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The purpose of this rninlrevlew is to present information
concerning the morphologic and functional relationship be-
tween testicular macrophages and Leydig cells. Although data
concerning the negative influence of macrophage-derived
products on testicular Leydig cells exist, this review is focused
on the stimulatory influences thought to be involved in the
physiologic interactions between these two diverse cell types.
Exp Bioi Med 231 :1-7,2006

Key words: testicular macrophage; 25-hydroxycholesterol; 25-
hYdroxylase; Leydig cells

Introduction

Macrophages primarily reside in the connective tissue
of most organs, where they phagocytose bacteria and signal
lymphocytes of impending infections. They also recognize
malignant or virally infected cells and then interact with
lYmphocytes in the killing of these cells. Phagocytic cells
appear early in the phylogenetic scale, which emphasizes
the importance of these functions. Given this long-standing
existence and wide anatomic distribution, it is not surprising
that they have acquired the ability to interact with cells
outside the immune system (I). The purpose of this mini-
review is to present a brief overview of one of the paracrine
interactions that exists between macrophages of the testes
and neighboring Leydig cells.
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Life Cycle and Population Dynamics
Cells possessing markers for monocyte/macrophages

appear in the testicular interstitium near the time of birth in
rats and, subsequently, grow in size and number as they
differentiate and populate the testis (2, 3). When newborn
rats are given human chorionic gonadotropin for 8 to 10
days to precociously stimulate neighboring Leydig cells, the
macrophage population doubles while those of the liver
remain unchanged (4). This effect is not due to the release of
testosterone by Leydig cells in response to human chorionic
gonadotropin (hCG) because Casodex, an antiandrogen, did
not block this action, nor did testosterone injections mimic
the effects of hCG (5). Although it seems likely that the
effects of hCG are indirectly mediated by Leydig cells, it
has been shown that placental macrophages express a
variant type of luteinizing hormone (LH)/hCG receptor that
is missing exon 9 (6). It is thought that this may facilitate the
local metabolism of hCG by macrophages in the placenta
villi. Animals treated with ethylene dimethane sulfonate
(EDS) to kill Leydig cells and supplemented with
testosterone had significantly fewer testicular macrophages
than control animals (7), which further demonstrates the
importance of Leydig cells (but not testosterone) in
maintaining the normal number of macro phages in the
testis. It has also been shown that the effects of Leydig cells
on the number of macrophages are not indirectly mediated
by way of the seminiferous epithelium (8). Proliferation of
macrophages, as observed in all these experimental studies,
is most likely a physiologic phenomenon because prolifer-
ation of macrophages also occurs during postnatal matura-
tion, at a time when gonadotropin levels are rising (5, 9).

Lipopolysaccharide, a component of the cell wall of
gram-negative bacteria, stimulates monocytes to migrate
into the testis (10) rather than stimulating proliferation of
existing macrophages. This suggests that different mecha-
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nisms may be involved in expanding the macrophage
population in the testis following an infection and/or during
immune activation than during the normal postnatal
developmental processes. It is interesting that the number
of both testicular macrophages and Leydig cells increases
from birth to adulthood at a relatively constant ratio (II,
12), which supports the concept that these two cell types are
functionally coupled. Using several macrophage-specific
markers, the adult population has been shown to be
heterogeneous in rats (8, 10, 13) and mice (14). The
functional significance of these subpopulations is yet to be
understood. In the adult rat testis, 81% of the OX l-positive
leukocytes are macrophages (express EDI and/or ED2; Ref.
7). F4/80 is a marker commonly used to identity mouse
testicular macrophages and has been used to identify those
of the testis (15). Vital dyes such as trypan blue, carmine
red, and a dipeptide have also been used to label macro-
phages in vivo (16). In this regard, MIT (3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide) should be
used rather than trypan blue for assessing viability in vitro
because macrophages readily phagocytose trypan blue with
prolonged exposure (17).

Structure
Testicular macrophages of all mammalian species

studied thus far exist only in the interstitial compartment
under normal conditions (1, 18). In birds, during testicular
regression, and in mammals, under pathologic conditions
where germ cells have died, macrophages can enter the
seminiferous tubules to phagocytose nonviable cells. When
stained with hematoxylin-eosin, it is difficult to distinguish
macrophages from Leydig cells in paraffin sections viewed
with the light microscope. However, when plastic sections
are stained with toluidine blue, the macrophages are much
less densely stained than Leydig cells and are, thereby, very
easily identified (11). The cytoplasm of macrophages is also
much paler in well-preserved samples for electron micros-
copy (19-21). Unfortunately, in poorly preserved samples, a
subpopulation of Leydig cells also stains lightly, resembling
macrophages (19). Typical of macrophages in most organs,
testicular macrophages have an indented nucleus, numerous
lysosomes, and residual bodies that are polymorphic.
Microvilli and cytoplasmic vesicles are also commonly
observed. In rats testicular macrophages are round, but they
are more ovoid in dogs and guinea pigs (22) and are
heterogeneous in shape in the mouse (23). The most
intriguing ultrastructural features of testicular macrophage
are the digitations. These structures exist at sites where
macrophages and Leydig cell are in direct contact and are
comprised of .long microvillus-like Leydig-cell processes
that are inserted within coated pits of the macrophage (19,
20). There are numerous coated vesicles near these
structures within the macrophage cytoplasm. Digitations
form between postnatal Days 20 and 30 in rats, a time just
before the surge in testosterone that occurs at puberty (21).

Macrophages are not known to form these specialized areas
of contact with any other cell type (21).

Effects of Macrophages on Leydig Cells

Because macrophages are closely associated with
Leydig cells and are known to secrete a wide variety of
substances that signal other cell types at multiple anatomic
locations, the author initially proposed the hypothesis that
they may secrete a factor that also influences testosterone
secretion by Leydig cells. The first approach was to develop
a culture system for rat testicular macrophages (24) with
recent modifications (25) to test this hypothesis in vitro.
Similar to Leydig-cell isolation procedures, this method
employs collagenase dispersion of the testes, which results
in a fraction that quickly sediments at unit gravity
containing primarily seminiferous tubules and a supernatant
containing Leydig cells, macrophages, endothelial cells,
fibroblasts, peri tubular cells, and other cells of loose
connective tissue. When the cells of the collagenase
supernatant are collected by centrifugation and resuspended
in culture medium, the macrophages within this heteroge-
neous cell mixture will attach to culture vessels within 5 to
10 mins, allowing other cell types to be rinsed away by
swirling and then removing the medium three to four times
(most other cell types require 15-30 mins to firmly attach).
It is important to coat the dishes with bovine serum albumin
before plating to reduce adherence of contaminating cells. It
is also important that the culture medium used to attach and
wash the cells be preacclimated in the CO2 incubator before
use. This procedure yields a population of macrophages that
are more than 95% pure (I). Cultured testicular macro-
phages expressed Fe receptors, phagocytosed inert particles,
and pathologic bacteria; expressed macrophage-specific
markers; and released superoxide anion, indicating that
they are authentic macrophages (I, 26, 27). However, the
protein profile, as visualized using two-dimensional gel
electrophoresis, was dramatically different than the profile
obtained from macrophages of the peritoneal cavity, which
indicates that they have acquired a tissue-specific phenotype
(28).

Using the differential attachment culture model, rat
Leydig cells grown in testicular macrophage-conditioned
medium were found to secrete more testosterone than
control Leydig cells in a dose- and time-dependent manner
(29). The factor responsible for this effect was found to be
ether extractable, resistant to chymotrypsin, heat stable, and
bound to dextran-coated charcoal, which indicates that it
was a small lipophilic compound (25). The approach for
identifying this lipophilic factor, originally called macro-
phage-derived factor, took advantage of the finding that it
was produced by peritoneal macrophages as well as
testicular macrophages. This allowed many more cells to
be isolated, thereby yielding large volumes of conditioned
medium (30). Twenty liters of conditioned medium were
extracted in twobatches from rat peritoneal macrophages
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with ether, and the residue was sequentially chromato-
graphed from the organic phase through three HPLC
columns: C18 , silica, and finally a cyano column. A single
peak of bioactivity was obtained with each column. This
final bioactive peak from the cyano column was subjected to
gas chromatography on a DB-5 column and, again, a single
peak was obtained using total ion mass spectrometry (MS)
for detection. When this peak was analyzed by MS, it
exhibited a molecular weight of 402 with a fragmentation
pattern characteristic of oxysterols. When a series of
oxysterols was subjected to the same three HPLC columns
and then gas chromatography/mass spectrometry, only 25-
hydroxycholesterol had the same elution time by all three
HPLC columns and the same fragmentation pattern by MS.
When this preparation was further analyzed by nuclear
magnetic resonance spectroscopy, the assigned resonance
signals indicated that the compound was 25-hydroxycho-
lesterol. The secretion of 25-hydroxycholesterol was not
restricted to cultured macrophages as it was also found in
washes of normal rat testis (30). We also found that human
macrophages produce 25-hydroxycholesterol, which indi-
cates that this phenomenon is not specific to rodents and has
potential clinical relevance (31).

The pathway for conversion of free cholesterol to
testosterone in Leydig cells is well established. Cholesterol
is delivered to the cholesterol side-chain cleavage system
located on the inner mitochondrial membrane for the initial
enzymatic steps of steroidogenesis. Because cholesterol is
very nonpolar, it is assisted to the side-chain cleavage
enzymes by the steroidogenic acute regulatory (StAR)
protein (32). Cholesterol is then hydroxylated at the 20 and
22 positions, yielding 20cx,22(R)-hydroxycholesterol (33).
The side chain is then cleaved between these hydroxylated
sites yielding pregnenolone, which is further metabolized to
testosterone through higher-capacity enzyme systems in the
cytosol. The present findings indicate that macrophages
have the potential to provide an alternate pathway for
steroidogenesis, which bypasses the StAR-dependent deliv-
ery of cholesterol to the side-chain cleavage system by
offering 25-hydroxycholesterol as a direct substrate for side-
chain cleavage. The rate-limiting step for this paracrine
pathway would, therefore, be the regulation of biosynthesis
of 25-hydroxycholesterol in the macrophage. A 25-hydrox-
vlase has been described (34) and has presented in both
testicular and peritoneal macrophages (35).

Although the most likely fate of testicular macrophage-
derived 25-hydroxycholesterol is conversion to testosterone
as previously described, this oxysterol has also been shown
to act as a signaling molecule in a wide variety of cell types.
Po~ example, it stimulates sphingomyelin synthesis in
ChInese hamster ovary cells (36), inhibits macrophage and
~ymphocyte functions (37), stimulates the accumulation of
Intracellular calcium in smooth muscle cells (37), inhibits
g~owth of tumor cells (38), induces apoptosis (39) and
eiCosanoid production (40) in endothelial cells, and
regUlates cholesterol metabolism (41-43). Along with other

sterols, 25-hydroxycholesterol has been shown to increase
StAR expression in MA-1O and Yl cells (44,45), but elicits
no similar effect in primary cultures of rat Leydig cells (46).
The cytotoxic effects of 25-hydroxycholesterol are far less
pronounced in Leydig cells than in other cell types (35).
Clearly, more work is needed to determine if nonsubstrate
effects of 25-hydroxycholesterol play a significant physio-
logic role in Leydig cell development and/or function.

Several lines of evidence suggest that the paracrine
interactions between macrophages and Leydig cells is
physiologically relevant. First, the amount of 25-hydrox-
ycholesterol produced by cultured testicular macrophages
(10.29 fg 25-hydroxycholesterol/cell/hr) is sufficient to
provide a significant amount of substrate for Leydig cells
(30). A single rat testis has approximately 15 million
macrophages (11). At 10.29 fg 25-hydroxycholesterol/cell,
these macrophages would produce 154 ng 25-hydroxycho-
lesterol in 1 hr. Even if only a fraction of this 25-
hydroxycholesterol becomes testosterone, it would represent
a physiologically relevant portion of the substrate used for
testosterone produced by Leydig cells. It should be noted
that the amount of 25-hydroxycholesterol produced in vitro
may be different to that produced in vivo, and Leydig-cell
responsiveness may also be quite different in these two
environments. In addition, the volume into which macro-
phages secrete 25-hydroxycholesterol is obviously different
in vivo compared with in vitro. However, because macro-
phages are in direct contact with the Leydig cells, it is likely
that Leydig cells are exposed to much of the 25-
hydroxycholesterol produced by these cells. The rate of
turnover of 25-hydroxycholesterol, as well as the degree of
conversion of 25-hydroxycholesterol to testosterone com-
pared to 20,22-hydroxycholesterol under normal physio-
logic conditions are yet to be determined. Additional
evidence that the stimulatory influence of macrophages on
Leydig cells is physiologically relevant is that testosterone
levels have been shown to be less, and animals become
infertile, when macrophages are removed from the testis by
experimental (47, 48) or genetic (49) approaches. In the
experimental models, liposome-encapsulated toxins have
been injected into the testis that kill macrophages by
apoptosis (50, 51). Testosterone levels in the depleted testis
are far lower than in the untreated control testis of the same
animal. It has been shown that Leydig cells are not directly
affected by these liposomes or toxins (52). In the genetic
model, macrophages are absent because the animals produce
a mutant form of colony stimulating factor-l , a growth
factor responsible for the production of monocytes/macro-
phages (53). Although the effect of macrophage depletion in
this model appears to be primarily mediated by decreased
circulating levels of LH, the data also support a local
macrophage-derived effect (49, 54, 55). As previously
mentioned, the presence of 25-hydroxycholesterol in the
testis under normal physiologic conditions makes it possible
for it to be involved in the physiologic regulation of Leydig
cells (30). It has also been shown that testosterone inhibits
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the production of 25-hydroxycholesterol at the transcrip-
tional level, which suggests that a negative feedback loop
exists for this paracrine interaction (as is present for most
endocrine systems; Ref. 56). Final evidence for a physio-
logic role for this oxysterol is that maturing Leydig cells
treated with 25-hydroxycholesterol in vitro express much
more 3~-hydroxysteroid dehydrogenase than untreated cells
(57). Because oxysterols have been shown to function as
signaling molecules with important roles in lipid metabo-
lism, (41-43) it seems possible that they also act on Leydig
cells through similar nonsubstrate mechanisms to regulate
their postnatal maturation. Because macrophages are not
found in the testis during prenatal development (58), it
seems unlikely that they play a direct role in embryonic or
fetal development of Leydig cells.

Controversy arose following our early studies that
demonstrated a stimulatory effect on Leydig cells in that
some laboratories found that Leydig cells produced less
testosterone when grown in a macrophage-conditioned
medium (1). These inhibitory effects were primarily due
to the production of nitric oxide (NO), TNFcx., and/or
interleukin-I by testicular macrophages, all of which have
potent negative effects on steroidogenesis (59). It is likely
that variations in the methods used to prepare macrophages
may explain these discrepancies because the presence of
endotoxin (LPS) and collagenase are known to make major
differences in their secretory pattern (60-62). This is an
important consideration because more recent procedures
using elutriation, density-gradient sedimentation, and/or
binding to opsonized particles to isolate testicular macro-
phages have also been described (63-65). The effects of
these various procedures on the secretory profile of
testicular macrophages is unknown. It is likely that the
cytokines produced by testicular macrophages play impor-
tant roles during pathologic conditions involving immune
activation (66). Although it is possible that they also play
roles in the physiologic processes of the testis, it seems
unlikely because fertility persists following the deletion of
many of these cytokines and/or their receptors (67-70), and
most of the cytokines are either not expressed or are
expressed at very low levels by testicular macrophages
under physiologic conditions (66, 71). Excellent reviews
concerning these inhibitory factors are available (72-75).

Cooperation between two different cell types for
metabolism of steroids to their final active form is an
important and conserved theme in reproductive biology. For
example, theca internal cells produce androgens that are
subsequently aromatized by granulosa cells to estradiol (76,
77). Similarly, androgens from Leydig cells are aromatized
by Sertoli cells to estradiol (77), and androgens can be 5cx.-
reduced by target cells yielding a more active compound
(78). Thus, passage of 25-hydroxycholesterol from macro-
phages to neighboring Leydig cells for conversion to
testosterone may be an additional example of how evolution
has reproduced this most interesting theme.

Unanswered Questions

What Portion of the Total Testosterone Made
by Leydig Cells Comes from Macrophage-Derived
25-Hydroxycholesterol? Depending on the species,
Leydig cells acquire cholesterol from high density lip-
oproteins (HDL), low density lipoproteins (LDL), and/or de
novo biosynthesis (79). As previously discussed, cholester-
ol is converted to 20,22-hydroxycholesterol and then
pregnenolone by the cholesterol side-chain cleavage
system. The delivery of cholesterol to the mitochondria
where this enzyme system resides is facilitated by StAR, a
protein under the regulation of LH (32). 25-hydroxycho-
lesterol bypasses mechanisms requiring StAR and gains
unassisted access to the side-chain cleavage system where it
is also converted to pregnenolone and, ultimately, testos-
terone by the previously described mechanisms for 20, 22-
hydroxycholesterol (46). The portion of testosterone
produced from 25-hydroxycholesterol compared to 20,
22-hydroxycholesterol is yet to be determined. When the
20,22-hydroxycholesterol pathway is blocked, as in StAR
knockout animals, there is still sufficient testosterone to
maintain spermatogenesis, which suggests that alternate
pathways are important. The author hypothesizes that the
testosterone produced under these conditions is derived in
part from 25-hydroxycholesteroi. This is supported by the
observation that Leydig cell lines, such as the MA-lO cell,
produce very little steroid under basal conditions. This
hypothesis is also supported by the finding that removal of
macrophages from one testis causes it to secrete less
testosterone than the opposite testis, even though the
Leydig cells without macrophages are still under the
regulation of LH and StAR-mediated sources of oxysterol
for conversion.

What Regulates the Production of 25-Hydroxy-
cholesterol? As previously mentioned, testosterone de-
creases the number of 25-hydroxylase transcripts and
production of 25-hydroxycholesterol by cultured testicular
macrophages. The author hypothesizes that this represents a
negative feedback loop. There have been no reports of
signals that increased the production of 25-hydroxycholes-
terol by macrophages. Additional studies are clearly needed
to determine if production of this oxysterol is positively
regulated.

What Is the Role of Macrophages and/or
25-Hydroxycholesterol in Leydig Cell Develop-
ment? Treatment of immature Leydig cells in vitro with
25-hydroxycholesterol dramatically increased the histo-
chemical reaction for 3~-hydroxysteroid dehydrogenase. It
is interesting to note that the number of transcripts for 25-
hydroxylase are highest in macrophages taken from animals
at lO days of age and that testicular macrophages from
immature animals produced 25-hydroxycholesterol (57).
Both findings indicate that this oxysterol has the potential to
be a major stimulator of Leydig cell development and
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maturation. Effects on parameters other than 3~-hydrox 

ysteroid dehydrogenase have yet to be investigated.
What Is the Role of Leydig Cells in Regulating

Macrophage Numbers, Differentiation, and Func-
tion? Gonadotropin administration to newborn rats results
in an increased number of macrophages in the testis.
Although the number of macrophages in the liver did not
increase, it is not known if macrophage populations in other
parts of the animal were influenced. The mechanisms
mediating this phenomenon are completely unknown. It is
interesting that functional hCG receptors have been found in
the female reproductive tract (6, 80). The author speculates
that the purpose of this is to facilitate the local metabolism
of hCG by macrophages in the villi. It seems possible that
macrophages of the testis could also express hCG/LH
receptors and serve a similar function of scavenging LH
released from Leydig-cell receptors. It would be fascinating
if this were part of the role of the digitations that exists
between these two cell types. It is also possible that these
effects are indirectly mediated by stimulating Leydig cells to
release pertinent factors. Although macrophage-inhibitory
factor-l appears not to be involved in this process,
monocyte chemoattractant protein-l may be involved (81).

Are Testicular Macrophages Truly Bone Mar-
row Derived and What Is the Significance of the
SUbpopulations? To date, all macrophages that appear in
the connective tissue either migrated in from the blood as
monocytes or are a result of the proliferation of these initially
migrating cells. Although testicular macrophages are known
to divide during postnatal maturation of the testis, it is not
known if the original cells were derived from the bone
marrow. Regardless of their origin, it will be interesting to
determine the factors in the local testicular environment that
induce this unique tissue-specific phenotype.

What Is the Function of the Digitations? Be-
cause these structures do not form between macrophages
and any cell type other than Leydig cells, it seems that they
must be specifically involved in functions specific to the
testicular phenotype. It seems possible that these structures
function as either anchors and/or sites of molecular
exchange. 25-hydroxycholesterol has been observed in the
membrane of macrophages (82). The author proposes that
macrophage induce apoptosis in adjacent lymphocytes
through such mechanisms. No similar studies have been
conducted in the testis to determine the localization of 25-
hydroxycholesterol in testicular macrophages and/or to
determine if this oxysterol plays a similar cytotoxic role in
the elimination of interstitial cells during gonadal matura-
tion. Although little has been done to understand the role of
the digitations, it is speculated that they lie at the heart of
this most interesting encounter between a very versatile cell
of the immune system and the most important endocrine cell
of the testis.

Summary

Macrophages may be the most versatile of all cell types,
with immune and nonimmune functions proposed across
many organ systems. Within the testis, they play important
roles during immune activation (when cytokines are
released and steroidogenesis is inhibited by traditional
cytokines) and normal physiologic interactions with Leydig
cells (when development is stimulated and the production of
testosterone is promoted by the secretion of 25-hydrox-
ycholesterol). Additional studies of this paracrine interaction
between macrophages and Leydig cells may provide
valuable insight for the treatment of infertility and/or the
development of more effective male contraceptive mea-
sures.
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