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In some mammals, halogenated aromatic hydrocarbon (HAH) exposure causes wasting syndrome,
deﬁned as signiﬁcant weight loss associated with lethal outcomes. The most potent HAH in causing
wasting is 2,3,7,8-tetrachlorodibenzo-r-dioxin (TCDD), which exerts its toxic effects through the aryl
hydrocarbon receptor (AHR). Since TCDD toxicity is thought to predominantly arise from dysregulation
of AHR-transcribed genes, it was hypothesized that wasting syndrome is a result of to TCDD-induced
dysregulation of genes involved in regulation of food-intake. As the hypothalamus is the central nervous
systems' regulatory center for food-intake and energy balance. Therefore, mRNA abundances in
hypothalamic tissue from two rat strains with widely differing sensitivities to TCDD-induced wasting
syndrome: TCDD-sensitive Long–Evans rats and TCDD-resistant Han/Wistar rats, 23 h after exposure to
TCDD (100 mg/kg) or corn oil vehicle. TCDD exposure caused minimal transcriptional dysregulation in
the hypothalamus, with only 6 genes signiﬁcantly altered in Long–Evans rats and 15 genes in Han/Wistar
rats. Two of the most dysregulated genes were Cyp1a1 and Nqo1, which are induced by TCDD across a
wide range of tissues and are considered sensitive markers of TCDD exposure. The minimal response of
the hypothalamic transcriptome to a lethal dose of TCDD at an early time-point suggests that the
hypothalamus is not the predominant site of initial events leading to hypophagia and associated wasting.
TCDD may affect feeding behaviour via events upstream or downstream of the hypothalamus, and
further work is required to evaluate this at the level of individual hypothalamic nuclei and subregions.
ã 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Halogenated aromatic hydrocarbons (HAHs) are a class of
toxic compounds widely present within the environment as a
result of plastics incineration, electronics recycling, pesticide
application and paper bleaching (Linden et al., 2010; Okey 2007).
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2,3,7,8-tetrachlorodibenzo-r-dioxin (TCDD) is the best-studied
HAH, and exposure to it has been linked to teratogenesis,
immunosuppression, acute lethality and many other toxicities
(Mimura and Fujii-Kuriyama 2003; Pohjanvirta and Tuomisto
1994). Perhaps most signiﬁcantly in many mammalian models,
TCDD causes wasting syndrome–a potentially fatal dosedependent reduction in body-weight (Linden et al., 2014; Seefeld
et al., 1984). Many laboratory animals exposed to TCDD experience
hypophagia and appear to defend a lowered body weight set point
(Linden et al., 2010; Seefeld et al., 1984). The role of wasting in
TCDD-induced lethality remains obscure: dietary interventions
such as force feeding and high-energy diets reduce or prevent
weight loss, but have minimal impact on mortality (Seefeld et al.,
1984; Tuomisto et al., 1999).

http://dx.doi.org/10.1016/j.tox.2014.12.016
0300-483X/ ã 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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TCDD toxicity is mediated by the aryl hydrocarbon receptor
(AHR), a ligand-responsive transcription factor involved in
regulation of cytochrome P450 proteins involved in the phase I
xenobiotic metabolism pathway (Mimura and Fujii-Kuriyama
2003; Okey 2007). The AHR is a member of the PAS/basic
helix-loop-helix (bHLH) superfamily, with a bHLH domain and
two PAS domains within its N-terminus (Dolwick et al., 1993)
and a transactivation domain at its C-terminus (Ko et al., 1997).
In the absence of ligand, the AHR is cytoplasmic, where it
forms a complex with stabilizing chaperone proteins hsp90,
ARA9/XAP2 and p23 (Petrulis and Perdew 2002). Activation
occurs following ligand binding to the PAS-B domain, which
promotes translocation to the nucleus. The AHR then dimerizes
with the AHR nuclear translocator (ARNT) (Reyes et al., 1992),
and this dimer binds to DNA and regulates transcription. Many
lines of evidence indicate that major toxicities from TCDD
are caused by dysregulation of AHR target genes (reviewed in
Okey 2007).
The hypothalamus is central to regulation of food intake and
energy balance, mainly through small peptide signalling
molecules. The hypothalamic arcuate nucleus (ARC) translates
adipose level signals from peptides (insulin and leptin) to the rest
of the CNS by releasing neuropeptides and hormones (Konner
et al., 2009). Depending on the stimulus, these peptides may be
orexigenic (e.g. agouti-related peptide (AgRP) and neuropeptide Y
(NPY)) or anorexigenic (e.g. a-melanocortin-stimulating hormone
(a-MSH) and cocaine-and-amphetamine regulated transcript
(CART)). Lesions in hypothalamic nuclei that prevent normal
responses to signalling peptides can cause either hypophagia or
hyperphagia depending on lesion location (Elmquist et al., 1999;
Wang et al., 2013). As such, many groups have hypothesized that
TCDD-mediated changes in the hypothalamus underlie the
observed wasting syndrome. A previous study discovered a
non-additive interaction between ventromedial hypothalamic
lesions and TCDD on body weight, suggestive of the involvement
of a hypothalamic feed-intake regulation pathway in the wasting
syndrome (Tuomisto et al., 1995). TCDD has been previously
shown to modulate mRNA abundances of numerous neuropeptides and receptors, particularly orexigenic peptides, in both
directions (Linden et al., 2005). Additionally, several components
of the AHR-signalling pathway are expressed in the hypothalamus,
with three AHR-regulated genes (Ahrr, Cyp1a1 and Cyp1a2)
signiﬁcantly up-regulated in response to TCDD (Korkalainen
et al., 2005).
To evaluate the role of TCDD-induced transcriptomic changes in
the hypothalamus on observed toxicities, two rat strains that
markedly differ in susceptibility to TCDD-induced toxicities were
evaluated: TCDD-sensitive Long–Evans (Turku/AB) rats (L–E; LD50
20 mg/kg for male rats) and TCDD-resistant Han/Wistar (Kuopio)
rats (H/W; LD50 > 9600 mg/kg) (Pohjanvirta et al., 1995; Unkila
et al., 1994). The great resistance of H/W rats to toxicity is due to a
point mutation in the intron/exon boundary that causes alternative
splicing (Moffat et al., 2007; Pohjanvirta et al., 1998). This leads to
variation within the transactivation domain of AHR and alters
some responses to TCDD such as resisting lethality (Moffat et al.,
2007; Pohjanvirta et al., 1998). Wasting syndrome is another
example of this altered response; a mitigated variety of wasting
manifests in H/W rats but only after >100-fold higher doses of
TCDD than is required in L–E rats (Linden et al., 2010; Pohjanvirta
et al., 1998). The use of H/W rats allows for identiﬁcation of
transcriptomic responses that differ from those in susceptible
strains (Boutros et al., 2011; Franc et al., 2008). Such differences
may identify the key genes whose dysregulation underlies
pathogenesis from TCDD exposure.

2. Methods
2.1. Samples
Sixteen male rats, eight L–E and eight H/W, were examined.
Rats were housed singly in stainless-steel wire-mesh cages and
subjected to light and dark cycles lasting 12 h each, with lights on
from 07:00 to 19:00. Animals were fed pelleted R36 feed
(Lactamin, Södertälje, Sweden) and provided with tap water.
The temperature within the housing environment was 21 1  C
with relative humidity at 50%  10%. H/W rats were 15–16 weeks
of age upon treatment while L–E rats were 16–22 weeks of age
(to compensate for the more rapid growth of H/W rats).
2.2. Animal handling
Four rats from each strain were treated with 100 mg/kg of TCDD
dissolved in corn oil vehicle while the remaining four were treated
only with corn oil which served as the vehicle control. Animals
were distributed such that each group was similarly body weight
matched prior to treatment. Treatments were administered by oral
gavage. Towards the end of the daily dark phase (between 5:40 and
6:45 a.m.), 23 h post exposure, all rats were euthanized by
decapitation. Hypothalamus (incision sites: rostral border of the
optic chiasm, caudal border of the mamillary body, ventral border
of the anterior commissure and lateral borders of the tuber
cinereum and mamillary body complexes) was rapidly removed
and snap-frozen in liquid nitrogen. Tissues were stored at 80  C or
lower until processed. All study plans were approved by the
Animal Experiment Committee of the University of Kuopio and the
Provincial Government of Eastern Finland. All animal handling and
reporting comply with ARRIVE guidelines (Kilkenny et al., 2010).
2.3. Sample processing and microarray hybridization
Total mRNA was extracted using Qiagen RNeasy Lipid Tissue
Mini kits according to manufacturer's instruction (Qiagen,
Mississauga, Canada). Total RNA yield was quantiﬁed by UV
spectrophotometry and RNA integrity was veriﬁed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA from
individual rats was hybridized to Affymetrix RAE230-2 arrays at
The Centre for Applied Genomics (Toronto, Canada) and RNA
abundances were quantiﬁed using an Affymetrix GeneChip
Scanner 3000.
2.4. Data preparation
Raw microarray data were loaded into the R statistical
environment (v3.1.0) using the affy package (v1.42.2) of the
BioConductor library and the EntrezGene ID map rat2302rnentrezgcdf (v18.0.0) (Dai et al., 2005; Gautier et al., 2004). Raw data
were pre-processed using the RMA algorithm (Irizarry et al., 2003)
and quality-control plots were generated using the affy (v1.42.2),
lattice (v0.20-29) and latticeExtra (v0.6-26) packages to assess
sample homogeneity (Supplementary Fig. S1). Unsupervised
pattern recognition used the DIANA agglomerative hierarchical
clustering algorithm, as implemented in the cluster package
(v1.15.2) and Pearson's correlation was used as a similarity metric.
The distribution of the coefﬁcient of variations for each gene
was analyzed to ensure low inter-replicate variance. All raw and
pre-processed microarray data are available in the GEO repository
(accession: GSE61039).
Supplementry material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.tox.2014.12.016.
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[142_TD$IF]2.5. Statistical analysis
A linear model was ﬁt to each gene using contrasts to
relate TCDD treatment and vehicle controls for each rat strain
(i.e. HWT–HWC and LET–LEC). The variance amongst probes was
reduced using an empirical Bayes method (Smyth 2004).
Moderated t-tests compared each coefﬁcient to zero, while
F-tests were applied gene-wise to test for signiﬁcant differences
in variation between the two rat strains. All p-values were false
discovery-rate adjusted for multiple testing to generate q-values
(Storey and Tibshirani 2003). Linear modeling and hypothesis
testing were completed using the limma package (v3.20.4). Genes
were analyzed at multiple q-value thresholds to ensure results
were threshold-independent, but for primary analyses a threshold
q < 0.05 was used.
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distribution between the two strains when mRNA abundance was
both up- and down-regulated. A Venn diagram, created using the
VennDiagram R package (v1.6.7), depicted the number of
signiﬁcantly responsive genes in both rat strains at q < 0.05 (Chen
and Boutros 2011). A heatmap gave a visual representation of the
change in gene expression, up- versus down-regulation, for the
most variable genes (variance >0.05 across all samples). Data was
mean centred and scaled using the standard deviation for each
variable and clustered as described above. Dotmaps were used to
depict the magnitude of change in log2-space (M) and signiﬁcance
of TCDD-induced dysregulation for different subsets of genes.
Covariates were used to indicate signiﬁcance of selected genes in
other tissues and species (rat liver (Yao et al., 2012) and in mouse
tissues (Boutros et al., 2009)).
2.7. Pathway analysis of TCDD-responsive genes

2.6. Data visualization
Inter-strain p-value variability was quantiﬁed and plotted as
above. Inter-strain p-value variability plots compared the p-value

Functional pathways analysis was performed with the GOMiner
software (v. 2011–01) (Zeeberg et al., 2003). Genes found to be
signiﬁcantly responsive in either strain examined (q-value <0.1)

[(Fig._1)TD$IG]

Fig. 1. Experimental design.
Han/Wistar (H/W) and Long–Evans (L–E) rats were evaluated 23 h after treatment with either 100 mg/kg of TCDD (T) or corn oil vehicle (CO). mRNA abundances were
measured on Affymetrix Rat Genome 230 2.0 arrays and RMA-normalized prior to downstream analysis.
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were analyzed against a list of all genes on the array. A falsediscovery rate threshold of 0.1 was applied, with all look-up
options and gene ontologies selected and 1000 randomizations
used. A minimum category size of ﬁve was required to reduce
multiple-testing.
2.8. Transcription factor binding site analysis
To further explore the functionality of gene regulation by
TCDD in the hypothalamus, we examined each gene for the
AHR-associated conserved transcription-factor binding sites:
AHRE-I (core), AHRE-I (full) and AHRE-II. These sites contain the
sequences GCGTG, [T|G]NGCGTG[A|C][G|C]A and CATG{N6}C[T|A]
TG, respectively (Denison and Whitlock 1995; Sogawa et al., 2004).
Transcription start sites were determined using REFLINK and
REFFLAT tables from UCSC genome browser, downloaded on May 9,
2012 (Karolchik et al., 2003). The number of each motif present in
each gene was counted and a PhyloHMM conservation score was
calculated, ranging from zero to one (Siepel and Haussler 2004).
This score measured conservation across species with a score a

zero reﬂecting minimal conservation and a score of one reﬂecting
complete conservation.
2.9. Validation
A subset of 50 transcripts including the AHR-core and candidate
genes (as identiﬁed above) was validated using the NanoString
system. Hypothalamic RNA (100 ng) was shipped on dry ice to the
Princess Margaret Genomics Centre (Toronto, ON) for analysis. The
target gene list was submitted in advance and the required CodeSet
(multiplexed set of endogenous and control probes) was developed
by NanoString.
Raw data (RCC ﬁles consisting of direct molecule counts) were
received and normalization performed prior to analysis. Data were
read into the R statistical environment (v3.1.2) and normalization
performed using the NanoStringNorm package (v1.1.18)(Waggott
et al., 2012). Endogenous probes were normalized to the positive
control counts using the ‘sum’ method and to housekeeping genes
counts using the ‘housekeeping.geo.mean’ method in NanoStringNorm. Housekeeping genes (Hprt1,Pgk1 and Sdha) had been

[(Fig._2)TD$IG]

Fig. 2. Strain variability. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
(A) Transcriptomic expression proﬁles of a subset of genes with the greatest variance (variance >0.05) across the study were subjected to DIANA agglomerative hierarchical
clustering. Covariates specify either rat strain (H/W and L–E; green and purple, respectively) or treatment status (TCDD or corn oil control; red or white, respectively).
Clustering indicates greater variability in expression proﬁles between rat strains than between treatment groups. (B) An analysis of the number of genes signiﬁcantly altered
by TCDD at various q-value thresholds demonstrate a minimal number of signiﬁcantly altered genes in either strain (both up- and down-regulated). (C) Overlap of
signiﬁcantly altered genes with a 0.05 q-value threshold. Three genes were signiﬁcantly altered in only L–E rats while 12 genes showed signiﬁcantly altered expression in only
H/W rats. Three genes were found to be signiﬁcantly differentially expressed in both rat strains.

K.E. Houlahan et al. / Toxicology 328 (2015) 93–101

validated previously (Pohjanvirta et al., 2006) for use in
TCDD studies of rat hypothalamus. Similarly, this normalization
method had been previously identiﬁed as the most accurate (in
comparison to qPCR) for use in a similar study with rat hepatic
tissue (Prokopec et al., 2013). Normalized data was log2transformed and linear modelling and visualizations performed
as above [R packages: limma (v3.20.9), lattice (v0.20–29),
latticeExtra (v0.6–26)].
3. Results
3.1. Experimental design
Since the hypothalamus is associated with the regulation of
food intake and metabolism, the effects of TCDD exposure on the
hypothalamic transcriptome were analyzed. Two rat strains were
examined: TCDD-sensitive L/E rats and TCDD-resistant H/W rats.
Animals were treated with 100 mg/kg TCDD or corn oil vehicle. In
L–E rats this dose of leads to an irreversible hypophagia and body
weight loss, with food intake plummeting from approximately
20 g/day to 1–2 g/day. this rapid decrease in food intake occurred
within 5 days of TCDD exposure and thereafter persisted at that
level. In contrast in H/W rats, food intake diminishes from slightly
above 20 to about 10 g/day 6 days post-treatment, followed by a
rapid recovery to near control levels after 14 days (Lensu et al.,
2011a). In L–E rats, the reduction in food consumption reaches
statistical signiﬁcance by 24–48 h (Lensu et al., 2011a). Therefore,
hypothalamus tissue was isolated 23 h post exposure to identify
primary transcriptional changes preceding hypophagia and body
weight loss. Moreover, tissues were collected near the end of the
darkness period because this phase coincides with one of the two
feeding peaks of L–E rats (Lensu et al., 2011b): we thus aimed to
optimize the probability of detecting critical alterations. In
contrast, at this time of day the circadian feeding rhythm of
H/W rats is approaching its nadir (Lensu et al., 2011b). The
experimental approach is summarized in Fig. 1. Animals and arrays
used are listed in Supplementary Table 1.
Supplementry material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.tox.2014.12.016.
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Supplementry material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.tox.2014.12.016.
[145_TD$IF]3.3. AHR-core gene responses
A set of nine genes that are altered by TCDD in an AHRdependent fashion across a broad range of tissues, species, doses
and time-points were assembled (Boutros et al., 2008; Nebert et al.,
1993, 2000; Watson et al., 2014; Yeager et al., 2009). These genes
(Ahrr, Aldh3a1, Cyp1a1, Cyp1a2, Fmo1, Inmt, Nfe2l2, Nqo1 and Tiparp)
provide a measure of the sensitivity of the hypothalamus to
transcriptional dysregulation by TCDD, as their effects in other
tissues have been well documented. Of these, Cyp1a1 was
signiﬁcantly up-regulated in both species (3.9-fold in H/W and
3.6-fold in L–E), as was Nqo1, though to a lesser extent (0.8-fold in
H/W rats and 0.7-fold in L–E). The remaining genes did not show
TCDD-induced alteration, despite Cyp1a2 having previously shown
to be upregulated by TCDD in the hypothalamus (Korkalainen et al.,
2005). Note that hepatic studies in rats involving similar
conditions (100 mg/kg of TCDD, 19 h post-exposure) in both L–E
and H/W rats (Yao et al., 2012) demonstrated signiﬁcantly more
TCDD-mediated changes in this subset of genes (Fig. 3A). Similarly,
murine studies of liver and kidney tissue following comparable
treatment conditions (1000 mg/kg of TCDD, 19 h) (Boutros et al.,
2009), showed considerably more TCDD-mediated transcriptional
changes (Fig. 3A).
3.4. Non-core gene responses
A subset of genes determined to be signiﬁcantly altered by TCDD
in either strain was identiﬁed and further examined. AHR-core genes
were excluded from this subset, resulting in 16 genes. These genes
exhibited only moderate magnitude dysregulation following TCDDexposure (Fig. 3B). Stab1 showed the largest up-regulation amongst
non-core genes (1.0-fold induction in the H/W rat) while Ero1l
showed the greatest down-regulation (H/W, 0.7-fold change).
Intriguingly, none of the genes within this subset showed
transcriptional dysregulation by TCDD in rat liver, mouse liver or
mouse kidney (Boutros et al., 2009; Yao et al., 2012).

[143_TD$IF]3.2. Response to TCDD Exposure

3.5. Validation of TCDD-responsive genes

Normalized microarray data demonstrated very similar mRNA
abundances, with hierarchical clustering recognizing greater
variability between rat strains than between samples treated with
TCDD or corn oil (Fig. 2A). This result suggests that in hypothalamus, unlike liver (Yao et al., 2012), inter-animal variability is larger
than the effects of TCDD exposure. Further, the distribution of
gene-wise coefﬁcients of variation (CV = ratio of the standarddeviation to mean) shows a strong peak around 0.10 (Supplementary Fig. S2) for each treatment group. There was no evidence of
differential variance between the rat strains, with only 15/12,503
genes showing differences (F-test; q < 0.05). Taken together, these
results demonstrate minimal transcriptomic differences between
replicates and minimal transcriptomic alterations as a result of
TCDD exposure.
Supplementry material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.tox.2014.12.016.
[14_TD$IF]A total of 12,503 individual genes were evaluated (Supplementary Table S2). Surprisingly, a larger number of genes were
dysregulated in TCDD-resistant H/W rats than in TCDD-sensitive
L–E rats, independent of statistical threshold applied (Fig. 2B). At a
standard threshold of q < 0.05, we detected 15 genes dysregulated
by TCDD in H/W rats and 6 in L–E rats. Only 3 genes, Cyp1a1, Nqo1
and Stab1, were altered in both strains (Fig. 2C).

A full validation experiment was performed using a NanoString
custom gene expression assay, including both AHR-core and
candidate genes. An increased response to TCDD for both strains
was observed across the AHR-core genes in the validation relative
to the microarray data (Fig. 4, top panel). Both Cyp1a1 and Nqo1
showed similar induction, however additional genes were also
determined as signiﬁcantly differentially abundant, including
Cyp1a2 and Cyp1b1 in both strains and Aldh3a1 and Tiparp in only
H/W rats. Conversely, fewer candidate genes were determined to
be altered by TCDD in either strain with only 20/32 cases validating
(Fig. 4, bottom panel). Of these, Stab1, LOC100361558, Ctgf,
Tmem63a, and Hspb9 could be validated in both strains.
3.6. Functional analysis and hypergeometric testing
Functional analysis of those genes showing a signiﬁcant response
to TCDD was completed with the GOMiner software (Zeeberg et al.,
2003). No signiﬁcantly enriched pathways were detected following
FDR correction (q < 0.1; Supplementary Table S3). Hypergeometric
testing was performed to determine if there was chromosomal bias
represented in the signiﬁcantly responsive genes (Supplementary
Table S4). No chromosomes were signiﬁcantly enriched, indicating
no chromosomal bias for responses to TCDD in hypothalamus.

[(Fig._3)TD$IG]
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conservation score of each motif against the number of strains
in which the gene was found to be signiﬁcantly responsive to TCDD
exposure (AHRE-I (core), AHRE-I (full) and AHRE-II). AHRE-I (core)
was found to occur more often and with higher conservation in
genes signiﬁcantly responsive in both rat strains (i.e. Cyp1a1 and
Nqo1). By contrast, AHRE-II was not enriched at either the level of
conservation or frequency.
Supplementry material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.tox.2014.12.016.
[147_TD$IF]4. Discussion

Fig. 3. Gene response to TCDD exposure. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
[14_TD$IF](A) Nine genes within the AHR-core genes were analyzed for their response to TCDD
in hypothalamus. The size of the dot depicts the magnitude of the change (log2 fold
change) while colour depicts the direction of change – up (red) or down (blue).
Background shading reﬂects the q-value. Covariates convey whether the gene is
signiﬁcantly expressed in H/W or L–E liver and C57BL/6 mouse kidney or liver. (B)
16 genes outside of the AHR-core were signiﬁcantly altered by TCDD either H/W
(n = 15) and/or L–E (n = 6). The ﬁgure shows the log2 fold-change values with their
corresponding q-value and covariates as described in Fig. 3A. None of these genes
were signiﬁcantly altered in H/W rat liver, L–E rat liver, mouse liver, or mouse
kidney.

Supplementry material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.tox.2014.12.016.
3.7. Transcription factor binding site analysis
AHR conserved transcription factor binding site motifs may give
further mechanistic insight into the AHR-regulation of genes
(Denison and Whitlock 1995; Sogawa et al., 2004). Violin plots
(Supplementary Fig. S3) show the occurrence and maximal

The hypothalamic arcuate nucleus (ARC) plays a pivotal role in
the regulation of energy balance (Linden et al., 2010). The ARC
responds to insulin and leptin signals originating from the
periphery and acts via production and release of orexigenic or
anorexigenic neuropeptides and hormones and therefore could
play an important role in wasting syndrome. Previous studies have
indicated that the hypothalamus plays a role in cachexia (Ihnatko
et al., 2013) and hypothalamic injury can lead to hyperplasia
(Elmquist et al., 1999; Wang et al., 2013). To better understand the
role the hypothalamus may play in TCDD-induced wasting
syndrome, we analyzed transcriptomic changes occurring in the
hypothalamus following TCDD exposure.
mRNA abundance for two of the AHR-core genes, Cyp1a1 and
Nqo1, displayed signiﬁcantly increased abundance following
treatment with TCDD. While the magnitude of Cyp1a1 induction
was dramatically lower than that observed in hepatic tissue of
similarly treated rats (Yao et al., 2012), levels reached similar
abundances as those observed previously in the hypothalamus
(Korkalainen et al., 2005). The reduced magnitude of induction of
Nqo1 in hypothalamus relative to liver following TCDD exposure
(as observed by both microarray and NanoString) is an interesting
ﬁnding that has not been reported previously. Alternatively, the
absence of signiﬁcant Cyp1a2 induction following treatment may
be an artifact of the array technology as signiﬁcant induction
resembling that observed previously (Korkalainen et al., 2005) was
validated by NanoString in these samples.
With the exception of Cyp1a1, altered genes exhibited only
modest changes in abundance in response to TCDD, with changes
of less than two-fold relative to control animals. This low
magnitude of change in candidate genes was similarly observed
by NanoString validation. The relatively few alterations to the
transcriptome, combined with the small magnitude of these
changes may suggest that the hypothalamus is largely refractory to
direct local effects of TCDD. However, the speciﬁc genes showing
signiﬁcant alterations may still shed evidence on downstream
toxicities. A group of 3 genes were signiﬁcantly altered only in L-E
rats and may therefore be involved in the sensitive phenotype.
MSRB1 is involved in the protein repair mechanism during
oxidative stress (Lee et al., 2009) and has been shown to regulate
assembly of actin ﬁlaments relating to macrophage activity
(Lee et al., 2013). Increased abundance of this mRNA may indicate
a potential defense mechanism against TCDD-induced reactive
oxygen species. Alternatively, decreased mRNA abundances of
Wdpcp and Clec4a may have etiological roles in TCDD-induced
toxicity. Wdpcp is required for the stabilization of actin ﬁlaments
and development of cell polarity (Cui et al., 2013) while Clec4a
(DCIR) is typically expressed in immune tissues (Bates et al., 1999)
and is involved in the immune response.
Of the 11 genes uniquely altered in H/W rats, nine were upregulated by TCDD while the remaining three were downregulated. Ctgf has been validated as an AHR-target gene coding
for CTGF, a regulatory protein that mediates cell division and
apoptosis and has been documented to promote tumour growth
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Fig. 4. Validation of candidate genes. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)
Validation was performed on 9 AHR-core genes and 16 candidate genes. The size of
the dot depicts the magnitude of the change (log2 fold change) while colour depicts
the direction of change – up (red) or down (blue). Background shading reﬂects the
q-value.

and progression (Chu et al., 2008; Faust et al., 2013). It also plays an
important role in mediating cell adhesion and migration primarily
in activation of rat oval cells (Pi et al., 2008). Sod3 has been shown
to act as a tumour suppressor in prostate (Kim et al., 2014) and
pancreatic cancer (Sibenaller et al., 2014) by modulation of ROS.
Alternatively, induction of Ero1l by HIF-1a within a hypoxic
microenvironment leads to angiogenesis and improved tumour
survival (May et al., 2005). Within the resistant H/W strain, these
ﬁndings (overexpression of Sod3 and reduced expression of Ero1l)
align with the reduced carcinogenic effects of TCDD. Traf4 is a
common oncogene (Camilleri-Broet et al., 2007), however
overexpression has also been shown to be essential for
homeostasis of CNS myelination (Blaise et al., 2012).
Two genes, Stab1 and Acvrl1, were overexpressed in both H/W
and L–E rats. STAB1 is a scavenger receptor expressed by
macrophages and may aid in phagocytic and anti-inﬂammatory
processes (Park et al., 2009). ACVRL1 is a type 1 receptor for TGFbeta proteins and is required for angiogenesis (Oh et al., 2000).
Increased mRNA abundance of these genes may represent a
common adaptive response to TCDD-induced damages.
Previous studies comparing mRNA abundance changes following TCDD treatment have shown L–E rats have signiﬁcantly higher
numbers of genes dysregulated by TCDD, as compared to H/W rat
(Franc et al., 2008; Yao et al., 2012). However, the hypothalamus of
H/W rats had more altered transcripts than in L–E rats. Given that
all animals from both rat strains had reached sexual maturity at the
time of TCDD exposure, it is not likely that the difference in age
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affected the transcriptomic response. Similarly, animals experienced identical environmental and handling conditions. Although
the magnitude of Cyp1a1 induction is low in hypothalamus when
compared with liver, the observed induction in both L–E and H/W
rats indicates that TCDD does in fact reach and effectively activate
theAHR in the hypothalamus of both strains, in accordance with
previous work (Pohjanvirta et al., 1990). It is important to note that
our study was designed to emphasize detection of early transcriptomic responses during the time when the onset of
measurable feeding responses occurs in TCDD-treated rats.
A study conducted by Linden et al. (2005) on the effect of TCDD
exposure on neuropeptide concentrations further supports our
results as it showed that TCDD alters anorexigenic and orexigenic
neuropeptides but not consistently (Linden et al., 2005). Attention
has now turned to nitric oxide and its combined effects with
orexigenic peptides, ghrelin, NPY and orexin-A, in food intake
regulation. An alteration in nitric oxide concentration may
indirectly affect this regulatory pathway, although results of these
studies have not been conclusive (Linden et al., 2010). Ventromedial hypothalamic lesions aggravate TCDD-induced weight loss
and, therefore, indicate that TCDD implements toxic effects at
some point along the hypothalamic pathways regulating energy
homeostasis (Tuomisto et al., 1995). The minimal impact of TCDD
on hypothalamic transcriptomic responses in hypothalamus seen
in this study, along with studies on TCDD response of mRNAs for
hypothalamic neuropeptides and bHLS/PAS proteins, suggest that
hypothalamic changes alone are not responsible for TCDD-induced
hypophagia (Korkalainen et al., 2005; Linden et al., 2005). Analysis
of the entire hypothalamic tissue block may mask strictly localized
alterations in functionally-speciﬁc nuclei.
The hypothalamus is a highly compartmentalized structure
consisting of clusters of functionally specialized cells (Schindler
et al., 2012), each type of which could have diverse responses to
TCDD. The tissue samples we analyzed are derived from the whole
hypothalamus. An in depth analysis of specialized cell types might
provide more enlightening results. Alternatively, the hypothalamus may be indirectly involved in wasting-syndrome-associated
hypophagia as TCDD may directly affect other feed-intake
regulatory organs. Analysis of alternate nervous system components in this regulatory pathway (i.e. caudal brainstem and
medullary area postrema) as well as factors upstream or
downstream (i.e. adipose tissue) may provide more insight into
the mechanisms underlying toxic effects of TCDD, as they pertain
to wasting syndrome.
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Abstract
The term “Puberty”, socially known as “Adolescence” is the transitional period from
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juvenile life to adulthood with functional maturation of gonads and genital organs. In
this process, some remarkable developmental changes occur in morphology,
physiology, and behavior leading to reproductive competence. Despite sufficient
levels of gonadotropins (luteinizing hormone [LH] and follicle‐stimulating hormone
[FSH]), robust spermatogenesis is not initiated during infancy in primates due to the
immaturity of testicular Sertoli cells. Recent studies suggest that developmental
competence augmenting functional activities of receptors for androgen and FSH is
acquired by Sertoli cells somewhere during the prolonged hypo‐gonadotropic juvenile
period. This juvenile phase is terminated with the re‐awakening of hypothalamic
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Kisspeptin/Neurokinin B/Dynorphin neurons which induce the release of the
gonadotropin‐releasing hormone leading to reactivation of the hypothalamo‐
pituitary‐testicular axis at puberty. During this period of pubertal development,
FSH and LH facilitate further maturation of testicular cells (Sertoli cells and Leydig
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cells) triggering robust differentiation of the spermatogonial cells, ensuing the
spermatogenic onset. This review aims to precisely address the evolving concepts of
the pubertal regulation of hormone production with the corresponding cooperation
of testicular cells for the initiation of robust spermatogenesis, which can be truly
called “testicular puberty.”
KEYWORDS

gonadotropins, hypothalamus, Leydig cells, puberty, Sertoli cells, spermatogenesis, testis

1 | INTRODUCTION

manner to stimulate the synthesis and secretion of gonadotropins
follicle‐stimulating hormone (FSH) and luteinizing hormone (LH)

Reproduction is essential for the survival and perpetuation of

from the anterior pituitary (Kaprara & Huhtaniemi, 2017; Plant,

species. Sexual development in higher primates is tri‐phasic as it is

2015a). The hypothalamic network, generally called as the GnRH

divided into‐infancy, juvenile period, and adulthood (Plant,

“pulse generator,” is active and responsible for the release of

Terasawa, & Witchel, 2014). The term “Puberty” is defined as

GnRH thereby elevating the circulating levels of gonadotropins

the transition from the juvenile period to adulthood when an

(FSH and LH) and testosterone (T) during early infancy (2–3

individual achieves the ability to sexually reproduce. The matura-

months in monkeys and 3–6 months of postnatal age in human) in

tion of the gonads as well as genital organs and the secondary

male primates (Plant, 2015b). However, the transition from

sexual characteristics manifest during this period (Kaprara &

infancy to the juvenile period (at around 4–6 months of postnatal

Huhtaniemi, 2017; Plant, 2015a). The initiation of puberty is under

age in monkeys) is associated with a neuro‐biological switch that

the control of the neuro‐endocrine system (Plant, 2015b). Group

turns off, arresting the pulsatile release of GnRH (Plant, 2015b).

of neurons in the hypothalamus release a decapeptide hormone

The GnRH pulse generator is re‐triggered, after the protracted

called gonadotropin‐releasing hormone (GnRH) in a pulsatile

hypo‐gonadotropic phase of juvenile development (3–4 years of

Mol Reprod Dev. 2019;86:1505–1530.
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age in male rhesus monkeys and 10–12 years of age in boys)

following the establishment of the role of hypothalamic kisspep-

causing resurgence of pulsatile GnRH secretion leading to elevated

tin in regulating the HPT axis.

levels of gonadotropins which act on testis, which has maturated
by that time, inducing onset of prolific spermatogenesis (Herbison,
2016; Plant, 2015b). Failure of this neuroendocrine event or an
appropriate testicular maturation under elevated hormonal milieu
at puberty may lead to infertility indicating the critical necessity of
maturation of both systems at this phase of life.
The alarming decline in sperm count during the past few decades
has become a global concern (Levine et al., 2017). Therefore, there is
an urgent need for an in‐depth study of the hormone‐induced
molecular events in pubertal testes which are critical for establishing
normal spermatogenesis and male fertility at puberty (Hai et al.,
2014). This review will address the current concepts of the hormonal
regulation of pubertal development leading to the spermatogenic
onset in primate testis.

3 | KISSPEP TIN/NEU ROK IN IN
B/DY NORPH IN N EURONS: THE KEY
REG U L A T O R O F G n R H PU L S E G E N E RA T O R
Kisspeptins, a group of neuropeptides encoded by the Kiss1 gene is
broadly recognized as an essential gatekeeper of puberty and fertility.
Loss of Gpr54 and/or Kiss1 genes in humans and mice results in severe
hypogonadotropic hypogonadism (Lippincott, True, & Seminara, 2014).
Kisspeptin acts via the KISS1‐Receptor, a G protein‐coupled receptor 54
(GPR‐54). Kisspeptin is an exceptionally potent inducer of GnRH
secretion. GnRH neurons express KISS1‐Receptor, and kisspeptin fibers
project to GnRH cell bodies as well as GnRH fibers. However, many
neurons in the ARC also express, two other peptides, namely, stimulatory

2 | THE NEURO ‐ENDOCRINE
R E GU L A T O R Y C I RC U I T
The hypothalamo‐pituitary‐testicular axis (HPT axis) is the classic
example of a neuro‐endocrine regulatory circuit, with hierarchical cascades of regulatory feedback (both positive and negative)
loops (Kaprara & Huhtaniemi, 2017; Plant, 2015a). Specific
hypothalamic nuclei, like mediobasal preoptic area (POA) and
infundibular (in humans) or arcuate nucleus (ARC, in monkeys)
synthesize the decapeptide GnRH, which stimulates the gonadotrophs present in the anterior pituitary gland through a
G‐protein‐coupled receptor (GPCR that signals via Gq and or
G11 to activate phospholipase‐C inducing the mobilization of Ca +2
by inositol phosphate 3) leading to the secretion of gonadotropins (LH and FSH). In the median eminence, the axon terminals of
GnRH neurons make contact with the hypophysial portal vessels
which transport this releasing hormone, secreted in a pulsatile
manner, to the anterior pituitary (Kaprara & Huhtaniemi, 2017;
Plant, 2015a). However, recent studies have elucidated the
involvement of several other hypothalamic hormones in fine‐
tuning GnRH secretion (Kaprara & Huhtaniemi, 2017; Plant,
2015a). These include classical neurotransmitters such as Nor‐

neurokinin B, a tachykinin and inhibitory dynorphin, an endogenous
opioid. Such neurons expressing three peptides are referred to as “KNDy
(Kisspeptin‐Neurokinin B and Dynorphin) neurons” (Lehman, Coolen, &
Goodman, 2010). Interestingly, loss of function mutations in man in either
Neurokinin B or its receptor (Tac3‐Receptor) is associated with hypogonadotropic hypogonadism manifesting delayed puberty or sometimes loss of
pubertal onset of spermatogenesis, cause being the lack of sufficient
gonadotropins (Topaloğlu, 2017). In male rhesus monkeys, neurokinin B
has been reported to induce GnRH release, indirectly via the production
of kisspeptin (Ramaswamy et al., 2010). Therefore, it is proposed that the
GnRH pulse generation is achieved by the KNDy neurons present in the
ARC via complex crosstalk between the stimulatory neurokinin B and
inhibitory dynorphin signals to eventually release kisspeptin which
stimulates the GnRH neurons (Kaprara & Huhtaniemi, 2017; Plant,
2015a, b). However, these GnRH neuronal networks are also associated
with other neighboring excitatory glutamatergic, inhibitory GABAergic,
pre‐pro‐enkephalinergic neurons, astroglial and ependymal cells that
collectively evoke the discharge of GnRH into the hypophysial‐portal
circulation (Herbison, 2016; Plant, 2015a). The differential regulation of
FSH and LH secretion is achieved by low and high‐frequency pulses of
GnRH respectively (Thompson & Kaiser, 2014). Figure 1a,b shows the
regulatory network of the GnRH pulse generator in higher primates.

adrenaline, Dopamine, Glutamate and γ‐aminobutyric acid
(GABA), Neuropeptide Y, Galanin‐like peptide, Opioid peptides
and Orexins (Kaprara & Huhtaniemi, 2017; Plant, 2015a). The
hypothalamic GnRH pulse generator drives both basal (pulsatile)
and tonic (surge) release of GnRH thereby regulating the gonadal

4 | DEVELOPMENTAL REGULATION OF
Gn RH SECR ETION

functions (Herbison, 2016; Witchel & Plant, 2013). There are two
concepts proposed so far for the pulsatility of the hypothalamic

The onset of puberty is considered to be timed by two postnatal

GnRH pulse generator. The first one suggests a role of the

regulators, the first is the ‘‘arrest’’ or ‘‘restraint’’ that holds the GnRH

intrinsic pulsatility of the GnRH neuron (Plant, 2015a). The

pulse generator in a blockade mode during the infantile–juvenile

second theory suggests that the neurons in the ARC nucleus are

transition and finally the ‘‘switch’’ that removes such arrest at the

responsible for the pulse generation (Herbison, 2016; Plant,

termination of juvenile development leading to the re‐awakening of

2015a). In 2003, this latter notion has gained acceptance

GnRH pulse generation (Plant, 2015b).
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F I G U R E 1 The GnRH neuronal network. (a) Typical GnRH neuron with its afferent neuronal inputs and functional output. (b) The GnRH
pulse generator, showing feedback loops regulating functions of the neuronal network. GnRH, gonadotropin‐releasing hormone [Color figure
can be viewed at wileyonlinelibrary.com]

4.1 | Infancy
During early embryonic development, GnRH neurons, which differentiate
outside the brain from the olfactory placode, migrate through the
forebrain to the hypothalamus (Herbison, 2016). In primates, the fetal
hypothalamus at mid‐gestation is developed with an adult number of
GnRH neurons, distributed diffusely in both the POA and medial basal
hypothalamus with extensive projections to the median eminence
(Herbison, 2014). Time course studies of the gonadotropin secretion
during gestation and infantile period of primates have indicated that the
hypothalamic GnRH pulse generator is functional by the second trimester
of pregnancy (Plant, 2015b). Gonadotropin secretion during infancy is
dependent upon GnRH, as evidenced by suppression of LH and FSH
levels when animals were treated with a GnRH receptor‐specific
antagonist (Plant et al., 2014). Although testes are exposed to adult‐like
hormonal milieu of LH and FSH during infancy, spermatogenesis is not
initiated (Plant, 2015b). It is reasonable to believe that unlike the GnRH
pulse generator at the hypothalamic level, the testicular activity is
suboptimal during infancy, limiting it from producing sperm.

4.2 | Juvenile–puberty transition

and girls before the onset of puberty (Witchel & Plant, 2013). This
indicates that the activity of this neuro‐endocrine system is diminished
rather than its severance from the GnRH neuronal network during
juvenile development (Plant, 2015b). This notion is further supported by
two recent reports in the male rhesus monkey. First, the number of
neurons in the ARC nucleus expressing kisspeptin is reduced during the
transition from the infantile to juvenile stage of development (Ramaswamy, Dwarki, Ali, the Gibbs, & Plant, 2013) and second, the expression of
Kiss1 gene that encodes kisspeptin peptide increases remarkably in the
ARC of male rhesus monkeys during the transition from the juvenile to
pubertal stage of development (Plant, Ramaswamy, & DiPietro, 2006;
Shahab et al., 2005). However, it is interesting to note here that the
dependence of GnRH secretion on kisspeptin mediated signaling is
reported to be predominant during infancy as compared to that of
puberty (Shahab et al., 2018). Three possible mechanisms can be
proposed to define the pubertal onset of such neuronal activity. The first
is the inherent pubertal clock resident in the primate brain. The second,
pubertal change in the plasticity of GnRH neurons via remodeling of their
dendritic trees with increased spine density leading to the attainment of a
bipolar arrangement with elevated neuro‐secretory capacity (Perera,
Lagenaur, & Plant, 1993; Plant, 2007). Finally, the growth tracking sensor

After 4–6 months of postnatal life in human infants, the GnRH pulse

in the brain, termed a “somato‐metabometer” monitors the circulating

generator activity declines to ensure the hypo‐gonadotropic state of the

signal of somato‐skeletal development and thereby co‐ordinates the

juvenile phase, known as “childhood” in humans (Plant, 2015b). Recent

reactivation of the GnRH pulse generator with the impending attainment

finding suggests that low amplitude pulsatile LH release is present in boys

of optimal body size (Plant, 2015b). Figure 2a–c is a schematic
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representation of the neuroendocrine regulation of the developmental

initiation and maintenance of spermatogenesis. FSH and LH bind to

changes in HPT axis of male primates.

their specific receptors present on Sertoli cells and Leydig cells,
respectively. The gonadotropins act on these cells to regulate processes
critical for the robust initiation of spermatogenesis during the onset of

5 | IN D UC TIO N O F PR EC O CI OUS
P U B E R T Y D U R I N G JU V E N I L E PE R I O D

puberty (Ramaswamy & Weinbauer, 2014). In the following section,
we discuss the basic aspects of testicular development with special
emphasis on the neuroendocrine regulation of Sertoli cell and Leydig cell

The intermittent stimulation of the hypothalamus with neuro‐chemical

function.

N‐methyl‐D‐aspartate (NMDA, an agonist of Glutamate) in male juvenile
rhesus monkeys was first reported to drive the pituitary‐testicular axis
into the pubertal mode in a GnRH dependent manner (Plant, Gay,
Marshall, & Arslan, 1989). A recent study has provided support to this by

6.1 | Fetal testicular morphogenesis: role of FSH
and LH

demonstrating the role of microRNA Mir‐664‐2 in precocious puberty

Testicular development during early embryogenesis is indepen-

pathogenesis by regulating the expression of NMDA receptor‐1 in rats

dent of pituitary gonadotropins. A complex gene expression

(Ju et al., 2019). Pulsatile GnRH infusion (0.1–0.3 μg GnRH pulse over

program initiated in the fetal Sertoli cells orchestrates testicular

2 min/3 hr) to juvenile monkeys for 4–5 weeks causes the onset of

morphogenesis during fetal life in utero (O’Shaughnessy & Fowler,

puberty‐like maturation in the HPT axis with the precocious onset of

2014; Svingen & Koopman, 2013). The coordinated actions of fetal

spermatogenesis (Majumdar, Sarda, Bhattacharya, & Plant, 2012;

Sertoli cells and fetal Leydig cells regulate (a) the formation of

Majumdar et al., 1995). Also, in the case of humans, a number of gene

testicular cords, which are precursors of seminiferous tubules,

mutations have been associated with the precocious onset of puberty.

(b) differentiation of the male reproductive tract, (c) differentia-

For instance, mutations in Makorin Ring Finger Protein 3 (MKRN3) and

tion of primordial germ cells into male germ cells and (d)

DLK1 gene have been reported to be associated with precocious puberty

testosterone (T) production.

(Gomes et al., 2019; Yi et al., 2018). While going through the history of

Sertoli cells are the major somatic component in testis which

such cases, one must recognize that unless testis has matured during mid

directly regulates the division and differentiation of germ cells. In

to late juvenile phase, onset of hypothalamic pulse generator prepuber-

fetal testis, Sertoli cells originate from the neighboring coelomic

tally would never manifest through precocious puberty at testicular

epithelium (Karl & Capel, 1998). One of the key events in the

levels. This means testis matures and is ready to be responsive to

development of the male phenotype involves the degeneration of

hormones much ahead of so‐called hypothalamic reactivation of pulse

the para‐mesonephric ducts, also known as Mullerian ducts. Anti‐

generator which is a phenomenon displaying puberty at the level of the

Mullerian Hormone (AMH) produced by fetal Sertoli cells induces

neuroendocrine system. Pulsatile injection of GnRH to subhuman

degeneration of Mullerian ducts which are precursors of the

primates at mid‐juvenile stage (1.5 years) has been shown to induce

female reproductive tract. Fetal AMH expression is initially

adult levels of testosterone (T) production and onset of robust

independent of gonadotropins, however, induced by several

spermatogenesis in GnRH driven monkeys, supporting the notion that

transcription factors (Edelsztein, Grinspon, Schteingart, & Rey,

testicular maturation happens ahead of the onset of neuro‐endocrine

2016). For example, SOX9, a direct downstream molecule of Sex‐

puberty (Devi, Sarda, Stephen, Nagarajan, & Majumdar, 2006; Majumdar

Determining Region Y gene (Sry), binds to the Amh promoter to

et al., 1995).

initiate its expression, subsequently, other transcription factors

Although it is difficult to determine whether such testicular

like SF1, GATA4, WT1, NFκB, and AP2 further increase AMH

maturation is independent of hormonal stimulation as very low levels

production (Edelsztein et al., 2016). Although the basal level of

of gonadotropins may be present during juvenile phase of develop-

AMH expression is hormone‐independent, later on by 17–18th

ment, but failure of testis to respond to elevated gonadotropins at

week of gestation in humans, FSH via proliferation of fetal Sertoli

puberty in certain infertile individuals, suggests the attainment of

cells by increasing their numbers or by directly upregulating AMH

puberty by two systems (neuro‐endocrine and testicular consortium)

transcription

may be independent of each other.

O’Shaughnessy & Fowler, 2014) contributes to the overall rise in

Factors involved in re‐awakening the GnRH pulse generator
setting during transition to puberty are described in Table 1.

per

Sertoli

cell

(Edelsztein

et

al.,

2016;

AMH concentration in fetal testes. It is interesting to note here
that unlike females, germ cells do not enter into meiosis but
remain in G0 arrest as gonocytes due to the breakdown of retinoic
acid in the fetal testis (Bowles, 2006).

6 | TESTICULAR DEVELOPMENT LEADING
TO PUB ERTAL ONSET
O F S P E R M A T O G E N E S IS

Fetal Leydig cells originate from mesenchymal‐like stromal cells
present in the testicular interstitium by the 8th week of gestation in
humans (Rotgers, Jørgensen, & Yao, 2018; Shima & Morohashi, 2017)
and remain active in terms of steroidogenesis, independent of

Gonadotropins‐FSH and LH released from the pituitary in response to

gonadotropins. However, during 10th week of fetal age, placental

pulsatile GnRH, act on specific testicular cell types to regulate the

hCG reaches at its peak subsequently inducing the production of T by
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F I G U R E 2 Regulation of HPT axis in male primates (a–c). Developmental changes in the neuroendocrine control of GnRH pulse generator
activity. GnRH pulse generating mechanism resides in the arcuate and the output of this signaling is relayed to GnRH terminals in the median
eminence by Kisspeptin projections arising from perikarya in the arcuate. During infancy (a), arcuate GnRH pulse generating activity is robust
leading to the intermittent release of Kisspeptin in the median eminence, resulting in a corresponding pattern of GnRH release into the portal
circulation. This drives pulsatile LH and FSH secretion. During the transition from infancy to the juvenile phase of development (b), a
neurobiological blockade holds the arcuate GnRH pulse generating mechanism in check and pulsatile release of Kisspeptin in the median
eminence is markedly suppressed. This leads to reduced GnRH release and to a hypogonadotropic state in the juvenile period. The onset of
puberty (c) is initiated when such check is removed and GnRH pulse generation with the robust intermittent release of Kisspeptin in the median
eminence is reactivated. Red arrow indicates mediated negative feedback (‐) by the testis. FSH, follicle‐stimulating hormone; GnRH,
gonadotropin‐releasing hormone; HPT, hypothalamo‐pituitary‐testicular; LH, luteinizing hormone [Color figure can be viewed at
wileyonlinelibrary.com]
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T A B L E 1 Factors involved in reawakening the GnRH pulse generator setting the pubertal timing
Name of the factor

Description

Reference

Photoperiod

Melatonin is secreted from the pineal gland to relay the
signal of the duration of daylight to the hypothalamus and
plays a critical role in seasonal breeders. It is considered to
have anti‐gonadotropic properties. However, in monkeys,
the impact of pinealectomy during juvenile development on
the pubertal reactivation of pulsatile GnRH release has
been demonstrated to show a negative result.

Plant (2015b)

γ‐aminobutyric acid
(GABA)

GABA is the major inhibitory neurotransmitter. GABA plays
an important role in the timing of the onset of puberty in
female rhesus monkeys. Although, during the
infantile–juvenile transition the expression of its
synthesizing enzyme, glutamic acid decarboxylase GAD 65
or GAD67 increases, however, the pubertal reactivation of
GnRH pulse generator activity in the male hypothalamus
independent of such expression.

El Majdoubi, Sahu, and Plant (2000), Mitsushima, Hei,
and Terasawa (1994), and Urbanski, Rodrigues,
Garyfallou, and Kohama (1998)

Glutamate

Intermittent activation of the NMDA receptor (one of the
receptor subtypes which transduce glutamate signals) has
been shown to mimic the action of intermittent kisspeptin
stimulation in inducing a precocious pubertal pattern of
GnRH release from the hypothalamus of the castrated
juvenile male rhesus monkeys.

Gay and Plant (1988) and Plant et al. (1989)

Neuropeptide Y (NPY)

The pattern of NPY expression from birth to puberty in the
castrated male monkey is found to be inversely related to
that of the pulsatile GnRH release, as reflected by
circulating LH concentrations. However, the
pharmacological inhibition of NPY signaling in the
hypothalamus of the male juvenile monkeys does not result
in GnRH release.

El Majdoubi, Sahu, Ramaswamy, and Plant (2000)

Norepinephrine and
dopamine

These two neurotransmitters are reported to have a
negative effect on GnRH neuronal network in pubertal or
adult mice.

Han and Herbison (2007) and Liu and Herbison (2013)

Leptin

Adipose tissue hormone Leptin does not function as a
somatic trigger the onset of pubertal timing by reactivating
the robust GnRH secretion. This is supported by the finding
that in young children with leptin deficiency, treatment of
hormones does not induce puberty immediately but rather
this occurs only after prolonged exposure of hormones
with optimal age.

Allison and Myers (2014)

Thyroid hormone

Thyroid hormones (thyroxine [T4] and triiodothyronine [T3])
sets the “metabometer” for the pubertal timing. The male
rhesus monkeys have been used as the experimental model
and thyroid hormone activity is manipulated by surgical or
chemical thyroidectomy and by replacement on the other.
Results indicate that the resurgence in pulsatile GnRH
release at the termination of the juvenile phase of
development is dependent on these hormones. However,
whether the action is mediated directly on hypothalamic
centers regulating the pulsatile release of GnRH or
indirectly on somatic development remains to be
determined.

Mann and Plant (2010)

Growth

Development of bones sets the ‘somatometer’ in the
hypothalamus that acts as a sensor of growth and
metabolism and sends a cue to the GnRH pulse generator
when a pubertal like age is attained.

Zofkova (2015)

Genetic

The high correlation in pubertal onset is observed within
racial/ethnic groups, members within families, and between
monozygotic twins indicating a strong genetic basis of the
regulation of pubertal timing. Very recently, it has been

Abreu et al. (2013), Lomniczi et al. (2015), Ojeda et al.
(2006), and Yi et al. (2018)

(Continues)
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Name of the factor

Description

Reference

shown that the hypothalamic expression of several Zinc
finger protein (ZNFs) like Kruppel‐associated box (KRAB)
domain, GATA zinc finger domain‐containing protein 1
(GATAD1), makorin RING finger protein 3 (MKRN3) are
decreased in castrated male monkeys in association with
the pubertal reactivation of gonadotropin secretion. In
addition, a study on single nucleotide polymorphisms in
MKRN3 gene in Korean boys and girls has been suggested
to be associated with precocious puberty. Furthermore, the
expression of GATAD1 was found to be increased with the
suppression of gonadotropins during late infancy. GATAD1
has been reported to repress the transcription of two key
puberty‐related genes, Kiss1 and Tac3, directly, and
reduces the activating histone mark H3K4me2 at each
promoter via the recruitment of histone demethylase
KDM1A. On the other hand, the loss of function mutations
in Mkrn3, is associated with GnRH dependent precocious
puberty.
Sex

Puberty in primates is initiated earlier in females than in
males. This sex difference may be regulated by the action
of testicular Testosterone (T) on the fetal hypothalamus.
Interestingly, this observation is consistent with the
following findings, first, loss of function mutation in the
Androgen Receptor (AR) resulting in “androgen insensitivity”
syndrome is associated with the peak growth rate at
puberty occurring at an age earlier than that observed in
normal boys and secondly, administration of the anti‐
androgen flutamide accelerates the onset of puberty in the
male monkeys.

Herman, Zehr, and Wallen (2006) and Zachmann et al.
(1986)

Nutrition and
environmental

The timing of pubertal onset may also be delayed by
malnutrition and the presence of social or environmental
stress factors.

Plant (2015b) and Soliman, Sanctis, and Elalaily (2014)

Abbreviations: GnRH, gonadotropin‐releasing hormone; LH, luteinizing hormone; NMDA, N‐methyl‐D‐aspartate.

fetal Leydig cells in adult range (Scott, Mason, & Sharpe, 2009).

high upto 4–6 months (Plant, 2008). The GnRH pulse generator

During the first trimester, T induces the differentiation of the

activity in infant boys and male monkeys drives the LH and FSH

Wolffian duct into the epididymis, seminal vesicle, vas deferens, and

secretion in an adult manner (Plant, 2008), which in turn leads to

external genitalia. By the end of the second and third trimester, LH

the secretion of testicular T and AMH from neonatal Leydig cells

from the fetal pituitary gland becomes the predominant stimulus for

and Sertoli cells, respectively (R. A. Rey, 2014). Studies suggest

Insulin‐like Factor 3 (INSL3) and androgen secretion which promotes

that such initial exposure of testes to gonadotropins is critical for

testicular descent and penile growth (Hughes & Acerini, 2008;

male fertility. It is noted that there is a massive expansion of

O’Shaughnessy & Fowler, 2014).

Sertoli cell population during this period (Sharpe et al., 2000;

The developmental time schedule of testicular morphogenesis is
described in Table 2.

Simorangkir, Marshall, & Plant, 2003) which is dependent on FSH
and becomes the major determinant of the maximal output of
sperm production in adulthood (Oatley, Racicot, & Oatley, 2011).

6.2 | Testicular development during infancy

It is also demonstrated that the treatment with GnRH‐antagonist
during infancy leads to suppression of gonadotropins causing

At the time of birth, the seminiferous tubules of primate testes

delayed onset of puberty in male monkeys (Mann, Gould, Collins,

have no lumen, Sertoli cells remain immature and keep on

& Wallen, 1989; Sharpe et al., 2000). Surprisingly, despite

proliferating in response to FSH (O’Shaughnessy & Fowler, 2014),

sufficient circulating levels of gonadotropins and T produced by

Fetal Leydig cells are fully replaced by neonatal Leydig cells

Leydig cells during infancy, robust onset of spermatogenesis is

(Prince, 2001) and germ cells are represented by gonocytes and

not discernible in the testis at this period of development (Plant,

undifferentiated spermatogonia (Edelsztein et al., 2016; R. A.

2015b; Plant et al., 2014). The Sertoli cell is the target for the

Rey, 2014). Level of gonadotropins is low in the first week of

action of FSH and T as it is the only cell bearing receptors for

postnatal life then increases by the second week and remains

both hormones. Findings from our laboratory have revealed that

1512

|

BHATTACHARYA

ET AL.

T A B L E 2 Developmental events during human fetal testicular morphogenesis
Age

Remarks

Events

6–8 weeks of gestation

Fetal pituitary independent
stage

Sex determination by XY/XX system (Sry gene in Y chromosome),
Testicular differentiation and formation of testicular cords,
Differentiation of Sertoli cells, Fetal Leydig cells from coelomic epithelium and
interstitial mesenchymal‐like stromal cells respectively,
Differentiation of male gonocytes from primordial germ cells.

10 weeks of gestation

Placental hCG is at its peak,
The proliferation of Fetal Leydig cells and production of T and Insl3 by hCG,
Gonadotropin independent proliferation of Sertoli cells and gonocytes,
Fetal Sertoli cells produce AMH, Sox9, Dmrt1 etc.

11–13 weeks of gestation
17–18 weeks of gestation onwards
24 weeks of gestation onwards

Testicular T in the adult range and male masculization programming.
Fetal pituitary dependent
stage

End of 2nd trimester to 8 months
of postnatal age

Fetal pituitary starts producing LH and FSH.
Numbers of Fetal Leydig cells and Testosterone (T) production starts declining,
LH mediated INSL3 leads to penile growth and testicular descent.
Gonocytes do not enter into meiosis but a migration to the basement membrane
of seminiferous tubules to establish the spermatogonial stem cell population.

Abbreviations: FSH, follicle‐stimulating hormone; LH, luteinizing hormone.
Source: O’Shaughnessy and Fowler (2014).

insufficient T and FSH signaling in testicular Sertoli cells is

the robust secretion of FSH and LH from the pituitary gland leading to

responsible for such spermatogenic quiescence in testes of

the stimulation of testicular Sertoli cells and Leydig cells, respectively

infants (Majumdar et al., 2012). During infancy, FSH signaling in

(Plant, 2015b). The initial phase of this event is mainly associated with the

Sertoli cells results in poor cAMP response due to restricted

Sertoli cell proliferation in response to FSH (Avendaño, Vazquez, & Tena‐

expression and activity of stimulatory Gα subunit (GαS) asso-

Sempere, 2017; Marshall & Plant, 1996) and maturation of Adult Leydig

ciated with the FSH‐Receptor (FSH‐R) limiting Sertoli cells from

cells in the testis (Shima & Morohashi, 2017; Tena‐Sempere, 2017). Adult

inducing robust differentiation of the spermatogonial cells

Leydig cells start producing T and eventually, the intra‐testicular T

(Bhattacharya et al., 2015). Also, Sertoli cells of infant primates

concentration rises up to the adult range. Since, by this time, Sertoli cells

are immature at this time as they poorly express functional

have already acquired the necessary developmental competence to

Androgen Receptor (Majumdar et al., 2012; R. A. Rey, Musse,

express functional Androgen Receptor sufficiently (Boukari et al., 2009;

Venara, & Chemes, 2009).

Majumdar et al., 2012; McKinnell et al., 2001; R. A. Rey et al., 2009), T
promotes the “functional maturation” of these cells (R. M. Sharpe,

6.3 | Testicular quiescence during the juvenile
period

McKinnell et al., 2003). This process includes some remarkable changes
in this cell population. For instance, proliferation of Sertoli cells ceases,
AMH production is downregulated, and finally Sertoli cell‐Sertoli cell tight

In humans, after first 4–6 months of postnatal life, neonatal Leydig

junctions are formed to establish the Blood‐testes‐barrier (R. A. Rey,

cells gradually start disappearing from the testicular interstitium with

2014). Unlike that found in rhesus monkeys, circulating levels of inhibin

the declining gonadotropin levels (Defalco, Saraswathula, Briot,

during infancy are comparable to that during puberty in humans

Iruela‐Arispe, & Capel, 2013; Prince, 2001), ensuring a protracted

(Andersson et al., 1998; Chada et al., 2003). However, the negative

juvenile phase of childhood where testicular activity is restricted only

correlation between inhibin and FSH proving the inhibitory ability of

to gonadotropin independent slow proliferation and survival of

circulating FSH by inhibin is attained only at puberty.

spermatogonial cells (Simorangkir, Marshall, Ehmcke, Schlatt, & Plant,

It is essential to note here that, during infancy, FSH action is

2005). This phase which lasts for 3–4 years in male monkeys and

restricted to the proliferation of testicular Sertoli cells, whereas in

10–12 years in boys, though quiescent spermatogenically, may be

pubertal testis, FSH shows pleiotropic effects from Sertoli cell

involved in intrinsic maturation of the testicular cells over this period

proliferation to induction of robust germ cell differentiation (Plant

of time so as to become capable for efficiently reading the signals

and Marshall, 2001). Our recent data suggested that, in pubertal

from gonadotropins at so‐called hormonal onset of puberty which

Sertoli cells, T augments FSH signaling by upregulating the

sets in at the end of this phase.

expression of FSH‐R and GαS (Bhattacharya et al., 2018, 2015).
This augmentation in FSH signaling leads to the upregulation of

6.4 | Pubertal maturation of testis leading to the
spermatogenic onset

Stem cell factor and glial derived neurotropic factor expression in
pubertal Sertoli cells necessary for inducing spermatogonial
differentiation (Bhattacharya et al., 2018, 2015). Finally, “testicular

After a prolonged juvenile period, the HPT axis gets reactivated due to

puberty” is triggered with the exaggerated meiotic entry of

the reawakening of “GnRH pulse generator” (Plant, 2008). This reinitiates

differentiated spermatogonia B to form the primary spermatocytes,
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F I G U R E 3 Molecular events in the testis during fetal development. (a) Fetal testicular differentiation in human during 6–8 weeks of age. (b) Pituitary
independent fetal testicular development in human during 8–20 weeks of age [Color figure can be viewed at wileyonlinelibrary.com]

followed by their subsequent maturation into spermatozoa (R. A.

2012; Marshall, Wickings, & Nieschlag, 1984; Ramaswamy, Plant,

Rey, 2014). This suggests that testicular maturation is essential to

& Marshall, 2000; Schlatt, Arslan, Weinbauer, Behre, & Nieschlag,

manifest testicular puberty.

1995). Clinical reports of infant boys with congenital hypogonadotropic hypogonadism have demonstrated a robust rise in inhibin
B and AMH secretion after long term treatment by rhFSH and

6.5 | Pubertal timing of functional maturation of
Sertoli cells

rhLH (Bougnères et al., 2008; Rohayem et al., 2017). Furthermore, it has been demonstrated that when gonadotropins
stimulation of the infant monkey testis was sustained beyond 3

Many in vivo and in vitro studies have demonstrated that FSH or

months of age by xenografting infant monkey testis into recipient

T (produced by Leydig cells in response to LH) responsiveness in

adult mice, Sertoli cells maturation in the grafted testis was

the monkey Sertoli cells are spontaneously acquired somewhere

initiated before 10 months of age postbirth (Arregui & Dobrinski,

around 12–22 months of age (Arslan, Weinbauer, Schlatt, Shahab,

2014; Rathi et al., 2008). Studies in rodents have shown the

& Nieschlag, 1993; Bhattacharya et al., 2015; Majumdar et al.,

potential role of thyroid hormone (T3/T4) and retinoic acid in
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F I G U R E 4 Molecular events in the testis during postnatal development leading to the pubertal onset of spermatogenesis in male primates.
The action of testicular cells (a) during human infant boys upto 3–4 months of postnatal age, (b) during juvenile phase of life in human boys
(6 months to 10–12 years of age), (c) during pubertal onset leading to robust initiation of first spermatogenic wave. Note: Blue arrow (c)
indicates the nongenomic action of testosterone in augmentation of FSH‐R mediated signaling in pubertal Sertoli cells. FSH, follicle stimulating
hormone‐receptor [Color figure can be viewed at wileyonlinelibrary.com]
Sertoli cell maturation (Buzzard, Wreford, & Morrison, 2003;

regulated miRNAs derived from the DLK1‐DIO3 locus may play a

Holsberger, Jirawatnotai & Hiroaki Kiyokawa, 2003; R. M.

critical role in regulating Sertoli cell proliferation in juvenile

Sharpe, McKinnell et al., 2003; Wood & Walker, 2009). A recent

monkeys (Aliberti et al., 2018).

study on primates has also suggested that a gonadotropin

A schematic representation of events related to testicular maturation

induced a selective increase in thyroid hormone responsiveness

during fetal, juvenile, and postnatal life regulating pubertal spermatogenic

during the juvenile phase of testicular development may be

onset is shown in Figures 3a,b and 4a–c, respectively.

involved in the functional maturation of Sertoli cells (Aliberti

Although it is well understood that proper responsiveness of Sertoli

et al., 2018). This study also demonstrated that gonadotropin

cells towards hormones (FSH and T) is essential during the pubertal
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elevation of gonadotropins for the induction of spermatogenesis

intracellularly, bypassing the receptors using forskolin or c‐AMP

(Bhattacharya et al., 2015), the accurate time point when such

(Bhattacharya et al., 2015). This generates a tremendous scope for using

developmental switch for testicular responsiveness towards gonadotro-

in vitro mode of treatment to biopsy tissue for overcoming compromised

pins occurs, remains to be determined. Another intriguing question that

receptors (using testicular tissue culture, postbiopsy) for such infertile

still remains unanswered is how this switch gets established during the

males who have persistent immature Sertoli cells with poor FSH‐

juvenile period when the levels of circulating gonadotropins are barely

Receptor and Androgen Receptor activity even in adulthood (Hai et al.,

minimal. It is also reasonable to consider that the compromised

2014).

maturation of Sertoli cells may lead to impaired functioning of these
cells with insufficient expression of genes important for regulation of
spermatogenesis, as has been shown by us (Das et al., 2013; Mandal et al.,
2017). Such a situation may not allow the Sertoli cells to efficiently
augment germ cell proliferation and differentiation, even in the phase of

7 | M O D E L S I N M A L E P U B E R T Y RE SE AR C H
“RO DE NTS T O PR I MATES ”

elevated hormones, which manifest at puberty. Spermatogenesis may not
be evident despite discernible hormonal puberty if testicular maturation

Puberty in primates fundamentally differs from the laboratory rodents,

is suboptimal by that time as shown in Figure 5.

by the occurrence of an infantile period of active HPT axis followed by

It is important to note here that such idiopathic male infertility is

an extended hypo‐gonadotropic juvenile phase of testicular quiescence

noticed in pubertal boys which are untreatable by conventional external

(childhood in boys). In mice, GnRH mRNA levels are low during the first

hormonal supplementations by the clinicians (Calogero, Condorelli, Russo,

week of life but progressively elevated by 15–25 days of age and the

& Vignera, 2017). Recent research from our lab suggests that infant

kisspeptin projections to GnRH neurons markedly increase between

Sertoli cells can potentially function like mature pubertal cells, if post

Day 25–31 leading to the rise in LH and thereby T secretion (Terasawa,

hormone

Guerriero, & Plant, 2013). In rodents, kisspeptin neurons are distributed

receptor

downstream

signaling

cascade

is

activated

in the anteroventral periventricular nucleus (AVPV) and rostral

F I G U R E 5 Cartoon diagram showing insufficient testicular
maturation may lead to infertility in the phase of hormonal puberty
whereas matching testicular puberty may lead to spermatogenesis,
hence fertility. Infant testes (I): gonadotropins present (+) but the
testis does not respond to the hormones (−), as a consequence
spermatogenesis is not evident in the infant testis. Juvenile testis (J):
absence of sperm production due to low levels of circulating
gonadotropins (−). Pubertal testis [P(F)]: Prolific spermatogenesis
occurs because of elevated levels of circulating gonadotropins (+)
and attainment of testicular puberty (+). Infertile testis [P(Inf.)]: no
spermatogenesis occurs in spite of sufficient levels of circulating
gonadotropins due to impaired testicular puberty [Color figure can
be viewed at wileyonlinelibrary.com]

F I G U R E 6 Cartoon diagram showing changes in the levels of
GnRH, pituitary and gonadal hormones during infancy, juvenile, and
pubertal phases of development. Information taken from: Aksglaede
et al. (2010), Edelzstein et al. (2016), and Plant et al. (2014) [Color
figure can be viewed at wileyonlinelibrary.com]
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T A B L E 3 Chronological summary of some of the pioneering studies on the regulation of Hypothalamo‐Pituitary‐Testicular (HPT) axis for the
onset of puberty in males
A. GnRH pulse generator/KNDy neurons
Year

Species studied

Major outcome

Reference

1951

Human

Neural mechanisms controlling the pituitary–gonadal axis.

Harris (1951)

1971

Sheep and pig

Purification of master regulator decapeptide GnRH (LHRH earlier
name) in ovine and porcine species respectively from Guillemin and
Schally’s laboratory independently. This study has been awarded by
Noble Prize in 1977.

Amoss et al. (1971) and Matsuo, Baba,
Nair, Arimura, and Schally (1971)

1975

Rhesus monkey and
rat

Unlike rodents continued androgen stimulation from the fetal stage to
postnatal life does not affect the cyclic pattern of GnRH release in
monkeys.

Karsch, Dierschke, and Knobil (1973)

1978

Rhesus monkey

Intermittent GnRH stimulation of the pituitary found to be essential
for the sustained secretion of both LH and FSH.

Belchetz, Plant, Nakai, Keogh, and
Knobil (1978)

1979

Rhesus monkey

Stimulation of pituitary and testicular function by GnRH in fetal and
infant males.

Huhtaniemi, Korenbrot, Lautala, and
Jaffe (1979)

1984

Rhesus monkey

Gonadotropin secretion during infancy is dependent upon GnRH, as
LH and FSH levels were experimentally suppressed by postnatal
treatment with a GnRH receptor antagonist.

Mann et al. (1984)

1988

Rhesus monkey

Intermittent activation of the NMDA receptor (one of the receptor
subtypes which transduce glutamate signals) has been shown to
induce a precocious pubertal pattern of GnRH release from the
hypothalamus of the castrated juvenile males.

Gay and Plant (1988)

1989

Rhesus monkey

Prolonged intermittent NMDA stimulation of GnRH neurons within
the hypothalamus of the juvenile males (15–16 months of age) for
16–30 weeks results the onset of precocious puberty with full
activation of the HPT axis with the initiation of spermatogenesis.

Plant et al. (1989)

1989

Rhesus monkey

Blockade of HPT axis using GnRH antagonist in neonatal males
(10–13 days of age) for 112 days showed a delayed pubertal onset.
This is the first study to indicate that the neonatal activation of HPT
axis is critical in the process of pubertal development.

Mann et al. (1989)

1989

Rhesus monkey

Hypo‐gonadotropic state in juvenile males is not associated with a
decline in hypothalamic GnRH content.

Fraser, Pohl, and Plant (1989)

1989

Human

Impaired migration of GnRH neuron in Kallmann Syndrome.

Schwanzel‐Fukuda, Bick, and Pfaff (1989)

1991

Cynomolgus
monkey

The suppression of HPT axis via a long‐acting GnRH analog, D‐Trp6,
Pro9‐NEt‐LHRH, during fetal and early infancy leads to in markedly
stunted penile and testicular growth without affecting general
somato‐skeletal growth.

Liu et al. (1991)

1993

Rhesus monkey

Pubertal modulation of GnRH neural network plasticity by elevated
expression of polysialic acid neural cell adhesion molecule (PSA‐
NCAM), a plasma membrane‐associated glycoprotein.

Perera et al. (1993)

1998

Rhesus monkey

Pubertal onset can be assessed by nocturnal GnRH pulse frequency
acceleration (from <1 pulse/7 hr to approximately 4 pulses/7 hr) at
the termination of the juvenile phase of development.

Suter, Pohl, and Plant (1998)

1999

Rhesus monkey

Fetal GnRH neurons obtained from the embryonic olfactory placode
shows the pulsatile release of GnRH in vitro.

Terasawa, Keen, Mogi, and Claude (1999)

2000

Marmoset

Long‐acting GnRH antagonist treatment in neonatal males leads to
impaired Sertoli cell proliferation.

Sharpe et al. (2000)

2002

Rhesus monkey

Elevating circulating leptin in prepubertal males does not elicit
precocious GnRH release.

Barker‐Gibb, Sahu, Pohl, and Plant (2002)

2003

Human

Loss‐of function mutations in Kisspeptin‐Receptor a GPCR, known as
Gpr54, are associated with hypogonadotropic hypogonadism in men
and women.

de Roux et al. (2003) and Seminara et al.
(2003)

2003

Marmoset

Suppression of HPT axis by GnRH antagonist leads to no significant
change in spermatogonial survival, division or differentiation in
neonatals.

R M Sharpe, Fraser et al. (2003)

(Continues)
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(Continued)

A. GnRH pulse generator/KNDy neurons
Year

Species studied

Major outcome

Reference

2005

Rhesus monkey

Repetitive administration of the GPR54‐Receptor agonist kisspeptin‐
10 (2 µg as a brief 1‐min infusion once every hr for 2 days) to the
juvenile male rhesus monkeys induces a GnRH‐dependent discharge
of LH and FSH suggesting that the transition from the juvenile
(attenuated GnRH release) to pubertal (robust GnRH release) state is
controlled by the activation of GPR54 signaling resulting from
increased expression of hypothalamic Kiss‐1, the gene that encodes
for kisspeptin.

Shahab et al. (2005)

2006

Rhesus monkey

The transition of the juvenile phase to pubertal onset is regulated by
GPR54 signaling due to increased expression of hypothalamic KiSS‐1
and the release of kisspeptin.

Plant et al. (2006)

2006

Rhesus monkey

Desensitization of GPCR‐54 induced LH secretion via metastin 45–54
(analog of Kisspeptin 112–121) administration in juvenile males.

Seminara, DiPietro, Ramaswamy, Crowley,
and Plant (2006)

2006

Human

Homozygous R262q mutation in GnRH‐Receptor leads to a
constitutional delay of puberty with subsequent Oligozoospermia.

Lin et al. (2006)

2006

Mice

Remodeling of the dendritic tree with increased spine density in
GnRH neurons leads to bipolar arrangement during pubertal
development.

Cottrell, Campbell, Han, and
Herbison (2006)

2007

Ewe

GnRH expression neurons in the arcuate nucleus (ARC) co‐express,
three peptides, namely, Kisspeptin, Neurokinin B and Dynorphin.

Goodman et al. (2007)

2007

Mice

Both Kiss1 and Gpr54 knockout male mice are viable but infertile
having abnormal sexual maturation; the majority of males lack
preputial separation, significantly smaller testes.

Lapatto et al. (2007)

2008

Rhesus monkey

Non‐synaptic intercommunication in the median eminence considered
to be of kisspeptin regulation of GnRH release.

Ramaswamy, Guerriero, Gibbs, and Plant
(2008)

2008

Rat

RFRP‐1/3, ortholog of hypophysiotrophic gonadotropin release‐
inhibiting hormone (discovered in birds) has suppressive action on
the GnRH induced pulsatile LH production.

Rizwan, Porteous, Herbison, and
Anderson (2008)

2009

Human

Loss of function mutations in man in either neurokinin B or its receptor
(Tac3‐Receptor) is associated with. hypogonadotropic hypogonadism
and delayed or absent puberty.

Guran et al. (2009) and Topaloglu et al.
(2009)

2009

Human

Dynorphin fibers form intimate contacts with GnRH neurons
suggesting a probable role in GnRH pulse regulation.

Dahl, Amstalden, Coolen, Fitzgerald, and
Lehman (2009)

2010

Rhesus monkey

Neurokinin B is colocalized with kisspeptin in the arcuate nucleus
(ARC) stimulates GnRH release.

Ramaswamy et al. (2010)

2010

Human

Sexually dimorphic neuronal connections between kisspeptin‐
immuno‐reactive fibers and GnRH cells, with co‐expression of
kisspeptins and neurokinin B in the ARC.

Hrabovszky et al. (2010)

2011

Mice

Unlike males, pubertal onset in females mice is found to be unaffected
by selective ablation of kisspeptin neurons. Male mice are infertile
with small testes.

Mayer and Boehm (2011)

2011

Rhesus monkey

The stimulation of neurokinin B for GnRH release is upstream from
KISS1‐Receptor.

Ramaswamy, Seminara, and Plant (2011)

2012

Human

Kiss‐1 mutation leads to hypogonadotropic hypogonadism.

Topaloglu et al. (2012)

2012

Human

Majority neurokinin B neurons in the ARC do not synthesize
detectable amounts of kisspeptin and dynorphin in young (less than
37 years) male individuals.

Hrabovszky et al. (2012)

2012

Human

Age‐related progressive elevation in neurokinin B and kisspeptin
signaling inputs to GnRH neurons.

Molnár et al. (2012)

2013

Mice

GnRH neuron‐specific deletion of Gpr54 leads to infertility.

Kirilov et al. (2013)

2013

Rhesus monkey

Ramaswamy et al. (2013)

(Continues)

1518

|

TABLE 3

BHATTACHARYA

ET AL.

(Continued)

A. GnRH pulse generator/KNDy neurons
Year

Species studied

Major outcome

Reference

The number of neurons in the arcuate nucleus (ARC) expressing
kisspeptin is reduced in association with the transition from the
infantile to the juvenile stage of development.
2016

Human

Immunoglobulin superfamily member 10 (IGSF10) is essential for the
migration of GnRH neurons and two pathogenic mutations in IGSF10
lead to delayed puberty in six unrelated families.

Howard et al. (2016)

2017

Mice

Selective optogenetic activation of kisspeptin neurons in ARC leads to
a pulsatile LH release confirming that these cells are critical for the
GnRH pulse generator.

Clarkson et al. (2017)

2017

Rhesus monkey

Expression of kisspeptin in the Preoptic area (POA) requires E2 via the
aromatization of T at the hypothalamus.

Vargas Trujillo, Kalil, Ramaswamy, and
Plant (2017)

2018

Human

Biallelic loss‐of‐function mutations in Kiss1‐Recoptor have no impact
on the timing of adolescent puberty, indicating that the infantile mini
puberty predominantly depends on kisspeptin induced, GnRH
secretion rather than that of the adolescent puberty.

Shahab et al. (2018)

B. Pituitary responsiveness towards LH/FSH release and testicular feedback by T/E2/inhibin
Year

Species
studied

Major outcome

Reference

1972

Human

The nocturnal sleep‐dependent rise in pulsatile LH secretion as a physiological
indicator of puberty.

Boyar et al. (1972)

1974

Human

The study of 46 infant boys aged between 27 and 348 days showed no
correlation between age and gonadotropins or testosterone (T).

Forest, Sizonenko, Cathiard, and
Bertrand (1974)

1975

Rhesus
monkey

Surgical disconnection of the medial basal hypothalamus does not affect
pituitary function in terms of pulsatile LH secretion.

Krey, Butler, and Knobil (1975)

1975

Human

Prepubertal gonadotropin secretion is not dependent on gonadal functions.

Conte, Grumbach, and Kaplan (1975)

1977

Rhesus
monkey

Synergistic effect of testicular estradiol‐17 (E2) with T as the negative
feedback controlling of gonadotropins.

Resko, Kaleem Quadri, and Spies (1977)

1977

Rhesus
monkey

Fetal hypophysectomy (on 111 and 116 days of gestation) leads to a critical
decline in Leydig cells and spermatogonial populations in the fetal testes
suggesting the HPT axis is active by this stage of development.

Gulyas, Hodgen, Tullner, and
Ross (1977)

1980

Rhesus
monkey

Testes do not play a major role in determining the pattern of gonadotropin
secretion throughout neonatal and prepubertal development.

Plant (1980)

1987

Human

The gonadotropin secretory responses in terms of FSH are decreased at
higher frequencies of GnRH administration with a fixed‐dose.

Spratt, Finkelstein, Butler, Badger, and
Crowley (1987)

1987

Human

The pulse frequency of GnRH stimulation can differentially control FSH and
LH secretion by the pituitary gland, low frequency of GnRH favors high FSH
release.

Gross, Matsumoto, and Bremner (1987)

1988

Human

Pituitary responsiveness to GnRH increases at slower frequencies of GnRH
stimulation and such changes in pituitary responsiveness occurs
independently of the gonadal steroid secretion.

Finkelstein, Badger, O’Dea, Spratt, and
Crowley (1988)

1988

Rhesus
monkey

T negatively modulates the differential release of LH and FSH occurring due
to the changing pulse frequency of GnRH.

Adams, Clifton, Bremner, and
Steiner (1988)

1989

Human

Direct inhibitory effect of T on the pituitary for gonadotropin secretion.

Sheckter, Matsumoto, and Bremner
(1989)

1989

Rhesus
monkey

T replacement prevents the post‐castration hypersecretion of FSH with an
intact central nervous system but not in hypothalamic‐lesioned, GnRH‐
replaced animals, indicating that the hypothalamus site of negative feedback
of T.

Abeyawardene and Plant (1989)

1990

Human

In male babies, a hypophysial LH discharge was observed leading to the
secretion of T by the neonatal testes probably due to the termination of
placental steroid mediated negative feedback.

Corbier et al. (1990)

(Continues)
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B. Pituitary responsiveness towards LH/FSH release and testicular feedback by T/E2/inhibin
Year

Species
studied

Major outcome

Reference

1991

Human

T inhibits gonadotropin secretion at both pituitary and hypothalamic levels.

Finkelstein J. S., Whitcomb, R.W. et al.
(1991)

1991

Human

E2 inhibits gonadotropin secretion at the pituitary level.

Finkelstein J. S., O’dea L. S. T,
Whitcomb, and Crowley (1991)

1992

Human

Inactivating mutation in LH‐β subunit leads to hypogonadism.

Weiss et al. (1992)

1995

Rhesus
monkey

Major role of testicular inhibin B (αβB dimer) is to regulate the secretion of
FSH by a direct negative feedback action at the level of the pituitary.

Majumdar et al. (1995)

1996

Human

Inhibin B is responsive to FSH stimulation and is not detectable in the sera of
orchidectomized men.

Illingworth et al. (1996)

1998

Rhesus
monkey

Although inhibin is the major regulator of FSH secretion at the pituitary level,
the pituitary is not the target organ for the negative feedback action of T in
the male.

Fingscheidt, Weinbauer, Fehm, and
Nieschlag (1998)

1998

Human

Inactivating mutation in FSH‐β subunit leads to hypogonadism.

Phillip, Arbelle, Segev, and
Parvari (1998)

1999

Rhesus
monkey and
Rat

The primary mode of androgen‐mediated negative feedback in monkeys is to
restrain GnRH pulse generator, whereas in rats T directly decreases LH
synthesis and secretion from the pituitary. In monkeys, E2 suppresses GnRH‐
stimulated LH secretion, but E2 amplifies the action of GnRH in the rats.

Kawakami and Winters (1999)

2000

Human

E2 has dual sites of negative feedback, acting at the hypothalamus to decrease
GnRH pulse frequency and at the pituitary to decrease responsiveness to
GnRH.

Hayes, Seminara, DeCruz, Boepple, and
Crowley (2000)

2000

Human

LH and FSH were detected in mid‐pregnancy male fetuses but were
suppressed at term, whereas, inhibin B remained uniform from mid‐gestation
to term pregnancy in male fetuses.

Debiève, Beerlandt, Hubinont, and
Thomas (2000)

2001

Human

T exerts both direct and indirect feedback on LH secretion, whereas its effects
on FSH appear to be mediated largely by via E2due to the aromatization of T.

Hayes, DeCruz, Seminara, Boepple, and
Crowley (2001)

2001

Human

The pituitary is the site of the direct action of endogenous E2 as evident by
rise in gonadotropin secretion after inhibition of P450 aromatase enzyme in
early and mid pubertal boys.

Wickman and Dunkel (2001)

2003

Rhesus
monkey

LH and FSH mediated inhibition and stimulation respectively were observed in
the production of testicular inhibin B in juvenile or pubertal males.

Ramaswamy, Marshall, Pohl, Friedman,
and Plant (2003)

2009

Human

The fetal concentration of hCG is 10 fold higher than that of the LH during the
second trimester of gestation (11 hr to 19th weeks) and a further decline in
fetal hCG is resulted in decline in T.

Fowler, Bhattacharya, Gromoll,
Monteiro, and O’Shaughnessy (2009)

2014

Human

Accumulated deep sleep in children is a powerful predictor of pulsatile LH
secretion during pubertal onset.

Shaw et al. (2015)

2015

Rhesus
monkey/
human

Expression of GATAD1, a Zinc finger protein increases with suppression of
gonadotropin secretion during late infancy and further represses the
transcription of two key puberty‐related genes, Kiss1 and Tac3 directly.

Lomniczi et al. (2015)

C. Fetal/neonatal/infant testis development
Year

Species
studied

1953

Major outcome

Reference

Rabbit

The existence of Anti‐müllerian hormone (AMH) has been postulated as the fetal
testicular hormone guiding the regression of the Müllerian ducts in the male fetus.

Jost (1953)

1975

Human

Comparable serum LH levels with that of the adolescent range by 1 week of age,
which peaks at 1 month and further declines to the usual childhood range by 4
months, whereas FSH in early postnatal life, peaks levels up between 1 week and 3
months, followed by a decline by 4 months.

Winter, Faiman, Hobson, Prasad,
and Reyes (1975)

1976

Human

The concentration of hCG peaks at 11–14 weeks whereas LH levels begin to rise at 12
weeks, when hCG levels start to decline, suggesting that hCG is the primary stimulus

Clements, Reyes, Winter, and
Faiman (1976)

(Continues)
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C. Fetal/neonatal/infant testis development
Year

Species
studied

Major outcome

Reference

to the fetal Leydig cell which results in T secretion (peak 11–17 weeks) and
masculine differentiation of the genital tract.
1979

Human

Direct evidence for the regulatory action of the placenta on fetal testes and hCG‐
stimulated in situ steroidogenesis in Fetal Leydig cells.

Huhtaniemi and Lautala (1979)

1980

Human

The total absence of Leydig cells and a low number of gonocytes in the anencephalic
human fetus.

Baker and Scrimgeour (1980)

1981

Human

Testicular T production is maximal between 8 and 11 weeks of gestation which
further decreases in the beginning of the second trimester of pregnancy.

Tapanainen, Kellokumpu‐
Lehtinen, Pelliniemi, and
Huhtaniemi (1981)

1983

Rhesus
monkey

First in vitro demonstration revealing that FSH signaling may not be fully operational
in the infant Sertoli cells.

Lee, Pineda, Spiliotis, Brown, and
Bercu (1983)

1986

Human

Four types of Leydig cells : (a) fetal‐ from birth to 1 year of age with round nuclei,
abundant smooth endoplasmic reticulum and mitochondria with tubular cristae; (b)
infantile‐ from birth to 8–10 years of age, showing a multilobed nucleus, moderately
abundant smooth endoplasmic reticulum, some lipid droplets and mitochondria with
parallel cristae; (c) prepubertal, from 6 years of age onwards with regularly‐outlined
round nuclei, abundant smooth endoplasmic reticulum, mitochondria with tubular
cristae, and some lipid droplets and lipofuscin granules; and (d) mature and fully
differentiated from 8 to 10 years of age onwards.

Nistal, Paniagua, Regadera,
Santamaria, and Amat (1986)

1987

Rhesus
monkey

The first evidence of speciﬁc high‐affinity binding of radiolabeled FSH in homogenates
of near term fetal testes.

Huhtaniemi, Yamamoto, Ranta,
Jalkanen, and Jaffe (1987)

1990

Human

The number of Fetal Leydig cells is found to be decreased progressively from the 24th
week of gestation up to birth to the second month of postnatal life.

Codesal, Regadera, Nistal,
Regadera‐Sejas, and Paniagua
(1990)

1990

Human

The development of Leydig cells is a tri‐phasic event, i.e. fetal, neonatal, and pubertal.

Prince (1990)

1990

Mice

Discovery of Sry gene for testis differentiation in XY embryo.

Koopman, Münsterberg, Capel,
Vivian, and Lovell‐Badge (1990)

1998

Mice

Coelomic epithelium gives rise to the Sertoli cell population in fetal testes.

Karl and Capel (1998)

2000

Human

Supplementations of rhLH or rhFSH in six patients with acquired complete
hypogonadotropic hypogonadism showed Leydig cells is the major source of LH
mediated T and E2 production, whereas Sertoli cells are the major source of FSH
induced inhibin B.

Young et al. (2000)

2001

Marmoset

Androgen receptor immuno‐expression in testicular Sertoli cells increases with age.

McKinnell et al. (2001)

2002

Human

Postnatal T and LH surge occurs in neonates with Partial Androgen insensitivity
syndromes (AIS) but is absent in those with Complete AIS.

(Bouvattier et al., 2002)

2003

Rhesus
monkey

In infant the rate of Sertoli cells proliferation is maximal with robust gonadotropin
secretion.

Simorangkir et al. (2003)

2003

Human

The number of male germ cells per testis was found to be increased from
approximately 3,000 by 6th week to approximately 30,000 by the 9th week.

Bendsen et al. (2003)

2005

Rhesus
monkey

Mitotic expansion of Ad and Ap spermatogonia in infant and juvenile testes is
gonadotropin independent.

Simorangkir et al. (2005)

2006

Human

Poor expression of Androgen Receptor in early pre‐pubertal testis.

Berensztein et al. (2006)
−ve

2006

Rat

Adult Leydig cell progenitor/stem cell has been characterized as 3‐βHSD , LH‐
Receptor−ve, platelet‐derived growth factor receptor+ve , GATA4+ve, c‐kit‐
Receptor+ve, and leukemia inhibitory factor Receptor+ve spindle‐shaped cells in 7
days old rat testicular interstitium.

Ge et al. (2006)

2006

Human

Retinoic acid is a potential regulator of both male germ cell differentiation and
steroidogenesis in fetal (6–12 weeks of age) testis.

Lambrot et al. (2006)

2007

Human

During 11–19 weeks of gestation, numbers of fetal Sertoli cells and gonocytes were
found to be increased exponentially, whereas, Fetal Leydig cells slowed towards the
end of 19 weeks. Sertoli cell‐specific (KIT‐L, FGF9, SOX9, FSH‐R, WT1) and Germ

O’Shaughnessy et al. (2007)

(Continues)

BHATTACHARYA

TABLE 3

|

ET AL.

1521

(Continued)

C. Fetal/neonatal/infant testis development
Year

Species
studied

Major outcome

Reference

cell‐specific (c‐KIT, TFAP2C) transcripts were increased per testis through the
second trimester, whereas Fetal Leydig cells markers (HSD17B3, CYP11A1, PTC1,
CYP17, LH‐R, INSL3) remained unaltered. By 11th Week LHCGR were expressed in
Fetal Leydig cells. However, the expression of GATA4, GATA6, CXORF6, WNT2B,
WNT4, WNT5A were also increased significantly per testis during this time period
(11–19 weeks of gestation).
2008

Human

Two infant boys at 7 and 10 months of age with congenital hypogonadotropic
hypogonadism showed a robust rise in inhibin B and AMH secretion after long term
treatment by a supra‐physiological dose of rh‐FSH and rh‐LH.

Bougnères et al. (2008)

2008

Rhesus
monkey

Sustained gonadotropin stimulation in the infant monkey testis beyond 3 months of
age by xenografting into recipient adult mice, showed Sertoli cell maturation in the
grafted testis within 10 months.

Rathi et al. (2008)

2008

Human

Compromised expression of Androgen Receptor in Sertoli cells leads to physiological
androgen insensitivity of the fetal, neonatal and infantile testis.

Chemes et al. (2008)

2008

Rat

Identification of a masculinization programming window in between days 16–20 of
fetal age of rats and the experimental blocking of the androgen action during this
time induce birth defects in the male reproductive tract like hypospadias,
cryptorchidism, and altered penile length and anogenital distance (AGD).

Welsh et al. (2008)

2009

Human

Androgen receptor expression is progressively increased in Sertoli cells with postnatal
maturation of testes.

R. A. Rey et al. (2009)

2009

Human

FSH‐receptor mRNA is expressed from 28 weeks of gestational age and its level of
expression remains unaltered up to adulthood and lack of Androgen Receptor
expression in Sertoli cells leads to the absence of AMH repression during infant
testis.

Boukari et al. (2009)

2011

Human

Conversion of T to 5α‐ di‐hydro‐testosterone (DHT) is critical for the virilization of the
fetus.

Flück et al. (2011)

2011

Mice

The coelomic epithelium and specialized cells along the gonad‐mesonephros border
are the two distinct progenitor lineages that give rise to the mesenchymal precursor
stromal cells present in the interstitium that differentiate into fetal Leydig cells.

DeFalco, Takahashi, and Capel
(2011)

2011

Human

Consistent high levels of LH and T is associated with accelerated testicular and penile
growth in pre‐term infant boys as compared to full‐term infant boys.

Kuiri‐Hänninen et al. (2011)

2011

Human

Male germ cells do not enter into meiosis by some unknown Cyp26b1 independent
Retinoic Acid resistance pathway.

Childs, Cowan, Kinnell, Anderson,
and Saunders (2011)

2011

Human

The number of somatic cells and germ cells were increased from 154,000 to
2,035,000 and 3,700 to 1,417,000 respectively in fetal human testes during 5–19
weeks of gestation.

Mamsen, Lutterodt, Andersen,
Byskov, and Andersen (2011)

2012

Rhesus
monkey

Inadequate T binding to Androgen Receptor and FSH induced cAMP response in
testicular Sertoli cells are responsible for the spermatogenic quiescence in infants.

Majumdar et al. (2012)

2012

Human

During 8–20 weeks of gestation, DMRT1 expression was predominantly found to be
Sertoli cell‐specific, whereas from later 22–40 weeks of gestation to infancy and
puberty DMRT1 was most abundant in spermatogonia, except in the A‐dark type.
Furthermore, putative meiosis inhibitors, CYP26B1 and NANOS2, were primarily
expressed in Leydig cells and spermatocytes, respectively.

Jørgensen, Nielsen, Blomberg
Jensen, Græm, and Rajpert‐De
Meyts (2012)

2013

Human

Unlike rats, in utero exposure (15–19 weeks) to exogenous estrogens including
diethylstilboestrol (DES) shows minimal risk to masculinization of the human fetus.

Mitchell et al. (2013)

2014

Rat/Mice

Adult Leydig cells are originated from chicken ovalbumin upstream promoter
transcription Factor II (COUP‐TFII or Nr2f2) expressing interstitial stem/progenitor
cells and experimental reduction of fetal androgen production results into a decline
in these cell populations during puberty ultimately leads to Adult Leydig cell
deficiency in adult testes.

Kilcoyne et al. (2014)

2015

Rhesus
monkey

Poor expression of Gαs and Ric8b in infant Sertoli cells accounts for the compromised
FSH signaling at this stage of testicular development.

Bhattacharya et al. (2015)

(Continues)
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2017

Rat

Major outcome

Reference

Gestational exposure of dibutyl phthalate (DBP) during the male programming
window of rat embryo suppressing the action of T leads to reduced Anogenital
distance (AGD), Testicular dysgenesis syndrome (TDS) with pubertal defects at a later
stage of life.

van den Driesche et al. (2017)

D. Juvenile/pubertal testis development
Year

Species
studied

Major outcome

Reference

1963

Human

The duration of human spermatogenesis has been estimated to be around 64 days.

Heller and Clermont (1963)

1973

Human

Early spermatid stage has been found in the Leydig cell tumor bearing testis of a 6‐year‐old
boy.

Steinberger, Root, Ficher,
and Smith (1973)

1984

Monkey

Spermatogenesis with motile sperm has been induced in 12 months old male monkeys via T
treatment (first 21 weeks of testosterone capsules; thereafter weekly injections of 125 mg
testosterone enanthate for next 1 year).

Marshall et al. (1984)

1986

Human

The onset of sperm production i.e. spermarche occurs in boys with limited or no development
of pubic hair.

Nielsen et al. (1986)

1993

Human

Progressive decline and rise in AMH and Androgen respectively are observed in boys either
during normal or precocious pubertal development.

R. A. Rey, Campo,
Bedecarrás, Nagle, and
Chemes (1993)

1993

Rhesus
monkey

Juvenile male monkeys of 12–18 months of age were stimulated with either FSH or T alone or
in combination for 12 weeks showing induction of spermatogenic initiation, via expansion of
Apale (not Adark) spermatogonia. However, inhibin concentrations reached adult levels only in
FSH‐treated groups (not by T).

Arslan et al. (1993)

1994

Mice

AMH deficient male mice show fully descended testes and Leydig cell hyperplasia with
mature sperm but fail to copulate due to interference from the well‐developed female
reproductive tract.

Behringer, Finegold, and
Cate (1994)

1994

Human

Persistent AMH expression in patients with androgen insensitivity.

R. Rey et al. (1994)

1995

Human

Homozygous LH‐Receptor mutation underlies autosomal recessive congenital Leydig cell
hypoplasia.

Kremer et al. (1995)

1995

Rhesus
monkey

Juvenile males aged 14–20 months were stimulated with either FSH or hCG alone or in
combination for 4 weeks demonstrated the positive synergistic effect of FSH and hCG in
terms of morphological and functional differentiation of Sertoli cells, peritubular cells, Leydig
cells, and spermatogonia.

Schlatt et al. (1995)

1996

Rhesus
monkey

Puberty occurring either spontaneously or induced precociously in monkeys is associated
with the proliferation of Sertoli cells.

Marshall and Plant (1996)

1997

Rhesus
monkey

FSH (but not LH) induces immuno‐active inhibin B secretion from the juvenile testis.

Majumdar, Winters, and
Plant (1997)

1997

Mice

FSH induces AMH production in immature Sertoli cells, and pubertal downregulation of AMH
is caused by T and meiotic Germ cells.

Al‐Attar et al. (1997)

1999

Mice

Genetic ablation of Insl3 leads to failure in testicular descent.

Nef and Parada (1999)

2000

Rhesus
monkey

Pulsatile treatments of LH or FSH either alone or in combination to juvenile males for 11days
has showed that‐ i) LH, in combination with FSH, plays a critical role in the initiation of the
pubertal proliferation of Sertoli cell in primates, ii) combined gonadotropin treatment led to
the appearance of early primary spermatocytes, indicating the robust initiation of
spermatogenesis.

Ramaswamy, Plant, and
Marshall (2000)

2006

Rhesus
monkey

Pubertal Sertoli cells produce sufficient levels of lactate and E2 in an FSH independent
manner.

Devi et al. (2006)

2011

Rhesus
monkey

Juvenile males treated with methylphenidate hydrochloride (MPH) showed delayed pubertal
progression with impaired testicular descent and reduced testicular volume.

Mattison et al. (2011)

2017

Rhesus
monkey

Investigation of Global testicular gene expression from juvenile monkeys stimulated by
recombinant monkey LH and FSH showed the repression of GFRA1 (glial cell line‐derived

Ramaswamy et al. (2017)
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D. Juvenile/pubertal testis development
Year

Species
studied

Major outcome

Reference

neurotrophic factor family receptor α 1) and NANOS2 (nanos C2HC‐type zinc finger 2) that
favors permatogonial stem cell renewal.
2018

Rhesus
monkey

Analysis of non‐protein coding transcripts in juvenile monkey transcripts revealed a potential
role of thyroid hormone in Sertoli cell maturation.

Aliberti et al. (2018)

2018

Rhesus
monkey

The critical of T in augmenting FSH mediated signaling via up‐regulating the activity and
expression of FSH‐Receptor in pubertal primate Sertoli cells.

Bhattacharya et al. (2019)

periventricular region of the third ventricle (RP3V), whereas in primates,

for divulging the molecular basis by which the testicular cells achieve

the KNDy neurons are located either in POA or in infundibular/ARC

such developmental competence during the juvenile period to initiate

nucleus (Clarkson, d’Anglemont de Tassigny, Colledge, Caraty, &

the robust germ cell differentiation at puberty, in response to

Herbison, 2009). In humans, the infundibular KNDy neurons generate

elevated hormones. Future investigations need to be conducted in an

the negative feedback to the GnRH pulse generator, whereas in rodents

integrative approach involving high through‐put genomic (differential

such feedback operates via the kisspeptin neurons located in the

omics) and genetic (gene knock out/down models/Optogenetics)

arcuate nucleus (Hrabovszky et al., 2010). It is important to note here

tools to reveal these unanswered questions (Majumdar & Bhatta-

that there is also a species‐specific difference in the site of androgen‐

charya, 2013; Ojeda et al., 2006). To this end, our lab has used

mediated downregulation of GnRH induced LH secretion. Unlike male

differential DNA microarray between infant and pubertal Sertoli

monkeys, T directly suppresses GnRH induced LH secretion from the

cells, followed by determination of transcription factor binding sites

pituitary gland in male rats. However, when T gets aromatized to E2, it

in promoters of differentially expressed genes using TRANSFAC. This

further augments GnRH action in rat pituitary whereas, E2 inhibits

was coupled with high throughput proteomics (like SWATH analysis

GnRH action in primate pituitary (Kawakami & Winters, 1999). In male

etc.) to identify factors in infant and pubertal Sertoli cells which are

rhesus monkeys, the appearance of differentiating spermatogonia B,

crucial for spermatogenesis (Mandal et al., 2017). The new informa-

which is an early event of testicular puberty initiating the first

tion will significantly improve our current understanding of the

spermatogenic wave, is observed only after 36 months of age (Hermann

etiology of some forms of pubertal defects leading to idiopathic male

et al., 2012). On the other hand, in mice or rats the differentiating

infertility.

spermatogonia appear in the testis as early as postnatal Day 3‐5 (Plant,
Zeleznik, & Prevot, 2015).
Figure 6 describes the changes in the levels of GnRH,
gonadotropins and testicular hormones during various stages of
development in primates.
Table 3 summarizes some of the pioneering studies in the present
field revealing the regulation of HPT axis during pubertal onset, in
chronological order.
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