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Abstract

With the advancement of science, detecting
functionality of mitochondria has become one
of the desirable parameters to evaluate sperm
quality. This is further aided by availability of
wide spectral range of fluorescent probes that
has advantage of simultaneous multi-parametric
assays. Apart from application of fluorescent
probes, computer-assisted image analyzers
can be used to assess mitochondrial function-
ality via motility attributes. In this chapter, we
have attempted to describe evaluation of mito-
chondrial functional status using fluorescent
dyes and thus have listed relative merits, pro-
tocols, and what to look for in the stained
sperm sample. This important chapter also
includes triple staining of sperm cells to eluci-
date integrity of acrosome, plasma membrane,
and mitochondrial functions simultaneously.
Additionally, procedure for flow cytometry of
fluorescent-stained sperm cells as an objective

method and tetrazolium (MTT) reduction
assay as an easy, inexpensive, and rapid spec-
trophotometric protocol to determine mito-

chondrial function in spermatozoa is
described.
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13.1 Introduction

Evaluation of sperm damages has always been
one of the hotspots in the field of assisted repro-
ductive technologies (ART). Earlier, optical
microscope was the principle instrument to eval-
uate sperm damages by conventional parameters,
e.g., viability, motility, intactness of the mem-
branes, and morphological studies. With the
advancement of science, it is now possible to
examine integrity of various organelles like acro-
some or mitochondria.

The mitochondrion, also known as power-
house of the cell, is the key indicator of the nor-
mal cellular function, for they are the principle
producers of ATP (for energy) and that of free
radicals as well as for ion homeostasis. The
sperm mitochondria (approximately 50-75),
localized in the mid-piece of the flagellum, con-
tain one copy of mitochondrial DNA (mtDNA) in
each [1]. The mtDNA wraps around the outer
dense fiber axoneme complex helically in a
species-specific manner during sperm synthesis
to form a cylinder-shaped mitochondrial sheath.
Inside this sheath, adjacent mitochondria associ-
ate both end to end and along their lateral sur-
faces (concentrated array of mitochondria
adjacent to the flagellum) provide some of the
energy for sperm motility [2] and to maintain cel-
lular integrity. In contrast, investigations have
shown that energy-dependent tubulin sliding,
very much required for sperm motility, takes
place at the faraway place (distal) in the flagel-
lum, indicating that energy consumption is rather
faraway from the site of aerobic ATP production
[3]. Nevertheless, mitochondria provide the mid-
piece and the sperm head with ATP required for
motility and housekeeping processes of mem-
branes; the most important and ATP-consuming
housekeeping process is maintenance of Na+/K+
gradient, thus indirectly driving other transport-
ers to regulate the chemical and electric gradient
over the plasma membranes. The process of
maintaining gradient also indirectly drives other
transporters and thus regulates the chemical and

electric gradient over the plasma membrane. It is
interesting to note that fresh sperm largely pro-
duces ATP by glycolysis (>90%) even in medium
containing oxygen [4]. It is thus amply evident
that for sperm to survive in female reproductive
tract and during ART, functional integrity of the
mitochondria is of utmost importance. Although
paternal mitochondria might enter the oocyte,
they are destroyed shortly after fertilization.

In fluorescent microscopic evaluation, func-
tionality of mitochondrion is detected by
organelle-specific dyes. These dyes generally
exploit the membrane-polarizing attribute of
mitochondria to differentiate metabolically active
from that of functionally dead spermatozoa.
Fluorescent probes that detect mitochondrial
membrane potential (MMP) are always posi-
tively charged, causing them to accumulate in the
electronegative interior of the mitochondrion
(Fig. 13.1). This change in the mitochondrial
membrane potential due to apoptosis or other
events is measured by a variety of fluorescent
techniques such as flow cytometry and fluores-
cent imaging. Investigators have used different
fluorescent dyes, viz., Rhodamine 123, tetra-
methylrosamine (conventional dyes),
MitoTracker® (a series of patented probes spe-
cific to mitochondria, Molecular Probes, Eugene,
Oregon, USA), and others (Table 13.1), and
reported their utility in evaluation of mitochon-
drial activity. Structural probes are capable of
staining mitochondria regardless of their
membrane polarization. Mitochondrion-selective
probes allow investigators to evaluate their activ-
ity, localization, and relative abundance in addi-
tion to monitor the effects of some drugs on
mitochondrial activity, such as anesthetics (in
human medicine).

Though electron microscopy (2D and 3D) has
evolved proving deeper insight into mitochon-
drial function, being a highly specialized field,
we have not delved into this aspect here. This
chapter describes relative merit of probes and
procedures involved in determining mitochon-
drial membrane potential in a sperm cell.
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A. Mitochondrion - Intact

Fig. 13.1 Evaluation of the functional state of spermato-
zoa mitochondrion. Development of proton gradient to
facilitate the electron transfer to O, to form water in mito-
chondrion results in generation of ATP by the enzyme
ATP synthase. This development of mitochondrial mem-
brane potential (AWm) of the inner mitochondrial mem-
brane (IMM) can be evaluated by the potentiometric
probes (fluorescent probes, Flu Pr) like JC-1. This probe
diffuses over the sperm plasma membrane and the outer
mitochondrial membrane (OMM), accumulating in the
IMM. While several of the potentiometric probes only
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B. Mitochondrion - Damaged

fluoresce when intercalated in the IMM, other probes flu-
oresce after interacting with free radicals generated by
mitochondrion that convert them to fluorescence. Because
of their negative membrane potential, mitochondria accu-
mulate lipophilic cations. Once mitochondrion loses its
integrity, the mitochondrial membrane proton gradient is
lost, and cytochrome C (CytC) required for electron trans-
port chain diffuses out. With the outflow of CytC and free
radicals (FR) from mitochondria, respiratory activity of
mitochondrion ceases, and potentiometric probes do not
recognize IMM and no fluorescence is generated

Table 13.1 Fluorescent probes used for evaluating mitochondrial attributes

MMP-sensitive (functional) probes

MMP-insensitive (structural) probes

Rhodamine dyes | Carbocyanine | Rosamine dyes Cardiolipin binder | Thiol (cysteine residue)
dyes binder

Rhodamine 123 JC-1 MitoTracker® Orange NAO MitoTracker® Green FM
CM-TMRos/CM-H,TMRos

TMRE IC-9 MitoTracker” Red CMXRos/ | Mito-ID MitoTracker® Deep
CM-H,TMRos Red 633

TMRM DiOC(3) Infrared fluorescent MitoTracker® Red 580
MitoTracker®

TMRE tetramethylrhodamine ethyl ester, TMRM tetramethylrhodamine methyl ester, NAO 10-N-nonyl acridine orange

13.2 Relative Merits
of Fluorescent Probes Used
for Detecting Mitochondrial
Activity

Rhodamine 123 (R123) was the original fluores-
cent probe to specifically stain functionally active
mitochondria. Rhodamine 123 characteristically
fluoresces red following development of proton

gradient over the inner mitochondrial membrane
(IMM). Conventional dyes such as tetramethyl-
rosamine and R123, although readily taken up by
functional mitochondria, have disadvantage of
leaching out of the sperm cells following loss of
the membrane potential, thus limiting their appli-
cation in investigations involving application of
aldehyde-based fixative or other probes that
influence the energetic state of the mitochondria.
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Moreover, results and interpretation of mitochon-
drial function studied in their native (live) state
differ greatly from that of investigations carried
out either on mechanically isolated mitochondria
or detergent-permeabilized cells. This is due to
the role played by cytosol as external medium on
the mitochondrial function. To overcome the
problem, the fluorescent probes (MitoTracker®,
Molecular Probes, Eugene, Oregon, USA) were
developed. Using MitoTracker® dyes, stained
sperm suspensions can be fixed with mitochon-
dria retaining the stains. They selectively label
the respirating mitochondria in live cells and,
therefore, are suitable for multi-parametric
sperm assessments [5]. Reduced MitoTracker®
CMTMRos and CMXRos (also called
MitoTracker® Orange and MitoTracker® Red,
respectively) belong to the rosamine molecule
family. These fluorescent probes have twin
advantage of being retained by the sperm even
after fixation with formaldehyde and red/orange
fluorescence suitable for multi-parametric
studies. However, MitoTracker® Orange
CMH2TMRos and MitoTracker® X-Rosamine
CM-H2XRos fluorescence fluoresce characteris-
tically after oxidation (takes place only under
oxidative respiration in live cells), making them
suitable for discriminating between apoptotic
cells from that of aerobically capable living
sperm [6].

Another probe, MitoTracker® Red CMXRos,
was used to investigate and classify cryo-
damaged sperm cells into structurally normal,
mid-piece droplet, mid-piece or flagellar droplet,
head abnormalities, damaged mid-piece or fla-
gellum, and spermatids [7]. On the other hand,
some of the fluorescent probes like JC-1 change
their fluorescent properties depending on the
changes in the potential of the IMM. Thus,
orange fluorescence of the JC-1-stained sperm
depicts functional mid-piece, whereas switching
of fluorescence from orange to green shows IMM
depolarization [8] and thus can be used to report
depolarization of the IMM as an indicator of
mitochondrial functionality. Smiley et al. [9]
have suggested JC-1 as the most appropriate
choice for assessing mitochondrial membrane
potential. In support of above observation, while

evaluating various mitochondrion-specific dyes,
Garner et al. [10] found the differential staining
of JC-1 to provide a more rigorous estimate of
metabolic function than R123 or MitoTracker®.
DiOC6(3), a carbocyanine dye from the DiOC
family, cannot be used exclusively to stain MMP
measurement in intact cells, except after dissipat-
ing the plasmatic and ER membrane potentials.
Investigators are advised to monitor the dye and
cell concentration with care to produce rigorous
and reproducible results. When probes such as
DiOC6(3) are employed at low volume (10-20
nM), it quickly attains equilibrium in the mito-
chondrion with low quenching effects. On the
other hand, the use of higher concentrations
(more than 50 nM) may result in staining of
structures other than mitochondrion (plasma
membrane and endoplasmic reticulum) and in
fluorescence quenching [11]. (Refer to Table 13.2
for relative merits of fluorescent probes.)

13.3 Microscopy in Mitochondrial
Evaluation

In evaluating mitochondrial function, cytometric
techniques such as flow cytometry and confocal
microscopy offer several advantages. The former
technique has the benefit of measuring fluores-
cence associated with single particles and is
effectively used even with low amount of biologi-
cal materials or probe. This confers advantage of
limiting quenching and light-scattering effects. In
flow cytometry molecules that are not incorpo-
rated into cells or organelles are not analyzed,
thus increasing accuracy of the result.
Additionally, this technique allows for generation
of quantitative data by assessing morphological
and functional characteristics of whole spermato-
zoa or mitochondria and helps in sorting of highly
purified sperm population in which mitochondria
can be studied. On the other hand, microscopy
involving fluorescent or confocal microscopes
provides accurate images of even the single intra-
cellular mitochondria and permits the observa-
tion on their distribution and organization as
reticular network in most of the cell types [11].
Compared to flow cytometry, confocal microscopy
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Table 13.2 Relative merits and demerits of mitochondrion-specific fluorescent probes

Fluorochrome; excitation,
emission spectra (AeyAem)

Advantage(s)

Disadvantage(s)

Rhodamine 123;
potentiometric probe
(488/515)

Rapid cellular uptake and
equilibration [12]

Not well retained in cells after
washing[14]

Can be combined with PI for viability
study [13]

Quenching phenomenon when used in
high concentration [15]

Highly specific for living cells[8]

Nonspecific binding to mitochondria[16]

Does not discriminate between low and
high MMP

Least photostable, spectral overlap with
other (green vs. red) probes [8]

Intermediate inhibition of mitochondrial
respiration [14]

MitoTracker® Green
FM; carbocyanine-

More photostable than R123 [14]

Commonly used for mitochondrial localization,

Not specific for mitochondria with
differential MMP [17]

based probes (488/515) size, and structure measurement [17]
Multi-parametric sperm assessments [5]
MitoTracker® Red Highly sensitive [14] Excitation wavelength may not be

CMXRos; derivative of
X-rosamine (568/598)

Multi-parametric sperm [5]

suitable for benchtop flow cytometer

Can be used to classify damages to sperm
morphology[7]

Differentiates aerobically capable sperm from
deteriorating mitochondria [6]

Requires more sophisticated
equipments [18]

MitoTracker® Deep Highly sensitiveand can be used prior to Overlapping photo-spectra may interfere
Red 633; carbocyanine- | fixation [14] in multi-parametric staining

based dye (628/650) Multi-parametric sperm assessments [5]

MitoTracker® Can be used prior to fixation [4] Excitation wavelength may not be
Orange,derivative of suitable for benchtop flow cytometer
tetramethylrosamine Multi-parametric sperm assessments [5] Requires more sophisticated

(488/550) equipments [18]

MitoTracker® Orange
CM-H,TMRos;reduced
probes (551/576)

Highly sensitive [14]

Excitation wavelength may not be
suitable for benchtop flow cytometer

Differentiates aerobically capable sperm from
deteriorating mitochondria [6]

Requires more sophisticated
equipments [18]

NAO:; 10-N-acridine
orange (495/519)

Well retained in the mitochondria [19]

Uptake does not depend on MMP [20]

Toxic at high concentration[21]

Mito-ID Red, (558/690)

Aldehyde, binds cardiolipin,F

Least cytotoxic and phototoxic, superior
photostable [14]

JC-1; carbocyanine
group (488/535)
(monomer, green), 590
(J-aggregates, orange)

Dual fluorescence (orange and green) to
differentiate sperm with varying MMP

JC-1 red fluorescence of aggregates can
be sensitive to photo-bleaching [14]

Can be used for both quantitative and
qualitative analyses[8]

Can report depolarization and functionality of
mitochondria [8]

Better than R123 or MitoTracker® dyes in
evaluating mitochondrial activity [10]

More specific for mitochondrial vs.

plasma membrane potential[22]. More
consistent in response to depolarization than
R123/DiODy(3) [5]

Can be used to stain intact tissue or isolated
mitochondria [22]

Slow probe [8]

(continued)
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Table 13.2 (continued)

Fluorochrome; excitation,
emission spectra (AeyAem)

Advantage(s)

Disadvantage(s)

TMRM/TMRE;
rhodamine derivatives
(548/573, 549/574,

Nontoxic, do not form aggregates, do not show
binding-dependent fluorescence [23]

Minimum concentration of probe is to be
maintained for repeatable results

Low concentration is sufficient for

Quantitatively related to the contrast

resp.) staining [24]

between intra- and extracellular

organelles [24]

Specific for mitochondria not other

fluorescences that must be taken into
account during the MMP measurement

No inhibition of mitochondrial respiration by
TMRM, intermediate by TMRE [14]

in intact cells [14]

DiOCq(3); carbocyanine

dye (484/501) study [25]

Can be combined with PI for viability

Not specific to mitochondria,
stains Golgi apparatus at high
concentration [14]

Does not discriminate between low
and high MMP [8]

Strongest inhibitor of mitochondrial
respiration [14]

MTT; tetrazolium redox

Simple, rapid, and reliable [26]

Not suitable for cytohistochemistry

salt (protocol) Inexpensive [27]

procedures which require finer study of
cellular structures

PI propidium iodide, MMP mitochondrial membrane potential, TMRE tetramethylrosamine ethyl ester, TMRM tetra-

methylrosamine methyl, NAO 10-N-nonyl acridine orange

measures only a few sperm cells at a given time
and is unsuitable to evaluate large homogenous
sperm cell population. On the other hand,
compared to conventional fluorescence micros-
copy, confocal laser scanning microscopy offers
several advantages. For one, the blur due to out-
of-focus images is nonexistent, and 3D recon-
structions from serial sections (even in live cells)
provide detailed analysis of the samples [28]. On
the other side of the spectrum, there are several
kits available for mitochondrial evaluation. Such
kits are fast and simple, offer a convenient label-
ing and assaying mitochondrion, and are com-
plete with required reagents for flow cytometry
or fluorescent microscopy. Limitation is that
most of the kits are often evaluated on a limited
number of cells. Though kits are characterized by
a short sampling time, they are expensive in com-
parison to laboratory-made reagents. It is there-
fore necessary to verify their specificity on sperm
cells [14].

13.4 Color Palette
for Mitochondrion
in Simultaneous
Multi-parametric Staining

In many of the investigations, evaluation of more
than one parameter is required to be studied
simultaneously. In such cases, an investigator is
required to carefully select color combination of
various fluorescent probes for each parameter to
arrive at unambiguous results. Therefore, keep-
ing in mind the experimental need, a table depict-
ing color palette of some of the fluorescent probes
used for evaluating mitochondrial function is
given below (Table 13.4). For example, depend-
ing upon the fluorescence color of the
mitochondrial probe given below, viability
probes such as propidium iodide, SYBR-14, or
Hoechst 33342 (red, green, or blue, respectively)
can be selected (Table 13.3).
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Table 13.3 Fluorescent palette of probes used for evaluating mitochondrial function in multi-parametric study of

sperm quality

Red fluorescence

Yellow and orange fluorescence

Green fluorescence

MitoTracker® Red CMXRos

MitoTracker® Orange CMTMRos

DiOCq(3)

MitoTracker® Red CM-H,XRos Rhodamine 6G Rhodamine 123
MitoTracker® Red FM Tetramethylrosamine 10-N-nonyl acridine orange
JC-1/1C-9 Tetramethylrhodamine methyl ester (TMRM) JC-1/1C-9

MitoTracker® Tetramethylrhodamine ethyl ester (TMRE) -

Deep Red FM

RedoxSensor™ Red CC-1 -

13.5 Washing of Spermatozoa

Principle

Washing of spermatozoa is necessitated for esti-
mation of cholesterol content of spermatozoa,
in vitro capacitation and acrosome reaction and
several other fluorescent assays. For washing of
spermatozoa, fresh and frozen-thawed spermato-
zoa are washed using Percoll density gradient
[29] to remove egg yolk particles, dead cells, and
debris. However, investigators must bear in mind
that not all experimental protocols require wash-
ing of spermatozoa.

Materials
Percoll, non-capacitating medium (NCM), and
cryo-centrifuge

Percoll 40% and 80 %
40/80 mL Percoll
Dilute to 100 mL with NCM

Procedure

(a) Take 1 mL of 80% Percoll in a disposable 15

mL centrifuge tube.

Carefully layer 1 mL of 40% Percoll in test

tube containing 80% Percoll.

(c) Now gently layer one mL fresh or thawed
semen on top of the two-step Percoll
column.

(d) Centrifuge this test tube at 400 g for 30 min.

(e) Throw away supernatant and resuspend the
remaining pellet in NCM.

(f) Repeat the first step for washing.

(b)

(g) Resuspend the final pellet again in 2 mL
NCM.

(h) From this suspension make aliquot of 1 mL
containing 100 million spermatozoa in
cryovials.

(1) Store cryovials at —20 °C till used further.

13.6 Protocols for Mitochondrial
Staining

13.6.1 Rhodamine 123

Principle

Rhodamine 123 was the first dye used to selec-
tively stain functional mitochondria. Rhodamine
123 accumulates within the sperm mid-piece
depending upon a transmembrane electrical
potential [30]. R123 being a potentiometric
membrane dye (builds up as a result of an active
electron carrier chain because of oxidative phos-
phorylation) only fluoresces green when proton
gradient over IMM is built up. The flowback of
the protons through the ATP synthase to the
matrix of the mitochondria leads to ATP produc-
tion. Collapse of the proton gradient, indicative
of the unfunctional mitochondria, results in non-
staining of the cell. Thus, unstained sperm is
indicative of the absence of functional mitochon-
dria. In contrast, positive-stained cells are aerobi-
cally functional [10]. It is quite remarkable to
note that an individual sperm either has a fully
fluorescent mid-piece or is nonfluorescent, sug-
gesting that depolarization is a sequential, orches-
trated event happening simultaneously over
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mid-piece [31]. While R123 is highly specific for
living cells, it does not possess the ability to dif-
ferentiate between mitochondria of low and high
membrane potential [8]. Also, results are some-
times not sufficiently reproducible without using
relatively high amounts of mitochondria [32]. In
such cases, the fluorescent R123 then accumu-
lates in the mitochondrial membranes with
quenching effect. For the above reasons, R123
for determining mitochondrial membrane poten-
tial is seldom used. Another probe of this group,
RedoxSensor Red CC-1 stain is sensitive to the
superoxide anion [33]. The protocol for evaluat-
ing mitochondrial activity in live spermatozoa
using fluorescent probes R123 and propidium
iodide (PI) is given below.

Materials

Rhodamine 123 (5 mg/mL DMSO, stock solu-
tion) and propidium iodide (1 mg/mL DW, stock
solution)

Working R123 Solution

30 pL R123 stock solution

120 pL DMSO

Prepare aliquots of 30 pL; wrap and store
at =20 °C

Working PI Solution
50 pL stock PI solution
100 pL PBS

Procedure

(a) Take 1 mL semen sample containing 10 x 10°
sperm/mL in a 2 mL wrapped cryovial.

(b) Add 3 pL of working R123 solution.

(c) Incubate for 15 min at 37 °C in the dark.

(d) Add 10 pL of working PI solution.

(e) Incubate for 10 min at 37 °C in the dark.

(f) Centrifuge the mixture for 5 min at 500x g.

(g) Discard supernatant and resuspend the sperm
pellet in 1 mL PBS.

(h) Place 10 pL of the suspension on micro-
scopic slide and cover it with coverslips.

(i) Examine under epifluorescence microscopy
(600x) equipped with digital camera.

(j) Use excitation/barrier filters of 490/515 nm
for R123 (blue excitation).

(k) For PI use excitation/barrier filters of
545/590 nm (green excitation).

Determining Optimum Concentration of PI

(a) Take 10 x 10° sperm/mL in a cryovial.

(b) Fix the cells using either with 0.1% saponin
(10 min) or 70% ethanol (30 min).

(c) Stain the sperm cells using 0.1-10 pmol/L of
PI. A very high concentration of PI will stain
both nucleus and cytosol.

(d) Examine under microscope and select con-
centration giving best images.

Observations
The following fluorescent staining pattern will be
visible in the semen smears.

(a) Viable sperm with functional mitochondria:
only green fluorescence at the mid-piece
(b) Dead spermatozoa: red fluorescence

Note that Rhodamine 123 shows nonspecific
staining of the sperm head (Fig. 13.2).

Points to Ponder

(a) For the above experiment, Olympus CH 30,
Tokyo, Japan, can be used.

(b) DMSO solutions can be used for several
months. Store working solutions prepared in
DMSO under —20 °C.

(c) The working solutions prepared using PBS
are unstable; hence, discard after each use.

(d) PI is highly mutagenic. Wear gloves, safety
goggles, and mask when handling PI.

(e) Wash the skin immediately copiously once it
comes in contact with PI.

(f) In case of contrasting fluorescence from
background, wash the pellet once. The back-
ground fluorescence is due to hydrolyzed dye
remaining in the media.

(g) Always pipette gently to avoid hurting the
cells.

(h) Determine the optimum reagent concentration
and staining time for best fluorescent images.
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Fig. 13.2 Microphotograph
shows spermatozoa stained
with Rhodamine 123 and
propidium iodide (PI)

stains. Green fluorescence
of mid-piece shows sperm
cells with mitochondrial
membrane potential (MMP),
dead sperms stained orange/
red. Sometimes live sperm
heads also take up green
fluorescence

13.6.2 JC-1

Principle

JC-1 and JC-9 are two members of the cyanine
family. They are dual-emission potential-
sensitive (polychromatic) probes that can be used
to measure changes in the MMP. The dis-
appearance of the MMP is indicative of early
stages of apoptosis. Cossarizza and others [22]
used the lipophilic, cationic compound,
5,5’,6,6’-tetrachloro-1,1",3,3’-tetraecthylbenzimi-
dazolylcarbocyanine iodide (JC-1) to discrimi-
nate mitochondria with low or high membrane
potential. Staining with JC-1, a slow dye, leads to
formation of multimers known as JC-1 aggre-
gates [34] after accumulation in mitochondria
with high MMP or monomers (M-band) in mito-
chondria with low MMP. In addition to
J-aggregates, JC-1 can form monomers (M-band)
in mitochondria with low membrane potential. In
apoptosis or other events that dissipate the MMP,
accumulation of the JC-1 dye in the mitochondria
is prevented, and thus, the dye is dispersed
throughout the entire cell leading to a shift from
red (JC-1 aggregates, multimers) to green fluo-
rescence (JC-1 monomers, apoptotic cells). Thus,
JC-1 has the distinct advantage of differentiating
cells of high and low mitochondrial membrane
potential. The membrane-permeant JC-1 dye is
widely used to measure mitochondrial health in
apoptotic studies by detection of fluorescence

175

> Morbid sperm
~ Live with MMP

> Morbid with MMP

ratio. This permits investigators to make com-
parative measurement of MMP and thus deter-
mine the number of mitochondria within a given
cell population that responds to an applied
stimulus.

The fluorescence of the cells stained with JC-1
can either be observed by the fluorescence
microscopy or measured by the fluorimetric/flow
cytometric analysis. In flow cytometry, drawing
of two-dimensional green versus red fluorescence
(ratio of green to red fluorescence) permits com-
parative measurements of MMP between cell
population. The number of cells with a low MMP
could be measured on a biparametric histogram
with green vs. red fluorescence or using a red-to-
green ratio as a derived parameter [22].

Materials
DMSO, JC-1, and stock staining buffer (HEPES/
BSA)

Preparation of Stock Solution

(JC-1, 200x, Img/mL)

(a) Add 200 pL of DMSO to vial containing
1 mg JC-1.

(b) Close the vial firmly and vertex it.

(c) Leave the solution for 15 min to ensure JC-1
is completely dissolved.

(d) Add DMSO to make up the volume to 1 mL.

(e) Mix thoroughly; prepare working aliquots
and store at —20 °C.
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Stock Staining Buffer (HEPES/BSA, 5x)
650 mM NaCl

20 mM KCl

70 mM fructose

50 mM HEPES

5 mM CaCl,

2.5 mM MgCl,

0.5% BSA

Staining Buffer (5x/1x)

To prepare 2 mL of the working staining buffer
(1x), take 400 pL of the 5x buffer, and make up
the volume to 2 mL.

Working Staining Solution (1 mL)
Procedure

(a) Take 5 pL of the stock solution and 800 pL
of ultrapure water in 2 mL tube.

(b) Close the tube and mix thoroughly by
inversion.

(c) Incubate the tube for 2 min to completely
dissolve JC-1.

(d) Add 200 pL of staining buffer (5x) to the
tube and mix by inversion.

(e) Procedure described below is for suspension
containing 1 x 10° spermatozoa/mL.

(f) Fresh/frozen-thawed semen samples need to
be washed before subjecting them to
staining.

(g) Mix 1 mL each of the working staining solu-
tion and sperm suspension.

(h) Incubate for 20 min at 37 °C in a humidified
atmosphere containing 5% CO?.

(i) Take 2 mL of already prepared working
staining buffer and place it on crushed ice.

(j) Centrifuge the sperm suspension (600 x g,
4 min at 5 °C).

(k) Aspirate the suspension and place the tube
containing sperm pellet on crushed ice.

(1) Wash the cell pellet with 1 mL of ice-cold
working staining buffer.

(m) Resuspend the cells in 1 mL of ice-cold
working staining buffer.

(n) Now sperm cells are ready to be evaluated
by either fluorescence microscopy or fluori-
metric or flow cytometry assay.

13.6.2.1 Fluorescence Determination
13.6.2.1.1 Fluorescence Microscopy
Fluorescence microscopy requires the use of var-
ious filters to evaluate different color patterns.
The following filters are recommended with JC-1
staining: in live cells (JC-1 aggregates, bright
red), standard broad-pass filters used for PI can
be used; and in apoptotic (JC-1 monomers,
green), standard broad-pass filters used for FITC
can be used. Dual band-pass filters designed to
detect two fluorescent probes simultaneously
(e.g., FITC/Cy3) can also be used. Fluorescent
microscopes such as Olympus BX 51 and 100x
objective using a simultaneous combination of
excitation and emission filters at 488/650 nm can
be used (Fig. 13.3).

13.6.2.1.2 Fluorimetry

For JC-1 multimers (JC-1 aggregates), set the
fluorimeter at 525/590 (ex/em) nm wavelength,
and determine the orange fluorescence (first run).
For JC-1 monomers, set the fluorimeter at
490/530 (ex/em, optimum is 525 ex) nm wave-
length, and determine the green fluorescence
(second run). This is followed by blank correc-
tion (BC, against TALP containing 2 pM JC-1) of
total fluorescence of each well (TF). The means
of the TF and BC fluorescence, termed as relative
fluorescence units (RFUs), for the two wells is
used as the treatment value.

13.6.2.1.3 Flow Cytometry

Use FL 1 and FL 2 channels for detection of JC-1
monomers and aggregates, respectively. Thus,
healthy non-apoptotic cells will be detected in
both  FL1 and FL2 channels (FLI1bright,
FL2bright), and cells with altered mitochondrial
function due to apoptosis or other cellular pro-
cesses will remain bright in the FL1 channel, but
will have reduced FL2 intensity (FL1bright,
FL2dim).

Note
(a) The valinomycin contained in the chemicals

supplied by the Sigma-Aldrich (USA) per-
meabilizes (for K+ ions) the mitochondrial
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Fig. 13.3 Staining of
bovine spermatozoa
with JC-1 (40x).
Microphotograph
showing mid-piece (MP)
of bovine spermatozoa
stained with JC-1 stain:
In live cells with high
mitochondrial
membrane potential
(MMP), bright red
fluorescence is observed,
whereas in apoptotic
spermatozoa mid-piece
appears green to light
orange in color due to
JC-1 monomers

membrane, thereby dissipating the MMP.
Thus, it can be used as control that prevents
JC-1 aggregation.

(b) For a valinomycin control (mitochondrial
gradient dissipation), add 1pL of the valino-
mycin to the staining solution and mix well.

(c) Ready to use staining buffer (Catalogue No.
J3645, Sigma-Aldrich, Bengaluru, India) can
also be used.

Observations

JC-1 is a green fluorescent (Aex 530 nm) mono-
mer and an orange/red fluorescent (Aem 590 nm)
at low and high, respectively, MMP in cells. The
mitochondrial size, shape, or density do not influ-
ence the ratio of red-to-green fluorescence
(reversible) of JC-1 which is dependent only on
MMP. The potential-sensitive color shift is due to
concentration-dependent formation of red fluo-
rescent J-aggregates.

Points to Ponder

(a) While making working aliquots from the stock
solution for any given procedure, quantity
should be sufficient for staining all the samples
(including the control) to avoid variation.

(b) Since the procedure for staining the sperm
cells requires staining buffer of 5 and 1x, do
not dissolve entire quantity of stock (5x)
staining buffer at once.

177

»Apoptotic, MP-green

-Live, MP-bright red

(c) The sperm samples should always be kept on
crushed ice after staining with JC-1.

(d) No longer than 30 min should elapse between
final stage of staining and evaluation.

(e) While evaluating JC-1-stained cells, it is
advisable to take image of sperm cells stained
red first which fades faster than green
fluorescence.

13.6.3 Triple Staining Protocol

The triple staining procedure [35] to evaluate
mitochondrial activity as well as intactness of the
plasma and acrosome membrane of spermatozoa
using combination of JC-1, propidium iodide
(PI), and FITC-PSA (fluorescein isothiocyanate-
pisum sativum agglutinin) is described below.

Materials

Tyrode’s albumin lactate pyruvate (TALP), prop-
idium iodide (0.5mg/mL in PBS), JC-1 (153 pM
in DMSO), and FITC-PSA (100 pg/mL in PBS)

Procedure

(a) Dilute fresh semen sample in pre-warmed
(37 °C) TALP to a final concentration of 25 x
10° sperm/mL.

(b) Transfer 150 pL of semen sample to a pre-
warmed silver foil wrapped microtube.
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(c) Add 3 pL of PI, 2 pL of JC-1, and 50 pL of
FITC-PSA to the above sample.

(d) Incubate the mixture at 37 °C for 8 min.

(e) Place 7 pL of the stained sample on a cleaned
glass slide and put coverslip.

(f) Evaluate immediately under differential

interference contrast microscopy.

Count at least 200 cells per slide (in dupli-

cate) and classify sperms as given below.

(2

Observation

Fluorescence pattern exhibited by spermatozoa
after staining with triple stain is described below.
An investigator is well advised to keep in mind that
certain fluorescence pattern might totally be absent
from his experimental observations. This might
be due to overlapping fluorescence color palette.
Moreover, it is sometimes difficult to differenti-
ate red fluorescence emitted from PI- or JC-1-
stained spermatozoa with high MMP (Fig. 13.4).
The appearance of colorless head with colored
tails indicates live cells [36] (Table 13.4).

Points to Ponder

Microscope — Nikon Eclipse 80i: magnification,
1000x with a triple filter (D/F/R, C58420, Nikon)
with UV-2E/C (excitation at 340-380 nm and

High MP -

Intact PM

Intact AM

Fig. 13.4 Staining of bovine spermatozoa with triple
stain (JC-1+PI+FITC, 40x). Microphotograph showing
mid-piece of bovine spermatozoa stained with JC-1 stain:
In live cells with high mitochondrial potential (high MP),
bright red fluorescence is observed, whereas in apoptotic

N. Srivastava and M. Pande

Table 13.4 Fluorescence pattern exhibited by sperm
cells with varying physiological status

Fluorescence
Sperm attributes | pattern Inference
Intact PM, intact | G-Acr + Live, Al with
AM, high MP BO-MP active M
Intact PM, intact | G-Acr + G-MP | Live, Al with
AM, low MP inactive M
Intact PM, LG-Acr + Apoptotic with
damaged AM, BO-MP active M
high MP
Intact PM, LG-Acr + Apoptotic with
damaged AM, G-MP inactive M
low MP
Damaged PM, R-N + G-Acr + | Morbid, AI with
intact AM, BO-MP activeM
high MP
Damaged PM, R-N + G-Acr + | Morbid, Al with
intact AM, G-MP inactiveM
low MP
Damaged PM, R-N + LG-Acr Morbid, AR
damaged AM, + BO-MP with activeM
high MP
Damaged PM, R-N + LG-Acr | Morbid, AI with
damaged AM, + G-MP inactive M
low MP

Acr acrosome, AM acrosome membrane, AR acrosome
reacted, Al acrosome intact, BO bright orange red, G
green, LG light green, M mitochondria, MP mitochondrial
membrane potential, MP mid-piece, N nucleus, R red, PM
plasma membrane

Intact AM

. IntactPM

Low MP

spermatozoa mid-piece appears green to light orange in
color due to JC-1 monomers (low MP). Lectin bound with
fluorescein (FITC) has stained acrosome as green (intact
AM), whereas intact plasma membrane (PM) is also
stained green
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emission at 435-485 nm); B-2E/C (excitation at
465-495 nm and emission at 515-555 nm); and
G-2E/C (excitation at 540-525 nm and emission
at 605-655 nm) filters.

13.6.4 MitoTracker® Probes

Principle
Although conventional fluorescent stains (e.g.,
tetramethylrosamine and Rhodamine 123) are
easily sequestered by functioning mitochondria,
these stains wash out of spermatozoa quickly
once the MMP is lost. This drawback limits the
application of such stains in procedures requiring
cellular treatment with aldehyde fixative or
agents which affect MMP. This limitation is over-
come by application of MitoTracker probes —
patented mitochondrion-specific dyes that
accumulate in high MMP even when cells are
fixed [37] (MitoTracker® Mitochondrion-
Selective Probes, Molecular Probes, Invitrogen,
Paisley, UK).

The cell-permeant MitoTracker® probes have
a mildly thiol-reactive chloromethyl moiety for
labeling mitochondria. This group appears to
keep the dye associated with the mitochondrial
cytosols after fixation [28]. MitoTracker® probes
are derivative of either tetramethylrosamine or
carbocyanine compound: MitoTracker® probes
such as rosamine-based dyes, viz., MitoTracker®
Orange CMTMRos (derivative of tetramethylro-
samine) and MitoTracker® Red CMXRos (deriv-
ative of X-rosamine); reduced probes, viz.,
MitoTracker® Orange CM-H2TMRos and
MitoTracker® Red CM-H2XRos (derivatives of
dihydrotetramethylrosamine and dihydro-X-
rosamine, respectively); and MitoTracker® Deep
Red, MitoTracker® Red FM, and MitoTracker®
Green FM (carbocyanine-based MitoTracker®
probes); the stained sample retains the fluores-
cent pattern characteristic of viable cells. This
reduced probes do not show fluorescence until
after they enter live spermatozoa, whereupon
they are oxidized to form the respective fluores-
cent mitochondrion-selective probe followed by
their sequestration in the mitochondria. Moreover,
MitoTracker® Green FM and MitoTracker® Red

FM are useful to stain live cells as well but are
not retained after cell fixation. Several
MitoTracker® probes with red fluorescence (well
resolved from green fluorescence of other
probes) such as MitoTracker® Red CMXRos,
MitoTracker® Deep Red FM, and MitoTracker®
Red FM are suitable for multicolor labeling
experiments.

Materials
DMSO  (anhydrous), formaldehyde,
MitoTracker® Red CMXRos

and

Stock Solutions (1 mM)
50 pg MitoTracker®® Red CMXRos
Dilute to 1 mL of DMSO

Working Solutions (100 nM) (for Cells
Requiring Fixing and Permeabilization)

Procedure

(a) Take semen sample containing 10° cells.

(b) Wash the sample as described before.

(c) Carefully aspirate and discard
supernatant.

(d) Resuspend the cells gently in 1 mL of work-
ing probe solution (37 °C) by vortexing.

(e) Incubate for 30 min at (37 °C).

(f) After staining, add 1 mL of PBS (37 °C) to
the suspension; re-pellet the spermatozoa by
centrifugation (500 x g for 5 min).

(g) Resuspend the cells gently in 1 mL of PBS
containing 2% formaldehyde.

(h) Incubate the suspension at 37 °C for 15 min.

(i) Permeabilize the cells by incubating in ice-
cold acetone for 5 min.

(j) Rinse the cells two times in PBS.

(k) Examine under fluorescence microscope as
described before.

the

Observations

Living sperm cells will show red fluorescence.
However, it is advisable to combine this probe
with other viability probes used for viability
studies, e.g., SYBR-14 to differentiate between
apoptotic and viable cell number.
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Points to Ponder

(a) The rosamine MitoTracker® probes once
reduced turn sensitive to oxidation in solu-
tion. Therefore, storage under argon or nitro-
gen at <20 °C (may be in liquid nitrogen)
protected from light is a must.

(b) Reduced MitoTracker® probes require com-
paratively higher concentration than other
MitoTracker®® probes to stain sperm cells.

(c) Do not store working solutions of dihydro
derivatives; use immediately  after
preparation.

(d) MitoTracker® green dyes stain other cellular
structures at higher concentrations.

(e) Always use warm (37 °C) solutions for stain-
ing purposes.

(f) Permeabilization of sperm cells improves
fluorescence of the cells.

13.6.5 MTT Reduction Assay

Principle

This assay exploits ability of living and
metabolically active spermatozoa to reduce yel-
low water-soluble salt tetrazolium (3[4,5-
dimethylthiazol-2-y1]-2,5-diphenyltetrazolium
bromide) or MTT, to formazan, a water-insolu-
ble purple compound. This is achieved by the
reductive cleavage of its tetrazolium ring in the
active mitochondria in the succinate dehydro-
genase system [38]. The procedure involves
determining the amount of formazan spectro-
photometrically and serves to indicate the
number of functional mitochondria and thus
live cells, in a sample [39]. This is comparable
to resazurin redox dye and methylene blue
reduction assay described elsewhere in this
book. The procedure given below is adapted
from the protocol described by Mosmann [40].

Materials
Dilution buffer (HEPES buffer with 1% BSA)
and MTT stock solution (5 mg MTT/mL of PBS

Procedure

(a) Take a semen sample containing >70% of
viable spermatozoa.

(b) Determine sperm cell concentration using
hemocytometer.

(c) Dilute the test semen sample with dilution
buffer at 1:1 ratio.

(d) Divide the sample in 10 tubes containing
200-2000 x 10° cells serially.

(e) Make up the volume in each tube to 2 mL
using dilution buffer.

(f) Mark them S1-S10.

(g) Take 2 mL of dilution buffer in another tube
and mark it B (blank).

(h) Set the spectrophotometer reading (550 nm)
to zero using blank (B).

(i) Add 200 pL of MTT stock solution to tubes
marked S1-S10.

(j) Take optical density (OD) of the samples
S1-S10 immediately.

(k) Incubate the samples at 37 °C for 1 h and
take OD.

(1) The reduction rate of MTT for individual
sample is arrived at by deducing the dif-
ference between the first and second read-
ing (OD).

(m) Plot a standard curve using sperm concen-
tration vs. OD reading (X and Y axes,
resp.).

(n) Dilute the test semen sample (200 pL) with
dilution buffer (1.8 mL); mark it T.

(0) Add 200 pL of MTT stock solution; mix
well and take OD.

(p) Incubate the test sample at 37 °C for 1 h and
take OD.

(q) Calculate the difference between two read-
ings, and using standard curve, calculate
mitochondrial function/viability of the test
sample.

Observations
The MTT reduction rate (OD) at 550 nm after 1 h
incubation at 37 °C ranges from zero to one.
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Points to Ponder
Absolute cleanliness of the test tubes used is a
must for accurate results.

13.7 Background Information

Mitochondria (mito, filaments; chondria, grains)
are important cellular organelle involved in the
survival of eukaryotic cells including sperm cells.
They perform essential cellular functions to
maintain homeostasis within and in the metabo-
lism of lipids and proteins [41]. Like Janus, mito-
chondria show two aspects of cellular survival;
i.e., it is associated with continuation of viability
and vitality in addition to playing a crucial cen-
tral role in the regulation of apoptosis [4], stand-
ing like a keeper of the passage between death
and life.

It is apparent that evaluating mitochondrial
function is crucial to determine sperm health.
Over passage of time, several techniques and
probes have been developed to evaluate mito-
chondrial function without destroying the cell
(timeline, Figure 10.7). Various mitochondrion-
specific cationic dyes tend to accumulate within
the spermatozoa and more particularly localize in
the mitochondrial matrix, induced by the MMP
(refers to potential difference between the intra-
and extracellular aqueous phases or resting
potential).

Property of some of the dyes to form covalent
bonds with mitochondrial proteins enhances their
compatibility with fixation step in cellular stain-
ing. This is important in instances where samples
are to be examined after some lag. In such experi-
ments, formaldehyde followed by acetone is
most suited for subsequent permeabilization
[42]. The latter agent permits intracellular label-
ing using antibodies and also improves intracel-
lular retention of the probe. However, these
procedures (fixation or permeabilization) cannot
be applied to staining with MitoTracker® Green
FM (Table 13.5).

While using a fluorescent probe, an investiga-
tor is advised to use threshold level (unique for
all dyes) of that particular probe; any concentra-
tion above this results in fluorescence quenching.

Table 13.5 Chronology of emergence of fluorescence

probes for assessing mitochondrial functionality

2002 | MitoSOX Batandier et al. [43]
(2002)
2001 | Carboxy Takahashi et al. [44]
SNARF-1 (2001)
2000 | MitoFlour Keij et al. (2000) [45]
RedoxSensor Chen and Gee [33]
Red CC-1 (2000)
1996 | MitoTracker® Poot et al. (1996) [46]
1991 |JC-1/1C-9 Reers et al. (1991) | [47]
Smiley et al. [9]
(1991)
1990 | Styryl dyes Bereiter-Hahn [48]
(1990)
1988 | TMRM/TMRE | Ehrenberg et al. [23]
(1988)
1983 | NAO Septinus et al. [20]
(1983)
1981 | Carbocyanines Johnson et al. [49]
(1981)
1980 | Rhodamine 123 | Johnson et al. [12]
(1980)
1900 | Janus Green B Michaelis (1900) [50]

Adapted from Cottet-Rousselle et al. [14]

Fluorescent quenching results in signal from
matrix becoming largely independent of excess
accumulation of cationic probes. In cells loaded
with higher concentrations than this threshold,
fluorescence quenching in the cells results in arti-
facts in the MMP signal. In view of the above
information, a researcher must consider the effect
of the fluorescent dye distribution along the sper-
matozoa plasma membrane. Following rapid
mitochondrial depolarization and subsequent
redistribution of the fluorescent probe from accu-
mulated (quenched) matrix, a transient high fluo-
rescence in the cytoplasm will be produced. This
cytoplasmic quenching will eventually decay as
the probe redistributes across sperm plasma
membrane [51]. This property of the cationic
fluorescent probes mandates that a researcher
must use a third to fourth of the recommended
initial loading concentration in the new buffer or
medium for even distribution [52].

Depending on the type of the probe and con-
centration, application of mitochondrion-specific
fluorescent probes induces inhibition of sperm
mitochondrial respiration (none with TMRM,
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Table 13.6 Troubleshooting

Problem Probable cause Solution
Cells Damaged dye Check expiry,
improperly due to prolonged | and discard
stained storage
The working Prepare fresh
solution not working solution
properly prepared

or is exposed to
light

The Use proper
concentration of | solvent to prepare
working solution | recommended
too low concentration

Efflux of dye

A physiological

Examine stained

from cells function of cell cells quickly
Insufficient Probenecid, a
reagent transport
inhibitor, may be
used
Probe not Dye may be Use a vortex
dissolved sticking at the mixer or
properly bottom ultrasonic bath to
dissolve the dye
Damaged dye Check expiry,
and discard
Wrong solvent Use
recommended
solvent
High Insufficient Repeat washing
fluorescent washing with PBS
background Too much dye Prepare
recommended

concentration
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