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SUMMARY
One cause of humanmale infertility is a scarcity of spermatogonial stem cells (SSCs) in testeswith Sertoli cells that neither produce adequate

amounts of GDNF nor form the Sertoli-Sertoli junctions that form the blood-testis barrier (BTB). These patients raise the issue of whether a

pool of SSCs, depleted due to inadequate GDNF stimulation, will expand if normal signaling is restored. Here, we reduce adult mouse SSC

numbers by 90%using a chemical-genetic approach that reversibly inhibits GDNF signaling. Signal resumption causes all remaining SSCs to

replicate immediately, but they primarily form differentiating progenitor spermatogonia. Subsequently, self-renewing replication restores

SSC numbers. Testicular GDNF levels are not increased during restoration. However, SSC replication decreases as numbers of SSCs and

progenitors increase, suggesting important regulatory interactions among these cells. Finally, sequential loss of SSCs and then pachytene

spermatocytes causes dissolution of the BTB, thereby recapitulating another important characteristic of some infertile men.
INTRODUCTION

Many studies have demonstrated that glial cell line-derived

neurotrophic factor (GDNF), a product of Sertoli cells and

in some species, peritubular myoid cells, is essential for es-

tablishing and maintaining the pool of spermatogonial

stem cells (SSCs), the foundational spermatogenic cells.

Neonatal mice that are heterozygous null for GDNF fail

to produce normal numbers of SSCs, and those stem cells

are eventually lost (Meng et al., 2000). Juvenile mice that

undergo Cre-mediated excision of the gene encoding the

ligand binding subunit of the GDNF receptor, GFRa1,

lose SSCswithin 3weeks (Sada et al., 2012).Wehave shown

that GDNF is essential for maintaining SSCs in the adult

mouse testis by use of a chemical-genetic approach that

rapidly but reversibly inhibits GDNF signaling (Savitt

et al., 2012). This approach combined mice with a V805A

mutation in Ret, the kinase subunit of the GDNF receptor,

and daily injections of 1NA-PP1, a bulky ATP competitive

inhibitor that only binds the mutant kinase. We demon-

strated that inhibition of GDNF signaling for 9 days caused

loss of some SSCs, while inhibition for 11 to 30 days re-

sulted in quantitative stem cell loss (Parker et al., 2014; Sa-

vitt et al., 2012). Decreased replication and the irreversible

differentiation of SSCs into progenitor spermatogonia and

then fully mature type A1 spermatogonia deplete the stem

cell pool (Parker et al., 2014).
Stem Ce
This is an open access article under the C
Over time, a seminiferous epithelium without stem cells

loses increasingly mature spermatogenic cells, a process

called maturation depletion. Eventually, only Sertoli cells

remain, a condition called Sertoli cell-only (SCO) syn-

drome. Importantly, this syndrome is one cause of infer-

tility of men. While all tubules are SCO in some of these

men, tubules of others contain small segments with a full

complement of spermatogenic cells and, thus, SSCs (Schle-

gel, 2004). The similarity in testicular histology of mouse

testes deprived of GDNF signaling to men with SCO syn-

drome led us to hypothesize that Sertoli cells in these

human testes produce abnormally low levels of GDNF.

Our recent studies support this hypothesis (Singh et al.,

2017). In addition, our detailed transcriptional analysis of

highly regressed SCO human tubules detected all SSC

markers, although at markedly reduced levels (Paduch

et al., 2019). Thus, these tubules appear to contain a few

unproductive stem cells.

An important question arose from our clinical and basic

studies; if inadequate stimulation by GDNF causes loss

of most but not all SSCs, could the stem cell pool be rebuilt

if GDNF stimulation was restored to normal? Experiments

described herein answer this question by evaluating

the restoration of SSCs and their progenitor spermatogonia

in Ret(V805A) mice that were treated for 9 days with 1NA-

PP1. An affirmative answer might seem obvious, but it

is not a forgone conclusion. SSCs are phenotypically
ll Reports j Vol. 16 j 597–609 j March 9, 2021 j ª 2021 The Authors. 597
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heterogeneous both in their replicative activity and in their

expression of receptors for critical paracrine factors, such as

GDNF (Kubota, 2019). It is entirely possible that inhibition

of GDNF signaling selects a subset of SSCs that are more

resistant to differentiation but have a reduced capacity to

rebuild the stem cell pool whenGDNF signaling is restored.

Alternatively, inhibitionmight result in epigenetic changes

that alter a stem cell’s self-renewing capacity (Farlik et al.,

2015).

We also sought to determine if following 9 days of in-

hibitedGDNF signaling, self-renewing stem cell replication

was primarily responsible for restoring SSC numbers and

consequently the entire spermatogenic lineage.We posited

that processes that regulate numbers of SSCs in normal

mature testis also regulate restoration. A long-standing

model proposes that SSCs are a subset of solitary, highly un-

differentiated spermatogonia, which upon replication gen-

erates either a new stem cell or differentiating progenitor

spermatogonia. It is further proposed that niche factors,

such as GDNF and FGF2, regulate which cell types are

generated (de Rooij, 2001, 2017). However, two recent

studies, which used busulfan to kill some SSCs, suggest

that this classical model does not explain SSC restoration.

One study concluded that an efficient restorative process

requires fragmentation of chains of progenitor spermato-

gonia, and their subsequent dedifferentiation into SSCs

(Carrieri et al., 2017). The second concluded that progeni-

tors in short chains and SSCs functionally interconvert

and that busulfan-induced damage to the testis increases

GDNF concentration, which rebalances this interconver-

sion toward stemness (La et al., 2018).

In our previous studies we treated mice for 9 days with

1NA-PP1; 19 days later about half of the seminiferous tu-

bules were SCO (Parker et al., 2014). An important issue

that arose was whether this result reflected a 50% loss of

functional SSCs or whether a much larger percentage of

SSCs were lost, but their numbers were partially restored af-

ter GDNF signaling resumed. We resolve this issue by eval-

uating the numbers of transplantable SSCs that remain in a

testis immediately following 9 days of inhibition of GDNF

signaling.

We also investigated the extent to which replication

drives SSC restoration, as well as that of progenitor sper-

matogonia. Those studies required that we examine intact

seminiferous tubules, enumerate both SSCs and progenitor

spermatogonia, and also determine the percentage of cells

that were replicating. In those studies, we defined SSCs as

expressing a stem cell marker and existing as solitary, single

(As) cells. We acknowledge that the pool of As spermato-

gonia contains both SSCs and the most undifferentiated

of their immediate progeny, progenitor spermatogonia.

However, these progenitors may de-differentiate into func-

tional SSCs (Carrieri et al., 2017; Nakagawa et al., 2010).We
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defined progenitors as two or more spermatogonia that ex-

press the same stem cell marker and have plasma mem-

branes in direct physical contact. Cells in pairs (Apr) cells

are considered less differentiated than cells in chains of A

aligned (Aal) spermatogonia (de Rooij, 2001).

Our studies were founded on the proposition that inves-

tigation of the loss and restoration of SSCs in 1NA-PP1-

treated Ret(V805A) mice might shed light on the ontogeny

of human SCO syndrome and eventually suggest therapies

for men diagnosed with this syndrome who nonetheless

retain some SCCs. For this proposition to be valid, the

restoration of SSCs that follows a temporary inhibition of

GDNF signaling must occur in a tissue that develops the

same architectural deficit observed in human SCO tubules:

the failure of adjacent Sertoli cells to form the blood-testis

barrier, a series of adhesive junctions essential for fertility

(Mruk and Cheng, 2015). We note that the presence of

pachytene spermatocytes was recently reported to be

required for barrier formation (Li et al., 2018). It follows

that, if our mouse model recapitulates human SCO syn-

drome, loss of SSCs and then eventually of pachytene sper-

matocytes should cause dissolution of this barrier. Our last

experiment tests this proposition.

The above considerations led us to test the following hy-

pothesis: inhibition of GDNF signaling causes a substantial

loss of SSCs and, with the resumption of signaling, self-re-

newing replication restores stem cell numbers. We predict

that the loss of differentiated spermatogenic cells following

loss of SSCs results in dissolution of the blood-testis barrier,

as occurs in human SCO testes.
RESULTS

Nine Days of Inhibited GDNF Signaling Results in a

Substantial Loss of SSCs, but Their Numbers are

Significantly Restored Once Signaling Resumes

This study had three parts, which were conducted simulta-

neously: (1) we assayed the effect of 9 days of inhibited

GDNF signaling on numbers of transplantable SSCs, (2)

we confirmed that the effect of inhibiting GDNF signaling

recapitulated previous results, and (3) we evaluated both

the loss and restoration of SSCs by enumerating spermato-

gonia that expressed a highly restricted SSC marker, ID4-

eGFP (Helsel et al., 2017; Parker et al., 2014; Savitt et al.,

2012). Ret(V805A) mice were transgenic for both LacZ

and Id4-eGFP. (In subsequent studies mice were not

transgenic.)

Part 1: single germ cell suspensions were prepared 2 to

3 days after the last injection with 1NA-PP1 or vehicle

and ~800,000 cells from treated and control testes were

transplanted into 17 and 16 germ cell-deficient testes,

respectively. Two months later we enumerated colonies



of LacZ+ spermatogenic cells that encircled a seminiferous

tubule. Transplants from control mice generated 10 times

more LacZ+ colonies than germ cells from treated animals

(Figure 1A). Thus, inhibition of GDNF signaling for

9 days causes 90% loss of transplantable SSCs.

Part 2: we sacrificed three control and three treated ani-

mals 2 months after the last injection of vehicle or 1NA-

PP1-HCl, prepared their testes for histological analysis,

and determined the percentage of tubules that exhibited

normal spermatogenesis, incomplete spermatogenesis

(missing one to three generations of germ cells), or SCO

syndrome (Parker et al., 2014; Savitt et al., 2012). Consis-

tent with previous studies, normal or incomplete sper-

matogenesis was observed in 49% and 22% of tubules,

respectively, of treated animals (Figure 1B). The rest were

SCO (Parker et al., 2014; Savitt et al., 2012).

Part 3: we collected seminiferous tubules from five con-

trolmice, and frommice sacrificed 2–4 days or 2months af-

ter treatment (n = 3/group). To distinguish As from Apr and

Aal spermatogonia, tubules were processed for GFRa1

immunocytochemistry. Microscopic analysis revealed

that all Id4-eGFP+ spermatogonia co-expressed GFRa1 and

all existed as As spermatogonia in controls, in tubules

collected 2–4 days after treatment and in about 75% of

the surface of tubules collected 2 months later (Figures

1C and 1D). In the remaining areas, Id4-eGFP+ cells were

in clusters (Figure 1E).

Morphometric analysis revealed that 2–4 days after treat-

ment, the density of Id4-eGFP+ spermatogonia was reduced

to 16% of control, while at 2 months cell densities were

increased to 92% (Figure 1F). However, the clustering of

some cells suggests that restoration was incomplete.

Self-Renewing Replication Restores Numbers of SSCs

after GDNF Signaling Resumes

As discussed in the Introduction, three different mecha-

nisms potentially explain the restoration of the stem cell

pool that follows resumption of GDNF signaling. Our pri-

mary goal for the next four studies was to determine if

self-renewing replication restored SSCs. A secondary goal

was to determine if replication of both SSCs and progenitor

spermatogonia restored progenitors. To meet these goals,

we compared a direct measurement of increased cell

numbers with an estimate of new cells formed by replica-

tion. The need for quantitation precluded lineage tracing,

which generates only qualitative data unless a high per-

centage of SSCs aremarked at a defined time (Lord andOat-

ley, 2018). Results of one study suggest that 2 weeks of in-

duction may be necessary to mark most SSCs (Sharma

et al., 2019), thereby excluding analysis of restoration

initiation.

Study 1 tested an implicit assumption in our definition of

progenitor spermatogonia: GFRa1+ spermatogonia whose
plasma membranes make direct physical contact function

in a coordinated manner. Study 2 defined changes in

numbers and replication of SSCs and progenitor spermato-

gonia during and after 9 days of inhibited GDNF signaling.

We identified replicating cells by their incorporation of the

thymidine analog 5-ethynyl-20deoxyuridine (EdU), which

was injected 24 h before tissue collection. Study 3 defined

the fraction of cells in S phase during a 24-h period that

were labeled with EdU. Determining labeling efficiency is

necessary for EdU’s half-life in serum is about 30 min and

cells entering S phase hours after EdU injection might

not be labeled (Cheraghali et al., 1995). Study 4 determined

the average length of the cell cycle of SSCs. Finally, we used

the results of the last three studies to estimate yield of new

cells from replication after GDNF signaling resumption,

and we compared this yield with the actual increase in

cell number.

Study 1: we used cell replication to test if four GFRa1+

cells in a chain functioned coordinately.Micewere injected

with EdU, tubules were collected 24 h later, and EdU+ and

GFRa1+ cells in these tubules identified. GFRa1+, EdU+,

and GFRa1+, EdU� cells were observed in the same micro-

scopic field (Figure S1A). (This we observed in all experi-

ments.) However, for 72% of all chains of four Aal cells,

when at least one cell was EdU+, so, too, were the other

three (Figure S1B). Thus, spermatogonia that contact one

another coordinate their replication.

Study 2: Ret(V805A) mice were treated for 9 days with

1NA-PP1 or vehicle, and tissues collected 1 day later (day

10 of the experiment) or on days 14, 18, 22, and 28.

Here, we used GFRa1 as the stem cell marker. Figure 2A pre-

sents confocal images of GFRa1+ As, Apr, and Aal spermato-

gonia on seminiferous tubules of control and treated mice.

Few GFRa1+ cells were observed on day 10, but their

numbers increased after GDNF signaling resumed. Unex-

pectedly on days 18 and 22, many of the chains of

GFRa1+ Aal spermatogonia were substantially longer than

in control animals, and average chain length was signifi-

cantly increased (Figure S1C). Qualitatively, similar trends

were observed when we used a different marker, ZBTB16

(Figure S2) (Buaas et al., 2004).

To define the time course of recovery, we enumerated

GFRa1+ As, Apr, and Aal spermatogonia (Figure 2B). (From

here on, we refer to these cells in the text, but not in figure

legends, as As, Apr, and Aal cells.) On day 10, the densities of

As and Apr cells were reduced to 8% and 10% of controls,

respectively. Numbers of As and Apr cells remained low on

day 14 and then increased to 53% of control by day 28.

Numbers of Aal cells also were reduced to 8% of controls

on day 10, but increased by 4-fold by day 14, and further

to 63% of control on day 28. This more rapid recovery sug-

gested that restoration was initially biased toward progen-

itor spermatogonia.
Stem Cell Reports j Vol. 16 j 597–609 j March 9, 2021 599



Figure 1. Loss of SSCs during 9 Days of
Inhibited GDNF Signaling and Their Par-
tial Restoration 2 Months after Signaling
Resumes
Adult, Ret V805A+/+, Rosa 26+/�, ID4-eGFP+/�

mice were injected for 9 days with vehicle
(control) or with 1NA-PP1 (treated). Quan-
titative data are presented asmean + SEM. An
asterisk indicates that treated mice differ
from controls (p < 0.05).
(A) The effects of inhibition of GDNF
signaling on numbers of transplantable SSCs.
Two to 4 days after the last injection, germ
cells from each animal were transplanted into
testes of germ cell-deficient mice. Germ cells
from treated and control mice were trans-
planted into 17 and 16 testes, respectively,
and LacZ+ germ cell colonies per testis
enumerated 2 months later. Data are pre-
sented as number of colonies per 106 trans-
planted cells per testis.
(B) Fraction of tubule cross-sections in con-
trol and treated animals were classified as
exhibiting normal spermatogenesis, incom-
plete spermatogenesis, or Sertoli cell-only
(SCO) syndrome. Testes were collected
2 months after the last injection, 1 mm testis
cross-sections were prepared and each tubule
classified. Data (n = 3/group) are presented
as fraction of tubule cross-sections per clas-
sification per testis.
(C–E). Confocal micrographs of GFRa1+ (red),
ID4-eGFP+ (green) spermatogonia in tubules
of control and treatedmice. The two boxes on
the right side of an image separate red and
green channels of the left hand box. Scale
bars, 40mm. (C) Image from a control animal.
(D) Image from an animal that was analyzed
2–4 days after the last injection 1NaPP1.
Similar images were obtained for 75% of the
surface of tubules collected 2 months after
treatment. (E) The remaining 25% contained
clusters of GFRa1+, ID4-eGFP+ spermato-
gonia.
(F) Numbers of GFRa1+, ID4-eGFP+ sper-
matogonia/mm2 of tubule surface for control
(n = 5) and treated mice analyzed 2–4 days or
2 months (n = 3/group) after the last injec-
tion.

600 Stem Cell Reports j Vol. 16 j 597–609 j March 9, 2021



Figure 2. The Effects of Loss and Resumption of GDNF Signaling
on Densities of GFRa1+ As, Apr, and Aal Spermatogonia and on
the Fraction of Cells that Incorporated EdU
(A) Representative 1.8 mm thick optical sections of GFRa1+ As, Apr,
and Aal spermatogonia (green) on intact seminiferous tubules. All
mice were injected with EdU (red) 24 h before sample collection.
Mice were injected with vehicle (Control) or with 1NA-PP1 for
9 days and samples collected on days 10, 14, 18, 22, and 28 of the
experiment. White, black, and red arrows identify representative
GFRa1+ As, Apr, and Aal spermatogonia, respectively. Scale bars,
40 mm.
(B) Numbers of GFRa1+ As, Apr, and Aal spermatogonia/mm

2 of
seminiferous tubule surface in control mice and in mice treated
with 1NA-PP1 for 9 days and analyzed on days 10, 14, 18, 22, and
28. Data are expressed as mean ± SEM (n = 8/group). An asterisk
over a bar identifies that group as significantly different from
treated animals on day 10. The inserted legend also applies to (C).
(C) Fractions of GFRa1+ As, Apr, and Aal spermatogonia that incor-
porated EdU in controls and in mice that were treated with 1NA-PP1
for 9 days and analyzed on days 10–28. An asterisk over a bar in-
dicates a significant difference from control.
(D). Fraction of total GFRa1+ As, Apr, and Aal spermatogonia that
incorporated EdU in controls and animals treated for 3 or 9 days
with 1NA-PP1. EdU was injected 24 h before sample collection (days
4 or 10). Data are expressed as mean ± SEM (n = 5/group). An
asterisk denotes a significant difference between days 4 and 10.
To define how cell replication changed during recovery,

we evaluated the fraction of GFRa1+ cells that incorporated

EdU (Figures 2A and 2C). As cells exhibited the greatest

response to resumption of GDNF signaling; cell replication

was four times higher than in controls on day 14, but re-

turned to control levels by day 18. Replication of Apr cells

was only greater than controls on day 22. Replication of

Aal cells did not change significantly.

Our observation that replication of As cells was not

decreased after 9 days of inhibited GDNF signaling was un-

expected, since it is decreased after 3 days (Parker et al.,

2014). To confirm and expand our new result, we compared

cell replication after 3 and 9 days of inhibited GDNF

signaling (n = 5/group). Results (Figure 2D) showed that a

significantly higher fraction of As cells replicated after

9 days than after 3 days, while replication by controls was

at an intermediate level.

Study 3: to determine labeling efficiency, we injected

mice once or every other hour for 24 h with EdU (n = 3/

group), collected samples 24 h after the first injection,

and determined the fraction of cells labeled with EdU after

1 or 12 injections (Figure 3A). Labeling efficiency (fraction

of cells labeled after 1 injection/fraction labeled after 12)

was 0.35, 0.53, and 0.76 for As, Apr, and Aal cells,

respectively.

Study 4: we used a classical approach to determine the

average length of the cell cycle of As cells, sequential injec-

tion of animals with two different thymidine analogs and
Stem Cell Reports j Vol. 16 j 597–609 j March 9, 2021 601



Figure 3. Determinations of the Efficiency of Labeling GFRa1+

As, Apr, and Aal Spermatogonia with EdU and of the Average
Length of the Cell Cycle of GFRa1+ As Spermatogonia
(A) Fractions of GFRa1+ As, Apr, and Aal spermatogonia that were
EdU+ after 1 or 12 injections (n = 3/group). Tissues were collected

602 Stem Cell Reports j Vol. 16 j 597–609 j March 9, 2021
identification of the time interval producing dual-labeled

cells. While Kanatsu-Shinohara et al. (2016) reported that

the length of the cell cycle of CDH1+ spermatogonia was

93.6 h, we performed this experiment because our mice

have a different genetic background, SSCs are heteroge-

neous, cycle lengths of other stem cells can vary, and

CDH1 expression spans As to type A1 spermatogonia (Bra-

gadoAlonso et al., 2014; Kubota, 2019; Tokuda et al., 2007).

We injected mice first with 50-bromo-20deoxyuridine
(BrdU) and then 60, 66, 72, 76, and 93 h later with EdU

and collected tubules 2 h after the second injection (n =

1/time point). Those times spanned the reported lengths

of the cell cycle of mouse CDH1+ spermatogonia and of

rat As spermatogonia (Huckins, 1971; Kanatsu-Shinohara

et al., 2016). Dual-labeled GFRa1+ As cells were observed

at all five time points (Figure 3B). We detected no apparent

labeling in negative control tubules (Figure 3C). To estab-

lish the average cell-cycle length, we enumerated GFRa1+,

BrdU+, EdU+, As cells and total GFRa1+, BrdU+ As cells at

each time point, divided the former number by the latter,

and plotted the resulting fractions against hours between

injections (Figure 3D). This analysis revealed a linear, posi-

tive correlation between the fraction of cells that were dual-

labeled and the time between injections. To estimate the

average length of the cell cycle, we calculated themidpoint

between the minimum and maximum fraction of double-

labeled cells, and extrapolated from that midpoint an

average cell cycle of 76.5 h, or 3.2 days.

Comparing cell yield with increased cell numbers: we

used the data from Figure 2 to calculate cell densities and

fraction of EdU-labeled As, Apr, and Aal cells for each 3.2-

day interval after GDNF signaling resumed (Table S1). We

assumed that numbers of replicating cells equaled cell
24 h after the first injection. Data are presented as mean + SEM. An
asterisk denotes a significant difference between 1 and 12 in-
jections.
(B) A GFRa1+, BrdU+, EdU+ As spermatogonium from an animal in-
jected with BrdU (white), with EdU (red) 93 h later, and tubules
collected 2 h later. The same cell is shown in the insert, but only
signals for GFRa1 and EdU are shown. The BrdU�, EdU+ cell in the
upper right hand corner shows that anti-BrdU does not cross-react
with EdU.
(C) GFRa1+ As spermatogonia in a control mouse that was injected
neither with BrdU nor EdU but processed for both. Scale bar, 20 mm.
(D) Determination of the average length of the cell cycle of GFRa1+

As spermatogonia. Mice were injected with BrdU and then 60, 66,
72, 76, or 93 h later with EdU (n = 1 animal per time point). GFRa1+,
BrdU+, EdU+ As spermatogonia and total GFRa1+, BrdU+ As sper-
matogonia were enumerated and the number of the first divided by
the number of the second. The resulting fractions were plotted
against hours between injections. We defined average cell-cycle
length, 76.5 h, for GFRa1+ As spermatogonia from the midpoint on
the line (see red +).



Table 1. Calculated Yield of New Cells from Replication of
GFRa1+ As, Apr, and Aal Spermatogonia from Days 10 to 28
versus Measured Increase in the Numbers of Those Cells

Cell Type Calculated Yielda Measured Increasea

GFRa1+ As sermatogonia
b 22.29 14.25

GFRa1+ Apr spermatogonia 37.74 15.09

GFRa1+ Aal spermatogonia 140.95 64.36

Totalc 200.98 93.7

aData are presented as numbers of new cells/mm2 of tubule surface.
bPredicted yield from replication of GFRa1+ As spermatogonia exceeds the

measured increase in their numbers.
cThe sum of the predicted yields from the replication of all three cell types

exceeds the sum of the measured increases in their cell numbers.
yield; yield = cells/mm2 3 (fraction of EdU+ cells/labeling

efficiency). Table 1 compares total cell yield with total in-

crease in cell density from days 10 to 28. Replication of As

cells explains both the increase in their number and 53%

of the increase of Apr cells. Replication of Apr cells accounts

for 53% of the increase in Aal cells, while Aal cell replication

explains the remainder. Yield from replication of As, Apr,

plus Aal cells also exceed the sum of their increased

numbers. Finally, Table S1 demonstrates that all remaining

As cells replicate within 4 days of resumed GDNF signaling.

These results support the conclusions that self-renewing

replication restores numbers of SSCs and that replication

of SSCs and progenitors restores progenitors.

When GDNF Signaling Resumes, Restoration is

Initially Biased toward Formation of Progenitors

Aal cells are the first to increase in number after GDNF

signaling resumes, suggesting that the restorative process

is initially biased toward formation of progenitors. We

wondered if these cells were poised to become fully differ-

entiated type A1 spermatogonia and thus expressed Kit.

We treatedmice for 9 dayswith 1NA-PP1, collected samples

on days 10, 14, and 22, and enumerated cells expressing

GFRa1 or GFRa1 plus Kit (Figures 4A–4C). Results show a

significant overall effect of 1NA-PP1 treatment on the frac-

tion of GFRa1+ cells that co-expressed Kit (Figure 4D).

When counts for all three cell types were summed, the frac-

tion of cells that co-expressed Kit at day 10 was 5.5-fold

higher than in controls. By day 22, this fraction was

reduced but still greater than control (Figure 4E).

During Restoration, Increased SSC Replication is Not

Associated with Increased GDNF Expression but with

Numbers of SSCs and Progenitors

Themarked spike on day 14 in As cell replication suggested

exposure to increasedmitogenic stimuli. A likely candidate

was GDNF, because changes in GDNF signaling affect repli-
cation of GFRa1+ As, spermatogonia within 2 days (Parker

et al., 2014) and testicular content of GDNF mRNA is

elevated after toxicant-induced death of SSCs (Carrieri

et al., 2017; Zohni et al., 2012). Thus, we measured testic-

ular GDNF protein and mRNA levels in controls after

inhibition and following resumption of GDNF signaling.

Neither increased, nor did transcripts encoding four other

regulators of SSCs, FGF2, FGF8, CSF1, and CXCL12 (Fig-

ure S3) (DeFalco et al., 2015; Hasegawa and Saga, 2014; Oat-

ley et al., 2009; Yang et al., 2013). Next, we used RNA

sequencing to search for potential increases in expression

of other growth factors. Analysis of control testes and testes

collected at day 14 (n = 3/group) identified 15,721 tran-

scripts with Ensemble IDs. Principal-component analysis

showed that testicular transcriptomes of the two groups

were highly similar (Figure S4). However, expression of

144 transcripts differed (false discovery rate < 0.05). None

encoded a growth factor.

The lack of increased growth factor expression led us to

look for any evidence of regulated replication of SSCs and

progenitors. As SSCs appear to interact in vitro, we asked if

data presented in Figures 2B and 2C revealed relationships

in vivo between the densities of As, Apr, and Aal cells and

their replications (Ebata et al., 2011). We pooled and log

transformed data from individual animals and plotted the

fraction of As, Apr, or Aal cells that incorporated EdU against

their densities and the densities of the two other cell types.

This analysis revealed highly significant negative correla-

tions between the fraction of As cells that replicated and

densities of As, Apr, and Aal cells. However, replication of

Apr or Aal cells were not correlated with densities of the

three cell types (Figures 5 and S5). These results suggest

that As, Apr, and Aal cells, either directly or via another

cell type, regulate replication of As spermatogonia.

Loss of SSCs Followed by Loss of Pachytene

Spermatocytes Results in Dissolution of the Blood-

Testis Barrier

In the Introduction, we proposed that 1NaPP1-treated Re-

t(V805A) mice model the human SCO syndrome. An

important caveat is that loss of SSCs in these mice results

in the same architectural deficit seen in human SCO syn-

drome, the failure of Sertoli cells to form a blood-testis bar-

rier (Camatini et al., 1981). To evaluate this possibility, we

focused on claudin 11 because it is not concentrated at

appropriate sites in the human SCO testes, and because

claudin 11 is required for Sertoli cells to form the barrier

(Mazaud-Guittot et al., 2010; Stammler et al., 2016). We

focused on tubules of treated mice that contained or

lacked pachytene spermatocytes because of the report

that these cells stimulate barrier formation (Li et al.,

2018). Mice were treated with vehicle or with 1NA-PP1

for 9 days and tubules were collected 32 days later.
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Figure 4. After 9 Days of Inhibited
GDNF Signaling, a Significant Fraction
of GFRa1+ Spermatogonia Also Express
the Differentiation Marker, Kit, but
This Fraction Decreases Once GDNF
Signaling Resumes
Spermatogonia co-expressing GFRa1 (red)
and/or Kit (green) were identified by
immunocytochemistry and confocal mi-
croscopy. Optical sections are 2 mm thick.
Scale bars, 20 mm.
(A) Image with merged red and green
channels. The arrow points to a cell ex-
pressing both proteins.
(B and C). Separate red (B) and green (C)
channels.
(D). Fraction of GFRa1+ As, Apr, and Aal
spermatogonia that co-expressed Kit. Mice
were treated for 9 days with vehicle (con-
trol) or 1NA-PP1, and tubules analyzed on
days 10, 14, 18, and 22. Data (mean ± SEM;
n = 9–11 mice/group) are presented for
each cell type. ANOVA shows an overall
significant effect of treatment.
(E). Fraction of all GFRa1+ spermatogonia
that co-expressed Kit. Data were summed
across cell types, and each mean compared
with the other means. Different letters over
bars denote significant differences be-
tween means.
Claudin 11 was detected by immunocytochemistry, and

nuclei were stained with DAPI. In all tubules of control

mice, optical cross-sections of seminiferous tubules re-

vealed a ring of claudin 11 just above spermatogonia

and early preleptotene spermatocytes, the site of the bar-

rier (Figure 6A) (Mruk and Cheng, 2015). Identical results

were obtained with tubules of treated animals that con-

tained a full complement of spermatogenic cells or that

contained pachytene spermatocytes but lacked round

spermatids (Figure 6B). However, claudin 11 was not de-

tected at the presumptive site of the barrier in tubules

with very few pachytene spermatocytes but with round

spermatids (Figure 6C). Neither could we reconstruct

normal claudin 11 localization from serial optical sections

(Figure 6D). Thus, the restoration of SSCs and the subse-

quent rebuilding of the seminiferous epithelium occur

in a tissue that undergoes dissolution of its blood-testis

barrier.
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DISCUSSION

Our principal goal was to test the hypothesis that inhibi-

tion of GDNF signaling caused a substantial loss of SSCs

from the adult testis, which, upon resumption of signaling,

were restored by self-renewing replication. We predicted

that this loss of SSCs and the resulting maturation deple-

tion of the seminiferous epithelium caused dissolution of

the blood-testis barrier. Our data support both our hypoth-

esis and our prediction. The loss of this barrier demon-

strates that our mouse model recapitulates an important

characteristic of human SCO syndrome.

Most SSCs are Lost during 9 Days of Inhibited GDNF

Signaling, but Are Partially RestoredWhen it Resumes

We demonstrated that 9 days of inhibited GDNF signaling

results in a 90% decrease in transplantable SSCs. We

noted a similar decrease when we defined SSCs as As



Figure 5. The Replication of GFRa1+ As Spermatogonia De-
creases as Their Density Increases
For each control and treated animal (Figures 2B and 2C), densities
of GFRa1+ As, Apr, and Aal spermatogonia and the EdU

+ fractions of
these cells were log 2 transformed and replication plotted against
density. R2 and p values for each regression line are shown.
spermatogonia that expressed Id4-eGFP and/or GFRa1.

This loss should be considered in the light of the report

that adult mouse testes contain two different subpopula-

tions of SSCs; one expresses GFRa1, the other does not

(Garbuzov et al., 2018). As Ret expression by GFRa1+

SSCs is 16.5-fold higher than by GFRa1� cells, the later
should be immune to 1NA-PP1 treatment. However, as

the report also indicated that individual SSCs rapidly

interconvert between GFRa1� and GFRa1+ states, all

SSCs in our studies should be affected by 9 days of

treatment.

Our data show that, after resumption of GDNF signaling,

Aal cells are the first to be restored and about 25% express

Kit. Thus, the restorative process is biased initially toward

regeneration of progenitor spermatogonia, some of which

appear poised to become type A spermatogonia. However,

after this initial phase, the SSC pool is substantially rebuilt.

Our analysis indicates that the total yield from replica-

tion of As, Apr, and Aal cells exceeds the sumof the increases

in their numbers. We propose that this apparent excess cell

production is due to loss of GFRa1 expression during differ-

entiation of Aal cells. It is useful to view these results from

the perspective of the simplest model for As, Apr, and Aal

spermatogonia (de Rooij, 2001). This model posits that

replication of As spermatogonia generates either a new As

spermatogonia or two Apr spermatogonia. Replication of

Apr spermatogonia generates Aal cells, while the replication

of Aal cells increases chain length. When viewed from this

perspective, our data indicate that, following resumption

of GDNF signaling, self-renewing replication of As sper-

matogonia restores all SSCs and the most immature, As,

progenitor spermatogonia. However, replication of As cells

accounts for only 53% of the restored Apr cells. The

remainder might be generated when two cells in a pair

simultaneously replicate and the new chain of four cells

splits into two pairs. Nonetheless, while we cannot fully

explain how all Apr cells are restored, our quantitative anal-

ysis supports the conclusion that, following the resump-

tion of GDNF signaling, self-renewing replication of

GFRa+ As spermatogonia, acting as SSCs, rebuilds the

stem cell pool. This process differs markedly from those

proposed to restore SSCs following busulfan-induced testic-

ular damage (Carrieri et al., 2017; La et al., 2018).

The Regulators of SSC Restoration

The rebuilding of the stem cell pool after GDNF signaling

resumption raises the issue of how this process is regulated.

The fact that all remaining GFRa1+ As spermatogonia repli-

cated within 3–4 days of resumed signaling suggested that

the concentration of an important regulator of SSC prolif-

eration was altered. GDNF was a likely candidate because

multiple studies report increased GDNF expression by Ser-

toli cells following busulfan-induced spermatogonial death

(Anand et al., 2016; Zohni et al., 2012). We, therefore, were

surprised that testicular levels of GDNF protein and mRNA

were not increased in mice that had lost 90% of SSCs. The

likely reason for our apparently unique result is that SSCs

are lost to differentiation, while in the other studies SSCs

die (Choi et al., 2004). Sertoli cells express Toll-like
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Figure 6. Loss of Pachytene Spermato-
cytes that Follows Loss of SSCs Re-
sults in Dissolution of the Blood-Testis
Barrier
Mice were injected with vehicle or 1NA-PP1
for 9 days and testes collected 32 days
later. Whole seminiferous tubules were
immunostained for claudin 11 (red) and
with DAPI (blue) and imaged by confocal
microscopy. Thicknesses of the optical
sections for the red and blue channels were
2.2 and 0.9 mm, respectively. An arrow
points to each of the pachytene sper-
matocytes in (A–C); arrowheads point to a
nucleolus of one of the round spermatids in
(A and C). Scale bar, 20 mm (all panels).
(A) Optical section through a middle of a
seminiferous tubule of a control animal.
This tubule contains a full complement of
spermatogenic cells. Identical results were
obtained from tubules of treated animals

that contained a full complement of germ cells. In all such tubules, claudin 11 is concentrated at the site of the blood-testis barrier.
(B) Optical section through the middle of a seminiferous tubule of a treated animal. This tubule contains many pachytene sper-
matocytes but no round spermatids. Claudin 11 localization is normal.
(C) Optical section through the middle of a seminiferous tubule of a treated animal. This tubule contains few pachytene spermatocytes
but many round spermatids. Claudin 11 is present in small puncta, not at the presumptive site of the blood-testis barrier. This animal
was also the source of the tubule shown in (B).
(D) Optical sections separated by 4 mm through a tubule, lacking pachytene spermatocytes, in a treated animal.
receptors and apoptosis of germ cells generates ligands for

those receptors. It has been proposed that the binding of

those ligands to their cognate receptors stimulates Sertoli

cell GDNF expression, Wnt signaling, and pro-inflamma-

tory pathways (Anand et al., 2016; Zhang et al., 2013;

Zohni et al., 2012).

We detected no significant changes in expression of any

other known growth factor or cytokine regulator of SSC

replication. However, replication of GFRa1+ As spermato-

gonia decreased as their densities and those of GFRa1+

Apr and Aal spermatogonia increased, indicating that resto-

ration is regulated. This regulation is specific for replica-

tions of Apr and Aal spermatogonia do not correlate with

cell densities. One possible explanation for our data is

that these three cell types secrete an inhibitor of SSC prolif-

eration, whose testicular concentration increases as SSCs

and progenitor spermatogonia are restored. Consistent

with our proposal is the fact that SSCs express a number

of cytokines and adhesion molecules as well as their

cognate receptors (Green et al., 2018; Guo et al., 2017). It

is also supported by the report that in vitro the clustering

of SSCs into mounds suppresses their stem cell activity

(Ebata et al., 2011). However, it is possible that interactions

that regulate SSC replication are indirect, requiring the ac-

tion of intermediaries, such as Sertoli or peritubular myoid

cells, which secrete the proliferation inhibitor. Identifying
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both this inhibitor and its source are important future

objectives.

Loss of SSCs Followed by Loss of Pachytene

Spermatocytes Results in Dissolution of the Blood-

Testis Barrier

Human SCO syndrome is characterized by the inability of

adjacent Sertoli cells to form a functional barrier (Camatini

et al., 1981). An important cause of this deficit is the Sertoli

cell’s inability to concentrate an essential barrier compo-

nent, claudin 11, at the correct site (Mazaud-Guittot

et al., 2010; Stammler et al., 2016). Therefore, it is note-

worthy that SCO mouse tubules neither properly concen-

trate claudin-11 nor form a barrier (Li et al., 2018). We

observed that claudin 11 was mislocalized in tubules with

reduced numbers of pachytene spermatocytes but with

round spermatids, while claudin 11 was correctly localized

in tubules with pachytene spermatocytes but without

round spermatids.

Conclusion and Relevance to Human SCO Syndrome

Our results demonstrate that inhibition of GDNF signaling

for 9 days results in loss of 90% of SSCs. Upon the resump-

tion of this signaling, numbers of these stem cells and of

their immediate progeny, progenitor spermatogonia, are

substantially restored. This restoration is initially biased



toward formation of progenitor spermatogonia, some of

which express Kit, and thus are primed to become fully

differentiated type A1 spermatogonia. However, within

2months of renewed signaling, SSC restoration is sufficient

to support normal, complete spermatogenesis in about

50% of tubule cross-sections. This restoration is driven by

self-renewing stem cell replication. In fact, immediately af-

ter GDNF signaling resumes, all remaining GFRa1+ As sper-

matogonia replicate. This event is not associated with

elevated expression of GDNF or of four other growth

factors. However, our data suggest that SSC replication is

regulated directly or indirectly by feedback from other

SSCs or from progenitor spermatogonia. Finally, our results

demonstrate that loss of SSCs and subsequent maturation

depletion of pachytene spermatocytes causes dissolution

of the blood-testis barrier. Thus, our mouse model recapit-

ulates important characteristics of human SCO testes: loss

of SSCs due to inadequate GDNF signaling and dissolution

of the blood-testis barrier.

Our results raise hope for the development of new thera-

pies for the subset of infertile men with SCO syndrome,

whose testes contain some SSCs. It is possible that

increasing their testicular GDNF levels will stimulate repli-

cation of the few SSCs in their testis, thereby increasing

stem cell numbers and seeding spermatogenesis in previ-

ously germ cell-deficient areas of tubule.
EXPERIMENTAL PROCEDURES

Animals
The Johns Hopkins University and University of Pittsburgh Medi-

cal School Animal Care the Use Committees approved relevant an-

imal protocols. All mice used to study the response to the inhibi-

tion and resumption of GDNF signaling were homozygous for

Ret V805A+/+, had a C57BL/6J genetic background, and were

aged 90–120 days (Savitt et al., 2012). Mice used to estimate

numbers of transplantable SSCs were generated by crossing Ret

V805A+/+ with B6129S7-Gt (Rosa)+/� 26Sor/J mice, Id4-eGFP+/�

mice (Jackson Laboratory, Bar Harbor, ME). Offspring carrying

both transgenes were backcrossed seven times to Ret(V805A)

mice. We used C57BL/6J mice (Jackson Laboratory) to determine

EdU-labeling efficiency and cell-cycle length. Supplemental Exper-

imental Procedures describe protocols for injection of 1NaPP1,

EdU, and BrdU, as well as primers and conditions for detection

of transgenes.

Synthesis of 1NA-PP1-HCl
We synthesized 1NA-PP1-HCl as described previously (Savitt et al.,

2012). For brevity we call it 1NA-PP1 throughout the paper.

Transplantation of Germ Cells into Germ Cell-

Deficient Testes
Two to 4 days after the last injection of 1NA-PP1 or vehicle, a sin-

gle-cell suspension was generated from each testis of treated and
control animals, and approximately 800,000 viable cells were

transplanted into the seminiferous tubules of germ cell-deficient,

busulfan-treated C57BL/6 mice, as described previously (Medrano

et al., 2014). Recipients were analyzed 2 months later by incu-

bating fixed, decapsulated testes in 5-bromo-4-chloro-3-indolyl-

b-D-galactopyranoside (X-gal) and countingX-Gal+ spermatogenic

colonies. Very few incomplete colonies or patches were observed.
Immunocytochemistry, Histology, Microscopy, and

Image Analysis
We used previously described methods to detect GFRa1, ZBTB16,

Kit, and EdU (Parker et al., 2014; Savitt et al., 2012). Antibodies

are listed in Table S2. Whole mounts of seminiferous tubules

were imaged using Zeiss LSM700 or LSM710 confocalmicroscopes.

ZBTB16+ cells were imaged as described previously (Savitt et al.,

2012). Supplemental Experimental Procedures describe how we

detected claudin 11 and BrdU. One-micron, plastic-embedded

testis sections were prepared as described (Savitt et al., 2012).
Quantification of Specific Transcripts and of GDNF

Protein in Mouse Testes
Testis GDNF protein and growth factormRNA concentrationswere

assayed as described previously (Parker et al., 2014; Savitt et al.,

2012; Singh et al., 2017). Transcript and GDNF protein levels

were normalized for 18S rRNA and total protein, respectively (Brad-

ford, 1976). Supplemental Experimental Procedures provide full

protocols.
Statistical Analyses
Data were analyzed by two-tailed t tests, ANOVA, or correlation us-

ing GraphPad Prism 6.0 (La Jolla, CA). Post hoc comparisons were

performed with the Holm-Side’s multiple comparison test. Statisti-

cally significant differences were defined as p % 0.05.
Data and Code Availability
The RNA sequencing data were uploaded to the GEO (GEO:

GSE111487).

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2021.01.015.
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