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 Sperm mobility is defined as the net movement of a sperm population 

against resistance.  Previous research demonstrated that the cell-permeant Ca2+ 

indicator rhod-2 AM gave a fluorescent signal predominantly in the head region 

of fowl sperm that differed between sperm mobility phenotypes.  This thesis 

served to explore the role of intracellular calcium in high and low mobility fowl 

sperm using fluorimetric techniques.  Experiments were performed with the cell-

permeant Ca2+ indicator fluo-3 AM.  Confocal microscopy revealed two distinct 

staining patterns of fluo-3 AM in fowl sperm.  Eighty-nine percent of high 

mobility sperm cells were stained solely in the midpiece and sixty percent of low 

mobility sperm cells were stained throughout the entire cell.  Both confocal 

microscopy and flow cytometry showed that there was no difference in fluo-3 AM 

signal between mobility phenotypes (p = 0.18, p = 0.11).  A posteriori analysis 

revealed that there was a difference in midpiece volume between cells with 

different fluo-3 AM distributions (p <0.0001).  Cells stained solely in the 

midpiece, had larger midpieces than those stained throughout the whole cell.  This 

research demonstrates that fluo-3 AM targets Ca2+ in fowl sperm differently than 



 

rhod-2 AM and that fluo-3 AM can be used as an indicator of mitochondrial Ca2+ 

content in fowl sperm.  These findings suggest that mitochondrial Ca2+ content is 

equivalent between sperm cells of differing mobility while Ca2+ in the perinuclear 

space acts as a supply for mitochondrial Ca2+ cycling.  Future research must 

address the questions of why fluo-3 AM shows a different staining pattern than 

rhod-2 AM, how intracellular Ca2+ moves between compartments, and whether or 

not there is a direct relationship between fluo-3 AM distribution and sperm cell 

function. 
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INTRODUCTION 

 

Sperm cells can be considered self-propelled DNA delivery vehicles.  The 

success or failure of a sperm cell to deliver DNA to an oocyte depends on its 

ability to overcome a variety of obstacles.  The cell must be able to travel from 

one point to another under its own power for an extended period of time.  The 

study of sperm motility is therefore of great importance in understanding the 

physiological basis for variation in fertilizing ability within populations. 

An extensive study of fowl sperm over the past ten years has yielded a 

defining characteristic of sperm subpopulations known as sperm mobility:  the 

ability of sperm to move against resistance.  Roosters show great variation in 

sperm mobility which has allowed for classification of individual males based 

upon this trait.  The expression of sperm mobility phenotype is thus a variable 

open to study in physiological research.  

This thesis describes a set of experiments designed to compare the levels 

of intracellular Ca2+ in sperm characterized by high and low mobility using 

fluorimetric techniques of confocal microscopy and flow cytometry.  The cell-

permeant Ca2+ indicator fluo-3 AM was used for this purpose.  These experiments 

build upon previous research using another cell-permeant Ca2+ indicator, rhod-2 

AM.  The object of this research was to further elucidate the physiological 

processes underlying variation in fowl sperm mobility. 
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LITERATURE REVIEW 

 

 Sperm motility is a critical variable in the field of reproductive biology as 

evidenced by the research reviews in the CRC Press handbook entitled Controls 

of Sperm Motility:  Biological and Clinical Aspects edited by Gagnon (1990).  A 

variety of methods, both subjective and objective, have been used to measure 

sperm motility.  One contemporary objective means of measuring sperm motility 

is computer-assisted sperm motion analysis.   This technique matured as a 

laboratory method in the 1980s and 1990s.  For example, the first peer-reviewed 

manuscript published in Biology of Reproduction using this technique was in 

1988 by Mack et al in an article entitled “Quantitation of specific parameters of 

motility in large numbers of human sperm by digital image processing.”  Whereas 

computer-assisted analysis afforded unprecedented information about the motile 

properties of individual sperm cells, it remained difficult to predict male fertility 

based upon such information until the late 1990s with the discovery of sperm 

mobility. 

 This discovery stemmed from the development of an objective, yet 

inexpensive, method for measuring poultry sperm motility (Froman and McLean, 

1996).  These authors had four goals at the onset of their work:  to 1) measure 

sperm motility at physiological temperature, 2) do so with readily available 

laboratory equipment, 3) use individual males as semen donors, and most 

importantly, 4) gain useful biological information. 
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 The technique was based upon the potential of sperm to enter an Accudenz 

solution pre-warmed to 41ºC, the body temperature of the domestic fowl.  The 

assay was performed as follows.  First, sperm were diluted to a fixed 

concentration.  Then a fixed volume of sperm suspension was overlaid upon 6% 

(w/v) Accudenz in a cuvet.  The absorbance of this solution was measured with a 

spectrophotometer after a 5-min. incubation at 41ºC.  Perhaps the most significant 

experimental outcome was the fact that sperm penetration of Accudenz was 

highly variable among a relatively small sample of roosters.  In contrast, these 

roosters did not differ with respect to more common measures of semen quality, 

such as semen volume and sperm concentration. 

 Froman and McLean (1996) noted that their assay, though originally 

intended to measure sperm motility, was actually a means of measuring sperm 

mobility; for a subpopulation of sperm within a volume of semen moved from one 

medium into another and the size of this subpopulation varied among males.  The 

fertility of males characterized by minimal and maximal sperm mobility differed 

in a preliminary fertility trial (Froman and McLean, 1996).  This observation 

served as the basis for a more detailed series of fertility trials (Froman et al. 

1997). 

 The first trial tested the effect of average and highly motile sperm on 

fecundity as assessed by hatchability, hatch of fertilized eggs, and fertility.  Hens 

were artificially inseminated weekly over a 14-week interval.  The sperm mobility 

phenotype of semen donors was determined beforehand.  The derivative 

frequency distribution approximated a normal distribution.  Semen donors were 
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selected from the upper tail and center of this distribution.  Thus, semen donors 

were characterized by high and average sperm mobility.  Hatchability, fertility, 

and fecundity were higher in hens inseminated with pooled semen from males of 

high mobility phenotype than that of hens inseminated with pooled semen from 

males of average mobility phenotype. 

 A replicate fertility trial tested the effect of insemination dose.  This trial 

was conducted over a 3-wk interval in which hens were artificially inseminated 

once a week with an insemination dose of 25, 50, or 100 x 106 sperm.  Fertility 

was determined by examining embryonic development in eggs after 4 days of 

incubation.  The most important observation from this trial was sperm mobility 

phenotype had a highly significant effect on fertility.  In fact, the minimal 

insemination dose using semen from high sperm mobility males resulted in 9% 

greater fertility than that observed with the maximal insemination dose of semen 

from average sperm mobility males.  This work demonstrated the difference 

between an insemination dose and an effective insemination dose. 

 Male phenotype was independent of time over a 20-week interval.  

Therefore, Froman et al. (1997) demonstrated the potential for identifying males 

with high fertilizing ability using the sperm mobility assay. 

Sperm mobility was formally reported as a quantitative trait by Froman 

and Feltmann (1998).  This was a more extensive study of phenotypic differences 

using a larger base population of roosters.  The study confirmed that fowl sperm 

mobility assay score is a normally distributed variable with high repeatability.  A 

one-week fertility trial corroborated the work of Froman et al (1997).  The 
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repeatability of the assay and fertility trial result suggested that sperm mobility 

might be a heritable trait.  It also verified that the sperm penetration assay could 

be used to assess reproductive potential of individual males from only a few 

semen samples.  This was unprecedented in any other species and opened up 

possibilities for more revealing studies of sperm mobility in poultry. 

The possibility that phenotype was independent of time was tested more 

thoroughly by Froman and Feltmann (1998).  Individual males of high and 

average phenotype were assayed weekly over 34 weeks, the duration of roosters’ 

peak reproductive performance.  The differential mobility between phenotypes of 

individuals remained intact.  In light of the confirmation of mobility phenotype 

independence of time, it was deemed useful to explore cellular functions 

underlying sperm mobility. 

High and average mobility sperm from individual males were compared in 

morphology, metabolism, ATP content and the effect of protein phosphatase 

inhibition on sperm mobility (Froman and Feltmann, 1998).  There was no 

difference in sperm morphology between phenotypes as evaluated by phase-

contrast microscopy.  In the sperm metabolism analyses, sperm were first washed 

by centrifugation through 12% Accudenz and then re-suspended in a glucose-free 

medium, neither of which affected sperm mobility using aerobic conditions.  

Phenotypic differences appeared when ATP synthesis was limited to 

mitochondrial respiration.  In contrast, sperm mobility was blocked for both 

phenotypes in the presence of cyanide.  Upon addition of glucose in the presence 

of cyanide, which enables ATP synthesis by glycolysis, sperm mobility was 
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greatly reduced compared to aerobic conditions.  High mobility sperm had much 

greater ATP content than average mobility sperm.  Sperm mobility of average 

males increased upon inhibition of protein phosphatase.  A correlation analysis 

revealed a high correlation between sperm ATP content and sperm mobility.  

These findings led Froman and Feltmann (1998) to attribute phenotypic 

differences in sperm mobility to differential rates of mitochondrial ATP synthesis. 

Froman et al. (1999) further explored attributes of mitochondrial function 

as they related to sperm mobility phenotype, elucidating sperm mobility as a 

determinant of fertility.  This was the first study in which computer-assisted 

sperm motion analysis enabled the researchers to link properties of individual 

sperm motion to behavior of large sperm populations characterized by differential 

mobility and fertilizing capacity.  The study was based on a few key concepts.  

First, if differential rates of oxygen consumption existed between sperm mobility 

phenotypes, then mitochondrial respiration was a major component of the 

expression of sperm mobility phenotype.  If so, then fatty acid content as a source 

of energy might also be different between phenotypes.  Secondly, individual 

motile sperm might differ in some property of motion between phenotypes that 

might account for the differences in larger sperm populations.  Third, if fertility 

was found to be a function of sperm mobility, then sperm mobility must be a 

primary determinant of fertility.  Lastly, the alternative theory that the hen’s 

oviduct may play a larger role in limiting sperm movement, in the form of vaginal 

immunoglobulins, than sperm mobility itself could be tested in vitro. 
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The hypothetical importance of mitochondrial function was supported by 

the findings of two-fold higher oxygen content and long-chain fatty acid content 

in the form of acylcarnitine in high mobility males compared to average mobility 

males.  It was proposed that stearic acid was a source of energy as an endogenous 

substrate for oxidation in the mitochondrial matrix in fowl sperm. 

Computer-assisted sperm motion analysis with a Hobson SpermTracker 

revealed that linear velocity and straightness, a measure of trajectory, were greater 

in high mobility individuals compared to average males.  These differences in 

sperm motion not only suggested an explanation for differential phenotype but 

also served as a basis for the relationship between sperm mobility and fertility. 

When fertility was measured for a 1-week interval following a single 

insemination and then plotted as a function of time, fertility was a function of 

sperm mobility phenotype.  Data conformed to a skewed logistic function.  

Therefore, the authors concluded that sperm mobility is a primary determinant of 

fertility in the domestic fowl. 

The factors affecting sperm movement within the hen’s oviduct were of 

key importance to Froman et al (1999).  They proposed that sperm mobility was 

of the utmost importance with regard to sperm gaining access and entering the 

hen’s sperm storage tubules (SST).  They determined that sperm movement in the 

oviduct was decided by properties inherent to the sperm rather than selective 

pressures exerted by the oviduct in the form of an immunological barrier, as 

vaginal immunoglobulins had no discernible effect on sperm viability in vitro. 
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In this and the previous study by Froman and Feltmann (1998) the authors 

surmised that the sperm mobility assay was an effective predictor of fertility 

because it measured net movement of a sperm population against resistance, 

mimicking a critical aspect of sperm movement within the oviduct required for 

fertilization.  The authors made an important hypothesis for future study:  sperm 

stay in the SST by actively moving against a current.  Loss of energy and onset of 

immobility cause the sperm to be carried out of the SST. 

Sperm mobility was also found to affect the outcome of competitive 

fertilization by Birkhead et al (1999).  Earlier fertility trials conducted by Froman 

and McLean (1996), Froman et al (1997), and Froman et al (1999) had been 

noncompetitive in nature.  In contrast, Birkhead et al (1999) devised a fertility 

trial to determine the efficacy of the sperm mobility assay in predicting the 

outcome of sperm competition between two sires within the same hen.  An equal 

number of sperm from selected pairs of average and high mobility males were 

mixed and inseminated groups of hens.  Paternity of hatchlings was determined 

by microsatellite analysis. 

The high mobility males were disproportionately successful over average 

mobility males in siring offspring.  Furthermore, the larger the difference between 

mobility of the paired males, the greater the proportion of hatchlings sired by the 

high mobility phenotype.  It was noteworthy that no evidence of female effect on 

the outcome of sperm competition was found.  This corroborated the work of 

Froman et al (1999) refuting the theory of a vaginal immunological barrier to 
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sperm.  Thus, sperm mobility phenotype affected fertility as evidenced by non-

competitive and competitive fertility trials. 

Similar to the hypothesis advanced by Froman et al (1999), the movement 

of sperm in the oviduct was deemed to be of primary importance in explaining the 

fertilizing success of high mobility sperm in competition.  Birkhead et al (1999) 

hypothesized that a greater proportion of high-mobility sperm avoid ejection from 

the hen’s vagina and enter the sperm storage tubule more successfully than sperm 

of average mobility.  The relationship between sperm mobility and sperm storage 

in the SSTs appeared to warrant further exploration. 

Froman and Feltmann (2000) conducted a thorough study of sperm 

motility using computer-assisted sperm motion analysis.  The authors described a 

novel technique for the analysis of fowl sperm using an erythrocyte monolayer on 

the bottom of the examination chamber.  This monolayer enabled sperm velocity 

to be independent of time during a 5- to 10-minute interval.  Thus, the authors 

made phenotypic comparisons without artifact.  Preliminary work by Froman et al 

(1999) had demonstrated that sperm mobility phenotype depended upon sperm 

velocity and straightness of sperm cell trajectory. 

Froman and Feltmann (2000) demonstrated that motile concentration in 

addition to straight-line velocity (VSL) contributed to phenotypic expression in an 

experiment using a small group of roosters characterized by low, average and 

high sperm mobility.  A large-scale experiment followed using representative 

subpopulations.  There were distinct mean values of motile concentration for low, 

average and high mobility phenotypes of 0.52, 0.84, and 0.95 x 106 sperm/ml.  
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Mean VSL for low sperm mobility males was 25% lower than the mean VSL for 

average and high sperm mobility males. 

Motile concentration was correlated to sperm mobility (r = 0.71).  There 

was also a correlation (r = 0.79) between sperm trajectory and VSL.  Rapidly 

moving sperm tended to follow a straighter trajectory, thus being more efficient in 

travel from one point to another.  However, there was little correlation (r = 0.18) 

between motile concentration and VSL.  These findings led the authors to 

conclude that motile concentration was the most important property that 

accounted for variation in sperm mobility within a population, while VSL had an 

additive effect in association with straightness of sperm cell trajectory. 

The authors noted that their computer-assisted sperm motion analysis 

methods simulated aspects of sperm movement in the female reproductive tract.  

After insemination, sperm undergo extreme dilution on the epithelial surface of 

the vagina as they move towards the SSTs.  Computer-assisted sperm motion 

analysis entailed measuring the motile properties of widely dispersed sperm as 

they moved over a cell layer at body temperature.  The variation observed among 

males with respect to motile concentration and VSL provided more evidence that 

mitochondrial ATP synthesis and resistance to oxygen toxicity was critical to 

phenotypic expression. 

A companion study by Froman et al (2003) showed that VSL distributions 

were skewed to the right for males in general.  Thus, any given ejaculate 

contained a subpopulation of highly motile sperm.  However, the size of these 

subpopulations varied among phenotypes.  Therefore, sperm mobility phenotype, 
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as measured by the absorbance of an Accudenz solution, was plotted as a function 

of the number of sperm within an ejaculate with a VSL > 30 micrometers per 

second.  The resultant linear relationship demonstrated that sperm mobility 

phenotype was a function of the area of the upper tail of a VSL distribution. 

Two serendipitous discoveries were made in the early 2000s relative to the 

study of sperm mobility.  Froman (2003) integrated previous knowledge of SST 

structure with computer-assisted sperm motion analysis to deduce a model for 

sperm storage in the oviduct of the domestic fowl.  This study tested in detail the 

hypothesis put forth by Froman and Feltmann (1998).  The model purported that 

sperm enter and maintain position in the SST by moving against a current 

imposed by SST secretions.  Sperm egress occurs when sperm VSL decreases and 

the sperm is carried out of the SST by the current.  In addition, Froman and 

Feltmann (2004) found that fowl sperm motility depends on mitochondrial 

calcium cycling driven by extracellular sodium.  The source of calcium in 

regulation of fowl sperm motility appeared to come from within the cell rather 

than outside the cell when sperm were incubated in the presence of a calcium 

chelator.  This corroborated earlier studies implicating the mitochondrion as the 

organelle of most importance in regards to fowl sperm mobility; for calcium is 

stored within the mitochondrial matrix. 

Froman and Kirby (2005) confirmed that sperm mobility phenotype in 

roosters was determined by mitochondrial function.  This study tested the role of 

mitochondria in expression of sperm mobility phenotype by biochemical, 

structural and genetic methods.  Previous studies by Froman et al (1998; 1999) 
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had implied a critical role for mitochondria based on differential oxygen 

consumption and acylcarnitine content between sperm mobility phenotypes.  In a 

previous study by Froman et al (2002) a significant maternal additive genetic 

effect was observed when heritability of sperm mobility was estimated.  The 

objective of the Froman and Kirby (2005) study was to explain phenotypic 

variation in sperm mobility taking into account mitochondrial DNA and the role 

of the mitochondrial Ca2+ cycle in fowl sperm oxidative phosphorylation. 

A random-bred population of roosters was used in initial experiments 

assessing sperm oxygen consumption, mitochondrial helix length and 

mitochondrial ultrastructure.  Sperm mobility was correlated with sperm oxygen 

consumption, corroborating the correlation between sperm mobility and ATP 

content found by Froman et al (1998).  In contrast, phenotype was independent of 

mitochondrial helix length.  Mitochondrial ultrastructure was evaluated for sperm 

characterized by average sperm mobility.  Aberrant mitochondria were 

characterized by swollen and disorganized cristae.  The incidence of aberrant 

mitochondria in the sperm suspension overlay increased 4.4-fold when mobile 

sperm entered the Accudenz solution during the course of a sperm mobility assay.  

Therefore, collective data sets demonstrated that immobile sperm were 

characterized by aberrant mitochondria. 

The realization that immobile sperm contained dysfunctional sperm 

prompted the use of semen donors selected for low or high sperm mobility in 

subsequent work.  Three variables were deemed to be critical:  sperm oxygen 

consumption, mitochondrial ultrastructure, and motile concentration.  A threefold 
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difference in sperm oxygen consumption between high and low lines was 

observed.  Forty-seven percent of sperm from low-line males contained aberrant 

mitochondria compared to 4% of aberrant mitochondria in high-line males.  These 

extreme differences in dysfunctional mitochondria ultrastructure were deemed to 

account for the difference in motile concentration observed between low and high 

lines (0.51 vs. 1.01 x 106 sperm/ml) by computer-assisted sperm motion analysis.  

The mean values of oxygen consumption and motile concentration in the 

genetically selected males corresponded to extremes of the range observed in the 

random-bred rooster population. 

VSL had a similar effect on straightness among motile sperm in both lines.  

Thus, the properties of motile sperm did not differ between lines.  However, the 

number of sperm with a VSL of greater than 30µM/sec in low sperm mobility line 

was 32% of that observed for the high sperm mobility line.  This difference in the 

number of highly motile sperm between lines was consistent with the findings of 

Froman et al (2003). 

The experiments of Froman and Kirby (2005) established that sperm 

mobility phenotype depended on mitochondrial function at the structural and 

biochemical level, which in turn was altered by genetic selection.  They proposed 

that mitochondrial uptake of Ca2+ and loss of K+ was affected by the action of 

glutamate channels in the plasma membrane during sperm maturation, and that 

sperm mobility phenotype variation stemmed from the extent to which glutamate 

induced excessive mitochondrial Ca2+ uptake before ejaculation. 
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A series of experiments conducted by Froman et al (2006) explored the 

interrelationships of Ca2+ cycling and glutamate in mitochondria dysfunction in 

rooster sperm cells.  The authors tested the possibility that mitochondrial function 

was compromised to a greater extent in sperm from ejaculates of low mobility 

phenotype than that of high mobility phenotype.  Males characterized by low or 

high sperm mobility phenotype were used as semen donors.  Hens were 

inseminated with three times as many total sperm from low sperm mobility males 

to maximize SST filling.  Differing patterns of sperm egress from the SSTs were 

observed between phenotypes, as inferred from perforations of the oocyte inner 

perivitelline layer by individual, acrosome-reacted sperm.  Although perforation 

density decreased exponentially with time in both cases, the rate of decay was 

much greater for low mobility ejaculates.  The mobile sperm in low mobility 

ejaculates had the ability to ascend the vagina but did not persist in the SSTs to 

the extent of sperm from high mobility ejaculates.  The authors inferred that the 

mobile sperm from males characterized by low sperm mobility had a latent defect 

in mitochondrial function that resulted in a faster rate of egress from the SSTs. 

The authors tested the role of Ca2+ homeostasis in phenotypic expression 

of sperm mobility.  Sperm cell Ca2+ content was estimated by confocal 

microscopy with a cell-permeant fluorescent Ca2+ indicator.  Fluorescence 

intensity differed between phenotypes when sperm were stained with the 

fluorescent Ca2+ indicator rhod-2 AM.  Greater fluorescence was observed in 

sperm from the low sperm mobility males.  The cells showed most fluorescence in 

the head region, presumably in the nuclear envelope.  The authors noted that the 
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perinuclear space in sperm cells is a functional equivalent of the smooth 

endoplasmic reticulum’s lumen where Ca2+ is stored in somatic cells.  

Fluorescence was decreased by 50% when sperm were rendered immotile by 

incubation with the Ca2+ chelator BAPTA.  Thus, there was a dynamic 

intracellular Ca2+ pool within the sperm. 

The link between extracellular glutamate and intracellular Ca2+ was 

investigated.  Addition of an agonist of the N-methyl-D-aspartate (NMDA) 

glutamate receptor to high mobility phenotype sperm caused an increase in motile 

concentration and VSL.  This established the presence of NMDA ion channels in 

fowl sperm and confirmed the positive effect of NMDA channel function on 

sperm mobility.  In contrast, a specific inhibitor of the smooth endoplasmic 

reticulum calcium (SERCA) pump, thapsigargin, decreased motile concentration 

and VSL.  This effect was counteracted by the presence of cyclosporin A, an 

inhibitor to the formation of the mitochondrial permeability transition pore (PTP).  

Thus, formation of the PTP was induced through manipulation of the Ca2+ pool in 

the perinuclear space.  Glutamate concentration was 1.5-fold greater in the 

seminal plasma of low sperm mobility males when compared to that of high 

sperm mobility males.  This was in accordance with the hypothesis proposed by 

Froman and Kirby (2005) linking seminal plasma glutamate with sperm cell 

dysfunction. 

The results of these experiments suggested to the authors a mechanism 

that explained phenotypic variation in sperm mobility phenotype.  The authors 

noted that inhibition of the SERCA pump promotes Ca2+ efflux from the storage 
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space and formation of the PTP occurs in response to elevated mitochondrial Ca2+ 

levels.  The authors proposed that 1) glutamate enabled Ca2+ uptake through 

NMDA channels prior to ejaculation, 2) a subpopulation of sperm took up 

excessive amounts of Ca2+ that triggered formation of the PTP, and 3) sperm 

mobility was decreased in proportion to PTP formation when sperm became 

motile upon ejaculation.  Thus, formation of the mitochondrial PTP appeared to 

be pivotal to expression of sperm mobility phenotype. 

In review, sperm mobility was defined by the extent to which a 

subpopulation of sperm from a sperm suspension overlay was able to penetrate an 

Accudenz solution at body temperature after brief incubation.  The sperm 

mobility assay simulated the environment of the female reproductive tract in 

which motile sperm must advance to reach and enter the sperm storage tubules.  

Sperm mobility was a prime determinant of male fitness in both non-competitive 

and competitive fertilizations.  Sperm mobility was found to be a quantitative trait 

and a primary determinant of fertility.  Computer-assisted sperm motion analysis 

demonstrated that concentration of motile sperm and straight-line velocity were 

determinants of sperm mobility phenotype.  Subpopulations of highly motile 

sperm within ejaculates were characterized in differential mobility phenotypes.  

Sperm mobility phenotype was found to be a heritable trait linked to the 

mitochondrial genome.  Mitochondrial function was of central importance in 

expression of sperm mobility phenotype as differences were found in ATP 

content, oxygen consumption, Ca2+ content, mitochondrial structure, and 

persistence of sperm in the female reproductive tract.  A model explaining 
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phenotypic variation in sperm mobility implicated a key role for the 

mitochondrial permeability transition pore. 

However, it was unknown whether differences in Ca2+ content and 

localization of Ca2+ as indicated by rhod-2 AM were a function of that particular 

fluorophore’s properties.  Given the importance of mitochondrial calcium cycling 

in the expression of sperm mobility as demonstrated in previous experiments, it 

was surprising that rhod-2 AM should be localized in the nuclear envelope rather 

than the midpiece.   The role of calcium in sperm cell motility might be further 

explored with another cell-permeant Ca2+ indicator fluorophore, fluo-3 AM.  

Therefore, the purpose of this thesis was to test the hypothesis that sperm cells 

stained with fluo-3 AM would show a difference in fluorescence intensity 

between phenotypes and localization in the nuclear envelope of fowl sperm cells.  

This hypothesis was tested by confocal microscopy for visualization of individual 

cells and flow cytometry for comparisons of large numbers of cells between 

sperm mobility phenotypes. 
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MATERIALS AND METHODS 

Experimental Animals 

Experimental animal care was in accordance with the Guide for the Care 

and Use of Agricultural Animals in Agricultural Research and Teaching.  Birds 

were caged (30 x 46 x 63 cm) and maintained on a 14L:10D photoperiod.  Sperm 

mobility phenotype was measured according to the method outlined by Froman 

and McLean (1996) using males from lines of chickens selected for either low or 

high sperm mobility.  Unless specified, individual ejaculates were used to 

replicate observations within experiments. 

Confocal Microscopy 

Males characterized by either low or high sperm mobility were used as 

semen donors (n=5 per phenotype).  The experimental design was randomized 

and a sample from each phenotype was viewed on a common slide.  Unless 

specified, reagents were purchased from Sigma Chemical Co. (St. Louis, MO).  

Sperm mobility phenotype was confirmed before incubation.  One set of sperm 

was incubated in 5 µM rhod-2 AM and another set incubated in 5 µM fluo-3 AM 

(Invitrogen, Carlsbad, CA) as follows.  A 50 µl volume of semen was diluted to 5 

x 108 sperm per ml in 50 mM N-tris[hydroxy-methyl]methyl-2-amino-

ethanesulfonic acid (TES), pH 7.4, containing 128 mM NaCl and 2 mM Ca2+ 

(TES-buffered saline).  An 80-µl volume of sperm suspension was combined with 

415 µl TES-buffered saline and 5 µl of 500 µM rhod-2 AM or fluo-3 AM in 

dimethyl sulfoxide (DMSO) within a polystyrene cuvette.  Each cuvette was 
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covered with a 2-cm2 piece of Parafilm (VWR International, Inc., Seattle, WA), 

and cuvettes were incubated at 41ºC for 30 min. 

Microscopy was performed as follows.  A 250-µl volume of each sperm 

suspension was diluted with an equal volume of 3% (w/v) NaCl to dilute and 

immobilize sperm cells.  Sperm cells were visualized under oil with a Zeiss 510-

META inverted confocal microscope (OSU Center for Genome Research and 

Biocomputing) using a 63X objective.  Incident light with a wavelength of 543 

nm was emitted from a HeNe laser when visualizing rhod-2 AM stained cells.  

Incident light with a wavelength of 405 nm was emitted from an Argon laser 

when visualized fluo-3 AM stained cells.  Image analysis was performed with 

Zeiss Image Browser software.  Relative fluorescence units were measured from 

each midpiece of approximately 150 sperm cells per male.  Fluorescence 

measurements were evaluated by one-way ANOVA with S-PLUS software. 

Flow Cytometry 

Sperm were incubated in 5 µM fluo-3 AM as follows.  Semen donors were 

from two lines of New Hampshire chickens selected for low or high sperm 

mobility (n = 10 males per line).  A 50-µl volume from each ejaculate was diluted 

to 5 x 108 sperm per ml in 50 mM N-tris[hydroxy-methyl]methyl-2-amino-

ethanesulfonic acid (TES), pH 7.4, containing 128 mM NaCl and 2 mM Ca2+.  An 

80-µl volume of sperm suspension was diluted further with 415 µl of buffer 

within a polystyrene cuvet, and 5-µl of dimethyl sulfoxide (DMSO) was added 

containing 500 μM fluo-3 AM.  The cuvet was covered with a 2 cm2 piece of 

Parafilm (VWR International, Inc., Seattle, WA) and incubated at 41º C for 30 
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min.  Flow cytometry was performed using sperm suspensions containing 4 x 106 

sperm per ml and an EPICS XL flow cytometer (Beckman Coulter, Inc.).  Data 

summaries, based upon 1 x 104 sperm per sample, were provided by System II 

software (Beckman Coulter, Inc.).   A replicate experiment was performed as 

described above.  Mean fluorescence was evaluated by one-way ANOVA with S-

PLUS software. 

A Posteriori Analyses of Midpiece Morphology and Fluo-3 AM 

Distribution 

The midpiece length, width, and volume of cells stained with fluo-3 AM 

from the confocal microscopy experiment were measured using Zeiss Image 

Browser software.  The distribution of fluo-3 AM within the cells was compared 

between sperm mobility phenotypes.  Measurements were evaluated by one-

ANOVA and Chi-square test with S-Plus software. 
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RESULTS 
 

Visual Assessment of Sperm Cells Stained With Rhod-2AM vs. Fluo-3 AM 

Fluo-3 AM was localized either solely to the midpiece region (Figure 1) or 

throughout the entire cell.  Rhod-2 AM was localized to the head and midpiece of 

sperm cells, with the head region appearing brighter than the midpiece (Figure 2).  

Fluo-3 AM appeared to be localized to the midpiece in greater proportion within 

the high mobility phenotype cells (Figure 3).  Low mobility phenotype cells 

appeared to contain a greater incidence of Fluo-3 AM staining throughout the 

entire cell (Figure 4). 

Quantitative Phenotypic Comparisons with Fluo-3 AM  

There was no difference observed between phenotypes in midpiece 

fluorescence (p = 0.18).  High and low mobility cells had a mean fluorescence of 

208.5 ± 3.3 and 215.1 ± 2.8 fluorescence units, respectively (Table 1).  Midpiece 

length did not differ between phenotypes (p = 0.57).  High and low mobility 

midpiece lengths were 0.585 ± 0.005 µm and 0.588 ± 0.004 µm, respectively. 

Midpiece width and volume means were greater for high mobility phenotype cells 

(p= 0.001, p=0.012; Table 1).  High mobility phenotype sperm midpiece width 

and volume means were 0.131 ± 0.002 µm and 8.117 ± 0.205 nm3, while low 

mobility sperm midpiece width and volume means were 0.124 ± 0.002 µm and 

7.360 ± 0.210 nm3.  There was a difference observed in regard to dye distribution 

within cells.  89% of high mobility cells showed staining solely in the midpiece 
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compared to 40% of low mobility cells, a significant difference in proportion 

(p<0.001; Table 2). 

Flow Cytometry 

There was no evidence for a difference in mean fluorescence between 

phenotypes in the first experiment (p = 0.65).  Mean fluorescence of high mobility 

cells was 556.6 ± 9.7 units while that of low mobility cells was 564.4 ± 13.7 units.  

Comparison between phenotypes in the second experiment yielded a two-sided p-

value of 0.03, with mean fluorescence in high mobility phenotype cells of 628.7 ± 

19.4 units compared to 567.0 ± 18.1 units in low mobility phenotype cells.  When 

data from both experiments were combined, mean fluorescence was equal 

between phenotypes (p = 0.11; Table 3).  Mean fluorescence of high and low 

mobility phenotype cells was 594.6 ± 13.8 units and 565.7 ±11.0 units, 

respectively. 

A Posteriori Analysis of Fluo-3 AM Distribution 

There was no difference in midpiece fluorescence between cells stained 

solely in the midpiece compared to those stained throughout the cell (p = 0.60; 

Table 4).  Fluorescence was 211.8 ± 4.0 units and 211.9 ± 2.6 units for cells 

stained solely in the midpiece and throughout the cell, respectively.  There were 

significant differences found in midpiece length, width and volume between cells 

characterized by dye distribution.  Cells with dye localized solely in the midpiece 

had longer, wider, and more voluminous midpieces than cells with dye distributed 

throughout the cell (p <0.01; Table 4).  Midpiece dimension means for cells 

stained solely in the midpiece were 0.602 ± 0.004 µm length, 0.132 ± 0.001 µm 
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width, and 8.398 ± 0.161 nm3 volume.  Cells stained throughout had midpiece 

dimensions of 0.549 ± 0.005 µm length, 0.117 ± 0.002 µm width, and 6.15 ± 

0.259 nm3 volume.
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Figure 1.  Photomicrograph of fowl sperm stained with the fluorescent Ca2+ 

indicator Fluo-3 AM.  The sperm midpiece is the predominant structure stained.  

Magnification = 3150x (5x zoom on original magnification x630). 

 



 26

Figure 2.  Photomicrograph of fowl sperm stained with the fluorescent 

Ca2+ indicator Rhod-2 AM.  The sperm head region is the predominant structure 

stained.  Original magnification x630. 
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Figure 3.  Photomicrograph of high mobility fowl sperm stained with 

Fluo-3 AM.  Staining is localized to the midpiece of cells.  Original magnification 

x630. 
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Figure 4.  Photomicrograph of low mobility fowl sperm stained with Fluo 

3-AM.  Staining is localized throughout the cell in some instances.  Original 

magnification x630. 
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Table 1.  Summary means and ANOVA table for comparisons of 

fluorescence and midpiece morphology between low and high mobility cells by 

confocal imaging. 

 
Mobility 

Phenotype      

 High Low      

Variable 
Mean ± 

SE 
Mean 
± SE 

Degrees 
of 

Freedom
Sum of 
squares 

Mean 
square 

F-
value 

P-
value 

Fluorescence 
208.5 
±3.3 

215.1 
±2.8 1 2075.6 2075.6 1.793 0.18 

Length (µm) 
0.585 

±0.005 
0.588 

±0.004 1 0.00118 0.00118 0.327 0.57 

Width (µm) 
0.131 

±0.002 
0.124 

±0.002 1 0.00434 0.00434 10.681 0.0012
Volume 
(nm3) 

8.117 
±0.205 

7.360 
±0.210 1 44.473 44.473 6.396 0.012 
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Table 2.  Proportion of Fluo-3 AM localization in sperm cells between 

high and low mobility phenotypes. 

Phenotype           Dye Distribution            

  
Midpiece 

Only Entire Cell 
High 89% 11% 
Low 40% 60% 

Chi2 statistic 57.393  
p-value <0.001  
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Table 3.  Summary means and ANOVA table for comparisons of mean 

fluorescence as measured by flow cytometry between low and high mobility 

phenotypes. 

  
Mobility 

Phenotype           

 High Low      

Experiment 
Mean 
±SE 

Mean 
±SE 

Degrees 
of 

Freedom 
Sum of 
squares

Mean 
square 

F-
value 

P-
value 

1 
556.6 
±9.7 

564.4 
±13.7 1 272.22 272.22 0.2419 0.65 

2 
628.7 
±19.4 

567.0 
±18.1 1 18019 18019 5.332 0.03 

1 & 2 
594.6 
±13.8 

565.7 
±11.0 1 7691.8 7691.8 2.63 0.11 
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Table 4.  Summary means and ANOVA table for comparisons of 

fluorescence and midpiece morphology between cells of differing fluo-3 AM 

distribution by confocal imaging. 

  Dye Distribution      

 
Midpiece 

Only 
Entire 
Cell      

Variable 
Mean 
±SE 

Mean 
±SE 

Degrees 
of 

Freedom
Sum of 
squares

Mean 
square 

F-
value P-value 

Fluorescence 
211.8 
±4.0 

211.9 
±2.6 1 540.9 540.9 0.2776 0.60 

Length (µm) 
0.602 
±0.004 

0.549 
±0.005 1 0.2018 0.2018 53.227 <0.0001

Width (µm) 
0.132 
±0.001 

0.117 
±0.002 1 0.0068 0.0068 7.999 0.005 

Volume 
(nm3) 

8.398 
±0.161 

6.15 
±0.259 1 261.8 261.8 36.525 <0.0001
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DISCUSSION 

 

Confocal microscopy with specific fluorophores permits direct 

observation of single-cell physiology with high spatial resolution (Lemasters, 

1999).  Rhod-2 AM is a cell-permeant ester with a net positive charge that 

fluoresces over 100-fold upon binding Ca2+ (Molecular Probes Handbook, 2005).  

Rhod-2 AM is drawn to the net negative charge of mitochondrial matrix, but can 

disperse into the cytosol as well (Minta, 1989).  In preliminary experiments with 

rhod-2 AM, most of the fluorescent signal came from the head region of fowl 

sperm cells (Froman et al, 2006).  Fluo-3 AM is a cell-permeant ester that also 

fluoresces over 100-fold upon binding Ca2+.  It has a net neutral charge, 

facilitating entry through the plasma membrane (Molecular Probes Handbook, 

2005).   

Therefore, the first objective of this thesis was to qualitatively compare the 

staining patterns of rhod-2 AM and fluo-3 AM within individual high and low 

mobility fowl sperm as observed by confocal microscopy.  The second objective 

was to use flow cytometry to quantitatively compare high and low mobility 

phenotypes of large populations of sperm cells stained with fluo-3 AM.  An a 

posteriori third objective was devised to compare midpiece morphology between 

mobility phenotypes of cells stained with fluo-3 AM as observed by confocal 

microscopy.  The final a posteriori objective was to compare midpiece 

morphology between cells exhibiting differential staining patterns of fluo-3 AM 

as observed by confocal imaging. 
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In the first experiment, confocal microscopy revealed that fluo-3 AM was 

located strictly in the midpiece of most cells.  Some cells showed staining 

throughout the entire cell:  head, midpiece, and tail.  This was unexpected, as the 

preliminary hypothesis was that fluo-3 AM would be localized to the head region 

as a function of entry through the nuclear envelope.  Thus, the cell-permeant Ca2+ 

indicator fluo-3 AM showed considerably different staining patterns than that of 

the cell-permeant Ca2+ indicator rhod-2 AM.  Fluo-3 AM appeared to be useful in 

visualizing mitochondrial Ca2+ stores in sperm cells.  Yet in some cases fluo-3 

AM was dispersed throughout the entire cell.  The initial confocal microscopy 

experiment yielded two salient discoveries:  1) fluo-3 AM could be used to 

analyze the mitochondrial Ca2+ levels in sperm cells, and 2) fluo-3 AM exhibited 

two distinct staining patterns that might be linked to sperm cell function or 

dysfunction. 

In the second experiment, quantitative comparisons were made between 

high and low mobility phenotypes at the level of individual cells in confocal 

microscopic images.  There was no evidence for a difference in Ca2+ content of 

midpieces between phenotypes as measured by fluo-3 AM fluorescence intensity.  

Thus, mitochondrial Ca2+ content is equivalent between mobility phenotypes.  

This result differs from the finding of Froman et al (2006) of a difference in 

fluorescence between high and low mobility phenotypes when cells are stained 

with rhod-2 AM.  This result suggests that the dynamic Ca2+ store in the nuclear 

envelope, as shown by rhod-2 AM, may be more influential in expression of 

mobility phenotype than the mitochondrial Ca2+ store. 
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In light of these findings it was expected that the flow cytometry 

experiments would likewise reveal no difference in fluo-3 AM fluorescence 

between large populations of sperm cells characterized by differential mobility.  

This hypothesis was verified in the initial experiment and when data from 

replicate experiments was combined into one analysis (Table 3).  However, the 

ANOVA of the replicate flow cytometry experiment yielded a somewhat 

suggestive p-value of 0.03.  Taken in conjunction with the other experimental 

results, this is not enough to refute the hypothesis that mean fluorescence of fluo-

3 AM is equal between phenotypes.  A larger-scale flow cytometry experiment 

may be warranted in order to test the hypothesis more robustly. 

The discoveries from the first confocal experiment led to further 

comparisons of midpiece morphology and fluo-3 AM distribution between 

phenotypes.  There was no evidence for a difference in midpiece length between 

mobility phenotypes.  Yet there was strong evidence for a difference in midpiece 

width and volume, with high mobility sperm cell midpieces tending to be wider 

and, consequently, more voluminous (Table 1).  As summarized in Table 2, the 

high mobility sperm had a much greater proportion of cells stained only in the 

midpiece, while low mobility sperm had more cells stained entirely.  There was 

no difference in fluorescent signal from the midpiece between cells with different 

staining patterns. 

The relationship between dye distribution and midpiece morphology was 

explored in a posteriori comparisons.  Cells that were stained solely in the 

midpiece tended to have larger midpieces than those of cells stained throughout (p 



 36

< 0.0001; Table 4).  The greater proportion of midpiece-only stained cells in the 

high mobility sample may be the reason why there was a phenotypic difference in 

midpiece volume.  However, the accuracy of a posteriori measurement of 

structural dimension from confocal microscopic images may be suspect due to a 

spilling effect of intracellular light emission on the edges of cells.  A more 

complete a priori study with a larger sample size and an alternate method of 

measuring midpiece dimension, such as bright-field microscopy, is needed to 

verify the differences in midpiece morphology found here. 

The equivalence in midpiece fluorescence found in these experiments 

suggests a hypothesis that the Ca2+ supply in the mitochondria remains steady as 

the sperm cell expends energy.  Ca2+ stored in the nuclear envelope acts to supply 

Ca2+ to the mitochondria during Ca2+ cycling.  In this case, the dynamic Ca2+ store 

in the perinuclear space and mechanism of Ca2+ signaling between compartments 

affect the degree of mobility attained by the sperm cell.  The exact role of 

intracellular Ca2+ in fowl sperm mobility remains elusive.  This study raises 

several issues that must be resolved in order to construct a full model relating 

intracellular Ca2+ dynamics to fowl sperm mobility. 

For instance, why and how does rhod-2 AM and fluo-3 AM partition into 

cells differently under the same set of conditions?  Why does fluo-3 AM stain 

some cells only in the midpiece and others in the entire cell?  Is there truly a 

difference in the proportion of midpiece-only stained cells between mobility 

phenotypes?  Is there a direct relationship between mitochondrial 

function/dysfunction and fluo-3 AM distribution in sperm cells?  That is, does 
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fluo-3 AM stain functional cells only in the midpiece and dysfunctional cells 

throughout?  Is the staining pattern a consequence of differential permeability of 

the nuclear envelope or mitochondrial matrix in cells? 

The next logical step in this line of research is to conduct a full experiment 

comparing fluo-3 AM staining patterns between several individual males of high 

and low sperm mobility phenotype by confocal microscopy.  The objective will 

be to determine if there is a difference in the proportion of midpiece-only stained 

cells between mobility phenotypes.  If the findings of such a study verify that high 

mobility sperm tend to have a greater proportion of cells that exhibit staining 

solely in the midpiece when incubated with fluo-3 AM, then further questions of 

the relationship between fluo-3 AM distribution and sperm cell function must be 

pursued. 
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CONCLUSION 
 

The experimental work described in this thesis has led to several 

discoveries with regard to fowl sperm physiology.  The experiments with confocal 

microscopy yielded the findings that fluo-3 AM exhibited different staining 

patterns than rhod-2 AM under the same set of conditions even though both are 

cell-permeant Ca2+ indicators.  Fluo-3 AM was useful for analyzing the 

mitochondrial Ca2+ levels in sperm cells and exhibited two distinct staining 

patterns that might be linked to sperm cell function or dysfunction.  The 

fluorescent signal from the midpiece of cells stained with fluo-3 AM did not 

differ between mobility phenotypes or distribution of dye within the cells.  This 

research supports the hypothesis that Ca2+ levels within the mitochondria are 

equivalent in fowl sperm of differential mobility.  The preliminary finding of a 

greater proportion of cells stained solely in the midpiece within high mobility 

fowl sperm warrants further investigation in a full-scale experiment.  The work in 

this thesis has raised a new line of questioning for future research in the 

physiological processes underlying fowl sperm mobility. 
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ABSTRACT 

 In previous work, variation in sperm mobility phenotype was attributed to 

the proportion of ejaculated fowl sperm containing dysfunctional mitochondria.  

In the present work, latent mitochondrial dysfunction was inferred from patterns 

of sperm egress from the oviduct's sperm storage tubules.  In addition, 

experiments were performed to help explain how mitochondrial function could be 

compromised in viable sperm cells.  Confocal microscopy demonstrated that 

sperm Ca2+ content differed between low and high sperm mobility phenotypes 

when sperm were stained with rhod-2 AM, a Ca2+-specific dye.  Fluorescence was 

associated with the nuclear envelope, a variant of the endoplasmic reticulum, and 

greater fluorescence was observed in sperm from low sperm mobility males.  

Fluorescence was reduced by 50% when motile sperm were rendered immotile by 

incubation with a Ca2+ chelator.  Thus, a relationship was established between a 

dynamic intracellular Ca2+ pool and sperm motility.  Sperm N-methy-D-aspartic 

acid (NMDA) receptors were inferred by the action of D-homocysteinesulfinic 

acid, a potent NMDA receptor agonist.  Seminal plasma from low sperm mobility 

males was characterized by an elevated glutamate concentration.  Thapsigargin, 

which inhibits the smooth endoplasmic reticulum Ca2+ pump and thereby 

promotes Ca2+ efflux, rendered sperm immotile.  This effect was blocked by 

cyclosporin A, which prevents the formation of the mitochondrial permeability 

transition pore (PTP) in response to elevated mitochondrial Ca2+ content.  In 

summary, we propose that 1) glutamate enables Ca2+ uptake into sperm prior to 
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ejaculation; 2) excessive Ca2+ uptake triggers formation of the PTP in a 

subpopulation of sperm; and 3) sperm mobility is decreased in proportion.
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INTRODUCTION 

 Sperm mobility is a quantitative trait and a primary determinant of fertility 

in the domestic fowl [1, 2].  The term sperm mobility denotes the net movement 

of a sperm cell population against resistance at body temperature.  The trait's 

discovery was based upon the observation that sperm from different males 

penetrated an Accudenz® solution at different rates even though the number of 

viable sperm in the overlying sperm suspension was held constant [3].  The 

number of mobile sperm is proportional to the absorbance of the Accudenz® 

solution after a 5-min incubation.  Thus, the sperm mobility assay provides a 

context for the separation of two sperm subpopulations.  Mobile sperm segregate 

from immobile sperm by penetrating the Accudenz® solution.   

 Previous work has shown that such segregation is the result of variation in 

straight line velocity (VSL) among sperm within an ejaculate [4, 5].  Specifically, 

sperm mobility phenotype was a function of the size of the sperm subpopulation 

in a semen sample with a VSL > 30 µm/s [5].  In other words, whereas all mobile 

sperm are motile, not all motile sperm are mobile.  This distinction becomes 

evident when sperm populations are characterized by VSL distributions; for the 

size of the mobile subpopulation in any ejaculate is proportional to the area within 

the upper tail of the distribution [5, 6, 7].  Variation in VSL among sperm within 

an ejaculate was attributed to mitochondrial dysfunction in sperm within the 

immobile subpopulation [7]. 

 The present work outlines a series of experiments based on the hypothesis 

of Froman and Kirby [7], who proposed that variation in sperm mobility 
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phenotype was explicable in terms of excessive mitochondrial uptake of Ca2+ 

induced by seminal plasma glutamate prior to ejaculation.  Males from chickens 

characterized by low or high sperm mobility were used as semen donors.  Patterns 

of sperm egress from the oviduct's sperm storage tubules were compared to assess 

sperm cell function in vivo.  Sperm cell Ca2+ content was estimated with a cell-

permeant fluorescent Ca2+ indicator and confocal microscopy.  Subsequent 

experiments addressed the interrelationship between seminal plasma properties, 

the Ca2+ store observed at the level of the nuclear envelope, mitochondrial 

integrity, and sperm motility.   Based upon our experimental outcomes, we 

propose a mechanism that explains variation in sperm mobility phenotype. 

MATERIALS AND METHODS 

Experimental Animals 

 Experimental animal care was in accordance with the Guide for the Care 

and Use of Agricultural Animals in Agricultural Research and Teaching.  Birds 

were caged (30 x 46 x 63 cm) and maintained on a 14L:10D photoperiod.  Sperm 

mobility phenotype was measured according to the method outlined by Froman et 

al. [2] using males from lines of chickens selected for either low or high sperm 

mobility.  Unless specified, individual ejaculates were used to replicate 

observations within experiments. 

Sperm Egress from Sperm Storage Tubules 

 Rate of sperm egress from sperm storage tubules (SST) was estimated as 

follows.  Each of 30 hens was artificially inseminated with 30 x 106 sperm from 

the pooled ejaculates of roosters characterized by high sperm mobility (n = 5).  
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Egg collection began on the second day following insemination and continued for 

15 consecutive days.  Density of perforations through the inner perivitelline layer 

overlying the germinal disk was estimated as outlined by Howarth and Donoghue 

[8].  Hens were inseminated a second time after a 3-wk interval.  In this case, each 

hen was inseminated with 90 x 106 sperm from the pooled ejaculates of roosters 

characterized by low sperm mobility (n = 5).  Egg collection and data collection 

were performed as above.  Data sets approximated exponential functions.  

Therefore, parameters of y(x) = α + βe-λ(x) were estimated by iterative least squares 

[9].   

 The equivalence of estimates for the decay constant, λ, was tested using 

the 

principle of conditional error.  In brief, a conditioned sum of squared residual 

errors (CSSE) was estimated by imposing the hypothetical condition λ1 = λ2 on 

the model.  An extra sums of squares F test was performed as follows:  fr, (n-p) = 

(SSH/r)/[SSE/(n-p)], where SSE was the sum of squared residual errors obtained 

unconditionally; SSH was the difference between CSSE and SSE; r was the 

number of independent parametric statements implied by the condition (e.g. r = 1 

for the hypothesis λ1 = λ2), n was the number of observations, and p the number of 

parameters within the observational model. 

Confocal Microscopy 

 Males characterized by either low or high sperm mobility were used as 

semen donors (n = 10 per phenotype).  The experimental design was a 

randomized complete block design [10] in which a sample from each phenotype 
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was viewed on a common slide.  Unless specified, reagents were purchased from 

Sigma Chemical Co. (St. Louis, MO).  Sperm mobility phenotype was confirmed 

[2] prior to incubation, and sperm incubated in 5 µM rhod-2 AM (Invitrogen, 

Carlsbad, CA) as follows.  A 50-µl volume of neat semen was diluted to 5 x 108 

sperm per ml in 50 mM N-tris[hydroxy-methyl]methyl-2-amino-ethanesulfonic 

acid (TES), pH 7.4, containing 128 mM NaCl and 2 mM Ca2+ (TES-buffered 

saline).  An 80-µl volume of sperm suspension was combined with 415 µl TES-

buffered saline and 5 µl of 500 µM rhod-2 AM in dimethyl sulfoxide (DMSO) 

within a polystyrene cuvet.  Each cuvet was covered with a 2 cm2 piece of 

Parafilm (VWR International, Inc., Seattle, WA), and cuvets were incubated at 41 

C for 30 min.      

 Microscopy was performed as follows.  A 250-µl volume of each sperm 

suspension was diluted with an equal volume of 3% (w/v) NaCl to dilute and 

immobilize sperm cells.  Sperm cells were visualized under oil with a Zeiss 510-

META inverted confocal micoscope (OSU Center for Genome Research and 

Biocomputing) using a 63x objective.  Incident light with a wavelength of 543 nm 

was emitted from a HeNe laser.  Image analysis was performed with Zeiss Image 

Browser software.  Relative fluorescence units were measured from each of 

approximately 200 sperm cells per male.  A random sample of 180 sperm cells 

per male was used in the ANOVA [10].  

Data within a sample were normalized by transforming each observation into a 

percentage of the maximal value observed.  Normalized data were pooled and 

frequencies compiled in order to evaluate staining profiles.    
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 A second experiment was performed as follows.  Ejaculates were pooled 

from roosters characterized by high sperm mobility (n = 5).  Sperm were 

immobilized by incubation with 5 mM tetrasodium 1,2 -bis-(o-

aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) as outlined by Froman 

[6].  Control sperm were suspended in TES-buffered saline.  Control and treated 

sperm were stained with rhod-2 AM as outlined above.  Confocal microscopy was 

performed as outlined above.   Data (n = 188 sperm cells per treatment) were 

analyzed by single-classification ANOVA [11]. 

 

Computer-Assisted Sperm Motion Analysis 

 Computer-assisted sperm motion was performed in the first experiment 

according to methods outlined previously [6].  The effect of the N-methyl-D-

aspartate (NMDA) receptor agonist D-homocysteinesulfinic acid was tested using 

a randomized complete block design [10].  Ejaculates from males characterized 

by high sperm mobility (n = 10) served as blocks.  Thus, sperm from each male 

were exposed to TES-buffered saline or 500 µM D-homocysteinesulfinic acid in 

TES-buffered saline.   Likewise, the effect of cyclosporin A was tested on the 

motility of thapsigargin-treated sperm using methods outlined by Froman and 

Feltmann [4] and a randomized complete block design [10].  In this case, sperm 

from each male (n = 10) were exposed to 1% (v/v) DMSO, 20 µM thapsigargin in 

1% (v/v) DMSO, or 40 µM cyclosporin A and 20 µM thapsigargin in 1% (v/v) 

DMSO. 
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Seminal Plasma Glutamate and Ca2+ 

 Roosters characterized by low or high sperm mobility (n=10 per 

phenotype) were ejaculated weekly over an interval of 10 wk.  Each ejaculate was 

microcentrifuged for 7 min at 15,600 x G.  Seminal plasma supernatants were 

placed in screw cap plastic vials and stored at -20 C.  Samples were pooled by 

bird.  Thereafter, each vial was thawed and seminal plasma filtered through a 0.2-

µm Acrodisc filter (VWR).  Each sample of filtered seminal plasma was 

subdivided for amino acid analysis (Molecular Analysis Facility, University of 

Iowa, Ames, IA) and electrolyte analysis (College of Veterinary Science's 

Diagnostic Laboratory, Oregon State University, Corvallis, OR).  Each data set 

was analyzed using a single-classification ANOVA [11]. 
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RESULTS 

 The pattern of sperm egress from the oviduct's sperm storage tubules 

differed between phenotypes as evidenced by density of perforations within the 

perivitelline layer (Fig. 1).  Whereas perforation density decreased exponentially 

in each case, decay constants differed between phenotypes (P < 0.01).  Estimates 

of λ were 0.1953 and 0.0800 for low and high sperm mobility phenotypes, 

respectively.  Thus, ejaculates from males characterized by low sperm mobility 

contained a mixture of sperm that were immobile in vitro and sperm that were 

mobile in vivo as evidenced by an ability to ascend the vagina and enter sperm 

storage tubules.  However, such sperm did not persist within the sperm storage 

tubules to the extent that control sperm did, i.e. sperm from males characterized 

by high sperm mobility in vitro.  

 Sperm Ca2+ content differed between phenotypes (P < 0.0001) as 

evidenced by staining with the fluorescent Ca2+ indicator rhod-2 AM.  A 

representative photomicrograph is shown in Figure 2.  Fluorescence was observed 

primarily in association with the nucleus.  The instrument range for relative 

fluorescence ranged from 0 to 255 units.  Observed values ranged from 2 to 254 

units.  Means ± SEMs were 166 ± 6.1 and 122 ± 8.9 units for roosters 

characterized by low and high sperm mobility, respectively.  A significant block 

effect also was observed (P < 0.0001).  Nonetheless, distinct patterns of staining 

intensity were evident from normalized frequency distributions (Fig. 3).  

Fluorescence decreased by 50% (P < 0.0001) when sperm were rendered 

immotile by incubation with BAPTA (Fig. 4). 



 52

 D-homocysteinesulfinic acid enhanced sperm motility as evidenced by an 

increase (P < 0.001) in both motile concentration and VSL (Table 1).  In contrast, 

a specific inhibitor of the smooth endoplasmic reticulum calcium (SERCA) pump, 

thapsigargin, inhibited sperm motility (Table 2).  This effect was counteracted 

(Table 2) by cyclosporin A, which inhibits the formation of the mitochondrial 

permeability transition pore (PTP) in response to elevated mitochondrial Ca2+ 

content.  As shown in Table 3, differences in seminal plasma glutamate, Ca2+, and 

Mg2+ concentrations were observed between phenotypes (P < 0.05).  Seminal 

plasma from roosters characterized by low sperm mobility contained 1.5-, 1.3-, 

and 2.5-fold more glutamate, Ca2+, and Mg2+, respectively, than seminal plasma 

from high sperm mobility roosters.   

DISCUSSION 

 Froman and Kirby [7] proposed that sperm mobility phenotype was 

determined by the extent to which glutamate induces excessive mitochondrial 

Ca2+ uptake in sperm prior to ejaculation.  This hypothesis was based upon the 

following facts.  First, mitochondrial degeneration was observed in sperm from 

roosters characterized by low sperm mobility [7, 12].  Second, fowl sperm 

motility depends upon extracellular Ca2+ cycling through the sperm cell [13].  

Third, glutamate and NMDA increased sperm VSL [6].  Fourth, the NMDA 

receptor is one member of the glutamate receptor family that is permeable to 

extracellular Ca2+ [14].  Fifth, extracellular Ca2+ plays a critical role in the demise 

of neuronal mitochondria arising from glutamate-mediated toxicity [15, 16].  

Sixth, fowl seminal plasma is enriched with glutamate [17, 18].  Seventh, sperm 
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that were immobile in vitro had a VSL ≤ 30 µm/s in addition to swollen 

mitochondria [7].  And finally, mitochondrial disorganization manifested a graded 

effect.   

 Therefore, in the present work, we deemed immobile sperm as moribund 

and suspected that their mobile counterparts would show a latent defect in the 

case of males that ejaculate large numbers of immobile sperm.  We tested this 

possibility by evaluating sperm egress from the oviduct's SST.  Only motile sperm 

ascend the hen's vagina and enter these tubules, and they do over a time course of 

hours following an intravaginal insemination [19].  Furthermore, sperm egress is 

most readily explained by a decreased ability to move forward against a current 

within the tubular lumen as sperm cells age and velocity declines [6].  

Consequently, we made the following argument:  if sperm egress is more rapid in 

the case of low sperm mobility males, then mitochondrial function may be 

compromised to a greater extent than what is evident in vitro.  Sperm egress was 

estimated by plotting perforations of the oocyte's inner perivitelline layer as a 

function of time.  These perforations arise from induction of the acrosome 

reaction following contact between sperm and N-linked glycans associated with 

the inner perivitelline layer [20].  As first illustrated by Wishart [21], perforation 

density approximates an exponential decay following a single intravaginal 

insemination.     

 Semen samples characterized by low sperm mobility manifest the 

following attributes when evaluated by computer-assisted sperm motion analysis 

[7].  As evidenced by VSL, the sample will contain sperm with a VSL > 30 µm/s.  
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However, the proportion of these sperm is small because the majority of sperm 

are characterized by a low VSL whether motile concentration is low or high.  In 

this regard, three distinctions are noteworthy.  First, motile concentration denotes 

the number of motile sperm within a volume defined by sample chamber depth 

and the area of the analysis field.  Second, motile concentration is independent of 

VSL.  Third, our computer-assisted sperm motion analysis technique utilizes an 

erythrocyte monolayer on the floor of the microcell [4].  Consequently, immotile 

sperm are obscured by the monolayer.   Thus, motile concentration is similar to 

but distinct from the variable percent motile. 

 Hens were inseminated with three times as many total sperm when low 

sperm mobility males were used as semen donors.  This was done to maximize 

SST filling.  This objective was realized as evidenced by the y-intercept of the 

predicted curve for the low sperm mobility phenotype (Fig. 1).  Nonetheless, 

these sperm emerged from the SST more rapidly than did sperm from high sperm 

mobility roosters.   We attributed this to a latent mitochondrial dysfunction.  This 

experimental outcome warranted a mechanism that could account for graded loss 

of sperm cell function among sperm within a single ejaculate.  We hypothesized 

that Ca2+ homeostasis was the key because fowl sperm are bathed in millimolar 

amounts of glutamate prior to ejaculation [18], fowl sperm appeared to have 

NMDA receptors [6], which are permeable to Ca2+ [14], and extracellular Ca2+ 

plays a critical role in neuronal glutamate-mediated toxicity in which the 

mitochondrial PTP forms and mitochondrial function is lost [15, 16].  Therefore, 

we proposed the following argument:  if sperm Ca2+ content differs between low 
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and high sperm mobility phenotypes, then Ca2+ homeostasis may contribute to 

phenotypic expression.  We tested this hypothesis using confocal microscopy and 

rhod-2 AM, a fluorescent Ca2+ indicator (Fig. 2).  A phenotypic difference was 

observed (Fig. 3), and localization of fluorescence was consonant with Ca2+ 

storage within the perinuclear space [22], a functional equivalent of the smooth 

endoplasmic reticulum's lumen [23].  Rendering sperm immotile with BAPTA 

(Fig. 4) reduced fluorescence by 50% thereby demonstrating that this Ca2+ pool 

was dynamic.   

 These experimental outcomes warranted the investigation of the link 

between extracellular glutamate and intracellular Ca2+.  Fowl sperm motility is 

maintained at body temperature in the absence of exogenous substrates only when 

extracellular Ca2+ cycles through mitochondria [6, 13].  Whereas glutamate is not 

required for maintenance of fowl sperm motility at body temperature, VSL was 

nonetheless increased by millimolar amounts of glutamate and NMDA in 

previous work [6].  These observations were consistent with the glutamate content 

of fowl seminal plasma [17, 18], the presence of a small molecular weight 

motility agonist in fowl seminal plasma that is distinct from Ca2+ [24], and the 

Ca2+ permeability of the NMDA channel [14].  In the present work, we used a 

potent, fast-acting agonist of the NMDA glutamate receptor to confirm the 

presence of NMDA receptors on fowl sperm.  A micromolar dosage of D-

homocysteinesulfinic acid increased both motile concentration and VSL (Table 

1), presumably by enhancing Ca2+ uptake. 



 56

 Neuronal glutamate excitotoxicity entails excessive Ca2+ loading, 

subsequent formation of the mitochondrial PTP, and mitochondrial demise [25].  

Likewise, it is noteworthy that Ca2+ homeostasis is affected by the endoplasmic 

reticulum and associated proteins such as the SERCA pump [26, 27, 28, 29, 30].  

This ATPase is inhibited by thapsigargin and depletion of Ca2+ stores results from 

enzyme inhibition [31].  Therefore, we used thapsigargin and cyclosporin A  to 

demonstrate a cause and effect relationship between Ca2+ efflux from the 

perinuclear space and formation of the mitochondrial PTP.  Motile concentration 

and VSL were predictably compromised when sperm were treated with 20 µM 

thapsigargin (Table 2).  This effect was counteracted by cyclosporin A, which 

inhibits the formation of the PTP in response to excessive Ca2+ accumulation in 

the mitochondrial matrix [32].  Thus, we induced formation of the mitochondrial 

permeability transition pore by manipulating the Ca2+ pool found within the 

perinuclear space.  In this regard, the effect of rendering sperm immotile by 

treatment with BAPTA is distinct from that of thapsigargin; for sperm rendered 

immotile by treatment with BAPTA can be reactivated by addition of excess Ca2+ 

[6], whereas the effect of thapsigargin is terminal apart from the presence of 

cyclosporin A.    

 In review, the hypothesis proposed by Froman and Kirby [7] linked 

seminal plasma glutamate with sperm cell dysfunction.  As shown in Table 3, 

glutamate concentration was 1.5-fold greater in the seminal plasma of low sperm 

mobility males when compared to that of high sperm mobility males (P < 0.05).  

Consequently, secretion of glutamate into the effluent of the male reproductive 
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tract appears to be enhanced in the low sperm mobility phenotype.  In contrast, 

elevated levels of Ca2+ and Mg2+ observed in the seminal plasma of these males 

(Table 3) may most readily be explained by release from moribund sperm cells. 

 In summary, we propose that 1) glutamate in deferent duct fluid enables 

Ca2+ uptake through sperm NMDA channels; 2) excessive Ca2+ uptake triggers 

formation of the PTP in a subpopulation of sperm; and  3) as a result, sperm 

mobility is decreased in proportion when sperm become motile at ejaculation.  

Even though seminal plasma glutamate concentration differed between sperm 

mobility phenotypes (Table 3), we propose that glutamate is a contributing factor 

rather than a causative agent.  Sperm mobility is a quantitative trait [1] subject to 

genetic selection [7, 33].  As such, multiple genes are likely to affect phenotypic 

expression, which necessarily complicates the attempt to explain phenotypic 

variation.  Nonetheless, a single critical control point may be formation of the 

mitochondrial PTP.  Even though some aspects of the PTP remain controversial 

[25], the generally accepted trigger is excessive mitochondrial uptake of Ca2+ 

[32].  Therefore, we propose that formation of this pore is pivotal to expression of 

sperm mobility phenotype.  
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FIGURE LEGENDS 

FIG. 1.  Patterns of sperm egress from sperm storage tubules inferred from 

perforations of the inner perivitelline layer by individual, acrosome-reacted 

sperm.  Each symbol represents a mean from an average of 15 eggs per day.  

Open squares and circles represent data from low and high sperm mobility 

phenotypes, respectively.  Solid lines represent predicted curves.   
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FIG. 2.  Photomicrograph of fowl sperm stained with the fluorescent Ca2+ 

indicator rhod-2 AM.  The sperm head is the predominant structure stained, 

presumably at the level of the nuclear envelope.  Magnification = 630x. 
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FIG. 3.  Frequency distributions of normalized data representing populations of 

sperm stained with the Ca2+ indicator rhod-2 AM.  Panel A represents sperm (n = 

2,284) characterized by high sperm mobility.  In contrast, Panel B represents 

sperm (n = 2,468) characterized by low sperm mobility. 
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FIG. 4.  Effect of incubating sperm at 41° C in 5 mM BAPTA.  Each bar 

represents a mean + SEM for 5 replicate observations.  
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TABLE 1.  Effect of an NMDA receptor agonist on sperm motility at body 

temperature. 

 

Treatment  

Males 
(n) 

Motile 
concentration† 

(x106/ml) 

Straight line 
velocity† 
(µm/s) 

Control 10 0.70 ± 0.045A 46 ± 5.0A  

500 µM D-homocysteinesulfinic acid 10 0.88 ± 0.035B 58 ± 4.1B 

†Each value is a mean ± SEM. 

A,BDenote means that differ (P < 0.001). 
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TABLE 2.  Effect of cyclosporin A on thapsigargin-treated fowl sperm. 

Treatment                     Males 
(n) 

Motile 
concentration† (x 

106/ml) 

Straight line 
velocity† 
(µm/s) 

Control 10 1.22 ± 0.026A 41 ± 3.2A 

20 µM Thapsigargin 10 0.19 ± 0.031 14 ± 1.8 

40 µM Cyclosporin A + 20 µM 
thapsigargin                      

10 0.96 ± 0.053A 26 ± 1.2A 

†Each value is a mean ± SEM. 

ADenotes a value that differs from the 20 µM thapsigargin negative control (P < 

0.001).
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TABLE 3.  Comparison of seminal plasma glutamate, calcium, and magnesium 

concentrations between roosters characterized by low or high sperm mobility. 

Phenotype Males 
(n) 

Glutamate 
(mM) 

Ca2+ (mM) Mg2+ 
(mM) 

Low sperm mobility 10 72 ± 6.1a 1.9 ± 0.16a 7.9 ± 1.13a 

High sperm mobility 10 48 ± 3.4b 1.4 ± 0.06b 3.2 ± 0.14b 

a,bDenote different means within a column (P < 0.05). 



 

 


