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Abstract

Osmotic stress is an important factor that results in cell damage during sperm 

cryopreservation. The objective of this study was to determine isosmotic sperm cell 

volume and osmotic inactive volume, osmotic tolerance limits of rat sperm, and the 

effects of addition and removal of glycerol, ethylene glycol, propylene glycol or dimethyl 

sulfoxide on sperm function by  analyzing motility, plasma membrane and acrosome 

integrity. Spermatozoa from Sprague Dawley  and Fischer 344 rats were used to perform 

the experiments in this study. The isotonic mean sperm cell volumes of the two strains 

were 36.15 µm3 and 36.98 µm3 ,respectively. Rat spermatozoa behave as linear 

osmometers from 260 to 450 mOsm, and the osmotic inactive sperm volumes of the two 

strains were 81.4% and 79.8%, respectively. Rat sperm have very  limited osmotic 

tolerances, and motility is substantially more sensitive to osmotic stress than plasma 

membrane and acrosome integrity. In a range of anisosmotic solutions (75-1200 mOsm), 

only spermatozoa treated with 260-375 mOsm were able to maintain motility equal to the 

control level after being returned to isosmotic conditions. In order to maintain 90% of 

pretreatment motility, spermatozoa of Sprague Dawley and Fischer 344 rat should be 

maintained within 95.6-102.6% and 95.6-1.3.1% of their isosmotic volume, respectively, 

during cryopreservation. The one step  addition and removal of dimethyl sulfoxide 

showed the most deleterious effect on rat sperm motility, plasma membrane integrity and 

acrosomal integrity  among the four cryoprotectants. These data characterizing  rat sperm  
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osmotic behavior, osmotic and cryoprotectant tolerance will be helpful for designing 

cryopreservation protocols for rat sperm.
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Introduction

    The rat is one of the most popular and important animal models for biomedical 

research. During the past several years, many transgenic rat lines have been produced in 

different laboratories [Tesson, et al, 2005], and the completion of the full sequence of the 

rat genome [Gibbs et al, 2004] will be enable and enhance  the production of new mutant 

and genetic engineered rat  lines for biomedical research. Compared to the mouse, the rat 

has a larger body  size, higher genetic diversity and in general more accurately represents 

many human pathologies [Canzian, 1997; Tesson, et  al, 2005]. These biological 

characteristics make the rat an essential animal model for human disease investigation 

[Charreau et al, 1996; Tesson, et al, 2005].

    The maintenance and breeding of animal model lines are costly. Spermatozoa 

cryopreservation can provide an efficient way to preserve valuable genetic resources. 

With the combination of assistant reproductive technologies such as in vitro fertilization 

(IVF), artificial insemination (AI) and intracytoplasmic sperm injection (ICSI), animal 

offspring can be produced using cryopreserved spermatozoa at relatively low cost and 

high efficiency. 

However, in contrast to the success of mouse sperm cryopreservation, which was first 

reported in 1990 [Tada et al., 1990; Yokoyama et al., 1990;] and has been well developed 

in different mouse strains [Thornton et al., 1999], rat spermatozoa cryopreservation was 

not reported until recently [Nakatsukasa et al, 2001; 2003]. However, compared to fresh 

spermatozoa, the motility, pregnancy rate and litter size after intrauterine insemination 

with cryopreserved spermatozoa are much lower [Nakatsukasa et al, 2001]. Thus, further 
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development of protocols for rat spermatozoa cryopreservation is still needed to improve 

the overall efficiency and complete retention of fertilizing ability.

    During spermatozoa cryopreservation, osmotic stress is an important cause of sperm 

cryoinjury [Meyers 2005]. Typical cryopreservation protocols require the addition of 

permeating cryoprotectant agents (CPA) before freezing and removal of CPA after 

thawing [Gao et al., 1997]. During the addition of CPA, cells are exposed to a 

hyperosmotic surrounding, causing the cell to shrink due to the intracellular water efflux 

through plasma membrane. The cell will then swell to slightly  greater than isosmotic 

volume due to the influx of CPA and the reentry of water. On the other hand, during the 

removal of CPA, cells will swell due to the influx of extracelluar water, and then shrink to 

isotonic volume as CPA diffuses out the cells. Furthermore, during the process of 

freezing, the ice nucleation of extracelluar water will change the osmolality of unfrozen 

solution due to the increased concentration of solutes dissolved in the unfrozen water, 

which also will cause osmotic stress to cells [Mazur 1984].  When volume excursions 

extend beyond certain points, called osmotic tolerance limits, cell damage will occur. 

This osmotic tolerance of sperm cells varies among animal strains and species [Walters et 

al, 2005; Guthrie et al, 2002; Gilmore et al, 1998; Gao et al, 1995; Agca et al, 2005; 

Rutllant et al, 2003;  Ball and Vo, 2001].  If the fundamental cryobiological properties of 

sperm cells including osmotic tolerance limits, isosmotic cell volume (Viso) and 

osmotically inactive cell volume (Vb), hydraulic conductivity  to water (Lp), the membrane 

permeability  coefficient (PCPA) and activation energies (Ea) are well understood, it is 

possible to design protocols for the addition and removal of cryoprotectant that will 
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minimize osmotic damage and also to compute the optimal cooling and warming rate to 

reduce the probability of intracellular ice formation [Mazur 1984, Critser and Mobraaten 

2000].  Unfortunately  for such an important animal model as the rat, to our knowledge   

there are no studies concerning the fundamental cryobiological properties of their 

spermatozoa, and little is known about the osmotic tolerance of rat sperm cells and the 

effects of CPA on rat sperm function. The objective of the present study was carried out 

to determine the osmotic behavior; the osmotic tolerance limits; and the effect of addition 

and removal CPA on the function of rat spermatozoa. For the first  objective, an electronic 

particle counter was used to detect the change of rat sperm cell volume. For the second 

and third objectives, computer-assisted sperm motility analysis and flow cytometric 

analysis were used to access sperm motility, plasma membrane and acrosome integrity.

Materials and Methods

Animals 

    Mature male rats between 15-20 weeks old from Sprague Dawley and Fischer 344 

genetic backgrounds (Harlan, Indianapolis, IN) were used as sperm donors in this study. 

All animals were maintained in accordance with the policies of the University of 

Missouri Animal Care and Use Committee, and the Guide for the Care and Use of 

Laboratory Animals.

Media Preparation

    All chemicals were from Sigma Chemical (St. Louis, MO) unless otherwise stated. The 

DPBS medium (Gibco #14287-080; Invitrogen, Carlsbad, CA) was used in all 
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experiments. Hypotonic solutions (75, 150, 225, and 260mOsm) were prepared by 

diluting the isosmotic DPBS medium (290 mOsm) with MilliQ water, and hypertonic 

solutions (375, 450, 600, and 1200 mOsm) were made by adding appropriate amounts of 

sodium chloride to isosmotic DPBS medium. Osmolalities of the solutions were 

measured using a vapor pressure osmometer (VAPRO 5520, Wescor, Logan, UT) with an 

accuracy  of ± 5 mOsm. CPA solutions were prepared by dissolving glycerol (Gly), 

ethylene glycol (EG), propylene glycol (PG) and dimethyl sulfoxide (DMSO) in 

isosmotic DPBS medium at a final concentration of 1M. Prior to the use, 2 mg /ml bovine 

serum albumin (BSA) were supplemented to all of the media and solutions.

Rat sperm collection

    Male rats were euthanized and their cauda epididymides were excised. Epididymides 

were placed in a 35 mm dish containing 3 ml of DPBS medium supplemented with 2 mg/

ml BSA and dissected with eye scissors. Rat spermatozoa were allowed to swim out for 

10 min at 37°C. 

Sperm motility, plasma membrane and acrosome status analysis

    A computer-aided semen analyzer (Hamilton Thorne IVOS v 12.2c, Beverly, MA) was 

used to analyze rat sperm motility. Flow cytometric analysis was used to assess sperm 

acrosome and plasma membrane status. Propidium iodide (PI) and Alexa Xuor-488-PNA 

(peanut agglutinin) conjugate (Molecular Probes, Eugene, OR) were used to determine 

rat sperm membrane and acrosome integrity respectively. The flow cytometric analysis 

followed the procedure described by Walters et al. [2005]. Briefly, rat spermatozoa were 

incubated with 0.4 µg/ml Alexa Xuor-488-PNA and 1 µM PI at 37 °C for 30 min, and 
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analyzed by  FACS Scan (Beckman–Dickinson, San Jose, CA). The fluorophores were 

excited with the 488 nm line of the laser. Alexa Xuor-488 emission was collected with a 

530 bandpass (BP) filter, and PI emission was collected with a 670 longpass (LP) filter. 

Ten thousand cells were analyzed from each sample. 

Experimental Design

Experiment 1. Osmotic Behavior of Sprague Dawley and Fischer 344 rat 

spermatozoa

    A modified Coulter counter (ZM model; Coulter Electronics Inc. Hialeah, FL) with a 

50 µm standard-resolution aperture tube was used to measure cell volume as previous 

description [Gilmore et al., 1995]. Sperm cell suspension samples from five rats (n = 5) 

were analyzed for each strain, and all of the measurements were performed at 22°C. 

Isosmotic cell volume was determined by adding 100 µl of sperm cell suspension to 15 

ml of isosmotic DPBS. Osmotically  driven cell volume responses and the osmotically 

inactive cell volume (Vb) were determined by  adding 100 µl of sperm cell suspension to 

15 ml of aniosmotic DPBS (260, 375 and 450 mOsm, respectively). The final 

concentration of sperm cells in the 15 ml isosmotic DPBS and aniosmotic DPBS 

solutions was 1×105 cells/ml. The volume change of sperm cells was recorded kinetically 

during the shrink or swell period and the final cell volumes were determined after 

equilibration, and cell volumes were measured in triplicate of each sample. Mean sperm 

cell volumes exposed to isosmotic and aniosmotic solutions were calculated with 5 µm 

diameter spherical styrene beads (Beckman Coulter Corporation, Miami, FL). The coulter 
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counter was interfaced to a microcomputer using a CSA-1S interface (The Great 

Canadian Computer Company, Edmonton, Canada), and the cell volume data were 

analyzed using custom software. 

    To determine the osmotically inactive cell volume of rat sperm and whether rat sperm 

behaves as linear osmometers, sperm volume at isotonic and anisosmotic conditions were 

fitted to the Boyle van’t Hoff relationship:

Where V is the cell volume at osmolality M, Viso is the cell volume at isosmolality (Miso), 

and Vb is the osmotically inactive cell volume.

Experiment 2. Sprague Dawley and Fischer 344 rat sperm osmotic tolerance limits 

   Sperm suspensions collected from Sprague Dawley rats (n = 5) or Fischer 344 rats (n = 

5) were used for this experiment, and all of the experiments were performed at 22°C. 

Sperm solutions (3 ×107 cells/ml) in 20 µl aliquots were added to nine 1.5 ml Eppendorf 

centrifuge tubes containing 500 µl DPBS solutions with different osmolalities (75, 150, 

225, 260, 290, 375, 450, 600 and 1200 mOsm). Spermatozoa were equilibrated in these 

DPBS solutions with different  osmolalities for 5 min, and the sperm motility of each 

treatment was evaluated immediately. The anisosmotic treated sperm solutions were then 

returned to near isosmolality (290-300 mOsm) by adding appropriate amounts of DPBS 

solutions at other corresponding osmolalites [Willoughby  et al., 1996; Walters et al., 

2005]. Sperm solutions were equilibrated at room temperature for 5 min and the motility 
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of each treatment  was evaluated immediately. At the same time, a sample of each 

treatment group was taken for immediate membrane and acrosome integrity assessment.

Experiment 3. Effects of one-step addition and removal of CPAs on Sprague Dawley 

and Fischer 344 rat sperm motility, plasma membrane integrity and acrosome 

integrity 

    Glycerol, EG, DMSO and PG were investigated here to empirically test the sensitivity 

of rat spermatozoa to CPA, and all of the experiments were performed at 22°C. Sperm 

samples were collected from Sprague Dawley rats (n=5) or Fischer 344 rats (n=5). 

Aliquots of 20 µL sperm cells suspension (3×107 sperm/mL) were added to five 1.5 ml 

Eppendorf centrifuge tubes containing 200 µL isosmotic DPBS medium and DPBS 

solutions containing 1 M Gly, EG, PG and DMSO, respectively. Spermatozoa were 

equilibrated at room temperature for 5 min. Then, the motility  of sperm treated with 

DPBS and various CPA was assessed immediately. The removal of CPA was performed 

by adding 1ml isosmotic DPBS in one-step to the tubes, and sperm solutions were 

equilibrated for 5 min. Then, sperm motility of each treatment group  was evaluated again 

immediately. At the same time, sperm sample of each treatment group was taken for 

immediate membrane and acrosome integrity assessment.

Statistical analysis

All data are expressed as mean ± SEM. Analysis of variance using the General Linear 

Model univariate procedure of the SPSS software (SPSS INC., Chicago) was used to 

determine the effect of osmolality on rat sperm volume and the effect of osmolality, CPA 



11

and genetic background on sperm motility, plasma membrane integrity and acrosome 

integrity. The Tukey multiple comparison test  was employed, and a p value of less than 

0.05 was considered to be statistically significant.

 
Results

Experiment 1 

Osmotic Behavior of Sprague Dawley and Fischer 344 rat spermatozoa

    The mean isosmotic cell volume of rat spermatozoa determined by Coulter counter was 

36.15 ± 0.23 µm3 for the Sprague Dawley strain, 36.98 ± 0.13 µm3 for the Fischer 344 

strain. Analysis of cell volume in the various osmotic conditions indicate that rat sperm 

were linear osmometers in the range of 260-450 mOsm (r2 = 0.97 in Sprague Dawley rat; 

r2 = 0.92 in Fischer 344 rat). The inactive cell volume (Vb) of Sprague Dawley rat and 

Fischer 344 was 81.4% and 79.8% of their isosmotic volume, respectively. No significant 

difference was observed for isosmotic cell volumes and Vb values between the two strains 

(p>0.05). Data presented as a Boyle van’t Hoff plot relationship is shown in Figure 1. 

Experiment2 

Osmotic tolerance limits of Sprague Dawley and Fischer 344 rat spermatozoa

Osmotic tolerance of maintenance of motility of Sprague Dawley and Fischer 344 rat 

spermatozoa

The effects of the anisosmotic treatments on spermatozoa motility, normalized to the 

isosmotic treatment, are shown in Figure 2. A significant main effect of osmolality was 

found on spermatozoa motility  (p<0.05), but the effect of genetic background was not 
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significant (p>0.05). As shown in Figure 2A, the motility of Fischer 344 rat  spermatozoa 

in the anisosmotic conditions (75, 150, 225, 450, 600 and 1200 mOsm, respectively) was 

decreased significantly compared to the motility in isosmotic DPBS medium (290 

mOsm) (p<0.05). After returning to isosmotic condition, the motility of spermatozoa 

treated with 225 and 450 mOsm solution was partly  recovered (p<0.05). However, the 

motility of spermatozoa treated with 75, 150, 600 and 1200 mOsm solutions did not 

change after being returned to an isosmotic condition (p>0.05), and few sperm cells 

maintained motility after the exposure. No statistical differences of sperm motility  were 

found among the spermatozoa treated with 260, 290, and 375 mOsm solutions both in 

aniosmotic condition and after being returned to an isosmotic condition (p>0.05). 

Similar to Fischer 344 rat  spermatozoa, as shown in Figure 2B, the motility  of Sprague 

Dawley rat spermatozoa in anisosmotic conditions (75, 150, 225, 375, 450, 600 and 1200 

mOsm, respectively) was decreased significantly  compared to the motility  of 

spermatozoa in isosmotic DPBS (290 mOsm) (p<0.05). After returning to an isosmotic 

condition, only the motility of spermatozoa treated with 375 mOsm solution fully 

recovered to the level of spermatozoa treated with isosmotic solution, but the motility of 

spermatozoa treated with 75, 150, 225, 450, 600 and 1200 mOsm solutions did not 

change significantly  (p>0.05), and almost all of the spermatozoa lost motility after the 

exposure to 75, 150, 600 and 1200 mOsm solutions. No statistical differences of sperm 

motility were found between the spermatozoa treated with 260 mOsm solution and 

isosmotic medium both in aniosmotic condition and after returned to isosmotic condition 

(p>0.05).
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Osmotic tolerance of maintenance of membrane and acrosome integrity of Sprague 

Dawley and Fischer 344 rat spermatozoa

 The effects of anisosmotic treatments on Fischer 344 rat and Sprague Dawley rat 

spermatozoa membrane and acrosome integrity, normalized to the isosmotic treatment, 

are shown in Figure 3. A significant main effect of osmolality was found on plasma 

membrane integrity and acrosome integrity (p<0.05), but the effect of genetic background 

was not  significant (p>0.05). As shown in Figure 3A, the plasma membrane integrity of 

Fischer 344 rat spermatozoa exposed to anisosmotic solutions (75, 150, 225, 260, 375, 

450, 600 and 1200 mOsm) and the acrosome integrity  of spermatozoa exposed to 75 and 

150 mOsm DPBS solutions was significantly  decreased (p<0.05) after being returned to 

isosmotic condition compared to the isosmotic treatment. Similar to Fischer 344 rat, as 

shown in Figure 3B, the plasma membrane integrity of Sprague Dawley  rat spermatozoa 

exposed to anisosmotic DPBS solutions (75, 150, 225, 450, 600 and 1200 mOsm) and the 

acrosome integrity  of spermatozoa exposed to 75 and 150 mOsm was significantly 

decreased (p<0.05) after being returned to isosmotic condition when compared to the 

isosmotic treatment. No significant difference of plasma membrane integrity  and 

acrosome integrity was found among the spermatozoa treated with 260 and 375 mOsm 

DPBS solutions and the isosmotic medium in Sprague Dawley rat spermatozoa (p>0.05).

Experiment 3

Addition and removal of cryoprotectant to Sprague Dawley and Fischer 344 rat 

spermatozoa
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    A significant main effect of cryoprotectant was found on sperm motility, plasma 

membrane integrity and acrosome integrity (p<0.05), but the effect of genetic background 

was not significant (p>0.05). The effect of addition and removal of 1 M Gly, DMSO, EG 

and PG on sperm motility  of Sprague Dawley and Fischer 344 rat, normalized to the 

isosmotic treatment, is shown in Figure 4.  Compared to the isosmotic treatment, the one-

step addition of 1M Gly, DMSO, EG, and PG did not affect sperm motility  in both strains 

(p>0.05). However, after the 5-fold dilution using isosmotic DPBS medium, the sperm 

motility treated with Gly, EG, and PG was slightly decreased compared to the value of 

isosmotic treatment in each strain (p<0.05), the abrupt  decrease of motility was found in 

DMSO treatment group, and almost no sperm maintained motility after the dilution 

(p<0.05). 

The effect of addition and removal of 1 M  Gly, DMSO, EG and PG on the sperm plasma 

membrane and acrosome integrity of Sprague Dawley and Fischer 344, normalized to the 

isosmotic treatment, is show in Figure 5. After the addition and removal of 1 M Gly, EG 

and PG, sperm membrane and acrosome integrity were not significantly  different 

compared to the treatment with isosmotic DPBS medium in both strains (p>0.05). 

However, the sperm plasma membrane integrity  and acrosome integrity of spermatozoa 

exposed to 1M DMSO were significant decreased in each strain after the 5-fold dilution 

using isosmotic DPBS medium (p<0.05)  .

Discussion
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Osmotic behavior of rat spermatozoa

 Due to the unique size and morphology  between spermatozoa from different species, the 

parameters of sperm surface-volume ratio and sperm osmotic inactive water volume are 

important to study the water and CPA transport  and the intracellular ice formation during 

spermatozoa freezing. In this study, the relationship between the change of rat sperm cell 

volume and the osmolality  of surrounding medium was determined. The mean isotonic 

sperm cell volume of Sprague Dawley and Fischer344 rats measured by Coulter Counter 

is 36.15 ± 0.23 µm3 and 36.98 ± 0.13 at 22 °C, respectively. Since no previous attempt 

has been achieved to measure rat sperm cell volume, we can not compare our result to 

other studies. However, the rat sperm cell volume determined in this study  is smaller than 

mice (ICR mouse: 56.0 µm3, B6C3F1 mouse: 53.0 µm3) [Willoughby  et al., 1996], but 

larger than boar (26.3 µm3) [Gilmore et al., 1996], bull (23.5 µm3) [Guthrie et al., 2002], 

equine (24.4 µm3) [Pommer et al., 2002], rhesus monkey  (27.7 µm3) [Agca et al., 2005] 

and human spermatozoa (28.2 µm3) [Gilmore et  al., 1995] determined by using Coulter 

counter method. 

The Boyle van’t Hoff relationship and the osmotic response of rat spermatozoa showed 

that rat sperm behaved as linear osmometers in the range of 260 to 450 mOsm. The 

anisosmotic treatments out  of this osmolality range were excluded because the sperm 

membrane integrity was less than 50% as determined by experiment 2. The spermatozoa 

osmotically inactive volume (Vb) of Sprague Dawley rat and Fischer 344 rat was 81.4% 

and 79.8%, respectively, which is much greater than that of mouse (60.7%)  [Willoughby 

et al., 1996], boar (67.4%) [Gilmore et al., 1996], human (50%) [Gilmore et al., 1995], 
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bull (61%) [Guthrie et al., 2002], stallion (70.7%) [Pommer et al., 2002] and rhesus 

monkey  (51%) [Agca et al., 2005]. In other words,  the amount of unbound water in rat 

spermatozoa that can be lost during freezing is only 18.6% for Sprague Dawley rat and 

20.2% for Fischer 344 rat of the cell volume, which is the smallest osmotically  active 

volume ratio we are aware of based on the published data of different species. 

Osmotic tolerance of rat spermatozoa

Prior to this study, little information was available regarding osmotic responses of rat 

spermatozoa. In the present study, we demonstrated that aniosmotic osmotic stress 

decreased rat  sperm motility; the extent of damage to sperm plasma membrane 

corresponds with the aniosmotic stress levels. The high sperm motility  (>90%) of both of 

the two rat strains can be maintained only in the osmotic range of 250-380 mOsm after 

return to isosmotic condition. After exposure to these solutions of 75, 150, 600 and 1200 

mOsm, almost  all spermatozoa lost motility (less than 5% were motile) and the motility 

did not  improve subsequent to returning to isosmotic conditions. In comparison, mouse 

spermatozoa maintain about 55% motility after exposure to a 150mOsm hyposmotic 

treatment followed by a return to isosmotic conditions, and maintain 20% motility after 

exposure to a 600mOsm hyperosmotic treatment followed by a return to isosmotic 

conditions [Willoughby et al., 1996]. Previous studies indicated that human sperm should 

be kept between 75% and 110% of the normal isosmotic volume in order to obtain > 90% 

motility [Gao et al., 1995], and mouse sperm volume excursions should be kept between 

90% and 103% of the normal isosmotic volume in order to maintain > 90% motility, and 

kept between 76% and 124% of the normal isosmotic volume in order to maintain > 80% 
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motility [Willoughby et al., 1996]. In the present study, in order to maintain > 90% 

motility,  Sprague Dawley and Fischer 344 rat sperm volume must be kept between 

95.6% and 102.6% and 95.3% and 103.1% of the normal isosmotic volume, respectively, 

as calculated from the linear osmometric behavior of rat spermatozoa shown in Figure 2. 

When the Sprague Dawley and Fischer 344 sperm volume excursion exceeded 95.2% and 

103.3%, and 94.8% and 104.1% of the normal isosmotic volume, respectively, the 

motility abruptly dropped to 80% of motility at isosmotic condition. The present study 

demonstrates that rat spermatozoa appear to have a very limited osmotic tolerance based 

on motility assessment compared to mouse [Walters et al., 2005] [Willoughby et al., 

1996], bull [Guthrie et al., 2002], stallion [Pommer et al., 2002] [Ball andVo 2001], 

rhesus monkey [Rutllant  et al., 2003] and human spermatozoa [Gao et al., 1995], but 

similar to boar spermatozoa [Gilmore et al., 1998].

Similar to the decrease of sperm motility, plasma membrane integrity of rat sperm 

declined rapidly  at hyposmotic and hyperosmotic conditions. Although almost all of the 

spermatozoa lost motility  (less than 5% were motile) after exposure to hyperosmotic 

solution (600 and 1200 mOsm), the percentage of spermatozoa with intact plasma 

membrane remained at 20-40%. Similar responses to hyperosmotic conditions have been 

reported in spermatozoa of human [Gao et al., 1995], bull [Liu and Foote, 1998], boar 

[Gilmore et al., 1996], stallion [Ball and Vo, 2001] and mouse [Willoughby et al., 1996; 

Walters et al., 2005]. This indicates that besides the damage to sperm plasma membrane, 

other factors such as the alteration of the bioenergetic status of spermatozoa or damage to 

the axonemal elements contribute to the reduction in motility  [Watson, 1995]. Compared 
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to the decline of motility and plasma membrane integrity, sperm acrosome of the both rat 

strains was less sensitive to the aniosmotic treatment, especially to the hyperosmotic 

condition. Compared to isosmotic treatment, the significant decrease of acrosome 

integrity  was only found in hyposmotic treatements (75 and 150 mOsm) in each of strain.  

The relative higher resistance to hyperosmotic treatments of sperm acrosome was also 

found in mouse spermatozoa [Walters et al., 2005].

Effect of addition and removal of 1 M cryoprotectant

Glycerol, EG, PG and DMSO are the most widely used penetrating cryoprotectants for 

cell cryopreservation. Addition of cryoprotectants to sperm can cause sperm cell volume 

excursions in response to the influx and efflux water and cryoprotectant. In previous 

reports, the rapid one-step addition of CPA resulted in loss of motility and viability of 

human [Gao et al., 1995] [Gilmore et al., 1997], bull [Guthrie et al., 2002], equine [Ball 

and Vo 2001], and mouse [Phelps et al., 1999] spermatozoa. However, when multi-step 

addition and removal strategies were applied, the motility and viability  loss could be 

avoided or decreased [Gao et al., 1995] [Phelps et al., 1999]. In the present study, after 

one-step  addition of 1 M  glycerol, DMSO, ethylene glycol and propylene glycol to rat 

spermatozoa, no significant difference was found on the motility between the four 

cryoprotectans and isosmotic DPBS treatment.  However, after the removal of CPA, the 

motility of spermatozoa treated with Gly, EG or PG decreased slightly compared to the 

motility of isosmotic treatment. While, DMSO showed the most detrimental effect on rat 

sperm motility after abrupt dilution, and almost all of the spermatozoa lost motility. The 

similar response of spermatozoa to DMSO was also found in bull spermatozoa: the sperm 
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motility was abruptly  dropped from 63.9% to 6.4% after the removal of 1 M  DMSO 

[Guthrie et al., 2002]. 

The phenomenon that spermatozoa respond to cryoprotectants differently has been 

revealed in different species. For example, 1 M glycerol was more deleterious to human 

sperm motility than 1 M  ethylene glycol [Gilmore et al., 1997].  Removal of DMSO 

resulted in  only a 10% recovery of bull spermatozoa motility, and was much more 

harmful compared to glycerol and EG [Guthrie et al., 2002].  The addition and removal of 

EG appeared to have the least detrimental effect on equine sperm motility  and viability, 

while glycerol decreased motility  and damaged the membrane most  among the 

cryoprotectants used [Ball and Vo 2001].  The addition and removal of 1 M glycerol 

resulted in more motility loss than that of 1 M EG on mouse spermatozoa [Phelps et al., 

1999]. On the other hand, the only CPA that resulted in motility loss on rhesus monkey 

spermatozoa was 1 M PG [Agca et al., 2005]. The different responses of sperm addition 

and removal of cryoprotectants has been explained by the different PCPA coefficient 

among the cryoprotectants [Gilmore 1995]. 

Compared to the reduction of motility and the loss of plasma membrane and acrosome 

integrity  caused by sodium chloride at high osmolality (1200 mOsm) in experiment 2, 1 

M glycerol, EG and PG caused much reduced detrimental effects on rat sperm function, 

which might be ameliorated by a high permeability to these CPAs through the plasma 

membrane—allowing rapid equilibration. No report is available about the hydraulic 
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conductivity in the presence of glycerol, DMSO, ethylene glycol and propylene glycol or 

the membrane permeability coefficients of these cryoprptectants of rat sperm. We 

attempted to use Coulter counter to determine these parameters, but the kinetic change of  

rat sperm cell volume occurred too rapidly to monitor using Coulter counter 

measurements—even after measurements were made at low supra-zero temperatures, a 

similar situation to bull spermatozoa when same technology  was applied [Guthrie et al., 

2002]. In the future, alternative method or technology  must be applied to determine 

permeability  coefficients. One such method is a concentration-dependent self-quenching 

entrapped fluorophore technique which can capture rapid cell volume changes in the 

presence of permeable cryoprotectants [Curry et al., 2000; Chaveiro et al., 2004].

In summary, the present study  determined the osmotic behavior, osmotic tolerance limits 

of two different rat strains and the effect of addition and removal permeable 

cryoprotectants on rat sperm motility, plasma membrane integrity and acrosome integrity. 

The  results showed that: 1) the isosmotic volume of Sprague Dawley and Fischer 344 rat 

sperm are  36.15 ± 0.23 µm3 and 36.98 ± 0.13 µm3 and 81.4% and 79.8% osmotic 

inactive volume, respectively  at 22 °C; 2) the spermatozoa of both strains exhibited a 

linear osmotic response in the range 260- 450 mOsm; 3) rat spermatozoa appear to have a 

very limited osmotic tolerance, osmotic stress can result in loss of sperm motility, as well 

as damage to the plasma membrane and acrosome; 4) the addition and removal of 1 M 

glycerol, EG and PG slightly  decreased rat sperm motility  but did not affect plasma 

membrane and acrosome integrity, but the addition and removal of DMSO caused 
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detrimental effect on rat sperm motility  as well as plasma membrane and acrosome 

integrity. These results will be helpful for developing a protocol for rat  spermatozoa 

cryopreservation with the combination of rat sperm membrane hydraulic conductivity  and 

the permeability coefficients of cryoprotectants at various temperatures.
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Figure Legends

Figure 1. Bolyle-van’t Hoff plot of Fischer 344 rat (Figure 2A) and Sprague Dawley  rat 

(Figure 2B) spermatozoa derived from equilibration volumes (mean ± SEM) exposed to 

DPBS solutions of seven different osmolalities: 260, 290, 375 and 450 mOsm. The y 

intercept indicates the osmotically inactive water volume (Vb), which are 79.8% and   

81.4% of the isosmotic volume of Fischer 344 rat and Sprague Dawley rat sperm 

respectively. 

Figure 2. The percent normalized progressive motility (mean ± SEM) of spermatozoa 

from Fischer 344 rat (Figure 3A) and Sprague Dawley rat (Figure 3B) that were abruptly 

exposed to different osmotic conditions and abruptly returned to isosmotic conditions.

Figure 3. The percent normalized membrane and acrosome integrity  (mean ± SEM) of 

spermatozoa from Fischer 344 rat (Figure 4A) and Sprague Dawley  rat (Figure 4B) that 

were abruptly  exposed to different osmotic conditions and abruptly returned to isosmotic 

conditions.

Figure 4. The percent normalized progressive motility (mean ± SEM) of spermatozoa 

from Fischer 344 rat (Figure 5A) and Sprague Dawley rat (Figure 5B) exposed to 1 M 

glycerol, dimethyl sulfoxide, ethylene glycol, or propylene glycol, and after dilution. 

*Significantly different than the isosmotic DPBS solution treated sperm.

Figure 5. The percent normalized plasma membrane integrity  and acrosome integrity 

(mean ± SEM) of spermatozoa from Fischer 344 rat (Figure 6A) and Sprague Dawley rat 

(Figure 6B) exposed to 1 M glycerol, dimethyl sulfoxide, ethylene glycol, or propylene 



28

glycol, and after dilution. *Significantly  different  than the isosmotic DPBS solution 

treated sperm.
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