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ABSTRACT: A plethora of evidence has recently accumulated to

suggest that Rab guanosine triphosphates (GTPases) may have

functions other than those originally proposed in vesicle formation,

movement, docking, and fusion. Studies have shown, for example,

that Rab proteins interact with actin filaments and microtubules,

illustrating cross-talk between intracellular transport and cytoskeletal

dynamics. In this report, we show that Rab4A associates with

adherens junction signaling proteins in the testis. By immunoprecip-

itation, Rab4A was found to interact with a- and b-catenin as well as

with actin, vimentin, a- and b-tubulin, and protein kinase C (PKC)-

a and -e. Additionally, administration of Adjudin to adult rats up-

regulated the Rab4A level, which coincided with the loss of

spermatocytes, round and elongating/elongated spermatids from

the seminiferous epithelium. More importantly, the ability of Rab4A to

associate with a- and b-catenin increased during Adjudin-induced

junction restructuring in the testis, illustrating that Rab4A2catenin

interactions are likely to be involved in the disassembly of Sertoli–

germ cell contacts. Taken collectively, these results suggest that

Rab4A participates in adherens junction dynamics.
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The assembly of an adherens junction between 2

cells—which entails that cadherins, catenins, and

other molecules assemble into a functional protein

complex—is not a simple process but one that involves

an array of cellular events (Braga, 2002; Cheng and

Mruk, 2002; Perez-Moreno et al, 2003; Mruk and

Cheng, 2004). For example, epithelial cells must use

the cytoskeletal network, which is composed of actin

microfilaments, intermediate filaments, and microtu-

bules, to ensure that newly synthesized proteins are

efficiently delivered to the appropriate cell surface

domain prior to junction assembly (Mays et al, 1994;

Bryant and Stow, 2004). Although the precise role of the

cytoskeleton in protein delivery is not entirely known,

studies have indicated that actin microfilaments and

microtubules serve as guides or tracks for the movement

of vesicles containing cargo (eg, proteins and lipids).

In recent years, we have learned that Rab guanosine

triphosphates (GTPases) participate in these events

(Yeaman et al, 1999; Apodaca, 2001). Rab GTPases

are guanosine 59-triphosphate (GTP)-binding signaling

molecules of approximately 20–30 kDa that cycle

between guanosine diphosphate (GDP)-bound, mem-

brane (active) and GDP-bound, cytosolic (inactive)

forms. Three types of regulatory proteins orchestrate

this activation and inactivation: 1) GDP/GTP exchange

protein (GEP), 2) GTPase activating protein (GAP),

and 3) GDP dissociation inhibitor (GDI). Collectively,

they allow Rab GTPases to temporally and spatially

regulate diverse cellular events such as vesicle move-

ment, transcytosis, recycling, endocytosis, exocytosis,

cytoskeletal organization, and cell polarity (Somsel

Rodman and Wandinger-Ness, 2000; Seabra and

Coudrier, 2004). Thus, a Rab GTPase is analogous to

a bus with passengers (cargo) traveling along a desig-

nated route (cytoskeletal network). During its journey,

this bus will verge upon several traffic lights that will

instruct it either to go (GTP-bound conformation) or

stop (GDP-bound conformation), depending on regula-

tory cues received from other vehicles (GEP, GAP, and

GDI). Upon arriving at its final destination (docking),

passengers will be discharged from the bus so that they

may carry out their unique roles at this specific site.

In this study, we ask whether there is a connection

between Rab GTPases and adherens junction dynamics.

We pose this question because the adherens junction has

been shown time and time again to integrate a wide range

of signals to regulate cell adhesion. For instance, the

formation of focal adhesions (cell–extracellular matrix

anchoring junctions in which the cytoplasmic face of cells

is linked to actin) as well as cell movement were affected

in Swiss 3T3 cells when the transport of vesicles to and
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from the plasma membrane was inhibited by brefeldin A,

a fungal metabolite known to inhibit protein secretion

(Bershadsky and Futerman, 1994). This finding points to
the existence of a relationship between junction integrity,

cell movement, and vesicle transport. In a recently

published study, we reported that Rab8B, a GTPase that

functions in the transport of vesicles to the plasma

membrane, associated with the E-cadherin–c-catenin

protein complex in Sertoli cells as determined by chemical

crosslinking and immunoprecipitation experiments (Lau

and Mruk, 2003). Also, the level of Rab8B was observed
to increase during the assembly of adherens junctions in

vitro (Lau and Mruk, 2003). While these findings

provided early evidence of Rab GTPase function at the

adherens junction, they were not entirely unexpected,

because the participation of Rabs in tight junction

dynamics had already been established in previously

published reports (Sheth et al, 2000; Marzesco et al,

2002). Additionally, more recent studies have shown that
Rab GTPases coordinate the internalization of E-

cadherin during junction disassembly (Palacios et al,

2001; Maxfield and McGraw, 2004; Lock and Stow,

2005). In this study, we demonstrate that another Rab

family member, Rab4A, has a role similar to that of

Rab8B at the adherens junction. We describe herein the

interaction of Rab4A with a- and b-catenin—2 adherens

junction signaling proteins that link cadherin to the
cytoskeleton—in the testis. As important, the ability of

Rab4A to associate with a- and b-catenin increased when

the integrity of adherens junctions between Sertoli and

germ cells was compromised by Adjudin (formerly

known as AF-2364 or 1-(2,4-dichlorobenzyl)-1H-inda-

zole-3-carbohydrazide) (Cheng et al, 2001; Grima et al,

2001; Mruk and Cheng, 2004). Taken collectively, these

results provide an unprecedented opportunity to expand
in future studies the role of Rab GTPases in cell junction

dynamics.

Methods

Animals

Sprague-Dawley rats were purchased (Charles River

Laboratories, Kingston, NY) and allowed to acclimate
at The Rockefeller University’s Laboratory Animal

Research Center for 24–48 hours before use. Animals

had access to rat chow and water ad libitum and

were exposed to 12-hour light—12-hour dark cycles.

Rats were sacrificed by CO2 asphyxiation as directed

in the 2000 Report of the American Veterinary Medical

Association (AVMA) Panel on Euthanasia (Beaver et al,

2001). The use of animals in this study was approved by
The Rockefeller University Animal Care and Use

Committee (Protocol Nos. 00111 and 03017).

Antibodies and Reagents

The following antibodies were purchased from Santa

Cruz Biotechnology Inc (Santa Cruz, Calif ): anti-

Rab4A (Catalog No. sc-312, Lot Nos. D0904 and

G012), antiactin (Catalog No. sc-7210, Lot No. G1404,

and Catalog No. sc-1616, Lot No. H2604), anti-

vimentin (Catalog No. sc-6260, Lot No. B252, and

Catalog No. sc-5565, Lot No. E012), anti–b-tubulin

(Catalog No. sc-9104, Lot No. I1602), anti–c-tubulin

(Catalog No. sc-10732, Lot No. A311), anti–protein

kinase C (PKC)-a (Catalog No. sc-208, Lot No. H052),

anti–PKC-e (Catalog No. sc-214, Lot No. G192), anti–

E-cadherin (Catalog No. sc-7870, Lot Nos. K080, C212,

and G1403), anti–a-catenin (Catalog No. sc-7894, Lot

No. E141), and anti-integrin b1 (Catalog No. sc-8978,

Lot No. E0203). The following antibodies were pur-

chased from Invitrogen (Carlsbad, Calif ): antioccludin

(Catalog No. 71-1500, Lot No. 11067632), anti–ZO-1

(Catalog No. 33-9100, Lot Nos. 20269234 and

31085202), anti–ZO-2 (Catalog No. 71-1400, Lot No.

20671338), anti–N-cadherin (Catalog No. 33-3900, Lot

Nos. 20671409, 30778768, and 31185680), anti–b-

catenin (Catalog No. 71-2700, Lot Nos. 11067640 and

30477187), and anti–c-catenin (Catalog No. 13-8500,

Lot No. 20772586). In addition, another Rab4A

antibody was purchased from Calbiochem (San Diego,

Calif ) (Catalog No. 552104, Lot No. D20020). Second-

ary antibodies consisted of bovine anti-rabbit, anti-

mouse, or anti-goat immunoglobulin G (IgG) conjugat-

ed to horseradish peroxidase (HRP) (Santa Cruz).

Recombinant Rab4A (Catalog No. 552107, Lot No.

B20435), which was used as a positive control in selected

immunoblotting experiments, was obtained from Cal-

biochem.

Sertoli Cell Cultures

Sertoli cell cultures were prepared from 20-day-old rat

testes by sequential enzymatic treatments (Cheng et al,

1986; Mruk et al, 2003). Cells were plated at high density

(0.75 6 106/cm2) on Matrigel (diluted 1:7 with Ham’s

F-12 Nutrient Mixture and Dulbecco modified Eagle

medium [F-12/DMEM], 1:1; Sigma, St Louis, Mo)–

coated 6-well dishes in F-12/DMEM supplemented with

growth factors as previously described (Cheng et al,

1986; Mruk et al, 2003). Sertoli cell plating density was

determined by obtaining the volume of sedimented cells

following brief centrifugation at 800 6 g. For instance,

a packed cell volume of 0.5 mL corresponded to about

180 6 106 Sertoli cells. This ratio was obtained by

plating Sertoli cells isolated from the testes of 10 rats

(20 days old) on 100-mm dishes, followed by a hypotonic

treatment on day 2 to yield Sertoli cells with a purity

greater than 98% (Galdieri et al, 1981). Thereafter,
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Sertoli cells were trypsinized on day 5, the packed cell

volume obtained by centrifugation, and cells counted

with a hemocytometer. This was routinely done over the

course of several years to generate a table to describe the

reciprocal relationship between packed Sertoli cell

volume and the number of Sertoli cells isolated. Given

that Sertoli cells are in small aggregates at the time of

plating, this is the most fitting way that we could assess

the yield of Sertoli cells isolated and the plating cell

density. For Sertoli cells plated at high density, media

were replaced every 24 hours, and Sertoli cells were

incubated for a total of 5 days to allow the assembly of

cell junctions to complete. Cells were terminated on day

6 in immunoprecipitation (IP) lysis buffer (50 mM Tris,

pH 7.4, at 22uC containing 0.15 M NaCl, 1% Nonidet

P-40 [vol/vol], 10% glycerol [vol/vol], 2 mM 4-(2-

aminoethyl)benzenesulfonyl fluoride [AEBSF], 1 mM

EDTA, 100 mM bestatin, 15 mM E-64, 1 mM aprotinin,

1 mM leupeptin, 1 mM Na3VO4, and 1 mM NaF).

Isolation of Germ Cells

Germ cells were isolated from 90-day-old rat testes as

previously described (Aravindan et al, 1996, 1997). In

this study, germ cell preparations were not exposed to

glass wool filtration and thus consisted of spermatogo-

nia, spermatocytes, round and elongating/elongated

spermatids, and spermatozoa. Germ cell purity was

assessed by reverse transcription–polymerase chain re-

action (RT-PCR) and/or immunoblotting as previously

described (Chung and Cheng, 2001; Lee et al, 2004)

using putative Sertoli (eg, occludin, testin) (Grima et al,

1995; Moroi et al, 1998), Leydig (eg, 3b-hydroxysteroid

dehydrogenase) (Baillie and Griffiths, 1964), and

peritubular myoid (eg, alkaline phosphatase and fibro-

nectin) (Palombi and Di Carlo, 1988) cell products.

Following isolation, germ cells were terminated imme-

diately in IP lysis buffer or RNA STAT 60 (Tel Test

‘‘B,’’ Friendswood, Tex).

Semiquantitative RT-PCR

Semiquantitative RT-PCR was performed as previously

described (Mruk and Cheng, 1999; Lau and Mruk,

2003). Primers used for the amplification of Rab4A

(Zahraoui et al, 1988) and S16 (Chan et al, 1990) were as

follows: 592GGAAATGCGGGAACTGGCAAATC239

(Rab4A sense, nucleotides 43–65), 592CCTGTGCAC

TTGGAGCCTGTGTAC239 (Rab4A anti-sense, nu-

cleotides 605–628), 592TCCGCTGCAGTCCGTTCAA

GTCTT239 (S16 sense, nucleotides 15–38), and

592GCCAAACTTCTTGGATTCGCAGCG239 (S16

anti-sense, nucleotides 376–399). To obtain semiquantita-

tive data, Rab4A and S16 sense primers (approximately

0.2 mg each) were 59-end-labeled with [c-32P] adenosine 59-

triphosphate (ATP [specific activity, 6000 Ci/mmol;

Amersham Biosciences Corp, Piscataway, NJ]) by using

T4 polynucleotide kinase (Promega, Madison, WI).

Thereafter, labeled primers were incorporated into PCR

reaction tubes, a total of 23 cycles run, and PCR products

visualized by autoradiography. To ensure that the

amplifications of both Rab4A and S16 were in the linear

range of cDNA production, a series of preliminary studies

was performed in which different concentrations of Rab4A

and S16 primers were combined with testis cDNA

templates for cycling at different annealing temperatures

(Mruk et al, 1998; Mruk and Cheng, 1999).

Cell and Tissue Lysates, Immunoprecipitation,
SDS-PAGE, and Immunoblotting

Cell and tissue lysates were obtained by sonicating

samples on ice, centrifuging suspensions at 15 000 6 g,

and collecting supernatants. For immunoprecipitation,

protein lysates (eg, 300 mg Sertoli cell lysate; 500 mg each

seminiferous tubule and testis lysates) were pretreated

with normal serum on a rotator, followed by the addition

of Protein A/G PLUS agarose (Santa Cruz). Thereafter,

supernatants were incubated with different antibodies

(about 2 mg IgG per sample) as specified. Immunocom-

plexes, precipitated by adding Protein A/G PLUS

agarose, were washed extensively with immunoprecipita-

tion wash buffer (50 mM Tris, pH 7.4, at 22uC containing

0.15 M NaCl, 1% Nonidet P-40 [vol/vol], protease and

phosphatase inhibitors). Proteins were extracted from

agarose beads by heating in SDS-sample buffer (0.125 M

Tris, pH 6.8, at 22uC containing 1% SDS [wt/vol], 20%

glycerol [vol/vol], and 1.6% b-mercaptoethanol [vol/vol])

and samples electrophoresed by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE). Fol-

lowing electrophoresis, proteins were electroblotted onto

a nitrocellulose membrane (Schleicher & Schuell, Keene,

NH), nonspecific sites blocked with blocking buffer (6%

nonfat milk [wt/vol] in phosphate-buffered saline [PBS]–

Tris buffer [10 mM sodium phosphate, pH 7.4, at 22uC
containing 0.15 M NaCl, 10 mM Tris, and 0.1% Tween-

20 (vol/vol)], and the blot incubated in primary antibody.

Thereafter, the blot was briefly washed with PBS-Tris

buffer and incubated in secondary antibody. Immunore-

active bands were detected by enhanced chemilumines-

cence. The Rab4A antibody that was used for immuno-

precipitation was obtained from Calbiochem (Catalog

No. 552104, Lot No. D20020). For routine immunoblot-

ting experiments that did not employ immunoprecipita-

tion, approximately 75–100 mg of protein from cell or

tissue lysates was electrophoresed by SDS-PAGE under

reducing conditions and proteins electroblotted onto

a nitrocellulose membrane for immunoblotting as de-

scribed.
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Immunohistochemistry

Adult rats (250–300 g body weight) were killed, testes

removed, and immediately fixed in Bouin’s Fixative.

Tissues were processed routinely, embedded in paraffin

wax, and blocks cut to generate 5-mm sections. Immu-

nostaining was performed by using a Histostain-SP kit

(Invitrogen) as instructed by the manufacturer with

minor modifications. Sections were deparaffinized in

xylene, rehydrated in descending concentrations of

ethanol, and washed with PBS (10 mM sodium phos-

phate, pH 7.4, at 22uC containing 0.15 M NaCl).

Endogenous peroxidase activity was blocked with 3%

hydrogen peroxide (vol/vol). Thereafter, sections were

permeabilized (0.2% Triton X-100 [vol/vol]) and non-

specific sites blocked overnight with 10% nonimmune

goat serum (vol/vol), followed by incubation with anti-

Rab4A antibody (1:100 dilution) at room temperature

overnight. Sections were then saturated with biotinylated

goat anti-rabbit secondary antibody, followed by strep-

tavidin-HRP. Immunoreactive Rab4A was visualized by

3-amino-9-ethyl carbazole (AEC). Sections were counter-

stained with hematoxylin and mounted for microscopy.

Images were captured and compiled using Photoshop

Software (version 7.0, Adobe Systems Inc, San Jose,

Calif ). Controls included incubating sections with PBS,

nonimmune rabbit IgG (1:100 dilution), or an anti-

Rab4A antibody preabsorbed with recombinant Rab4A

in place of primary antibody. Immunostaining was also

repeated using frozen sections as previously described

(Lau and Mruk, 2003). In another series of experiments,

immunostaining was performed using paraffin-embedded

testes obtained from rats at 12 (blood-testis barrier [BTB]

not yet formed), 15 (BTB beginning to form), and 25 days

of age (BTB already formed) (Vitale et al, 1973; Gilula et

al, 1976; Russell et al, 1989).

Immunofluorescence

Immunofluorescence was performed using Sertoli cells

cultured on thermanox plastic coverslips (Nunc, Roch-

ester, NY) at low (5 6 104/cm2) and high (0.25 6 106/

cm2) densities. Cells were terminated on day 5 and fixed

in 3.7% paraformaldehyde (wt/vol). Fixative was re-

moved by successive washes in PBS, and cells were

permeabilized and saturated in 10% nonimmune goat

serum (vol/vol) for 90–120 minutes. Thereafter, Sertoli

cells were incubated in anti-Rab4A antibody (1:300

dilution) containing 1% bovine serum albumin (BSA)

(wt/vol) at room temperature overnight. The following

day, cells were washed and incubated in goat anti-rabbit

IgG-fluorescein isothiocyonate (FITC [1:100 dilution;

Invitrogen]) containing 1% nonimmune goat serum (vol/

vol). After washing, cells were mounted using antifade

reagent (50% glycerol [vol/vol] in PBS, pH 7.4, at 22uC

containing 0.1% NaN3 [wt/vol]) for microscopy. Con-

trols included incubating cells with PBS or nonimmune

rabbit IgG (1:300 dilution) in place of primary antibody.

Treatment of Rats with Adjudin

A single dose (50 mg/kg body weight) of Adjudin

suspended in 0.25% methylcellulose (wt/vol) was ad-

ministered to adult rats (250–300 g body weight, n 5 5–

7 rats per time point) by gavage as previously described

(Cheng et al, 2001; Grima et al, 2001). Control animals

received only methylcellulose. Thereafter, rats were

killed at specified time points and testes removed for

the preparation of tissue lysates or paraffin processing.

General Methods

To assess the suitability of the anti-Rab4A antibody for

immunohistochemistry, a series of preliminary experi-

ments was performed by immunoblotting using 6

different antibodies. In brief, 100 mg testis lysate was

combined with reducing (0.125 M Tris, pH 6.8, at 22uC
containing 1% SDS [wt/vol], 20% glycerol [vol/vol], and

1.6% b-mercaptoethanol [vol/vol]) or nonreducing

(0.125 M Tris, pH 6.8, at 22uC containing 1% SDS

[wt/vol] and 20% glycerol [vol/vol]) SDS-sample buffer,

heated at 100uC, and electrophoresed by SDS-PAGE. In

another set of testis lysates, samples were processed

identically except that heating was omitted prior to

electrophoresis. The antibody that cross-reacted strong-

ly with Rab4A but minimally with other testicular

proteins was used for immunohistochemistry (Santa

Cruz; Catalog No. sc-312, Lot Nos. D0904 or G012).

The preabsorbed Rab4A antibody was obtained by

incubating the selected anti-Rab4A antibody (1:100

dilution) with recombinant Rab4A (0.5 mg). Thereafter,

antibody-antigen immunocomplexes were precipitated

by adding anti-rabbit IgG (whole molecule)–agarose

(Sigma) and the supernatant used for immunohisto-

chemistry. Nonimmune rabbit IgG was prepared by

ammonium sulfate precipitation and diethylaminoethyl

(DEAE)-chromatography as previously described

(Cheng et al, 1988; Page and Thorpe, 2001a,b).

Seminiferous tubules were isolated from 90-day-old rat

testes and cultured as described (Zwain and Cheng,

1994; Lee et al, 2003). Thereafter, tubule cultures were

terminated in IP lysis buffer for the preparation of

lysates. In another experiment, staged seminiferous

tubules were isolated by transillumination-assisted

dissection (Parvinen and Vanha-Perttula, 1972; Parvi-

nen and Ruokonen, 1982; Chen et al, 2003). The wave of

the seminiferous cycle was dissected into 4 distinct

zones: pale (stages IX–XII), weak spot (stages XIII–I),

dark spot (stages II–VI), and long dark (stages VII–

VIII). Tubules were resuspended in IP lysis buffer or
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RNA STAT 60. Prior to using staged tubules for Rab4A

analysis, RT-PCR was performed using cathepsin L

primers as previously described (Chung et al, 1998;

Chen et al, 2003). Because cathepsin L is stage-specific

in the testis (Wright et al, 1995), it was used as a marker

to assess the staging of seminiferous tubules. In selected

experiments, immunoblots were stripped with stripping

buffer (62.5 mM Tris, pH 6.7, at 22uC containing

100 mM b-mercaptoethanol and 2% SDS [wt/vol]) and

reprobed with another primary antibody. Protein

concentration was determined by Coomassie blue dye-

binding assay using BSA as a standard (Bradford, 1976).

The authenticity of the Rab4A PCR product was

verified by nucleotide sequencing using Sequenase

(Cheng et al, 1988). Statistical analyses were performed

by either Student’s t test or analysis of variance using

InStat Software (version 3.01; Graph Pad Software Inc,

San Francisco, Calif). Densitometric scanning was

performed using QuantiScan Software (version 3.0;

Biosoft, Ferguson, Mo). All experiments reported in

this paper were repeated 3–5 times.

Results

Rab4A Is Produced by Sertoli and Germ Cells

By RT-PCR (Figure 1A and B) and immunoblotting

(Figure 1C) Rab4A was found to be present in the rat

testis. During testicular development, the Rab4A mRNA

level increased approximately 10-fold from 10–20 days of

age, and it remained at this elevated level until 90 days of

age (Figure 1A and B). The 586-bp PCR product

(Figure 1A) was sequenced and confirmed to be Rab4A.

At the cellular level, immunoreactive Rab4A (22 kDa)

was detected by immunoblotting in Sertoli as well as in

germ cells isolated from 20- and 60-day-old testes,

respectively (Figure 1C). By immunofluorescence, Ra-

b4A’s localization in low density Sertoli cell cultures (0.05

6 106/cm2) was restricted to the cytoplasm (Figure 1D,

arrows). Immunoreactivity corresponding to Rab4A was

also consistently detected in the nucleus (Figure 1D,

arrowheads). When high density Sertoli cell cultures (0.25

6 106/cm2) were used for immunofluorescence experi-

ments, Rab4A immunoreactivity was likewise restricted

to the cytoplasm (Figure 1E). Replacing the primary

antibody with PBS (data not shown) or nonimmune

rabbit IgG (Figure 1F) yielded no detectable staining.

Localization of Rab4A to Sertoli and Germ Cells and to
Cells Within the Intertubular Region of the Testis

Immunoreactive Rab4A was detected in all stages of the

seminiferous epithelial cycle (Figure 2A through G and

J). Within the seminiferous epithelium, Rab4A localized

predominantly to the Sertoli cell stalk (Figure 2A,

arrows). Notably, Rab4A was found to encircle the

periphery of seminiferous tubules in the basal compart-

ment (Figure 2A and B, arrowheads). Immunoreactive

Rab4A was also found in the adluminal compartment

surrounding elongated spermatids (Figure 2B, arrows).

Rab4A immunoreactivity was significantly weaker in

spermatogonia and primary and some secondary

spermatocytes, but Leydig cells were strongly reactive

for this Rab GTPase (Figure 2A, white asterisks).

Replacing the primary antibody with PBS (data not

shown), nonimmune rabbit IgG (data not shown), or an

anti-Rab4A antibody preabsorbed with recombinant

Rab4A (Figure 2H) yielded no detectable staining.

Overall, the intensity of Rab4A immunostaining in the

adult testis was weaker when frozen sections were used,

possibly due to a semicompromised morphology, but

results were similar to those shown in Figure 2A through

G. The immunoblot shown in Figure 2I demonstrates

that the anti-Rab4A antibody (Santa Cruz; Catalog No.

sc-312, Lot No. D0904) used for immunohistochemistry

cross-reacted specifically with Rab4A. Figure 2J illus-

trates that the Rab4A level did not change significantly

during different stages of the epithelial cycle. This

observation is consistent with the immunohistochemistry

results shown in Figure 2A through G.

On the other hand, Rab4A immunoreactivity was

barely detectable within the seminiferous epithelium

when paraffin sections from 12- and 15-day-old testes

were used for immunohistochemistry (Figure 2K and

L), although weak immunoreactivity was seen to

associate with Leydig cells (Figure 2K and L, arrow-

heads). This observation is consistent with RT-PCR

results shown in Figure 1A and B. Following the

formation of the BTB at 25 days of age, an increase in

Rab4A immunoreactivity was seen associating strongly

with Leydig cells (Figure 2M, white asterisks) as well as

with Sertoli cells (Figure 2M, arrowheads).

Rab4A Coimmunoprecipitates With Cell
Junction Proteins

To determine whether Rab4A associates with adherens

and tight junction proteins, a series of immunoprecip-

itation experiments was performed. When Sertoli cell,

seminiferous tubule, and testis lysates were used for

immunoprecipitation in conjunction with different anti-

bodies, Rab4A was found to interact with actin,

vimentin, a- (weakly) and b-tubulin, and a- and b-

catenin but not with c-tubulin, occludin, ZO-1, ZO-2, E-

and N-cadherin, c-catenin, and integrin b1 (Figure 3).

Rab4A was also found to associate with PKC-a and -e
(weakly) (Figure 3). As a control, anti-Rab4A antibody

was used for immunoprecipitation, followed by immu-
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Figure 1. Partial characterization of Rab4A in the rat testis. Examination of Rab4A in the testis during development. (A) Autoradiogram from
a reverse transcription–polymerase chain reaction (RT-PCR) experiment showing an increase in Rab4A during testicular maturation.
Coamplification was performed with S16. (B) Densitometric scanning results from at least 3 independent RT-PCR experiments. Each Rab4A
data point was first normalized against its corresponding S16 data point, followed by a second round of normalizations against testis at 10 days
of age. The control was arbitrarily set at 1. *Significantly different from testis at 10 days of age by Student’s t test, P , .01. Comparative
analysis of the Rab4A level in testis and Sertoli and germ cells. (C) Autoradiogram corresponding to an immunoblot showing Rab4A as an
immunoreactive band of 22 kDa in testis and Sertoli and germ cells. Immunolocalization of Rab4A in Sertoli cells. (D) Micrograph of Sertoli cells
cultured at low density (5 6 104/cm2) showing that Rab4A localized to the cytoplasm (arrows) and nucleus (arrowheads). (E) Micrograph of
Sertoli cells cultured at high density (0.25 6 106/cm2) illustrating that Rab4A localized to the cytoplasm. (F) Negative control: Sertoli cells
incubated with rabbit IgG instead of primary antibody. Bar 5 10 mm.
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Figure 2. Immunodetection of Rab4A during the seminiferous epithelial cycle in the rat testis. Immunolocalization of Rab4A in the adult testis.
(A-H) Cross-sections of seminiferous tubules spanning different stages of the epithelial cycle. Immunoreactive Rab4A was detected as reddish
brown precipitates in Sertoli and, to a lesser extent, in germ cells in all stages of the epithelial cycle. Specifically, Rab4A localized to the basal
(arrowheads, A, B) and adluminal (arrows, A, B) compartments. Immunoreactive Rab4A was also found in Leydig cells (white asterisks, A).
Stages of the epithelial cycle are noted in roman numerals. (H) Cross-section of seminiferous tubules incubated with an anti-Rab4A antibody
preabsorbed with recombinant Rab4A (control) and used for immunohistochemistry at the same conditions reported for A-G, illustrating no
immunoreactivity. Bar 5 75 mm. Analysis of Rab4A antibody used for immunohistochemistry. (I) Autoradiogram corresponding to an
immunoblot showing Rab4A as a single immunoreactive band of 22 kDa in testis. Detection of Rab4A in staged seminiferous tubules. (J)
Autoradiogram corresponding to an immunoblot showing no significant changes in the Rab4A level in staged tubules, consistent with
immunohistochemistry results (A-G). Immunolocalization of Rab4A in the developing testis. (K-M) Cross-sections of seminiferous tubules from
12- (K), 15- (L), and 25- (M) day-old testes. Weak Rab4A immunoreactivity was seen to associate with Leydig cells in 12- and 15-day-old testes
(arrowheads, K and L), whereas in the 25-day-old testis Rab4A localized to Leydig cells (white asterisks, M) as well as to Sertoli cells
(arrowheads, M).
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noblotting with the same antibody. This simply demon-
strated that the Rab4A antibody used in this study was

suitable for subsequent immunoprecipitation experi-

ments. Also, each immunoblot contained an additional

control—that is, Sertoli cell lysate (without immuno-

precipitation) electrophoresed under reducing condi-

tions and probed with the corresponding antibody as

listed to the left of the control (Ctrl) column of Figure 3.

Notably, the results shown in Figure 3 are not
quantitative because antibody titers, the concentrations

of different antibodies, and the amounts of protein

lysates used for immunoprecipitation were not constant.

Rab4A and Adjudin-Mediated Restructuring of the
Seminiferous Epithelium

The level of Rab4A in the testis was investigated

following administration of Adjudin. Adjudin is a chem-

ical entity that shares structural similarities with

lonidamine (1-(2,4)-dichlorobenzyl-1H-indazole-carbox-

ylic acid), which is known to severely damage stress

fibers (eg, actin filaments) in Sertoli cells (De Martino et

al, 1981; Silvestrini et al, 1984). The primary manifes-

tation resulting from Adjudin treatment is the depletion

of virtually all germ cell types except spermatogonia and

primary spermatocytes, which reside outside of the BTB

(Cheng et al, 2001; Grima et al, 2001). If 1) the

contribution made by germ cells to the overall Rab4A

level in the control testis (Figure 1C) and 2) the loss of

germ cells following Adjudin administration are collec-

tively taken into account, the level of Rab4A increased

significantly during Adjudin-induced cell junction re-

structuring (Figure 4A and B). Because Rab4A immu-

noreactivity in the seminiferous epithelium is largely

restricted to Sertoli cells, which have an elaborate

Figure 3. Interaction of Rab4A with cell junction proteins in the rat testis. Coimmunoprecipitation was performed using Sertoli cell (SCL),
seminiferous tubule (STL), and testis (TL) lysates and an anti-Rab4A antibody. Immunoblotting was performed using antibodies as listed in the
left column. Autoradiograms corresponding to different immunoblots showing Rab4A interacted with cytoskeleton (actin, vimentin, a-tubulin,
and b-tubulin), tight (PKC-a and PKC-e) and adherens junction– (a-catenin and b-catenin) associated proteins. As a control,
immunoprecipitation was carried out with an anti-Rab4A antibody, followed by immunoblotting with the same antibody. The first column
represents Sertoli cell lysate (without immunoprecipitation) electrophoresed simultaneously with immunoprecipitation samples on the same gel
and probed with the corresponding antibody as listed in the left column. Information on antibody vendors, together with catalog and lot numbers,
is provided in the right column. Ctrl indicates Sertoli cells isolated from testes at 20 days of age and cultured at high density (0.75 6 106/cm2)
for 5 days without immunoprecipitation.
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cytoskeleton (Russell, 1993), and Adjudin is proposed to

target stress fibers, we have continued along this line of

investigation and probed for changes in the localization

of Rab4A using cross-sections from Adjudin-treated rat

testes. The localization of immunoreactive Rab4A in the

control testis (Figure 4C, arrows) was consistent with

results shown in Figure 2A through G. However, 7 days

after Adjudin treatment, when cell junctions between

remaining secondary spermatocytes and Sertoli cells

were breaking down, Rab4A immunoreactivity did not

Figure 4. Participation of Rab4A in cell junction disassembly in vivo. Changes in Rab4A during Adjudin-mediated depletion of germ cells from
the seminiferous epithelium. (A) Autoradiogram corresponding to an immunoblot showing an increase in Rab4A during germ cell loss from the
epithelium. The contribution made by germ cells to the overall Rab4A level in the control testis (Figure 1C) and the loss of germ cells following
Adjudin administration were both taken into account when interpreting this data. (B) Densitometric scanning results from at least 5 independent
experiments. Each Rab4A data point was normalized against its corresponding actin data point (after stripping and reprobing the Rab4A
immunoblot with an anti-actin antibody, immunoblot data not shown), followed by a second round of normalizations against testis at 0 hours
(control). The control was arbitrarily set at 1. *Significantly different from testis at 0 hours by Student’s t test, P , .05; ns, not significantly
different from testis at 0 hours. Immunolocalization of Rab4A in the seminiferous epithelium during Adjudin-mediated depletion of germ cells
from the seminiferous epithelium. Cross-sections of seminiferous tubules 0 (C), 7 (D), and 14 (E) days after treatment. The localization of
immunoreactive Rab4A (arrows) in the control testis (C) was similar to that shown in Figure 2A-G. By 7 (D) and 14 days after treatment,
immunoreactive Rab4A was found to localize largely to the acrosome (arrows) of remaining germ cells. Bars in C and D, 80 mm; bar in E, 50 mm.
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localize to the Sertoli cell stalk but to the acrosome of

remaining germ cells (Figure 4D versus C). Similar

results were seen 14 days after treatment (Figure 4E

versus C, arrowheads). Leydig cells remained strongly
immunoreactive for Rab4A following Adjudin admin-

istration (Figure 4D and E versus C).

Changes in Rab4A-Catenin Interactions During
Adjudin-Mediated Junction Restructuring in the
Seminiferous Epithelium

In this experiment, we assessed changes in protein-

protein interactions following administration of Adju-

din to adult rats. When testes lysates obtained from

these animals were used for immunoprecipitation with

anti–a- and b-catenin antibodies, there was a statisti-

cally significant increase in the amount of a- and b-

catenin coimmunoprecipitating with Rab4A, from

4 hours to 2 days and from 1 to 2 days, respectively

(Figure 5A and B). Although Rab4A did not coimmu-

noprecipitate with cadherin when lysates from control

testes were used (Figure 3), we proceeded nevertheless

to examine whether Rab4A establishes an association

with this cell adhesion protein during junction restruc-

turing. Following Adjudin administration, however, no

association was found to exist between Rab4A–E-

cadherin or Rab4A–N-cadherin (data not shown). As

a control, immunoprecipitation and immunoblotting

were performed with an anti-Rab4A antibody using

testes lysates following Adjudin treatment (Figures 5A,

top panel). IgG served as an indicator of equal protein

processing and loading onto gels (Figure 5A, bottom

panel).

Discussion

Rab GTPases were originally classified as regulators of

traffic between distinct subcellular compartments (Som-

sel Rodman and Wandinger-Ness, 2000; Stenmark and

Olkkonen, 2001; Takai et al, 2001; Zerial and McBride,

2001; Seachrist and Ferguson, 2003). Today, however,

we know that they also function in other cellular

processes. For instance, numerous studies have reported

Rab-mediated endocytosis of E-cadherin during cell

junction disassembly in vitro (Maxfield and McGraw,

2004; Lock and Stow, 2005; Palacios et al, 2005),

a finding that has provided a new avenue in which the

regulation of cell junctions can be investigated. While

keeping these observations in mind, we ask in this study

whether Rab4A plays a role in cell junction dynamics,

because this GTPase has been shown to be a marker of

the early endosome, a cellular organelle that lies in

proximity to the plasma membrane. Specifically, the

function of Rab4A is to coordinate protein transport

from the early endosome either to the recycling

endosome or to the plasma membrane (Takai et al,

2001). In the testis, Rab4A was found to be present in

Sertoli and germ cells as revealed by immunoblotting

and immunohistochemistry experiments. Likewise, Ley-

dig cells were strongly immunoreactive for Rab4A,

Figure 5. Adjudin-mediated junction restructuring leads to changes in
Rab4A-catenin interactions in the testis. (A) Autoradiograms
corresponding to different immunoblots showing an increase in
Rab4A–a-catenin and Rab4A–b-catenin coimmunoprecipitation fol-
lowing Adjudin administration. Immunoprecipitation was performed
with anti-Rab4A antibody, whereas immunoblotting was performed
using antibodies listed to the right of each immunoblot. As a control,
anti-Rab4A antibody was used for immunoprecipitation, followed by
immunoblotting with the same antibody (A, top panel), and these
results were similar to those shown in Figure 4A. IgG served as an
indicator of equal protein processing and loading onto gels (A,
bottom panel). (B) Densitometric scanning results from at least 3
independent experiments. Each a-/b-catenin data point was first
normalized against its corresponding Rab4A data point, followed by
a second round of normalizations against testis at 0 hours (control).
The control was arbitrarily set at 1. *Significantly different from testis
at 0 hours by analysis of variance, P , .05; **Significantly different
from testis at 0 hours, P , .01; ns, not significantly different from
testis at 0 hours; IP, immunoprecipitation.
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suggesting that these cells also possess sophisticated

pathways to traffic proteins between different intracel-

lular compartments. By immunohistochemistry, discrete
Rab4A staining localized to the Sertoli cell stalk in all

stages of the epithelial cycle. In Sertoli cells cultured at

low density in vitro, Rab4A was found to associate with

what appeared to be cytoplasmic vesicles surrounding

the perinuclear region, an observation that has been

corroborated by other investigators when BHK-21

(Vitale et al, 1998; Korobko et al, 2005) and CHO

(Nagelkerken et al, 2000) cells were used for immuno-
fluorescence. Discrete Rab4A immunoreactivity was

also detected in the nuclei of monolayer cultures of

Sertoli (this study), BHK-21 (Vitale et al, 1998), and

CHO cells (Nagelkerken et al, 2000), but the significance

of this observation is not yet known. Nonetheless,

Rab4A immunostaining was less apparent in germ cells,

possibly because these cells have less available cyto-

plasm, thus making the detection of Rab4A immuno-
reactivity by light microscopy much more difficult.

Additionally, the use of staged seminiferous tubules

for immunoblotting experiments revealed that Rab4A

function was equally important in all stages of the

epithelial cycle. As important, testicular Rab4A surged

approximately 10-fold from 10–20 days of age, after

which time it remained at this elevated level. Leydig cells

are apparently responsible for this increase in Rab4A, at
least in part, because Rab4A immunoreactivity in-

creased drastically in these cells during testicular de-

velopment. This surge in testicular Rab4A from 10–

20 days of age may also be related to the onset

of a specific cellular event (eg, formation of the BTB

or germ cell meiosis) and/or the cessation of a

specific cellular event (eg, Sertoli cell proliferation). All

of these cellular processes would require that an
elaborate system be in place so that different proteins

can be shuffled between distinct intracellular compart-

ments.

Even though our understanding of endocytosis

continues to grow at an exceedingly rapid rate, little is

currently known about how this process and its

regulatory molecules connect functionally with the

cytoskeleton. For example, several cytoskeleton-associ-

ated proteins such as actin, tubulin, kinesin, and dynein
(Pol et al, 1997; Qualmann et al, 2000) have been linked

to the endosomal system as well as to Rab GTPase

function, but the mechanisms controlling these interac-

tions are largely unknown. In this study, we report that

Rab4A physically associated with actin filaments and

microtubules. This has been supported in part by Bielli

and colleagues (2001), who demonstrated that Rab4A

localizes to microtubules in HeLa cells. Whether Rab4A
connects to the actin cytoskeleton directly or via

scaffolding proteins (eg, a-actinin, gelsolin, vinculin,

and espin) has not yet been completely addressed by any

single study. However, we report herein the existence of

a direct as well as an indirect interaction between
Rab4A and actin via a- and b-catenin, respectively.

When these results are interpreted in the context of

Rab4A function, they ultimately suggest that protein-

protein interactions that underlie adherens junction

function are not static, an observation that has been

supported time and time again by different in vitro and

in vivo systems (Mruk and Cheng, 2004; Erez et al, 2005;

Palacios et al, 2005).

When a single dose of Adjudin was administered in
vivo as a means to induce extensive Sertoli–germ cell

junction disassembly, the level of Rab4A remained fairly

constant at first examination. However, immunoblot-

ting results have shown that the level of Rab4A in germ

cells is comparable to that in Sertoli cells. Thus,

Adjudin-mediated loss of germ cells from the seminif-

erous epithelium should in fact result in a significant

decrease in the testicular Rab4A level. Instead, a surge
in Rab4A was noted, implicating Rab4A in the events of

junction restructuring. Additionally, the increase in

Rab4A–a-catenin and Rab4A–b-catenin coimmunopre-

cipitation after Adjudin treatment suggests that these

adaptor proteins are possibly moving away from the

adherens junction and associating with the early

endosome of which Rab4A is a marker. Indeed, b-

catenin was found to dissociate from N-cadherin
following Adjudin administration (Xia and Cheng,

2005). It should also be noted that the levels of a- and

b-catenin do not decrease following Adjudin adminis-

tration, even when virtually all Sertoli–germ cell

adhesive contacts have been disassembled. These results

seemingly suggest that during junction disassembly early

endosome-associated catenin is possibly being trafficked

to the recycling endosome. Because many germ cells
have depleted the seminiferous epithelium 1 week after

Adjudin treatment, the need for the BTB to disassemble

transiently to allow for the entry of preleptotene

spermatocytes into the adluminal compartment may

not exist any longer. Thus, this may explain why

a loss of Rab4A immunoreactivity was detected in

the basal compartment of Sertoli cells following

Adjudin administration. However, we do not know
exactly why an immunoreactive signal corresponding

to Rab4A would be found in the acrosome of

remaining germ cells. Taken collectively, these results

suggest that Rab4A likely participates in the restructur-

ing of adherens junctions in the testis. As the number of

studies reporting endocytosis-related cellular phenome-

na increases in coming years, it will be interesting to

discover how Rab4A participates in cell junction
dynamics in the seminiferous epithelium as well as in

other epithelia.
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