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Abstract
Molecular events that regulate cellular biosynthesis of steroid hormones have been a topic of intense research
for more than half a century. It has been established that transport of cholesterol into the mitochondria forms
the ratelimiting step in steroid hormone production. In current models, both the steroidogenic acute
regulatory protein (StAR) and the translocator protein (TSPO) have been implicated to have a concerted and
indispensable effort in this cholesterol transport. Deletion of StAR in mice resulted in a critical failure of
steroid hormone production, but deletion of TSPO in mice was found to be embryonic lethal. As a result, the
role of TSPO in cholesterol transport has been established only using pharmacologic and genetic tools in
vitro. To allow us to explore in more detail the function of TSPO in cell typespecific experimental
manipulations in vivo, we generated mice carrying TSPO floxed alleles (TSPOfl/fl). In this study we made
conditional knockout mice (TSPOcΔ/Δ) with TSPO deletion in testicular Leydig cells by crossing with an
antiMullerian hormone receptor type II cre/+ mouse line. Genetic ablation of TSPO in steroidogenic Leydig
cells in mice did not affect testosterone production, gametogenesis, and reproduction. Expression of StAR,
cytochrome P450 side chain cleavage enzyme, 3βhydroxysteroid dehydrogenase/Δ5Δ4 isomerase type I,
and TSPO2 in TSPOcΔ/Δ testis was unaffected. These results challenge the prevailing dogma that claims an
essential role for TSPO in steroid hormone biosynthesis and force reexamination of functional interpretations
made for this protein. This is the first study examining conditional TSPO gene deletion in mice. The results
show that TSPO function is not essential for steroid hormone biosynthesis.
Biosynthesis of steroid hormones in steroidogenic tissues begins with the enzymatic cleavage of the side
chain of cholesterol to form the first steroid pregnenolone (1). This reaction is catalyzed by CYP11A1
(cytochrome P450 side chain cleavage) enzyme that is located on the matrix side of the inner mitochondrial
membrane (IMM) (2, 3). To effect translocation of a hydrophobic molecule like cholesterol from cellular
stores into the mitochondria, only 2 highly conserved protein candidates fulfilled functional criteria: 1) the
channellike translocator protein (TSPO) (4, 5), previously known as the peripheral benzodiazepine receptor
(PBR) that is present in the outer mitochondrial membrane (OMM); 2) the steroidogenic acute regulatory
protein (StAR) (6) that is a mitochondrial cholesterolbinding protein. Clear evidence for the involvement of
StAR in cholesterol translocation came from studies on different StAR mutations that cause congenital lipoid
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adrenal hyperplasia, ranging from an almost complete inability of newborn infants to synthesize steroids (7)
to less severe mutations that retain partial StAR activity (8, 9). This phenotype was corroborated in StAR
knockout mice that showed a critical failure of steroid hormone production (10). Although confirmed,
mechanistic events involved in the transfer of cholesterol mediated by StAR remains a topic of debate (11).
According to the current model, there exists a functional interaction between StAR and TSPO that is
required for cholesterol transport into the mitochondria (12).
TSPO/PBR was originally identified as a receptor showing highaffinity binding to diazepam (13). Although
TSPO was found expressed at different levels in multiple tissue types, abundance in steroidogenic cells (14)
focused attention on a potential discrete function. The 5 transmembrane helix channellike structure of TSPO
indicated a strong possibility for specific substrate translocation (15, 16). Interactions of TSPO with
mitochondrial proteins like voltagedependent anion channel (VDAC) and adenine nucleotide translocator
(ANT) suggested its existence in contact sites between the OMM and IMM (17). Moreover, the presence of
a putative cholesterol recognition amino acid consensus (CRAC) at the Cterminal end of TSPO suggested
cholesterol binding (18). The first study linking TSPO to regulation of steroid hormone biosynthesis
demonstrated that a small molecule ligand PK11195 stimulated steroid hormone production in the Y1 mouse
adrenal tumor cell line (4). This was followed by an identical study using the MA10 Leydig cell line (19).
Although the protein synthesis inhibitor cycloheximide could block trophic hormonedependent transport
from the OMM to IMM (20, 21), PK11195induced steroid hormone production was not inhibited by
cycloheximide (5). This suggested that TSPO action did not depend on acute synthesis of proteins like StAR
to elicit a steroidogenic response (6, 22) and that its action was linked to cholesterol already situated within
the OMM. In support of this conclusion, TSPO gene disruption in the R2C Leydig cell line resulted in
failure of pregnenolone production (23). Moreover, TSPO antisense oligonucleotides reduced the
steroidogenic capacity of an MA10 Leydig cell line that overexpresses a mitochondriaaffixed StARTom20
fusion protein (24), suggesting a functional cooperation between StAR and TSPO (25).
In addition to its steroidogenic function, TSPO is also known to effect several other cellular actions.
Experimental evidence suggested a direct or indirect TSPO involvement in cell proliferation, apoptosis,
cellular respiration, heme synthesis, stress responses, photosensitization, and malignancy. Studies
highlighting these functions have been extensively documented in review articles (26–28). A case for an
essential function for TSPO in cell survival and development was made when TSPO genedeleted mice were
reported to be embryonic lethal (29).
To explore the precise function of TSPO in steroidogenic cells in vivo, we generated conditional knockout
mice, with specific TSPO deletion in Leydig cells (TSPOcΔ/Δ). Our results demonstrate that TSPO is not
essential for steroid hormone biosynthesis.

Materials and Methods
Generation of TSPOfl/fl floxed mice
Steps involved in the generation of TSPOfl/fl mice were performed by the Mouse Biology Program at the
University of California, Davis. In brief, a TSPOtargeting construct was generated to flank exons 2 and 3 of
the TSPO locus with LoxP sites (Figure 1A) and electroporated for homologous recombination in C57BL/6
embryonic stem cells. Correctly targeted embryonic stem cell clones were selected using longrange PCR (
Figure 1B), loss of allele outside loxP, and neo copy number (Supplemental Table 1 published on The
Endocrine Society's Journals Online web site at http://endo.endojournals.org); 2 clones, 1c3 and 1c6, were
injected into blastocysts to generate chimeric mice. After confirmation of germline transmission, the 1c3
TSPOfl/+ line was bred with a Flpeexpressing mouse [129S4/SvJaeSorGt(ROSA)26Sortm1(FLP1)Dym] to
remove the neomycin resistance (neoR)selectable marker (30). Then TSPOfl/fl female mice were crossed
with antiMullerian hormone receptor type II (Amhr2)cre/+ (31) males and backcrossed to generate
conditional deletions in TSPOfl/flAmhr2cre/+ mice (TSPOcΔ/Δ). The mouse colony was maintained by
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breeding TSPOcΔ/Δ males and TSPOfl/fl female mice to generate TSPOcΔ/Δ offspring of both sexes for
experiments. TSPOfl/fl mice were bred as a separate colony to compare with agematched TSPOcΔ/Δ mice.
All animals used in this study were PCR genotyped using specific primers (Figure 1C and Supplemental
Table 2). ROSA26tdTomato (R26tdTom) reporter females [B6.CgGt(ROSA)26Sortm14(CAGtdTomato)Hze
(32)] were used to confirm recombination induced by the Amhr2cre/+ male mice. R26tdTom reporter mice
were also bred to generate TSPOfl/flR26tdTom homozygous mice to directly mark TSPO deletion.
Animals were maintained in accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and all mouse experiments were approved by the Institutional Animal Care and Use
Committee of Cornell University.
Phenotypic analysis
Testicular weights and seminal vesicle weights were measured to assess the testosteronedependent
development of male reproductive organs in 8 to 10weekold mice. Cauda epididymal sperm counts were
estimated using a hemocytometer as previously described (33). Breeding trials were conducted to quantify
litter sizes from both TSPOfl/fl and TSPOcΔ/Δ males and TSPOcΔ/Δ females. At least 5 individual
males/females for each genotype were examined, evaluating not more than 2 litters for each individual pair.
Histology
Tissues were fixed with 4% formaldehyde and embedded in paraffin, and 4μm sections were prepared.
Immunohistochemistry was performed using a rabbit monoclonal antiTSPO antibody (Abcam) and a
polymerized HRPconjugated secondary antibody for diaminobenzidinebased chemistry. Alternate tissue
sections were stained with hematoxylin and eosin to visualize morphology. For analysis of R26tdTom
reporter, fixed tissues were embedded in optimal cutting temperature compound, and frozen sections were
prepared and mounted using Prolong Gold with 4′,6diamidino2phenylindole (Life Technologies).
Microscope images were acquired using either a DFC365 FX or an ICC50HD camera (Leica).
Immunoblots
Samples were sonicated and boiled in Laemmli sample buffer, and total protein was quantified using a micro
BCA colorimetric assay (Pierce Chemical Co.). Proteins were then separated by SDSPAGE, transferred to
polyvinylidene difluoride membranes, and immunoblotted. TSPO protein was detected using the same rabbit
monoclonal antiTSPO antibody (Abcam). StAR protein was detected using a polyclonal antiserum (a
generous gift from Dr. Douglas Stocco, Texas Tech University Health Sciences Center) (6). In brief,
membranes were blocked using 5% nonfat dry milk in Trisbuffered saline containing 0.2% Tween 20.
Primary antibody incubation was multiplexed using rabbit antiTSPO and mouse antiβactin; simultaneous
detection was performed by using IRDye 700 and 800 for the respective primaries using a laser fluorescence
scanner (LiCor). StAR band densities were quantified with intensity profile plots and calculating area under
the curve (AUC) using ImageJ (US National Institutes of Health), and expressed as ratios to actin
expression.
Hormone assays
Testosterone levels in plasma collected from 8 to 10weekold TSPOfl/fl and TSPOcΔ/Δ male mice were
measured using enzyme immunoassay (Oxford Biomedical Research). For stimulation tests, 7.5 IU of human
chorionic gonadotropin (hCG) (EMD Biosciences) was administered ip to male mice, and blood was
collected after 1 hour to measure testosterone in plasma. In female mice, estradiol and progesterone levels
were measured by RIA (Serono Maia) as previously described (34).
RTPCR and quantitative PCR
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Total RNA was extracted from testes, ovary, and femur bone marrow of 8 to 10weekold TSPOfl/fl and
TSPOcΔ/Δ mice using Trizol (Life Technologies). Reverse transcription of 1.5 μg of total RNA was carried
out using Multiscribe reverse transcriptase (Applied Biosystems). To examine TSPO mRNA expression in
the testis by RTPCR, we designed 3 sets of intronspanning primers covering all 4 exons (Supplemental
Table 3). Validated Taqman gene expression assays (Applied Biosystems) were used for quantitative PCR
estimation of TSPO (Mm00437828_m1; spans exons 3 and 4), TSPO2 (Mm01281420_m1), StAR
(Mm00441558_m1), CYP11A1 (Mm00490735_m1), and HSD3B1 (Mm00476184_g1). A relative
efficiency plot was examined for validation, and all experimental samples were analyzed and normalized
with expression level of the internal control gene, GAPDH (Mm99999915_g1). Relative quantification of
foldchange was performed comparing Ct values from individual mice by applying the 2ΔΔCt method (35).
Statistics
Numeric differences between parameters measured in TSPOfl/fl and TSPOcΔ/Δ mice were compared using
a Student's t test; comparisons for more than 2 groups were performed using ANOVA and post hoc Tukey's
test (P < .05 was considered significant). Data were confirmed to satisfy assumptions of normality and
homogeneity of variance. All analyses were performed using Prism 5 (GraphPad).

Results
Design and validation for the TSPOfl/fl locus
The TSPO gene consists of 4 exons, of which exon 1 is noncoding. The translational start site is present in
exon 2. Design of the TSPOfl/fl locus allows for cremediated deletion of exons 2 and 3 of the TSPO gene (
Figure 1). Specific primers amplifying across intron 1 and exon 4 confirmed deletion of exons 2 and 3. The
PCR product from the recombined locus was also sequenced to confirm the deletion (Supplemental Figure
1). Deletion of exons 2 and 3 also induces a 1bp frame shift in the amino acidcoding sequence in exon 4. In
addition, exons 1 and 4 do not have any inframe translation start sites that can allow production of a partial
TSPO peptide. Exon 4 contains 3 outofframe start codons, 2 of which have a stop within 2 amino acids;
one can only produce a meaningless scrambled peptide if translated. The rabbit monoclonal antibody used to
detect TSPO specifically recognizes amino acids 156–169 at the Cterminal end of exon 4. Therefore, use of
this antibody can effectively validate absence of a partial TSPO peptide from exon 4 after recombination.
TSPOcΔ/Δ mice have normal testicular development
The knockin antiMullerian hormone receptor type II (Amhr2) promoterdriven cre recombinase
(Amhr2cre/+) mouse line (31) has been previously used to study Leydig cell and Sertoli cell conditional
deletions (36). Using a ROSA26tdTomato (R26tdTom) reporter line, we confirmed specific recombination
in Leydig and Sertoli cells in the testes of R26tdTomAmhr2cre/+ mice (Figure 2). In the testis, TSPO gene
expression is restricted to Leydig and Sertoli cells (37). TSPOcΔ/Δ testis did not express TSPO protein in
Leydig and Sertoli cells, evaluated by both immunohistochemistry (Figure 3A) and immunoblotting (
Figure 3B). This deficiency of TSPO in Leydig and Sertoli cells did not affect spermatogenesis and
seminiferous tubule morphology (Figure 3A). Sperm production, as evaluated by the number of sperm
present in the cauda epididymis, was also not different between TSPOfl/fl and TSPOcΔ/Δ mice (Figure 3C).
RTPCR analysis for TSPO gene expression showed that a complete TSPO mRNA was not expressed in the
TSPOcΔ/Δ testis. Intronspanning primers that amplify TSPO between exons 1 and 2, exons 2 and 3, and
exons 3 and 4, did not show a RTPCR product in TSPOcΔ/Δ compared with TSPOfl/fl testis (Figure 3, D–
F). Primers that amplified TSPO cDNA between exons 1 and 4 showed a reduction in size in TSPOcΔ/Δ
consistent with the deletion of exon 2 and exon 3 that eliminates TSPO gene expression (Figure 3G). In the
ovary, only partial recombination was induced by Amhr2cre/+ expression (Supplemental Figure 2), as
reported in some previous studies (38, 39). This resulted in the partial loss of TSPO as a mosaic in TSPOcΔ/
Δ ovaries (Supplemental Figure 3).
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Testosterone production is not affected in TSPOcΔ/Δ mice
Testosterone produced by Leydig cells in the testis is critical for development of the male gonads, functional
growth of accessory sex organs, and reproductive behavior (40). Deficiency of TSPO in Leydig cells did not
affect physiological plasma testosterone levels (Figure 4A). The wide variation of plasma testosterone levels
is expected due to the pulsatile pattern of testosterone production as a result of phasic LH release from the
pituitary (41). Overall, the TSPOcΔ/Δ mice appeared to have a trend of higher plasma testosterone values. In
order to directly examine Leydig cell potential for testosterone synthesis and release in TSPOcΔ/Δ mice, we
stimulated mice with a single dose of hCG that has significant LH activity. One hour after hCG, we found
plasma testosterone levels were highly elevated but values were not different between TSPOfl/fl and
TSPOcΔ/Δ mice (Figure 4B). Testis weight and seminal vesicle weight are measures that directly correlate
with testosterone levels. In TSPOcΔ/Δ mice we found that testis weight was significantly higher than that in
TSPOfl/fl controls (P < .05), albeit the means differed by only 9.4 mg (Figure 4C). However, the seminal
vesicle weight was not different between TSPOfl/fl and TSPOcΔ/Δ mice (Figure 4D).
In female TSPOcΔ/Δ mice, estradiol and progesterone levels were unchanged compared with TSPOfl/fl
cohorts (Supplemental Table 4). When we measured reproductive performance, we did not find any
differences in mating (evaluated by vaginal plugs) and litter sizes produced by TSPOfl/fl and TSPOcΔ/Δ
mice (Table 1).
Loss of TSPO does not affect expression of steroidogenic genes
StAR protein expression was not different between TSPOfl/fl and TSPOcΔ/Δ testis (Figure 5). Expression
levels for StAR, CYP11A1, and HSD3B1 (3βhydroxysteroid dehydrogenase/Δ5Δ4 isomerase type I) in
the testis were examined by quantitative RTPCR. TSPO was not expressed in the TSPOcΔ/Δ testis (
Figure 6A). Expression levels for StAR, CYP11A1, and HSD3B1 were not different between TSPOfl/fl and
TSPOcΔ/Δ testis (Figure 6, B–D). In the ovary, the apparent decrease in TSPO mRNA expression was not
significant (Supplemental Figure 4A), and expression levels for StAR, CYP11A1, and HSD3B1 were not
different between TSPOfl/fl and TSPOcΔ/Δ mice (Supplemental Figure 4, B–D).
TSPO2 is not expressed in the testis
TSPO2 is a paralogous gene related to TSPO that remains to be completely characterized. We checked for
TSPO2 expression in the testis and ovary to rule out the possibility for a redundant function. TSPO2 mRNA
was not expressed in both the TSPOfl/fl and TSPOcΔ/Δ testis or ovary (Figure 6E and Supplemental Figure
4E).

Discussion
For almost 25 years, TSPO has been indicated as a required element in the model for steroid hormone
biosynthesis (12). Our findings refute this prevailing dogma in proving that TSPO function is not required
for steroidogenesis. In a Leydig cellspecific conditional deletion, we definitively demonstrate that deficiency
of TSPO does not affect testosterone production in male mice.
We decided to target Leydig cells not only because they express TSPO at a high level but also because most
functional explorations on TSPO that suggested a link to steroid hormone production were carried out using
Leydig tumor cell lines (MA10 or R2C) in vitro (19, 23, 25). Moreover, a phenotypic measure of potential
Leydig cell dysfunction and testosterone deficiency could be carried out with precision by examining male
reproductive development and fertility without overlapping responses in other organ systems and affecting
mouse survival. In this study, complete deletion of Leydig cell TSPO in TSPOcΔ/Δ mice did not change
plasma testosterone levels. Testosterone production in TSPOfl/fl and TSPOcΔ/Δ mice after stimulation with
hCG was also identical. These findings clearly show that TSPO is not required for the steroidogenic
pathway and that StAR does not require TSPO to accomplish cholesterol translocation to the IMM as
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3868810/?report=printable
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previously suggested (25). Considering that StARknockout mice show failure to produce steroid hormones
(10) despite the presence of functional TSPO, there is also no direct indication for an overlapping or
sequential function for TSPO and StAR as previously modeled (12).
Given these unexpected findings, we strongly considered the possibility of a functionally redundant protein.
Existence of a paralogous gene TSPO2 that is present in birds and mammals highlighted the possibility for a
compensatory mechanism. TSPO2 has a 35% homology to TSPO but is localized to the endoplasmic
reticulum and not the mitochondria (42). Despite its conserved cholesterolbinding property, TSPO2
expression was found to be restricted to the bone marrow with a function linked to cholesterol trafficking in
erythropoiesis (42). In this study, TSPO2 expression was not detectable in TSPOfl/fl and TSPOcΔ/Δ testis or
ovary, suggesting that there is no involvement for TSPO2 in this phenotype.
Binding of the acylcoenzyme Abinding protein (previously known as diazepambinding inhibitor/DBI) to
TSPO was initially suggested to be a key regulator for its role in steroidogenesis (43). However, acyl
coenzyme Abinding protein knockout mice showed a delayed adaptation in liver metabolism but did not
have a phenotype associated with steroid hormone biosynthesis (44). Combining this evidence with what we
discovered regarding TSPO in this study, it is evident that TSPOassociated mitochondrial pathways are
poorly understood. Because we did not find even a small decline in testosterone biosynthesis in TSPOcΔ/Δ
mice, it is clear that focus may need to shift from steroidogenesis to explore other functional pathways that
would explain TSPO function and simultaneously link the various putative effects observed when
modulating TSPO with small molecules (26).
Use of cell lines in nonphysiological in vitro systems have perhaps given raise to alternative pathways that
suggest an essential role for TSPO in steroid hormone biosynthesis. Previous efforts have been made to
integrate data on TSPO function to the StAR protein mechanism involved in steroidogenesis (45). It is
possible that TSPO function could be rate limiting only in Leydig tumor cell models like MA10 and R2C in
which the rate of steroid hormone biosynthesis is much slower than in adrenal cells. Studies using adrenal Y
1 cells have suggested that minute amounts of newly synthesized intramitochondrial StAR are sufficient for
maximal sustained steroidogenesis (46). However, this maximal activation preceded maximal StAR
expression, leading to speculation that there might be other players in this process. Therefore, direct testing of
adrenal steroidogenesis using an adrenalspecific TSPOcΔ/Δ model in vivo remains a necessary future
direction. Moreover, partial loss of TSPO as a mosaic in TSPOcΔ/Δ ovaries had no effect on steroid
hormone levels (estrogen and progesterone), and reproductive function. Although this indicates that TSPO is
unlikely to be involved in ovarian steroidogenesis, there is still need for studies directly examining ovarian
steroidogenesis after complete TSPO deletion in all steroidogenic cells.
In recent years, TSPO has gained immense interest as a therapeutic target for neurologic disorders (47, 48).
Microglia and astrocytes overexpress TSPO in regions of traumatic brain injury (TBI), ischemic stroke,
neuroinflammation, demyelination, and large amyloid deposits (reviewed in Ref. 48). Several studies showed
that treatment with smallmolecule TSPO ligands improved functional recovery in a variety of the above
neurologic disorders (49, 50). One of the key mechanisms underlying protective effects has been highlighted
as stimulation of mitochondrial steroid synthesis. We have also recently reported the efficacy of a TSPO
ligand etifoxine in ameliorating the severity of multiple sclerosis in a mouse model (51). Therefore, evidence
is undeniable that targeting TSPO using ligands might provide unique benefits in neurologic therapeutics.
But because the precise function for TSPO in mediating these effects remains unclear, the nature of action
mediated by these small molecule ligands, whether agonistic or antagonistic, is not known. As a result, it
remains to be determined whether benefits are actually achieved by inhibition or by activation of TSPO
function, whatever it may be, in these disease models.
Our results have raised many questions about the biological role of TSPO. Although TSPO structure has
been modeled as a putative cholesterol transporter (48, 52), direct experimental proof for cholesterol
translocation by TSPO does not exist. In the Rhodobacter sphaeroides TSPO structure (10Å resolution), it
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3868810/?report=printable
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is not possible to assign amino acid sequences (15). Therefore, orientation of CRAC in the TSPO 3
dmensional map remains unknown. This keeps possibilities open for CRAC function in TSPO either for
cholesterol transport or simply for cholesterol association as seen for myelin P0 (53). Recent studies have
also shown that CRAC sequences can function to target proteins to cholesterolrich membrane rafts (54).
VDAC, an integral member, together with TSPO of the multimeric protein complex known as the
mitochondrial permeability transition pore, is a resident protein of membrane rafts (55). Therefore, it is
conceivable that the CRAC sequence in TSPO merely explains its association with the mitochondrial
permeability transition pore and promotes the proposed interaction between VDAC and TSPO in apoptosis
(56). Our findings in this study do not support the model for TSPO involvement in cholesterol translocation
for steroid hormone biosynthesis.
From an evolutionary point of view, TSPO is an extremely conserved protein. A close functional relationship
extending from bacteria to mammals was demonstrated by the ability of rat TSPO to substitute for
photosynthetic R. sphaeroides TSPO in negatively regulating the expression of photosynthesis genes in
response to oxygen (57). This activity for TSPO could be mediated, in part, by its conserved property of
porphyrin binding (58, 59). These conserved functions need more rigorous exploration in mammalian
systems for explaining TSPO actions.
In this manuscript, using an in vivo model, we have made the significant observation that TSPO is not
essential for steroid hormone biosynthesis. Expression of TSPO in multiple tissue types, both steroidogenic
(adrenal, testis, ovary, etc.,) and nonsteroidogenic (liver, heart, kidney, etc.,), warrants careful reexamination
of its conserved functional properties. TSPOfl/fl mice generated in this study will be a key resource for
producing different tissuespecific knockout models to decipher TSPO function in future studies.
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Abbreviations:
Amhr2 AntiMullerian hormone receptor type II
CRAC cholesterol recognition amino acid consensus
CYP11A1 cytochrome P450 side chain cleavage
hCG human chorionic gonadotropin
HSD3B1 3βhydroxysteroid dehydrogenase/δ5δ4 isomerase type I
IMM inner mitochondrial membrane
OMM outer mitochondrial membrane
PBR peripheral benzodiazepine receptor
StAR steroidogenic acute regulatory protein
TSPO translocator protein
VDAC voltagedependent anion channel.
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Generation of TSPO conditional knockout mice. A, Schematic showing recombination stages. Exons 2 and 3 were flanked
with LoxP sites (open arrowheads), using a vector that also carries a neomycin resistance (neoR) selectable marker flanked
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by Frt sites (vertical doubleheaded black arrows). Correctly recombined embryonic stem cell (ESC) clones were used to
generate mice through blastocyst injections. Germline transmitting TSPOtargeted mice were crossed with ubiquitous Flpe
expressing mice to remove neoR cassette. TSPOfl/fl mice were bred with Amhr2cre/+ knockin mice, resulting in the
deletion of exons 2 and 3 in target cells. Genotyping primers are indicated as P1, P2, and P3. B, Longrange PCR for
selecting ES cell clones. Six correctly targeted clones were identified (N, negative control; P, positive control). C, Specific
DNA primers (P1, P2, and P3) were used to genotype and identify the floxed and wildtype alleles in TSPOtargeted mice.

Figure 2.

Amhr2cre/+mediated gene deletion in Leydig and Sertoli cells. Testis from ROSA26tdTomato (R26tdTom) reporter
mice showing controls with no recombination and specific recombination in Leydig (L) and Sertoli (S) cells with
Amhr2cre/+ expression (R26tdTomAmhr2cre/+ mice). Scale bar, 50 μm. DAPI, 4′,6diamidino2phenylindole.

Figure 3.

TSPO deletion in Leydig and Sertoli cells does not affect spermatogenesis. A, Immunohistochemical (IHC) localization
showing complete absence of TSPO in Leydig and Sertoli cells of TSPOcΔ/Δ testes. Hematoxylin and eosin (H&E)
staining showing unaltered seminiferous tubule morphology and spermatogenesis in TSPOcΔ/Δ testes (n = 5). Scale bars,
50 μm. B, Western blot showing absence of TSPO in TSPOcΔ/Δ testis tissue (n = 5); βactin is shown as the loading control.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3868810/?report=printable
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C, Cauda epididymal sperm counts were not significantly different between TSPOfl/fl and TSPOcΔ/Δ mice (mean ± SEM;
n = 5/group). D–F, Testis cDNA from TSPOfl/fl and TSPOcΔ/Δ mice examined for amplification products from exons 1
and 2 [250 bp] (D); exons 2 and 3 [241 bp] (E); exons 3 and 4 [424 bp] (F); exons 1–4 [711 bp in TSPOfl/fl and 361 bp in
TSPOcΔ/Δ]. For all RTPCR, glyceraldehydes3phosphate dehydrogenase was used as a control (CON).

Figure 4.

TSPO deletion in Leydig and Sertoli cells does not affect testosterone production. A, Plasma testosterone levels were not
significantly different between TSPOfl/fl and TSPOcΔ/Δ mice (n = 19–22/group). B, When sampled 1 hour after hCG
stimulation, plasma testosterone levels were highly elevated but not different between TSPOfl/fl and TSPOcΔ/Δ mice (n =
7/group). C, A modest but significant increase in testis weights was observed in TSPOcΔ/Δ mice compared with TSPOfl/fl
mice (P < .05; mean ± SEM; n = 18/group). D, Seminal vesicle weights were not significantly different between TSPOfl/fl
and TSPOcΔ/Δ mice (mean ± SEM; n = 18/group).

Table 1.
Litter size from TSPOfl/fl and TSPOcΔ/Δ male and female mice
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3868810/?report=printable

a

14/16

12/12/2016

Translocator Protein/Peripheral Benzodiazepine Receptor Is Not Required for Steroid Hormone Biosynthesis

Genetic Crosses

n

a
Litter Size ± SE

TSPOfl/fl × female TSPOfl/fl

16

7.19 ± 0.56

TSPOcΔ/Δ × female TSPOfl/fl

10

7.40 ± 0.37

Male TSPOfl/fl × female TSPOcΔ/Δ 6

9.00 ± 1.13

a

No significant differences were detected for litter size between the 3 crosses.

Figure 5.

StAR expression is unchanged in TSPOcΔ/Δ testis. A, Representative Western blot showing no change in testicular StAR
protein in TSPOcΔ/Δ compared with TSPOfl/fl mice; βactin is shown as the loading control. B, Relative intensity of
testicular StAR protein expression (ratios of StAR/βactin band intensities) between TSPOfl/fl and TSPOcΔ/Δ mice was not
significantly different (n = 3/group).

Figure 6.
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TSPO deletion does not affect expression of genes involved in testicular steroidogenesis. A, TSPO expression was
undetectable in TSPOcΔ/Δ testis. StAR (B), CYP11A1 (C), and HSDB1 (D) expression levels were similar between
TSPOfl/fl and TSPOcΔ/Δ testes. E, TSPO2 expression was not detectable in TSPOfl/fl and TSPOcΔ/Δ testes. Femur bone
marrow was used as a positive control. (mean ± SEM; ND*, not detected; n = 6/group)
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