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 The conventional drainage pathway of the human eye
consists of the trabecular meshwork (TM) and Schlemm’s canal
(SC). The juxtacanalicular (JCT) region of the TM and/or the
inner wall of SC provide the primary resistance to aqueous
humor outflow and generate intraocular pressure [1,2]. Proper
functioning of these two components depends on efficient
upstream filtration of aqueous humor by TM cells on lamellar
beams [3]. When the inner TM, the filter, is overloaded with
exfoliation material, pigment, or DNA (frequently found in
the aqueous humor [4-6]), the JCT, TM, and SC inner wall
(the resistor) become impaired and intraocular pressure rises
[2,7]. Efficient filtration is made possible by the unique archi-
tecture of the TM, which mixes aqueous and maximizes the
cell surface area coming in contact with debris in the aqueous
humor. Upon contact, human (H) TM cells remove debris from
the aqueous humor by phagocytosis [8] and neutralize perox-
ides and oxygen free radicals using intracellular enzymes [9-
12].

Characterizing phagocytic behavior and other responsi-
bilities of HTM cells has been largely accomplished in cul-
tured cells [13,14]. One obstacle in using cultured HTM cells
as models to study outflow physiology has been low expres-
sion of heterologous proteins by HTM cells after transfection
with plasmid DNA. When examined in the most basic way,
there are four main barriers to efficient expression: (1) plas-

mid DNA must cross the plasma membrane into the cytosol,
(2) DNA must traverse the cytosol without being degraded or
mislocalized, (3) DNA must cross the nuclear membrane so
that transcription machinery can be utilized and, (4) transcrip-
tion must occur [15]. Although different promoters can be
employed to optimize transcription, the first three steps are
more difficult to address and are the focus of this paper. When
HTM cells are transfected, efficiency, as evidenced by protein
expression, is extremely low. Possible explanations for this
observation include decreased capacity to take up exogeneous
DNA, increased capacity to degrade exogenous DNA in the
cytosol, decreased ability to permeate the nuclear membrane,
or a combination of all three.

In the present study we explore these possibilities. We
hypothesize that difficulties in transfecting HTM cells may
be related to the filter function of HTM cells in vivo, and that
HTM cells in culture, like their in vivo counterparts, retain a
high capacity to efficiently take up and degrade exogenous
DNA. To test this hypothesis, we monitor the entry of plasmid
DNA into the cytoplasm and nucleus of HTM cells under dif-
ferent conditions. We show that HTM cells readily take up
DNA into their cytoplasm, however HTM cells are extremely
inefficient at expressing the transfected protein. In order to
increase the utility of transfected primary cultures, this study
identifies two complementary ways to increase productive
transfection efficiency of HTM cells.

METHODS
Cell culture:  Primary cultures of two cell types, human trabe-
cular meshwork (HTM) and human retinal pigment epithe-
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lium (HRPE), were isolated from human cadaver eyes and
used in the present study. Cadaver eyes were obtained from
the National Disease Research Interchange (Philadelphia, PA),
Vision Share (Apex, NC), and Donor Network of Arizona
(Phoenix, AZ). HTM cells were isolated from TM tissue ob-
tained from eyes using a blunt dissection technique followed
by extracellular matrix digestion as described previously [16].
Five cell lines from human donors without history of glau-
coma were used in the present study (ages 3 months, 35 years,
68 years, 67 years, and 71 years). HRPE cells were isolated
from posterior eye poles by carefully dissecting away the retina
and digesting the eyecup with trypsin as described previously
[17]. The two HRPE cell lines used in the present study were
from human donors without history of eye disease. HTM cells
were cultured in low glucose Dulbecco’s modified Eagles
medium (DMEM, Invitrogen, San Diego, CA) supplemented
with 10% fetal bovine serum (FBS, Gemini, Woodland, CA)
and penicillin, streptomycin and glutamine (PSG-100 U/ml,
0.1 mg/ml, 0.29 mg/ml, respectively, Invitrogen). HRPE cells
were cultured in high glucose DMEM with 10% FBS and PSG.
All cells were maintained in humidified air containing 5% CO

2

at 37 °C. Results from all experiments were obtained from at
least two cell lines from each cell type.
Cell cycle analysis/BrdU labeling:  HTM cells were plated at
about 30% confluency (4.2x104 cells/cm2) onto glass cover-
slips in 6 well culture plates with serum-containing medium.
Twenty-four h after plating, cells were serum starved in DMEM
containing 0.2% lactalbumin hyrdolysate for an additional 24
h. At various times after serum was reintroduced (12-26 h),
cells were treated with 100 µM 5-bromo-2-deoxyuridine
(BrdU, Sigma, Dallas, TX). After a 2 h incubation with BrdU,
cells were fixed for 15 min in phosphate buffered saline (PBS-
137 mM NaCl, 2.6 mM KCl, 10 mM Na

2
HPO

4
, 1.7 mM

KH
2
PO

4
) containing 4% paraformaldehyde. Cells on cover-

slips were first incubated with blocking buffer (PBS contain-
ing 0.1% Triton X-100 and 10% goat serum) for 1 h, and then
were incubated overnight at 4 °C in blocking buffer with anti-
BrdU IgGs (1:1000 dilution; Sigma). Cells were washed with
PBS containing 0.1% Triton X-100 (three times with 1 ml/
well) and incubated for one hour at 25 °C in blocking buffer
containing Cy3-conjugated anti-mouse IgGs (1:2000 dilution;
Jackson Immunoresearch, West Grove, PA). Cells were washed
again (three times, 1 ml/well) and counterstained with 4,6-
diamidino-2-phenylindole (DAPI, 1 µg/ml; Sigma). Cover-
slips were mounted in antifade (90% glycerol, 10% 1 M Tris
pH 8.0, 0.2% n-propyl gallate) on glass slides and labeled cells
were viewed by indirect immunofluorescence and ultraviolet
microscopy. BrdU-labeled cells were counted from digital
images taken from random fields for a total of 300 cells per
coverslip.

Plasmid preparation and Cy3-labeling of plasmid DNA:
Plasmid DNA was prepared by growing up green fluorescent
protein (GFP) containing bacteria (pEGFP-C1; Clontech Labo-
ratories, Palo Alto, CA) overnight from glycerol stocks and
using traditional alkaline lysis miniprep and phenol/chloro-
form extraction. Plasmid purity and presence was confirmed

by agarose gel electrophoresis and spectrophotometry. The day
prior to transfection experiments, plasmid DNA encoding GFP
was labeled with Cy3 using a Mirus Label IT Tracker Cy3 kit
as per manufacturers instructions (Mirus, Madison, WI).
Briefly, Cy3 reagent was incubated with plasmid DNA (at a
ratio of 1.5:2) and precipitated using ethanol and 5 M NaCl.
To confirm plasmid labeling, absorbance was read at 550 nm
(the appropriate wavelength for Cy3) and found to be 0.08 for
labeled plasmid compared to 0.0 for unlabeled plasmid when
using equivalent quantities of DNA (as determined by absor-
bance at 260 nm).

Transient transfection of plasmid DNA:  HTM and HRPE
cells were seeded onto glass coverslips at about 30%
confluency (4.2x104 cells/cm2) in serum-containing medium.
Cells were split into two groups 24 h after plating: synchro-
nized or unsynchronized. For synchronized cells, serum-
containing medium was replaced with DMEM containing 0.2%
lactalbumin hydrolysate. After 24 h of serum-starvation, cells
were reintroduced to medium containing 10% serum. At vari-
ous times, ranging from 18-20 h after the reintroduction of
serum, cells were transfected for 5 h using Lipofectamine re-
agent according to manufacturers instructions (Invitrogen, San
Diego, CA) using a DNA: Lipofectamine ratio of 1.6:1 and a
total transfection volume of 1 ml. Unsynchronized cells re-
mained in serum-containing medium for the duration of the
experiment. In all transfections, plasmid DNA encoding GFP
was included at a concentration of 4 µg/9.8 cm2 well. Control
wells were mock transfected using transfection reagent only.
In some experiments, cells were treated with the DNase I in-
hibitor, aurintricarboxylic acid (ATA, 100 nM, Sigma), dur-
ing the 5 h transfection period. After transfection, the cells
were returned to ATA-free medium for 24 h. The cells were
fixed in PBS containing 4% paraformaldehyde, stained with
DAPI, and mounted onto glass slides. Cells were visualized
by ultraviolet and immunofluorescence microscopy and
counted from digital images taken from random fields for a
total of 300 cells per coverslip.

α-DNase immunocytochemistry:  HTM and HRPE cells
were plated on glass coverslips to about 60% confluencey
(8x104 cells/cm2). Cells were fixed in 4% paraformaldehyde,
blocked in 10% goat serum in 1X PBS plus 0.1% TX-100,
and incubated overnight at 4 °C in 1:500 anti-DNase I IgG
(Sigma) in blocking solution. Cells were washed with PBS
containing 0.1% Triton X-100 (three times, 1 ml/well) and
incubated for 1 h at 25 °C in blocking buffer containing Cy3-
conjugated anti-rabbit IgGs (1:2000 dilution; Jackson
Immunoresearch, West Grove, PA). Cells were washed (three
times, 1 ml/well) and counterstained with DAPI. Coverslips
were mounted in antifade (90% glycerol, 10% 1 M tris pH
8.0, 0.2% n-propyl gallate) on glass slides and labeled cells
were viewed by indirect immunofluorescence and ultraviolet
microscopy.

Statistical analyses:  Two tail, paired Student’s t-tests as-
suming equal variance were used to determine whether ex-
perimental data were different from controls. An α level of
0.01 was chosen.
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RESULTS
 Experiments were undertaken to determine obstacles that

interfere with transfection efficiency of HTM cells in culture.
Strategies were designed based on the hypothesis that HTM
cells may have an increased ability to degrade DNA due to
their physiology and function in vivo.

HTM cell cycle analysis:  Decreasing the time plasmid
DNA spends in the cytosol increases the chances of it cross-
ing the nuclear membrane before being degraded. To mini-
mize the time plasmid DNA is present in the cell cytoplasm

during transfections, we needed to characterize the HTM cell
cycle to determine the precise time of breakdown of the nuclear
envelope. This information provides a time window to expose
dividing cells to plasmid DNA for transient transfections. Syn-
chronizing cell cycles enables the timing of transfections so
that plasmid DNA begins to enter the cytosol during S phase,
immediately before the breakdown of the nuclear membrane
that accompanies mitosis. To synchronize HTM cell cycles,
cells were serum-starved for 24 h and then exposed to serum.
During 2 h intervals (12-14, 14-16, 16-18, 18-20, 20-22, 22-
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Figure 1. HTM cell cycle analysis by BrdU labeling.  HTM cells
were treated with 5-Bromo-2’deoxyuridine (BrdU) at 2 h intervals
(between 12-26 h) after synchronization by serum stimulation. A:
Shown is a representative microscopic field demonstrating BrdU la-
beling (arrowheads). B: A graphical summary of percentage of HTM
cells that labeled with BrdU at different times. BrdU-positive cells
were identified using indirect immunofluorescence with anti-BrdU
IgG and total cells were indicated by DAPI-stained nuclei. Digital
images were taken from random fields for a total of 300 cells per
condition (n=2).  

Figure 2. Uptake of plasmid DNA by HTM and HRPE cell cultures.
Cells were synchronized by 24 h serum starvation followed by coor-
dinated serum stimulation (10% FBS). After synchronization (18-20
h), cells were transfected with Cy3 labeled plasmid DNA encoding
green fluorescent protein (GFP). A: Representative fields to com-
pare DNA uptake by synchronized and unsynchronized cells 19 h
after synchronization. B: A graphical summary of DNA uptake by
cell type at 19 h after synchronization. A total of 300 cells were
counted per condition from digital images captured using
epifluorescence microscopy (n=3). No statistical differences were
found between synchronized and unsynchronized cells, groups, or
cell lines (Student’s t-test).  
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24, and 24-26 h) after reintroduction to serum, cells were
treated with BrdU. Control experiments were executed in par-
allel using unsynchronized cultures that were treated with BrdU
at identical times. BrdU, a synthetic nucleotide, incorporates
into replicating DNA, thus providing a good indicator of S
phase. Figure 1A shows a representative microscopic field of
HTM cells labeled with BrdU (arrowheads). Figure 1B sum-
marizes the times tested, indicating that BrdU labeling peaked
around 18-20 h in synchronized cells; with more than three
times the labeling of unsynchronized cells. Thus, the S phase
of HTM cells in culture occurs between 18-20 h after stimula-
tion of proliferation from a quiescent population. We chose to
use HRPE cells as our control primary cell type partly be-
cause the cell cycle of HRPE cells has been previously de-
scribed [18]. In HRPE, incorporation of radiolabeled nucle-
otides (another indicator of S phase) also peaks at 20 h after
synchronization indicating that the cell cycles of HTM and
HRPE cells are approximately the same.

Uptake of plasmid DNA by HTM and HRPE cells:  The
first step in transient transfections is transporting plasmid DNA
from the extracellular space across the plasma membrane and
into the cytosol. To assess whether difficulties in transfecting

HTM cells are associated with this step, we used a well docu-
mented method of measuring DNA uptake into cells [19,20].
HTM, HRPE, and COS-7 cells were transfected with plasmid
DNA that was conjugated with Cy3 and uptake of DNA into
the cell cytosol was monitored by immunofluorescence mi-
croscopy. Transfection periods (6 h) began 18, 19, and 20 h
after synchronization with unsynchronized cells used as con-
trols. Unexpectedly, in all cell types, virtually all cells (about
95%), synchronized and unsynchronized, took plasmid DNA
into the cytosol (Figure 2; data not shown for COS-7). Addi-
tionally, greater than 90% of cells took up at least some DNA
into their nucleus. Thus it appears that the process of DNA
uptake by HTM cells is not responsible for low productive
transfection rates.

Effect of cell cycle synchronization on productive trans-
fection:  Productive transfection requires the plasmid DNA to
cross both the plasma membrane and the nuclear membrane.
A reliable indicator of productive transfection is the appear-
ance of protein(s) encoded by transfected DNA, in the present
case, GFP (Figure 3A). As shown in Figure 3B, we found a
three fold increase in productive transfection efficiency in syn-
chronized HTM cells when using a 5 h transfection period
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Figure 3. Effect of cell cycle synchronization on protein expression.
Cell synchronization increases productive transfection efficiency of
HTM cells Cells were transfected with plasmid DNA encoding GFP
at 18, 19, or 20 h after synchronization. A: Microscopic fields from
representative experiments comparing the effect of synchronization
on GFP protein expression in two cell types. B: A graphical sum-
mary of GFP protein expression in HTM cells transfected 18-20 h
after synchronization. C: The effects of transfection 19 h after syn-
chronization on GFP protein expression in two cell types. Summa-
ries were generated by counting digitally captured fluorescent im-
ages (at least 300 cells per condition). Statistical differences were
assessed between synchronized and unsynchronized cells using
Student’s t-test (asterisks indicate a p<0.01).    

872



that began 19 h after synchronization (3.0±1.17%
unsynchronized cells compared to 9.0±1.82% in synchronized
cells). Productive transfection efficiency in HTM cells was
also increased when the transfection period began 18 and 20 h
after synchronization although the levels did not attain statis-
tical significance. Conversely, synchronization did not affect
the productive transfection rate in HRPE (Figure 3C).

These data suggest that DNA that enters the HTM cell is
not likely to be transcribed and translated when it must re-
main in the cytosol for a prolonged period (as in
unsynchronized cells). Alternatively, when the beginning of
the transfection period is timed properly, the HTM cell is ex-
posed to DNA during S and M phases when the nuclear enve-
lope has broken down sufficiently to allow significant and rela-
tively rapid plasmid uptake into the nucleus. One explanation
for our observation is that DNA is rapidly degraded in HTM
cells and that mechanisms of degradation differ between HTM
and HRPE.

Expression of DNase I in HTM and HRPE cell cultures:
If DNA degradation is playing a role in low baseline transfec-
tion efficiencies of HTM cells, it is important to examine the
expression of DNA digesting enzymes such as DNase I. To
determine DNase I expression in HTM and HRPE cells in
culture, fixed cells were probed with anti-DNase IgGs. As
shown in Figure 4, DNase I was detected in both HTM and
HRPE cells. Labeling was not limited to the nucleus, but was
also found cytosolically in both cell types, indicating a pos-
sible role for DNase I as a mediator of both nuclear and cyto-
solic degradation of exogenous DNA.

Effect of DNase I inhibitor on transfection efficiency:  To
test whether cytosolic DNases were in part responsible for
low productive transfection rates in HTM cells, we tested the
effects of a DNase I inhibitor on productive transfection effi-
ciency. Unsynchronized HTM and HRPE cell cultures were

treated with the DNase inhibitor aurintricarboxylic acid (ATA,
100 nM) during transfection, and productive transfection rates
were assessed by expression of GFP. Shown in Figure 5, ATA
treated HTM cells exhibited productive transfection rates 2
times higher than untreated cells (control: 3.7±1.1%; with ATA:
7.3±1.2%). Consistent with results from cell synchronization
experiments, ATA treatment had no effect on productive trans-
fection rates in HRPE cells. These data suggest that DNase I
contributes to low productive transfection rates of HTM cells
in culture.

DISCUSSION
 We hypothesized that coordinating the time HTM cells begin
DNA replication and division with the time cells were exposed
to exogenous DNA would greatly increase transfection effi-
ciency. The data indicate that synchronizing HTM cell cycles
and timing the beginning of the transfection period with S
phase resulted in a 3 fold increase in transfection efficiency.
This increase is likely because dividing cells transfect more
easily since during division the nuclear membrane breaks down
and exogenous DNA can enter the nucleus [21]. Interestingly,
plasmid DNA entered the cytosol and nuclei of 90-95% of all
synchronized cells, but only about 10% was translated into
protein. Since the fluorophore remains conjugated to the DNA
even when the plasmid is not intact, there is no way to tell
how much of the Cy3 nuclear staining is from functional plas-
mid and how much is due to nicked DNA or even small oligo-
nucleotides that have been partially degraded before being
taken up into the nucleus. These results indicate that the first
and third potential barriers to effective heterologous protein
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Figure 4. DNase I expression in cultured ocular cells.  HTM cells
express DNAse I. HTM and HRPE cells cultured on coverslips were
probed with anti-DNase I IgG and counterstained with DAPI. Con-
trol shows background labeling in the absence of anti-DNase I IgG.
Shown is a representative experiment (n=3) using two different cell
strains for each cell type.

Figure 5. Effect of DNase I inhibitor on transfection efficiency.
DNAse inhibitor doubles productive transfection efficiency of HTM
cells. Cells in log-phase of growth were transfected with plasmid
DNA encoding GFP in the presence or absence of a DNase I inhibi-
tor (aurintricarboxylic acid,ATA, 100 nM). Cells were fixed, coun-
terstained with DAPI and visualized using epifluorescence micros-
copy. Cells expressing GFP protein and total cells (at least 300 cells
per condition) were captured digitally and counted to calculate aver-
age transfection efficiencies. Statistical differences between ATA-
treated and untreated cells were assessed using Student’s t-test (as-
terisk indicates a p<0.01).
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expression (uptake into the cytosol and permeation of the
nuclear membrane) are not significant obstacles to efficient
transfection in this experimental paradigm. Furthermore, our
results suggest that HTM cells have a high capacity to de-
grade DNA, and that DNA degradation prior to expression
may be a limiting factor in efficient protein expression.

Since not reported previously, it was necessary to first
characterize the cell cycle of HTM cells in culture so that we
could estimate the optimal time to expose cells to plasmid
DNA. We reasoned that synchronizing the beginning of the
DNA exposure period with S phase would allow the plasmid
to reach the nucleus during mitosis-associated nuclear mem-
brane breakdown, increasing the opportunity for plasmid DNA
to access HTM cell nuclei and transcription machinery. Using
BrdU incorporation into replicating DNA as a marker of S
phase, we found that HTM cells began DNA synthesis ap-
proximately 18-20 h after reintroduction to serum (Figure 1)
and began mitosis four h later (data not shown). Conveniently,
HRPE cell cycle in culture closely parallels that of HTM cells
in culture [18]. Thus, the optimum time window for produc-
tive transfection efficiency for both cells lines was 18-20 h
after cell cycle synchronization.

Chemical transfection reagents have been available since
the 1960s, beginning with DEAE dextran [22] and calcium
phosphate [23]. However, in the last five to ten years, chemi-
cal reagents have improved dramatically, and now the prob-
lem of DNA uptake across the plasma membrane has been
effectively minimized. Despite this progress, only two other
published studies have examined plasmid uptake by cells, in-
dependent of exogenous protein expression [15,24]. Although
the first study did not calculate efficiency on a per cell basis,
the second reported results similar to ours, approximately 80%
of transfected cells took up some exogenous DNA [15]. How-
ever, this study was conducted exclusively on transformed cell
lines, limiting the applicability of their data to our primary
cells. In the present study, plasmid DNA successfully crossed
the plasma membrane of about 95% of both primary (Figure
2) and transformed (data not shown) cells using Lipofectamine
reagent (a polycationic lipid formulation that prompts the for-
mation of liposomes). Unfortunately such chemical agents do
very little to encourage DNA stability in the cytosol and noth-
ing to address the issue of nuclear targeting. With even newer
methods including electroporation across the plasma mem-
brane (which is inefficient in our system), and protein based
methods, transport through the cytosol to the nucleus can be
more directed and efficient; however, these methods have not
yet been perfected [24].

In addition to using cell cycle synchronization as a method
to increase transfection efficiency, we examined another
method. We used a synthetic DNase inhibitor (ATA) to par-
tially inhibit DNases in the cell [25-27]. Since there are many
different DNases and since DNases bind readily to actin, our
methodology does not presume to completely inhibit DNA
digestion. However, even with partial inhibition of DNases,
we were able to increase transfection efficiency two fold in
HTM cells (Figure 5). Several studies have shown that nu-
clease inhibitors can successfully increase in vivo and in vitro

transfection efficiencies in mammalian tissues [25,28,29] lead-
ing to our hypothesis that part of the reason HTM cells have
such low transfection efficiencies is because of DNA degra-
dation by DNases. In Figure 4, we showed that DNase I, a
common DNase, is expressed in the nucleus and cytosol of
HTM and HRPE cells (in addition to many other tissues [30]).
DNases digest DNA in the nucleus during apoptosis [27] and
also digest exogenous DNA phagocytosed by adjacent living
cells and immune cells after apoptosis [31]. These normal ac-
tivities are consistent with the hypothesis that homeostatic
phagocytosis and degradation of DNA in HTM cells is medi-
ated by DNases as part of the normal filter function of the
conventional outflow pathway. Primarily, inhibition of DNases
provides an additional way to increase productive transfec-
tion efficiency of HTM cells.

HRPE cells were used as controls in experiments for two
main reasons. First, HRPE are primary, nontransformed ocu-
lar cells. Second, HRPE cells are active phagocytes, like HTM
cells, but with different responsibilities. HRPE cells do not
actively degrade exogenous DNA like HTM cells, but ingest
lipids and proteins of the shedding outer segments of photore-
ceptors [32,33]. These differences in function in vivo are con-
sistent with observed differences in basal transfection rates
between the two cells types in vitro, 10.0±1.2% for HRPE
compared to 3.0±1.1% for HTM. Interestingly, when HTM
cells were treated with the DNase I inhibitor, ATA, transfec-
tion rates of HTM cells doubled, and approached rates of
HRPE. Since HRPE transfection rates were unaffected by ATA
treatment, it seems that DNA degradation plays a less impor-
tant role in the efficient transfection process in HRPE cells
compared to HTM cells.

In summary, we have identified two methods for increas-
ing transfection efficiency in HTM cells. The first, by syn-
chronizing the cell cycle to time transfection with S-M phase
and the second, by partially inhibiting DNA degradation. We
have shown that uptake of DNA into the cytosol and nucleus
of HTM cells is not the limiting factor in efficient transient
transfection and that DNA degradation prior to protein ex-
pression may be the main barrier. While the overall transfec-
tion rates in HTM cells attained with our methods were still
low (about 10%) they are sufficiently high for many common
uses of transfected cells including immunocytochemistry and
electrophysiology. It is possible that a combination of these or
other methods may further increase transfection efficiency.

ACKNOWLEDGEMENTS
 This work was funded by a grant from Research to Prevent
Blindness Foundation (WDS), and grants from the National
Eye Institute, EY12797 (WDS) and EY14403 (BSM). The
authors thank Kristin Perkumas, Alex Poncius, and Nate
Delage for their assistance during this project.

REFERENCES
 1. Grant WM. Experimental aqueous perfusion in enucleated hu-

man eyes. Arch Ophthalmol 1963; 69:783-801.
2. Bill A, Maepea O. Mechanisms and Routes of Aqueous Humor

Drainage. Philadelphia: WB Saunders; 1975.

©2005 Molecular VisionMolecular Vision 2005; 11:869-75 <http://www.molvis.org/molvis/v11/a103/>

874



3. Epstein DL, Allingham RR, Schuman JS, editors. Chandler and
Grant’s Glaucoma. 4th ed. Baltimore: Williams and Wilkins;
1997.

4. Barequet IS, Li Q, Wang Y, O’Brien TP, Hooks JJ, Stark WJ. Her-
pes simplex virus DNA identification from aqueous fluid in
Fuchs heterochromic iridocyclitis. Am J Ophthalmol 2000;
129:672-3.

5. Smith IL, Macdonald JC, Freeman WR, Shapiro AM, Spector SA.
Cytomegalovirus (CMV) retinitis activity is accurately reflected
by the presence and level of CMV DNA in aqueous humor and
vitreous. J Infect Dis 1999; 179:1249-53.

6. Yamamoto N, Wakabayashi T, Murakami K, Hommura S. Detec-
tion of CMV DNA in the aqueous humor of AIDS patients with
CMV retinitis by AMPLICOR CMV test. Ophthalmologica
2003; 217:45-8.

7. Schlotzer-Schrehardt U, Naumann GO. Trabecular meshwork in
pseudoexfoliation syndrome with and without open-angle glau-
coma. A morphometric, ultrastructural study. Invest Ophthalmol
Vis Sci 1995; 36:1750-64.

8. Bahler CK, Fautsch MP, Hann CR, Johnson DH. Factors influenc-
ing intraocular pressure in cultured human anterior segments.
Invest Ophthalmol Vis Sci 2004; 45:3137-43.

9. Russell P, Johnson DH. Enzymes protective of oxidative damage
present in all decades of life in the trabecular meshwork, as de-
tected by two-dimensional gel electrophoresis protein maps. J
Glaucoma 1996; 5:317-24.

10. De La Paz MA, Epstein DL. Effect of age on superoxide dismutase
activity of human trabecular meshwork. Invest Ophthalmol Vis
Sci 1996; 37:1849-53.

11. Buller C, Johnson DH, Tschumper RC. Human trabecular mesh-
work phagocytosis. Observations in an organ culture system.
Invest Ophthalmol Vis Sci 1990; 31:2156-63.

12. Johnson DH, Richardson TM, Epstein DL. Trabecular meshwork
recovery after phagocytic challenge. Curr Eye Res 1989; 8:1121-
30.

13. Zhou L, Li Y, Yue BY. Alteration of cytoskeletal structure, integrin
distribution, and migratory activity by phagocytic challenge in
cells from an ocular tissue—the trabecular meshwork. In Vitro
Cell Dev Biol Anim 1999; 35:144-9.

14. Matsumoto Y, Johnson DH. Dexamethasone decreases phagocy-
tosis by human trabecular meshwork cells in situ. Invest
Ophthalmol Vis Sci 1997; 38:1902-7.

15. Zabner J, Fasbender AJ, Moninger T, Poellinger KA, Welsh MJ.
Cellular and molecular barriers to gene transfer by a cationic
lipid. J Biol Chem 1995; 270:18997-9007.

16. Stamer WD, Seftor RE, Williams SK, Samaha HA, Snyder RW.
Isolation and culture of human trabecular meshwork cells by
extracellular matrix digestion. Curr Eye Res 1995; 14:611-7.

17. McKay BS, Burke JM. Cell association increases RPE outgrowth
from primary explant. Curr Eye Res 1997; 16:891-9.

18. Williams DF, Burke JM. Modulation of growth in retina-derived
cells by extracellular matrices. Invest Ophthalmol Vis Sci 1990;
31:1717-23.

19. Budker V, Budker T, Zhang G, Subbotin V, Loomis A, Wolff JA.
Hypothesis: naked plasmid DNA is taken up by cells in vivo by
a receptor-mediated process. J Gene Med 2000; 2:76-88.

20. Hagstrom JE, Sebestyen MG, Budker V, Ludtke JJ, Fritz JD, Wolff
JA. Complexes of non-cationic liposomes and histone H1 me-
diate efficient transfection of DNA without encapsulation.
Biochim Biophys Acta 1996; 1284:47-55.

21. Beaudouin J, Gerlich D, Daigle N, Eils R, Ellenberg J. Nuclear
envelope breakdown proceeds by microtubule-induced tearing
of the lamina. Cell 2002; 108:83-96.

22. Vaheri A, Pagano JS. Infectious poliovirus RNA: a sensitive
method of assay. Virology 1965; 27:434-6.

23. Graham FL, van der Eb AJ. A new technique for the assay of
infectivity of human adenovirus 5 DNA. Virology 1973; 52:456-
67.

24. Luo D, Saltzman WM. Synthetic DNA delivery systems. Nat
Biotechnol 2000; 18:33-7.

25. Glasspool-Malone J, Steenland PR, McDonald RJ, Sanchez RA,
Watts TL, Zabner J, Malone RW. DNA transfection of macaque
and murine respiratory tissue is greatly enhanced by use of a
nuclease inhibitor. J Gene Med 2002; 4:323-2.

26. Hallick RB, Chelm BK, Gray PW, Orozco EM Jr. Use of
aurintricarboxylic acid as an inhibitor of nucleases during nucleic
acid isolation. Nucleic Acids Res 1977; 4:3055-64.

27. Shiokawa D, Tanuma S. Characterization of human DNase I fam-
ily endonucleases and activation of DNase gamma during
apoptosis. Biochemistry 2001; 40:143-52.

28. Glasspool-Malone J, Malone RW. Enhancing direct in vivo trans-
fection with nuclease inhibitors and pulsed electrical fields.
Methods Enzymol 2002; 346:72-91.

29. Ross GF, Bruno MD, Uyeda M, Suzuki K, Nagao K, Whitsett
JA, Korfhagen TR. Enhanced reporter gene expression in cells
transfected in the presence of DMI-2, an acid nuclease inhibi-
tor. Gene Ther 1998; 5:1244-50.

30. Rodriguez AM, Rodin D, Nomura H, Morton CC, Weremowicz
S, Schneider MC. Identification, localization, and expression
of two novel human genes similar to deoxyribonuclease I.
Genomics 1997; 42:507-13.

31. Odaka C, Mizuochi T. Role of macrophage lysosomal enzymes
in the degradation of nucleosomes of apoptotic cells. J Immunol
1999; 163:5346-52.

32. Young RW, Bok D. Autoradiographic studies on the metabolism
of the retinal pigment epithelium. Invest Ophthalmol 1970;
9:524-36.

33. Bok D, Heller J. Autoradiographic localization of serum retinol-
binding protein receptors on the pigment epithelium of dystro-
phic rat retinas. Invest Ophthalmol Vis Sci 1980; 19:1405-14.

©2005 Molecular VisionMolecular Vision 2005; 11:869-75 <http://www.molvis.org/molvis/v11/a103/>

875

The print version of this article was created on 26 Oct 2005. This reflects all typographical corrections and errata to the article through that
date. Details of any changes may be found in the online version of the article. α


