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Abstract 
 
Early detection of glaucoma is important to permit treatment before vision loss occurs.  Recent studies 
have shown that endothelial cells in the eye termed Schlemm's canal cells have altered mechanical 
stiffness in individuals with glaucoma, and this elevated stiffness is proposed to be a cause of the 
elevated pressure characteristic of glaucoma. While these cells are not accessible to assay in live 
individuals, we examined the hypothesis that other epithelial cells in the body might also have altered 
stiffness in individuals with glaucoma. In particular, we examined urothelial cells found in voided urine 
as a possible screening test of glaucoma. 
Sixty volunteers in three group were examined. Glaucoma patients, glaucoma suspects and controls 
provided urine samples that were used to isolate and culture urothelial cells. The mechanical properties 
of these cells were then assayed using atomic force microscopy. Culturing cells proved difficult, and we 
only succeeded in culturing cells from 5 glaucoma patients, 1 glaucoma suspect and 9 controls. There 
was no significant difference between the stiffness of the glaucoma urothelial cells and controls, 
measured either with a sharp AFM tip or a larger, spherical AFM tip (p>0.6). The single glaucoma 
suspect examined did not have an elevated stiffness, compared with controls, as measured with a sharp 
tip, although it did have a high value as measured with a spherical tip. We were not able to provide 
support for the idea that mechanical testing of urothelial cells found in voided urine can be used to 
screen for glaucoma. 
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Non-Technical Summary 
 
Early detection of glaucoma is important to permit treatment before vision loss occurs. The eye is 
pressurized by a clear fluid termed aqueous humor. This fluid is produced from the blood and flow out 
of the eye through a pathway known as the aqueous humor outflow pathway. The elevated intraocular 
pressure characteristic of glaucoma is caused by a blockage of this pathway. Recent studies have shown 
cells in this pathway have altered mechanical stiffness in individual with glaucoma. This suggest that if 
we could probe these cells in live individuals, we might be able to detect glaucoma before vision loss 
occurs. While these cells are not accessible to assay in live individuals, we here examined the hypothesis 
that other epithelial cells in the body might also have altered stiffness in individuals with glaucoma. We 
chose cells that were easy to collect. In particular, we examined urothelial cells found in voided urine as 
a possible screening test of glaucoma. 
 
Sixty volunteers in three group were examined. Glaucoma patients, glaucoma suspects and a control 
group provided urine samples that were used to isolate and culture urothelial cells. The mechanical 
properties of these cells were then assayed using atomic force microscopy. Atomic force microscopy 
allows us to gently push on these cells and determine how stiff they are. 
Getting the live cells out of the urine and coaxing them to grow proved difficult. We only succeeded in 
culturing cells from 5 glaucoma patients, 1 glaucoma suspect and 9 controls. However, this was a large 
enough group for us to evaluate our hypothesis. We found no significant difference in our measurements 
of stiffness comparing the urothelial cells from individual with glaucoma to controls that did not have 
glaucoma. Thus, we were not able to provide support for the idea that mechanical testing of urothelial 
cells found in voided urine can be used to screen for glaucoma. 
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Introduction 
Glaucoma is a group of eye disorders that cause damage to the optic nerve resulting in vision loss. This 
damage is often caused by an abnormally high eye pressure. This disease is one of the leading causes of 
blindness in the United States, affecting approximately 2.7 million people. Glaucoma usually has no 
symptoms in its early stages, and thus patients can be unaware that they have the disease. By the time 
patients notice problems with their sight, the disease has progressed to the point that irreversible vision 
loss has already occurred. While methods for early detection exist, they rely on detecting elevated 
intraocular pressure, which can itself cause damage to the optic nerve. Therefore, it is desirable to find a 
new method to identify individuals at risk for developing glaucoma before intraocular pressure becomes 
significantly elevated.  
A recent study found that Schlemm canal endothelial cells from individuals with glaucoma have 
elevated mechanical stiffness as compared to Schlemm canal endothelial cells from normal eyes 
(Overby et al. 2014). Our hypothesis in the current study was that this increased cell stiffness is also 
present in other epithelial cells of individuals at risk for glaucoma, specifically urothelial found in the 
voided urine. 
Voided urine samples from glaucoma patients, individuals at risk for glaucoma, and a control group 
were collected in the Northwestern Ophthalmology Department. Urine cells were isolated and cultured 
for measurement of cell stiffness using atomic force microscopy (AFM) to determine whether or not to 
this measurement might be used a biomechanical maker to detect glaucoma at an early stage. 

Methods 
1. Patient recruitment: Sixty (60) patients and volunteers were selected from the clinical practice of Dr. 
Tanna. Patients and volunteer with urothelial carcinoma or known urinary tract problems were excluded. 
Patients and volunteers were divided into three groups: (1) a glaucoma patient group – patients have an 
open angle, an intraocular pressure greater than 25 mmHg on two successive occasions, and visual field 
and optic nerve damage; (2) a glaucoma suspect group – patients have an open angle, an intraocular 
pressure between 24 and 30 mmHg on two successive occasions, and no indications of visual field or 
optic nerve damage (ocular hypertensives); and (3) a control group – volunteers were age-matched 
controls, had intraocular pressures less than  21 mmHg with normal optic discs and normal appearing 
OCT images of the macular ganglion cell complex and retinal nerve fiber layer.  
2. Cell isolation and culture: Voided urine samples from patients and volunteers were collected, kept on 
ice (40C) and transferred to the Center for Advanced Molecular Imaging (CAMI) for processing within 3 
hours. The voided urine was transferred into sterile 50 ml tubes and centrifuged at 1500 rpm for 5 
minutes at room temperature. The supernatant was aspirated, leaving 2 ml in the tube. The pellets were 
individually re-suspended in the remaining 2 ml of urine, and then transferred into a single 50 ml tube. 
Phosphate buffered saline (PBS) supplemented with 100 U/ml of penicillin, 100 µg/ml of 
streptomycin was then added to the tube to a final volume of 50 ml. The sample was centrifuged again at 
1500 rpm for 5 minutes at room temperature. The supernatant was also discarded, leaving 1 ml in the 
tube. This was followed by pellet resuspension which was subsequently transferred into sterile 15 ml 
tube for washing for a second time. The supernatant was removed, leaving only 0.5 ml plus the pellet. 
Finally, primary medium [Keratinocyte-SFM supplemented with 5 ng/ml of human recombinant 
epidermal growth factor 1-53 (EGF 1-53) and 50 µg/ml of Bovine Pituitary Extract)], 10% (vol/vol) fetal 
bovine serum (FBS), 100 U/ml of penicillin and 100 µg/ml of streptomycin was added to resuspend the 
cell pellet, and then transfer the volume into a single well of a 12-well plate containing a sterile 18 mm 
diameter round cover glass. The culture was incubated at 370C and 5% CO2 and 1 ml of primary 
medium was added every 2 days until cell colonies appeared (normally in 7 days). The cell culture 
media was then changed every 3 days before having enough cells for atomic force microscopy (AFM) 
measurements. 
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3. Urothelial cell characterization: Collected cells were stained with following: cytokeratin 7 
polyclonal antibody (ThermoFisher Scientific, Rockford, IL) at 1:100 dilution and Alexa Fluor 488 goat 
anti-rabbit IgG secondary antibody (Life Technologies Corporation, Carlsbad, CA) to confirm their 
epithelial origin and compare with human urothelial cells and human renal proximal tubular epithelial 
cells (ScienCell Research Laboratories, Carlsbad, CA). To demonstrate that the cells collected and 
propagated were not fibroblast cells, the collected cells were also stained with mouse monoclonal anti-
vimentin (1:40 dilution) (Sigma, St. Louis, MO) and compared with human dermal fibroblast cells 
(ScienCell Research Laboratories, Carlsbad, CA).  
4. AFM measurement: The cells were transferred into a 60 mm cell culture dish and filled with 5 ml 
primary medium 1 hour before the measurement. AFM measurement were made using sharp pyramidal 
tips or 10 µm diameter spherical tips using a Bioscope Catalyst atomic force microscope (Bruker). The 
Young’s modulus was determined using a Hertzian analysis (Vargas-Pinto et al. 2013). 
5. Statistical analysis: Statistical analysis was done using JMP (version 13.0.0). The cell stiffness for 
each sample was calculated based on logarithmically transformed data. Typically, 20-30 AFM 
measurements were made on each cell with a sharp-tip and a similar number with a round-tip. 

Results  
1.Voided urine collection and cell culture (Table 1). 
In 60 donors, we had 27 males and 33 females with age between 41 and 83 years old (mean 69.9 ± 9.9). 
They were arranged into 3 groups of 25 glaucoma patients, 3 glaucoma suspect patients and 32 controls. 
The number of processed samples was 56 due to errors in collecting 4 samples. Cell colonies were first 
observed after approximately 7 days after seeding (Figure 1) and 23 samples were successful in 
obtaining cells (41.1%). However, 8 out 23 samples became contaminated with yeasts and were 
discarded before AFM measurements. Cells were cultured until ready for measuring cell stiffness. A 
total of 15 samples were measured including 5 from glaucoma patients, 1 sample from a glaucoma 
suspect and 9 controls. 
Within one week of cell seeding, only small numbers of cells in the voided urine sample attached to the 
cover glass surface and formed colonies. Normally, two distinct types of colonies were observed. Cells 
in type 1 colonies arranged randomly while cells in type 2 colonies had regular appearance, grew closely 
 

Table 1: Populations studies 
aThe mean age of donors for whom a colony was generated and proliferated for AFM measurements. 

 

Donors Voided urine 
sample 

Successful Cell 
Colony  

Success Cell 
Proliferation for AFM 

Mean age of 
donors (years)a 

(mean ± SD) 

Glaucoma patients 
Total (25) 23 8 5 67.2 ± 7.7 
Male (10) 10 3 3 62.7 ± 6.0 

Female (15) 13 5 2 74.0 ± 2.8 
Glaucoma suspects 

Total (3) 3 1 1 70 
Male (1) 1 0 0  

Female (2) 2 1 1 70 
Control group 

Total (32) 30 14 9 73.0 ± 6.3 
Male (16) 16 7 2 77.0 ± 5.7 

Female (16) 14 7 7 71.9 ± 6.4 
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attached to neighboring cells 
forming smooth-edged contours 
and cobblestone-like cell 
morphologies (Dorrenhaus A, et al., 
2000) (Figure 1).  
 The overall success rate of cell 
culture in this study was 25% lower 
than previous reports from other 
groups (Dorrenhaus et al. 2000; 
Zhou et al. 2011). However, note 
that glaucoma patients and their 
spouses are usually elderly (average 
age of glaucoma group was 67.2 
±7.7 years and control group was 
73 ±6.3 years), and this may have 
affected the integrity and 
subsequent viability of the cells in 
the voided urine samples. Further, 
the volume of voided urine samples 
was frequently smaller as compared to other studies in the literature (ShoJaei-Baghini et al., 2013, 
Dorrenhaus et al. 2000). Only 16 out of 60 samples had a volume of 200 ml or more. Due to the 
extremely low cell density in voided urine, especially in male samples, a large volume of urine is 
beneficial to successful propagation of the cells (Dorrenhaus, et al. 2000). 
 
2.Urothelial cell characterization 
Immunofluorescent staining was used to identify the cells collected and cultured form the voided urine. 
Human urothelial cells, human renal proximal tubular epithelial cells and human dermal fibroblast cells 

Figure 1: Examples of cell colonies cultured from voided 
urine, type 1 (left) and type 2 (right) after 6 days and 14 days, 
scale bar 200 µm. 
 

Figure 2: Immunofluorescence staining of commercial cell lines and cells collected and 
propagated from voided urine. Vimentin is a maker for fibroblast-like cells, cytokeratin 7 is an 
epithelial marker, and DAPI stains the cell nucleus; Scale bar 100 µm. 
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were used as control. In agreement with a previous report, both type 1 and type 2 cells were positive for 
the epithelial maker, cytokeratin 7, with little staining for the fibroblastic–like marker vimentin (Figure 
2) (Felix et al. 1980; Dorrenhaus et al. 2000). These results supported that both type 1 and 2 cells have 
epithelial origin and were suitable for use in our study. 
 
3.AFM data 
We measured the stiffness of the urothelial cells isolated from glaucoma patients, glaucoma suspect and 
controls using both AFM both sharp tips (20 nm tip radius) and larger spherical tips (10 µm diameter). 
AFM measurements were made using a sharp tip to characterize the cell cortex, while spherical tips 
were used to probe the subcortical cytoskeleton as described (Overby, 2014). The stiffness (mean ± SE) 
measured from cells in glaucoma group and control groups were 3.43 ± 0.57 (kPa) and 3.14 ± 0.24 
(kPa), respectively with the sharp pyramidal tips (Figure 3A). There was no statistical difference in 
stiffness between these two group (P > 0.6). 
 
A)  Sharp tips                                                                 B)  Spherical tips 

                       
Figure 3: Median and standard deviations of the Young’s modulus of urothelial cells from control 
samples (n=9), glaucoma suspect (OHTN: n=1) and glaucoma patients (n=5) measured with A) sharp tip 
and B) spherical tips. 
 
When measured with spherical tips, we also found no difference in stiffness between the glaucoma and 
the control group (P > 0.29; Figure 3B). The modulus of urothelial cells (mean ± SE) in glaucoma group 
was 0.54 ± 0.13 (kPa), slightly lower than those in control group: 0.73 ± 0.10 kPa. The cell stiffness in 
the single glaucoma suspect was near the lowest of all values measured with a using sharp tip but was 
the highest of all samples measured by using a spherical tip.  
Inclusion of  age, gender, or intraocular pressure in a regresssion analysis did not uncover any 
significant differences. 
 

 
 Number of samples (n) Sharp tip (kPa) 

(mean ± SE) 
Spherical tip (kPa) 

(mean ± SE) 
Glaucoma  5 3.43 ± 0.57 0.54 ± 0.13 
Glaucoma suspect  1 2.5 1.23 
Controls  9 3.14 ± 0.24 0.73 ± 0.10 

  Table 2: Cell stiffness as measured by using AFM for sharp and spherical tips 
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4. Other results 
Cell culture time was defined as the number of days allowed cells grow from the first day colonies were 
observed to cells reached confluence for AFM measurement. We found that cell culture time correlated 
with the cell stiffness as measured by using spherical tips (P < 0.05) but not for the sharp tip (P >0.28). 
(Figure 4). No difference was found between glaucomatous samples and controls. 
 
A)  Sharp tips                                                                 B)  Spherical tips 

                 
Figure 4: The relationship between cell and cell culture time for sharp and spherical tips.  
 
 
Discussion 
Our results do not support our hypothesis that urothelial cells collected from voided urine of glaucoma 
patients have altered stiffness as compared to those from non-glaucoma patient controls.  As urothelial 
cells are specialized epithelial cells, these cells significantly differ from Schlemm's canal endothelial 
cells and this may complicate attempts to relate the biomechanical behavior of these distinct cell types. 
 
Our results with regards to cell culture time (Figure 4) showed that cells with a softer cytoskeleton grow 
more slowly than those with stiffer internal cytoskeleton. Interestingly, this correlation was only 
apparent for measurements using AFM round tips and not for sharp tips. This may reflect on the general 
question of whether cell movement is regulated by cortical cell stiffness or the subcortical cytoskeleton 
cell stiffness. Our results suggest the latter. This interesting finding is worth exploring in other cell 
types. 
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