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Summary
To address the pressing need for better in vitro testicular toxicity models, a workshop sponsored by the 
International Life Sciences Institute (ILSI), the Health and Environmental Science Institute (HESI), and 
the Johns Hopkins Center for Alternatives to Animal Testing (CAAT), was held at the Mt. Washington 
Conference Center in Baltimore, MD, USA on October 26-27, 2011. At this workshop, experts in testis 
physiology, toxicology, and tissue engineering discussed approaches for creating improved in vitro 
environments that would be more conducive to maintaining spermatogenesis and steroidogenesis and could 
provide more predictive models for testicular toxicity testing. This workshop report is intended to provide 
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tive toxicity and carcinogenicity, with heavy reliance on animal 
data. While this approach is effective for evaluation of chemi-
cal and pharmaceutical safety, it is costly, time-consuming, and 
requires large numbers of experimental animals. In response, 
methods varying in complexity from in silico prediction tools 
and biochemical assays to cell/organ culture methods can offer 
cost-effective and time-saving alternative approaches to in vivo 
testing. However, their implementation in hazard and risk as-
sessment paradigms, replacing or reducing animal studies, has 
lagged behind due to uncertainties as to the predictive capacity 
of these reductionist methods. Furthermore, their “applicabil-
ity domain” – in view of the biological space covered and the 
chemical classes for which they are predictive – has been a sub-
ject of continuous debate. 

Since the landmark publication by Russell and Burch (1959), 
the 3R paradigm of Replacement, Reduction, and Refinement of 
animal experimentation has been a leading theme in the devel-
opment of alternative methods. For complex biological systems 
such as the reproductive system, it has been recognized that 1:1 
replacement of an in vivo animal study by animal-free methods 
is unlikely. However, combinations of alternative tests in a tiered 
and/or battery approach may provide improved toxicity predic-
tion. This approach was tested in the European ReProTect col-
laboration (Hareng et al., 2005) in which ten carefully-selected 
compounds were tested in ten assays covering different aspects 
of the reproductive cycle (Schenk et al., 2010). This pilot study 
showed that a combination of complementary assays could im-
prove prediction as compared to single assays. In the US, the 
ongoing ToxCast project at the US Environmental Protection 
Agency (EPA) (Dix et al., 2011; Knudsen et al., 2011) repre-
sents a large-scale investment towards integrated in vitro toxic-
ity assessment, in which hundreds of high throughput assays 
have been aligned to characterize toxicity profiles of chemicals. 
Complementary to this, the Human Toxome Project1 has started 
mapping pathways of toxicity (Hartung and McBride, 2011) us-
ing endocrine disruption as a test case.

Reduction of animal use may be achieved by optimizing ani-
mal studies and their alignment in a testing strategy, together 
with alternative methods as prescreening tools. For instance, the 
recently approved extended one-generation reproductive toxic-
ity study protocol (OECD TG 443), when replacing the OECD 
TG 416 two-generation reproductive toxicity study, could reduce 

1  Introduction

1.1  Overview of the workshop
This workshop on in vitro testicular toxicity models was con-
ceived by Bob Chapin (Pfizer) and organized by James Kim 
(ILSI/HESI), Jennifer Sasaki (AstraZeneca), and Louise 
Saldutti (Merck). An opening statement was delivered by Tho-
mas Hartung (CAAT), followed by Aldert Piersma (RIVM), 
who provided an overview of European activities regarding in 
vitro male reproductive toxicity efforts. Terry Brown (Johns 
Hopkins School of Public Health) and Paul Cooke (University 
of Florida) presented overviews of male reproductive physiol-
ogy, spermatogenesis, and steroidogenesis. Paul Foster (NTP) 
discussed several paradigm testicular toxicants and noted the 
variety of mechanisms by which testicular toxicity is induced 
and where in vitro approaches have added value to our under-
standing. Mary Hixon (Brown University), Elaine Faustman 
(University of Washington), and Sarah Campion (Pfizer) pro-
vided perspectives on past and present in vitro testicular toxicity 
models. Tessa DesRochers (Tufts University), Elizabeth Loboa 
(University of North Carolina at Chapel Hill/North Carolina 
State University), and Hanry Yu (National University of Singa-
pore) provided biomedical engineering perspectives, discuss-
ing advances in the areas of kidney, bone, and liver tissue engi-
neering, respectively. David O’Dowd (Draper Lab, Cambridge, 
MA) presented examples of applications of biomedical engi-
neering approaches in industry. Following the technical presen-
tations, William Kelce (Novan Therapeutics, Durham, NC) led 
interactive discussions between the speakers and the audience 
that elicited lively discussion among academic, government, 
and industrial participants. In closing, Elizabeth Maull (NIH/
NIEHS), Suzanne Fitzpatrick (FDA), and Meta Bonner (EPA) 
discussed available funding opportunities that could support 
future research in this area.

1.2  Historical aspects of in vivo safety evaluation
Global agreement on hazard and risk assessment of chemicals 
and pharmaceuticals has been pursued by harmonizing Organi-
sation for Economic Cooperation and Development (OECD) 
and International Conference on Harmonisation (ICH) proto-
cols and testing approaches. Test guidelines address the range 
of endpoints such as systemic, developmental, and reproduc-

scientists with a broad overview of relevant testicular toxicity literature and to suggest opportunities 
where bioengineering principles and techniques could be used to build improved in vitro testicular models 
for safety evaluation. Tissue engineering techniques could, conceivably, be immediately implemented to 
improve existing models. However, it is likely that in vitro testis models that use single or multiple cell types 
will be needed to address such endpoints as accurate prediction of chemically induced testicular toxicity 
in humans, elucidation of mechanisms of toxicity, and identification of possible biomarkers of testicular 
toxicity. 

Keywords: testicular toxicity, bioengineering, biomedical engineering, in vitro screening

1 http://humantoxome.com
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within a 48-well tissue culture plate) to be useful in routine tox-
icity screening or mechanism of action assessment. However, 
were such platforms available, they would be immediately ap-
plicable in pharmaceutical discovery and development, as in 
the case where a lead compound produces testis damage. The 
screening assay could be used to assess the toxicity of possible 
backup compounds. Additional applications include elucida-
tion of the mechanisms of toxicity and/or identifying biomark-
ers for nonclinical and clinical use. Such assays also could be 
of great value for initial first-tier screening of environmental 
compounds, where the number of chemicals with unknown bio-
logical activity is vastly larger than the resources to test them in 
animals. For example, based on the Toxic Substances Control 
Act (TSCA, 1976) there are more than 75,000 chemicals in use 
in the United States that ultimately make it into the environ-
ment. Most of these chemicals have limited or no toxicologi-
cal evaluation. For such a large number of compounds, toxic-
ity characterization via current approaches that rely heavily on 
animal testing would cost millions of dollars and take several 
years per compound. Several initiatives are tackling these is-
sues, including the ILSI/HESI tier-based approach for toxicity 
screening and testing prioritization of agricultural chemicals 
(Barton et al., 2006; Carmichael et al., 2006), while others aim 
to characterize toxicity solely via in vitro models, such as the 
NRC initiative for developing in vitro approaches to chemical 
toxicity characterization (NRC, 2007). In the EU in 1981 there 
were an estimated 100,000 chemicals on the market. For most 
of these chemicals there are limited or no risk assessment data, 
and the lack of data on high volume chemicals (>1,000 tons per 
year) is of particular concern2. In 2007 in the European Union 
(EU), REACH chemical legislation was established to consoli-
date regulations on new and existing chemicals to define a more 
consistent approach to chemical regulation. Because testing 
was now required for new (post-1981) chemicals with produc-
tion volumes ≥10 kg, this new legislation encouraged use of 
existing chemicals. Subsequently, research and development 
of new chemicals has been greatly inhibited, with only ~3000 
new chemicals introduced to the market since REACH legisla-
tion was enacted. Even with the reduction in newly introduced 
entities, toxicity characterization is still needed in the EU and 
globally for thousands of marketed chemicals, highlighting the 
need for well-designed in vitro assays that can screen and pri-
oritize chemicals of potentially high safety risk.

Similarly, the pharmaceutical industry has struggled to iden-
tify and implement effective early safety screening approaches 
to offset the rising cost of pharmaceutical development (Scannell 
et al., 2012; McKim, 2010). While testicular toxicity may not 
be the leading contributor to drug candidate attrition, identifica-
tion of testicular lesions in repeat dose Good Laboratory Practice 
(GLP) animal toxicology studies of four weeks or longer in dura-
tion, but not during initial one- or two-week non-GLP dose-range 
finding studies, can incur significant costs, particularly if clinical 
trials already have been initiated (Sasaki et al., 2011). Further-
more, in contrast to safety liabilities such as hepatotoxicity, in 

animal use by 40% compared with OECD TG 416, and overall 
animal use in the entire Registration, Evaluation, Authorisa-
tion and Restriction of Chemicals (REACH) legislation by 15% 
(Bremer et al., 2007; Hartung and Rovida, 2009; Piersma et al., 
2011). Attempts also are underway to design innovative testing 
strategies making optimal use of alternatives (van der Burg et 
al., 2011; Hartung et al., 2013).

Refinement of hazard assessment by elucidating mechanisms 
of action is another approach where alternative assays can pro-
vide important additional information to inform interspecies ex-
trapolation and assess the human relevance. The European and 
ToxCast collaborations mentioned above provide good exam-
ples of relevant approaches in this area. In addition, the US Na-
tional Academy of Sciences (NAS) vision on Toxicology in the 
21st Century has generated the concept of a restricted number of 
biological pathways that could be perturbed to result in adverse 
effects (NRC, 2007). The NAS in 2000 (NRC, 2000) identified 
the extraordinary genomic conservation of signaling pathways 
for development and reproductive response pathways and served 
as the basis for identification of potential pathways for toxicity 
assays in in vitro and non-vertebrate assays. The identification of 
these pathways is the current challenge. Their representation in 
alternative assays could provide the basis for an in vitro testing 
strategy. However, it should be realized that the entire organism 
is more than the sum of its parts and, therefore, animal studies 
will remain necessary for the immediate future. 

Awareness of the need to implement alternative methods was 
increased by novel chemical safety legislation in Europe and the 
implementation of REACH (European Commission, 2007). The 
European Chemicals Bureau has published an estimation of pre-
dicted experimental animal use arguing that 65% of test animal 
usage for REACH would be for reproductive and developmental 
toxicity assessment alone (van der Jagt et al., 2004) based on 
counting the pups used in the multigeneration studies. This large 
number of animals turns reproductive and developmental toxicol-
ogy into a high priority area for developing alternative methods.

Several analyses of existing reproductive toxicity study data-
bases have shown that the testis often is among the most sensi-
tive organs to exogenous exposure, driving the determination 
of lowest observed adverse effect level (LOAEL), which is the 
starting point for risk assessment (Bremer et al., 2007; Dang et 
al., 2009; Martin et al., 2009). Therefore, the testis certainly is 
a priority organ for the development of alternative assays. Al-
though the ultimate goal would be to design in vitro cultures that 
could successfully recreate the key aspects of spermatogenesis 
and steroidogenesis, few of the current mammalian testis cell 
culture methods support or yield mature germ cells (Sato et al., 
2011). 

1.3  Application of in vitro testicular  
toxicity models to environmental chemical  
and pharmaceutical safety testing
To date, no systems produce germ cells in sufficient quantity 
or in consistently repeatable units across assay replicates (e.g., 

2 http://www.hse.gov.uk/reach/resources/factsheet.pdf
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may increase confidence that animal findings will translate to 
humans as compared to other organ systems. Olson et al. (2000) 
identified 150 compounds under pharmaceutical development 
that were known to produce human toxicity in one or more or-
gan system, and then examined the animal toxicology reports 
for these 150 compounds to determine the predictive value of 
the animal data. The true positive concordance rate was 70% 
for one or more preclinical animal model species (including ro-
dent and nonrodent), showing the target organ toxicity that also 
was seen in the same human organ system. For the remaining  
30% of human toxicities, there was no relationship between tox-
icities seen in animals and those observed in humans. Concord-
ance with the human toxicities dropped markedly when only a 
single species demonstrated similar toxicity. Concordance fell 
to 27% when only one nonrodent species demonstrated similar 
toxicity and to 7% when only one rodent species demonstrated 
similar toxicity. 

In 2011, the US Food & Drug Administration (FDA) ap-
proved 24 new molecular entities (NME) and 6 biologic license 
applications (BLA). Following review of the product labels and/
or drug approval packages, there were 8 of these approved drugs 
that exhibited evidence of testicular toxicity in at least 1 species, 
with 2 drugs exhibiting findings in 2 species (Tab. 1). Three of 
these 8 drugs (Daliresp®(roflumilast), Victrelis™(boceprevir) 
and Incivek™(telaprevir)) had dedicated clinical reproductive 
studies that failed to demonstrate detectable human reproduc-
tive toxicity. See Table 1 for an exposure comparison between 
human and nonclinical species. 

During its nonclinical development, Daliresp® produced an 
increased incidence of tubular atrophy, degeneration of the tes-
tis, and sperm granulomas in the epididymides in rats. Daliresp® 
also exhibited effects on the male reproductive tract in dogs and 
mice, but not in hamsters and monkeys. Interestingly, there 
were no effects of Daliresp® on semen parameters or reproduc-
tive hormones in a 3 month clinical study3. 

In nonclinical studies with Victrelis™, drug-exposed rats ex-
hibited decreased fertility due to testicular degeneration. Tes-
ticular findings in the rat were not associated with alterations of 
follicle stimulating hormone (FSH), luteinizing hormone (LH) 
or testosterone, and generally consisted of lower epididymal, 
prostate, and testes weights. In the epididymides, findings in-
cluded luminal cell debris and/or hypospermia, while in the tes-
tes, Sertoli cell vacuolation, depletion and/or degeneration of 
spermatocytes and spermatids, and atrophy of the seminiferous 
tubules were observed; signs of reversibility of these testicular 
toxicity findings were observed following a 2 month treatment-
free period. Testicular toxicity was not observed in immature or 
sexually mature cynomolgus monkeys, dogs, or mice exposed 
to Victrelis™. In addition, clinical monitoring of male subjects 
for surrogate markers of testicular function, which included in-
hibin B and semen analysis, indicated that Victrelis™ exhibited 
no evidence of testicular toxicity in men4,5. 

which toxic insult in both animals and humans can be readily 
monitored via well-established endpoints such as increases in 
blood levels of liver-specific transaminases, attempts to identify 
a sensitive and specific translational marker for testicular injury 
have been largely unsuccessful (Elkin et al., 2010).

With appropriate caveats, it sometimes is possible to predict 
the adverse outcomes of a structurally related chemical entity 
based on the in vitro signature that has been constructed for the 
structural class, and that is biologically related to in vivo out-
comes such as specific morphological changes, gene expression 
signatures, or hormonal responses. The availability of in vitro 
predictive screening assays for testicular toxicity would allow 
drug discovery units to screen quickly for testicular liability 
among potential drug candidates using small amounts (mg) of 
compound. As the testicular toxicity of a candidate may be fur-
ther modulated by distribution, metabolism, or excretion charac-
teristics, in silico or in vitro partitioning or transport models may 
be useful, in combination with in vitro testicular toxicity data, to 
assess the dose-response effect of the compound within the ro-
dent and non-rodent species or human male reproductive tract.

2  Testicular toxicity outcomes in human versus 
nonclinical regulatory toxicology species

Before considering available in vitro testicular toxicity mod-
els, the ability of animal models to predict the human toxicity 
potential of pharmaceuticals and chemical products should be 
considered. While in vivo safety testing in nonclinical models is 
expected to identify and predict male reproductive toxicity po-
tential in humans, the examples below illustrate that a testicular 
toxicity signal during preclinical development in one or more 
species needs to be carefully assessed prior to determining the 
relevance for human risk assessment. 

With the possible exception of cytotoxic oncolytics and repro-
ductive hormone agonists/antagonists, the value of animal mod-
els in predicting testicular toxicity in man following exposure 
to pharmaceuticals is difficult to establish given the uncertainty 
around data interpretation and the relatively sparse data avail-
able in both animals and humans. In terms of data interpretation 
challenges, for example, it is plausible that testicular toxicity ob-
served in a single animal species can be considered potentially 
relevant to humans, unless mitigating circumstances are demon-
strated (Creasy, 2002). It has also been recognized that toxicity 
findings in a single animal species may have low predictive val-
ue (Olson et al., 2000). Olson and colleagues demonstrated that 
over a wide range of organ/system toxicities, the value of animal 
models for predicting human toxicity increased when toxicity 
is observed in multiple species and that single species findings 
may not always translate into human toxicity. However, in terms 
of toxicity to the reproductive system, it should be noted that 
reproduction is a highly conserved process in mammals, which 

3 http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/022522s000lbl.pdf
4 http://www.accessdata.fda.gov/drugsatfda_docs/nda/2011/202258Orig1s000TOC.cfm (accessed in 2012).
5 http://www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm?fuseaction=Search.Label_ApprovalHistory#apphist 
(accessed in 2012)
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As described in Sasaki et al. (2011), Cialis®(tadalafil) had 
no adverse effects on fertility in rats or on the male reproduc-
tive system in rats or mice at doses that produced an expo-
sure of 11-14 times the highest recommended clinical dose 
(20 mg/day; Hellstrom et al., 2003; Lilly, 2010). However, 
dogs given tadalafil daily for 6 and 12 months exhibited treat-
ment-related non-reversible degeneration and atrophy of the 
seminiferous tubular epithelium in the testes (FDA, 2003, Ap-
plication Number 21-368). Based on the findings in the dog, 
three randomized, double-blinded, placebo controlled clini-
cal trials were conducted with tadalafil to assess the risk to 
male reproductive function. In the first two trials (Hellstrom 
et al., 2003), healthy men or men with mild erectile dysfunc-
tion (ED) were enrolled to placebo, 10 mg tadalafil (Study 1), 
or 20 mg tadalafil (Study 2) once a day for 26 weeks. In Study 

Similarly, in nonclinical studies for rats administered Inciv-
ek™, there was an adverse effect on sperm parameters and evi-
dence of degenerative testicular toxicity6. In rats, microscopic 
testicular lesions included germinal epithelial degeneration, 
germ cell degeneration/necrosis, tubule degeneration, enlarged 
residual bodies, retained spermatids and vacuolation of Sertoli 
cells. Rats exposed to Incivek™ also exhibited a decrease in 
percentage motile sperm as well as an increase in the number of 
nonmotile sperm. In general, effects on the male rat reproduc-
tive system appeared to be reversible. These testicular findings 
were not observed in dogs exposed to Incivek™, suggesting that 
the testicular toxicity in rat may be species-specific. Further-
more, there were no adverse effects on reproductive hormones 
(inhibin B, LH, and FSH) in human subjects following exposure 
to Incivek™. 

6 http://www.accessdata.fda.gov/drugsatfda_docs/nda/2011/201917Orig1s000TOC.cfm (accessed in 2012)

Tab. 1: Testicular toxicities observed in 2011 US FDA approved new molecular entities and biologic license applications

Proprietary name

Adcetris 
 
 

Daliresp 
 
 
 
 
 
 

Eylea 

Firazyr 
 
 
 
 

Incivek 
 
 

Victrelis 
 
 

Xalkori 

Zytiga

Indication

Lymphoma 
 
 

Chronic Obstructive 
Pulmonary Disease 
 
 
 
 
 

Macular Degeneration 

Acute Angio Edema 
 
 
 
 

Hepatitis C Virus 
 
 

Hepatitis C Virus 
 
 

Metastatic Lung Cancer 

Prostate Cancer

Non-clinical data

Seminiferous tubule degeneration, Sertoli cell 
vacuolation, reduced spermatogenesis and 
aspermia observed in rats at 3 times the maximum 
recommended human dose (MRHD). 

Seminiferous tubular atrophy, testis degeneration, 
spermiogenic granulomas in the epididymides and 
dysspermia observed in rats at 29 times the MRHD; 
reproductive tract changes in dogs and mice, but 
not in hamsters and monkeys; no effects on semen 
parameters or reproductive hormones in a 3 month 
clinical study (Forest Pharmaceuticals Inc., 2011; FDA 
Summary Review NDA 022522).

Changes in sperm morphology and motility observed 
in monkeys at 1500 times the MRHD. 

Testicular atrophy, reduced prostate gland secretion, 
and decreased testosterone observed in rats 
administered 5 times the MRHD. Reduced sperm 
count, atrophy of the testes and prostate, and 
decreased testosterone observed in dogs at 30 times 
the MRHD. 

Decreased % motile sperm and increased non-motile 
sperm count observed in rats at 0.3 times the MRHD. 
Testicular toxicity was not observed in dogs.  

Decreased fertility in male rats was attributed to 
testicular degeneration at 1.3 times the MRHD. 
Testicular degeneration was not observed in mice, 
dogs, or monkeys. 

Testicular pachytene degeneration observed in rats at 
3 times the MRHD. 

Testicular atrophy, aspermia/hypospermia and 
hyperplasia of the reproductive tract observed 
in rats and monkeys at 1.1 and 0.6 times the 
MRHD, respectively. This was consistent with the 
antiandrogenic pharmacological activity of the drug. 

Clinical data

No data 
 
 

No effects on semen 
parameters or 
reproductive hormones 
during 3 month 
treatment and 3 month 
treatment-free periods.  
 

No data 

No data 
 
 
 
 

Monitoring of LH, 
FSH, and Inhibin B 
revealed no evidence 
of testicular toxicity

Monitoring of Inhibin B 
and semen revealed no 
evidence of testicular 
toxicity.

No data 

No data
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(EGME) and lead) had common reported effects on sperma-
togenesis or sperm counts in humans and rats or mice. In the 
remaining two cases (2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) and chromium), findings in adults for effects on 
spermatogenesis or spermatogenic-related endpoints were ob-
served in both human and animal models, or the available data 
were limited/equivocal (Tab. 2). The summation indicates that 
for these few (and generally quite toxic) non-drug chemicals, 
the reported effects on spermatogenesis and sperm production 
in men were generally correlated with reported similar find-
ings in rats and/or mice.

3  Background information on the testis

3.1  Testis physiology
To enable an appreciation of the complexity of the testis, some 
aspects of basic physiology are reviewed here. Readers also 
may want to refer to the following books for additional review: 
Physiology of Reproduction (De Krester and Kerr, 1988), Ley-
dig Cell in Health and Disease (Payne and Hardy, 2007), Sertoli 
Cell Biology (Boekelheide et al., 2005), Methods in Reproduc-
tive Toxicology (Parvinen et al., 1993). Because many of the 
existing models of spermatogenesis use cells from immature or 
even neonatal animals, any model that involves in vitro matura-
tion of these cells will be accommodating this biology by de-
fault, and being aware of such changes is prudent. 

3 (Hellstrom et al., 2008), healthy men or men with mild ED 
were randomized to receive placebo or tadalafil 20 mg daily 
for 9 months. Measurements to assess male reproductive ef-
fects included semen sperm concentration, total sperm number 
per ejaculate, percent abnormal sperm morphology, percent 
motile sperm, and serum testosterone, LH and FSH. No ad-
verse effects were observed on sperm or hormone parameters. 
These three clinical studies demonstrated no adverse effects 
of tadalafil on spermatogenesis or hormones related to testicu-
lar function in men following up to 9 months of daily expo-
sure. The findings in men were consistent with the nonclinical 
results in rats and mice. The findings in the dog may suggest 
that the dog was a poor model to assess the risk for testicular 
injury following treatment with tadalafil.

In contrast to pharmaceuticals, the non-drug chemical da-
tabase may be more limited for assessing the correlation be-
tween human and animal testicular toxicity. Ulbrich and Palm-
er (1995) published the results of a literature survey assessing 
various methods for detection of effects on male reproduction. 
In comparing the animal and human data, Ulbrich and Palmer 
identified 42 compounds with reported data on human male 
reproductive effects; however, only 8 of these compounds fell 
within the non-drug (pesticide, industrial chemical, solvent, 
and metal) categories (Tab. 2). Of these 8 non-drug molecules 
with both human and animal data, 6 (dibromochloropropane 
(DBCP), di-2-ethylhexyl phthalate (DEHP), 2,4-toluenedi-
amine, carbon disulfide, ethylene glycol monomethyl ether 

Tab. 2: Testicular toxicities observed in non-pharmaceutical substances

Substance

DBCP 
 

TCDD 
 
 
 

DEHP 
 
 

2,4 Toluenediamine 
 

Carbon Disulfide 

EGME 
 
 

Lead 
 

Chromium

Animal data

Rats exhibited decreased testes, prostate gland, 
and seminal vesicle weights; elevated LH and FSH 
(Warren et al., 1984)

Exposure of adult rats had no reproductive findings; 
however, postnatal exposure resulted in altered 
testes and accessory gland weight, testicular 
morphology, spermatogenesis, and subsequently 
fertility (reviewed by Eskenazi and Kimmel, 1995)

Rats exhibited reduced testes, epididymal and 
prostate gland weights; reduced epididymal sperm 
density and motility; reduced testosterone and 
increased LH and FSH (Agarwal et al., 1986). 

Rats exhibited decreased number of sperm in the 
seminiferous tubules and cauda epididymides 
(Thyssen et al., 1985). 

Rats exhibited decreased epididymal sperm counts 
and testosterone levels (Tepe and Zenick, 1984).

Mice exhibited decreased testes weight, tubular 
atrophy, and germinal epithelium degeneration 
(Foster et al., 1983; Creasy and Foster, 1984; 
reviewed by Hardin, 1983). 

Rats exhibited impaired spermatogenesis, 
decreased sperm motility and reduced 
concentrations of androgens (Apostoli et al., 1998). 

Rats exhibited testicular atrophy and a reduction in 
epididymal sperm number (Ernst, 1990). 

Human data

Azoospermia or oligospermia and raised serum 
levels of FSH and LH (Whorton et al., 1977) 

Decreased sperm count, altered reproductive 
hormones (reviewed by Eskenazi and Kimmel, 
1995; Mann, 1997) 
 

Reduced sperm motility and sperm DNA damage 
(Hauser et al., 2005, 2007) 
 

Decreased sperm count, altered sperm 
morphology and aspermatogenesis (Tchounwou 
et al., 2003)

Decreased spermatogenesis, FSH, LH and libido 
(Schrag and Dixon, 1985). 

Decreased testis volume, sperm motility, 
concentration, altered morphology; increased 
FSH (Veulemans et al., 1993) 

Decreased sperm count and motility, 
hypospermia, decreased testosterone (Apostoli 
et al., 1998)

Decreased sperm concentration and motility; 
altered sperm morphology (Danadevi et al., 2003)

DBCP = 1,2-dibromo-3-chloropropane; TCDD = 2,3,7,8-tetrachlorodibenzo-p-dioxin; DEHP = di-2-ethylhexyl phthalate; EGME = ethyl glycol monoethyl ether



Saldutti et al.

Altex 30, 3/13 359

Androgen receptors (AR) are expressed in Leydig, Sertoli, and 
peritubular myoid cells, and respond to testosterone to maintain 
testicular function, including the androgen-dependent stages of 
spermatogenesis. Sertoli, Leydig, and germ cell numbers are 
dependent upon FSH and/or androgen activity in early life, and 
their numbers are decreased in AR or FSH receptor knockout 
mice.

Spermatogenesis following puberty appears as a highly con-
served pattern of germ cell maturation referred to as the cycle 
of the seminiferous epithelium that begins with spermatogonia 
localized to the basement membrane between adjacent Sertoli 
cells and evolves through spermatocytes and spermatids to ma-
ture spermatozoa that are released from their contact with Sertoli 
cells into the lumen of seminiferous tubules (Fig. 2). The blood-
testis barrier formed by tight junctions between adjacent Sertoli 
cells prevents large molecules from passing directly from the 
blood into the lumen of the seminiferous tubule and separates 
spermatogonia in the basal compartment from spermatocytes 
and spermatids in the adluminal compartment. 

Since steroidogenesis is another key function of the testis 
that needs to be captured in vitro, some consideration of this 
process is merited. The production of testosterone as a result of 
steroidogenesis occurs in the Leydig cell. Testosterone medi-
ates numerous functions throughout the life cycle of the male, 
including: 1) the differentiation and development of the male 
reproductive tract, 2) the neonatal organization of androgen-

In the human 46,XY male fetus, the Sry gene directs the un-
differentiated gonad to become a testis. Beginning around 4 
weeks of gestation in the human male fetus, the germ cells mi-
grate to the gonadal ridge and the primitive sex cords develop 
into the seminiferous tubules that envelop the primitive germ 
cells and Sertoli cells. The secretion of Müllerian inhibiting 
substance (MIS)/anti-Müllerian hormone (AMH) by the Sertoli 
cells causes the Müllerian ducts to regress, while Leydig cells 
in the interstitium of the developing testis secrete testosterone 
to stimulate the development of the Wolffian ducts that give rise 
to the epididymides, vas deferens, seminal vesicles, and ejacu-
latory ducts (Fig. 1). Testosterone, via conversion to its more 
active 5-α reduced metabolite, dihydrotestosterone (DHT), in-
duces the differentiation and development of the prostate and 
external genitalia, including the phallus and scrotum. The hu-
man fetal period of testosterone synthesis from around 8 weeks 
until about 20 weeks of gestation is considered critical for the 
embryonic development of the male reproductive tract and ex-
ternal genitalia and, therefore, disruption of androgen biosyn-
thesis and/or action during this period can have deleterious ef-
fects on male development. 

The timing of testicular descent varies among species, with 
this event occurring prior to birth in humans, rabbits, and hors-
es but after birth in rats, mice, and dogs. Testicular descent is 
mediated in part by the actions of the Leydig cell products, 
testosterone, and insulin-like 3 (Insl3) protein. In the human, 
testosterone synthesis by the testis occurs again during a short 
6-month period immediately following birth when testosterone 
is considered to be essential for programming of male develop-
ment (early postnatal period) and then resumes at puberty for 
maturation of the male reproductive tract and development of 
secondary sexual characteristics (pubertal period). 

Early testicular synthesis of testosterone in the fetus is stim-
ulated by human chorionic gonadotropin (hCG dependence), 
followed by maturation of the fetal hypothalamic-pituitary-
gonadal (testicular) (HPG) axis that integrates the function of 
the male endocrine system. Hormonal, neural, and environ-
mental cues regulate the synthesis and release of gonadotropin-
releasing hormone (GnRH) from the hypothalamus into the 
hypothalamic-pituitary portal system through which it reaches 
its receptors on gonadotrophs in the anterior pituitary to stimu-
late the synthesis and release of LH and FSH from the anterior 
pituitary into the peripheral circulation. FSH secreted by the pi-
tuitary gland binds to its receptors on Sertoli cells and promotes 
spermatogenesis via Sertoli-germ cell communication; LH also 
secreted by the pituitary gland binds to its receptors on Leydig 
cells and stimulates the biosynthesis of testosterone. The secre-
tion of testosterone by Leydig cells provides negative feedback 
signals at the levels of the hypothalamus and pituitary to down-
regulate the release of GnRH and LH/FSH, respectively. The 
yin-yang nature of the feedback system predicts the observed 
pulsatile secretion of GnRH, LH-FSH, and testosterone. In ad-
dition, inhibin B produced by Sertoli cells in the testis provides 
further feedback inhibition of FSH release by the pituitary. 
Within the testis where the local concentration of testosterone 
is very high, a significant portion of this androgen is bound 
to androgen binding protein (ABP) secreted by Sertoli cells. 

Fig. 1: Schematic representation of the regulation of 
testicular function during fetal development in the mammal
This figure is copyrighted (O’Shaughnessy and Fowler, 2011; and 
©Society for Reproduction and Fertility, 2011). Reproduced with 
permission from Reproduction and Fertility.
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hypothalamic-pituitary hormonal control systems. Two exam-
ples are dopamine analogues that interrupt the normal secretion 
of GnRH and estrogen action at the level of the hypothalamus 
and pituitary that interfere with gonadotropin (LH and FSH) 
production, adversely impacting normal testicular function. 
However, there also are chemicals that impair spermatogenesis 
via indirect mechanisms not specifically related to the HPG ax-
is. For example, nutritional deficits and overexposures to criti-
cal vitamins and minerals (e.g., vitamin A and zinc) can perturb 
normal male reproductive function. Similarly, chemicals with 
direct effects on the liver (e.g., carbon tetrachloride) can dis-
turb the normal metabolism of sex steroids leading to changes in 
clearance (predominantly of glucuronide and sulfate conjugates 
of hydroxytestosterones in the male), indirectly affecting the 
HPG axis and disrupting male reproduction. 

There are more examples of processes important to reproduc-
tion that will not be captured in an in vitro model of sperma-
togenesis. For example, most experimental rodents normally 
employed in reproductive toxicity studies do not show marked 
seasonality in breeding performance. However, there are dra-
matic exceptions, such as the hamster, where during the breed-
ing season (or under lab conditions of 14 hours light and 10 
hours dark) up to 10% of an adult male’s body weight may 
be testicular tissue. In this species, markedly changing the 
light:dark cycle to reduce the hours of daylight can influence 

dependent target tissues, assuring their appropriate response to 
androgens later in puberty and adult life, 3) the masculinization 
of the male at puberty, 4) the activation of growth and function 
of androgen-dependent target organs in adults, 5) the permis-
sive effects on potency and libido during adult life, and 6) the 
senescent androgen-dependent changes accompanying Leydig 
cell dysfunction with advancing age (Ewing et al., 1983; Hall et 
al., 1988; deKrester et al., 1988; Dufau, 1988). 

The Leydig cell lineage has been studied most extensively in 
the rat testis. Interestingly, a fetal Leydig cell is not an immature 
Leydig cell, and an immature Leydig cell is not a young adult 
Leydig cell. Fetal Leydig cells do not give rise to immature or 
adult Leydig cells, and appear to persist in the adult testis as a 
minor Leydig cell population (Kerr and Knell, 1988). The im-
mature rat Leydig cell population arises from mesenchymal-like 
precursors in the interstitium (de Krester et al., 1988). This oc-
curs primarily during postnatal days 14-28, accounting for ap-
proximately 50% of the Leydig cells that eventually will popu-
late the adult testis (Hardy et al., 1989); the remaining 50% are 
derived from mitosis of these newly differentiated cells during 
postnatal days 28-56 (Hardy et al., 1989, 1990). These newly 
formed “immature” Leydig cells are capable of LH-induced an-
drogen synthesis. However, the principal androgens secreted are 
5α-dihydrotestosterone (DHT) and 5α-androstane-3α,17β-diol 
(3α-diol; Steinberger and Ficher, 1968; Ficher and Steinberger, 
1971; Coffee et al., 1971; Goldman and Klingle, 1974; Rosness 
et al., 1977; Chubb and Ewing, 1981; Vreeburg et al., 1988; My-
ers and Abney, 1990). The synthesis and secretion of DHT and 
3α-diol by immature Leydig cells is the primary feature that 
distinguishes these cells from “adult” Leydig cells. By approxi-
mately postnatal day 56, the immature population of Leydig 
cells synthesizes and secretes testosterone as the primary andro-
gen, which is characteristic of the adult Leydig cell population. 
Not only should investigators be aware of changing cell popula-
tions throughout the lifespan of the male but also whether each 
cell population can be successfully cultured is critical for cor-
rect data interpretation: special culture conditions are required 
to maintain steroidogenic capacity in highly purified adult Ley-
dig cell cultures (Klinefelter and Ewing, 1989). 

3.2  Targets of testicular toxicity
The overall objective of the reproductive process for the adult 
male is the production of gametes capable of fertilization and 
the production of viable offspring. A consideration of the criti-
cal events involved in these processes would highlight a large 
number of potential targets for the action of chemicals upon the 
male reproductive system (Fig. 3, 4). For a historical perspec-
tive on sperm stages see LeBlond and Clermont (1952). While 
the overwhelming number of chemicals known to affect the 
male reproductive system appears to do so by directly interfer-
ing with the process of spermatogenesis, there are a number of 
other targets that also can result in adverse male reproductive 
outcomes. That is to say, fertility is more than just spermatogen-
esis. Any careful consideration of the use of in vitro sperma-
togenesis for screening for compound toxicity should be aware 
of the components of male fertility which such a system likely 
will miss. The most obvious of these would be actions on the 

Fig. 2: Compartments of the Testes
From Creasy and Foster, 2002, with permission from Elsevier.
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Fig. 3: Stage Specific Changes of the Testes 
Adapted from Fritz et al. (1981), LeCroix et al. (1981), Niemi and Kormano (1965), Parvinin (1982), Ritzén et al. (1982), Wright et al. (1981, 1983).

Fig. 4: Diagram illustrating the cellular composition in the 14 stages of the cycle of the seminiferous epithelium in rats where 
each column represents a stage (denoted by Roman numerals I-XIV)
The stages are defined by the step of development of the accompanying spermatid. Spermatid development is subdivided into 19 
steps (denoted by Arabic numbers 1-19) according to the appearance of the acrosome structure, which can be demonstrated using the 
periodic acid-Schiff-hemotoxylin technique. In a given area of tubule, cellular associations succeed one another in time, proceeding from 
the left to the right of the diagram. Stage XIV is followed by stage 1 to begin another cycle. One complete sequence of the 14 cellular 
associations constitutes one cycle of the seminiferous epithelium, whereas the developmental sequence of spermatogonia through 
spermatocytes to spermatids constitutes the process of spermatogenesis. This also is illustrated in the diagram where, with succeeding 
cycles (beginning bottom left), type A spermatogonia (A) divide mitotically and differentiate into intermediate type spermatogonia (In) and 
type B spermatogonia (B). These give rise to spermatocytes, which proceed through the various phases of meiosis: preleptotene or reating 
(R), leptotene (L), zygotene (Z), parchytene (P), and diakinesis (Di). Meiotic division gives rise to secondary spermatocytes (II) and then 
to haploid spermatids, which undergo the steps of spermiogenesis (1-19). As the cells proceed through spermatogenesis, they move up 
through the epithelium and are replaced by another generation of cells, so four generations of cells develop in synchrony. The mature step 
19 spermatid is finally released into the tubular lumen during stage VII (from Creasy and Foster, 2002, with permission from Elsevier).
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tion that have been found to be targets for toxicants. With this 
caveat in mind, let us now turn to a closer examination of in 
vitro models of spermatogenesis. 

4  Past and present state of in vitro testing  
of testicular toxicity

The establishment of an in vitro culture system in which sper-
matogonial stem cells can be maintained and proliferate, un-
dergo meiosis, and complete spermiogenesis reliably and in 
quantity does not yet exist (Sofikitis et al., 2005). This is be-
cause of the difficulty in the isolation and purification of de-
fined subpopulations of germ cells and the establishment of 
male germ cell lines, our incomplete knowledge of the optimal 
biochemical and biophysical conditions that promote the sur-
vival and differentiation of germ cells during long-term cul-
ture, and our general ignorance of all the multi-factorial contri-
butions that regulate spermatogenesis. We know some things, 
but not enough yet. 

The testis has a diverse cell population, and its function is in-
fluenced by a variety of physiologic and anatomic contributions. 
So far, it has been impossible to recapitulate all that complex-
ity in vitro. To make the challenges more tractable, investiga-
tors have limited the types of testicular cells being studied in 
the system. A common way to do this involves in vitro models 
comprised of single cell types (e.g., Leydig, interstitial, Sertoli, 
germ, or peritubular cells). Some investigators prefer in vitro 
models that retain several cell populations so as to recapture 
the interactions that occur in the intact testis in vivo. In fact, 
it has been observed that expression of testicular toxicity us-
ing these simplified in vitro models can be different from that 
found in vivo (Ku and Chapin, 1994). We have an expanding 
appreciation that truly useful in vitro models will have to be 
more complex than in the past. Accordingly, the co-culture of 
different combinations of somatic and germ cells has become 
increasingly popular. See Appendix 1 in the supplementary file 
at http://www.altex-edition.org for references and specifics for 
single and co-culture cell cultures.

4.1  Representative examples of mixed culture  
and 3-dimensional models 
Pop-off assay
Co-culture of Sertoli and germ cells is a model that has been 
used for some time. First described by Gray and Beamand 
(1984), this model involves physical disruption of the testes 
from 28-day old rats followed by enzymatic digestion and cen-
trifugal sedimentation to isolate small clusters of cells with a 
high ratio of Sertoli to germ cells. The Sertoli cells attach to the 
cell culture surface, forming a confluent monolayer to which 
the germ cells attach. In addition to the Sertoli cells and round 
germ cells (spermatocytes and spermatogonia), the cultures al-
so contain a few peritubular cells. Testicular cell types that are 
missing from these cultures include elongated spermatids and 
the complex interstitial population that includes Leydig cells. In 
this culture system, testicular toxicants are reported to cause the 
detachment of germ cells from the Sertoli cell monolayer, and 

melatonin levels and, through a cascade of signaling responses, 
cause regression of the testes and concurrent decreases in tes-
ticular steroids and mating behavior. This is a normal circum-
stance in the wild, but care should be taken in laboratory situ-
ations to ensure appropriate housing for the conduct of studies 
on testicular toxicity with this species.

The testis also has a finely tuned circulatory system in mam-
mals, termed the pampiniform venous plexus, designed to shunt 
the arterial-venous blood supply and aid in scrotal cooling. 
Some chemicals can actually target this structure and the tes-
ticular circulatory system to induce ischemic shock to the testis, 
again resulting in injury and reduced fertility, with cadmium be-
ing an example of an agent that can induce testicular damage 
via this “indirect” mechanism. While it is unlikely that these 
features will need to be recapitulated in an in vitro model, they 
do represent indirect mechanisms of toxicity, which we should 
recognize will be forfeited in an in vitro screening system. 

Similarly, there are a number of post-testicular targets that can 
impact male reproductive function. The testis is a major fluid 
producing organ that makes interstitial fluid between seminifer-
ous tubules and the intratubular fluid. These fluids are essential 
for the transport of sperm from the seminiferous tubule through 
the rete testis and into the epididymis. Changes in fluid produc-
tion and lack of resorption of fluid in the epididymis can create 
abnormal pressure conditions in both the seminiferous tubules 
and epididymis, leading to disrupted spermatogenesis. When 
sperm are released into the seminiferous tubule lumen and pro-
ceed to the epididymis, they also can be the target of toxicant 
action. Chlorosugars and epichlorhydrin both have been shown 
to inhibit energy metabolism in sperm that prevents them from 
functioning normally. The specificity of the response was noted, 
at least in part, based upon inhibition of the specific isoform of 
lactate dehydrogenase found in testicular germ cells (LDH-C4) 
that is essential for energy production and consequent sperm 
motility. Such a mechanism would be unlikely to be captured by 
an in vitro model of spermatogenesis. 

More recent evidence concerning the molecular events that 
drive fertilization would imply that this also may be a potential 
target for the action of chemicals to disturb male reproduction. 
We know, for example, of the requirement for the expression of 
critical cell surface markers by the sperm that facilitate the nor-
mal binding of the sperm to the egg surface membrane which, 
if blocked or not produced, would inhibit fertilization. Lastly, in 
an examination of potential target sites, there also is the poten-
tial for effects on the male genome or epigenome to induce pa-
ternally-mediated developmental toxicity in the embryo/fetus. 
While this is not a common occurrence, it has been documented 
with a few specific agents (e.g., cyclophosphamide). 

There are innumerable avenues by which physiological pa-
rameters of the testis can be disrupted, and only some are listed 
above. There is much more to learn in order to understand the 
full relevance of the disturbance of particular parameters and 
the resulting adverse effects on testicular function.

In summary, when designing an in vitro model of sperma-
togenesis, it is critical to remember that such a model will not 
evaluate all aspects of male fertility. It will intentionally omit 
some important non-spermatogenesis components of reproduc-
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2-Chamber culture system
Early attempts to culture primary testicular cells on plastic pro-
duced less than satisfactory results due to high cell loss resulting 
in short culture periods, loss of typical cell architecture which 
was believed necessary for normal cell function (such as forma-
tion of Sertoli cell polarity and basal tight junction formation), 
and the inability to differentiate germ cells in vitro. In search 
of new methods for better results, publications from the labs 
of Martin Dym at Georgetown (Byers et al., 1986) and Anna 
Steinberger at the University of Texas Medical School (Janecki 
and Steinberger, 1986) reported that the use of dual chambered 
culture wells could overcome some of the limitations previ-
ously observed with culturing Sertoli or Sertoli-germ cells on 
a monolayer plastic surface (Fig. 5). This represented the first 
step towards a 3D environment and, indeed, it later evolved into 
supporting three-dimensional complexity in vitro. 

In essence, this culture system involves the use of a filter-
bottom culture insert within a larger culture dish. Originally, 
this inner well was constructed by attaching a small disc of filter 
paper to the bottom of a cut off bottom of a polystyrene cen-
trifuge tube (Byers et al., 1986) or a piece from a hollow glass 
cylinder (Janecki and Steinberger, 1986) mounted on several 
small “feet” to allow separation from the bottom of the outer 
well. Scientific equipment manufacturers, such as Millipore 
and Greiner, quickly sensed a market need and started making 
products that offered the ability to conveniently perform such 
cultures consistently from one lab to the next. 

There is nothing unique about the isolation of Sertoli and germ 
cells for culture in the 2-chamber culture system compared to 
other in vitro culture systems, and the general procedures for iso-
lation of Sertoli cells are covered by Hadley et al. (1985). In es-

the number of germ cells released into the media can be quanti-
fied. Toxicants also may cause a decrease in the viability of the 
cells that remain attached; however, the release of germ cells is 
not simply a result of cell death. Although particular types of 
toxicants have been predicted very well using this co-culture 
model, not all testicular toxicants may be detected. Compounds 
that cause relatively quick and widespread germ cell loss in 
vivo, whether the primary target is Sertoli or germ cells, have 
been easily detectable in these cultures, while compounds that 
cause testicular lesions only following long term exposure, or 
that produce spermatogenic damage primarily through hormo-
nal disruption, or that impair the release of mature spermatids 
or target dividing cells, are not likely to be detected. Several 
studies have reported a very good correlation between in vivo 
activity and in vitro activity in this co-culture model with dif-
ferent classes of compounds. Increased germ cell detachment 
was produced by specific phthalates known to cause testicular 
damage in vivo, while no effects were seen with other phtha-
lates that do not affect the testis in vivo (Gray and Beamand, 
1984). Treatment of Sertoli germ cell co-cultures with 1,3-dini-
trobenzene resulted in failure of the Sertoli cell monolayer to 
maintain the testicular germ cell population, which models the 
morphological testicular response obtained in vivo (Foster et 
al., 1987). Ethylene glycol monoethyl ether (EGME) had no 
effect in vitro, but its active metabolite methoxyacetic acid 
(MAA) caused initial degeneration and subsequent loss of the 
spermatocyte populations from the culture, an effect similar to 
that seen in vivo (Foster et al., 1984). Several other studies have 
utilized this culture system as an indicator of testicular toxicity 
(Allenby et al., 1991a,b; Cave and Foster, 1990; Creasy et al., 
1988; Gray, 1986).

Fig. 5: Schematic diagram of a bicameral culture chamber with Sertoli cells on a Millipore filter coated with Matrigel® 
From Djakiew et al. (1986), with permission from the Journal of Andrology.



Saldutti et al.

Altex 30, 3/13364

interactions and Sertoli-germ cell interactions (see review by 
Mruk and Cheng, 2004).

While much of the published literature using testicular cells 
cultured in the 2-chamber culture system has been directed at 
understanding the physiology of the testis and, more specifically, 
the seminiferous tubules (Djakiew et al., 1986; Ailenberg et al., 
1988; Onoda et al., 1990; Gye, 2003; Kaitu’u-Lino et al., 2007; 
Wong et al., 2000; Grima and Cheng, 2000; Staub et al., 2000), 
there are publications dealing with the use of this system to ex-
amine the toxicity of various chemicals. For example, Chapin et 
al. (1990) used the 2-chamber culture system (without intercel-
lular tight junctions) to demonstrate that Leydig cells cultured in 
the outer well and exposed to tri-o-cresyl phosphate produced an 
active metabolite that decreased the activity of a target enzyme 
(nonspecific esterase) inside the Sertoli cells cultured in the inner 
well, thereby mimicking the effects previously observed in vivo. 
The 2-chamber culture system also has been used by numerous 
researchers to examine the effects of various chemicals, includ-
ing cadmium (Janecki et al., 1992; Chung and Cheng, 2001), 
adjudin (1-(2,4)-dichlorobenzyl-1H-indazole-3-carbohydrazide)
(Su et al., 2010), hexane chromium (Geoffroy-Siraudin et al., 
2010), and bisphenol A (Li et al., 2009) on the tight junctions. 
These studies are summarized in Appendix 2 in the supplemen-
tary file on www.altex-edition.org. More recently, this system 
has been used to examine the expression of specific Sertoli and 
germ cell genes with the hope not only of further understand-
ing the physiology of the Sertoli-germ cell interactions, but also 
of identifying possible biomarkers for adverse chemical effects 
(Ryser et al., 2011). 

It should be noted that all of the studies mentioned above were 
performed with known testicular toxicants. No studies were 
identified where unknowns or an SAR analysis was performed 
using this 2-chamber culture system for a priori assessment of 
testicular toxicity. Possible reasons for this are included in the 
summary below covering deficiencies of this system as a way 
to profile overall testicular effects. Most in vitro culture systems 
are good for addressing specific questions rather than serving as 
surrogates for the entire organ system. Also, none of the publica-
tions used this system with pharmaceuticals; most used indus-
trial chemicals or environmental contaminants.

While there are clear advantages in using the 2-chamber cul-
ture system to address specific scientific questions, its significant 
limitations should be recognized. First, the cells used in these 
cultures are isolated from juvenile animals rather than adult 
animals. Also, while germ cell differentiation can be observed, 
germ cells do not develop into mature sperm or even maturing 
spermatids. The system is relatively labor intensive, since it uses 
primary cells; therefore, as currently designed, it will never be 
used for medium or high through-put screening. Finally, the 
ability to reliably metabolize compounds to active or inactive 
metabolites is lacking. These limitations notwithstanding, this 
system provides a plausible means to address specific questions 
about compound effects on testicular cell physiology. In fact, the 
system is commercially available7 to assess compound effects 
on spermatogenesis. 

sence, high concentrations of Sertoli cells or mixed Sertoli-germ 
cell populations acquired from physically disrupted and enzy-
matically digested testis of usually juvenile rodents were plated 
on the filter of the inner well. This two-chamber system allowed 
the addition of, and sampling from, fluid in the inner well, outer 
well, or both. This was important as investigators began assess-
ing directional secretion from Sertoli cells cultured in the inner 
well. In addition, when plated at high concentrations, Sertoli 
cells occasionally formed a confluent layer and developed tight 
junctions between cells, reminiscent of the blood-testis barrier 
(BTB). The formation of this BTB in vitro within the 2-chamber 
culture system quickly leads to the incorporation of measuring 
transepithelial resistance across the inner and outer wells with 
a Millipore-ERS device (Millipore Co.) as a way to assess the 
integrity of this “BTB in vitro” (Janecki et al., 1990).

Another advance that occurred at this time was the introduc-
tion of an extracellular matrix to the culture system in an attempt 
to more accurately recapitulate the in vivo relationship of the 
seminiferous tubules, where the Sertoli and germ cells are sepa-
rated from other testicular cells by the lamina propria. In papers 
by Hadley et al. (1985) and Byers et al., (1986) it was shown that 
by growing primary Sertoli cells or Sertoli-germ cell co-cultures 
in or on an extracellular matrix derived from Englebreth-Holm-
Swarm tumors in mice, significant improvements could be 
gained in Sertoli cell survival, germ cell differentiation, and the 
secretion of the Sertoli cell proteins, androgen binding protein, 
and transferrin. This product currently is sold as Matrigel®. By 
incorporating this into the 2-chamber system, it also was pos-
sible to measure basal or apical secretion of substances from the 
Sertoli cells. Hadley et al. (1988) identified the key components 
that made this 2-chambered system work: the Sertoli cells must 
be plated at high density with their basal surface in contact with a 
semipermeable extracellular matrix so that they form basolateral 
tight junctions, and the cultured cells must be able to engage in 
cell-to-cell interactions. While not perfect, Hadley et al. (1988) 
felt that the 2-chamber culture system could reproduce such 
compartmentalized cultures. Deficiencies in this system, as with 
other culture systems that attempt to reproduce the in vivo testis 
environment, are summarized at the end of this section. 

Much of the published literature utilizing the 2-chamber cul-
ture system has focused on exploring the blood-testis barrier and 
tight junction formation between Sertoli cells and germ cells, 
junctions that are critically dependent on cell plating density 
and that can be variable across cultures. These analyses play to 
the strengths of the system in that the bicameral nature allows 
biochemical and electrical measurement of the integrity of the 
cell-cell tight junctions. Compounds can be selectively added to 
the outer well (which theoretically represents the extra-seminif-
erous tubule portion of the testis) and migration to the inner well 
over time can be assessed (Ailenberg et al., 1988; Djakiew et al., 
1986). In addition, compounds can be added to the outer well 
and effects on cell survival and cell-cell tight junctions can be 
assessed (Chung and Cheng, 2001). Results from these in vitro 
studies have added considerably to the understanding of the mo-
lecular and biochemical processes involved with Sertoli-Sertoli 

7 www.Kallistem.com
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4.2  General technical aspects of existing  
in vitro testicular models
Removal of testicular tissue from the whole animal, followed 
by chemical or mechanical dispersion of the cells for cultur-
ing in defined medium produces an “unnatural” environment. 
Furthermore, testicular cells obtained from tumors or otherwise 
transformed cells cannot be compared directly to normal tes-
ticular cells in the whole animal. For additional discussion of 
the potential differences between in vivo systems versus in vitro 
platforms, readers may refer to the review article by Russell 
and Steinberger (1989) that highlights differences between in 
vivo Sertoli cells and Sertoli cell cultures. The following known 
shortcomings must be considered in determining the relevance 
of data derived from existing in vitro testicular models, and they 
provide excellent starting points for areas of improvement of 
testicular models via bioengineering approaches.
–	 Cells are cultured in defined medium, which lacks the com-

plexity and variety of nutrient support available in the in vivo 
environment.

–	 The medium supporting cells in culture is often static rather 
than flowing, so nutrients, secretions, and waste products re-
main in the medium with the cells rather than being trans-
ported away.

–	 Most cell cultures have less capacity for metabolizing added 
components.

–	 The normal three-dimensional architecture of the cells and 
tubules is lost.

–	E ndocrine and paracrine feedback loops present in vivo are 
disrupted or absent in vitro.

–	 There is no true blood-tubule barrier, although Sertoli-Sertoli 
and Sertoli-germ cell tight junctions do form.

–	 The correlation between the effects observed in non-human 
testicular cultures to humans is virtually unknown.

The last bullet leads into a critical topic: Should biomedical 
engineering efforts concentrate on developing in vitro models 
using human or non-human cells? The answer is perhaps not 
one or the other but that both are needed. Some labs are using 
non-human cells because the cells are readily available and in 
vitro results can be compared to well-understood in vivo effects 
in the same non-human species. Other laboratories are using hu-
man cells because understanding compound or disease effects 
in humans is the ultimate goal. There are innumerable reasons 
why either cell source is important in advancing our understand-
ing of testicular toxicity; the choice will differ for each labora-
tory, and both are (currently) right. Due to the magnitude of 
this topic, it is only mentioned in this paper and will remain for 
future discussion.

5  Bioengineering approaches applicable to  
the design of improved testicular models

A bottom-up approach that allows for spatial and temporal con-
trol of the extra-cellular microenvironments has been achieved 
with bioengineered hepatic tissue. Evaluation of the methods 
employed for liver can shed light on possible approaches for 
testicular toxicity model building. Liver tissue engineering has 

Three-dimensional (3-D) models
Three-dimensional culture approaches are slowly being inte-
grated into many cell culture platforms, including the male 
reproductive system8. Various in vitro models have been es-
tablished from rodent and human tissue to evaluate male re-
productive endpoints, and these models include Sertoli/germ 
cell co-cultures from 10- (Hadley et al., 1985) and 28-day 
old rats (Gray, 1986), Sertoli/germ cell co-cultures enriched 
for Sertoli cells from 18-day old rats (Chapin et al., 1988), 
isolated rat Leydig cells (Yang et al., 2003), and Leydig/Ser-
toli cell co-cultures from mice (Bilinska, 1989) and humans 
(Lejeune et al., 1998). These culture systems were used for 
brief assessments of testicular tissue response, as most were 
unable to maintain the complex biochemical and physiologi-
cal systems required in this dynamic tissue (Gregotti et al., 
1992; Li et al., 1998).

In several of these co-cultures, pre-coating culture dishes 
with a Matrigel®/ECM was shown to enhance cell attachment 
and function (Hadley et al., 1985; Orth et al., 2000). In re-
sponse to evidence that 3-dimensional extracellular matrix 
could enhance the relevance of in vitro cultures to in vivo sys-
tems (Cukierman et al., 2001; Hadley et al., 1985), the Faust-
man lab created a 3-dimensional neonatal rat testicular cell 
co-culture with a Matrigel® ECM overlay. This co-culture is 
generated by digestion of testis from five-day old rat pups and 
contains all major testicular cell types (Yu et al., 2005; Wegner 
et al., 2013). The presence of Sertoli Cells, Leydig cells, and 
germ cells has been confirmed with morphological imaging 
and detection of cell type-specific gene and protein expres-
sion (Yu et al., 2009). The ECM overlay radically improved 
the consistency of the culture, enhancing Sertoli cell attach-
ment and increasing cell communication (Yu et al., 2005). 
Optimal levels of Matrigel® could be determined because the 
ECM overlay produced a dose-dependent decrease in stress 
signaling (as evidenced by decreases in SAPK/JUNK path-
way activation) and increases in cell survival signals (ERK 
and AKT pathways), as well as improved basic cell viability 
(Yu et al., 2005). These cell cultures in 3-D Matrigel® resulted 
in stabilized c-Kit expression (marker for functional integri-
ty-spermatogonia-specific proteins). This optimized in vitro 
model of testis development has since been used successfully 
to distinguish among a series of structurally related, reproduc-
tively toxic and non-toxic phthalate esters (Yu et al., 2009), as 
well as identify a dose-dependent response to cadmium (Yu 
et al., 2005).

Methods have been developed recently to successfully guide 
primordial mouse germ cells through meiosis in vitro, recapitu-
lating a crucial process of spermatogenesis (Abu Elhija et al., 
2012; Nolte et al., 2010; Sato et al., 2011). These promising 
breakthroughs lay the groundwork for future in vitro models 
of spermatogenesis that could be established from human stem 
cells. Improvements in consistency and tractability will be 
needed before they can be widely adopted. 

8 http://3dcellculture.com
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the test compound. For an introduction to cellular and tissue 
engineering see Yu and Rahim (2013).

The majority of existing liver models have been derived us-
ing rodent cells, whose isolation was reasonably standardized 
(Seglen, 1976). Such cellular sources were readily available at 
low prices and offered consistent performance. In addition, ro-
dent cell models have enabled cross-species comparisons, and 
correlation between in vitro data and in vivo rodent data via use 
of sophisticated software packages such as SimCyp (Rostami-
Hodjegan and Tucker, 2007). 

However, translation of in vitro and in vivo animal data di-
rectly to humans is not always straightforward. Data from in 
vitro rodent cell models are not always consistent with the hu-
man cellular in vitro models or clinical data (Maier-Salamon 
et al., 2011). The majority of drug-testing models are assessed 
with a minimum of three lots of human hepatocytes, as human 
liver cells demonstrate larger batch to batch variations than do 
rodent cells (Tostoes et al., 2012). This situation is changing 
with the development of more consistent human cell sources 
such as the HepaRG cell line (Jennen et al., 2010) and human-
ized mice (Dorner et al., 2011) or other progenitor cells that can 
be expanded and differentiated either in vivo or in vitro with 
increasing cost effectiveness (Si-Tayeb et al., 2010). 

Similarly, the development of testicular toxicity screening 
models would benefit from the development of an expandable 
source of Sertoli cells and germ/spermatogenic cells that can 
support spermatogenesis. It is entirely conceivable that such 
cells could be derived from induced pluripotent stem cells (iPS 
cells), provided the appropriate physical and hormonal environ-
ment is provided. For compound and chemical screening appli-
cations, it will be necessary to develop models that are scalable, 
robust, with consistent performance and highly sensitive to test 
compound-mediated effects. Examples of liver tissue engineer-
ing to map critical 3-D features into 2-D multi-well-based drug 
screening platforms (Du et al., 2006; Khetani and Bhatia, 2008; 
Toh et al., 2011) are readily applicable to the development of 
testicular toxicity testing applications.

Biomedical engineering principles that guide functional tis-
sue engineering approaches for other tissues, such as bone, may 
provide insight for developing an in vitro testis model. For suc-
cessful engineering of most tissues, it now is generally accepted 
that biomimetic material and mechanical stimuli are critical 
parameters. Mechanical stimuli in vivo predominantly include 
compression, fluid shear stress, and/or tensile strain that deform 
the cell membrane and activate surface membrane receptors 
(Jamney and Weitz, 2004). Cells also are exposed to material 
stimuli via the chemical, physical, and topographical properties 
of their substratum (Atala et al., 2008). Depending on the tissue, 
the material and mechanical environments to which cells are 
exposed can vary greatly. Cells residing in bone are exposed to 
very different physical stimuli than cells in cartilage, muscle, 
tendon, fat, liver, etc. These unique material and mechanical 
environments can guide cell proliferation, differentiation, and 
extracellular matrix production, and indeed are what help dif-
ferentiate a bone cell from a testis cell. 

In this context, common questions that arise in the mind of a 
biomedical engineer interested in designing a testicular toxicity 

been implemented on the scale of 0.01 to <1 mm, where the 
degree of control or feature resolution is at the cellular level. 
Since liver is an organ with repeating units of lobules of 1-2 mm 
each, constructing one lobule or an acinus (part of a lobule with 
key hepatic function) should effectively reconstruct the basic 
unit and subsequent function of this organ. Such an approach is 
made possible by sophisticated micro-scale technologies (Anan-
thanarayanan et al., 2011; Bhatia et al., 1997), which facilitate 
the control of cell polarity and function. Intercellular tissue 
structure (bile canaliculi) recapitulate the in vivo environment 
and exposure and clearance of xenobiotics (Ananthanarayanan 
et al., 2011). It is believed that restoration of cell polarity and 
proper cell-cell communications, for instance, via gap junc-
tions, are essential for functional restoration and maintenance 
over long culture periods in order to test tissue responses to test 
compounds and their metabolites (Patel et al., 2012).

There are a few microenvironmental variables that have been 
systematically modified to provide optimal support of cell func-
tion. These include cell-matrix and cell-cell interactions by 
modulating chemicals (Du et al., 2006), mechanical signaling 
(Nugraha et al., 2011) with innovative micro-bioreactors or 
chips (Toh et al., 2007), synthetic hydrogel and scaffold matrices 
(Choudhury et al., 2012), soluble factor presentations (Zhang et 
al., 2009a), and spatial and temporal shear stress control (Zhang 
et al., 2008) with controlled release devices and microfabri-
cated ultrathin membranes with defined pores. These controls 
produce 3 primary classes of liver micro-tissue models: 1) 3-D 
hepatocyte models, 2) spatially-patterned co-culture models, 
and 3) perfusion cultures. The 3-D hepatocyte models include 
spheroids (Nugraha et al., 2011), a 3-D monolayer of polarized 
columnar epithelial cells with enhanced cell-cell contact areas 
(Du et al., 2006), or sandwich cultures where cells exhibit mor-
phology reminiscent of in vivo cells (Farkas and Tannenbaum, 
2005). The spatially patterned co-cultures have both heterotypic 
and homotypic cell-cell interactions that are spatially-controlled 
(Hui and Bhatia, 2007). The perfusion-cultures use bioreactors 
or microfluidic channels to mimic the microcirculation usually 
found in vivo (Sivaraman et al., 2005). These models of pre-
cisely controlled microenvironments have exhibited improved 
hepatocyte functions (up to 30x) over a longer period of time 
(up to 40 days in culture) than the standard 2-D cell cultures that 
contain one or two types of cells (Khetani and Bhatia, 2008). 
Efforts also have been made to improve mass transfer or drug 
access to 3-D cell cultures for pharmaceutical screening appli-
cations (Zhang et al., 2011).

For testicular toxicity models, several features of liver tissue 
engineering could be applicable including: 1) control of sub-
strate mechanical and chemical cues to enable cells to “stand 
up” as a 3-D sheet in order to mimic the normal Sertoli mor-
phology and better maintain function, 2) micropatterning of the 
Sertoli cells and germ cells to spatially and temporally con-
trol their interactions during differentiation, 3) incorporation 
of controlled release and perfusion features for soluble factors 
such as hormones, which normally are secreted by Leydig cells 
that trigger the germ cell differentiation processes, and 4) in-
corporation of small pumps to deliver appropriate micro-pulses 
of compound substances, thus simulating in vivo exposure to 
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must incorporate not just an appropriate chemical environment 
but also the mechanical and material environments.

6  Physiological and morphological  
parameters that may be useful in designing 
prototypical testicular models

There are several decades of information on the anatomy and 
physiology of the testis that could be useful for engineering a 
testis in vitro such as Russell (1983). Table 3 below provides 
a brief selection of some physical characteristics of the testis/
seminiferous tubules based on data collected from adult rats. 
The references provided are intended as a place to start to gather 
more information. It is outside the scope of this article to pro-
vide a comprehensive list of references. For detailed informa-
tion on the anatomy and physiology of the testis for various 
species and the composition of fluids within the testis – venous 
blood, lymph fluid, interstitial fluid, seminiferous tubule fluid – 
see Setchell et al. (1994) and references therein. 

Testicular blood flow is the main route for the transport of 
nutrients, secretory products, and oxygen to the testis, as well 
as for the elimination of waste products. Modulation of testicu-
lar blood flow and vascular permeability can influence testicu-
lar function. Laser Doppler flowmetry has shown that blood 
flow within the microvasculature of the testis shows rhythmic 

model might include: 1) How do material properties change 
from the basal compartment to the apical surface of a seminif-
erous tubule, and what effects do these material properties have 
on the cells within these environments; 2) What are the proper-
ties of the testicular extracellular matrix, and how do material 
properties of current ECM substitutes (e.g., Matrigel®) com-
pare to the native ECM; 3) What are the differing site-specific 
characteristics of the ECM; 4) What are the types and magni-
tudes of mechanical forces/stresses/strains during development 
and maturation of the fetal testis, and how can these be reca-
pitulated in vitro; 5) How many of these characteristics will be 
necessary and/or useful to recapitulate in order to form a more 
perfect testicular toxicity model; 6) What are the differences 
in material and mechanical environments in normal versus ab-
normal testicular tissues; and, 7) Can computational models be 
implemented effectively as predictors to help drive the creation 
of in vitro models?

To date, few data have been published to address these 
questions (see Tab. 3). However, extensive studies have been 
performed investigating the effects of extracellular physical 
stimuli on cells from load-bearing tissues (muscle and bone; 
see review by McCullen et al., 2010). While such tissues ob-
viously are different from testicular tissue, the basic premises 
related to successful tissue engineering still apply: characterize 
those measures in the tissue, and then recapitulate them in vitro. 
In particular, successful creation of a testicular toxicity model 

Tab. 3: Physiologic parameters of the testis

Parameter

Temperature 

Intratesticular 
pressure

Testicular blood flow 
 
 

Oxygen tension 
 

Seminiferous tubule 
fluid flow rate 
 
 
 
 

Seminiferous tubule 
diameter 

Seminiferous tubule 
lumen diameter 

Seminiferous tubule 
stiffness

Selected values

32-34°C 

5.9 ±2.5 cm H20 

7-12 cycles/min 
 
 

10.5-12.5 mm Hg 
 

0.5-1 µl/h  
(0.017 µl/min) 
 
 
 
 

~200-350 µM 
 

~100-200 µM 
 

No data

Comments

Testicular temperature is maintained at 3 to 4ºC below 
body temperature

Capsule maintains intratesticular pressure  

Testicular microcirculation exhibits rhythmic cycles of 
blood flow known as vasomotion 
 

Low O2 tension with cycles that correlate with 
testicular vasomotion 

Values are for the perfusion rate for a single 
seminiferous tubule. A perfusate flow rate at  
0.14 µl/min did not adversely affect the morphology 
of the seminiferous epithelium in isolated tubules. 
However, high perfusate flow rates (≥0.42 µl/min) 
resulted in germ cell detachment from the seminiferous 
epithelium

Some variation in the diameter with stage of 
spermatogenesis, largest diameter at stage VII and VIII 
of the spermatogenic cycle

Diameter doubles in size at stages VII-VIII when 
elongate spermatids are about to be released 

One study found that the stiffness of the hydrogel used 
in 2-D culture did not influence spermatogonial stem 
cell proliferation 

References
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Collin et al., 2000; 
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Lysiak et al., 2000; 
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Setchell et al., 1994; 
Fisher, 2002 
 
 
 
 

Wing and Christensen, 
1982; Sharpe, 1989 

Wing and Christensen, 
1982;  
Sharpe, 1989

Chu et al., 2009
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drogels. In the testis, ECM does not block the paracrine signals 
between the tubules and the interstitium. Hydrogels often can 
block such signals. Thus, other soft and macroporous scaffold 
materials (Yue et al., 2010; Nugraha et al., 2011) that have suit-
able chemical and mechanical properties to facilitate cell-cell 
interaction can be used. 

7  Available biochemical markers that  
can be used to monitor cellular health of in vitro 
testicular systems

Several recent articles have described a variety of molecular 
markers that have been used to characterize the cell types as 
the cells grow and differentiate in in vitro culture systems (Abu 
Elhija et al., 2012; Gassei et al., 2008; Legendre et al., 2010; 
Stukenborg et al., 2008). Various methods have been used to 
evaluate expression of cell markers, including reverse-tran-
scriptase RT-PCR, flow cytometry, and immunohistochemistry. 
Some examples of cell markers that have been used to identify 
cells in testicular cultures are summarized in Table 4. 

In essence, these markers act as cell identifiers, reporting on 
which cell populations exist in the cultures. Table 4 summarizes 
a selection of markers from various laboratories that have been 
used recently and the associated references to studies in which 
they were used. These are examples, not a definitive list, nor an 
endorsement for use. Selection of markers to identify testicular 
cells used in culture would be based on the needs of the investi-
gator to determine which markers would be most applicable to 
their use based on cell types they are culturing and access to the 
appropriate tools to detect the markers.

In addition, functional parameters can be measured, both in 
vivo and in vitro. One of the key characteristics of the testis is 
the synthesis of testosterone by Leydig cells. For cultures in-
volving Leydig cells, culture media can be sampled and testo-
sterone production can be measured in stimulated (e.g., LH or 
dibutyryl cAMP) and unstimulated conditions (Midzak et al., 
2011). Germ cells are intimately attached to Sertoli cells by ad-
hesion junctions (Russell and Peterson, 1985). Various Sertoli 
cell toxicants such as 2, 5-hexanedione, 1,3-dinitrobenzene, and 
phthalates induce detachment of germ cells from the seminifer-
ous epithelium in vivo (see Pop-Off section, above, and Boekel-
heide et al., 2005 for references). Sertoli cells produce lactate 
and pyruvate in vitro, and production can be stimulated by FSH 
(Jutte et al., 1983). Studies have demonstrated that dose-related 
increases in pyruvate and/or lactate secretion are induced by 
treatment with the Sertoli cell toxicants (1,3-dinitrobenzene, 
mono-(2-ethylhexyl) phthalate, and dinitrotoluene) but not with 
the germ cell toxicant ethylene glycol monomethyl ether (Wil-
liams and Foster, 1988; Reader and Foster, 1990). Exactly how 
measures of these intermediates, which respond the same way 
to both physiologic stimuli and toxicologic stimuli, would be 
used and interpreted is quite uncertain. 

Sertoli cells produce seminiferous tubule fluid (STF) to main-
tain the appropriate nutritional and hormonal environment to 
support spermatogenesis and to transport sperm to the epidi-
dymis. Seminiferous tubule fluid secretion can be measured in 

variations of high and low flow known as vasomotion (Damber 
and Bergh, 1992; Collin et al., 2000). Vasomotion has been 
described in several species (Collin et al., 2000). Vasomotion 
influences the formation and resorption of interstitial fluid, and 
thus changes in vasomotion affect the volume and composition 
of the interstitial fluid (Damber and Bergh, 1992). Hypoxia and 
hormones influence vasomotion, and testosterone is one of the 
key factors that control vasomotion and blood flow (Lysiak et 
al., 2000; Collin et al., 1993, 2000). Short-term reductions in 
blood flow can result in testicular damage (Bergh et al., 2001). 
Oxygen tension within the testis is low, and spermatogenesis 
appears to be adapted for a hypoxic environment. Interestingly, 
the interstitial oxygen tension also appears to show rhythmic 
variations with the same frequency as that observed for va-
somotion (Lysiak et al., 2000). While any successful in vitro 
model of spermatogenesis likely will be low-oxygen, the im-
portance of low-amplitude cycles reminiscent of vasomotion 
currently is unknown. 

Detailed morphometry studies on the surface-to-volume re-
lationships and cellular ratios between Sertoli cells and the de-
veloping germ cells have been performed in the adult rat (see 
Wing and Christensen, 1982; Russell et al., 1983; Weber et al., 
1983; Renato de Franca, 1993; Russell and Renato de Franca, 
1995) and references therein. Such information can be com-
bined with the recent advance in multi-scale tissue engineer-
ing technologies on kidney, liver, embryo, and other soft tissues 
(see Ananthanarayanan et al., 2011; Toh et al., 2011, Wen et 
al., 2008) to update the previously discussed co-culture models 
with improved controls of the microenvironment (cell-substrate 
and cell-cell interaction, and spatiotemporal presentation of 
soluble factors) such that spermatogenesis might consistently 
occur in vitro, yet be simple and robust enough for drug screen-
ing. It is conceivable that chips or multiwell bioreactors can be 
engineered that enable Sertoli cells to interact with germ cells in 
the presence of properly presented cytokines, either secreted by 
Leydig cells co-cultured in adjacent compartments or control-
released locally (Zhang et al., 2009a,b). The more complex per-
fusion models also can simulate the rhythmic variation of blood 
flow and oxygen tension during critical stages of spermatogen-
esis in culture, if necessary, and then be removed to screenable 
static culture multiwell platforms in drug screening applications 
(Zhang et al., 2011).

One of the key considerations when developing 3-D tes-
ticular cell culture systems is the type and organization of the 
scaffold to be used. The scaffold must present to the cells the 
appropriate chemical and mechanical cues often rendered by 
the ECM. Ideally, a matrix that reflects the composition and or-
ganization of the ECM that exists in vivo probably would result 
in a more in vivo-like culture system. Chemically, the basement 
membrane of the seminiferous tubule acts as the extracellular 
matrix, and a variety of components have been identified in 
the basement membrane, including collagen IV, laminin, entac-
tin, heparin sulfate proteoglycans, and fibronectin (see Siu and 
Cheng, 2004 and references therein). Mechanical properties of 
the environment are related to topography and substrate rigidity 
(typically kPa range) that are rendered by neighboring cells and 
ECM (Chang et al., 2009) that can be provided by various hy-
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ingenious or effective, will not be able to tell us about toxicity to 
the pampiniform plexus, or the vascular system, or fluid flow to 
the epididymis, or effects on sperm glycolysis, or impact on fer-
tilization. As long as we remember that these are inappropriate 
questions for a spermatogenesis model and recall the limitations 
of the answers, all will be well.

8  Discussion

While nonclinical safety assessment is required for the registra-
tion of pharmaceuticals and new and existing chemicals, cur-
rent in vivo approaches to evaluate male reproductive toxicity 

vivo by ligating the efferent ducts. Exposure to Sertoli cell toxi-
cants has been shown to reduce STF secretion in vivo (Johnson 
et al., 1991; Gray and Gangolli, 1986). Secretion of STF also 
has been quantified in vitro using the rate of transport of micro-
injected oil droplets in the lumen of isolated rat seminiferous 
tubules (Richburg et al., 1994). Similar to the in vivo results, 
the rate of transport of the luminal oil droplets was decreased in 
seminiferous tubules from rats exposed previously to 2,5-hexan-
edione (Richburg et al., 1994). Some examples of the types of 
parameters that can be measured are summarized in Table 5. 

However, we need to remember that any in vitro model of 
toxicity will only be able to report on mechanisms that occur 
in the model. So a model of spermatogenesis, no matter how 

Tab. 4: Examples of markers to identify testicular cells used in culture

Cell Type

Sertoli cell – immature

Sertoli cell – mature 
 

Spermatogonia 
 
 

Spermatocytes 

Round spermatids 

Elongating spermatids

Peritubular myoid cells 

Leydig cells 
 
 

Macrophages

Marker

Cytokeratin 18; Gata-4; antimullerian hormone

Transferrin; FSH receptor; aromatase (cytochrome 
P450 19a1); androgen binding protein; sulphated 
glycoproteins; inhibin α

Nanog; octamer-binding transcription factor 4 (Oct-4); 
stem cell growth factor receptor (c-Kit); GFR-α-1 (glial 
cell line-derived neurotrophic factor receptor); α-6-
integrin; CD9; Notch-1

Prohibitin; synaptonemal complex protein 3 (Scp-3); 
Boule

Crem-1; lactate dehydrogenase; protamine 2; SP-10 
(testis-specific acrosomal protein)

Protamine-1; acrosin

α smooth muscle actin; alkaline phosphatase 

LH receptor; cytochrome P450 side chain cleavage 
enzyme (Cyp11a1); 3β-hydroxysteroid dehydrogenase; 
17α-hydroxylase/17,20 lyase (Cyp17a1); steroidogenic 
acute regulatory protein (StAR)

CD11b; EMR1-F4/80

References

Gassei et al., 2008; Gassei et al., 2010

Gassei et al., 2008;  
Abu Elhija et al., 2012;  
Walther et al., 1996

Abu Elhija et al., 2012;   
Stukenborg et al., 2008;   
Legendre et al., 2010;   
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Abu Elhija et al., 2012;  
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Abu Elhija et al., 2012

Gassei et al 2008;  Abu Elhija et al., 2012;  
Legendre et al., 2010
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Ge et al., 2006

 
Abu Elhija et al., 2012;  
Itoh et al., 1995

Tab. 5: Functional parameters that can be assessed in vitro

Parameter

Testosterone production 

Germ cell detachment 
 

Lactate and pyruvate 
production 
 

Seminiferous tubule  
fluid production

Functionality

In vitro testosterone production is a marker of viable 
Leydig cells with normal physiological function

Germ cell detachment has been demonstrated to be a 
sensitive marker of altered Sertoli cell function in Sertoli-
germ cell co-cultures in vitro

Increases in lactate and pyruvate production have been 
demonstrated to be sensitive markers of altered Sertoli 
cell function in Sertoli cell and Sertoli-germ cell co-
cultures in vitro

In vitro decreased seminiferous tubule fluid production 
has been demonstrated to be a marker of altered Sertoli 
cell function 

Selected references

Midzak et al., 2011 

Reader and Foster, 1990;  
Yao et al., 2010 

Williams and Foster, 1988;  
Reader and Foster, 1990 
 

Richburg et al., 1994
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screening, recent bioengineering advances with liver and bone, 
and funding interest among government agencies, development 
of predictive in vitro testicular platforms is an attractive near 
and long-term goal for the scientific community.
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for tissue engineers to build small multicellular units that could 
be grown in three-dimensional scaffolds that approximate in 
vivo tissue structure and enable maintenance and “cross-talk” 
between mixed cell types. Human testicular tissue obtained 
via commercial suppliers, traditionally, has been sourced from 
donors of variable ages, environmental influences, and health 
status. However, it is conceivable that, as the need for testicular 
toxicity models expands, suppliers may be able to identify and 
offer more consistent tissue sources, similar to the evolution of 
3-dimensional skin assay kits for genotoxicity testing (Kirsch-
Volders et al., 2011; Aardema et al., 2010). Alternatively, novel 
sources of cells such as stem cells or induced pluripotent stem 
cells (iPS) could enable creation of reproducible sources of hu-
man testicular cell types.

Despite the challenges, development of 3-D in vitro mod-
els derived from human tissue is considered by many as an 
ultimate goal. Recently, the US Defense Advanced Research 
Projects Agency (DARPA) and US FDA announced a call for 
grant proposals that would develop in vitro constructs that can 
“reproduce relatively authentic human tissue and organ physi-
ology in an in vitro organ environment” (DARPA, 2011). Such 
in vitro models would be expected to produce human-relevant, 
in vivo predictive responses to toxic agents. Even with the de-
velopment of human cell-based systems, a great challenge fol-
lowing the generation of data from human cell-based in vitro 
systems will be the interpretation of the risk and relevance of 
this information in the context of in vivo data. For instance, if 
animal in vivo data suggest toxicity but the human cellular in 
vitro systems indicate a lack of toxicity, would such an agent 
be assumed to have a favorable human safety profile? In paral-
lel to the development of alternative models, the applicability 
domain of each testing approach must be defined in order to 
design in vitro, ex vivo, or in silico assay combinations that 
can reduce and refine in vivo testing. Along such lines, recent 
topics for funding, such as the European Commission FP7 Co-
operation Work Programme Health 20139, seek collaborative 
projects that will integrate computational and systems biology 
approaches with in vitro data. 

It is hoped that the information disseminated at this work-
shop serves as useful background for investigators seeking to 
design improved in vitro testicular models. Based on near-term 
applications for environmental chemicals and pharmaceutical 
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