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Indoleamine 2,3-dioxygenase (IDO) is the first and rate-lim-
iting enzyme of tryptophan catabolism through the kynurenine
pathway. Intriguingly, IDO is constitutively and highly
expressed in the mammalian epididymis in contrast to most
other tissues where IDO is induced by proinflammatory cyto-
kines, such as interferons. To gain insight into the role of IDO in
the physiology of the mammalian epididymis, we studied both
wild type and Ido1~'~-deficient mice. In the caput epididymis of
Ido1~'~ animals, the lack of IDO activity was not compensated
by other tryptophan-catabolizing enzymes and led to the loss of
kynurenine production. The absence of IDO generated an
inflammatory state in the caput epididymis as revealed by an
increased accumulation of various inflammation markers. The
absence of IDO also increased the tryptophan content of the
caput epididymis and generated a parallel increase in caput epi-
didymal protein content as a consequence of deficient protea-
somal activity. Surprisingly, the lack of IDO expression had no
noticeable impact on overall male fertility but did induce highly
significant increases in both the number and the percentage of
abnormal spermatozoa. These changes coincided with a signif-
icant decrease in white blood cell count in epididymal fluid com-
pared with wild type mice. These data provide support for IDO
playing a hitherto unsuspected role in sperm quality control in
the epididymis involving the ubiquitination of defective sper-
matozoa and their subsequent removal.

Indoleamine 2,3-dioxygenase (IDO)? (EC 1.13.11.42) is the
first and rate-limiting enzyme in Trp catabolism through the
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kynurenine pathway (Fig. 1). IDO is a ubiquitously expressed
cytoplasmic protein typically activated by interferons (IFNs)
(1-5). There is ample evidence that IDO mediates potent
immunosuppression in classical immune responses as well as in
fetal tolerance, tumor immune resistance, and regulation of
autoimmune responses (1-3, 6—8).

Thirty years ago, Yoshida et al. (9) reported that rodent epi-
didymal protein extracts exhibited a high IDO activity. Later,
Takikawa et al. (10) demonstrated that unlike the classical cyto-
kine-mediated expression of IDO encountered in nearly all
mammalian tissues, the epididymal expression of IDO was con-
stitutive and independent of IFN-y. More recently, we have
shown that IDO is expressed in a regionalized manner by both
the principal and the apical cells of the most proximal epididy-
mal region, the caput epididymis. To gain insights into the
functions of IDO and the intermediates of the kynurenine path-
way in the physiology of the mammalian epididymis, we meas-
ured the expression of IDO and related enzymes as well as the
abundance of kynurenines and other Trp metabolites in both
wild type (WT) and Idol '~ male mice. These data were cor-
related with light and electron microscopic analyses of epidid-
ymal epithelium, sperm count, sperm morphology, and fertility.

EXPERIMENTAL PROCEDURES

Animals—The present study was approved by the Regional
Ethics Committee in Animal Experimentation (Authorization
CE2-04) and adhered to the current legislation on animal
experimentation in France. Wild type and Ido~’~ BALB/c male
mice (11) aged 6 months were used throughout the study unless
otherwise indicated. Mice were housed under controlled envi-
ronmental conditions (temperature 22 °C, 12-h dark period),
fed a basal diet (Global diet, 2016S, Harlan, Gannat, France) ad
libitum, and given free access to water. For fertility testing, vir-

KYN, kynurenine; KA, kynurenic acid; AMC, 7-amido-4-methylcoumarin;
Ub, ubiquitin; HK, 3-hydroxykynurenine; INDOL, indoleamine 2,3-dioxyge-
nase-like; bNa, B-naphthylamide.
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FIGURE 1. Scheme of mammalian tryptophan catabolism. Briefly, in mammalian cells, tryptophan is used mostly for protein synthesis. In a second quanti-
tatively important pathway (driven by IDO in most cell types and by TDO more specifically in liver cells), it is the starting point of the kynurenine pathway. The
kynurenine pathway gives birth to several metabolites, providing the appropriate enzymes that metabolize the various kynurenine intermediates are
expressed. The main route of the kynurenine pathway leads to the formation of N-formyl kynurenine, L-kynurenine, 3-hydroxykynurenine, 3-hydroxyanthra-
nilic acid, quinolinic acid, nicotinic acid, and in fine nicotinamine adenine dinucleotides. Additional lateral branches of the kynurenine pathway lead to the
formation of other terminal kynurenines, such as KA, xanthurenic acid, and anthranilic acid. Kynurenines indicated in boldface type (i.e. L-kynurenine and KA)
correspond to the most abundant kynurenines found in caput epididymal tissue. Outside the kynurenine pathway, tryptophan is also the precursor of
serotonin and melatonin. A very small proportion of tryptophan is also transformed into indol derivatives, such as indoxyl acetic acid. Conversion of Trp to
N-formyl kynurenine is achieved via IDO and/or TDO. Kynurenine intermediates and terminal kynurenines are produced through the action of several distinct
enzymes, including formaminase (arylformamidase; AFMID), kynurenine aminotransferase (KAT; also known as AADAT), kynureninase (KYNU), kynurenine

3-hydroxylase (K3H; also known as KMO), and 3-hydroxyamino oxidase (3HAO).

gin 10-week-old BALB/c females were used. Wild type and
Ido~’~ male mice were killed by decapitation.

Immunohistochemistry—After deparaffinization and rehy-
dration, endogenous peroxidases were inhibited with 0.3% (v/v)
aqueous H,O, (Sigma-Aldrich) for 30 min at ambient temper-
ature, followed by blocking of the sections in PBS/bovine serum
albumin (BSA) (1% (w/v); Euromedex, Mundosheim, France)
for 30 min. In-house rabbit polyclonal anti-IDO (1:1000) (11)
was incubated overnight at 4 °C. Sections were washed for 5
min in PBS and incubated for 1 h with biotin-SP-conjugated
AffiniPure goat anti-rabbit IgG (H + L) antibody (1:500 in PBS/
BSA 0.1%, Jackson ImmunoResearch Laboratories, Inc. (West
Grove, PA)). After awash in PBS, sections were incubated for 30
min with peroxidase-conjugated streptavidin (1:500 in PBS;
Jackson ImmunoResearch Laboratories) and developed with
the Vector NovaRED substrate kit for peroxidase (Vector Lab-
oratories, Burlingame, CA).

RT-PCR and Semiquantitative Analysis—RT-PCR was used
to amplify the transcripts of IDO, tryptophan 2,3-dioxygenase
(TDO; EC1.13.11.11), INDOLI (indoleamine 2,3-dioxygenase-
like 1, EC 1.13.11.52), arylformamidase (EC 3.5.1.9), kynureni-
nase (EC 3.7.1.3), kynurenine aminotransferase (EC 2.6.1.7),
and kynurenine 3-hydroxylase (EC 1.14.13.9) in mouse epidid-
ymal total RNA extracts. One ug of total RNA was reverse tran-
scribed using ImPromlI reverse transcriptase according to the
manufacturer’s instructions (Promega Corp., Madison, WI).
For each sequence, specific primers were used (see Table 1).
Amplification of GAPDH served as a semiquantitative control.
Relative transcript levels of Trp-catabolizing enzymes in mouse
caput epididymal RNA extracts of WT and Ido /™ animals
were compared with those in lung tissue of the same animals.

MARCH 11,2011 +VOLUME 286+NUMBER 10

PCR amplifications were carried out as described earlier (12)
with 2 ul of reverse-transcribed mixture using 1 unit of Tagq
polymerase (New England Biolabs) on different tissue samples
(minimum n = 3). Suppression of spermatogenesis was
achieved via busulfan (1,4-butanediol dimethanesulfonate)
treatment (Sigma-Aldrich). Busulfan (35 mg/kg) diluted in
dimethyl sulfoxide (50%) was inoculated intraperitoneally in
animals (two injections at 15 and 22 days postnatal (DPN). Ani-
mals were then sacrificed at 30 DPN.

Western Blots—Proteins (40 pg) were separated by SDS-
PAGE and transferred onto nitrocellulose membrane (Hybond
ECL, GE Healthcare Biosciences). Blots were blocked with 10%
low fat dried milk, 0.1% Tween 20, Tris base salt (TBS) and
probed overnight at 4 °C with anti-GAPDH (1:5000, Sigma-Al-
drich), anti-mTor, anti-phosphorylated mTor, anti-p70S6K,
anti-phosphorylated p70S6K, and anti-beclin-1/ATG6. Sec-
ondary antibody was a goat anti-rabbit horseradish peroxidase
conjugate (1:5000; GE Healthcare) that was detected using the
ECL Western blotting Detection kit on Hyperfilm™ (GE
Healthcare).

Liquid Chromatography-Tandem Mass Spectrometry—Liq-
uid chromatography-tandem mass spectrometry (LC-ESI-MS/
MS) was performed on an Agilent Technologies (Santa Clara,
CA) 1200 SL HPLC system connected to an AB SCIEX (Foster
City, CA) 4000 QTrap mass spectrometer equipped with a
turbo ion spray source. LC separation was carried out on an
Atlantis T3 3-um (2.1 X 150-mm) reversed phase column
(Waters Corp., Milford, MA) at ambient temperature using a
mobile phase consisting of 0.1% formic acid in water (Solvent
A) and acetonitrile (Solvent B), respectively. The gradient
employed was as follows: 0—2 min, 0% B; 2—10 min, linear
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TABLE 1

Oligonucleotide primers used in RT-PCR assays
AFMID, arylformamidase; KYNU, kynureninase; KMO, kynurenine 3-hydroxylase; 3HAO, 3-hydroxyamino oxidase; KAT3, kynurenine aminotransferase.

Gene product Primer sequences (5" — 3') Product length T,
bp °C

IDO1-T1 GGGGGTCAGTGGAGTAGACA (forward) 173 60
GCAGATTTCTAGCCACAAGGA (reverse)

IDO1-T2 TGCCTGGTTTTGAGGTTTTC (forward) 246 60
GCAGATTTCTAGCCACAAGGA (reverse)

INDOL CCTCATCCCTCCTTCCTTTC (forward) 218 57
GGAGCAATTGCCTGGTATGT (reverse)

TDO TGAATGCGCAAGAACTTCAG (forward) 244 58
TTCCAGAACCGAGAACTGCT (reverse)

KYNU CTTGGCCTTCAACCGAAA (forward) 200 57
CAAAGCATTCATTAGAGCTATTTCTT (reverse)

KMO TTCAATAAGCAGAGAAAACTTAAACAA (forward) 199 57
TCACACCCTACAACAAGGTCA (reverse)

3HAO CTAAGCCTGTTTGGGGACAG (forward) 197 60
GGTTCCAGCAGGCACCAG (reverse)

AFMID CCGCAGTGTCGTGTTTCTAC (forward) 200 60
CTATGAGGGGCTCCAGGTC (reverse)

KAT3 GCTGCCAAGATGGTCTCTGT (forward) 200 57
TTCCACTGGGAAAGGATTTTT (reverse)

GAPDH GAAGACTGTGGATGGCCCCTC (forward) 358 58

GTTGAGGGCAATGCCAGCCCC (reverse)

increase from 0 to 90% B; 1012 min, hold at 90% B. Then the
mobile phase was returned to 0% B, and the column was re-
equilibrated with 0% B for 5 min. The flow rate was 400 wl/min.
Injection volumes were 10 ul.

The 4000 QTrap mass spectrometer was operated in positive
mode using turbo ion spray with gas 1, gas 2, and curtain gas set
at 50, 50, and 10 arbitrary units, respectively. The source was
heated to 500 °C. Quantitative determination was performed by
multiple-reaction monitoring. All MS parameters were opti-
mized by direct infusion, and the source parameters were opti-
mized by flow injection. Data analysis was performed using
Analyst version 1.5.1 (AB SCIEX).

Calibration curves were generated by serial dilution of 1 mm
aqueous stock solutions of unlabeled Trp, kynurenine (KYN),
kynurenic acid (KA), 3-hydroxykynurenine, xanthurenic acid,
anthranilic acid, 3-hydroxyanthranilic acid, indole-3-acetic
acid, melatonin and serotonin (Sigma-Aldrich) over a concen-
tration range of 0.5—-400 uM. To compensate for matrix effects,
standard solutions were spiked with a ubiquitously *C isotope-
labeled yeast extract (Silantes GmbH) as well as 0.1 um mela-
tonin-d, and 1.0 um serotonin-d, creatinine sulfate complex
from C/D/N Isotopes (Pointe-Claire, Canada). Standard cali-
bration curves were plotted as the chromatographic peak area
ratio versus the corresponding nominal concentration ratio. A
1/x weighted regression analysis was used to determine the
slope, intercept, and coefficient of determination (*). Lower
limits of quantitation ranged from 1 to 5 nm with the exception
of tryptophan (0.1 um), and the linear ranges extended from 500
to 3000 nm except for tryptophan (400 um).

Measurement of Cytokine Levels—Commercially available
mouse inflammation antibody arrays (RayBiotech, Inc., Nor-
cross, GA) were used to detect cytokine expression. Caput epi-
didymal protein extracts (n = 3) were treated as described by
the supplier.

Measurement of Proteasome Activity and Ubiquitin Protein
Conjugate Contents—To assess the peptidase activities associ-
ated with proteasomal activity, caput epididymal samples from
WT and Idol '~ mice were homogenized in 10 volumes of
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ice-cold 50 mm Tris-HCI buffer, pH 7.5, containing 250 mm
sucrose, 10 mm ATP, 5 mm MgCl,, 1 mm DTT, and protease
inhibitors (10 ug/ml each of antipain, aprotinin, leupeptin, and
pepstatin A and 20 um PMSF) as described (13, 14). Protea-
somes were isolated by three sequential centrifugations (13,
14). The final pellet was resuspended in 50 mm Tris-HCI, pH
7.5, containing 5 mm MgCl, and 20% glycerol. Protein content
of these concentrates was determined according to Lowry et al.
(15). Proteasome chymotrypsin-like, trypsin-like, and peptidyl-
glutamyl peptide-hydrolyzing activities were determined by
measuring the hydrolysis of the fluorogenic substrates suc-
cinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (LLVY-
AMC), Boc-Leu-Arg-Arg-7-amido-4-methylcoumarin (LRR-
AMC), and benzyloxycarbonyl-Leu-Leu-Glu-B-naphthylam-
ide (LLE-bNa) (Sigma-Aldrich), respectively. Fifteen ul of
concentrate were mixed with 60 ul of 50 mm Tris-HCI, pH 8.0,
10 mm MgCl,, 1 mm DTT, 2 units of apyrase, and either 300 um
LLVY-AMC or 800 um LRR-AMC and LLE-bNa, respectively.
Reactions were performed with or without the proteasome
inhibitor MG132 (40 um; KCOM Group Plc, Hull, UK). Chy-
motrypsin- and trypsin-like activities were determined by
measuring the accumulation of the fluorogenic cleavage prod-
uct AMC by means of a fluorescence spectrometer FLX800
(BioTek, Colmar, France) over 45 min at excitation and emis-
sion wavelengths of 380 and 440 nm, respectively. Peptidyl-
glutamyl peptide-hydrolyzing activity was determined by
measuring the accumulation of the fluorogenic cleavage prod-
uct (bNa) over 45 min at excitation and emission wavelengths
of 340 and 450 nm, respectively. Proteasome activities were
measured by calculating the difference between arbitrary fluo-
rescence units recorded with or without MG132 in the reaction
medium. The final data were corrected by the amount of pro-
tein in the reaction medium. The time course for the accumu-
lation of AMC or bNa after hydrolysis of the substrate was
analyzed by linear regression to calculate activities (i.e. the
slopes of best fit of accumulated AMC or bNa versus time).
Accumulation of Ub protein conjugates in caput epididymal
samples from WT and Ido1 '~ mice was assessed by immuno-
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blotting using the FK1 antibody (KCOM), which recognizes
polyubiquitin chains. Samples were homogenized in ice-cold 5
mM Tris-HCL, pH 7.5, 5 mM EDTA, 1 mm PMSF, 0.25 mMm N®-p-
tosyl-L-lysine chloromethyl ketone, 5 mm N-ethylmaleimide, 5
pg/ml leupeptin, and 5 wg/ml soybean trypsin inhibitor (13).
Homogenates were centrifuged for 5 min (1500 X g, 4°C).
Supernatants were centrifuged again for 10 min (10,000 X g,
4 °C), and the resulting supernatants were ultracentrifuged for
3 h (100,000 X g, 4 °C). The final supernatants were stored at
—80 °C until processed. The accumulation of Ub-protein con-
jugates was measured on proteins from this last supernatant.
Protein concentration was determined as described (15).
Twenty-five ug of protein were separated on 7.5% (w/v) acryl-
amide gels and transferred onto PVDF membranes. The FK1
antibody was used at a 1:1000 dilution. Signals were detected
using the ECL+ detection kit (GE Healthcare) after exposition
on Hyperfilm ECL (GE Healthcare), quantified using the Image
] software, and normalized against the amount of protein deter-
mined by Ponceau Red staining to correct for uneven loading.
[**S]Methionine incorporation was used to assess the rate of
protein synthesis in caput epididymides and was performed as
originally described (16, 17).

Fertility and Spermatozoa Analyses—Five each of WT and
Ido1~'~ male mice, 6 or 12 months of age, were mated for 8
days with 2 BALB/c WT females. At the end of the 15-day
reproductive period, males were removed, and females were
housed in individual cages in order to follow eventual pregnan-
cies and deliveries. Time to conceive and number of pups per
litter were monitored. For sperm preparations, mice were killed
by CO, asphyxiation. Epididymides were removed, divided into
caput and caudal regions, and transferred to a small glass dish
containing 1 ml of M2 medium (Sigma-Aldrich). To recover the
spermatozoa, the caudae epididymides were repeatedly punc-
tured with a 26-gauge needle. After 5 min of incubation to allow
for sperm dispersal, these preparations were centrifuged at
500 X gfor 5 min, and pellets were resuspended in 200 ul of M2.
Eosin exclusion was used to assess sperm viability, whereas
morphology was examined using the Shorr stain. The presence
of leukocytes in cauda luminal fluid was assessed using a com-
mercially available Leucoscreen™™ kit as recommended by the
supplier (FertiPro NV).

Statistical Analysis—Analysis of variance ANOVA 2 and
Student’s ¢ tests were performed to determine the significance
of differences between samples. p values of =0.05 were
regarded as significant.

RESULTS

Tryptophan-catabolizing Enzyme Expression in WT and
Ido1™"~ Mouse Caput Epididymis—Immunocytochemical
analysis revealed that IDO is expressed in WT BALB/c mice
posterior to the initial segment S1 of the caput epididymis and
ceases after the caput’s most distal segment, S5 (Fig. 24). IDO
expression is maximal in §2—-S4, and patchy in S5. IDO accu-
mulates as a cytoplasmic protein in the epithelial cells of those
segments. Fig. 2, B and C, shows that both known IDO tran-
scripts (IDO mRNA1 and mRNA2; Idol-T1 and Idol-T2,
respectively) are expressed in WT BALB/c caput epididymis
and that they accumulate over a period of 25-30 days during

MARCH 11,2011 +VOLUME 286+NUMBER 10
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postnatal ontogenesis until sexual maturity is reached and sper-
matozoa are released into the epididymal lumen. To verify that
spermatozoa entering the epididymal tubule at sexual maturity
could trigger IDO expression, we inhibited spermatogenesis by
treating male mice aged 20 days with busulfan, which blocks
germinal cell meiosis without affecting the secretory activity of
Sertoli cells. Busulfan treatment significantly inhibited IDO
expression at 30 DPN as compared with DMSO-treated as well
as untreated controls (Fig. 2C). Other tryptophan-catabolizing
enzymes, such as INDOL (also called IDO2 (18, 19)) and TDO
(11), are expressed at much lower levels in the adult mouse
caput epididymis (Fig. 2, B and D). The absence of IDO expres-
sion was not compensated by increased accumulation of TDO
and INDOL transcripts in the Idol '~ animals (Fig. 2D). In fact,
these transcripts were even less abundant in Idol '~ as com-
pared with the WT controls.

Evaluation of Tryptophan Catabolites along the IDO Path-
way in WT and Idol "~ BALB/c Mice—Using semiquantitative
RT-PCR, we measured the expression of the first five enzymes
of the IDO pathway in total RNA extracts of caput epididymal
tissue (Fig. 2E). It appears that the mouse caput epididymis
expresses some of the major enzymes of the kynurenine path-
way downstream of IDO. A semiquantitative comparison of the
different amplifications carried out on a pool of WT caput epi-
didymal cDNAs (n = 6) indicated that arylformamidase and
kynurenine aminotransferase were the most abundant enzymes
of the IDO pathway in mouse caput epididymis aside from IDO
itself. Kynureninase and kynurenine 3-hydroxylase were
expressed at much lower levels.

LC-ESI-MS/MS was used to measure the concentrations of
various tryptophan-derived metabolites in caput epididymal
extracts as well as in sera from WT and Idol /™ animals (Table
2 and Fig. 3A). In agreement with the constitutive expression of
IDO in the mouse caput epididymis, KYN was highly abundant
in caput extracts of WT animals. Downstream of KYN, KA and
3-hydroxykynurenine (HK) were the second and third most
abundant kynurenine species, respectively, in WT caput epi-
didymis. Anthranilic acid, 3-hydroxyanthranilic acid, and xan-
thurenic acid were also present in WT caput extracts but at
lower concentrations that were similar to systemic levels (Fig.
3). The concentrations of quinolinic acid and nicotinic acid in
both caput epididymis and serum samples were below the lower
limits of quantitation of the MS method employed.

Identical measurements of Trp and its metabolites were per-
formed in Idol '~ animals. As illustrated in Fig. 34, we
observed a dramatic decrease in both KYN (>100 times less)
and KA (about 50 times less) levels in caput epididymal extracts
of Ido™'~ animals. The caput epididymal levels of HK, anthra-
nilic acid, 3-hydroxyanthranilic acid, and xanthurenic acid
were also reduced in the Ido~’~ animals but to a lesser extent.

Does the Absence of IDO Activity Change the Inflammatory
Status of the Caput Epididymis?—The KYN/Trp ratio is com-
monly used to evaluate IDO activity and, by extension, the
immunosuppressive status of a given tissue or biological fluid
(20). Fig. 4A shows that the KYN/Trp ratio in WT caput epidid-
ymis is about 38-fold higher than that in serum, suggesting that
in adult WT mice, the caput epididymis is in an immunosup-
pressed state. In the Ido™’~ animals, the situation was reversed,
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with a caput KYN/Trp ratio not much different from serum
(0.008 and 0.004, respectively).

To evaluate the inflammatory status of the caput epididymis
in WT and Idol~/~ animals, we measured the levels of various
inflammatory cytokines by the use of mouse inflammation anti-

A

wt Balb/c

body arrays from RayBiotech. As shown in Fig. 4B, levels of
some selected inflammatory cytokines were significantly higher
in Idol'~ than in WT animals, attesting to an overall more
pronounced or at least different inflammatory state of the caput
territory in the absence of IDO. In agreement with the hypoth-
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TABLE 2

IDO in the Epididymis

Concentrations of Trp and Trp catabolites along the kynurenine pathway in caput epididymis extracts and whole sera of WT and

Ido1~’~ animals

Mean concentrations are given in nmol/g for all analytes except tryptophan, where the concentrations are in pwmol/g. S.E. values (» = 3) are shown in italic type.
Concentrations in sera are given in nMm except tryptophan, where the concentrations are in um. Numbers with plus and minus symbols preceding indicate positive (+) or
negative (—) -fold differences between WT and Idol—/— animals. Kyn, kynurenine; AA, anthranilic acid; HAA, 3-hydroxyanthranilic acid; XA, xanthurenic acid.

Trp Kyn KA HK AA HAA XA
Caput epididymidis
WT
Mean 70.91 80547.23 1241.21 688.91 103.18 52.89 20.62
S.E. 1.14 12704.51 54.51 37.40 7.05 4.12 6.02
Idol1—/—
Mean 174.03 680.06 25.30 198.17 70.14 36.98 12.87
S.E. 9.33 60.38 0.66 24.70 9.39 2.10 1.13
Idol—/— versus WT (-fold difference) +2.45 —118.44 —49.06 —3.48 —1.47 —1.43 —1.60
Serum
WT
Mean 50.68 1467.65 105.98 49.05 78.43 24.09 62.38
S.E 7.62 356.11 43.52 27.52 4.58 4.97 12.40
Idol™'~
Mean 53.66 420.73 52.60 24.01 64.28 18.57 37.36
S.E 10.15 79.65 9.99 13.17 2.15 2.91 1.60
Idol—/— versus WT (-fold difference) +1.06 —3.49 —2.01 —2.04 —1.22 —1.30 —1.67

esis that outside the caput epididymis other tryptophan-catab-
olizing enzymes (TDO presumably) could compensate for the
lack of IDO in Idol ™/~ animals, we show in Fig. 4C that none of
the cytokines found up-regulated in the caput extracts are sta-
tistically different in the sera of Idol "/~ animals as compared
with WT. Confirming the peculiar inflammatory behavior of
the caput epididymis territory, the three selected cytokines that
did not change in WT versus Idol™ '~ caput (i.e. IL-4, MCP1,
and MCSF) were found down-regulated in the serum samples
of WT animals versus Idol1 '~ (Fig. 4, Band C).

Does the Absence of IDO Activity Increase the Availability of
Trp for the Other Trp-dependent Pathways?—The absence of
IDO expression and, consequently, of Trp consumption along
the kynurenine pathway results in a 2.5-fold increase in caput
epididymal Trp concentration (Fig. 54). Because Trp can be
used for the generation of other Trp derivatives such as indole-
3-acetic acid, serotonin, and melatonin (see Fig. 1), we investi-
gated whether there was any increase in the abundance of these
metabolites in caput epididymal extracts of Idol '~ animals.
As shown in Table 3, the observed increase in Trp concentra-
tion in caput epididymal extracts of Idol '~ animals had no
significant impact on the abundance of indole-3-acetic acid,
serotonin, and melatonin.

The major utilization route of amino acids is along the pro-
tein synthesis pathway to support the production of proteins

(see Fig. 1). Considering that Trp is often the rate-limiting
amino acid in protein synthesis, we asked whether the increase
in Trp concentration in caput epididymal extracts of Ido1 ™'~
animals could lead to an increase in protein synthesis and, con-
sequently, to an increased caput protein content. To that end,
we compared the protein contents of WT and Idol '~ caput
epididymal samples and observed, in relation to organ weight,
significantly greater amounts of protein in caput epididymal
extracts of Idol /'~ animals as compared with WT controls
(Fig. 5B). This increase in protein content was not due to an
enlargement of the caput epididymis in Ido™’~ animals,
because the mean weights of caput tissues were not statistically
different in Ido1 ™'~ and WT animals. It was also not the con-
sequence of increased cell content or proliferation as measured
via histological and immunocytological approaches (DAPI
staining and Ki67 or PCNA antibody; data not shown).

The Higher Protein Content of Idol ’~ Caput Epididymis
Extracts Is Due to Decreased Protein Degradation—Cellular or
tissue protein content is a balance between protein synthesis
and protein degradation. To clarify the origin of the
increased protein content in caput extracts from Idol '~
animals, we monitored both. Regarding protein synthesis, an
excess of amino acid availability is known to activate the
mTOR pathway, ultimately leading to an increase in protein
synthesis (21-23). To monitor whether the increase in Trp

FIGURE 2. IDO expression in the mouse epididymis. A, immunohistochemical localization of IDO protein in a longitudinal section (top left panel) of a
6-month-old WT BALB/c caput epididymis. The top middle panel schematizes the various segments separated by connective septa found in the caput.
Panels 52,53, and S5 show the intracellular epithelial localization of IDO in the various segments as well as its patchy appearance (especially in segment
S5). The bottom left panel illustrates the absence of IDO in a longitudinal section of a caput epididymis from Ido7~/~ male mice 6 months of age. B,
semiquantitative RT-PCR amplifications of the two known IDO transcripts (IDO1-T1 and IDO1-T2), as well as the INDOL transcript, in caput epididymal
total RNA extracts from 6-month-old male mice (n = 3) during postnatal ontogenesis at 15, 20, 30, and 40 days of life. Transcript levels in the y axis are
given in arbitrary units representing the transcript level normalized to GAPDH expression. A representative amplification is shown as an inset. C,
semiquantitative RT-PCR amplifications of the two known IDO transcripts in untreated (30 DPN), vehicle-treated (30 DPN + DMSO), and busulfan-treated
(30 DPN + Busulfan) animals (lanes 1-3, respectively, in the representative Western blot presented as an inset). Transcript levels in the y axis are given in
arbitrary units representing the transcript level normalized to GAPDH expression. D, representative RT-PCR amplifications of IDO-T1, IDO-T2, INDOL, and
TDO transcripts in WT and Ido7~/~ caput epididymis total RNA extracts showing the complete loss of both IDO transcripts in the caput of Ido1™/~
animals. Please note that INDOL and TDO mRNA are not up-regulated in parallel. Boldface asterisks on the right indicate the 400 and 200 bp bands of the
molecular weight marker run in lane Mw. E, RT-PCR analysis of the expression of the various enzymes (IDO (/do1), arylformamidase (Afmid), kynurenine
aminotransferase (Kat3), kynureninase (Kynu), and kynurenine 3-hydroxylase (K3h)) involved in the kynurenine pathway (see Fig. 1) in the caput
epididymis of WT BALB/c mice along with the amplification of a GAPDH control. Each amplification was performed on pooled cDNA generated from
caput epididymal tissues collected from 6 animals (aged 6 months). Boldface asterisks on the right indicate the 400 and 200 bp bands of the molecular
weight marker run in lane Mw. Error bars, S.D.
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FIGURE 3. Concentrations of Trp and Trp catabolites along the kynurenine pathway in caput epididymal extracts and whole sera of WT and Ido

—/=

animals. Histograms illustrate the recorded differences in kynurenine concentrations in caput epididymal extracts (A) and sera (B) from 6-month-old WT and
Ido1~/~ animals. KA, kynurenic acid; KH, hydroxykynurenic acid; AA, anthranilic acid; HAA, hydroxyanthranilic acid. *, p < 0.5; **, p =< 0.01; ***, p =< 0.001; ****,

p = 0.0001; ***** p < 0.00001. Error bars, S.E.

observed in caput epididymal extracts of Ido ’/~ animals

stimulates protein synthesis via the mTOR pathway, we per-
formed Western blot analyses using antibodies directed
against phosphorylated mTOR and one of its direct targets,
the p70S6 kinase. Fig. 5C shows that neither kinase is acti-
vated in caput epididymal extracts of both Idol '~ and WT
animals. To confirm that increased protein synthesis was not
responsible for the higher protein content of Idol '~ caput
tissues, we have carried out [**S]methionine incorporation
assays in organotypic cultures of caput epidiymides from
WT and Idol '~ animals. Data presented in Fig. 5D attest

8036 JOURNAL OF BIOLOGICAL CHEMISTRY

that the rate of the amino acid tracer incorporation is not
statistically different between WT and Idol /™ animals.
Because pathways leading to increased protein synthesis
were not enhanced in Ido ™/~ animals, we hypothesized that the
higher protein content was due to a decrease in protein degra-
dation. The two major cellular pathways responsible for protein
degradation are the ubiquitin/proteasome system and the lyso-
somal compartment. To evaluate the activity of the ubiquitin/
proteasome system in caput epididymal samples, we first mon-
itored the three major proteolytic activities associated with the
26 S proteasome. As shown in Fig. 64, chymotrypsin-like, tryp-
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FIGURE 4. Analysis of the inflammatory status of the epididymis. A, Kyn/Trp ratio in caput epididymis and serum from 6-month-old WT and Ido7~/~ animals.
-Fold differences are indicated on the right side of the table (caput versus serum) and at the bottom of the table (Ido1~’~ versus WT). B and C, histograms show
the levels of various inflammatory cytokines (INF-y, TNF-a (TNFa), interleukin-18 (IL1b), IL-3 (I13), interleukin-6 (//6), regulated on activation normal T cell
expressed and secreted (RANTES), interleukin-12p40p70 (Il12p40p70), interleukin 4 (//4), monocyte chemoattracting protein 1 (MCPT), and macrophage/
monocyte colony-stimulating factor (MCSF)) in caput epididymal extracts (8) and sera (C) from 6-month-old WT and Ido7~/~ animals. *, p < 0.5; **, p = 0.01; ***,

p = 0.001. Error bars, S.E.

sin-like, and peptidyl-glutamyl peptide-hydrolyzing activities
were decreased by ~40% in Idol '~ caput epididymal samples
as compared with WT (p < 0.001). In contrast to proteasomal
activities, poly-Ub conjugates remained unchanged in Ido1 '~
versus W'T caput epididymal samples (Fig. 6B).

The Lysosomal/Autophagic Pathway Is Locally Activated in
the Caput Epididymis of Idol™"~ Animals—Next we asked
whether the lysosomal pathway would back up the failing pro-
teasomal pathway in the caput epididymis of Ido~’~ animals.
The lysosomal pathway is a complex pathway that uses several
parallel routes, including macroautophagy, microautophagy,
and chaperone-mediated autophagy. In Fig. 6C, we show that
these autophagic processes were indeed triggered in the caput
epididymis of Idol ~’~ animals, because beclin-1/ATG6, one of
the early ATG (autophagy-related) gene products (reviewed in

MARCH 11,2011-VOLUME 286-NUMBER 10 \ASHME\_

Ref. 24), was clearly up-regulated in caput epididymal samples
of Idol ™'~ animals as compared with WT.

Because endosomal/lysosomal autophagy is often reflected
in cell phenotypic modifications, we used photon and electron
microscopy to compare WT and Ido ™'~ caput epididymal tis-
sues. As shown in Fig. 7, A-D, IDO deficiency led to a caput
segment S2-localized phenotype that was characterized by cyto-
plasmic vesicles, which were not visible in WT caput sections.
Transmission electron microscopy of segment S2 of the caput epi-
didymis in Ido1 ™'~ animals (Fig. 7, E-G) revealed an elevated level
of multilamellar/multivesicular bodies as compared with WT sec-
tions. Such structures are known autophagic features (25).

IDO Deficiency Affects Sperm Number and Morphology but
Not Overall Fertility—To study the impact of IDO deficiency
on reproductive competence, Idol '~ males were mated
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FIGURE 5. IDO deficiency leads to Trp accumulation and higher protein content in caput epididymal extracts of Ido7~'~ animals. A, histogram of Trp
concentrations in caput epididymal extracts from 6-month-old Ido7~/~ and WT mice, respectively (n = 3 each). B, evaluation of caput epididymal total protein
content relative to organ weight from 6-month-old WT and /do7~/~ mice (n = 6 each). Mean weights of WT caput tissues were not found to be statistically
different from that of Ido ™/~ caput tissues and were 20.17 + 0.87 and 19,37 = 1.87 mg, respectively. C, a representative Western blot showing the levels of total
mTOR (MTOR-T) or the activated phosphorylated form of mTOR (mTOR-P) as well as of the total p70S6K (p70S6K-T) and the activated phosphorylated form of
p70S6K (p70S6K-P) is shown in the left panel. GAPDH immunodetection was used as an internal standard. Histograms in the right panel show a comparative
quantitative analysis of phosphorylated mTOR/total mTOR and phosphorylated p70S6K/total p70S6K between caput epididymis protein extracts from

6-month-old WT and Ido7~/~ mice (n = 6 each). D, [**Slmethionine incorporation in organotypic cultures of caput epididymis from WT and Ido ™/~ animals (n =

3 each). Error bars, S.E.

TABLE 3

Concentrations in nm/kg of other non-kynurenine Trp catabolites in
caput epididymis extracts

For non-kynurenine Trp derivatives (namely indoxyl acetic acid (IAA), serotonin,
and melatonin), mean concentrations are given in nmol/g. S.E. values (n = 3) are
shown in italic type. Numbers with plus and minus symbols preceding indicate
positive (+) or negative (—) -fold differences between WT and Idol '~ animals.

IAA  Serotonin Melatonin

wWT
Mean 133.75 1708.40 9.80
S.E. 9.18 355.20 0.69
Idol—/—
Mean 140.92 2382.83 11.07
S.E. 1690  641.70 0.53
Idol—/— versus WT (-fold difference) +1.05 +1.39 +1.13

with WT BALB/c female mice. Mating was conducted using
female mice at optimal reproductive age (3 months) and
groups of n = 5 each WT or Idol '~ males 6 and 12 months
of age, respectively. No changes in mating behavior were
noticed with any of the animal groups tested. Both 6- and
12-month-old male Idol~’~ mice showed normal fertility,
with litter sizes of 6.6 = 0.7 and 6.1 * 1.0 pups, respectively
(Fig. 84). In comparison, the respective litter sizes in WT
mice were 5.4 * 1.5 and 6.6 = 0.6 pups. Time to gestation
was also comparable (data not shown). These data suggested
that at least up to an age of 1 year, IDO deficiency had no
deleterious impact on the fertilization competence of
Idol~’~ males. Nevertheless, we noticed some interesting
differences between WT and Idol /™ males. First, the cauda
epididymal sperm counts were nearly twice as high in

8038 JOURNAL OF BIOLOGICAL CHEMISTRY

Idol~'~ animals as compared with WT animals (Fig. 8B). In
the absence of a difference in testis weight (Fig. 8C), the
increase in sperm count was unlikely to be due to an increase
in testicular spermatogenesis. Sperm viability and motility
were also assessed, and we found that the percentages of
dead and immotile spermatozoa were only slightly higher in
cauda preparations from Idol /" as compared with WT ani-
mals (not shown). However, we did notice a significant
increase in the proportion of spermatozoa exhibiting abnor-
mal morphology in the Idol ™'~ animals versus WT animals,
including pinhead, giant head, hairpin, and kite spermatozoa
(Fig. 8E). Finally, we observed that the concomitant increase
in sperm number and decrease in sperm quality were asso-
ciated with a significant decrease in the leukocyte count in
the caudal epididymal fluid of Ido1~'~ animals (Fig. 8D).

DISCUSSION

The IDO Pathway and Immunosuppression in the Mouse
Caput Epididymis—In accordance with previous studies (11,
26, 27), IDO is strongly expressed in the mouse caput epididy-
mis, whereas TDO is not. The expression of both known IDO
transcripts increased gradually during postnatal development
of the caput epididymis and reached a maximum at the time of
sexual maturity. IDO-mRNAZ2 appears to be the more abun-
dant IDO transcript in the mouse caput epididymis. We have
shown that INDOL, which is a mammalian IDO homologue
located in close proximity on the same mouse chromosome as
the result of an IDO gene duplication event (26, 27), is also
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FIGURE 6. Proteasomal protein degradation and autophagy induction in WT and Ido7~/~ caput epididymal protein extracts. A, histograms show the
three major peptidase activities of the proteasome (chymotrypsin-like (ChymoTrp-like), trypsin-like (Tryp-like), and peptidyl-glutamyl peptide-hydrolyzing
(PGPH-like)) in caput epididymal protein extracts from 6-month-old WT and Ido71~/~ mice (left). The numbers above the columns give the -fold difference
recorded. B, histogram presents the level of polyubiquitinated proteins found in caput protein extracts from 6-month-old WT and Ido7 /" animals (a repre-

sentative Western blot is shown on the right to show that neither the intensity nor the banding pattern changes when WT extracts are compared with Ido

—/—

extracts). C, histogram shows a quantitative analysis of beclin-1/ATG6 (an early autophagy marker) in 6-month-old WT versus Ido1~’~ mouse caput epididymal
protein extracts (n = 6 each). ***, p =< 0.001; **** p =< 0.0001. Data are expressed in cpm/ug of protein. Error bars, S.E.

expressed in the mouse caput epididymis, albeit at a much
lower level. Contrary to IDO transcripts, accumulation of
INDOL transcripts does not change during postnatal ontogeny
of epididymal tissue. Busulfan treatment that stops spermato-
genesis without affecting Sertoli cell functions shows that the
epididymal accumulation of IDO transcripts is greatly reduced,
suggesting that spermatozoa entering the epididymal duct trig-
ger/sustain IDO expression. In the Idol '~ knock-out, both
IDO transcripts are lost in the epididymis. This IDO deficiency
is not compensated for at the transcriptional level by an
increased accumulation of INDOL and/or TDO transcripts.
Accordingly, KYN production is dramatically reduced in
Ido1™'~ versus WT caput epididymal samples. These observa-
tions prove that IDO is the major kynurenine contributor in the
mouse caput epididymis. Furthermore, the preferential local-
ization of the enzymes TDO and INDOL on spermatozoa tran-
siting the caput epididymis (11, 18, 19) suggests that Trp catab-
olism via IDO is essentially an epididymal epithelial
phenomenon.

The strong constitutive expression of IDO in the mouse epi-
didymis is accompanied by the generation of KYN, HK, and KA.
Recent data have suggested that metabolites of the IDO path-
way contribute to the generation of a tolerogenic state against
foreign cells, including tumors and the fetal allograph (28, 29).
In the case of KYN, this is achieved through the suppression of
T-cell proliferation (30, 31). Less is known about KA and HK.
The former may play a complementary role to KYN by reducing

MARCH 11,2011 +VOLUME 286+NUMBER 10

the secretion of proinflammatory cytokines, such as TNF-a and
INE-v (32).

A similar immunosuppressive role can be ascribed to IDO in
the epididymis. Spermatozoa are generated long after immuno-
logical tolerance has been established, and for this reason, they
are potentially immunogenic. In the testes, immune recogni-
tion is prevented by the blood-testis barrier, which physically
shields postmeiotic germ cells from the immune system. Simi-
larly, the epididymis is an immunologically privileged site that
does not mount an autoimmune response against spermatozoa,
although millions of these foreign cells are continually passing
through its lumen. This is a delicate balancing act, for although
tolerance is expressed toward spermatozoa in the epididymal
lumen, full immunological competence is retained in the sub-
epithelial compartment (33). IDO-dependent reduction in Trp
levels in concert with the production of immunosuppressive
kynurenines (KYN and KA) along with the blood-epididymis
barrier formed by the epididymal epithelium may create the
requisite tolerogenic state. This interpretation is somehow sup-
ported by the up-regulation of inflammatory cytokines (both
pro- and anti-inflammatory) observed in the epididymides of
Ido1~'~ knock-out mice. The participation of IDO in establish-
ing an immunosuppressive state around spermatozoa is also
supported by the observation that IDO expression is triggered
by spermatozoa entering the epididymis tubule at sexual matu-
rity, as shown by the data obtained after busulfan treatment of
young male mice. We hypothesize that in the absence of IDO
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FIGURE 7.1DO deficiency provokes a caput epididymal regionalized phe-
notype. A and B show longitudinal caput epididymal sections of a WT and an
Ido1~’~ 6-month-old male mouse, respectively. In both panels, connective
septa separating the various caput segments are highlighted (dark black lines).
Note the weak staining of the caput segment S2 area in the Ido7~/~ animal
compared with WT. Cand D show higher magnifications of caput epididymal
tubules at the S2/53 junction from an Ido7 ™/~ animal (aged 6 months). Note
the presence of numerous bright vesicles (white arrowhead) within the
epithelium of S2 tubules. E-G show typical autophagic features revealed by
transmission electron micrographs in caput segment S2 ofan/do?~/~ animal.
An example of multilamellar vesicles (white arrowhead) is magnified in E and
F (magnification, X40,000 in Eand X50,000in F). An example of plurivesicular
structures (white arrowhead) is shown in G (magnification, X 15,000).

expression and its associated tolerogenic effect, spermatozoa
entering the tubule are likely to exacerbate the local inflamma-
tory situation. However, we think that a new equilibrium is
found in order to preserve the situation of immune tolerance
toward spermatozoa, which may explain why the cytokine
increase is minor and why it concerns both pro- and anti-in-
flammatory cytokines. This iz fine might result in a diminution
of the leukocyte population infiltrating the epididymis tubule.
Several very recent papers have brought forward the idea that
the classical Th1/Th2 balancing act in regulating the immune
response in such immune privileged settings is not that simple
(34-36).

The IDO Pathway and Changes in Protein Processing—The
absence of IDO activity in the caput epididymis of Idol '~
animals does not only nearly abolish KYN synthesis; it also leads
to a 2.5-fold increase in the concentration of Trp. This was only
observed in epididymal samples. In serum, Trp concentrations
were quite similar in both WT and Idol /= genetic back-
grounds, most likely because of TDO compensation. This rein-
forces the idea that Trp catabolism along the KYN pathway in
the mouse caput epididymis is essentially driven by IDO and
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FIGURE 8. Evaluation of fertility/spermatozoa parameters of Ido~'~
males versus WT males. A, histograms show the number of pups obtained
when WT or Ido™’~ male mice (either 6 or 12 months old) were mated with WT
female mice (3 months old) of proven fertility (n = 5 each). B, histogram shows
numbers of spermatozoa found in the caudae epididymides of 6-month-old
WT and Ido ™/~ animals (n = 7 each). C, histogram shows the testis weights
(relative to body weights) of WT versus Ido—’~ animals (6 months old). The
unit given in the y axis has been arbitrarily multiplied by 1000. D, histogram
shows the leukocyte counts in cauda epididymal fluids of 6-month-old WT
and Ido~’~ animals (n = 7 each). E, histograms show the percentage of mor-
phologically abnormal spermatozoa as revealed by Schorr staining in WT or
Ido™’~ male mice (WT,n = 4;Ido~’~,n = 5).The photograph panel on the right
shows an example of normal spermatozoa (n) and various abnormal (a) situ-
ations, including spermatozoa exhibiting kite head (7), pinhead (2), giant
head (3), and hairpin (4) sperm that were found to be more numerous in
Ido™’~ versus WT male mice. **, p < 0.01; ***, p =< 0.001; ****,p < 0.0001. Error
bars, S.E.

that other Trp-catabolizing enzymes do not compensate for
IDO loss of function in this tissue. The fact that Trp concentra-
tions were dramatically increased in caput epididymal tissues of
Ido1™~’~ mice also suggests that Trp is not a rate-limiting amino
acid in this tissue, although it is often the least abundant of the
essential amino acids. Concordantly, we show here that the
increase in Idol™’~ caput epididymal Trp content is not
accompanied by significantly elevated concentrations of the
non-kynurenine Trp derivatives indole-3-acetic acid, sero-
tonin, and melatonin. However, Idol '~ animals possessed a
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higher caput epididymal protein content than WT animals.
This was not due to an increase in protein synthesis but rather
due to a decrease in protein catabolism mediated by a defective
proteasome function.

Amino acid-mediated inhibition of protein catabolism has
already been reported in liver and muscle cell extracts (37). It
was shown that of all amino acids investigated, an excess of Trp
was the most effective in impairing proteasomal activity. The
competitive nature of this inhibition allowed the authors to
suggest that it was triggered by a relative abundance of
intracellular amino acids (37). We hypothesize that this situa-
tion pertains in the caput epididymis of Idol /™ animals, where
the elevated Trp content mediates an inhibition of proteasomal
activity. We also show that the observed proteasome inhibition
is not accompanied by an accumulation of ubiquitinated pro-
teins in Idol '~ caput epididymal protein extracts. This sug-
gests that the ubiquitination rate either is very low or has been
adjusted to avoid the otherwise deleterious accumulation of
ubiquitinated protein aggregates that would drive cellular
stress responses, eventually leading to apoptotic cell death (38).
It is interesting to note that the literature also reports that pro-
teasome inhibition may be one way that cells ameliorate an
inflammatory situation and minimize autoimmunity (39, 40).
In light of these findings, it is possible that the suppression of
proteasome activity is an adaptive response on the part of the
epididymis, designed to maintain a local tolerogenic environ-
ment toward spermatozoa in the face of a precipitous loss of
IDO activity in the Idol '~ animals.

Intracellular protein degradation is not solely ensured by the
ubiquitin/proteasome system. It is also achieved by the lyso-
somal pathway through autophagic processes. Depending on
the cell type and the nature of the stimulus, lysosomal and pro-
teasomal protein degradation may work hand in hand and com-
pensate for each other (41). We provide evidence that in the
caput epididymis of Idol~'~ animals, autophagic processes
might be increased to compensate for the deficient proteasomal
pathway. In support of this hypothesis, we show that beclin-1/
ATG6, one of the early ATG genes, is up-regulated in Idol '~
caput epididymal protein extracts. Beclin-1/ATG®6 is part of a
lipid kinase complex that has been shown to play a central role
in coordinating the cytoprotective function of autophagy and in
opposing apoptosis (24). In addition, the activity of the lyso-
somal/endosomal vesicular pathway appeared to be increased
in the caput epididymal epithelium of the Idol '~ animals, as
evidenced by ultrastructural features characteristic of
autophagic processes, such as the intracellular accumulation of
multilamellar bodies (25). Together, these data support the idea
that autophagy is up-regulated in Ido1 '~ caput epididymis to
compensate for a decline in intracellular proteasome-depen-
dent protein catabolism. It is interesting to note that beclin-1-
mediated autophagy has been reported elsewhere to be part of
an immune defense mechanism (24, 42). Thus, the hallmarks of
autophagy seen in caput segment 2 of the Ido ™/~ animals might
be associated with changes in the inflammatory situation.
Determination of whether up-regulation of autophagy in the
Ido1™'~ caput epididymis serves an immunological role or is
simply an intracellular adjustment to proteasome inhibition
and defective intracellular protein catabolism will have to await

MARCH 11,2011 +VOLUME 286+NUMBER 10

IDO in the Epididymis

further investigation. Only caput segment S2 presented micro-
scopically detectable autophagic features suggesting that this
particular segment is somehow more sensitive or involved in a
specialized function. As proposed earlier, caput epididymis seg-
ment 2 may constitute a separate functional entity with immu-
noregulatory properties (43).

The IDO Pathway and Sperm Quality Control—Intriguingly,
the caudae epididymides of IDO-deficient males yielded sperm
counts that were twice those of WT mice. Because testis
weights were not different between Ido1 ~/~ and WT animals,
increased spermatogenesis might not be responsible for the
greater number of spermatozoa found in Idol /~ males. In
addition, fertile Idol '~ did not show any impairment of their
mating behavior, ruling out the idea that these elevated sperm
counts were due to a low frequency of ejaculation. Alterna-
tively, significantly less sperm may be lost during epididymal
transit in Idol "/~ males because of an impaired sperm quality
control mechanism that normally eliminates defective
spermatozoa.

There is a growing body of evidence supporting the active
selection, removal, and degradation of mammalian spermato-
zoa during epididymal transport (reviewed in Refs. 44 and 45).
There are three non-exclusive major processes that have been
proposed to explain how spermatozoa might be disposed of
during epididymal transit (46). Two of these hypotheses involve
spermiophagy by infiltrating leukocytes and/or by epithelial
cells lining the epididymal duct. The third hypothesis impli-
cates enzyme-based degradation of spermatozoa in the epidid-
ymal lumen. In support of the latter, evidence has been gener-
ated indicating that the intraluminal degradation of defective
spermatozoa could occur by means of proteasomal proteolysis
and extracellular nuclease activity in the epididymal lumen (47,
48). Our work brings arguments in favor of the participation of
the proteasome apparatus in epididymal spermatozoa quality
control processes. Our observation that increased sperm
counts in the cauda epididymis of Idol '~ animals are signifi-
cantly correlated with a reduction in leukocyte count and
decreased proteasome activity suggests an active mechanism
for the removal of damaged, abnormal, and/or necrotic sper-
matozoa during their epididymal descent. Our data also indi-
cate that proteasome-mediated degradation of spermatozoa is
a process that starts as early as in the caput region, in line with
evidence for the apocrine secretion of ubiquitin in this region of
the epididymis (47). IDO and its downstream metabolites can
be thus viewed as potent regulators of both cell-based spermio-
phagy and proteasome-mediated destruction of spermatozoa,
two processes that appear to be heavily involved in an active
sperm quality control mechanism operating in the epididymis.
These observations are supported by the fact that Idol /™ ani-
mals possess significantly greater numbers of morphologically
defective spermatozoa as compared with WT controls. We pro-
pose that IDO activity on the one hand controls the level of
epididymal leukocytes and, on the other hand, regulates the
involvement of the epididymal proteasome in clearing defective
transiting spermatozoa. Exactly how this is achieved will be the
focus of future studies.

Thus, IDO expression appears essential in maintaining
immunological tolerance toward spermatozoa on the one hand
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while mediating an active sperm quality control system on the
other. Clinically, these findings have important implications
ranging from the understanding of inflammation and infectious
situations in the epididymis (a significant part of male infertility
cases) to the development of autoimmunity against sperm anti-
gens as well as the poor sperm morphology that is such a con-
sistent feature of human infertility.
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