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Abstract

Testis tissue xenografting is a powerful approach for the study of testis development and 

spermatogenesis, and for fertility preservation in immature individuals. In bovine testis xenografts, 

maturation and spermatogenesis are inefficient when compared to other species. To evaluate if 

exogenous modulation of the endocrine milieu in recipient mice will affect spermatogenic 

efficiency in xenografts from newborn calves, recipient mice were treated with the GnRH 

antagonist acyline (5 mg/kg s.c. every 2 weeks) to reduce testosterone production in xenografts, or 

with 6-N-propyl-2-thiouracil (PTU, 0.1% in drinking water for 4 weeks), to induce transient 

hypothyroidism in recipient mice respectively. Both treatments altered developmental parameters 

of testis xenografts and reduced germ cell differentiation. While the effects of acyline treatment 

can be attributed to inhibition of GnRH and gonadotropin action, lower Sertoli cell numbers and 

decreased seminiferous tubule length observed after PTU treatment were opposite to effects 

reported previously in rats. Regardless of treatment, Sertoli cells underwent only partial 

maturation in xenografts as Müllerian inhibiting substance and androgen receptor expression were 

lower than in donor and adult tissue controls respectively. In conclusion, although treatments did 

not result in improvement of maturation of bovine testis xenografts, the current study demonstrates 

that exogenous modulation of the endocrine milieu to affect xenograft development in recipient 

mice provides an accessible model to study endocrine control of spermatogenesis in large donor 

species.

Correspondence should be addressed to I Dobrinski at Department of Comparative Biology and Experimental Medicine, Faculty of 
Veterinary Medicine, University of Calgary, 3330 Hospital Drive NW, Calgary, Alberta T2N 4N1, Canada; idobrins@ucalgary.ca. 

Declaration of interest
The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.

HHS Public Access
Author manuscript
Reproduction. Author manuscript; available in PMC 2018 July 02.

Published in final edited form as:
Reproduction. 2012 July ; 144(1): 37–51. doi:10.1530/REP-12-0020.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Testicular function and postnatal testis development are primarily regulated by the 

hypothalamic–pituitary–gonadal (HPG) axis. Specific hypothalamic cells produce and 

release GnRH that stimulates the anterior lobe of the pituitary to produce and release LH and 

FSH to the blood stream. In the testis, LH acts on Leydig cells and FSH on Sertoli cells to 

trigger a wide variety of cellular responses that support normal steroidogenesis and 

spermatogenesis. Production of androgens by Leydig cells and inhibin by Sertoli cells 

induces a negative feedback on the hypothalamus and pituitary to regulate the release of 

GnRH and gonadotropins (Senger 2003a, 2003b).

Slow testis development during infancy is due to low gonadotropin support rather than a lack 

of sensitivity to gonadotropins. Low gonadotropin support, particularly of LH, is related to 

hypersensitivity of the hypothalamus to sex steroids typical of the infant period (Ojeda & 

Terasawa 2002). If exposed to adult levels of gonadotropins the infant testis is able to initiate 

and complete pubertal development. When testis tissue from immature large animals is 

ectopically transplanted into immunodeficient castrated adult mice, the tissue is able to 

survive and reestablish the HPG axis by initiating hormonal signaling with the hypothalamus 

and pituitary gland of the rodent host. As a result, testis tissue undergoes full development 

and produces fertilization-competent sperm (Honaramooz et al. 2002, 2008, Schlatt et al. 
2002). Testis tissue xenografting has been applied to a wide variety of species and emerged 

as an attractive alternative for the study of testis development and spermatogenesis, and for 

fertility preservation in immature individuals (Rodriguez-Sosa & Dobrinski 2009, 

Rodriguez-Sosa et al. 2011a).

The thyroid gland plays an important role in regulating testicular function and development. 

Thyroid hormones have been shown to play a role in testis development in rodents (reviewed 

by Wagner et al. 2008, 2009) and domestic species, such as cattle (Majdic et al. 1998), sheep 

(Chandrasekhar et al. 1985, Fallah-Rad et al. 2001), and pigs (McCoard et al. 2003). Thyroid 

hormone receptors are present in both Sertoli cells and Leydig cells (McCoard et al. 2003, 

Wagner et al. 2008). In the rodent testis, elevated triiodothyronine (T3) promotes Sertoli cell 

maturation by inhibiting proliferation and inducing differentiation (van Haaster et al. 1993, 

Cooke et al. 1994). Moreover, T3 modulates Leydig cell steroidogenesis (Maran 2003) and 

promotes differentiation of mesenchymal precursors into prepubertal and adult Leydig cells 

(Ariyaratne et al. 2000, Baker et al. 2003). In addition, androgens have a direct influence on 

thyroid cell proliferation (Rossi et al. 1996, Banu et al. 2002a, 2002b). Presence of androgen 

receptors (ARs) has been reported in thyroid tissue of rat, primate, and human (Sheridan et 
al. 1984, Miki et al. 1990, Banu et al. 2002a). In dogs, the incidence of hypothyroidism is 

increased in gonadectomized individuals (Milne & Hayes 1981). Changes in the histological 

and ultrastructural characteristics of the thyroid that are induced by castration in males are 

reversed by androgen supplementation (Dehkordi & Parchami 2010). Although it is likely 

that this thyroid–testis interplay is also reestablished after ectopic transplantation of testis 

tissue in recipient mice, this remains to be demonstrated.

In testis tissue xenografting, manipulation of the endocrine environment of the rodent host is 

attractive as this opens new avenues for study of endocrine control of testicular maturation 
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and spermatogenesis in large animal donor species (Rathi et al. 2006, 2008). In bovine testis 

xenografts, efficiency of maturation and spermatogenesis is lower when compared to other 

species (reviewed by Rodriguez-Sosa & Dobrinski 2009). While maturation of xenografts of 

pig and monkey testis is advanced in relation to testis tissue in situ (Honaramooz et al. 2002, 

2004), maturation of bovine xenografts is only slightly advanced or similar to in situ controls 

(Rathi et al. 2005). Moreover, whereas in pig and sheep the number of seminiferous tubules 

with complete spermatogenesis is >50% (Zeng et al. 2006, Arregui et al. 2008, Rodriguez-

Sosa et al. 2010), in bovine xenografts this number is usually <15% (Oatley et al. 2005, 

Rathi et al. 2005, Schmidt et al. 2006, Huang et al. 2008). Low efficiency of maturation and 

spermatogenesis of testis xenografts have also been described in cat (Snedaker et al. 2004, 

Kim et al. 2007) and horse (Rathi et al. 2006). In bovine testis xenografts, this was 

associated with meiotic arrest (Rathi et al. 2005), but the causes and mechanisms behind this 

are still unclear.

While development of hamster testis tissue grafted in mice is primarily regulated by intrinsic 

mechanisms (Schlatt et al. 2010), maturation of testis xenografts from horses (Rathi et al. 
2006) and rhesus monkeys (Rathi et al. 2008, Ehmcke et al. 2011) is primarily regulated by 

the HPG axis and is therefore susceptible to exogenous modulation. In horses, application of 

gonadotropins (equine chorionic gonadotropin and human chorionic gonadotropin (hCG)) to 

recipient mice resulted in increased germ cell differentiation in testis xenografts (Rathi et al. 
2006). Similarly, treatment of mice with hCG resulted in enhanced growth and endocrine 

function (Ehmcke et al. 2011) and advanced maturation (Rathi et al. 2008) of testis 

xenografts from infant monkeys. However, different to mice carrying testis grafts from 

horses and monkeys (Rathi et al. 2006, 2008), recipient mice with bovine testis grafts have 

larger than normal seminal vesicles (Rathi et al. 2005, Rodriguez-Sosa et al. 2011b) when 

compared to those reported for noncastrated controls (Schlatt et al. 2003). Seminal vesicles 

are androgen dependent (Schlatt et al. 2003), and their size is routinely used to evaluate the 

endocrine activity of testis xenografts (Rodriguez-Sosa & Dobrinski 2009). Larger seminal 

vesicles in recipient mice with bovine tissue compared to those in mice receiving testis 

tissue from other species indicated that an excess of androgens, rather than a lack of 

gonadotropin support, could be involved in the poor maturation of bovine testis xenografts. 

Therefore, we hypothesized that treatment of recipient mice with the GnRH antagonist 

acyline to partially decrease androgen production of bovine xenografts (Shetty et al. 2006) 

would affect development and spermatogenic efficiency. A second hypothesis focused on the 

role of thyroid function in testis development and evaluated the use of 6-N-propyl-2-

thiouracil (PTU). In rats, induction of transient hypothyroidism by PTU supplementation 

during the infantile period delayed Sertoli cell maturation and extended their proliferation, 

resulting in an increased number of Sertoli cells, sperm output, and adult testis size (Kirby et 
al. 1992, Hess et al. 1993, De Franca et al. 1995). In cattle, levels of T3 and 

tetraiodothyronine (T4) are negatively correlated to testicular volume (Majdic et al. 1998), 

suggesting that bovine testis tissue may be sensitive to modifications of thyroid hormone 

profiles of recipient mice. Therefore, the aim of the current study was to evaluate the effect 

of exogenous application of acyline and PTU in recipient mice on maturation and 

spermatogenesis of testis tissue from newborn calves.
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Results

Acyline experiment

Recovery and endocrine activity of xenografts—Recipient mice were treated with 

acyline or left as controls. In total, 98.3% (417/424) of testis fragments originally 

transplanted were recovered as xenografts; 99.5% (199/200) from controls; and 97.3% 

(218/224) from treated mice (P>0.05). Xenograft weight in the control mice was 

significantly higher than in the acyline-treated mice; 56.2±10.7 vs 37.1±3.9 mg respectively 

(P<0.05). Seminal vesicle weight in treated recipient mice was also lower than in control 

mice (177.8±7.8 vs 403.9±30.6 mg respectively; P<0.05), suggesting a lower concentration 

of bioactive androgens.

Germ cell differentiation and development—At the time of grafting, testis tissue 

from donor calves was typical for the newborn age, with seminiferous cords composed of 

gonocytes surrounded by immature Sertoli cells (Fig. 1A). On average, 57.2±3.9% of cords 

cross sections contained Sertoli cells only, while the rest contained gonocytes and 

spermatogonia (40.1±8.7 and 2.7±0.9% respectively). At collection, xenografts displayed 

evidence of postnatal development; presence of lumen, increased tubule diameter, and 

presence of differentiating germ cells (Fig. 1B and C). The seminiferous cord diameter in 

donors (44.3±0.9 μm) increased in cords and tubules of xenografts from control (136.2 ±2.1 

μm) and acyline-treated (130.9±1.9 μm) mice. There was a significant difference between 

donor and xenograft values (P<0.05), but not between treatments. When germ cell 

differentiation was evaluated, xenografts showed a reduction in the number of tubules with 

Sertoli cells only and an increase in those with spermatogonia compared to donors (P<0.05), 

but there was no effect of treatment (Table 1). Similarly, there was no effect of treatment on 

the number of tubules with primary spermatocytes (P>0.05). However, acyline exposure 

resulted in a significant reduction of tubules with both round and elongated spermatids 

(P<0.05).

Stereological analysis—In comparison to donor tissue, the volume density of the tubular 

compartment was increased in xenografts. However, only the xenografts collected from 

control mice were different to those of donors (P<0.05; Table 2). In the tubular 

compartment, there was no difference in the volume densities of seminiferous epithelium, 

tunica propria, and lumen between xenografts from control and acyline-treated mice 

(P>0.05). The Sertoli cell number, Sertoli cell volume, and seminiferous tubule length in 

xenografts from control mice were higher than in xenografts from acyline-treated mice 

(P<0.05). In the intertubular compartment, the volume density of Leydig cells in xenografts 

from control mice was higher than in xenografts from acyline-treated mice (P<0.05). The 

volume density of connective tissue was significantly reduced in xenografts compared to 

donors (P<0.05), but there was no difference between xenografts groups (P>0.05). However, 

the volume density of blood vessels was not different between donors and xenografts from 

control mice, but this parameter was lower in xenografts from acyline-treated mice (P<0.05). 

There was no difference in the Leydig cell number between xenografts groups (P>0.05), but 

Leydig cell volume was higher in xenografts from control mice than in those from treated 

mice (P<0.05).
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Number of germ cells—Donor and xenograft sections were immunostained for the 

gonocyte and spermatogonia marker ubiquitin carboxy-terminal hydrolase L1 (UCH-L1; 

Fig. 2A, B and C). The number of cross sections with UCH-L1-positive cells was 52.4±15.1, 

42.4±6.3, and 41.2± 6.4% in donors, control, and acyline-treated xenografts respectively 

(P>0.05). When the number of UCH-L1-positive cells was quantified in those cross sections, 

the number of these cells was lower in donors than in xenografts (P<0.05), but no difference 

was observed between xenografts from control and acyline-treated mice. Donor tissue and 

xenografts from control and acyline-treated mice contained 1.2±1.7, 7.7±0.7, and 6.1±0.7 

UCH-L1-positive cells per cross section respectively. Similarly, when the number of Sertoli 

cells in the cross sections was considered, the number of UCH-L1-positive cells per 100 

Sertoli cells was lower in donors than in xenografts (P<0.05), but no difference was 

observed between the xenografts from control and acyline-treated mice. Donor tissue and 

xenografts from control and acyline-treated mice contained 8.5±8.4, 37.0±3.6, and 34.9±3.9 

UCH-L1-positive cells per 100 Sertoli cells respectively.

Sertoli cell maturation—In donor tissue, as expected for immature Sertoli cells, 

immunolocalization of Müllerian inhibiting substance (MIS) showed strong expression in 

the cytoplasm of Sertoli cells in 100% of the seminiferous cords (Fig. 3A). In the adult 

tissue control, MIS expression was absent (Figs 3A inset and 4A). Xenografts from the 

control and acyline-treated mice showed variable MIS expression in 74.8±6.2 and 

79.3±6.3% of tubules respectively (Fig. 3B and C). There was no difference between donor 

and xenograft values or those of control and treated mice (P>0.05). MIS staining intensity in 

donor tissue staining was higher than in xenografts (P<0.05), but there was no difference 

between the xenografts from control and treated mice (Fig. 4B). Thus, based on MIS 

expression Sertoli cells underwent partial maturation.

Immunostaining for AR confirmed the partial maturation of Sertoli cells in xenografts. As 

expected, donor tissue showed complete absence of AR expression (Fig. 5A), whereas the 

adult control tissue showed strong expression in the Sertoli nuclei of 100% of the tubules 

(Figs 4A and 5A inset). In comparison to the adult control, xenografts from the control and 

acyline-treated mice showed lower AR expression in Sertoli cell nuclei in 48.4±7.3 and 

42.8±7.3% of cross sections respectively (Fig. 5B and C). Percentages of AR expressing 

tubules of both types of xenografts were not statistically different from each other, but 

significantly lower than in adult control (P<0.05).

PTU experiment

Recovery and endocrine activity of xenografts—Recipient mice were treated with 

PTU in the drinking water for 4 weeks or left as controls. A preliminary experiment showed 

this treatment to result in a significant reduction of T3 in treated mice at 4 weeks of 

treatment (see Materials and Methods). Of the 236 testis fragments that were transplanted, 

186 were recovered (78.8%). At 5 months, 86.6% (52/60) of the xenografts were recovered 

from the control mice, while 97.5% (39/40) were collected from the PTU-treated mice. At 7 

months 81.9% (59/72) of the xenografts from the control mice were recovered, while 56.3% 

(36/64) were harvested from the PTU-treated mice. While there was no effect of treatment in 

the percentage of recovered grafts at 5 months (P>0.05), at 7 months the recovery in the 
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PTU-treated mice was significantly lower than in control mice (P<0.05). Xenograft weight 

at 5 months was higher in control mice than in the PTU-treated mice; 42.0±5.1 vs 20.8±3.9 

mg respectively (P<0.05). At 7 months, xenograft weight in the control mice was 51.1 ±4.5 

mg, and lower in the PTU-treated mice; 24.1±8.8 mg (P<0.05). However, the seminal vesicle 

weight in recipient mice was not different at any collection point (P>0.05). At 5 months, 

seminal vesicle weight in the control mice was 374.2±37.8 vs 385.3 ±82.1 mg in the PTU-

treated mice. At 7 months, seminal vesicle weights were 401.3±35.9 and 264.8±78.9 mg in 

the control and PTU-treated mice respectively.

Germ cell differentiation and development—As above, donor testis tissue contained 

seminiferous cords with primitive germ cells and Sertoli cells (Fig. 1D). Sertoli cells only 

were present in 36.8±4.4% of cords cross sections. Gonocytes and spermatogonia were 

evident in 61.0±1.5 and 2.2±0.5% respectively (Table 1). In xenografts, tubule development 

occurred, seminiferous cords/tubules increased in size, and meiotic germ cells were the most 

advanced type of germ cells (Fig. 1E, F, G and H). The seminiferous cord diameter increased 

from 47.1±0.7 in donors to 139.9 ±6.9 and 121.2±2.9 μm in 5-month xenografts of the 

control and PTU-treated mice respectively. In 7-month xenografts, tubule diameter increased 

further to 170.3±2.2 and 143.7±2.3 μm in xenografts of the control and PTU-treated mice 

respectively. Xenograft values at 5 and 7 months were different by treatment and 

significantly higher than in donor tissue. Values for xenografts from control mice were 

significantly higher than those of PTU-treated mice (P<0.05). In comparison to donor tissue, 

xenografts collected at 5 months did not show a difference in the number of tubules with 

Sertoli cells only, but this number decreased in xenografts collected at 7 months. At this 

collection point the value for xenografts from control mice was lower than that for 

xenografts from PTU-treated mice (P<0.05). The number of tubules with spermatogonia 

increased in xenografts compared to donor tissue (P<0.05), but not between 5 and 7 months. 

However, the number of tubules with primary spermatocytes significantly increased in 

xenografts from 5 to 7 months, and while at 5 months PTU treatment resulted in a lower 

number of tubules with spermatocytes (P<0.05), at 7 months there was no effect of 

treatment.

Stereological analysis—The volume density of the tubular compartment was increased 

in xenografts in comparison to donors, except in the xenografts collected at 5 months from 

the PTU-treated mice (Table 3, P<0.05). The density of the tubular compartment was lower 

in xenografts from PTU-treated mice collected at 5 months than in the other xenografts 

groups (P<0.05). In the tubular compartment, in comparison to donors, the density of the 

seminiferous epithelium was only increased in xenografts collected at 7 months from the 

PTU-treated mice (P<0.05). However, there was no difference between xenograft groups 

(P>0.05). At each collection point, the number of Sertoli cells was higher in xenografts from 

control mice than in those from treated mice (P<0.05). In xenografts from control mice the 

number of Sertoli cells was lower at 5 months than at 7 months (P<0.05). Sertoli cell volume 

was also higher in xenografts from control mice than in those from PTU-treated mice at both 

collection points (P<0.05). In addition, in both groups of xenografts, Sertoli cell volume was 

lower at 5 months than at 7 months (P<0.05). The seminiferous tubule length was higher in 

xenografts from control mice than in those from PTU-treated mice (P<0.05). In the 
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intertubular compartment, there was no difference in the volume density of Leydig cells 

between donors and xenografts nor between xenograft groups (P>0.05). The connective 

tissue density, blood vessels density, and Leydig cell number were not different between 

xenografts from control and PTU-treated mice (P>0.05). However, Leydig cell volume at 

each collection point was higher in xenografts from control mice than in those from treated 

mice (P<0.05). Moreover, in xenografts from control mice the Leydig cell volume was lower 

at 5 months than at 7 months (P<0.05).

Number of germ cells—Donor and xenograft sections were immunostained for UCH-L1 

(Fig. 2D, E, F, G and H). At 5 months, the number of cross sections with UCH-L1-positive 

cells in xenografts from control and PTU-treated mice (48.7 ±5.4 and 39.2±6.7% 

respectively) was significantly lower than in donors (70.3±4.4%; P<0.05), but not different 

from each other. However, at 7 months xenograft values were not different from donor tissue 

or from each other; 77.8±3.24 and 73.5±6.3% in control and PTU-treated mice respectively 

(P>0.05). At 5 and 7 months the number of UCH-L1-positive cells per cross section was 

significantly higher in xenografts than in donors (P<0.05), but there was no effect of 

treatment. At 5 months, donor tissue and xenografts from control and PTU-treated mice 

contained 1.5±0.4, 7.6±0.5, and 5.7±0.6 UCH-L1-positive cells per cross section 

respectively. The number of UCH-L1-positive cells per 100 Sertoli cells was also higher in 

xenografts than in donors (P<0.05), but there was no effect of treatment. Donor tissue and 

xenografts from control and PTU-treated mice contained 11.9±2.6, 32.7±3.0, and 25.8±3.6 

UCH-L1-positive cells per 100 Sertoli cells respectively. At 7 months, xenografts from 

control and PTU-treated mice contained 7.2±0.9 and 5.7±0.6 UCH-L1-positive cells per 

cross section, and 46.9±3.4 and 39.9±6 positive cells per 100 Sertoli cells respectively.

Sertoli cell maturation—As above, donor tissue showed strong MIS expression in the 

cytoplasm of Sertoli cells in 100% of the seminiferous cords (Figs 3D and 6A). At 5 months, 

variable MIS expression was present also in 100% of tubules of xenografts from both control 

and PTU-treated mice (Fig. 3E and F). As expected, therefore, there was no statistical 

difference between donor and xenografts values or between xenografts. At 7 months, MIS 

expression was observed in 87.5±6.2 and 88.8±7.2% of the cords and tubules in xenografts 

from the control and PTU-treated mice respectively (Fig. 3G and H). There was no statistical 

difference between the xenografts from both collection points or between those from control 

and treated mice (P>0.05). Intensity of MIS staining in donor tissue was significantly higher 

than in xenografts of any collection point or group of recipient mice (P<0.05), but there was 

no difference between the xenografts from both collection points or between those from 

control and treated mice (Fig. 6B).

Donor tissue showed complete absence of AR expression (Figs 5D and 6A). At 5 months, 

xenografts from the control and PTU-treated mice showed AR expression in 67.2±16.6 and 

15.6±10.5% of tubule cross sections respectively (Fig. 5E and F). At 7 months, there was 

AR expression in 63.4±10.5 and 11.7 ±11.2% of tubule cross sections of xenografts from 

control and treated mice respectively (Fig. 5G and H). While at 5 months the number of 

tubules with AR expression was not different between xenografts from control and PTU-

treated mice, at 7 months this number was lower in xenografts from treated mice. Moreover, 
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at both collection points the xenografts from PTU-treated mice were different to the adult 

control (which showed 100% of tubules with AR expression) but not those from the control 

mice (P<0.05).

Discussion

Testis tissue xenografting is a feasible approach to study testis development and 

spermatogenesis, and to preserve fertility in immature males in which sperm collection is 

not an option (Rodriguez-Sosa & Dobrinski 2009, Jahnukainen et al. 2011, Rodriguez-Sosa 

et al. 2011a). Exogenous modulation of the endocrine environment of the rodent host 

expands the use of this technique as experimental tool. To date, exogenous hormone 

supplementation has been applied to improve maturation and spermatogenesis of testis 

xenografts (Rathi et al. 2006, 2008). Cattle are an important agricultural species, but the 

utility of testis tissue xenografting to obtain sperm is limited because maturation and 

spermatogenesis in bovine testis xenografts are inefficient when compared with those of 

other species (Rodriguez-Sosa & Dobrinski 2009). In the current study, two treatment 

strategies were explored to modify the endocrine environment of recipient mice.

The first treatment focused on the HPG axis to test the hypothesis that increased testosterone 

production by bovine Leydig cells was involved in poor maturation and spermatogenesis of 

bovine testis xenografts. This was based on the observation that recipient mice with newborn 

and fetal bovine testis xenografts have larger seminal vesicles than those reported in 

noncastrated nude mice. In the latter, the seminal vesicle weight was reported to be 

233.2±40.5 mg (Schlatt et al. 2002), while in mice receiving newborn (Rathi et al. 2005, 

Schmidt et al. 2006) and fetal (Rodriguez-Sosa et al. 2011b) bovine testis tissue seminal 

vesicle weight was >300 mg, and in some cases >1 g. Testosterone serum concentrations in 

nude mice used as recipients of testis tissue from 1- and 2-week-old calves (Schmidt et al. 
2006) were higher when compared to those reported for noncastrated mice of the same strain 

(Schlatt et al. 2002), and higher or similar to those of 1- to 12-month-old bulls (Rawlings et 
al. 1972). It appeared possible that Leydig cells in immature bovine testis tissue showed a 

heightened responsiveness to adult levels of gonadotropins in the mouse host. We therefore 

attempted to partially decrease the recipient gonadotropins and xenograft testosterone with 

acyline (Shetty et al. 2006). As expected, in treated mice xenograft weight and seminal 

vesicle weight were significantly lower than in control mice, indicating a decrease in 

androgen production by Leydig cells in xenografts (Schlatt et al. 2002). However, presence 

of postmeiotic cells was significantly reduced in xenografts from treated mice. In 

comparison to xenografts from treated mice, xenografts from control mice showed 1.4- and 

12-fold more tubules with round and elongated spermatids respectively. Therefore, while 

treatment affected the endocrine function of bovine testis xenografts, this did not result in 

improvement of their maturation and germ cell differentiation.

The effect of acyline treatment on the endocrine activity and germ cell differentiation of 

testis tissue xenografts can be attributed to a reduction of gonadotropin support. Changes in 

Leydig cell morphology reflect differences in their function as a result of lower LH support, 

in line with the lower androgenic activity evidenced by the lower seminal vesicle weights in 

treated mice. While the number of Leydig cells was similar between xenografts of treated 
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mice and controls, in treated mice the volume of Leydig cells was smaller. Effects of lower 

FSH supply were also evident. In xenografts from treated mice the number and volume of 

Sertoli cells were significantly lower than in xenografts from control mice. This in turn also 

resulted in lower seminiferous tubule length. Different androgen production by xenografts 

may have also contributed to these effects on the volume of Sertoli cells as testosterone 

together with FSH affects the functions of mature Sertoli cells (Sharpe et al. 2003). 

However, the effect of androgens on Sertoli cells may have been limited as AR expression 

was low. An unexpected result of the acyline experiment was the reduction in the percentage 

of blood vessels induced by treatment. As blood vessels were not quantified, it is unknown 

whether the observed effect reflected differences on the number and/or volume of blood 

vessels in xenografts. A difference in number of blood vessels could result from differences 

in gonadotropin stimulation, as gonadotropins influence angiogenesis after grafting of 

gonadal tissue (Paris et al. 2004). Moreover, LH regulates vasomotion of testicular blood 

vessels and acyline treatment may have resulted in lower volume of blood vessels in 

xenografts from treated mice (Welsh et al. 2010). Fewer or smaller blood vessels represent a 

lower supply of blood, nutrients, and hormones. Therefore, acyline effects may have also 

been mediated in part by a decrease in the number and/or size of blood vessels in xenografts 

from treated mice. As acyline treatment affected FSH as well as LH, it remains unclear 

whether an overproduction of testosterone is involved in failure of bovine testis xenograft 

development as originally hypothesized. However, the results demonstrated that, similar to 

horse (Rathi et al. 2006) and rhesus monkey (Rathi et al. 2008, Ehmcke et al. 2011), the 

development and endocrine function of bovine testis xenografts are primarily regulated by 

the HPG axis and exogenous modulation of the HPG axis is possible, leading to measurable 

effects on tissue development and germ cell differentiation of xenografts.

In the second experiment we focused on the thyroid–testis interaction. We induced transient 

hypothyroidism in recipient mice expecting to increase the number of Sertoli cells by 

retarding their maturation. In rats, treatment with PTU from birth to 25-day postpartum (pp) 

resulted in increased testicular size and daily sperm production in adults (Hess et al. 1993). 

This was attributed to delayed maturation of Sertoli cells, allowing proliferation to occur 

beyond 15-day pp (De Franca et al. 1995, Sharpe et al. 2003), which is closely related to the 

time when the first meiotic division starts (McCarrey 2003). Sertoli cell proliferation after 

xenografting of testis tissue has not been described in detail in bovine and other species. In a 

previous study we observed first appearance of primary spermatocytes in bovine testis 

xenografts after 2 months of grafting (Rathi et al. 2005), therefore, we treated only during 

the first month after surgery and collected the tissue at two time points. At 5 months, we 

expected to observe in xenografts from treated mice less mature Sertoli cells and lower germ 

cell differentiation than in those from control mice. At 7 months we hypothesized that 

xenografts from treated mice would have higher number of Sertoli cells, seminiferous tubule 

length, and number of seminiferous tubules with haploid germ cells. Interestingly, our 

observations did not support these hypotheses. For example, at both collection points the 

number and volume of Sertoli cells were lower in xenografts from treated mice than in those 

from controls, also resulting in shorter seminiferous tubules. Moreover, unlike in xenografts 

from control mice, the number of Sertoli cells in xenografts from treated mice was not 

different between 5 and 7 months. This indicates that under PTU influence Sertoli cells 
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stopped proliferating earlier in treated mice than in controls, in which Sertoli cell 

proliferation occurred beyond 5 months. While the reasons for this cannot be determined 

from the current experiment, the length of PTU treatment may have been insufficient. It is 

possible that thyroid hormone concentrations resurged in recipient mice after PTU 

withdrawal, inducing Sertoli cells to stop proliferating earlier than in control xenografts. 

Important species differences have been reported in response to PTU. In pigs, PTU has an 

opposite effect to that observed in rodents (Cooke et al. 2005). However, in a previous study, 

an inverse relationship between neonatal T4 levels and pubertal testis size was found in bulls. 

Moreover, when marked neonatal hypothyroidism was induced by feeding rams and bulls 

with PTU, body and testis weights initially decreased and underwent compensatory growth 

as reported in rats, although adult testis size and sperm production were similar to those of 

controls (Cooke et al. 2005).

T3 stimulation occurring shortly after PTU withdrawal in xenografts from treated mice 

would explain the lower Sertoli cell number, but not the lower volume of these cells in this 

group of xenografts. Lower Sertoli cell volume suggests an immature state, which is 

opposite to the expected effect of T3 as this hormone also plays a role in maturation of 

Sertoli cells (Sharpe et al. 2003). While FSH promotes Sertoli cell proliferation, T3 induces 

their differentiation (Wagner et al. 2008). Both hormones promote Sertoli cell maturation, 

acting synergistically to induce AR expression. Androgens then contribute to the final 

functional and morphological maturation of Sertoli cells (Sharpe et al. 2003). A lack of 

synchrony in the action of FSH, T3, and androgens may have contributed to the lower 

volume of Sertoli cells in xenografts from treated mice in comparison to those from controls. 

It has been shown that lower levels of T3 also result in lower levels of gonadotropins 

(Wagner et al. 2008). PTU exposure could have also resulted in lower levels of FSH in 

recipient mice, and in turn contributed to both lower number and volume of Sertoli cells. 

However, smaller Sertoli cell volume may also be indicative of reduced function; mature 

mutant mice with a drastic decrease of germ cells show lower Sertoli cell volume in 

comparison to controls (De Franca et al. 1994). At 5 months, the number of tubules with 

spermatocytes in xenografts from control mice was approximately twofold greater than in 

xenografts from acyline-treated mice. Moreover, at 7 months the number of tubules with 

Sertoli cells only was approximately twofold greater in xenografts from acyline-treated mice 

than those from control mice. Reduction in the presence and differentiation of germ cells in 

xenografts from treated mice may have also contributed to the smaller Sertoli cell volume. 

Our results suggest that the thyroid–testis interaction is reestablished after ectopic 

transplantation of testis tissue in recipient mice, and that its exogenous modulation affects 

the development of bovine testis xenografts.

Low maturation and spermatogenesis in bovine xenografts are associated with meiotic arrest 

(Rathi et al. 2005, Rodriguez-Sosa et al. 2011b). The results obtained in the current study 

support this observation, especially those of the PTU experiment. In the acyline study, 

complete germ cell differentiation occurred, albeit in a low number of tubules. Differences 

in the level of germ cell differentiation between acyline and PTU experiments may be 

explained by a donor effect (Rathi et al. 2006). However, despite this difference, common 

findings regarding Sertoli cell maturation provide some insight into the causes behind the 

low efficiency of bovine testis xenografts. During puberty, as Sertoli cells mature, expression 
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of MIS decreases while expression of AR reaches maximum levels at sexual maturity 

(Sharpe et al. 2003). In both acyline and PTU experiments, MIS expression significantly 

decreased in xenografts in comparison to donor levels, but did not reach that of adult control. 

On the other hand, AR expression was present but not at the adult tissue level. Although 

MIS and AR expression could overlap for a specific period, in the current study MIS 

expression persisted in bovine testis xenografts. In mouse testis (Al-Attar et al. 1997) and 

monkey testis xenografts (Rathi et al. 2008), MIS expression was absent in tubules that had 

undergone meiosis. In the current study however, in xenografts from control mice collected 

at 7 months, meiotic or postmeiotic germ cells were present in 27.8–30% of the tubules, 

while MIS was present in 74.8–87.5%. This indicates that MIS expression occurred even in 

some tubules with germ cell differentiation. However, in transgenic mice overexpressing 

MIS spermatogenesis proceeds normally (Behringer et al. 1990). As MIS is downregulated 

primarily by testosterone through the AR (Al-Attar et al. 1997), persistent expression of MIS 

could be a consequence of low AR expression, which might be the primary cause of 

incomplete Sertoli cell maturation and germ cell differentiation in bovine testis xenografts. 

Accordingly, in the Sertoli cell-selective AR knockout mice poor germ cell differentiation 

occurs, with the majority of germ cell maturation ceasing at the diplotene primary 

spermatocyte stage (Chang et al. 2004), and a few secondary spermatocytes and round 

spermatids can be observed occasionally (De Gendt et al. 2004, Holdcraft & Braun 2004). 

This suggests that a lack of androgen action rather than excess of it, as originally 

hypothesized, may be responsible for the meiotic arrest and incomplete Sertoli cell 

maturation of bovine testis xenografts. However, it is also possible that an excess of 

androgen production by Leydig cells results in alteration of AR expression in Sertoli cells. 

Additional studies are necessary to evaluate the involvement of AR and androgens in the 

failure of maturation and spermatogenesis of bovine testis xenografts.

In summary, the HPG axis and thyroid–testis interaction regulate maturation and endocrine 

function of bovine testis xenografts. Exogenous modulation of these endocrine regulations is 

possible, which opens new avenues for the use of testis tissue xenografting in research. In 

the current study, the use of acyline and PTU resulted in measurable effects on the 

development and function of testis xenografts, but not in improvement of their maturation 

and germ cell differentiation. Incomplete Sertoli cell maturation seems to be involved in lack 

of maturation and full germ cell differentiation of bovine xenografts. Further studies are 

required to determine the mechanisms behind this.

Materials and Methods

Donor tissue and recipients

Donor tissue was obtained from testes of 1-week-old Holstein calves, and 6- to 8-week-old 

NCR Nude mice were used as recipients (Taconic, Germantown, NY, USA). In total, five 

donors and 12 mice/donor, and six donors and six mice/donor were used for the acyline and 

PTU experiments respectively. Pieces of donor tissue that was not transplanted were fixed in 

Bouin’s solution, embedded in paraffin or plastic (glycol methacrylate, Leica Historesin; 

Leica Microsystems, Heidelberg, Germany) and processed for staining as described below. 
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All animal procedures were in accordance with the University of Pennsylvania Institutional 

Animal Care and Use Committee.

Ectopic xenografting

Donor testes were cut into fragments of ~1 mm3 (~1 mg each) that were placed into ice-cold 

DMEM (Invitrogen), and subsequently transplanted under the dorsal skin of recipient mice 

as described previously (Honaramooz et al. 2002). Briefly, recipient mice were anesthetized 

with avertin (0.03 ml/g) and castrated. Their backs were aseptically prepared and four to 

eight fragments of donor testes were placed under the back skin of each mouse through ~1 

cm incisions. Skin incisions were closed with Michel clips and mice were allowed to 

recover.

Treatments of recipient mice

For the acyline experiment, half of the recipient mice of each donor received an s.c. injection 

of 5 mg/kg acyline (a kind gift from Dr Richard Blye, NICHD/NIH, Rockville, MD, USA) 

every 2 weeks (Shetty et al. 2006), while the rest were left as controls. For the PTU 

experiment, half of recipient mice of each donor were administered 0.1% (w/v) PTU 

(Sigma) added in the drinking water for 4 weeks after surgery. At this time, the PTU-

containing water was withdrawn and mice were fed on normal water. The rest of the mice 

were left in with normal drinking water to serve as controls. In a preliminary experiment, 

this PTU treatment resulted in a significant reduction of T3 in treated mice; at 4 weeks the 

serum concentrations of this hormone were 0.3±0.2 and 4.0±0.3 μg/dl in treated and control 

mice respectively (P<0.05).

Collection of xenografts and stereological analysis

Mice were sacrificed by CO2 inhalation at 7 months for the acyline experiment, and 5 and 7 

months for the PTU experiment. The weight of their seminal vesicles was recorded as 

evidence of bioactive testosterone production by xenografts. Xenografts were collected, 

weighed, fixed overnight in Bouin’s solution, and washed in 70% ethanol. Xenografts were 

embedded in paraffin or plastic. Sections (5 μm) from plastic-embedded xenografts were 

stained with H&E and used for stereological analysis, while those from paraffin-embedded 

xenografts were used for immunohistochemistry as described below.

In plastic H&E-stained sections, 30 cord or tubule cross sections were chosen randomly and 

their diameters were measured at 200× magnification using an ocular micrometer calibrated 

with a stage micrometer. In these cross sections, germ cells were identified by their 

morphology and location, and the most advanced germ cell type present was scored. The 

volume densities of the donor testis tissue and xenografts components were determined by 

light microscopy using a 441-intersection grid placed in the ocular of the light microscope. 

In all groups, 15 randomly chosen fields (6615 points) were scored per each section at 

400×magnification. The volume of each component of the testis was determined as the 

product of the volume density and testis volume and the specific gravity of testis tissue was 

considered to be 1.0 (França & Godinho 2003). The total length of seminiferous tubules 

(cm) was obtained by dividing seminiferous tubule volume by the squared radius of the 

tubule times π (Johnson & Neaves 1981). For Sertoli cell parameters, the total volume of 
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these cells was achieved during the determination of the volumetric density testicular 

components. The Sertoli cell nuclear volume was obtained from the knowledge of the mean 

nuclear diameter and 40 evident nuclei were measured for each xenograft. Nuclear volume 

was expressed in μm3 using the formula: 4/3 πR3, where R, nuclear diameter/2. The total 

number of Sertoli cells per testis was determined as follows: total number of Sertoli cells per 

testis = total volume of Sertoli cell nucleus in the testicular parenchyma (μl)/Sertoli cell 

nuclear volume (μm3). Regarding Leydig cells, individual Leydig cell volume was obtained 

from nucleus volume and the proportion between nucleus and cytoplasm. As the Leydig cell 

nucleus in bovine is spherical, the nucleus volume was calculated from the mean nucleus 

diameter. For such, 30 nuclei with an evident nucleolus were measured for each donor testis 

and in the treated and control groups of testis tissue xenograft. Leydig cell nucleus volume 

was expressed in cubic micrometer and also obtained from the formula 4/3πR3, in which R, 

nuclear diameter/2. To calculate the proportion between nucleus and cytoplasm, a 441-point 

square lattice was placed over the sectioned material at 400× magnification and 1000 points 

over Leydig cells were counted for each testis tissue xenograft. The total number of Leydig 

cells per testis tissue xenograft was estimated from the individual Leydig cell volume and 

the volume occupied by Leydig cells in the testis tissue parenchyma.

Immunohistochemical analysis

Paraffin sections from donor testis and xenografts were stained for UCH-L1, MIS and AR as 

described previously (Rodriguez-Sosa et al. 2011b). For MIS and AR staining, sections from 

one adult specimen were used as control (negative for MIS and positive for AR). Briefly, 

sections were processed through xylene, rehydrated, exposed to 3% H2O2 in distilled water 

for 15 min, washed in PBS for 5 min, and nonspecific binding was blocked in CAS Block 

(Invitrogen) for 30 min at room temperature. Tissue sections were subsequently incubated 

overnight with primary antibodies at 4 °C. Primary antibodies were rabbit anti-UCH-L1 

(AbD Serotec, Raleigh, NC, USA), mouse anti-AR, or mouse anti-MIS (both from Santa 

Cruz Biotechnology, Inc., Santa Cruz, CA, USA), used all at 1:400 dilution in PBS. After 

washing three times in PBS for 5 min each, the tissue sections were incubated in peroxidase-

conjugated goat anti-rabbit or goat anti-mouse IgG (2.5 μg/ml) for 1 h at room temperature. 

After washing in PBS as above, sections were exposed to the chromogen NovaRed (Vector, 

Burlingame, CA, USA) according to the manufacturer’s instructions. For AR and MIS, 

special care was taken to submit all sections to similar time of exposure to the chromogen. 

Sections stained for UCH-L1 were then counterstained with hematoxylin for 1 min. All 

sections were then dehydrated through ethanol, cleared in xylene, and finally mounted in 

Permount (Fisher Scientific, Ottawa, ON, Canada).

In tissue sections that were stained for UCH-L1, cord and tubule cross sections along the 

longitudinal and transverse axes of each section were scored for the presence of UCH-L1-

positive cells. Percentage of UCH-L1-positive cross sections and number of UCH-L1-

positive cells and Sertoli cells (distinguished by nuclear morphology on the counterstained 

background) in each section were recorded. For the degree of Sertoli cell maturation, in 

sections stained for MIS the percentage of cord and tubule cross sections chosen as above 

and that showed any expression in Sertoli cells was determined. Subsequently, level of MIS 

expression was evaluated as described previously (Rodriguez-Sosa et al. 2011b). Briefly, 
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digital images were taken along the longitudinal and transverse axes of sections at defined 

exposure settings. The seminiferous epithelium in MIS-positive cross sections was outlined 

and the gray value was determined by densitometry using the AxioVision Software (release 

4.8, Carl Zeiss Canada Ltd., Toronto, ON, Canada). Finally, in sections stained for AR the 

percentage of cord and tubule cross sections that showed any expression in Sertoli cells was 

also determined.

Statistical analysis

Seminal vesicles weights, xenograft weights, and stereological parameters were compared 

by ANOVA and Tukey’s test using the GraphPad Prism 5 (GraphPad Software, Inc., La 

Jolla, CA, USA). Percentages of xenograft recovery were compared by χ2 test using the 

Frequency (FREQ) procedure of Statistical Analysis Systems Software (SAS, version 9.1.2; 

SAS, Inc., Cary, NC, USA). Percentages of tubule cross sections with UCH-L1-positive 

cells, and MIS and AR expression, number of UCH-L1-positive cells, and transformed gray 

values of MIS staining were compared by ANOVA and Tukey test using the general linear 

model procedure of SAS.
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Figure 1. 
Histological appearance of donor testis tissue and testis xenografts from the acyline and 

PTU experiments. (A) Testis tissue from 1-week-old Holstein calves used as donors for the 

acyline experiment. (B) Testis xenograft collected from the control mice of the acyline 

experiment at 7 months. (C) Testis xenograft collected from the acyline-treated mice at 7 

months. (D) Testis tissue from 1-week-old Holstein calves used as donors for the PTU 

experiment. (E) Testis xenograft collected from the control mice of the PTU experiment at 5 

months. (F) Testis xenograft collected from the PTU-treated mice at 5 months. (G) Testis 

xenograft collected from the control mice of the PTU experiment at 7 months. (H) Testis 

xenograft collected from the PTU-treated mice at 7 months. Arrows point to the most 

advanced type of germ cell present in the seminiferous cords of donors and tubules of testis 

xenografts, which are also shown in insets. Gonocytes were the most advanced type of germ 

cells in donors (A and D), while elongated spermatids were the most advanced germ cells in 

xenografts from the acyline experiment (B and C) and pachytene spermatocytes in 

xenografts from the PTU experiment (E, F, G and H). Bars = 50 and 5 μm in panels and 

insets respectively.
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Figure 2. 
Immunohistochemistry for the gonocyte and spermatogonia marker UCH-L1 in donor testis 

tissue and testis xenografts from the acyline and PTU experiments. (A) Testis tissue from 1-

week-old Holstein calves used as donors for the acyline experiment. Inset: negative control, 

same donor testis tissue with omission of primary antibody. (B) Testis xenograft collected 

from control mice of the acyline experiment at 7 months. (C) Testis xenograft collected from 

the acyline-treated mice at 7 months. (D) Testis tissue from 1-week-old Holstein calves used 

as donors for the PTU experiment. (E) Testis xenograft collected from control mice of the 

PTU experiment at 5 months. (F) Testis xenograft collected from PTU-treated mice at 5 

months. (G) Testis xenograft collected from the control mice of PTU experiment at 7 

months. (H) Testis xenograft collected from PTU-treated mice at 7 months. Arrows point to 

UCH-L1-positive cells. Bar = 50 μm.
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Figure 3. 
Immunohistochemistry for Müllerian inhibiting substance of donor testis tissue and testis 

xenografts from the acyline and PTU experiments. (A) Testis tissue from 1-week-old 

Holstein calves used as donors for the acyline experiment. Inset: negative control adult testis 

tissue. (B) Testis xenograft collected from control mice of the acyline experiment at 7 

months. (C) Testis xenograft collected from acyline-treated mice at 7 months. (D) Testis 

tissue from 1-week-old Holstein calves used as donors for the PTU experiment. (E) Testis 

xenograft collected from control mice of the PTU experiment at 5 months. (F) Testis 

xenograft collected from PTU-treated mice at 5 months. (G) Testis xenograft collected from 

control mice of the PTU experiment at 7 months. (H) Testis xenograft collected from PTU-

treated mice at 7 months. Bar = 50 μm.
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Figure 4. 
Percentage of seminiferous cord and tubule cross sections containing Müllerian inhibiting 

substance (MIS)- and androgen receptor-positive cells (A) and densitometry analysis of MIS 

expression in cords and tubules in donors testis and testis xenografts (B) of the acyline 

experiment. As adult control tissue was negative for MIS, note that in (B) in the adult sample 

the black bar represents the background staining of the seminiferous epithelium, while the 

gray bar represents only the background of the interstitial tissue. Different letters between 

bars of the same shade indicate significant difference (P<0.05).
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Figure 5. 
Immunohistochemistry for androgen receptor (AR) of donor testis tissue and testis 

xenografts from the acyline and PTU experiments. (A) Testis tissue from 1-week-old 

Holstein calves used as donors for the acyline experiment. Inset: positive control adult testis 

tissue. (B) Testis xenograft collected from the control mice of the acyline experiment at 7 

months. (C) Testis xenograft collected from the acyline-treated mice at 7 months. (D) Testis 

tissue from 1-week-old Holstein calves used as donors for the PTU experiment. (E) Testis 

xenograft collected from the control mice of the PTU experiment at 5 months. (F) Testis 

xenograft collected from the PTU-treated mice at 5 months. (G) Testis xenograft collected 

from the control mice of the PTU experiment at 7 months. (H) Testis xenograft collected 

from the PTU-treated mice at 7 months. Arrows point to AR-positive Sertoli cells, while 

arrowheads point to AR-positive interstitial cells. Bar = 50 μm.
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Figure 6. 
Percentage of seminiferous cord and tubule cross sections containing Müllerian inhibiting 

substance (MIS)- and androgen receptor-positive cells (A) and densitometry analysis of MIS 

expression in cords and tubules in donors testis and testis xenografts (B) of the PTU 

experiment. As adult control tissue was negative for MIS, note that in (B) in the adult sample 

the black bar represents the background staining of the seminiferous epithelium, while the 

gray bar represents only the background of the interstitial tissue. Different letters between 

bars of the same shade indicate significant difference (P<0.05).
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Table 2

Stereological evaluation of donor testes and testis xenografts of the acyline experiment.

Parameter Donor Control Acyline

Tubular compartment (%) 65.1±3.4A 75.3±1.1B 70.8±1.8A,B

 Seminiferous epithelium (%) 43.4±3.3 51.4±2.1 45.6±2.2

 Tunica propria 21.7±0.7A 9.4±0.7B 9.9±0.7B

 Seminiferous tubule lumen (%) – 14.5±2.2 15.3±1.1

 Sertoli cell number (106)a 1.1±0.0A 5.7±0.7B 4.1±0.4C

 Sertoli cell volume (μm3) 94.3±3.7A 478.3±11.2B 406.9±24.2C

 Seminiferous cord or tubule length (cm)a 42.2±0.3A 230.3±29.8B 149.7±9.9C

Intertubular compartment (%) 34.9±3.4A 24.7±1.1B 29.2±1.8A,B

 Leydig cell (%) 1.5±0.1A 2.6±0.3B 1.8±0.2A

 Connective tissue (%) 32.7±3.4A 21.0±1.3B 25.8±1.2B

 Blood vessels (%) 0.6±0.0A 0.7±0.05A 0.4±0.03B

 Leydig cell number (106)a 0.1±0.1A 1.8±0.3B 1.3±0.2B

 Leydig cell volume (μm3) 114.9±5.9A 643.7±22.9B 417.1±20.4C

For each parameter, values represent the percentage (mean±S.E.M.). Different letters between columns denote statistical difference (P<0.05).

a
In donors, values are total numbers in the original pieces of tissue used for transplantation.
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