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ABSTRACT

Peripubertal exposure of male rodents to the phthalate metabolite mono-(2-ethylhexyl) phthalate (MEHP) causes testicular
inflammation, spermatocyte apoptosis, and disruption of the blood-testis barrier. The MEHP-induced inflammatory
response in the testis includes an infiltration of macrophages and neutrophils, although the cause and purpose of this
response is unknown. Recently, a population of testicular macrophages known as peritubular macrophages that are
phenotypically distinct from those resident in interstitium was described in mice. Peritubular macrophages aggregate near
the spermatogonial stem cell niche and are believed to stimulate their differentiation. We hypothesized that if testicular
peritubular macrophages do indeed stimulate spermatogonial differentiation, MEHP exposure would result in an increase of
peritubular macrophages to stimulate the replacement of lost spermatocytes. Male rats were exposed to 700 mg/kg MEHP or
corn oil (vehicle control) via oral gavage at postnatal day 28 and euthanized at 48 h, 1 or 2 weeks later. Seminiferous tubules
were stained with immunofluorescent markers for macrophages (major histocompatibility complex class II [MHC-IIþ]) and
undifferentiated spermatogonia (PLZF). Peritubular macrophages were observed in rat testis: MHC-IIþ cells on the surface of
seminiferous tubules with heterogeneous morphology. Quantification of MHC-IIþ cells revealed that, unlike in the mouse,
their numbers did not increase through puberty (2-week period). MEHP increased macrophage presence by 6-fold 48 h after
exposure and remained elevated by 2-fold 2 weeks after exposure. An increase of differentiating spermatogonia occurred 2
weeks after MEHP exposure. Taken together, our results suggest that peritubular macrophages play a crucial role in the
testis response to acute injury and the subsequent recovery of spermatogenesis.
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Di-(2-ethylhexyl) phthalate (DEHP) is a ubiquitous plasticizer
that is not chemically bound to its substrates, which results in
its release and eventual ingestion by humans and animals
(Hanawa et al., 2000; Takehisa et al., 2005). Mono-(2-ethylhexyl)
phthalate (MEHP) is the primary metabolite of DEHP and has

been observed at measurable concentrations in a majority of
newborns (Latini et al., 2003) and in prepubertal children from
those observed in the United States (Silva et al., 2004) and
Germany (Becker et al., 2004). MEHP is considered an endocrine
disrupting chemical that is correlated with reduced free
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testosterone (Pan et al., 2006) and increased prolactin and estra-
diol (Li et al., 2011) in adult male humans. MEHP persists in mea-
surable quantities in semen (Han et al., 2009) and urine and is
correlated with a decrease in sperm quality (Wang et al., 2015).
Hence, one of the primary concerns regarding MEHP exposure
in humans is the deleterious effect it may have on fertility and
reproductive function.

Experimental animal models provide a majority of the
mechanistic evidence that links phthalate exposure to adverse
fertility outcomes. In the testis, MEHP exposure primarily
affects Sertoli cells (Boekelheide et al., 1989) which sequester
meiotic, and therefore antigenic, germ cells behind a selective
blood-testis barrier (BTB). The BTB protects germ cells from the
immune system, transfers necessary nutrients and information
from the endocrine system, and cleans up apoptotic germ cells
and waste products created during spermatogenesis (reviewed
in França et al., 2016). Acute high dose MEHP exposure in
rodents results in the disruption of the Sertoli cell cytoskeleton
(Richburg and Boekelheide, 1996). A secondary consequence of
this disruption is the dysregulation of the apoptosis inducing
CD95/CD95L signaling system (Lee et al., 1999) which results in
the widespread death of maturing spermatocytes (Richburg
et al., 1999). In addition, MEHP exposure causes disruption in the
gap junctions between Sertoli cells that form the BTB (Yao et al.,
2010) which is, in part, regulated by sTNF-a (Yao et al., 2007), a
compound that is capable of initiating an inflammatory im-
mune response.

A brief, but large, monocyte influx appears coincident with
widespread spermatocyte apoptosis following MEHP exposure
(Murphy et al., 2014). This influx is at least in part elicited by ca-
nonical pro-inflammatory cytokines (eg, IL-1a, IL-6 and mono-
cyte chemoattractant protein-1 [MCP-1]) released by Sertoli cells
and not by spermatocyte apoptosis itself (Stermer et al., 2017).
Although the infiltrating monocytes observed due to acute
MEHP exposure are inflammatory in phenotype, they do not
contribute to or exacerbate spermatocyte apoptosis (Voss et al.,
2018).

The purpose or function of the monocyte infiltration into the
testes due to MEHP- induced injury remains unknown.
Macrophages, which mature from naı̈ve monocytes, make up a
large portion of all cells in the testicular interstitium and are the
most abundant immune cell type in the testis (Niemi et al.,
1986). Testicular macrophages can be broadly categorized as
those that are resident to the testes and those that infiltrate
into the testes as a part of an inflammatory response. Resident
testicular macrophages perform a number of essential func-
tions during development and adulthood (reviewed in Bhushan
and Meinhardt, 2017; Hedger, 2002). These functions include
morphogenesis via vascularization during organogenesis
(DeFalco et al., 2014), assisting in the steroidogenesis of testos-
terone (Hutson, 1992), and aiding spermatogenesis and main-
taining an immunosuppressive environment (Hayes et al., 1996;
Kern et al., 1995) presumably to protect the integrity of the mei-
otic spermatogonial niche. Even under inflammatory condi-
tions, resident testicular macrophages have a unique response
and tend to polarize towards an antiinflammatory phenotype;
in response to LPS (Kern et al., 1995), bacteria (Bhushan et al.,
2011), or IL-4 (Winnall et al., 2011). Recently, a novel role for tes-
ticular macrophages was proposed in mice. A subset of macro-
phages were observed on the surface of seminiferous tubules,
concentrated in areas of undifferentiated spermatogonia, and
were found to aid in the differentiation of spermatogonia
(DeFalco et al., 2015). This specialized population of macro-
phages, called peritubular macrophages, was found to be

derived exclusively from infiltrating populations of monocytes
(Mossadegh-Keller et al., 2017). Therefore, we hypothesize that
peritubular macrophages aid in the recovery of the spermatogo-
nial niche, rather than cause additional damage as previously
predicted (Voss et al., 2018). To test this hypothesis, first the
presence of peritubular macrophages were evaluated in the rat
testis, then their morphological and expression phenotype were
characterized, and finally, it was determined if the presence of
these cells correlated with an expansion of the population of
undifferentiated spermatogonia as an indication of their influ-
ence on the spermatogonial niche.

MATERIALS AND METHODS

Animals and treatment. All animal work was conducted using hu-
mane procedures that were preapproved by the Institutional
Animal Care and Use Committee at The University of Texas at
Austin and followed NIH guidelines (AUP-201900115). Males
Fischer CDF344 rats were purchased from Harlan (Indianapolis,
Indiana) and shipped to The University of Texas at Austin at
postnatal day (PND) 25. The inbred Fischer CDF344 rats were
chosen for these studies based on the many years of data and
experience we have using this strain of rat in interrogating the
cellular and molecular mechanisms perturbed by phthalate ex-
posure. Using this inbred rat strain allows for reduced variabil-
ity in experiments and, as a result, allows for the favorable
reduction in the numbers of animals needed for these studies.
Peripubertal age rats were chosen for this study as MEHP is well
known to incite a robust macrophage infiltration in these young
animals (Murphy et al., 2014). Upon arrival, animals were main-
tained in a temperature-controlled housing facility on a
12:12 L:D cycle with ad libitum access to food and standard rat
chow. After 3 days of habituation, on PND 28, males were ran-
domly assigned to 1 of 2 treatment exposure groups; vehicle
control (VEH) or MEHP.

Each animal was exposed via oral gavage to 700 mg/kg MEHP
dissolved in corn oil or an equivalent volume of corn oil (VEH).
Based on previous research, we estimate our exposure model
results in an estimated approximately 100 mM MEHP within the
testis (Thomas and Thomas, 1984). The acute high dose phthal-
ate exposure model utilized in this article elicits a well-
described, rapid and specific disruption in Sertoli cell function.
The utility of the acute high dose exposure model is that it
allows for a quick identification of end points due to its robust
altered phenotype. A total of 7 animals were used for each treat-
ment group across 2 cohorts; first cohort ¼ 3 animals/treatment,
second cohort ¼ 4 animals/treatment. Following gavage, ani-
mals were checked for general health but were otherwise left
undisturbed in their home cage until sacrifice 48 h after treat-
ment, 1 week after treatment, or 2 weeks after treatment.
Animals were euthanized by CO2 asphyxiation followed by cer-
vical dislocation. The testes were rapidly removed and weighed.
One testis was randomly selected for whole tubule immunoflu-
orescence and was immediately placed in cold PBS (Gibco, Cat
no. 10010-023) on ice. The other testis was submerged in Bouin’s
fixative on a gentle rocker overnight. Bouin’s was replaced with
lithium-saturated ethanol the following day and every subse-
quent day until the solution and the testis were clear and saved
for future experiments.

Seminiferous tubules were isolated within 1-h of sacrifice
from testes that had been placed in cold PBS on ice. The testis
was decapsulated by puncturing and tearing the tunica and the
tubules evacuated into cold PBS. The tubules were gently teased
apart and the interstitial tissue removed with blunt forceps. The
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tubules were then washed 4 times in ice cold PBS to further re-
move interstitial tissue and cells. The tubules were then fixed in
4% paraformaldehyde (Electron Microscopy Sciences, 15710-S)
overnight at 4�C, washed an additional 4 times in cold PBS, and
stored in cold PBS at 4�C until use. This methodology (imaging
isolated tubules) was chosen to observe peritubular macro-
phages because it removes interstitial tissue and the many
macrophages that occupy the interstitial compartment. Using
testes cross sections make it nearly impossible to differentiate
between macrophages that are in the interstitium and those
that are actually on the surface of seminiferous tubules
(DeFalco et al., 2015).

Immunofluorescence staining. Immunofluorescence staining was
performed in 96-well plates on seminiferous tubules with pri-
mary antibodies major histocompatibility complex class II [MHC
class II RT1D (BioLegend, Clone OX-17, 205401, 1:200)], cluster of
differentiation 68 (CD68 [Bio Rad, MCA341R, 1:200]) is a marker
for circulating monocytes, zinc finger and BTB domain-
containing protein 16 (ZBTB16/PLZF [Santa Cruz Biotechnology,
sc-22839, 1:200]) is marker for differentiating spermatogonia
and secondary antibodies Alexa 488 (Invitrogen, A11001, 1:500)
and Alexa 568 (Invitrogen, A11036, 1:500). Hoechst 33342 (Life
Technologies, H3570, 1:10 000) was used as a DNA/nuclei coun-
ter stain. Stained tubules were mounted whole on super frost
slides with Flouromount-G (Southern Biotech, 0100-01) and
sealed with standard clear nail polish. Slides were stored at
�20�C until imaging.

Confocal microscopy and cell count. Slides were imaged on a Zeiss
scanning confocal microscope (Zeiss, LSM 710). Tubule selection
for imaging was performed exclusively under the Hoechst fluo-
rescence filter to prevent any bias in macrophage or spermato-
gonia density. The only selection criteria for image capture
were that the tubule not be damaged or distorted by the tubule
isolation and staining processes. Images that were used to
count macrophages and spermatogonia were taken at 20�
(425.10 � 425.10 lm) and with a depth of 15 lm in 3 lm incre-
ments to ensure the surface of the seminiferous epithelium and
spermatogonia were captured. Z-stacks were flattened in
ImageJ (version 1.49T) using the “Max Intensity” method.
Positively stained cells in flattened images were then counted
with EBImage (version 4.24.0) and R (version 3.5.3). Cell count
was normalized to tubule area and is represented as cell counts
per 105 pixel area. An aggregate cell count was calculated across
15 individual tubule observations within each animal by sum-
ming the cell count and tubule area of each image and calculat-
ing the density of positive cells (no. cells/105 area). This
methodology considers each animal as the individual statistical
unit rather than each tubule observation as the individual sta-
tistical unit and avoids violations of nonindependence assump-
tions within statistical tests. Counts were intermittently
verified by manual counting in ImageJ to ensure accuracy.

Statistics. Cell counts were compared between treatments and
within age using a Wilcoxon Ranked-Sum test because the data
were not normally distributed and were considered significant
if p< .01. Graphs were made in R with ggplot2 (version 3.1.1) and
edited only for style in Adobe Illustrator (version CS5). Images
for morphological and co-staining analyses were taken at 63�
(134.95 � 134.95 lm) at z-depths that varied depending on the
depth of the cell being imaged.

RESULTS

Localization and Morphology of Peritubular Macrophage
Seminiferous tubules from PND30 Fischer CD344 male rats were
separated from interstitial tissue, subjected to immunofluores-
cence for MHCII, and mounted whole on slides for analysis on a
confocal microscope. A population of MHCIIþ cells was observed
on the surface of seminiferous tubules (20�—Figure 1A, from
VEH group). Closer observation of these cells revealed irregular
morphology of the cell membrane and nucleus (63�—Figs. 1B
and 1C, from VEH group). MHCIIþ cells were sparse and found
on average once every 2 randomly captured (425.1 � 425.1 lm,
average tubule area 102 084 lm2) windows. These cells were lo-
cated on the surface of tubules often overlying or nestled in-
between, in the same plane, or in close proximity to the nuclei
of what are presumed to be peritubular myoid cells (Figure 1D,
from VEH group) and (Figure 1E) by their location and unique
nuclei morphology. Occasionally, long (approximately 50–
100 lm) protrusions originating from MHCIIþ cells appeared to
extend around or between the nuclei of apparent peritubular
myoid cells (Figs. 1F and 1G, from VEH group). In rare instances
the nuclei of an MHCIIþ cell was observed under the nuclei of an
unknown cell type (Figs. 1H and 1I, from MEHP group).

The morphology of MHCIIþ cells was heterogeneous. The
majority of MHCIIþ cells observed on the surface of the seminif-
erous tubule were either circular (Figure 1L, from MEHP group)
or spindeloid (Figure 1M, from VEH group, Heinrich et al., 2017)
in morphology. Observation of MHCIIþ cells with elongated or
stellate morphology was rare but was occasionally observed
(Figure 1N, from VEH group and Figure 1O, from VEH group,
respectively).

Peritubular Macrophages Are MHCII1 and CD681

In order to determine if the MHCIIþ cells observed were in fact
derived from the monocyte lineage, tubules were double stained
with MHCIIþ and the lysosomal protein CD68. All observed
MHCIIþ cells on the surface of seminiferous tubules were CD68þ

regardless of the morphology of MHCIIþ cells (Figure 2). All
MHCIIþ cells remained CD68þ regardless of the age or treatment
of the animal analyzed (PND30—Figs. 2A and 2B, PND35—Figs.
2C and 2D, and PND42—Figs. 2E and 2F).

MEHP Treatment Increases Number of Peritubular Macrophages
We hypothesized that if the function of peritubular macro-
phages is indeed to stimulate the differentiation of spermatogo-
nial cells, then depletion of maturing germ cells via MEHP
treatment would induce the mobilization of peritubular macro-
phages to the seminiferous tubules. PND28 male rats were ex-
posed to either MEHP or corn oil (VEH) and sacrificed after 48 h,
1, or 2 weeks with no further manipulation and the number of
MHCIIþ cells, controlled for by tubule area, was counted (n¼ 7
per treatment per age, Figure 3A). After 48 h, the population of
MHCIIþ was significantly elevated approximately 6.5-fold com-
pared with VEH males of the same age (U¼ 3, p¼ .002, Figure
3B). The number of MHCIIþ cells began to decline but remained
significantly elevated in MEHP animals approximately 6-fold af-
ter 1 week (U¼ 0, p¼ .0003) and approximately 2.5-fold after
2 weeks (U¼ 6, p¼ .005). Age did not affect the number of
MHCIIþ cells in VEH animals as determined by a Kruskal-Wallis
test (H[2] ¼ 4.1039, p¼ .1285). Subsequent pairwise Kruskal-
Wallis rank sum tests, adjusted with the Benjamini-Hochberg
method, also failed to identify any differences in MHCIIþ cell
counts across age and within VEH animals.

290 | PERITUBULAR MACROPHAGES ARE INCREASED AFTER TESTICULAR INJURY



Figure 1. A, major histocompatibility complex class II (MHCIIþ) peritubular macrophages vehicle control (VEH—green—arrow heads) are shown on the surface of a

whole seminiferous tubule at 20�; scale bar ¼ 100 lm. B and C, Up close of (A; 63�; scale bar ¼ 25 lm) confocal images show 2 MHCIIþ peritubular macrophages from

VEH animals with heterogeneous morphology on the surface of a seminiferous tubule. D and E, Two separate macrophages D (from VEH) and E (from mono-(2-ethyl-

hexyl) phthalate [MEHP]) are shown at high magnification (63�; scale bar ¼ 25 lm) nestled between the nuclei of what appear to be peritubular myoid cells (PTMCs),

identified by their location and unique nuclei morphology. The macrophage cell surface marker MHCII can be seen to occupy space in the same plane and between the

presumed PTMC nuclei. F and G, Long (>100 lm) extensions can be seen protruding bidirectionally or unidirectionally (respectively) from MHCIIþ cells from VEH ani-

mals (offset dashed/dotted line), sometimes meandering under the nuclei of other cells (63�; scale bar ¼ 25 lm). H and I, An MHCIIþ cell from MEHP group is shown in

2 different scanning planes (H¼Z-Depth 2.324 lm and I¼Z-Depth 4.316 lm) that is nestled between 3 presumed PTMC nuclei and under the nuclei of 2 cells unknown

type (63�; scale bar ¼ 50 lm). J, A 3D brightness histogram and K, a reconstructed 3D image shows an alternative view of an MHCIIþ cell under the nuclei of 2 cells of un-

known type from MEHP-treated animals. The various morphologies of MHCIIþ peritubular macrophages observed on the surface of seminiferous tubules is shown; (L)

circular from VEH group (63�; scale bar ¼ 25 lm); (M) spindeloid from MEHP group (63�; scale bar ¼ 25 lm); (N) elongated from MEHP group (63�; scale bar ¼ 50 lm); (O)

stellate from MEHP group (63�; scale bar ¼ 25 lm).
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Finally, we stained whole tubules with PLZF to determine if
spermatogonial number was affected by MEHP treatment. We
found no difference in the number of PLZFþ cells at either the
48-h or 1-week time point. However, the number of PLZFþ cells
was increased due to MEHP exposure at the 2-week time point
(U¼ 3, p< .001, Figure 3C).

DISCUSSION

Testicular macrophages perform an eclectic set of essential
functions in the testes that span the life cycle (reviewed in
Bhushan and Meinhardt, 2017). During development, testicular
macrophages aid in the organogenesis of the testis by directing
vascularization (DeFalco et al., 2014). During adolescence, testic-
ular macrophages stimulate the differentiation and prolifera-
tion of Leydig cells, the prime steroid-hormone producing cell

in the testis (Gaytan et al., 1994). In adulthood, testicular macro-
phages aid in the ultimate role of the testes, spermatogenesis,
by aiding in the steroidogenesis of testosterone (Hutson, 1992).
Throughout the lifespan, testicular macrophages help maintain
an immune-privileged environment in the testis and therefore
they protect sanctity of spermatogenesis (Kern and Maddocks,
1995). Recently, a newly discovered function was ascribed to
testicular macrophages. A subset of testicular macrophages
(peritubular macrophages) was identified in mice that localize
to the surface of seminiferous tubules near the spermatogonial
niche that when depleted disrupts spermatogonial differentia-
tion (DeFalco et al., 2015).

The aim of this work is to describe the peritubular subset of
macrophages in the rat testis for the first time, characterize
their morphology and distribution, and observe their newly as-
cribed function in an injury model. Although previous models

Figure 2. Double staining of peritubular macrophages with major histocompatibility complex class II (MHCII; green) and CD68 (red) are shown at all treatment and age

endpoints; (A, B 48 h after mono-(2-ethylhexyl) phthalate (MEHP) exposure, (C, D) 1 week after MEHP exposure, and (E, F) 2 weeks after MEHP exposure. The Hoescht

(blue) nuclei counter stain is used in all images and the scale bar shown in (A) is the same for all images. All MHCIIþ macrophages are also CD68þ regardless of treat-

ment, age, or time after exposure. All imaged were taken at 63�. The scale bar (50 lm) represented in (A) applies to all images in this figure.

292 | PERITUBULAR MACROPHAGES ARE INCREASED AFTER TESTICULAR INJURY



have shown that depleting macrophages from the testis reduces
the number of differentiating spermatogonia (DeFalco et al.,
2015), here we demonstrate that depletion of spermatocytes by
exposure to MEHP mobilizes peritubular macrophages to the
surface of seminiferous tubules in large numbers for at least
2 weeks. This increase is concurrent with an increase in the
number of PLZF positive cells that marks undifferentiated and
early stage differentiating spermatogonia. This work is signifi-
cant in that it is one of the first demonstrations that peritubular
macrophages are specifically mobilized by testicular injury and
the large-scale loss of spermatocytes.

MEHP is a well-described Sertoli cell toxicant (Richburg and
Boekelheide, 1996), which causes widespread loss of

spermatocytes (Richburg et al., 1999). The loss of spermatocytes
due to MEHP exposure is age- (younger > older), species- (rat >
mouse), and dose-dependent (Murphy et al., 2014). The loss of
spermatocytes is concurrent with a massive but transient (ap-
proximately 48 h) monocyte influx that is congruent with the
degree of spermatocyte loss; the monocyte influx is more robust
in younger animals, larger in rats compared with mice and
larger at higher doses of MEHP (Murphy et al., 2014). It was ini-
tially hypothesized that because the monocyte influx induced
by MEHP was proportional to the loss of spermatocytes, this
large-scale inflammatory immune response might exacerbate,
or be the cause of, the loss of spermatocytes and thus account
for the specificity of the observed effects. This was found not to

Figure 3. A, Representative micrographs of major histocompatibility complex class II (MHCIIþ; green) peritubular macrophages are shown on the surface of seminifer-

ous tubules in close proximity to PLZFþ (red) spermatogonia in both vehicle control (VEH) and mono-(2-ethylhexyl) phthalate (MEHP)-treated rats after 48 h after expo-

sure to MEHP. All images in this figure were taken at 20�. The scale bar (50 lm) represented in the top left panel applies to all images in this figure. B, The number of

MHCIIþ cells, normalized to tubule area, is shown. *p< .01 and **p< .001. C, The number of PLZFþ spermatogonia in VEH and MEHP-treated male rats is shown normal-

ized to tubule area (**p< .001).
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be the case. The depletion of circulating monocytes, which neu-
tralizes the MEHP-induced monocyte influx, has no effect on
spermatocyte apoptosis (Voss et al., 2018). The precipitating
cause and the functional purpose of this influx is not yet fully
understood, but our current results suggest that at least one
consequence is an increase in the long-term (2 weeks) presence
of peritubular macrophages.

Given that the only known function of peritubular macro-
phages is to stimulate the differentiation of spermatogonia, and
that a loss of spermatocytes would necessitate their replace-
ment by the induction of spermatogonial differentiation, it is
reasonable to suggest that the increase in peritubular macro-
phages we observe is to stimulate spermatogonial differentia-
tion to replace the lost spermatocytes. Our data indirectly
support this hypothesis; 2 weeks after MEHP exposure, a time
point where peritubular macrophages remain elevated, the
number of PLZFþ cells (differentiating spermatogonia) is in-
creased. Furthermore, the distribution of peritubular macro-
phages is uneven and sporadic with higher densities in a few
locations, similar to what would be expected of the spermatogo-
nial stem cell niche distribution (de Rooij, 2017). This hypothesis
requires additional experiments and evidence, including coloc-
alization of peritubular macrophages and the spermatogonial
stem cell niche, which are currently underway in our
laboratory.

Peritubular macrophages may, of course, have functions
other than, or in addition to, the stimulation of spermatogonial
differentiation. There are 2 primary immunoreactivity profiles
of macrophages that populate the testes in rats; tissue resident
testicular-macrophages (CD68�/CD163þ) and newly arrived
monocyte-like testicular macrophages (CD68þ/CD163�;
reviewed in: Hedger, 2002). These 2 populations have distinct
expression phenotypes that represent antiinflammatory tissue
resident macrophages (CD68�/CD163þ) and “alternatively acti-
vated macrophages” with suppressed inflammatory activity
(CD68þ/CD163�; Winnall et al., 2011).

Here, we reveal that all peritubular macrophages in rats, re-
gardless of treatment, are CD68þ. This observation suggests
that peritubular macrophages conform to the “alternatively
activated” phenotype described above and are seeded in the tes-
tis from circulating monocytes. That we observe a marked in-
crease in peritubular macrophages that are exclusively CD68þ

within 48 h of treatment further supports this hypothesis, as tis-
sue resident macrophages would be expected to be CD68�.
These results are consistent with previous observations in mice
that found macrophages are exclusively seeded from bone-
marrow derived circulating monocytes using lineage-tracing
techniques (Mossadegh-Keller et al., 2017). Determining a defini-
tive immunoreactive profile for peritubular macrophages in fu-
ture experiments is essential so that further characterization
can be performed (eg, fluorescent activated cell sorting to allow
for macrophage separation and transcriptome profiling). We
attempted multiple CD163 antibodies and titrations but staining
was not identified in any of the MHCIIþ cells. It’s possible that
either peritubular macrophages are not CD163þ or that our pro-
tocol needs further optimization. Efforts are currently underway
to describe the CD163 phenotype of peritubular macrophages in
rats, which will further resolve the phenotype of these
macrophages.

The location and morphology of peritubular macrophages
also provide some evidence of their possible function. Sertoli
cells can perform macrophage-like functions and therefore
serve an immune cell role in the seminiferous epithelium;
phagocytosis and ingestion of apoptotic spermatocytes

(Nakanishi and Shiratsuchi, 2004) and microbe detection via the
Toll-like receptor (Riccioli et al., 2006). Sertoli cells actively par-
ticipate in the clearance of apoptotic spermatocytes (Tay et al.,
2007) and secrete the powerful MCP-1 (Stermer et al., 2017) spe-
cifically due to MEHP-induced injury. Under normal physiologi-
cal conditions, Sertoli cells can induce germ cell apoptosis and
ingest said cells such that the meiotic and immunogenic rem-
nants remain sequestered behind the BTB (reviewed in Print
and Loveland, 2000). It is, however, possible that in extreme
cases of spermatocyte loss, such as those induced by acute
MEHP exposure, Sertoli cells are not capable of keeping up with
the processing of apoptotic bodies. A possible consequence of
this scenario is that if the BTB becomes compromised, an effect
observed due to MEHP exposure (Yao et al., 2010), an autoanti-
genic immune response could be mounted against the “nonself”
antigens and cause further damage. Sertoli cells can act as anti-
gen presenting cells which diminishes inflammatory immune
responses (Dal Secco et al., 2008). Peritubular macrophages re-
side in such close proximity to Sertoli cells, that they are them-
selves antigen presenting cells, and that they respond
specifically to an event with widespread apoptosis, suggests
that they may play a role in the tolerization of inflammatory im-
mune responses in certain catastrophic scenarios. Direct mac-
rophage cell-cell contact and communication in the testis is not
unheard of. Interstitial macrophages are known to directly com-
municate with Leydig cells and aid in steroidogenesis (Hutson,
1990). That peritubular macrophages could contact and interact
with Sertoli cells would not be implausible and our observations
suggest that, at minimum, peritubular macrophages are posi-
tioned to do so. Extensive additional work is needed to confirm
this hypothesis including the localization of peritubular macro-
phages and the extent to which they might penetrate the PTMC
layer.

Taken together, the results presented demonstrate that a
specialized subcategory of testicular macrophage is recruited to
the seminiferous tubules in response to acute testicular injury
in rats. This work is fundamental to understanding the mecha-
nisms by which infertility and azoospermia occur in adult
males. Correlational observations in humans consistently note
an increased presence of CD68þ macrophages in infertile men
(Frungieri et al., 2002; Golu�za et al., 2014). These studies suggest
the presence of CD68þ macrophages may contribute to or be the
cause of infertility. These studies, however, are retrospective in
nature and may misinterpret the significance of the increased
presence of macrophages. Although more experimentation is
needed, our data, and that of our predecessors, suggest instead
that CD68þ peritubular macrophages initially infiltrate the testis
in response to the loss of maturing spermatocytes and act to
stimulate spermatogonial differentiation.
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