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ABSTRACT: Spermiation, the release of late spermatids from the may be functioning in both structural and signal transduction roles.

Sertoli cell, is disrupted by a number of toxicants. Control of the
spermiation process, and the proteins that interact to adhere mature
spermatids to Sertoli cells, is poorly understood. In these studies we
used immunohistochemistry, coimmunoprecipitation/Western blot-
ting, and mass spectrometry to refine an earlier model of sperm
adhesion proposed by our laboratory. We have identified specific
proteins linked together as part of a multiprotein complex, as well as
several additional proteins (cortactin, ERK1/2, and 14-3-3 {) that

The current and prior data suggest that protein phosphorylation is
central to the control of spermiation. We also present and charac-
terize an in vitro tubule culture system that allowed functional testing
of the spermiation model by pharmacologic manipulation, and yield-
ed data consistent with the importance of protein phosphorylation in
spermiation.
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ermiation is the release of mature spermatids fromhypothesized that the junctions between Sertoli cells and

heir attachment to Sertoli cells. If spermiation is late spermatids are controlled (at least in part) by phos-
thought of as the controlled degradation of cell-cell ad-phorylation events inside the Sertoli cell. This hypothesis
hesions, a series of testable hypotheses can be explorég.merely an extension of a vast literature in other cell
A recent review by Vogl et al (2000) shows that suchtypes showing that adhesions are controlled by kinases
adhesions exist between Sertoli cells and late spermatidand phosphatases (eg, Collares-Buzato et al, 1998; Kim
and could mediate the timed and controlled release oind Wong, 1998; Inagaki et al, 2000; reviewed in Gum-
these spermatids. biner, 2000).

Previous studies by other authors have repofieh- This paper reports the results of efforts to address the
tegrin, actin, vinculin, and a cadherin (Vogl et al, 1985;fo|lowing questions: 1) Are the proteins proposed in our
Grove and Vogl, 1989; Palombi et al, 1992; Byers et alhypothetical model (Wine and Chapin, 1999) physically
1993) at the adluminal edge of the epithelium, where theyinked with one another as part of a multiprotein com-
may be involved in spermatid-Sertoli adhesions. Our Préplex?, 2) What other proteins may be present and in-
vious examination of proteins at the Sertoli-late speryq|yeq in the structure and control of the complex?, and

matid junction (Wine and Chapin, 1999) foudtcad- 3y can the process of spermiation be experimentally per-

herin along with proteins known in other systems to be, | ped in a way that would provide insight into mecha-
associated intracellularly with controlled junctiorsda-

tenin, paxillin, pp68c, ppl20" [an Src substrate], Csk

. . . The actual structure of the previously proposed model
[WE'Cht prllosl%hg%rylateii Src],dandr:n?c:hn). Ilnnq]efd’ Jor&n'ﬁ\Nine and Chapin, 1999) could be tested by coimmuno-
son et al ( ), using a degenerate polymerase ¢ aprecipitation studies. In this approach, an antibody to a

reaction cloning strategy, reported finding at least 24 cad- rotein of interest (vinculin, for example) is incubated

herins and protocadherins in rat testis and hypothesize tHa o : .
involvement of cadherins in the junction between a Ser> ith stage-specific testis lysate. Then the antibody, car-

toli cell and an elongated spermatid. Because many ofying Its antigen and any other proteins that may be

these proteins are kinases or substrates for kinases, \pé)und to the antigen, is separated'from the rest of the
lysate, separated on a polyacrylamide gel, and the pro-

teins identified by Western blotting or mass spectrometry.
Correspondence to: Robert E. Chapin, DuPont Pharmaceuticals CO”Using similar methods, other authors have reported that

Fst:];tZ?:hi%)i(ng& jggﬁp?;t%‘aizﬁ)’ Newark, DE 19714-0030 (e-mallig jnteqrin coimmunoprecipitates with paxillin (Chen et

Received for publication February 27, 2001; accepted for publicatior®, 2000), paxillin coimmunoprecipitates with C_O"taCtin
June 12, 2001. (Bowden et al, 1999), and that talin can be coimmuno-
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precipitated with FAK,. (Chen et al, 1995). Most reports pounds for 15_mi_nutes), 5) Bouin-fixed then paraffin-embedded
are limited to determining 1 or 2 proteins in addition to (B), or 6) Bouin-fixed, paraffin-embedded, then autoclaved (B-
the antibody’s antigen. AR). The antibodies used in these studies are presented in the

The studies reported here go somewhat further to ex‘[able. The biotinylated secondary antibodies were from

. . . PharMingen (San Diego, Calif), and were used at a dilution of
plore the other proteins that may be involved. Thé- ) ) . . )
tegrins (Schaller et al, 1993; Hdman and Pelliniemi, 1:400 in PBS. All incubations were performed at room temper

. ] . ature. The antibody complex was visualized using aminoethyl
1994; Kamata et al, 1995; Touer et al, 1997) and inte- carbazole (AEC; Zymed Laboratories, Carlton, Calif), which

grin-linked kinase (ILK; Hannigan et al, 1996; Novak et roqyces a red reaction product. Sections were counterstained
al, 1998) are logical, given the presencefgfintegrin.  with modified Harris hematoxylin (Sigma Chemical Company,
Indeed, ILK has recently been demonstrated to be localst Louis, Mo).

ized adluminally, and associated wifhintegrin (Mul-

holland et al, 2001). Based on the significant amount oflubule Segment Isolation for Coimmunoprecipitation

actin present adluminally (Vogl and Soucy, 1985; Oko etand Culture

al, 1991), one would expect proteins that control actinspjation enzymes consisted of 0.25% trypsin (Life Technolo-
dynamics, such as cortactin (Wu et al, 1991; Wu and Paigies, Rockville, Md) and 0.1% Type 3 collagenase (Worthington
sons, 1993; Maruyama et al, 1996; Kim and Wong, 1998Biochemicals, Freehold, NJ) in 20 mL Ca/Mg-free Dulbecco
and CDC42 (Vojtek and Cooper, 1995). Ras and Rho proMinimum Essential Medium (DMEM)/F-12, prewarmed to
teins, and the kinases that control Ras family activities35’C. Two testes provided ample tissue for either of the two
are also plausible, based on their involvement in othefxperiments described here. The rat (Sprague-Dawley, Crl:CD,
adhesion/signaling systems (for a review, see Braga et af0—140 days old; Charles River, Raleigh, NC) was killed with

1997; Braga, 1999; Kjaller and Hall, 1999; Kuroda et al an overdose of CO Testes were immediately removed, nearly
19991 Yamar"noto e’t al, 1999) ’ ’ "bisected on the longitudinal axis, and placed int83 mL of

prewarmed digestion medium in a 50-mL centrifuge tube, laid

Finally, a model is useless if it cannot be tested func'horizontally, and shaken vigorously (85 cps, 2.5 inch transit) for

tionally. An in vitro model of spermiation would be quite , minytes at 3. After digestion, the enzyme solutions were
useful in the study of this process because it would alloWyecanted, and the tissues were combined and washed once with
specific pharmacologic manipulations, as well as providca/Mg-free DMEM/F-12, and then washed once with regular
ing a platform from which to explore the normal and hor- DMEM/F-12, decanted te=10 mL, and incubated with=150
monal control of sperm release. For example, becausunitz units of DNAse at 38 for 3 minutes with gentle shak-
many of the proteins found at the luminal edge are ki-ing. The tissues were then rinsed three times with DMEM/F-12,
nases, it is plausible to hypothesize that compounds thad poured into a 100 chreulture dish containing=3% fetal
interfere with phosphorylation would perturb spermiation.Povine serum (FBS; Life Technologies) in DMEM/F-12 for dis-

In other cell types, it is known that increased proteinsection under a stereomicroscope. The FBS prevents the tubules

phosphorylation leads to cell-cell separation, whereas in‘?‘t'cklngl to the plate.

h|b|t_|on of I_<|nase activity can maintain cell-cell adhesmns Tubule Segments for Coimmunoprecipitation

(reviewed in Jockusch et al, 1995). We hypothesized that ) o _
the same will be true in the seminiferous epithelium. InTo prepare tubule segments for coimmunoprecipitation studies,
this paper, we present and characterize an in vitro modeﬁtage VII-VIII junctions were identified using the criteria of Par-

for studying spermiation in the rat, and present data Con\_/|nen et al (1993). Because one of the goals was to assess how

. ith the | f in oh horvlation i these junctional complexes changed during spermiation, 3 seg-
sistent with the importance of protein phosphorylation Ny o s \ere isolated: before spermiation (B), during spermiation

spermiation. (D), and after spermiation (A), as indicated by the arrows in
Figure 1. To obtain sufficient material to perform coimmunopre-
cipitations, approximately 120—150 segments of each type were

Materials and Methods pooled, collected, and placed into separate microfuge tubes for
. . subsequent lysis. The segments during spermiation were neces-
/mmunOh’StOChem’S”y sarily smaller and less frequent, although modulations in the

These visualizations all used the methods described in detail imave of spermatogenesis occasionally allowed for significant
Wine and Chapin (1999). Each antibody was used at a finalengths of tubules to be collected. These segments contained
working concentration of fwg/mL in phosphate buffered saline peritubular cells and all other cellular elements normally found
(PBS). Sections of normal, adult Sprague-Dawley testes, prein seminiferous tubules. Prior to lysis, the pooled fragments were
served in 1 of the following 6 ways, were used for each anti-pelleted by centrifugation and washed twice with 20 mM phos-
body: 1) fixed-frozen (FF; in 4% paraformaldehyde for 24 hoursphate buffer. Following the final wash each pellet was resus-
then cryosectioned), 2) snap-frozen and fixed in Histochoicgpended in 20uL phosphate/Triton lysis buffer (20 mM phos-
(SFHC; Amresco, Solon, Ohio), 3) in 4% paraformaldehyde therphate pH 7.2, 150 mM NacCl, 50 mM NaF, 0.5 M N®,, and
paraffin-embedded (P), 4) fixed in 4% paraformaldehyde, par2% Triton X-100, Complete Mini Protease Inhibitor, EDTA-free
affin-embedded, then autoclaved (P-AR; for antigen retrieval, 2§Roche Molecular Biochemicals, Indianapolis, Ind), and trans-
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Molecular Weight

Antigen (kd) Antibody Type Source* Uset
Actint 42 Monoclonal Chemicon IHC, WB
N-cadherint 130/97-98 Monoclonal Sigma (clone FA-5), Zymed IHC, WB, Co-IP
B-catenint 92 Monoclonal Transduction Laboratories, Zymed IHC, WB, Co-IP
Cdc42 22 Monoclonal Transduction Laboratories IHC
Cortactin 85/80 Monoclonal Upstate Biotechnology IHC, WB, Co-IP
Csk 50 Monoclonal Transduction Laboratories IHC
ERK1/2% 44142 Monoclonal Upstate Biotechnology IHC, WB
Phospho-ERK1/2% 44/42 Polyclonal Cell Signaling Technology IHC, WB
ILK* 75-80 Polyclonal Upstate Biotechnology IHC, WB
a4 integrint 80-165 Monoclonal Chemicon, United States Biological, WB, Co-IP

Antigenix America

a6 integrint 118 Monoclonal Upstate Biotechnology IHC, WB

B1 integrint 130/118 Monoclonal Transduction Laboratories, Chemicon IHC, WB

MEK1 44-45 Monoclonal, Transduction Laboratories, IHC

MEK 1/2 polyclonal Cell Signaling Technologies

Paxillint 65-70 Monoclonal Transduction Laboratories, Zymed IHC, WB
Phosphoserine Monoclonal Calbiochem, Accurate IHC, WB
Phosphothreonine Monoclonal Calbiochem IHC, WB
ppl120ct 120 Monoclonal Transduction Laboratories IHC, WB

Rab3 25 Monoclonal Transduction Laboratories IHC

Rab5 25 Monoclonal Transduction Laboratories IHC

Rab11 24 Monoclonal Transduction Laboratories IHC

Rab27 25 Monoclonal Transduction Laboratories IHC

Racl 21 Monoclonal Transduction Laboratories IHC

RalA 24 Monoclonal Transduction Laboratories IHC

Ran 25 Monoclonal Transduction Laboratories IHC

Rap2 21 Monoclonal Transduction Laboratories IHC

Ras 21 Monoclonal Transduction Laboratories IHC

Src 60 Monoclonal Upstate Biotechnology IHC, WB, Co-IP
B-tubulint 55 Monoclonal Sternberger IHC, WB, Co-IP
Vinculint 130 Monoclonal Upstate Biotechnology, Chemicon IHC, WB, Co-IP
14-3-3 30 Polyclonal Upstate Biotechnology, StressGen IHC, WB

Biotechnologies

* Chemicon, Temecula, Calif; Transduction Laboratories, Franklin Lakes, NJ; Upstate Biotechnology, Lake Placid, NY; Cell Signaling Technology,
Beverly, Mass; United States Biological, Swampscott, Mass; Antigenix America, Huntington, NY; Calbiochem, San Diego, Calif; Accurate Chemical,
Westbury, NY; Sternberger, Baltimore, Md; Stressgen, Victoria, BC, Canada.

T IHC indicates immunohistochemistry; WB, Western blotting; Co-IP, Coimmunoprecipitation.

T Antigens were examined and included into the multiprotein complex after verification by Western blotting. The remaining antigens were evaluated
by IHC, found to be at the luminal edge, but could not be verified by Western blotting due to the close proximity of their molecular weight to heavy
and light chain of the coimmunoprecipitating antisera. These proteins were not included in the model.

ferred to separate glass microhomogenizers. The tubules wetabes. An aliquot was removed from each lysate for quantitation
thoroughly homogenized on ice, the resulting lysates were transsf protein (BCA; Pierce, Rockford, IlI).
ferred to fresh microfuge tubes, and the lysis was allowed to Coimmunoprecipitations were performed in either 20 mM
continue on a Nutator rotating platform for 30 minutes &.4 phosphate or, in the case of vinculin, 25 mM HEPES coimmu-
The lysates were clarified by centrifugation for 4 minutes atnoprecipitation buffer pH 7.2 (150 mM NaCl, 50 mM NaF, 0.5
14000 X g and the resulting supernatants were transferred toM Na,vVO,, and 1% Triton X-100, Complete Mini Protease In-
fresh microfuge tubes. hibitor-EDTA free (Roche Molecular Biochemicals). Each coim-
Lysates were precleared by incubating the samples with 5 munoprecipitation sample contained 25 of precleared,
mouse preimmune serum,p® rabbit anti-mouse immunoglob- staged, seminiferous tubule lysate ang.d of primary antise-
ulin G (lgG; Sigma), and prewashed recombinant protgiro{ rum. Whenever possible, pooled monoclonal antibodies, not to-
tein) G agarose (Life Technologies) for 30 minutes @ 4n a  taling more than 5ug protein, were used in place of a single
Nutator. Following the initial preclearing step, the agarose beadantiserum. Negative controls containedw.§ of mouse preim-
were collected by centrifugation and the resulting supernatantsiune serum in place of primary antiserum. Coimmunoprecipi-
were transferred to fresh microfuge tubes for a second incubatiotation samples were allowed to incubate overnight°& dn a
with protein G agarose. Upon completion of the second prerotating platform. The addition of rabbit anti-mouse 1gG anti-
clearing step, the agarose beads were again collected by centserum (Sigma) and continued incubation expanded the initial
fugation and the supernatants were transferred to fresh microfugenmune complexes that were formed. These complexes were
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Figure 1. A transilluminated rat seminiferous tubule =2 hours after isolation. The arrows beneath the tubule show the length of tubule used to
coimmunoprecipitate proteins before (B), during (D), and after (A) spermiation. The numbers above the tubule (1, 2, and 3) indicate the approximate
length of tubule that was cut and used for culture. From clearly demarcated tubules such as this one, 2 segments of this length were cut per tubule;
several hundred segments were collected, mixed, and divided up among the wells to be cultured. The “cuff” on the right shows the massive eversion
and epithelial rearrangement that occurs during culture. Finally, the apparent end-to-side anastomosis (Y-joint, or branched tubule) is representative
of the several (3-8) such junctions that were found in each animal during culture preparation. Bar = 100 pm.

precipitated with,protein G agarose and collected by centrifu- the samples to allow for accurate determination of molecular
gation. The supernatants were removed and each pellet wageight and efficiency of transfer, respectively. Ten micrograms
washed 3 times with either phosphate or HEPES coimmunopresf total protein from lysates of whole rat testis, HeLa, human
cipitation buffer followed by 3 additional washes with 20 mM endothelial, and A431 cells were included on each gel as positive
phosphate buffer. Following the final wash the supernatants wereontrols to verify the specificity of the antisera and confirm the
aspirated until they just covered the pellets, andNuPage LDS  presence of the protein in rat testis. All Western blots were per-
sample buffer (Novex, San Diego, Calif) was added to each sanformed at least 3 times. Because of the scope of this project,
ple. The samples were boiled under reducing or nonreducingfficiency was important, so each membrane was often probed
conditions followed by centrifugation to pellet the free agarosewith multiple primary antibodies simultaneously if the antigens
beads. The supernatants were transferred to fresh microfugeere of sufficiently different molecular weight.

tubes and stored on ice until gel electrophoresis and Western

blotting. Protein Identification by Microsequencing

. Concomitant to investigating the protein complex by traditional
Western Blotting coimmunoprecipitation/Western blotting and immunohistochem-
Western blots were performed according to routine methodsistry, experiments were performed attempting to identify un-
Briefly, the entire volume of each coimmunoprecipitation reac-known proteins found in the coimmunoprecipitation samples.
tion was loaded onto 4%-12% NuPage polyacrylamide gelsThese experiments were performed using either a chemical
(Novex) and separated according to the method of Laemmlcross-linker or Western blotting with phosphoserine, threonine,
(1970). Resolved proteins were transferred to @n2-nitrocel-  or tyrosine antisera, followed by mass spectrometry.

lulose membrane using Towbin transfer buffer followed by For specific cross-linking and fluorescent labeling of proteins
blocking in Superblock (Pierce). The antigen or antigens of in-linked with one another in the multiprotein complexes, we chose
terest were detected using SuperSignal West Pico chemilumsulfosuccinimidyl 2-(7-azido-4-methylcoumarin-3-acetamido)
nescent substrate and the images were acquired on a Kodathyl-1-3-dithiopropinate (SAED; Pierce). Coimmunoprecipita-
ImageStation 440CF (Eastman Kodak, Rochester, NY). Biotintions using paxillin as the precipitating antiserum were prepared
ylated markers (Bio-Rad, Hercules, Calif) and SeeBlue Plus Zssentially as described above. However, following the final
prestained standards (Novex) were separated in conjunction witivashing of captured immune complexes the samples were la-
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beled with SAED as previously described (Borchers and Tomer, activates mitogen-activated protein (MAP) kinase, a serine-
1999). Using this method, only proteins that are physically threonine kinase (Zhao et al, 1996).
linked to one another as part of a multiprotein complex receive® Okadaic acid (Calbiochem), an inhibitor of serine/threonine
a fluorescent azido-methylcoumarin tag incorporated into its phosphatases, 10-100 nM (Haystead et al, 1989; Gjertsen et
structure. Labeled proteins were visualized by illumination with al, 1994), dissolved in DMSO.
a longwave UV light source, and the image was captured on am Staurosporine (Calbiochem, San Diego, Calif), a broad-spec-
ImageStation 440 CF (Eastman Kodak). The bands of interest trum inhibitor of serine-threonine kinases, 0.1-100 nM (Oka
were excised for further treatment as described below. et al, 1986), in DMSO. Staurosporine also inhibits protein
Protein bands demonstrating an increase or decrease in aminokinase C (PKC; Couldwell et al, 1994). To try to determine
acid—specific phosphorylation by Western blotting during the the involvement of PKC in spermiation, other inhibitors of
time of sperm release were identified on companion Coomassie- PKC were tried in two experiments. All of these inhibitors
stained gels by laying the Western film directly over the com- were from Calbiochem: bisindolylmaleimide 1 (30, 300 nM);
panion gel. Bands of interest were excised for further treatment a myristoylated protein kinase C inhibitor 19-27 (10, 100
as described immediately below. nM); and RO-32-0432 (60, 600 nM), all dissolved in DMSO.
In-gel digests were performed on the excised protein bande® Geldanamycin (Calbiochem), an inhibitor of tyrosine kinases,
and the samples were prepared for analysis by Matrix-Assisted and specifically Src, was used at 0.8 (Mimnaugh et al,
Laser Desorption/lonization (MALDI; Perseptive Biosystems, 1996) in DMSO.
Framingham, Mass) and Quadrapole Time Of Flight (Q-TOF;e Other tyrosine kinase inhibitors evaluated in more limited ex-
Micromass, Altrincham, United Kingdom) mass spectroscopy as perimental designs were herbimycin A (0.1-1®1), H7 (1-
previously described (Borchers and Tomer, 1999; Borchers et al, 100 uM), H8 (0.1-100p.M), and lavendustin C (0.05+5M),
2000). The peptide mass data were searched using the programall from Calbiochem and all in DMSO.
MS-Fit against a nonredundant database (NCBInr) located at the
University of California San Francisco (http://prospector.ucsf.
edu).

Sertoli cells are known to respond to EGF (Mallea et al, 1986)
and have receptors to follicle stimulating hormone (FSH; re-
viewed in Means et al, 1978). To explore other possible controls
Tubule Segments for Culture of spermiation, an EGF receptor_ bI_ocker (PD168393, Calbi-
ochem) was evaluated, as was omission of EGF from the culture
Methods for culturing tubule segments largely followed thosemedium. Two experiments covaried the amounts of EGF and
initially elaborated in Li et al (1997). The exception is that Li FSH (Sigma) in the culture: from none, to circulating amounts,
strove to keep the ends of the tubule segments closed, wheregs 10x the blood levels. And because neurotransmitters were
no such attempt was made here; it was hoped that the ends @fund to be beneficial for the maintenance of advanced function
the tubules would evert. Using transillumination, the Stage VIII-of seminal vesicle cells in vitro (Kinghorn et al, 1987), acetyl-
IX junction was identified as above, and 2 1.5-mm segmentgholine, norepinephrine, and serotonin were added to one culture
immediately before this jUnCtion were cut with iridectomy ScCis- to determine whether they would increase the proportion of re-
sors (Figure 1). These sections from numerous junctions werggased cells.
collected into a group, mixed thoroughly, and partitioned into  Bacitracin, a protein disulfide isomerase inhibitor, has been
groups of 13-14 segments, each group aspirated into a widgeported to be a selective inhibitor pf integrin-mediated lym-
bore 200uL pipette tip, and placed into 2 mL of culture medium phocyte adhesion (Mou et al, 1998). Because of evidence sug-
in a 12-well Costar plate. Tubule segments were cultured inyesting a role fo, integrin in the process of spermiation (Pal-
DMEM/F-12 containing (per 100 mL of medium) 1 mL insulin- ombi et al, 1992; Salanova et al, 1995), experiments were carried
transferrin-selenium p|US linoleic acid and bovine serum albumirbut to evaluate the potentia| of bacitracin to disrupt adhesion
(ITS+), 0.003 pg epidermal growth factor (EGF), and 24)  petween late spermatids and the seminiferous epithelium. Baci-

dihydrotestosterone and testosterone (DHT/T), and rocked at 1facin dissolved in DMEM/F-12 was used at a concentration of
cycles per minute overnight at 32 in 95% air/5% CQ Chem-  0.01-3.0 mM.

ical treatments of the tubules were formulated immediately prior In each experiment there were 3—-4 wells per treatment, and
to culture and placed into each well so that when tubules werggach experiment was repeated 2—6 times. The tubule segments
placed in culture, their exposure to the treatment condition bewere cultured overnight (16—20 hours). At the end of the culture
gan. All dlmethyl sulfoxide (DMSO) vehicles were used at the period, Segments were removed by aspiration in 2OFITBch
lowest possible concentration, betweepl1IDMSO/mL DMEM  medium and placed into 2 mL of DMEM/F-12 and homogenized
and 0.1 uL DMSO/mL DMEM. Controls for exposures in for 3 seconds with a Tekmar Ultra-Turrax homogenizer (Tekmar-
DMSO had DMSO at the same concentration as the exposefohrman, Cincinnati, Ohio). The remaining culture medium was

wells. The following treatments were used: removed to a labeled tube. Sperm released into the culture me-
e Sodium azide (Sigma) 350g/2 mL, which~4-times a LD, dium and the unreleas_ed homogenization-resistant spermatld
(Merck Index), dissolved in DMEM/F-12. heads were counted using a hemocytometer. The proportion of

e Peroxovanadate, a tyrosine phosphatase inhibitor, whicfotal sperm in each well that had been released was calculated.
should increase the amount of phosphorylated proteins withir)_/. ol
the tubules, used in dose range of 0.8 to 3.75uM (Ruff IStology
et al, 1997) in PBS. In addition to or as a consequence offubule segments in 2 wells per dose for selected chemicals were
inhibiting protein tyrosine phosphatases, peroxovanadate alsfixed in 3% paraformaldehyde/2% glutaraldehyde~@4 hours,
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Figure 2. Light-level photomicrograph of control tubule, fixed in glutaraldehyde, and embedded in glycol methacrylate after =16 hours in culture. Note
the everted epithelium retains its basic organization and orientation, and there is little if any cell death. Bar = 20 pum.

rinsed in PBS, embedded into Immuno-Bed (Polysciences, Wawas no staining in any tissue preparation method other
rington, Penn), sectioned, and stained with periodic acid—Schiffthan the one presented. ILK stained only FF or SFHC-

hematoxylin (Figure 2). This was done to determine if increasesjyaq sections. With each immunohistochemical reaction
in sperm release were the result of normal release from the SGI’%—

o e e ~ performed, a control section in which mouse or rabbit
iniferous epithelium, rather than sperm shed from disintegratin . . . .
epithelium. reimmune serum replaced the primary antisera, was in-

cluded. Figure 3A is representative of the control sections
Statistics achieved with each reaction. In these control sections, no
Analysis of variance procedures were used to assess the effest@iNing was noted within the seminiferous epithelium.
of dose effects, experiment-to-experiment variability, and the in-The fixative that worked best for each antibody is abbre-
teraction between these two factors on the proportion of releasedated in parentheses immediately after each antigen. Be-
sperm in the tubule culture experiments. Pairwise comparisonsause the focus of our investigation was the proteins in-
with controls were made by the Dunnett test usingfhe .05  volved in spermiation, the immunohistochemistry results
Ieyel of sig_nificance. S_tatistical a_n_a!yses were carried out pOt'Uescribed here are confined to stage VIII tubules.
with and without a variance-stabilizing arc sine transformation B, Integrin (Para-AR)—The cell adhesion receptor sub-

applied to the proportions. For the data reported here, the arc . - . . .
sine transformation had no significant effect on study results.grOUp B, integrin (Figure 3B) was localized at sites of

For data reported in the text, an asterisk (*) indicates significanttraepithelial contact and was strongest above the sper-
difference P < .05) from the control value. matocyte level, between the round spermatids and along

the luminal edge in stage VIII tubules. This distribution
differs with previous reports df, integrin distribution in

Results rat seminiferous epithelia (Palombi et al, 1992; Salanova
' ' et al, 1995) in that staining is not confined to the ecto-
Immunohistochemistry plasmic specialization. Our staining pattern was consis-

The distribution for each antibody is presented below. Infent, and its variance from previous reports may be due
most cases, the staining was present using more than ot differences in antibody specificity, fixation conditions,
preparation, but was strongest, or most clear, in the premntigen retrieval, or a combination of these factors.
aration presented. In two casdl and g integrin) there ag Integrin (FF)—The strongest staining for the in-
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tegrin chain was in interstitial cells and myoid cells sur-tubular staining patterns mimic the pattern shown for ac-
rounding the tubule. In the photo (Figure 3C), stainingtin (Vogl et al, 1985).
was present at what appeared to be sites of cell contact Ras (P-AR)—Ras proteins relay signals from tyrosine
between round spermatids, although precise localizatiokinases to the nucleus through a network of serine/thre-
is not possible at this magnification. Staining was alsoonine kinases (Yamamoto et al, 1999). Ras staining in
present in and around recently shed residual bodies. Thearaformaldehyde sections (Figure 4A) appeared as faint
distribution of ag integrin was reminiscent of the distri- granular foci apparently between germ cells, and around
bution of B, integrin in that the staining appeared betweenresidual bodies. Higher magnification (inset) indicates
cells, and this staining seemed to begin above the pachyhat staining is not concentrated within residual bodies,
tene spermatocyte cell layer. As wifh integrin, the dis- but appears lightly between them, which would be con-
tribution of o integrin was consistent with previously re- sistent with a Sertoli location. In some Bouin sections,
ported work (Salanova et al, 1995). Ras protein could occasionally be seen in Sertoli cell col-
a, Integrin (FF)—Despite the disappointing structural umns (not shown).
preservation often obtained with FF tissue sections, a sig- Ral A (B-AR)—The guanosine 'Sriphosphate (GTP)
nificant amount of staining for rat specifig integrin was  binding protein RalA was detected faintly in the cyto-
seen distributed throughout the various cell types in stagplasm of intermediate spermatogonia up to early pachy-
VIl tubules (Figure 3D). The pattern of staining for the tene spermatocytes (Figure 4B). In mid and later pachy-
a, integrin chain was similar to, yet less well defined, tenes, staining appears circumferential around these cells
than that seen fow, integrin, and appeared to be within (at the light microscope level, it is impossible to distin-
the cell cytoplasm. An intense reaction product was obguish whether staining is inside or outside these germ
served in the peritubular cells. cells). Round spermatids are not detectably positive.
ILK (FF)—ILK is a serine/threonine kinase known to Elongate spermatids have considerable staining between
interact with the cytoplasmic tail df, integrin (Delcom- them, which does not appear to be in the long spermatid
menne et al, 1998), and whose overexpression can resuytoplasm. Concentrated adluminally (inset), Ral A ap-
in a loss of cell-cell adhesion (Novak et al, 1998). Stain-pears to be around, not in, residual bodies, which would
ing for ILK (Figure 3E) was clearly present and strong in be consistent with a Sertoli cell location.
all cells within the tubule. Although precise localization Rac 1 (B)—The Ras-related GTPase Rac plays a role
was not possible at this level of resolution, the photomi-in actin dynamics (Braga, 2000). Racl demonstrated
crograph allows visualization of punctate foci of stainingstrong basal staining around the circumference of the tu-
around the adluminal edge of the epithelium; perhaps &ule, consistent with both early germ and Sertoli cell
specific structure accumulated within residual bodies ostaining (Figure 4C). Occasional columnar staining in tu-
in phagocytic vacuoles. The protein was clearly not conbules suggested a Sertoli cytoplasm localization for Rac1,
centrated in peritubular cells or vasculature. with adluminal concentration of the protein in stage VI
Cortactin (B)—Staining for the actin binding protein tubules (inset). There is an immunohistochemical signal
cortactin was strongest in peritubular cells and around tha the round spermatid layer, but much fainter than the
heads of elongate spermatids in stage VII-VIII tubulespresumptive Sertoli or adluminal signal intensities. The
(Figure 3F). It was also clearly present around residuaadluminal signal could be from either germ cells or Ser-
bodies and the concave side of the heads of elongate spéoli cells, but the pattern for Rac 1 is similar to the cor-
matids (inset), consistent with Sertoli cell localization.tactin and actin staining, which would be consistent with
There was occasional basal staining around pachyterteertoli cell localization.
spermatocytes. Both the adluminal staining and the peri- ERK1/2 (B or B-AR)—Not visible in either peritubular

—

Figure 3. (A) A representative immunohistochemical control section in which mouse isotype control solution was substituted for primary antiserum.
There was no aminoethyl carbazole (AEC) chromagen observed throughout the tissue section, indicating a lack of nonspecific reaction product. Bar
= 10 pm. B, integrin staining in stage VIII seminiferous epithelium (B) appeared predominantly at sites of cell-cell contact (arrows), and along the
adluminal edge, where it appeared to envelop residual bodies. This is more clearly seen at higher magnification (inset), where there is an apparent
membrane localization of chromagen near the proximal heads of mature spermatids. « integrin staining (C) was most intense in peritubular cells in
all tubules observed and localized to sites of cell-cell contact between round spermatids (arrows) and around residual bodies at the adluminal edge
(arrowheads). Like o4 integrin, the staining pattern for «, integrin (D) was extremely heavy in peritubular cells (*) and appeared to localize to intercellular
junctions (arrows). Staining was fairly uniform throughout the cells within a tubule, with a slight concentration around residual bodies (arrowheads).
ILK staining appeared as punctate foci along the adluminal edge in stage VIII tubules (E) (arrows). The protein appears to be distributed throughout
the cytoplasm of all the cells in a tubule, but appeared absent from nuclei. Higher magnification (inset) shows a lack of signal within residual bodies.
Cortactin staining (F) was discretely localized to peritubular cells (arrow). Prominent staining was noted along the adluminal edge, localized around
the heads of mature sperm. This is more evident in the inset, where the protein can be seen located along the proximal concave side of mature sperm
(arrowhead). Staining did not appear within residual bodies. Bar (B—F) = 7.5 pm.
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or interstitial cells, staining for the extracellular signal- sent in most cells within a tubule. There is a striking
regulated kinases (ERK) 1 and 2 was quite prominent ircontrast in apparent distribution between MEK1/2 and
the basal portion of stage VIl tubules (Figure 4D). OftenERK1/2, particularly around the elongated spermatids,
extending up in columns from Sertoli cell nuclei, ERK1/ given their known interrelationships in other cell types,
2 staining formed a prominent radial staining pattern sim-suggesting that the relationship between these two pro-
ilar to Sertoli tubulin distribution (Johnson et al, 1991). teins may differ in the testis, compared with other cell
In stage VIII tubules, intense signal was present aroundypes.
clumps of elongated spermatids and around, but not in, CDC42 (B-AR)—CDC42 is guanine nucleotide tri-
residual bodies. Faint staining was observed betweephosphate (GTP) binding protein and Rho family mem-
round spermatids both before and after spermiation. Iliber, and is believed to be important in the regulation of
stage IX and X tubules, a prominent signal was presentytoskeletal organization (Burridge, 1999). Staining for
around the basal edge of elongating spermatids, in a pa€DC42 (Figure 5A) was strongest in interstitial cells and
tern reminiscent of actin distribution changes (notbasally in tubules. This basal staining appears to be in the
shown). cytoplasm of early germ cells and pachytene spermato-
Phospho-ERK1/2 (FF)—The presence of ERK1/2 pro- cytes. There is less stain intensity in round spermatids,
tein at the luminal edge of the seminiferous epitheliumand then greater staining intensity in the Sertoli cell cy-
does not necessarily mean that the kinase is in an activeplasm enveloping elongating and elongated spermatids
state. Antisera against threonine/tyrosine phosphorylate@inset). There is also some apparent columnar and peri-
(active) ERK1/2 (Figure 4E) stained areas of cell cyto-round spermatid staining. All of this staining was com-
plasm, at what appear to be sites of cell contact betweepletely blocked by blocking peptide (not shown).
adjacent cells, throughout the epithelium in stage VIII tu- Phospho-serine (SFHC and B)—Antiserum against
bules. At the light microscopic level it cannot be deter-phosphorylated serine residues gave a staining pattern
mined whether the staining is between cells or is in thehat was strongest in the interstitium (Figure 5B). In
interior cytoplasm along the membrane. Heavy adluminaBouins-fixed sections, there is significant staining adlu-
staining was observed around the heads of elongated spaninally in stage VIII tubules, which appears to be incor-
matids and residual bodies (inset) in a pattern virtuallyporated in the elongated spermatid cytoplasm (inset), and
identical to that seen with antiserum against the inactivdaintly present in some residual bodies. There was no
form of ERK1/2. The intense staining along the adluminalclear cellular delineation within the epithelium, appearing
edge of the tubule was observed only in stage VIl tubuledairly evenly and faintly in germ cells and Sertoli cells,
and had disappeared by stage X. The involvement oéxcept for this noticeable concentration adluminally in
ERK1/2 in the process of sperm release was further instage VIII tubules.
vestigated by Western blotting (see below). Phospho-threonine (B-AR)—Figure 5C demonstrates
MEK1/2 (FF)—MEK1/2 are dual specificity kinases the staining pattern of proteins containing phosphorylated
that activate ERK1/2 by phosphorylating both threoninethreonine in a late stage VIII tubule. No staining was
and tyrosine residues (see Seger and Krebs, 1995 for reisible in peritubular cells and most vasculature cells, and
view). Antisera against MEK1/2 (Figure 4F) heavily was absent from nuclei of all cell types. Staining was
stained early and late spermatocyte cytoplasm, becominggattered throughout the cytoplasm of all other cell types,
less prominent in the cytoplasm of round spermatidsparticularly pachytene spermatocytes, and appeared oc-
Staining was weakly visible in cytoplasm of Sertoli, in- casionally in radial arrays within the epithelium. How-
terstitial, and vascular cells, and absent in residual bodiesver, the most prominent localization of phospho-threo-
or peritubular cells. Thus, staining for MEK appeared pre-nine proteins was at the adluminal edge of the epithelium

-

Figure 4. (A) The distribution for Ras in stage VIII tubules was strongest along the adluminal edge, appearing as granular foci (arrows). The inset
shows the relationship of Ras protein to the heads of elongated spermatids. Signal for Ras was sprinkled as discrete foci throughout most cell types,
although precise localization at this magnification was not possible. RalA, in many of the sections observed, localized to sites of intercellular contact
(B) (arrows). A strong and consistent signal was observed along the adluminal edge of the epithelium, where it was seen surrounding residual bodies
(arrowheads). Rac1 staining was prominent around spermatocytes in the basal portion of tubules (C), and in the cytoplasm of pachytene spermatocytes.
Columns of staining between round spermatids were occasionally observed (arrows), terminating at the adluminal edge. Higher magnification (inset)
shows the protein surrounding the heads of elongated spermatids. ERK1/2 staining (D) also appeared as columns extending up from the basement
membrane to the adluminal edge in stage VIII tubules, suggesting a Sertoli cell cytoplasmic localization (arrows). Heavy staining around the adluminal
edge was associated with the heads of elongated spermatids, but did not appear to be incorporated into residual bodies (arrowheads, inset). Staining
for phosphorylated (active) ERK1/2 (E) localized to sites of cell-cell contact throughout the epithelium (arrows). Heavy staining was observed around
the adluminal edge, surrounding the heads of elongated spermatids and clusters of residual bodies (arrowheads). In contrast, staining for MEK1/2
protein (F) was strongest in the cytoplasm of pachytene spermatocytes (arrows). Staining intensity was decreased in the cytoplasm of round spermatids
and was faint along the adluminal edges of stage VIII tubules. Bar = 7.5 pm.
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Figure 5. (A) CDC42 was not observed in peritubular cells, but appeared as diffuse granular staining in the cytoplasm of spermatocytes and
spermatids. Staining was most intense around the heads of elongated spermatids (arrows) and in interstitial cells (arrowhead). Staining for
serine phosphorylated proteins (B) stained cells in the interstitium (arrows) and cytoplasm around the heads of elongated spermatids (inset).
Threonine-phosphorylated proteins also localized to the adluminal edge (C) as granular foci around residual bodies and mature spermatids
(arrows). 14-3-3 Protein (D) appeared to be predominantly cytoplasmic, although some nuclear localization was observed at higher magnifi-
cation. Staining intensity was greatest on the marginal edge of cells bordering the lumen (arrows), but rather faint in the cytoplasm surrounding
mature spermatozoa. Chromogen granules can be seen in the residual cytoplasm being removed from mature spermatids prior to release from
the epithelium (inset, arrowhead). Bar = 7.5 pm.

around and between the elongated spermatids and residuaplasm of germ cells at the adluminal edge, as well as
bodies (inset). the cytoplasm of elongated spermatids (inset).

14-3-3 (FF)—The 14-3-3 family of proteins are found , o
in signaling pathways in a broad range of organisms an&oimmunoprecipitations
tissues where they activate Raf family protein kinase€ach Western blot contained 4 lysates as positive con-
(Berruti, 2000), regulate PKC (Jones et al, 1995), eventrols: HeLa, human endothelial cell, rat brain, and whole
tually leading to the activation of ERK1/2 downstream.rat testis. Two negative control reactions (omitting anti-
In late stage VIl tubules (Figure 5D), antisera against 14-serum) using tubule lysates from before and after sper-
3-3 proteins stained as granulated foci in virtually all themiation were also included in each experiment. Due to
cell types in the epithelium, with the exception of the space considerations only one representative negative
peritubular cells. Prominent staining was noted in the cy-control lane is presented for each figure. Positive controls
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have been omitted from the figures. Because often thboth before and after spermiation. No ERK1 was detect-
same antigen was detected both before spermiation (B®d.
and after spermiation (AS), only one lane has been pre- Antiserum to Src coprecipitatef-tubulin, cortactin,
sented and labeled as BS/AS. Finally, prior to employingand ERK2, both before and after spermiation, yet actin
a primary antibody for use in a coimmunoprecipitationwas precipitated only after spermiation. Again, ERK1 was
experiment, it was first tested for its ability to precipitate not precipitated with Src.
the antigen of interest. For example, we wondered wheth- The immunohistochemical distribution of phosphory-
er antisera directed againstcadherin would precipitate lated (active) ERK1/2 around the adluminal edge in stage
N-cadherin protein from precleared testis lysate. The reVlIl epithelia suggested the involvement of the MAP ki-
sults were verified by performing a Western blot fé¢r  nase pathway in the process of spermiation. This was fur-
cadherin on the coimmunoprecipitation products fromther investigated by performing Western blots using anti-
eachN-cadherin antibody used. Data from these initialphosphoERK1/2 antiserum, and lysates prepared from tu-
experiments have been omitted from the final results. bules taken before, during, or after sperm release. For
When examining the images, 4 points are important: 1 comparison, lysates were prepared from tubules treated
The heavy and light chains of the antibody often appeawith peroxovanadate, which is known to stimulate the
as bands in the figures, but always at a known moleculadMAP kinase pathway (Zhao et al, 1996), dosed at the
weight. 2) Because the luminescent images were collecte8fme concentrations as described under the tubule culture
digitally at a number of different magnifications, and eachmethods above. Evident in Figure 7, phosphorylated
image presented here is a composite of numerous blot§RK2 was detected at a uniform level in each of the
occasionally the heavy and light chains of the antiserdubule lysates. However, active ERK1 was detected only
used in the coimmunoprecipitation reactions appear to b@uring spermiation, disappearing to trace amounts im-
“out of register” (ie, at different molecular weights) mediately after sperm release. In the peroxovanadate-
across lanes. 3) In addition, to extend the amount of intreated SampIeS, active ERK2 was detected in both control
formation that could be obtained from a single coimmu-and low-dose-treated samples. Substantial activation of
noprecipitation/Western blot experiment, primary antiserd?0th ERK1 and ERK2 was observed in the peroxovana-
directed against more than one antigen were often conflate high dose lane.
bined in each Western blot, as long as the antigens were - ) )
of sufficiently different molecular weights. 4) Each coim- Froteins Identified by Microsequencing
munoprecipitation was performed at least 3 times, andhese methods were used to determine by sequencing
only those coimmunoprecipitations that repeated clearlyvhich proteins coprecipitated with a known member of
each time are presented. In each lane, the antigen of inhis putative multiprotein complex. Coimmunoprecipita-
terest is circumscribed in white. tions were performed using paxillin as the precipitating
Western blots presented in Figure 6 show that antiserantisera followed by SAED cross-linking and mass spec-
againstN-cadherin precipitate@, integrin, o, integrin,  trometry. Paxillin was chosen because it is believed to be
cortactin,-catenin, actin, Src, and pp120both before responsible for the recruitment of structural and signaling
and after spermiation. ILK was coprecipitated beforemolecules to focal adhesions (Turner, 1994; Brown et al,
spermiation only and3, integrin was the only protein 1996), and was central in the model we proposed earlier
identified as being coimmunoprecipitated with antisera tqwine and Chapin, 1999). A fluorescent band cut from
a, integrin. gel at=118 kilodaltons (kd), was analyzed by MALDI.
Antisera against3-catenin coprecipitatedN-cadherin  The resulting peptide mass data (not shown) was searched
and pp120" both before and after spermiatigy.integrin  against the SwissProt database, which generated a list of
and cortactin were coprecipitated before spermiation onlymatching proteins. The sample was further analyzed by
whereas ILK and actin were coprecipitated only afterQ-TOF, yielding a second set of peptide masses from
sperm release. which 4 strings of amino acid sequence were derived.
Antisera directed against vinculin coprecipitafgdn- Sequence search of SwissProt revealed that the unknown
tegrin, pp126n, anda, integrin both before and after sper- protein coprecipitated by paxillin was rat CD4%f;(in-
miation whereas actin, ERK2, and a trace amount otegrin). Logistical considerations restricted the application
ERK1 were detected after spermiation only. to a single band. Western blots for threonine-phosphory-
Both before and after spermiation, antisera directedated proteins identified a band a9 kd that showed a
against paxillin coprecipitate, integrin,ag integrin, cor-  substantial increase in threonine phosphorylation during
tactin, B-tubulin, actin, and pp120. spermiation, which was not detected in the before or after
Proteins that coimmunoprecipitated with antiserum tospermiation (B/AS) lysates. A corresponding band cut
cortactin wereB, integrin, ILK, actin, paxillin, and ERK2, from a Coomassie-stained gel, analyzed by MALDI/Q-
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TOF vyielded peptide fragments and sequence data thatble involvement of tyrosine kinase activity in spermi-

revealed the unknown protein to be rat 14-3-3 ation. Geldanamycin, which inhibits Src activity (Schnur
et al, 1995) was used at 0.1, 0.3, 1.0, and |3\M0. Av-
Tubule Culture eraged over 4 geldanamycin experiments, the sperm re-

All data given in the text are presented as the mean lease values (expressed as percent of control values for
SD. Differences from the control (& < .05) are indi- each experiment, and listed from lowest to highest con-
cated by *. After 16-20 hours in vitro, tubule sections hadcentrations [0.1-3.QuM]) were 109% =+ 16%, 81%+
everted at both ends. Tails of adherent spermatids werg6%, 79%=* 5%, and 79%* 7% of control. Other ty-
visible under the dissecting microscope (Figure 8), whererosine kinase inhibitors were evaluated in limited ex-
as released sperm were visible in the medium. Microperiments (1-3 dose levels, 3—4 wells per treatment, a
scopic evaluation of these sperm showed that they wersingle replicate). The data here are presented as the per-
without cytoplasm adherent to the head, although they didentage of control release, with the low dose first: her-
retain the cytoplasmic droplet along the tail. Release obimycin A (0.01-0.1uM) caused a 25% and 11% in-
sperm in untreated cultures appeared to depend on glinrbition of release; H7 (1-10QM) inhibited sperm re-
tamine, as the percentage released under culture mediuease by 25%, 4%, and 17%. H8 (0.1-0d) inhibited
more than 6 weeks old decreased sharply, and was reperm release by21%, 20%, 26%, and 18%, whereas
stored by adding fresh glutamine to the medium (data notavendustin C (0.5, 5.wM) caused a 43% and 17%
shown). As more cultures were performed during theincrease in sperm release. None of these changes signif-
course of this work, the proportion of total sperm thaticantly differ from control values; none of these tyrosine
were released rose erratically from the 30%-40% rangk&inase inhibitors appeared to produce a profound inhi-
to the 70%—-80% range. In one experiment, we found thabition of sperm release. Staurosporine, a broad-spectrum
as segments for culture were taken further “upstream”serine-threonine kinase inhibitor, was evaluated from
from the point of spermiation (that is, earlier of stage VII 0.1-100 nM in log steps. Averaged data from 2 experi-
and into stage VI), the percentage of sperm released intments are shown in Figure 9C. The same high-dose ef-
the medium sequentially declined: 47%5.6% close to fect was seen consistently in several other experiments.
spermiation, 29.1% 10.7%, 24.4%+ 8.6%, and 13.9% The progressive dose-related decline in sperm release
+ 4.0% back into presumptive early VII or stage VI. appears to provide compelling evidence for the involve-
When tubules were incubated with sodium azide (0.35ment of Ser-Thr kinases in the process of spermiation.
mg/2 mL), there was much less tubular eversion. SpernBecause PKC is a serine/threonine kinase and Sertoli
release was reduced as well, from a control value otells have PKC activity (Nikula et al, 1987), which are
33.7%=+ 8.3% to *20.4%* 10.0%. Azide-treated tubules believed to be important in Sertoli cell-germ cell inter-
had significant death of germ cells (clearly detectable hisaction (Ireland and Welsh, 1985), we evaluated the po-
tologically), although only=50% of the cells appeared tential involvement of PKC in spermiation by evaluating
affected. Sodium cyanide (1.7 mM) was less effective, buB inhibitors of PKC. The average percent of control re-
still reduced release by#30% (data not shown). lease values from 3 experiments each are as follows:
Three peroxovanadate experiments are summed arasindolylmaleimide 1 at 30 and 300 nM released 88.0%
presented in Figure 9A. It shows a biphasic response: thend 88.1% of the control value; the myristoylated PKC
lowest concentration of peroxovanadate reduces sperm razhibitor 19-27 at 10 and 100 nM gave 91.2% and 94%
lease, whereas sequentially greater concentrations succes-control release; RO-32-0432 at 60 and 600 nM gave

sively increase release. 88.3% and 72.8% of control release. None of these sig-
Okadaic acid also shows an interesting, biphasic effeatificantly differ from control values, and we conclude
on sperm release (Figure 9B). that these data do not provide compelling evidence of

The effect of these 2 phosphatase inhibitors and th®KC involvement in this process. When tubules were
presence of an intense adluminal immunohistochemicatultured in the EGF receptor blocker PD168393 at con-
signal for Src (Wine and Chapin, 1999), along with sev-centrations of 1, 10, 30, and 100 nM (2 experiments),
eral related proteins, stimulated an evaluation of the posthe mean percentage of control release values were

—

Figure 6. Composite Western blots demonstrating the presence of various proteins in coimmunoprecipitates from seminiferous tubules before and
after sperm release. An antibody to the protein under each composite was used as the precipitating antibody; those proteins that were coprecipitated
with that antibody are listed across the top of each composite. Western blots were performed as described in “Materials and Methods.” In most
experiments, more than one primary antibody was used, giving more than a single band in a lane. Multiple positive controls run in conjunction with
the samples ensured the fidelity of the antibodies used. Due to space considerations and the large number of antisera used, the positive controls
were not included in this figure. The protein of interest in each lane is encircled in white. The Table lists the source and molecular weight of the target
antigen for each of the antisera used in this study. BS/AS indicates before spermiation/after spermiation.
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mL) to 10-fold normal adult levels had no detectable
effect in 2 separate experiments. This was done in con-
junction with the EGF experiment above; there was no
effect of varying EGF or FSH, and there was no inter-
action between the two hormones.

Finally, a¢B, integrins have been localized to defined
junctional structures that are believed to mediate sper-
matid-Sertoli adhesions (Salanova et al, 1995, 1998; Gie-
bel et al, 1997). Bacitracin, an inhibitor of protein disul-
fide isomerase, has been shown to selectively inlfibit
and B, integrin mediated cell-cell adhesions in lympho-
cytes (Mou et al, 1998). Bacitracin (Figure 10) added to

45 - 4 cultured seminiferous tubules at concentrations of 0.01 to

31— = — N 3.0 mM generated an increase in sperm release approxi-

ERK 2 mately 40%—60% over control values.

21- In summary, sperm release was significantly increased

14— by bacitracin and relatively high concentrations of per-
Fi 7. Western blot for phosphorylated ERK1/2 in seminiferous tubule -Oxovanadate and _okadaic aCiq; sperm release W&!S Inhib-
Iylg:tfs f.rom before (BS), dpuring(DrSy), and after (AS) spermiation, as well ited by staurosporine and relatlvely low concentrations of

as following treatment with peroxovanadate. Equal amounts of protein okadaic acid and peroxovanadate.
were loaded into each lane. Active ERK1 was observed only during sper-
miation.

Biotinylated Markers
Peroxovanadate Control
Peroxovanadate Low Dose
Peroxovanadate High Dose

BS Lysate
DS Lysate
AS Lysate

Discussion
85.9%, 57.5%, 60%, and 89.5%, respectively. In addi-
tion, omitting EGF from the medium, or adding it at 10- These studies sought to further address the anatomy of a
fold the normal (3 ng/mL) level, had no effect on spermhypothetical multiprotein adhesion complex that was pro-
release (not shown). It is interesting that varying FSHposed earlier (Wine and Chapin, 1999). The proposed
in the culture from none to a normal serum level (10 ng/model was based on extensive immunohistochemical

Figure 8. Transillumination photomicrograph of control tubules cultured for =16 hours. Note the apparent eversion, with tails of adherent sperm clearly
visible (arrow). Individual sperm are also faintly visible at this power (arrowhead), although many more are visible throughout the well. Some tubules
have released nearly all their sperm (asterisk). Bar = 100 pum.



Chapin et al - Structure and Control of Spermiation Adhesions 1045

T
@
0
®©
K
Q
[
£
£
Q
[}
[
B
0 125 375 1.25 2.5 3.75
UM Peroxovanadate A
90
*
80 *
*
70
2 60
2 4
3
S 50 *
[+
E w
&
2 30
20
107 48 77 82
+14 +8 +8
0 T T T T
no 12 1 6 12 12
0 10 30 50 100
nM Okadaic Acid B
80
70
*
60 *
°
8
2 504
o
Q
T 40 *
£
£
2
@ 30 *
2
20
10|
°— T T T T
noo12 8 8 8 12
0 0.1 1.0 10 100
nM Staurosporine C

Figure 9. Summary graphs of the percentage of sperm release from tu-
bule segments cultured for 16—20 hours in the presence of peroxovan-
adate (A), okadaic acid (B), or staurosporine (C). Data are presented as
mean = SD. *Different from concurrent controls, P < .05.

evaluation performed in our laboratory and protein-pro-
tein interaction data published by other investigators, de-
rived largely from cell culture models. In the current re-

100 7
90
80 -
70
60
50 -

40

% Sperm Released

0 0.01 0.03 0.10 0.30 1.0 3.0

mM Bagcitracin

Figure 10. Summary graph of the percentage of sperm release from tu-
bule segments cultured for 16—-20 hours in the presence of bacitracin.
Data are presented as mean *+ SD. *Different from concurrent controls,
P < .05.

determining which proteins are physically linked to one

another in the seminiferous epithelium, and by identifying

a few unknown proteins involved in the complex. Control

of this model was tested by attempting to experimentally
perturb the spermiation process in vitro, in a manner that
would provide some insight into the mechanism or mech-
anisms of spermiation.

Based on extensive coimmunoprecipitation experi-
ments and immunohistochemical data presented here and
previously, a revised model of a multiprotein complex
likely to be involved in the spermiation process is pre-
sented in Figure 11. Key features of this model are as
follows: 1) N-cadherin is shown to be associated with at
least 2 integrins, 2) several kinases are shown to be as-
sociated with other proteins in this complex, and 3) sev-
eral proteins are known to regulate cytoskeletal function.
This model sums data from 3 different methods: immu-
nohistochemistry, showing that a protein is present ad-
luminally at the time of spermiation; coimmunoprecipi-
tation, showing that these proteins are linked; and in vitro
tubule culture, which shows that ser-thr kinase inhibitors
alter spermatid release, and a blockeBpfntegrin func-
tion stimulates release.

Although all proteins in this report have immunohis-
tochemistry and coimmunoprecipitation data to support
their involvement in this process, the proteins with the
greatest degree of data support appear t@p@tegrin
and the ser-thr kinases, because the tubule culture data
show that inhibitingp, integrin function, or Ser-Thr ki-
nase function, alter spermatid release.

Important procedural constraints limit the interpretation
of these results:

port, we have attempted to refine the previous model byl. It is clear that the level of resolution presented here
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does not allow for definitive assignment of many of
these proteins to one cell type or another. However,
several of these proteins (cortactin, Ras, RalA, and
ERK1/2) clearly were around and not in residual bod-

ies, consistent with Sertoli cell localization. Ultrastruc- 7.

tural studies are needed to precisely confirm the cel-
lular location of many of these proteins.

2. Many of these proteins were present at multiple places
in the epithelium, and many junctions are being re-
formed at this time (ie, the basolateral Sertoli-Sertoli
tight junctions, and the Sertoli—step 9 spermatid junc-
tions). While the combined used of immunohistochem-
istry and coimmunoprecipitation and the evaluation of
complexes before versus after spermiation were all
used in an attempt to exclude these other junctions
from this investigation, no method short of laser cap-
ture microdissection would truly remove all possible
“contamination” by these other junctions. Thus,
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If this same motif is the binding site for another cel-
lular protein, and the antibody displaces that protein,
the displaced protein will not be found in the precip-
itated complex.

Although the tubule culture provides an in vitro model
that can be used to explore the events controlling sper-
miation, it comes with the limitations of all culture
systems. For example, our data indicating that FSH in
vitro was ineffective in modulating sperm release are
inconsistent with the in vivo data of Saito et al (2000).
They report that withdrawal of FSH and testosterone
in vivo, over the course of 1 week, results ir=&0%
reduction in sperm release. Because the acute time
frame of these cultures and the relatively long duration
of hormone action, comparable hormone studies using
tubule segments in vitro are unlikely without pretreat-
ment of the animals.

to the data we report here.

control molecules was recently proposed by Mulholland

3. The coimmunoprecipitation methods used here allovgt @l (2001), which includes,, integrin, ILK, actin, vin-
for the possibility that protein B, for example, may culin, paxillin, and suggests the involvement of small
bridge between proteins A and C, and when precipi-GTPases such as Rho. We have also found these same
tating with an antibody to protein A and probing only proteins in our protein complex, confirming at least this
for protein C, we would miss the connecting protein Part of the molecular anatomy. In addition, their findings
B, and would erroneously conclude that proteins A ancre extended by the demonstration of several additional
C were physically connected. So, we could be missingoroteins. Our data are also consistent with those of
proteins that are present and serving an important rol€?’Donnell et al (2000), who showed vinculin, actin, and

4. In addition, it is not completely impossible that pro- €spin in or around the tubulobulbar complexes at sper-
teins may coprecipitate even though they are nofmiation. Their data suggest that espin could play a role
joined. However, we observed numerous other proteiné the model presented here.

at the luminal edge that wer®t coprecipitated in our

Cortactin is an actin bundling protein that localizes to

experiments (eg, PKG Csk, p38 MAP kinase), which the cortical cytoskeleton, and has been shown to cross-
strongly suggests that the likelihood of random falselink F-actin in vitro (Huang et al, 1997), a capability that

positives is quite small.

was dramatically reduced by tyrosine phosphorylation.

5. The heavy and light chains of the antisera used to preActin is abundant at the adluminal edge, redistributing
cipitate protein complexes are routinely present inafter sperm release (Vogl et al, 1985; Wine and Chapin,
Western blots at 50 and 25 kd. Because Western blot$999); therefore, it makes sense that cortactin would be
were usually performed using a horseradish peroxipresent here. Cortactin has been suspected of being in-
dase-linked anti-mouse secondary antibody, thesgolved in the transmission of signals from the membrane
bands were normally and consistently detected in outo the actin cytoskeleton, and several kinases are known
blots. These bands may prevent the immunoprobing ofo regulate cortactin activity, including Src, FYN, and
blots for certain proteins; for example, the GTPaseFER (Kim and Wong, 1998).

proteins (Racl, RalA, etc.) are21-25 kd, and are

The results of coimmunoprecipitation experiments pre-

obscured by the antibody bands. As a result, these prsented here indicate that not only did cortactin coimmu-
teins may be present, but could not be evaluated, andoprecipitate Src both before and after spermiation, it also

therefore are not included in the proposed model.

precipitated the MAP kinase ERK2, as well as ILK. The

6. Antibodies bind to certain surface motifs on a protein.MAP kinases are a family of serine/threonine kinases that

P

Figure 11. Proposed model of protein complexes formed before (upper figure) and after spermiation. The model is based on immunohistochemical
data presented in this manuscript and in published work from this laboratory (Wine and Chapin, 1999), in addition to extensive coimmunoprecipitation
studies. Points of contact between the different proteins indicate that these proteins coimmunoprecipitated with one another in vitro. Examination of
the model reflects the substantial rearrangement of proteins that occurs after sperm release.
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regulate a broad range of cellular activities. One class ofect a coimmunoprecipitation with this antibody were un-
the MAP kinases is the ERKSs, of which there are 2 majorsuccessful. This is neither surprising nor troubling be-
isoforms, p44 (ERK1) and p42 (ERK2). ERK1/2 and its cause not all antibodies are capable of immunoprecipitat-
kinase (MEK) operate downstream of Ras proteins to afing their antigen proteins.
fect transcription (see Seger and Krebs, 1995; Yamamoto In our hands, bacitracin, even at its lowest dose (0.01
et al, 1999). ILK has been suggested as one of the majarM), significantly increased the percentage of sperm re-
kinases responsible for serine and threonine phosphoryease in vitro. Demonstrated to interfere with b@thand
lation in focal adhesions (Li et al, 1999). The model wea,B, integrin-mediated adherence in lymphoid cells (Mou
propose here includes both adhesion molecules and intrat al, 1998), the precise mechanism by which bacitracin
cellular kinase regulators of adhesion and cytoskeletal adisrupts integrin-dependent cell adhesion is not known. If
chitecture, consistent with events known to occur at théacitracin’s effect or; integrin functionality is believed
luminal edge of the seminiferous epithelium. to be the mechanism for induced release, these data dem-
One of the more intriguing findings of these studiesonstrate a role foB, integrin in adhesion, and validate
has been the repeated coimmunoprecipitatioiNafad- the utility of an in vitro tubule culture model.
herin and integrinu,B,. Whereas to our knowledge this  Although low doses of okadaic acid (30—100 nM) ini-
previously has not been documented in the testis, the irtially inhibited sperm release, incubation of tubules with
teraction and regulation of cadherins by integrins haghe phosphatase inhibitor resulted in a significant increase
been demonstrated in other cell types (Higgins et alin the release of sperm into the surrounding medium. This
1998; Gimond et al, 1999; Celetti et al, 2000; Kawano etincrease in release may also be occurringpjiantegrin.
al, 2001). In neural crest cells, Monier-Gavelle, et alRecent work by Mulrooney et al (2000) reports that pa-
(1997) reported evidence of the controlMfcadherin by rietal endoderm treated with okadaic acid induced an in-
the activity of B, and B, integrin, providing another ex- crease ing, integrin phosphorylation, resulting in a se-
ample of cross-talk between these adhesion moleculetective loss off3; integrin from focal adhesion sites. Fur-
The interaction between cadherins and integrins suggestiermore, ILK was shown to coimmunoprecipitate with
multiple pathways of control of these junctions, and alsoB, integrin, localize to focal adhesions, and okadaic acid
leads to the following hypothesis: By mixing different treatment significantly decreased the level of ILK asso-
types of adhesion molecules, different generations o€iated with@; integrin.
germ cells may signal their presence to Sertoli cells, pos- « integrin cytoplasmic domains are important for reg-
sibly triggering any specialized support or secretory func-ulation of integrin function, and different subunits dif-
tions of the Sertoli cell. ferentially regulate integrin-mediated responses (Sastry
Multiple methods of control suggest many possible tar-and Horwitz, 1993). In our hands, integrin was precip-
gets for toxicant action, which is consistent with the ex-itated with bothN-cadherin and vinculin. However, of the
perience that disrupted spermiation is observed followinglifferent proteins examined, onfy; integrin was precip-
a wide variety of toxicant exposures. The logical next steptated bya, integrin antisera. Although, andag integrin
in this exploration would be to determine which proteinsshared similarities in immunohistochemical distribution,
are phosphorylated during spermatid release, and thetifferences in molecular weight detected by Western blot-
treating animals with release-disrupting toxicants, and deting (150/80 kd and 118 kd, respectively), and sequence
termining alterations in that pattern of phosphorylation.alignment showing only 38% similarity between the two
Our prediction is that different toxicants will alter the proteins, suggest a lack of antisera cross-reactivity.
phosphorylation of different combinations of these pro- Despite our findings for, integrin, ag3; seems the
teins. most likely integrin heterodimer involved in the spermi-
The distribution of3, integrin has been previously doc- ation process. We initially found that integrig, coim-
umented in rat seminiferous epithelium (Palombi et almunoprecipitated with paxillin by MALDI/Q-TOF, a find-
1992; Salanova et al, 1995). Previous attempts to replicaieg subsequently verified by Western blotting. Evidence
the reportedp; integrin distribution in our laboratory of an interaction between the intracellular region of the
failed (Wine and Chapin, 1999). In this current work, us-integrin ; subunit and paxillin in vitro has been previ-
ing antif, integrin antisera from a particular manufac- ously reported (Tanaka et al, 1996). In addition, Shaw et
turer (Chemicon, Inc, Temecula, Calif) and paraformal-al (1995) reported;, tail-induced integrin-dependent pax-
dehyde-fixed/antigen retrieved tissue, we were able to rallin phosphorylation. Despite numerous attempts, we
produce the protein distribution previously documentedwvere unable to deteets integrin in coimmunoprecipita-
by others. Although we were able to det@gtintegrin by  tions using antisera to other proteins.
Western blotting in coimmunoprecipitation lysates using In our hands, ILK coimmunoprecipitated with cortactin
antibodies directed against other proteins, and were ableoth before and after sperm release, suggesting a stable
to precipitatep, integrin itself, numerous attempts to ef- association between the two proteins (Figure 6). Others
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have reported that overexpression of constitutively activalependent fashion. Conversely, treatment with peroxo-
ILK results in a loss of cell-cell adhesion (Novak et al, vanadate, a phosphatase inhibitor that also activates
1998). The finding of a close association between cortad=RK1/2 (Zhao et al, 1996), increased sperm release in
tin and ILK, and the interaction of ILK wit8, integrin,  vitro. Activation of ERK1/2 by peroxovanadate was con-
provides both a mechanical linkage of the integrichain ~ firmed by Western blotting (Figure 7), which also re-
to the cytoskeleton, and to a signal transduction mecharealed ERK1 activation at the time of sperm release in
nism, perhaps througB-catenin. This is consistent with untreated control tubules.
other recent advances made in the attempt to elucidate the Those results from the tubule culture model prompted
molecular mechanisms of integrin-mediated bidirectionals to localize serine/threonine phosphoproteins using im-
signal transduction (for a review, see Liu et al, 2000). munohistochemistry. The presence of Ser-Thr phospho-
The distribution of ERK1/2 in the testis and the acti- protein immunostaining at the adluminal edge, together
vation of both ERK isoforms during the time of sperm with the in vitro data and the identification of 14-3¢3
release (Figure 7) intrigued us. Activation of the MAP by MS/MS, collectively provide strong evidence for ser-
kinase pathway by Ras has been shown by others to bhae-threonine phosphorylation as a key event in spermi-
required for junctional disassembly (Potempa and Ridleyation, and in particular the ERK/MAP kinase pathway.
1998), and numerous observations have demonstrated thatA number of questions remain unanswered and beg fur-
integrin-mediated cell anchorage can regulate the effither investigation:
ciency of signaling from receptor tyrosine kinase to MAP
kinase (Short et al, 2000). ERK2 was the predominan
isoform coimmunoprecipitated with cortactin both before
and after sperm release. However, ERK2 (and trac
amounts of ERK1) were detected in vinculin coimmu-
noprecipitations only after spermiation. In addition to the
ERKs, we noted that actin also coimmunoprecipitated
with vinculin only after spermiation, showing a rearrange-
ment of proteins, perhaps the result of MAP kinase acti-
vation. the spermiation process is needed
Further involvement of the ERK/MAP kinase pathway sP pro . .
. . . 4. While stage-specific tubule dissection has helped to
is supported by Western blots using anti-phospho-threo-" ¢ " immnoprecipitations to before, during, or af-
nine antisera and MALDI/Q-TOF. 14-3{3was identified precip . " 9, or
ter sperm release, we have relied on immunohisto-
by mass spectrometry/mass spectrometry (MS/MS) as the . : : . o
) : chemistry to infer where in the Sertoli cell the specific
threonine-phosphorylated band that appeared only in ly- . . . ) .
. ... proteins are interacting. More precise methods of tis-
sates of tubule segments during sperm release. ldentified . . . . . .
; . : sue isolation, such a laser assisted microdissection, in
in the testis by others (Perego and Berruti, 1997), the . . ; . o .
. . : . conjunction with protein cross-linking and coimmu-
highly conserved 14-3-3 family of proteins are believed S .
noprecipitation, could be used to more directly ex-

to function as regulators of diverse signaling pathways. amine orotein-protein interaction at the adluminal
One isoform identified in the testis, 14-363 has been edge P P

suggested to influence Sertoli cell function (Chaudhary
and Skinner, 2000), and has been found as a complex with Despite the interpretational limitations, the caveats, and
Rapl and B-Raf, which function upstream of the ERK/the unanswered questions, these data provide new insight
MAP kinase pathway (Berruti, 2000). Because 14-3-3 and hypotheses into the molecular structures and mech-
was not further examined by coimmunoprecipitation, itsanisms underlying spermiation and provide fertile ground
relationship with other proteins in our model could notfor many future investigations. The complexity of the
be determined. For this reason it was not included in thenultiprotein structure is not surprising, given the multi-
final model. factorial nature of its job. That complexity also provides
The tubule culture model used in this study proved tomany targets for toxicants and thus helps explain why this
be a valuable tool for testing a number of pharmacologprocess is a common target for numerous structurally di-
ical agents, and whose absence has been recognized ageaise toxicants.
shortcoming in testing proposed models. Collectively, the In summary, the results of the coimmunoprecipitation/
data did not strongly support the involvement of tyrosineWestern blot data and immunohistochemistry have been
kinases, but did suggest the involvement of serine/threaccombined to generate a revised model of a junctional pro-
nine kinase activity. Treatment of tubule segments withtein complex. This model refines and extends models pro-
the serine/threonine kinase inhibitor staurosporine resuliposed earlier (Wine and Chapin, 1999; Mulholland et al,
ed in a significant decrease in sperm release in a dos@001), and together with the tubule culture data, supports

iL. What is the precise role of 14-3¢3n the spermiation
process and how does it interact with or influence other
signal transduction pathways in the testis?

9. Are the small GTPases present and involved?

3. Given the compelling evidence for the involvement of

the ERK/MAP kinase pathway provided here, but the

fact that the regulation of this pathway appears differ-
ent from that in other cells, an in-depth study of the
function and regulation of this signaling pathway in
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