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Targeted Disruption of the Akap4 Gene Causes
Defects in Sperm Flagellum and Motility
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A-kinase anchoring proteins (AKAPs) tether cyclic AMP-dependent protein kinases and thereby localize phosphorylation of
target proteins and initiation of signal-transduction processes triggered by cyclic AMP. AKAPs can also be scaffolds for
kinases and phosphatases and form macromolecular complexes with other proteins involved in signal transduction. Akap4
is transcribed only in the postmeiotic phase of spermatogenesis and encodes the most abundant protein in the fibrous
sheath, a novel cytoskeletal structure present in the principal piece of the sperm flagellum. Previous studies indicated that
cyclic AMP-dependent signaling processes are important in the regulation of sperm motility, and gene targeting was used
here to test the hypothesis that AKAP4 is a scaffold for protein complexes involved in regulating flagellar function. Sperm
numbers were not reduced in male mice lacking AKAP4, but sperm failed to show progressive motility and male mice were
infertile. The fibrous sheath anlagen formed, but the definitive fibrous sheath did not develop, the flagellum was shortened,
and proteins usually associated with the fibrous sheath were absent or substantially reduced in amount. However, the other
cytoskeletal components of the flagellum were present and appeared fully developed. We conclude that AKAP4 is a scaffold
protein required for the organization and integrity of the fibrous sheath and that effective sperm motility is lost in the
absence of AKAP4 because signal transduction and glycolytic enzymes fail to become associated with the fibrous
sheath. © 2002 Elsevier Science (USA)
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INTRODUCTION

Cyclic AMP (cAMP) serves as a second messenger for
various biological stimuli by triggering cAMP-dependent
protein kinases (PKA) to phosphorylate serine and threo-
nine residues on other signal cascade proteins to activate or
modify their functions. PKAs often are tethered to A-kinase
anchoring proteins (AKAPs) associated with particular cel-
lular components, positioning them in specific subcellular
sites and providing a mechanism for defining which pro-
teins become phosphorylated. For example, AKAP-linked
signaling complexes associated with the cytoskeleton are
believed to regulate fundamental cellular properties, such
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as shape, movement, and division (Diviani and Scott, 2001).
AKAPs also can serve as scaffolds for signal-transduction
complexes that contain phosphatases, kinases, and other
components that are believed to coordinate the phosphory-
lation status of target proteins (Edwards and Scott, 2000;
Colledge and Scott, 1999). In addition, AKAP complexes
may be associated with upstream activators or downstream
substrates of PKA-associated signaling pathways (Colledge
et al., 2000; Dodge and Scott, 2000).

Mammalian sperm are unique and highly polarized cells
with a haploid genome tightly packaged in the head and a
flagellum that generates the motile force needed to deliver
the sperm to the egg. The flagellum is divided into a middle
piece, principal piece, and end piece. The middle piece is
adjacent to the head and is distinguished by the presence of
the mitochondrial sheath. The principal piece occupies
approximately three-fourths of the length of the flagellum,
while the end piece is a short segment at the tip of the

flagellum. The major cytoskeletal components of the fla-
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gellum are the axoneme, fibrous sheath, and outer dense
fibers. The axoneme extends the full length of the flagellum
and is composed of nine microtubule doublets surrounding
a central pair of microtubules. Sperm are the only cell type
with a flagellum, but the “nine-plus-two” complex of
microtubules that forms the axoneme is also present in
cilia. The fibrous sheath defines the extent of the principal
piece and consists of two longitudinal columns connected
by closely arrayed circumferential ribs. The outer dense
fibers are associated with the microtubule doublets at the
periphery of the axoneme, beginning at the sperm head and
ending in the middle region of the principal piece. They
taper along their length and are enclosed by the mitochon-
drial sheath in the middle piece and the fibrous sheath in
the principal piece. The classical view has been that, while
the axoneme functions as the motor of the sperm, the
fibrous sheath and outer dense fibers serve a mechanical
role by modulating the degree and shape of flagellar bending
(Fawcett, 1975). AKAP4 is the major protein in the fibrous
sheath and is the product of an X-linked gene (Moss et al.,
1997) expressed only in spermatids (Carrera et al., 1994;
Fulcher et al., 1995). AKAP4 is unusual among AKAPs in
having a RI�-specific binding domain distinct from the
prototype RII binding domain and another domain that
binds either RI� or RII� (Visconti et al., 1997; Miki and
Eddy, 1998, 1999). It is assumed that AKAP4 recruits PKA
to the fibrous sheath to facilitate phosphorylation of neigh-
boring proteins that regulate flagellar function.

Sperm acquire the ability to bind to the zona pellucida,
exhibit progressive motility upon release, and respond to
increased levels of intracellular cAMP as they are moved
through the epididymis (e.g., Lewis and Aitken, 2001).
Increased production of cAMP and the phosphorylation of
proteins occur during passage of sperm through the female
reproductive tract (Morton and Albagli, 1973; Tash and
Means, 1983; Visconti et al., 1995a). This happens concur-
rently with the development of vigorous flagellar move-
ment with a high-amplitude waveform, referred to as hy-
peractivated motility (Yanagimachi, 1970). Capacitation is
the process whereby sperm gain the ability to undergo the
acrosome reaction and occurs concurrently with cAMP-
mediated phosphorylation of flagellar proteins (Visconti et
al., 1995b). Furthermore, mouse sperm require glucose to
become hyperactivated and to fertilize eggs in vitro (Brooks,
1976; Fraser and Quinn, 1981), suggesting that glycolysis
generates ATP needed for these processes. Glyceraldehyde
3-phosphate dehydrogenase-S (GAPDS) is a germ cell-
specific glycolytic enzyme bound to the fibrous sheath
(Bunch et al., 1998; Westhoff and Kamp, 1997). In earlier
studies, glycolytic enzyme activities were found in the
detergent-insoluble fraction of sperm (Mohri et al., 1965;
Harrison, 1971; Storey and Kayne, 1978). These and other
proteins associated with the fibrous sheath are prospective
direct or indirect targets for regulation via PKA-dependent
phosphorylation events.

One approach used to study PKA function was to gener-
ate mice lacking the narrowly expressed RI� or RII� regu-

latory subunits of PKA or the more widely expressed RI� or
RII� subunits. RI� and RII� are present in the flagellum
(Horowitz et al., 1984; Visconti et al., 1997; Johnson et al.,
1997; Burton et al., 1999). Mice lacking RI� or RII� showed
specific defects in synaptic function in the hippocampus
and cellular metabolism in adipose tissue, respectively, but
were fertile (Brandon et al., 1995; Cummings et al., 1996).
The RI� mutation was an embryonic lethal (unpublished
results referred to in Amieux et al., 1997), while RII�-
deficient mice had no obvious physiological defects and
were fertile (Burton et al., 1997). However, compensatory
regulation of RI� protein levels in the RII�-deficient mice
(Amieux et al., 1997) complicated the interpretation of
these results. An alternative approach to examine PKA
function was used in this study, generating mice lacking an
AKAP that is synthesized only in spermatogenic cells. It
was found that mutation of the Akap4 gene disrupts sperm
motility and causes male mice to be infertile. To our
knowledge, this is the first use of gene targeting to explore
the roles of an AKAP and the effects of disruption of PKA
anchoring within a specific cell type. These studies demon-
strate that AKAP4 is an important component of the fibrous
sheath and is required for anchoring the signal transduction
proteins and glycolytic enzymes necessary for flagellar
function.

MATERIALS AND METHODS

Construction of Targeting Plasmid

The Akap4 gene was isolated from a P1 phage library of 129Sv
mouse genomic DNA (Incyte Genomics, St. Louis, MO). The DNA
restriction fragment containing exons 4 and 5 was digested with
HindIII and BglII and cloned into a thymidine kinase (TK) vector,
pMC1TKbpA (gift of Dr. Yuji Mishina). The fragment containing
exons 6 and 7 was digested with EcoRV and XbaI and then
subjected to partial PmlI digestion to generate two fragments. The
fragment containing exon 6 was subcloned into pPGKneobpAFRT2(B)
(gift of Dr. Yuji Mishina) containing the neo gene surrounded by frt
recognition sequences for Drosophila friptase. The fragment con-
taining exon 7 was subcloned into the SpeI site outside the loxP
cassette of pBS246 (Life Technologies, Grand Island, NY). Exon 6
and the neo cassette were excised from pPGKneobpAFRT2(B) and
subcloned into the EcoRV site within the loxP cassette of pBS246.
This plasmid was combined with exons 4 and 5 cloned into
pMC1TKbpA to produce the gene-targeting construct pAKAP4KO
(Fig. 1).

Generation of Mutant Mice

The Akap4 gene is located on the X-chromosome and was
mutated in vivo by using the CRE/loxP method because of concern
that male chimeras produced with XY ES cells would be unable to
transmit a single copy mutant allele to the next generation.
Transfection of pAKAP4KO DNA and screening of targeted TC-1
embryonic stem (ES) cells (generous gift of Dr. Philip Leder) were
performed as described (Dix et al., 1996). Two ES cells clones with
a targeted Akap4 gene were identified and injected into C57BL/6
blastocysts to produce chimeric mice. Chimeras produced from one
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clone transmitted the targeted gene through the germ-line when
bred to C57BL/6 mice. Female mice heterozygous for the mutation
were bred to male transgenic mice carrying the cre gene under
control of the mouse mammary tumor virus (MMTV) promoter
[B6129-TgN(MMTV-Cre)1Mam; The Jackson Laboratory] (Wagner
et al., 1997). This transgene is expressed in oocytes, and recombi-
nation in female mice carrying both the targeted Akap4 gene and
the cre transgene resulted in deletion of the neo gene and exon 6 of
the Akap4 gene in oocytes (Fig. 1a). These females were bred to
C57BL/6 wild type males to produce females heterozygous and
males hemizygous for the mutated Akap4 allele. The genotypes
were determined by Southern blotting using a restriction enzyme
fragment (BamHI/HindIII) of the Akap4 gene containing intron
3 (bp 6148–6543, GenBank Accession No. U10341). The PCR
primers used to detect homologous recombination were forward
5�-AAGAGGAGGTAAGAGTGGTG-3� and reverse 5�-GCAGCG-
CATCGCCTTCTATC-3� corresponding to sequences in intron 3
and the neo gene, respectively. The PCR primers used to detect
recombination were forward 5�-TCCAGGTCAGAAGGCGAG-
TTA-3� and reverse 5�-CCCTGTGACTGTTCCCCAAGATT-3�
corresponding to sequences in exons 5 and 6, respectively. Because
the presence of the neo gene in intron 5 did not disrupt fertility of
the mice before recombination, it was unnecessary to use frt/
friptase recombination to delete neo. All procedures involving
animals used in this study were approved by the NIEHS Animal
Care and Use Committee.

Analysis of Sperm Phenotype

Cauda epididymal sperm were collected from 3- to 4-month-old
mice by incubating minced cauda epididymis in M2 medium at
37°C for 10 min. Sperm were examined by phase microscopy and
photos were taken with a SPOT 2 CCD digital camera (Diagnostic
Instruments, Sterling Heights, MI). The length of the principal
piece was measured on the computer display, but 18% could not be
measured because the tail was curled or was obscured by other

sperm or debris. The length of sperm from mutant mice was
expressed relative to the length of sperm from wild type mice.
Sperm viability was determined by using the LIVE/DEAD Fer-
tiLight sperm viability kit (Molecular Probes, Eugene, OR). Sperm
motility was observed before and after incubation in M2 medium at
37°C for 4 h in the presence or absence of 5 mM dibutyryl cAMP.
Alternatively, hyperactivated motility was induced by incubating
sperm in M16 medium at 37°C for 2 h in 5% CO2 and air. To
determine fertility, six mutant males were mated continuously
with two wild type females for 2 months, with the females being
replaced every 2 weeks.

Electron Microscopy

Sperm were isolated for scanning electron microscopy as de-
scribed above, washed in PBS, and fixed in 2.5% glutaraldehyde and
2% paraformaldehyde in 0.15 M sodium phosphate buffer over-
night at 4°C. Sperm were washed in the buffer and collected on
Nucleopore filters or glass coverslips, subjected to critical point
drying, and coated with gold/palladium. Samples were examined in
a Cambridge S200 scanning electron microscope at 20 KV. For
transmission electron microscopy, cauda epididymides were fixed
under the same conditions, postfixed in 2% osmium tetroxide in
cacodylate buffer, and embedded in Lowicryl resin. Sections were
stained with uranyl acetate and lead citrate and examined in a
LEO910 transmission electron microscope at 80 kV. The scanning
and transmission electron microscopes used were in the Depart-
ment of Laboratory Medicine and Pathology, University of North
Carolina.

Preparation of Antisera to AKAP4

Oligopeptides were synthesized (Sigma-Genosys Biotechnolo-
gies, The Woodlands, TX) corresponding to amino acids 191–204
and 790–803 deduced from the mouse Akap4 cDNA sequence
reported by Fulcher et al. (1995), and a cysteine was added at the N

FIG. 1. Targeted disruption of the Akap4 gene. A partial map of the Akap4 locus and diagrams showing the gene-targeting strategy. Filled
boxes indicate exons 3–7. The loxP sites in the knockout plasmid pAKAP4KO are shown by triangles. The LoxP sites are located between
exon 5 and the neomycin resistance gene (neo) and between exons 6 and 7. LoxP–Akap4 allele was created by homologous recombination
in ES cells. Exon 6 encodes 92% of the processed form of AKAP4 and was excised by mating with transgenic mouse expressing Cre under
the control of MMTV-LTR in oocytes. BamHI sites (B) are shown on wild type, targeted, and recombined Akap4 genes. The bar in the top
margin indicates the position of the probe used for Southern analysis.
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terminus for conjugation to KLH carrier protein. New Zealand
White rabbits were immunized with conjugated peptide and bled
for antiserum production (Covance Research Products, Denver,
PA). The antisera to both peptides gave comparable results, but
only the antiserum against peptide 191–204 was used in this study.

Western Blotting
Sperm were collected from the cauda epididymis, washed and

suspended in PBS (140 mM NaCl, 10 mM phosphate buffer, pH 7.2),
and then counted in a hemocytometer. Crude lysates were prepared
from testes by homogenization in 1 ml of lysis buffer containing
140 mM NaCl, 0.1% Triton X-100, 1 mM DTT, Complete protease
inhibitor cocktail (Boehringer Mannheim, Indianapolis, IN), and 20
mM Hepes buffer, pH 7.4. Sperm were lysed directly in SDS sample
buffer. Lysates corresponding to 0.5 mg wet weight testis and 5 �
103 sperm (for AKAP4, GAPDS, AKAP3, ODF2, or �-tubulin) or 1 �
105 sperm (for RI� or RII�) were analyzed by Western blotting (Miki
and Eddy, 1998). Antisera and mouse monoclonal antibodies used
were rabbit anti-mouse AKAP4 (1:5000 dilution), rabbit anti-mouse
GAPDS (Bunch et al., 1998) (1:2000 dilution), rat anti-human
AKAP3 (Mandal et al., 1999) (1:1000 dilution; gift of Dr. John C.
Herr), rabbit anti-ODF2 (Shao et al., 1997) (1:2000 dilution; gift of
Dr. Frans A. van der Hoorn), mouse anti-mouse �-tubulin (1:5000
dilution, Sigma), mouse anti-mouse PKA RI� (1:1000 dilution;
Transduction Laboratories, San Diego, CA), and rabbit anti-mouse
PKA RII� (1:1000 dilution; SantaCruz Biotechnology, Inc., Santa
Cruz, CA). Proteins were detected by using the ECL method
(Amersham Pharmacia Biotech, Piscataway, NJ) after membranes
were incubated with horseradish peroxidase-conjugated anti-rabbit
IgG (SantaCruz) or anti-rat IgG (ICN-Cappel, Costa Mesa, CA)
(Miki and Eddy, 1998). Prestained standard proteins (BioRad Labo-
ratories, Hercules, CA) were used to estimate protein molecular
weights.

Immunocytochemistry
Sperm from the cauda epididymis were washed in PBS and

diluted to 106/ml. A suspension of sperm (30 �l) was deposited on
poly-L-lysine-coated glass slides at 4°C for 30 min, treated with
ice-cold PBS containing 0.5% (v/v) Triton X-100 for 1 min, fixed for
20 min in methanol at –20°C, and then air-dried. The slides were
blocked with Automation Buffer (Biomeda Corp., Foster City, CA)
containing 5% (v/v) normal goat serum for 30 min and incubated
for 1 h with antisera to AKAP4 (1:200 dilution), GAPDS (1:400
dilution), AKAP3 (1:100 dilution), ODF2 (1:200 dilution), and/or
mouse monoclonal antibody to �-tubulin (1:800 dilution; Sigma,
St. Louis, MO). The slides then were washed three times with
Automation Buffer for 15 min each and incubated for 1 h with
FITC-conjugated anti-rabbit IgG (ICN-Cappel), anti-rat IgG (ICN-
Cappel), or anti-mouse IgG (ICN-Cappel) or with TRITC-
conjugated anti-mouse IgG (Sigma) at 1:200 dilution. Immuno-
staining was observed by fluorescence microscopy, photographed
as described before, and formatted by using Photoshop software
(Adobe Systems, San Jose, CA).

RESULTS

Generation of Mice Lacking AKAP4
Chimeras were produced with ES cells in which loxP

sequences flanked a neo gene and exon 6 of Akap4 (Fig. 1).

Female offspring were mated with males carrying a cre
transgene to produce progeny with both the targeted Akap4
gene and the cre transgene. Expression of CRE in oocytes
resulted in deletion of the region between the loxP sites and
produced a mutated Akap4 gene for transmission to the
next generation (data not shown). Male offspring with a
mutated Akap4 gene were infertile and AKAP4 protein was
not detectable with an antiserum to an N-terminal peptide
sequence (Fig. 2), but heterozygous females were unaffected
and transmitted the mutation to their offspring. The infer-
tility of all males with a mutation in the single-copy Akap4
gene precluded generation of homozygous females.

Motility of Sperm Lacking AKAP4

Sperm were examined by phase microscopy to determine
why the lack of AKAP4 caused male infertility. While the
numbers and viability of sperm from mutant mice were not

FIG. 2. Comparison of FS protein expression in testis and sperm
of wild type and Akap4� mice. Testes from wild type (W) and
Akap4� (KO) mice were homogenized in PBS containing protease
inhibitors and solubilized in SDS sample buffer. Epididymal sperm
were counted and directly solubilized in SDS sample buffer. Sperm
flagellar proteins were analyzed by Western blotting using the
antibody shown in the left margin. The kDa of the protein
standards are shown on the right.
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different from those of wild type males, less than 10% were
motile (Table 1) and their flagellar motion was sluggish, of
low amplitude, and failed to produce forward progression.
The middle piece remained straight, and flagellar bending
was restricted to the principal and end pieces. Wild type
sperm incubated in M16 medium for 2 h developed hyper-
activated motility, but sperm lacking AKAP4 incubated in
parallel showed no change in the pattern or incidence of
motility. Addition of 5 mM dibutyryl cAMP to sperm from
mutant mice 10 min after isolation did not increase the
percentage motile (6.2 � 4.7%), but addition after 4 h did
produce an increase (34 � 7.6%). However, the type of
motility produced was not different from that of untreated
sperm of mutant mice that were maintained under the
same conditions. These observations indicate that AKAP4
and/or other fibrous sheath proteins that require the pres-
ence of AKAP4 are involved in determining the nature and
rate of flagellar activity.

Structure of Sperm Lacking AKAP4

The principal piece of sperm lacking AKAP4 was reduced
in diameter compared with sperm of wild type mice (Fig. 3).
In addition, the flagellum was shortened and the tip was
sometimes curled or splayed apart into fine filaments (Figs.
3b–3g; Table 1). Scanning electron microscopy confirmed
that the diameter of the principal piece was reduced and
that the distal flagellum occasionally splits apart into
several filaments (Figs. 3h and 3i). Western blotting with
antibodies to an outer dense fiber protein (ODF2) and a
microtubule protein (�-tubulin) demonstrated that these
proteins are present in comparable amounts in sperm from
mutant and wild type mice (Fig. 2). This suggests that the
other cytoskeletal structures of the flagellum, the outer
dense fibers and axoneme, are intact and that the smaller
diameter and splaying of the flagellum was caused by a
reduction in size and integrity of the fibrous sheath.

Immunofluorescence microscopy was used to determine
the composition of the filaments. Antibodies to ODF2 and
to �-tubulin bound to the filaments, indicating that they
contain both outer dense fibers and axonemal proteins (Fig.
4). Stronger fluorescence was observed in the principal piece
of sperm from mutant mice compared with sperm from
wild type mice, probably due to easier access of antibody to
proteins in the principal piece lacking a fibrous sheath.
Superimposing images of filaments immunostained with
both antibodies suggested that the ratio of the two proteins
varied between filaments (Fig. 4). However, when sperm
within the cauda epididymis of mutant mice were exam-
ined by transmission electron microscopy, the appearance
and association of outer dense fibers and axonemes were
comparable to those in sperm from wild type mice (Fig. 5).
Nevertheless, the occurrence of splaying indicates that
flagellar integrity is compromised in sperm lacking AKAP4.

The length of the middle piece of sperm from mutant
mice was similar to that of sperm from wild type mice (Fig.
3a), but the length of the remainder of the flagellum
averaged about half that of sperm from wild type mice (Figs.
3b–3g; Table 1). Damage during passage through the epi-
didymis or during isolation is unlikely to be the cause
because the viabilities of sperm freshly isolated from mu-
tant and wild type mice were similar (Table 1). In addition,
the flagella of sperm isolated from the caput epididymis of
mutant mice were also shorter than flagella of sperm from
wild type mice (data not shown). These observations sug-
gest that AKAP4 has a role in flagellar elongation and/or in
determining or maintaining flagellar length.

Structure of the Fibrous Sheath in Sperm
Lacking AKAP4

Transmission electron microscopy was used to examine
the structure of the fibrous sheath in sperm lacking AKAP4.
Because of the thin principal piece and poor motility, we did
not expect to find a recognizable fibrous sheath. However,
the flagella of sperm in the epididymis of mutant mice
contained nascent longitudinal columns adjacent to micro-
tubule doublets 3 and 8, and thin circumferential ribs were
connected to the columns (Fig. 5). The ribs were regularly
spaced, uniform in size, and closely associated with the
plasma membrane. This indicates that formation of the
fibrous sheath begins and the basic organization is estab-
lished, but the process is incomplete without the incorpo-
ration of AKAP4.

Proteins in the Principal Piece of Sperm
Lacking AKAP4

The characteristic feature of AKAPs is their ability to
anchor PKAs by their regulatory (R) subunit dimers. Previ-
ous studies have shown that AKAP4 has one site that can
anchor RI� and another site that can anchor either RI� or
RII� (Miki and Eddy, 1998) and that another AKAP present
in the fibrous sheath, AKAP3, has a site that can anchor

TABLE 1
Characteristics of Sperm from Akap4 Mutant and
Wild Type Mice

Parameter Wild type Akap4�

Number of epididymal sperm (�107)a 2.6 � 0.64 4.5 � 0.80
Viability (%)b 74 � 6.4 71 � 5.1
Motility (%)b 78 � 6.4 8.2 � 3.9
Relative length of the principle piecec 1.0 � 0.04 0.49 � 0.21
Fertilityd 6/6 0/6

a n � 4 for wild type; n � 7 for Akap4�.
b n � 6.
c n � 10 for wild type sperm; n � 34 for Akap4� sperm. This

analysis omitted 18% of the population of mutant sperm that could
not be measured due to a curly tail or obscuring cell debris. Wild
type is taken as 1.0.

d Six males were mated with two females each for 2 months,
with females being replaced every 2 weeks.
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RII� (Vijayaraghavan et al., 1999). Western blotting (Fig. 2)
and immunofluorescence microscopy (Fig. 6) indicated that
AKAP3 is present in reduced amounts in sperm lacking
AKAP4, compared with sperm from wild type mice. We
expected a decrease in PKA levels in sperm lacking AKAP4
and with reduced amounts of AKAP3. While RII� levels
were reduced, RI� levels appeared to be unchanged (Fig. 2).

We next determined whether AKAP4 anchors other pro-
teins in the fibrous sheath that might be involved in
regulating flagellar activity. Glycolysis is a major source of
energy for sperm functions essential for fertility (Kellerman
and Weed, 1970; Frenkel et al., 1975; Fraser and Quinn,
1981). GAPDS is a glycolytic enzyme encoded by a gene
expressed only in spermatogenic cells (Welch et al., 1992)
and remains tightly associated with the fibrous sheath
under rigorous extraction procedures (Bunch et al., 1998).
GAPDS was not detectable by immunofluorescence mi-
croscopy in sperm from mutant mice (Fig. 6). In addition,
Western blotting showed that GAPDS was expressed at
comparable levels in the testis of wild type and mutant

mice, but was present in considerably lower amounts in
sperm from mutant mice (Fig. 2). These results indicate that
AKAP4 is required for GAPDS to bind to the fibrous sheath
and strongly suggest that glycolysis is disrupted in sperm
lacking AKAP4.

DISCUSSION

It is generally accepted that AKAPs anchor PKAs within
particular cytoplasmic regions, placing them in proximity
to proteins immediately downstream in signal transduction
pathways. A more recent model broadens their roles to
include serving as scaffolds for protein complexes involved
in regulating signal transduction processes (Edwards and
Scott, 2000; Colledge and Scott, 2000; Colledge et al., 2000,
Dodge and Scott, 2000). AKAP4 is present only in spermato-
genic cells and is the predominant protein in the fibrous
sheath of the sperm flagellum. The restricted temporal and
spatial expression of AKAP4 provided a unique opportunity

FIG. 3. Abnormal flagella of sperm from Akap4� mutant mice. Cauda epididymal sperm were gently isolated from wild type (a) and
Akap4� mutant mice (b–g). Sperm in PBS were spotted onto a slide glass and observed by phase contrast microscopy. Scale bar in (a)
represents 20 �m. Akap4� sperm were also observed by scanning electron microscopy (1890� magnification) (h). A higher magnification
view of the distal tip of the same flagellum (i). Scale bar in (h) represents 10 �m.
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to use gene targeting to test the scaffold model by deter-
mining how the loss of AKAP4 affects fibrous sheath
composition and sperm function. These studies demon-
strated that male mice lacking AKAP4 were infertile, the
motility of their sperm was poor, the principal piece of the
flagellum was reduced in diameter, the fibrous sheath was
incompletely developed, and other proteins usually found
in the principal piece region of the flagellum were either
absent or reduced in amount. Possible explanations for
these effects are that PKA is present in reduced amounts,
that the PKA distribution is altered, that the association of
other proteins with the fibrous sheath is disrupted, and/or
that significant structural changes have occurred in the
fibrous sheath.

PKA has an important role in the regulation of sperm
function (Garbers and Kopf, 1980; Burton et al., 1999), and
Western analysis was used to determine whether the

amount of PKA was reduced in sperm from mutant mice.
While there are genes for at least four regulatory subunits of
PKA in the mouse, RI� and RII� predominate in sperm and
are present throughout the flagellum (Visconti et al., 1997;
Moos et al., 1998; Burton et al., 1999). More than half of the
RII subunits in the detergent-resistant fraction of rat sperm
were associated with an 80,000-molecular weight protein
(Horowitz et al., 1984), which was suggested to be AKAP4
(Johnson et al., 1997). Detergent-insoluble RI subunits are
present in mouse sperm (Visconti et al., 1997), and RI
subunits were associated with the fibrous sheath and outer
dense fibers of boar sperm (Moos et al., 1998). AKAP4 is an
abundant protein in sperm, is detergent-insoluble, and has
domains that bind RI� and RII� (Miki and Eddy, 1998). We
expected the lack of AKAP4 and decrease in amount of
AKAP3 in sperm from mutant mice would result in reduced
RI� and RII� levels. Our Western blotting results indicated

FIG. 4. The presence of ODF and axoneme components in Akap4� sperm. Sperm were permeabilized and stained with antibodies to ODF2
and �-tubulin, markers of ODF and the axoneme, respectively. Images were merged by using Photoshop software.
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that RII� levels are reduced while RI� levels are unchanged
in sperm from mutant mice. In addition, there was an
increase in immunofluorescence in the middle piece and a
decrease in immunofluorescence in the principal piece of
sperm from mutant mice after staining with anti-RI� or
anti-RII�, compared with sperm from wild type mice (un-
published observation). Because sperm from wild type mice
stain uniformly for RI� and RII� (Visconti et al., 1997; Moos
et al., 1998; Burton et al., 1999), these observations suggest
that redistribution and reduction in amount of PKA con-
tribute to the poor motility of sperm from mutant mice.

Another cause of the sperm defects might be that PKA is
no longer anchored in proximity to target proteins involved
in regulating flagellar activity. However, there are conflict-
ing data on whether or not PKA anchoring is required for
sperm function. The motility of bovine sperm was dis-
rupted by addition of a membrane-permeable peptide that

reversibly inhibited PKA binding, suggesting that interac-
tion of RII with AKAPs, and not PKA catalytic activity, is
required for motility (Vijayaraghavan et al., 1997). In con-
trast, the majority of RI and RII subunits were in the
detergent-soluble fraction of mouse sperm during capacita-
tion (Visconti et al., 1997). Also, the majority of PKA was
not anchored to the flagellum in mice with a targeted
mutation in the gene for RII�, but sperm motility and
fertility were unaltered (Burton et al., 1999). Some of these
differences might be explained by the observations that RI�
levels were increased in RII�-mutant mice (Burton et al.,
1999) and that RI� can bind to both the RI�-specific domain
and to the RI�/RII� dual-specificity domain of AKAP4
(Miki and Eddy, 1998). RII� has a 500-fold greater affinity
than RI� for binding the Ht31 peptide in vitro (Burton et al.,
1997). If the affinity of RII� for AKAP4 is similar in vitro,
RI� would presumably be excluded from binding to the

FIG. 5. Transmission electron micrographs showing incomplete developing of the fibrous sheath of sperm from mice with a mutation in
the Akap4 gene. Cauda epididymides from wild type (a, c) and hemizygous mutant mice (b, d) were fixed and sectioned for the transmission
electron microscopy. Cross-sections (a, b) and sagittal sections (c, d) of flagella are shown. R, rib of the fibrous sheath; LC, longitudinal
column of the fibrous sheath; ODF, outer dense fibers. Magnification, 20,000�.
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RI�/RII� dual domain when both are present, but RI�
should be able to anchor PKA to both the RI�-specific and
RI�/RII� dual domain of AKAP4 in mice lacking RII�.
However, the membrane-permeable peptide might inhibit
binding of both RI and RII subunits. Furthermore, it is
unclear whether the binding affinity of RI� to the Ht31
peptide is an accurate indication of the binding affinity to
AKAP4 in vivo. Taken together, these findings suggest that
another cause of the sperm defects in mice lacking AKAP4
is that loss of RI� and RII� binding sites in the flagellum
results in the separation of PKA from target proteins that
regulate flagellar activity.

If AKAP4 were a scaffold for localizing and grouping
functionally important proteins in addition to PKA, this
association would be lost in mutant mice. Sperm have a
high glycolytic capacity (Brooks, 1976), utilize glucose
effectively, and require glucose for hyperactivated motility
(Brooks, 1976; Fraser and Quinn, 1981), fertilization (Hoppe,
1976), and capacitation (Travis et al., 2001). Neither lactate
nor pyruvate can substitute for glucose in these processes,
and fertilization occurs in vitro in the presence of glucose
and oligomycin, an inhibitor of oxidative phosphorylation
that disrupts ATP production by mitochondria (Fraser and
Quinn, 1981). The glycolytic enzymes of sperm associate as
a complex insoluble in detergents that cofractionates with
flagellar components (Mohri et al., 1965; Harrison, 1971;
Storey and Kayne, 1978). Most of the glycolytic enzymes in
sperm have unique structural or function properties (re-
viewed in Eddy et al., 1994). Genes for glyceraldehyde
3-phosphate dehydrogenase-S (GAPDS) (Welch et al., 1992),
phosphoglycerate kinase-2 (PGK2) (McCarrey and Thomas,
1987), and lactate dehydrogenase-C (LDHC) (Sakai et al.,
1987), as well as alternate transcripts for type 1
hexokinase-S (HK1S) (Mori et al., 1993), are expressed only
in spermatogenic cells. GAPDS is tightly bound to the
fibrous sheath (Bunch et al., 1998) and loss of the enzyme in
the absence of AKAP4 would block glycolysis. GAPDS was
present in the spermatids of mutant mice (data not shown),
but failed to accumulate in the flagellum or become incor-
porated into the fibrous sheath. This suggests that another
effect of AKAP4 loss is the disruption of glycolysis and
supports earlier proposals that glycolysis within the flagel-
lum is important for maintenance of sperm function (Storey
and Kayne, 1978; Eddy et al., 1994; Travis et al., 2001).

It was suggested recently that components of the Rho
signaling pathway associated with the fibrous sheath may
be involved in regulating flagellar function (Carr et al.,
2001). These include the Rho-binding protein rhophilin
(Nakamura et al., 1999) and ropporin, a spermatogenic
cell-specific protein that binds to rhophilin and to the
fibrous sheath (Fujita et al., 2000). In addition, ropporin and
AKAP-associated sperm protein (ASP) have N-terminal re-
gions similar to the AKAP-binding domain of PKA RII
subunits and can bind to the PKA-anchoring domain of
AKAP3 (Carr et al., 2001). If Rho signaling is involved in
flagellar function, lack of AKAP4 and decreased amounts of
AKAP3 might be expected to disrupt this pathway.

Disruption of the Akap4 gene caused changes in the
structure of the flagellum that included a thinner principal
piece, incomplete development of the fibrous sheath, and a
shorter flagellum. AKAP4 is present in both the longitudi-
nal columns and circumferential ribs (Johnson et al., 1997)
and is synthesized late in spermiogenesis (Carrera et al.,
1994). The development of longitudinal column and rib
anlagens (Irons and Clermont, 1982a) in sperm from mutant
mice strongly suggests that AKAP4 associates with a pre-
existing template to complete formation of the fibrous
sheath. This is consistent with the results of a detailed
study on the development of the fibrous sheath in rat. The
precursors of the longitudinal columns first appeared at the
distal end of the principal piece in round spermatids during
the early part of spermiogenesis and continued to form in
condensing spermatids until the end of spermiogenesis
(Irons and Clermont, 1982a). The rib precursors did not
appear until the development of elongating spermatids and
continued to form along the flagellum through the early
part of condensing spermatid development. The formation
of the definitive fibrous sheath occurs near the end of
spermiogenesis in both mouse (Sakai et al., 1986) and rat
(Irons and Clermont, 1982a). This is after the appearance of
the ribs and concurrently with the synthesis and incorpo-
ration of AKAP4 into the fibrous sheath (unpublished
observations). An implication of these data is that dysplasia
of the fibrous sheath, a cause of infertility in men that is
familial in many cases (Chemes, 2000), might be caused by
a mutation in a gene affecting formation of the fibrous
sheath template rather than in the AKAP4 gene (Turner et
al., 2001).

Failure of the normal development of the axoneme se-
verely disrupts formation of the fibrous sheath and outer
dense fibers (Phillips et al., 1993), but it was unknown
whether incomplete development of the fibrous sheath
affects the formation of the axoneme or outer dense fibers.
The axoneme exists before fibrous sheath assembly begins
and, as was expected, the organization of the axoneme
appeared to be intact in sperm from mutant mice. However,
the outer dense fibers begin to develop later than the fibrous
sheath (Irons and Clermont, 1982b). While it seemed pos-
sible that outer dense fiber formation might be disrupted in
sperm from mutant mice, their organization and distribu-
tion appeared to be unaltered in sperm lacking a well-
developed fibrous sheath. In addition, the outer dense fibers
are closely associated with the microtubule doublets of the
axoneme and they remain connected when the mouse
sperm axoneme is dissociated with mild trypsin treatment
(Si and Okuno, 1995). In this study, the outer dense fibers
and microtubules also remained connected when the flagel-
lum split apart, indicating that the interactions between
these two cytoskeletal components were maintained in
sperm from mutant mice. In addition, the flagella were
shortened in these sperm. The outer dense fibers extend
only part way through the principal piece, suggesting that
the axoneme terminates near the end of the outer dense
fibers in the absence of a fully formed fibrous sheath.
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The classical view was that the fibrous sheath has a
passive structural role, that of influencing the degree and
shape of flagellar bending (Fawcett, 1975). However, these
studies show that absence of AKAP4 results in the loss of
other proteins from the fibrous sheath and severely disrupts
flagellar function. These findings are consistent with a
model proposing that the fibrous sheath positions PKA in
proximity to its target proteins, anchors signal transduction
pathway components that regulate flagellar activity, and
forms a scaffold for enzymes in the glycolytic pathway that
are required for essential sperm functions. They also dem-
onstrate that AKAP4 is essential for the fibrous sheath to
accomplish its diverse responsibilities.
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