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ABSTRACT: The receptors for the steroid hormone testosterone and
the peptide hormone follicle-stimulating hormone are localized to the
somatic Sertoli cell in the seminiferous epithelium. In the rat, pro-
longed gonadotrophic hormone withdrawal has been shown to result
in substantial germ cell apoptosis. Previous studies have shown that,
coincident with the loss of germ cells following hypophysectomy, the
actin cytoskeleton of the Sertoli cell becomes disorganized and diffuse
throughout the cell’s cytoplasm. The molecular mechanisms that gov-
ern Sertoli cell actin filament dynamics in response to the loss of go-
nadotrophic hormones remain undefined. It was therefore hypothe-
sized that hypophysectomy brings about a decrease in the amount of
polymerized actin (F-actin) within the Sertoli cell and that this decrease
is associated with changes in the expression of genes known to gov-
ern Sertoli actin dynamics. To this end, Sertoli cells were isolated from

adult control and hypophysectomized rats. Sertoli cells from hypoph-
ysectomized rats were found to contain significantly less (72%) F-actin
relative to untreated controls, although overall, B-actin protein and
mRNA expression remained constant. The expression levels of genes
known to directly influence the amount of F-actin in cells were then
examined by Northern blot analysis. Cofilin and profilin |1 gene ex-
pression was unaffected by hypophysectomy, whereas the expression
of profilin 1l and espin both decreased significantly (47% and 42%,
respectively). Taken together, these results suggest that, following hy-
pophysectomy, the actin cytoskeleton of the Sertoli cell shifts to a
predominantly depolymerized state, perhaps in part because of de-
creases in profilin Il and espin gene products.
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Within the mammalian seminiferous epithelium, the
receptors for testosterone and follicle-stimulating
hormone (FSH) are restricted to the somatic Sertoli cells
(Sar et al, 1990; Rannikki et a, 1995), the cells to which
germ cells maintain adhesion until the completion of sper-
matogenesis. Previous studies reported that the microfil-
ament (actin) cytoskeleton of the Sertoli cell and the ac-
tin-based junctional complexes found at points of Sertoli—
germ cell adhesion (ectoplasmic speciaizations; Muffly
et a, 1993, 1994) become disorganized following hy-
pophysectomy. The redistribution of the actin cytoskele-
ton, from a predominantly peripheral localization in nor-
mal Sertoli cells (Vogl et a, 1993) to adiffuse distribution
throughout the cell (Muffly et al, 1993, 1994), was shown
to occur in concert with the loss of adhesion between
Sertoli cells and immature spermatids following hypoph-
ysectomy. Following the restoration of FSH and testos-
terone to hypophysectomized rats, actin was shown to
relocalize to the periphery of the Sertoli cell before re-
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sumption of spermatogenesis (Muffly et al, 1994). These
observations suggest that the peripheral distribution of ac-
tin filaments in Sertoli cells might be necessary for sper-
matid—Sertoli cell adhesion during spermatogenesis. As
yet, the biochemical or molecular mechanisms by which
actin redistributes in Sertoli cells in response to gonado-
tropin withdrawal or restoration is not known. From other
experimental systems, it is known that under physiolog-
ical ionic conditions, actin protein monomers (G-actin)
spontaneously assemble into polymers (F-actin) in a po-
larized fashion and that in order to maintain a constant
length, the rate of G-actin added to the “growing’” or
“plus” end of the polymer must equal the loss of G-actin
from the “minus’ end. Severa proteins are known to
directly influence actin polymer length by promoting ei-
ther the addition of G-actin to, or loss from, the F-actin
polymer. These include cofilin, which causes decreasesin
F-actin concentration (Nishida, 1985) by increasing the
rate of G-actin loss from the minus end of the polymer,
and the profilins, which stimulate the formation of F-actin
by increasing the rate of G-actin addition to the plus end
(Nishida, 1985; Honore et al, 1993). Additionaly, the
Sertoli cell-specific protein, espin, bundles actin filaments
together at ectoplasmic speciaizations (Bartles et d,
1996; Chen et al, 1999; Vogl et al, 2000), potentially con-
tributing to the formation of the characteristic hexagonal
arrays of actin polymers seen at these junctional com-
plexes. In vitro recombinant espin can cross-link actin
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filaments into partially ordered bundles (Chen et 4,
1999). Because espin acts as an F-actin cross-linking pro-
tein, it might therefore be important for the initiation and
maintenance of F-actin distribution at the ectoplasmic
specialization, a junctional complex thought to be re-
quired for Sertoli—-germ cell adhesion.

We hypothesize herein that the actin redistribution in
Sertoli cells following hypophysectomy might result from
ateration in the amount of F-actin within the cells and
that changes in the expression of genes whose products
govern actin filament dynamics, distribution, and stability
in the Sertoli cell affect F-actin and its distribution. The
results indicate that Sertoli cells isolated from hypophy-
sectomized rats contain less F-actin than cells isolated
from untreated controls, but that overall actin protein and
MRNA expression remain constant. The expression levels
of cofilin and profilin | were unaffected by hypophysec-
tomy. In contrast, profilin 11 and espin mRNA expression
significantly decreased following hypophysectomy. These
results, taken together, suggest that after the loss of go-
nadotrophic hormones by hypophysectomy, actin redis-
tributes in the Sertoli cell, perhaps as a consequence of a
net decrease in the amount of polymerized F-actin, the
latter, in turn, which could result from decreases in pro-
filin 1l and espin gene products.

Materials and Methods

Animal Treatment Groups

Hypophysectomized and untreated Sprague-Dawley rats (812
weeks old) were purchased from Charles River (Kingston,
Mass), housed in a vivarium under a 14:10 hour light:dark cycle,
and provided water and rat chow ad libitum. The hypophysec-
tomized animals were maintained in the above conditions for 42
days before being euthanized. A third group of rats were ad-
ministered luteinizing hormone (LH)—suppressive subdermal
2.5-cm testosterone and 0.1-cm 17B-estradiol (TE)-filled poly-
dimethylsiloxane capsules (Silastic, Dow Corning, Midland, Md)
for 56 days, and controls received empty capsules for 56 days
(Stratton et a, 1973) before euthanizing. All protocols were ap-
proved by the Johns Hopkins University Animal Care and Use
Committee.

Sertoli, Germ, and Leydig Cell Isolation

Sertoli cells were isolated according to previously described
methods (Anway et al, 2003), but omitting the 10-minute trypsin
digestion. Briefly, 2 decapsulated testes from untreated rats, or
4 testes from either the hypohysectomized or TE-treated rats,
were incubated in 0.5 mg/mL of collagenase in 1X Hanks so-
lution (pH 7.4) at 34°C, shaken for 15 minutes to eliminate the
interstitial cells, and then washed a total of 3 times. To separate
the Sertoli and germ cells, the tubules were incubated in a mix-
ture of enzymes (0.1% collagenase, 0.2% hyaluronidase, 0.04%
DNase I, and 0.03% trypsin inhibitor in 1X Hanks [pH 7.4]) at
34°C with shaking for 40 minutes. The Sertoli cells were pelleted
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by centrifugation, washed in 1X Hanks, and repelleted a total of
3 times. The Sertoli cell—enriched pellets were then resuspended
in 1X Hanks and subjected to hypotonic shock in a dilute Hanks
solution (1:3.5, Hanks:water). Cells were collected by centrifu-
gation, resuspended in 1X Hanks, and filtered through 53-pM
nylon mesh. The cells were then washed and resuspended in
F12/DMEM (Invitrogen, Carlsbad, Calif) (1:1) tissue culture me-
dia. Sertoli cell number and purity were estimated by hemacy-
tometer and light microscopic analyses, as previously described
(Anway et al, 2003). In each Sertoli cell preparation, an average
of 7-8 million Sertoli cells per testis was obtained, with ap-
proximately 80% purity. Germ and myoid cells made up the
contaminants.

Total testicular germ cells were isolated by incubating 2 de-
capsulated testesin 0.5 mg/mL collagenase in 1X Hanks solution
(pH 7.4) at 34°C with shaking for 12 minutes and then washing
atotal of 3 times. Trypsin was then added to the tubules at 0.5
mg/mL in 1X Hanks solution at 34°C and shaken for 12 minutes.
The tubules were then mechanically disrupted by repeated pi-
petting, followed by filtering through nylon mesh. The cellswere
next pelleted by centrifugation, washed in 1X Hanks, and re-
pelleted a total of 3 times. The isolated germ cell preparations
were approximately 90% pure, with Sertoli cells making up the
principal contaminant.

Leydig cells were isolated from untreated rats by centrifugal
elutriation and Percoll gradient centrifugation purification, as
previously described (Klinefelter et a, 1987). The isolated Ley-
dig cell preparations were approximately 90% pure, with im-
mune and red blood cells making up the principal contaminants.

Fluorescence Microscopy

Sertoli cells freshly isolated from control or hypophysectomized
rats were dried to microscope slides and fixed with 10% neutral
buffered formalin. To label F-actin, the Sertoli cells were stained
with a 1.5 pg/mL Texas Red—phalloidin conjugate (Sigma, St.
Louis, Mo) solution in phosphate-buffered saline (PBS) and 1%
DMSO for 1 hour at room temperature. The cells were then
washed several times with PBS. Nuclei were stained with Vec-
tashield Anti-Fade Mounting Medium containing 4',6-diamidi-
no-2-phenylindole (DAPI; Vector Laboratories, Burlingame, Ca-
lif). Images were obtained by a Nikon Microflex H-I11 automatic
camera system with a 60X oil Zeiss PlanApo lens.

Sertoli Cell Actin Fractionation

Detergent-soluble G-actin monomeric proteins from freshly iso-
lated Sertoli cells were separated from insoluble F-actin poly-
mers according to Patterson et al (1999). Briefly, isolated Sertoli
cells were gently lysed at 4°C in lysis buffer (1% Triton X-100,
20 mM HEPES-NaOH [pH 7.2], 100 mM NaCl, 1 mM sodium
orthovanadate, and 0.5% protease inhibitor cocktail [Sigma]) by
brief sonication. The lysate was centrifuged at 10000 X g for
20 minutes at 4°C. Supernatants contained the detergent-soluble
cytoplasmic proteins, and the pellets contained the insoluble
polymers. The pellets were then dissolved in RIPA buffer (1%
Triton X-100, 15 mM HEPES-NaOH [pH 7.5], 0.15 mM NaCl,
1% sodium deoxycholate, 0.1% sodium dodecy! sulfate [SDS],
1 mM sodium orthovanadate, 10 mM EDTA, and 0.5% protease
inhibitor cocktail [Sigma]) by means of sonication.
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Primers used to generate probes used in Northern blots
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cDNA Primer Size, bp Accession No.
Clusterin
Sense GCATGGAATGAGACAGAAGC 159 NM 012679
Antisense GAGTACAGAACCCAGAGGAA
B-actin
Sense CATCTATGAGGGTTACGCGCT 560 NM 031144
Antisense GTGGACAGTGAGGCCAGGAT
Profilin |
Sense GTGGAACGCCTACATCGACA 386 NM 022511
Antisense GGTGAGAGGCCATTTCATA
Profilin Il
Sense CTACGTGGATAACCTGATGT 544 NM 030873
Antisense CAGAGGGATACAAAGGAGACA
Cofilin
Sense CAAGCTAACTGCTACGAGGA 468 X62908
Antisense CAGACAAGCACAGAGTCACT
Espin
Sense CGGGTGACAACTCGGAGTT 635 NM 019622
Antisense CAAGAGGCCGAGACTCCTATT

Western Blot Analyses

Proteins were isolated from soluble and insoluble Sertoli cell
fractions isolated from control, hypophysectomized, and TE-im-
planted rats. Protein concentrations were determined by the bi-
cinchoninic acid method (Pierce, Rockford, 1ll) according to the
manufacturer’s specifications. Protein samples were added to an
equal volume of 2X loading buffer (100 mM Tris, pH 6.8, 4%
SDS, 0.2% bromophenol blue, 20% glyceral). For both G-actin
and F-actin protein fractions, 5 g of protein were reduced with
0.1% B-mercaptoethanol, boiled for 2 minutes, and loaded on
12% SDS—polyacrylamide gel electrophoresis gel as described
by Laemmli et a (1970). Protein was transferred to Protran ni-
trocellulose (Schleicher & Schuell, Keene, NH) with a Trans-
Blot SD Semi Dry Electrophoretic Transfer Cell (Bio-Rad, Her-
cules, Calif) according to the manufacturer’s specifications.

Membranes were blocked for 1 hour with 5% nonfat dry milk
in PBS (blocking solution) at room temperature, followed by
incubation with an anti-mouse B-actin monoclonal antibody (1:
1000; Sigma) for 1 hour in blocking solution at room tempera-
ture. Membranes were washed 3 times with PBS for 5 minutes
and then incubated for 30 minutes at room temperature with
secondary anti-mouse HRP-linked immunoglobulin (1:3000;
Amersham Pharmacia, Piscataway, NJ) in PBS. Signal was de-
tected with the SuperSignal WestPico Chemiluminescent kit
(Pierce) according to manufacturer’s specifications. The relative
ratios of F-actin to G-actin in the samples were quantified by
determining signal density with Scion Image 4.0.2 (Scion Cor-
poration, Frederick, Md). The Western analysis experiment com-
paring F- to G-actin ratios in Sertoli cells isolated from TE-
treated, hypophysectomized, and untreated control animals was
performed 3 times with 3 different sets of samples.

Probe Generation

Primers used for the generation of complementary DNA
(cDNA) probes employed in Northern blot analyses (next sec-

tion) are listed in the Table. Clusterin, actin, profilin I, profilin
I1, cofilin, and espin cDNAs were cloned from a rat testicular
cDNA library generated by performing first strand synthesis
from total testis RNA. Briefly, testicular RNA (3 .g) isolated
by the Trizol method (Invitrogen) from a control rat was re-
verse-transcribed in a 20-pL reaction at 46°C for 60 minutes
with the use of 0.2 units of Superscript Il (Invitrogen) and 50
ng of oligo-dT primer in single-strength first-strand synthesis
buffer according to manufacturer's specifications. PCR was
performed in a reaction volume of 50 pL containing 0.5 pL of
the reverse transcription reaction single-strength buffer, 20 uM
dNTPs, 1.5 mM MgCl,, 400 nM forward primer, 400 nM re-
verse primer, and 0.5 units of AmpliTagR DNA polymerase
(Perkin Elmer, Boston, Mass). The PCR conditions were 35
cycles of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C
for 1 minute and a final extension of 72°C for 2 minutes. PCR
products were cloned into a p-GemT Easy vector (Promega,
Madison, Wisc) according to manufacturer’s specifications and
sequenced to verify insert product.

Northern Blot Analyses

RNA was purified from isolated Sertoli, germ, and Leydig cells
as well as from homogenized rat brain, prostate, and adrenal
gland by the Trizol method (as in *‘Probe Generation’). Total
RNA (10 pg) from each cell and tissue type was fractionated in
a 1% agarose—formaldehyde gel, transferred overnight to anylon
membrane (HybondTM-N, Amersham), and UV cross-linked
(UV Stratagene 1800). cDNA fragments of clusterin, actin, pro-
filin I, profilin 11, cofilin, and espin were radiolabeled with (a-
%2P) dATP and the Rad Prime DNA Labeling Kit (Invitrogen).
Northern blots were hybridized overnight at 65°C with labeled
cDNA probes in ExpressHyb hybridization solution (Clontech,
Palo Alto, Calif). After hybridization, blots were washed in 2X
SSC (sodium chloride/sodium citrate)/1.0% SDS for 30 minutes
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Figure 1. Effects of hypophysectomy (Hypox.) and testosterone 173-es-
tradiol treatment (TE) on testicular weight (A) and interstitial fluid (IF)
testosterone concentration (B) compared with untreated controls. Shown
are the means = SEM (n = 3). In both cases, there was a significant
decrease in the hypophysectomized and TE-treated animals compared
with controls (P < .0001).

at 65°C; 1X SSC/0.5% SDS for 30 minutes at 65°C; and 0.1%
SSC/0.1% SDS for 30 minutes at 65°C. After blots were washed,
they were placed in a phosphor screen cassette for 8-12 hours.
The signals were detected with a Typhoon 8600 and ImageQuant
software (Amersham) and quantified densitometrically relative
to clusterin with the use of Scion Image 4.0.2. The Northern blot
analyses performed in this study employed 5 separate samples,
with each sample containing pooled RNA from the isolated Ser-
toli cells of 2 rats.

Radioimmunoassays

Testicular interstitial fluid (IF) was collected according to pre-
viously described methods (Turner et al, 1984). All sampleswere
stored at —80°C until assay for testosterone. |F testosterone con-
centrations were determined in duplicate for each sample by ra-
dioimmunoassay (RIA) according to a previously described
method (Turner et al, 1984). Testosterone was assayed by RIA
with testosterone antibody from ICN (Costa Mesa, Calif) and
SH-testosterone from NEN (Boston, Mass). The sensitivity of the
assay was 10 pg/tube.

Statistical Analyses

Data were expressed as means + SEM. Statistical differences
comparing testicular weight, IF testosterone concentration, and
F- to G-actin protein content were determined by analysis of
variance. Post hoc comparisons between treatment group means
were made with Scheffe's least significant difference test. Sta-
tistical differences comparing gene expression between untreated
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Figure 2. Freshly isolated Sertoli cells showing the distribution of actin
(red) and DAPI-stained DNA (blue) from control (A) and 42-day hypoph-
ysectomized rats (B) (magnification 60X).

and hypophysectomized Sertoli cells were analyzed by Student’s
t test. Means were considered significantly different at P < .05.

Results

The hypophysectomized rats used in these studies exhib-
ited significant reductions in testicular weight (86%, Fig-
ure 1A) and intratesticular testosterone concentration
(93%, P < .0001; Figure 1B) relative to controls, as did
the TE-treated rats (Figure 1A and B). As shown previ-
ously (Awoniyi et al, 1990; Santulli et al, 1990), the re-
ductions in testis weight in the 2 models result from germ
cell loss in response to hormonal withdrawal.

Sertoli cells were isolated from control and hypophy-
sectomized rats and examined immediately, without cell
culture, for actin polymer morphology and protein levels.
Cells were stained with the toxin phalloidin, which binds
only to actin polymers (F-actin; Small et al, 1988). Figure
2A shows Sertoli cells isolated from untreated rats and
stained for F-actin. The cells were characterized by ex-
tensive F-actin staining throughout the elongated cell cy-
toplasm. In contrast, in cells isolated from hypophysec-
tomized rats, F-actin staining was perinuclear only (Fig-
ure 2B), and the cells exhibited a predominantly rounded-
up morphology.

Because phaloidin, by binding to and stabilizing F-
actin, can sometimes artificialy shift the ratio of poly-
merized to monomeric actin in the direction of the po-
lymerized form, we also quantified F-actin in Sertoli cells
by Western blot analyses. Isolated Sertoli cells from un-
treated, hypohysectomized, and TE-treated rats were frac-
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Figure 3. (A) Western blot analysis showing the quantity of detergent-soluble G-actin (G) relative to F-actin (F) in Sertoli cells isolated from adult
untreated (U), 56-day TE-treated (TE), and 42-day hypophysectomized (H) rats. Also, total B-actin protein from whole Sertoli cells isolated from
untreated and hypophysectomized animals. (B) Relative decrease in F:G actin ratios after hypophysectomy and TE treatment. Shown are the means
+ SEM (n = 3); the asterisk (*) denotes statistical significance relative to untreated controls (P < .005). (C) Northern blot analysis of B-actin gene
expression in Sertoli cells isolated from untreated and hypophysectomized rats. (D) Quantification of B-actin gene expression relative to clusterin.

Shown are the means = SEM (n = 5).

tionated so as to separate F-actin polymers from deter-
gent-soluble monomeric G-actin. Figure 3A shows that,
following hypophysectomy, freshly isolated Sertoli cells
contained significantly less F-actin than Sertoli cells iso-
lated from either untreated controls or animals treated
with TE. The ratio of F- to G-actin in Sertoli cells from
hypophysectomized animals was 72% less than that of
untreated controls (P < .005; Figure 3B). The ratio of F-
to G-actin in Sertoli cells from TE-treated rats also was
decreased relative to controls, although far less so (about
35%, not significant; Figure 3B). Given that there was no
decrease in overall actin protein expression in Sertoli cells
after hypophysectomy (Figure 3B), it was not surprising
to find by Northern blot analysis that B-actin mRNA lev-
els were unchanged relative to the Sertoli cell-specific
transcript clusterin (Figure 3C through D). Taken together,
these results indicated that after hypophysectomy, Sertoli
cells possess significantly decreased F-actin relative to
untreated and TE-treated control cells, but not as a con-
sequence of reduced expression of the B-actin mRNA or
protein.

We next considered the possibility that the decrease in
F-actin following hypophysectomy might be brought

about by changes in the expression of genes known to
directly influence actin dynamics, stability, and distribu-
tion. The profilins are a family of actin binding proteins
that facilitate the formation of F-actin (Schluter et al,
1997). The testicular expression of one of the family
members, profilin 111, is known to be restricted to germ
cells (Braun et a, 2002); thus, it was not examined. Fig-
ure 4A shows a Northern blot of profilin | and profilin 11
expression in several cell and tissue types. Profilin | was
expressed in each of adrenal, brain, and prostate tissue
and germ, Leydig, and Sertoli cells. Profilin I, however,
was expressed only in the brain and testis, and in the
latter, only in Sertoli cells (Figure 4A). After hypophy-
sectomy, profilin Il expression in Sertoli cells was re-
duced significantly from its levels in cells from the testes
of untreated rats (47%, P < .024; Figure 4B and C). In
contrast, expression levels of the profilin | transcript, also
present in Sertoli cells, were unchanged following hy-
pophysectomy (Figure 4D and 4E).

Two additional proteins important in the regulation of
actin dynamics in Sertoli cells are cofilin and espin. Cof-
ilin is one of the most abundantly transcribed genes in
the Sertoli cell (unpublished data). It facilitates the con-
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Figure 4. (A) Northern blot demonstrating profilin | and profilin Il gene expression in adrenal, brain, and prostate tissues as well as in isolated Sertoli,
Leydig, and germ cells. (B) Northern blot analysis of profilin Il gene expression in Sertoli cells isolated from untreated (U) and hypophysectomized
(H) rats. (C) Quantification of profilin Il gene expression relative to clusterin. Shown are the means = SEM (n = 5); the asterisk (*) denotes statistical
significance (P < .024). (D) Northern blot analysis of profilin | gene expression in Sertoli cells isolated from untreated and hypophysectomized rats.
(E) Quantification of profilin Il gene expression relative to clusterin. Shown are the means = SEM (n = 5).

version of F-actin to G-actin and thus causes loss of over-
al actin polymer length (Bamburg et al, 1999). As seen
in Figure 5A and B, however, Northern blot analysis re-
vealed no significant difference in cofilin expression in
response to hypophysectomy. Espin is a 110-kd protein
with a large spliceoform that is unique to the Sertoli cell
and, in particular, to the actin-rich ectoplasmic speciali-
zations that are present at sites of germ—Sertoli cell ad-
hesion (Bartles et al, 1996; Chen et al, 1999). Espin mes-
sagein Sertoli cellsisolated from hypophysectomized rats

exhibited a significant decrease (42%, P < .0001) relative
to the message levels seen in untreated controls (Figure
6A and B).

Discussion
We have shown in this study that Sertoli cells isolated

from hypophysectomized rats exhibit decreased amounts
of F-actin. In contrast, however, loss of actin polymer was
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Figure 5. (A) Northern blot analysis of cofilin gene expression in Sertoli
cells isolated from untreated (U) and hypophysectomized (H) rats. (B)

Quantification of cofilin gene expression relative to clusterin. Shown are
the means = SEM (n = 5).

not seen in TE-treated animals in which intratesticular
testosterone concentrations were reduced to the same low
levels that characterized hypophysectomized rats. This
analysis agrees with previous morphological studies
which similarly have suggested that the actin cytoskel eton
and actin-rich junctional complexes in the Sertoli cell
were affected by hypophysectomy (Muffly et al, 1993,
1994) but not by the suppression of intratesticular testos-
terone alone (O’ Donnell et al, 2000; Show et al, 2003).
The decrease in the amount of F-actin in Sertoli cells
following hypophysectomy could be due either to the re-
duced expression of the B-actin gene or protein (or both)
or to a change in the steady-state actin dynamics that
govern F-actin concentration within Sertoli cells. As dem-
onstrated, hypophysectomy did not affect the overall ex-
pression of the B-actin gene or protein in Sertoli cells.
This suggests that the available pool of monomeric G-
actin available for the formation of F-actin polymers re-
mained unchanged despite hypophysectomy. Actin poly-
merization spontaneously occurs under physiologic con-
ditions when G-actin monomers form an F-actin polymer.
G-actin is constantly being added to the plus end of the
F-actin polymer while it is also being lost from the minus
end in a process known as ‘‘treadmilling” (Brenner and
Korn, 1983). If the rate of G-actin addition to the plus
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Figure 6. (A) Northern blot analysis of espin gene expression in Sertoli
cells isolated from untreated (U) and hypophysectomized (H) rats. (B)
Quantification of espin gene expression relative to clusterin. Shown are
the means = SEM (n = 5); the asterisk (*) denotes statistical significance
(P < .0001).

end equals the rate of G-actin loss from the minus end,
the F-actin polymer would maintain a constant length.
The so-called “‘critical concentration” is the concentra-
tion of the cellular G-actin monomer pool required to
maintain a constant F-actin polymer length, with the over-
al addition of G-actin to one end equaling the overall
loss of G-actin from the other (Wegner and Engel, 1975;
Pollard, 1986).

If the amount of F-actin contained within a cell is re-
duced, this suggests that the critical concentration has
been raised; more G-actin is required to maintain the pre-
vious polymer length than is currently available in the
soluble cytoplasmic pool. To lower the critical concentra-
tion and return F-actin to normal concentration, the cell
would have to either increase the concentration of the
soluble pool of G-actin available for treadmilling or ex-
press actin binding proteins that enhance the rate of G-
actin addition to F-actin, decrease the rate of its loss, or
both. Dynamic changes in actin polymer length are com-
monly observed in motile cells in which turnover of actin
polymers provides mechanical energy for motility (Carlier
and Pantaloni, 1997; Carlier et a, 1997). The finely tuned
mechanism of controlling the F- to G-actin ratio (ie, the
critical concentration) in these motile cellsliesin the spe-
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cific actin binding proteins expressed by these cells that
govern the amount of G-actin addition to and loss from
F-actin at any given time.

In the case of the Sertoli cells isolated from hypoph-
ysectomized rats in this study, a decrease in the amount
of F-actin suggests that the critica concentration for
steady-state actin polymer length has been elevated. Po-
tentially, this could be because of a decrease in the
amount of G-actin available for treadmilling or a change
in the availability of actin binding proteins that the Sertoli
cell uses to control F- to G-actin ratios. As previously
noted, Sertoli B-actin protein and mRNA remained con-
stant after hypophysectomy, which suggested that the rea-
son for the decrease in F-actin was the altered expression
of proteins that govern actin dynamics in Sertoli cells.

We therefore examined the expression of actin binding
proteins in the Sertoli cell that are known to influence
steady-state actin dynamics by directly affecting the cell’s
critical concentration (Webber, 1999). The profilins are a
family of actin binding proteins that enhance the addition
of G-actin to the plus end of the F-actin polymer (Schluter
et al, 1997; Didry et a, 1998). Thus, the presence of the
profilins causes a decrease in the critical concentration of
G-actin required for steady-state actin dynamics by pro-
moting polymer growth. The Sertoli cell expresses pro-
filin | and profilin 11, the former expressed in every tes-
ticular cell type examined, the latter with its expression
restricted to the Sertoli cell. Following 42 days of hy-
pophysectomy, Sertoli cells expressed significantly less
profilin Il message relative to untreated controls, whereas
profilin | transcript levels appeared to be unaffected by
hypophysectomy. Profilin | and profilin |1 are biochemi-
cally similar in that they both bind actin with the same
relative affinities, though they differ in that profilin 1l
does not bind the membrane-associated phospholipid
phosphatidyl inositol (4,5)-bisphosphate (Ptdins [4,5] P2)
with as great an affinity as does profilin | (Lambrechts et
al, 1995, 1997). Additionally, profilin 11 binds poly(L)-
proline tracts with much greater affinity than profilin |
(Lambrechts et al, 1997). Moreover, several proteins as-
sociated with cell signaling have been shown to interact
physicaly with profilin 11 and not with profilin 1. These
include Rho-associated coil-coiled—forming protein ki-
nase (ROCK 2), membrane-associated protein HEM 2,
dynamin I, and severa members of the synapsin family
(Witke et al, 1998). Proteins that interact with profilin 11
in Sertoli cells have yet to be examined, although it is
possible that the withdrawal of gonadotropic hormones
from the Sertoli cell not only affects the expression of
profilin Il but also the behavior of upstream signaling
proteins that are substrates for the FSH or androgen re-
ceptors, that interact specifically with profilin I, or that
are affected by a combination of factors. A complete un-
derstanding of the mechanism of profilin Il interaction
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with downstream components of Sertoli cell signaling
pathways would provide a clearer picture as to how Ser-
toli actin dynamics are regulated during the course of
spermatogenesis.

Cofilin is an actin binding protein that increases the
rate of actin turnover by facilitating the loss of G-actin
from the minus end of the F-actin polymer. Thus, the
expression of cofilin serves to promote the depolymeriza-
tion of F-actin and the elevation of the critical concentra-
tion. In this study, expression of the cofilin gene was un-
affected in Sertoli cells after 42 days of hypophysectomy.
Therefore, if the rate at which cofilin-mediated G-actin
leaves actin filaments remains constant while the rate of
profilin I1-mediated G-actin addition is inhibited, then it
is possible that the critical concentration would increase
such that overall F-actin concentration would decrease in
a manner similar to that observed in freshly isolated Ser-
toli cells after hypophysectomy. This model does not take
into account the potential overlapping function of profilin
I, which could compensate for the decrease in profilin Il
expression. However, although a profilin 11 knockout
mouse has not yet been generated, the profilin | knockout
possesses several defects unable to be compensated for
by overlapping expression of profilin Il (Witke et a,
2001). This, along with the fact that both profilins can
interact with unique proteins, membrane-associated phos-
pholipids, and structural motifs (Lambrechts et al, 1995,
1997; Witke et al, 1998), suggests that the profilin family
members have distinct functional rolesin cellular biology.

Although it is not a protein that directly influences actin
dynamics, espin is an actin bundling protein whose long
110-kd splice variant is unique to the Sertoli ectoplasmic
specialization (Bartles et a, 1996; Chen et al, 1999). It
has been observed that the characteristic bundles of actin
polymers at the site of espin immunolocalization (Vogl et
al, 2000) in this junctional complex become disorganized
following hypophysectomy (Muffly et al, 1993, 1994). In
this study, we have found that espin mMRNA expression
decreases significantly after hypophysectomy. Therefore,
it is possible that the Sertoli cell becomes unable to main-
tain the actin bundles distributed at the ectoplasmic spe-
cialization after hypophysectomy because of a concomi-
tant decrease in the cross-linking activity of espin as a
result of lowered gene expression. However, more re-
search will be needed to determine whether this decrease
in espin MRNA expression is a cause or a result of ec-
toplasmic specialization disorganization following with-
drawal of gonadotrophic hormones.

This study has demonstrated that withdrawal of gonad-
otrophic hormones by means of hypophysectomy results
in a decrease in the amount of F-actin in the rat Sertoli
cell. This change is not brought about by the loss of ex-
pression of the B-actin gene or protein, but potentially by
the elevation of the cellular critical concentration of G-
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actin required to maintain steady-state actin dynamics.
Decreases in the expression of the Sertoli cell-specific
profilin 11 transcript and the actin bundling protein espin
support this model. Disruptions in Sertoli cell actin dy-
namics and in the integrity of actin-based junctions found
at points of Sertoli—-germ cell adhesion could alter the
ability of Sertoli cells to successfully support spermato-
genesis in the absence of gonadotrophic hormones.

References

Anway MD, Folmer J, Wright WW, Zirkin BR. Isolation of Sertoli cells
from adult rat testes: an approach to ex vivo studies of Sertoli cell
function. Biol Reprod. 2003;68:996-1002.

Awoniyi CA, Sprando RL, Santulli R, Chandrashekar V, Ewing LL, Zir-
kin BR. Restoration of spermatogenesis by exogenously administered
testosterone in rats made azoospermic by hypophysectomy or with-
drawal of luteinizing hormone alone. Endocrinology. 1990;127:177—
184.

Bamburg JR, McGough A, Ono S. Putting a new twist on actin: ADF/
cofilins modulate actin dynamics. Trends Cell Biol. 1999;9:364—-370.

Bartles JR, Wierda A, Zheng L. Identification and characterization of
espin, an actin-binding protein localized to the F-actin—rich junctional
plaques of Sertoli cell ectoplasmic specializations. J Cell Sci. 1996;
109:1229-1239.

Braun A, Aszodi A, Hellebrand H, Berna A, Fassler R, Brandau O. Ge-
nomic organization of profilin-I1l and evidence for a transcript ex-
pressed exclusively in testis. Gene. 2002;283:219-225.

Brenner SL, Korn ED. On the mechanism of actin monomer-polymer
subunit exchange at steady state. J Biol Chem. 1983;258:5013-5020.

Carlier MF, Laurent V, Santolini J, et a. Actin depolymerizing factor
(ADF/cofilin) enhances the rate of filament turnover: implication in
actin-based motility. J Cell Biol. 1997;136:1307-1322.

Carlier MF, Pantaloni D. Control of actin dynamicsin cell motility. J Mol
Biol. 1997;269:459—-467.

Chen B, Li A, Wang D, Wang M, Zheng L, Bartles JR. Espin contains
an additional actin-binding site in its N terminus and is a major actin-
bundling protein of the Sertoli cell-spermatid ectoplasmic speciali-
zation junctiona plague. Mol Biol Cell. 1999;10:4327—-4339.

Didry D, Carlier MF, Pantaloni D. Synergy between actin depolymerizing
factor/cofilin and profilin in increasing actin filament turnover. J Biol
Chem. 1998;273:25602-25611.

Honore B, Madsen P Andersen AH, Leffers H. Cloning and expression
of a novel human profilin variant, profilin 1. FEBS Lett. 1993;330:
151-155.

Klinefelter GR, Hall PR, Ewing LL. Effect of luteinizing hormone dep-
rivation in situ on steroidogenesis of rat Leydig cells purified by a
multistep procedure. Biol Reprod. 1987;36:769—783.

Laemmli UK, Beguin F Gujerkel, G. A factor preventing major head
protein of bacteriophage T4 from random aggregation. J Mol Biol.
1970;47:69-85.

Lambrechts A, van Damme J, Goethals M, Vandekerckhove J, Ampe C.
Purification and characterization of bovine profilin I1. Actin, poly(L-
proline) and inositolphospholipid binding. Eur J Biochem. 1995;230:
281-286.

Lambrechts A, Verschelde JL, Jonckheere V, Goethals M, Vandekerck-
hove J, Ampe C. The mammalian profilin isoforms display comple-

1021

mentary affinities for PIP2 and proline-rich sequences. EMBO J.
1997;16:484—494.

Muffly KE, Nazian SJ, Cameron DF. Junction-related Sertoli cell cyto-
skeleton in testosterone-treated hypophysectomized rats. Biol Reprod.
1993;49:1122-1132.

Muffly KE, Nazian SJ, Cameron DF. Effects of follicle-stimulating hor-
mone on the junction-related Sertoli cell cytoskeleton and daily sperm
production in testosterone-treated hypophysectomized rats. Biol Re-
prod. 1994;51:158-166.

Nishida E. Opposite effects of cofilin and profilin from porcine brain on
rate of exchange of actin-bound adenosine 5'-triphosphate. Biochem-
istry. 1985;24:1160-1164.

O'Donnell L, Stanton PG, Bartles JR, Robertson DM. Sertoli cell ecto-
plasmic specializations in the seminiferous epithelium of the testos-
terone-suppressed adult rat. Biol Reprod. 2000;63:99-108.

Patterson RL, van Rossum DB, Gill DL. Store-operated Ca2+ entry:
evidence for a secretion-like coupling model. Cell. 1999;98:487—499.

Pollard TD. Assembly and dynamics of the actin filament system in non-
muscle cells. J Cell Biochem. 1986;31:87-95.

Rannikki AS, Zhang FR, Huhtaniemi IT. Ontogeny of follicle-stimulating
hormone receptor gene expression in the rat testis and ovary. Mol
Cell Endocrinol. 1995;107:199-208.

Santulli R, Sprando RL, Awoniyi CA, Ewing LL, Zirkin BR. To what
extent can spermatogenesis be maintained in the hypophysectomized
adult rat testis with exogenously administered testosterone? Endocri-
nology. 1990;126:95-101.

Sar M, Lubahn DB, French FS, Wilson EM. Immunohistochemical lo-
calization of the androgen receptor in rat and human tissues. Endo-
crinology. 1990;127:3180—3186.

Schiuter K, Jockusch BM, Rothkegel M. Profilins as regulators of actin
dynamics. Biochim Biophys Acta. 1997;1359:97-109.

Show MD, Anway MD, Folmer JS, Zirkin BR. Reduced intratesticular
testosterone concentration alters the polymerization state of the Sertoli
cell intermediate filament cytoskeleton by degradation of vimentin.
Endocrinology. 2003;144:5530-5536.

Small JV, Zobeley S, Rinnerthaler G, Faulstich H. Coumarin-phalloidin:
a new actin probe permitting triple immunofluorescence microscopy
of the cytoskeleton. J Cell Sci. 1988;89:21-24.

Stratton LG, Ewing LL, Degardins C. Efficacy of testosterone-filled po-
lydimethylsiloxane implants in maintaining plasma testosterone in
rabbits. J Reprod Fertil. 1973;35:235-244.

Turner TT, Jones CE, Howards SS, Ewing LL, Zegeye B, Gunsalus GL.
On the androgen microenvironment of maturing spermatozoa. Endo-
crinology. 1984;115:1925-1932.

Vogl AW, Pfeiffer DC, Mulholland D, Kimel G, Guttman J. Unique and
multifunctional adhesion junctions in the testis: ectoplasmic special-
izations. Arch Histol Cytol. 2000;63:1-15.

Vogl AW, Pfeiffer DC, Redenbach DM, Grove BD. Sertoli cell cytoskel-
eton. In: Russell LD, Griswold MD, eds. The Sertoli Cell. Clearwater,
Fla: Cache River Press; 1993:39-86.

Webber A. Actin binding proteins that change extent and rate of actin
monomer-polymer distribution by different mechanisms. Mol Cell
Biochem. 1999;190:67—74.

Wegner A, Engel J. Kinetics of the cooperative association of actin to
actin filaments. Biophys Chem. 1975;3:215-225.

Witke W, Podtelgjnikov AV, Di Nardo A, Sutherland JD, Gurniak CB,
Dotti C, Mann M. In mouse brain profilin | and profilin |1 associate
with regulators of the endocytic pathway and actin assembly. EMBO
J. 1998;17:967-976.

Witke W, Sutherland JD, Sharpe A, Arai M, Kwiatkowski DJ. Profilin |
is essential for cell survival and cell division in early mouse devel-
opment. Proc Natl Acad Sci U S A. 2001;98:3832-3836.



