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Acid sphingomyelinase knockout mice are a model of
the inherited human disorder types A and B Niemann-
Pick disease. Herein, we show that heterozygous
(ASMKO�/�) mice have two distinct sperm popula-
tions resembling those found in normal and mutant
animals, respectively, and that these two populations
could be distinguished by their morphology, ability
to undergo capacitation or the acrosome reaction,
and/or mitochondrial membrane potential (MMP).
The abnormal morphology of the mutant sperm
could be normalized by demembranation with deter-
gents or by the addition of recombinant acid sphin-
gomyelinase to the culture media, and the corrected
sperm also had an enhanced fertilization capacity.
Methods were then explored to enrich for normal
sperm from the mixed ASMKO�/� population, and
flow cytometric sorting based on MMP provided the
best results. In vitro fertilization was performed us-
ing ASMKO�/� oocytes and sperm before and after
MMP sorting, and it was found that the sorted sperm
produced significantly more wild-type pups than
nonsorted sperm. Sperm sorting is much less invasive
and more cost-effective than egg isolation, and offers
several advantages over the existing assisted reproduc-
tion options for Niemann-Pick disease carrier couples.
It therefore could have a major impact on the preven-
tion of this and perhaps other genetic diseases. (Am J
Pathol 2007, 170:2077–2088; DOI: 10.2353/ajpath.2007.061002)

Mutations in the gene (SMPD1) encoding the lysosomal
hydrolase acid sphingomyelinase (ASM) result in types A
and B Niemann-Pick disease (NPD).1 Type A NPD is a

severe, neurodegenerative form of the disorder that gen-
erally leads to death by �3 years of age. In contrast,
patients with type B NPD have little or no neurological
involvement and may survive into adolescence or adult-
hood. ASM belongs to a family of sphingomyelinases that
degrade sphingomyelin (SPM) into ceramide and phos-
phorylcholine.2,3 Thus, the pathophysiology in NPD is
primarily due to the accumulation of SPM and other met-
abolically related lipids (eg, cholesterol) within the cells
and tissues of affected patients. However, because the
product of ASM activity, ceramide, is an important sig-
naling lipid, defects in ceramide-mediated signal trans-
duction pathways also may contribute to the disease
pathogenesis.1,2 In humans, ASM deficiency is inherited
as a recessive trait, and carrier individuals are thought to
be clinically normal.

The full-length human and murine cDNAs and genomic
sequences encoding ASM have been isolated,4–6 and
ASM knockout (ASMKO�/�) mice have been construct-
ed.7,8 The ASMKO�/� animals have no residual ASM
activity and present with a clinical and pathological phe-
notype that is intermediate between types A and B NPD.
Heterozygous (ASMKO�/�) mice have no clinical abnor-
malities, although some pathological changes related to
the disease have been documented.9 These models
have been extremely valuable for the investigation of the
pathophysiological mechanisms underlying types A and
B NPD, as well as for the development and evaluation of
various treatment approaches.10–12

Since constructing the ASM-deficient mouse model in
1995, our laboratory has observed reduced fecundity in
the affected animals. Interestingly, reproductive impair-
ment also has been documented in mouse models of
Tay-Sachs and Sandhoff diseases,13–15 two related
sphingolipid storage disorders that result from deficient
�-hexosaminidase activity and the accumulation of GM2
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ganglioside. Of particular relevance to the current study,
the reproductive pathology and residual enzyme expres-
sion in male Tay-Sachs and Sandhoff mice has been
characterized, and an increase in the size and number of
lysosomes in the epithelia lining the efferent and epidid-
ymal ducts was found. Testis weight, morphology, and
sperm counts seemed to be unaffected. A recent study
also showed that in the mouse model of type C NPD
(lacking functional NPC1 protein), various sperm defects
occurred leading to a markedly reduced fertilization ca-
pacity,16 and Luddi and colleagues17 have demonstrated
several sperm abnormalities in mice with Twitcher dis-
ease, deficient in galactosylceramidase activity.

Thus, the general importance of lysosomal proteins in
male fertility has been well documented. Evidence also
exists to suggest that the sperm acrosome is a modified
lysosome with active acidic hydrolases, including sphin-
gomyelinases.18,19 For example, ram sperm contain a
Mg2�-dependent neutral sphingomyelinase in the
plasma membrane and an acidic sphingomyelinase in
the sperm homogenate.20,21 Because no acidic activity
was found in the membrane fraction of rat sperm, it is
presumed that ASM is a soluble component of the
acrosome.

In a previous article, we reported the pathobiology of
male gonadal tissue and sperm in ASMKO�/� mice and
demonstrated the importance of ASM for normal sperm
maturation and function.22 In the present study, we dem-
onstrate that ASMKO�/� male mice have two distinct
sperm populations that could be distinguished based on
morphological, functional, and/or biochemical markers.
These observations led us to develop methods to enrich
for the normal sperm from the mixed population, provid-
ing proof of principle that sperm selection might be used
as a prefertilization alternative for carrier couples who are
at risk of having a child with this and perhaps other lethal
genetic diseases. Our data also show that the sperm
defects in ASMKO�/� mice can be corrected by in vitro
treatment with recombinant ASM or by maintaining the
sperm in conditioned media containing ASM, thus reveal-
ing that these abnormalities are a direct consequence of
lipid storage.

Materials and Methods

Mouse Colony and Sperm Isolation

The ASMKO mouse colony was created as described
previously,7 and maintained in a barrier facility on a set
light cycle. Normal, ASMKO�/�, and ASMKO�/� mice
between 4 and 6 months of age were sacrificed by cer-
vical dislocation, and mature sperm were harvested from
cauda epididymides (by mincing the tissue) and vas
deferentia (by squeezing the duct). All mouse protocols
were approved by the Mount Sinai Center for Compara-
tive Medicine and Surgery and the Mount Sinai Institu-
tional Animal Care and Use Committee.

Sperm Discrimination Assays Based on Physical
Characteristics

Swim-Up Assay

Sperm were isolated from the epididymide of normal
and ASMKO�/� mice at 6 months of age and harvested
into CO2-equilibrated Medium 199 (M199) conditioned
with 25 mmol/L NaHCO3, 4 mg/ml bovine serum albu-
min, and 30 �g/ml sodium pyruvate at 37°C and 5%
CO2. After a 10-minute incubation, the sperm suspen-
sion (free of excess tissue and aggregates) was cen-
trifuged at 800 � g for 3 minutes. The soft pellet was
gently aspirated with a sterile, glass Pasteur pipette
(Allegiance, McGaw Park, IL) and placed under media
in a 2-ml round bottom tube (Cole-Palmer, Vernon Hills,
IL) for 30 minutes at 37°C and 5% CO2. After this
swim-out period, three aliquots of 1.2 ml (top), 400 �l
(middle), and 400 �l (bottom) were isolated. The top
two recovered (ie, swim-out) sperm fractions were
combined and analyzed for sperm count (as was an
aliquot of the original sperm suspension not used for
the swim-up assay) and processed for DNA analysis
(see below).

Sephadex Bead Columns

Sephadex bead columns were purchased and pre-
pared as described by the manufacturer (SpermPrep I
columns; ZDL, Inc., Lexington, KY). Sperm were isolated
from the epididymide of normal and ASMKO�/� mice at 6
months of age and harvested into CO2-equilibrated Me-
dium 199 conditioned with 25 mmol/L NaHCO3, 4 mg/ml
bovine serum albumin, and 30 �g/ml sodium pyruvate at
37°C and 5% CO2. An aliquot of the sperm suspension
was then transferred to prewarmed, hydrated Sephadex
columns and filtered by gravity for 12 to 15 minutes at
37°C. During filtration, the top layer of beads was gently
disturbed once to remove the film of dead or aggregated
sperm, as per the manufacturer’s instructions. The origi-
nal sperm suspension and filtrate were analyzed for
sperm count and processed for DNA analysis as de-
scribed below.

Glass Wool Fiber Columns

Glass wool (silica) fiber columns were purchased and
prepared as described by the manufacturer (Cook
Sperm Filter; Cook Ob/Gyn, Spencer, IN). Sperm sam-
ples were isolated and suspended as above. An aliquot
of the sperm suspension was transferred to prewarmed,
hydrated, glass wool columns and filtered by gravity until
the entire suspension had passed through the wool. The
original sperm suspension and filtrate were then ana-
lyzed for sperm count and processed for DNA analysis as
described below.
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Flow Cytometry to Assess Sperm Physiology

Analysis

Sperm from the cauda epididymides and vas deferen-
tia of at least three normal, ASMKO�/�, and ASMKO�/�

mice at 6 months of age were isolated into warmed,
CO2-equilibrated M199 conditioned with NaHCO3 (25
mmol/L), bovine serum albumin (4 mg/ml), sodium pyru-
vate (30 �g/ml), and EGTA (4 mmol/L). Sperm were al-
lowed to swim out for 10 minutes at 37°C and 5% CO2.
The M199 lacked phenol red. The suspensions were then
filtered with a 70-�m nylon mesh filter, diluted, and trans-
ferred to individual wells of a 12-well plate, and in situ
assays were performed to assess capacitation, acro-
some reaction, and mitochondrial membrane potential
(MMP), as described previously.22 Fluorescence was ac-
quired on a FACSCalibur cytometer (Becton, Dickinson
and Company San Jose, CA). The fluorochromes were
excited at 488 nm with an Argon laser. Cells (n �
100,000) were acquired after setting a threshold to ex-
clude debris and compensating for spectral overlap. The
percentage of these cells and the mean fluorescence
channel (N) on a 1024-channel scale were derived. The
latter parameter was converted into a mean fluorescence
intensity value on a 4-decade (100 to 103) log scale.
Analysis of the acquired data was performed with Win-
MDI 2.8 software (Scripps Institute, La Jolla, CA).

Sperm Sorting Based on MMP Status

Sperm were isolated and suspended as indicated
above for 10 minutes in media containing JC-1 (10
�g/ml) at 37°C and 5% CO2. JC-1 is available commer-
cially (Molecular Probes, Eugene, OR). Before cyto-
metric analysis and sorting, the suspensions were fil-
tered with a 70-�m nylon mesh filter (BD Biosciences,
San Jose, CA) to remove aggregates. Thereafter, the
suspensions were analyzed and sorted immediately on
a Becton Dickinson FACSVantage SE cytometer. A
two-way sort was performed using FL-1 (530/30 nm)
and FL-2 (585/42 nm) band pass filters for JC-1 mono-
mers and aggregates, respectively. Set-up parameters
were as follows. An air-cooled 15 mW argon laser
emitting at 488 nm was used to excite all fluoro-
chromes. ASMKO�/� mice sperm were sorted at an
event rate of �200 cells/second using a 100-�m orifice
and a droplet formation rate of 49 kHz (Moflo; Cytoma-
tion, Fort Collins, CO) or 40 kHz (FACSVantage) with a
sheath pressure of 30 or 25 psi, respectively. The
sheath fluid was a modified phosphate-buffered saline
(PBS) medium. Parameters were set using Summit
(Moflo) or CellQuest software, version 3.3 (FACSVan-
tage; Becton, Dickinson and Company) to analyze
50,000 cells. Instrument settings were adjusted so that
all events were observed in the density dot plot. Gates
were then set for the side and forward light scatter
parameters in the linear mode. The percentage of
these cells and the mean fluorescence channel (N) on
a 1024-channel resolution scale were derived, and the
latter parameter was converted into a mean fluores-

cence intensity value on a 4-decade (100 to 103)
log scale. Compensation was not used, but cellular
and some noncellular debris were excluded from anal-
ysis by setting a minimum threshold. Sperm cells were
sorted into uncoated plastic tubes and processed for
DNA analysis or used for assisted reproduction as
described below. Analysis of the acquired data was
performed with WinMDI 2.8 software (Scripps
Institute).

Assisted Reproduction Procedures

Sperm for in vitro fertilization (IVF) were obtained from 5-
to 6-month-old ASMKO�/� male mice as described
above. Mature metaphase II oocytes were recovered
from the oviducts of 6- to 8-week-old superovulated fe-
male ASMKO�/� mice 13 to 14 hours after injection of 10
IU of pregnant mares’ gonadotropin (PMSG; Syncro-Part,
Sanofi, France) and 10 IU of human chorionic gonado-
tropin (hCG; Sigma, St. Louis, MO). Oocyte-cumulus cell
complexes were liberated into warm HEPES-KSOM me-
dia containing 40 IU of bovine hyaluronidase (Sigma) for
3 to 5 minutes to separate cumulus cells from the oo-
cytes. Cumulus-free oocytes were collected and washed
in fresh HEPES-KSOM before culture in KSOM-AA me-
dium. The medium was equilibrated at 37°C in 5% CO2

overnight before use.
For IVF, sperm were either used directly or subjected

to MMP sorting as described above. Cumulus-free oo-
cytes were transferred to the sperm solution (before or
after sorting) for 3 hours, then washed twice, and cultured
in KSOM-AA culture media under oil in 5% CO2 at 37°C.
After insemination, oocytes were transferred to equili-
brated drops of KSOM-AA culture medium. After 24
hours, two-cell cleavage stage embryos were transferred
to pseudopregnant recipient normal female mice mated
to vasectomized males. Recipients were allowed to give
birth, and the pups were weaned and genotyped 4 weeks
later.

For experiments to assess the effects of exogenous
ASM on the fertilizing ability of ASMKO�/� sperm, IVF
was performed as above except that 50 �g/ml of rASM
was added to the culture media during the 3-hour insem-
ination procedure. After 48 hours the number of four to
eight cell blastocysts resulting from insemination of wild-
type oocytes using ASMKO�/� sperm with and without
ASM incubation were compared.

Genotype Confirmation

Semiquantitative polymerase chain reaction (PCR) geno-
typing was used to estimate the genotype ratio in the
sorted sperm populations. DNA was extracted from
sperm with a standard DNA isolation kit (Puregene; Gen-
tra Systems, Minneapolis, MN). Fifty mmol/L dithiothreitol
(Sigma) was added to the cell lysis solution to decon-
dense the chromatin, and 33 �g/ml glycogen (Life Tech-
nologies, Rockville, MD) added to facilitate DNA precip-
itation. The wild-type and mutant alleles were both
amplified with the same sense primer for exon 2 of murine
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ASM, in combination with specific anti-sense primers for
exon 2 (wild-type allele) or the neomycin cassette (mutant
allele).12 The PCR master mix contained all three primers
at a final concentration of 100 nmol/L. Samples included
the sorted sperm populations and an aliquot of the orig-
inal unsorted ASMKO�/� sperm population for compari-
son. A negative control contained primers without tem-
plate. PCR products were run on a 1% TAE agarose gel
and quantified by densitometry (Scion Image Software,
version � 4.0.2; Scion Corp., Frederick, MD). The ratio of
the wild-type to mutant allele was obtained for each
sorted sample and compared with the ratio of the same
alleles in the unsorted original heterozygote sample. For
each sorting experiment at least three independent am-
plification reactions were performed.

Cross-Correction Assay

At least two ASMKO�/� mice at 4 months of age were
sacrificed and sperm harvested into CO2-equilibrated
Medium 199 conditioned with 25 mmol/L NaHCO3, 4
mg/ml bovine serum albumin, and 30 �g/ml sodium pyru-
vate for 10 minutes at 37°C and 5% CO2. The suspension
was aliquoted equally into individual wells of a 12-well
plate and incubated in media containing the following
concentrations (�g/ml) of recombinant ASM23: 3.8, 19,
38, and 76. An additional aliquot of mutant sperm was
incubated in media containing ASM secreted from the
sperm of age-matched normal mice. To obtain this con-
ditioned media, normal mouse sperm were harvested
and allowed to undergo the acrosome reaction for 2
hours. After brief centrifugation at high speed to pellet the
sperm, an aliquot of this acrosome-reacted media (con-
taining secreted ASM) was used to incubate an aliquot of
ASMKO�/� mice sperm. As a negative control,
ASMKO�/� mice sperm were incubated without recom-
binant ASM, or in media containing 0.1% Triton X-100
(Sigma). All suspensions were incubated for 40 minutes
at 37°C and 5% CO2. The experiment was terminated
when the sperm was collected, washed once in PBS
lacking magnesium and calcium (Cellgro, Herndon, VA),
and then homogenized and processed for in vitro enzyme
analysis.22 Before processing, a small aliquot of each
sample was removed, immobilized in a 65°C water bath
for 2 minutes, and spotted onto a Superfrost/Plus pre-
cleaned microscope slide (Fisher Scientific, Fair Lawn,
NJ). A coverslip was added and images acquired imme-
diately. A �40 objective was used on an Axiophot 2
(Nikon, Tokyo, Japan) microscope for differential-interfer-
ence-contrast microscopy.

Results

Identification of Distinct Sperm Populations in
ASMKO�/� Mice

Sperm were isolated from normal, ASMKO�/�, and
ASMKO�/� male mice. As shown in Table 1, although the
total testis or epididymal sperm numbers were not differ-
ent between these three groups of animals, the percent-

age of morphologically abnormal sperm in the ASMKO�/�

and ASMKO�/� mice were clearly higher than that found in
normal mice. Of direct relevance to this study, a large
number of bent or hairpin sperm were found in the
ASMKO�/� mice resembling those found in ASMKO�/�

animals. This observation was supported by electron micro-
graphs showing lipid accumulation in ASMKO�/� gonadal
tissue (Figure 1), and light micrographs of individual sperm
from the respective mice (Figure 2). Electron micrographs
also revealed that individual sperm from ASMKO�/� mice
exhibited intact or damaged sperm membranes, similar to
normal or affected mice, respectively (Figure 3). Taken to-
gether, these data clearly revealed the presence of two
sperm populations in ASMKO�/� mice.

Enzymatic Cross Correction in ASMKO�/� Mice

To assess the ability of ASM to be internalized by sperm,
an experiment was performed in which mature sperm
from ASMKO�/� mice was incubated with increasing
concentrations of recombinant, human ASM. Figure 4A
shows that recombinant ASM was taken up by the mutant
sperm in a dose-dependent manner, as was ASM re-
leased from normal sperm into conditioned media (ie,
normal sperm media). Micrographs of the mutant, hairpin
sperm that had been incubated with recombinant ASM
revealed that most had straightened and had normal
morphology (Figure 4B). In addition, mutant sperm also
began to straighten when exposed to the conditioned
media containing ASM. Similar straightening was ob-
served on lipid demembranation with the detergent Triton
X-100.

We then performed IVF using ASMKO�/� sperm and
wild-type oocytes either in the presence of rASM (50
�g/ml) or without. After insemination, we analyzed the
number of four- to eight-cell embryos produced, and
found that in the absence of exogenous enzyme, only two
embryos were formed from 14 oocytes (14%). In contrast,
in the presence of rASM, from 17 oocytes 11 embryos
were formed (64%).

In sum, these data revealed for the first time that ma-
ture ASMKO�/� sperm can take up exogenous ASM and
that uptake of the enzyme corrects the abnormal sperm
morphology and fertilization capacity. These observa-
tions also demonstrated that the abnormal morphology of
the mutant sperm was directly dependent on lipid accu-

Table 1. Sperm Findings in Normal, ASMKO�/�, and
ASMKO�/� Mice

Normal* ASMKO�/�* ASMKO�/�*

Testis sperm number
(�106)

39.6 � 8.7 32.0 � 7.9 39.1 � 7.6

Epididymal sperm
number (�106)

20.1 � 4.4 18.6 � 11.3 17.6 � 10.8

Morphology (%)
Straight† 87.4 � 3.3 69.2 � 2.4 35.4 � 6.0
Bent† 1.8 � 0.6 6.2 � 5.2 19.3 � 4.6
Hairpin† 1.1 � 0.5 12 � 4.2 31.3 � 6.1
Other 9.7 � 2.7 12.7 � 3.4 13.9 � 4.9

*Values represent means or percentage means � SD.
†P � 0.001 when comparing normal to ASMKO�/� or ASMKO�/�.
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mulation. Finally, the data suggest that some mutant
sperm in ASMKO�/� mice might undergo partial, pheno-
typic cross correction in vivo by ASM secretion from ep-
ithelial cells and/or ASM released from normal sperm.
However, the fact that two distinct populations of sperm
were found in these mice (Figures 2 and 3) also sug-
gested that this process does not occur efficiently.

Physical Enrichment of Normal Sperm from
ASMKO�/� Mice

To enrich for normal sperm from the mixed sperm popula-
tion in ASMKO�/� mice, several methods were explored

LuPBSm
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Normal

ASMKO+/-

ASMKO-/-
Figure 1. Electron micrographs of normal, ASMKO�/�, and ASMKO�/�

epididymides at 6 months of age. Note multilamellar vesicles (arrows) in
ASMKO�/� and ASMKO�/� animals. Sm, smooth muscle cells; B, basal cells;
P, principle cells; Lu, lumen. Original magnifications, �2000.
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Figure 2. Nomarski micrographs showing morphological abnormalities in
caudal spermatozoa of ASMKO�/� and ASMKO�/� mice at 6 months of age.
Spermatozoon tail retroflexion: �90° (arrow 1), �90° (arrow 2), and 180°
(arrow 3). Note the presence of both straight and bent sperm in the
ASMKO�/� micrograph. Original magnifications, �400.
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that favored motile sperm. However, although these
swim-up techniques did partially enrich for the wild-type
sperm, the results were not statistically significant, and the
yield of viable sperm was low (data not shown). A second
attempt to physically separate normal and mutant sperm
was made based on acrosome status, since we had shown
previously that many mutant sperm had lost their outer
acrosome membrane.22 Acrosome-reacted sperm stick
to glass wool, and commercial columns are available to
enrich for acrosome-intact sperm.24 Although enrichment
of genotypically normal sperm was greater in this assay
than for the motility assays, the data also were not signifi-
cant (not shown). Next, an attempt to enrich for normal
sperm was undertaken using Sephadex (dextran polysac-
charide) bead columns. On hydration, these beads be-
come grooved, and it is theorized that these grooves hinder
movement of nonlinear sperm as the flow-through passes.25

This seemed to be the case, because sperm containing the
normal ASM allele were enriched 18.7% by these columns,
with a percent yield of close to 40% (P � 0.05). However,
although this enrichment was significant, more stringent
methods were still needed to obtain a more highly enriched

(or pure) population of normal sperm from heterozygous
individuals. Hence, techniques for single cell sperm sorting
by flow cytometry were investigated.

Flow Cytometric Analysis of Sperm from
ASMKO�/� Mice

To assess capacitation in sperm from ASMKO�/� mice,
flow cytometric analysis of annexin V binding and nitric
oxide (NO) production was determined.26 As depicted in
Figure 5, when subjected to this analysis normal mice
had two populations (A and B) of sperm, whereas
ASMKO�/� mice had a distinct, single sperm population
(C). It is likely that this latter population in the mutant mice
represents dead or fully capacitated sperm, whereas
populations A and B in the normal mice either are partially
capacitated or have not undergone capacitation at all.
Notably, three distinct subpopulations of sperm were
observed in the ASMKO�/� sample, including popula-
tions that corresponded to those found in normal (A and
B) and ASMKO�/� (C) mice. The sperm population (C)

Normal

ASMKO+/-ASMKO-/-

ASMKO+/-

Figure 3. Membrane disruption in electron micrographs of ASMKO�/� and ASMKO�/� caudal spermatozoa at 6 months of age. Arrows indicate premature
acrosome reaction or plasma membrane disruption. Note two populations of sperm in ASMKO�/� individuals resembling normal and mutant sperm. Original
magnifications: top panels, �36,000 (normal) and �48,000 (ASMKO�/�); bottom panels, �29,000 (ASMKO�/�) and �36,000 (ASMKO�/�).
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corresponding to dead or fully capacitated sperm repre-
sented �32% of the total in the heterozygous animals.
Importantly, these results confirmed the microscopic re-

sults mentioned above and further revealed distinct pop-
ulations of sperm in heterozygous animals corresponding
to those found in normal and mutant animals.

We next assessed the acrosome status of
ASMKO�/� mouse sperm using a combination of fluo-
rescein isothiocyanate-conjugated peanut agglutinin
binding22 and PI labeling (Figure 6). As reported pre-
viously, �50% of sperm from ASMKO�/� mice had
undergone the acrosome reaction,22 compared with
only �7% from normal mice (compare lower left quad-
rants in Figure 6). In ASMKO�/� mice, the percentage
of acrosome-reacted sperm was only somewhat higher
(13%) than that found in normal mice.

A third flow cytometry assay determined the polarized
nature of mitochondria membranes in the sperm of
ASMKO�/� mice (Figure 7). In healthy cells, where MMP
is high, the lipophilic dye JC-1 aggregates in the mito-
chondria with a consequent increase in FL-2 fluores-
cence.27 If MMP is low, JC-1 does not aggregate and
remains as monomers with a consequent increase in FL-1
fluorescence. As shown in Figure 7A, ASMKO�/� mice
had a very small percentage of healthy sperm with high
MMP (top right quadrant, 11.3%). In contrast, in normal
mice �85% of the sperm had high MMP. Importantly, in
ASMKO�/� mice, only approximately half (�54%) of the
sperm had high MMP. Taken together, each of these
three analytical flow cytometry assays revealed distinct
sperm populations in ASMKO�/� mice.

Flow Cytometric Sorting of Sperm from
ASMKO�/� Mice

The ability to phenotypically distinguish normal from mu-
tant sperm by flow cytometry provided an impetus for
sorting these populations. For the sorting experiments,
we focused principally on MMP because the dye JC-1 is
nontoxic and routinely used to sort live cells (see Discus-
sion). It is important to note that live sperm sorting re-
quires specially equipped flow cytometers, which we did
not have access to. Thus, the sorting data presented was
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limited by the use of suboptimal equipment and condi-
tions. None-the-less, we proceeded with these proof-of-
principle experiments to evaluate whether there was a
positive trend worthy of further investigation.

Sperm subpopulations A and B of the ASMKO�/�

mouse (Figure 7B), corresponding to populations found
in normal (Figure 7A, top right quadrant) and mutant mice
(Figure 7A, bottom right quadrant), respectively, were
sorted based on JC-1 staining. Genetic analysis of the
sorted samples was then determined by semiquantitative
PCR. Based on densitometric scanning of the wild-type

and mutant PCR products, the percentage of wild-type
alleles in the ASMKO�/� sperm before sorting was
�52%, and the percentage of mutant alleles was �48%.
This genotype analysis was consistent with other analy-
ses described above demonstrating two populations of
sperm in the ASMKO�/� animals. Table 2 shows that
when compared with the presorted sample, genotypically
normal sperm were significantly enriched in sorted pop-
ulation A (high MMP; healthy sperm). In contrast, in the
sorted population B, with low MMP, there was a higher
percentage of sperm with the mutant allele.

PI

FITC-PNA

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

0.9%49.4%

32.7%17.0%

ASMKO-/-

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

26.5% 24.1%

13.0% 36.3%

ASMKO+/-

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

8.1% 24.9%

7.1% 59.9%

Normal

Figure 6. Flow cytometric analysis of caudal spermatozoa from 6-month-old normal, ASMKO�/�, and ASMKO�/� mice based on acrosome status. A
representative density-dot profile showing sperm that had undergone the acrosome reaction as assessed by PI labeling and peanut agglutinin (PNA) binding
(bottom left quadrants), and those with intact acrosome membranes (bottom right quadrant). Note that only 13% of sperm from ASMKO�/� mice had undergone
the acrosome reaction, only slightly more than that in normal mice (�7%).

JC
-1

 A
gg

re
ga

te
s 

(F
L-

1)

JC-1 Monomers (FL-2)

ASMKO-/-ASMKO+/-Normal

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

5.9% 84.9%

4.5% 4.7%
100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

0.3% 53.6%

6.7% 39.5%
100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

2.4% 11.3%

29.9% 56.3%

A

B

B

100 101 102 103 104

FL2-Height

0
51
2

Ev
en
ts

AB

Sort Population 2

JC-1 Aggregates

ASMKO+/-

Sort Population 1

A

Figure 7. Flow cytometric sorting of caudal spermatozoa from 6-month-old
normal, ASMKO�/�, and ASMKO�/� mice based on MMP. A: A representative
density-dot profile shows the decrease in MMP of mutant versus normal mice
(JC-1 aggregates, top right quadrant; 11.3% versus 84.5%). Note that
ASMKO�/� mice sperm had an intermediate population of healthy (high MMP)
sperm (56.3%). B: A representative fluorescence histogram of ASMKO�/� mice
sperm indicating the subpopulations that were sorted and analyzed by PCR.
Densitometric quantitation of the PCR products for each population is found in
Table 2.

2084 Butler et al
AJP June 2007, Vol. 170, No. 6



We then used either unsorted ASMKO�/� sperm or
sorted sperm population A for IVF with oocytes obtained
from ASMKO�/� female mice. After IVF and reimplanta-
tion into pseudopregnant wild-type mice, we assessed
the genotype of the pups born. As shown in Table 3, in
the absence of sorting, sperm from ASMKO�/� mice
produced �38% normal, 47% heterozygous, and 16%
affected mice after fertilization of ASMKO�/� oocytes.
The lower than expected percentage of affected mice
was likely attributable to morphological and fertilization
defects attributed to the mutant sperm in the unsorted
ASMKO�/� population. In contrast, using sorted popula-
tion A, the percentage of normal mice produced from this
IVF procedure was increased to �52%, whereas the
percentage of affected mice was reduced to �5%. Thus,
MMP sorting provided functional enrichment of wild-type
sperm that could result in a higher percentage of wild-
type offspring (and less mutant offspring) after IVF. Fur-
ther optimization of this approach may be achieved using
cell sorters specifically designed for live sperm sorting
and isolation.

Discussion

Sperm defects have been found in several lysosomal
disease animal models, including ASMKO�/� mice,22

and are likely related to the fact that the sperm acrosome
is a modified lysosome. Herein, we reveal for the first time
the presence of two distinct sperm populations in a het-
erozygous, lysosomal disease animal model (ie,
ASMKO�/� mice), an observation that suggested to us
that sperm sorting techniques might be used to enrich for
normal sperm from these individuals. If successful, such
enriched sperm could be used for in vitro fertilization or
vaginal injection, with a reduced likelihood of producing
an affected offspring.

Currently, carrier couples for most genetic disorders
have few options to prevent the occurrence of affected
offspring. For example, they may undertake natural preg-
nancies and subsequently undergo prenatal diagnosis. If
an affected fetus is detected, termination may then be
considered. Alternatively, they may undertake expensive
and difficult assisted reproduction procedures in which
eggs are obtained by superovulation, fertilized in vitro,
and single cell assays are used to detect nonaffected
blastocysts that are suitable for reimplantation. However,
such single cell assays are not universally available and
involve embryo manipulation. We have therefore ex-
plored sperm selection as an alternative approach that, if
successful, would be considerably less invasive and
costly than the currently available IVF techniques.

We first evaluated several approaches that were
based on physical differences between normal and
ASMKO�/� sperm. These approaches, which included
swim-up assays, filtration columns, or density gradients,
are used routinely in fertility and andrology clinics to
enhance the fertilizing ability of ejaculated sperm. In gen-
eral, they are extremely cost effective and easy to per-
form. Among these approaches, Sephadex bead col-
umns provided the best results, with an average
enrichment of normal sperm from the ASMKO�/� animals
by �20% compared with the original sample. Although
this is significant, it is surprising that similar or better
results were not obtained, particularly using the swim-up
approaches, since we have previously shown that sperm
from ASMKO�/� mice do not exhibit linear movement.22

In the future it might be possible to improve these assays
by decreasing the duration of the swim up or perhaps
increasing the viscosity of the incubation media (ie,
thereby offering more resistance).

In addition, it was surprising that glass wool filtration
did not yield a greater percent enrichment because this
too should select against immotile sperm. It should be
noted that the glass wool columns used in this study were
obtained commercially and optimized for human sperm.
Because mouse sperm are approximately twice the size
of human sperm and contain a distinctively shaped
head,28 it is perhaps not surprising that the percent yield
and enrichment were statistically insignificant. Data for
optimized mouse sperm filtration using glass wool col-
umns exist,29 although these columns are not commer-
cially available.

During the course of these experiments, it was found
that sperm incubated in HEPES-buffered media (in con-
trast to media buffered with sodium bicarbonate) pro-
duced slightly more meaningful enrichment data (data
not shown). HEPES is known to induce changes in cell
volume that may influence kinks or bends in the midpiece
of the sperm tail.30 Because sperm are considered linear
osmometers,31 and ASMKO�/� sperm have defects in
regulatory volume decrease,22 sperm osmolarity also
may be used in the future for better enrichment of normal
sperm.

Percoll density centrifugation is another potential
method of sperm selection. Although the relevant assays
were not performed for this study, the buoyant density
and sedimentation velocity of normal mouse and human

Table 2. Genotype Analysis of Sperm Populations Sorted
from ASMKO�/� Mice

Sperm
population

A* (corresponding
to normal sperm)

B* (corresponding
to mutant sperm)

Genotype Wild type (70.6%) Wild type (29.6%)
Mutant (30.7%) Mutant (72.5%)

Two sorts each of sperm from a single mouse were performed for
MMP as shown in Figure 7, followed by PCR genotyping and
densitometry. Data represent mean values from the two independent
experiments. Population A corresponds to the upper right quadrant in
Figure 7A, and population B to the lower right quadrant.

*P � 0.05 when comparing the percentages of normal and mutant
alleles in population A to population B.

Table 3. Offspring Derived from IVF Using ASMKO�/�

Sperm and Oocytes

Normal* ASMKO�/� ASMKO�/�*

Nonsorted 17 (37.8%) 21 (46.7%) 7 (15.6%)
Sorted (population A) 18 (51.4%) 15 (42.9%) 2 (5.7%)

*P � 0.05 when comparing the percentages of pups derived from
sorted and nonsorted sperm. Population A was obtained by MMP
sorting as described in Figure 7.
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sperm are known.32–34 Empirical observations by our
group that sperm from ASMKO mice appear to pellet
faster and harder at the same centrifugal force than
sperm from wild-type mice suggest that selection of dis-
tinct sperm populations may be possible by discontinu-
ous or continuous Percoll centrifugation. Notably, this
approach has been used previously to distinguish sperm
populations from infertile males that have differing phos-
pholipid compositions.35 Given the accumulation of lipid
by ASMKO�/� sperm,22 it would be interesting to pursue
this method as a means of enrichment.

At best, the methods described above are likely to
result in enrichment of normal sperm, not pure popula-
tions. For this reason, we also evaluated flow cytometric
(FC) sorting. However, to obtain optimal purity of sperm
by FC sorting, numerous modifications to the standard
cell sorter are necessary to compensate for the unique
properties of this cell. Such modifications include prop-
erly orienting the asymmetric sperm as it passes the
quantifying detector (by changing the shape of the
stream from cylindrical to ribbon and improving the noz-
zle design such that the detection system is closer to the
oriented sperm). In addition, installation of a detector to
specifically determine the orientation of the passing
sperm is important.36 Another modification is the use of
slit-scan procedures to determine overlap in the distribu-
tions of signal strength for sperm in the ideal orienta-
tions.37,38 Unfortunately, such specialized sperm sorters
are not available widely, and we did not have access to
one during the course of these studies. However, we felt
that it was important to pursue these proof-of-principle
experiments to establish the feasibility of this approach
and to provide a basis for further investigation.

For the FC studies, we first evaluated the use of a
fluorescently (BODIPY)-conjugated SPM to identify and
distinguish normal versus mutant sperm based on ASM
activity (data not shown). However, the fluorescent SPM
failed to localize to the acrosome of normal sperm, pre-
sumably where most of the ASM is found. This may be
attributable to the lipophilic nature of this substrate, par-
ticularly because sperm contain a double membrane
(plasma membrane and outer acrosome membrane) and
a midpiece ensheathed in lipid. Furthermore, the
BODIPY-SPM may be sequestered by cholesterol, which
is enriched in the sperm membranes. Second, bovine
serum albumin, a necessary component of all sperm
media, also sequesters lipids and prevents their entry
into cells.39

Because BODIPY-SPM failed to localize to the sperm
acrosome, fluorochromes assessing various aspects of
sperm physiology were used as a basis for ASMKO�/�

mouse sperm FC analysis and sorting. With the exception
of MMP, all assays used two fluorochromes to determine
the physiological health of the sperm. Of these assays,
sorting of sperm based on acrosome status was focused
on initially because of the importance of this function on
fertility. However, these attempts were mostly unsuccess-
ful because normal mouse sperm underwent the acro-
some reaction rapidly in vitro. Moreover, even if this ob-
stacle could be overcome, as mentioned previously that
fluorescein isothiocyanate-conjugated lectin binds to the

exposed outer acrosome membrane and because bind-
ing of sperm to the zona pellucida is a receptor-ligand
interaction necessary for acrosome exocytosis, lectin
binding may preclude fertilization. In addition, even if
fertilization does occur, it is possible that residual, bound
(fluorescein isothiocyanate-labeled) molecules may en-
docytose into the egg and disrupt or arrest zygotic de-
velopment. Thus, live sperm sorting based on acrosome
status may not be a feasible approach.

We therefore turned to the sorting of ASMKO�/� sperm
based on MMP. The discrimination of healthy sperm
based on MMP has been previously used successfully,
and a positive correlation was found between MMP and
sperm motility.40,41 Indeed, analysis of MMP seems to be
the most reliable way to determine the health of human
sperm for fertility42 and is performed with a single dye
(JC-1) that is nontoxic to cells. The dye specifically labels
mitochondria and is both excited and detectable in the
visible range of the electromagnetic spectrum (the latter
is in contrast to X- and Y-sperm analysis, which requires
UV excitation of the fluorochrome). Because mitochon-
dria are located in the midpiece of sperm, do not take
part in sperm-egg binding, and are highly ubiquitinated
and rapidly degraded in the zygote soon after fertiliza-
tion,43–45 this assay may be used most successfully to
discriminate and select subpopulations of human sperm.
Indeed, sorting of sperm from ASMKO�/� mice for MMP
provided very encouraging results, and although the ge-
notypic enrichment we obtained using this technique was
only �20%, similar to that obtained with Sephadex
beads, as noted above our flow cytometry equipment
was not optimized for sperm sorting, and we expect that
this can be markedly improved. Importantly, when we
used sperm sorted in this manner for IVF, we also ob-
served a significant increase in the number of wild-type
pups produced and a concordant decrease in the num-
ber of affected pups (Table 3).

Another important result reported in this study is the
ability of exogenous ASM to induce a normal morpholog-
ical appearance and increase in the fertilization capacity
of mutant sperm (see text and Figure 4). This deserves
some discussion because it may provide insights into the
sperm processing that takes place in the intraluminal
environment of the ASMKO�/� epididymis. It is generally
accepted that the phenotype of sperm entering the epi-
didymis is uniform and does not vary with the haploid
genotype. The reasons for this presumption are that 1)
before entering the epididymis, there are intercellular
bridges that connect sperm and allow for sharing of
transcriptional/translational products (such as ASM) be-
tween neighboring cells of different genotype; 2) gene
expression is markedly repressed during the later stages
of spermiogenesis as chromatin condensation occurs;
and 3) there is a uniform coating of all mature sperm with
macromolecules that occurs during and after spermio-
genesis. Hence, it has been proposed that early in de-
velopment cross correction of genetically mutant sperm
by products transcribed from either normal sperm or
normal Sertoli cells occurs and that this results in a pri-
marily uniform population of mature sperm within the
epididymis.46–49 Some evidence for these conclusions
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has come from repeated failures in separating X- and
Y-chromosome-bearing sperm,50 which are reported to
be phenotypically identical despite the 50:50 genotype
ratio.50

It was therefore of particular interest to note differences
in mature epididymal sperm from normal and ASMKO�/�

males, and to identify two distinct sperm populations in
heterozygous mice. Clearly, our in vitro cross correction
studies show that exogenous ASM can be taken up by
mature ASMKO�/� sperm and that this uptake leads to a
normal appearance. However, the fact that morphologi-
cally distinct sperm populations were observed in het-
erozygous mice also shows that this cross-correction
process does not occur very efficiently in vivo because, if
it did, distinct sperm populations would not have been
found.

Thus, in summary the data presented in this article
reveal for the first time that haploinsufficiency of a lyso-
somal enzyme can lead to germ cell abnormalities, per-
haps explaining, at least in part, the reduced fecundity
observed in the breeding colonies for several lysosomal
disease animal models, including ASMKO mice. These
findings have important implications for heterozygous
NPD individuals, because such individuals have histori-
cally been considered phenotypically normal. In addition,
we provide proof-of-principle that the novel approach of
prefertilization sperm sorting might be used in the future
to prevent the birth of individuals with fatal genetic dis-
eases, such as ASM-deficient NPD. Last, the data within
also document for the first time that sperm can internalize
exogenous lysosomal enzymes, an observation that pro-
vides important insights into the mechanism of enzymatic
cross correction during sperm maturation.
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