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Abstract

High molecular weight (HMW, >15 kDa) but not low molecular weight (LMW, <15 kDa) polylysines (PLs) bound and induced
permeability changes in rat spermatid plasma membranes, estimated by Mn2+ quenching of intracellular indo-1 fluorescence
(K1/2 = 3.3 ± 0.5 µg/ml) and Co2+ quenching of intracellular calcein. The pharmacology of the Mn2+ entry pathway activated by HMW PL
does not suggest that Ca2+ channels are involved in this phenomenon. Concentrations of HMW PL that induced divalent ion entry did not
induce the entry of ethidium bromide, suggesting that HMW PL first bound and perturbed the plasma membrane structure inducing a
non-specific increase in membrane permeability. High concentrations of HMW PL induced cell lysis (K1/2 = 23 µg/ml). The binding of
HMW PL, initially homogenous on the cell surface, subsequently progressed to a segregated pattern resembling a clustering phenomenon.
© 2002 Published by Éditions scientifiques et médicales Elsevier SAS.
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1. Introduction

Polylysine (PL) has been used extensively as a cell
adhesion molecule for cells growing on a solid support.
However, this cationic homopeptide does not seem to
behave as a passive cell adhesion molecule. Thus, it has
been shown to induce Ca2+ entry in leukemia T cells
(Galvanovskis et al., 1996), tracheal cells (Uchida et al.,
1996) and spermatozoa (Wennemuth et al., 1998). PL has
also been shown to mimic the action of heparin-binding
growth factors (Aoyama et al., 1997; Baron et al., 1996;
Fenstermaker et al., 1993). A marked cytotoxic action upon
exposure of cells in culture to high concentrations of PL has
been also demonstrated (e.g., Elferink, 1985). In our studies
of Ca2+ homeostasis in spermatogenic cells, we observed
that round spermatids progressively gained intracellular
Ca2+ ([Ca2+]i) without losing plasma membrane integrity
when adhered to a PL-covered support. Given the impor-

tance that modulation of Ca2+ entry could have in cell
differentiation (e.g., Whitaker and Patel, 1990), and the fact
that spermatogenic cells possess T type Ca2+ channels
(Arnoult et al, 1996; Lievano et al., 1996) as well as
intracellular Ca2+ stores and intracellular Ca2+ channels
(Berrios et al., 1998; Treviño et al., 1998), we explored the
mechanisms involved in the changes in [Ca2+]i induced by
HMW PL in rat round spermatids. Our results indicate that
HMW PL (>15 000 Da) but not low molecular weight
(LMW) PL (4000 Da) can induce a non-specific cation
permeability increase in round spermatids. In a
concentration-dependent manner, this permeability increase
can progress to cell lysis. HMW FITC-labeled PL bound to
the cells homogeneously on the cell surface. The homog-
enous FITC-PL labeling progressed to a spotted pattern
suggesting a clustering of membrane components on the cell
surface.
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2. Materials and methods

2.1. Rat spermatogenic cell preparation

The Ethics Committee, Universidad Catolica de Val-
paraiso, approved the studies described in this paper. The
animals used (Wistar rats) were obtained from the Univer-
sidad de Valparaiso Animal Facility and were maintained
with free access to food and water on a 12 h light/dark
cycle. Rat spermatids were prepared from the testicles of
adult (60 d old) rats as described by Romrell et al. (1976).
In brief, the rats were killed by cervical dislocation and the
testicles were excised, decapsulated and digested at 33 °C
for 20 min with 0.5 mg/ml collagenase and 2 µg/ml DNAse
in a Krebs-Henseleit (KH) medium supplemented with
10 mM Hepes and 10 mM DL-lactate, pH 7.4 (KH-lactate).
The resulting seminiferous tubules were washed three times
in the same medium, digested with 0.2 mg/ml trypsin for
5 min, and then mechanically disrupted by repeated pipet-
ting with a plastic pipette. The resulting cell suspension was
filtered through a layer of cotton and 250 and 70 µm nylon
meshes, and subsequently washed three times in KH-lactate
medium. The round spermatid fraction was purified using
sedimentation velocity in a 250 ml 2–4% BSA gradient in
KH-lactate medium at unit gravity and at 16 ± 2 °C (Rom-
rell et al., 1976). The cells were allowed to settle for 3 h, and
the BSA gradient was collected in 3 ml fractions at approxi-
mately one fraction per minute. The round spermatid
fraction (steps 1–7 spermatids) had a purity of 92 ± 3%.

2.2. Cellular identification

For single cell [Ca2+]i measurements, the non-
intercalating bisbenzimide DNA probe, Hoechst 33342
(H33342) (excitation wavelengths 330–380 nm, emission
wavelengths >420 nm) was used to identify microscopically
the rat round spermatids according to the morphology of
their nucleus (Reyes et al., 1997). The cells were incubated
for 10 min in KH-lactate in the presence of 4 µM H33342 and
subsequently observed by fluorescence microscopy in a
perifusing microscope chamber. Only round spermatids
(steps 1–7) were used in the single cell [Ca2+]i measure-
ments. Our method of vital cell identification does not allow
making a subclassification of rat spermatids at these stages
of development.

2.3. Measurements of [Ca2+]i in cells in suspension

For quantitative estimations of [Ca2+]i content in rat
spermatids, we used ratiometric spectrofluorimetric deter-
minations with the Ca2+ probe fura-2. Acetoxymethyl fura-2
(5 µM) was incubated with the purified spermatids in
KH-lactate for 45 min at room temperature (18 ± 2 °C), the
cells were subsequently washed thrice in KH-lactate and the
fluorescence of the suspended cells (1 million/ml) was

estimated at alternative excitation wavelengths of 340 and
380 nm, with emission wavelength at 510 nm in a PTI
Deltascan spectrofluorimeter (Photon Technology Interna-
tional Inc., NJ). To calibrate the fura-2 signal, at the end of
the experiments, the cells were lyzed with digitonin
(20 µg/ml) in the absence of external Ca2+ (0.5 mM EGTA)
and then 1 mM CaCl2 was added. [Ca2+]i was calculated as
described by Grynkiewicz et al. (1985).

2.4. Measurements of [Ca2+]i in single cells

The variations of [Ca2+]i in single cells were estimated
using the fluorescent probe fluo-3 (excitation wavelengths
450–490 nm, emission wavelengths >510 nm). Acetoxym-
ethyl fluo-3 (fluo-3 AM) (5 µM) was incubated with the
cells in KH-lactate for 30 min at room temperature
(18 ± 2 °C). The cell fluorescence was quantified using
videomicroscopy in an inverted Nikon Diaphot microscope
with epifluorescence (excitation wavelengths 450–490 nm,
emission wavelength >510 nm) and a 40× fluo objective
(NA 0.85). A cooled CCD, 12-bit videocamera (Spectra-
source, Los Angeles, CA) was attached to the videoport of
the microscope. The image analysis was performed with an
appropriate software using a personal computer. The experi-
ments performed in the nominal absence of external Ca2+

were made with KH medium without Ca2+, and with
0.5 mM EGTA added. This condition gives an estimated
free [Ca2+] of approximately 3 nM.

2.5. Measurements of Mn2+ quenching of intracellular
indo-1

In order to determine the pharmacological properties of
the permeability changes observed as [Ca2+]i increases
induced by HMW PL in rat spermatids, we utilized the
properties of indo-1 to be quenched by Mn2+ ions and the
properties of this ion to substitute for Ca2+ in Ca2+ channel
conduction. Thus, Mn2+ entry, evidenced as quenching of
indo-1 fluorescence in the presence of Ca2+, can be mea-
sured at the isosbestic point for the Ca2+–indo-1 complex
(excitation wavelength 345 nm) (Montero et al., 1990).
Round spermatids were loaded with indo-1 by exposing
them to 4 µM indo-1 AM for 40 min at room temperature
(18 ± 2 °C). The isosbestic point for the intracellular
Ca2+–indo-1 complex was determined by taking the emis-
sion spectra of indo-1 loaded cells and modifying the
[Ca2+]i by the addition of 10 µM ionomycin with 0.5 mM
external Ca2+. At the isosbestic point (447 nm, slit width:
3 nm), the decrease of the indo-1 fluorescence was depen-
dent on the presence of extracellular Mn2+, and independent
of [Ca2+]i (not shown).

2.6. Measurements of Co2+ quenching of calcein

In order to determine the selectivity of the permeability
changes observed as [Ca2+]i increases induced by HMW PL
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in rat spermatids, we utilized the properties of some
fluorescent probes to be quenched by divalent ions. Thus,
calcein is a plasma membrane impermeant fluorescent probe
(excitation wavelength 494 nm, emission wavelength
517 nm) relatively insensitive to changes in [Ca2+] in the
range of intracellular [Ca2+] changes observed in this work
(Haughland, 1996). However, Co2+, a plasma membrane
impermeant cation, can quench calcein, allowing estimation
of non-specific plasma membrane permeability changes.
The cells were loaded with calcein by exposing them to
0.2 µM calcein-AM for 30 min at room temperature. The
cell fluorescence was estimated using videomicroscopy
(excitation wavelengths 450–490 nm, emission
wavelength >510 nm) by taking serial images of the cells
subjected to different treatments.

2.7. Polylysine binding to rat spermatids

In order to visualize the binding of PL to rat spermatids
adhered to a microscope chamber coverslip in KH-lactate
media, we exposed these cells to 2.5 µg/ml poly-L-lysine-
FITC (MW 30 000–70 000) for 5 min. The cells were then
perifused with 10 ml of KH-lactate solution, 5 µM ethidium
bromide were added to monitor cell lysis, and the cells were
observed under light transmission and fluorescence micros-
copy (excitation wavelengths 450–490 nm, emission
wavelength >510 nm). The pattern of cell fluorescence was
followed for 45 min and timed photographs of the cells were
recorded. Confocal microscopy of FITC-PL labeled rat
spermatids was made in a Zeiss LSM 410 confocal micro-
scope with a 100× oil immersion objective (NA 1.4) using a
488 nm laser source and a pinhole size of 56 µm.

2.8. Estimation of cell lysis

Rat spermatid lysis was estimated as the number of cell
nuclei labeled with ethidium bromide (5 µM) or the loss of
fluorescence from calcein-loaded cells when the spermatids
were subjected to different concentrations of PL at room
temperature (excitation wavelengths 450–490 nm, emission
wavelength >510 nm).

2.9. Statistics

The data were analyzed using non-parametric statistics.
Non-linear regression was performed with the ORIGIN™
software package.

2.10. Reagents

Fura-2 AM, Fluo-3 AM, indo-1 AM, calcein AM and
H33342 were obtained from Molecular Probes (Eugene, OR).
Poly-L-lysine, poly-D-lysine, poly-L-arginine, chondroiti-
nase ABC, heparitinase and all the other reagents, enzymes
and salts were obtained from Sigma Chem. Co. (St. Louis,
MO).

3. Results

3.1. Polylysine triggers a [Ca2+]i increase in rat
spermatids

Addition of 5 µg/ml poly-L-lysine (HMW,
70,000–150,000) to a suspension of rat round spermatids
loaded with fura-2 in the presence of external Ca2+

(0.5 mM) induced a sustained rise in [Ca2+]i (Fig. 1).
Similar experiments performed in the absence of external
Ca2+ induced neither a rise in [Ca2+]i nor a decrease in
fura-2 fluorescence suggesting that the rise in [Ca2+]i
induced by PL was not due either to release of Ca2+ from
intracellular stores or leakage of fura-2 from the cells
(Fig. 1 ).

3.2. HMW polylysine effects on intracellular Ca2+ in
single rat round spermatids

When HMW poly-L-lysine (5 µg/ml) was added to the
microscope chamber that contained single cells loaded with
fluo-3 in KH-lactate, it triggered an increase in [Ca2+]i (Fig.
2A). A fraction of the cell population (20–30%) responded
with a [Ca2+]i increase at low concentrations of HMW PL
(5 µg/ml). This increase in [Ca2+]i was heterogeneous in
magnitude and duration in different spermatids, and could
be distinguished from a loss of membrane integrity because
when that occurred, the cells suddenly lost >90% of the
fluorescence (release of fluo-3). Similarly, rat spermatids
adhered to coverslips treated with a 0.1% PL solution (MW
70 000–150 000 kDa) showed a steady increase in [Ca2+]i
(approximately 10–20 nM/min, Fig. 2B). These PL adhered
cells excluded ethidium bromide indicating that their mem-
branes were not disrupted. These data demonstrate that the

Fig. 1. [Ca2+]i in rat spermatids in suspension. [Ca2+]i was measured at
33 °C using fura-2, in the presence (0.5 mM) (•) and absence (5 mM
EGTA) (·) of external Ca2+. At the arrows, 10 µg/ml PL (70–150 kDa) or
20 µg/ml digitonin were added. These results are representative of three
measurements performed in two different cell preparations.
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PL-induced Ca2+ entry in rat spermatids preceded the lysis
of the cells and also that was not related only to cell–cell
interactions triggered by the multidomain characteristic of
PLs.

3.3. Calcein quenching by Co2+

The data presented above demonstrated that interaction
of HMW PLs with spermatids induced Ca2+ entry into the
cells. In order to test whether divalent ion entry induced by
PL was specific for Ca2+, we utilized the ability of Co2+, an
impermeant ion, to quench calcein (Kendall and Mac-
Donald, 1982). Thus, in cells loaded with calcein, it is
expected that when the cell membrane integrity is lost (cell
lysis), calcein and Co2+ would mix, quenching the fluores-
cence of the probe. The results shown in Fig. 3A indicate

that when the cells loaded with calcein in the absence of
external Co2+ were exposed to HMW PL, they maintained
intracellular fluorescence until a sudden drop in fluores-
cence occurred indicating cell lysis. Instead, when Co2+ was
externally present, HMW PL induced a steady decrease in
intracellular fluorescence with a slower kinetic in agreement
with activation of Co2+ entry by HMW PL in these cells
(Fig. 3B). Cell lysis was occasionally observed at lower
than 5 µg/ml HMW PL.

3.4. Activation of Mn2+ entry by polylysine

In order to characterize the properties of divalent ion
entry into rat spermatids and determine initial velocities of
divalent ion entry into the cells, a parameter that is expected

Fig. 2. (A) Fractional increase in fluorescence of single fluo-3 loaded rat
spermatids. At the time indicated, 5 µg/ml PL were added to the micros-
cope chamber. Images were taken every 2 min as described in the text. The
results shown are expressed as the mean ± S.D. of 40 cell measurements
performed in three different cell preparations. (B) Rate of fractional
increase in the fluorescence signal of fluo-3 loaded rat spermatids adhered
to glass or PL-covered glass coverslips. The data are shown as the
mean ± S.D. (N = 71 and 37 for glass coverslips and glass coverslips
treated with HMW PL, respectively). The rates of signal increase were
significantly different at P < 0.05.

(A)

(B)

Fig. 3. (A) Fractional changes in fluorescence of single calcein-loaded rat
spermatids in KH-lactate. At the times indicated, 2.5 µg/ml HMW PL were
added to the microscope chamber. Images were taken every 2 min as
described in the text. (B) Fractional changes in fluorescence of single
calcein-loaded rat spermatids in KH-lactate supplemented with 100 µM
CoCl2. At the times indicated, 2.5 µg/ml HMW PL were added to the
microscope chamber. Images were taken every 2 min as described in the
text.

(A)

(B)

236 R.A. Jorquera et al. / Biology of the Cell 94 (2002) 233–241



to be less affected by cell lysis, we monitored the entry of
Mn2+ in spermatids loaded with indo-1. Addition of HMW
poly-L-lysine to a suspension of rat spermatids loaded with
indo-1 and with 100 µM MnCl2 in the external media
(KH-lactate), within 1 min induced entry of Mn2+ into the
cells and the subsequent quenching of the indo-1 fluores-
cence measured at the isosbestic point for Ca2+ (Fig. 4A).
Ultrafiltration (cut off > 10 000 kDa) of the HMW PL
solution and testing of the ultrafiltrate and the supernatant
showed that the activation of Mn2+ entry was not induced by
low molecular weight compounds present in the HMW PL
stock (tested in two different batches of PL) (Fig. 4A).
Addition of PL in the absence of Mn2+ did not induce
changes in indo-1 fluorescence (not shown), discarding the
fact that the indo-1 fluorescence quenching could be due to
an optical phenomenon of cell aggregation after PL addition
to the cell suspension. The dose–response curve for the
Mn2+ entry phenomenon triggered by PL showed a K1/2 of
3.3 ± 0.5 µg/ml (hyperbolic non-linear fit) (Fig. 4B). Low
molecular weight (LMW) poly-L-lysine (4000 or 7000 kDa)
did not induce entry of Mn2+ into rat spermatids up to
40 µg/ml. The effect of an increase in Mn2+ entry was
observed with poly-L-lysines of 25000 kDa or larger, and
also with HMW poly-D-lysine and HMW poly-L-arginine
(75–150 kDa, not shown). Lysine (10 µg/ml) did not induce
or block the poly-L-lysine-induced Mn2+ entry in rat sper-
matids.

Spermatogenic cells have been shown to possess T type
Ca2+ channels (Arnoult et al., 1996; Lievano et al., 1996).
Although the entry of Co2+ induced by HMW PL strongly
suggested that a non-specific increase in plasma membrane
permeability was induced by the homopeptide, we wanted
to further test the possible involvement of calcium channels
in the PL-induced Mn2+ or Ca2+ entry. In order to do that,
we examined the effects of several inhibitors of T type
voltage-dependent calcium channels on this phenomenon.
In Table 1, it is shown that the effects of nifedipine and Ni2+,
although showing a tendency to inhibit the effect of HMW
PL on Mn2+ entry, did not reach statistical significance.
Octanol significantly blocked the PL-induced Mn2+ entry
into rat spermatids. An excess of heparin (20 µg/ml) was
able to block completely the effect of PL on Mn2+ entry into
the cells. Amiloride, an inhibitor of T-type Ca2+ channels,
could not be used in this work, because at the concentrations
required, it presented a strong light absorption at the indo-1
emission wavelength, as well as of the fluo-3 excitation
wavelength.

The Mn2+ entry activating ability of PL was not shared
by polycations such as spermine and spermidine even at
concentrations of 1 mM (not shown). Spermine and sper-
midine also did not block the effects of PL on Mn2+ entry in
rat spermatids.

Some of the actions of polycation peptides on cells have
been shown to occur by the interactions with membrane
polysaccharides (Donato et al., 1996). However, in rat

spermatids, heparitinase and chondroitinase treatment of the
cells (2.4 and 1 units/ml, respectively, 60 min at 33 °C) did
not significantly modify the ability of HMW PL to induce
Mn2+ entry in round spermatids. Thus, the fractional
quenching of indo-1 fluorescence in round spermatids by
Mn2+ in control, heparitinase and heparitinase + choindroi-
tinase treatment were 0.063 ± 0.022, 0.049 ± 0.017 and
0.056 ± 0.018, respectively. These results strongly suggest

Fig. 4. (A) Plot of fractional fluorescence decrease of indo-1 loaded cells
against time. The cells were suspended in 1 ml of KH-lactate buffer without
phosphate. At the times indicated, Mn2+ (100 µM), 10 µl of the ultrafiltrate
(•) or the supernatant (● ) of a 1 mg/ml PL solution and 100 µM La3+,
were added to the 2 ml cell suspension at 33 °C. These results are
representative of three different measurements performed in similar condi-
tions with two different cell preparations and using two different batches of
PL. The lines were drawn by eye and show the tendency of the indo-1
fluorescence as a function of time. (B) Rate of fractional Mn2+ quenching
of indo-1 loaded spermatids at different concentrations of PLs of different
molecular weights (● , 75–150 kDa; •, 25 kDa; ×, 15 kDa; ∆, 4 kDa). The
K1/2 for PL action (75–150 kDa) was estimated to be 3.3 ± 0.5 µg/ml in a
non-linear hyperbolic fit of the data (dashed line). The error bars represent
the S.D. of four different measurements performed in three different cell
preparations.

(A)

(B)
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that negatively charged chondroitin sulfate and heparansul-
fate surface molecules were not involved in the mechanisms
of activation of Mn2+ entry in rat spermatids.

3.5. Effects of HMW poly-L-lysine on rat spermatids cell
membrane integrity

In order to characterize the lytic effects of PLs on rat
spermatids, we tested for the entry of ethidium bromide as
an indication of the loss of plasma membrane selective
permeability. HMW poly-L-lysine, at concentrations higher
than 10 µg/ml and after 10 min of exposure, induced a
significant lysis of rat spermatids (Fig. 5). LMW PL
(4000 MW) did not induce cell lysis even at concentrations
of 40 µg/ml. The effect of PL on rat spermatid membrane
integrity was blocked by heparin and was also observed in
the absence of extracellular calcium.

3.6. HMW poly-L-lysine binding to rat spermatids

Direct visualization of PL-FITC labeling of rat sperma-
tids showed that PL bound to the membrane of these cells
(Fig. 6A,B). The zones of contact between cells present a
progressive increase with the time of the FITC-labeled PL
zone. However, these contact zones do not present intercel-
lular GAP junction-like communication as evidenced by the
absence of intracellular content mixture when two popula-
tions of cells labeled with H33342 (nuclei) or calcein (cyto-

Table 1
Inhibition of PL-activated Mn2+ entry in rat spermatids (%)

Addition a Percentage inhibition N

Control 3 ± 10 3
Nifedipine (30 µM) 77 ± 32 3
Ni2+ (100 µM) 57 ± 25 3
Octanol (0.5 mM) 98 ± 1 b 3
Heparin (20 µg/ml) 110 ± 9 b 3

a Nifedipine, Ni2+, octanol and heparin were added 5–6 min before the
addition of 10 µg/ml PL. The percentage inhibition was estimated as the
paired fractional change in the rate of Mn2+ quenching of indo-1 loaded
round spermatids. The data are expressed as the average ± SEM.

b Significantly different from control (Wilcoxon test, P < 0.01).

Fig. 5. Dose–response curve of PL-induced lysis in rat spermatids in the
absence (•) and presence (● ) of 20 µg/ml heparin. The K1/2 for the PL
effect in the absence of heparin was 23 µg/ml. The results shown are
expressed as the mean ± S.D. of at least three different measurements for
each PL concentration performed in three different cell preparations.

Fig. 6. (A) Fluorescence photomicrograph of FITC-PL labeled rat sperma-
togenic cells 10 min after FITC-PL addition at 18 ± 2 °C. The cells were
previously allowed to settle at the bottom of the microscope chamber and
washed with 10 ml of KH-lactate buffer. The bar represents 20 µm. (B)
Fluorescence photomicrograph of FITC-PL labeled rat spermatogenic cells
30 min after FITC-PL addition. Other conditions were similar to (A). The
cells show clearly visible clusters of fluorescence. The magnification was
similar to (A).
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sol) were put in contact in the presence of HMW PL (not
shown). This FITC-PL binding was prevented by previous
incubation with heparin (20 µg/ml). The bound PL was only
slowly removed by the removal of FITC-PL from the
external solution, suggesting a relatively strong binding of
this molecule to rat spermatids. At short times after

FITC-PL addition (5–10 min), 20 µg/ml heparin partially
removed the bound PL from the surface of the cells
(31 ± 15%, N = 4). Furthermore, the pattern of PL distribu-
tion on the cell surface progressively changed from a
homogenous distribution at 10 min after FITC-PL addition
(Fig. 6A) to a spotted pattern after 30–40 min of PL addition
(Fig. 6B). Confocal microscopy of FITC-PL labeled cells
showed that the spotted pattern was present on the surface
of the cells (Fig. 7A,B), and hence it did not seem to
originate from an endocytic activity of rat spermatids. As
shown in the optical section at 4 µm (Fig. 7B), the site of
cell adhesion to the coverslip also showed a spotted pattern,
complementing the notion that HMW PL induced changes
in plasma membrane structure in spermatids bound to a
PL-covered support.

4. Discussion

In this work, we have shown that HMW PL bound to rat
round spermatids, and as an early event, it induced divalent
cation entry into these cells. The increase in membrane
permeability to divalent cations was non-specific. Ca2+,
Mn2+ and Co2+ entry into rat spermatids was induced by
HMW PL. Subsequently, HMW PL induced a redistribution
of membrane molecules on the cell surface. At concentra-
tions higher than 10 µg/ml, this cationic homopeptide in-
duced cell lysis. The lytic action induced by HMW PL in rat
spermatids does not seem to be mediated by the entry of
Ca2+ into the cells because it was also observed in the
absence of external Ca2+. Heparin, a polyanion that binds
and induces an alpha-helix conformation of the homopep-
tide in solution (Mulloy et al., 1996), inhibited the binding
of PL to rat spermatids, the activation of Ca2+ entry and the
lytic actions of HMW PL.

The action of PL on cation entry did not seem to be
mediated only by PL-induced cell–cell interactions, since
the entry of Ca2+ was also induced by HMW PL in single
cells that do not have cell–cell contact. The effect of HMW
PL on cation entry in rat spermatids did not seem to be
mediated by the interactions with plasma membrane chon-
droitin or heparan sulfate groups.

In agreement with a non-specific increase in ion perme-
ability induced by HMW-PL in spermatids, the pharmacol-
ogy of the HMW PL-activated Mn2+ entry was not typical
of T-type Ca2+ channels (e.g., Arnoult et al, 1996; Lievano
et al., 1996). This type of Ca2+ channels has been described
and characterized in rodent spermatids and spermatocytes
(e.g., Arnoult et al., 1996; Lievano et al., 1996). Since the
interaction of PL with membranes induced a destabilizing
action (see below), the effects of octanol and the near
significant inhibition by nifedipine can, in principle, be
interpreted as a classical membrane stabilization phenom-
enon described for many amphiphylic molecules (Seeman,
1972).

Fig. 7. (A) Transmission confocal sections of a group of rat spermatids. The
bar represents 10 µm. (B) Fluorescence confocal sections of a group of rat
spermatids labeled with FITC-PL after 40 min exposure to PL. The
magnification was similar to (A).
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A theoretical model developed to account for the surface
potential effects of polycation peptides on lipid membranes
predicted the formation of microdomains by the interaction
of these polypeptides and the negatively charged lipids
(Denisov et al., 1998). However, our data indicate that
macrodomains can be also obtained in cell membranes by
the effect of HMW PL. Thus, HMW PL bound to cell
membranes, followed by permeability changes and then,
this membrane effect propagated to a macroredistribution of
plasma membrane components.

The differential effects of HMW vs. LMW PLs on
spermatid cation permeability and cell lysis correlate with
the ability of HMW but not LMW PLs to interact with
model lipid membranes both electrostatically and by hydro-
phobic forces. Alpha-helices formation by the HMW but not
LMW cationic homopeptides has been described (Hammes
and Schullery, 1970; Lasch et al., 1998). These interactions
of HMW-PL with lipid membranes induced changes in
phase separation and modification of the polar head group in
phospholipids that could lead to changes in dipole potential
of the membranes (Carrier and Pezolet, 1986; Kleinschmidt
and Marsh, 1997). These effects could produce changes in
surface pressure, peptide conformation and membrane de-
stabilization by HMW PL at concentrations where alpha-
helix formation occurs, and would be more pronounced if
negatively charged lipid microdomains exist in the mem-
branes.

Our results demonstrate that HMW PL (or polyarginine)
but not LMW PL can induce cation permeability changes
that are non-selective and do not imply cell lysis. Our data
add to the ample evidence showing that HMW PL can
activate cell surface receptors or induce changes in plasma
membrane structure and permeability. Hence, this molecule
cannot be considered an inert cell adhesion molecule, and
care must be used when interpreting physiological data of
the cells adhered to substrates using this or other cationic
homopeptides.
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