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Assessment of Cell Damage Caused by Spontaneous Lipid

Peroxidation in Rabbit Spermatozoa
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ABSTRACT

Damage to the plasma membrane of rabbit epididymal spermatozoa during spontaneous lipid

perioxidation was examined by means of trypan blue uptake and expression of activity of the

intracellular enzymes, lactate dehydrogenase and pyruvate kinase. Both the dye uptake and the

expression of enzyme activity probe cell damage from lipid peroxidation as loss of integrity of the

plasma membrane. A linear correlation was obtained between trypan blue staining of the cells and

malondialdehyde production, a quantifiable measure of the extent of lipid peroxidation. At the

point of trypan blue staining of all cells, 0.5 nmol malondialdehyde/108 cells was produced. This

is the same amount produced at the point of complete loss of motility and superoxide dismutase

activity. We have defined this as the “lipoperoxidative lethal end point.” Expression of lactate

dehydrogenase and pyruvate kinase activities increased with time of aerobic incubation. In the high

Na� medium, NTP, in which lipid peroxidation is slow, there is a linear correlation between in-
crease in expressed enzyme activities and malondialdehyde production. But in the high K� medium,
KTP, in which lipid peroxidation is rapid, there is an initial rapid rise in expressed enzyme activity

over 3 h, followed by a slower increase. Activities of rabbit sperm lactate dehydrogenase, pyruvate

kinase, and flagellar ATPase were unaffected by aerobic incubations for up to 48 h, double the

incubation period used for the assay of enzymatic activities for the first two. The activity of gly-

ceraldehyde-3-phosphate dehydrogenase decreased during aerobic incubation, the time course

matching the loss of motility. The subcellular distribution of lactate dehydrogenase in rabbit

spermatozoa was determined: 4% in the mitochondrial matrix, 10% in the plasma membrane and

85% in the cytosolic compartment.

INTRODUCTION

One of the manifestations of 02 toxicity to

cells is lipid peroxidation (Haugaard, 1968;

Tappel, 1973; Chance et al., 1979; Tappel and

Dillard, 1981; Slater, 1982; Hochstein and

Rice-Evans, 1982). While the effects of this

reaction are complex, one result of lipid peroxi-

dation is loss of the permeability barriers of the

plasma membrane. This has been extensively

documented for mammalian spermatozoa: in-

duced lipid peroxidation leads to loss of

motility due to loss of cytosolic enzymes and

essential substrates such as adenine and pyri-

dine nucleotides (Jones and Mann, 1973, 1976,

1977a,b; Jones et al., 1978; Mann et al., 1980;

Mann and Lutwak-Mann, 1981). We have
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shown that rabbit spermatozoa undergo spon-

taneous lipid peroxidation in the absence of

inducers with concomitant loss of motility

(Alvarez and Storey, 1982). The rate of lipid

peroxidation, as measured by production of

malondialdehyde (MDA), is dependent on the

ionic composition of the medium, but the pro-

duction of MDA gives a linear correlation with

motility loss, independent of the rate of pro-

duction. The point where all motility ceases is

0.5 nmol MDA/108 cells. Lipid peroxidation in

these cells appears to be mediated by super-

oxide: superoxide dismutase (SOD) is the

primary enzymatic defense against lipid peroxi-

dation and the activity of the enzyme declines

as peroxidation increases (Holland et al., 1982;

Alvarez and Storey, 1983).

While these studies have established correla-

tions between motility loss and lipid peroxida-

tion in rabbit spermatozoa, the nature of the

cell damage was not investigated. One expected

mode of cell damage is increased plasma mem-

brane permeability to adenine and pyridine
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nucleotides. Another expected mode would be

inactivation of enzymes (Haugaard, 1968) re-

quired for energy metabolism and flagellar

motion. In this paper, we present a study of

these two modes of cell damage as lipid peroxi-

dation occurs in terms of changes of activity of

lactate dehydrogenase (LDH), pyruvate kinase

(PK), glyceraldehyde-3-phosphate dehydrogen-

ase (GAP-DH) and flagellar ATPase and changes

of plasma membrane permeability as measured

by access of exogenous adenine and pyridine

nucleotides to the enzymes LDH and PK. The

expression of enzyme activities due to accessi-

bility of normally impermeable substrates

represents a new, more rapid and convenient

assay of membrane permeability in sperm, as

compared with measure of nucleotide content

(Jones and Mann, 1973). We also report quanti-

tation of the subcellular distribution of LDH in

rabbit spermatozoa.

Reagents

MATERIALS AND METHODS

Potassium oxalate and inorganic salts were ob-

tained from J. T. Baker (Phillipsburg, NJ) and were of

reagent grade purity. Resazurin was from Eastman

Chemicals (Rochester, NY), acetyl- L-carnitine was

from P. L. Biochemicals (Milwaukee, WI). All other

reagents and enzymes were from Sigma Chemical Co.

(St. Louis, MO). The uncoupler of oxidative phos-

phorylation bis (hexafluoroacetonyl) acetone, desig-

nated 1979 (Heytler, 1979) was generously provided

by Dr. Peter G. Heytler, E. I. du Pont de Nemours

(Wilmington, DE).

Suspending Media

Two media were used for sperm suspension in this

study. One was the kigh K#{176}medium KTP with the

composition: 113 mM KCI, 12.5 mM KH2PO4, 2.5

mM K2HPO4, 3 mM MgCl2, 20 mM Tris, 1.5 mM D-

glucose, 0.4 mM EDTA, 0.6% penicillin/streptomycin,

adjusted to pH 7.4 with HCI. The high Na� medium

NTP contained 10 mM KCI, 103 mM NaCI, and 15

mM NaH2PO4, but was otherwise identical in com-

position to KTP. These are the two media used for

earlier studies on lipid peroxidation in rabbit sperma-

tozoa (Alvarez and Storey, 1982, 1983).

Preparation of Spermatozoa

Spermatozoa were obtained from the caudae of

excised epdidimydes of mature male New Zealand

White rabbits by retrograde flushing through the vas

deferens with 10 ml of the appropriate medium. The

spermatozoa were washed three times by centrifuga-

tions at 750 X g for 10 mm followed by gentle resus-

pension in 10 ml medium. The final stock suspensions

ranged from 0.4-1.5 X iO� cells/mi. Hypo-osmo-

tically treated rabbit epididymal spermatozoa

(HTRES) were obtained by treatment of the sperma-

tozoa with 10 ml of 10 mM potassium phosphate

(Keyhani and Storey, 1973), followed by centrifuga-

tion at 750 X g from 10 mm and resuspension in

either KTP or NTP.

Aerobic incubation of Spermatozoa

Aerobic incubation of fresh epididymal sperma-

tozoa was carried as described in our earlier report

(Alvarez and Storey, 1982). Cells were incubated at

37#{176}Cin NTP or KTP in 1 ml suspensions containing

0.4-1.5 X 108 cells/mi in sealed widemouthed speci-

men bottles (55 X 28mm) on a shaking water bath to

ensure good contact with 02 in the gas phase. At

selected times of incubation, 100-pl aliquots were

taken and assayed immediately for trypan blue stain-

ing, 5-pl aliquots were taken and assayed for the

appropriate enzymatic activity, and 5O-pI aliquots

were taken for motility assay.

Motility Assay

Sperm motility was estimated by a modification

of the method used in previous studies (Storey and

Alvarez, 1982, 1983) in order to facilitate near simul-

taneous scoring for motility and trypan blue staining

(see below). Two 5O-pl aliquots taken from the sperm

suspensions during aerobic incubation at the chosen

time point (see above) were placed as droplets on a

slide and immediately surveyed for selection of fields

at 250X under bright-field illumination. A field in

each quadrant of one droplet was selected and 20 cells

in the field checked for forward motility, flagellar

beating, or inertness. The process was immediately

repeated on the second droplet. The values from the

four quadrants were averaged for each droplet; varia-

tion between these duplicate values was consistently

about ± 5%. The final value was the average of the

duplicates. The assay was readily completed within

5 mm.

Trypan Blue Assay

The lOO-pl aliquot taken from the sperm suspen-

sions during aerobic incubation at the chosen time

point (see above) was immediately mixed with an

equal volume of 1% trypan blue in the same medium.

These volumes proved convenient for rapid and com-

plete mixing. The same procedure was employed as for

assay of sperm motility: duplicate SO-p1 droplets were

assayed for percent trypan blue staining under bright-

field illumination at 450X by the four-quadrant

averaging method described above. At this concentra-

tion of trypan blue (0.5%), the dye was completely

excluded by intact cells which appeared bright and

colorless but was taken up by damaged cells which

showed blue heads. Those cells which took up dye

were always inert, which facilitated the counting.

Some preferential uptake of dye in the postacrosomal

region was noted in cells incubated in KTP at early in-

cubation times, resulting in a nonuniform coloration.

This assay was also readily completed within 5 mm.

Lipid Peroxidation Assay

Peroxidation of sperm lipids was assayed by pro-

duction of malondialdehyde (MDA), using a modifica-

tion of the thiobarbituric acid (TBA) procedure of

Barber and Bernheim (1967). In the modified pro-

cedure, the TBA concentration was increased to 28
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PEROXIDATIVE CELL DAMAGE IN RABBIT SPERM 325

pM and the absorbance of the MDA/TBA chromogen

was determined by dual wavelength spectrophotom-

etry using the wavelength pair 534-570 nm. Full

details of this modification have been described by

Alvarez and Storey (198�).

Lactate Dehydrogenase Assay

The activity of rabbit sperm lactate dehydrogenase

(LDH) was measured both as the reduction of pyru-

vate with NADH and as the oxidation of lactate with

NAD+ at room temperature. Reduction of pyruvate

was monitored as the decrease in absorbance of NADH

on conversion to NAD+, using dual wavelength spec-

trophotometry instead of fluorimetry as was done pre-

viously (Storey and Kayne, 1975). The wavelength

pair was 340-375 nm with a difference extinction

coefficient �e=4.21 mM’ cm’. The reaction mixture

contained in 1 ml was: 80-100 pm NADH and 2-6 X

io� cells/mi in NTP or KTP; the reaction was started

by addition of 2 mM pyruvate. Oxidation of lactate

was monitored with the coupled enzyme method of

Guilbault (1975), in which the NADH generated by

the reaction is reoxidized by diaphorase with concomi-

tant reduction of the nonfluorescent dye resazurin to

the highly fluorescent resorufin. The latter reduction

is essentially irreversible, so that the steady State con-

concentration of NADH remains very low. The reac-

tion mixture contained in 1 ml was: 0.1 mM NAD+, 0.2

mM resazurin, 0.4 mU/mi diaphorase (Sigma Type

II-L), and 2-10 X iO� cells/mi in NTP or KTP. The

reaction was started by addition of 2 mM lactate. The

fluorescence of the resorufin produced was monitored

with an Eppendorf fluorimeter using excitation at 546

nm (Hg arc source); emission was detected at wave-

lengths longer than 580 nm using two thicknesses of

Wratten No. 28A gelatin filter for the emission filter.

The fluorescence emission of the resorufin was quanti-

tated by addition of aliquots of a standard solution of

NADH to the reaction mixture to calibrate resorufin

fluorescence units as NADH concentration.

The assays described above require access of the

coenzymes NADH and NAD+ to the reaction site of

LDH. This is the basis of the use of this enzyme assay

for determining increases in permeability of the sperm

plasma membrane as lipid peroxidation proceeds.

Complete permeability, and hence full access of

NADH and NAD+ to the enzyme site, is defined by

the hypo-osmatically treated sperm preparation

(HTRES), in which the plasma membrane is disrupted

(Keyhani and Storey, 1973) but in which high LDH

activity is retained in the cell structure (Storey and

Kayne, 1975). The LDH activity of a given prepara-

tion of sperm cells undergoing lipid peroxidation has

been normalized to an aliquot of the same preparation

converted to HTRES, and is expressed as LDH activity

ratio. Trypan blue staining was also carried out on the

same cell preparation, and the LDH activity was cor-

rected for the 5-15% damaged cells showing dye up-

take by assigning to them the activity of HTRES.

intramitochondrial LDH in rabbit sperm (Storey

and Kayne, 1977) cannot be assayed by the methods

described above, since the enzyme’s active site is

shielded from exogenous coenzyme by the inner mito-

chondrial membrane. This activity was assayed in-

directly, based on the finding of Storey and Kayne

(1978) that lactate can be converted quantitatively to

pyruvate in HTRES in the presence of 0, by a com-

bination of intramitochondrial LDH and the mito-

chondrial respiratory chain which rapidly reoxidizes

the NADH as it is formed. The pyruvate produced is

then assayed by oxidation of exogenous NADH

catalyzed by exogenous LDH. The reaction mixture

for this assay contained in 1 ml was: 80-100 pM

NADH, 0.5 mM acetyl-L-carnitine, 10 pM 1799, LDH

(Sigma Type XI, 850 units/mg) at 50 pg/mI, and 5-7

X 10’ HTRES cells/mI in NTP saturated with air. The

reaction was started by addition of 4 mM lactate.

Oxidation of the exogenous NADH was followed by

dual wavelength spectrophotometry using the wave-

length pair 365-395 nm, �e=3.18 mm’ cm�. This

wavelength pair minimizes light scattering artifacts at

the higher sperm concentrations required for the

assay.

Pyruvate Kinase Assay

The activity of pyruvate kinase (PK) was assayed

by means of the enzyme-coupled system utilizing

exogenous LDH and NADH; the reaction was moni-

tored by the change in absorbance as NADH is oxi-

dized by the pyruvate formed (Storey and Kayne,

1975). The reaction mixture contained in 1 ml was:

80-100 pM NADH, 1 mM ADP, LDH at 125 pg/mI,

and 2-6 X iO� cells/mi in NTP or KTP. With NTP,

it was necessary to add KCI to increase the K� con-

centration to 100 mM to elicit maximal activity of the

enzyme (Storey and Kayne, 1980). The reaction was

started by addition of 1.5 mM phosphoenolpyruvate

(PEP). The absorbance change due to NADH oxida-

tion was monitored with dual wavelength spectro-

photometry using the wavelength pair of 340-375 nm.

The activity of PK in fresh and aerobically incubated

cells was normalized to the activity in HTRES and was

corrected for damaged cells as described above for the

LDH assay.

ATPase Assay

The activity of the sperm Mg2#{176}.ATPase, which is

essentially all attributable to flageilar ATPase, was

determined by the enzyme-coupled system described

by Storey and Kayne (1980). The reaction mixture

contained in 1 ml was: 80-100 pM NADH, 1 mM

PEP, LDH at 120 pg/mI, PK (Sigma Type units/mg)

at 150 pg/mI, and 3-5 X iO� cells/mi. The cells were

treated hypo-osmotically to give HTRES just before

assay. The reaction was started by addition of 3 mM

ATP and the absorbance change due to NADH was

monitored as for the PK assay.

Glyceraldehyde-3-Phosphate

Dehydrogenase Assay

The activity of rabbit sperm glyceraldehyde-3-

phosphate dehydrogenase (GAP-DH) was monitored

directly by the absorbance change due to NADH pro-

duced in the reaction, in the presence of inhibitors

of enolase, PK and LDH to prevent pyruvate forma-

tion (Storey and Kayne, 1975). The reaction mixture

contained in 1 ml was: 0.5 mM NAD+, 1 mM ADP,

5 mM KF (enolase inhibitor), 0.5 mM oxalate (PK

inhibitor), 0.1 mM oxamate (LDH inhibitor), and 3-5

X iO� cells/mi. When added, dithioerythritol (DTE)

was at 2 mM. The cells were treated hypo-osmotically

to give HTRES just prior to the assay. The reaction

was started by addition of 2.5 mM glyceraldehyde-3-
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phosphate and the NADH produced was monitored by

the absorbance change at 340-375 nm using dual

wavelength spectrophotometry.

RESULTS
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Trypan Blue Staining

Rabbit epididymal spermatozoa incubated

aerobically showed an increasing percentage of

cells stained with trypan blue with increasing

incubation time (Fig. 1). The increase corre-

sponds to an increase in the percentage of cells

with membranes made permeable to this dye by

peroxidative damage. The rate of increase of

staining was linear and was fourfold higher in

the high K� medium, KTP, than in NTP. In

KTP, the postacrosomal region showed a some-

what deeper blue color than the rest of the

head at early incubation times. Fresh sperm

samples contained about 10% cells (range: 5-

15%) which took up trypan blue, as shown by

the intercept at the Y axis in Fig. 1, and this

was independent of suspending medium.

When the percentage of spermatozoa stained

with trypan blue and malondialdehyde (MDA)

production at a given time were compared, the

result was a linear correlation (Fig. 2). The

same correlation was obtained in both NTP and

KTP. The correlation gives 0.5 nmol MDA/108

cells as the point where 100% of the cells be-

come stained. This is the same end point corre-

sponding to 100% inert spermatozoa in the

4
0
N.J
0

LU

0�
C,)

LU
z
4

U)

AEROBIC INCUBATION TIME (HOURS)

FIG. 1. Percentage of rabbit epididymal sperma-

tozoa stained with trypan blue as a function of aerobic

incubation time at 37#{176}Cin KTP (s) and NTP (0).

Sperm concentration range was 0.4-1.5 X 10� cells/

ml. Each point is the mean of 3 experiments; error

bars are standard deviations.

100

% STAINED SPERMATOZOA

FIG. 2. Correlation between malondialdehyde

(MDA) production and staining of sperm by trypan

blue at fixed times of aerobic incubation at 37#{176}Cin

KTP (.) and NTP (0). Sperm concentration range

was 0.4-1.2 X 108 cells/mL Each point is the mean

of 3 experiments; error bars are standard deviations.

The regression equation calculated through the origin

has the form: y=0.0051 X (r=0.992).

correlation between MDA production and

sperm motility (Alvarez and Storey, 1982).

LDH and PK Activities

Increased permeability of the sperm plasma

membrane due to peroxidation during aerobic

incubation was assessed by expression of LDH

and PK activities with increasing incubation

time. The activities have been normalized to the

activity determined in HTRES from the same

sperm sample and are expressed as the activity

ratio. The results obtained for LDH, measured

as pyruvate reduction to lactate, are shown in

Fig. 3 and those obtained for PK are shown in

Fig. 4. In NTP, both activities increase linearly

with time of aerobic incubation. But in KTP,

the increase in expressed activity is rapid during

the first 3 h and then decreases to a rate similar

to that seen in NTP. While the activity ratios in

NTP correlate linearly with trypan blue staining

and MDA producton (not shown), those in

KTP do not (Fig. 5). There seems to be a non-

uniform increase in membrane permeability

with time in KTP, leading to more rapid expres-

sion of the latent enzyme activities. In both

NTP and KTP, the activity ratio attained for

both PK and LDH was about 0.6 at 0.5 nmol

MDA/108 cells, the point of MDA production
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0

I-

4

>-

I-

>

I-

0

4

I

a
-J

I.0
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AEROBIC INCUBATION TIME (HOURS)

FIG. 3. Lactate dehydrogenase (LDH) activity

ratio in rabbit epididymal spermatozoa as a function

of aerobic incubation time at 37#{176}Cin KTP (.) and

NTP (0). The activity ratio is normalized to the

activity in HTRES as described in Materials and

Methods and has been corrected for cells staining with

trypan blue at zero time. Sperm concentration range

was 0.6-1.5 X i08 cells/mi. For the first 3 h of incu-

bation in KTP, each point is the mean of 3 experi-

ments; between 3 and 22, each point is the mean of 10
experiments. In NTP, all points are the means of 10

experiments. Error bars are standard deviations.

corresponding to complete staining with trypan

blue (Fig. 2) and complete cessation of motility

(Alvarez and Storey, 1982).

The anomalous increase in expression of

LDH and PK activities in KTP with time of

aerobic incubation (Figs. 3 and 4) reflects a

similar anomalous decline of motility. In this

medium, fresh sperm have 40-50% forward

motility and 5 0-60% flagellar beating; the for-

ward motility declines with aerobic incubation

far more rapidly than does the flagellar beating

(Alvarez and Storey, 1982). (In NTP, only for-

ward motility was observed.) In Fig. 6 we have

compared the time course of the rise in PK

activity ratio with that of decline of forward

motility in KTP. The time courses match fairly

well, indicating that the two may be connected

with peroxidation-induced membrane permea-

bility at a particular region of the plasma mem-

brane. At present we lack an assay for localizing

membrane peroxidation, and further investi-

gation of this point has been deferred pending

development of such an assay.

“Cytosolic” LDH activity in these rabbit

spermatozoa, defined as that observed in

HTRES, was 530 ± 130 nmol/min per 108 cells

(� ± SD, n=7; range 350-700). The maximal

PK activity was 530 ± 250 nmol/min per 108

cells, (� ± SD, n=7; range 310-800). These

values are in reasonable agreement with those

of 430 ± 280 for LDH and 400 ± 290 for PK

activity in the same units reported previously

(Storey and Kayne, 1975). The PK activity in

fresh intact cells is nil within experimental

error, if correction is made for cells staining

with trypan blue in the fresh samples (Fig. 4).

The minimal LDH activity after correction for

cells staining with trypan blue is 53 ± 18 nmol/

mm per 108 cells (� ± SD, n#{176}#{176}15;range30-67),

which is about 10% of the maximal activity.

The sperm plasma membrane is impermeable to

both NADH and ADP and, in fresh cells, the PK

activity inside the plasma membrane is not ex-

pressed because the substrate does not have

access to the enzyme, NADH does have access

to a fraction of the total LDH in fresh sperm,

implying that this fraction is on the plasma

membrane. A similar localization of LDH in

rabbit sperm has been demonstrated by Gold-

berg (1973, 1974, 1977) and in mouse sperm

by Erickson et al. (1975), using immunological

methods. A fraction of rabbit sperm LDH is

also in the mitochondrial matrix (Storey and

Kayne, 1977). Quantitation of the localization

of LDH activity in the three compartments of

rabbit sperm is given in Table 1.

0

I-

4

I-

>

I-
0

4

0�

AEROBIC INCUBATION TIME(HOURS)

FIG. 4. Pyruvate kinase (PK) activity ratio in

rabbit epididymal spermatozoa as a function of aero-

bic incubation time at 37#{176}Cin KTP (.) and NTP (0).

The activity ratio is the same as for LDH, defined in

Fig. 3. Sperm concentration range was 0,4-1.0 X

108 cells/mi. For the first 3 h of incubation in KTP,

each point is the mean of 3 experiments; between 3

and 22 h each point is the mean of 7 experiments. In

NTP, all points are the means of 10 experiments. Error

bars are standard deviations.
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TABLE 1. Distribution of lactate dehydrogenase activ-

ity in subceiluiar compartments of rabbit epididymal

spermatozoa.

0 0.5

328 ALVAREZ AND STOREY

Enzyme Stability

The stability of the four enzymes, LDH, PK,

ATPase, and GAP-DH, was assessed with regard

to aerobic incubation at 37#{176}Cto ascertain

whether the long incubation times would affect

their activities. After incubation, the sperm

were hypo-osmotically treated to give HTRES,

in which maximal enzymatic activities are ex-

pressed. Even after 48 h incubation, LDH, PK,

and ATPase remained 90% or more of the

activities in fresh spermatozoa. This stability

ensures that the use of the expressed activities

of LDH and PK as a measure of plasma mem-

brane damage was not compromised by loss of

intrinsic activity of these two enzymes. In the

case of the ATPase, coupling between enzyma-

tic activity and flagellar motion was more

labile. Flagellar motion can be restored in

HTRES suspended in KTP by addition of ATP

and PEP (Keyhani and Storey, 1973). When

this restoration of flagellar motion was at-

tempted with sperm aerobically incubated for

various times at 37#{176}C,it was partially success-

ful during the first 12 h of incubation. After

this period, flagellar motion was irreversibly

lost, despite no evident change in ATPase

activity.

GAP-DH activity is considerably more labile

than the activities of the other three enzymes

assessed. The decline in activity after incuba-

tion in NTP and KTP is shown in Fig. 7. This

MALONALDEHYDE nmol / 108 cells

FIG. 5. LDH (0) and PK (.) activity ratios as a

function of MDA production at fixed times during

aerobic incubation at 37#{176}Cin KTP. The LDH activity

ratio has been corrected for plasma membrane LDH

activity. Sperm concentration range was 0.4-1.5 X

108 cells/mI. Each point is the mean of 3 experiments.

AEROBIC INCUBATION TIME

(HOURS)

FIG. 6. Percentage of forward motility and PK

activity ratio in rabbit epididymal spermatozoa as a

function of aerobic incubation time at 37#{176}Cin KTP.

Sperm concentration range was 0.4-1.5 X i0�

cells/mi. Each point is the mean of 3 experiments.

enzyme has a thiol group required for activity

at the active site (Harris and Waters, 1976).

Treatment of the sperm cell suspension, after

conversion to HTRES, with dithioerythitol

(DTE) restored enzymatic activity to a minor

extent after incubation in NTP and to a greater

extent after incubation in KTP. During the first

8 h of incubation in KTP, restoration of en-

zymatic activity by DTE to the level seen in

NTP alone is possible. But by 12 h, most of the

activity of the enzyme is irreversibly lost. The

Compartment

LDH activitya

(nmol/min

per 108 cells)

Activity

ratiob

Mitochondria 1.8 ± 0.8 0.044 ± 0.008

Plasma membrane 4.3 ± 3.0 0.100 ± 0.008

Cytosolc 35.0 ± 20.0 0.850 ± 0.013

Q aActivitjes are the oxidation of lactate to pyruvate

as described in Materials and Methods. Values are the

means ± SD for 5 different sperm samples.

bActivity ratios were calculated for each sperm

sample from the activities measured in each compart-

ment for that sample. Values are the means ± SD for 5

different sperm samples.

cLDH bound to cell structure and accessible to

NAD+, as described in text.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/3
0
/2

/3
2
3
/2

7
6
6
4
5
5
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



00

50

>.

I-

>

I-
U
4

0�

a5

0-0 NIP

I�-4NTP + DIE
0-c KIP

#{149}�-.KTP + DIE

PEROXIDATIVE CELL DAMAGE IN RABBIT SPERM 329

2 24

AEROBIC INCUBATION TIME (HOURS)

FIG. 7. Percentage of glyceraldehyde-3-phosphate

dehydrogenase (GAP-DH) activity remaining as a func-

tion of aerobic incubation time at 37#{176}Cin KTP (o),
KTP plus 2 mM DTE (s), NTP (0), and NTP pIus 2

mM DTE (#{149}).Sperm concentration range was 0.6-1.5

x 10� cells/mI. Each point is the mean of 5 experi-

ments; error bars are standard deviations.

12-h incubation point in KTP is also that at

which all flagellar motion is lost, at which 0.5

nmol MDA/108 cells is produced (Alvarez and

Storey, 1982), and at which all cells are stained

with trypan blue (Fig. 2). In NTP, inactivation

of the enzyme also proceeds in parallel with

loss of both the motility and permeability bar-

riers of the plasma membrane.

DISCUSSION

Damage to rabbit spermatozoa from spon-

taneous lipid peroxidation comes from both

postulated sources. One is the loss of activity of

a crucial enzyme for the energy metabolism of

the cell, GAP-DH. The other is increased per-

meability of the cell plasma membrane to the

point where adenine and pyridine nucleotides,

also crucial to the cell’s energy metabolism, can

pass through it freely. The loss of activity of

GAP-DH with increasing degree of lipid peroxi-

dation is consistent both with the sensitivity

towards oxidation of the enzyme’s essential

thiol group and with the loss of SOD activity as

peroxidation proceeds (Harris and Waters,

1976). The latter process results in a higher

intrinsic rate of superoxide production by the

cells (Alvarez and Storey, 1983), with the result

that the GAP-DH is exposed to ever higher con-

centrations of O� and H0�, the latter being a

particularly potent oxidant (Gebicki and

Bielski, 1981). The effect of DTE implies that

the first reaction is oxidation of the essential

thiol group to sulfenic acid, a relation readily

reversed by added thiols such as DTE (Allison

and Connors, 1970). Inactivation not reversible

by DTE occurs when the thiol sulfur is oxidized

further to higher oxidation states. The behavior

of GAP-DH in KTP is anomalous in that a frac-

tion of it is already in the inactive, DTE-

reversible state even at the earliest incubation

times. We have no explanation at present for

this effect of high K�.

The subcellular distribution of LDH activity

(Table 1) includes 10% of this activity on the

surface of the sperm plasma membrane. To the

best of our knowledge, this figure represents

the first quantitation by biochemical assay for

plasma membrane activity of sperm LDH. This

location for part of the cellular activity of this

enzyme, which is the isozyme LDH-X (Gold-

berg, 1963; Blanco and Zinkham, 1963), was

originally demonstrated by its ability to induce

isozyme-specific antibodies with preparations

of intact sperm as antigen (Goldberg, 1973,

1974). The plasma membrane component of

the LDH activity, while small, cannot be dis-

missed as contamination by enzyme leaking

from damaged cells in the preparation. Correc-

tion was made for such damage by assessment

of trypan blue staining for both LDH and PK

activities: the corrected surface PK activity was

consistently nil within experimental error as

expected for intact cells. Preferential leakage

of LDH over PK to the extent of 10% of LDH

activity in rabbit sperm is deemed highly im-

probable, since it is retained in HTRES and

is removed only slowly by repeated wash-

ing (Storey and Kayne, 1975). The “cytosolic”

LDH comprises 85% of the total LDH activity

in the sperm cells and 89% of the activity

directly assayable with pyruvate and NADH.

This percentage is high enough that use of the

LDH activity of HTRES as a maximal activity

in the trypan blue correction and in the enzy-

matic activity ratio introduces negligible error.

The location of LDI-I activity in rabbit sperm

is most probably in the midpiece and tailpiece;

this location has been established for “cyto-

solic” LDH in mouse, rat, and human sperma-

tozoa (Burkhart et al., 1982). The intramito-

chondrial LDH complement (Table 1) found in

this study is consistent with the earlier estimate

of 2-6% (Storey and Kayne, 1977). In rabbit

spermatozoa, all three subcellular compart-

ments contain only the isozyme LDH-X (Storey

and Kayne, 1977).

The linear correlation (Fig. 2) between try-

pan blue uptake and MDA production in rabbit

spermatozoa undergoing spontaneous lipid

peroxidation matches the linear correlations be-
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tween loss of motility, SOD activity and MDA

production previously established (Alvarez and

Storey, 1982, 1983). The same value of 0.5

nmol MDA/108 cells was obtained for trypan

blue uptake by all cells as for complete loss of

motility and SOD activity. This value represents

the “lipoperoxidative lethal end point” for

mature rabbit spermatozoa and should prove

useful for comparison with the effects of spon-

taneous lipid peroxidation in sperm from other

species.

The finding that the linear correlation be-

tween MDA production and the expressed

activity of PK and LDH holds in NTP but not

in KTP was unexpected. The time course of

expression of these activities with aerobic incu-

bation matches the loss of forward motility in

KTP, but does not match the time course of

trypan blue uptake (compare Figs. 1, 3 and 4).

In the dye uptake test, the color of the sperm

head is the primary criterion for scoring, since

it is unequivocally either colorless or blue. The

midpiece and tail have insufficient cytosol to

show much color. The one difference between

the color pattern shown in KTP and NTP was

that the postacrosomal region had a somewhat

deeper color than the rest of the head at early

incubation times. This effect was not suffi-

ciently pronounced under our dye uptake con-

ditions to be useful quantitatively, but it does

suggest that regionalization of peroxidation in

KTP may be more pronounced that in NTP.

But it seems to occur in both media, since the

activity ratios of PK and LDH are only 0.6 at

the lipoperoxidation lethal end point. At this

point of aerobic incubation, all the sperm

heads have become permeable to trypan blue,

implying that the plasma membrane in this

region has become more damaged than that

which overlies the tailpiece, where much of the

LDH is localized (Burkhart et al., 1982). Such

regionalization is consistent with the known

differences in membrane properties at different

regions of the sperm plasma membrane (Friend,

1977). if peroxidation resulting in permeabil-

ity of the plasma membrane to NADH, ATP

and PEP were to occur more rapidly in the

postacrosomal and midpiece regions, the en-

zymes PK and LDH would be accessible to

these substrates at early incubation times

before trypan blue uptake would be observed in

the anterior part of the head. We have no

explanation at present for such a preferential

regional peroxidation in the presence of high

K� and not in high Na1� medium, but this differ-

entiation may prove useful in later studies con-

cerned with functional mapping of the sperm

plasma membrane.

ACKNOWLEDGMENTS

We wish to thank Mrs. Dorothy Rivers, Ms. Dawn

Cesarini, Ms. Meryl Allison, and Mr. Mark Gorman for

technical assistance. This research was supported by

NIH grants HD-15842, HD-06274, and HL-19737.

REFERENCES

Allison, W. S. and Connors, M. J. (1970). The activa-

tion and inactivation of the acyl phosphatase

activity of glyceraidehyde-3-phosphate dehydro-

genase. Arch. Biochem. Biophys. 136:383-391.

Alvarez, J. G. and Storey, B. T. (1982). Spontaneous

lipid peroxidation in rabbit epididymal sperma-

tozoa: Its effect on sperm motility. Bioi. Reprod.

27: 1102-1108.

Alvarez, J. G. and Storey, B. T. (1983). Role of super-

oxide dismutase in protecting rabbit spermatozoa

from 02 toxicity due to lipid peroxidation. Biol.

Reprod. 28:1129-1136.

Barber, A. A. and Bernheim, F. (1967). Lipid peroxi-

dation: Its measurement, occurrence, and signifi-

cance in animal tissues. Adv. Gerontol. Rca. 2:

355-403.

Blanco, A. and Zinkham, W. H. (1963). Lactate de-

hydrogenases in human testes. Science 139:

601-602.

Burkhart, J. G., Ansari, A. A. and Malhing, H. V.

(1982). Localization of cytoplasmic lactate de-

hydrogenase-X in spermatozoa. Arch. Androl. 9:

115-120.

Chance, B., Sies, H. and Boveris, A. (1979). Hydro-

peroxide metabolism in mammalian organs.

Physiol. Rev. 59: 527-605.

Erickson, R. P., Friend, D. S. and Tennenbaum, D.

(1975). Localization of lactate dehydrogenase-X

on the surfaces of mouse spermatozoa. Exp. Cell

Res. 91:1-5.

Friend, D. 5. (1977). The organization of the sperma-

tozoal membrane, In: Immunobiology of

Gametes (M. Edidin and M. H. Johnson, eds.).

Cambridge University Press, Cambridge, pp. 5-

21.

Gebicki, J. M. and Bielski, B.H.J. (1981). Comparison

of the capacities of the perhydroxy and super-

oxide radicals to initiate chain oxidation of lino-

ieic acid. J. Am. Chem. Soc. 103:7020-7022.

Goldberg, E. (1963). Lactic and malic dehydrogenases

in human spermatozoa. Science 139:602-603.

Goldberg, E. (1973). Infertility in female rabbits im-

munized with lactate dehydrogenase-X. Science

181:458-459.
Goldberg, E. (1974). Effects of immunization with

LDH-X on fertility. Acta Endocrinol. 78, Suppi.

194:202-222.

Goldberg, E. (1977). Isozymes in testes and sperma-

tozoa. In: Current Topics in Biological and

Medical Research, vol. 1 (M. C. Rattazzi, J. G.

Scandalios and G. S. Whitt, eds.). Alan R. Liss,

New York, pp. 79-124.

Guilbault, G. G. (1975). Flurometric determination of

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/3
0
/2

/3
2
3
/2

7
6
6
4
5
5
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



PEROXIDATIVE CELL DAMAGE IN RABBIT SPERM 331

dehydrogenase activity using resorufin. Methods

Enzymoi. 41:53-56.

Harris, J. I. and Waters, M. (1976). Giyceraldehyde-3-

phosphae dehydrogenase. In: The Enzymes, vol.

13C (P. D. Boyer, ed.). Academic Press, New

York, pp. 1-49.

Haugaard, N. (1968). Cellular mechanisms of oxygen

toxicity. Physiol. Rev. 48:311-373.

Heytler, P. G. (1979). Uncoupiers of oxidative phos-

phorylation. Methods Enzymol. 55:462-472.

Hochstein, P. and Rice-Evans, C. (1982). Lipid peroxi-

dation and membrane alterations in erythrocyte

survival. In: Lipid Peroxides in Biology and

Medicine (K. Yagi, ed.). Academic Press, New

York, pp. 81-88.

Holland, M. K., Alvarez, J. G. and Storey, B. T.

(1982). Production of superoxide and activity of

superoxide dismutase in rabbit epididymal

spermatozoa. Biol. Rep rod. 27:1109-1118.

Jones, R. and Mann, T. (1973). Lipid peroxidation in

spermatozoa. Proc. R. Soc. Lond. B Biol. Sci.

184:103-107.

Jones, R. and Mann, T. (1976). Lipid peroxides in

spermatozoa; formation, role of piasrnogen, and

physiological significance. Proc. R. Soc. Lond. B

Biol. Sci. 193:317-333.

Jones, R. and Mann, T. (1977a). Toxicity of exogen-

eous fatty acid peroxides towards spermatozoa.

J. Reprod. Fertil. 50:225-260.

Jones, R. and Mann, T. (1977b). Damage to ram

spermatozoa by peroxidation of endogeneous

phospholipids. J. Reprod. Fertil. 50:261-268.

Keyhani, E. and Storey, B. T. (1973). Energy conser-

vation capacity and morphological integrity of

mitochondria of mitochondria in hypotonically

treated rabbit epididymal spermatozoa. Biochem.

Biophys. Acta 305:557-569.

Mann, T. and Lutwak-Mann, C. (1981). Male Repro-

ductive Function and Semen. Springer-Verlag.

Beriin/Heideiberg/New York.

Slater, T. F. (1982). Lipid peroxidation. Biochem.

Soc. Trans. 10:70-71.

Storey, B. T. and Kayne, F. J. (1975). Energy metabo-

lism of spermatozoa. V. The Embden-Meyerhof

pathway of giycosis: activities of pathway en-

zymes in hypotonically treated rabbit sperma-

tozoa. Fertil. Steril. 26:1257-1265.

Storey, B. T. and Kayne, F. J. (1977). Energy metabo-

lism of spermatozoa. VI. Direct intramitochon-

drial lactate oxidation by rabbit sperm mito-

chrondra. Biol. Reprod. 16:459-556.

Storey, B. T. and Kayne, F. J. (1978). Energy metabo-

lism of spermatozoa. VII. Interactions between

lactate, pyruvate and malate as oxidative sub-

strates for rabbit sperm mitochondria. Biol.

Reprod. 18: 527-536.

Storey, B. T. and Kayne, F. J. (1980). Properties of

pyruvate kinase and flagellar ATPase in rabbit

spermatozoa: relation to metabolic strategy of

the sperm cell. J. Exp. Zool. 221:361-367.

Tappei, A. L (1973). Lipid peroxidation damage to

cell components. Fed. Proc. 32:1870-1874.

Tappel, A. L. and Diliard, C. J. (1981). In vivo lipid

peroxidation: measurement via exhaled pentane

and protection by vitamin E. Fed. Proc. 40:174-

178.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/3
0
/2

/3
2
3
/2

7
6
6
4
5
5
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


