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ABSTRACT

A novel integral membrane protein with an apparent molecular mass of 28 kDa (CHIP28) was first isolated from human
erythrocytes and is now recognized as a water channel protein. The expression of this protein has been found in several other
cell types that all require high water permeability for their functions. Recent studies have shown that the water permeability
(Ly) of human spermatozoa is among the highest reported for mammalian cells. Together with the low activation energy of
human spermatozoa for L, this suggests that CHIP28 water channel may be present in the plasma membrane of human sper-
matozoa. However, our current studies do not support this hypothesis. Results from Western blot analysis on human sperm
plasma membrane proteins, performed through use of an antibody against human erythrocyte CHIP28 protein, indicated that
human spermatozoa do not express CHIP28 protein on their cell surface (n = 10). Consistent with the Western blot finding,
mercuric chloride (HgCl;), a known water channel blocker, failed to reduce the osmotic water permeability of human sper-
matozoa. The calculated L, values were 1.30 = 0.29 pm/min/atm (n = 16; mean + SEM) for the control group and 1.31 %=
0.29 (n = 9; mean = SEM), 1.04 * 0.27 (n = 11; mean = SEM), and 1.34 + 0.19 (n = 6; mean = SEM), respectively, for the
10 pM, 30 pM, and 50 pM HgCl,-treated groups. These L, values are not different (p > 0.05). In contrast, the same concentration
of HgCl, significantly blocked the osmotic water transport across the membrane of human erythrocytes. These data strongly
suggest that the high water permeability of human sperm plasma membranes is not due to CHIP but may be mediated by other

water channel proteins that are mercury-resistant.

INTRODUCTION

In contrast to most ion movement across biological
membranes, which occurs through membrane-spanning
protein channels, carriers, or pumps, water transport in most
cells is mediated by a membrane solubility-diffusion mech-
anism [1]. In general, for any biological membrane, two dif-
ferent water permeability coefficients can be measured: 1)
the osmotic or filtrational permeability coefficient (L, or Py
generated when an osmotic gradient is applied across the
cell membrane and 2) the diffusional permeability coeffi-
cient (Py) measured when cells are suspended in an iso-
tonic solution, for which water movement is mainly diffu-
sional and depends entirely on the composition of the
membrane [1]. In cells where the P; has been found to be
significantly greater than the corresponding Py, the pres-
ence of specific water channels has been proposed [1]. The
effort to identify and purify protein water channels has had
a long history involving many investigators, but only re-
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cently, with the use of advanced cellular and molecular bi-
ological techniques, has this become possible [2—5]. Chan-
nel-forming integral membrane protein with a molecular
mass of 28 kDa (CHIP28) was the first water channel iden-
tified [3]; it mediates 90% of water movement across the
human erythrocyte membrane. The CHIP28 ¢DNA has re-
cently been cloned and sequenced [6] and found to belong
to a family of membrane transport proteins named MIP
(major intrinsic protein) [7, 8). Injection of the CHIP28 mRNA
into Xenopus oocytes and insertion of the CHIP28 protein
into biosynthetic liposomes produced a greatly increased
osmotic water permeability that could be inhibited by mer-
curic chloride (3, 9]. Immunocytochemical studies by Niel-
sen et al. [10] demonstrated that the CHIP28 protein is ex-
pressed in the constitutively high water-permeable segment
of the nephron including the proximal convoluted and
straight tubules and descending thin limbs. Immunoreac-
tive CHIP28, however, is not detected in water-impermea-
ble ascending thin limbs, ascending thick limbs or distal
tubules, or in collecting ducts whose permeability to water
is regulated by antidiuretic hormone according to the phys-
iological requirement. CHIP water channel proteins have
also been demonstrated in mature rat hematopoietic tis-
sues, red pulp of spleen, choroid plexus, ciliary and lens
epithelia, hepatic bile duct, gall bladder epithelium, intes-
tinal lacteals, and capillary bed [10~12]. These findings sug-
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gest that CHIP28 as a water channel is involved in osmo-
regulation, resorption, and secretion. With respect to the
male reproductive tract, CHIP28 has been found to be pres-
ent in the plasma membrane of nonciliated efferent ductal
cells, epithelial cells in the ampulla of the vas deferens,
seminal vesicles, and prostate. However, the seminiferous
tubules, epididymis, and proximal parts of the vas deferens
are negative for CHIP28 [13].

Recent studies have shown that the water permeability
of human spermatozoa is among the highest reported for
mammalian cells [14], exceeded only by that of human
erythrocytes, in which over 90% of the water transport is
mediated through CHIP28 water channels. The molecular
basis underlying the high water permeability of human
spermatozoa is unknown at present. In the study reported
here, expression of the CHIP28 protein on human sper-
matozoa was investigated to ascertain whether or not the
high water permeability of human spermatozoa is attrib-
utable to the presence of water channels as demonstrated
in other mammalian cells.

MATERIALS AND METHODS

Chemicals were purchased from Sigma Chemical Co. (St.
Louis, MO) unless otherwise specified.

Preparation of Cellular Protein

Human sperm samples were collected from normal healthy
men, aged 20—40 yr, by masturbation. After a standard swim-
up procedure [15}, the motile, capacitated spermatozoa were
suspended at a concentration of approximately 10 cells/ml
in a lysing buffer composed of single-strength ice-cold PBS
(Gibco, Grand Island, NY), 0.1% Triton X-100, 1 mM PMSF, and
10 ug/ml leupeptin. After 30—45 min lysation at 4°C with in-
termittent vortexing, the lysate was centrifuged (10 000 X g,
4°C) for 30 min. The supernatant was saved as Triton X-100-
soluble protein. The pellet, consisting of nuclei and cytoske-
letal elements, was subsequently solubilized in 2% SDS, since
CHIP28 has been reported to associate with Triton X-100-in-
soluble cytoskeletal elements [2].

Human erythrocyte ghosts were prepared by directly lys-
ing the cells in distilled water {16]. The membrane com-
ponent was pelleted (10000 X g, 4°C) for 10 min and then
resuspended in ice-cold PBS.

Sample protein concentration was determined by mea-
suring the light absorbance at 595-nm wavelength in a spec-
trophotometer after protein samples had been reacted with
Bio-Rad protein assay dye (manufacturer’s procedure; Bio-
Rad Labs., Hercules, CA). BSA was used as a protein con-
centration standard. All protein samples were stored frozen
at —20°C until needed.

Western Blot Analysis

Western blot analyses were performed according to Lae-
mmli et al. [17] through use of a Bio-Rad miniblot system.

Briefly, 20-50 pg of protein was denatured at 65°C in an
SDS-reducing buffer containing 10 mM Tris (pH 6.8), 1.5%
SDS, 6% glycerol, and 0.5 M dithiothreitol (DTT) [3]. Elec-
trophoresis was carried out at 200 V for approximately 45
min in a discontinuous SDS-acrylamide gel composed of
4% stacking gel, pH 6.8, and 12% separating gel, pH 8.8.
Proteins separated in this way were electrophoretically
transferred to a nitrocellulose membrane at 0.25 amp for
1 h in a transfer buffer (pH 7.4) consisting of 0.4 M Tris,
0.2 M sodium acetate, 20 mM Na,-EDTA, and 0.02% SDS.
Following 1-h blocking with 5% nonfat milk in a blocking
buffer containing 50 mM NaPO; (pH 7.4), 150 mM NacCl,
and 0.1% Tween 20, the blot was immunoreacted with rab-
bit anti-human CHIP28 (purified from human erythrocyte
membrane) antiserum at 1:500 dilution for 48-72 h [2]. Af-
ter several washes (two for 5 min, two for 10 min) in the
blocking buffer, the membrane was incubated with horse-
radish peroxidase-conjugated anti-rabbit IgG for 1 h at room
temperature. The membrane was similarly washed again.
To reveal the signal, equal volumes of DETECT A and B
(Amersham’s chemiluminescence kit; Amersham Corp.,
Buckinghamshire, UK) was reacted with the membrane for
1 min. To drain off the excess detection reagent, the blot
was held vertically and its edge was touched against tissue
paper (washing is not necessary). The membrane was
wrapped in plastic wrap and exposed to a hyperfilm-ECL
(Amersham Corp.) for 15 sec to 5 min. Membrane proteins
of human erythrocyte (20 pg) were always co-electropho-
resed in each gel as a positive control for the CHIP protein.
The molecular mass marker used was purchased from
Amersham Corp. For nonspecific binding, preimmune rab-
bit serum, obtained from the same animal from which the
anti-CHIP antibody was generated, was used (at the same
dilution) instead of primary rabbit anti-human CHIP28 anti-
serum. The exposure time of the blot reacted with preim-
mune serum was sometimes extended purposely (2—10 min)
to ensure that disappearance of the specific CHIP band was
a true phenomenon.

Toxicity of HgCl, to Human Spermatozod

The cytotoxicity of HgCl, on human spermatozoa was
determined before the water permeability experiments were
undertaken. Spermatozoa were exposed to various concen-
trations of HgCl, (5, 10, 15, 30, 50, and 100 pM) in isotonic
HEPES-buffered Tyrode’s lactate solution (TL-HEPES) [18]
for 30, 40, and 50 min, respectively. The membrane integ-
rity of the spermatozoa was measured by double-staining
the cells with carboxyfluorescein acetate (CFDA) and pro-
pidium iodide (PI) [14). The percentage of cells exhibiting
CFDA (membrane-intact cells) or PI fluorescence (lysed cells)
was measured by flow cytometry using a FACStar Plus Ana-
lyzer (Becton, Dickinson and Co., Rutherford, NJ). Concom-
itantly, motility of the HgCl,-treated spermatozoa was mea-
sured via computer-assisted semen analysis [19-21].
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FIG. 1. Representative Western blot analysis showing typical glycosylated CHIP protein {glyCHIP) and CHIP28 protein in human erythrocytes. The CHIP
protein is apparently negative for both Triton X-100-soluble (a} and -insoluble (b) sperm protein fractions (see Materials and Methods). 1, 2, and 3: Three
different sperm samples. A) Immunoblotting with rabbit anti-human CHIP28 antiserum. B) Immunobilotting with normal rabbit serum. Molecular weight
(MW) of migrated proteins were estimated according to co-electrophoresed Rainbow-colored protein MW marker from Amersham (not shown). A bright
spot in (A) (< 280 kDa) is an artifact that may have resulted from the trapping of detection solution in a certain area of the blot and/or incomplete immersion

of a certain area in the incubation/washing solutions.

Effect of HgCl, on L, of Human Erytbrocytes

The HgCl, toxicity study on human spermatozoa showed
that these cells cannot tolerate HgCl, concentrations higher
than 30 pM for more than 30 min. To determine whether
this concentration would be sufficient for demonstrating a
blocking effect by HgCl, and whether the kinetic volume
measurements we intended to use were feasible for re-
vealing a blocking effect, we chose human erythrocytes as
reference cells, since these cells have been very well char-
acterized both in their water permeability and their sensi-
tivity to water channel blocking by mercurial compounds
[22-24]. Osmotic water permeabilities of human erythro-
cytes, in the presence or absence of HgCl, (10, 30, 50, and
100 pM), were determined by measuring the kinetic changes
in cell volume in response to aniso-osmotic solution in an
electronic particle counter (Coulter counter model ZM;
Coulter Electronic, Hialeah, FL) [25]. When a cell traverses
the orifice (70 pm in diameter) of the electronic counter,
it produces an electronic pulse with a magnitude propor-
tional to the volume of the cell. These electronic signals
were captured by a custom interface (The Great Canadian
Computer Company, Spruce Grove, AB, Canada) and ana-

lyzed with a microcomputer [25]. To perform the experi-
ments, 100 ul of the cell suspension (approximately 1-2 X
107 cells/ml) was abruptly injected with mixing into a vial
containing 10 ml of a hypotonic solution (150 mOsm PBS).
Values for L, were calculated from the initial slopes of each
swelling curve [26, 27].

Effect of HgCl, on L, of Human Spermatozoa

Kinetic changes in the cell volume of human sperma-
tozoa in a hypoosmotic (100 mOsm TL-HEPES) solution was
measured in a manner similar to that described above. The
calibration bead used for sizing human spermatozoa was a
polystyrene bead 3.98 pm in diameter (Duke Scientific Corp.,
Palo Alto, CA). The osmotic water permeability (L,) of hu-
man spermatozoa, in the presence or absence of HgCl,, was
determined by least squares curve-fitting of the experi-
mental data to a differential equation describing osmotic
water movement across the plasma membrane (28). Despite
the known fact that human spermatozoa undergo a curling
of the il in response to a hypoosmotic condition, this shape
change does not affect the electronic particle counter mea-
surement, which is primarily size-dependent but relatively
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FIG. 2. Effect of HgCl, treatment on (top) membrane integrity (n = 4)
and (bottom) motility of human spermatozoa (n = 3). Values are mean =
SD.

shape-independent. Data from this laboratory has been used
to validate the use of an electronic particle counter to mea-
sure water permeability (L,) for human spermatozoa (Gil-
more JA, McGann LE, Gao DY, Kleinhans FW, Peter AT, Crit-
ser JK; unpublished results). The L, values obtained on the
basis of the volume change in different hypoosmotic so-
lutions and the corresponding activation energy (E,) cal-
culated were essentially the same as those previously re-
ported by Noiles et al. [14].

Time to spermolysis in a hypotonic solution, first de-
scribed by Noiles et al. [14], was also determined for both
control and HgCl,-treated human spermatozoa. Briefly, ali-
quots (10 pl) of sperm samples (from the control or HgCl,-
treated group) were abruptly exposed to a 40 mOsm TL-
HEPES solution (1 ml) with constant vortexing for 5, 10,
15, 25, and 30 sec, respectively. At the end of each time
point, 100 pl of tonicity restoration solution (2640 mOsm
NaCl) was added during vortexing to return the sperm cells
to an isotonic condition. Membrane integrity was measured
by CFDA/PI staining as described above.

Statistical Analysis
Data were analyzed by either Student’s rtest or Wil-
coxon rank sum test {29].
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FIG. 3. Time-dependent toxicity of high concentrations of HgCl, on hu-
man spermatozoa (n = 3). Values are mean = SD.
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FIG. 4. Representative kinetic volume measurements showing slowed
rates of hypoosmotic {150 mOsm) swelling of human erythrocytes and un-
changed rates of hypotonic (150 mOsm)} swelling of human spermatozoa
after treatment with various doses of HgCl,.
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TABLE 1.

erythrocytes and spermatozoa.®

Effect of HgCl, treatment on water permeabilities of human

Erythrocyte L,

HgCl, from Initial Slopes Spermatozoa L,
{(nM) {um/min/atm) {m/min/atm)
0 4.06 = 0.57 (7) 1.30 = 0.29 (16)
10 1.17 £ 0.51 (8) 1.31 = 0.29 (9)
30 1.26 = 0.53 (6) 1.04 = 0.27 {11)
50° 1.05 + 0.43 (9) 1.34 = 0.19 (6)
100° 0.74 + 0.05 (6) 1.10 = 0.18 (4)

2Cells were treated with concentrations of HgCl, for 10-15 min. Values are
expressed as mean = SD. Numbers in parentheses represent the number
of measurements.

bCells were treated with these concentrations of HgCl, for only 5 min.

RESULTS

Western Blot Analysis

Western blot analyses on CHIP28 expression were per-
formed on human sperm samples randomly selected from
10 normal healthy donors (Fig. 1). Membrane protein prep-
arations of human erythrocytes were used as a positive con-
trol. The results showed that, as previously reported [8], the
membrane preparations of human erythrocytes contained
strong immunoreactive CHIP proteins that migrated in SDS-
acrylamide gel as two major bands: a smear band known
as glyCHIP (35-65 kDa), representing a collection of CHIP
proteins with various degrees of glycosylation, and a single
28-kDa band corresponding to the native protein (Fig. 1A).
A 30-kDa protein band revealed in the immunoblot was
considered a nonspecific band, since it reappeared when
the same blot was stripped and reprobed with preimmune
rabbit serum (Fig. 1B). In the case of human spermatozoa,
immunoreactive CHIP proteins were consistently negative
in both Triton X-100-solubilized and SDS-solubilized pro-
tein fractions of human sperm cells (Fig. 1A).

Toxicity of HgCl, on Human Spermatozoa

HgCl, at concentrations higher than 30 uM is highly toxic
to human spermatozoa, with regard to both membrane in-
tegrity and sperm motility (Fig. 2). Sperm motility is more
sensitive to the toxic effect of HgCl, than is the membrane
integrity. The toxicity of HgCl, is both dose- and time-de-
pendent; 10-min exposure to 50 pM or 5-min exposure to
100 uM HgCl, did not significantly affect the motility of hu-
man spermatozoa (Fig. 3).

Effect of HgCl, on the L, for Human Erythrocytes and
Spermatozoa

Determinations of water permeability in human eryth-
rocytes demonstrated that for the control group, cells swelled
so rapidly in response to a hypoosmotic environment that
the electronic counter could not track the volumetric changes
kinetically. HgCl, treatment (10, 30, 50, and 100 uM) slowed
the rate of cell swelling, generating clearly observable
swelling curves in the electronic counter. Values for L,, cal-
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FIG. 5. Flow cytometric measurement to determine the time to 50%
spermolysis in a 40 mOsm solution. Upper left quadrant, Pl positive; upper
right quadrant, Pl and CFDA double positive; lower left quadrant, Pl and
CFDA double negative; lower right quadrant, CFDA positive.

culated from the initial slopes of the curves, were 4.06 pm/
min/atm for the control group and 1.17, 1.26, 1.05, and
0.74, respectively, for groups treated with 10 pM, 30 uM,
50 pM, and 100 wM HgCl, (Table 1 and Fig. 4).

In contrast to the blocking effect of HgCl, on the osmotic
water permeability of the human erythrocytes, HgCl, treat-
ment at the same concentrations failed to reduce L, for hu-
man spermatozoa. Calculated L, values were approximately
1.30 wm/min/atm for the control group and 131, 1.04, 1.34,
and 1.10 pm/min/atm, respectively, for groups treated with
10, 30, 50, and 100 pM HgCl, (Table 1 and Fig. 4). No sig-
nificant difference was obtained when the L, values of any
of the two groups were compared (p > 0.05). When high
concentrations of HgCl, (50 and 100 pM) were used, cells
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were treated for only 5 min before the water permeability
was measured. During this period of time, no significantly
toxic effect of HgCl, was observed (Fig. 3). A 5-min expo-
sure to HgCl, has been shown to effectually reveal a block-
ing effect on the osmotic water permeability [3]. Consistent
with the L, determinations, there was no significant differ-
ence when the hypoosmotic spermolysis rate of the control
group was compared to that of the group treated with 30
M HgCl, (Fig. 5). Fifty percent of spermolysis in a 40 mOsm
solution was achieved at 17 sec for the control group and
at 16 sec for the HgCl,-treated group (16.67 = 1.41 and
15.75 = 0.66, respectively; three replicates; p > 0.05). In
addition, other mercurial sulthydryl reagents, including p-
chloromercuribenzene and fluorescein mercuric acetate, also
failed to inhibit the osmotic water permeability of human
spermatozoa (data not shown).

DISCUSSION

This study was conducted to investigate the molecular
basis of the high water permeability of human spermato-
zoa. In general, most cells in an organism do not require
high water permeability to perform their functions; their
water permeability coefficients usually fall around 0.4 pm/
min/atm (1 X 107 cm/sec) [30]. Variation in water perme-
abilities in these cells is accounted for simply by the dif-
ferences in the bilayer structure of their plasma mem-
branes. Plasma membranes of erythrocytes, renal tubules,
and certain epithelial cells [1, 4, 10, 11], however, exhibit high
water permeability that cannot be explained solely by
membrane bilayer structure and has now been demon-
strated to result from the presence of selective molecule
water channels. A recent study has shown that the water
permeability of human spermatozoa is unusually high, ex-
ceeded only by that of human erythrocytes [14]. These find-
ings, together with the low activation energy (3.92 + 0.59
kcal/mol) of human spermatozoa, suggest the strong like-
lihood that the membrane of human spermatozoa may con-
tain water channels; this would constitute a molecular basis
for the high water permeability of this cell type. Our cur-
rent studies focused mainly on the expression of CHIP pro-
teins because CHIP was the first water channel to be rec-
ognized, it is well characterized, and it is expressed in most
cells with high water permeability [10-12]. However, our
Western blot analysis failed to detect any CHIP signals on
membrane preparations of human spermatozoa. Mercurial
compounds, at concentrations that significantly blocked water
transport across the membrane of human erythrocytes, had
no significant effect on the osmotic water permeability of
human spermatozoa. Thus, it appears unlikely that the high
water permeability of human spermatozoa is mediated by
a CHIP water channel. In spite of the negative expression
of the CHIP water channel in human spermatozoa, we still
argue for the possibility that a novel, mercury-resistant water
channel (perhaps a CHIP homologue) is present in the

plasma membrane of human spermatozoa. This argument
is based on two previous findings. First, human sperma-
tozoa have a high P; (or L,) and low E,. It has been shown
that human and adult rat erythrocytes that have high P; and
low E, also have water channels on their cell membrane,
whereas fetal rat erythrocytes, which have low P; and a high
E,, do not have plasma membrane water channels [32). Sec-
ond, sensitivity of water channels to mercurial compounds
is 2 common but not a necessary phenomenon, since it
largely depends on where the cysteine residues reside. In
this regard, Preston et al. [33] have shown that CHIP28, with
a cysteine to serine mutation at residue 189 (only cysteine
residue in the CHIP is sensitive to HgCl,), can still function
as a water channel but is Hg**-insensitive in nature. Fur-
thermore, Hasegawa et al. [34] have recently cloned a 32-
kDa mercury-insensitive water channel (MIWC) from a rat
lung cDNA library. This MIWC has been shown to have a
unique distribution in cells that do not express CHIP28.

These results do not exclude the possibility that the high
water permeability of these cells may simply be due to the
lipid composition of their membrane. It has been dem-
onstrated that in the process of capacitation, spermatozoa
lose much of their membrane cholesterol [35-39]. On the
basis of studies of model membranes, such a loss of sperm
membrane cholesterol would be expected to increase overall
membrane permeability [40]. If the high water permeability
of human spermatozoa is attributable solely to their mem-
brane composition, this cell type would represent an ex-
ception to a common phenomenon: that high water per-
meability and an associated low activation energy are
associated with the existence of transmembrane water
channels.

Further investigation of the mechanism by which water
moves across the sperm plasma membrane is needed. One
specific approach would be to measure the ratio of the os-
motic to the diffusional water permeability coefficient (P¢/
Py) using a nuclear magnetic resonance technique. If the
P;/P, ratio is significantly higher than 1, there would be
strong evidence suggesting the existence of channel-me-
diated water movement across the cell membrane, and hu-
man spermatozoa might be selected as a cell system for the
future identification and cloning of a new water channel
protein.

ACKNOWLEDGMENTS

The authors wish to thank Dr. P. Agre for his generosity in providing antibody
against CHIP28 protein, Mrs. N.G, Higgins for technical assistance with flow cyto-
metric analysis, and Mrs. KL. Vernon for assistance with manuscript preparation.

REFERENCES

1. Finkelstein A. Current Topics in Membranes and Transport, vol 21. New York:
Academic Press; 1984,

2. Denker BM, Smith BL, Kuhajda FP, Agre P. Identification, purification and partial
characterization of a novel M, 28 000 integral membrane protein from erythro-
cytes and renal tubules. ] Biol Chem 1988; 263:15634—15642.

220z 1snbny 9| uo Jesn sonsnp Jo wewuedaq 'S'N Aq G665 19/2/€ L6/7/ZS/81o1nle/poidal|olg/wod dno olwspeoe)/:sdiy Wolj peapeojumoq



e

10.

1

—

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

WATER TRANSPORT IN HUMAN SPERMATOZOA

Preston GM, Carroll TP, Guggino WB, Agre P. Appearance of water channels in
Xenopus oocytes expressing red cell CHIP28 protein. Science 1992; 256:385-387.
Fushimi K, Uchida S, Hara Y, Hirata Y, Marumo F, Sasaki S. Cloning and expres-
sion of apical membrane water channel of rat kidney collecting tubule. Nature
1993; 361:549-552.

Maurel C, Reizer }, Schroeder JI, Chrispeels MJ. The vacuolar membrane protein
+-TIP creates water specific channels in Xenopus oocytes. EMBO J 1993; 12:2241—
2247.

. Preston GM, Agre P. Isolation of ¢cDNA for erythrocyte integral membrane protein

of 28 kilodaltons: member of an ancient channel family. Proc Natl Acad Sci USA
1991; 88:11110-11114.

Gorin MB, Yancey SB, Cline J, Revel JP, Horwitz J. The major intrinsic protein
(MIP) of the bovine lens fiber membrane: characterization and structure based
on cDNA cloning. Cell 1984; 39:49-59.

Smith BL, Agre P. Erythrocyte M, 28 000 transmembrane protein exists as a mul-
tisubunit oligomer similar to channel proteins. ] Biol Chem 1991; 266:6407-6415.
Zeidel ML, Ambudkar SV, Smith BL, Agre P. Reconstitution of functional water
channels in liposomes containing purified red cell CHIP28 protein. Biochemistry
1992; 31:7436—7440.

Nielsen S, Smith BL, Christensen EI, Knepper MA, Agre P. CHIP28 water channels
are localized in constitutively water-permeable segments of the nephron. J Cell
Biol 1993; 120:371-383.

. Nielsen S, Smith BL, Christensen EI, Agre P. Distribution of the aquaporin CHIP

in secretory and resorptive epithelia and capillary endothelia. Proc Natl Acad Sci
USA 1993; 90:7275-7279.

Bondy C, Chin E, Smith BL, Preston GM, Agre P. Developmental gene expression
and tissue distribution of the CHIP28 water-channel protein. Proc Natl Acad Sci
USA 1993; 90:4500-4504.

Brown B, Verbavatz JM, Valenti G, Lui B, Sabolic 1. Localization of the CHIP28
water channel in reabsorptive segments of the rat male reproductive tract. Eur
J Cell Biol 1993; 61:264-273.

Noiles EE, Mazur P, Watson PF, Kleinhans FW, Critser JK. Determination of water
permeability coefficient for human spermatozoa and its activation energy. Biol
Reprod 1993; 48:99-109.

Kleinhans F, Travis VS, Du JY, Villines PM, Colvin KE, Critser JK. Measurement
of human sperm intracellular water volume by electron spin resonance. ] Androl
1992; 13:498-506.

Schwoch G, Passow H. Preparations and properties of human erythrocyte ghosts.
Mol Cell Biochem 1973; 2:197-218.

Laemmli UK. Cleavage of structural protein during the assembly of the head of
bacteriophage T, Nature 1970; 227:680—685.

Bavister BD, Leibfried ML, Lieberman G. Development of preimplantation em-
bryos of the golden hamster in a defined culture medium. Biol Reprod 1983;
28:235-247.

Katz DE, Davis RO. Automatic analysis of human sperm motion. J Androl 1987;
8:170-81.

Mortimer ST, Mortimer D. Kinematics of human spermatozoa incubated under
capacitating condition. J Androl 1990; 11:195-203.

Critser JK, Colvin KE, Critser ES. Effect of sperm concentration on computer
assisted semen analysis results. ] Androl 1988; 9(suppl):89 (abstract 56).

22.

23.
24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

919

Benga GH, Pop VI Ionescu M, Holmes RP, Popescu O. Irreversible inhibition of
water transport in erythrocytes by fluoresceinmercuric acetate. Cell Biol Int Rep
1982; 6:775-781.

Brahm J. Diffusional water permeability of human erythrocytes and their ghosts.
J Gen Physiol 1982; 79:791-819.

Macey RI. Water transport in red blood cells. In: Membranes and Transport, vol
2. New York and London: Plenum Press; 1982: 461-466.

McGann LE, Turner AR, Turc JM. Microcomputer interface for rapid measure-
ments of average volume using an electronic particle counter. Med Biol Eng &
Comput 1982; 20:117-120.

Mazur P. Freezing of living cells: mechanisms and implications. Am J Physiol
1984; 247:C125-C142.

Macey RI, Brahm J. Osmotic and diffusional water permeability in red cells: meth-
ods and interpretations. In: Benga G (ed.), Water Transport in Biological Mem-
branes, vol 2. Boca Raton, FL: CRC Press, Inc.; 1989: 25-39.

McGann LE, Stevenson M, Muldrew K, Schachar N. Kinetics of osmotic water
movement in chondrocytes isolated from articular cartilage and applications to
cryopreservation. J Orthop Res 1988; 6:109-115.

McClave JT, Dietrich FK IL Statistics, 4th ed. San Francisco: Dellen Publishing/
Macmillan, Inc.; 1988: 416-427, 569-579.

McGrath JJ. Membrane transport properties. In: McGrath Jj, Diller KR (eds.), Low
Temperature Biotechnology: Membrane Applications and Engineering Contri-
butions. New York: American Society of Mechanical Engineers; 1988: 273-345.
Agre P, Preston GM, Smith BL, Jung JS, Raina S, Moon C, Guggino WB, Nielsen
S. Aquaporin CHIP: the archetypal molecular water channel. Am J Physiol 1993;
265:F463-F476.

Smith BL, Baumgarten R, Nielsen S, Raben D, Zeidel ML, Agre P. Concurrent
expression of erythroid and renal aquaporin CHIP and appearance of water channel
activity in perinatal rats. J Clin Invest 1993; 92:2035-2041.

Preston GM, Jung JS, Guggino WB, Agre P. The mercury-sensitive residue at cys-
teine 189 in the CHIP28 water channel. J Biol Chem 1993; 268:17-20.
Hasegawa H, Ma T, Skach W, Matthay MA, Verman AS. Molecular cloning of a
mercurial-insensitive water channel expressed in selected water-transporting tis-
sues. ] Biol Chem 1994; 269:5497-5000.

Langlais J, Roberts KD. A molecular membrane model of sperm capacitation and
the acrosome reaction of mammalian spermatozoa. Gamete Res 1985; 12:183—
224.

Langlais ], Desaulniers M, Roberts KD. Sperm cholesterol efflux is stimulated by
serum-derived sterol acceptors during in vitro capacitation of human sperma-
tozoa. Biol Reprod 1985; 32(suppl 1):211 (abstract 347).

Fayrer-Hosken RA, Brackett BG, Brown J. Reversible inhibition of rabbit sperm-
fertilizing ability by cholesterol sulfate. Biol Reprod 1987; 36:878-883.

Davis BK. Timing of fertilization in mammals: sperm cholesterol/phospholipid
ratio as a determinant of the capacitation interval. Proc Natl Acad Sci USA 1981;
78:7560-7564.

Go KJ, Wolf DP. Albumin-mediated changes in sperm sterol content during ca-
pacitation. Biol Reprod 1985; 32:145~153.

Chapman D. Protein-lipid interactions in model and natural biomembranes. In:
Chapman D (ed.), Biological Membranes, vol 4. New York: Academic Press; 1982:
177-224.

220z 1snbny 9| uo Jesn sonsnp Jo wewuedaq 'S'N Aq G665 19/2/€ L6/7/ZS/81o1nle/poidal|olg/wod dno olwspeoe)/:sdiy Wolj peapeojumoq



