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The blood-testis barrier (BTB), formed between adjacent Sertoli cells, undergoes extensive remodeling
to facilitate the transport of preleptotene spermatocytes across the barrier from the basal to apical
compartments of the seminiferous tubules for further development and maturation into spermatozoa.
The actin cytoskeleton serves unique structural and supporting roles in this process, but little is known
about the role of microtubules and their regulators during BTB restructuring. The large isoform of the
cAMP-responsive scaffold protein AKAP9 regulates microtubule dynamics and nucleation at the Golgi.
We found that conditional deletion of Akap9 in mice after the initial formation of the BTB at puberty
leads to infertility. Akap9 deletion results in marked alterations in the organization of microtubules in
Sertoli cells and a loss of barrier integrity despite a relatively intact, albeit more apically localized
F-actin and BTB tight junctional proteins. These changes are accompanied by a loss of haploid sper-
matids due to impeded meiosis. The barrier, however, progressively reseals in older Akap9 null mice,
which correlates with a reduction in germ cell apoptosis and a greater incidence of meiosis. However,
spermiogenesis remains defective, suggesting additional roles for AKAP9 in this process. Together, our
data suggest that AKAP9 and, by inference, the regulation of the microtubule network are critical for
BTB function and subsequent germ cell development during spermatogenesis. (Am J Pathol 2016, 186:

270—284; http://dx.doi.org/10.1016/j.ajpath.2015.10.007)

The blood-testis barrier (BTB), one of the tightest
blood-tissue barriers in mammals, creates a unique micro-
environment for the development and maturation of germ
cells. The BTB, found between adjacent Sertoli cells near
the basement membrane of the seminiferous epithelium of
the testis, anatomically divides the epithelium into the basal
and apical compartment. It is composed of intermediate
filament—based desmosomes and coexisting actin-based
tight junctions (TJs), basal ectoplasmic specialization (ES;
a testis-specific atypical adherens junction), and gap junc-
tions (GJs)." The BTB assembles at puberty and thereafter
undergoes extensive assembly and disassembly to allow
preleptotene spermatocytes in the basal compartment to be
transported to the apical compartment for further develop-
ment. Thus, germ cell transport is associated with exquisite
coordination of the Sertoli cell cytoskeleton. There is
emerging evidence that cyclic BTB restructuring relies on
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the F-actin cytoskeleton, a prominent ultrastructural feature
of the BTB, which facilitates endocytic vesicle—mediated
cell adhesion functions at the basal ES.! However, little is
known about the role and regulation of the microtubule
(MT) network in BTB dynamics and spermatogenesis.”"
Signal-organizing scaffolding proteins, called AKAPs,
compartmentalize and ensure specificity of cAMP-signaling
networks.” AKAPs localize to discrete cell compartments
and bind protein kinase A (PKA) and in some cases the
cAMP-responsive guanine exchange factor Epacl to
spatially restrict the activity of these proteins toward a
subset of effector molecules.”® AKAP9, also known as
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AKAP450 or CG-NAP, is a 450-kDa protein that binds both
PKA" and Epacl.” The shorter 220-kDa isoform Yotiao is
present in the cytosol. The plasma membrane anchors the
N-methyl-p-aspartic acid (NMDA) receptor in the brain®
and regulates the K' channel subunit KCNQI in the
heart, which may account for the occurrence of long-QT
syndrome, a heritable cardiac arrhythmia syndrome in
patients with Yotiao mutations.” The longer isoform
AKAP450 localizes to the centrosome and Golgi, confers
MT-nucleating activity at the Golgi,'’ and regulates MT
dynamics.”'" MTs are dynamic asymmetric structures that
transition between growing and shrinking phases at their
plus ends. Their stabilization, via capture of their growing
ends, defines a polarity axis in cells for transport and tar-
geted delivery of vesicles and protein complexes. MT plus
end-binding proteins, such as EB1, are key regulators of MT
plus end dynamics.'” In endothelial cells, AKAP9 silencing
leads to a decrease in EB1 comets at the tips of MTs that is
associated with a reduction in the MT polymerization rate
and MT growth stimulated by Epacl/2.” AKAP9 silencing
prevents Epac-induced increases in endothelial barrier
function,” reduces epithelial cell—directed migration'” and
barrier function,"” and alters immune synapse formation
during T-cell antigen recognition.'* In vivo, a recent study
found that an Akap9 null mutant (Akap9™*>¥ ™2 with a
stop codon after exon 14) generated by random chemical
mutagenesis and Akap9-deficient male mice with a deletion
of exon 8 were infertile. Physiologic and morphologic
analysis, performed only for the Akap9™'*>™*> animals,
attributed the infertility to a defect in Sertoli cell
maturation, "

To delineate the role of AKAP9 and its MT-regulating
activity in BTB function, we generated mice with condi-
tional and inducible Akap9 deletion for spatiotemporal
restriction of Akap9 deficiency and mice with global Akap9
deletion. The BTB, established at postnatal day 15 in
mice,'© separates the mitotic/spermatogonial and meiotic/
spermatocyte compartment and undergoes remodeling at
stage VIII of the seminiferous epithelial cell cycle to
facilitate the transport of preleptotene spermatocytes across
the barrier so that meiosis I/Il and subsequent postmeiotic
spermatid development can take place in the adluminal
compartment behind the BTB." We exploited the VE-
cadherin promoter for a conditional Cre recombinase
deletion of Akap9 in the testes because in addition to its
well known expression in endothelial cells,I7 VE-cadherin
exhibits epithelial cycle stage—specific expression in the
Sertoli cells'®'” and in differentiating spermatids at stage
II and elongated spermatids of mouse testes.'” Condi-
tional or global Akap9 deletion led to male infertility that
could not be ascribed to a primary defect in spermatogenic
cells or Sertoli cell maturation. Instead, we found that
AKAP9 was necessary for organized MT structures in
Sertoli cells and was required for cyclic BTB remodeling
necessary for germ cell development and subsequent
spermiogenesis.
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Materials and Methods

Generation of Global and Conditional AKAP9-Deficient
Mice

The gene-targeting construct obtained through European
Conditional Mouse Mutagenesis program was introduced into
C57B1/6N embryonic stem (ES) cells, and cells were selected
with G418 (Brigham and Women’s Hospital Transgenic Core
Facility, Boston, MA) and introduced into C57Bl/6 blasto-
cysts. Chimeric male mice were bred with C57BI/6N females
to generate Akap9™" mice. Heterozygous offspring were bred
to C57BIl/6] mice expressing eCAG-flp (CAG promoter
driving flp recombinase) transgene™ (gift of Dr. Shigeyoshi
Itohara, RIKEN Institute, Saitama, Japan) for recombination of
fit sites, and VE-cadherin:tetracycline-regulated transactivator
(tTA)/C57B1/6,21 and tet-O-cre/C57B1/6 mice (The Jackson
Laboratory, Bar Harbor, ME) for Cre recombination. Thus, all
mutant and wild-type (WT) counterparts were generated on a
C57BI/6 strain.

AKAP9 genotyping was done in three reactions as depicted
in Supplemental Figure S1: primer pair set 1, 5-CCAG-
TTGGGCTCCGCAAAGGA-3' (forward) and 5'-AGTCTT-
CATCCAGATGCCCGACCT-3' (reverse); primer pair set 2,
5-TGAAAATCCAGTTGGGCTCC-3' (forward) and 5'-TC-
GTGGTATCGTTATGCGCC-3' (reverse); primer pair set 3,
5-GGGCTCCGCAAAGGAAAACGGT-3' (forward) and
5'-GCCCCAGACAGATGAACTGATGGC-3' (reverse).
primers for VE-cadh-tTA were 5'-GACGCCTTAGCCA-
TTGAGAT-3’ (forward) and 5-CAGTAGTAGGTGTT-
TCCCTTTCTT-3' (reverse), and for tet-O-Cre were 5'-GC-
GGTCTGGCAGTAAAAACTATC-3 (forward) and 5'-GTG-
AAACAGCATTGCTGTCACTT-3' (reverse).

Mice referred to as WT in our studies were heterozygous
for the conditional allele or homozygous but lacking VE-
cadherin tTA or tet-O-Cre. All WT mice were age matched
with Akap9*© or Akap9°*° animals. For inducible deletion,
Akap9°*° breeding pairs were given grain-based doxycy-
cline (200=mg/kg pellets, sterile), and resulting offspring
continued to receive doxycycline until postnatal day 30,
weeks after which the mice were weaned and given a
normal chow diet.

The Institutional Animal Care and Use Committee at Harvard
Medical School approved all protocols concerning animal use.
Mice were maintained in a pathogen-free facility with standard
light/dark cycling and access to food and water ad libitum.
Euthanasia was performed by carbon dioxide inhalation fol-
lowed by cervical dislocation. Mice subjected to intravital mi-
croscopy (IVM) were anesthetized with ketamine and xylazine.

Western Blot Analysis

Whole testes were homogenized in radioimmunoprecipitation
assay buffer with protease and phosphatase inhibitors and
centrifuged to remove debris and boiled in Laemmli buffer.
Isolated Sertoli cells and germ cells were boiled in Laemmli
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buffer. Total protein estimates in each sample were deter-
mined using the Pierce BCA Protein Assay Reagent A
(ThermoFisher Scientific, Waltham, MA). Samples were
resolved by SDS-PAGE and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA) and processed for
Western blot analysis using rabbit anti-Cre recombinase anti-
body (Cell Signaling Technology, Danvers, MA) and a 24 anti-
AKAP9 antibody directed against exons 24 to 27 (a gift from
Dr. Michel Bornens, CNRS-Institut CURIE, Paris, France).

DNA Content Analysis

Testes were excised from mice, dissociated into single cells,
and filtered through cell strainers. Testicular cells were fixed
in 10% formalin solution (Sigma-Aldrich, St Louis, MO),
permeabilized [0.5% Triton X-100 in phosphate-buffered
saline (PBS)], treated with 1 pg/mL of RNase A (Sigma-
Aldrich), and stained with 50 pg/mL of propidium iodide
(Sigma-Aldrich). DNA content was analyzed by flow
cytometry (BD FACS Calibur; Becton, Dickson and Com-
pany, Franklin Lakes, NJ) as previously described.”’

Histologic Analysis and Evaluation

Testes were fixed overnight with Bouin’s fixative at 4°C,
gradually dehydrated in ethanol, cleared with HistoClear,
and paraffin embedded. Sections were cut at 5 pm and
stained with hematoxylin and eosin. Terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling
was performed on 5-pum sections as per the manufacturer’s
protocol (TACS-XL In Situ Apoptosis Detection Kit; R&D
Systems, Minneapolis, MN).

Immunofluorescence and IHC

Immunofluorescence

Frozen testis sections (snap frozen in OCT followed by
generation of 5-um sections) were incubated with blocking
buffer (5% goat serum, 2% bovine serum albumin in PBS)
followed by incubation at 4°C with the following primary
antibodies: JAM-A (Invitrogen, Carlsbad, CA), peanut
agglutinin (PNAG), SYCP3, y-H2AX, Kipl, and TRA9S
(Abcam, Cambridge, MA), Gatal (Cell Signaling Tech-
nology), ZO-1 (Invitrogen), and JAM-C (H36) (a gift from
Dr. Michel Aurrand-Lions, Inserm, Marseille, France).
Cultured mouse Sertoli cells were fixed in ice-cold methanol
and acetone (1:1) for 2 minutes, blocking buffer as described
above, and antibody to EB1 (Absea, Beijing, China). All
samples were washed with PBS and incubated with Alex
fluor—conjugated goat anti-rabbit secondary antibody (Invi-
trogen) and mounted in FluorSave. For filamentous actin
staining, frozen sections were fixed in 4% paraformaldehyde
in PBS, permeabilized in 0.1% Triton X-100 in PBS, and
blocked with 1% bovine serum albumin in PBS. Sections
were incubated with fluorescein isothiocyanate (FITC)—
conjugated phalloidin (Sigma-Aldrich) for 30 minutes and
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then mounted in ProLong Gold anti-fade reagent with DAPI
(Invitrogen).

IHC

Immunohistochemistry (IHC) was performed using Bouin
or 5-um formalin-fixed, paraffin-embedded sections as
described.”* Sections were deparaffinized, rehydrated, and
subjected to antigen retrieval using 10 mmol/L citrate buffer
(pH 6.0 at 22°C) for 10 minutes in a microwave. Sections
were blocked with 10% normal rabbit serum and then
incubated with primary antibody against 3-tubulin (Abcam),
EB1 (Santa Cruz Biotechnology, Santa Cruz, CA),
connexin-43, and Cre recombinase (Cell Signaling Tech-
nology) overnight at 4°C as described previously.”" There-
after, sections were incubated with the respective
biotinylated IgG followed by streptavidin—horseradish
peroxidase (Invitrogen) and aminoethyl carbazole (Invi-
trogen) as the substrate.

Sertoli and Germ Cell Isolation

Primary Sertoli cells were isolated from testes of 60-day-old
mice and cultured in serum-free F12/Dulbecco’s modified
Eagle’s medium supplemented with growth factors and baci-
tracin as described,”” and modified and detailed elsewhere.”°
To harvest germ cells and Sertoli cells from the same sam-
ple, testes from day 90 mice were sequentially enzymatically
treated and mechanically disrupted as described.”® Next, we
recovered germ cells from the supernatant and Sertoli cell
aggregates from the pellet after a low-centrifuge spin. The
germ cells were filtered through glass wool to remove elon-
gated spermatids.”” An aliquot of cell suspensions of the two
populations were deposited onto glass slides using a cyto-
centrifuge and stained with Giemsa.

Analysis of BTB Integrity by IVM and the Biotin Tracer
Method

Mice received 1 mg/kg of Hoechst 33,342 via tail vein
injection. After 30 minutes, mice were anesthetized with
i.p. injections of ketamine and xylazine and were placed
on a heating pad to maintain body temperature. After
cannulation of the left carotid artery, 1 mg/kg of 2-MDa
TRITC Dextran (Life Technologies, Grand Island, NY) in
PBS was injected. The left testis was then exteriorized as
described previously,”® except the cremaster was removed
and the testis was fixed on a custom-built stage and sur-
rounded by gauze soaked in warm PBS, and a coverslip
was applied gently. Multiphoton microscopy was per-
formed on a Prairie Technologies Ultima Two Photon
Microscope using a Tsunami Ti:sapphire laser with a
10-W MilleniaXs pump laser (Spectra-Physics, Santa
Clara, CA). Once the testis was immobilized, 200 pL of
10 mg/mL FITC-inulin was injected into the carotid
artery, and 50- to 100-pm optical stacks located 5 to
20 pm below the capsule of the testes were acquired every
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2.5 minutes for 1.5 hours with 10-um spacing using a 20x
objective (numerical aperture, 0.95). Images were then
reconstructed and analyzed using ImageJ version 1.48v
(NIH, Bethesda, MD; http://imagej.nih.gov/ij).”’ The
biotin tracer studies were performed as previously
described.® Briefly, the testes of anesthetized mice were
exteriorized, and EZ-Link Sulfo-NHS-LC-Biotin (Ther-
moFisher Scientific) was injected into the interstitial space
using a 30-gauge needle. After 30 minutes, animals were
euthanized and the testes removed and fixed in cold
neutral buffered formalin and then processed for paraffin
embedding. The slides were deparaffinized, rehydrated,
and incubated with Alexa Fluor 488—Ilinked streptavidin
(Invitrogen), rinsed with PBS, and mounted with medium
that contained DAPI. For quantification, a region of in-
terest was drawn, and intratubular mean fluorescence in-
tensity within this region was measured using Imagel]
software.

Statistical Analysis

Analysis of variance for repeated measurements was per-
formed for timeline experiments (SPSS version 22; SPSS
Inc, Chicago, IL) and paired #-test for all other data.
P < 0.05 was considered statistically significant.

Results

Generation of Mice with Global Akap9 Deletion and
Conditional Deletion at Puberty

Mice were generated with a conditional targeted Akap9
allele (Akap9ﬂ/ﬂ) in which loxP sites flanked exon 8. Our
strategy was to generate mice with a conditional deletion of
Akap9 in the testes at puberty (Akap9°®) to assess the po-
tential role of AKAP9 in the function of Sertoli cells after
their maturation and initial formation of the BTB. For this,
Akap9™™ mice were bred to transgenic mice expressing TA
driven by the VE-cadherin promoter (VE-cad-tTA) and Cre
recombinase under the control of a tetracycline-responsive
promoter element (tetO-Cre) (Supplemental Figure S1A).
Success of this strategy relies on the epithelial cycle
stage—specific expression of VE-cadherin, and therefore its
promoter activity, in the mouse testes.'” VE-cadherin
expresses exclusively in postmeiotic haploid step 14 to 16
spermatids at stages II to VII, which predicts that Akap9
deletion occurs in late-stage germ cells during each epithe-
lial cell cycle. On the other hand, VE-cadherin expression
in Sertoli cells at stage VIH,W when extensive BTB remod-
eling is initiated, predicts permanent deletion of AKAP9 in
this cell population because Sertoli cells terminally differen-
tiate and cease to turnover at this stage. To directly assess Cre
recombinase expression in VE-cad-tTA/tetO-Cre mice
(WTVE~CadlCrey e conducted THC of the testes and Western
blot analysis of germ cells and Sertoli cells isolated from the
same animal using an antibody that detects Cre recombinase.
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Testes from age-matched WT mice lacking the tetO-Cre
transgene served as a negative control (Figure 1, A and B).
Cre recombinase was present in the elongated spermatids of
testes cross sections of WTYE~C2/Cre ice: however, the
observed staining of spermatogonia in these samples was
nonspecific because it was also detected in sections from WT
mice that lack tetO-Cre (Figure 1A). A similar staining
pattern was obtained with an independent Cre recombinase
antibody, and no staining was observed with secondary anti-
body alone (data not shown). Western blot analysis of sepa-
rated Sertoli and germ cell populations revealed a specific
band for Cre recombinase in Sertoli cells of WTVE~C4Cre that
was absent in germ cells isolated from the same animal. This
band was specific for Cre recombinase because it was absent
in the Sertoli and germ cells of mice lacking tetO-Cre (WT)
(Figure 1B). Together, our results indicate that VE-cadherin
promoter drives Cre recombinase in spermatids and Sertoli
cells but not in other germ cell populations.

Global Akap9 null mice (Akap9°) were generated by
breeding Akap9™°"" male mice, which takes advantage of VE-
cadherin promoter activity in germ cells'” and thus production
of sperm that contain an Akap9-deleted allele. Akap9 gene
disruption was confirmed in cells from these mice by PCR
analysis and sequencing of the relevant PCR product. We
observed the expected absence of exon 8 and a change in frame
at the junction of exons 7 and 9 that gave rise to a premature
stop codon (data not shown). Western blot analysis in brain
and lung tissue with an antibody that maps to human AKAP9
exons 24 to 27" revealed a 450-kDa species expected of full-
length protein in WTs that was absent in Akap9"© tissue
(Supplemental Figure S1B). Because the AKAP9 antibody
recognizes the C-terminus, we cannot rule out the existence of
shorter isoforms in Akap9¥° mice because available anti-
bodies to the N-terminus of AKAP9 that were tested failed to
react with mouse AKAP9 (data not shown). An additional,
prominent smaller AKAP9 band is observed in WT but not in
AKAP9®© samples (Supplemental Figure S 1B), which may be
another AKAP9 isoform apart from Yotiao because its
molecular weight is greater than the expected 220-kDa Yotiao,
or a degradation product of AKAP9.

Western blot analysis detected AKAP9 protein in testes
harvested from postnatal day 60 WT mice. This was absent
or significantly reduced in Akap9*® and Akap9™*° testes,
respectively (Figure 1C), with the remaining AKAP9 in the
latter likely originating from peritubular myiod and Leydig
cells. Analysis of AKAP9 in freshly isolated Sertoli cells
revealed a prominent band for AKAP9 in WT cells that was
absent in Akap9%° and markedly reduced in Akap9™*°
samples (Figure 1C).

Impaired First Wave of Spermatogenesis in Conditional
Akap9-Deficient Mice

Postnatal day 60 Akap9™° and Akap9®° males failed to
produce mature spermatozoa and were infertile. Dissected
testes of Akap9® (Figure 1D) and Akap9%° (data not
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Figure 1  Conditional deletion of Akap9 in Sertoli cells (SCs) and germ cells (GCs) results in defects in spermatogenesis. A: Inmunohistochemistry (IHC) of
Cre expression in VE-cadherin (VE-Cad) tetracycline-regulated transactivator (tTA)/tetO-Cre and wild-type (WT) mice testes. Cross sections were subjected to
IHC staining using antibody to Cre recombinase. Cre recombinase immunoreactivity was observed in elongated spermatids (arrows). Staining of spermatogonia
was nonspecific because similar staining was observed in WT mice that do not have the tet0-Cre gene. B: Western blot analysis of Cre expression in GC and SC
populations. Cell lysates of freshly isolated cells from postnatal day 90 VE-Cad-tTA/tetO-Cre and WT mice were subjected to Western blot analysis using
anti—Cre recombinase antibody. Antibody for GATA1 and TRA98 served as markers for SCs and GCs, respectively. Actin served as a loading control. Spleen (Sp)
samples from VE-Cad-tTA/tet-0-Cre and WT mice served as positive and negative controls, respectively. Cytospins of freshly isolated SCs and GCs were stained
with Giemsa. C: Western blot analysis of AKAP9 expression in testes and Sertoli cells. Cell lysates of whole testes (top panel) and freshly isolated SCs (bottom
panel) from postnatal day 60 WT, Akap9° (49%°), and Akap9*® (A9%°) mice were subjected to Western blot analysis using anti-AKAP9 antibody. Actin served
as a loading control. Arrowheads indicate the location of the AKAP9 long isoform. D: A representative image shows a significant reduction in the size of the
Akap9° versus WT testes. E: Hematoxylin and eosin (H&E)—stained cross sections of testes reveal severe defects in spermatogenesis in day 25 Akap9*° mice,
including the lack of round spermatids (blue arrowheads) despite the presence of leptotene SCs (red arrowheads), whereas in similarly aged Akap9™° mice,
spermatogenesis appears normal. By day 35, Akap9%® mice exhibit a complex phenotype in which meiosis was considerably disrupted because fewer round
spermatids and pachytene SCs (green arrowheads) are detected, and elongating spermatids (black arrows) are only occasionally present. By day 60, Akap9®
mice resemble Akap9*© but have a few round spermatids in some tubules, suggesting meiosis is severely impeded but not arrested. However, there is no
evidence of elongating/elongated spermatids, illustrating an arrest of spermiogenesis. F: Inducible Akap9 deletion by doxycycline treatment and then removal
result in spermatogenesis defects. Doxycycline (Dox) was given to breeding pairs and resulting offspring up to postnatal day 30 and then removed to allow Cre
recombination. Testes from Akap9""/Dox and Akap9%°/Dox animals were harvested at postnatal days 85 to 90, and sections were stained with H&E. Akap9""/Dox has
the expected complement of germ cells and tubule architecture, whereas Akap9%°/Dox has a significant deficit in these parameters although few round spermatids
are detected. n = 1 representative of three independent experiments (A and B). Scale bars: 100 um (A, E, and F, bottom row); 50 um (F, top row).

shown) mice at 60 days post partum (dpp) were less than and luminal width and a considerable reduction in the

one-third the size of those of heterozygous mutant litter-
mates, despite comparable body weights. The epididymis
was also smaller in the Akap9°*® mutants (Supplemental
Figure S1C), but genitourinary organs were similar in size
to heterozygote counterparts (data not shown). Histologic
analysis of testes at postnatal days 25 to 60 was conducted
to identify the extent of spermatogenesis affected by con-
ditional or global Akap9 deficiency. At 25 dpp, testes of
Akap9¥© had deteriorated tubules with decreased tubular

274

number of round spermatids compared with age-matched
WT testes (Figure 1E). On the other hand, the testes of
25-dpp conditional Akap9-deficient mice (Akap9°*®) had
relatively normal morphologic features, Sertoli cell archi-
tecture, and germ cell populations, which indicates largely
preserved spermatogenesis in these animals (Figure 1E). Of
interest, by 35 dpp, defects in spermatogenesis emerged in
Akap9°*® and, by 60 dpp, was analogous to 25- and 60-dpp
Akap9%© mice. The presence but marked reduction in round
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spermatids suggests that meiosis is considerably impeded
but not arrested. Moreover, despite the presence of occa-
sional round spermatids in Akap9™° testes at 60 dpp,
elongating/elongated spermatids were completely absent in
all tubules examined (Figure 1E), suggesting an additional
role for AKAPY in spermiogenesis.

Although the VE-cadherin promoter drives Cre activity
at puberty, the expression of this Cre recombinase under
the control of a tetracycline-responsive promoter element
allowed us to more precisely and temporally regulate
Akap9 deletion in the testes. For this, doxycycline was
given to breeding pairs to suppress Cre activity and then
removed in the postnatal period on day 30 to allow
Cre-mediated recombination and thus Akap9 deletion
(Akap9°*°/Dox). These mice, at day 85 to 90, exhibited
significant defects in spermatogenesis compared with WT
counterparts treated with the same doxycycline regimen
(WT/Dox) (Figure 1F). Moreover, consistent with the
phenotype in Akap95© and Akap9°*° mice, no elongating/
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Postpubertal Deletion of Akap9 Leads to Loss of
Haploid Spermatids That Is Associated with Impaired
Meiosis

Further evidence of defective spermatogenesis in Akap9°<°
testes at 60 dpp was provided by immunofluorescence
staining of germ cells and Sertoli cells. In WT testes, TRA98-
positive germ cell nuclei, spermatogonial stem cells, mitotic
spermatogonia, and cells in the prediplotene stages of meiosis
were observed, and Gatal-positive Sertoli cell nuclei were
detected near the basement membrane at the periphery of
seminiferous tubules as reported.”’ In contrast, few abnor-
mally large TRA98-positive germ cells were visible in adult
Akap9°™*° tubules (Figure 2A), and abundant Gatal-positive
Sertoli cells were present. To quantitate the change in cell
populations in Akap9°*° mice, the DNA contents of testicular

Akapgcko
SC

Akap9cko

SYCP3

Figure 2  Akap9 deletion at puberty leads to defects in spermatogenesis despite normal Sertoli cell maturation. A: Examination of germ cell and Sertoli cell
populations in wild-type (WT) and Akap9%° testes by immunofluorescence and FACS analysis. Cross section of seminiferous tubules immunostained for a
nuclear marker of germ cells (TRA98, red/pink) and Sertoli cells (Gatal, green). FACS profiles after propidium iodide staining. R1: Round spermatid, elongated
spermatid (ES), spermatozoa (1N); R2: spermatogonia, secondary spermatocytes (SC), somatic cells (2N); R3: primary SC (4N). B: Analysis of germ cell dif-
ferentiation. Histologic cross sections were stained for junctional adhesion molecule-1 (JAM-C) and with peanut agglutinin (PNAG). Staining of SC and ES
(insets, only in the case of WT samples). JAM-C concentrated in the anterior area of WT is reduced and mislocalized in Akap9*° SC. PNAG in WT is absent in SC
and present in the acrosomal cap of ES, whereas in Akap9®® it is expressed in SC. Meiotic progress was evaluated by immunodetection of SYCP3 (red) and
v-H2AX (green) and DAPI nuclear counterstain (blue). C: Cross sections of testes from the indicated mice and days stained with a negative cell cycle regulator
p27'P*, a marker of Sertoli cell maturation. p27** levels in Sertoli cells were comparable in testes of young (day 26 to 30) WT, Akap9°, and Akap9*® mice,
whereas in 60-day-old mice, a significant reduction in p27"! was observed in the Akap9-deleted groups (Akap9d‘° and Akap9*®) compared with WT
counterparts. n = 3 to 5 independent samples for each panel (B); n = 4 independent samples (C). Scale bar = 100 pm.
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cells from 60-dpp WT and Akap9°*° mice were analyzed by
flow cytometry after propidium iodide staining. During
spermatogenesis, spermatogonia (2N, diploid) undergo
mitotic divisions and differentiate into spermatocytes that
enter meiosis I/Il to form round haploid spermatids
(IN, haploid), which then develop into spermatozoa via
spermiogenesis. We found a marked redistribution in cell
populations with an increase in the 2N DNA peak (sper-
matogonia, secondary spermatocytes, and somatic cells, such
as Sertoli cells) concomitant with a decrease in the 1N peak
(haploid spermatids) (Figure 2A), suggesting that germ cells
are unable to efficiently complete and exit meiosis I, thus
leading to delayed entry into meiosis II to become haploid,
round spermatids. In addition, it is also possible that fewer
spermatogonia are committed to meiosis due to defects in
transforming undifferentiated spermatogonia to spermato-
cytes to prepare for meiosis I/IL.

Germ cell differentiation in day 60 samples was also
analyzed by staining tissue cross sections with antibody to
JAM-C or PNAG, markers of polarization and the spermatid
acrosomal cap, respectively. JAM-C, widely distributed on
spermatocytes, concentrates in the anterior of round sper-
matids and, as spermiogenesis proceeds, polarizes to the
junctional plaques in the heads of elongated spermatids™ as
was also seen in Akap9™" testes sections (Figure 2B). In
Akap9°*° testes, JAM-C was reduced and abnormally
concentrated in spermatocytes. The lack of elongated sper-
matids in  Akap9°*® testes precluded their analysis
(Figure 2B). A block in differentiation from round to
elongated spermatids in Akap9°*° testes was evident by
PNAG labeling. PNAG labeled the acrosomal cap in the ES
of WT samples and was absent in SC. However, in Akap9°°
samples, PNAG exhibited aberrant cytoplasmic staining in
SC (Figure 2B), the significance of which is unclear but may
result from a block of further SC development to generate
functional ES.

Next, we evaluated whether the observed impairment in
meiosis could be due to abnormalities in the meiotic ma-
chinery, such as pairing and synapsis of homologous
chromosomes and recombination. The labeling pattern of
SYCP3, an essential structural component of the synapto-
nemal complex involved in the synapsis, recombination, and
segregation of meiotic chromosome, was indistinguishable
in the WT and Akap9°*° testes (Figure 2B). Next, we
examined a marker of DNA double-strand breaks, phos-
phorylated histone +y-H2AX present in leptonema to
pachynema phases of the first meiotic division. Phosphor-
ylated histone y-H2AX densely stains the condensed X and
Y chromosomes that form the sex body as a disruption of
the XY body and has been proposed to cause meiotic arrest
and male infertility in several mouse strains.””** The XY
body was similar in intensity and distribution in WT and
Akap9°*® spermatocytes (Figure 2B). Taken together, these
observations suggest that recombination and meiotic chro-
mosome synapsis are cytologically normal in mutant germ
cells and that failure of these spermatocytes to progress
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beyond this stage are probably due to other causes, a
conclusion also reached by the study in Akap9 mutant mice
(Akap9™1%->me12-3) \yhich are globally deficient in Akap9."
Finally, the breeding of Akap9°*® heterozygous males to
Akap9°*® homozygous females yielded knockout mice close
to the expected mendelian ratio (41%, analysis of 183 pups).
This finding suggests that AKAP9 is not required for the last
stages of spermiation to produce sperm capable of fertilizing
the egg. However, the possibility that the AKAP9 protein
present in pachytene spermatocytes (4N) persists in haploid
(IN) spermatids cannot be ruled out.

The absence of obvious defects in meiosis per se in
Akap9-deleted animals led us to examine Sertoli cell dif-
ferentiation, which is necessary to establish a functional
BTB*> that facilitates the transit of preleptotene sper-
matocytes from the basal to apical compartments of the
seminiferous tubules to complete meiosis I/Il. A negative
cell cycle regulator, p27%"', found in the nuclei of post-
mitotic Sertoli cells serves as an index of functional matu-
ration.”’** Schimenti et al'” detected a reduction in p27P!
in Akap9™mei25 mice and concluded a role for AKAP9
in terminal differentiation of Sertoli cells; however, the
analysis was conducted at a single time point, and the age of
animals examined was not reported. We evaluated p27Kip]
in Akap9°°, Akap9¥°, and WT mice at 26 to 30 dpp and 60
dpp. By day 22, functional maturation of Sertoli cells is
complete wherein the cells normally cease to divide and
establish a BTB. Notably, in day 26 to 30-dpp Akap9™ " and
Akap9°*® mice, p27"P'-stained Sertoli cells lined the basal
region of the tubules (Figure 2C). Similarly, p27¥P'-
positive Sertoli cells were prominent in Akap9© mice at
day 26 (Figure 2C), a time point when gross abnormalities
in the seminiferous tubule architecture were already
apparent (Figure 1D). Analysis of 60-dpp mice revealed a
marked reduction in p27%"! staining in the seminiferous
tubules of Akap9™*® and Akap9%° mice compared with
WT counterparts (Figure 2C). These data suggest that an
alteration in Sertoli maturation in Akap9-deleted testes
does not precede the progressive loss of spermatogenesis
and reduction in the complexity of cell types within the
seminiferous tubules of Akap9-deficient mice. Thus, un-
like the conclusions of Schimenti et al,'> our data indicate
that the change in Sertoli maturation is a secondary rather
than a primary cause of the observed spermatogenesis
defects in Akap9-deficient animals.

Akap9 Deficiency Leads to Alterations in MT
Organization That Is Associated with Grossly Normal
but Mislocalized F-Actin and BTB Proteins

To probe whether Akap9 deletion altered Sertoli cell func-
tion, we examined changes in MT and actin distribution and
localization of BTB components at different stages of
spermatogenesis in Akap9°*® and Akap9"© testes. We first
examined the organization of MTs, which are the suspected
targets of AKAPY (Figure 3A), based on published reports

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

AKAPY in Blood-Testis Barrier Integrity

Tubulin B

C F-Actin

WT

Day 30

WT

Akap9 cko

Akap9 ko

Akap9 X0

Akap9 KO

Akap9 cko

Figure 3

Disruption of the microtubule network but a relatively intact but more apically distributed F-actin cytoskeleton in testes of Akap9-deficient mice.

Testes were harvested from wild-type (WT), Akap9°, and Akap9*° mice at 30 and 60 days post partum. A and B: Analysis of microtubules. Tissue sections were

subjected to immunohistologic analysis using antibody to B-tubulin (A) or EB1 (B), which appear as reddish brown structures in the seminiferous epithelium.
Arrow indicates a multinucleated round spermatid in day 60 Akap9%°, which illustrates degeneration of round spermatids after meiosis in this tubule, a sign
that meiosis indeed took place, at least in some tubules, but failed to go beyond round spermatids. C: To assess F-actin distribution, immunofluorescence
staining of cross sections with fluorescein isothiocyanate—phalloidin was undertaken, and nuclei were stained with DAPI. Arrows indicate the presence of
F-actin that is relatively intact in Akap9-deficient mice but shifted toward the apical aspect of Sertoli and germ cells (DAPI). Representative findings of n = 5

mice per group. Scale bars: 25 um (A and B, right column; C, Day 30); 100 um (A and B, left column; C, Day 60).

in cell culture systems.”'*'" Because EB1 is a MT plus
end-binding protein and a sensitive readout of growing
MTs,*” we also examined whether there were changes in its
localization in mouse testes after Akap9 deletion
(Figure 3B). In the age-matched WT control mice at both
day 30 and 60, anti—p-tubulin—stained MTs appeared as
tracks that lay vertically across the basement membrane at
almost a 90° angle from the tunica propria (Figure 3A),
where they are known to support the transport of spermatids
as they mature during spermiogenesis.” A similar localiza-
tion was observed for EB1, which is an integral component
of the MT-based cytoskeleton (Figure 3B). In Akap9°*°
mouse testes, however, P-tubulin—positive and EB-
1—positive MT filaments were misaligned in adult testes by
day 60 and lay almost parallel to the tunica propria
(Figure 3, A and B). Notably, there was some evidence of
these changes in Sertoli cell MT architecture in Akap9°*®
mice even in day 30 animals (Figure 3, A and B). These
results were further validated by a study using cultured
Sertoli cells that found the presence of EB1 comets at the
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plus ends of growing MTs in WT cells. In contrast, distinct
EB1 comets were significantly reduced in Akap9°*° cells
(Supplemental Figure S2), suggesting a change in MT
growth properties in these cells because EB1 binds to the
ends of growing but not pausing or depolymerizing MTs.*’
These findings support the notion that AKAP9 is crucial to
maintain fully functional MTs in the seminiferous epithe-
lium. We next examined changes in the actin organization
using FITC-phalloidin. F-actin at the BTB of the seminif-
erous epithelium of Akap9™°® and Akap9¥° mutant testes in
both age groups (day 30 and 60) was not grossly different
from the age-matched WT control testes (Figure 3C).
However, it was more apically localized and did not extend
into the adluminal compartment due to the virtual absence
of elongating and elongated spermatids (Figure 3C).

To determine potential effects of Akap9 deletion on TIs,
we examined the localization of the TJ-associated protein
complex ZO-1 and JAM-A at the BTB in the seminiferous
epithelium of Akap9™° and Akap9¥® versus the age-matched
WT control testes. In control testes, both ZO-1 and JAM-A
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were confined to the base of seminiferous tubules, consistent
with their localization at the basolateral tight junctions
proximal to the basement membrane, a pattern also evident at
day 60 (Figure 4). However, in Akap9¥° and Akap9°° testes,
the BTB proteins no longer restrictively localized near the
basement membrane and were uniformly more apical and in
some cases (ZO-1, in Akap9°*® testes) localized more vertical
or perpendicular to the basement membrane. Notably, a
milder but clear phenotype in Akap9™°® mice at 30 dpp
significantly progressed by 60 dpp (Figure 4). Next, we
examined the GJ-integral membrane protein Connexin 43
(Cx43), found abundantly at the BTB and known to control
TJ dynamics***' and spermatogenesis.”> Cx43 localized to
the BTB near the basement membrane of seminiferous
tubules and around spermatogonia in both day 30 and 60 WT
testes (Figure 5). However, in day 30 Akap9KO testes, it
shifted toward the apical surface of Sertoli cells with little
localization at the basal side of germ cells. Cx43 also
exhibited greater penetration into the adluminal compartment
compared with WT counterparts. Notably, in Akap9°* testes
samples, Cx43 increasingly mislocalized from 30 to 60 dpp.
The more apical localization of ZO-1 and Cx43 observed in
60-dpp Akap9-deficient mice was similar to that reported in
Akap9™>'™e25 mutant animals.'” The robust staining of
Cx43 in the Akap9-deficient testes compared with the
corresponding age-matched WT testes may be the result of
tubule shrinkage (Figure 5).
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Figure 4  Akap9 deletion results in mis-
localization of blood-testis barrier (BTB) proteins.
A and B: Testes were harvested from wild-type
(WT), Akap9®™*®, and Akap9*® mice at 30 and 60
days post partum, and antibodies for tight junc-
tion proteins Z0-1 (an adaptor protein) (A) and
JAM-A (an integral membrane protein) (B) were
used on cross sections to visualize the localization
of these proteins. Redistribution of Z0-1 (A) and
JAM-A (B) toward the apical aspect of the semi-
niferous tubules was observed in Akap9-deleted
(Akap9*®, Akap9®™*°) compared with WT samples.
Sections were counterstained with  DAPI.
Representative findings of n = 5 mice per group.
Scale bars: 20 pm (B, right column); 25 um
(A, right column); 75 um (B, left column); 100
pum (A, left column).

Collectively, these observations suggest that a disruption
of MTs in the seminiferous epithelium of the Akap9-deficient
testis does not grossly disrupt F-actin and BTB proteins but
leads to their shift from a predominantly basal to a more
adluminal localization relative to germ cells residing along
the basement membrane. The consequences of the shift in F-
actin and BTB proteins on BTB functionality cannot be
predicted because it has been reported that the localization
and/or expression of TJ proteins can change over the cycle of
the seminiferous epithelium but permeability to the small
molecule biotin is still restricted as far as the organized TJ
immunoreactivity.” The shift, at least for F-actin, is likely
not an indirect consequence of germ cell loss because the
subcellular distribution of F-actin and intermediate filaments
(vimentin) at the BTB is not markedly affected in W/W"
mice, which also lack spermatogenic cells.***’

AKAP9 Is Essential for BTB Function

To determine whether AKAP9 deletion affects the integrity
of the BTB, the impact of global or conditional Akap9
deficiency on BTB permeability was evaluated. We evalu-
ated permeability to molecules of two different sizes using a
novel IVM approach to detect permeability to the macro-
molecule FITC-conjugated inulin (2 to 5000 Da, and a
conventional biotin tracer (443 to 666 Da)*® to detect
leakage to smaller molecules across the barrier.
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Figure 5  Redistribution of gap junction protein Cx43. Testes were har-
vested from wild-type (WT), Akap9<®, and Akap9*° mice at 30 and 60 days
post partum, and tissue sections were stained with anti-Cx43 antibody. In
Akap9"T testes, Cx43 was tightly restricted to the basal compartment near
the basement membrane, consistent with its localization at the BTB. In
contrast, in Akap9°® and Akap9*° mice the (x43 redistributed more to the
apical compartment. Representative findings of n = 5 mice per group. Scale
bars: 20 pm (right column); 75 um (left column).

For IVM, the permeation of i.v. administered FITC-inulin
across the seminiferous epithelial barrier into the adluminal
compartment was examined in real time after exteriorization
of the testes of anesthetized WT, Akap9*©, and Akap9™°
mice and frank leakage (Figure 6A) versus patchy deposits
(Figure 6B) in the adluminal space were assessed. In day 22
animals, FITC-inulin was restricted to the vasculature of WT
mice, whereas it accumulated in the lumen within 10 minutes
of its i.v. injection (Figure 6A) in a significant fraction of the
seminiferous tubules of Akap9*° mice (Fi gure 6B). A similar
analysis was undertaken in day 28 Akap9°*® mice. Frank
leakage, as observed in AkapQKO mice, was not present in
these Akap9°k° animals (data not shown). However, the mice
exhibited a significant number of patchy FITC-inulin deposits
within the tubules that further increased in 42-dpp animals
(Figure 6C), indicating a breach of the BTB. The patchy
distribution is similar to that observed by traditional analysis
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of FITC-inulin in tissue cross sections’** whereas the more
uniform FITC-inulin staining observed in the Akap9™©
(Figure 6A) may be due to more robust leakage in these an-
imals. Unlike the histologic analysis of FITC-inulin, the IVM
approach may be able to distinguish between different levels
of leakiness because there is no loss of the diffusible FITC-
inulin during sectioning and tissue preparation and because
IVM permits observation of greater tissue volume than tissue
sections. The observed difference in extent of leakage be-
tween Akap9°™*° and Akap9"© testes may reflect the deletion
of Akap9 after versus before the BTB is initially established,
respectively, thus leading to a greater disruption of the barrier
in the latter case. Alternatively, VE-cadherin tTA/tetO-Cre is
expected to delete Akap9 only in differentiating and elongated
spermatids in a complete epithelial cycle,'” whereas Akap9
global deletion may lead to deficits in germ cell populations at
several stages of spermatogenesis that may contribute to the
more severe phenotype. Unexpectedly, the analysis of older
Akap9®© and Akap9™° mice revealed a significant reduction
in BTB permeability. The 60-day-old Akap9¥® animals no
longer had frank leakage but exhibited a patchy distribution
(data not shown), and the 90-day-old Akap9*® and Akap9°*°
had a complete reversal of permeability (Figure 6C), indi-
cating a resealing of the BTB to FITC-inulin.

The conventional biotin tracer technique was used to
evaluate permeability to a smaller-molecular-weight tracer
than FITC-inulin and to assess BTB function across an
entire testis cross section. Biotin tracer was injected into
the interstitial space of the testes of live anesthetized
Akap9%© mice. Thirty minutes after injection, mice were
euthanized, histologic cross sections were prepared from
their testes, and the extent of biotin tracer permeation into
the seminiferous tubule was determined. In 25- and 90-
day-old adult WT mice, biotin tracer was present in the
interstitial spaces and basal compartment but excluded
from the adluminal compartment of the seminiferous tu-
bules (Figure 6D). In contrast, in similarly aged Akap9*©
mice, the biotin tracer significantly accumulated in the
adluminal compartment (Figure 6D), indicating perme-
ability at the BTB. However, in day 150 Akap9%© animals
a marked reduction in tracer leakage into the adluminal
compartment was observed, which suggested a reversal of
the barrier permeability (Figure 6D). Thus, two indepen-
dent methods of BTB detection indicate initial loss of BTB
integrity in Akap9-deficient animals that is increasingly
restored in older animals. Notably, the BTB in day 90
Akap9"© animals is permeable to the smaller biotin tracer
(Figure 6D) but blocks the movement of the larger FITC-
inulin (Figure 6C). This finding suggests that at day 90,
the BTB in Akap9%© is in the early stages of resealing and
thus blocks entrance of larger molecules, such as FITC-
inulin, but is still permeable to smaller molecules, such
as biotin. As the resealing proceeds, as is the case at day
150 Akap9¥©, the permeation of the biotin tracer into the
adluminal compartment is also significantly restricted
(Figure 6D).
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BTB Resealing Is Associated with Resumption of
Meiosis and a Reduction in Germ Cell Apoptosis but
Continued Defects in Spermiogenesis

The significant reversal of BTB permeability in 150-dpp
Akap9¥© testes led us to examine spermatogenesis in these
and even older animals. Histologic cross sections of 150-
and 250-dpp Akap9"° mice revealed a significantly larger
number of pachytene spermatocytes and round spermatids
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Figure 6 Compromised blood-testis barrier in
Akap9-deleted mice to fluorescein isothiocyanate
(FITC)—inulin and biotin tracer. A—C: Akap9'©
[knockout (K0)], Akap9™° [conditional knockout
(cko)], and Akap9<° [wild-type (WT)] control mice
were injected i.v with FITC-inulin, and the testes of
anesthetized mice were exteriorized and examined
by multiphoton intravital microscopy. A: Mean
ratio of FITC fluorescence (fluorescence within the
lumen of a seminiferous tubule as a fraction of the
mean fluorescence in the interstitium) over time in
KO compared with control mice at postnatal day
22. Data were statistically evaluated with a
repeated-measures analysis of variance with the
indicated statistical significance (asterisk) indict-
ing that both groups behave differently over time.
B: Quantitative comparison of tubuli with fluo-
rescence (tubulus/interstitum) >25% at 60 mi-
nutes after FITC-inulin injection in KO and WT mice
at indicated postnatal ages of mice. A statistically
significant cutoff of 25% was mathematically
determined using a double SD width over control,
which yielded a value of 24.8%. Representative
images of central accumulation of FITC-inulin
(green) in KO versus WT mice at the 60 minutes
time point are shown. White asterisks indicate
positive tubules. C: Quantitative analysis of tubuli
presenting with patchy deposits of FITC-inulin in
the sustentacular cell area in WT, cko, and KO at
indicated postnatal ages of mice. Presented is the
fraction of tubuli with deposits over all imaged
tubuli. Representative images of WT and cko mice
are shown. D: Mice were given an intratesticular
injection of biotin tracer, and testes were collected
after 30 minutes and processed. Representative
images of seminiferous tubules showing restriction
of the biotin tracer to the interstitial space and basal
compartment of 25-, 90-, and 150-day-old WT mice
and free leakage of biotin into the adluminal
compartment of day 25 and 90 Akap9*°. In day 150
Akap9*° tubules, leakage is reduced significantly.
Intratubular fluorescence was quantitated and re-
sults are graphed. Biotin intensity refers to the mean
ratio of fluorescence of streptavidin (used to detect
biotin) within the lumen of a seminiferous tubule as
a fraction of the mean fluorescence in the inter-
stitium. n = 5 to 6 mice per group (A); n = 3t0 6
(B); n = 3to4 (C); n = 3 (D). *P < 0.05,
**P < 0.005. Scale bar = 100 pum (B—D). Error bars
represent SEM. MFI, mean fluorescence intensity.

(Figure 7A) compared with day 60 Akap9*® testes

(Figure 1D), indicating a greater incidence of meiosis and
spermatogenesis. Consistent with this, the number of
terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling—positive apoptotic germ cells, which was
high in tubules of day 60 Akap9*° mice compared with WT
mice, decreased significantly (3.8-fold) in day 150 Akap9<®
animals (Figure 7B). Nonetheless, spermatogenesis did not
completely normalize. Moreover, despite the increase in round
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Figure 7  Greater meiosis and resumption of spermatogenesis in older
Akap9-deficient mice. A: Examination of meiosis in hematoxylin and eosin—
stained cross sections of testes from day 150 and 250 Akap9*° and age-matched
Akap9*" [wild-type (WT)] mice reveals the presence of a number of pachytene
spermatocytes (green arrowheads) and round spermatids (blue arrowheads).
However, elongating spermatids (black arrows) were present only in WT mice. B:
Analysis of germ cell apoptosis. Day 60 Akap9*° seminiferous tubules exhibit
significant loss of germ cells and a marked increase in terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL)—positive cells compared
with WT tubules, whereas day 150 Akap9 ° animals have much fewer TUNEL-
positive cells compared with day 60 Akap9*° samples. A quantitation of the
results from WT and Akap9*° [knockout (KO)] animals of indicated ages is
shown. Scale bars: 25 pm (A); 50 pm (B). *P < 0.05. Error bars represent SEM.

spermatids, no elongating/elongated spermatids were observed
in the seminiferous epithelium, indicating that spermiogenesis
remained completely defective.

Discussion

AKAPs have been documented in developing germ cells to
promote spermiogenesis and the motility of mature sperm by
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compartmentalization of signaling events.””” Mice with
deletion of AKAP110, 220, 80, 82, or TAKAPS0 are all sub-
fertile as a result of reduced sperm motility.” Our work indicates
that AKAP?9 is not required for germ cell differentiation per se
but is essential for both the cyclical restructuring of the BTB
required for spermatogenesis and for the germ cell transport that
occurs during spermiogenesis. Two lines of evidence sug-
gest that a primary defect in the BTB of Akap9-deleted
Sertoli cells leads to impeded progression of germ cells
through meiosis I/II and/or fewer spermatogonia commit-
ting to meiosis. First, consistent with the reported epithelial
cycle stage—specific activity of the VE-cadherin pro-
moter,'” we observed selective expression of the Cre-
recombinase in the Sertoli cells and haploid spermatids
but not germ cells of VE-cadtTA/tetO-Cre mice, which
predicts permanent deletion of Akap9 in Sertoli cells at
puberty but cyclical deletion of Akap9 in postmeiotic
haploid spermatids. Thus, observed defects in germ cells are
likely secondary to AKAP9-dependent alterations in BTB
in Sertoli cells. Second, the loss and then resealing of the
Sertoli cell barrier in Akap9-deficient animals appears to
directly correlate with the incidence of spermatogenesis.
Notably, the more severe perturbation of BTB function in
younger 25 to 27-dpp Akap9*° versus Akap9°*° may reflect
additional roles for AKAPY in other cell types and/or its
deletion in Sertoli cells before the BTB is initially estab-
lished. Within the Akap9°*° population, the lower pene-
trance of the phenotype in younger versus older animals
may reflect the need for repeated epithelial cycles for effi-
cient Akap9 deletion in Sertoli cells; Cre recombination
frequency is likely diminished in Sertoli cells at puberty
because these cells are terminally differentiated and thus
cease dividing at this time.

The apical and the basal ES (BTB) undergo extensive
restructuring during the epithelial cycle of spermatogenesis to
facilitate the transport of immotile germ cells across the
seminiferous epithelium. This remodeling relies on the actin-
and MT-based cytoskeleton, the regulation of which is only
beginning to be elucidated. Actin microfilament bundles
abundant at the apical ES facilitate Sertoli cell—spermatid
adhesion and, at the basal ES, support cell adhesion between
Sertoli cells, conferring the unusual adhesive strength of the
BTB. At stage VIII of the epithelial cycle, these bundles are
replaced by branched actin, which remodel these adhesive
structures by promoting endocytic vesicle—mediated protein
trafficking, signaling, and recycling. These events at the basal
and apical ES facilitate BTB restructuring and spermiation,
respectively, and are regulated by actin regulatory proteins
and members of the Rho family of GTPases." MTs, on the
other hand, are polarized cytoskeletal elements that lie adja-
cent to the F-actin network and serve as tracks to assist in the
transport of endocytic vesicles, organelles, and germ cells, in
particular preleptotene spermatocytes or spermatids across the
BTB or apical compartment, respectively, during the
epithelial cycle.”” Our data suggest that AKAP9 regulation
of MTs may be essential for these functions. End-binding
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proteins (+TIPs), such as EB1, interact with the plus ends of
growing MTs, capture MTs at cortical sites to establish
an asymmetric MT network, and regulate MT linkage to
actin.'>”" In epithelial cells, B-catenin at adherens junctions
binds MT end-binding proteins to facilitate the delivery of
junctional components,” which would be critical for BTB
restructuring. EB1-decorated MTs were disorganized in
Sertoli cells of the seminiferous tubules of AKAP9-deficient
testes, and cultured Akap9°° Sertoli cells lacked distinct EB1
comets, which in other cell systems reflect a change in MT
dynamics.”” In AKAP9-silenced endothelial cells, a similar
reduction in localization of EB1 comets at MT plus ends was
associated with impairment of the instantaneous MT growth
rate, a reduction of the MT growth length, and an inability to
increase barrier functions after activation of Epac 1/2.

AKAP9 is a large 450-kDa scaffold protein that binds
PKA® and Epac1™ and in Sertoli cells was found to bind the
cyclic nucleotide phosphodiesterase PDE4D3, which may
locally titrate cCAMP levels in the centrosome.” A deficiency
in some of these cAMP-responsive binding partners results in
male infertility attributed to defects in sperm motility” or
germ—Sertoli cell interactions,'® whereas in other cases, male
fertility is unaffected.”® % Thus, although cAMP is one of the
most important secondary messengers controlling spermio-
genesis,” a deletion of cAMP-responsive pathways potentially
modulated by AKAP9 does not recapitulate the BTB defects
observed in our knockout mice. Therefore, it is possible that
AKAP9 may be recruited by or affect cAMP-independent
pathways to modulate the restructuring of the BTB. More-
over, AKAP9 also recruits a number of proteins involved in
signal transduction.>*> ¢! Thus, we cannot rule out additional
roles for AKAP9 beyond the modulation of the MT cyto-
skeleton in regulating Sertoli-BTB function.

The BTB is composed of three types of intercellular junc-
tions: cadherin-based adherens junction called basal ES
restricted between adjacent Sertoli cells near the basement
membrane, occludin containing TJs, and connexin-based GJs
that all interact to form the BTB.' Tightly packed F-actin fila-
ment bundles at the ES together with junctional molecules
facilitate BTB remodeling required for germ cell transport to the
adluminal compartment.””®* Deletion of components of TJ
structures at the BTB in mice leads to infertility. For example,
males deficient in occludin or claudin 11 lack TJs but are viable.
Mice with claudin deficiency have tubules with aggregates of
Sertoli cells, and occludin knockouts, with age, exhibit a Sertoli
cell—only phenotype in seminiferous tubules.”> ZO-1 is a pu-
tative adaptor for occludin, claudins, and JAM-A at the BTB.%°
The impact of its deletion on the testis is not known because
Z0-1 knockouts are embryonic leth211,67‘°8 but the deletion of
Z0-2 (a close sibling of ZO-1) in the testis leads to subfertility
with a concomitant disruption of the BTB.®” Deletion of the GJ
component Cx43 selectively in Sertoli cells results in sper-
matogenesis arrest associated with a decrease in spermatogonia
and an increase in the number of Sertoli cells per tubule in
which spermatocytes failed to develop beyond type B.**"°
These phenotypes have similarities with the gross
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spermatogenesis phenotypes observed in Akap9-deficient ani-
mals. However, in the absence of AKAP9, F-actin filaments
and BTB components continue to concentrate at the BTB but
exhibit a shift toward the apical surface of the seminiferous
epithelium with weak or no localization along the basement
membrane. Although the consequences of apically localized F-
actin and TJ proteins to BTB function is not clear, it is possible
that in addition to being mislocalized, components of the
junctions may not be functioning normally. For example, dis-
rupted cross talk between MTs and Cx43 containing GJs may
impede the polarized delivery of GJ components to the mem-
brane needed for BTB remodeling.”' In turn, Cx43 binding to
tubulin may potentially aid in anchoring and stabilizing MTs at
Gls.”” Together, the significance of our findings is that a
deletion of Akap9 leads to a disorganization of the MT network
in the seminiferous tubules, which is associated with marked
alterations in BTB integrity despite relatively normal, albeit
more apical F-actin and TJ protein distribution.

An unexpected restriction of permeability across the BTB
was observed in older Akap9-deficient mice by as yet un-
known mechanisms. BTB restoration after its disassembly
or disruption leads to a resumption of spermatogenesis in
published studies.®>7374 However, the increasing reversal
of BTB permeability in adult Akap9-deficient mice did not
lead to normal levels of spermatogenesis. This may be due
to residual permeability or a resealed barrier that is largely
dysfunctional. Indeed, the loss of Sertoli cell expression of a
negative cell cycle regulator, p27<" in older (60 dpp) Akap9-
deficient animals despite evidence of the resealing of the barrier
at this age, suggests that Sertoli cells may have entered a
transitional state, exhibiting features of undifferentiated and
differentiated Sertoli cells that does not support dynamic BTB
restructuring. Finally, despite the greater resumption of sper-
matogenesis (larger numbers of pachytene spermatocytes and
round spermatids) in older Akap9-deficient animals, the
absence of elongated/elongating spermatids indicates a com-
plete lack of restoration of spermiogenesis, which may be due
to a requirement for AKAP9-regulated MTs in transport of the
adluminal round spermatids’>’® and/or in MT-based
morphologic changes in the spermatid head and elongation
of the tail that occurs during spermiogenesis.”

In summary, the deletion of AKAP9 after establishment
of the BTB has resulted in insights into the regulatory role
of this MT-guiding protein in BTB restructuring and re-
veals fundamental roles for this protein and, by extension,
the MT network in this process and subsequent
spermiogenesis.
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