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SUMMARY

The testis produces sperm throughout the male
reproductive lifespan by balancing self-renewal and
differentiation of spermatogonial stem cells (SSCs).
Part of the SSC niche is thought to lie outside the
seminiferous tubules of the testis; however, specific
interstitial components of the niche that regulate
spermatogonial divisions and differentiation remain
undefined. We identified distinct populations of testicular macrophages, one of which lies on the surface of
seminiferous tubules, in close apposition to areas of
tubules enriched for undifferentiated spermatogonia.
These macrophages express spermatogonial proliferation- and differentiation-inducing factors, such as
colony-stimulating factor 1 (CSF1) and enzymes
involved in retinoic acid (RA) biosynthesis. We show
that transient depletion of macrophages leads to a
disruption in spermatogonial differentiation. These
findings reveal an unexpected role for macrophages
in the spermatogonial niche in the testis and raise
the possibility that macrophages play previously unappreciated roles in stem/progenitor cell regulation
in other tissues.
INTRODUCTION
One of the most important biological functions of the adult testis
is to maintain fertility over an extended reproductive lifespan by
balancing renewal and differentiation divisions of spermatogonial stem cells (SSCs) inside seminiferous tubules. Defects in
either self-renewal or differentiation of SSCs lead to depletion
of sperm and infertility.
In the prevailing model of the SSC hierarchy, the isolated, single spermatogonia, Asingle, are the most undifferentiated cells in
the lineage, some of which comprise the steady-state SSC population (Chan et al., 2014; de Rooij, 1973; Oakberg, 1956, 1971).
The progeny of Asingle cells undergo incomplete cytokinesis, giving rise to syncytial cysts of 2 (Apaired), 4 (Aaligned-4), 8 (Aaligned-8),
or 16 (Aaligned-16) spermatogonia. These cells comprise the undif-

ferentiated spermatogonia (Aundiff) and are located on the
basement membrane of the seminiferous tubule interspersed
among Sertoli cells, the somatic cell lineage within the tubule
that supports spermatogenesis. Further differentiation of Aaligned
spermatogonia produces A1 (‘‘differentiating’’) spermatogonia
that, after multiple mitotic divisions, enter meiosis, undergo spermiogenesis, and proceed toward the tubule lumen.
The microenvironment that regulates stem cell self-renewal
and differentiation divisions is referred to as the stem cell niche
(Li and Xie, 2005). Unlike the well-defined and distally localized
germline stem cell niche in the gonads of other model organisms,
such as Drosophila and C. elegans, the mammalian testis contains many potential germline stem cell niches (in the range of
several thousand to 40,000 per testis) (Shinohara et al., 2001; Tegelenbosch and de Rooij, 1993) that are not well characterized,
but are believed to be randomly located along the tubules. In
part because the SSC niche lacks a stereotypic location, it has
proven difficult to define its cellular constituents in mammals.
Within the testis interstitium, there are multiple cell types that
influence the SSC niche directly or indirectly, including steroidogenic Leydig cells that produce testosterone, which is known to
influence spermatogenesis (Smith and Walker, 2014), and peritubular myoid cells (PMCs), which encase seminiferous tubules,
communicate directly with underlying Sertoli cells in the tubule,
and provide structural support and peristaltic action. In addition,
vascular endothelium with its associated perivascular cells is
also associated with the surface of seminiferous tubules. Undifferentiated spermatogonia localize to regions of the seminiferous
tubule that border the vascularized interstitial compartment
(Yoshida et al., 2007). Thus, the endothelium or other cells typically associated with the vasculature may act to establish and
maintain the niche.
Macrophages, which are frequently associated with vasculature, are present in large numbers in the adult testis interstitium
(Hume et al., 1984). A growing number of non-immune functions
have been attributed to macrophages in other tissues. For
example, macrophages are involved in vascular development of
the fetal brain (Fantin et al., 2010). In the juvenile and adult testis,
macrophages are intimately associated with Leydig cells and
promote steroidogenesis (Cohen et al., 1997; Gaytan et al.,
1994; Hutson, 2006), although the mechanism through which
this interaction is mediated is not entirely clear. Interestingly,
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genes involved in immune cell differentiation and chemotaxis,
such as Csf1r, Itgal, Ccl2, Ccl3, Ccl7, Cxcl2, and Cxcl4, are enriched in the transcriptome of SSCs (Kokkinaki et al., 2009; Oatley
et al., 2009), suggesting that communication between cells of the
immune system (such as macrophages) and SSCs potentially
plays an important role in spermatogenesis.
In this study, we investigated a role for macrophages in
regulation of the spermatogonial progenitor niche in the mouse
testis. We demonstrate that a transient ablation of macrophages
in the adult testis does not affect SSC maintenance, but results in
fewer spermatogonia, likely by affecting spermatogonial differentiation. We define unique populations of macrophages within
the adult testis, one of which localizes along the surface of
seminiferous tubules, spatially associates with spermatogonial
precursors, and expresses spermatogonial proliferation- and
differentiation-inducing molecules, such as colony-stimulating
factor 1 (CSF1) and enzymes in the retinoic acid (RA) biosynthetic pathway. The effects observed on spermatogonial activity
are consistent with local macrophage-spermatogonial interactions and are likely independent of known macrophage functions
in regulating steroidogenesis. This work demonstrates an unexpected role for macrophages in spermatogonial development
and raises the possibility that macrophages play previously
unappreciated roles in stem/progenitor cell regulation in other
tissues.
RESULTS

In contrast, peritubular cells were positive for macrophage/microglial markers, such as AIF1, ITGAM (CD11b), F4/80, CD68,
Cx3cr1-GFP (Jung et al., 2000), and Mafb-GFP (Moriguchi
et al., 2006) (Figures 1C–1E). These macrophages made extensive contacts with blood vessels extending over the tubule
surface; most were closely associated with tubular vasculature,
while some were independent (Figure 1F). Peritubular macrophages were intermingled with PMCs and formed rosette-like
structures similar to those observed in the neural stem cell niche
(Zhang et al., 2001) (Figures 1G and 1H).
Peritubular and interstitial macrophages showed unique
expression of two myeloid-associated markers: CSF1R was
expressed at low levels in peritubular cells but at high levels in
interstitial macrophages, whereas the opposite was true for
major histocompatibility complex II (MHCII) (Figure 1I); all other
macrophage markers tested were clearly detected in both cell
populations. Consistent with immunofluorescence results, flow
cytometry revealed that there were at least two major subsets
of testis macrophages: CSF1R-positive, MHCII-negative (interstitial macrophages) and CSF1R-negative, MHCII-positive
(peritubular macrophages) (Figures 1J–1N). These two populations were present in similar numbers in the testis (Figures 1M
and 1N). Additionally, we observed a CSF1R and MHCII double-negative population, which may represent undifferentiated
macrophages or a macrophage population that expressed only
low levels of these cell-surface markers by flow cytometry
(Figure 1M).

Testicular Macrophages Are Located in Both the
Interstitium and along the Seminiferous Tubules
To examine macrophage populations in the adult testis, we used
well-characterized markers of the testicular macrophage lineage, such as F4/80 (Hume et al., 1984) and AIF1 (IBA1; Köhler,
2007). Macrophages in the interstitial compartment were intimately intermingled among Leydig cells (Figures 1A and 1A’),
consistent with previous observations that macrophages and
adult Leydig cells form unique intercellular contacts (Hutson,
1992). Macrophages were also intimately associated with interstitial testicular vasculature and often extended long processes
along the length of blood vessels within Leydig cell clusters
(Figure 1B).
We examined the association of macrophages with lymphatic
vessels. Consistent with previous reports (Hirai et al., 2012; Svingen et al., 2012), lymphatic vessels (as labeled by Neuropilin 2
[NRP2] and LYVE1) were only detected in the outer tunica of
the testis; macrophages were numerous throughout the tunica
layer and were often associated with both blood vessels and
lymphatic vessels (Figures S1A and S1B).
In addition to well-characterized interstitially localized macrophages (Hume et al., 1984), F4/80 also labeled a population of
cells on the surface of seminiferous tubules (Figures 1A’ and
1C). These cells had long processes (spanning up to 100 mm)
and had a stellate or ramified appearance characteristic of
both neurons and macrophages. We first speculated that these
peritubular cells belonged to a neuroendocrine lineage. However, they did not stain positive for HSD3B1 (Figures 1A and
1C) or express the neural-associated markers TUBB3 (Tubulin,
beta 3 class III; TUJ1), S100b, or Nestin (Figures S1C–S1E).

Peritubular Macrophages Are Localized to the Myoid
Layer Immediately Overlying Spermatogonial
Precursors
Using the transcriptional repressor ZBTB16 (PLZF; Buaas et al.,
2004; Costoya et al., 2004) as a marker for undifferentiated
spermatogonia and A1-A3 differentiating spermatogonia in cryosections of adult testes, we found that the few ZBTB16-positive
cells per section were often (but not always) adjacent to F4/80positive macrophages (Figures 2A and 2A’). In an analysis
of whole-mount seminiferous tubules, a correlation between
macrophage density along seminiferous tubules and the number
of ZBTB16-positive cells in the tubule was evident (Figures 2B
and 2C). Although the association of macrophages with undifferentiated spermatogonia was not absolute on a cell-by-cell basis,
large groups of spermatogonia were consistently located in tubule regions enriched for macrophages, suggesting a relationship between the two populations.
3D reconstruction of seminiferous tubules revealed that macrophages were overlying the Collagen IV-containing tubule basement membrane in the smooth muscle alpha actin (ACTA2,
a-SMA)-positive PMC layer and did not appear to be penetrating
deeply into the tubule (Figures S2A and S2B; Movie S1). However, macrophages were often in very close proximity to blood
vessels and ZBTB16-positive cells (Figure S2C; Movie S2).
We found that the specification, recruitment, and localization
of peritubular and interstitial macrophages were not dependent
on Cx3cr1, as Cx3cr1-GFP homozygous mutant testes showed
normal macrophage populations and testis function (Figures
S2D–S2I), consistent with previous reports that these mutants
are fertile (Jung et al., 2000).
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Figure 1. Adult Testis Macrophages Are Localized near Leydig Cells, Vasculature, and within the Peritubular Myoid Cell Layer
(A and A’) (A’) is a higher magnification of the boxed region in (A). Dashed lines indicate an outline of seminiferous tubules (‘‘st’’) throughout all figures; ‘‘int’’ refers
to interstitium throughout all figures. Macrophages (arrowheads in A’) were observed within clusters of HSD3B1-positive Leydig cells and overlying seminiferous
tubule surfaces (arrow in A’).
(B) Macrophages were associated with interstitial vasculature (marked with PECAM1).
(C–E) Peritubular cells (C, arrow) were positive for macrophage markers F4/80, ITGAM (CD11b), AIF1, Mafb-GFP, CD68, and Cx3cr1-GFP.
(F–H) Macrophages were in close proximity to tubular vasculature (F) and made rosette-like structures (G, circle outline) with tubule surface PMCs (large nuclei,
asterisks in H).
(I) Peritubular (I, arrow) and interstitial (I, arrowhead) macrophages showed opposite expression patterns for MHCII and CSF1R. Black-and-white panels to the
right of (I) are MHCII-only and CSF1R-only images for specific macrophages denoted by an arrow or arrowhead in (I). Thin scale bar, 50 mm; thick scale bar, 25 mm.
(A) and (I) are images from cryosectioned testes; the remaining images are from whole-mount seminiferous tubules. The image in (I) is from a superficial cryosection that contains peritubular macrophages overlying tubules (i.e., macrophages may appear to be—but are not actually—inside tubules); vasculature in (B)
and (F) is overlying the tubule and is not within the tubule itself.
(J) Flow cytometry of CD45+ cells from adult testis. Two populations of F4/80+CD11b/ITGAM+ macrophages (green and pink) are observed (black population
represents CD45+ non-macrophage cell types).
(K and L) Histograms show differential expression of CSF1R (K) and MHCII (L) in corresponding color-coded populations from (J); solid black lines in (K) and (L)
represent CD45+ non-macrophage cells, and dashed black lines in (K) and (L) represent fluorescence minus one (FMO) controls for total CD45+ cells.
(M) Contour plot shows CSF1R and MHCII expression in macrophage populations; black population represents double-negative population. Plots in (J)–(M) are
representative experiments of four separate testes from two different CD-1 mice.
(N) CSF1R+ and MHCII+ cells are shown as a percent of total macrophages; gating is based on corresponding FMO control. Data in (N) are shown as mean ± SEM.
See also Figures S1 and S2 and Movies S1 and S2.

Macrophage Density along the Seminiferous Tubule
Increases at Locations Containing the Highest
Concentration of Undifferentiated Spermatogonia
To investigate macrophage localization and its relationship
to spermatogenesis, we utilized markers to identify early spermatogonia at different stages of the spermatogenic cycle. Two
populations of ZBTB16-positive cells could be distinguished:

bright and dim (Figure S3A). Using another marker of undifferentiated spermatogonia, Cadherin 1 (CDH1; E-cadherin) (Tokuda
et al., 2007) and a marker of A1 differentiating spermatogonia
and later stages, KIT (C-KIT) (Schrans-Stassen et al., 1999), we
confirmed that ZBTB16-bright cells were Asingle, Apaired, and
Aaligned-4,8,16 undifferentiated spermatogonia (Figure S3B), while
long chains of ZBTB16-dim cells were A1-A3 differentiated
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Figure 2. Macrophages Are Associated with Regions of the Seminiferous Tubule Containing ZBTB16-Expressing Undifferentiated
Spermatogonia
(A–C) Immunofluorescence images of adult cryosectioned testis (A) and whole-mount seminiferous tubules (B and C). (A’) is a higher magnification of the boxed
region in (A). Macrophages (A, arrowheads) were located adjacent to ZBTB16-expressing cells and extended long cellular processes (A’) over ZBTB16-positive
cells. Tubule regions populated by fewer macrophages (B) had fewer ZBTB16-positive cells, as compared to high-density macrophage regions (C). Thin scale
bar, 50 mm; thick scale bar, 25 mm.
(D) Counts of macrophages per unit area for tubule regions of various stages of the spermatogenic cycle. *p < 0.01, **p < 0.001.
(E) Counts of ZBTB16-bright and ZBTB16-dim cells at various stages of the spermatogenic cycle. Data are represented as the mean ± SEM. Cartoon
depicts stages of the spermatogenic cycle and the representative numbers of ZBTB16-bright and ZBTB16-dim spermatogonia relative to macrophages along the
tubule surface.
See also Figure S3.

spermatogonia (Figures S3C–S3E). While the strongest expression of ZBTB16 is in undifferentiated and A1 spermatogonia,
sensitive detection methods allow visualization of ZBTB16 also
within A2 and A3 spermatogonia (Meistrich and Hess, 2013).
We grouped tubules into subsets of the cycle stages: stages I–
V, VI–VII (in which the number of long ZBTB16-bright Aaligned
cysts reaches its peak), VIII–IX (in which A-type undifferentiated
spermatogonia have transitioned into ZBTB16-dim A1 differentiating spermatogonia), and X–XII (in which A1 spermatogonia
have become A2 and A3 spermatogonia, and there are low
numbers of ZBTB16-bright cells and high numbers of ZBTB16dim cells).
We found a significant increase in macrophage density along
the tubule in stages VI–VII (Figure 2D), the stage in which the
number of bright ZBTB16-positive undifferentiated spermatogonia is at its highest (Figure 2E) and a decrease in macrophage
numbers as the cycle progressed away from stages VI–VII.
Induced Diphtheria Toxin Receptor Ablation Is Effective
for Depletion of Testicular Macrophages
To investigate whether macrophages regulate spermatogenesis,
we ablated macrophages using the Cre-inducible diphtheria

toxin receptor (iDTR) method (Buch et al., 2005) driven by
Cx3cr1-Cre. GFP lineage tracing revealed that Cre expression
was highly macrophage-specific in the testis (Figures S4A–
S4F), as GFP was detected in 95% of testicular F4/80- and
AIF1-positive macrophages. Consistent with this observation,
flow cytometry revealed that > 95% of GFP-positive cells in
Cx3cr1-GFP adult testes were F4/80- and CD11b/ITGAM-expressing macrophages (Figure S4G).
We administered four doses of diphtheria toxin (DT)
over the course of 7 days (Figures 3A and S4H) to eliminate
macrophages and prevent their recovery from the systemic
circulation. DT-treated Cx3cr1-Cre;Rosa-iDTR adult testes
showed a significant overall reduction (>90%) in macrophages
(Figures 3B–3E and S4I–S4L). Macrophage numbers in
the testis recovered to about half of wild-type 4 days after
the final DT injection and fully recovered by 14 days (data
not shown; Figures S5A and S5B). DT injection itself did
not disturb short-term testis function, since testes from
Cx3cr1-Cre-negative animals that were DT-injected were
similar to wild-type testes in terms of macrophage populations and progression of spermatogenesis (Figures S5D
and S5E).
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Figure 3. Ablation of Macrophages Results in Decreased Numbers of Spermatogonia
(A) Time line of the multiple-DT-injection scheme. Each blue bracket represents 1 day; the macrophage depletion period is shown by a black line. DT injections
were administered on days 1, 3, 5, and 7. Testes were harvested 24–72 hr after last injection. The mouse spermatogenic cycle is depicted, from A-type
undifferentiated spermatogonia (Aundiff) to intermediate (mitosis) differentiated spermatogonia (Inm). Expression of stage-specific spermatogonial markers is
shown below.
(B) Control PBS-injected tubule.
(C) ‘‘DT a’’ tubule. Group ‘‘DT a’’ denotes a minority of tubules (<10%) containing small numbers of macrophages.
(D) ‘‘DT b’’ tubule. Group ‘‘DT b’’ denotes the majority of tubules (>90%) completely devoid of macrophages. SOX9 labels Sertoli cells.
(E–G) Graphs show the extent of macrophage ablation (E), the Sertoli cell number (F), and the total ZBTB16, ZBTB16-bright and ZBTB16-dim cell number (G).
Data are represented as the mean ± SEM. *p < 0.05; **p < 0.005.
(H and I) Control Cre-negative samples had a greater percentage of CDH1-positive long Aaligned chains (H, arrowheads), whereas macrophage-depleted samples
were biased toward shorter chains (H and I, arrows).
(J and K) Macrophage-depleted testes showed a reduction in the basal-most population negative for DDX4 (bracket in J’); VCAM1 labels myoid cells overlying
seminiferous tubules and labels interstitial cells. (J’) and (K’) are higher magnifications of the boxed regions in (J) and (K), respectively. Scale bar, 50 mm. (B)–(D)
and (H) and (I) are from whole-mount seminiferous tubules; (J) and (K) are from cryosectioned testes.
(L) The graph shows the numbers of different spermatogonial types (as defined by interconnected CDH1-expressing cells) per unit area. Data are represented as
the mean ± SEM. *p < 0.01.
See also Figures S4–S6.

Somatic Cell Types Are Normal in Macrophage-Depleted
Testes
After macrophage depletion, we found no evidence for increased
apoptosis in the testis (Figures S4O and S4P) and found similar
numbers of Sertoli cells as compared to controls. Sertoli cells

were normal in morphology and expressed both SOX9 and
GATA4 (Figures 3C, 3D, 3F, S4M, and S4N). In addition, vasculature (Figures S4M and S4N) and the Sertoli cell blood-testis
barrier (as visualized by Claudin 11 staining; Figures S6A and
S6B) were similar in control and macrophage-depleted testes.
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We examined the effects of short-term adult macrophage
ablation upon Leydig cells and testosterone (T) production
(Cohen et al., 1996). The steroidogenic enzymes HSD3B1 (Figures S4K and S4L) and CYP17A1 (Figures S6C and S6D) were
robustly expressed in macrophage-depleted samples by immunofluorescence, consistent with ongoing steroidogenesis. Measurements of T levels revealed that intratesticular T was reduced
by 50% (p < 0.01) in macrophage-depleted samples relative to
controls (Figure S6E). Any reductions in serum T levels were not
statistically significant (p > 0.05; Figure S6F). These findings suggest that Leydig cells were mildly affected but maintained basic
functionality and testosterone production sufficient to support
spermatogenesis during short-term macrophage depletion.
Macrophage-Depleted Testes Contain Fewer
Spermatogonial Precursors
While most tubules in DT-treated Cx3cr1-Cre;Rosa-iDTR testes
were completely devoid of F4/80-positive cells (>90% of tubules;
group ‘‘DT b’’ in Figure 3), we occasionally found tubules with
regions containing small numbers of macrophages (<10% of tubules; group ‘‘DT a’’ in Figure 3). These results were consistent
with the expression pattern of the Cx3cr1-Cre (see above), which
was approximately 95% efficient. We analyzed these groups of
tubules separately for spermatogonial counts.
Staining of control and DT-treated whole-mount tubules revealed a 75% reduction in total ZBTB16-positive cells in macrophage-depleted testes (Figure 3G). While there was a 60%
reduction in ZBTB16-bright cells (undifferentiated spermatogonia), ZBTB16-dim cells (A1-A3 differentiating spermatogonia)
were more dramatically affected, with an 80% drop in numbers
(from 13.1 to 2.6 cells per 10,000 mm2 of tubule surface; Figure 3G). DT-treated tubules containing a few remaining macrophages (‘‘DT a’’) had a reduced number of ZBTB16-positive cells
compared to control tubules, but had more ZBTB16-positive
cells than tubules that were completely devoid of macrophages
(Figures 3C, 3D, and 3G), consistent with the ability of an intermediate number of macrophages to sustain an intermediate level
of spermatogenesis. These data suggest that loss of ZBTB16positive cells is due to a local effect of ablating adjacent macrophages rather than a global, systemic defect such as disruption
of T biosynthesis.
Long chains of CDH1-positive cysts that represent Aaligned and
A1-A3 cysts (see Figure S3) were rarely found in macrophagedepleted testes relative to DT-injected, Cre-negative controls
(Figures 3H and 3I). A possible explanation for their absence is
that differentiation of spermatogonia was disrupted. Consistent
with this hypothesis, there was a reduction in the DDX4 (also
called Mouse Vasa Homolog, MVH)-dim population of cells (containing spermatogonia and early-stage spermatocytes) (Fujiwara
et al., 1994; Toyooka et al., 2000) near the basal lamina of macrophage-ablated tubules (Figures 3J and 3K).
The number of Asingle and Apaired spermatogonial cysts was unaffected, while the number of long Aaligned cysts was decreased
(Figure 3L). These results suggest that, while SSCs were maintained, undifferentiated spermatogonia in macrophage-ablated
tubules exhibited defects in differentiation. Long spermatogonial
cysts reappeared after a 14-day recovery period (Figures S5A
and S5C), indicating that SSCs persisted and could produce

Aaligned undifferentiated spermatogonia and A1-A3 differentiated
spermatogonia again once macrophages recolonized the testis.
Consistent with normal SSC niche function, the SSC maintenance factor GDNF (Meng et al., 2000) was robustly expressed
in Sertoli cells of macrophage-depleted testes (Figures S6G
and S6H).
Cell-Cycle Activity of Spermatogonial Precursors Is
Reduced in the Absence of Macrophages
To determine if the number of proliferative spermatogonia was
altered in the absence of macrophages, we used a bromodeoxyuridine (BrdU) incorporation assay to label S-phase cells in control or macrophage-ablated testes. Comparison among tubules
in wild-type controls revealed a positive correlation between
the number of BrdU-positive ZBTB16-expressing cells and
the number of macrophages on the surface of the tubule (Figures
4A–4D and S7A–S7D). We found that 72% of total ZBTB16-positive cells were BrdU-positive in control samples, while only 52%
of total ZBTB16-positive cells in DT-treated samples were BrdUpositive (Figure 4I).
Consistent with BrdU results, there was a reduced proportion
of ZBTB16-expressing cells in active cell cycle after macrophage
ablation. In control samples, 42% of bright ZBTB16-expressing
cells (undifferentiated spermatogonia) stained positive for
MKI67, a marker of active cell cycle, in contrast to only 30% in
DT-treated samples (Figures 4E, 4F, and 4I). Tubules in DTtreated testes adjacent to interstitial tissue, where macrophages
were still present, contained increased numbers of MKI67/
ZBTB16 double-positive spermatogonia as compared to regions
in which macrophages were completely depleted (Figures S7E
and S7F). Consistent with this result, the cell-cycle-arrest
marker CDKN1B (p27 or p27kip1) was expressed in only 30%
of bright ZBTB16 cells in controls compared to 62% in macrophage-depleted testes (Figures 4G–4I), demonstrating a dramatic increase in of the percentage of quiescent undifferentiated
spermatogonia. Overall, BrdU and cell-cycle data are consistent
with a role for macrophages in differentiation of spermatogonia:
since there is a greater reduction of ZBTB16-dim-differentiated
A1-A3 cells (highly and rapidly proliferative) than ZBTB16-bright
Asingle and Apaired cells (with variable cell-cycle activity and that
are often quiescent during parts of the spermatogenic cycle),
reduced expression of proliferation and active cell-cycle markers
would be anticipated as a secondary consequence of losing
differentiated cell types.
Testicular Macrophages Express Components of CSF1
and Retinoic Acid Signaling Pathways
To determine how macrophages potentially influence spermatogonial behavior, we analyzed two key signaling pathways
involved in the progression of spermatogenesis: CSF1/CSF1R
and retinoic acid (RA). Colony stimulating factor 1 receptor
(CSF1R) is enriched in the SSC/undifferentiated spermatogonial
population, and CSF1 promotes proliferation and/or self-renewal
of ex-vivo-cultured spermatogonia (Kokkinaki et al., 2009; Oatley et al., 2009). CSF1/CSF1R signaling has traditionally been
associated with recruitment and differentiation of monocytes
and macrophages (Jones and Ricardo, 2013), so although
Leydig cells and a subset of peritubular cells were reported to
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express CSF1 (Oatley et al., 2009), we examined CSF1 expression in macrophages. Using immunofluorescence, we found
CSF1 expressed within both interstitial (vascular-associated)
macrophages (Figure 5A) and peritubular macrophages (Figure 5B). Anti-ACTA2 staining for peritubular myoid cells revealed
that CSF1 was mostly localized to ACTA2-negative peritubular
macrophages, but occasionally we observed weak CSF1
expression in myoid cells (Figure 5C). In addition, CSF1 staining
localized to other cells associated with blood vessels that
are negative for an endothelial-specific marker (PECAM1), but
positive for a vascular-smooth-muscle-cell marker (ACTA2) (Figures 5A, 5D, and 5E). These data indicate that macrophages and
vascular smooth muscle cells are both sources of CSF1 that
could potentially influence adult spermatogonial behavior.
An important function of retinoic acid (RA) in the testis is to
promote differentiation of spermatogonia and entry into meiosis.
In RA-depleted testes (via dietary vitamin A depletion, genetic
mutants for members of the RA biosynthesis pathway, or RAsynthesis-inhibiting drugs), germ cells throughout the testis are
arrested at the undifferentiated spermatogonial stage (Amory

Figure 4. Depletion of Macrophages Leads
to Reduced Cell-Cycle Activity in Undifferentiated Spermatogonia
(A–D) Tubule regions with a higher density of
macrophages (A and B) contained more proliferative cells than those with fewer macrophages
(C and D); magenta-colored cells are ZBTB16 (red)/
BrdU (blue) double-positive cells (i.e., proliferative
spermatogonia). The number indicates macrophages per 10,000 mm2 of seminiferous tubule
surface area within the frame of image.
(E and F) Control samples had a greater percentage
of MKI67-positive ZBTB16-positive cells (E’, arrowheads), whereas DT-treated samples had a higher
percentage of MKI67-negative ZBTB16-positive cells
(F’, arrows).
(G and H) DT-treated testes contained an increased
percentage of quiescent CDKN1B-positive ZBTB16
cells (G’ and H’, arrowheads) relative to non-quiescent ZBTB16 cells (G’ and H’, arrows). (E’)–(H’) are
higher magnifications of the boxes in (E)–(H),
respectively. Scale bar, 50 mm.
(I) The graph shows reduced numbers of proliferative cells (BrdU+) among all ZBTB16-positive
cells, reduced active cell-cycle status (MKI67+)
within ZBTB16-bright cells, and increased quiescence (CDKN1B+) within ZBTB16-bright cells. Data
are represented as the mean percentage ± SEM.
*p < 0.05; **p < 0.005. (A)–(D) are from whole-mount
seminiferous tubules; (E)–(H) are from cryosectioned testes.
See also Figure S7.

et al., 2011; Brooks and van der Horst,
2003; Griswold et al., 1989; Li et al.,
2011; Mitranond et al., 1979; Wolbach
and Howe, 1925), similar to what we
observe in macrophage-depleted testes.
Stra8, a reporter for RA activity, is induced
at stage VI of the spermatogenic cycle
(Zhou et al., 2008), the stage at which macrophage density is
highest along the testis tubules, further potentially implicating
macrophages in RA signaling in the testis.
We found that two essential RA synthesis enzymes, ALDH1A2
(RALDH2) and RDH10, are expressed by testicular macrophages. Immunofluorescence revealed that ALDH1A2 was
expressed in the interstitium of the adult testis, specifically in
Leydig cells and in both interstitial and peritubular macrophages,
but not within vasculature (Figures 6A and 6B); however, we
found that expression in peritubular macrophages was much
weaker than in interstitial macrophages (Figure 6C). ALDH1A2
expression was detected within meiotic and post-meiotic
germ cells, as previously described (Vernet et al., 2006). Rdh10
expression in Sertoli and germ cells is specifically required for
juvenile spermatogenesis (Tong et al., 2013), but is not required
for adult spermatogenesis, suggesting that there is another
source of RDH10 in adult testes. Consistent with these findings,
RDH10 is expressed broadly in the juvenile testis, similar to
ALDH1A2: within Sertoli cells, germ cells, and interstitial cells
(data not shown). However, by adult stages, testis RDH10 was
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(A–C) CSF1 protein is detected within interstitial
macrophages (A, white arrowheads), peritubular
macrophages (A–C, black arrowheads), and
vascular-associated cells (A, arrow), but is absent
or weakly expressed in ACTA2-positive peritubular
myoid cells (white arrows in B’, C; yellow arrow in
C points to myoid cell with weak CSF1 expression). CSF1 is also detected in round spermatids
(‘‘rs’’ in A). The panel to the right of (A) is the CSF1only channel from the image in (A).
(D and E) Labeling perivascular smooth muscle
cells with anti-ACTA2 antibody (D) or endothelial
cells with anti-PECAM1 (E) reveals that vascularassociated CSF1 is specifically localized to perivascular smooth muscle cells. All images are from
cryosectioned testes. Thin scale bar, 50 mm; thick
scale bar, 10 mm.

E

excluded from Sertoli cells and restricted to peritubular macrophages, as well as some interstitial macrophages (Figure 6D).
Expression of CSF1 and RA Synthesis Enzymes Was
Perturbed in Macrophage-Depleted Testes
CSF1 expression was diffuse and failed to be specifically
localized within interstitial and perivascular regions in macrophage-depleted testes relative to wild-type (Figures 7A and
7B), suggesting that expression or localization of CSF1 is dependent on the presence of macrophages. ALDH1A2 expression
similarly was decreased within Leydig cell clusters relative to
controls (Figures 7C and 7D), although expression of both these
factors was relatively unchanged in meiotic and post-meiotic
germ cells. RDH10 expression in the interstitium was almost
completely absent in macrophage-depleted testes (Figures
7E and 7F), consistent with the absence of peritubular macrophages, the main source of this enzyme in the adult testis
interstitium.
DISCUSSION
Elucidation of the SSC niche in the mammalian testis has proven
difficult. Although Neurogenin3-GFP-positive undifferentiated
spermatogonia are preferentially localized near highly vascularized interstitium (Yoshida et al., 2007), Id4-GFP-positive Asingle
cells are located in a niche that is avascular (Chan et al., 2014).
An inclusive model can be envisioned, in which a small subset
of Asingle cells localize to avascular regions, which constitute
the SSC niche, but once committed to proliferation or differentiation, Asingle cells move to vascular and interstitial-associated regions to access requisite oxygen, metabolites, hormones, and
growth factors.
The cell types in the interstitium that contribute to the spermatogonial niche are not well understood. While macrophages
have been identified in the testis interstitium (Hume et al.,
1984), their role in spermatogonial development has not been
investigated. We show that macrophages localize along tubules
in regions of high spermatogonial precursor cell density and

Figure 5. CSF1 Protein Is Localized to
Macrophages and Perivascular Smooth
Muscle Cells in the Adult Testis

affect the ability of undifferentiated spermatogonia to differentiate and proceed through spermatogenesis. These findings
suggest that macrophages, independently or in communication
with vasculature or other interstitial cell populations (such as
Leydig cells and perivascular smooth muscle cells), influence
the activity of the spermatogonial niche, likely (although not
exclusively) through the regulation of CSF1 expression and
RA synthesis.
Roles for Macrophages in the Spermatogonial Niche
The importance of vasculature as a component of the SSC niche
(Yoshida et al., 2007) may be partially mediated by vascular-associated macrophages and their association with perivascular
smooth muscle cells. CSF1, expressed by perivascular smooth
muscle cells, has been proposed to act through CSF1R expressed
in spermatogonia to promote both proliferation (Kokkinaki et al.,
2009) and self-renewal (Oatley et al., 2009). Macrophages, which
are in close spatial proximity to undifferentiated spermatogonia,
also produce CSF1 and may be required for CSF1 expression
from other cellular sources or for CSF1 localization (by sequestering CSF1 via CSF1R).
RA signaling is critical for the progression of spermatogenesis
and requires the activity of biosynthetic enzymes, such as
RDH10 and ALDH1A2. Rdh10 expression in Sertoli and germ
cells is critical for juvenile spermatogenesis, but spermatogenesis in Sertoli-cell-and-germ-cell Rdh10 conditional mutant
testes recovered in adulthood (Tong et al., 2013), suggesting
an additional source of RDH10. A subset of macrophages,
mostly localized to the surface of seminiferous tubules, expresses RDH10 and could potentially be the compensatory
source of RA that rescued loss of Sertoli- and germ-cell-derived
RA in the adult Rdh10 conditional mutant testis. Production
of ALDH1A2 in Leydig cells also was affected by loss of macrophages. This macrophage-Leydig cell interaction is similar to the
dependence of steroid hormone production on macrophages
(Gaytan et al., 1994; Hutson, 1992, 2006). Consistent with
the dependence of interstitial RA production on the presence
of macrophages, macrophage-depleted testes exhibited early
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precursors. Undifferentiated spermatogonia and macrophages
express multiple cytokine/receptor pairs that could be involved
in recruitment (Kokkinaki et al., 2009; Oatley et al., 2009).
Whether or how macrophages regulate spermatogenic waves
in the seminiferous epithelium remains open questions.

B’

C

C’
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D

D’
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Figure 6. RA Synthesis Enzymes ALDH1A2 and RDH10 Are
Expressed in Testicular Macrophages
(A–C) ALDH1A2 is detected within CYP17A1-positive Leydig cells (black
arrowheads in B), interstitial macrophages (CD68-positive; B, white arrowheads), and germ cells (asterisks in A). ALDH1A2 is not expressed in vasculature (B, arrow) and is weakly expressed in MHCII-positive peritubular
macrophages (C’, arrow).
(D) RDH10 is detected in peritubular macrophages (D’, arrow), but not in most
interstitial macrophages (white arrowheads in D’) or Leydig cells (black
arrowhead in D’). RDH10 is also detected in spermatids and other germ cells
(D and D’, asterisks). (C’) and (D’) are higher magnifications of the boxed regions in (C) and (D), respectively. (B’) and (C’’) are ALDH1A2-only channels for
(B) and (C’), respectively; (D’’) is the RDH10-only channel for (D’). All images are
from cryosectioned testes. Scale bar, 50 mm.

spermatogonial defects reminiscent of vitamin-A- and RA-synthesis-deficient animals.
Macrophages may mediate the physical organization of
peritubular myoid cells in niche-like clusters, which may form
an environment conducive to spermatogonial differentiation
into A1 spermatogonia. Macrophages accumulate at maximum
density at stages VI–VII, in parallel with peak numbers of
ZBTB16-bright spermatogonia, and just prior to and during the
stage at which spermatogonial divisions give rise to long chains
of ZBTB16-dim A1 differentiated spermatogonia. Macrophage
depletion disrupts the differentiation of ZBTB16-bright cells
and blocks the accumulation of long chains of ZBTB16-dim
cells. This suggests that macrophages are responsible for spermatogonial progression, at least from stages VI–VII to stage VIII.
One possibility is that macrophages are recruited to the tubule
by a signal gradient that reflects the density of spermatogonial

Other Roles of Macrophages in the Testis
Interstitial macrophages form intercytoplasmic digitations with
Leydig cells and are required for Leydig cell function (Cohen
et al., 1996, 1997; Gaytan et al., 1994; Hutson, 2006), They
secrete 25-hydroxycholesterol (an intermediate in the testosterone biosynthetic pathway) (Hutson, 1992; Nes et al., 2000)
and may regulate the unique intracellular and mitochondrial
ultrastructure within Leydig cells that is required for steroid
biogenesis (Cohen et al., 1996, 1997).
Testosterone is critical for the progression of spermatogenesis; androgen-receptor-deficient testes exhibit meiotic stage
arrest of germ cells (De Gendt et al., 2004; Yeh et al., 2002).
Our macrophage depletion system is driven by Cx3cr1-Cre; as
Cx3cr1 is also expressed in monocytes, dendritic cells, natural
killer cells, yolk-sac-derived primitive macrophages, and brain
microglia (DeFalco et al., 2014; Jung et al., 2000), it is formally
possible that systemic loss of other immune cell types in the
body could affect steroid production or testis function for other
unknown reasons. A major concern would be depletion of microglia, which are required for brain-gonadal hormonal regulation
(Cohen et al., 1996); however, our results from short-term macrophage depletion are not consistent with a simple defect in
testosterone production. First, the undifferentiated spermatogonial defects we observed occur much earlier in spermatogenesis
than the meiotic arrest typical of androgen depletion or androgen
signaling disruption (Chang et al., 2004; De Gendt et al., 2004;
Yeh et al., 2002). Second, functional levels of testosterone are
still present in macrophage-depleted testes during the period
of transient macrophage ablation. Leydig cells still robustly express the steroidogenic enzymes HSD3B1 and CYP17A1, and
the levels of serum and intratesticular testosterone in shortterm macrophage-depleted testes are well above the experimentally determined thresholds for quantitatively and qualitatively normal spermatogenesis in rats, which require < 20% of
control testosterone levels to sustain spermatogenesis (Awoniyi
et al., 1989a, 1989b; Zirkin et al., 1989). In addition, we detected
an intact blood-testis barrier, known to be heavily reliant on
testosterone levels (Smith and Walker, 2014). Third, depletion
of ZBTB16-positive cells along the tubule is not uniform (as
would be predicted by a global, severe defect in steroidogenesis), but is highly correlated with regions of the tubule completely
depleted of macrophages. All of this evidence suggests that
perturbations of spermatogonial behavior we observed are
not caused by loss of hormone biosynthesis. Instead, they
are consistent with loss of local macrophage-spermatogonial
interactions.
It may be important to understand whether peritubular
macrophages communicate with interstitial macrophages surrounding vasculature and/or nests of Leydig cells. These
macrophage populations may remain distinct and specialize in
unique roles in testis biology (e.g., regulation of vascular and
Leydig cells versus regulation of spermatogonial differentiation).
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Figure 7. The Expression of CSF1 and RA Synthesis Enzymes Are Dysregulated in Macrophage-Depleted Adult Testes
(A–F) Immunofluorescent images of adult DT-injected Cre-negative Rosa-iDTR control (A, C, and E) and DT-injected Cx3cr1-Cre; Rosa-iDTR macrophagedepleted (B, D, and F) testes. Black-and-white images are CSF1-only (A and B), ALDH1A2-only (C and D), and RDH10-only (E and F) channels of the panel
immediately to its left. In macrophage-depleted samples, CSF1 expression was no longer enriched in perivascular regions (A and B, asterisk), and ALDH1A2
(C and D) and RDH10 (E and F) expression was reduced. The arrow in (E) denotes a MHCII-positive, RDH10-expressing peritubular macrophage; the arrowheads
in (E) and (F) point to RDH10-negative peritubular myoid cells. All images are from cryosectioned testes. Scale bar, 50 mm.

Alternatively, these populations could be interchangeable and/
or communicate closely to regulate lifelong fertility. The expression pattern of MHCII suggests distinct immunological roles for
different macrophage subsets, such as antigen-presenting
activity by peritubular macrophages. The testis is a generally immune-privileged organ, due to the immunosuppressive function
of Sertoli cells, androgen production by Leydig cells, and the
presence of M2-like macrophages (Meinhardt and Hedger,
2011). However, in pathological or injury conditions it is possible
that different macrophage populations possess unique immunological capabilities. Although we currently lack tools to assess
the requirement of interstitial versus peritubular macrophages,
future experiments may refine their roles.
Macrophages in Stem Cell Biology
The bone marrow is one of the few tissues described in which
the presence of myeloid cells has been shown to be required
for stem cell niche function. When macrophages are depleted
in vivo, the hematopoietic stem cell (HSC) niche is affected and
HSCs are mobilized into the blood (Winkler et al., 2010).
Our findings that testis macrophages influence the activity of
the SSC niche suggest that macrophages may be more broadly
important in regulating stem cell populations than was previously
supposed. The pairing of cytokine secretion from stem cells and
recruitment of immune cells to stem-cell-enriched regions of tissues may be a conserved mechanism by which immune homeostasis can be linked to tissue repair and stem cell niches.
EXPERIMENTAL PROCEDURES
Mice
CD-1 (Charles River), C57BL/6J (B6; Jackson Laboratories), and Mafb-GFP+/
(Moriguchi et al., 2006) mice (maintained on a B6 background) were used for
wild-type expression studies. Cx3cr1-Cre mice (MW126-Cre; 129/B6 mixed
background) were generated by the GENSAT project (Gong et al., 2003).
Cx3cr1-GFP (Jung et al., 2000) (B6 or B6/CD-1 mixed background; this line
is a knockin loss-of-function mutation utilized as a heterozygous reporter, unless specifically analyzed for homozygous mutation), Rosa-iDTR (Buch et al.,
2005) (B6 background), and Rosa-tdTomato (Madisen et al., 2010) (B6 background) mice were obtained from Jackson Laboratories. Farnesylated-GFP
reporter mice (Rosa26R-CAG-fGFP) (Rawlins et al., 2009) are maintained on

a B6 background. All mice used were approximately 3 months old and were
sacrificed via cervical dislocation or isoflurane administration, followed by
bilateral thoracotomy. Mice were housed in accordance with NIH guidelines,
and experimental protocols were approved by the Institutional Animal Care
and Use Committee of Duke University Medical Center or Cincinnati Children’s
Hospital Medical Center.
Cryosection Immunofluorescence
Whole testes were fixed in 4% paraformaldehyde (PFA) overnight at 4 C and
processed for cryosection immunofluorescence as previously described
(Defalco et al., 2013). Nuclei were stained with DAPI (Sigma) or Hoechst
33342 (Life Technologies), but all nuclear stains are listed as ‘‘DAPI.’’ Samples
were mounted in 2.5% DABCO (Sigma) in 80% glycerol or Fluoromount
(Southern Biotech) and imaged on a Leica SP2 confocal microscope or Nikon
EclipseTE2000-E microscope equipped with OptiGrid structured illumination
imaging system running Phylum (Improvision) or Volocity (PerkinElmer) software. The primary antibodies used are listed in Table S1. Alexa-488-, Alexa555-, and Alexa-647-conjugated secondary antibodies (Life Technologies/
Molecular Probes) were all used at 1:500. Dy-Lite 488 donkey anti-chicken
and Cy3 donkey or goat anti-rabbit/rat/mouse secondary antibodies (Jackson
Immunoresearch) were used at 1:500.
Whole-Mount Seminiferous Tubule Immunofluorescence and 3D
Reconstruction
Adult testes were de-capsulated, and tubules were gently teased apart in PBS
to remove interstitial cells. Tubules were fixed in 4% PFA containing 0.1%
Triton X-100 rocking overnight at 4 C and processed for immunofluorescence
and imaging as described above. 3D images were acquired using the Nikon A1
confocal imaging system, which operates on NISElements software (Nikon).
Images were spatially re-assembled using z stacks to generate a 3D representation, from which single snapshots, orthogonal views, and movies were
created.
Cell Counts
For ZBTB16, Sertoli cell (via SOX9), and macrophage (via F4/80) cell counts,
15–25 different random tubules of varying stages within each testis were
used (n = 3 testes). For BrdU experiments, 35 tubules were used (n = 3), while
for MKI67 and CDKN1B analyses, 15–20 different cryosections were used
(n = 3). To ensure that the entire depth of the seminiferous epithelium was
included in whole-mount analyses, four separate z stacks were obtained for
each tubule image (over a total depth of 12 mm), which were then subjected
to a maximum intensity projection. The surface area of an individual tubule
within a 375 3 375 mm image (i.e., a single image taken with a 403 objective)
was calculated by the Measure Function in Fiji/ImageJ (NIH). Cells were
counted manually with the Fiji’s Cell Counter plugin and were normalized to
a unit area of 10,000 mm2. Bright versus dim ZBTB16 expression was verified
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using the threshold function in Fiji. Graph results are shown as the
value ± SEM. Statistical analyses were performed using a two-tailed Student’s
t test.
Diphtheria Toxin Injections
Diphtheria toxin (DT) (List Biologicals) was diluted in PBS at a concentration of
10 mg/ml. 1 mg (100 ml) of DT was injected intraperitoneally (i.p.) into Cx3cr1Cre/+; Rosa-iDTR/+ mice (n = 6) every other day for 7 days. Testes were
isolated 24–72 hr after final injection. Cx3cr1-Cre/+;Rosa-iDTR/+ PBS-injected mice, +/+;Rosa-iDTR/+ DT-injected mice, or B6 uninjected mice served
as controls (n = 7).
BrdU Studies
3-month-old B6 control (n = 4) or macrophage-depleted mice (n = 4) were injected i.p. with 1.5 mg BrdU (Sigma) dissolved in 7 mM NaOH/PBS. Injections
were performed 5 hr before sacrifice and removal of testes. Fixation and antibody staining were done as described as above; for BrdU staining, samples
were treated for 30 min in 2N HCl prior to blocking and addition of anti-BrdU
primary antibody.
Hormone Measurements
Testosterone measurements were performed by the University of Virginia
Center for Research in Reproduction Ligand Assay and Analysis Core. Whole
adult testes were mechanically lysed, and supernatant was collected. Sera
were collected as described on the Ligand Assay and Analysis Core Web
site (http://www.medicine.virginia.edu/research/institutes-and-programs/crr/
lab-facilities/sampleprocessingandstorage-page).
Flow Cytometry
Decapsulated CD-1 or Cx3cr1-GFP adult testes were dissociated by incubating at 37 C in a 250-rpm shaker for 20 min in a disassociation solution
(PBS containing 0.5 mg/ml collagenase type 1 [Worthington; #LS004194],
0.5 mg/ml collagenase type 4 [Worthington; #LS004186], and 4 ml/ml
DNase I [Promega; #M6101]). Supernatant was pelleted, washed with PBS,
and incubated in ACK buffer (Life Technologies; #A10492-01) for 5 min at
room temperature to lyse erythrocytes. Cell suspensions were washed twice
with PBS and filtered through a cell strainer cap (Falcon/Corning Life Sciences;
#352235). For viability staining, cells were incubated prior to antibody incubation with Zombie Yellow Fixable Viability Kit (BioLegend; #423103) for 30 min in
PBS. Cells were incubated with antibodies (Table S1) for 30 min in 1% heat-inactivated fetal bovine serum (FBS; Atlantic Biologicals; #S11510) in PBS containing 10% Fc Block (2.4G2 hybridoma supernatant) and washed, and flow
cytometry was performed on a BD Biosciences Fortessa I or Fortessa II flow
cytometer. Prior to gating via CD45, cells were initially pre-gated via viability
staining and singlet profiling. All data were analyzed using FlowJo (Treestar).
Data are from two separate experiments on separate or pooled testes from
two adult males.
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