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The blood-testis barrier (BTB), in contrast to the blood-brain
and blood-retina barriers, is composed of coexisting tight
junctions, gap junctions, and basal ectoplasmic specializa-
tions, a testis-specific type of adherens junction. Recent stud-
ies showed that BTB restructuring that facilitates germ cell
migration during spermatogenesis involves proteolysis, an
event that is usually restricted to the cell-matrix interface in
other epithelia. For instance, a surge in �2-macroglobulin (�2-
MG), a protease inhibitor produced by Sertoli cells, was de-
tected at the Sertoli-Sertoli and Sertoli-germ cell interface in
the epithelium during cadmium chloride-induced BTB dis-
ruption in adult rats. It is thus proposed that the increase in
�2-MG is crucial for protecting the epithelium from unwanted
proteolysis as well as regulating the availability of cytokines
that affect junction turnover. Although both tight junction
and adherens junction dynamics at the BTB are regulated via

the p38 MAPK signaling pathway, the mechanism(s) that reg-
ulates �2-MG is entirely unknown. In this study, we have
shown that by administering dimethylaminopurine, a c-Jun
N-terminal protein kinase (JNK) inhibitor, to the testis, JNK
activity was blocked specifically and �2-MG production was
inhibited, worsening the cadmium chloride-induced damage
to the epithelium. Studies coupled with inhibitors, immuno-
blottings, and immunofluorescent and electron microscopy
have unequivocally demonstrated that the JNK signaling
pathway is a putative regulatory pathway for �2-MG produc-
tion in the testis. This finding illustrates for the first time that
a cell-matrix restructuring event occurs in normal cell
physiology at the cell-cell interface in the testis, highlight-
ing the significance of �2-MG in the regulation of BTB
function. (Endocrinology 146: 1893–1908, 2005)

PROTEOLYSIS IS AN important event in tissue remod-
eling and cell migration (for reviews, see Refs. 1 and 2),

but it usually is restricted to cell-matrix interface under nor-
mal physiological conditions. In pathophysiological re-
sponses, such as inflammation when neutrophils transmi-
grate across the vascular endothelial tight junction (TJ)
barrier, proteolysis can be detected at cell-cell contact sites
(3). Interestingly, recent studies implicated the involvement
of proteolysis at the cell-cell interface in the seminiferous
epithelium during spermatogenesis (4–7, for reviews, see
Refs. 8–10). However, how they participate in junction re-
structuring and how their activities are regulated during
spermatogenesis are still not fully understood.

�2-Macroglobulin (�2-MG), a 720-kDa glycoprotein con-
sisting of four identical 180-kDa subunits, is among one of the
earliest protease inhibitors discovered in the testis (for a
review, see Ref. 8). In the systemic circulation, �2-MG is an

acute-phase protein produced by hepatocytes, inhibiting all
classes of proteases via an entrapment mechanism (for a
review, see Ref. 11). It binds to TGF� (12) and other growth
factors and hormones with high affinity (for reviews, see
Refs. 13 and 14). In the seminiferous epithelium behind the
blood-testis barrier (BTB), �2-MG, but not germ cells, is a
secretory product of Sertoli cells (15). It was localized to
Sertoli cell cytoplasm and around the heads of elongating
and elongate spermatids in the rat testis possibly at the site
of apical ectoplasmic specialization (ES), suggestive of its
significance in germ cell movement and spermiation (7). It
was postulated that �2-MG might limit unwanted proteolysis
as a result of extensive tissue remodeling in the seminiferous
epithelium pertinent to spermatogenesis (7). Indeed, recent
in vitro studies demonstrated that this protease inhibitor,
working in concert with other proteases, facilitates the at-
tachment of germ cell onto the Sertoli cell epithelium (4, 10),
illustrating its role in adherens junction (AJ) assembly.

The involvement of �2-MG in junction restructuring, par-
ticularly at the BTB in vivo, was unequivocally demonstrated
in a recent study using cadmium chloride (CdCl2)-induced
BTB damage as a model to study junction dynamics (6). For
instance, a primary disruption of Sertoli cell TJs at the BTB
induced by CdCl2 administration (3 mg/kg body weight, ip)
could lead to a secondary damage of both basal and apical
ES in the seminiferous epithelium. This in turn led to germ
cell loss from the epithelium. Interestingly, �2-MG in the
seminiferous epithelium was induced significantly and was
localized to the BTB site (i.e. Sertoli-Sertoli TJ and basal ES)
as well as the heads of detaching spermatids at the apical ES
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site (6). These findings strengthen the notion that �2-MG
protects the seminiferous epithelium from excessive damage
pertinent to junction restructuring during spermatogenesis.
However, whereas the protein levels of occludin, zonula
occludens-1 (ZO-1), cadherins, and nectins in the seminifer-
ous epithelium were shown to be regulated by TGF�3 via the
p38 MAPK pathway during CdCl2-induced BTB disruption
(6, 16), �2-MG was not regulated via this pathway.

We have now identified the signaling pathway that regulates
�2-MG homeostasis in the testis. We have also determined
whether a blockade of �2-MG production in the seminiferous
epithelium by using specific inhibitors can worsen the CdCl2-
induced damage in the epithelium. It is apparent that the open-
ing and closing of the BTB is regulated by two independent but
possibly interrelated signaling pathways, namely the p38
MAPK and the c-Jun N-terminal protein kinase (JNK) path-
ways, which regulate the homeostasis of junction-associated
proteins and proteases, and protease inhibitors, respectively.

Materials and Methods
Animals

Male Sprague Dawley rats (outbred) were purchased from Charles
River Laboratories (Kingston, NY). All animals were kept at the Rock-
efeller University Laboratory Animal Research Center (New York, NY).
The use of animals reported in this paper was approved by The Rock-
efeller University Animal Care and Use Committee (protocol no. 97113,
00111, and 03017).

Reagents

Apigenin (4�,5,7-trihydroxyflavone), DMAP (6-dimethylaminopurine)
and SB202190 [4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)1H-
imidazole] were purchased from Calbiochem (La Jolla, CA). U0126 [1,4-
diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene] was from Cell
Signaling Technology (Beverly, MA). A polyclonal antibody against �2-MG
purified from Sertoli cell-enriched culture medium was prepared in a rabbit
and characterized earlier from this laboratory (15). Goat antiactin (catalog
no. sc-1616, lot E0503) and rabbit anti-�-catenin (catalog no. sc-7199, lot
D171) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Mouse anti-Cdc42 (catalog no. 610842, lot 5) and anti-E-cadherin antibodies
(catalog no. 610181, lot 9) were obtained from BD Transduction Laborato-
ries (San Diego, CA). Rabbit anti-JNK (catalog no. 9252, lot 4), anti-phospho-
p38 MAPK (catalog no. 9211, lot 3), anti-phospho-ERK (p-ERK) (catalog no.
9101, lot 15), anti-c-Jun (catalog no. 9126, lot 9), and mouse anti-phospho-
JNK antibodies (catalog no. 9255, lot 10) were purchased from Cell Sig-
naling Technology. Rabbit antioccludin (catalog no. 71-1500, lot 11067632),
anti-ZO-1 (catalog no. 61-7300, lot 30175033), anti-�-catenin (for immuno-
fluorescent staining, catalog no. 71-2700, lot 30477187), mouse anti-ZO-1
IgG-fluorescein isothiocyanate (FITC) (catalog no. 33-9100, lot 20269234),
anti-N-cadherin (catalog no. 33-3900, lot 21073914), goat antirabbit IgG-Cy-3
and goat antimouse IgG-FITC were from Zymed Laboratories (San Fran-
cisco, CA). Horseradish peroxidase-conjugated secondary antibodies used
in immunoblotting were obtained from Santa Cruz Biotechnology. The
JNK/stress-activated protein kinase assay kit was purchased from Cell
Signaling Technology. Histostain-SP kit for immunohistochemistry was
from Zymed Laboratories.

Experimental design

The goal of this study was to define the role of proteolysis in BTB
restructuring pertinent to spermatogenesis using �2-MG as a marker
protein and delineate the signaling pathway that regulated �2-MG pro-
duction in the seminiferous epithelium. We used an in vivo model of BTB
restructuring in which the Sertoli cell TJ permeability barrier and the
microvascular endothelial TJ barrier were compromised by cadmium
toxicity in a time-dependent manner. The kinetics of their disruption
were monitored by light and electron microscopy after treatment of
adult rats with CdCl2 at 3 mg/kg body weight, administered via ip
injection, and rats were terminated at 1, 3, 5, 7, 12, 16, 20, 24, 48, and 96 h
thereafter. It was noted that the Sertoli cell TJ barrier was the primary
target of cadmium toxicity in the testis, and it was disrupted at least
10–14 h before any signs of microvascular TJ barrier damage was de-
tected by electron microscopy. As such, many of the detected changes
in target proteins pertinent to signal transduction in the testis are the
results of BTB restructuring induced by CdCl2 instead of secondary to
anoxia because of the microvessel damage. Using this approach, the
steady-state levels of MAPKs including their activated forms (e.g. phos-
pho-JNK) and the upstream signal transducers (e.g. Cdc42) were quan-
tified by immunoblottings. When the induction of a MAPK was de-
tected, the authenticity of its activation was confirmed by a specific
intrinsic kinase assay. This was followed by studies using inhibitors to
demonstrate whether the presence of a specific inhibitor (e.g. DMAP that
blocks JNK activity) could indeed block (or significantly reduce) the
expression of a target protein (e.g. �2-MG). Thereafter the inhibitor was
used to examine whether it could worsen the cadmium-induced damage
to the seminiferous epithelium in the testis, such as the integrity of the
BTB and the Sertoli-germ cell AJs, using techniques of fluorescent mi-
croscopy and immunoblottings to yield semiquantitative data. The fol-
lowing sections are brief descriptions of different techniques used for
experiments described in this report.

Disruption of BTB in vivo by CdCl2
BTB damage in rat testes was induced by CdCl2 as described (6, 17,

18). In brief, CdCl2 was prepared in 0.1% solution (wt/vol, in MilliQ
H2O), and administered via ip to groups of rats with body weights
ranging between 250 and 330 g (n � 3–5 rats per time point) at 3 mg/kg
body weight. Rats were killed at specified time points after CdCl2 treat-
ment by CO2 asphyxiation, and testes were immediately removed, fro-
zen in liquid nitrogen, and store at �80 C until used.

Pretreatment of rats with MAPK inhibitors before
CdCl2 exposure

To assess the effects of MAPK inhibitors on CdCl2-induced BTB
damage, one of the testes from each rat (n � 3–4 rats) was injected
intratesticularly (i.t.) with one of the following inhibitors before CdCl2
treatment (3 mg/kg body weight, ip): apigenin, DMAP, SB202190, and
U0126, as described (19–21). The other testis of the same rat served as
a control, receiving vehicle alone (see Table 1). Preparations of inhibitors
are summarized in Table 1. All inhibitors were first dissolved in either
dimethylsulfoxide (DMSO) or sterile H2O and then diluted to desired
concentration in approximately 200 �l sterile saline (0.89% NaCl wt/vol
in MilliQ water). An approximately 70-�l sample was administered per
site using a 27-gauge needle to a total of three sites per testis. Thereafter
animals received a single dose of CdCl2 (3 mg/kg body weight) via ip
to induce BTB damage to examine the effects of different inhibitors on
changes in �2-MG and other junction-associated proteins. Rats were

TABLE 1. Preparation of MAPK inhibitors for intratesticular administration to adult rats

Inhibitor Concentration used Solvent used Corresponding vehicle control Mode of action

Apigenin 1 �M (1.6 nmol)a DMSO 0.2% DMSO in saline An inhibitor of all MAPKs
DMAP 5 mM (8 �mol) H2O Saline A specific JNK inhibitor
SB202190 5 �M (8 nmol) DMSO 1% DMSO in saline A specific p38 MAPK inhibitor
U0126 100 �M (160 nmol) DMSO 1% DMSO in saline A specific MEK/ERK inhibitor

a This is the amount of inhibitor administered per testis via intratesticular injection using a 27-gauge needle in which the volume of each
testis was estimated to be approximately 1.6 ml.
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killed 16 h after CdCl2 treatment unless specified otherwise, and testes
were collected, frozen in liquid nitrogen, and stored at �80 C.

Immunoblotting

Immunoblot analyses were performed using testes lysates prepared in
sodium dodecyl sulfate (SDS) lysis buffer [0.125 m Tris (pH 6.8) at 22 C
containing 1% SDS (wt/vol), 2 mm EDTA, 2 mm N-ethylmaleimide, 2 mm
phenylmethylsulfonyl fluoride, 1.6% 2-mercaptoethanol (vol/vol), 1 mm
sodium orthovanadate, and 0.1 �m sodium okadate]. An equal amount of
proteins from lysates (�100 �g) was resolved by SDS-PAGE under reduc-
ing conditions. Proteins were electroblotted onto nitrocellulose membranes
and probed with one of the following primary antibodies at the denoted
dilution: �2-MG (1:750), Cdc42 (1:1000), JNK (1:1000), phospho-JNK (1:
2000), actin (1:200), phospho-p38 MAPK (1:1000), p-ERK (1:1000), occludin
(1:250), ZO-1 (1:250), N-cadherin (1:250), E-cadherin (1:2500), and �-catenin
(1:200). The working dilution of primary antibodies was selected based on
preliminary experiments. Different horseradish peroxidase-conjugated sec-
ondary antibodies (1:2000) were used based on the origins of primary
antibodies. Target proteins on nitrocellulose membranes were visualized by
enhanced chemiluminescence as described (6). Each immunoblotting ex-
periment was repeated at least three times using different sets of samples
to obtain data for statistical analysis.

JNK activity assay

The intrinsic JNK activity in testes during CdCl2-induced BTB dam-
age was quantified using a nonradioactive assay. In brief, lysates from
testes after treatments were prepared using a lysis buffer [20 mm Tris
(pH 7.5), at 22 C containing 150 mm NaCl, 1 mm EDTA, 1 mm EGTA,
1% Triton (vol/vol), 2.5 mm sodium pyrophosphate, 1 mm �-glycerol-
phosphate, 1 mm sodium orthovanadate, 1 �g/ml leupeptin, and 1 mm
phenylmethylsulfonyl fluoride]. JNK in approximately 250 �g of pro-
teins in each sample lysate was pulled down selectively by an N-terminal
c-Jun (residues 1–89) fusion protein that were bound to glutathione-
Sepharose beads at 4 C overnight with gentle agitation. All samples
within an experimental group were processed and assayed in the same
experimental session to eliminate interassay variations. Thereafter beads
were washed twice with the lysis buffer and twice with a kinase buffer
[5 mm Tris (pH 7.5), at 22 C containing 5 mm glycerolphosphate, 2 mm
dithiothreitol, 0.1 mm sodium orthovanadate, and 10 mm MgCl2]. Kinase
reactions were then carried out at 30 C for 30 min in the presence of 100
�m cold ATP, during which c-Jun fusion proteins were phosphorylated
by the activated JNK. c-Jun phosphorylations were subsequently de-
tected by immunoblotting using a specific phospho-c-Jun (Ser-63) an-
tibody. The same blot was stripped and reprobed with a c-Jun antibody
to monitor equal loading of fusion proteins.

A morphological study to assess the effects of DMAP
pretreatment on the kinetics of germ cell loss from the
seminiferous epithelium and microvascular TJ barrier
disruption induced by cadmium toxicity

To examine the effects of DMAP pretreatment that blocked the in-
trinsic JNK kinase activity on CdCl2-induced damage on the morphol-
ogy of rat testes, rats received DMAP via i.t. injection (see Table 1 for
amount used) following by CdCl2 (3 mg/kg body weight, ip) were
terminated at specified time points: 0, 5, 10, 14, 16, and 20 h. Testes were
removed and fixed in Bouin’s fixative, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin. Cross-sections of testes were
examined by a BX-40 microscope (Olympus Corp., Melville, NY). All
images were acquired using an Olympus DP70 12.5MPa digital camera
interfaced to an Vectra VL800 workstation (Hewlett Packard, Palo Alto,
CA) via Firewire using the QCapture Suite software package (version
2.60, Quantitative Imaging Corp., Burnaby, British Columbia, Canada).
To further compare the differences between normal rats and the treat-
ment groups, the number of seminiferous tubules in the testis sections
with abnormal germ cell distribution, which is classified by germ cells
prematurely detached from the epithelium and found in the tubule
lumen, and/or tubules with empty patches in the epithelium indicating
losses of maturing germ cells, was tallied. It is noted that in normal testes,
only fully mature spermatids (spermatozoa) were found in the lumen at

late stage VIII of the epithelial cycle. The percentage of normal semi-
niferous tubules (STs) at each time point within a treatment group was
calculated as follows:

��ST�total	 � ST�abnormal germ cell distribution	
/

ST�total	� � 100%

where ST(total) represents the total number of tubules tallied and ST(ab-
normal germ cell distribution) represents tubules with an abnormal
germ cell distribution. In this experiment, we also estimated microvas-
cular TJ barrier damage by observing tubules with erythrocytes in the
interstitium, which was associated with disruptions of microvascular
TJs. About 200 cross-sections of tubules per testis were scored and the
mean � sd was computed from three different rats at each time point
in each treatment group.

Electron microscopy

Electron microscopy was performed as described (6). In brief, rats were
treated with DMAP and/or CdCl2 as described above. Rats without CdCl2
treatment served as controls. Testes collected immediately after rats were killed
by CO2 asphyxiation were immersed in 2.5% glutaraldehyde/0.1 m sodium
cacodylate (pH 7.4, 22 C) and incised to release the seminiferous tubules and
blood capillaries. Tissues were fixed for 2–4 h at room temperature, to be
followed by postfixation in 1% OsO4 solution and stained in 1% uranyl acetate.
Tissues were then dehydrated in ascending concentrations of ethanol, incu-
bated in propylene oxide, and infiltrated with EMbed (Electron Microscopy
Sciences, Fort Washington, PA). After overnight infiltration, EMbed was dis-
carded and replaced with fresh solution, and the whole specimen was incu-
bated in Embed at 60 C for 2 d. Ultrathin (�80 nm) sections were cut on a
Reichert-Jung Ultracut E microtome (Bannockburn, IL) and poststained with
uranyl acetate/lead. Sections were examined and photographed on a JEOL
100CXII electron microscope (Peabody, CA) at 80 kV.

Localization of �2-MG in the rat testis by
immunohistochemistry

Immunohistochemical localization of �2-MG in the rat seminiferous
epithelium after different treatments vs. normal rats was essentially per-
formed as earlier described (6, 7). All cross-sections of testes within an
experimental group were processed simultaneously in the same experi-
mental session by placing five to six cross-section per slide to eliminate
interexperimental differences during color development. Immunoreactive
�2-MG appeared as reddish brown precipitates. Controls included sections
incubated with the following: 1) a preimmune serum instead of the primary
�2-MG antiserum, 2) PBS in substitution of the primary antibody, and 3)
normal goat serum replacing the secondary antibody.

Immunofluorescent microscopy

Fluorescent microscopy was used to assess damages to TJs and basal
ES at the BTB by colocalizations of occludin with ZO-1, and N-cadherin
with �-catenin, using testes from normal rats and rats in different treat-
ment groups. In brief, frozen sections of testes were fixed in Bouin’s
fixative, and nonspecific binding sites were blocked with 10% normal
goat serum. In colocalization of occludin and ZO-1, sections were in-
cubated with a rabbit antioccludin antibody (1:100) followed by a goat
antirabbit IgG-Cy-3, and a mouse anti-ZO-1 IgG-FITC (1:100). For
N-cadherin/�-catenin staining, sections were incubated with a mouse
anti-N-cadherin (1:100) and a rabbit anti-�-catenin (1:100), which was
followed by a goat antimouse IgG-FITC and a goat antirabbit IgG-Cy3.
Sections were then washed, mounted in Vectashield Hardset with 4�,6�-
diamino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA),
and fluorescent microscopy was performed using an Olympus BX40
microscope equipped with Olympus UPlanF1 fluorescent optics. All
images were acquired using the QCapture Suite software (version 2.60)
and processed in Adobe Photoshop (version 7.0, San Jose, CA).

General methods and statistical analysis

Protein estimation was performed by Coomassie blue-dye binding
assays as described (22), and 100 �g protein from each sample within an
experimental group was resolved by SDS-PAGE for immunoblottings.
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FIG. 1. Changes in the protein levels of Cdc42,
JNK, phospho-JNK, �2-MG, and actin in the testis
during the CdCl2-induced BTB damage in rat tes-
tes. A, Approximately 100 �g of protein from testis
lysates of rats after CdCl2 treatment (3 mg/kg
body weight, ip) were resolved by SDS-PAGE us-
ing 7.5 or 12.5% T SDS-polyacrylamide gels. Im-
munoblot analyses were performed using different
primary antibodies as indicated. All blots shown
here were stripped and reprobed with an anti-�-
actin antibody, as described in Materials and
Methods, for loading controls as shown in the bot-
tom panel. B, These are the corresponding densi-
tometrically scanned results using immunoblots,
such as those shown in A. Each bar is the mean �
SD of three to five determinations from three to five
rats. The protein level of a target protein at time
0 was arbitrarily set at 1, against which one-way
ANOVA was performed. nd, Nondetectable; ns,
not significantly different by ANOVA. *, Signifi-
cantly different by ANOVA, P  0.05; **, signifi-
cantly different by ANOVA, P  0.01.
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For results reported in Figs. 1 and 2, the blots that were striped and
reprobed with an antiactin antibody were used to assess equal protein
loading between samples within an experimental group. The intra- and
interexperiment coefficients of variation based on at least 20 antiactin-
stained immunoblots over a period of 12 wk were about 6 � 2 and 10 �
3%, respectively; and a decline in actin level was detected by 48 and 96 h
after CdCl2 treatment. As such, results of target proteins reported in Figs.
1 and 2 were not corrected for actin. However, for data reported else-
where (see Figs. 3 and 7), changes in target proteins were also normal-
ized against actin between samples, which had a coefficient of variation
ranging between 3 and 6%. Statistical analyses were performed by
ANOVA with Tukey’s honestly significant difference tests or Student’s
t tests using the GB-STAT statistical analysis software package (version
7.0; Dynamic Microsystems, Silver Spring, MD).

Results
Induction of �2-MG and signal transducers of the JNK
pathway in testes during CdCl2-induced BTB damage

During CdCl2 (3 mg/kg body weight, ip)-induced BTB
damage, the induction of �2-MG, unlike cathepsin L, a pro-
tease that was also induced, was not regulated by TGF�3 via
the p38 MAPK pathway (6). Interestingly, it was noted that
before the significant induction of �2-MG at 12–96 h (Fig. 1,
A and B), a transient induction of Cdc42, a putative upstream
activator of JNK, was detected between 5 and 24 h after CdCl2
treatment (Fig. 1, A and B). The levels of JNK p54 and p46
stayed relatively stable until 16 and 24 h, respectively, after
the treatment (Fig. 1, A and B). Both JNKs were almost
undetectable by 48 h when the epithelium was badly dam-
aged and virtually devoid of all germ cells (see below). More

important, the phosphorylated JNKs were also transiently
induced by a staggering 3-fold between 5 and 16 h (Fig. 1, A
and B). Collectively, these data illustrate that the JNK sig-
naling pathway might have been activated and used to reg-
ulate �2-MG level in the epithelium during CdCl2-induced
BTB disruption. The levels of actin in the testis samples were
also quantified, which served as a control for equal protein
loading between 0 and 24 h after the treatment (see Fig. 1A,
bottom panel) because a significant decline in actin level was
detected at 48–96 h after the CdCl2 treatment, which is con-
sistent with earlier reports illustrating that CdCl2 exposure
can induce fragmentation of actin microfilament bundles and
reduce its protein level in the rat seminiferous epithelium (6,
18) (see Fig. 1, A and B).

Activation of the intrinsic JNK activity during CdCl2-
induced BTB damage

To further investigate whether the JNK signal transduc-
tion pathway is indeed activated during CdCl2-induced BTB
damage, a kinase assay was performed to quantify the in-
trinsic JNK activity in testes. In brief, JNK activity in protein
lysates was measured based on its ability to phosphorylate
c-Jun, a transcription factor that activated specifically by
JNK. The results shown in Fig. 2 have clearly illustrated a
remarkable induction in the intrinsic activity of JNK between
7 and 12 h after CdCl2 treatment, consistent with the immu-
noblotting data that showed transiently induced protein

FIG. 2. Activation of JNK during CdCl2-
induced BTB damage. A, The level of acti-
vated JNK in the testis lysate after CdCl2
treatment was evaluated using a pull-down
kinase assay as described in Materials and
Methods. Phosphorylation of c-Jun, which rep-
resents the intrinsic activity of JNK, was vi-
sualized by immunoblotting. The same blot
was stripped and reprobed with a c-Jun anti-
body to ensure equal loading of c-Jun fusion
protein. Also shown is the immunoblotting re-
sult using an antiactin antibody to illustrate
equal protein loading in each reaction. B, This
figure summarizes the densitometrically
scanned result using immunoblots such as
those shown in A. The assay was preformed
three times using different sets of samples.
Each bar is the mean � SD of three separate
experiments. The protein level of phospho-c-
Jun and c-Jun at time 0 was arbitrarily set at
1, against which ANOVA was performed. nd,
Nondetectable; ns, not significantly different
by ANOVA. *, Significantly different by
ANOVA, P  0.05; **, significantly different by
ANOVA, P  0.01.
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FIG. 3. Effects of different MAPK inhibitors on the level of CdCl2-induced �2-MG production in rat testes during the BTB damage. A, Normal
rats and rats treated with CdCl2 alone, MAPK inhibitor alone, or MAPK inhibitor � CdCl2 were terminated at 16 h post treatment, and their
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level of phospho-JNK (see Fig. 1). Note that the peak activity
of JNK was achieved at 12 h after the treatment, which was
slightly ahead of the time that the protein level of �2-MG was
the highest in immunoblot analysis (16 h after treatment, see
Fig. 1). This slight delay is possible because after the acti-
vation of the JNK, a series of events, including transcription
activation, gene expression, and protein modification, has to
take place before an induction of protein level of �2-MG
could be detected. When the blots used in the assay were
reprobed with an antibody against total c-Jun, there was no
significant difference between samples, indicating equal
loading of c-Jun fusion proteins (Fig. 2, A and B). Immuno-
blotting was also performed using an antiactin antibody to
confirm equal protein loading between 0 and 24 h (Fig. 2A).

Effects of different MAPK inhibitors on the CdCl2-induced
�2-MG production in the testis

To elucidate whether the JNK signaling pathway was in-
deed used to specifically regulate the production of �2-MG
during CdCl2-induced BTB damage, a series of experiments
was performed using different MAPK inhibitors. In this
study, rats (n � 3) received an i.t. injection of a MAPK
inhibitor (see Table 1) at three sites per testis, to be followed
by a single dose of CdCl2 (3 mg/kg body weight, ip). Normal
rats, rats receiving inhibitor or CdCl2 alone, served as con-
trols. In each treatment group, rats were killed by 16 h, and
testis lysates were analyzed by immunoblotting using an
anti-�2-MG antibody (Fig. 3A). It was shown that apigenin,
an inhibitor for all MAPKs (23), was able to significantly
reduce the CdCl2-induced �2-MG surge (Fig. 3, A and D).
This result clearly indicates that the expression of �2-MG
during the CdCl2-induced BTB damage was regulated via a
MAPK pathway. However, the use of SB202190, a specific
p38 MAPK inhibitor (24), and U0126, a specific MEK/ERK
1/2 inhibitor (25), did not result in a lowering of the �2-MG
production during CdCl2-induced BTB damage. These find-
ings suggest that neither p38 MAPK nor ERK plays a role in
regulating �2-MG during CdCl2-induced BTB damage. Yet
DMAP, an inhibitor that was shown to block specifically the
activation of JNK in mouse Sertoli cells (26), significantly
reduced the CdCl2-induced �2-MG surge in the testis, similar
to the effects of apigenin (Fig. 3, A and D).

To further verify whether DMAP indeed blocked the in-
trinsic JNK activity in the testis, samples were subjected to an
intrinsic kinase assay (Fig. 3, B, middle panel, and E) as well
as the quantification of p-JNK (Fig. 3, B and E). Although
DMAP per se had no apparent effect on the basal p-JNK
protein level and its basal intrinsic kinase activity, it could
effectively block the CdCl2-induced intrinsic JNK activity
and lower the CdCl2-induced p-JNK level (Fig. 3, B and E).
These data thus illustrate that DMAP indeed functions as a

JNK inhibitor in vivo. The inhibitory effects of SB202190 and
U0126 on p38 MAPK and ERK, respectively, were also as-
sessed by immunoblotting using phospho-specific antibod-
ies against the corresponding MAPK (Fig. 3, C and F). The
phosphorylated forms of the both p38 and ERK were mark-
edly reduced when testes were pretreated with the corre-
sponding inhibitor before CdCl2 administration, compared
with CdCl2 alone, suggesting that the activities of these ki-
nases were indeed inhibited, even though the �2-MG level
was not affected apparently (Fig. 3, C and F, vs. Fig. 3, A and
D). These findings thus have unequivocally demonstrated
that the CdCl2-induced �2-MG production in the testis is
mediated via the JNK signaling pathway but neither the p38
MAPK nor the ERK pathways.

The use of DMAP worsens the kinetics of germ cell loss from
the seminiferous epithelium during CdCl2-induced
BTB damage

To assess the functional significance of �2-MG induction
during CdCl2-induced BTB restructuring, we investigated
whether DMAP pretreatment can worsen the kinetics of
germ cell loss from the epithelium during CdCl2 treatment
when �2-MG production was suppressed. In rats receiving
CdCl2 alone, the morphology of the seminiferous epithelium
was indistinguishable from normal testes during the first 10 h
after CdCl2 treatment (Fig. 4, A–C). Thereafter, germ cells
were shown to dislodge from the epithelium, emptying into
the lumen prematurely (Fig. 4, E and G), indicating that the
apical ES was disrupted at the time the BTB was damaged
(see below). However, when rats were pretreated with
DMAP before CdCl2 administration to block the production
of �2-MG in the epithelium, germ cells were found in the
lumen as early as 10 h after DMAP�CdCl2 treatment in at
least 10% of the tubules scored (Fig. 4, D vs. C). At 14 h, more
tubules appeared abnormal with germ cells found in the
tubule lumen (Fig. 4, F vs. E). Nonetheless, whereas DMAP
worsened the damage of CdCl2 to the testis by disrupting
Sertoli-germ cell adhesion, the integrity of the microvascular
TJ barrier was not compromised (Fig. 4, D and F, vs. Fig. 4,
C and E). At approximately 20 h after the treatment, most
tubules had epithelium with patches of voided areas, and red
blood cells were found in the interstitium because the en-
dothelial barrier of blood capillaries was damaged by CdCl2
(Fig. 4H). To better illustrate the difference between the two
treatment groups, percentages of tubules with normal dis-
tribution of germ cells in each testis at each time point were
scored (Fig. 4I). In rats pretreated with DMAP to block
�2-MG production by inhibiting JNK activity, such a decline
in �2-MG level indeed increased the percentage of abnormal
tubules with premature germ cell loss vs. CdCl2 treatment
alone (Fig. 4I).

testis lysate was analyzed by immunoblotting using an anti-�2-MG antibody. B, Effect of DMAP on the inhibition of intrinsic JNK activity was
validated by immunoblotting using a phospho-specific JNK antibody and a JNK intrinsic activity assay. C, Inhibitions of p38 MAPK by SB202190
and ERK by U0126 during CdCl2-induced BTB damage were validated by immunoblotting using anti-phospho-p38 and anti-p-ERK antibodies.
The blots shown in A–C were subsequently stripped and reprobed with an antiactin antibody to confirm equal protein loading. D–F, These are
the corresponding densitometrically scanned results using immunoblots, such as those shown in A–C, respectively. D, The protein level of �2-MG
in rats treated with CdCl2 alone was arbitrarily set at 1, against which Student’s t test was performed. Each bar in D–F is the mean � SD of
three to four determinations from three to four rats and normalized against actin. ns, Not significantly different by t test. *, Significantly different
by t test, P  0.05.
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FIG. 4. A study to assess the kinetics of germ cell loss from the epithelium and the occurrence of the microvascular TJ barrier disruption after
CdCl2 treatment or DMAP plus CdCl2 treatment. A–F, These are micrographs of paraffin-embedded sections of testes stained by hematoxylin-
eosin from normal rats (A), rats receiving CdCl2 at 3 mg/kg body weight alone (B, C, E, G, and H), and rats receiving DMAP pretreatment (8
�mol/testis) � CdCl2 (D and F). Rats were terminated at the specified time points. Germ cells were sloughed to the lumen after CdCl2-induced
BTB damage (black arrowheads), which were not found in normal rat testes (see A). Red blood cells were found in the interstitium 20 h after
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To further assess the ultrastructural changes in the testis
after treatment of rats with DMAP and/or CdCl2, electron
microscopy was used to examine testes from normal rats
(Fig. 5A) or rats receiving the treatments for 10 or 20 h (Fig.
5). In normal rat testes, the BTB, which is composed of TJs and
basal ES, which was identified as the hexagonally packed
actin filaments sandwiched between the cisternae of ecto-
plasmic reticulum (er) and Sertoli cell membrane, such as
those shown in Fig. 5, A and B, was clearly visible in the
seminiferous epithelium (Fig. 5, A–C). Apical ES, which
structure was virtually identical to that of the basal ES but
was confined only to the Sertoli cell, is shown in Fig. 5D. The
microvessel found in the interstitium of a normal rat is shown
in Fig. 5, E and F, with the endothelial cells forming a tight
endothelium surrounding the blood vessel. However, when
rats were treated with CdCl2 for 10 h (3 mg/kg body weight,
ip), it was noticed that TJs at the BTB began to be disrupted
because intercellular space could be observed between two
adjacent Sertoli cell membranes in some sections (Fig. 5, G
and H). At the site of disruption in the BTB, the cisternae of
endoplasmic reticulum and the associated actin bundles in
the basal ES were lost (Fig. 5H). BTB disruption was even
more extensive and readily observable in rats treated with
DMAP�CdCl2 for 10 h (Fig. 5, I and J), illustrating that
DMAP had indeed worsened the BTB damage. The actin
bundles at the basal ES had become disintegrated and were
less extensive vs. control in which they were still present (Fig
5, I and J, vs. Fig. 5, B and C), which was consistent with a
previous report that actin was disrupted by a single low doe
of CdCl2 (18). The apical ES was also affected by the
DMAP�CdCl2 treatment at 10 h, which was possibly the
reason for germ cell loss at this time point (Fig. 5K). Mi-
crovessel damage in rat testes was seen only at 20 h after
CdCl2 treatment (Fig. 5L), in which extensive damage was
found at the endothelium of the microvessel with obvious
gaps between cells.

Pretreatment of rats with DMAP reduces the CdCl2-induced
production of �2-MG in the seminiferous epithelium

In normal rat testis, �2-MG was confined mainly to the
perinuclear region of Sertoli cells and around the heads of
elongating and elongated spermatids at the site of apical ES
in stages XI–VII, and was also in the interstitium associated
with blood vessels and possibly Leydig cells (Fig. 6A). How-
ever, the intensity of immunoreactive �2-MG in the basal
compartment of the seminiferous epithelium, consistent with
its localization at the site of the BTB, increased significantly
by 16 h after CdCl2 treatment (Fig. 6, D vs. A). Furthermore,
�2-MG was localized to the heads of developing spermatids
that were being sloughed to the tubule lumen (Fig. 6D).
Treatment of testes with DMAP alone affected neither the

histology nor localization of �2-MG in the seminiferous ep-
ithelium (Fig. 6C vs. 6, A and B). However, in rats treated
with DMAP�CdCl2, the staining of �2-MG at the cell-cell
interface in the seminiferous epithelium was markedly re-
duced when compared with the rat that received CdCl2 treat-
ment alone (Fig. 6, E vs. D), consistent with the results of
immunoblotting (see Fig. 3). Moreover, when the �2-MG
level was reduced by DMAP treatment in the testis, it aug-
mented the CdCl2-induced damage in the epithelium with
more patches of voided areas vs. CdCl2 treatment alone due
to an increase in the germ cell loss (Fig. 6, E vs. D; see also
Fig. 4I), suggesting that the BTB and the seminiferous epi-
thelium was damaged more extensively. In control sections
using normal rabbit serum in substitution of �2-MG anti-
serum (Fig. 6B), no detectable staining was observed in the
epithelium, indicating the specificity of the �2-MG staining
shown in Fig. 6, A and C–E. Other controls including re-
placing the primary antibody with PBS and using normal
goat serum instead of the secondary antibody yielded no
detectable staining (data not shown).

Effects of DMAP pretreatment on the levels of TJ- and AJ-
associated proteins in the testis and the status of BTB and
anchoring junctions

To evaluate the effects of DMAP pretreatment to CdCl2-
induced damage to TJs and AJs, immunoblotting and im-
munofluorescent microscopy were performed to examine
the levels of several TJ and AJ constituent proteins, using
testes from normal rats, rats treated with either DMAP or
CdCl2 alone, and rats receiving DMAP�CdCl2 treatment
(Figs. 7–9). When comparing normal testes with testes ad-
ministrated with DMAP alone, the protein levels of occludin,
ZO-1, N-cadherin, E-cadherin, and �-catenin did not signif-
icantly change (Fig. 7, A and B). After CdCl2 treatment, the
levels of these proteins in the testis were significantly re-
duced (Fig. 7, A and B), consistent with an earlier report (6).
However, there was a more pronounced and significant re-
duction in the levels of TJ- and AJ-associated proteins in
testes with DMAP�CdCl2 treatment when compared with
testes receiving treatment of CdCl2 alone (Fig. 7, B and C),
illustrating that the epithelium had sustained more CdCl2-
induced damage because of a loss of �2-MG. The immuno-
blotting result was further supported by immunofluorescent
studies colocalizing occludin with ZO-1 (Fig. 8), and N-
cadherin with �-catenin (Fig. 9), in the seminiferous epithe-
lium. In normal testes or testes treated with DMAP alone, the
staining of occludin/ZO-1 (Fig. 8, E–H) and N-cadherin/�-
catenin (Fig. 9, D–F) was found at the BTB site near the
basement membrane, indistinguishable from control (nor-
mal) rat testes (Fig. 8, A–D, vs. Fig. 8, E–H and Fig. 9, A–C,
vs. Fig. 9, D–F). The fluorescent stainings were greatly re-

treatment (H, white arrowheads) when the endothelial barriers of blood vessels were damaged (as indicated by arrows). I, The composite result
of this study that illustrates the kinetics of germ cell loss from the seminiferous epithelium by comparing the percentage of tubules with normal
germ cell distribution in rat testes of the two treatment groups at different time points. About 200 cross-sections from three rat testes for each
treatment at each time point were analyzed, and the number of normal vs. damaged tubules was tallied (see Materials and Methods). Bar (A),
80 �m, which applies to B–H. Bar (D, large inset), 40 �m, which applies to the corresponding insets in E–H. Bar (D, small inset), 20 �m, which
applies to the corresponding insets in E–H. Statistics were performed by t test, comparing the DMAP pretreatment group with CdCl2 alone
to assess the effects of DMAP in worsening the epithelial damage in the testis. ns, Not significantly different from rats receiving CdCl2 alone
at the corresponding time point. *, Significantly different by t test, P  0.05.
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FIG. 5. A study using electron microscopy to assess ultrastructural changes in the testis after treatment of rats with CdCl2. A–F, Electron
micrographs of normal rat testes. A, Cross-section of an ST showing the seminiferous epithelium lying on the basement membrane (asterisks).
The boxed region represents the BTB between two Sertoli cells. B, Magnified view of the BTB shown in A, which is composed of TJs and the
basal ES between two apposing Sertoli cell membranes (opposing white arrowheads). Hexagonally packed actin (white arrowheads) was found
between cisternae of er and Sertoli cell membrane, which is the typical structure of ES. C, Another highly magnified area in a normal adult
rat testis, showing the BTB, which was composed of TJs and basal ES. D, The apical ES at the interface between the head of an elongating
spermatid and Sertoli cell, which was found only on the Sertoli cell side. E, Microvessel located in the interstitium. The boxed area is shown
in F. F, The endothelial cells were forming a tight endothelium surrounding the blood vessel with the typical TJs confined to the apical portion
of cells (white arrowhead). The basal region of cells was in contact with the basal lamina (asterisks). G, Cross-section of a tubule from rats treated
with CdCl2 (3 mg/kg body weight, ip) for 10 h. The boxed area is the BTB. H, Magnified view of the BTB shown in G, in which TJs began to
open up with space between two adjacent Sertoli cell membranes (asterisk). Also noted is the obvious absence of er and the associated actin
bundles in the basal ES (black arrowheads). I, Cross-section of a tubule from rats treated with DMAP�CdCl2 for 10 h. The BTB displayed more
extensive damage vs. CdCl2 alone. J, In this magnified view of the BTB shown in I, it is apparent that the actin bundles at the basal ES had
become disorganized (asterisks), whereas some were still being detected (white arrowhead), they were less extensive vs. control (see B and C)
and even rats subjected to CdCl2 only (see H). Actin bundles (asterisks) and er (black arrowheads) were also absent. K, Dissolution of the apical
ES with the loss of actin bundles (asterisks) and er (black arrowheads) from the apical ES. L, Typical microvessel from rats after 20 h of CdCl2
treatment, showing extensive damage to the endothelium with obvious gaps between endothelial cells (black arrowheads). Bar (A), 2.5 �m; B,
0.6 �m, which applies to C, H, and J; D, 0.5 �m; E, 5 �m, which applies to L; F, 0.4 �m; G, 3 �m; I, 2 �m; K, 0.75 �m.
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duced by CdCl2 per se at 16 h after treatment, but the intensity
was even further reduced to an almost nondetectable level in
the DMAP�CdCl2 treatment group (Figs. 8, I–P, and 9, G–L).
Collectively these results further confirm the notion that both
TJs and AJs in the seminiferous epithelium were more se-
verely damaged by CdCl2 when the level of �2-MG was
suppressed by blocking the JNK signaling pathway. These
results thus provide an unequivocal proof regarding the
crucial role of protease inhibitors in BTB dynamics.

Discussion
The production of �2-MG by Sertoli cells in the seminiferous
epithelium is regulated via the JNK signaling pathway

�2-MG is an acute-phase protein that can be induced by
more than 100-fold in the systemic circulation during in-
flammation (27, 28). In mammalian cells, such as hepatocytes
and neuronal cells, the secretion of this protease inhibitor is
regulated by inflammatory cytokines, such as IL-6 (29, 30).
Furthermore, �2-MG can be stimulated by other cytokines,
such as TGF� and interferon-�, in adrenocortical and astro-
cytoma cells (31, 32). Yet �2-MG secretion by Sertoli cells is
not regulated by IL-6 at doses that are known to stimulate its
secretion by hepatocytes (33). Other studies have also shown
that �2-MG is not an acute-phase protein in the testis, and it
is responsive to neither cytokines nor glucocorticoids that are
known regulators of �2-MG in the liver. Interestingly, its
level has to be maintained at relatively high level in the testis,
which is likely to be used for protecting the epithelium dur-
ing tissue restructuring pertinent to spermatogenesis (34–
36). In a previous report using CdCl2-induced TJ disruption
as a model to investigate BTB dynamics, the level of �2-MG
in the testis, in particular at the site of BTB, was shown to be
induced by CdCl2 (1 or 3 mg/kg body weight, ip) (6). Yet the

signaling pathway(s) that regulates �2-MG is virtually un-
known because the use of SB202190, which blocked p38
MAPK activity, had no effect on the level of �2-MG in the
epithelium, even though it could rescue the loss of occludin
and ZO-1 from the TJ site as well as the cadherin-catenin and
the nectin-afadin complexes from the AJ site (6).

MAPKs, such as p38 MAPK and JNK, have recently been
shown to be crucial signal transducers that regulate TJ dy-
namics (for reviews, see Refs. 37, 38). To investigate whether
�2-MG is also regulated by this class of molecules, experi-
ments were performed in which different MAPK inhibitors
were administered i.t. before CdCl2 treatment to assess the
steady-state levels of �2-MG in testes during BTB damage.
Indeed, apigenin, a general inhibitor of MAPKs, significantly
reduced the induction of �2-MG by CdCl2. When all three
MAPKs, namely ERK, p38, and JNK, were examined by
using their corresponding specific inhibitors, only DMAP
resulted in a significant reduction in the CdCl2-induced
�2-MG production by testes similar to that caused by api-
genin. DMAP was also shown in an earlier study that could
specifically block the TNF�-induced JNK activation in mouse
Sertoli cells (26, 39) and human fat cells (40). Although in one
study DMAP was also shown to inhibit p38 MAPK phos-
phorylation, the possibility that �2-MG was regulated via the
p38 MAPK pathway has been ruled out (26). This is sup-
ported by the result from the present study that SB202190, a
specific p38 inhibitor, failed to affect the CdCl2-induced
�2-MG production. Collectively these findings strongly favor
the notion that the �2-MG induction that occurs during BTB
disruption is regulated via the JNK pathway. We speculate
that this activation of JNK and the subsequent induction of
�2-MG production in the seminiferous epithelium are stim-
ulated by cytokines, such as TGF� and TNF�, which are the

FIG. 6. Effects of DMAP pretreatment on the cell localization of �2-MG in the seminiferous epithelium during CdCl2-induced BTB damage. A,
Immunohistochemistry was performed to localize �2-MG in the seminiferous epithelium of a normal rat testis. B, Control section substituting
the anti-�2-MG antiserum with preimmune normal rabbit serum (NRS) at the same dilution, which illustrates the specificity of the �2-MG
staining. C–E, The localization of �2-MG in the seminiferous epithelium after the administration of DMAP alone (8 �mol, i.t.), CdCl2 (3 mg/kg
body weight, ip) alone (with 200 �l saline injected via i.t. as a vehicle control), and DMAP followed by CdCl2, respectively. All samples were
collected 16 h after the specified treatments. D and E (right panels), Higher magnification of a tubule such as those shown in the corresponding
left panels. Bar (A), 80 �m, which applies to B–E. Bar (D, right panel), 40 �m, which applies to E (right panels).
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known upstream activators of the MAPK pathways and are
also products of Sertoli and germ cells, such as spermatocytes
and spermatids (for reviews, see Refs. 37 and 41). It is likely
that cytokines produced by preleptotene and leptotene sper-
matocytes in the rat testis regulate the physiological function
of Sertoli cells including BTB restructuring to permit their
passage through the Sertoli cell TJ barrier at late-stage VIII
through early-stage IX of the epithelial cycle in the rat testis
(for a review, see Ref. 42).

�2-MG, regulated via the JNK pathway, is necessary for the
maintenance of the BTB

In the present study, DMAP was shown to down-regulate
�2-MG protein level in the seminiferous epithelium during
CdCl2-induced BTB disruption, worsening the extent of
damage to the epithelium, possibly because of the unchecked
proteolysis. This conclusion was reached based on the fol-
lowing observations. First, morphological studies have re-
vealed a significantly different profile of kinetics of germ cell
loss from the epithelium after CdCl2 administration between
rats with and without DMAP pretreatment. In rats treated
with CdCl2 alone, germ cells did not start being emptied to
the tubule lumen until approximately 14 h, but tubules with
immature germ cells in the lumen were detected as early as
approximately 10 h after DMAP�CdCl2 treatment. This loss
of germ cell induced by CdCl2 occurred somewhat later than
the disruption of TJs at the BTB, which was reported to occur
approximately 7 h after CdCl2 administration (6), indicating
that Sertoli-germ cell AJ disruption is indeed secondary to
BTB damage. Furthermore, even though the epithelium was
badly damaged in more than 90% of the tubules in rats
treated with CdCl2 alone, the damage found in the epithe-
lium from rats with DMAP pretreatment before CdCl2 ad-
ministration was more extensive (see Fig. 6). In more than
80% of tubules examined, the entire epithelium was shred-
ding from the basement membrane (see Fig. 6, E vs. D). As
such the kinetic data shown in Fig. 4I are an underestimation
on the worsening effects of DMAP to the epithelium because
the extent of the damage as illustrated in Fig. 6 was not taken
into consideration.

The kinetics of germ cell loss observed in the light micro-
scopic level were further supported by the ultrastructural
analysis using electron microscopy, which showed that dam-
ages of the BTB and apical ES were indeed more extensive in
testes receiving DMAP pretreatment. It was apparent that
DMAP mediated its effects, at least in part, via a disruption
of the actin filament network by disintegrating actin from the
basal ES and apical ES sites. Additionally, it was noted that
in both treatment groups, red blood cells leaking to the in-
terstitium from the microvessels, and the disruption of the
endothelium of microvessels were detected only at and after
20 h of CdCl2 treatment. These were the results of vascular

FIG. 7. A study to assess the mechanism by which DMAP worsens the
CdCl2-induced damage to the seminiferous epithelium. Effects of
DMAP on the expression of TJ and AJ proteins in the epithelium
during CdCl2-induced BTB damage were assessed by immunoblot-
tings, which monitor the levels of TJ-and AJ-associated proteins
found at the BTB. A, The effect of DMAP pretreatment � CdCl2 on
junction proteins vs. DMAP alone, CdCl2 alone, and normal rats.
Testes were collected 16 h after each treatment, and lysates were
analyzed using different antibodies as specified. Immunoblot using an
antiactin antibody was shown in the lower panel to indicate relatively
equal protein loading. B and C, Two histograms that show the cor-

responding densitometrically scanned result using immunoblots such
as those shown in A. Each bar is the mean � SD of results of three to
four rats. The protein levels of target proteins in testis lysates from
rats receiving CdCl2 was arbitrarily set at 1. Student’s t test was
performed to compare data between DMAP�CdCl2 and CdCl2 alone.
ns, Not significantly different by t test. *, Significantly different by t
test, P  0.05.
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damage caused by CdCl2 (17, 18), which took place only after
BTB disruption, supporting the notion that the changes seen
in seminiferous epithelium as reported herein are not sec-
ondary to anoxia and that the BTB is more susceptible to
cadmium toxicity than TJs at the microvascular endothelium.

Second, the production of junction-associated proteins
was more seriously affected by DMAP pretreatment. For
instance, the protein levels of occludin (a TJ-integral mem-
brane protein), ZO-1 (a TJ adaptor protein), N-cadherin, E-
cadherin (two ES-associated integral membrane proteins),
and �-catenin (an AJ adaptor) were significantly reduced
when compared with the CdCl2 treatment alone, as detected
in both immunoblot analysis and immunofluorescent mi-
croscopy. This loss of proteins from the BTB and AJ (e.g. basal
ES) was likely the result of a reduction in �2-MG at these sites.
Previous study has shown that different classes of proteases,
including cathepsin L and matrix metalloprotease (MMP)-2,
and another protease inhibitor, namely cystatin C, were in-
duced in the testis during the CdCl2-induced BTB disruption
(6). When the balance between these proteases and protease
inhibitors at the cell-cell interface in the epithelium was dis-
turbed, such as in this case by blocking the production of
�2-MG via the effect of DMAP, excessive proteolysis and

cleavage of junction proteins would take place, leading to the
dissociation of junction complexes and the disruption of the
BTB (Fig. 10). Obviously, this hypothesis must be rigorously
tested in future studies including a quantification on
the overall metallo-, serine-, histidine-, aspartate-, and/or
cysteine-protease activities as well as their corresponding
antiprotease activities during CdCl2-induced damage with
and without specific inhibitors.

Another possible role of �2-MG in regulating junction dy-
namics in the epithelium is its ability to bind to cytokines, such
as TGF� (for a review, see Ref. 13), which were also known to
induce junction disassembly in the testis (for reviews, see Refs.
37 and 43). Indeed, TGF�3 was shown to bind to �2-MG in the
testis (6). As such, �2-MG can also regulate junction dynamics
in the epithelium by maintaining the level of cytokines via its
interactions with these biological factors (Fig. 10). However, it
is noteworthy that �2-MG null mice are fertile and can produce
litters of normal size and sex ratio (44, 45), suggesting that the
presence of �2-MG is not an absolute necessity for maintaining
spermatogenesis or its loss can at least be superseded by an-
other protease inhibitor(s) in the seminiferous epithelium.
Nonetheless, this seemingly negative physiological finding
does not rule out the significance of this molecule as reported

FIG. 8. A study to assess the BTB integrity by fluorescent microscopy, colocalizing occludin and ZO-1 in the seminiferous epithelium during
CdCl2-induced BTB damage with and without DMAP pretreatment. A–P, Immunofluorescent micrographs using cross-sections of normal rat
testes (A–D), rat testes receiving only DMAP treatment (E–H), testes from rats that had been treated with CdCl2 (I–L), and rat testes with
DMAP pretreatment � CdCl2 (M–P). Rats were killed at 16 h in all treatment groups. Occludin appeared as red fluorescence (Cy-3), whereas
ZO-1 as green fluorescence (FITC). C, G, K, and O, Merged images of the corresponding immunofluorescent micrographs, in which occludin and
ZO-1 colocalized as orange fluorescence. D, H, L, and P, The 4�,6�-diamino-2-phenylindole staining of the corresponding cross-sections that
indicates the relative location of germ cells in the seminiferous epithelium. White lines (O) represent the relative location of the basement
membrane of the seminiferous epithelium. Bar (A), 80 �m, which applies to B–P.
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herein. Due to the complexity of spermatogenesis and its sig-
nificance to maintain the perpetuation of a species, it is highly
likely that several regulatory pathways or different molecules
are working in concert to accommodate a specific function to
ensure the normal functioning of the seminiferous epithelium.
Thus, the knockout of �2-MG in mice may be compensated by
another protein(s) with a similar role to maintain fertility. Al-
though �2-MG deficiency did not affect normal spermatogen-
esis as shown in the �2-MG�/� mice, it may well be crucial to
protect the seminiferous epithelium when the testis is under
assault from environmental stress, such as cadmium toxicity in
this case. In fact, this possibility was strengthened by the ob-
servation that �2-MG�/� mice were highly susceptible to diet-
induced pancreatitis, even though the knockout per se did not
affect vitality (45).

The fact that �2-MG plays a critical role in the maintenance
of the BTB integrity, as shown herein, is physiologically sig-
nificant because it provides yet another proof that proteolysis
is involved in regulating junction dynamics at the cell-cell in-
terface in the seminiferous epithelium, unlike other epithelia in
which proteolysis is restricted to the cell-matrix anchoring junc-

tions (for review, see Refs. 1, 2, 46, and 47). Recent studies have
also shown that MMP-2, membrane type 1-MMP and tissue
inhibitor of metalloprotease-2 in the rat testis colocalize with
�1-integrin and laminin �3 at the apical ES (48). More impor-
tant, the use of specific inhibitors of MMPs can indeed worsen
the damage to the seminiferous epithelium by 1-(2,4-dichloro-
benzyl)-indazole-carbohydrazide, a reagent known to perturb
cell adhesion function in the testis (48). An earlier study mon-
itoring the levels of total cysteine and serine proteases during
Sertoli-germ cell AJ assembly also illustrated an induction of
protease activities, which was followed by an increase in �2-MG
and cystatin C (a specific cysteine protease inhibitor) steady-
state mRNA levels (10). These earlier results coupled with the
data presented herein have proven beyond refute regarding the
significance of proteolysis in cell-cell junction restructuring in
the testis. They also strengthen the concept that AJs (and pos-
sibly TJs) in the testis are hybrid junction types that have the
properties and characteristics of cell-cell and cell-matrix an-
choring junctions, using the most efficient restructuring focal
adhesion complex components to regulate junction restructur-
ing to facilitate germ cell movement during spermatogenesis
(for recent reviews, see Refs. 9 and 42). Needless to say, the
precise mechanism(s) and interactions by which proteases and
protease inhibitors regulate the epithelial cycle remain to be
investigated, yet these findings have opened an unprecedented
opportunity to study BTB dynamics. Moreover, proteases that
are activated during the CdCl2- or 1-(2,4-dichlorobenzyl)-inda-
zole-carbohydrazide-induced damage to the seminiferous ep-
ithelium may in turn activate other cellular events besides
breaking down cell junctions. For instance, it has been shown
that the cleavage products of collagens by MMPs can function
as biologically active peptides to regulate integrin signaling
function (for a review, see Ref. 9). Such a possibility must be
vigorously investigated in future studies.

BTB dynamics are regulated by multiple signaling
pathways that determine the levels of different proteins and
their homeostasis in the seminiferous epithelium

The results presented herein, together with earlier reports,
have demonstrated that BTB dynamics in the testis are reg-
ulated by multiple pathways, which include at least two
MAPK pathways, namely JNK and p38 MAPK (6, 16). It was
reported that activation of the p38 MAPK pathway during
CdCl2-induced BTB disruption is being used to regulate the
levels of occludin and ZO-1 at the BTB site (16). Subsequent
studies have shown that this pathway also regulated the
levels of protease cathepsin L and other AJ proteins, such as
N-cadherin, �-catenin, nectin ,and afadin, at the ES and BTB
sites (6). In the present study, the JNK signaling pathway was
shown to be involved in junction dynamics by regulating the
production of �2-MG in a way that counteracts the disruptive
effects of the p38 MAPK pathway, defending the seminifer-
ous epithelium from the CdCl2-induced disruption. The fact
that p38 MAPK and JNK are having a yin-yang relationship
in regulating junction dynamics in the testis is not entirely
surprising because these two signal transducers are known
to have differential and even opposing effects on physiolog-
ical responses in other systems. For instance, they were ac-
tivated differentially in the mouse brain during viral infec-

FIG. 9. A study to assess basal ES integrity at the BTB site by flu-
orescent microscopy, colocalizing N-cadherin and �-catenin in the
seminiferous epithelium during CdCl2-induced BTB damage with and
without DMAP pretreatment. A–P, Immunofluorescent staining of
N-cadherin (green, FITC), �-catenin (red, Cy-3), and the correspond-
ing merged images of testes cross-sections from normal rat testes
(A–C), rat receiving only DMAP treatment (D–F), CdCl2 treatment
(G–I), and DMAP pretreatment � CdCl2 (J–L). All rats were killed
16 h post treatment, which was shown to display extensive BTB
damage (see Fig. 4). The colocalized N-cadherin and �-catenin, which
appeared as orange fluorescence, were found at the basal compart-
ment adjacent to the basement membrane consistent with their lo-
calization at the BTB site. Bar (A), 20 �m, which applies to B–L.
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tion by influenza A virus, playing distinctive roles during the
course of this viral infection (49). Moreover, the activation of
p38 MAPK in rat neonatal ventricular myocytes stimulates
the production of atrial natriuretic factor, a cardiac hyper-
trophy marker, whereas JNK inhibits its expression in the
same system (50). Thus, these two MAPKs possibly coun-
terbalance each other to maintain a homeostasis of proteins
important to junction dynamic regulation in the testis. We
propose that p38 MAPK is being used to facilitate TJ-AJ
disassembly, whereas JNK facilitates junction reassembly
(Fig. 10). This latter mechanism likely involves �2-MG, which
inhibits unwanted proteolysis in the epithelium and binds
excessive cytokines to protect Sertoli-Sertoli and Sertoli-germ
cell junctions from unnecessary damages (Fig. 10).

In summary, we report herein the importance of �2-MG
in junction dynamics during spermatogenesis in vivo using
cadmium-induced BTB damage as a model. We have also il-
lustrated the novelty of JNK activation in maintaining TJ and

AJ integrity via its effects on the homeostasis of proteases and
protease inhibitors (e.g. �2-MG). These findings will have sig-
nificant ramification in male contraceptive development. For
instance, a compromise of the homeostasis between proteases
and protease inhibitors in the seminiferous epithelium will
likely disrupt the migration of preleptotene and leptotene sper-
matocyte across the BTB. This in turn leads to male infertility.
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