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ABSTRACT

Although gonadotropins and androgen are required for
normal spermatogenesis and both testosterone and follicle-
stimulating hormone (FSH) are responsible for the inhibition of
spermatogonial differentiation that occurs in irradiated rats, it
has been difficult to identify the specific genes involved. To
study specific hormonally regulated changes in somatic cell gene
expression in the testis that may be involved in these processes,
without the complication of changing populations of germ cells,
we used irradiated LBNF

1
rats, the testes of which contain

almost exclusively somatic cells except for a few type A
spermatogonia. Three different groups of these rats were treated
with various combinations of gonadotropin-releasing hormone
antagonist, an androgen receptor antagonist (flutamide), testos-
terone, and FSH, and we compared the gene expression levels 2
wk later to those of irradiated-only rats by microarray analysis.
By dividing the gene expression patterns into three major
patterns and 11 subpatterns, we successfully distinguished, in a
single study, the genes that were specifically regulated by
testosterone, by luteinizing hormone (LH), and by FSH from the
large number of genes that were not hormonally regulated in the
testis. We found that hormones produced more dramatic
upregulation than downregulation of gene expression: Testos-
terone had the strongest upregulatory effect, LH had a modest
but appreciable upregulatory effect, and FSH had a minor
upregulatory effect. We also separately identified the somatic
cell genes that were chronically upregulated by irradiation.
Thus, the present study identified gene expression changes that
may be responsible for hormonal action on somatic cells to
support normal spermatogenesis and the hormone-mediated
block in spermatogonial development after irradiation.

follicle-stimulating hormone, irradiation, luteinizing hormone,
spermatogenesis, spermatogonial differentiation, testis,
testosterone

INTRODUCTION

The completion of the meiotic and postmeiotic stages of
spermatogenesis in normal mammals is dependent primarily on
testosterone, which is produced by the Leydig cells through the
action of luteinizing hormone (LH). Secondarily, these stages
are also dependent on the action of follicle-stimulating
hormone (FSH), which stimulates premeiotic germ cell
development as well [1]. Paradoxically, in irradiated and other
toxicant-treated rats, testosterone and, to a lesser extent, FSH
inhibit spermatogonial differentiation [2, 3].

To study the mechanisms of action by these hormones in the
rat, scientists most often have altered their levels by
pharmacological or surgical means or have administered
receptor antagonists [1, 4, 5], and in the mouse, they have
produced null mutations for the hormones or their receptors [6]
(for review, see [7]). Receptor localization and cell-specific
knockouts of the hormone receptors in the testis have shown
that the stimulatory effect of gonadotropins and testosterone on
germ cells is an indirect result of action on the somatic cells.
Likewise, spermatogonial transplantation studies have shown
that the hormone-mediated block in spermatogonial differen-
tiation in irradiated rats is also an indirect result of hormone
action on the somatic cells [8].

This hormonal regulation of genes in specific somatic cells
of the testis had been studied previously using RNA and protein
analysis of individual genes. Recently, microarrays have been
employed to obtain global analyses of hormone-regulated gene
expression in these cells. To our knowledge, however, the only
such studies in the rat have examined the effects of FSH on the
acute responses of Sertoli cells in vitro [9] or on the short-term
responses of immature rat testes in vivo [10]. No microarray
studies regarding the effects of testosterone on rat testicular
cells have been performed; all of these studies have been done
in the mouse. Three studies, using immature mice that
overexpress androgen-binding protein [11], androgen receptor
(AR)-null immature mice [12], or AR-hypomorphic adult mice
[13], have characterized the chronic effects of androgen
reduction in the testis. The chronic effects of elimination of
androgen action in Sertoli cells have been examined in Sertoli-
cell AR knockout immature [14] or adult [13] mice. Other
studies have examined the acute effects of testosterone or FSH
in hypogonadal (hpg) [15, 16] or neonatal [17] mice. The effects
of FSH also have been examined in mouse Sertoli cell lines by
overexpressing a constitutively active FSH receptor [18].
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These studies have provided valuable information, but the
results have been discordant, both because of differences
between systems and because of limitations in the method-
ology. Some have used cell lines or primary cells, which
differ in fundamental ways from cells in vivo. In most of the
in vivo studies, hormone treatment or receptor modulation
altered the germ cell composition. Studies employing
immature animals were influenced by differences in gene
expression between immature and adult animals. Those in
vivo studies that examined only acute changes upon addition
of the hormones may have missed some important functional
changes that result from chronic treatment, such as indirect
regulation of targets. Finally, knockout or overexpression of a
gene in vivo may have altered earlier differentiation pathways
in the cells.

We used the irradiated adult LBNF
1

rat as a novel in vivo
model to identify genes for which expression in the somatic
cells were altered by chronic hormonal changes without most
of the complications that arise from changing germ cell
populations. A single dose of 6 Gy removes all differentiated
germ cells but does not eliminate any of the somatic cell types;
however, it alters somatic cell function to block the
spermatogonial differentiation [8], resulting in undifferentiated
type A spermatogonia (1.4 per 100 Sertoli cells) as the only
germ cells remaining [19]. In this model, most of the
hormonally regulated changes in gene expression that are
identified should be in the somatic cells, because nearly all of
the germ cells, which constitute most of the testis mass, are
absent and the remaining type A spermatogonia do not possess
AR [20] or gonadotropin receptors. In support of the
relationship of this model to the normal testes, we noted that
the effect of hormone suppression on extent of progression of
spermatogenesis in irradiated rats, which was to the spermato-
cyte stage with occasional spermatids [21], was similar in that
in nonirradiated rats [22].

Specifically, we analyzed the changes induced by 2-wk
treatments with gonadotropin-releasing hormone antagonist
(GnRH-ant) given along with various combinations of an AR
antagonist (flutamide), testosterone, or FSH to dissect out the
chronic effects of testosterone, LH, and FSH on gene
expression in the somatic cells of testes. The 2-wk treatment
was chosen because it produces minimal changes in the cellular
composition of the testis [3, 23]. However, based on the
initiation of spermatogonial differentiation after 4 wk of
GnRH-ant treatment [3, 24], the primary and secondary
changes in gene expression could be expected to have occurred
by 2 wk. The genes for which expression is regulated by
testosterone or FSH will be considered to be specifically
involved in the reversal of the hormone-mediated inhibition of
spermatogonial differentiation in toxicant-treated rats and,
possibly, in the support of normal spermatogenesis. Further-
more, comparisons between nonirradiated control and irradiat-
ed rats would show which genes are expressed primarily in
germ cells and which primarily in the somatic cells and, of
those localized to the somatic cells, the ones for which
expression is increased by irradiation.

MATERIALS AND METHODS

Animals

The LBNF
1

male rats were obtained from Harlan Sprague-Dawley and
irradiated at approximately 8 wk of age. Animals were housed under a 12L:12D
photoperiod and allowed food and water ad libitum. Animal facilities were
approved by the American Association for the Accreditation of Laboratory
Animal Care, and all procedures were approved by the Institutional Animal
Care and Use Committee.

Irradiation

Rats were anesthetized, and all except nonirradiated controls were irradiated
to the lower part of the body with a single dose of 6 Gy of 60Co gamma
radiation as described previously [21, 24].

Animal Groups and Treatments

The schematic of the experimental design is illustrated in Figure 1. Five
groups of animals were used. The nonirradiated control group (group C)
received only sham or placebo treatments. One group received only irradiation
(group X). The other three irradiated groups were treated, starting 15 wk later,
with the GnRH-ant acyline (National Institute of Child Health and Human
Development) and either the AR-antagonist flutamide (group XAF), testoster-
one (group XAT), or flutamide plus human FSH (hFSH; group XAFF). Acyline
was dissolved in water and administered as weekly subcutaneous injections of
1.5 mg/kg [24]. Testosterone was administered via three 8-cm-log Silastic
capsules (inner diameter, 2 mm; outer diameter, 3.2 mm; Dow Corning Corp.)
[25]. Flutamide was administered either by subcutaneous implantation of a
pellet (Innovative Research of America) calculated to deliver 20 mg kg�1 day�1

for 2 wk [25] or in four 5-cm-long Silastic capsules, which gave results
equivalent to the pellets [26]. Recombinant hFSH (5 U/lg, based on
bioactivity; National Hormone and Peptide Program) was dissolved in saline
and placed in Alzet (model 2001; Durect Corp.) osmotic pumps and implanted
subcutaneously to produce a dose of 4 U/day [3]. Pumps were replaced after 1
wk. Rats were killed after 2 wk of hormonal treatment for RNA extraction,
hormone measurements, and histological analysis. Blood was collected by
terminal cardiac puncture. The testes were weighed, and one was processed for
RNA extraction. A portion of the other testis was fixed in Bouin solution for
histological examination, and the remainder was reweighed, homogenized in
water, and stored at�208C for intratesticular testosterone (ITT) measurements.

Assessment of Spermatogenesis

Tubule differentiation index was determined by counting the number of
tubules with differentiating germ cells (at least three cells that had reached the
type B spermatogonial stage or later) in sections from methacrylate-embedded
tissue stained with periodic acid-Schiff reagent and hematoxylin [27].

Hormone Measurements

Serum testosterone and ITT concentrations were measured using coated-
tube radioimmunoassay kits (DSL 4000; Diagnostic Systems Laboratories) as
described previously [25]. Rat serum FSH and LH levels were measured using
immunofluorometric assays (Delfia; Perkin Elmer Wallac) as described
previously [3, 25, 28, 29]. Rat serum FSH measurements were adjusted for
the cross-reaction contribution of hFSH (for details, see Supplemental Methods;
all Supplemental Data are available online at www.biolreprod.org).

RNA Preparation and Microarray Hybridization

Testis tissue samples were immediately placed in RNAlater (Qiagen) and
stored at �208C until total RNA was extracted using the RNeasy Midi kit
(Qiagen). RNA quality was determined by electrophoresis and by 230-, 260-,
and 280-nm absorption readings (NanoDrop). Ten micrograms of total RNA
from each sample were submitted to the Genomics Facility at M.D. Anderson
Cancer Center for microarray hybridization using the Rat 230 2.0 GeneChips
(Affymetrix).

Two separate sets of microarray runs, using a relatively large number of
samples for each, were performed. The final data set (after exclusion of outliers
in cluster plots) involved comparison of 10 nonirradiated control (group C) and
five irradiated (group X) samples for the first microarray run and comparison
among the irradiated group (14 group X samples) and the hormonal treatment
groups (11 group XAF, 5 group XAT, and 5 group XAFF samples) for the
second run.

Data Analysis

After normalization among the arrays, the expression levels within each
chip were divided by the median value of all the probes for which expression
was regarded as present on the array and were then log base 2 transformed.
Only probes that had a present call based on the Affymetrix criteria in more
than 70% of the chips for at least one treatment group were used in subsequent
analysis. The statistical significance of changes in expression level for each
probe between two treatment groups was determined with the Student t-test,
with P , 0.05 being considered as significant. In addition to having statistical
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significance, probes were considered to be hormonally regulated only if the
changes in expression met fold-change criteria described in the Supplemental
Methods. Briefly, only differences of 1.41-fold or greater between the X and
XAF groups and of 1.26-fold or greater between the other hormonal treatment
groups, with P , 0.05 as determined by a t-test, were considered to be
potentially statistically and biologically significant. Array data sets were
deposited in Gene Expression Omnibus as GSE15223 and GSE15243.

The probes were related to specific genes according to the Affymetrix
annotation of the GeneChips on November 5, 2007, using the UniGene Build
165. When multiple probes were associated with a specific UniGene entry, they
were ranked according to the quality of the probe set, the presence in the
treatment groups, and the level of expression (Supplemental Table S1).

For calculation of the minimum fold-induction of expression level after
irradiation (group X vs. group C) in Table 1, expression levels of these genes
were so low in nonirradiated control testes that they were classified as absent in
the control testes by the Affymetrix criteria. In these cases, fold-induction in
expression was calculated using the average of the expression values of the 100
most weakly expressed present probes (�3.73) as baseline. For the listed genes,
the average SEMs were 5% of the mean fold-induction.

For calculation of the minimum fold-induction of expression level by
irradiation after maximal hormone effect correction (group XAF vs. group C) in
Table 1, the maximal hormone effect correction of the fold-induction in
expression was calculated by taking the fold-induction of expression resulting
from irradiation [2(X�C)], which is associated with moderate increases in
hormone levels, and multiplying it by the fold-change resulting from
testosterone/LH/FSH suppression [2(XAF�X)], which is associated with even
larger decreases in the elevated hormone levels in the irradiated testis to below
the levels observed in nonirradiated control testes. In these expressions, C, X,
and XAF are the log

2
-transformed values of the normalized expression levels of

the probe in the control, irradiated, and irradiated plus GnRH-ant plus flutamide
groups, respectively.

The canonical pathways and functional analysis were generated through the
use of Ingenuity Pathway Analysis (IPA; Ingenuity Systems) as instructed by
the manufacturer.

Quantitative Real-Time PCR

Total RNA (3 lg) was used to generate the template cDNA using the
Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Sciences).
Quantitative real-time PCR was performed using the Rotor-Gene 3000
thermocycler (Corbett Research) with the primer sequences and conditions
listed in Supplemental Table S2. Relative levels of mRNA concentrations were

calculated using Rotor-Gene 6.0 software and normalized using ribosomal
protein S2 (Rps2). All samples were run in triplicate. The rat testis samples used
in the real-time PCR were partially overlapping with the samples used in the
microarray hybridization.

RESULTS

We first examined changes in gene expression after
irradiation. We then identified genes that were regulated by
testosterone, FSH, and LH, respectively, in irradiated testes.

Germ Cell-Specific and Somatic Cell-Expressed Genes

Whereas the nonirradiated control rat testis contains largely
germ cells (20 per Sertoli cell) [10, 30], the irradiated rat testis
contains very few germ cells (0.015 per Sertoli cell)
(Supplemental Fig. S1, A and B), making the comparison of
genes expressed useful for identifying germ and somatic cell
genes. All somatic elements, including Sertoli cells, peritubular
myoid cells, Leydig cells, macrophages, and vascular cells,
were present (Supplemental Fig. S1Bi). Microarray analysis of
control and irradiated rat testes revealed a total of 14 021 genes
(distinct UniGene entries) expressed in either normal or
irradiated rat testis (see Supplemental Table S1 for results of
all probes). Among them, 1489 genes were scored as present
only in normal testes, and 4808 were scored as present only in
irradiated testes. The large number of genes that appeared to be
present only in irradiated testes is mostly a consequence of the
increased sensitivity for detection of somatic cell genes that
resulted from the germ cell depletion and, hence, a greater
concentration of somatic cell RNA. We then used cutoff values
to identify whether these genes are primarily expressed in the
germ or somatic cells. Because the microarray data were not
compensated for changes in cellular composition, the apparent
levels of RNA from somatic cell-enriched genes that were
unchanged in expression per cell would be increased in the
irradiated testes. Indeed, the average increase in expression in
the microarray of three Sertoli cell-specific genes for which the
expression was not hormonally regulated (Wt1, Clu, and
Cldn11) was 4.3-fold. We therefore used a cutoff of at least a
fourfold increase to define genes that were highly likely to be
somatic cell-enriched. In addition, we chose an arbitrary 10-
fold or greater increase as a cutoff for somatic genes that were
upregulated as a consequence of irradiation. Because irradia-
tion depleted all differentiated germ cells in the testis, we
initially chose a 10-fold or greater decrease as a cutoff for germ
cell-specific genes. Based on these restrictive criteria, 674
genes were expressed primarily in germ cells and 2534 mainly
in somatic cells, but the majority (9718 genes) could not be
localized (Supplemental Table S1, column ‘‘Somatic or

FIG. 1. Schematic of experimental design.

TABLE 1. Somatic cell genes that are maximally upregulated after irradiation.

Gene

Minimum fold induction
of expression level

after irradiation (X vs. C)a

Minimum fold induction
of expression level by irradiation

after maximal hormone effect
correction (XAF vs. C)a

RGD:708447 (previously known as Testin, GenBank accession no. NM_173132) 101 107
Wingless-related MMTV integration site 4 (Wnt4) 83 68
Tumor necrosis factor receptor superfamily, member 1a (Tnfrsf1a) 71 44
UniGene Rn. 160119 (probe 1389908_at) 57 52
UniGene Rn. 23216 (probe 1385925_at) 52 56
Cathespin A (Ctsa) 51 30
Phospholipid transfer protein (predicted) (Pltp_predicted) 48 44
Osteoglycin (predicted) (Ogn_predicted) 47 16
ST3 beta-galactoside alpha-2,3-sialyltransferase 4 (St3gal4) 47 45
Similar to SPI6 (Serpinb9) 46 38

a Calculation methods are described in the Materials and Methods.
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Germ’’). The most highly expressed germ cell-specific and
somatic cell-enriched genes are listed in Supplemental Table
S3.

A total of 597 somatic cell-enriched genes showed more
than a 10-fold increase in expression after irradiation. Ten of
these genes were even upregulated by more than 45-fold after
irradiation (Table 1).

Hormone Levels and Cellular Complement

As shown previously [21], irradiation increased ITT, FSH,
and LH levels (Fig. 2). Treatment of irradiated rats with GnRH-
ant along with flutamide (group XAF) markedly reduced serum
testosterone to near baseline, but substitution of testosterone
(group XAT) for flutamide raised serum testosterone to
supraphysiological levels (Fig. 2A). In contrast, ITT concen-
trations, which were also markedly reduced by GnRH-ant
treatment, were only partially restored by exogenous testoster-
one treatment (Fig. 2B). Endogenous rat FSH was also reduced
in the XAF group, but exogenous testosterone treatment largely
reversed this suppression (Fig. 2C). Treatment of rats with
exogenous hFSH (group XAFF) raised the serum level of
hFSH in the rats (Fig. 2D) to well above the median FSH level
in normal human males (3.3 IU/L) [31]. LH levels were
decreased to below the limit of detection in both the XAF and
XAT groups (Fig. 2E). Detectible LH levels, averaging 33% of
those in irradiated-only rats, were observed in most group-
XAFF rats treated with exogenous hFSH, the reasons for which
are not known. We have ruled out cross-reaction of hFSH in
the rat LH assay, but it is possible that some metabolites of
hFSH do cross-react in this assay. However, as will be shown
later, the exogenous hFSH stimulated expression of a different
set of genes than were stimulated by LH, indicating that this

increased LH level detected by the antibody is not of biological
significance.

The histological changes in the irradiated rat testes after 2
wk of hormonal treatment were minimal (Supplemental Fig.
S1, B–E). The only consistent qualitative changes we observed
in the somatic component was a reduction in nuclear size and
apparent cytoplasmic size of Leydig cells when treated with
GnRH-ant (Supplemental Fig. S1, compare Ci, Di, and Ei with
Bi) [32]. With respect to the germ cells, GnRH-ant treatment
induced only a doubling of the number of type A spermato-
gonia [23]. A few differentiating germ cells (type B
spermatogonia or later) were observed in only 2% of the
tubules in group XAF (amounting to ,1 type B spermatogo-
nium per 100 Sertoli cells) and in less than 0.22% of the
tubules in other irradiated groups (Fig. 2F). Therefore, we
deemed the 2-wk time point to be suitable for microarray
analysis.

Relationship of Patterns of Gene Expression
to Hormone Levels

To determine the roles of testosterone, FSH, and LH in their
expression, genes were first divided into three patterns of
change in response to total hormonal suppression with GnRH-
ant plus flutamide (group XAF): pattern I, decreased; pattern II,
increased; and pattern III, small or nonsignificant changes (Fig.
3).

To distinguish genes specifically regulated by testosterone/
FSH from those regulated by LH, these patterns were further
subdivided depending on whether the expression increased (A),
decreased (B), or remained unchanged (C) upon the replace-
ment of flutamide with testosterone (group XAT). This
substitution increased the levels of testosterone and FSH,

FIG. 2. Hormone levels (A–E) and sper-
matogonial differentiation as assessed by
tubule differentiation indices (TDI; F) of
nonirradiated control and irradiated rats
receiving different hormonal treatments for
2 wk. The data for hormone levels are
presented as the mean 6 SEM calculated
from either untransformed data (FSH, TDI)
or from log-transformed data (serum testos-
terone [T], ITT, LH) obtained from individ-
ual rats. Except for the hFSH assay, all other
assays had 5–19 animals in each group. For
the hFSH assay, seven animals were used in
group XAFF. Only one animal from groups
C, X, and XAF were assayed, and hFSH was
not determined (N.D.) for group XAT,
because in our experience, rats not treated
with hFSH do not show any detectable
levels in the hFSH assay. ANOVA was used
for the statistical analysis. Lowercase letters
a, b, c, and d indicate the values in different
groups are significantly different (P , 0.05).
An uppercase letter L indicates that the
concentration was below the detection limit
in some or all samples of the group.
Detectable levels of LH were observed in
most of the rats in group XAFF, but the
reason is unknown. Please note that the
levels of the serum testosterone, ITT, and LH
are expressed at log scales.
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whereas no detectable changes occurred in the level of LH
(Fig. 2). The genes that showed changes in expression upon
testosterone/FSH/LH suppression that were not even partially
reversed by testosterone substitution were considered to be LH
regulated. Because LH levels were at the limit of detection in
the XAF and XAT groups (Fig. 2), the actual LH levels in these
two groups were uncertain. If the LH levels were further
reduced in group XAT, we would expect LH-regulated genes
to show patterns IB or IIA (Fig. 3). However, if LH levels were
unchanged between the XAF and XAT groups, we expect that
LH-regulated genes would show patterns IC or IIC, but could
show patterns IB or IIA if the genes were regulated in one
direction by LH and in the opposite direction by testosterone or
FSH. Hence, genes with the IB, IC, IIA, and IIC patterns of
gene expression changes will be considered to be LH-
regulated.

The genes with expression patterns IA and IIB were
subdivided further into patterns in which this change upon
treatment with testosterone (group XAT) was less than or equal
to that induced by hormonal suppression (patterns IAa and
IIBa) and those in which the change in expression was greater
(patterns IAb and IIBb) (Fig. 3). Because this treatment only
partially restored ITT and FSH but greatly elevated serum
testosterone (Fig. 2), the hormonal regulation of genes with
patterns IAa and IIBa should be through ITT or FSH levels,

whereas the regulation of genes in groups IAb and IIBb should
correlate with the serum levels of testosterone.

Comparison of the expression levels in the rats treated with
the XAF regimen versus the XAFF regimen was used to
identify genes in the various subgroups that were positively
(Fsþ) or negatively (Fs�) regulated by FSH, although they
may also be regulated by other hormones besides FSH. In
particular the hormonal regulation of the genes with patterns
IAa and IIBa, which were already shown to be regulated by
ITT or FSH, was further defined by the changes in gene
expression when FSH was added (group XAFF) to the
treatment with GnRH-ant plus flutamide (group XAF). Genes
with patterns IAa or IIBa for which expression was changed by
FSH addition in a manner similar to that of testosterone
replacement were considered to be mainly regulated by FSH;
all others were considered to be regulated by ITT.

Finally, some genes (pattern III) did not have their
expression altered by testosterone/FSH/LH suppression. The
expression of some of these was changed by the addition of
testosterone (patterns IIIA and IIIB); however, their expression
patterns cannot be explained simply by hormone changes. All
the other genes (pattern IIIC after excluding FSH-regulated
genes) were considered to be unaffected by all of these
hormone manipulations.

FIG. 3. Definition of patterns of changes in
gene expression and numbers of genes in
different patterns. Comparisons were first
made among changes in expression of
genes in testes of irradiated rats (group X);
after suppression of FSH, LH, and testoster-
one (T; group XAF); and after addition of
exogenous testosterone (group XAT) to
determine the regulation of the probe based
on testosterone/FSH/LH suppression and
testosterone addition. Then, the genes in
each pattern were subdivided according to
their response to addition of exogenous FSH
(group XAFF) as being either increased (Fsþ)
or decreased (Fs�). a Genes were counted
only if they could be placed in the indicated
categories by being present in the groups
that were being compared or, if present in
only one group, the values were signifi-
cantly higher than those in the other group.
b If the levels of LH, which were below the
limit of detection of the assay, were actually
further reduced in group XAT compared to
group XAF, then no need exists to invoke
regulation by ITT/FSH. c Any difference is
either small or not significant. d Pattern not
simply explained by hormonal changes and
may involve complex, counterbalancing
regulation by LH and ITT/FSH.
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Assignment of Genes to Different Hormonally Regulated
Expression Patterns

The assignment of all genes to the various patterns is given
in Supplemental Table S1.

When the genes with patterns IAa (positively regulated by
ITT/FSH) or IIBa (negatively regulated by ITT/FSH) were
further subdivided according to their regulation by FSH (Fig.
3), most were shown not to be regulated by the FSH levels and,
hence, must be regulated by the ITT levels. Among the FSH-
regulated genes with these two expression patterns, the
direction of actual FSH regulation was nearly always consistent
with the predicted assignment based on comparing groups X,
XAF, and XAT. For instance, all of the 14 FSH-regulated
genes in group IAa were positively regulated by FSH (Fsþ),
and of the 30 FSH-regulated genes in group IIBa, 28 were
negatively regulated (Fs�).

In contrast to the large number of genes with patterns IAa
and IIBa, only one gene had pattern IAb, and none had pattern
IIBb. This emphasizes that the testosterone regulation of gene
expression was not correlated with the serum testosterone
levels but, rather, with the ITT levels, as indicated earlier.

Among the putative LH-regulated genes, most showed no
significant changes when testosterone was substituted for
flutamide in the treatment regimen, and 408 were assigned to
pattern IC (upregulated by LH) and 342 to IIC (downregulated
by LH). A small number showed further changes in the same
direction when testosterone was restored as when all hormones
were suppressed (patterns IB and IIA).

A total of 104 positively FSH-regulated and 391 negatively
FSH-regulated genes were identified by comparing the
expression levels in the rats in group XAFF with those in
group XAF (Supplemental Table S1, column ‘‘Exp. Change
Fs’’). Most of these genes fell into seven of the 11 patterns
described in Figure 3. However, some could not fit into the

patterns described above, because they were not expressed in
one or more treatment group.

Appreciable numbers of genes showed some weak but
complex hormonal regulation according to patterns IIIA (211
genes) and IIIB (184 genes), but the changes in expression
were only, at most, twofold. However, the major portion (9166
genes) of the gene entries was not regulated at all by hormones.

Hormonally Regulated Genes

Among the genes regulated by the intratesticular levels of
testosterone, not only were more genes positively (.240
genes) regulated than negatively (,120 genes) regulated (Fig.
3), the expression-fold changes were more dramatic for the
positively regulated ones (Table 2) [33–45]. The 10 genes that
were most strongly upregulated by ITT had at least a sevenfold
decrease in expression upon testosterone/FSH/LH suppression,
whereas none of the genes downregulated by ITT showed more
than a 3.7-fold change. Unfortunately, we were unable to assay
for the well-known testosterone-regulated gene, Rhox5 [46],
because no probe is available for it on the rat microarray and,
furthermore, its androgen-dependent proximal promoter is
inactive in irradiated rat testes [47].

Among those genes that were the most strongly downreg-
ulated by testosterone levels, the only one that has been well
characterized in the testis is Inhbb, which codes for the bB
chain of inhibin B and activin B and is expressed in Sertoli
cells. The RIKEN cDNA 4930517K11 is a not-yet-character-
ized transcribed sequence, which is highly expressed primarily
in germ cells. Three additional germ cell-specific genes—Ret,
testis-specific cytochrome c (Cyct), and synaptonemal com-
plex protein 3 (Sycp3)—also show a twofold or greater
downregulation by testosterone (Supplemental Table S1). We
propose that it was the increased number and differentiation of
these germ cells after 2 wk of suppression of ITT levels that
made it appear these genes had been downregulated by the

TABLE 2. Genes that are maximally regulated by testosterone.

Gene

Fold change upona Putative cellular localization

T/FSH/LH-suppression
(XAF vs. X)b

T-addition
(XAT vs. XAF)

FSH-addition
(XAFF vs. XAF)c Microarray Reference

Upregulated by testosterone

Phenylalanine hydroxylase (Pah) �48.3 þ9.1 Absent Somatic Interstitial [33]
Insulin-like 3 (Insl3) �22.4 þ3.4 þ1.2 (NS) Somatic Leydig [34]
Carboxylesterase 3 (Ces3) �13.5 þ2.9 �1.0 (NS) Somatic Leydig [35]
Camello-like 5 (Cml5) �9.0 þ1.5 þ1.0 (NS) Somatic
Argininosuccinate synthetase 1 (Ass1) �8.8 þ1.6 þ1.1 (NS) Somatic Interstitial [36]
Similar to myo-inositol 1-phosphate

synthase A1 (LOC290651) (Isyna1)
�8.6 þ7.4 �1.0 (NS) S/G Germ, other [37]

UniGene ID Rn. 26489 (belongs to UDP
glycosyltransferase 1 family, Ugt1a)

�8.3 þ2.0 þ1.2 (NS) Somatic Various [38, 39]

Alcohol dehydrogenase 1 (class I) (Adh1) �8.3 þ2.9 þ1.2 (NS) Somatic Interstitial [40],
Sertoli & Leydig [41]

Defensin beta 24 (Defb24) �8.1 þ3.4 þ1.0 (NS) G/S Sertoli [42]
Adrenomedullin receptor

(Admr, now known as Gpr182)
�7.2 þ1.8 Absent Somatic Sertoli & Leydig [43]

Downregulated by testosterone

Similar to asporin precursor (LOC306805) þ3.7 �2.8 �1.1 (NS) Somatic
Myosin, heavy polypeptide 6 (Myh6) þ2.9 �1.8 þ1.1 (NS) S/G
Similar to RIKEN cDNA 4930517K11

(LOC497860)
þ2.9 �2.2 �1.3 Germ Germ cells [36]

UniGene Rn.41149 (Probe 1377513_at) þ2.8 �1.4 þ1.0 (NS) G/S
Inhibin beta-B (Inhbb) þ2.8 �1.9 �1.0 (NS) S/G Sertoli [44], germ cells [45]

a For the listed genes, the average SEM of the fold changes was 14% of the mean fold changes.
b The P values of all the differences in expression for upregulated genes were less than 10�9 and for downregulated genes were ,10�4.
c NS, not significantly different from 1.0.
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testosterone levels in the irradiated testes. This phenomenon
further reduces the number of genes actually downregulated
by testosterone.

The changes in gene expression resulting from LH (less than
fivefold upregulation) (Table 3) [33, 36, 48–52] were less
dramatic than the changes resulting from testosterone (Table
2). In contrast to the many well-known genes, including
Cyp17a1, Hsd11b1, and Cyp11a1, that were upregulated by
LH, the LH-downregulated genes were more weakly ex-
pressed, and many were not identifiable.

The changes in expression of genes attributable to FSH were
even more modest than the regulation observed with LH, with
no genes showing upregulation by more than 2.5-fold or
downregulation by more than 1.9-fold (Table 4 and Supple-
mental Table S1, column ‘‘Fs/F or �F/Fs’’) [33, 36, 53–55].
Several of these (Dkk3, Inha, Col18a1, Wfdc10, and Scn3b)
were primarily expressed in Sertoli cells (Table 4). Among the
FSH-downregulated genes were also an appreciable number of
germ cell genes, such as Chchd6, Pcbp3 (Table 4), Ret, Cyct,
and Sycp3. As was the case with the apparent testosterone
downregulation of germ-cell genes described earlier, the
apparent FSH downregulation of such genes may also have
been a result of the enhancement of the block in spermatogo-
nial differentiation caused by addition of FSH. To demonstrate
that the apparent LH levels in the FSH-treated rats were not
biologically significant, we examined the 10 most strongly LH-
upregulated genes for changes in expression after FSH
treatment. Just one, Dpt, showed even a marginal increase,
and that occurred only with one of the two probes for this gene
on the microarray.

In contradistinction to the hormonally regulated genes
described above, the majority of the genes were quite stable
across the different treatment groups (pattern IIIC excluding
Fsþ and Fs–) (Fig. 3 and Supplemental Table S1, columns

‘‘Exp. Pattern’’ and ‘‘Exp. Change Fs’’). Among the most
highly expressed of these genes were the housekeeping genes
beta-actin (Actb) and the ribosomal proteins, including Rps2;
hence, these are appropriate for use as the internal controls in
real-time RT-PCR comparisons of the gene expression changes
with the different hormonal treatments. In addition, several
strongly expressed Sertoli cell-specific genes, clusterin (Clu)
and claudin 11 (Cldn11), cathepsin L (Ctsl), and Wilms tumor
1 (Wt1), were not hormonally regulated.

Confirmation of Array Data by Real-Time RT-PCR

Up to three genes (most of which were chosen because they
have reported roles in testis functions) from each hormone-
regulated expression pattern from the microarrays, except for
patterns IAb, IIA, and IIBb, which contain no genes or only
one gene, were tested by real-time PCR (Supplemental Fig.
S2). In general, the real-time PCR results agreed well with the
array data. In only two of these instances did the PCR results
put a gene into a different category than the microarray did.
The real-time PCR results for Igfbp3 showed that it was
increased significantly with GnRH-ant plus flutamide treatment
and decreased significantly by testosterone addition and,
therefore, should have pattern IIB, whereas array data did not
detect these differences as being significant, thus assigning it to
pattern IIIC. On the other hand, the microarray results indicated
that Timp1 was increased significantly with the addition of
FSH, but the real-time data did not confirm that the increase
was significant.

The microarrays also identified a set of genes known to be
activated by liver X receptors (LXR) [56] that were found to
have more than a 10-fold increase in expression after
irradiation (for details, see Discussion). Real-time PCR

TABLE 3. Genes that are maximally regulated by LH.

Gene

Fold change upona Putative cellular localization

T/FSH/LH-suppression
(XAF vs. X)b

T-addition
(XAT vs. XAF)c Microarray Reference

Upregulated by LHd

Similar to RIKEN cDNA 1700012B09 (predicted)
(RGD1561795_predicted) Probe 1385500_at

�4.8 þ1.0 (NS) G/S Germ cells [36]

Cytochrome P450, family 17, subfamily a,
polypeptide 1 (Cyp17a1)

�4.6 �1.3 (NS) Somatic Leydig

Hydroxysteroid 11-beta dehydrogenase 1 (Hsd11b1) �4.0 þ1.4 (NS) Somatic Leydig [48]
Cytochrome P450, family 11, subfamily a,

polypeptide 1 (Cyp11a1)
�3.8 �1.7 Somatic Leydig

Solute carrier family 7, member 5 (Slc7a5) �3.2 þ1.2 (NS) S/G
Solute carrier family 1, member 3 (Slc1a3) �3.1 þ1.4 (NS) Somatic Interstitial [33]
UniGene Rn.207865, Probe 1391490_at �3.1 þ1.1 S/G
Glutathione-S-transferase, alpha type 2 (Gsta2) �3.0 þ1.2 (NS) S/G Sertoli [49], Leydig [50]
Scavenger receptor class B, member 1 (Scarb1) �3.0 �1.2 (NS) Somatic Sertoli, Leydig [51]
Dermatopontin (predicted) (Dpt_predicted) �3.0 �1.5 (NS) Somatic Interstitial [33]

Downregulated by LHe

UniGene Rn.205013 Probe 1393559_at þ9.3 þ1.3 Not calculablef Somatic, Spermatogonia [36]
UniGene Rn.33916 Probe 1373130_at þ3.7 �1.1 (NS) G/S
UniGene Rn.173324 Probe 1380785_at þ2.7 �1.6 (NS) S/G
Stanniocalcin 1 (Stc1) þ2.6 þ1.2 Not calculablef Sertoli & Leydig [52]
Rap1 interacting factor 1 homolog (yeast) (Rif1) þ2.5 �1.8 (NS) Not calculablef Various [36]

a For the listed genes, the average standard errors of the mean of the fold changes was 13% of the mean fold changes.
b The P values of all the differences in expression for upregulated genes were ,10�7 and for downregulated genes were ,10�5.
c NS, not significantly different from 1.0.
d Patterns IB and IC.
e Patterns IIA and IIC. All 5 genes listed had pattern IIC.
f The cellular localization cannot be determined because probe was scored as ‘‘absent’’ in nonirradiated control and irradiated testis. The probe was only
significantly expressed after hormonal suppression.
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(Supplemental Table S4) confirmed the microarray observa-
tions of these increases.

DISCUSSION

In the present study, we used irradiated rat testes as a model
to investigate the changes in gene expression profiles upon
hormonal modulation and radiation-induced germ cell deple-
tion. By comparing normal rat testes with irradiated rat testes,
many germ cell-specific and somatic cell-enriched genes could
be identified. Also, somatic genes that were highly upregulated
as a result of irradiation could be distinguished. Most
importantly, genes in somatic cells that were regulated by
testosterone, LH or FSH, respectively, could be identified in
this unique model, which contains almost exclusively somatic
cells. In particular, we analyzed the genes that were strongly
regulated by testosterone (patterns IAa and IIBa) to identify
factors critical for the recovery of spermatogonial differentia-
tion after irradiation. It should be noted, however, that
differences in somatic cell gene expression exist between the
irradiated and the nonirradiated testis (Table 1) [47], and that
these differences may affect the response of specific genes to
hormonal regulation. Therefore, the possibility that some genes
identified in this model may display different hormonal
regulation in the normal testis needs to be considered.

Distinguishing Germ Cell-Specific and Somatic
Cell-Enriched Genes

This method of distinguishing germ cell-specific and
somatic cell-enriched genes appeared to be quite useful and
was generally accurate. Of the 10 most highly expressed germ-
cell genes listed in Supplemental Table S3, eight (Gsg1, Oaz3,
Odf2, Smcp, Odf1, Tnp1, Crisp2, and Tnp2) are all well-known
male germ cell-specific genes, and Hspb9 has also been shown
to be germ-cell specific [57]. Cmtm2a (previously known as

Cklfsf1) is highly expressed in spermatocytes [58], and the data
of the current study now indicate it to be germ-cell specific.

We further compared our array results with published data
using the same microarray system that was previously used to
distinguish genes expressed in Sertoli cells, spermatogonia plus
early spermatocytes, pachytene spermatocytes, and round
spermatids [59]. Among the 797 probe sets (probe sets instead
of UniGene entries are counted for easier comparison with
other arrays) that were defined as germ-cell specific based on
the 10-fold reduction after irradiation (Supplemental Table S1),
749 (94%) of them had at least fourfold higher expression
levels in one of the four germ cell types than in Sertoli cells
[59] and, hence, appear to be germ-cell genes. The genes with
lower fold-decreases after irradiation (4- to 10-fold) were also
mostly germ-cell genes. Of the 812 probe sets within this
range, 614 (76%) were considered to be germ-cell genes based
on the enrichment of expression compared to Sertoli cells.

Originally, one limitation of this analysis was that it could
not, on its own, distinguish between somatic cell-enriched
genes downregulated by irradiation [47] and germ cell-specific
genes. However, we can now determine some somatic cell-
enriched genes that were downregulated by combining the
present results with the above-mentioned database on gene
expression in separated seminiferous tubule cells [59]. The cell
separation studies show that two genes, Prnd (prion protein 2
probe set 1384924_at) and MGC114529 (similar to melanoma
antigen family A, 10, probe 1382906_at) are highly expressed
in Sertoli cells but absent in germ cells; therefore, these should
be somatic cell-enriched genes that were downregulated upon
irradiation. Among the 10 most strongly expressed somatic
cell-enriched genes (Supplemental Table S3), our localization
of most of them is supported by published reports using
immunohistochemistry, in situ hybridization, separated cells, or
other array data using different separated testicular cell types
[33, 36, 49, 54, 60].

In addition, the somatic genes that were upregulated by
irradiation were identified (Table 1). The three most strongly

TABLE 4. Moderate–strongly expressed genes that are maximally regulated by FSH.

Gene

Fold change
upon FSH additiona

(XAFF vs. XAF)
Expression

pattern

False
discovery

rateb

Putative cellular localization

Microarray Reference

Upregulated by FSHc

Rn.211489, Transcribed locus, moderately similar
to NP_001020173.1 protein LOC310926;
Probe 1388985_at

þ2.4 IIIC 31% G/S Various [33, 36]

Dickkopf homolog 3 (Xenopus laevis) (Dkk3) þ1.7 IIIC 0% S/G Sertoli [36]
Rn.168403, Probe 1384707_at, Transcribed locus þ1.6 IAa 0% Somatic
Inhibin alpha (Inha) þ1.5 IIIB 8% S/G Sertoli [53]
Procollagen, type XVIII alpha 1 (Col18a1)d þ1.5 IIIC 31% Somatic Sertoli,

spermatogonia [36]

Downregulated by FSHc,e

WAP four-disulfide core domain 10 (Wfdc10) �1.9 IIIA 3% S/G Spermatogonia
Sertoli [36]

Sodium channel, voltage-gated, type III, beta (Scn3b)d �1.7 IIC 0% S/G Sertoli [36]
Coiled-coil-helix-coiled-coil-helix domain containing 6

(predicted) (Chchd6_predicted)
�1.6 IIIC 3% Germ Spermatocytes

Spermatids [54]
WW domain binding protein 4 (Wbp4) �1.5 IIC 12% S/G Spermatogonia [36]
Poly(rC) binding protein 3 (Pcbp3) �1.5 IIC 0% Germ Spermatocytes

Spermatids [36]

a For the listed genes, the average standard error of the means of the fold changes was 14% of the mean fold changes.
b Since some of the P values from the t-test were �10�4, the false discovery rate was calculated by the significance of analysis of microarrays (SAM)
program [55], to evaluate the probability that these changes in genes were significant by chance.
c Since so many of the highly up- or downregulated genes were weakly expressed transcripts, only genes meeting the requirement that the expression with
GnRH-ant þ flutamide was above the median for all genes are listed.
d Regulation of the gene by FSH was confirmed by two independent probes.
e Since so many of the highly downregulated genes were unidentified transcripts, only named genes are listed.
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upregulated ones—RGD:708447 (previously known as Testin,
GenBank accession no. NM_173132), Wnt4, and Tnfrsf1a—
are all expressed in Sertoli cells [49, 61, 62], with RGD:708447
being specifically expressed in these cells. They have important
roles in the testis, because RGD:708447 is a component of
Sertoli-cell junctional complexes [63], Wnt4 is important for
sex-specific vasculature formation and steroidogenic cell
recruitment during gonad development [64], and Tnfrsf1a,
the receptor for tumor necrosis factor alpha, is involved in
Sertoli-cell mediation of toxicant-induced germ-cell apoptosis
[65].

The greatly increased expression of these somatic genes
after irradiation cannot be explained simply by cellular
composition changes and loss of mass of irradiated rat testis.
Rather, it must be caused by additional effects induced by
irradiation, such as 1) germ cell depletion or interruption of
germ cell-Sertoli cell junctions; 2) changes in levels of
hormones, such as ITT, LH, and FSH, which are all elevated
in irradiated rats (Fig. 2); or 3) a direct radiation effect. Germ
cell depletion or interruption of germ cell-Sertoli cell junctions
is, for example, known to upregulate RGD:708447 [66].
Although others have shown that testosterone upregulates
RGD:708447 [67] and FSH upregulates Tnrfsf1a expression
[68] in Sertoli cells, we showed here that even after maximal
correction for the upregulation from increased hormone levels
(Table 1), these genes were still highly upregulated after
irradiation, indicating nonhormonal mechanisms must also be
involved. In contrast, the increase in hormone levels may have
contributed to a significant part of the increase in Ogn
expression (Table 1).

Our microarray data also identified possible cases of
coregulation of genes that may be more direct results of
irradiation. For example, Ctsa (also known as Ppgb) and Pltp,
which were both upregulated more than 40-fold (Table 1), are
adjacent on rat chromosome 3q42. Further investigation of the
upregulation of Pltp, which is a direct target gene of LXRs
[56], by IPA and real-time RT-PCR, revealed that multiple
LXR-target genes, including Apoe, Abca1, Lpl, Cd36, and
Abcg1 [69], were upregulated more than 10-fold by irradiation
of rat testes (Supplemental Fig. S3 and Supplemental Table
S4). This indicates that the LXR/retinoid X receptor (RXR)
pathway is activated in irradiated rat tests. IPA analysis also
showed the upregulation of genes that are involved in
complement system initiation (Supplemental Fig. S4), indicat-
ing the activation of immune function in irradiated rat testes.

Hormonal Regulation of Gene Expression

We were indeed able to dissect the distinct effects of
testosterone, LH, and FSH on gene expression in our irradiated
rat model. It should be noted, however, that because the tissue
was harvested after 2 wk of continuous hormonal changes, the
observed regulation of genes could have resulted from both
direct and indirect actions, which is likely to mimic the in vivo
situation more than acute hormone modulation. These results
revealed that ITT was the most important regulator of somatic
cell gene expression, that LH was also an appreciable gene
regulator, but that FSH produced minimal changes. This
sequence correlates with the severity of reproductive pheno-
types, which were greatest in AR-null mice, intermediate in LH
receptor-null mice, and minimal in FSH receptor-null mice [6,
70, 71].

Three genes (Pah, Insl3, and Ces3) showed very strong
upregulation by testosterone (Table 2). One of these genes,
Insl3, is known to have an important role in the testis and
controls testis descent to the inguinal area during male

embryonic development [72]. Among the genes that were
strongly upregulated by testosterone, most were enriched in
testis interstitial cells, and at least two are already known to be
localized in Leydig cells (Table 2). This suggests that the
Leydig cell is quantitatively the main target of androgen
regulation within the testis. However, except for Gpr182
(previously known as Admr), which has several potential
androgen-response elements in the 50 promoter [73], no
androgen-response elements have been reported in the
promoters of the other genes; hence, it is likely that they are
indirectly upregulated by testosterone.

Evidence in the literature supports some of the changes in
gene expression induced by testosterone (Table 2). Androgen
upregulates the expression of Ces3 in adipose tissues [74] and
some members of UDP glycosyltransferase 1 family, such as
Ugt1a1, in Sertoli cells [38]. Similarly, the presence of AR in
peritubular myoid cells is reported to maintain the expression
levels of Gpr182 [73]. Furthermore, the increased levels of
Inhbb mRNA when Leydig cells are eliminated with ethane
dimethane sulfonate [75] are consistent with our observation
that these levels were downregulated by testosterone. Two of
the genes (Pex11a and Ctgf) that have been reported to be
acutely regulated by testosterone in hpg mouse testes [15] were
regulated in the same directions in irradiated rats (Supplemen-
tal Table S1). In addition, several genes, including Spinlw1
(previously known as Eppin) and Cdo1, that were upregulated
by testosterone in irradiated rats (Supplemental Table S1) were
also chronically upregulated by the presence of AR in control
as opposed to Sertoli-cell AR knockout mice [14]; thus, the
testosterone regulation of these genes most likely occurred in
the Sertoli cell.

Our results also showed some changes in gene expression
that were at variance with some published reports or their
interpretations. Several studies have drawn the conclusion that
Insl3 is under the control of LH because of its significantly
reduced expression levels after treatments that included GnRH-
ant [76, 77]. However, these treatments also decreased ITT.
Our experiments, which include separate treatment groups
(XAF and XAT), showed that Insl3 was quite clearly regulated
by testosterone (Table 2) and not by LH, which was
undetectable in both treatment groups (Fig. 2) [78]. Recently
it has been confirmed that testosterone does increase Insl3
mRNA levels in Leydig cells [79]. Similarly, it has been
reported that LH restores the Isyna1 activity in testes of
hypophysectomized rats [80]; our data further clarify that it is
actually testosterone, not LH, that regulates Isyna1. Whereas
others have reported that Adh1 expression was lower in wild-
type than in either AR-null or hypomorphic mice, and that
testosterone treatment did not induce any changes in Adh1
expression levels in hpg mice [12, 13], our array data (Table 2),
using two different two-probe sets, strongly indicated that in
rats, Adh1 was upregulated by testosterone, in turn indicating a
very significant interspecies difference.

The LH-upregulated genes listed in Table 3 showed a bias
toward those involved in steroidogenic pathways. Cyp17a1 and
Cyp11a1 are in the testosterone biosynthesis pathway,
Hsd11b1 is involved in corticosteroid metabolism [48], and
Scarb1 mediates the uptake of cholesterol esters into the cells
[81]. In addition, our assay showed other steroidogenic-related
genes, including Star, which is responsible for cholesterol
intake in mitochondria; Alas1, which catalyzes the first step of
the heme biosynthesis pathway for mitochondrial cytochromes
[82]; and Fdxr, which transfers electrons to CYP11A1 [83], to
be LH upregulated (Supplemental Table S1). Previous studies
have also shown that LH can upregulate Cyp17a1 [84],
Cyp11a1 [85], Scarb1 [86], Star [87], and Alas1 [82] and
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downregulate Stc1 [52], supporting the validity of our LH-
regulated gene list. Furthermore, our LH-upregulated genes
were predominantly ones expressed in the Leydig cells, or at
least localized to the interstitial compartment, which is
consistent with localization of the LH receptor on the Leydig
cells. IPA analysis revealed that of 68 LH-regulated genes
involved in lipid and steroid metabolism, 61 were upregulated
by LH, and only seven were downregulated by LH (data not
shown), supporting the qualitative observation that these genes
were almost exclusively in the LH-upregulated category.

Although 495 genes were apparently regulated by FSH in
our array analysis using a t-test, the false-discovery rates
indicated that some were most likely valid but that others could
have been identified by chance (Table 4). We have confirmed
the upregulation of Star by real-time RT-PCR, and the
indications of FSH-upregulation of Star, Inha, Pde4b, Wfdc1,
and Sod3 and downregulation of Foxq1 and Map3k1 (Table 4
and Supplemental Table S1) were supported by independent
microarray analyses reported in the literature [9, 10, 16]. We
note that in the present study, the fold-changes of their
expression were smaller than previously reported. This is likely
a result of our 2-wk treatment compared to shorter-term
exposures in the other studies, because even in those shorter-
term assays, many of the genes that were acutely regulated by
FSH already showed declines in their changes in expression
within 24 h [9]. It is also possible that the failure to produce
larger changes in gene expression in our study was a result of
the remaining levels of FSH in the GnRH-ant-treated rats.

In conclusion, using the irradiated rat testis, the present
study successfully identified distinct genes that are regulated
by testosterone, by LH, and by FSH in a single experimental
model. The results clearly show that the hormones induce
much greater upregulation than downregulation of gene
expression. Future studies of separated cells and histological
material are needed to determine the cell types responsible for
the gene profile changes. The data shown here and in the
Supplemental Materials also will be useful for documenting the
in vivo hormonal regulation of other known genes and for
further gene and pathway discovery. Many of these genes and
pathways will likely be involved in the hormonal regulation of
normal spermatogenesis. In this particular model system, the
knowledge of radiation-induced and testosterone-dependent
changes in gene expression will help us to elucidate the genes
responsible for the spermatogonial block in irradiated rat testis
and its reversal by hormone manipulation [2].
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