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STUELER PN strategic role assum;d by co;Junctival mucin in
tear film stability has been recognized, but not understood,
- for many'yearsf“'0urrent research focus has been on its sur-
facé activity with respect to the tear/corneal epithelium |
355 "ynterface.” None of these studies as yet has employed con-
~9 junctival mucin; bovine submaxillary mucin is employed as a
substitute;”.a comparison of bovine submaxillary mucih with
‘91 gear mucins isolated by Iwata and Kabasawa about a decade
ago reveals that tear mucins possess a unique composition
not shared by typical epithelial mucins. The implication of
~0"Fthis observation is obvious. So is the importance of suc-
e ?"“°1cessfu11y fsolating conjunctival mucin in reasonable quan-
ﬂ#%’“"“ tity and purity, and of achieving a thorough understanding
913 of the mechanisms by which conjunctival mucins confer sta-
bility to the tear fijm;l'This study is a first attempt in
"®" this direction.  Specifically it concerns identifying con-
" junctival mucins present in a crude-conjunctival extract.'

"2 ¢7 The two basic techniques employed in this study were

27t chromatography -- gel filtration and anion exchange -- and
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to resist dissociation upon exposure to a medium of lesser

ionic strength. Several explanations are offered for its

formation as well as stability.

{ JBseuh R. Robinson, Ph.D.

DATE: _. YT 215,979
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Lson to norFudinanod Isifaercg e no 2o 8nQes OoFwW L, 22T000

Conjunctival mucin is a tear component believed to be

vital to tear film stability. Alteration in either its

- chemical nature or quantity (probably both) has been impli-

... cated in a variety of dry eye syndromes.: It has been pro;”

- posed that this fascinating substance derives its strategic

..., role in tear film stability from both the surface activity

it is expected to exhibit at the air/tear and tear/corﬁea]

<y, epithelium interfaces and the molecular events fbl]oﬁing 1t§

+»  adsorption at these two interfaces.: But these aspects have

.never been studied, prihcipally because conjunctfva] mucin-

o g has not been isolated or'identified.?*Ihe intent of this

,"g'hork,ftherefore;.is to

-identify conjunctival mucins and

. related proteins in the goblet cells of the albino rabbit's

.- conjunctiva.-1+ Clearly,

_ cation of conjunctival
sz designed to understand

i yay.the precorneal area of

~.%» - As information on.

the successful i1solation and purifi-

mucins is crucial to future studies

the role(s) this molecule assumes in
the eye. inspvaseng sy AL .iL;

conjunctival mucin is practically

- non-existent, much of the background material on mucin's

-, biochemistry and surface chemistry presented here will draw

- on studies conducted with mucins found elsewhere in the

body. . Also included as background materiql for this work

will be a short account on structure of the precorneal tear
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L7 in the cervical canal, depending on mucin's cdnsistency, it

either facilitates or impedes sperm transport.

- : < o U
riogaiany anraloNnany

. T s

1. Chemical Nature of Mucin .
wnvg b It o PR LR ERY

Mucin is a glycoprotein which is a subdivis1on of

Puu""-‘f FoN s & TR

glycoconjugates. . Glycoconjugates are carbohydrates cova-

=5." lently linked to proteins, lipids, or other non-carbohydrate

substances excluding nucleic acid (4);“'Tw6'iypé§‘6f:carbd-

hydrate-protein conjugates exist in mammals. They are gly-

T coproteins and proteog]ycans.;iThe major differences between

- il

__ them are listed in Table I.. Glycoproteins . are comprised -
of two main types:’  mucous glycoproteins (mucins) and plasma

globulins. The main differences between them are shown in

R e o s b T e

Table 1I. R R R
coanga b0 : g iyt I RRrdr
Mucins are a diverse group of biopolymers with molecu-~
_. lar weights typically in the order of one million. . As
1. examples, the mdlecu]ar weight of ovine submaxi]lary'mucin

is x 10% (6) and that of bovine'submaxillary.ﬁucin'(BSM)

+owewe: 8Nd bovine cervical mucin is 4 x 10° (7,8). Bettelheim et

(8) have reported molecular weight dispersity in BSM,
Burton et al. (9) in progesterone-binding globulin, and
Gibbons et al. (10) in intestinal glycoproteins. They did

- not elaborate on the cause underlying the polydispersity, |
but Schachter (11) felt that the existence of alternate bio-

~synthetic pathways was one:explanation.
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- TABLE II.

(mucins) and plasma giycoproteins.

T XS YE

.0 _,_.v_,,;’-.o;)-;_}!'g-ﬂ ane 2N oum

B ioAuld) enimea2iou

Mucoushﬁlycoproteinswiﬂ

- Amino acid content e B High levels of serine,

e Rt ard T ) rer at ta . i
IR A ({51) 2bT35 ¢ ¢hreonine and proline;
gainc

sphasfe (ontlong .

Tow 1eve]§ of aromatic P

R ae B¢ 3 p- ’3’7 £ % r L o . £ r Y . - =i % E' Y
02 4. 218529 S e (¢ and sulfur-containing
Leafn ‘ ciuE 1o Inw
“2'7 amino acids ¥
s whyicHYsd 0F nisiong Yo otier end ednssng I

Carbohydrate content ?é >50% ...+ Hg? W

I,J o B

f Monosaccharides:?'“°“F¥35 srydigen
Fucose,ngalactose;jd %"‘ﬂEf??.tzkgs yodT
" N-acetylglucos- 27 7%Y Present ¢ 0 "UFOCHOY 7
amine, sialic ~° 27 ©5F =i..H-H?
ac1d‘§ ot boAabl yitnaisved gvs zebivsdnieso
Sod sstrqeqyfen eid gaols (snincandd bos
s;;."?""°sed Fe3tveen ...; Low levels or absent ;

A

Jiid b Ul P B e s e o e

N Acety1ga1actos Present

. from Ref. 5.) iﬁj;uiT

~Main differences between mucous glycoproteins

(Adapted ;

RT3V

" Plasma Glycoproteins

-"‘{‘J

arisi.

oa weidstbyriodysd

Typica] proteifi -

RS 1 BT g § 8

TCUmGD B 81s

i gideT

(25% [ fﬁ)w a5

g

. TpYBRSD

Lalussioam nioun

.19‘ \Lrl'u

Absent

zaub i roy SLIVEATDE 0T

stle azadT

natyng 2bT3S8

;. Present (o

"Low levels of absent

; . L artar | B ri % P I LR T BRY, T LR
i i shidosgvion snld 10 zoysnd-owt ing Fe0en.Ian oW
amine - , _
2eyiy perssbododess YO euashruds 27T SAPZY vmanen nOvoeNy

Linkage 0-Glycosidic (N-acetyl-

Dgranbvd pbed

sgihys galactosamine to ., .. .

{89Y ghnod

serine/threonine) .. . -

~ N-Glycosidic (N-
- acetylglucosamine

. to asparagine)
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FIGURE 2.
(11, III, IV) of sia]ic acid

e HOOD
The keto form (I) and the pyranose ring forms

~(From Ref 32.)
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.s . a corresponding change in these properties. - Im:léed,'-i15

. Gottschalk and McKenzie (30) showed that when sialic acidS
a3 are enzymatically removed or when the extent bf 1onizatioh
" of sialic acid is suppresséd, the viscosity of submaxillary
*. mucin is markedly reduced.t’ Similarly, Litt et gl:‘(31)r
i observed a small increase in the storage modulus of canine
z¢+ tracheal mucus under such conditions. s On the other hand,

- .3ur Meyer et gl;-(33) detected no khange in the shear modulus of
[ras bovxne cervical mucin deprived of sialic acid.. i It 1s evi-
dent that more work on the role of sialic acid in mucus]

< function is necessary.odnf 2gndi9g .gniup%ﬂjcr 1A
Joninoa yitafitosqe 3nagﬁi132 oit 2f smeroe >tledinyecid

it oy 2.0 Biosynthesis of Mucin 2 vI~s2 83 Js bsetfnvsxs

tuty e 21 The biosynthesis of mucin is a rathef complicated

. process thatfis-dmperfect1y understood at thisltime.“»OnIy
highlights of the process will be presented here.’” For a

¢ detailed account the reader is referred to a recent review

. by Schachter et al.' (34).:3 zanuy snit nioum Aotdw

e¥ntoqwaiv The principal mucin-secreting cells are goblet cells.

' The bibsynthetic-procéss begins with the synthesis of 7
activated peptides on ribosomes found in the rough endoplas-
mic reticulum (35). ~ The next step'is a controversial one

- (36) and it concerns whether the serine (threonine)-N~7

2aT [eearnvpan~T adt Ya a~xptraaniz T

1Throughout th1s report the terms mucin, mucus, and glyco-
" proteins will be used interchangeably. ...
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zed pfecornea] fluid that .covers the surface of the cornea; it =

js approximately 10 um thick. 1In 1946 Wolff (37) proposed |

ce that the precorneal tear film consisted of three layers, as
shown in Figure 3. | | | |

-~ The ‘superficial oily layer is extremely thin. It is

- - composed of meibomian secretions including cholesterol .

a- ' esters and trace quantities of phospholipids such as leci-
e. thin and phosphatidylethanolamine (39,40). It serves to
il ~reduce the rate of evaporation of Qater from the tear film

(41); removal of this oily layer increases evaporation raté E
~ by approximately four times (42). It also reduces the sur-
face tension ;f tears so ihat the tear film spreads more
evenly over the corneal surface. _ ] :
. The middle layer, or tear fluid, makes hp'the bulk of
the tear film. It is a mixfure of secretions from the lac-
9). rimal gland as well as the numerous glands of the conjunc~-
tiva including the accessory glands of Krause and Wolfring
(see Fighre 4). According to Ridley and Sorsby (43), tear
nt, .H _mlﬂ contains 98.2% water and 1.8% sblids, with proteins being
the major constituent of th§ solids. Since proteins, like
other asymmetric macromolecules, tend to sep&rate spontane-
ously into two phases'-- a more concentrated coacervate and
~a highly dilute one (44), the middle layer may contain two
phases. ' |

The innermost layer is the mucoid layer, which is as
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Tear lysozyme levels are reduced Iemoroz 1873Y py as much as
four times in KCS (52-54).¢ As lysozyme is produced only by
the lacrimal gland (55,56), the tear lysozyme level has been
proposed as a test for lacfimal gland secretion. However, a
recent finding (54) of no correlation between tear secretion
rate and lysozyme titer in tear fluid casts doubts on the
reliability of this test as a diagnostic aid. The signifi-
cance'of reduced lysozyme level in reduced tear film sta-
bility 1n dry eye patients is not known. suffice 1t to say
that rabbjts with tear lysozyme levels constituting only 1z'
of total tear proteins (57) appear to have stable tear

films,

3. Types of Mucins in tﬁe Precorneal Area

Mucins found in the precorneal area are derived from
four sources (see Figure 4):
"~ a. the conjunctival goblet cells that open indepen-
dently into the surface,
b.  the crypts of Henle lined with epithelium-contaiﬁing
goblet cells, |
c. the glands of Manz, and

d. the lacrimal glands.

. The relative contribution of mucins by each source in the

precorneal area is unknown, although conjunctival goblet

cells are generally thought of as the major source of mucin.
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(62) using a simple biopsy technique.”" A preponderance of 11
goblet cells is noted in regions of the conjunctival sac
where pressure on the corneal epithelium is the slightest.
Thus, as shown in Figure 5, the density of goblet cells is
highest in the nasal palpebral conjunctiva; decreasing den-
sities are found in the temporal palpebral conjunctiva, bul-
bar conjunctiva near the fornices, and bulbar conjunctiva |
near the corneoscleral limbus. Based oh this observation,
Kessing (63) speculated that a reciprocal relation existed
between the degree of hydration and the density of goblet
cells. This implies that mucin serves to maintain pfoper
hydration in regions prone to desiccation. |

Conjunctival goblet cells are quite similar 1n morphol -
ogy to their counterparts elsewhere in the body (64). Among
the similar3t1es is.the presence of microvilli on their sur-
faces (61,65,66). Their.turnover rate is, however, unknown.
Mice intestinal goblet cells have a turnover rate of two to
~_ three days (6?).E:Pfister (61) postulated that conjunctival
. goblet cells had an indefinite life span, but this is. possible only if
_goblet cells can anchor to the réjuvééating layers of the neighboring
epithelial .cells. It is interesting to note, nevertheless, that the
density of goblet cells reaches a peak early -in childhood (60), subse-
-‘dﬁént1y detredé&s‘and remains constant throughout adult life. It is
reduced in dry éye syndfomés, however (68,69). °

Four histochemically distinct mucins -- three acidic
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known about the basa1 activ1tyof the goblet ce]ls and that

1n response to external stimuli. Neverthe1ess. Ehlers et

(73) ca]cuIated a mucus flow rate of 2-3 ul every 24
hours. Similarly there are no definitive studies on the
fate of mucin once it is discharged from the gobIet cell or

type B cell of the ‘lacrimal glandtﬁ__mﬁ

~w:a;q Scheme I is a tentative scheme for the disposition of

- oy

conjunctival mucin in the precornealharea. For simplicity

bconsider a single mucin fraction from conjunctival goblet

cells. One can imagine that a mucin molecule, upon secre- .
tion from the goblet cells, will find several destinations

in the precorneal area, as shown in Scheme I. Thus, con-

~junctival mucin molecules can first be adsorbed at the con-

junctival surface. From there a fraction of them entef_the
tear fluid, within which they distribute themselves among

the three médor Iayérs of the tear film.v Some mucin mole-
cules may enter the tear film directly, without first being

adsorbed onto the conjunctiva. Other mucin molecules may be .

.. adsorbed directly at the cornea] surface, again, bypassing

the M(conjunctiva) 2 M(tears) route. Indeed, prevalent
thinking is that conjunctival mucin fs rubbed onto the cor-

neal surface through the shearing action of blinking, but

 this is possibly only if conjunctival mucin is first adsorbed

onto the conjunctival surface.

A layer of mucus-like material has been shown to cover



the surfaces of both human and rabbit conjunctiva (61,74,
3¢75).9;Examinatiﬁn of normal human conjunctival mucus by
. Millipore surface biopsy (62) reveals several distinct forms
., 4+ in the mucus layer; namely.ftlusters-of granules,.granﬁlar

sheets, and strands, the;]atfer often arranged as a network
.. - connecting adjacent conjunctival gobiet cells. <« This amazing
| observation casts doubt! on the notion of conjunctival mucin
... existing as a uniform, continuous layer at the conjunctival
surface.; In contrast to the conjunctivi,-mucin at:the cor-
. neal surface does not exist as.élusters-of granules and
.~ mucus network, principally because gdblet:cel]s are absent
from the cornea (76),ﬁiSince mucin is readily removed by
+: ~.touching thé corneal or conjunctival- surfaces with the
.. smooth surface of a Millipore filter (77) as well as during
v izr increased tear,secrgtion (63).;the transfer of mucin from
.. the conjunctival to corneal surface through the shearing
N action'of blinking is a.reasonable mechanism.n As to which
.., form of mucin is transferred has yet to be disclosed «« it
... piAs unlikely to be the entire mucin network..v.. w....'v
1 -rdfaﬁsi 556112 ﬁum?n?mlh .notznsd ene¥~y2 af notdoubsy

.. 5. Surface Activity of Mucin rst3s 2f ' w0 snyb BE

2lowre g ~Like its precorneal disposition,ithe surface chemis-
"~ try of conjunctival mucin is not known. :Statements about it
«:y are based on experiments using bovine submaxillary mucin

.54 (BSM)., They are largely the work of Holly and Lemp and
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¢ TABLE IV = Surface activity of macromolecular tear components

© ¢« or analogs at the air/solution and so1ution/solid-1nterfaces.

ce Each component was prepared in 0.154 M NaCl and measurements
an ; :;Ud;;1qo made at 25°C. (Adapted from Ref. 78.)
sl of waence3 IR
colewonosM - bigid Yo norzu'f _ _ o
| 5 . da OB, o maza 8sC o T a,d
n " Component dadug prg uey 795 2 2D 2ETy e N
a. ST RS S
n saline o3 0.9 0.154 M 72.1 =a Tt oLl
n s - "B 022 005  37.4 38 6" "30.9
2.as - REm - $S.C
s Albumin . 0.20 2.94 52.1 " 20 0 24.5
y-Globulin S¢S 0.10  0.14 53.4 "% 18. 7 zs.o"
er- a,-Macroglobulin °° 0.033 0.04 5. o“““n 199-% 8.2
Lysozyme T8 5,08  0.56 '559 "15.2 " 16.5
in Artificial tears®  -- - 38.8-;.33.2 4;f31.5
a -1 ce sax.v enfnfh“uu St be _ib..)llUlUl:.’.\n_il"i..
i In dyne cm . .amyso2yl 280, 0 bns et fudoip-y &1.0
on _
bSurface tension. | |
Cx LV is the surface pressure exerted by the solute at the
SM air/solution interface.
= -d"SL is the surface pressure exerted by the solute at the
_solution/solid 1nterface. ' _ |
of ePhysiolog‘tca'l saline containing 0.22% BSM, 0.2% albumin,
0.1% y-globulin, 0.033% uz-macroglobulin, and 0. 08% lyso-
om- zyme.
81).
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. cause epithelial damage (82). ncienad sosTvwe featdTnD
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C. - Wettability of the Corneal Epithelium sldsivstisy 6

.z From the preceding discussion it is apparent'that con-
junctival mucin will be the protein preferentially adso;heq

at the corneal epithelium..¢ The corneal epithelium, with a

. low critiéal,surface-tension3 value of 28 dyne cm"a(45). is

- an intrinsicaliy hydrophobic low energy surface and a mucin

layer at its surface is thought to-ba'neéessary to achieve

+. complete wetting by tears.:; Mishima (83) as early as 1965 .

. demonstrated that wiping the corneal: surface rendered 1t

unwettable by tearss- His finding was subsequently confirmed

.: by Lemp et gl:-(84)&r Ehlers (85) offered an opposing view

that meibomian 1ipids, not conjunctival mucin, were rubbed

-z selectively onto thg epithéliaI surface, thereby increasing

-~ its surface activity.> But this was not supported by subse-

= quent experiments (84).n noviosis pninnsd2z il .Iagixs

v42 To test the hypothesis that the wettability of the epi- -

<» thelium improved upon adsorption.of mucin,.Holly and Lemp

- (45) performed a series of experiments using surfaces of

: glass, pblyethylene.and-bovine cornea coated with BSM solu-

*~ tion.-~ They found that as a result of this treatment, the

hovatrne sam mu*indtina [gac~xnn afd
Defined as that liquid surface tension above which all
liquids show non-zera contact angles on..a..: given surface

3
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. corneal epithelium.! Adams (77) showed that mucin at the

corneal surface was readily removed upon touching its sur-

- face with a Hi]lipore-fi]ter.fflg vitro studies“(45,90)

.- showed that BSM adsorbed to corneal epithelium did not

- resist rinsing as evidenced by an increase ‘in contact angle

post-rinsing.”’ A recent study by Kiorpes et al. (91) showed
that instillation of 10% N-acetylcysteine, a known mucolytic

~agent (92), in rabbit eyes resulted in a preferential mobil-

~ization of carbohydrate-rich proteinf'presumablj’mucin; The

“source of mucin, 1.e., cornea or conjunctiva, was not known.

In contrast, Pfister (87) reported the persistence of a

¢ "fuzzy coat“, which he interpreted as mucin, at the micro-

- villi surface of the corneal epithelium even after treatment

' of excised cornea for 20 minutes in 20% N-acetylcysteine.

> Similar observations were repbrted by Kaye and Pappas (93).

Under scanning electron micfoécopy such a *fuzzy coat", also

known as gliycocalyx, was also observed on cell surfaces

" other than those of the corneal epithelium (94-106) and wés

thought to arise from membrane containing granules housed in

them (107). “Ito (100) argued that although this surface

‘coat responded positively to staining reactions characteris-

 tic of glycoproteins, it could not be interpreted as a layer

“of adherent goblet cell mucus insofar as the cat intestinal

microvilli were concerned.? His reasoning was that this sur-

face coat was remarkably resistant to washing in-bswio?
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.- corneal epithelium.! Adams (77) showed that mucin at the

corneal surface was readily removed upon touching its sur-

-. face with a Millipore filter. " In vitro studies”(45,90)

- showed that BSM adsorbed to corneal epithelium did not
resist rinsing as evfdenced by an increase in contact ﬁpg]e_
post-rinsing.’’ A recent study by Kiorpes et al. (91) showed
that instillation of 10% N-acetylcysteine, a known mucolytic .
-~ agent (92), in rabbit eyes resulted in a preferential mobil-
ization of carbohydrate-rich protein, presumably mucin. The
~source of mucin.i1.e.;-cornea'or'condunctiva;uwsnotknmmn |
« In contrast, Pfister (87) reported the persistence of a
“fuzzy coat*, which he interpreted as mucin, at thé'micro-
£ villi surface of the corneal epithelium even after treatment

of excised cornea for 20 minutes in 20% N-acetylcysteine.

': Similar observations were reported by Kaye and Pappas (93).

Under scanning électron microécopy such a "fuzzy coat", also
known as glycocalyx, was also observed on cell surfaces _
other than those of the corneal epithelium (94-106) and was

thought to arise from membrane containing granules housed in

% them (107). ~Ito (100) argued that although this surface

>t 'coat responded positively to staining reactions characteris-

- tic of glycoproteins, it could not be fnterpreted as a layer
"of adherent goblet cell mucus insofar as the cat intestinal
microvilli were concerned.! His reasoning was that this sur-

face coat was remarkably resistant to washing {n-bsmiol



oat

ron

37

. pefore the next blink (110-112).m:There is usually a marked

decrease or even absence of'conjunctival goblet cells (68,69,
76,113,114), resulting in a deficiency of mucin (115).
There is also a reduced tear lysozyme level (54,116,117).

' Although mucin deficiency is often implicated, the

"a1 &y

. cause under]ying tear film 1nstab111ty in dry eye patients

" remains obscure.f Table VI shows that there 1s not a perfect

-,-,fl L T T S R SR O ¢ Y S B
corre]etion between tear hexosamine (a marker for mucin)

-

]eve1s and conjunctival goblet cel] densities in the dis-

B, i - - Glup ot e lun

eases surveyed, and the hexosamine level is reduced by a

OO e S E

*: factor of only one-third to one-half. Nor is there a marked
" reduction in tear surface tension. These two observations
~can be rationalized by invoking & compensatory increase 1in

- mucin secretion from the IaErimal gland; indeed, Wright and

Mackie (70) have noted & shift-in the type of mucin from

" sialo to sulfomucin (primarily a product of the lacrimal

gland). Another explanation may be an alteration in the

ratio of conjunctiva] mucin fract1ons at constant tota] tear -

TR 2 Tols  BOFRD

.. mucin concentration.

The significance of these two observations is that the
root of tear film instability resides not in the gros}

chemical composition of tears, but at some molecular events

.~ at the tear/corneal epithelium or air/tear interface.i Thus,

e y e

even if there is a compensatory 1ncrease 1n mucin secreted

Y

from the lacrimal gland this mucin may not be adsorbed to
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" the extent or at the rate that conjunctival mucin is.

.
Teidor

- the problem remains far fromfsbive .

39

i It

'15; of course, possib]e that conjunctivaI mucfn itse1f is

‘altered in'1ts'§haracteristics:”iIn‘féct:‘kcs’is bffeﬁf

associated with dry tenacious mucus, which is only slowly

rehydrated even when totally immersed in saline (70)."?
caostyelint rnuileditge Tsanvod\vssF edd Fs noisqyozis

. Statement of the Problem C21U237Q 237 a¥igeal

The problem of dry eyes has pléguédImahkind'thrbughout
history.” There are 11terally hundreds of scientific papers

on the subject, and numerous attempts to dupTicate normal

tear flow in an'effort'to_control'the condition;} To'date.
d\ ylisnot¥et 03 3sd7d

“" The principal'reasons:underlying this dilemma are:

5(1}'léck of information (undérstandinéiqabouf the chemical
" nature of conjunctival mucin, a glycoprotein that has been

' considered vital to tear film stability, and (2) the precise

mechanisms by which it exercises its role(s).’ "f ¥770d

" According to Holly and Lemp, conjunctival mucin sta-

- bilizes the tear film by virtue of its affinity for the

tear/corneal epithelium 1n£erface;“fesu1ting in the trans-

' formation of énlinherent1y'low energy, less wettable surface

to'i higher energy, more wettablé One.m'This‘mechaﬁism;

‘while reasonable, cannot be the sole mechanism, for sub-

stances that wet surfaces readily, e.g., bénzaTkonium

chloride, may in fact reduce tear film stability drastically.
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Male, ablino rabbits, weighing between 1.8 and 2.4 kg,
_ue}e obtained.from Klubertanz Rabbitry (Edgerton, Niscog;in)
and used throughout the studies. They were fed a regular
ity, diet with no restrictions on food or water consumed.
tani¥e Chromatographic columns were from Ace Glass, Inc.

-2~ (Vineland, New Jersey). ma 08S of OO moxY benasdz svsw

a - ivod .aSyntheti§ N-acetylneuraminic acid and 3,5-diam1nohen-'
1te - 1+ z20ic acid dihydrochloride were from Aldrich Chemical Co.
‘e '_ .5 (Milwaukee, Wisconsin).ioAlcian blue, Bio-Gel: A 5m (200-400

27 wet mesh),c Bio-Phore 4,- 7.5 and 12% gels, Bio-Phore basic
as : i e=buffef’3h 8.9, Bio-Rad protein assay kit II, DEAE Bio-Gel A,
' ¢: and tracking dyé solution (acidic) were from Bio—ﬁad*ﬁs
'ting Laboratories (Richmond,> California).? Sodidm arsenite was
from J. T. Baker Chemical Co. (Phillipsburg, New Jersey).
S 4 ~wtec (Columbus,  Ohio). i Sodium bisulfite and trichloroacetic acid

ese | " .: were from Mallinckrodt Inc. (St. Louis, Missouri).2' Blue

-e

Dextran'ZOOO and Sephadex G-25 Fine were from Pharmacia Fine
-« Chemicals: AB (Uppsala," Sweden).z Rabbit albumin," a-globulin
“ & (fraction IV), and y-globulin, as well as egg white lysozyme

(specific activity 11,800 units/mg) were from Schwarz/Mann,

Inc. (Orangeburg, New York).’ Bovine submaxillary mucin
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1% values of selected proﬁeins.
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FIGURE 6. Beer's law p_lots for Bio-Rad protein assay of

Ired selected proteins.
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; TABLE VIII.  Slopes of 00595 vs;'protein concentration

nfﬁ sansl yd J(mg mlfll quts shown in_Figure 6. ~scdoidd
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COefficient of
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" Albumin standard 1.10 0.9939°
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= g Ty 000 o7 .2 3 es 2%'15325 art
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., Figure 7 displays the Beer's law plot obtained for a ‘1
series of N-acetylneuraminic acid solutions.b The molar
absorptivity is 6.2 x_104 M
1 en”? (121)).

As the TBA assay is intended for quantitating free

cm” ! (1iterature value --

5.7 x 10w

(unbound) sialic acid, it is necessary to first liberate
sialic acids from a glycoprotein (mucin) by hydrolyzing it
in 0.1 M H, S0, at 80°C for 40 minutes, a commonly employed
procedure. A kinetic study revealed that such treatment led
to degradation of the liberated sialic acid. For BSM peak
sialic acid level was reached at 1350 seconds. Figufe 8 is
a semilogarithmic plot of ug of sialic acid versus time.

Its terminal Slope yields an apparent first order rate con-

stant of 0.01 min~!

» Which is of the same order of magnitude
as that (0.016 min'l) govefning sialic acid degradation
under siﬁi]ar conditions (see Figure 9). Clearly sialic

acid undergoes degradation as it is liberated from BSM, and

this explains the low values given by TBA for bound sialic

~acids in BSM (122). Because of this concern, the thiobar-

bituric acid assay was'abandoned. _
A fluorometric assay due to Hess and Rolde (123) that.
is capable of detecting as little as 0.2 ng of sialic acid

~(total: free plus bound) will be adopted as the sialic acid

assay in this work.
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FIGURE 10. Emission spectrum of fluorophore of sialic acid.
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FIGURE 11.. Emission spectrum of

.

crude‘extract.
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FIGURE 12.

BT

Calibration curve for fluorometric assay of

sialic acid. The regression equation is:

A.U. = 12.7 + 1.99 x 108[M]

where A.U. = arbitrary unit and [M] = molarity.
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" The coefficient of determination is 0.9990.
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., interference was probably due to coupling of the amine

groups on 3,5-diaminobenzoic acid with the free carboxylic
st e S oY Y By S HIWL it PO sy aata s Bl cUG _
groups in a protein. 4
IR Brulsb-331 (b Yo sruisiegust 15 pn‘vaJ\Q
+

NECT he anewntD

2. Alcian Blue Staining for Conjunctival Mucin

The presence of mucin in the conjunctiva was ascer-

N vy e "ih."'.'\

tained by a characteristlc uum co1or yielded by mucin in the

* fe ma

presence of a 0 05% Alcian blue solution prepared in 3%
_acetic acid (pH 2.5) and 0.5 M HgC1, 64,0 (124).rm:-ﬂ

Ll : asrofb M

One hundred microliters of Alcian blue solution were

TR ER T ey b

instilled onto the cornea of several albino rabbits. Ten

minutes post insti]Iation the rabbits were sacrificed by a

v 4 -q EEUE A T4 B “ L PR n]
rapid intravenous injection of sodium pentobarbita1 into a
XTI e 51" WG api el ey

~q-marginal ear vein.r Both the conjunctiva and cornea were

AR vh el Jog

2 removed and examined. under 10x magnification, uith a micro- |

scope (Spencer, Buffalo, New York) | It was found that the

“ RO Ry

| cornea was free of a blue co]or whereas the conjunctiva was

P -

"decorated with discrete blue spots, presumably corresponding :
to the 1ocation of gob1et ce]]s hThus;Jmucin wae'present in

el T el TR JORRE R Tt &

the conjunctiva of the a]bino rabbit.fokn~f3no w%.{oe@

& Scheme Il summarizes the major operations performed in
V.

fractionating conjunctival mucins. - enofiosnY patiood

3. Collection of Rabbit Conjunctiva

Rabbits were sacrificed with a rapid intravenous
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; injection of sodium pentobarbitél into a marginal ear vein.

.. The corneal and conjunctival surfaces were thoroughly washed

_with 0.9% NaCl solution and blotted dry with tissuez: A

. single incision was then made with a pair of scissors at the

, upper nasal palpebral conjunctiva.c The incision was con-

tinued clockwise along the 1id margin and terminated at the
bulbar conjunctiva around the limbus.:i Each conjunctiva was

carefully rinsed in saline, frozen in a jar surrounded by an

¢ acetoﬁe-dry_jce mixture, and finally stored frozen at -20°C

for a period not to exceed thfee months. Approximately 98 Q

. of conjunctiva were collected from 150 rabbits.::#7

28t o 22.8 juoads befnszevtqsy .2nfstosq siduioz vinism

2.p- s y Extraction of Conjunctival Mucins sw 2'svitonul

notsss The entire extraction process was conducted in a

- cold room maintained at 4°C.ypApproximate1y 90 g of conjunc~

e

tivas were suspended'1n 450 m1 of 0.01 M ammonium acetate
(NH4Ac) buffer at pH 7.2 and homogenized in a Waring blender
for 10 minutes..; The mixture was stirred constantly for 24

hours in the presence of toluene....,.o. «. .o

::a§¢z The homogenate was filtered through four layers of

adsorbent cheesecloth prerinsed in the buffer.;- The filtrate

. was centrifuged at:15,000‘rpm for 30 minutes at 4°C in a

. Sorvall RC-5B Refrigerated Superspéed Centrifuge (Du Pont

- . Instruments, Newtown, Connecticut) using a SS-34 rotor. The

supernate was first filtered through a Whatman #2 filter
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electrophoresis, to be described below.zuboyint veitryd

wyed 87 ylatsmixovgqs Hoo3d eing ;fsp ad? Yo mosiod sl

gﬁg.*ﬁ 2 a4l Disc Polyacrylamide Gel Electrophoresis, T

Apparatus.is The basic apparatus consisted of two transparent

perspex buffer reservoirs which nested one above the other.

. The base of the upper reservoir was pierced with 10 holes

. fitted with neoprene grommets forming & seal with the gel

+ tubes. , Each reservoir was equipped with an electrode on its

side. The electrode fitted to the upper reser#oiriserved as

the cathode while that fitted to the -lower reservoir served

- as the anode;$~The electrodes were connected to a Bio-Rad

- Model 500 Power supply..iCurrent flowed from upper to lower

reservoinr (i.e., cathode to anode).:7 Electrophoresis was

= performed in a cold room ‘at 4°C.bnos 25w .eyb oniXos13

“nnwg ¢ Buffer Introduction.t Bio-Phore Basic Buffer, pH 8.9,

was selected as the operating buffer. 2:It consisted of

. 0.188 M each of TRIS and glycine. 1 Prior to sample electro-.

" phoresis, it was hecessary to electrophoretically introduce

G o

the operating buffer into precast polyacrylamide gels (Bio-

Phore 4, 7.5, and 12%);5-This was accomplished by placing

= the gels in an electrophoresis cell containing the buffer

- and applying a potential of 40 V.DC across the cell..' The

- course of buffer introduction was monitored by applying 5 ul

> of a tracking dye solution (containing 0.5% bromophenol

. blue, 30% sucrose,; and 0.04 M TRIS-glycine) to each gel.
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-~ with an obsefvation-with'bovine'submaxi11arynmucin (unpub-"'
lished data).sp 2d3 no enfsdovgooylfp szadl Yo neitesils |
Step 2 involved staining the proteins precipitated in
oo~ Step 1.zl The gel was immersed, for 6 hours, in a Coomassie
.- prilliant blue 6-250 solution contained in another 18 x 100
-+ mm test tube.t The staining solution was 0.05% in dye," 10%
in: isopropyl: alcohol and 10% in acetic acid.«T .5.% g |
+.4i A TStep 3 involved removing excess.Stain.iiﬁhe gel was
.+ - transferred to a Bio-Rad Model 172A Diffusion Destainer
-+, fi1led with a mixture consisting of 7% acefiCuacid and 25% .
+ ethyl alcohol.i~:The destaining process’ was continued until
sniei the backgrouﬁd was clear.i2:This took between 36 to 48 hours.
:ntsic The procedure just described applies for staining pro-
'~ 71 teins on polyacrylamide gels.c ‘The procedure to stain for
glycoproteins is essentia]iy the same, except Step 2 (126).
: smufox After fixing the protein onto the gel, the gel was ‘
placed in a 1% perfodic acid {in 3% acetic acid) for 60
i minutes. fExceSS-periodafé was removed by repeated washing
- awWith distilled water for 15 minutes... Next .the gel was.
‘= placed in 0.5% potassiﬁm metabisulfite solution for 30
¢ minutes.(x The gel was again washed with distilled water and
» ¢ immersed for 4 hours in 6.51 Alcian blue (in 3% acetic acid).
& & ed:Th15fprocedure was found to be unsati;factory for |
staining the. glycoproteins in the conjunctival crude extract,

“i probably due to the low concentration of sialic acid 6n the
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flow rate with a linear gradient consisting of 200 ml éach 1
df 0.1 M NaCl (starting buffer) and 1 M NaCl (limi; buffer),
both in 0.01 M NH,Ac at pH 7.2. Figure 13 illustrates a
linear gradient mixer. In addition to 00280 determination

and fluorometric and Bio-Rad protein assays, the contents of

appropriate tubes were measured for their NaCl concentration.
This was performed in a Bionometer (Model No. 60, Lab-Line
Instruments, Inc., Melrose Park, I1linois). The instrument

was set at 100 arbitrary units with a 0.1 M KC1 solution. A

‘calibration curve was then established for a ;eries of

0.01 M NH4Ac buffers at pH 7.2 containing varying amounts of
NaCl. A typical curve is shown in Figure 14. ‘

| The contents of severéi tubes were pooled, fpl]owed by
desalting on a column (5 x 60 cm) of Sephadex G-ZSIFine,_
The column wa$ eluted with'doub1e—distilled water at a con-
stant flow rate of 150 ml h™'. Fractions of 18.5 ml were
collected. The proteins emerged with the void volume (~30%

of total.bed volume), while the salt with ~80% of total bed

__voTume. Those fractions containing protein_were Tyophilized

at -55°C and 65 ym Hg for 48 hours.
The lyophilizate was reconstituted with 0.01 M NH4Ac
buffer at pH 7.2. The behavior of the proteins contained

~therein on a gel filtration column of Bio-Gel A 5m was

studied next.
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(.b{o%-oé notznsqzuz\noilIT.n2 RESULTS » 2d3 pnflulfb xd

_pistonq brfi-ot8 s} 28 nisyorg e8d Fom bived 3P (2¥3

. -y A.oc Preliminary Experiments with the Conjuncfiva1 Crude
.z a2 ¢ Extract AT} L3dpfow $osv3xe at szsavont blfor-0[ s
ccyiioslacPrior to “lyophilizationy protein content of the .
_~ extract was estimated from its 0”280 and response in the
.- Bio-Rad protein assay, with albumin as the protein standard.
It was found that the 00280 gave a protein content 7 times
: that given by.ﬁhe Bio-Rad proteim assay.'f Granted the
5~ behavior of albumin in the two assays may not par§11el-oné‘
another, the above observation ‘indicated that the extract
mr-contafned'non-proteinaceoﬁs materiél*that‘a1so absorbed,
relativeTy‘strongly, at 280 nm. L .ntst01q
asvtis 2.y Information on the solubility of the coﬁjunctiyal
v erude extract:in 0.01 M NH#Ac-at-pH'?.Z-1s-he1pfu1~1n setting
» the upper 1imit to the amount of crude extract that can be
5 dissolved in the small sample volume (<2 ml1) acceptable to
w the coluﬁn;arlts solubility was found to be 30 mg m]']‘
~ This translated to a protein cohtent of 0.04% in the tear
¢ film, assuming that, nf coufse.:the crude extract contained
purely protein (which was not the case).?.bﬂvfecéfb 2 o4
i roiie The materialﬂthat‘did not enter: into solution (here-
'+ " after referred to as residue) appeared not'to.be'ceIIular
- matter, since ‘the 0b280 1ﬁcreased proportionally with "

extract weight. (The 00,5, was taken on a solution prepared
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.ivsv (TABLE :IX. Sialic acid content of bovine submaxillary
fcp dz mucin (BSM) and conjunctival crude extract (CCE).
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FIGURE 15. Polyacrylamide gel electrophoresis (PAGE) of

conjunctival-crude extract.

Gels A, B and C were poly-

acrylamide gels -- gelfA._4%;_ge1_B, 7.5%;.and gel C,

12%.

Gel D was 0.5% agarose gel.
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FIGURE 16. | PAGE of conjunctival crude extract. 7.5% Bio-

| SRENRL R
Phore gels. Gel A:: conjunctival crude extract. Gel

|
B: mixture. See text for details.
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FIGURE 17.
staimng Key §r gel A 4% gel, gel B, 7.5% gel; and

R i e '
X PAGE of conjunct1va1 crude extract. Alcian blue
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B. Chromatography of Conjunctival Crude Extract on DEAE

Bio-Gel A

913
00 Fnozengsy 23olg sdT .A Ted-o0id 3A“df
1. Hash Figure 18 is an elution profiIe for washing

"‘1 i ave grebiie ot U

the column with 0 01 H NH4Ac buffer at pH 7 2 after 1ayering

a samp]e of conjunctival crude extract onto the ge] Three

'w-xl Ry LR J

ﬂpeaks are evident in the 00280 profile. The major peak
emerged between tubes 25 and 45. The Bio-Rad protein assay
jndicated that only peaks A and B contained proteins. These
proteins were eluted on the basis of total number of charges,
but their molecular weight could influence the elution pat-
tern also. They probably were not highly charged since no
salt gradient was necessary to elute them. '

Figure 19 shows the sialic acid content of the effluent.
Three peaks can be distinguished and they coincided with the
peaks seen in Figure 18. The maximum percent nf sialic acid
was contained in peak B. | |

The contents of tubes 10-22 were then pooled to yield
Fraction (W1), while those of tubes 23 45 were pooled to

-_ y1e1d Fraction = (W2). " Each fraction was desalted on a

Sephadex 6-25 Fine column (5 x 60 cm) at a flow rate of 150
m) h". followed by lyophilization at -55°C and 65 um Hg.
The behavior of the proteins contained in the lyophilizate
in a Bio-Gel A 5m column was next studied, to be preeented in

section III.B.3.
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FIGURE 20. Chromatography of conjunctival crude extract on

DEAE Bio-Gel A. The plots represent 0D,g¢ (O) and

ﬂ NaCl (a). The column was 1.5 x 30 cm and eluted with

a 11near NaCl gradient at 4°C at a flow rate of 58.5

bii e
ml h }. Fraction vo]umes were 1 5ml.

L0 o © . o

4
4
— i
E w2
ey & | {oe
o, (-
| "[}b
) L ;‘._ DY NS 1 ) PR | 1 NN WS JUR
5 o 40 TG 2w e
oCcCooC oo o O o sy G dne

LJ .




95 | |
FIGURE 21. Chromatography of bovine submaxillary mucin on

DEAE Bio-Gel A. The plots represent 00,40 (Q) and
NaCl concentration (a). The column was 1.5 x 30 cm and

eluted at 4°C with a linear NaCl gradient at a flow

-1

~ rate of 58.5 m1 h Fraction volumes were 1.46 ml.
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FIGURE 22. Chromatography of conjunctival crude extr&ct on
DEAE\Bio-Gel A. The plot represents mg mi”} protein
(C)) given by the Bio-Rad Protein Assay. Thelédlumn
was 1.5 x 30 cm and eIuted with a linear NaCl gradient
_,at4r:ataﬂowrateof535m1h‘

were 1.5 ml. J ‘ . | T

Jl’ L | a:f_:-.o.

Fraction volumes

:

:-1
O

“{tc

dC?

uﬁhuh BAGL Y

-
L
v
<

*‘*mu

_23¢

e Gy OY 0 03 QO 0¢ g3 O
S54MUM 38UT




99 : _
| FIGURE 23. ug of sialic acid in effluent off DEAE Bio-Gel A'
column (1.5 x 30 cm) following gradient elution with '
' 200 m1 each of 0.1 M and 1 M NaCl in 0.01 M NH,Ac buf-
L fer at pH 7.2. |
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FIGURE 24. Percent w/w of sialic icid in effluent off.DEAE
Bio-Gel A column (1.5 x 30 cm) following gradient elu-
tion with 200 ml each of 0.1 u and 1 M Hacl in 0.01 M
NH,Ac at pH 7.2. Protein concentration was dete}mined

__using Bio-Rad protein assay with bovine serum albumin

as standard. o 1
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_~sv.The éffiuent following gradient elution was pooled to .
yield three fractions. -Fraction Gl consisted of the con-
tents jn tubes 1-30; fraction G2, tubes 31-50; and fraction
G3, tubes 51-90. Each fraction was desalted and 1yophilized
as described earlier. | | N
: The lyophilizates for fractions G2 and G3 were recon-
stituted in 0.01 M NH4Ac buffer (pH 7.2). Ninety micro-
liters of the resulting solution were mixed with 30 ul of
tracking dye solution. Thirty microliters of the mixture
were layered onto 4, 7.5 and 12% polyacrylamide gels and
subjected to electrophoresis. -
" The electrophoretic patterns are shown in Figures 25,
26 and 27. Two protein bands were identified for both G2
and G3 in the 4% gels (Figure 25). G3 contained most of the
fast moving band, a result that was consistent with the |
relatively high salt concentration (0.118 M) needed to elute
it from a DEAE Bio-Gel A column. More protein bands were
resolved in the 7.5 and 12% gels (Figures 26 and 27). In
“-;12% gels (Figure 27), bands that moved even faster than the
fast moving (heavily sta1ned) baﬁd were detected for 63, and
two bands that stayed'close to the origin were detected for
62. A similar tomment can'be made for the 7.5% geis (Figure
26). | o
The significance of these electrophoretic patterns is

two fold. First, overlap of the fractions aside, both G2
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FIGURE 28. Chromatography of fraction W2 on Bio-Gel A 5m.
The plot represents 00280' The column was 1.5 X 60 cm
and eluted at 4°C at a flow rate of 9.4 ml n-. Frac-

tion vélumes were 1.6 ml.

il ,,__" D
A o
= ™ |
w b
Ll . id
o C; H
e
Q.
o
ol B
iz 1
_ SEr
] St
i LA 1 J —
Ly 2] 135 + o
© o ©o © .o
.. T80
oL
J




- ] BENE T S AEEt

o113 _
FIGURE 29. Chromatograﬁhy of fraction W2 on Bio-Gel A 5m.

The plot represents mg m]'] as measured by Bio-Rad.pro-
tein assay with bovine serum albumin as standard. The
 co1umn was 1.5 x 60 cm and eluted at 4°C at a flow rate

~of 9.4 ml h']. Fraction io]umes were 1.6 ml. -
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FIGURE 30. U.V. spectrum of contents in tube #67. See

legend for Figure 28 for details.
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FIGURE 31. Chromatography of DEAE Bio-Gel A gradient frac-
tion 62 on Bio-Gel A 5m. The plot represents 0D,g4-
‘fhe column was 1.5 x 60 cm and eluted with a flow rate
of 8.8 ml h-'. Fraction volumes were 1.5 mi. |
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FIGURE. 32.

Bio-Gel A 5m. The plot represents mg m]" of protein

Chrpmatography of DEAE gradient fraction G2 on

as measured by the Bio-Rad protein assay with bovine

sé}um albumin as'standard.

and eluted with a flow rate of 8.8 ml h'.

vo1&mes were 1.5 ml.

The column was 1.5 x 60 cm
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«2 /TABLE XI.? Elution volume of each peak and apparent 2i?
ained therein

ar weight of the species_cont
-Gel A 5m.

3~ molecul
graphy of fraction G2 on Bio

~following chromato

‘  peak v 2 (m) wwb o
oA 33 3.0 x 10°
B 57 1.7 x 10°
c 87 4.9 x 10°

3gjution volume.

bObtained from a calibration plot

shown in Figure 45.
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FIGURE 35.

e e i e e eSS ERETEE

PAGE ofrfraction G2 and its components resolved

on a Bio-Gel A 5m column. 4% Bio-Phore gels. The sam-

ﬁ p]es were; gel A -- DEAE G23 gel B -- DEAE/Bio- -Gel A

i tube #38. DEAE/Bio- -Gel A 5m represents chromatography _

o e e e i

of conjunctival crude extract on DEAE followed by

chromatography of fraction G2 thus obtained on Bio-Gel

il ———

See text for additiona1 details.
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£1GURE 36.

L4

PAGE of fraction 62 and jts—-components resolved

on Bio-Gel A 5m chromatography. 7.5% Bio-Phore gels.

For key and details see legend for Figure 35.
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FIGURE 37. PAGE of fraction 62 and its components resolved
I o 5
on Bio-Gel A 5m chromatography. - 12% Bio-Phore gels.

For key and details see legend for Figure 35.
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FIGURE 38.. Chromatography of DEAE gradient fraction 3 (63)

on Bio-Gel A 5m. The plot represents 0D,g4- The

column was 1.5 x 60 cﬁ and eluted with a flow rate of

-

8.8 ml h". Fraction volumes were 1.5 ml.
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protein assay (see Figure 39). T gjalic acid was present in 1
both peaks;A'and B, as well® as peak C that did not contain
protein (see Figures 40 and 41).-¢ Indeed, 2 high level of
sialic acid was demonstrated in the effluent eluted with
total bed ;01ume.5 Upon 1yophilizing the contents of tubes:
61-80, which encompassed peak C, a white," fluffy powder was
obtained. It apparently possessed a high charge density as
it was eluted off the DEAE Bio- Ge] column at a relatively
high NaCl concentration (0.118 M). | |

Table XII lists the elution volume corresponding to
each peak as well as the apparent molecular weight of the
species contained therein. A comparison with Table XI
reveals that the species contained within peaks A and B
yielded by fractions G2 and 63 are practically the same.
The same is true with ratios of the areas of peak B to A |
given by these two fractions: 16 in the case.of G2 and 14
in the case of G3. Recall that G2 and G3 produced different
electrophoretic patterns. The significance of this observa-
- tion will be elaborated upon in the Discussion section. .

As for G2, PAGE was performed on the contents of tubes
#23 and #38. Figures 42-44 present the electrophoretic pat- _.
terns. Due to a 10-fold increase in the amount of proteins
used, unlike 62, a band corresponding to a high molecular
protein was evident in the gel (gel B) layered with the con-
tent of tube #23. From gel C it is clear that tube #38




139
ma A [sd- 08 1Yo $noulits ni bid6 stisr2 To py .0d 38UBIR

inatbsvp BABG 25w slarnse sdT .(m2a 03 x €. t) ame 09

: s (€9) € nortosnd
2 _ ' i o

up _- ..

1.0

mqml" Protein
O o o o0 o
o o0 ~ o o

o
D

o3l

0z} : . i

o.lr

IO 20 30 40 .50 60 70 80 90
- TUBE NUMBER

c—




330 4neul?ts ni bias oifsre Yo (w\w) Fnsovsd . TH 35T

::;;*::\ ) i
12r

 afgmse afT

(ms 03 x 2.7) nmuiod md A [33d-cih

2n | roitsr3nsonod nfedond . (EB) € nof3osn® - sibsne
WF yod dsiw veezs niesong bef-cf8 pniezu banimisied .
.bipbngte 26 nimudis muvres, .
10t . " R
9-
8.
< i &
=7
<
=
o 6
o
2 .
X 5t
4}
3.
2r a
’ &
&
l..
a
3 2 a A g A a [ 1 a 1 ]
10 20 30 40 50 €60 70 80 90
‘ TUBE

NUMBER

141



-

counsgns b A684 dage Yo smufov notsel3

LJIIX 3U8AT

qisizdf benisinod 2sid9ge add o Irutow NE (509 om

BAR: (1) *.%
“farxoe.s L a.ae
201 x YI R 1
0sh 2.80f

A lgzd-ofd no €9 nofdsend Yo ydgstpetemondy prtwallo?

bt

. 5
emufov nmor3uld

nvworz Joflg nat:§1d?f53 s mot? benrﬁjdod
_ Léb evupii nr

-

.51

VNVN %

- . 0
- o

143 -

TUBE NUMBER

T R p——




§ —

145

FIGURE 42. PAGE of fractioﬁ G3 and 1tscomponents_resolved
on a Bio- Gel A 5m column. 4% Bio-Phore gels. The sam-
ples were: gel A -- DEAE G3; gel B -~ DEAE/Bio-Gel A
5m, G3, tube #23; and gel C -~ DEAE/B10 -Gel A 5m, G3,

.ntube #38.' DEAE/Bio-Gel A 5m represents chromatography . . .
of conjunctival crude extract on DEAE followed by |
?hromatography of fraction G3 thus obtained on Bio- Gel
h 5m. See text for additional det&ils.
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FIGURE 43.

PAGE_of~fractionr63 and its components resolved
on Bio-Gel A 5m column. 7.5% Bio-Phore gels. For key

an& details see legend of Figure 42.

AT
'Q&-\z;l-- '\.-;' . R ‘ -
Y L e

R :

ARG
i 1k,
L




149 i' . ’ _
FIGURE 44. PAGE of fraction G3 and its components
on a Bio—Gef A 5m column. 12% Bid-Phore gels.
and details see legend of Figure 42.
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contained e1ectrophoret1ca11y pure material possessing an
R R e O LA A L -
apparent molecuiar we1ght of 1. 7 X ]05 As 1t m1grated

. c sGin M e O TEY .

'”;faster than a1bum1n (M W. = 6.9 x 104) in an e1ectr1c f1e1d :

R ST (AR VAT LU PR pih Liow e

C_jwith1n a po]yacry]amide gel matr1x it must possess an abun-
| "aaﬁae'Bfichaféé at pH 8. 9 in orderﬁto“aoh1eve a high charge
Lfdensft;ti hJoooparison‘df theﬁpatternshshown in Figure 37
- (GZ #38)ﬂand F1gure ié (;i;tore of crude'extrattt a1bum1n ‘
t and bovine submaxd11:r} mLcin) suggests the heavi]y stained |
1 hand ?;tgéi“c (Figure 37) correspondsbto ; prote1n with a

Jmo1ecu1ar weight in the neighborhood of 4 9 x 103 (TabIe XI)'

Giee TN ¥ enT -1 i EEVERN-N
, The reason is that it moves faster than a]bumin 1n the
' i lease eEW \ s o, wulbde e Cys™ Lo

e]ectric field.
cd gziwiGV NOiws 3 arld 2osiyemmu2 ITIX efé 5T .{ﬁv) 9ii T GY

v funa e <tadt ,00DS nﬁ1*xﬂﬂ auTd brs 2aistoTn suof BV =Al _ i
c. Chromatoqraphy of COnJunct1va1 Crude Extract on Bio Gel

5]!! ) ¥ B ¥ D
0o -3 wd nevip .e2sfg (8D ad+ bhns scnria btuol! 573
1. Calibration of Column with Proteins of Known

3 Molecular weights .

- The determination of molecular weights, particularly

of proteins. is one of the most 1mportant applications of

vb“"‘ Cyiis W W OV Bl \ Y fi- ow
ge] chromatography (129) In a 1ong series of careful
. Did tup =i . .
measurements Andrews and his group (130 133) demonstrated

v ITURTIC I ¥ L O ERT FE W S L)

that for most proteins there is a cIose correTation between

“';'L'I. w7 0 SR TR\ B . frl?’..u-. Ja > " e b b

mo]ecu]ar weight and eIut1on behavior. .

e ‘g bns tiniaw
| ve”

g P 4w i ,
A column (1 5 x 60 cm) of Bio Ge1 A 5m was calibrated

wusing the following proteins (or protein mixture) !bovine
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yi$gups TABLE XITIv eiElution behavior of various proteins and
" Blue Dextran 2000 used to calibrate a :2f

Bio-Gel A 5m column (1.5 x 60 cm).
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Protein _ . . 31_‘;” MW, . . e _ _ay
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FIGURE 45.. Plot of Kav_against log(M.¥W.) for proteins on a

Bio-Gel A 5m column (1.5 x 60 cm). Experimentall -

- .Lﬂ
details are given in the tex‘l:._m__/e i
nilvdold =Y @
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FIGURE 46.

Chromato

graphy of conjunctival crude extract on

Bio-Gel A 5m column (1.5 x 60 cm). The plots represent

e]ution of the column at a flow rate of 11.25 ml h

-1

(@) and 8.8 ml h™ -1 (n) sample applied was 38.7 mg

and 51 2 mg, respectively Fractions of 1.5 ml were

collected
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FIGURE 47. Chroﬁdtography of conjunctival crudeTExtract on

i

Bio- Ge] A 5m column (1.5 x 60 cm). The plots represent

00280 (.) and mg ml -1 prote‘ln (o). The co'lumn was

] Fractions of 1.5 m1 were col-

L4 ¥

e1uted at 8. 8 ml h~

lected Protein concentration was determined using the.

Bio-Rad protein assay with bovine serum a]bumin as

standard -
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contain matefials thai ébsorbed_étrong]y at 280 nm, however.
The U.v. spectrum (Figure 48) given by the content of tube
#88 shows A 's at 270 nm and 220 nm, corresponding to the
Amax of the amino acid phenylalanine and a peptide bond,
respectively (135). This spectrum is to be contrasted with
" that given by the crude extract (Figure 49) and the content
of tube #44 (Figure 50), both yielding absorption maxima at
roughly 235 and 280 nm. It must be mentioned that the samé
species may constitute peak E jdentified here and peak C
jdentified in the elution profile of the chromatography of
DEAE wash fraction 2 (W2) on Bio-Gel A 5m (see Figure 28).
This highly U.V. absorbing peqk.was also present upon chro-
matographing tear mucoid clots on Sephadex G-150 (17). 1t

was due to a small peptide of 9 amino acids.

Figures 51 and 52 present the sialic acid content of
the effluent in terms of microgram aﬁd percent (w/w). Peak
A shown in Figure 46 apparently possessed the highest sialic
aci&;content; reaching a maximum of 16.5%. The species

'V§1uted with total bed volume also possessed a high siaTic'
" acid content and this pattern is simi]ér to that observed
.with the chromatography of DEAE gradient fraction 3 (G3) on
Bio Gel A 5m (see Figure 40). |

Table XIV lists the elution volume corresponding to
each peak as well as the apparent molecular weight of the

species contained therein. Like G2 and G3 (see Tables XI

2

__
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and XII), species with M.W.' in the order of 103. 105 and'105

were present.? Unlike G2 and 63, the fraction containing
species with M.W. Y 105 contributed even less to the elution

profile than: ‘that containing species with M.W3'~ 106. A

_ fraction with M.W. 4-104 not seen with G2 -and ‘63 now emerged |

bae PAGE on the contents of tubes corresponding to the
maximum of each peak (tubes $25, 37, 45, 64, and 79) pro-
duced the electrophoretic patterns shown in Figures 53

through 57. A single thick band was seen at the origin of

the gels layered with the content of tube #25, a result that

was consistent with the molecular weight of ~10 deduced
from the elution pattern on Bio Gel A 5m.

Three bands were seen on the 12% gel Tayered with the
content of tube #37 (gel E in Figure 54). On the basis of
staining 1ntensity. the protein with M.W. »~ 105 (approxi- |
mately 4 cm into the gel) appeared to be a minor component.
The-other two components possessed a lesser electrophoretic
mobility, henoe lower charge density.

The content of tube #45 (peaklc) (gel E in Figure 55)1
also produced three (perhops, four) bands. Based on the
observation with 63 #38, the band with the greatest staining
jntensity probably correéponded to a protein with M.W. ~ 1.7
X 105, and this was the major protein contained in peak C.
The band next in “intensity probably corresponded to a pro-
tein with M.W. ~ 4.9 x 103, But these molecular weights

s — i ———— = =S
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62.4 ml h'l;E Fractions of 1.6 ml were collected and the 1%

00280 measured for every third tube. . As shown in Figure 58,

a single peak emerged with total bed volume.i’ ‘Although its

jdentity was not'studied the species was probably one with

I oataw zamu oy

_1ow charge density. L fme © .

The column was next eluted at the same flow rate with a
gradient composed of 200 ml each of 0.1 M and 1 M NaCl con-
tained in 2 0.01 M NH4Ac buffer at pH 7.2. Again, 1.6 ml
fractions were collected and the 00,400 measured for every
third tube. The result was that two fractions were e]uted
one at 0.105 M NaCl and 65.5 m1 and the other at 0.135 M
Nacl and 76.5 ml (see Figure 59). Ihis result, coupled with
the obsérvation that bovine submaxillary mucin was eluted at
0.146 M NaCl, 1nd1cates that fraction 1 contains a species
that is rather simiTar to BSM in its charge. Moreover, they
are likely to be very similar in molecular weight, differing
only, in a subtle manner, their charge d1str1bution. The
sedimentation pattern shown on the view screen of a Spinco

Model E ultracentrifuge (Beckman Instruments, Inc., Palo

~ Alto, california) consisted of a single, sharp peak, indi-

cating molecular weight homogeneity. This single sedimenta-
tion velocity run'uas conducted with a sample of fraction 1
dissolved in a 0 01 M HH4Ac buffer (pH 7.2) containing 2 ﬁ
NaCl; rotor‘speed was 59,780 rpm (259, 700 x g)- |
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FIGURE 60. Chromatography of fraction 3 from Bio-Gel A 5m
on DEAE Bio-Gel A The coiumn was 1.5 x 30 cm and
eluted with a 0. 01 M NH, Ac uash (100 m1), fo]Iowed by a
grédient composed of 200 ml each of O M anq 1 M NaCl in
0.01 M NH,Ac buffer at pH 7.2. Fractions of 1.4 ml

-were collected. Flow rate was 56.0 ml h 1
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| FIGURE 61. Chromatography of fract1on 3 from Bio-Gel A 5m
on DEAE Bio-Gel A. _The co]umn was 1. 5 x 30 cm and
eluted u1td a 0.01 M NH4Ac wash (100 ml1), followed by a
gradient cdmposed of 200 m1 each of O M and 1 M NaCl in
0.01 M NH,Ac buffer at pH 7.2. Fractions of 1.4 ml . _ .
-1 -

were col]ected Flow rate was 56. 0 ml h Protein

concentration was determined using the Bio- Rad protein : SR

assay w1th bovine serum albumin as standard
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.- unit<™ The stage is now set for characterization of the
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ez ~otts (Bvidonuinod IV,  DISCUSSION 61 .onnsivagn?
forﬂmnr ?o sattiiasup 2ucicod nf boenty éﬁw e TBVOmST
rou AS a result of this investigation it 1s apparent that
- conjunctival mucin exists jn multiple fractions, each d1f-
fering in molecular weight and charge density. “This is, in.
. accord with the isolation of multiple fractions of tear
| muciﬁs in the precorneal area by Iwata and Kabasawa (17).
‘~ There 1s circumstaﬁtia! evidence that the high molecular

- weight condunciiva] mucins are aggregates of some monomer

> various conjunctiva1 mucins in regard to their amino acid
and carbohydrate composition, structure; shape, degree of
- hydration and surface activity.” The remainder of this _ai
- report will be devoted to an evaluation of: ¥ (1) the frac-

! tionat1on:schemes employed in this work, (2) the phenomenoﬁ

- of self association as it applies to conjunctival mucins,

+ (3) proposed models for mucin structure, (4) the 1nterre1a-.

" tionship between conjunctival and tear mucins, and (5) the

~.composition of tear and selected epithe11a1 mucins.'”""

. gmgdoz adf nr gate Jawr% aii 2B YilgE ?pﬁﬁw1f1ﬁ3 gnr2y

A. " Extraction of Mucin from Rabbit Con;unctival ‘Goblet

ulE Ce1151r2 nortefoz2t Yo 2727V0D At paiub nortenud

rﬁ\ﬂ ‘An objective of this research was to iso1ate mucin from
conjunctival goblet cells free from tear mucins. Therefore

-J:-.inann.. P \\«-.‘J

the manner in which the samples uere hand]ed was of primary

I ]
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almostfindefinitely if the temperature is 1ow enough (140),
all operations from tissue homogenization to chromatographic
elution were conducted at 4°C in a cold room. similarly, to

7o optimize stability of the glycoproteins on storageJ”immedi-
T4 ately after its removal from the rabbit. the conjunctiva was
' frozen at the temperature of a dry ice- -acetone mixture. A

3& consequence of this procedure is that ongoing glycoprotein
synthesis would be arrested and depending on their quanti-
¢ ties, may appear as mucin fractions when the;crude extract
T is chromatographed.’ Similar1y, unless they are membrane-
bound, the enzymes responsible for ‘the biosynthesis (and !
03 @ perhapi_degradation) of glycoproteins may be 1so]ated I

o' Neither possibility was’ e vigorously investigated in this o
2T work. ooy fe 10? bayot need sved paulsy jﬂglhw ~sfusefom

& BSYT An assumption made in this study was that Tittle or
5% none of the glycoproteins found in membranes (141) was iso-
([ 7 lated.” The isolation of membrane g]ycoproteins often_
-51 pequires treatment of the cells with enzymes such as trypsin
(142,143), or chemicals such ‘as 1ithium di-iodosalicylate,

S phenol, aqueous ‘pyridine and sodium dodecyl sulfate (144,
"24 145) .,V Since none of these agents Was employed ‘in the

present study, the above assumption was a justifiable one to

% make syiev !noios sﬁs 93fwi besdxe 307 zenb nordeytiil

Tavitonupnoa wol beiﬁoqen tdpiew 1sfussion g7 L(ewi ol

Jidptl o z2idd af bsisigisint ad Jeun Jeow 2ffY mi o znfoum

.
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C. Summary of Chromatographic Results

At this point it is worthwhile to summarize the results

obtained by chromatographing the crude protein extract :
8-

according to two different schemes. Scheme 111 is for

. chromatography of the extract on DEAE Bio- Gel A followed by

Bio-Gel A 5m, while Scheme IV is for chromatography of the

o 3 U-
extract in the reverse order. x s P
© . = -2

1RUCEIA

Both schemes yield multiple glycoprotein fractions.

s

* This is in keeping with the observation that nucins, unlike

(.

-‘proteins, are polydisperse and microheterogeneous macromole-
i-cules (149) and tend to yield several fractions during gel
filtration or ifon exchange chromatographyl Table XV,

n

presents examples of mucins known to yield several fractions

CPeus

{
during jsolation from their respective sourcesx In general,

o — Epe § %

he number of fractions for a given mucin ranges from two to

five and they differ primarily in their threonine, serine.

¢ sialic acid and carbohydrate contents, as well as molecular
i R _ ‘ . _ el

weights. TR : ' i

—

g e

anion exchange chromatography (DEAE Bio-Gel A) yields seven
fractions, in close agreement with the seven bands observed =
;on electrophoresing the extract on 2a 12% polyacrylamide gel
hl(see Figure 27) * These fractions appeared in the chromato-
gram in the order of fncreasing number of negative charges.

Notice that the order of elution did not strictly follow the

Insofar as the conjunctival“crude extract is concerned,
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FIGURE 62. PAGE of fractions obtained by chromatographing

con.‘]unctival crude extract on a Bio- Gel A 5m column

(1.5 x 60 cm).» Flow rate = 8.8 ml h -1, 125 Bio-Phore
gels were used. 5 Eoon R
S |
Key: ' 7 Tube #
__ Gel . Peak (Refer to Fig. 46)
A A Ly s
B B 3T
c c - 45
’p D ' 64
E E 79
F Conjunctival crude extract
o b ke
g. _.':,: 5 ¥ ) ‘
o, e ‘ 3 !



{ 100% ionized. 1 Thie suggest§3that the'distributien of sialic

v d

. 207
content of sialic acid, whicﬁtset pH 7.2, ﬁas'bractica11y

acid in the molecule, the acidic amino acids gTutanic‘and

~aspartic acids. and the glycoprotein's tert1ary and quater-

nary structures are more important determinants of the mole-

cule's overa11 charge density than tota!'sia1ie acid content.
It must be mentioned that the order of elution of canine
gastric mucin fractions from DEAE ce11u1ose was 1nverse1y \
related to sialic acid content also (153). """ o1

bei) gyt of the seven DEAE Bio- Gel A fractions only three
(HZ G2 and 63) were chromatographed further on the geI fil-

" tration medium Bio-Gel A s5m.>’ W1 and G1 were not examined

because of Yimitations 1mposed by their minute quantities.

" W3 was not examined because jt did not contain proteins

“according to the Bio-Rad protein assay;

rf Fon 26W PR T

-s02 20" An examination of the electrophoretic patterns due to

62 and 63 (gels A and B in Figure 27) reveals that together

_ they practically accounted for all the bands Seeﬁ in the

4 At

conjunctival crude extract (gel C in Figure 27). "Moreover,

at least three bands (at 0, 2 and 3 cm from the origin)

: over1apped,‘ref1ecting, in part, the slight overlap between

. g2 and G3 as they were eluted from the DEAE B1o-Ge1 A column.

""" Another noteworthy feature'1s that two bands (at 0.5 and 0.8

'y

cm) were present in G2 but not in 63, "while four bands (at

1.3, 4, 5.5, and 7.4 cm) were present fn 63 but not in 62.
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FIGURE 63. A comparison of e1ectrophoretic patterns of
DEAE/Bio- Gel A Sm, G2 #22 (gel A), DEAE/Bio-Gel A 5m,
63 #23 (gel B), and Bio-Gel A 5m, Fr 1 #25 (gel C) on

12% po1yacry1am1de gels. For key see legend of Figure
;35,0 e |
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FIGURE 64. A comparison of electrophoretic patterns of

DEAE/Bio -Gel A 5m, 62 #38 (gel A), DEAE/B10 -Gel A 5m,

12: Bio-Phore ge'l.1 See text for details.
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approxlmately 15 times that of the one containlng species
- with molecular weight in the order of 108 9w 1sfussion
711 s The significance of these observations is three-fold.
/s First, these two species, with a 10-fold difference in
(9 moIecular weight, must be inversely related to their charge
density ‘since they eluted at the same NaCl concentration.
o7 Second, each species of a given molecular weight existed in
2 two different charge densities, since it was eluted at NaCl
. concentrations (0.032 M and 0.118 M) differing by a factor
. of approximately four. ' This means that four different |
“+z molecular species, in suitable comhinations of molecular
- weight and charge density, were present in G2 and 63.7 It
‘should be'noted that the species with molecular weight in
* the order of 108 has been shown to elute from DEAE Bio-Gel A
at three NaCl concentrations:? 0.1 M, 0.105 M and 0.135 M.
g% Third, a rapid equilibrium may exist between the two species.-
Although'aggregates have been reportgdlfor'g]ycoproteins
"~ (see section IV.D), the 10-fo1d'd1fferénce suggests a 10-mer
with the molecular weight of the monomer being in the order
¢ of 10% and a 10-mer with monomer of this size is difficult
.. to visualize geometrically.std swéz &id Yo snew hentiss
lﬁ_k»a = Three bands emerged upon performing PAGE on the confent
317 of the tube correspoﬁding to the maximum of peak B éfven by

‘¢ : G2 on Bio-Gel A 5m, suggesting charge inhomogeneity (see

Figure 64). ' In contrast, only one band was given by the
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dissociat1on when it was subsequently exposed to a lesser

g o

charged medium, i. e., the surface of a B1o Gel A 5m bead
This suggests hydrophobic 1nteraction and other short-range

interactions as the stab1lizing factor, which is the case

. with protein-protein association (158) The validity of

pe oo}

this proposed mechanism has yet to be proven since the M.W.

of the species resu]tlng from chromatographing fraction 3

(M.W. = 5.7 x 10 ) of Bio Gel A 5m on DEAE Bio Gel A had not

been rechromatographed on a ge1 filtration medium Inter-

~estingly, chromatographing the B1o-Ge1 A 5m fraction with

4 DEAE Bio-Gel A yielded a fraction that

eluted at about the same NaCl concentration (0.154 M) as
DEAE fraction G3 -- the fraction containing the 1.7 x 105
species. It should be_instructive to study how the nature
of the charge borne by thelion exchange gel influences
trimer formation. Scheme V summarizes the behavior of the
g1§ooproteins coocerned when chromatographed under the
specified conditions. |

- Finally, a spec1es that was recovered in Scheme II1 but

not Scheme IV was the one with M.W. = 2.4 x 10 (fraction W2

in Scheme III). This was not highly charged since it
emerged prior to commencement'of the NaCl gradient. Suffice
it to say at this point that such a fraction also has been
1solatedlfrom tear mucin clots by Iwata and Kabasawa (17).

Its identity has yet to be revealed; it may be a basic

215
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monomer unit of-conjuncfiva1'mucins? ‘Scheme VI presents the

_overa?i behavior‘of glycoprotein fractions*ﬁhen'ohromato-

graphed under the conditions specified.

o — -

. D. Preliminary Evidence of Self Association of Conjunctival

l
Mucins vl x €.

b

i
| |
It has been.menrkmed' 1n the preceding discussion that

conjunctival mucin may self-associate to yield severa] spe-
i
6

cies inc]uding the one with a molecular weight of ~10°. The )

phenomenon of se!f association has been observed in over 300
proteins_(especially those with high mo1ecu1ar weights)
(159,160). According to Reithel (159), single polypeptide

chains with mo1ecu1ar'weight exoeeding é 6 x 104 do not

ottt e+ [ . S

exist, and proteins with moiecuiar weights exceeding that

should be considered as aggregates of monomer units?‘ Dimers

and tetramers are common. HuItimers with odd number of

monomers are rare; only 10 out of the 300 proteins Tisted by
Klotz et gl..(lso) have an odd number of monomers} It must
be noted that a typical monomer has a molecular weight in

the order_of_1li 105. With the exception of large enzyme

_complexes and viruses, few proteins have more than 12

monomers. _ - .33?35?.@ amer odd {f-dsdo*:q'r'
iSeveral factors influence self association.o‘They are
protein concentration, the presence of cofactors and of

cysteine and other specific residues in a protein molecule,
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‘""and the pH of the medium.” Only a few examples will be pre-

s 1 10 vsbnod Azund
sented to 111ustrate each factor.? s e

4
crozemif A x

The famiiiar examp1e of blood clot format1on esSen-

[

*rt1a11y is aggregation of fibr1n monomers, at the proper con-
-’centration, through hydrogen bond1ng between tyrosine donor
‘and histidine acceptor groups (161). ' Flage111n from the

f1age11a ‘of Proteus vulgaris at h1gh salt concentrat1on

aggregates to molecules with M. H.:- 1 2 m11110n (162)

" Insulin at high salt concentration also aggregates (163).

The binding of AMP to phosphorylaéeﬁ;,wa'd1mer itself, has’
been shown (164) to trigger its transformation to phosphor-
i ylase b. a tetramer.ﬁnra o3 6 yd 3uvods 3nQUQWd €a LEREUN

"""" g 8t SeveraI g]ycoproteins ex1st 1n an assoc1ated form.
“" They inc]ude canine trachea1 muctn, bov1ne, can1ne, ‘ovine

~

and porcine submaxil!ary mucins (165,166, 213) ” These mucins
are characterized by their resistance to deaggregat1on by
‘Y urea and guanidine HC! as well as sodium dodecyl sulfate,

agents known to disrupt hydrogen and hydrophobic bonds (156,

[

f”"*"'165-167). The erythrocyte membrane glycoprote1n, with a

M. ﬁ.ao 106 (monomer M. H. ~ 10 ), behaves similar]y towards
 0.5% sodium dodecyl su]fate (168 169) This is to be con-
Y9 trasted with the 4-- 8- 16-. "and 32-mers of ur1nary g]yco-

"% protein (highest M.W. 7 x 108, monomer M.W. ~ 2 X 10° )s

they deaggregate in a 6 N urea solution (170). FFTIIvE
0 “Fy

One final example = ° 1is on sucrase-isomaltase, a

s
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: positively charged groups, has been shown to separate the
» monomers of insulin and albumin from their dimers (176,177).
.tavSimilarly, bovine pancreatic ribonuclease A has its aggre-
gates, that are stable'upon subsequent chromatography on
Sephadex'ﬁ-zs.-separated_from the monomer by squoethy1;g
. »i, Sephadex,: a cationic exchange gel (178).a: Horse heart cyto-
chrome ¢ gave similar results when chromatographed on ;
«+- Amberlite IRC-50, a weak cationic exchange resin (179). It
1y 4. is not clear 4f the monomer-multimer eguilibrium exists in
-+~ the bulk. 5 Nevertheless, by preferentially adsorbing the
-+4+-multimers,  the ion exchange‘gel appears to shift the equi-
S;f11br1um in-favor of multimers, thus promoting aggregation.
;tquhe mechanicm by which aggregation is promoted in the
';microenvironment of the gel surface has yet to be elucidated.

. It cannot be a pH effect because the microenvironment pH is

higher than the bulk pH due to repulsion of HY dons from the
positively charged surface.:’ The higher pH favors ionization
56 ‘of sialic, glutamic and aspart1c_acidsgpand the attendant
... electrostatic repulsion among the molecules concerned is
.. unfavorable towards aggregation.wbgﬂ cvetlnne Enfif;hﬂi
3?dodqew On the other hand, the 1on exchange gel may promote.
5a3+; aggregation by providing the proper matrix to 1mmob1lize a
glycoprotein mo]ecule through electrostatlc 1nteraction
q-betweehwhegaf}}e charges on the glycoprote1n mo1ecu1e and

LN fEeie

) positive charges in the matr1x. “This conceivably can
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by oligosaccharide chain entanglement. * HilT:gﬁ glff(laa)'ﬁ
has studied in‘detaii the aggregation of ovine submaxillary
‘mucin and its desialylated (asialomucin) and deglycosylated
(apomucin) variants. They found that the apomucin did not
aggregate whereas the parent ovine submaxillary mucin and
asialomucin did, 1nd1cat1ng that the carbohydrate portion of
the mo1ecu1e. with a propensity of hydrogen bonding s1tes.
was necessary for aggregation. '

In section IV.F, the physiological significance of

trimer formation will be explored.

E. Proposed Models of ﬁucin Structure

Closely related to sé1f aggregation of glycbproteins is
their structure. The definitive structures of mucin are; at
present, unknown, but sevefa1 ﬁroposed structures are avail-
able; The proposed structures to be discussed here concern
bovine cervical mucin and porcine gastric mucin. In addi-

- tion to hydrophobic and hydrogen bonding that also plays aﬁ
important role in self aggregation, the cova]ent disulfide
bonds are an 1mportanf element in the proposed structures
for these mucins. w

Figure 65 depicts.a model (Model A) for the structure
of bovine cervical mucin as proposed by Bhushano Rao and
Masson (184) and Roberts (185). It is postulated that

bovine cervical mucin consists of an array of subunits (with
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FIGURE 66. Tentative mode1 (Model B) for the structure of

7
porcine gastric mucin (188) | ;;
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stab]e in 6 H guanidine HC], 2% sodium dodecyl sulfate and |
-3 M KCI, suggesting that neither hydrogen, hydrophobic nor
jonic bonding was the dominant factor in subunit 11nking.
It was, however, unstable in 0.2 M mercaptoethanol, with a
_ concomitant reduction in its molecular weight as was evident
in ultracentrifugation equilibrium. This indicates disul-
fide bridge formation as an important 1ink between éubunits
(189,190). |
Figure 67 presents two additional models (Mode]s C and
D) for bovine cervical mucin (191). Both stress the 1mpor-
tance of a crosslinking agent that is interposed between the
varibus mucin molecules in such a manner thét the negative
charges of two mucip molecules are kept as far apart as pos-
sible; The crosslinking agent isbound to the mucin molecule
- by hydfogen or electrostatic bonds. In Model C, the disul-
fide bridges are important for integrity of the crosslinking
agent. This model is compatible with the observation that
such mucins as bovine and ovine submaxillary mucins are
practically devoid of cysteine residues (151);

" In Model D, the mucin molecules are interwoven and
_held together by disulfide bridges located in the non-
- glycosylated portion of the mucin molecule. The existence
of a crosslinking agent for bovine cervical mucin was first
‘suggested by Gibbons (192). Schumacher and_Peafl (193) and

Elstein (194) have speculated on the possible involvement of
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u{s-detects.only free-]ysozyﬁe.ﬁ Needless to say,_the choice of
- & model must, Smong others, be consistent with the physio-

. ological roles performed by conjunctival mucin.” An attempt
.~y will be made here to delineate some of the constraints
. ,um imposed on-conjunctival mucin structure insofar as present
,know?edge-in'its physiological roles al1ous:w 8 u3siom
wobny n As indicated in the Introduction, mucin, despite its
~~t ‘high negative charge density, is the most surface active
+iw .component in the tear film.s An important fo1e-assigned to
it is its transformation of & low energy surface presented
by -the corneal epithelium to a higher one upon its adsorp-
cere~ tionm to the surfacgﬂg.Fdn tﬁe moment let us ignore the gly-
~3+ cocalyx on the corneal,epithe1ia1wsurface.{:The corneal epi-
thelium, with its high lipid content, is a region of low
521 dielectric constant.n Therefore, considerable work has to be
. expended to bring an unshielded ionized group on a glycopro-
. tein molecule against the potential, due to the single image
~+. charge wifhin the surfaces to a given distance from the sur-
B face (197). Unless there is a hydrophobic region in the
+ mucin molecule to at least pdrtially offset the electro-
'¢:static-charges,-the work required would be so énormous that
%G adsorption onto the corneal epithelium is hindered.
s1tbvd While this picture is probably realistic for the ¢
+ 5, adsorption of mucin to the monolayer formed by meibomian

1ipids at the air/tear‘interface,-it is unlikely to be so at
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"acids) portions, as proposed in Model A, appears to be the

one most favorable towards adsorption.- Such a structure
would readily allow interaction with both interfaces to
occur.’ As a corollary, multimers formed as a result of

hydrophobic bonding among the monomers will now experience

‘difficulties, from the thermodynamic and kinetic points of

view, ‘in adsorbing onto both 1nterfacesi This is because

the hydrophobic regions would be shielded by the oligosac-

2 charide side chains and deaggregation is necessary prior to

adsorption.t Nevertheless, as the oligosaccharide side chains

"gain prominence71n the multimer, the solubility of mucin in

.tears and, as a consequence, tear film stability should be

improved.* Therefore, according to this picture, tear film
stability depends on a delicate balance in the relative dis-

tribution of mucin monomerﬁ and multimers. 97 pribrod0A

-sus2 926 A physiological function frequently attributed to

g

Cnw
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mucins is their lubricating properties.‘ This is related to
their ability to form gels and has been studied most
thoroughly in gastric and 1ntestiha1'mucins (156,157,201).
As one might expect gel formation is closely related to self

association. Human small intestinal mucin as well as por-

~cine gastric mucin undefgoes a rather sharp sol-gel transi-
v tion within a narrow concentration range (157). - Aggregation

'vq° peyond a certain concentration is mediated by non-covalent

forces (202), although covalent bonds, notably the disulfide

-
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. of mucin molecules.’’ Work must be expended‘to Bveréoﬁé-the

repulsive potential energy barrier due to the fonized sialic
acid and geometry of the side chains.”* Since, during the
processf some of the hydrated water moIecuTes:are excluded

from the 1nteraction ‘zone, the decrease in segmental entropy

“1n the 1nteraction zone conceivably can be overriden by the

1ncrease_1n configurational entropy of the exc1uded water
molecules.a The net result is adecrease 1n the overall free
energy of the system, thus favoring multiiayer formation.

Here again, different mucin fractions conceivab]y show dif-

ferent tendencies toward phase separation and the success of

multilayer formation may depend on 2 delibate ba]ahce in

distribution among them._'

F. Mucin Fractions in Conjunctival Crude Extract and Tear

Muco1d Clots

-

With the isolation of various glycoprotein fractions
from the conjunctiva and its goblet cells, it is now pos-
sible to explore the interrelationships among conjunctival
mucins and those in the precorneal area.

Table XVI 1ists the number of glycoprotein fractions

~isolated from the conjunctiva in the present study and tear

mucoid'clots in the study by Iwata and Kabasawa (17). Quite
unexpectedly the number of glycoprotein fractions from the

conjunctiva was not much larger than that from tear mucoid
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clots. It is clear that the conjunctiva contained a high

molecular weight species (M.W. = 1.9 x 106) that apparently

.- was absent from tear mucoids. But this was an artifact

since the Sephadex G-150 employed by Iwata and Kabasawa (17)

-: had an exclusion limit of 4 x 105 which was lower than that

. ' of Bio-Gel A 5m (5 x-106) employed 'in the present study.

e

Hence the species with M.W. = 1.9 x 106 might be present in

:5%2 tear mucoid also. | JvedtyuY gelz s If patAsT .noftstd

M dutd While the fraction with M.W. % 4 x 105 constituted the

P

B

' the Experimental section, it underestimated sialic acid

‘7

major fraction in tear mucoid, this wés not the case for thé
conjunctiva fraction with M.W. '= 2.3 x IOSdeInstead the .
fraction with a M.W. = 5.7 . 104 was the major conjunctival

mucin fraction. " This fraction had a ¢ialic acid content of

. 2.4% (compared with the corresponding tear mucoid fraction

‘77 with & sialic acid content of 0.5%7)¢ which was about seven

times less than the fraction with'a M.W. * T.9 X 10%. > Sup-
po%ing that the species with M.W.. = 5.7 x 104 is a monomer
for the one with M.WN. ='1.9 x 106; association must have -
occurred 1n-¥uch a way to bury the sialic acid-in the

resulting aggregate, since the siaiic acid content did not

2 undergo a corresponding 33-fold increase.~ If the sialic

: gt Bt mn':-? taga Tl ady e chanavntey SYIW .
The discrepancy in sialic acid is due to different sialic

acid assays. The thiobarbituric acid assay was employed in
the study by Iwata and Kabasawa (17) and, as indicated in

content due to degradation of the sialic acid liberated

.2:25 from the glycoproteins. . itnwo- ood Lo v e mees
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TABLE XVII. Molecular weight of fractions obtained by :

<adjta pchromatographing (a) the crude extract directly on
Kﬁﬂi Bio-Gel A 5m and (b) the effluent from chromatographing the

_conjunctival crude extract on DEAE Bio-Gel A on Bio-Gel A 5m.

Leat mon? [TEY ewszeosk bus BIsul xd hetpinai p0!_: L
Fraction Molecular Weight
suw 3T babiv. o vixeladd moY hovavo am
50 ~aed 1.9x10® 7
“uxe o o Tsp baﬁaxs stpoins ns a6 baagert. oaus g Jeqid
- G2 : 2.5 x 10 .
antioeat qofb s sl Linfog 2td3 fa patmolo. 61 noidsn
G3 ' 3 x 10

- § Ii' - ] 1 .
sfd pRifgsTuismOTNAd vd benisroo Ul X T.¢ = .w.M 8 AJ1W

sttt sy ~ A2 bovavouen 4o gew m3 A T 2.3 X 105 ABITXD
cw notdosvt = G2 caonsient 2tdy nl ;ﬁe{o{f 1.7 % 105 2330874
L AUW va2ddo ¢ G3 .notizent volsm 8nf atw a(.1.7 X ]05 KoM o8

an.pif ot wotae B Isd-o0fd IA30 of 3Iasyixs et pnyte, duz V9

_ A3 SN 5.7 x 10" NS
cow bfoosum AB8" 4 baynezdo nyedten o4 yage JQJW-'4‘) mc A
W2 2.4 x 10 _ _
cwoVYBZeNG !
1343 batsiy A8 3 94 ass 3T notdsvrezdo 27 7.2 x 103-3 A i

notne Yo Ie2 W2 = f‘iguo"!ﬂtf gisamiIaqg _anofj::: 5.5 x 103 GievY

SR 2 axute @3 reT102 iﬁvfiﬁnutﬁﬁs oriz rv 4.9 X 103.1$43X9
£13678G0 9 4 _ al
IR A denotes fractions obtained by chromatographing the

i vt 1 ~ conjunctival crude extract directly on Bio-Gel A 5m. =

NRL: adj‘;}.bﬁ denotes fractions obtained by chromatographing the 2¢

' gradient effluent (from chromatographing the conjunc-
354t% .47 tival crude extract on DEAE Bio-Gel A) on Bio-Gel A o

5m. '

' ' CW denotes fractions obtained by chromatographing the
ctstyy xintc wash effluent (from chromatographing the conjuncti- «woit

_ “” val crude extract on DEAE Bio-Gel A? on Bio-Gel A 5m.
itue ad Jon do : CORRETE S R S TRVIV IS c SO
The number represents fraction number. .

.-,.3.'( e A dad gyl dne e Al oDoe bama g wpngoned XKiNIET B
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cationic exchange properties. Neverthe]ess, the possibil1ty

< b -

that an anionic exchange matrix exists between the cell mem-
:brane proper and the glycoca1yx cannot be ru1ed out.f Thus,

;loss of 1ntegrity of the matrix, coup]ed with disturbances

-

1n e]ectro]yte balance and “fluid flow, will cause a shift 1n

the chemical nature of mucin fractions in the precorneal'

i i

area. Its consequence is tear fi]m 1nstabi]1ty. 5
drahd ] | ] =
6. A Compar1son of Tear Mucin Composition with Selected

c%L;S Mucins (G]ycoprote1ns)_ g i AR

Although the characterizat1on of various glycoprotein

b

i' fractions 1soiated from the conJunctiva 1s outside the scope

sa meny
L R

ok [

i
of this work there 1s c1rcumstant1a1 evidence that conjunc-

' =l ! -

. tiva] and tear mucins are similar.. It 1s of interest to

D o,
e t 13 l

compare tear mucins in regard to their carbohydrate and

Ii'

'cn
o
-‘

amino ac1d composition, as well as their molecular weights.

‘‘‘‘‘ with other mucins (glycoproteins). These parameters are

1

L, presented in Tables XVIII-XX. = = | = i, | &

- -

o 2,25 “The molecular weights of conjunctival and tear mucin

e

falfractions span the spectrum of molecular uefghts encountered

'3'with epithelia] mucins such as'bovine submaxillary mocin and

plasma g1ycoprotein such as a]-acid glycoprotein. In Table

~ - XVIII it can be seen that tear mucins contain 4 to 10 times
:: less hexosamines than the other glycoproteins listed.- Like
| =

= ol-acid egcoprotein there is a higher protein than
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= WO TABLE XX.” Distribution of amino acids (moles/lﬂo moles)

igffsndiaqe | 4n selected mucins (glycoproteins).
giiknl

» pauns 0F e2veovie od vem or3z2fretoasrsin 2ivJ
Amino Acids . BSM® . _OSM MSM_.  RSIM

2ugds

LT oum

‘{;6;\._ ? >l Bt v,
Ser, Thr, Pro 45.5 _ 41.9 , 41.4  45.5

468 b s

wn{% Acidic son 20 80y 7.0 7.0 15
nt ;Ba51¢:_sacau1 a;i'a.ss 13'9-3 n 4.2_5 6 9
tan Aromatic. o . ,.7Tiowg037 s e V09 o B-4

l‘abwﬂydrophobisuw

‘2:% 8pop abbreviations see footnotes of Table XVIII.
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~ ratiw *o A2

y HBM BCM

3

35,9 . 38.3 ., 28.3,  32.8,
Qi : O AT SRC T ¥ 0
1.26 _, 1.96

sridr
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6.5 7.4

2. 9,06 3.6
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oligoéééchafidé sidé.cﬁains; 6r fojthe degree'dfigétufation
of theﬂpeptidé cdféf 1n:short; ﬁﬁcin Structﬁréf uThe proline
content is aléo low:'meéning a more rigid pdlypépfide back-
bone. There is, however, a high content of lysine, aspartic

. acid, glutamic acid, tyrosine and phenylalanine. As can be
seen in Table XIX, tear chins possess the highest cysteine
content and this may be significant in either 1ntra- or
jnterchain disulfide bond formation, an important element in
mucin structure. Notice in Table XX the relatively high
content of hydrophobic amino acids found 1n_tear mucins.
This can influence not only ?heir tendency towards self
association but also their structure. |

This brief survey of amino acid and carbohydrate'compo-
sit{on indicates that tear (and probably conjunctival)
mucins are not typical epithelial mucins. In some aspects
they resemble al-acid §1ycoprote1n. ' But, on balance, tear
mucins appear to be glycoproteins in their own class. The
'high mannose content, the lok siajic acid content; the
absence of ga1acto$amine. and the relatively high cysteine
content may be some of the factors responsible for con- .
ferring unique structural features to tear mucihs. Given

“the uniqueness of the eyé as an'organ. it should not be sur-
prising to find tear mucins as unique epithelial g)ycopro-
teins. Finally, since the structure of a molecule is 1nf1u-

~ enced by its composition and the function it serves depends
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| The work'reported in this thesis repfesents the first
¢7TVigf a series of studies designed to ultimateiy'understand the
Lk ‘structure of conjunctiva] mucin, the mechanisms by which 1t
607 maintains a stable tear film, and its role in drug absorp-
-F tion."” tnoo nt ofoy ditTiouge s myotTNsq ol bsioeqgus 2i
Fsnoid 'sayeral glycoprotein fractions have been isolated from
¢3T “the conjunctiva.t ‘The preponderance of each fraction varies
depending on whether gel fi]tration or anion exchange chro-
22083 natography 1§ the first step in the fractionation scheme.

‘It 1s found that the conjunctival glycoprotein fractions
A

770 % pear a closer resemblance to tear mucin fractions in their
molecular weights when ‘anion exchange chromatography is the
t:%3 “gipst step in the scheme.’ As discussed earlier, the dis-

‘crepancy centers on the anion exchange fraction with a
vldsd M:ﬁ;'ifl.f x 10° and the gel filtration fraction with a
- Ob X& M W, # 5.7 x 104;j It is postulated that self assocfation
f(tfimef formation) induced by the microenvironment of the
-Eeion?exchange gel occurs. The trimer appears to be more
12U charged than the monomer, and its preferentiallremovaT by
-5T9°¢he ion exchange gel shifts the monomer-trimer equilibrium
| in its favorfﬁ It 15 furtﬁer postulated that the same
M5 sequence of events exists during the transit of conjunctival

mucin from the goblet eell to the precorneal area of the eye.
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fo?jﬁm“‘Tﬁe observation that different isolation scheﬁes lead
.if. to different conjunctival mucin fractions calls for a con-
2nt tinuing effort to search for a scheme that yields the same
:12 " conjunctival mucin fractions as they are'synthesized in the
'5- goblet cells.i¥The dependency of conjunctival mucin identity
3 'on the isolation scheme employed is 1ntr1§u1ng because it
yields information on how mucin structure and composition

24" can be perturbed by a charged surface. (ibefduoball

mot 2'To_separaté conjunctival mucin free from protein con-

51t taminants one can employ affinity chromatography.ﬁﬁThis '
27 {nvolves coupling onto a-m;trix lectins that have been shown |

{ to exhibit a specificity for the sialic acid found in mucins

231 ©(210,211). ¢ To ascertain that the conjunctival mucin iso-

Yated is indeed derived from conjunctival goblet cells one

v{ can employ an immunofluorescence technique (156) or by

1w .7 {njecting the animal with radio1abe1ed glucosamine followed

,33 monitoring its appearance in the conjunctival goblet

=1 cells.toi? $ais 29!91-9{dfeagq_3ﬂj RoOEE JteY 2uaT

“‘bastipo>The importance of conducting a complete characteriza-
-=1* ¢ion of conjunctival mucin must be emphasized.!! Such an

-:4s2 analysis should include elucidation of its chemical composi-

-%¢ ¢tjon, as well as its primary, secondary, tertiary and qua-

“1 it ternary structuressﬂihttention needs to be focused on the

heterogeneity in the carbohydrate portion '~ of the molecule

51 and this requires a specific separation technique such as
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(1! fnvestigate tear and conjunctival mucins for their ability

7w} to adhere to cell surfaces including those of the corneal

-t" epithelium.’$ [sivafapdidne ne to said msidd waifo eaold
grgm Y9 COnjunctivél mucin éan play an important roie in drug
et penetration into the eye, too.’ To date, virtually nothqu;
.'§s known about this aspect of drug disposition.’' About a
.2ni decade ago Kakémi and his coworkers (213-216)'observed”that
the amount of drug absorbed from the G.I.” tract correlated
270¢ well with its extent of binding to mucin Tining the mucosa.
| £ They therefore postulated that drug binding to mucin consti;
tuted the first step in the absorption proéess;ﬁ'Their"
siet finding, however, was af variance with an earlier finding of
"TfSchanker'g;_glf'{217).9VThese investigators observed negli-
gible drug binding to mucin and the same extent of drug
* absorption regardless of the presence of mucin.’ Much of
! this contradiction necessarily arises from différences in
- drug selection and experimental design.'' Therefore, further
studies are warranted to clarify the role of mucin as 9
andther barrier in drug absorption. Meanwhile, attention
should be directed toward drug binding to mucin within the
conjunctival goblet cells as a potential drug reservoir in
the precorneal area. |
Finally, although the concern of this thesis has been
on an evaluation of conjunctival mucin in regard to its role

in tear film stability, there is a need to explore that of
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TABLE XXI. Current state of knowledge about tear film
components and their properties.

{1 Known Elements 3% .zifdgo’8 ;@;ﬁﬁgﬁﬁ_rwsusﬁ N R

i3

1. Gross structure of tear film ivcid (21 74id A .8 .

2., Goblet cells as source of mucin- _avbA Loifge .2 A K

.’eye AvoY wal 22379 Dimsbsoh 0 .fo¥ ".23%sep

rud

4.. Gross chemical composition of mucin A .amsld .A 4

anFecamana TOB ab  gysprsd8 .2 LA bne Aiedd23dcd A D
Unknown Elements :

heos amu<anyi2 nofifzeqmod iadT
1. Microstructure of tear film

L coaiyesi?  ha dfedarised LA
2. Mechanism by which mucin stab1112es tear film R t.
e cag el A .

. ) surface characteristics{of microvil]i in tear fi]m stability
.ttS 4rt Structurerof muci;“;onoﬁer and agééégateé;‘"‘k'{;:{\;; g
5. Factors influencing re]ative proportion of mucin fractions
6. Hanner andurate of turnover of mucin in the precorneal area
L 7. Nature de strength of forces‘e} tnteraction between mucin and

cornea] epithe11a1 surface, 1nc1ud1ng the glycocaIyx

""1‘"..?}9!“"? G . g i e e P UCTPA o
' Physio]ogical functions of conjunctivaI mucin |

l 9. Role of meibomian 11pids in tear film stability =t
1 e : RTNDE B
10. Role of mucin in ocu]ar drug absorption
- .\Jut.lj.‘.-l QBB e Nt do LR e O ¢« THSA oW q LEi
[ N fhe] - beafA LT :f ',. o d LW bos clomidasd LY ‘..Ei :
(cepfiled

258

- 3.0 Presence of multiple mucin fractions in the precorneal area of the

3. Re]ative contributions of charges, wetting-properties of mucin and
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252 16 copneal Metabolism of Pilocarpine in Pigmented Rabbits
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ABSTRACT ,
po:ntdo bns bioiaﬁ {d ybutz =reb ofgoic & of bt s70C0NN02
-I08332" Cornea. aqueous humor and iris- ciliary body letels of
pilocarpine ‘and its metabolite pi]ocarpic acid were deter-
243 mined in mixed breed rabbits following topical dosing with
nt 895 LY of 1 X 1072 M pilocarpine.' From the time- drug ‘concen-
tration profiie it 1s clear that extensive metabo]ism of
pilocarpine occurs in the cornea of pigmented rabbits.. This

binding contrasts sharply with similar studies in albino

rabbits where relatively low levels of piiocarpic'acid:were

3fuobservedf°'lt'is found that the finsthrdet-metaboiism rate
-5 constant 1n albino rabbits is‘approximateiy two orders of
" magnitude smaller than pigmented animals.” A significant
" observation from this finding is the possibility that the
reported greater dose requirement for heav11y pigmented
¢ {ndividuals may not be ‘due to drug- pigment binding alone but

SEER also to extensive “corneal drug metabolism. 1$ budroasy

aovii voY beisdurnt zow fonsdis ni profodis an ofrq o
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chemicals used were either reagent or analyticalzgrade and

Hatf 10 zaigme: eI iloM2TM-YIXid

were used as received.
a1stq 24T fop~Bniite nsdvozbssuy GXJ vesail asaisdi 6 03
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:3 bewoliB L pranapration of 0.01 M Pilocarpine Solution - A 0.01 M

(208

879 pilocarpine solution, isoosmotic with tears, was prepared
Yoy

‘using pH 6.24 Sorensens phosphate buffer. ' Eitherlb 25 or
pul 0.50 mC1i, depending on the counting efficiency required, of
i "tritiated pilocarpine ‘was added to the 0.01 M pilocarpine
_ solution immediately prior to each exper1ment. ‘Addition of
395 yhe padiolabelled pilocarpine to the‘drugleo1ution did not

To} appreciably influence the solution concentration. Sl

s 63 bavyel Druq_D1sposit1on Studies - Twenty five microliters of

ae
L

drug solution were instilled onto the cornea of fully awake
.a?”?rabbits."nuring 1nst111ation ‘the 1ids were uithdrawn-from
the globe ‘of the eye but were immediately returned to their
’norma1 position after instillation. Both eyes of the test
‘animal were used but ‘the dosing time was Staggered so that
‘one animal might, for example, be used for a 10 and 30 |
“ minute time point.’’ Andha]svwere'secrificed'atdrarying
'timee.fthe“corneei eorface thorougth rioeed with!norma1
dsaline and blotted dry, ‘and anter1or segment salmp'les'b
$2 obtained B Aqueous humor samp1es were aspirated from the
'anterior'chamber folIowed by removal of the cornea and iris-

Efciliary body.~ Drug levels were then determined in each
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extraction efficiency was highly reproducib]e and remained
at the 14.8 + 0.2% over the concentrat1on range of interest.
Extraction efficiency was‘determined using excised corneas
and known quantities of p11ocarpine and pi]ocarpic acid.
Iris-ciliary body samp]es were treated fn a manner,
| 1dent1ca1 to that for the cornea.. Pilocarpic acid extrac-
| tion efficiency from iris- cil1ary body was 23 + 0.95% and
was highly reproducible. i ? ~ e ;z' ; : j
For all samples, suitab]e correcc1ons were made for |
background counts and the data in counts/m1nute were con-

verted to micrograms through the use of standards.

l - '1 o ‘ ! | ?
i
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Results i. o
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A complete description of ocular disposition of pilo-
carpine in pigmented rabb1ts will be ;eported elsewhere. Of
concern in this report is the question of corneal metabolism
of pilocarpine. Table 1 presents the percent of total drug,
- due to pilocarpic acid, at various times post instillation
of pilocarpine in the cornea, aqueous humor and 1ris-c111ary
" body. Each entry inftne canle for the cornea and.jric-
Hci]iary body was deternined with corrections for extraction

- efficiency. Such corrections were unnecessary in the'case

L. B - - -
e e o = ! - R |

of aqueous humor. = % PRI
: e N R L S

The data in Table I were analyzed for statistical dif-

ferences and the results are summarized in Tables II and III.
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suh TABLE-IiJT:Significance test'inga for percent of total drug

pue % due to pilocarpic acid in the cornea, aqueous humor and

wgnizdris-ciliary body at selected times post-dosing.

q_ . lesmil___ - p suzell ‘
Z Yime (min) I Cornea vs Aqueous Humor 1;_1r15-0111ary'80dy
«2-14;)' $10 -C 2afunim CC zv 1 0.5878 (N.S.)b GEL10D
._3..?’.) £30.0 | ~estuntn .G_E ¢v 10.3529 (N.S.-)-fs?{‘s;}ma'ml
RO  0.3408 (N.S.) |
.2.n) 12000 zsﬁunim_ﬂ%iy;ifVo,oo33" 1cmuﬁ-auu9u§ﬁ.
U qF-test. AT
2 b, LR 2aju~im DOF o ‘33 : vhaf vapi[id-2inT
Not significant. The significance level chosen was 95%.
‘faae.o' T aajuniﬁ-ﬁa:gl tE CovoemuH zuosupl
Gétépﬁ i' es?ﬁa?m-&&.ég’ﬂﬁ SR _. gonrnd
feg2.9 | 'eeaQn%m 03 a2v GE 'gbeé yxeiftd-2onl
| tzed 3 2'insvaz2®
q

WAA mr., memeada Feoval aameniF¥rnnis ﬂf{T 1!“53}‘7;-”{'02 30:{'
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-7 ps can be seen from Table II:there:iSIﬂo Sfitistfcal dif-

-

Do

ference in the p11océrpi¢'acid level in the'cor;ea,‘aqueous

nf_humor:and'1r15-c11iary'body at the 10, 30 and 60 minute

e
¥R e

points. However, there is a significant difference at 120
minutes.. Specifically, the pilocarpic'acid'levelhin the
cornea, at this time,  is 1.2 times higher than that in the

 aqueous humor and iris- ci]iary body. " One can also see in

“Table TII that the level of pilocarpic acid in the cornea at

2120 minutes’is3significant1y higher:thaﬁ that at 30 and 60

Dl

s

5

g4 r ¢ Yoo x0T ergmi qus esiul
minutes.® detom Teiod end yietsmixovqGy

ttddsy ontdls sdi ab (biss nfcvsnelig pnisd Tsbnisns

Discussion ! metlodszaem enrqreooiig Yo ¥nsixs odd .zudT

9097 geveral analytical: techniques were unsuccessfully’
attempted to resolve pilocarpine from 1ts metabolites pilo-

carpic acid and 1sopilocarpine. "The glc procedure described

effby_Dziedzic et al. "(4) for pilocarpine was unsuccessfu] in

~1(5" oyr hands.” The assay involves derivatization of the com-

. 93 &4

pounds with heptaf1uorobutyr1c anhydride in the presence of

““* trimethylamine and benzene, followed by glc separation and

':¢ ydentification! "This procedure was found to be incapable of

‘resolving pilocarpic acid and pilocarpine, despite extensive

‘variation in column packing and temperature conditions.

HPLC appears to show promise as a technique td'régolve pilo-

? carpine from its 'two metabolites and, indeed Urbanyi et al.

217 (5), have reported an HPLC procedure for simultaneous

Td
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10 acid in the cornea at all time points implicates the cornea
irslas the site 6f.metabo1ism.f*The 120-minute point is espe-
cia]ly.noteworthy-in this regard since almost all of the
“'drug in the cornea is in the form of pilocarpic acid. Oné
.8nfGcan create an alternative scenario to cornealwmetabolismva
«£ assuming metabolism occurs elsewhere'ﬁnd the meiabo]ite is
-¢63¢'gransferred to and stored in the cornea.’” This seems unlikely
~ given the substantial level of pilocarpic acid at the 10-
“'minute point and the difficulty of back diffusion to the
-3" cornea from either the aqueous humor or the iris-ciliary
body;wgfq~guﬂb 0f sub ylovizuioxse $on 2t ernsifeq obiti
-ptq Y79 That extensive metabolism should occur in the cornea fis
not.sﬁrprising. Anderson et al. (§) demonstrated esterase
activity in the cornea of the albino rabbit in the study of
conversion of the prodrug dipiialyl epinephrine (DPE) to
epinephrine. The metabolism rate constant in that study was
_0.i7 min". " What is surprising is that the corneal metabo-
lism of pilocarpine should be so much greater in the pig-
mented than the albino rabbit. It is possible that either a
specific esterase was involvedlin the corneal conversion of
DPE to epinephrine or that a specific esterase for p110car-
pine is present in pigmented but not albino rabbits. A
third possibility may relate to the permeability character-
jstics of DPE and epinephrine as contrasted to pilocarpine

and pilocarpic acid, {.e., esterases may be membrane bound
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terms of achieving a therapeutically effective tissue level

over a suitable length of time is the ultimate goal of ocu-

t:1ar drug therapy.> It is well known that before a drug can

gain entry into the eye it must surmount several barriers

imposed by the cornea as well as various physiological pro-

" cesses in the conjunctival sac.® These physiological pro-

- cesses include solution drainagey tear turnover, conjunctival

fiot:
e U

aniG

‘absorption and, in the case of pilocarpine, vasodilation (1).

These processes act im concert to reduce the fraction of

instilled dose available for corneal permeation:" Over the .

~5Fyaars;*attempts to improve ocular bioavailability have cen-

~2ie
_'-c"s!ie.’.

Fo a3
-~

fem

€3 [

oo Tevts

el

subject of a recent text (3). ¥ o svisoeico sni

tered on delaying or eliminating solution drainage, hence

the incorporation of viscosity builders (usually polymers)

fnto a solution, and such dosage forms as suspensions, oint-

ments, and ocular therapeutic systems ‘including soft contact
‘lenses and the Ocusert. 'H{thvd-reduction'in solution drain-

‘agé-rate.-contact time of the dosage form with the cornea

increases, resulting in a modest increase in bioavai]abi]ity}
Some of these dosage forms have been systematically evalu-

ated for the anti-glaucoma drug pilocarpine (2) and is the

e

:5 snicv<y The dosage form that has yet to be exploited for ocular

Y3 €

drug delivery is the'one that employs ion exchange resins.
Ion exchange is an attractive method for sustaining drug

de]ivery'because, in theory, it relies only on the ionic
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7% Materials and Methods ‘dmA nesw3isd nozinenmed .1 JJRAT

Materials.: Tritiated p1locarp1ne alkaloid (Hew England

Nuclear, Boston, MA), specif1c activity 4. 165 Ci mmo]e 1,

A DU Lyt
was purified by vacuum evaporation 1mmediate1y prior to use.
. O

Ha]e albino rabbits (Klubertanz, Edgerton, WI), 1 5 2.4 Kg,
.8

were used throughout the study. Amberiite IRP- 69 and IRP 88
RS 00

werc a gift from Rohm and Haas (Philadelph1a. PA) . Pi]ocar-

i

('G-

pine nitrate was obtained from J. T. Baker Chemical CO.

EE, (M

(Phillipsburg, NJ). A1l other chem1ca1§ were obtained com-

mercial]y and were used as received.
cbd 3eAY ntrzefe-

2.8¢ o p.c EL paldb-navo As9d
Methods Rt 268 15i1 Afzof--
SRy D AEed JON
t.e -- Characterization of resins. The resins were condi-

;:tioned according to the instructions supplied by Rohm and
nz{HaasT.vcxc;ct that a batch technique was employed.~ The con-
Qitioned resin was characterized with respect to its volume/
sufface dicmeter (dvs)' solid content and exchange capacity.
The results of such analyses are summarized in Table I.

-- Analytical methods

Pilocarpine nitrate was analyzed using standard

jsotopic techpiques as well as the ferric hydroxamate method
described by Brochmann-Hanssen et al. (13). The latter

method was modified for assaying 1 ml1 of sample solution

1
Haas Co., Philadelphia, PA.

Amberlite Ion Exchange Resins. Laboratory Guide. Rohm and
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36 vr an activity of 6 x 10

" L L : T | 208
suvb using ‘1.75 M NaOH and 1.75 M HC1.> The Beer's Law plot waé .
w linear over-fhe concentration range of 1-4 X 10'4 M pilocar-
pine nitrate.© The molar absorptivity at Amax:- 500 nm was
2¢1.87 x 102 M 1 L;ﬁorw ovew fm | %o 2aigmee -.(w915w

Jineinon si1sviin satgneanlig vind? ol besvylsns bwe

-- Uptake of drug by resin #69. Approximateiy 2.5 g of

-d+ conditioned res‘in #69 were dispersed in 50 m1 of a 0.1 M
i23w pilocarpine nitrate solution..t The ‘suspension was st?rred at
pfip a preset speed for @ period of 3 hours.s At selected times
1 ml samples were withdrawn from the medium through a pipet
appropriately fitted with glass wool at its tip.°¢ The with-
- drawn volume was replaced with 1 ml1 of double-distilled - |
5 t-waterfﬁ The sample was analyzed spectrophotometrically using
the ferric hydroxamate method.'vfc2 eisviin sntqiasnite
-ufecz *c When the=1sotop1¢ assay ﬁas employed, the uptake exper-
s iment was modified using 500 ul of pilocarpine nitrate solu-
pnter tion and 25 mg of resin.i. Vacuum purified tritiated pilocar-
' piné alkaloid was incorporated into the suspension to yield
4 cpm per microliter of solution. The
-ini suspension was shaken manua11y and intermittently for three
bewo! hours at room temperature. Cinf Jusmsvom o .Qefﬁ -
sinamsrzsem 2f2o i heorsmEgd aIpsmevyesam zfaoim S0

yicise=- Release of drug from resin #69. ' At the end of the

a; uptake experiment, the resin was washed with three 10-ml

af{ds: portions of dodb1e-distilled water and allowed to dry to
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"readihg was-obtained: This was“achieved ﬁfthin 600 séconds..

-

%73 The average php1f diametér thusuobiaihed wa§J5Q4 £'0.03 cm
(n = 103). Subsequent to doSing;;miosis measurements were

recorded every 100 seconds for the first 2400 seconds and

Ievery 300 seconds for the next 4800 seconds &

snf077 Migsis measurements were made using the following
drod preparatioﬁQ? bnﬁ_fﬁam g1t ntesy babsol-pwyb add mow?.
“bsvisade 1. Isotonic Sorensen's (SPR) buffer at pH 7.38 i
haf1sv 19 ': 0 05% suspension of resin #69 in isotonic SPR
2sw 21 . puffer at pH 7.38 ° 2 VT

(28K @37 3°7 .01, 0.05, 0.1 and 0.5 M pilocarpine nitrate solu-
a3 s

ham aee9lst 9l diiw

_Yrr5°rjzfjsiion§‘1n isotonic SPR buffer at pH 7.38
°if 26w ‘4. 11 0 05% suspensions of resin #69 incorporated with
-PSVIEY the pilocarpine nitrate solutions listed in (3)
- above, and | # | | | |
v5228 47§, 0.05% and 0.1% suspensions of resin #88 incorpo-
3% 23n% pated with 0.1 M pilocarpine nitrate solution.
oef 87 ¢ must'be.noted that the suspensions were prepared
#+~- ysing the fines of the resins. Their particle size was

estimated to be less than five microns. " 8 =V&@ X828&

vazes (afvremicciod eft nedd e2ssfev

-

Results

25w 31 3L yptake of pilocarpine by resin #69.>' Uptake of pilo-

"% carpine by resin #69 (functional group -503'Na*) was almost

instantaneous and maximal levels weré achieved within 30
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FIGURE 1. Release of pilocarpine nitrate ffom Amberlite IRP
~ #69 into 0.154 M NaCl (®) and KC1 (&) solutions.
Each time point represents an average of th;é; trials.

i

The error bars are smaller than the symbol and

T,

_therefore omitted. ‘\.‘
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?i?QTABLk-IIL:EUptake'andhrelease results for pilocarpine

1etiud edd 8T pitpate. " The resin was Amberlite IRP #69.
-uloz 703 . 28pn8AD Nstamath yyefiicuyg bs2usd NIz2oY o) qon

N _ . a
Exgeriment_sjawjihIsotopic Assay y a.g Colorimetric Assay
58.5 . 94

Ariw bavyazdo 28w 20i®

Rg]gase 2atpnim OF Fz4i¥ sd3d el Fooaxe eiiotdufoz 53

25W a?“xcl Yo jnn*ra 92 .ﬁ'qq 3sidt potuC ,no%jt45-?zn%

gazlV b NaCl 35 ipar

Uptake

nedd o ue prfbrogesy~.

snﬂ ?Mﬁ:? ﬁhﬁrra -4 ¥ rﬁnvrwd wldadzruns

-

3cerric hydroxamate method (13).
ssw 2i20tm basnucnong 84Yon B o DEITIGXIAY 3 tud

-oitg M 2.0 mo+t bevsqeng noiznsqauz 6rasy afdd fdifw baviszdo

¢a2) Ylea3t nofyuloe sdl pnedt nofluicz s¥erdin 3nfO%ED
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FIGURE 2. Miosis-time profiles fo} an aqueous solution |
(@), 0.05%1 suspensions of Amberlite IRP #69 (A) and
IRP #88 (l), all being 0.1 M in pilocarpine nitrate.
Error bars are omitted for clarity.. An average of 8

I . R

~ eyes were used for each pro__fﬂe.
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 FIGURE 3. Miosis-time profiles for an aqueous solution (@)

and a 0.05% suspension of Amberlite IRP #69 (A ), both
containing 0.5 M pilocarpine nitrate. Error bars are

omitted for clarity. An average of 8 eyes were used

. for each profile. » ' :‘-\\
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FIGURE 4. Miosis-time profiles for aﬁ aqueous solution (..)
| and 0.05% (A) and 0.1% (®) suspensions of Amberlite
IRﬁh#BS, all containing 0.1 H.pilocarpine nitrate..

Error bars are omitted for clarity. An average of 8

¥ i

eyes were used for each profﬂe.
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5a (resinm #88) concentration on miosis. - At the 95% confidence

sor, 1evel,: the same.degree of miosis was observed with both a

mo~ 0.05% and 0.1% suspension.:z As in the case of resin #69, the
resin suspension caused a less pronounced miosis than the

corresponding solution. .3t a2t haysle

: L -
~puth Yo fi/goms mumbxsi add 2sysdned noitansfgxs 8l -

o~ Discussion .ntzey adi mot} 2853 oint bassaley zt Isidd

otni £t For a given amount of pilocarpine administered as an

(=)

nc fon exchange resin and a solution, an fon exchange resin is

. muibeexpected to produce 2 lesser miosis initially than a éolu- '

«q4 s tion simply because & fraction of thé dose is bound to the
bne resin and this 4s unavailable for.1mmediate-absqrption. As
dfug absorption proceeds, provided that a constant-ionic.
.. composition in the environment about the resin surface fs
af.avaiiabie, the bound pilocarpine will be released into tears
;mdg eventually leading to a sustained miotic response.>' As shown
agianigures 2?4.,this was not observed with pilocarpine

-nitrate concentrations below 0.5 M.ir In fact, no statis-

{'i -tzc tically significant difference in miotic response was

[

1o detected for a solution and a resin=suspension,;although the

resin appeared to give a lesser miotic response than the
4t- solution. . The roughly equivalent initial miosis observed
sntcWith both dosage forms is not surprising in light of the

enormous loss of drug solution to the drainage apparatus

within minutes of instf]]ation.v It is an interesting

-
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ni6¢ explained by Toss of most of the resin to thé'nasolacrimal

3+ apparatus..’ This is likely since the particle size was less

'_.“than the diameter of the smallest passage ways (0.3;mm, Ref.

€ 14) composing the drainage apparatus. It may also be due to
-ulo2 Jack of affinity of the resin for the corneal or conjunc-
ﬁ“’btivaffsurfaées.?aThis“ﬁs likely since the charge of the
5V pesin §s similar to that of the corneal and conjunctival
ni gurfaces, both being negative. ‘ As indicated in the pre-
sti ceding paragraph,- all the bound pilocarpine should eventually
?”3 be released. ! So,” there is a distinct possibility that sus-
936 tained miosis was provided by the resin but not detected due
-9" to Ynsensitivity of miosis to variation in pilocarpine

o T A <A S » FAn by agl ds esrT
Qﬂ concentration ‘(15).‘: ja B2 2 ﬂ’.)(...QJ“fe_(..}b SY{...\J.'-'J 9["-

-

.X73401 Another explanation for the lack of sustained reshonse

: overfthe time course of observation is that the drug was

b removed more rapidly than was released, or corneal permea-
b‘*?th:m,‘not: drug release, was rate-limiting.” In principle,

«19ve the first alternative can be partly overcome by increasing

-t the dose administered through dispersing the resin in a more

Concentrated pilocarpihe nitrate solution.  Indeed, with a

ni: 0.5 M pilocarpine nitrate solution, a sustained response was

' 82n0- gbtained with the resin.”” In this instance, the larger

amount of hilocarpine initially in solution rapidly estab-
t 1ished a high initial tear drug concentration, thus satu--

“pating a sizeable fraction of the receptors responsible for
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advantage of sustaining miosis at'the'uﬁual fherapeutic
dose.®” Whether this extends to intraocular pressure:“?;
5 3: Jowering, the therapeutic effect sought, is uot:_!n:nt‘:n1|v||rrz.".!'3 How-
33\ ever, this conclusion may have to be modified if drug'éon-
_centration in various ocular tissues is mon{tored becéu;q
02 ‘pelative to miosis it is more sensitive to variation in drug
concentration in the precorneal area.'0 fotisvuisz 3sdl
SJBQﬁQQP‘At this point it is appropriate to establish several
| critéria for a successful ocular sustained release system
| g utilizing the ion exchange principle;"fln addition to the
03 2' ayailability of a proper fonic composition at the absorption
nfzs'gite, an adequate tear flow rate can be importaht because it
78" {nfluences tear fonic composition.” This can be assessed by
'“”i3repeating'the experiment using anesthetized rabbits. ‘Inso-
| “ far as the resin 1s'ioncerﬁed; the degree of saturation of
cuYb thé‘resin by:the7drug is important because both the bound
5. drug and the hative counterions wi]I'compete'for the coun-
-nal rerions in the eluting medium.’ Probably the native counter-
'Q”f?‘ion will be preferentially displaced since with the bound
| drug there is the addiiional-hydrophobic bonding to be over-
-2tt come.” Saturation of the resin's binding sites, i.e.,
-U absence of native counterions, may explain the sustained
miosis only.observed with the resin loaded with 0.5 M pilo-
.2%carpine nitrate.c7 Fo xIfniory enid rt baoagavstiae sntrun

] Yt As a result of this study it is clear that additional
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reieased from resins entrapped in the lower fornix}

| Finally; i noteworthy finding in this study concerns the
d1vergence in uptake and release results given by the iso-

topic and colorimetric assays. Even though the amount of

"pilocarpine available for binding to the resin was below the

resin’s binding capacity (see Table I); the isotopic assay

i:indicated an uptake much below 100%." This may be attributed

to tritium exchange between the label on the pilocarpine
molecule and water molecules in the dispersion medium: One
would expect, therefore, that the isotopic assay overesti-

mated the extent of release. That this was not observed

~suggested that upon binding onto the resin, the pilocarpine.

 label exchangéd with the water of hydration about the ion-

2
AITQI)TNET (0B . hidl epyadbov? .9 Q0 EnB ntiborcd .2 @

‘genic groups, thus unavailable for release.” Based on this

result binding studies utiiizing 3H labels should be avoided

and some other analytical methods sought.*bcoé .8

i
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