by many authors (9, 44, 6o, 6i, 92, 114,
128, 143, 147, 148). They were described as triangular, with the
base toward the ciliary processes and the apex toward the lens.
The fibers bounding the clefts meet to form columns of insertion
passing sagittally around the equator of the lens. Ulrich (98) ob-
served clefts which opened when eserine was used. No clefts were
seen by Troncoso (io).

It is widely agreed that the zonular fibers attach to the ciliary
epithelium in the valleys between the ciliary processes, to at least
the sims (149) of the ciliary body. Garnier (93), Gallenga (150),
and Druault (135) have described zonular fibers attaching at the
back of the iris. Loddoni (6), Schoen (97), Merkel and Orr (136),
and Lauber (g) confirmed this attachment and indicated that it is
rare in adults, but common in children.
One of the longest and most widely debated controversies in the
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literature has been over the question of whetlher the zonule forms
a cross. The classical clescription is that of Retzius (39). The fibers
froni the anterior lens capsule pass backward througlh the valleys
between the ciliary processes toward the ora serrata. The fibers
from the posterior lens capsule fan out from this insertion toward
an origin all across the ciliary valleys. The result is a cross. This
crossing of fibers has been repeatedly observed (io, 40, 42, 62,
77, 91, 103, 114, 131, 101, 142, 151, 68). Kalhmann (ioi) and
Schultze (I 14), whlo sawv the crossing, felt that it took place in dif-
ferent planes, so that the fibers passing from the posterior capsule
into the ciliary valleys wvere not in direct apposition wvith the fibers
passing backvard towvards the ora serrata. Brailey (83), Egger (94),
and Schwvalbe (I17) could see an occasional crossing, but con-
sidered it uinimportant. Interestingly enough, Topolanski (92),
Angelucci (107), WVolfrum (128), and Claeys (53) could not see
a crossing.
The anterior face of the zonule has been considered to be con-

cave forwvard, and tile posterior face to be concave backward (6,
57, 101, 152). Stilling (153), Schoen (154), and Henderson (ioo)
Imade this an important basis for their tlheories of accommodation.

Thlie literature leaves no doubt that the zonular fibers break
into fibrils approximately 1/2 mm. before tiley touclh the lens
capstule (6, 9, 60, 79, 114, 117, 131).

THE INSERT1ION OF 'IHE ZONULE ON THE LENS

Briicke (155), Brailey (83), Scliulze (115), NMerkel (29), and
Sclhivalbe (3o) described fibers from tile zonule fixing to bothl the
anterior and the posterior faces of the lens. Since their time this
observation hias been amply confirmed (39, 77, 92, 94, 98, 127, 156).
WVolfruLn (128), Terrien (157), Aguilar (158), and Troncoso (io)
lhave carefully described an anterior and a posterior line of inser-
tion about the lens. The anterior line of insertion is fartlher from
tIle equator than is tile posterior line. Hasner (159) saw the zonule
inserting at the equator of the lens, along sagittal lines. Hess (78)
noted tilat only in an occasional section can fibers be seen in the
equatorial region. Schultze (I 14) and Schwalbe (I 17) described
tilose fibers which insert at the equator as passing in sagittal lines
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to join the anterior and posterior lines of insertion. Terrien (i6o)
noted that the fibers forming the sagittal lines of insertion on the
lens come out of the valleys betwveen the processes. Lauber (9),
Rabl (44), Wolfrum (128), and Walls (146) described fibers
passing from either side of the ciliary processes to form lines of
insertion wvhich run sagittally about the equator of the lens.
These lines of insertion, which therefore correspond to the proc-
esses, also correspond to the bumps, or the crenations, about the
lens (6, 44, 92).

In addition to the crenations at the border of the lens, tent-like
figures were .noticed in the lens capsule by Rabl (44), WVolfrtum
(128), and Topolanski (i6i). These obviously result froin the
tug of the zonular fibers and are probably artefacts.
The zonular lamella, wvith the zonular fibers inserting into it,

was first described by Berger (130). This observation has been
amply confirmed (9, 39, 6o, 82, 127). Garnier (93) and Cattaneo
(162) felt that the zonular lamella was part of the zonular system.
Busacca (163, 1i64), with silver impregnation methods, beauti-
fully demonstrated the zonular lamnella. He observed that it is a
thin layer lying on the surface of the ctuticular portion of the lens
capsule. In the equatorial region fine fibrils from the zonular
lamella enter the cuticular portion of the capsule. WVislocki (ii 9)
noted that the zonular lamiella stains deeply wvitlh Gomori's stain
(124) and wvitlh periodic acid-Schiff reagents (121, 123) and, in
fact, has the same staining qualities as does the zonule proper. He
observed that it stains metachromatically wvith toluidine blue and
that it is probably composed of acid mucopolysaccharide. It is
interesting tlhat, in 1890, Anderson Stuart (165) suggested that a
cement substance binds the zonule to thie lens. Thlie cement sub-
stance must be between the zonular lamella and the ctiticular
portion of the lens capsule. Rupture betwveen these layers has been
repeatedly observed (14, 17, 166-174). In each case the border of
the lens at the site of rupture was fotund to be clean, indicating
that the break must lhave occturred betwveen the zontular lamella
and the cuticular portion of the lens capsule. Elsclhnig (175) and
Vogt (176) introduced the subject of exfoliation of the lens cap-
sule, which is undoubtedly exfoliation of the zonular lamella,
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DOES A CANAL OF PETIT EXIST?

NVhen the fallacy in Petit's early viewvs wvas realized the pres-
ence of the canal of Petit had to be reassessed. There wvere several
reasons for thinking that a canal of Petit does not exist. First, those
who thought the zonule is formed from the vitreous considered
the zonule as merely part of the anterior face of the vitreous and,
therefore, no canal of Petit is present (88, 107, 177). Secondly,
those wvho felt that the zonule is made up of fibers saw no need for
a canal of Petit (55, 56, 62, 77, 79, 88, 91, 92, 94). Virchow (io6)
summed up this viewi by stating that, if the zonule is indeed fibers,
there is a volume betwveen the posterior surface of the iris and the
face of the vitreous wvhich can be divided into a prezonular, a
zonular, and a postzonular space. The posterior clhamber and tile
canal of Petit do not need to be described as separate. Otlher
authors felt that the canal of Petit is not present becatuse in tile
living eye the face of tile vitreous does lie against the zonule; only
following sllrinkage after death, or with injection of air or solu-
tions, can a canal of Petit be formed (.31, 45, 46, 93, io3, io8, 11o,
178, 107, 1 I8, 179). Topolanski (92), Koliner (18o) (in thie chliin-
panzee), Salzmann (79), and Troncoso (1o) have aoTeed that the
space is potential and have also noted that the vitreous extends to
clothe the valleys betwveen the ciliary processes. Berger (42) stated
that not only can a canal be produced by the injection of air,
but it is present in old age and after death as a result of anterior
retraction of the vitreous and of exudate or hemorrhage in the area.
Other authors could see a real space betwveen the zonule and the
face of the vitreous-a space which they did not believe to be an
artefact (6, 34, 96, 98, 99, 1o0, 8,.3, i8I). Scllvalbe (117) and De-
XVaele (04) felt that no canal of Petit is present in clhildren, al-
thouglh it is present in adults. A. Trantas (182) and N. Trantas
(183, 184), Berliner (i85), WVerner (i86), and Mlaw%Tas (187) cotuld
see a space betveen the zonule and tile face of the vitreous in tile
living eye.

If the zonule is made uIp of fibers, Hannover's canal betwveen tile
anterior and posterior zonule fibers can hiardly be considered to
exist. However, free space at suclh a location in the zonular system
has been described (6, 12, 98, 103, 110, 130, 101, 151, 102),

536



The Zonttle of Zinn

METHODS

All the eyes that were examined were human. The material
came from several sources. Sixty-three eyes were obtained at
autopsy, being taken from two to eight hours after death. These
eyes were all normal, that is, death was from a cause not related
to the eyes and the eyes were known from the hospital records to
be essentially normal. Eighteen eyes obtained at operation were
used. These eyes were removed because of pathologic changes
which had left the zonular apparatus intact. Finally, material was
taken from thirty old blocks of eyes which had been stored f6l-
lowing previous sectioning. These eyes also had intact zonules
and lenses.
The greater part of the study was devoted to the examination of

whole specimens. Exploratory search was made for the best method
of preparing the material and examining the zonule. Specimens
were examined after they had been dried, after suspension in
saline, in 70 percent alcohol, in 5 and in io percent formalin, in
glacial acetic acid, and after various stains had been applied.
Finally, five methods of preparing specimens were found useful.
Practically all the observations on gross material were made on
specimens prepared in these ways.

1. Fresh eyes were immersed in normal saline, a window was
cut in the globe, and the zonule was examined. Most of the eyes
were examined in the fresh state and were then placed in fixative.

2. After the original examination in saline, the eyes were 1im-
mersed in 70 percent alcohol, which was changed three times in
the first three days. The eyes so prepared did not decompose and
the zonular fibers were slightly easier to see than when the eyes
were suspended in saline. The alcohol changed the appearance;
the ciliary processes became smaller, the lens became opaque and
white, and small, tent-like points of traction appeared where the
zonule inserted on the lens. The zonular fibers looked the same;
the interfibrillar substance could not be seen in the fresh or in the
fixed preparations.

3. Gross specimens were stained with periodic acid (Appendix
A).

4. Gross specimens were cleared in benzyl benzoate and oil of
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wintergreen (SI1ith,1 i88). Some of these specimiiens wsrere depig-
mented withl hydrogen peroxide, somie wvere left wvithl the pigment
intact (Appendix A). Sonme of the specimens wvhiclh were stained
with periodic acid wvere cleared in oil of wintergreen and benzyl
benzoate (Appendix A).

5. Celloidin blocks, of1 eyes that had forimierly leen sectioned,
were trimmIned and cleared in oil of wintergreen (Appendix A).

Cutting a wvindow to vieNw the zontule wvas done in several wvays.
Finally, twvo prinicipal mnetlhods were uised in preparing specimens.

1. A coronal ctut wkas imiade in the fresh eye, riolht tlhroughl the
eyeball, about io mmI1. behiind the limibus. The anterior half of
the globe was mlouniited in a bottle witlh a flat wvall, the cuit sturface
pressed against the side of the bottle. The posterior aspect of thle
zonule could then le viewved tlhrotughl the side of the bottle. If a
view of the aniterior aspect of the zonuile was desired a simall in-
cision wvas made at the linl)us, wxrith a G^raefe knife, and the cornea
was cut awvay witlh scissors. The iris wvas torn avay, uising fine
forceps. The fuill anterior face of the lens, the anterior surface of
the ciliary processes, anid the torni base of the iris wvere tlhen- visible.
If the eyeball was not to l)e viewed whien freslh, a small opening
was made in the sclera, the globe wvas placed in 70 percent alcolhol,
and was later prepared for viewxTing.(

2. The specimens that were cleared in benzyl benzoate w;rere
examined botlh intact (the clearinog allowi6ng a viewv into thie in-
terior of the eye), anid after w!indow%,s lhad been cut into thle globe.
XVhen benzyl benzoate wvas uised on celloidin blocks, the celloidin
did not dissolve. The blocks w%Tere trimmed to present the zontule
to good advantage.

Several other methods of viewing the specimens w1Tere tried. If
the eye is viewved froni above, throiog-lh the sturface of a fluiid, ulsing
a dissecting microscope, the sttudy is not satisfactory. The surface
moves wvith each tremor of the laboratory and the details are dif-
ficult to explore. By far the best imetlhod of viewving is through
the flat wvall of a bottle, using the slit lamnp. The flat wvall is stable,
the specimen can be firmly pressed against it, the position tor
viewing is comfortable, and the slit of the slit lamiip is as tiseftl
as the magnificationi of the microscope in imakinga apparent tlle
structtures (Troncoso, io).
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For the sectioning of the specimens three methods of fixation
were used; with 5 percent formalin, with 70 percent alcohol, and
with Carnoy's solution (Appendix B). The formalin was a valu-
able general fixative, and the alcohol was used if the specimen had
already been viewed as a whole preparation. The Carnoy's fixative
was valuable when studying the intercellular tissue. It was used
particularly with the toluidine blue and the periodic acid stains.

Sections of the specimens were cut in coronal, sagittal, and
oblique planes. They were stained with hematoxylin and eosin,
iron hematoxylin (Van Gieson's), Masson's trichrome, toluidine
blue, periodic acid, and Gomori's chromic hematoxylin (ponceau
method). The periodic acid stain of Hotchkiss (121) was the most
valuable (Appendix B). It stains the zonular fibers and the lens
capsule blue and leaves the surrounding structures unstained. A
counterstain then sharply differentiates the fibers. Metanil yellow
gives the most striking contrast. Gomori's chromic hematoxylin,
ponceau method, was useful (Appendix B). It stains the zonule
and zonular lamella blue. Unfortunately it stains the surrounding
connective tissue deeply and is therefore mainly valuable where
the zonule lies free.

In selected areas attempts were made to cut serial sections. This
was not found particularly helpful. Zonular fibers are seen, often,
as minute points in space. They are not always near structures
which can be used as landmarks. Attempts to trace individual
fibers by serial sections were therefore confusing. In certain se-
lected areas, such as at the spikes of the ora serrata,- a succession of
sections was cut and was found helpful.
Some of the specimens were studied while teasing the zonular

fibers with a small pick. Injection of air, and ink, into the zonule
and the region of the zonule was also tried. These examinations
were interesting and they revealed points which could not be seen
in the intact specimens. However, this type of examination was
not easy to control, the possibility of producing artefacts was great,
and the results could only be interpreted with caution. Goldsmith
(12) has thoroughly described such dissections, and I cannot add
anything. Therefore they are left out of this work.
The final source of material was clinical cases. Twenty-one eyes

were seen on which an iridectomy had been done, two in which an
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iridodialysis lhad occurred, three in wvliclh there wvas a partial dis-
location of the lens, and four which had aniridia. Also many
normal eyes wvere examined, searching for the zontule. This ma-
terial wvas considered subsidiary to the main study and wvas princi-
pally uised as a control, or as a clheck for artefacts in the prepared
specimlens.

RESULTS

NMany of the controversies on the anatomy of the zontule lhave
been reviewed. The observations in tlis study are presented in the
form of a description of eaclh region in which the zonule lies. Al-
thouglh the stand that is taken on each point in controversy is
obvious, the reasons for eaclh opinion are not always easy to pre-
sent. They can be seen in the descriptions, in the figures, and to
some extent in the discussion. Finally, it must be remembered tllat
the arrangement of the structures is not regtular, or geometric, and
that the descriptions aim at the general design of the tissues.

THE ORIGIN OF THE ZONULE IN THE REGION OF THE ORA SERRATA

Before describing the terminations of the zonule at the ora
serrata it is necessary to outline the architecture of the ora itself,
particularly as it relates to the pars ciliaris retinae. The anterior
boundary of the retina is raised above the neiglhboring pars plana
ciliaris (Fig. i). WVhen the beam of a slit lamp is brouglht in fromn
the posterior aspect, like a cliff this bouindary casts a shadow on
the pars plana ciliaris. The retina is gray, containing a nuniber of
dark cystic areas, and is in sharp contrast wvith the dark-browvn color
of the pars plana ciliaris. The anterior border of the retina is a
series of bays, separated by spikes whvlich point towvard the lens. Thle
boundary is slharpest, or the cliff is most precipitouis, in the region
of the spikes, and it is least marked in the region of the bays. Each
spike of retina points along a fine,-dark, pigmented band whlichi,
in turn, can be followved to a valley betwveen two ciliary processes.
This pigmnented band lias a rotugli iinner surface in coimparison
with the smiiootlh surface of the rest of the par-s plaina ciliaris. As the
band is traced forward, the rotughlness increases to become the
plicae ciliares between the ciliary processes. MIost specimens display
this arrangement; each bay of the ora serrata corresponds to a
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ciliary process, each spike corresponds to a valley between processes.
A few specimens do not show such regularity (Fig. 2). A bay may
span two ciliary processes and an intervening valley, or the plicae
ciliares may be almost as large as the ciliary processes themselves,
so that the pattern is broken.

In the gross specimens the zonular fibers lying across the pars

FIGURE 1. GROSS SPECIMEN VIEWED FROM BEHIND TO SHOW THE ZONULE IN

RELATION TO THE CILIARY PROCESSES AND THE ORA SERRATA
This shows an extremely regular arrangement. Each spike of the ora serrata lies
opposite a plica ciliaris. The zonule lies along each side of each ciliary process, and
diverges as a fan towards the spikes and their anterior extensions. (Periodic acid

stain.)

541



549 Clement McCiilloch
plana ciliaris look like a nmat. Altlhouglh fibers pass backwards froim
th-e wvhole wvidth of eachi bay betwveen twvo ciliary processes, they
are particularly concentrated at the sides of the posterior ends of'
the processes. Fromn tlis location the fibers diverge in the slhape of
a fan, arclhing across the pars plana ciliaris in broad swveeps towvard

FIGURE 2. GROSS, FRFSH
SPECIMIlEN TO SHOWNrTHE
WHOLE REGION OF THE

ZONULE FROM BEHIND
The light otitlines the face
of the vitreous, passinig
from the posterior surface
of the lens to the ora
serrata. The ora serrata

appears raise(l. Trhe spikes
of the ora have a very
irregular relation to the
ciliary processes. The pIoc-
esses protri(le posterior to
the zonule, through clefts
among the fibers, A. The
crenations on the lens, ly-
*ng approximately oppo-
site the process, are ap-

parent.

the spikes of the ora serrata (Fig. i). The fibers from all across
the valleys betwveen the ciliary processes, as wvell as the fibers lying
at the sides of the processes, all swveep wvith gentle cuirves, towvard
the spikes of the ora serrata. As each spike corresponds to a plica
ciliaris, the fibers from the recrion of the plica ciliaris, the fibers
from the floor of the valley, and the fibers fromi the adjacent sides
of the neighiboring ciliary processes all arcch towvards one spike.
The striated shieen of zontilar fibers on the pars plana ciliaris can
be traced right to the spikes.
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The bays of the ora serrata correspond to the ciliary processes.

At the posterior end of eaclh ciliary process the tlhick mass of fibers
lying at either side swveeps away from the process, and awvay from
the corresponding b)ay of the ora serrata, towvards a spike. As a
result, fibers can only be traced to witlhin about ii/2 mm. of the
ora serrata at the bays; the ciliary epithelium in the deptlh of each
bay is bare of zonular fibers.

Sections thirough this region confirm and add to the observations
which were made on the gross specimens. The increased thickness
of the retina, as compared with the ciliary epitlhelium, and the
sudden termination of the retina, forming a sharp edge at the ora
serrata, are immediately apparent. In most sections the zonular
fibers can only be traced to within i1/2 mm. of the retina. How-
ever, in an occasional section the terminal fibers pass right to the
retina. In a group of sections cut serially, and in the anterior-
posterior plane, it is possible to trace the terminations of the
zonular fibers from a point whliere they are i 1/ mm. from the retina
to a point wvhere they drawv directly on the retina. The majority
of sections, in wvliclh the zonular fibers do not reach the retina,

FIGURE 3. A CORONAL SECTION ACROSS THE IPARS I'LANA CILIARIS JUST

ANTERIOR TO THE SIPIKES OF TI-IE ORA SERRATA
T'lhe zonitlar fibers are in group.s, A A, with clear spaces between. The vitreous is

intimattely associated wvith each grouip of fibers. (Goniori's stain, x 4.)
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corresponds to the bays of the ora serrata. The occasional section,
in wvhich the zonuilar fibers extend to the retina, corresponds to a
spike of the ora serrata.

In the region of a bay of the ora serrata the zonular fibers termi-
nate in twro structures. As these fibers come to their posterior ends
they break into minute fibrils. Many of the fibrils turn towvards the
ciliary epithelium and insert betwveen the epithelial cells. Othler
fibrils showv no tendency to turn towvards the epitlielium, but extend
into the adjacent vitreous. The point whvlere an individual zonutlar
fibril ends in the vitreous cannot be defined. If staining wvithi
periodic acid is taken as the criterion of a zonutlar fibril, then the
fibrils end far short of the ora serrata. If lines of traction througlh
the vitreous are considered part of the zonular system, then the
zonular fibrils extend to the retina.

Coronal sections just anterior to the spikes of the ora serrata
showv clusters of zonular fibers separated by clear areas (A A, Fig. 3).
This arrangement occurs becauise the fibers are forming into
groups as they converge on the spikes of the ora serrata.

THE ORIGIN OF THE ZONULE IN THE

REGION OF THE PARS PLANA CILIARIS

XVhen studied in the gross specimens, betwveen the ora serrata
and the posterior ends of the ciliary processes the zonular fibers
look like a continuous mat, and produce an uninterrupted sheen
over the surface of the ciliary body. Although the fibers lie thickest
on eacih side of the posterior ends of the ciliary processes, they also
extend posteriorly from all across the valleys betwveen the processes,
so that no area of the pars plana ciliaris is uncovered by fibers.

Sections show the manner in wvhiclh thie zonule takes origin across
this region. The fibers run parallel to the ciliary epithelium, a
thin cleft separating them from the cells. As the fibers pass across
the surface, small fibrils break from the mnain miass of fibers and
turn towvard the epitlhelium. They cross the minute cleft betwveen
fibers and epitheliutn. Some pass to the surface of the unpigmented
cells, others extend betwveen the cells to be lost in the layer of
pigmented cells (Fig. 4). The inner suirface of the tunpigmented
cells is clothed by a limiting membrane wvlhiclh stains wvith the
Hotchkiss stain, and wvith Gomori's stain, exactly as does zonule. It
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FIGURE 4. A SECTION THROUGH THE PARS PLANA CILIARIS SLIGHTLY

FIGURE 4. A SECTION THROUGH THE PARS PLANA CILIARIS SLIGHTLY

POSTERIOR TO THE CILIARY PROCESSES
The zonular fibers, B, are sending fibrils to the ciliary epithelium. Fibrils touch at
the surface of the unpigmented cells, A, and also pass between the cells. Traces of a
blue staining cement substance are visible deep to the unpigmented epithelium, C.
Deep to the pigmented epithelium a blue staining membrane has retracted from the
pigmented cells, D. (Periodic acid stain, counterstained with hematoxylin, x 230.)0;;A
FIGURE 5. A CORONAL SECTION ACROSS THE PARS PLANA CILIARIS ABOUT HALF

WAY BETWEEN THE ORA SERRATA AND THE CILIARY PROCESSES
The zonular fibers, A, are evenly distributed over the surface and are sending
minute fibrils into the epithelium. (Periodic acid stain, counterstained with metanil

yellow; x 34.)
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is not a smootli mnemiibrane, but takes the configutratioon of the inner
surface of the cells. It forms domes over the cells and extends as
wvalls betveen the cells, mtuclh in the shape of a lhoneycomb. Deeply
the extenisionis fuise into a memibranie that lhas the samle staining,
reactions, and that lies against the pigmiented cells. The pigmented
epithelium hides all further details, altlhoughl traces of a bltue-
staining substance can be seen external to the pigmented layer.
The latter substance does not color as deeply by the Hotchkiss
method, or with Gomori's stain, as do the zonular fibers. It prob-
ably has a slightly different composition from that of the zonule.
The fibrils from the zonule become part of the membrane limiting
the inner surface of the unpigmented cells. A fibril that strikes on
the surface of a cell fuses into the limiting membrane over the cell.
A fiber that strikes at a cleft between cells fuses with the membrane
coming from the surface of the neighboring cells and extends as a
slharp line betwveen the cells. The line of deeply staining substance
betwveen the cells is lost into a similarly staining membrane betwveen

FIGURE 6. (GROSS SPECIMEN VIEWVED FROM1l BEHIND
I his is from a manl of sixty-eight years; a chil(l wotll(d show manv more fibers. The
light is cominig from the r-ight an(l the fibers ale ilitiiiminateri against the right side
of each process. TIhe grouping of the fibers on the lens opposite the processes ancl

the terminal fibrils at the lens can l)be scen. (Periodic aci(d stain.)
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FIGURE 7. A SECTION NEAR THE POSTERIOR END OF THE CILIARY PROCESSES
'I lic zonuile passes bv the processes, B, and seems to stupport them. It attaches to the
floor of the vallevs and to the plicae ciliares. An interfibrillar matrix is present
amiiong the fibers in the valleys. (Pleriodic acid stain, counterstained with metanil

yellow; approximately x 35.)

the unpigmenited and pigmnented epithelium. This architecture
gives the imnpression that the pull from the zonule is transferred
over the top and doNwn the sides of the unpigmented cells, and
inito tile deep intercellular substance.
This mlanner of origin of the zonule is evident across all the pars

plana ciliaris (Fig. 5). The uinpigmented epithelium varies in ap-
pearance. Posteriorly it is columnar, the cells sloping slightly
towvards the lens, or in the direction from whiclh the zonular fibrils
come. Mlore anteriorly the cells are shorter and fatter, until near
the posterior ends of the ciliary processes they are approximately
ctllboidal in slhape. Despite this variation in the slhape of the unpig-
ineiited cells, the attachimlents of the zonular fibrils are essentially
the same across the wvlhole region. Furthermore the origin is con-
tinuous. XVhile the attaclhment at the spikes of the ora serrata is
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FIGURE 8. A CORONAL SECTION THROUGH THE CILIARY PROCESSES
A membrane lies deep to the epithelium of the ciliary processes, A. The zonular
fibers pass by the processes and insert into the epithelium of the valleys and of the
plicae ciliares. (Periodic acid stain, cotunterstained with metanil yellow; approxi-

mately x 65.)

FIGURE 9. GROSS SPECIMEN OF ZONULE FROM IN FRONT
The processes are protruding well anterior to the zonule. Where the angle of view
is direct the clefts among the fibers which contain the processes are visible. The
small mounds on the lens are due to fixation, but they show the groups of insertions

lying opposite the processes (see Figure 13). (Periodic acid stain.)
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firm, the attaclhment across the pars plana ciliaris is extensive. The
attachments of fibrils to the epithelium end at the spikes of the
ora serrata, ii /2 mm. fromn the retina in the bays of the ora serrata,
and extend anteriorly into the valleys between the ciliary processes.
In the anterior part of the pars plana ciliaris there are a fewv small
processes, or plicae ciliares. The zonular fibers send fibrils to these
processes. So far as the attachment of zonnule is concerned, thley do
not appear to be differentiated from the sturrounding epitlhelitum.

THE ORIGIN OF THE ZONULE IN THE

VALLEYS BETWEEN THE CILIARY PROCESSES

Gross specimens viewved from the posterior aspect are of little
help in sttudying the origin of the zonule in the valleys betwveen the
ciliary processes. The zonular fibers that pass from the lens into the
valleys between the ciliary processes lie like columns along the sides
of the processes and give the appearance of supporting thie processes
(Fig. 6). At first glance some fibers seem to insert into the processes,
buit more careful study always reveals that such fibers pass onwvard,
extending deeply into the valleys or backward towvard the ora
serrata. The floors of the valleys cannot be seen.

C(oronal sections show the zonular fibers passing betwveen the
ciliary processes (Fig. 7). Some of the fibers extend into the depth
of the valleys to attachi to the epithelium of the valley floor. Those
fibers that pass to insert at the floor break into many fibrils. The
break may occur far up the sides of the processes, so that a wide fan
of fibrils spreads across the valley, or the break may occur close to
the epitheliumn of the floor, when only a small fan spreads to a few
cells. The fibrils fuse into the internal limiting membrane and pass
betwveen the uinpigmented cells to the underlying pigmented cells
(B, Fig. 8). The substance that form-s the membrane on the surface
of the unpigmented cells, also the fibrils betwveen and the menm-
brane deep to themn, stains the samne as do the zontular fibers. Thlis
is essentially the arrangement seen across the pars plana ciliaris.
The attachlment is present across the valleys and is dense at the

edges of the floors of the valleys, but then it stops (Fig. 7). A short
distance up the sides of the processes all attachments have ended;
there only remlain those fibers that are passing by the processes in
their course to some distant point.
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There are soiime small processes, or plicae ciliares, in the deptlh of
the valleys. The zonular fibrils attacli on and betwveen the epithelial
cells of these processes, in the sanme Imanner as to the rest of the
epithelium of the valleys.
The anterior end of the attachimlent of the zonular fibers in the

valleys is of interest. The ciliary processes extend anterior to the

FIG1JRE 10. VIEW OF THE ZONULE AND CILIARY PROCESSES THROUGH A SURGI-

CAL COLOBOMA OF THE IRIS, SEEN WVITH THE SLITr LAMP AND CORNEIAL

MICROSCOPE
Tue ciliary processes lrotrude throuighl gaps in the zontile. The crenations at the
equiator of the lens are opposite the ciliary processes. Thlouigh the lens the zonuilar

fibers are seen passing to a posterior coronal line of insertion.

fibers of the zonule. XVhole specimens viewed from in front (Fig. 9),
and living eyes in whliiclh the zonule is exposed (Fig. 1o), showv the
ciliary processes lying in clefts betwveen the zonular fibers and pro-
trtuding anterior to the mnost anterior fibers. Occasionally fibers wvill
be seen lying in front of a process. Careftul study alwvays slhowvs,
however, that the cleft carrying the ciliary process is present, btut is
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FIGURE 1. CORONAL SECTION PASSING NEAR THE POSTERIOR END OF THE

POSTERIOR CHAMBER
Lines of insertion of zonule on the lens are at the top of the picture. Traces of an
interfibrillary matrix can be seen near the lens. The anterior face of the zonule lies
between B and B. The ciliary piocesses lie, unencumbered by zonule, in the posterior
chamber. A basement membrane under the epithelium of the processes is apparent,
A. (Periodic acid stain, counterstained with metanil yellow; approximately x 35.)

FIGURE 12. A SAGITTAL SECTION
The face of the vitreous, A, lies free, behind the zonular fibers, B. The canal of
Petit ends where the vitreous and zonule touch the lens capsule, and where the
vitreous and zonule come together over the pars plana ciliaris. A ciliary process, C,
lies in front of the zonule, in the posterior chamber. (Periodic acid stain, counter-

stained with hematoxylin; x 25.)



552 Clement McCulloch
oblique, and that the opening to the posterior chamber is at an
angle. Howvever, these anterior fibers are the exception, since most
processes protrtude unencumbered throughi clefts betwveen the
zonular fibers. The anterior fibers pass into the valleys at suclh a
level that they would miss the anterior face of the ciliary body, and
end at the inner ledge, or sims.

Coronal sections throulgh the anterior part of the ciliary lbody
showv the ciliary processes, and the valleys betwveen, to be free of'
the zonular fibers (Fig. 1 i). The zonular fibers lie in the space
between the lens and the ciliary body, as they course between the
anterior lens capsule and the pars plana ciliaris. These fibers are
passing backwvard. Therefore the anterior ends of the ciliary
processes and the anterior surface of the ciliary body lie free of
fibers, in immediate contact wvitlh the posterior chamber. In sagittal
sections the ciliary processes protrude anterior to the zonular fibers
that pass from the anterior lens capsule to the ciliary body (Fig. 12).
These fibers pass in suchi a direction that they would leave the
anterior face of the ciliary body free.

THE RELATION OF THE ZONULE TO THE CILIARY PROCESSES

Before describing the zonule in the region of the ciliary processes
it is necessary to discuss the architecture of the processes and to
give an exact definition of a ciliary process. This is necessary be-
cause the processes are of twvo types, small and large. The small
processes may be called the plicae ciliares. They correspond to
anterior extensions from the spikes of the ora serrata, and, owving to
their smaller size, can be considered to lie in the valleys between
the large processes. The large processes correspond to the bays of
the ora serrata. Unfortunately this differentiation according to
size and according to the relation to the ora serrata is not quite
adequate. Specimens vary. Some of the small processes may be
nearly as large as the large ones. Some bays are extra wide, bridging
several processes. Therefore it is necessary to search for otlher
criteria wvhich may distinguish plicae ciliares from ciliary processes
proper.
There are five suchi criteria. First, true ciliary processes can be

distinguished as those processes to which zonular fibers do not
attach. By comparison, the zonular fibers do insert into the epithe-
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lium of the plicae ciliares. There are four other peculiarities of true
ciliary processes that depend upon, or occur with, the lack of attach-
ment of zonular fibers. First, the internal limiting membrane that
covers the inner surface of the unpigmented epithelial cells of the
pars plana ciliaris, of the valleys between the ciliary processes, and
of the plicae ciliares, and that has the same staining reactions as the
zonular fibers, is not present over the ciliary processes. The cells of
the ciliary processes show the inner cell wall and nothing more.
Second, the pigmnented epithelium of the ciliary body becomes
unpigmented as it is traced over the ciliary processes. In the region
of the unpigmented epithelium there are no attachments of zonular
fibers, whereas in the areas of pigmented epithelium there are
many attachments. The lack of pigmented epithelial cells in the
ciliary processes seems to contraindicate the insertion of the zonular
fibers. Third, in the region of the ciliary processes, deep to the two
layers of the epithelial cells, is a thick membrane (A, Fig. 8). This
stains by the Hotchkiss method and is clear with hematoxylin and
eosin (189). This membrane lines the deep surface of the epithelium
throughout the ciliary processes, thinning as it passes into the
valleys between the processes. Moreover, it does not extend for-
ward into the iris, nor does it continue backward into the pars
plana ciliaris. Although one might imagine that such a thick mem-
brane is designed to take the tug from the zonular fibers, it is in
this area that the zonular fibers do not attach. The membrane
must have some other purpose. Finally, the ciliary processes con-
tain many capillaries and a loose, clear, gelatinous stroma. The
stroma of the plicae ciliares carries few capillaries, and is dense
and fibrous. This density would be necessary to withstand the pull
of the zonular fibers. The loose stroma of the ciliary processes
would withstand no pull and would be no support to the ciliary
processes. The nature of the stroma in the processes is strong con-
firmation of the fact that no zonular fibers insert into them. The
clear, gelatinous appearance suggests that the ciliary processes have
a different function.

In summary, true ciliary processes, the relation of which to
zonular fibers will be described, are defined as those (a) which have
no attachments of zonular fibers, (b) which have no internal
limiting membrane covering the first layer of epithelial cells, (c) in



wvlhich thie deep layer of epitlheliumii is unpiagmienited, (d) which
shov a distinct miiemlbranie deep to botlh layers of epitlhelium, and
(e) wvhiclh halve a loose, ogelatinotis stroma. These true ciliary
processes tend to ble larger than the plicae ciliares anid tenid to
correspond to the bays of thie ora serrata.

In gross specimens, studied from the posterior aspect, the zonular
fibers passing from the lens into the valleys between the ciliary
processes form columns whliichi lie along the sides of the processes
(Fig. 6). The posterior fibers, or those near the peaks of the proc-
esses, pass towvard the ora serrata; the anterior fibers disappear into
the depths of the valleys. From the continuous slheet of fibers on
either side of each process no fibers can be traced to an insertion
in a process. Some of the fibers passing into the valleys break into
fibrils before they descend out of sigllt, but no fibers near the
processes break into fibrils or turn towvard the epitleleium. The
tops of the processes are free, either lying in the cleft betwveen the
columns of fibers or protruding posterior to the zonule towvards the
vitreous. There is no suggestion that the zonular fibers form a cross
as they lie against the ciliary processes. The succession of fibers
down the sides of eaclh ciliary process is dense and forms a con-
tinuous mat, but the individual fibers tend to be parallel.
When gross specimens are studied from the anterior aspect,

both in the prepared specimen and in the human eye, columns of
fibers, whichi are coming from the lens, are seen to pass along the
sides of the ciliary processes behind their anterior extremities (Figs.
9, lo, 13). The processes lie in clefts among the zonular fibers,
undouibtedly the same clefts that wvere seen fromi the posterior
aspect. There imutst be a free passage tlhroughl these clefts, about the
ciliary processes, betwveen the posterior clhamber and thle canal of
Petit. From the anterior aspect there is no indication of a crossinog
of the zonular fibers.
When the gross specimens are cleared in oil of wvintergreen and

benzyl benzoate the details of the course of the zonular fibers in
the valleys can be seen. The individual fibers in the columns at
the sides of the ciliary processes lie parallel. They are going from
the pars plana ciliaris toward the lens. Betwveen thiese columns, and
opposite the valleys, are fibers that take origin in the floors of the
valleys and that insert on the posterior sturface of the lens. The
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FIGURE 13. GROSS SPECIMEN OF ZONULE FROM IN FRONT
The light is coming from the right and the zonular fibers are illuminated against
the right side of the processes. The processes protrude in front of the zonular fibers.
WAhere the angle of view is correct the processes can be seen lying in clefts among
the fibers. The small mouinds on the lens are duie to the fixation, but they show tile

grouips of insertions lying opposite the processes. (Periodic acid stain.)

FIGURE 14. A SAGITTAL SECTION THROUGH A CILIARY PROCESS
Two columns of zonular fibers, A A, lie adjacent to a ciliary process. The cut is
oblique to the direction of the zonular fibers. The ciliary process undoubtedly

extended up between the columns of fibers during life. (Gomori's stain, x 60.)
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grotups of fibers from the valleys tlherefore cross the coltumns at the
sides of the ciliary process, althllogh at different planes. The larger
group lies at the sides of the processes, the smaller group passes
from the valleys.

Sections supplement the knowledge gained from the gross speci-
mens. In coronal cut the zonular fibers pass in straight lines along
the sides of the processes and seem to support them (Fig. 7). Fibrils
do not tturn off to insert into the processes. The clefts betwveen the
zonular fibers are open posteriorly, there is no hood of fibers, and
the ciliary processes have free access to the posterior chamber. More
anteriorly, coronal sections, wvith the zonular fibers cut as they
leave the lens, showv the anterior ends of the ciliary processes lying
in the posterior chamber, unencumbered by the zontule (Fig. i i).
The zonular fibers pass along the sides of the ciliary processes more
posteriorly. In sagittal sections, occasionally, a sheet of zonular
fibers that represents a wvall of zonule beside a ciliary process can
be found (Fig. 14). The anterior fibers in these columnlls can be
traced from the anterior face of the lens tlhroughl the depth of tlle
valleys betwveen the processes towvards the ora serrata. The posterior
fibers in the columns extend from the posterior surface of the lens,
past the processes near tlheir apices, towvard the ora serrata. Inter-
mediate fibers, whicl insert about the eqtuator of the lens, lie
betveen the anterior and posterior fibers in an intermnediate posi-
tion. The fibers in these columns at the sides of the ciliary processes
are essentially parallel. However, in the region of the ciliary valleys
fibers are present wvhiich pass from the depth of the valleys towvards
the posterior surface of the lens. This group forms a cross wvith the
fibers in the coluimns lying at the sides of the processes.

THE COURSE OF THE ZONULE BETWEEN THE

CILIARY PROCESSES AND THE LENS

In analyzing the course of the zonular fibers in this region, wsvhole
preparations give the most help. Vieved from behind, the most
prominent feature of the zonule is the columns of fibers lying along
each side of the ciliary processes (Fig. 6). As these fibers passing
tovard the lens leave the ends of the ciliary processes they form
tlhe sides of empty clefts (Fig. i). The fibers on either side of eaclh
cleft come together to a single point of insertion on the lens, or the
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twvo wvalls of eaclh cleft fuse to form a line of insertion that passes
sagittally about the equator of the lens. Therefore, the clefts that
enclose ciliary processes wxvhen traced towards the lens take the
form of triangular spaces, wvith the bases towvards the ciliary proc-
esses and the apices towards the lens. Between these strong, promi-
nent masses of fibers is a lesser number of fibers that pass from the
valleys betwveen the processes (Fig. 2). They end at the posterior
line of insertion on the lens, adjacent to the fibers which support
the ciliary processes but opposite the valleys betwveen the processes.
WVhen these are traced into the depth of the valleys they quickly
extend out of sighlt.

NVWhen the wvhole preparations, either prepared specimens or the
living eye, are viewed from in front, the appearance is similar to
that from behind (Fig. 13). The columns of fibers that enclose the
ciliary processes go towvards the lens. As they do so they come
together to form a single sagittal line of insertion on the lens. The
clefts so produced have their bases towvards the ciliary processes and
their apices towards the lens. Betveen the columns of fibers whicIh
lie beside the ciliary processes are a smaller ntumber of fibers wvhiclt
pass into the valleys betwveen the processes.

Microscopic sections do not add greatly to the findings from tlhe-
Whole specimens. The zonular fibers are seen as straight lines. They
hlave a sqtuared or a ctuboidal otutline wvhen stained wvith lhemuatoxy-
ln and eosin, a finer btit rectilinear outline wvlien stained by the
Hotchkiss metlhod, and almost a rounded outline whlen- stained
vith Gomori's chroinic hematoxylin. Near the lens, as the fibers
break into fibrils, a faint, clear substance enmneshes the fibrils and
fibers. Near the ciliary processes the fibers are concentrated to-
gether and adlhere to form a continuum. In coronal sections suc-
cessive columns of fibers are cut across (Figs. 1 1, i8). The fibers in
each column extend along the side of a process in one direction
and to a point of insertion on the lens in the other direction. A
few fibers lie betwveen these regularly placed columns, and pass
toward the ciliary valleys. Sagittal sections slhowv a prominent
posterior line of fibers that passes from the posterior surface of the
lens, toward the apices of the ciliary processes, and on towvard the
pars plana ciliaris. This line has a gentle cturve, wvith the concavity
facing backwvards (Fig. 12). A prominent anterior line of fibers.
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passes from the anterior surface of the lens toward the depth of
the ciliary valleys. This line often has a gentle curve with the
concavity facing forward. Between these two lines of fibers, in
about one section in ten, a column of fibers comes from the ciliary
body and passes to an insertion about the equator of the lens

FIGURE 15. A SAGITAL SECTION AT THE EQUATOR OF THE LENS

The face of the vitreous lies at the left. The zonular fibers break into -fibrils close to
the lens. The fibrils form an almost continuotis line of insertion across the equator

of the lens. (Masson's trichrome stain, x 9i.)

between the anterior and posterior insertions (Fig. 15). A few
fibers can be seen passing from the region of the sims of the ciliary
bo-dy toward the posterior line of insertion on the lens.

THE IN'SERTION OF THE ZONULE ON THE LENS

The whole specimens, from both the anterior and the posterior
aspect, show the zonular fibers ending in successive lines of inser-
tion which lie sagittally about the equator of the lens. Although
there is some variation from specimen to specimen, the columns of
fibers on either side of a-..ciliary process come together at the
equator of the lens to form a- single sagittal line of insertion. Few
fibers insert on the capsule between these lines. Therefore, the
insertion of the zonule, as a. whole, appears as successive lines,
separated by spaces that,show few points of attachment of the
.zonule to the lens (Fig. 9).

In addition to these anterior-to-posterior lines of insertion, there
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is a line at whiclh the zonular fibers attachi rtunning about the cir-
cumference of the lens approximately ii/2 mm. anterior to the
equator. A second line rtuns similarly about the circumference of
the lens approximately 1 mm. posterior to the equator of the lens.
Extending out across the lens capsule for approximately i mm.
from each of these lines of insertion. are faint striae. These are
seen when the light of the slit lamp is focused to bring out the
shieen of the lens in this region. They give the im-pression that they
are an extension of the zonular fibrils along the capstule of the lens,
or that they represent lines of traction radiating fromn the insertion
of the zonule towards the poles of the lens.
The junctions of the successive sagittal lines of insertion and the

tvo coronal lines of insertions are interesting (Fig. 6). As they
approach the lens the zonular fibers break into diverging pencils of
fibrils wvhich fuse into the lens capsule. As a restult the final inser-
tions of the sagittal columns of fibers are as sagittal bands of fibrils.
At the posterior and anterior ends of these columns the zonular
fibrils diverge and pass extensively into the neiglhboring coronal
lines of insertion. The spreading of the fibrils fromn eaclh fiber into
the sag,ittal band of insertion is in all planes, wlereas the spreading
of fibrils into the coronal line of insertion is essentially in the
coronal plane. The twvo lines of insertion meet and the sagittal
lines lose many fibrils to the coronal insertions.
The equatorial border of the lens is crenated. These creniations

take the form of gentle waves or undulations w%Thich can be seen
from-both the posterior and the anterior aspect (Figs. 2, io). They
end at approximately the anterior and the posterior coronal lines
of insertion of the zontular fibers. The protrtuding parts of thle
crenations correspond to the place whllere fused sagittal coltumns
of fibers insert and lie opposite ciliary processes. The valleys of the
crenations are relatively tuntouchied by inserting fibers and lie
opposite the valleys between ciliary processes. There are often
fewNer crenations than there are ciliary processes, because occa-
sionally one crenation wvill span twvo processes.

Sttudy of microscopic sections adds miany details concerning the
teriminations of the zontular fibers. In sagittal sections the fibers,
Wlhich are passing both to the anterior and to the posterior coronal
lines of insertion, lie tangential along the globe and imperceptibly
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FIGURE i6. A SAGITITAL SECTION THROUGH THE LENS
The zonular fibers, A, are passing to the anterior line of insertion on the lens. The
zonular lamella, B, stains more darkly than does the cuticular part of the capsule.

The zonule ftuses into the zonular lamella. (Gomori's stain, x g9.)

- -_ -: S.:-...

FIGURE 17. SAGITTAL SECTION AT THE EQUATOR OF THE LENS
The face of the vitreous lies at A. It comes in contact with the lens at the posterior
line of insertion of the zonular fibers, B. Hannover's space, C, lies between the
prominent anterior and posterior zonular fibers. No zonular fibers insert on the lens

at its equator. (Periodic acid stain, counterstained with hematoxylin; x 40.)
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fuse to become part of the zonular lamella of the lens capsule (Fig.
i6). Some fibrils separate from the fibers, but most pass into the
lens capsule as part of the main mass of fibers. Only in occasional
sections is the insertion of the zonular fibers into the equatorial
region of the lens shown (Fig. 15). This occurs when the section
happens to pass through a sagittal line of insertion of the zonule.
In most sections no fibers pass to the equator of the lens (Fig. 17).
Before inserting, the equatorial fibers break into fibrils which
diverge as a fan and fuse into the zonular lamella over a consider-
able area. In coronal section, the zonular fibers approach the
equator of the lens in successive groups, corresponding to the fusing

__ l_ ..~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~............

FIGURE 18. CORONAL SECTION THROUGH LENS AND CILIARY PROCESSES
The crenations of the lens lie at A, A. At B are lent-like elevations of the zontilar
lamelila (C), of the cuticular portion of the capstule and of the subcapsLliar epithelium.
Botth the crenations and the folds of capsule lie opposite groups of zonular fibers,
wvhiclh in turn lie opposite ciliary proc sses. (Periodic stain. cotunterstained with

metanil yellow; approximately x -lo.)

columns of fibers from the sides of the ciliary processes (Fig. i8).
Near the lens the fibers break into many fibrils which insert into
the zonular lamella over considerable distance. If the cut is anterior
to the equator, near the anterior line of insertion, the zonular fibers
approach the lens as a continuous line of fibers. Close to the lens
they break in the coronal plane into many fibrils, and insert con-
tinuously along the anterior coronal line of insertion. At the
posterior coronal line of insertion the arrangement is the same.
Near the lens a clear matrix encloses each group of fibrils.

56i



5Clement McCuilloch

The zonular lamella of the lens capstule is of particular interest.
By the Hotchkiss metlhod and wvitlh Gomori's chroimiic hematoxylin
it stains as do the zonular fibers. With both stains it appears dark
blue-almost black wvitlh Gomori's stain-and is slharply separated
from the paler cuLtictular part of the lens capsule (Fig. i6). Thle
zontular lainella can be traced all around the lens. It is thickest at
the anterior and at the posterior coronal lines of insertion of the
zontule, and is slightly tlhinner at the equ.ator of the lens. It can be
traced across the anterior pole of the lens, wvlhere it is quite tlhin. It
also can be traced across the posterior pole of the lens, althouLghl
hiere it slhrinks to a faint, dark blue line. Altlhouglh it imay be possi-
ble to show fibrils passing from the zonuilar lamella into the cutictlu-
lar part of the lens capsule, in the sections in this study no such
fibrils have been visible. The zonular fibers insert into the zontular
lamella and becoimie lost in it. At the anterior and posterior coronal
lines of insertion the fibers run parallel to the laimiella, and juist
ftuse wvitlh it. At the eqtuator the zonular fibers break inito a brush of
fibrils wvlhichi are lost in the lamella (Fig. 15).

Mficroscopic sections slhowv twvo types of crenations at the equlator
of the lens. The first type appears as gradual undutlations of the
border of the lens (A, Fig. i8). The raised portions are at the inser-
tions of the zonuilar fibers from eitlher side of the ciliary processes,
the depressed portions are opposite the valleys betwveen the proc-
esses. The second type of crenation is different; it appears as a
sharp tenting. The zontular lamella is drawn outwTard, being sepa-
rated from the cuiticuilar part of the capsuile. The underlying
cutictular part of the lens capsule is slharply tented (B, Fig. 18).
At the peak of the tent there may be a separation between the innler
sturface of the lens capstule and the underlying lenis fibers, so tllat a
small space is formed. Thlis type of tenting always (orresponds to
the exact location of a lens fiber and its teriminatinig fibrils. It is
ob)viously duie to the pull of the lens fiber and is probably an
artefact, the result of fixation and shrinking.

THE RELATION OF TH{E ZONULE TO THE POSTERIOR1 CHAMIBER

The posterior chamber is that voluLnie bouinded behind by the
zonuile, by the iris in front, the ciliary body to thle side, and the lens
tovards the axis of the eye. The lens is in contact wvitlh the posterior
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chamber over an area between the anterior line of insertioni of thle
zonule and the line wvliere the iris touclhes the lens. The ciliary
processes form part of tlhe posterior wvall of the posterior chamliber
because they protrude tlhrouglh clefts in the zonule and jut into the
space. The small bay between the ciliary processes, the zonLle, and
the neighboring lens has been called the recessiis camerae posticuis
of Kuhnt.
The controversial question con-cerning the extent of the pos-

terior chamber lhas been how far this chamber insinuates between
the zonule and the ciliary body. As there is a wvide attachminent of
zontular fibers in the valleys betwveen the ciliary processes, thle pos-
terior clhamber as a continuous cleft is slhut off. In the reoion near
the ciliary epithelium the zonular fibers break into many fibrils
and are enmeslhed in a continuous gelatinous material. It is tllere-
fore doubtftul if any significant flowv of fluid could take place inl this
region. The ciliary processes protrude into the posterior chamiber
thlroulgh clefts betwveen the zonular fibers. Similarly the ciliary
processes in these clefts protrude posteriorly into the space betwveen
the ciliary body and the vitreous. Therefore the posterior clhamber
can lhardly be considered to be cut off on its posterior aspect by
the zonule. The clefts in whIiichi the ciliary processes lie indicate
that a free passage is available between the canal of Petit and the
posterior clhamber. If fltid is formed at the ciliary processes it can
flowv unimpeded eitlher towvards the canal of Petit or towvards the
posterior clhamiber.

THIE RELATION OF THE ZONULE TO THE

ANTERIOR FACE OF rHE VITREOUS

The canal of Petit is the space betwveen the zonutle and the face
of the vitreous. It ends axially whliere the vitreouls attaches to the
lens and at the sides wxThere the vitreous attaches to the ciliary body.
Emnbryologically, the canal of Petit is said to contain the remnlants
of primary vitreous, and the "face of the vitreous is merelv the
separation between the primary and the secondary vitreouLs (Mann,
85). In the adult the face of the vitreous is a definiite surface and
the canal of Petit contains an aqueous fluid.

In wvhole preparations the face of the vitreous can be seen belind
the zonule (Fig. 2). The vitreous touclhes the lens jtust posterior to
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the posterior line of attachment of the zonule to the lens, the
ligaanen trnm hyaloidea-capsulare of Wieger (1go). This contact
is a line passing completely about the lens, ii/2 rnm. posterior to
its equator. As the vitreous is traced from this point toward the
ora serrata it lies free and posterior to the zonule, but gradually
approaches it until over the pars plana ciliaris it is in contact with
the zonular fibers. In the region of the bays of the ora serrata there
is a broad direct application of vitreous to the surface of the ciliary
body. At the spikes of the ora serrata the free anterior face of the
vitreous passes directly onto the retina. The cleft between zonule
and vitreous, therefore, ends posteriorly at the bays of the ora
serrata, whlere the vitreous applies directly to the ciliary epithelium.
At the spikes of the ora serrata the cleft between vitreous and
zontile merely ends with the application of the anterior face of the
vitreous to the inner surface of the retina.

Sections show a similar picture (Fig. 12). The anterior face of
the vitreous ends at WVieger's capsulo-hyaloid adhesion. As the face
of thie vitreous is traced towards the ora serrata it approaches the
zonule and comes to lie in contact with the zonular fibers over the
pars plana ciliaris. In the bays of the ora serrata the zonular fibers
are not present. The vitreous applies directly to the ciliary epithe-
lium and the fibrils of the vitreous seem to fuse to the surface of
the epithelial cells. The internal limiting membrane, which was
described as part of the zonular system, is not present and therefore
the application of the fibrils of vitreous to the ciliary epitheliutm is
direct. Whlere the zonular fibers pass to tlhe retina, in the region of
the spikes, the vitreous lies free until it touclhes the inner surface
of the retina.

THE ZONULE AS A ME.MBRANE OR AS A COLLECTION OF DISTINCT FIBERS

Whether the zonule is a membrane or a collection of fibers is a
difficult quiestion to answer. In whole, fresh specimens no ground
substance can be seen between the fibers. Dissection, drying, or the
injection of air or fluids may form artificial surfaces. When fixative
or preservative is used the matrix between the fibers may be pre-
cipitated or destroyed. The appearance in the sections suggests
that the zonule is made up of individu'al fibers. However, fixing
and staining may have destroyed or precipitated the matrix between
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thle fibers. Whether or not a matrix is present between the zonular
fibers, there are distinct, larger clefts which give free passage
between the space in front of and the space behind the zonule.
TFhese clefts lie about the ciliary processes and extend nearly to the
lens. They are not clefts of single fiber width but are sizable, too
big to be bridged by a diaphanous cement substance. Because they
contain the ciliary processes they cannot be bridged. Whether or
not there is cement substance between the zonular fibers, because
of these larger spaces the zonule cannot be considered a continuous
or an effective membrane between the posterior chamber and the
vitreous cavity.

In the wvhole preparations used in this study, intact, separate
fibers passed from the lens to the ciliary body. In the microscopic
sections the fibers were square or rectangular in outline, and lay
free, wvithout surrounding substance. However, at certain places,
namely near the origin and near the insertion of the fibers, a diffuse
interfibrillar matrix was present. The zonule would appear to have
some interfibrillar matrix, but this is not present between the large
fibers or in the large clefts about the ciliary processes.

CLINICAL OBSERVATIONS

Owing to the difficulty in preparing good specimens and par-
ticularly to the possibility of artefacts resulting from fixation and
shrinkage, there are several clinical observations which are valuable
contributions to the knowledge of the zonule. Because of the
zonule's location little of it is within view, and that bit is not easy
to examine (74, 187).

If a coloboma of the iris is present, or if there has been a sub-
luxation of the lens, a direct view of the zonule is available. Even
if the eye is normal, by the use of strong mydriatics and with the
aid of a goniolens it is possible to obtain a direct view of the zonule
with the slit lamp. However, in the normnal eye the view is so
restricted that it is of little value. When the pupil has been dilated
to its maximum it is still necessary to look obliquely across the
anterior chamber. The direction of vision is such that the rounded
anterior face of the lens near the anterior line of insertion of the
zonule cuts off observation. Only a short length of zonule is visible.

BIut in the normal eye it is not hard to see the zonule through
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the lens (WVerner, i86). The lens imust be clear and the pupil mtust
be capable of dilation to about 8 mm. This dilation is necessary if
the iris opposite the zonular fibers being viewed is to be retracted
stufficiently to allowv an extremely oblique viev across the lens. Thle
zontule can then be seen wvitlh the oplhtlhalmoscope or witlh thle
corneal microscope. The observation wvitlh the microscope is con-
siderably easier if the rays from the slit lamp are brought into the
line of observation tlhroughi the microscope. The slit muist be
adjtusted up or down, so that the reflex from the equator of the
lens is not blinding. The view is slighltly improved by firmly
indenting the sciera over the ciliary body adjacent to the fibers
wlhiclh are to be viewed (Trantas, 184; Berliner, i85). Also it imay
be of benefit to dilate the pupil wvitlh io percent neo-syneplhrine
only, and then have the patient exert marked accommtllodation dtur-
ing the exaimination. This maakes the lens slightly roulnder and the
couirse of the rays to and from the area to be observed more direct.
These last two aids miay be lhelpful, but they are not necessary. TI-o
view the zonutle wvitlh the oplitlhalmoscope a small, bright beaIm is
best. The focuis on the zonular fibers mtust be accurate.

Figure io is drawvn to showv the zonule in a youing Iman whllo lhad
a sutraical coloboma of the iris. Tlhree years before tlhe figuire wvas
drawn a nail lhad perforated tlhe cornea witlhotut toucling the
uinderlying strtuctures. Tlie iris liad prolapsed and ilad been re-
muoved sturoically. Recovery hlad been uneventful and there lhad
been no furtlher complication. His refractive error lhad not changed.

Tile points wvliclh lhave anatonlical interest are, first, thiat tile
ciliary processes protrtude into the posterior chailllber throtugh
clefts in the zonule. Second, tile zonular fibers are in grouips or
bands abotut tlhe ciliary processes. Tlird, the crenationls that are
present in tlhe anatonic specimen can be miade ouit in the livino
eye. Fourtlh, tlhe zonule can be seen tlhroughl tile lens. Its passa(ge to
the posterior coronal line of attachment is apparent. Two otlher
observations of interest can uistually be made on tlhe living eye. Onie
did not sliowv in tlis particular eye and is not drawn. A faint grey
line can be seen circling the lens just axial to thie posterior coronal
line of insertion of tlhe zontular fibers. Tlis is the location of tile
capsuilo-hyaloid attaclhmnent of XVieger (i9o, 94). The otlher object
of interest vas ouit of foctus posteriorly. In yotung, healtlhy eyes tIe
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:anterior face of the vitreous lies free, behind the zonule (187,
191, 102).
NVhen the iris is intact the view is confined to the zonular fibers

seen through the lens. With the ophthalmoscope or the slit lamp it
is possible to see the zonular fibers passing to the posterior coronal
line of insertion, and to appreciate a variation in the reflex coming
from the equator of the lens, which is due to the crenations of
the lens.

DISCUSSION

The interpretation of the anatomy of the zonule that is given in
this paper leads naturally to a discussion of certain points of
anatomic and physiologic interest.

THE CROSSING OF THE ZONULAR FIBERS

The question of a crossing of the zonular fibers has been con-
troversial. Crossing can be seen in sections but is not apparent in
the gross specimens. There are two explanations that may account
for the discrepancy. First, in the gross specimens viewed from the
posterior aspect, most of the fibers from the lens form into columns
about the ciliary processes. There is a smaller number of fibers
which are not part of these columns; these lie opposite the valleys.
After passing deeply into the valleys they are lost from view. Fibers
from this group would cross fibers from the anterior surface of the
lens deep in the valleys, and the crossing would not be visible. In
the specimens cleared with oil of wintergreen and benzyl benzoate
these two sets of fibers can be seen.

Secondly, the view that one can trace a given fiber from a given
location on the lens to a given spot on the ciliary body is not fully
correct. In the region of the ciliary body the fibers form into sheets
and masses which, in the matter of transmitting pull, may be con-
sidered a continuum. A fiber which enters this continuum loses its
identity and can hardly be traced out the other side. But this is
unimportant, since force transmitted along this fiber will be carried
into the mass of fibers and spread to many. Although it is possible
to trace a fiber from the depth of a valley, and another fiber passing
backward toward the posterior surface of the lens, and to imagine
a straight line joining these two, that does not mean that this is all
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one fiber, but ratlher that this is one direction of force. The fiber
passing to the epitlhelium of the valley floor nmay have come frolm
some othier location than the posterior lens capsule, or may be
composed of fibrils wvhich are parts of fibers from several locations
on thie lens. The zonule may better be considered a continutumil
wvhiclh receives certain forces from its origin, ftuses these, and then
distributes them to its insertion. Althouighl there are fibers wvhich
cross otlher fibers, it is wvise not to place too muclh emphasis on

these individuals. It is better to consider that the zonule carries

crossina lines of force betwveen the ciliary body and the lens.
There is a second crossing of zonular fibers wvhichi does occur and

ivlhiclh is distinct from the major crossing described in the literature

FIGURE 19. A SAGITTAL SECTION THROUGH THE CILIARY BODY' JU'ST BEHINI)
THE SIMS

The face of the vitreous lies at A. At B the zoiiular fibers form a cross. Fibers fromii
the lens on the left are crossing fibers fromii the p1ars plana on the right. (Golmlori's

stain, x ioi.)

(Fig. iq). Some fibers from the pars plana ciliaris insert on the
ciliary body near the sims or on the plicae ciliares. Zonular fibers
going to the lens take their origin in this area. The result is a
crossing wvlhich lies near the epithelial surface and is visible in
sections, btut passes unnoticed in the gross specimens.
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THE FUNCTION OF ACCOMMODATION

In the literature adeqtuate support can be obtained for the view
that the zontule attaclhes to the ciliary processes, but there is equtally
good support for the view that it does not. Those who have de-
scribed tie zonule as attaching to the ciliary processes have realized
that the zonule wvould pull over the soft processes. Tlherefore,
struts, or zontular fibers tying the pars plana ciliaris to the processes,
lhave been fouLnd (40). Stuclh struts are an unnecessary comiiplication.
In this study zonular fibers inserting on the processes could not be
found. That there are no attaclhments is confirmed by the lack of
fibrils breaking from the fibers about the processes, by the lack of
an internal limiiting miembrane on the processes, and by the loose
gelatinotus stroma ol' the processes.

It is known that the ciliary processes move towvards the lenis duLr-
ing accommodation, in fact, they may almost touchI the lens (78,
102, 157, 192-197). If there wvere fibers connecting the processes to
the lens one wvouild expect the lens to retract as the processes moxe
in, hIlich does not occuir. The processes must be carried passively
along the clefts in the zonule dturing accommodation. They inwtst
transmit no lines of force and take no direct part in accommiiiiodation.
The fibers that pass from the pars plana ciliaris to the plicae

ciliares, and to the ciliary body near the stims, mutist imiaintain the
distances between points all across the pars plana ciliaris and into
the valleys betveen the ciliary processes. Altlhotughi the zonular
fibers are elastic and there imay be some elongation or contraction,
still this surface probably moves as a wvlle during accomllllmodation.

Whllether tile fibers draw more strongly on the lens or are relaxed
during accommnmodation, the archiitecture of the zontule suaggests
that a comprelhensive viewu must be taken of tile action of this
strtucture. Plhysioloogically the zonular fibers lie in groups or slheets.
Slheets of fibers attaclh coronally and sagittally to the lens, lie at thle
sides of the ciliary processes, and cover the pars plana ciliaris. The
action of one fiber cannot be separated from the action of the rest.
The pull of fibers from many points of origin fuses into a slheet of
force over the pars plana ciliaris. WVhen the pars plana ciliaris
moves it must move as a whliole. Fibers to many points of insertion
on the lens receive a common drag from large groups of fibers.
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XVhen the zonule pulls on the lens it mnust exert force throughout
wide areas of insertion. From an anatomic point of view the zonule
is made up, to a large extent, of fibers; from a plhysiologic point of
view the zonule is composed of wvide areas of force.

THE INFLUENCE OF THE ZONULE ON THE

DEVELOP-MEN'T OF DETACH-MENT OF THE RETINA

The importance of a tear or a hole in the etiology of retinal
detaclhiment is establislhed. The possibility of a pull from the zonule
deforming and tearing thie retina has not been proved. WVlhetlher
the zonule reaclhes right to the retina at the ora serrata or falls
slighltly short of it has never been decided. Topolanski (92) states
that the origin of the zonule is l/2 mm. anterior to the ora serrata,
and he reflects the views of many others. Schultze (I 14) indicated
that the zonule attaclhes directly to the retina, and there are other
auithors whio suipport this viewv. The statemnent in this paper-tlhat
the zonutle reaclhes the retina at the spikes of the ora serrata but
falls i IlImm. slhort in the bays-is a compromise. It is not newv,
but it explains the disagreement wvlliclh has continuied on tills point
over the years. Botlh of the old viewvs are correct, for tlle one gives
the appearance at a bay, the other at a spike of the ora serrata.
Not only does the zonule attach at the spikes of the ora serrata

btut also the fibers arch avay from the bays to concentrate tlhere.
The pull from the zonule must be focused at the spikes of the ora
serrata and into the neighboring retina. Also the two layers of
ciliary epitlhelitumn near the ora serrata are mnore firmly fused
together than are the retina and the pigmented epithelium. There-
fore, a pull at a spike wvould probably produce wvrinkles in the
retina radiatinog fromi the spike, and lines of force followving the
contours of the bays. These lines of force along the bays would
cauise strain betwveen the retinal epithelium and thie unpigmented
ciliary epitheliuim. WVhether he has considered such an analysis or
not, Schepens (198) has drawn wvrinkles in the retina radiating
froin the spikes of the ora serrata, holes in the retina posterior to
those wvrinkles, and cystic changes and holes wvhich go on to dis-
insertion along the contours of the bays of the ora serrata. Such
changes would be wvhat one might expect from a consideration of
the arrangement of the zonule in this region.
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TIIE BASE OF THE VITREOUS

The region of the ora serrata, the base of the vitreous, and the
posterior terminations of the zonular fibers are so interesting and
so important that they are worthy of special description (9, 97, 199).
Here is an area, a band about the eye, in which many important
structures end. The zonule ends here, but that has little significance
unless the other structures coming to the area are described. The
vitreous has its base here, being attached by successive pads of
adhesion in the bays of the ora serrata. The retina terminates here.
There is some cleavage possible between the retina and the pig-
ment epithelium, but little between the two layers of ciliary
epithelium. The pigment epithelium passes right through the
region, but is thick in the area of the pars plana ciliaris adjacent to
the ora serrata (9). The choriocapillaris under the retina stops and
only veins lie under the ciliary epithelium at the base of the
vitreous (9, 117, 200). The ciliary muscle attaches deeply, and be-
cause of the thick fibrous tissue in the choroid, draws on the pig-
ment epithelium.

This is a major location of fixation in the eye. The unpigmented
ciliary epithelium is bound to the pigmented epithelium, which
in turn is bound to the underlying fibrous tissue of the choroid and
to the fibers of the ciliary muscle. The vitreous has its most firm
attachment to the epithelium in the area. On the one side the
zonule and on the other the retina find their final attachments in
this firm base. The motions which are possible about the area, in
the vitreous, between the vitreous and retina, between the retina
and the pigment epithelium, between the pigment epithelium and
the choriocapillaris, and of the zonule itself, are all stopped here.

Finally, this area of fixation itself probably moves. It is firmly
attached to ciliary muscle, and with contraction of that muscle the
whole area is drawn towards the scleral spur.

INTRACAPSULAR CATARACT EXTRACTION

There are a few anatomic observations which might be made
concerning intracapsular cataract extraction. The zonule attaches
to the zonular lamella of the lens capsule. This stains similarly to
the zonular fibers and may be considered part of the zonule. The
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separation at intracapsular extraction is undoubtedly between the
ctitictilar and the zonular lamella of the lens capsule (13). After
intracapsular extraction zonular taogs are not found on the lens
(i(i). Duiring tlis stuidy 50 lenses that wvere taken intracapsularly at
operation wvere examuined by the metlhods whichi have been de-
scribed. In all the lenses no zonular lamella was visible at the
equator; only some small tags of zonular substance remained in
the region of the anterior and posterior coronal lines of insertion.
Cadiat (203) and Carroll and Berke (204) lhave noted, in the eyes
of animals, that after intracapsular extraction a membrane of
zonule remains against the vitreouis. Dislocation of the lens through
the zonular lamella is wvell knowvn (166-173, 176, 201, 202). The
cement substance binding these two layers together must be strong
in youth, wveak in old age. Cutting the zonular fibers (D'Andrade,
205) would help little to break the zonular lamella in intracapsular
extraction.

If the zontular fibers are pulled from the eye it is likely that pig-
ment froirt the pigment epithelium of the ciliary body wvill come
wvith them. It lhas been pointed out that the internal limiting
membrane of the ciliary epitlhelium, the supporting substance
between the tunpigmented cells, and the membrane deep to the
unpigmented cells are essentially part of the zonular system. If
the zonular fibers are torn from the eye, because this system does
reach to the pigmented layer it is likely that pigment will come
witlh the fibers (99). This is occasionally seen at operation, for
example wvlien a secondary menmbrane is grasped by forceps and
drawn forcibly from the eye.

THIE FORMNATION AND THE CIRCULATION OF THE AQUEOUS

The zonule and the structures to wvhich it attaches are so inti-
mately related to the site of formation of aqueous and to the pas-
sag-es through wvlhichi that fluid must flow that some discussion is
wvortlh wvhiile. The anatomiy of the zonule would suggest that the
aquieous is formed at the ciliary processes, not at the pars plana
ciliaris, or in the valleys betwNeen the processes, or at the plicae
ciliares in the valleys. The findings indicating this are several. The
zonule attaches not to the ciliary processes, but to the other struc-
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tuires. The zonutlar fibrils with their interfibrillar matrix would be
a distinct bar to any sizable flow of fluid from thie pars plana or
from the floors of the valleys. The internal limniting membrane of
the ciliary epitlheliumli, whliiclh is part of thie zontular system, would
be a lhindranice to thie flov of aquteouis and is not present over the
ciliary processes. Secretion tlhroughl a glass-like imrembrane at the
sturface of all layers of epithelial cells is not a tustual arrangement
in the body, nor is it a likely one. In the areas whlere the zonutle
attachies the ciliary body has a dense, fibrouis stromiia, no c(loriocapil-
laris (9, 187, 1g9), and a pigmented epitlhelituim. At the ciliary
processes, where the zonule does not attaclh anid whlere the aqueotus
imiay be formed, there is a clear gelatinouis stromia containing
capillaries, a peculiar membrane wNlhichi lies uinder the epitlhelial
cells, and no pigmented epithelium. The unipigmneinted epitlhelial
cells stain by thie Hotchkiss nmethod suggesting that they containl
stubstances that support an active inetalbolisnm. A imemlbranle that
separates tisstue with different metabolic activities and across whiich
wvork nmay be done is here present (2o6). Tlhe ciliary processes lie
in clefts that are designed to carry aqueouis forvard to the anterior
clhamber and backward to the vitreous. The anatomnic relationslhips
of the zonule all suggest that the pars plana ciliaris, plicae ciliares,
and valleys betwveen the ciliary processes are the origin of tile
zonule. Thie ciliary processes are physiologically uinrelated, mlerely
lying in clefts in the zonular system, and are advantageously devised
and situated for tile secretion of aquieous.

SUMIMARY

Comproimiise c(an be reached on several of tile controversies whilicil
lhave enlivened the literatture on the anatomy of tile zonllle dturing,
the last twvo lhtindred years:

1. Thle zontule is not part of the vitreous but it is intiimately
associated wvith tlhe vitreouis in the region of the ora serrata.

2. It is not necessary for vitreous to penetrate throuighl the zonule
to reach its attaclhment to ciliary epitlhelium, becatuse the area in
tlhe bays of the ora serrata allovs direct application.

63. Botlh tlhose wvlho liave said that tlhe zontule reaclhes tl-e retina
aiwd those wlho lhave said that it stops one or mlore imiilliileters fromn
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the retina are correct, but another dimension must be considered.
It reaches the retina at the spikes of thie ora serrata and it falls
short of the retina at the bays.

4. Similarly, the zontule pulls on the retina at the spikes of the
ora serrata and does not pull on the retina at the bays.

5. The zonule is formed of fibers, but in certain areas it contains
an interfibrillar meshwork. Despite the similarity to a membrane,
there are clefts about the ciliary processes which are too big to be
bridged by a matrix and which indicate that this diaphragm has no
properties that limit the flow of aqueous.

6. There is a crossing of zonular fibers. However, this is an inter-
pretation which is not broad enough in its concept. The zonule
could better be thought of as broad areas of origin, large masses of
connecting fibers, and large areas of insertion. A fiber might be
traced from an area of origin into an area of connection, but by
that time the fibrils are so fused that the fibers of insertion can be
considered as different, or new, fibers. The fibers lying beside the
ciliary processes are parallel, but the fibers passing from the lens
into the valleys between the processes pass more deeply and give
the appearance of crossing.

7. A canal of Petit does exist. It is seen in microscopic sections,
in gross specimens, and in the living eye.

8. Hannover's canal can be distinguished between the anterior
and posterior fibers of the zonule. However, it is not continuous
around the lens, for it is broken by the many columns of fibers that
form the walls of the clefts about the ciliary processes.

9. The zonule does not attach to the ciliary processes, and the
processes appear physiologically unrelated to the zonule.

APPEl)NDIX A

PREPARATION OF GROSS SPECIMIENS

PERIODIC ACID STAINING OF GROSS SPECIMENS

The fresh eye, or the eye after examination in saline, is placed in
70 percent ethyl alcohol for one day. A window is then cut, either
through the sclera or through the cornea, which will eventually be use(d
to view the zonule. The specimen is then treated as follows:

1. Place in ethyl alcohol, 70 percent, for 3 days
2. Wash in distilled water for 1o minutes
3. Place in periodic acid, 0.5 percent, for 2 to 5 minutes

Clement McCulloch574



The Zonile of Zinn

4. Wash in distillcd water
5. Immerse in Schiff's reagent for 5 to 1o iminutes
6. Place in sulfurous acid solution, 3 changes, 3 minutes each
7. Wash in distilled water for 5 to 1o minutes
8. Place in 70 percent ethyl alcohol, for mounting

CLEARING GROSS SPECIMENS WITH BENZYL BENZOATE AND OIL OF WINTER-

GREEN

The eye is fixed in 5 lercent formalin and a window is cut. It is then
placed in:

1. Two changes of tlistilled water, for 24 hours each
2. Three changes of hydrogen peroxide, 15 percent, for 24 hours each
3. Distilled water, for 24 hours
4. Ethyl alcohol, 50 percent, 70 percent, 8o percent, 95 percent, for

3 days each
5. Four changes of absolute ethyl alcohol, for 3 days each
6. Two changes of benzene, for 48 hours each
7. Oil of wintergreen, 4 parts, and benzyl benzoate, 3 parts, for

m6unting

CLEARING GROSS SPECIMENS WITH BENZYL BENZOATE AND OIL OF WINTER-

GREEN AFTER STAINING WITH PERIODIC ACID

After the specimens have been stained with periodic acid and re-
turned to 70 percent alcohol, place them in the following solutions:

I. Ethyl alcohol, 70 percent, overnight
2. Ethyl alcohol, 95 percent, overnight
3. Two changes of absolute ethyl alcohol, for 1 hour each
4. Two changes of benzene, for i hour each
5. Benzyl benzoate and oil of wintergreen, for mounting

CLEARING CELLOIDIN BLOCKS WITH BENZYL BENZOATE AND OIL OF WINTER-

GREEN

The specimens are placed in baths as follows:
I. Alcohol, 70 percent, overnight
2>. Alcohol, 95 percent, for 2,days
3. Two changes of absolute ethyl alcohol, for 1 day each
4. Two changes of benzene, for 1 day each
5. Oil of wintergreen and benzyl benzoate, for mounting

APPENDIX B

PREPARATION OF MICROSCOIPIC SECTIONS

FIXATIION

Immerse in formalin, 5 percent, or ethyl alcohol, 70 percent, or
Carnoy's solution.
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Carnloy's o01ution:
Glacial acetic acid Io c.c.
Absolute ethyl alcohol 6o c.c.
Chloroform 30 c.c.

EXMBEDDING

Use the celloidin mnethod. Cut sections and transfer them to ethyl
alcohIol, 70 percent.

PERIODIC ACID STAIN

Staininag Mlethod
Ilhe sections in 7o lpercent alcohol are treated as follows:
i. XVTash in wvater for 5 minutes
2. Place in periodlic acid, 0.5 percent, for 5 minutes
X. Wash in distilled water

{. Place in Schiff's reagent for 15 minutes
5. Place in sulfurous aci(l, 3 clhanges of 2 minutes each
(i. XVash in water for 5 to 1o minutes
7. Counterstaini in metanil yellow, 1 percent, for 15 to 30 secon(ds
8. Rinse in water
9. Place in ethyl alcohol, 95 percent, for 15 seconds

1o. Place in absolute ethyl alcohol for 30 seconds
I1. Place in absolute ethyl alcohol and xylol for 30 seconds
1 2. Place in xylol. MIouint section in Permount

Staminil Solliotnios
1. Perio(lic acid: 0.5 percent in distilled water
2. Schiff's reagent: Boil 200 C.C. of distilled water and add 1 Gmn. of

basic fuclhsini and stir. Cool to -o'C. and filter. Then add 20 c.c. of
normiial hvdrochloric acid and 1 Gm. of anhydrous sodiumIbisul-
)hite. Keep in a dark place. The fluid takes one to two days to
become oranige, or straw colored, and it is then ready for use.

3. Sulfurous acid rinse:
Sodium metabisulfite, 1o percent 6 c.c.
Normal hydrochloric acid 5 c.c.
Distilled water o00 c.c.

4l. Mletanil yellow:
MIetanil yellowr 1 Gm.
Distilled water 0oo c.c.

GOMOR'IS CHROMI(C lF]MATlOXYI IN, PONCEAU METHOD

Staining( llfethod
The sections in 7o percent alcohol are treated as follows:

i. Place in l)otassium permuanganate for I to 2 minutes
2. WVaslh in running tap water for 1 to 5 mninutes
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3. Bleach in potassiuim bisulfite, 2.5 percent
1. XVash in running tap wvater for io mintutes
r5. Stain with chromic hematoxylin

(a) at room temperature for 15 minutes to 1 hour, or
(b) at -o°C. for 5 to 30 mlinutes

6. Rinse in distilled water
7. Differentiate in 0.5 to 1 percelnt hydrochloric acid
8. W\ash until slide appears blue
9. Place in ponceau (of Massoin trichrome) for 10 to 30 minuLtes

io. Rinse in i percent acetic acid
ii. Place in phosphomolybdic acid, 1 percent, for 5 to io minutes
12. Place in acetic acid, 1 percent, for 1 to 5 minutes
13. Dehydrate in absolute ethyl alcohol (dropper mnethod)
14. Clear andl mount in salicylic balsam

Staining Solutions
1. Potassium permanganate: Aqueous potassium permanganate, 2.5

percent; sulfuric acid, 5 percent. Mix 1 part of each of these solu-
tions with 6 to 8 parts of distilled water.

2. Sodium bisulfite solution: Aqueous solution, 2 to 5 percent.
3. Phosphonmolybdic acid: Aqueous solution, i percent.
4. Chromic Hematoxylin: Mix equal volumes of 1 percent aqueous

hematoxylin and 3 percent aqueous chrome alum. To each ioo c.c.
of the above mixture add 2 c.c. of 5 percent potassium dichromate
and i c.c. of D percent sulfuric acid. Thlis mixture is ripe after 48
hours, and will keep in the ice box for miiany months. It should
have a (leep, opaque, somewhat purplislh, blue shade. Filter
before use.

5. Ponceau: Fuchsin S, i percent, 1 part; aci(l Fuchsin, 1 percent,
i part; ponceau de xylidline, 1 percent, 4 parts. This is the stock
solution. For use, dilute 1o c.c. of stock solution with go c.c. of
1 percent acetic acid.
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