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Two-Dimensional Gel Electrophoresis of Calf Aqueous
Humor, Serum, and Filter-Bound Proteins
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Recent studies have demonstrated that bovine and primate aqueous humor (AH) obstruct flow when
perfused through artificial membranes with pore sizes similar to those found in the aqueous outflow
pathway. Proteinaceous AH components were implicated in this phenomenon, which is not observed
with serum diluted to comparable protein concentrations. In this study, we used two-dimensional gel
electrophoresis to characterize the protein composition of calf AH and to identify those proteins
binding to the filters and presumably causing this obstruction. Comparison of AH and serum under
denaturing conditions showed quantitative and qualitative differences in their protein content. Among
the most important: AH was seen to possess two protein subunit trains (~28 kD and ~ 4 8 kD) not
found in serum and two trains (~28 kD and ~ 8 0 kD) with additionally charged components not found
in serum. Serum, on the other hand, possesses one train (~80-90 kD) not found in AH as well as a
slightly greater relative amount of high-molecular weight protein subunits. The finding that hydro-
phobic filters retain more protein components than do hydrophilic filters suggests that the type and
amount of protein adhering to them is determined largely by hydrophobic interactions. Whether such
interactions occur in the outflow system, and if so, how they may relate to aqueous drainage remains to
be determined. Invest Ophthalmol Vis Sci 30:731-738,1989

The aqueous humor (AH) plays an integral role in
the physiological homeostasis of the avascular tissues
in the anterior segment of the eye. In addition to this
biological function, the balance between its rate of
formation and the outflow resistance controls the in-
traocular pressure (IOP).1 There is, however, an in-
complete understanding of the mechanism by which
the outflow resistance is generated.2 Nor is there a
clear understanding of how the increased resistance
of the outflow pathway develops in primary open-
angle glaucoma (POAG).3

From the *Howe Laboratory of Ophthalmology, Massachusetts
Eye and Ear Infirmary, Harvard Medical School, Boston, Massa-
chusetts and the fDepartment of Mechanical Engineering, Massa-
chusetts Institute of Technology, Cambridge, Massachusetts.

Dr. Lee is now at the Jules Stein Eye Institute, Department of
Ophthalmology, UCLA School of Medicine, Los Angeles, Califor-
nia and Dr. Ethier at the Department of Mechanical Engineering,
University of Toronto, Toronto, Ontario, Canada.

Presented at the annual meeting of the Association for Research
in Vision and Ophthalmology, 1987, Sarasota, Florida.

Supported by NIH-NEI RO1-EY-O55O3, the National Glau-
coma Research Foundation, a Program of the American Health
Assistance Foundation, the American Philosophical Society, and
the Heed Ophthalmic Foundation.

Submitted for publication: April 4, 1988; accepted October 20,
1988.

Reprint requests: P. John Anderson, PhD, Howe Laboratory of
Ophthalmology, Massachusetts Eye and Ear Infirmary, 243
Charles Street, Boston, MA 02114.

With few exceptions,45 the composition of AH is
not considered to play a role in the regulation of out-
flow resistance or in the pathogenesis of POAG. On
the other hand, the finding that proteins not normally
present in AH may be involved in some secondary
glaucomas has been reported.6"9 Recently, Johnson et
al10 demonstrated that bovine and primate AH ob-
struct microporous niters with pore dimensions simi-
lar to those found in the juxtacanalicular tissue (JCT)
to a greater extent than does serum diluted to compa-
rable protein levels. AH proteins were implicated in
this phenomenon. They speculated that if such a
blocking phenomenon occurs in vivo within the JCT,
certain AH proteins may play a role in determining
outflow resistance.

This study attempts to characterize further the
protein composition of calf AH relative to serum by
two-dimensional gel electrophoresis. This technique
resolves complex mixtures of proteins by the inde-
pendent parameters of isoelectric point (pi) and mo-
lecular size in the first and second dimensions, re-
spectively. Our purpose is three-fold: (1) to develop a
protein map of calf AH; (2) to identify any protein(s)
that may be unique to AH; and (3) to identify those
proteins that bind to the microporous filters used by
Johnson et al10 and Ethier et al""13 and presumably
obstruct them. These three goals will better enable us
to determine whether these proteins play a similar
role in the AH outflow network of the eye.
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Materials and Methods

Reagents and Electrophoresis Supplies

All reagents were of analytical grade. All solutions
were made with water purified to ^14 Mfi (dH2O) in
a Barnstead Water I deionizer purchased from Bam-
stead Co. (Boston, MA).

Dulbecco's phosphate buffered saline (DPBS) was
obtained from Gibco Laboratories (Grand Island,
NY), and Sigma Chemical Co. (St. Louis, MO). Bo-
vine albumin (Cohn fraction V), fibrinogen (type IV),
and 7-globulins (Cohn fraction II) and urea (ACS
reagent grade) were also obtained from Sigma.

Precast 10-20% polyacrylamide gradient (PAG)
gels were obtained from Integrated Separation Sys-
tems (Newton, MA). Isoelectric focusing (IEF) was
done with the MegaIso-40 IEF Tube Gel Apparatus
from Health Products, Inc. (Rockford, IL). 2-D
Pharmalyte 3-10 and the GE-2/4LS Gel Electropho-
resis Apparatus were from Pharmacia, Inc. (Piscata-
way, NJ). Gels were silver-stained with the Rapid-
Ag-Stain kit developed by ICN Radiochemicals (Ir-
vine, CA). All other electrophoresis reagents were
from Sigma.

Protein estimations were done by the Bradford
method14 with a reagent kit from BioRad Laborato-
ries (Richmond, CA). For samples in Nonidet P-40
(NP-40, a nonionic detergent), the BCA (bicinchon-
inic acid) Protein Assay Reagent (Pierce Chemical
Co., Rockford, IL) was used. All protein concentra-
tion determinations were relative to bovine plasma
-y-globulin (BioRad) standard dilutions.

Bovine Samples

Aqueous humor (AH) and serum samples were ob-
tained from 2-4-week-old calves as previously de-
scribed.10 To control for postmortem or post-enucle-
ation changes in composition, a batch of AH was
collected in the slaughterhouse from eyes before enu-
cleation. Calf lens proteins were obtained by homoge-
nizing the lens in DPBS. All samples were left at
room temperature for Vi-1 hr (to remove clottable or
aggregate-forming material) and then ultracentri-
fuged at 100,000 g for 1 hr. All samples were kept
frozen at -80°C until use. When thawed for further
work, they were recentrifuged for xk hr at 50,000 g.

Albumin Immunodeletion

AH and serum (diluted 1:100 with DPBS) were
dealbuminated by immunoamnity chromatography.
One milliliter of rabbit anti-bovine albumin immu-
noglobulins containing approximately 10 mg protein
capable of binding 0.9 mg of bovine albumin (Cat.
No. Z229, Accurate Chemicals, Westbury, NY) was

immobilized on 2.5 g of cyanogen bromide (CNBr)-
activated Sepharose 4B (Pharmacia) according to the
manufacturer's instructions. This resulted in a 5 ml
packed column which was stored at 5 °C in 0.1 M
NaCl containing 15 mM NaN3.

The column was equilibrated with DPBS and 2 ml
of sample was applied to the column and eluted with
5-10 ml of DPBS at 0.5-1.0 ml/min. The albumin-
free sample was concentrated to approximately the
original sample volume by centrifugal ultrafiltration
in a Centricon-10 microconcentrator (Amicon,
Danvers, MA). The column was regenerated by elut-
ing the immunoadsorbed albumin with three succes-
sive cycles of 5 ml of 0.1 M sodium borate (pH 8.0)
followed by 5 ml of 0.1 M sodium acetate (pH 4.0),
both containing 0.5 M NaCl.

Filter Perfusions and Elutions

About 1-2 ml of AH or serum (diluted 1:100) were
perfused through polycarbonate filters of 0.2 nm pore
size and 13 mm diameter. These were of two types:
polyvinylpyrrolidone (PVP)-free (hydrophobic) and
PVP-coated (hydrophilic) filters (Nuclepore Corp.,
Pleasanton, CA). Filters were then washed by reper-
fusion with 4-12 ml of DPBS and the bound protein
eluted with 0.1-1.0% NP-40 (100 ^I/filter). The fil-
tration assembly consisted of a 1 ml syringe acting as
the sample reservoir, attached to the filter holder,
which in turn was attached to a 23-gauge needle. The
needle was forced through the stopper of a bottle
connected to a vacuum source. Ten such assemblies
were accommodated on two bottles run in parallel
giving up to ten simultaneous nitrations. This is
termed a perfusion set.

Two-Dimensional Gel Electrophoresis

A modification of the O'Farrell method was
used.15"17 To avoid induction of artifactual protein
modifications, the samples were kept frozen at
—80°C, lyophilized immediately before use and then
solubilized in a mixture of 9 M urea, 1% NP-40^ 2%
/3-mercaptoethanol (/3-ME) and 4% 2-D Pharmalyte
3-10 for 1-2 hr at room temperature. The IEF separa-
tion (ISO-dimension) employed 15 cm X 1.5 mm gel
rods consisting of 5% acrylamide, 3% cross-linked
with bis-acrylamide (5%T, 3%CbjS) containing 9 M
urea, 1% NP-40, and 4% 2-D Pharmalyte 3-10. These
were cast and run with the MegaIso-40 apparatus.
Desired amounts of protein samples were loaded in
40 nl per gel and focused at 200 V for the first hour
and then at 500 V for 16 to 20 hr (8,000-10^000
V-Hrs) using 0.05 M NaOH as the catholyte and
0.05 M H2SO4 as the anolyte. Gels with focused sam-
ples were stored frozen at -80°C in 1 ml of equilibra-
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tion buffer (62.5 mM Tris-HCl <pH 6.8>, 1% SDS,
2% 0-ME, 10% glycerol, and 0.002% bromophenol
blue). For the second separation (DALT-dimension),
the focused gel rods were thawed, equilibrated in 5 ml
of the same buffer for 5-10 min and applied directly
to 10-20% PAG slab gels (160 X 160 X 1.5 mm).
They were sealed onto the slab gels with 1% agarose
made in electrophoresis buffer. Gels were run in the
GE-2/4 LS unit for 5-6 hr at 30 mA/gel and at
20-25°C using Laemmli's discontinuous electropho-
resis buffer system (25 mM Tris, 192 mM glycine,
and 0.1% SDS, pH 8.3).18 The gels were fixed in 40%
methanol, 20% trichloroacetic acid, and 5% sulfosali-
cylic acid for 1 hr and then in 2.5% glutaraldehyde19

for 1 hr to overnight. They were subsequently silver-
stained with the Rapid-Ag-Stain.

Standardization of System

The ISO-dimension was calibrated with Carbamy-
lyte (Pharmacia). The carbamylated glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was dissolved
in 1-1.2 ml of dH2O and 5 nl were applied per IEF
gel. The pH gradient range was also determined by
checking the pH on the gel at 1 cm intervals using a
flat membrane Ag/AgCl probe (Microelectrodes,
Inc., Londonderry, NH) on a PHM62 pH meter (Ra-
diometer, Copenhagen, Denmark). As the zero-ad-
justment of the PHM62 could not accommodate a
Ag/AgCl reference, corrections to the readings were
made from a standard curve.

The DALT-dimension was calibrated with SDS-
PAGE Low Molecular Weight protein standards
(Pharmacia). These were solubilized at a final con-
centration of 0.01 mg/ml/polypeptide subunit in the
buffer used to equilibrate the IEF gel rods containing
1% agarose, heated at 95 °C for V* hr, and aspirated
into plastic tubing (~1.5 mm i.d.) which was then
stored at 5°C. As needed, this preparation was ex-
pelled from the tubing, cut into 'A cm pieces, and
placed directly on top of both ends of the gel rods.

Results

In order to assess the degree of difference between
individual samples and the effects of sample pooling,
we analyzed the protein composition of individual
and pooled calf AH and serum samples. Table 1 de-
picts the typically determined AH protein levels col-
lected from pairs of eyes, pooled AH samples, and
those of serum. Total protein levels of AH were be-
tween 0.5-1.0% that of serum. Comparisons of AH
from individuals with their autologous serum sam-
ples revealed no clear correlation between protein
levels in the AH and serum (data not shown). AH
samples with higher than 600 Mg/ml protein concen-

Table 1. Protein concentrations of calf samples

Aqueous humor
Range
Mean ± SE
No. of samples

Serum
Range
Mean ± SE
No. of samples

Individual samples
(mg/ml)

0.22-0.78
0.57 ± 0.04

(18)

73-106
87 ± 1

(11)

Pooled samples
(mg/ml)

0.45-1.80
0.77 ± 0.09

(17)

73-102
90 ±2

(6)

Colorimetric assays were done by the Bradford method"
plasma -y-globulins standard.

trations invariably contained lens proteins as shown
by gel electrophoresis. Because of this finding we later
selected samples with protein concentrations less
than 600 Mg/ml. The pooled samples of AH were
made and used before this was recognized. Therefore
pooled samples tended to have higher protein content
and noticeable amounts of lens proteins.

For maximum resolution, all electrophoretically
analyzed samples were resolved under protein dena-
turing conditions. Comparisons were made on equal
amounts of protein loadings. Our reported findings
are based on the analysis of five to seven different
specimens of each sample category. An AH sample
from an individual and a pooled serum sample are
shown in Figure 1. Pooled samples of AH and serum
with the albumin immunodeleted are shown in Fig-
ure 2. The electrophoretically resolved polypeptide
patterns of both calf AH and serum closely resemble
that of human plasma for which a 2-D electropho-
retic map identifying many plasma protein subunits
is available.20 This reference map, in conjunction
with the work reported by others and the use of bo-
vine albumin, fibrinogen and 7-globulins standards,
was used in an attempt to make tentative identifica-
tions of some similar components in calf samples. As
expected, the 2-D electrophoretogram of AH resem-
bles that of serum. Nevertheless, distinct quantitative
and qualitative differences are observed.

In comparison with serum, AH appears to be rela-
tively deficient in high molecular weight proteins
(Figs. 1, 2). This is evident from the lower staining
intensity of protein subunits greater than 94 kD and
the lower levels of the heavy-chains of immunoglobu-
lins (train I). Such an observation was evident in all
AH samples including that which was collected
shortly after death but prior to eye enucleation.
This finding is also in agreement with reports by
others.21"23 The major protein component in both
AH and serum is albumin. It seems to be present at a
slightly higher relative concentration in AH. In addi-
tion, trains of protein subunits A (~28 kD) and B
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Fig. 1. Two-dimensional electrophoretograms (2-D maps) of calf aqueous humor (AH) collected from a pair of eyes and of pooled serum
(S); (40 iig of protein in each). Samples were first lyophilized and then solubilized with 9 M urea, 1% NP-40,4% 2-D Pharmalyte 3-10, and 2%
/3-ME. They were run in a pH 3-10 gradient in the ISO-dimension (horizontal axis) and then on 10-20% PAG gels with SDS in the
DALT-dimension (vertical axis). (*) denotes the carbamylated standard (GAPDH) of ~36,OOO daltons (kD) and having an apparent
isoelectric point (pi) range of 4.7-8.3. SDS-PAGE protein standards ranging between 94-14 kD were used. See text for labels.

(~48 kD) in AH do not seem to be present in serum
at these concentrations. However, the former train
was later found to be present in some eluates of

serum-perfused niters. Protein subunits with a similar
apparent molecular weight to those of train B and
also positioned to the anodic side of the albumin have

ISO

30

20

AH

Fig. 2. 2-D maps of dealbuminated pooled calf aqueous humor (AH) and of pooled serum (S); (40 ng of protein in each). Albumin was
immunodeleted by rabbit anti-bovine albumin immunoglobulins immobilized on a CNBr-activated Sepharose 4B column. Fractions were
analyzed via SDS-PAGE to determine efficiency of albumin removal.
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Fig. 3. 2-D maps of pooled calf aqueous humor (AH; 40 /ig) protein subunits and of total calf lens proteins (L; 10 jtg).

also been uniquely found in human AH.24 Other
protein subunits, such as train C (~94 kD), appear
more concentrated in AH while train D (~80 kD;
corresponding to transferrin in electrophoretic mo-
bility) and train E (~28 kD), although also present in
both specimens, show greater charge microheteroge-
neity in AH. Similar findings for transferrin in
human AH have also been reported.24-25 On the other
hand, subunits F (~ 80-90 kD) are present in serum
but not in AH.

Dealbuminated samples (Fig. 2) reveal additional
components which electrophoretically comigrate
with the albumin and are therefore normally ob-
scured. For the most part, these newly visible spots
consist of portions of trains that may be seen emerg-
ing from the albumin area in normal runs. For exam-
ple, Figure 2 reveals in serum a six-spot train of which
only two spots are visible in Figure 1. In Figure 3, the
characteristic pattern of lens protein subunits is
shown alongside a pooled AH sample containing
some of these same components.

Filters were perfused with AH and with serum (di-
luted 1:100) as described in Methods* In order to
maximize yield, the sample volumes were chosen on
the basis of a trial experiment to saturate the niters.
The filters were then thoroughly rinsed and eluted.

Table 2 summarizes the total amounts of protein
perfused through and the quantities of protein eluted
from each filter type. More filter-bound protein was
eluted from the hydrophobic niters as opposed to
their hydrophilic counterparts. Comparable amounts

of protein were eluted from both AH- and serum-
perfused filters. However, compared to the serum-
perfused filter eluates, the quantities of eluted protein
from the AH-perfused filters were more variable. The
reasons are unknown and no correlation between
these quantities and sample protein concentrations
(or protein composition) was observed (data not
shown). Also, 0.1% NP-40 was just as effective in
eluting proteins from the filters as 1.0%. Figure 4
illustrates the proteins eluted from the hydrophobic
filters. Similar AH and serum components adhered to
the filters. The predominant proteins retained on
them were the albumin, those designated G (~60-70

Table 2. Total amounts of protein perfused through
and eluted from each filter

Hydrophobic filters
Aqueous humor
Serum

Hydrophilic filters
Aqueous humor
Serum

N

8
8

5
6

(n)

(5)
(4)

(5)
(4)

Amount
of protein

perfused/filter
(ng±SE)

764 ± 85
941 ±49

898 ± 94
.1043 ±77

Amount
of protein

eluted/filter
(*g ± SE)

3.3 ± 0.73
2.6 ± 0.25

1.9 ±0.45
1.5 ±0.29

Filters were perfused with pooled batches (n) of aqueous humor or serum
in sets (N) of five to ten filters simultaneously. The filters were washed by
reperfusion with an excess volume of DPBS and the filter set pooled and
extracted with 0.1 -1.0% NP-40 with sonication for 30 min. As some batches
were used twice the number of sets was somewhat greater than the number of
batches.
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Fig. 4. 2-D maps of protein eluted from PVP-free (hydrophobic) 0.2 /im polycarbonate filters perfused with either 1 ml of pooled calf
aqueous humor (AH) or diluted (1:100) serum (S); (5 ^g of protein in each). Filter-bound proteins were eluted wtih 0.1% NP-40 and then
treated as all other samples.

kD), and the subunits corresponding to train E (with Clearly, lesser amounts of protein are binding to these
the apparent extra subunits in AH more concen- niters, notably, much less albumin. The major com-
trated). Those proteinaceous components eluted ponents eluted from these niters were albumin, train
from the hydrophilic filters are shown in Figure 5. E, and other species identified as train J (~22 kD) in
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Fig. 5. 2-D maps of protein eluted from PVP-coated (hydrophilic) 0.2 ^m polycarbonate niters perfused with either I ml of calf aqueous
humor (AH) or diluted (1:100) serum (S); (5 ttg of protein in each). Elution conditions were the same as in Figure 4.
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serum. Interestingly, components resembling those of
train A, which were previously undetectable in the
serum 2-D maps, were retained and concentrated on
these niters. Very little of these same serum compo-
nents remained adsorbed on the hydrophobic filters.
Furthermore, their AH counterparts did not behave
in the same way; that is, they were not concentrated
by either the hydrophilic or the hydrophobic filters.

Discussion

Although the vast majority of AH proteins are
blood-derived, this intraocular fluid is by no means a
simple and dilute diffusate or filtrate of plasma. Its
unique composition with respect to electrolytes, dis-
solved gases, amino acids and many other compo-
nents has been established. Its protein composition
also proves to be quantitatively and qualitatively dif-
ferent from that of serum, as noted in the litera-
ture24"27 and as shown by our results.

Proteins observed in AH in greater relative con-
centration than in serum may be secreted preferen-
tially by the ciliary processes during aqueous forma-
tion or secreted into AH by one or more of the other
tissues of the eye. Similarly, proteins observed in
lesser relative concentration may be discriminated
against during aqueous formation or bound to or de-
stroyed by one or more other ocular tissues. In addi-
tion, proteins being secreted into or already present in
AH from whatever source, may be modified, either
radically by cleavage or cross-linking, or slightly, by
side-chain modification or, more likely, by glycosyla-
tion. Highly glycosylated proteins are less reactive
with the silver stain,28 and therefore some caution
must be exercised in comparing relative intensity of
spots. It may even be possible that we have failed to
detect some significant proteins because of this
masking effect. In the future, we will investigate
stains specifically developed to detect glycosylated
proteins.29 There is a general impression, previously
noted by Dernouchamps,27 that in the process of
aqueous formation smaller molecular weight proteins
are favored over larger. The increased levels of albu-
min and other low molecular weight subunits relative
to subunits of immunoglobulins and others of higher
molecular weight would appear to be a good example
of this mechanism of enhancement. Train B, unde-
tectable in serum, may either be more enhanced in
AH or possibly be locally produced. Local production
of antibodies and transferrin has been previously
suggested in the literature.22273031 Trains D and E
both show extra charged species in AH. These may
arise from glycosylation of already existing proteins.
The absence of train F from AH suggests that these

proteins are being quite specifically excluded during
AH formation. The consistency with which these dif-
ferences were maintained in every AH specimen reas-
sures us that little or no contamination with plasma
proteins occurred prior to or during AH collection.
For reasons given above, maps produced from pooled
samples contain lens proteins while most of those
from individual samples do not. The lens proteins
may be an artifact of the collection procedure, but
given the care exercised during collection, this does
not seem likely. We suspect that some of these neona-
tal calves may simply have leaky lenses. Comparison
of maps from pooled and from individual samples
shows that lens proteins are readily identified and do
not interfere with our interpretations.

The work of Johnson et al10 showed that filter ob-
struction by calf AH was eliminated by proteases but
not by hyaluronidase. Subsequent studies done by
Ethier" and Ethier et al1213 indicated that filter sur-
face chemistry played an important role in the degree
of filter blockage in that hydrophobic membranes
blocked to a much greater extent than hydrophilic
ones. Furthermore, the nonionic detergent Triton
X-100 completely reversed this filter obstruction.
Therefore, hydrophobicity was determined to be a
significant factor in these protein filter-binding inter-
actions and thereby, filter flow obstruction. Our find-
ings of more hydrophobically adsorbed protein on
the filters are consistent with the observation that the
hydrophobic filters are blocked more severely than
the hydrophilic filters. These and other factors and
types of interactions that may be involved in the pro-
tein filter adsorption process are discussed in greater
detail by Ethier etal.13

Albumin and trains G and E were the major com-
ponents retained on the hydrophobic filters. Train E
showed a relatively enhanced binding of those sub-
units peculiar to AH. Interestingly, the hydrophilic
filters retained very little albumin following their re-
perfusion with DPBS. Train E was again the one
consistently found in these eluates, again with en-
hanced relative binding of the AH-specific subunits.
The filters perfused with AH showed 5- to 10-fold
greater resistance than those perfused with matched,
diluted serum but much less than 5- to 10-fold the
amount of protein was eluted from the more resistant
filter. Either some nonproteinaceous component is
also taking part in the blocking process or the pattern
of protein deposition within the filter must be very
different in the two cases. The role of albumin will be
further investigated by studying the capacity of albu-
min-free AH to block the filters. This may also show
if any components that comigrate with albumin are
involved, as these would not be visible in Figures 4
and 5.
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What is most important now is to determine
whether these proteins are in fact responsible for the
filter obstruction exhibited by AH, and furthermore,
to investigate whether a similar binding of AH pro-
teins occurs in the outflow pathway of the calf eye,
and if so, to evaluate how it relates to outflow resis-
tance. The isolation of our current suspects is under-
way in order to further investigate this question.

Key words: aqueous humor proteins, bovine, microporous
filters, perfusions and elutions, two-dimensional electro-
phoresis
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