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Abstract. The purpose of this study is to analyze human sperm motility and energetics in media with different
viscosities. Multiple experiments were performed to collect motility parameters using customized computer track-
ing software that measures the curvilinear velocity (VCL) and the minimum laser power (Pesc) necessary to hold an
individual sperm in an optical trap. The Pesc was measured by using a 1064 nm Nd:YVO, continuous wave
laser that optically traps motile sperm at a power of 450 mW in the focused trap spot. The VCL was measured
frame by frame before trapping. In order to study sperm energetics under different viscous conditions sperm
were labeled with the fluorescent dye DiOCg(3) to measure membrane potentials of mitochondria in the
sperm midpiece. Fluorescence intensity was measured before and during trapping. The results demonstrate a
decrease in VCL but an increase in Pesc with increasing viscosity. Fluorescent intensity is the same regardless
of the viscosity level indicating no change in sperm energetics. The results suggest that, under the conditions
tested, viscosity physically affects the mechanical properties of sperm motility rather than the chemical pathways
associated With energetics. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.2.025005]
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1 Introduction

Sperm motility, the ability of a sperm to move efficiently
towards the egg, is a valuable parameter in the assessment of
sperm quality and fertilization capacity.! The ability to evaluate
sperm motility is important in areas such as sperm cryopreser-
vation, in-vitro fertilization (IVF), and artificial insemination
(AD). Factors in the vaginal canal, such as pH, antibody
response, and the overall structural and functional capacity of
the sperm, can affect sperm motility.? Particularly, the viscous
environment encountered by the sperm can have a major impact
on its motility and its subsequent ability to reach and fertilize the
egg. The objective of this study is to address the relationship
between viscosity and sperm motility using optical trapping.
There are various methods to score and quantify sperm moti-
lity. Computer aided analysis quantifies the overall motility of a
sperm population in a short amount of time.** Commercial com-
puter assisted sperm analysis (CASA) systems have been devel-
oped to track sperm within a field of view and measure motility
parameters such as curvilinear velocity (VCL), amplitude of lat-
eral head movement, and percent of motile sperm.** Examples
of these commercial systems include Hamilton Thorne IVSO-
CASA, SM-CMA system (Stromberg-Mika, Bad Feilnbach,
Germany), and the Hobson Sperm Tracker (Hobson Sperm
Tracking Ltd., Sheffield, United Kingdom). Other optically
based computer aided tracking systems such as the real-time
automated tracking and trapping system (RATTS) have been
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developed to automatically track and optically trap individual
sperm.” RATTS can measure VCL and has the added ability
to measure sperm swimming force using optical tweezers to
hold and release individual sperm.® Optical tweezers (traps)
can confine and manipulate microscopic particles due to the
momentum of the photons in a tightly focused laser beam.”®
RATTS utilizes optical tweezers to quantify sperm swimming
forces by measuring the minimum amount of laser power
need to hold the sperm in the trap. The laser escape power
(Pesc) is directly proportional to the sperm’s swimming force
and can be calculated using the equation, F = QP/c, where
F is the swimming force, P is the laser power, c is the speed
of light in the medium, and Q is the geometrically determined
trapping efficiency parameter.” Previous studies have used
optical tweezers to noninvasively study sperm motility by
measuring swimming forces.*® The development of RATTS
permits simultaneous measurement of force and VCL thus
providing a multiparametric analysis of sperm motility.

The goal of this study is to analyze the effect of viscosity on
sperm motility by measuring both VCL and sperm swimming
force using RATTS. A membrane potential-sensitive fluorescent
probe is also used to examine changes in sperm energetics as a
function of changes in viscosity of the swimming medium.
Fluorescent probes have been used to relate mitochondrial
membrane potential to sperm motility and have demonstrated
that high mitochondrial membrane potentials in the sperm mid-
piece correlate with an increase in ATP synthesis and increased
motility.'” Cyanine dyes such as 3,3’-dihexyloxacarbocyanine
iodide [DiOCg(3)] integrate into the mitochondria and increase
in fluorescent intensity as the magnitude of the membrane
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potential increases. There are numerous chemical probes
to measure mitochondrial activity, such as carbocyanines
[DiOC,(3), DiOC4(3)], thodamines (TMRE, JC-1), and rosa-
mines (CMX-Ros). DiOC¢(3) is used in this study because it
has been demonstrated to be an effective dye for measuring
membrane potentials in sperm.'!

2 Materials and Methods

2.1 Optical System

The optical system is similar to that described previously.'?
Briefly, it uses a Nd:YVO, continuous wave 1064-nm-
wavelength laser (Spectra Physics, Model BL-106C, Mountain
View, CA) which travels through a series of lenses and mirrors
into a Zeiss Axiovert S100 microscope and a 40x, phase III, NA
1.3 oil immersion objective (Zeiss, Thornwood, NY) where it is
focused to a diffraction-limited spot of approximately 1 pm? A
motorized rotating polarizer controls the laser power by attenu-
ating the beam during the sperm swimming force experiments.
The beam-expanding lenses and focusing lens fill the objective
back aperture with the collimated laser beam maximizing the
amount of energy in the trapping focal spot.

The optical system for acquiring phase and fluorescence
images has been described previously.'' Briefly, a Zeiss fluor
arc lamp provides the excitation light. A red filter above the
image plane allows for separation of phase contrast (670 nm)
and fluorescence (500 to 570 nm) images. The reflected
phase contrast information is collected by a charged coupled

device (CCD) camera (Cohu model 7800, San Diego, CA) at
30 fps. The fluorescence information passes through a HQ
500/20 nm emission filter and is collected by a digital camera
(Quantix 57, Roper Scientific Inc., Tuscon, AZ).

2.2 Hardware and Software System

Motility parameters are measured using two computer-based
analysis systems. First, CASA (IVOS Sperm Analyzer, Hamil-
ton Thorne, Beverly, MA) is used to assess the initial quality of
sperm samples and to measure VCL. Second, VCL and Pesc are
measured simultaneously using customized software (RATTS)
coded in the LabView language (National Instruments, Austin,
TX). RATTS operates at video rate and provides remote robotic
interfaces with the hardware. In addition, the system has fluor-
escent image processing capabilities.’ The operation of RATTS
is performed in the upper-level system while fluorescent image
acquisition, processing, and storage are done in the lower-level
system, as shown in Fig. 1. The two computers are networked
together over a gigabit TCP/IP catSe crossover connection.
Communication between the two systems is optimized with
LabView’s shared variables and virtual instrument (VI) server
function in which the lower-level system continuously polls
the upper-level system for the next request. Using RATTS,
sperm are tracked for an extended duration before and after
laser trap experiments. Motility measurements including VCL
are measured followed by subsequent trapping measurements.
A more detailed description of the system has been presented
previously.'
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Fig. 1 Hardware diagram of system to study sperm motility and energetics. Abbreviations: charge-coupled device (CCD); data acquisition (DAQ);
image acquisition (IMAQ); infrared (IR); personal computer (PC); peripheral component interconnect (PCl), National Instruments (NI)
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2.3 Sperm Collection and Preparation with DiOC(3)

Human samples were supplied by Infertility, Gynecology, and
Obstetrics Medical Group (La Jolla, CA). The samples were fro-
zen according to a normal human freezing protocol.'*'® Human
sperm samples were thawed in a water bath at 37°C for 2 min,
and then centrifuged for 10 min at 2000 rpm. The supernatant
was removed and the pellet was resuspended in 1 mL of
HEPES-buffered modified Human Tubal Fluid (mHTF) with fil-
tered 5% serum substitute supplement (SSS) (Irvine Scientific,
Irvine, CA). The sample was again centrifuged for 10 min at
2000 rpm and resuspended. This two-wash technique was
used for all experiments. The final sperm dilutions of 30,000
sperm per mL were loaded into cover slide dishes (about
0.5 uL of sperm in 2.5 mL methylcellulose + mHTF+
SSSmedia) and mounted on the microscope stage.'!

For fluorescent studies 3,3’-dihexyloxacarbocyanine iodide
[DiOC4(3)], a nonratiometric carbocyanine dye supplied by
Invitrogen (Carlsbad, CA), was added to the prepared sperm:
40-nM stock DiOCg¢(3) dye was added into 250 uL of prepared
human sperm and was incubated at 37°C for 20 min.!' The
sperm sample was loaded into the optical system to measure
midpiece mitochondrial fluorescence. Stock solutions of
DiOCg(3) dye were prepared with dimethyl sulfoxide (DMSO).

2.4 Viscous Media Preparation

Media with different viscosities were created by varying the
concentration of methylcellulose (Sigma Aldrich M 7140, St.
Louis, MO) in mHTF + 5%SSS sperm suspension media. Spe-
cifically, media with viscosities of 3, 6, 9, and 15 cP were made
by adding 0.5%, 1%, 1.5%, and 2% (w/w) methylcellulose
(Sigma Aldrich M 7140) to the media, respectively. Initially,
one-third of the mHTF was heated to 80°C. The methylcellulose
powder was added to the heated mHTF media, and the mixture
was agitated until the particles were evenly dispersed. For com-
plete solubilization another one-third of the mHTF media was
added as cold media to lower the temperature of dispersion. The
final one-third of the mHTF media was added along with SSS
to yield a final mHTF 4 5% SSS solution with the desired
methylcellulose concentration. The solution was agitated and
subsequently cooled to 0°C to 5°C for 20 to 40 min to lower
the temperature of dispersion and further hydrate the methylcel-
lulose. The solution was then continuously agitated for an
additional 30 min after the proper temperature was reached.

2.5 Refractive Index Analysis

The refractive indices of the viscosity solutions were measured
using a digital refractometer (Sper Scientific model 300034,
Scottsdale, AZ) with instrument range of 1.330 to 1.5318,
resolution of 0.0001, and accuracy of +0.0002. Measurements
were taken at 22.3°C using 1 mL of solution. The refractive
index of a sperm cell was approximated to be 1.53 (Ref. 17).
The effect of refractive index on optical trap stiffness was
considered by comparing the differences between the refractive
index of a sperm cell and the indices of the media.'

2.6 Statistical Analysis

Comparisons between experimental data sets were performed in
MATLAB (Mathworks, Natick, MA) using the nonparametric
Wilcoxon rank sum test (based on 5% significance). The experi-
mental results are presented in Figs. 2-5 as box plots. Each box
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CASA VCL vs. Viscosity
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Fig. 2 CASA VCL vs. Viscosity. MATLAB was used to fit a power
model [y = (ax)b] to the medians of the data sets. The coefficients
with their 95% confidence limits were found to be a = 78.83 (72.3,
85.35) and b = —-0.1442 (—0.1952,-0.9315), yielding the equation
y = 78.83(x"01442) The correlation coefficient was determined to
be R? =0.9656. The n-values are: at 1 cP (n=1452), at 3 cP
(n=1744), at 6 cP (n=1295), at 9 cP (n=1715), and at 15 cP
(n=1471).

plot displays the following data: median (center line of box),
upper and lower quartile values (top and bottom of box, respec-
tively), range (upper and lower bars), and data points lying
outside 3-times the interquartile range. The notches of the
box plots represent the uncertainly of the median value. If
the notches do not overlap, then the medians are different at
the 95% confidence level.

RATTS VCL vs. Viscosity
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Fig. 3 RATTS VCL vs. Viscosity. MATLAB was used to fit a power
model (y = axP) to the medians of the data sets. The coefficients with
their 95% confidence limits were found to be a = 64.99 (58.88,
71.1) and b=-0.1668 (—0.226,-0.1076), yielding the equation
y = 64.99x701068  The correlation coefficient was determined to be
RZ = 0.9513. The n-values are: at 1 cP (n = 173), at 3 cP (n = 188),
at 6 cP (n =207), at 9 cP (n =217), and at 15 cP (n = 188).
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Pesc vs. Viscosity
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Fig. 4 Pesc vs. Viscosity. MATLAB was used to fit a power model (y =
a*x?) to the medians of the data sets. The coefficients with their 95%
confidence limits were found to be a = 2.953 (0.334, 5.573) and b =
1.824 (1.486, 2.163), yielding the equation y = 2.953(x'424). The cor-
relation coefficient was determined to be R?> = 0.9775. The n-values
are: at 1 cP (n=35), at 3 cP (n=39), at 6 cP (n=41), at 9 cP
(n=44), and at 15 cP (n = 27). The asterisks (x) indicate that there
was no significant difference between 1 and 3 cP at 5% confidence
level.

3 Results

For each sperm sample, motility parameters were first analyzed
at 1 cP (mHTF media with 5% SSS and no methylcellulose)
using the CASA system where the VCL could be closely mon-
itored in multiple fields of view. This measurement served as an
initial base-line for sperm quality/motility before subsequent

Fluorescence Intensity vs. Viscosity
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Fig. 5 Fluorescence versus viscosity. Midpiece fluorescence intensity of
DiOCq/(3) treated sperm was measured. Asterisks («) indicates that there
was no significant difference in fluorescence intensity between 1, 6, and
9 cP at the 5% level. The n-values are: at 1 cp (n=172), at 6 cP
(n=98), andat 9 cP (n = 95). Fluorescence intensity was measured
by subtracting the background intensity (sperm samples without fluor-
escence probe) from the fluorescence measurements using DiOCq(3).
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experiments were performed. CASA was then used to measure
VCL at 3, 6, 9, and 15 cP. The CASA VCL parameters
were aggregated and graphed using MATLAB as shown in
Fig. 2. The CASA VCL results demonstrate a decrease in
VCL with increasing viscosity. A power model [y = a(x?)]
was fitted to the medians of the datasets yielding the equation
y = 78.83(x™*1%?) with a correlation coefficient of R? =
0.9656. The same sperm samples were then measured for
VCL using RATTS. The aggregated data was graphed and fitted
to a power model yielding the equation y = 64.99(x~0-1638) with
a coefficient of R* = 0.9513. Although the VCL measurements
from RATTS were slightly lower than those from CASA, a simi-
lar relationship between VCL and viscosity was observed with a
confidence level greater than 95%, as shown in Fig. 3.

Measurements of Pesc were then performed using RATTS in
1, 3,6,9, and 15 cP media Fig. 4. A power model was fitted to
the medians of the data sets yielding y = 2.953(x!#2%) with a
correlation coefficient of R?> = 0.9775. The results reveal that
at higher viscosities the sperm escape from the laser trap at
higher laser powers. This indicates that the sperm swim with
greater force as viscosity increases. Statistical analysis of the
data sets reveal that the Pesc at 6, 9, and 15 cP are statistically
different (p <0.05) from the Pesc at 1 cP, with
p=311x10"%, p=135x10"%, and p=251x10"",
respectively. However, the Pesc at 3 cP was found to be statis-
tically the same (p > 0.05) as that at 1 cP, with a p-value of
0.6887. The statistical analysis indicates that viscosity affects
sperm swimming force in viscosities higher than 3 cP.

To examine if aerobic energetics plays a role in this phenom-
enon, sperm were incubated in media containing the membrane
potential-sensitive dye DiOCg¢(3) following the protocol pre-
viously described.!' The DiOCg(3)-treated sperm were tested
in viscosities of 1, 6, and 9 cP. The fluorescence data were aggre-
gated and graphed in Fig. 5. The data sets for 6 and 9 cP were
statistically compared to that for 1 cP using the Wilcoxon rank
sum test, and yielded p = 0.6023 and p = 0.8874, respectively.
These results indicate that there is no significant change with a
confidence of 95%. Therefore, it does not appear that there is an
increase in mitochondrial ATP generation as the sperm encoun-
ter higher viscosities even though, as shown in Fig. 5, they are
escaping from the trap with greater force.

The refractive indices of the solutions were measured using
a digital refractometer with a resolution of 0.0001 and an
accuracy of +0.0002 (Table 1). The index of refraction ranged
from 1.3361 £0.0002 at 1 cP to 1.3387 +0.0002 at 15 cP.
As the concentration increased, the index of refraction propor-
tionally increased at a rate of approximately 0.0013 per 1%
methylcellulose.

Table 1 Refractive indices of the viscosity solutions

Viscosity Refractive
Solution (cP) index
mHTF + 5% SSS + 0.5% methylcellulose 1 1.3361
mHTF + 5% SSS + 1.0% methylcellulose 3 1.3368
mHTF + 5% SSS + 1.5% methylcellulose 6 1.3374
mHTF + 5% SSS + 2.0% methylcellulose 15 1.3387
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4 Discussion

VCL measured on both the CASA and RATTS systems show
that as the viscosity increases, VCL decreases. This result is
not surprising considering basic principles of fluid mechanics:
an object moving through a fluid is subjugated to frictional
forces created by the viscosity of the medium. Increasing the
viscosity of the mHTF medium augments the fluid’s ability
to resist shear stress. Thus as viscosity increases, sperm velocity
should decrease. Although sperm swim-trajectory is compli-
cated because of its three dimensional waveform, its speed is
correlated to viscosity as fluid flow laws dictate for a linear,
nonrandom, traveling object.!” This trend is modeled using
MATLAB to fit the power regression y = a(x)? as in Figs. 2
and 3. The equation relates viscosity to motility parameters
as follows: CASA VCL = 78.83(Viscosity™*!1#2) and
RATTS VCL = 64.99(Viscosity*1968). The power parameter
b represents the rate at which VCL is decreasing with increasing
viscosity. Although the VCL measurements are slightly differ-
ent, the b parameters —0.1442 and —0.1668 fall within the 95%
parameter confidence limits for CASA and RATTS, respectively
(Figs. 2 and 3), and validate the accuracy of each system. A
possible explanation for the slight difference in VCL measure-
ments may be due the temperature of the sample; CASA heats
the sperm sample to 37°C which can affect viscosity of the solu-
tion, and RATTS measurements are made at room temperature,
20°C. Although the viscosity media made for this study were
calibrated at room temperature, the viscosity may have
decreased due to the increased temperature, accounting for
the increase in sperm VCL.

The Pesc motility parameter (sperm swimming force) mea-
sured using the optical tweezers and RATTS, responded differ-
ently to increasing viscosity. Interestingly, as the viscosity
increases above 3 cP, the Pesc increases. Thus, at higher visc-
osities the swimming force of the sperm increases. To model this
behavior MATLAB was used to fit a power regression produ-
cing the equation, Pesc = 2.953(Viscosity'$?#). By comparing
the VCL and Pesc b parameters, it is concluded that viscosity
has a significant effect on the swimming force of the sperm. The
effect of the methylcellulose on the refractive index and trap
stiffness was considered.'® Tt was determined that from 1 to
15 cP, the index of refraction increased by 0.0026. This
small increase in refractive index was calculated to contribute
to a less than 1.5% change in trap stiffness from 1 to 15 cP.
This small change does not explain the large nonlinear increase
in laser power needed to trap sperm at increasing viscosities.

A possible explanation for the increase in sperm swimming
force was that sperm energetics (ATP generation) increased in
response to the higher viscous environment. The sperm, in an
effort to maintain its VCL would increase ATP production in
the mitochondrial-rich midpiece. To investigate this possibility
the mitochondrial membrane potential-sensitive dye DiOCg¢(3)
was used to monitor the energetics of the sperm while in the trap
using the methods reported previously.! !> However, the experi-
mental results (Fig. 5) did not reveal any difference in mitochon-
drial midpiece fluorescence when the sperm were swimming in
media of different viscosities. Though these data suggest that the
increase in swimming force is not related to an increase in mito-
chondrial ATP generation (aerobic respiration), future experi-
ments should be conducted with other membrane-potential
dyes such as JC1 and DiOC,(3).'*?° In addition, the role of
ATP from anaerobic respiration (glycolysis) cannot be ruled
out as it has been shown to play a significant role in sperm
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energetics.'? Notwithstanding, the data presented in this paper
demonstrate that as viscosity increases, sperm swim with greater
force, but aerobic energetics remains relatively constant. This
leads to the speculation that the increase in swimming force
may be due to the biomechanical properties of the sperm flagel-
lum. Future studies using high speed imaging will permit
detailed analysis of flagellum waveform, and should help elu-
cidate the biomechanical effect of viscosity on sperm motility.>!

This study has focused on low viscosities which encompass
the 4 to 10 cP range found in the human male reproductive
tract.”>* Future studies examining higher viscosity environ-
ments will provide insight into a sperm’s journey through the
human female reproductive tract consisting of viscosities
upwards of 1700 cP.>*** In order to do these experiments, higher
power laser traps will be needed, and consequent thermal effects
of the trap will have to be mitigated.”®
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