
Spring	2018	–	Systems	Biology	of	Reproduction	
Lecture	Outline	–	Hypothalamus-Pituitary	Development	&	Function	
Michael	K.	Skinner	–	Biol	475/575	
CUE	418,	10:35-11:50	am,	Tuesday	&	Thursday	
March	27,	2018	
Week	12	
	

Hypothalamus-Pituitary	Development	&	Function	

Cell	Biology	
	 Structure	/	Lobes	and	Development	
	 Cell	Populations	and	Hormones	
	 Regulators	and	Mutations	
	
Hormones	
	 Growth	Hormone	/	Receptors	/	GHRH	
	 Prolactin	/	Development	
	 Opiomelanocortin	
	
Gonadotropins	
	 GnRH	/	Pulsitive	Secretion	
	 GnHR	Actions	/	Signaling	
	 LH/FSH	Pulsitive	Secretion/Menstrual	Cycle	
	
Regulation	of	Development	
	 Cyclisity	/	Estrous	Cycle	/	Circadian	Systems	
	
	
	

REFERENCES	

 
 
Zhao Y, Singh C, Prober DA, Wayne NL. (2016) Morphological and Physiological 

Interactions Between GnRH3 and Hypocretin/Orexin Neuronal Systems in Zebrafish 
(Danio rerio). Endocrinology.;157(10):4012-4020. 

León-Olea M, Martyniuk CJ, Orlando EF, Ottinger MA, Rosenfeld C, Wolstenholme J, 
Trudeau VL. (2014) Current concepts in neuroendocrine disruption. Gen Comp 
Endocrinol. 203:158-173.  

Lovejoy DA, Barsyte-Lovejoy D. (2013) Systems approaches to genomic and epigenetic 
inter-regulation of peptide hormones in stress and reproduction. Prog Biophys Mol 
Biol. 113(3):375-86.  

Tonsfeldt KJ, Chappell PE. (2012) Clocks on top: the role of the circadian clock in the 
hypothalamic and pituitary regulation of endocrine physiology. Mol Cell Endocrinol. 
349(1):3-12.  



Chengalvala MV, Meade EH Jr, Cottom JE, Hoffman WH, Shanno LK, Wu MM, Kopf 
GS, Shen ES. (2006) Regulation of female fertility and identification of future 
contraceptive targets. Curr Pharm Des. 12(30):3915-28. 

Hsieh M, Conti M. (2005) G-protein-coupled receptor signaling and the EGF network in 
endocrine systems. Trends Endocrinol Metab. 16(7):320-6. 

Cook RW, Thompson TB, Jardetzky TS, Woodruff TK. (2004) Molecular biology of 
inhibin action. Semin Reprod Med. 22(3):269-76. 

Tena-Sempere M, Barreiro ML. (2002) Leptin in male reproduction: the testis paradigm. 
Mol Cell Endocrinol. 2002 Feb 25;188(1-2):9-13. 

Amory JK, Bremner WJ. (1998) The use of testosterone as a male contraceptive. 
Baillieres Clin Endocrinol Metab. 12(3):471-84. 

Walker DM, Gore AC. (2017) Epigenetic impacts of endocrine disruptors in the brain. 
Front Neuroendocrinol. Jan;44:1-26.  

Maggi R, Zasso J, Conti L. (2015) Neurodevelopmental origin and adult neurogenesis of 
the neuroendocrine hypothalamus. Front Cell Neurosci. 6;8:440.  

Sookoian S, Gianotti TF, Burgueño AL, Pirola CJ. (2013) Fetal metabolic programming 
and epigenetic modifications: a systems biology approach. Pediatr Res. 73(4 Pt 
2):531-42.  

Stevenson TJ, Hahn TP, MacDougall-Shackleton SA, Ball GF. (2012) Gonadotropin-
releasing hormone plasticity: a comparative perspective. Front Neuroendocrinol. 
33(3):287-300. 

Horseman ND, Gregerson KA. (2013) Prolactin actions. J Mol Endocrinol. 19;52(1):R95-
106.  

Stevenson TJ, Hahn TP, MacDougall-Shackleton SA, Ball GF. (2012) Gonadotropin-
releasing hormone plasticity: a comparative perspective. Front Neuroendocrinol. 
33(3):287-300.  

Lovejoy DA, Michalec OM, Hogg DW, Wosnick DI. (2017) Role of elasmobranchs and 
holocephalans in understanding peptide evolution in the vertebrates: Lessons learned 
from gonadotropin releasing hormone (GnRH) and corticotropin releasing factor 
(CRF) phylogenies. Gen Comp Endocrinol. 2017 Sep 19. pii: S0016-6480(17)30489-
6. doi: 10.1016/j.ygcen.2017.09.013. [Epub ahead of print] 

Jadhao AG, Pinelli C, D'Aniello B, Tsutsui K. (2017) Gonadotropin-inhibitory hormone 
(GnIH) in the amphibian brain and its relationship with the gonadotropin releasing 
hormone (GnRH) system: An overview. Gen Comp Endocrinol. 2017 240:69-76.  

van der Veen DR, Riede SJ, Heideman PD, Hau M, van der Vinne V, Hut RA. (2017) 
Flexible clock systems: adjusting the temporal programme. Philos Trans R Soc Lond 
B Biol Sci. 19;372(1734).  

Scarpa JR, Jiang P2, Losic B, Readhead B, Gao VD, Dudley JT, Vitaterna MH, Turek 
FW, Kasarskis A. (2016) Systems Genetic Analyses Highlight a TGFβ-FOXO3 
Dependent Striatal Astrocyte Network Conserved across Species and Associated with 
Stress, Sleep, and Huntington's Disease. PLoS Genet. 8;12(7):e1006137.  

Seon S, Jeon D, Kim H, Chung Y, Choi N, Yang H. (2017) Testosterone Regulates 
NUCB2 mRNA Expression in Male Mouse Hypothalamus and Pituitary Gland. Dev 
Reprod. 21(1):71-78.  



Nikmard F, Hosseini E, Bakhtiyari M, Ashrafi M, Amidi F, Aflatoonian R. (2017) 
Effects of melatonin on oocyte maturation in PCOS mouse model. Anim Sci J. 2017 
Apr;88(4):586-592. 

Tsutsui K, Osugi T, Son YL, Ubuka T. (2017) Review: Structure, function and evolution 
of GnIH. Gen Comp Endocrinol. 2017 Jul 25. pii: S0016-6480(17)30314-3. doi: 
10.1016/j.ygcen.2017.07.024. [Epub ahead of print] 

Kühnen P, Handke D, Waterland RA, et al. (2016) Interindividual Variation in DNA 
Methylation at a Putative POMC Metastable Epiallele Is Associated with Obesity. 
Cell Metab. 2016 Sep 13;24(3):502-509.  

Calligaris D, Feldman DR, Norton I, et al (2015) MALDI mass spectrometry imaging 
analysis of pituitary adenomas for near-real-time tumor delineation. Proc Natl Acad 
Sci U S A. 112(32):9978-83.  

Zordan MA, Sandrelli F. (2015) Circadian Clock Dysfunction and Psychiatric Disease: 
Could Fruit Flies have a Say? Front Neurol. 20;6:80.  

Zhang F, Tanasa B, Merkurjev D, et al. (2015) Enhancer-bound LDB1 regulates a 
corticotrope promoter-pausing repression program. Proc Natl Acad Sci U S A. 
112(5):1380-5.  

Perry JR, Day F, Elks CE, Sulem P, et al. (2014) Parent-of-origin-specific allelic 
associations among 106 genomic loci for age at menarche. Nature. 2;514(7520):92-7.  

León-Olea M, Martyniuk CJ, Orlando EF, et al. (2014) Current concepts in 
neuroendocrine disruption. Gen Comp Endocrinol. 203:158-73.  

Ernst DK, Lynn SE, Bentley GE. (2016) Differential response of GnIH in the brain and 
gonads following acute stress in a songbird. Gen Comp Endocrinol. 1;227:51-7.  

Haddad-Tóvolli R, Paul FA, Zhang Y, et al. (2015) Differential requirements for Gli2 
and Gli3 in the regional specification of the mouse hypothalamus. Front Neuroanat. 
25;9:34.  

Merkle FT, Maroof A, Wataya T, et al. (2015) Generation of neuropeptidergic 
hypothalamic neurons from human pluripotent stem cells. Development. 142(4):633-
43.  

Ikegami K, Atsumi Y, Yorinaga E, Ono H, (2015) Low temperature-induced circulating 
triiodothyronine accelerates seasonal testicular regression. Endocrinology. 
156(2):647-59.  

Liu H, Yang Y, Zhang L, Liang R, (2014) Basic fibroblast growth factor promotes stem 
Leydig cell development and inhibits LH-stimulated androgen production by 
regulating microRNA expression. J Steroid Biochem Mol Biol. 144 Pt B:483-91.  

Hoshino S, Kurotani R, Miyano Y, (2014) Macrophage colony-stimulating factor induces 
prolactin expression in rat pituitary gland. Zoolog Sci. 31(6):390-7.  

Choi SG, Wang Q, Jia J, et al. (2014) Growth differentiation factor 9 (GDF9) forms an 
incoherent feed-forward loop modulating follicle-stimulating hormone β-subunit 
(FSHβ) gene expression. J Biol Chem. 6;289(23):16164-75. 

Choi YS, Lee HJ, Ku CR, et al. (2014) FoxO1 is a negative regulator of FSHβ gene 
expression in basal and GnRH-stimulated conditions in female. Endocrinology. 
155(6):2277-86.  

Murray PG, Higham CE, Clayton PE. (2015) 60 YEARS OF 
NEUROENDOCRINOLOGY: The hypothalamo-GH axis: the past 60 years. J 
Endocrinol. 226(2):T123-40.  



Plant TM. (2015) 60 YEARS OF NEUROENDOCRINOLOGY: The hypothalamo-
pituitary-gonadal axis. J Endocrinol. 226(2):T41-54.  

Yavropoulou MP, Maladaki A, Yovos JG. (2015) The role of Notch and Hedgehog 
signaling pathways in pituitary development and pathogenesis of pituitary adenomas. 
Hormones (Athens). 14(1):5-18. 

Sellix MT. (2015) Circadian clock function in the mammalian ovary. J Biol Rhythms. 
30(1):7-19.  

Gamble KL, Berry R, Frank SJ, Young ME. (2014) Circadian clock control of endocrine 
factors. Nat Rev Endocrinol. 10(8):466-75.  

Finch CE. (2014) The menopause and aging, a comparative perspective. J Steroid 
Biochem Mol Biol. 142:132-41.  

Grattan DR. (2015) 60 YEARS OF NEUROENDOCRINOLOGY: The hypothalamo-
prolactin axis. J Endocrinol. 226(2):T101-22.  

Bernard V, Young J, Chanson P, Binart N. (2015) New insights in prolactin: pathological 
implications. Nat Rev Endocrinol. 11(5):265-75.  

Crowley WR. (2015) Neuroendocrine regulation of lactation and milk production. Compr 
Physiol. 5(1):255-91.  

Cawley NX, Li Z, Loh YP. (2016) 60 YEARS OF POMC: Biosynthesis, trafficking and 
secretion of pro-opiomelanocortin-derived peptides. J Mol Endocrinol. 2016 Feb 15. 
pii: JME-15-0323. [Epub ahead of print] 

Keller-Wood M. (2015) Hypothalamic-Pituitary--Adrenal Axis-Feedback Control. 
Compr Physiol. 1;5(3):1161-82.  

Dores RM, Londraville RL, Prokop J, Davis P, Dewey N, Lesinski N. (2014) Molecular 
evolution of GPCRs: Melanocortin/melanocortin receptors. J Mol Endocrinol. 
52(3):T29-42.  

Huo X, Chen D, He Y, Zhu W, Zhou W, Zhang J. (2015) Bisphenol-A and Female 
Infertility: A Possible Role of Gene-Environment Interactions. Int J Environ Res 
Public Health. 7;12(9):11101-16.  

Clarke IJ. (2015) Hypothalamus as an endocrine organ. Compr Physiol. 5(1):217-53.  
León-Olea M, Martyniuk CJ, Orlando EF, et al. (2014) Current concepts in 

neuroendocrine disruption. Gen Comp Endocrinol. 1;203:158-73.  
Halupczok J, Kluba-Szyszka A, Bidzińska-Speichert B, Knychalski B. (2015) Ovarian 

Hyperstimulation Caused by Gonadotroph Pituitary Adenoma--Review. Adv Clin 
Exp Med. 24(4):695-703.  

Jin JM, Yang WX. (2014) Molecular regulation of hypothalamus-pituitary-gonads axis in 
males. Gene. 551(1):15-25.  

Motta G, Allasia S, Ghigo E, Lanfranco F. (2016) Ghrelin Actions on Somatotropic and 
Gonadotropic Function in Humans. Prog Mol Biol Transl Sci. 138:3-25.  

Halupczok J, Kluba-Szyszka A, Bidzińska-Speichert B, Knychalski B. (2015) Ovarian 
Hyperstimulation Caused by Gonadotroph Pituitary Adenoma--Review. Adv Clin 
Exp Med. 24(4):695-703.  

Ding Y, Yu J, Qu P, Ma P, Yu Z. (2015) The negative effects of chronic exposure to 
isoflurane on spermatogenesis via breaking the hypothalamus-pituitary-gonadal 
equilibrium. Inhal Toxicol. 27(12):621-8.  



Kauffman AS, Thackray VG, Ryan GE, et al. (2015) A Novel Letrozole Model 
Recapitulates Both the Reproductive and Metabolic Phenotypes of Polycystic Ovary 
Syndrome in Female Mice. Biol Reprod. 93(3):69.  

Su S, Sun X, Zhou X, Fang F, Li Y. (2015) Effects of GnRH immunization on the 
reproductive axis and thymulin. J Endocrinol. 226(2):93-102.  

Gámez JM, Penalba R, Cardoso N, et al. (2015) Exposure to a low dose of bisphenol A 
impairs pituitary-ovarian axis in prepubertal rats: effects on early folliculogenesis. 
Environ Toxicol Pharmacol. 39(1):9-15.  

Han X, Gu L, Xia C, et al. (2015) Effect of immunization against GnRH on hypothalamic 
and testicular function in rams. Theriogenology. 83(4):642-9.  

Kuiri-Hänninen T, Sankilampi U, Dunkel L. (2014) Activation of the hypothalamic-
pituitary-gonadal axis in infancy: minipuberty. Horm Res Paediatr. 82(2):73-80.  

Cai S, Huang S, Hao W. (2015) New hypothesis and treatment targets of depression: an 
integrated view of key findings. Neurosci Bull. 31(1):61-74.  

Schauer C, Tong T, Petitjean H, et al. (2015) Hypothalamic gonadotropin-releasing 
hormone (GnRH) receptor neurons fire in synchrony with the female reproductive 
cycle. J Neurophysiol. 114(2):1008-21.  

Barile VL, Terzano GM, Pacelli C, Todini L, Malfatti A, Barbato O. (2015) LH peak and 
ovulation after two different estrus synchronization treatments in buffalo cows in the 
daylight-lengthening period. Theriogenology. 84(2):286-93.  

Liu X, Shi H. (2015) Regulation of Estrogen Receptor α Expression in the Hypothalamus 
by Sex Steroids: Implication in the Regulation of Energy Homeostasis. Int J 
Endocrinol. 2015:949085.  

Bales KL, Saltzman W. (2016)  Fathering in rodents: Neurobiological substrates and 
consequences for offspring. Horm Behav. 77:249-59.  

Houlahan KE, Prokopec SD, Moffat ID, et al. (2015) Transcriptional profiling of rat 
hypothalamus response to 2,3,7,8-tetrachlorodibenzo-ρ-dioxin. Toxicology. 328:93-
101.  

Zhan X, Long Y. (2016) Exploration of Molecular Network Variations in Different 
Subtypes of Human Non-functional Pituitary Adenomas. Front Endocrinol 
(Lausanne). 10;7:13.  

Grizzi F, Borroni EM, Vacchini A, et al. (2015) Pituitary Adenoma and the Chemokine 
Network: A Systemic View. Front Endocrinol (Lausanne). 11;6:141.  

Zmora N, Stubblefield JD, Wong TT, Levavi-Sivan B, Millar RP, Zohar Y. (2015) 
Kisspeptin Antagonists Reveal Kisspeptin 1 and Kisspeptin 2 Differential Regulation 
of Reproduction in the Teleost, Morone saxatilis. Biol Reprod. 93(3):76.  

Yao K, Ge W. (2015) Differential regulation of kit ligand A (kitlga) expression in the 
zebrafish ovarian follicle cells--evidence for the existence of a cyclic adenosine 3', 5' 
monophosphate-mediated binary regulatory system during folliculogenesis. Mol Cell 
Endocrinol. 15;402:21-31.  

Vasilev V, Daly AF, Thiry A, et al. (2014) McCune-Albright syndrome: a detailed 
pathological and genetic analysis of disease effects in an adult patient. J Clin 
Endocrinol Metab. 99(10):E2029-38.  

Choi SG, Wang Q, Jia J, Pincas H, et al. (2014) Growth differentiation factor 9 (GDF9) 
forms an incoherent feed-forward loop modulating follicle-stimulating hormone β-
subunit (FSHβ) gene expression. J Biol Chem. 289(23):16164-75.  



León-Olea M, Martyniuk CJ, et al. (2014) Current concepts in neuroendocrine disruption. 
Gen Comp Endocrinol.  pii: S0016-6480(14)00048-3.  

Kommadath A, Te Pas MF, Smits MA. (2013) Gene coexpression network analysis 
identifies genes and biological processes shared among anterior pituitary and brain 
areas that affect estrous behavior in dairy cows. J Dairy Sci. 96(4):2583-95.  

Navarro VM, Tena-Sempere M. (2011) Neuroendocrine control by kisspeptins: role in 
metabolic regulation of fertility. Nat Rev Endocrinol. 2011 Sep 13;8(1):40-53.  

Budry L, Lafont C, et al. (2011) Related pituitary cell lineages develop into interdigitated 
3D cell networks. Proc Natl Acad Sci U S A. 26;108(30):12515-20.  

Bailey M, Silver R. (2014) Sex differences in circadian timing systems: implications for 
disease. Front Neuroendocrinol. 35(1):111-39.  

Tasker JG, Oliet SH, et al. (2012) Glial regulation of neuronal function: from synapse to 
systems physiology. J Neuroendocrinol. 24(4):566-76.  

Bentley GE, Tsutsui K, Kriegsfeld LJ. (2010) Recent studies of gonadotropin-inhibitory 
hormone (GnIH) in the mammalian hypothalamus, pituitary and gonads. Brain Res. 
10;1364:62-71.  

McGuire NL, Bentley GE. (2010) Neuropeptides in the gonads: from evolution to 
pharmacology. Front Pharmacol. 9;1:114.  

Zhang D1, Xiong H, et al. (2009) Defining global neuroendocrine gene expression 
patterns associated with reproductive seasonality in fish. PLoS One. 5;4(6):e5816.  

Chimento A, Sirianni R, Casaburi I, Pezzi V. (2014) Role of Estrogen Receptors and G 
Protein-Coupled Estrogen Receptor in Regulation of Hypothalamus-Pituitary-Testis 
Axis and Spermatogenesis. Front Endocrinol (Lausanne). 16;5:1. eCollection 2014. 

Stevenson EL, Corella KM, Chung WC. (2013) Ontogenesis of gonadotropin-releasing 
hormone neurons: a model for hypothalamic neuroendocrine cell development. Front 
Endocrinol (Lausanne). 16;4:89 

Colledge WH, Doran J, Mei H. (2013) Model systems for studying kisspeptin signalling: 
mice and cells. Adv Exp Med Biol. 784:481-503.  

Atkin SD, Owen BM, et al. (2013) Nuclear receptor LRH-1 induces the reproductive 
neuropeptide kisspeptin in the hypothalamus. Mol Endocrinol. 27(4):598-605.  

Wen S, Ai W, Alim Z, Boehm U. (2010) Embryonic gonadotropin-releasing hormone 
signaling is necessary for maturation of the male reproductive axis. Proc Natl Acad 
Sci U S A. 14;107(37):16372-7.  

Colledge WH, Mei H, d'Anglemont de Tassigny X. (2010) Mouse models to study the 
central regulation of puberty. Mol Cell Endocrinol. 5;324(1-2):12-20.  

Bliss SP, Miller A, et al. (2009) ERK signaling in the pituitary is required for female but 
not male fertility. Mol Endocrinol. 23(7):1092-101.  

Ivell R, Heng K, Anand-Ivell R. (2014) Insulin-Like Factor 3 and the HPG Axis in the 
Male. Front Endocrinol (Lausanne). 27;5:6. eCollection 2014. 

Kumar S, Kaur G. (2013) Intermittent fasting dietary restriction regimen negatively 
influences reproduction in young rats: a study of hypothalamo-hypophysial-gonadal 
axis. PLoS One. 8(1):e52416.  

Brayman MJ, Pepa PA, Mellon PL. (2012) Androgen receptor repression of 
gonadotropin-releasing hormone gene transcription via enhancer 1. Mol Cell 
Endocrinol. 5;363(1-2):92-9.  



Perrett RM, McArdle CA. (2013) Molecular Mechanisms of Gonadotropin-Releasing 
Hormone Signaling: Integrating Cyclic Nucleotides into the Network. Front 
Endocrinol (Lausanne). 20;4:180. eCollection 2013. 

Terasawa E, Kurian JR, et al. (2010) Recent discoveries on the control of gonadotrophin-
releasing hormone neurones in nonhuman primates. J Neuroendocrinol. 22(7):630-8.  

Miller BH, Takahashi JS. (2014) Central Circadian Control of Female Reproductive 
Function. Front Endocrinol (Lausanne). 22;4:195. eCollection 2013. 

Chimento A, Sirianni R, et al. (2014) Role of Estrogen Receptors and G Protein-Coupled 
Estrogen Receptor in Regulation of Hypothalamus-Pituitary-Testis Axis and 
Spermatogenesis. Front Endocrinol (Lausanne). 16;5:1. eCollection 2014. 

Sellix MT. (2013) Clocks underneath: the role of peripheral clocks in the timing of 
female reproductive physiology. Front Endocrinol (Lausanne). 23;4:91. eCollection 
2013. 

Stevenson EL, Corella KM, Chung WC. (2013) Ontogenesis of gonadotropin-releasing 
hormone neurons: a model for hypothalamic neuroendocrine cell development. Front 
Endocrinol (Lausanne). 16;4:89.  eCollection 2013. 

Ratnasabapathy R, Dhillo WS. (2013) The effects of kisspeptin in human reproductive 
function - therapeutic implications. Curr Drug Targets. 14(3):365-71. 

Aluru N, Vijayan MM. (2009) Stress transcriptomics in fish: a role for genomic cortisol 
signaling. Gen Comp Endocrinol. 164(2-3):142-50.  



3/20/18

1

Spring	2018	–	Systems	Biology	of	Reproduction	
Lecture	Outline	–	Hypothalamus-Pituitary	Development	&	Function	
Michael	K.	Skinner	–	Biol	475/575	
CUE	418,	10:35-11:50	am,	Tuesday	&	Thursday	
March	27,	2018	
Week	12	
	

Hypothalamus-Pituitary	Development	&	Function	

Cell	Biology	
	 Structure	/	Lobes	and	Development	
	 Cell	Populations	and	Hormones	
	 Regulators	and	Mutations	
	
Hormones	
	 Growth	Hormone	/	Receptors	/	GHRH	
	 Prolactin	/	Development	
	 Opiomelanocortin	
	
Gonadotropins	
	 GnRH	/	Pulsitive	Secretion	
	 GnHR	Actions	/	Signaling	
	 LH/FSH	Pulsitive	Secretion/Menstrual	Cycle	
	
Regulation	of	Development	
	 Cyclisity	/	Estrous	Cycle	/	Circadian	Systems	
	

Spring 2018 – Systems Biology of Reproduction 
Discussion Outline – Hypothalamus-Pituitary Development & Function 
Michael K. Skinner – Biol 475/575 
CUE 418, 10:35-11:50 am, Tuesday & Thursday 
March 29, 2018 
Week 12 
 

Hypothalamus-Pituitary Development & Function 
 
Primary Papers: 
 
1. Belchetz et al. (1978) Science 202:631 
2. Houlahan et al. (2015) Toxicology 328:93-101 
3. Kuhnen et al. (2016) Cell Metabolism 24:502-509 
 
 
 

Discussion 
 
Student 4:  Reference 1 above 

• What unique endocrine parameter was identified in the hypothalamic regulation of pituitary 
function? 

• What physiological advantage does this have? 
• How does this information fit into the understanding of Brain-Pituitary-Gonadal axis? 

 
 
Student 5:  Reference 2 above 

• What was the experimental design and objectives of the study? 
• What cellular processes and pathways were identified to be effected? 
• What insights into dioxin actions on the hypothalamus were obtained? 

 
 
Student 6:  Reference 3 above 

• What was the experimental design and objective of study? 
• What alteration in the POMC was identified and how? 
• What mechanism is suggested for the etiology of obesity? 
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Hypothalamus and Pituitary Cell Biology

Figure 1 | Anatomy of the pituitary gland. Sagittal section through the midline 
shows the pituitary gland within the diaphragma sella (a fold that encases the 
pituitary), situated immediately posterior to the sphenoid sinus. 
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Figure 2. Sagittal MRI scan showing anterior pituitary hypoplasia. APH=anterior pituitary hypoplasia. 
PP=posterior pituitary, which is ectopic on this image. OC=optic chiasm., normal here. The 
infundibulum connecting the pituitary to the hypothalamus is not shown.

Figure 1. GnRH neuronal migration in the mouse and targeting of immortalized GnRH neuronal cell lines at specific windows 
across development. Immortalized NLT and Gn GnRH neuronal cells were derived from a tumor in the olfactory region to 
cribiform plate, whereas the GT GnRH neuronal cells were derived from a tumor in the forebrain. The photomicrograph is from 
E15 mouse brain stained for GnRH and peripherin, shows the normal migratory route of GnRH neurons from the olfactory 
placode region across the cribiform plate to the forebrain and is adapted from [1]. Abbreviations: BF, basal forebrain; CP, 
cribriform plate; E, embryonal day; GnRH, gonadotropin-releasing hormone; OB, olfactory bulb; OP/VNO, olfactory 
placode/vomeronasal organ.

Figure 4. Phorbol ester signaling in GT1 GnRH neurons promotes neurite outgrowth. 12-O-tetradecanoylphorbol-13 acetate 
(TPA) signals to PKC,  and  in GT GnRH neurons. PKC promotes neurite outgrowth, translocates to the growth cone and 
activates MAPK. It also localizes to focal adhesions to stimulate FAK and p130cas phosphorylation. PKC is proposed to be 
another activator of neurite outgrowth. PKC, by contrast, is a negative regulator of neurite outgrowth and initially localizes 
to the nucleus, then to membrane ruffles. The PKC pathway also promotes neurite outgrowth through alterations in N-
cadherin and translocation of -catenin to the growth cone. Based on results in [71, 72 and 73]. Abbreviations: -cat, -catenin; 
FAK, focal adhesion kinase; GnRH, gonadotropin-releasing hormone; MAPK, mitogen-activated protein kinase; PKC, 
protein kinase C; TPA, 12-O-tetradecanoylphorbol-13 acetate.



3/20/18

4



3/20/18

5

Fig. 1. Development of the mammalian anterior pituitary gland. (A) Inductive signaling between and within the ventral diencephalon (DIEN) of the brain and oral 
ectoderm/anterior neural ridge (OE/ANR) promotes the formation of a rudimentary Rathke's pouch (rRP), and the infundibulum (INF), the respective primordia of the 
adenohypophysis and neurohypophysis. Later, a definitive Rathke's pouch (dRP) forms, which then separates from the oral cavity. The mature pituitary gland is encased 
by the sella turcica (ST) of the sphenoid bone (SB). AP=anterior pituitary lobe, ASTERISK=intermediate pituitary lobe, IIIv=third ventricle of the brain, ME=median 
eminence, PP=posterior pituitary, PT=pars tuberalis. (B) The five anterior pituitary hormone-secreting cell types, their hormone products, and the target organs of the 
hormones are shown. In addition, the receptors that allow regulation of pituitary hormone secretion by hypothalamic and other regulatory hormones are depicted. 
ACT=activin, AVP=arginine vasopressin, CRH=corticotropin-releasing hormone, DA=dopamine, GHRH=growth hormone releasing hormone, GHS=growth hormone 
secretagogue/ghrelin, GnRH=gonadotropin-releasing hormone, LIF=leukemia inhibitory factor, OT=oxytocin, PACAP=pituitary adenylate cyclase-activating 
polypeptide, PRH=prolactin releasing hormone, SS=somatostatin, TRH=thyrotropin-releasing hormone, VIP=vasoactive intestinal peptide.

Hypothalamus and Pituitary Development
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Fig. 1. Development of the hypothalamic-pituitary axis. The midline embryological 
primordia of the pituitary in the anterior neural ridge and of the endocrine 
hypothalamus in the neural plate are indicated. Cell types later arise in a temporally 
and spatially specific fashion: E12.5 corticotrope (C), E12.5 rostral tip thyrotropes 
(Tr), and subsequently, from E15.5 to E17.5, from somatotropes (S), lactotropes (L), 
thyrotropes (T), gonadotropes (G), and melanotropes (M). 

Related pituitary cell lineages develop into interdigitated 3D cell networks.
Budry L, et al. (2011) Proc Natl Acad Sci U S A. 26;108(30):12515-20.
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FIG. 5. Analysis of Pitx1/Hesx1:Pitx1/TLE1 double-transgenic founder embryos. (A) Loss of anterior 
pituitary and morphological similarity to pituitary defects in Ames df/df mice, except when the 
Pitx1/Hesx1 transgene encodes a mutated eh1 domain, which cannot interact with TLE1. H&E 
staining. (B) In situ hybridization showing loss of growth hormone (GH), Pit-1, and ventral Prop-1, 
while expression of proopiomelanocortin (POMC) appears unaffected and Lhx3 and Prop-1 continue 
to be expressed in the ectoderm of RP. Asterisk indicates the dorsal pouch ectoderm.
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Fig. 2. Transcriptional regulation of anterior pituitary gland development. Inductive interactions involving the ventral diencephalon (DIEN) and oral ectoderm (OE) prime 
the expression of transcription factors that guide the development of Rathke's pouch (RP) into the specialized hormone-secreting cell types. The approximate 
developmental times (in days [d] or weeks [w] of gestation) at which key structures can be observed in various mammals are given. In addition, the approximate times at 
which hormone gene products can be detected are shown (times refer to the detection of mRNA, except human data and porcine PRL which represent protein detection; 
based on [Schwind, 1928, Clements et al., 1977, Osamura, 1977, Danchin and Dubois, 1982, Ikeda et al., 1988, Simmons et al., 1990, Stefanovic et al., 1993, Japon et al., 
1994, Ma et al., 1994, Ma et al., 1996 and Granz et al., 1997]; and references therein). IP=intermediate pituitary lobe.
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Fig. 2. Schematic of gonadotropin subunit promoters with major sites implicated in their regulation indicated. The 
consensus -subunit promoter map shown is based predominantly on the mouse gene sequence. The consensus LH map is 
based on the bovine and rat gene sequences and the FSH promoter map is based on the ovine gene sequence.

Fig. 4. A model of a proposed role of a BMP2-induced gradient of GATA-2 expression, acting 
with Pit-1, in determination of gonadotrope and thyrotrope lineages. In thyrotropes, Pit-1 exerts 
a DNA binding-independent transrepression to inhibit GATA-2-dependent activation of 
gonadotrope cell type-specific promoters; Pit-1 and GATA-2 synergistically activate TSH. 
GATA-2 may directly or indirectly inhibit activity of the Pit-1 early enhancer. Pit-1 but not 
GATA-2 is expressed and required in somatotropes and lactotropes. White boxes denote 
response elements. 

Fig. 5. Model of "repressosome"-based recruitment of a corepressor complex in cell type-
specific long-term active repression of growth hormone gene expression in lactotropes. The 
altered spacing of the Pit-1 POUS and POUH on growth hormone and prolactin sites, in 
concert with additional DNA binding factors, dictates recruitment of an N-CoR-containing 
corepressor complex, causing restriction of growth hormone gene expression in the 
lactotrope. 
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Fig. 1. Areas of expression (green or black) and 
action radius (indicated by red arrows) of bone 
morphogenetic protein 4 (BMP-4), BMP-2, 
fibroblast growth factor 8 (FGF-8) and sonic 
hedgehog (Shh) in Rathke's pouch (RP) and 
surrounding areas on embryonic day 8.5 (E8.5) (a) 
and E10.5 (b) in the mouse.

Fig. 2. Areas of expression (green) and action 
radius (indicated by red arrows) of bone 
morphogenetic protein 2 (BMP-2), fibroblast 
growth factor 8 (FGF-8) and chordin in 
embryonic pituitary (P) and surrounding areas 
on embryonic day 11.5 (E11.5) and E12.5 in 
the mouse. Areas in which corticotropes (C), 
gonadotropes (G), lactotropes (L), 
melanotropes (M), somatotropes (S), 
thyrotropes (T) and rostral thyrotropes (rT) first 
appear during embryonic development are 
indicated.

Generation of neuropeptidergic hypothalamic neurons from human pluripotent
stem cells.
Merkle FT, Maroof A, Wataya T, et al.
Development. 2015, 142(4):633-43.
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Hypothalamus and Pituitary Hormones
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New insights in prolactin: pathological implications.
Bernard V, Young J, Chanson P, Binart N.
Nat Rev Endocrinol. 2015 May;11(5):265-75. 

Macrophage colony-stimulating factor induces prolactin expression in rat 
pituitary gland.
Hoshino S, Kurotani R, Miyano Y, et al.
Zoolog Sci. 2014 Jun;31(6):390-7. 

Abstract
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Interindividual Variation in DNA Methylation at a Putative POMC Metastable Epiallele Is Associated with Obesity.
Cell Metab. 2016 Sep 13;24(3):502-509.
Kühnen P, Handke D, Waterland RA, et al.
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Insulin-Like Factor 3 and the HPG Axis in the Male.
Ivell R, Heng K, Anand-Ivell R. Front Endocrinol (Lausanne). 2014 Jan 27;5:6. eCollection 2014.

INSL3 and HPG axis. Scheme to show the relationship between the INSL3/RXFP2 system and testosterone as endpoint effectors of the HPG 
axis within the testis. Arrows are directed only to cells where there are known to be specific cognate receptors.
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Fig. 1. Diagram of GnRH receptor modulated signaling network.

Molecular Mechanisms of Gonadotropin-Releasing Hormone Signaling: Integrating Cyclic 
Nucleotides into the Network.
Perrett RM, McArdle CA. Front Endocrinol (Lausanne). 2013 Nov 20;4:180.

Fig. 3. Schematic of transcripts regulated by GnRH in LT2 cells. Reprinted from [196]. With 
permission of The American Society for Biochemistry and Molecular Biology.
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Demonstration of the need of intermittent GnRH stimulation of the pituitary for sustained secretion of LH (closed
data points) and FSH (open data points). A monkey rendered hypogonadotropic by a hypothalamic lesion was
treated initially with an intermittent iv infusion of GnRH (1 μg/min for 6 min every h). On day 0 the pulsatile
regimen was terminated and replaced with a continuous GnRH infusion (1 μg/min). On day 20 the pulsatile mode
of GnRH stimulation was re-instituted (reprinted from Belchetz et al, 1978).

Relationship between pulsatile secretion of GnRH (open data points) into hypophysial portal blood and
corresponding episodes of pituitary LH secretion (closed data points) into the systemic circulation in an
ovariectomized ewe. Modified from Clarke and Cummins, 1982 – permission pending (Copyright 1982, The
Endocrine Society).



3/20/18

20

Regulation Hypothalamus and Pituitary Development

Gene coexpression network analysis identifies genes and biological processes shared 
among anterior pituitary and brain areas that affect estrous behavior in dairy cows.
Kommadath A, Te Pas MF, Smits MA. (2013) J Dairy Sci. 2013 Apr;96(4):2583-95. 
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Sex differences in circadian timing systems: implications for disease.
Bailey M, Silver R. Front Neuroendocrinol. 2014 Jan;35(1):111-39.
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Gonadal hormone receptor expression in SCN afferents and efferents. (A) The main afferent pathways of the SCN, with nuclei expressing estrogen receptors
(ER), red, or androgen receptors (AR), blue, or both ER and AR, red/blue. Light information from the Retina is sent to the SCN core via the retinothypothalamic
tract (RHT). Non-photic information is sent to the SCN core from the intergenculate leaflet (IGL) via the geniculohypothalamic tract (GHT), and the dorsal and
medial raphe nuclei (DR and MR). (B) Main efferent pathways of the SCN to hypothalamic nuclei (black arrows) and extra hypothalamic sites (grey arrowss),
which express ER, red, AR, blue, or both, red/blue. Nuclei receiving inputs from the SCN core and shell include: the pre optic area (POA) – specifically the
medial preoptic area (mPOA), the median preoptic area (MnPO), and the anteroventral periventricular nucleus (AVPA); as well as sparse connections with the
ventrolateral peroptic area (VLPO). Projections extending dorsally heavily innervate the sub paraventricular zone (sPVZ) – including ventral sPVZ; as well as the
paraventricular nucleus of the hypothalamus (PVN). Caudal projections innervate the the retrochiasmatic area (Rch), the arcuate nucleus (ARC), ventromedial
nucleus of the hypothalamus (VMH), the dorsomedial hypothalamus (DMH). Extra hypothalamic regions receiving direct SCN input include: the lateral septum
(LS), the bed nucleus of the stria terminalis (BNST), the anterior paraventricular thalamic nuclei (PVA), the amygdala (AMY), the habenula (HB), and the
intergeniculate leaflet (IGL) ( Simerly et al., 1990, Simerly, 2002, Zhang et al., 2002, Shughrue et al., 1992, Shughrue et al., 1997 and Shughrue and
Merchenthaler, 2001) ( Kriegsfeld et al., 2004a, Kriegsfeld et al., 2004b, Abrahamson et al., 2001, Leak and Moore, 2001, Morin, 2013 and Dibner et al., 2010).

Sex steroids and hypothalamic control of the HPG-axis. Hypothalamic nuclei involved in regulation of gonadotropin release at the level of the
hypothalamus. Neurons expressing estrogen receptors (ER), red, with ER subtype (α or β) indicated. Axons depicted in green represent neuronal
inputs promoting the release of gonadotropins and axons depicted in red represent neuronal inputs inhibiting their release. The gonadotropin
releasing hormone (GnRH) neurons, green, of the medial pre optic area (mPOA), light green, release gonadotropins into the medial eminence.
Excitatory inputs upstream of the GnRH neurons include Kisspeptin (Kiss1) producing neurons in the anteroventral paraventricular nucleus
(AVPV), grey, which project onto the somas of GnRH neurons, as well as Kisspeptin neurons of the arcuate nucleus (ARC), silver, which project
onto the axons of GnRH neurons. The major inhibitory signals come from gonadotropin inhibiting hormone (GnIH) releasing neurons of the
dorsomedial hypothalamus (DMH), light orange. The SCN influences multiple sites involved in control of gonadotropin release throughout the
hypothalamus. Black arrows indicate monosynaptic projections from the shell of the SCN, to the positive (kisspeptin, and GnRH) as well as the
negative signal of the GnIH. Adapted from Williams and Kriegsfeld (2012).

Defining global neuroendocrine gene expression patterns associated with reproductive 
seasonality in fish.
Zhang D, et al. PLoS One. 2009 Jun 5;4(6):e5816. 

Embryonic gonadotropin-releasing hormone signaling is necessary for maturation of the 
male reproductive axis.
Wen S, Ai W, Alim Z, Boehm U. Proc Natl Acad Sci U S A. 2010 Sep 14;107(37):16372-7.

Proposed model of embryonic GnRH signaling–dependent gonadotrope development in male mice. Increased GnRH release from axon
terminals at the median eminence triggers an increase in LH secretion around E16 (I). At this stage, only LH+ cells express GnRHR (green) and
are GnRH-responsive. The embryonic increase in LH secretion promotes proper development of FSH+ gonadotropes in the anterior pituitary.
FSH+ gonadotropes coexpress TSH+ and LHR, suggesting a direct LH effect on FSH+ gonadotrope development (II). Between E17 and P7 (III),
FSH+ gonadotropes up-regulate FSHβ and lose TSHβ expression and start to express GnRHR (green).
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Schematic diagram summarizing the genes involved in the central regulation of puberty as identified from transgenic studies. GnRH neurons
originate in the olfactory placodes from where they start migrating at embryonic day 11.5 (E11.5) towards the hypothalamus to finally achieve the
adult spatial distribution by E16.5. In the adult, GnRH neurons integrate information from sex steroid feedback, metabolic status, local
neurotransmitters and growth factors to release GnRH. The genes shown in red/bold are those where disruption in the mouse leads to absence
of puberty and hypogonadotropic hypogonadism. The other genes have a mild effect on reproductive function, such as delayed puberty and
lower fecundity. Asterisks denote genes where mutations lead to severely disrupted GnRH neuron migration but their role in puberty cannot be
assessed due to perinatal death of the mice.

Recent discoveries on the control of gonadotrophin-releasing hormone neurones in 
nonhuman primates.
Terasawa E, et al.  J Neuroendocrinol. 2010 Jul;22(7):630-8.

Schematic representation of the neuromodulatory and harmonal inputs that regulate GnRH1 in the preoptic area (POA) in birds and
Kissl in the Arcuate nucleus (Arc) in mammals. The annual change in photoperiod is the primary signal that governs the predictability
in neuropeptide expression. However, the precise hormonal (i.e. melatonin and/or thyroid hormones) and neural signals that integrate
the photoperiodic cue with a physiological effect on the GnRH1 and Kissl cell activity are not known. There are several neural
candidate inputs that regulative GnRH1 and Kissl mRNA/protein expression. The photoperiodic regulation of GnRH1 and Kissl
expression most likely involves a switch from a net balance of excitation to inhibition and vice versa. It is important to note that the
majority of the information on GnRH1 mRNA expression is derived from mammalian and cell line experiments. One marked
difference between avian and mammalian regulation of GnRH1 is the absence of Kissl input onto GnRH1 cells, as kisspeptin has not
been identified in birds. Abbreviations: Protein Kinase A (PKA), and Mitogen-activated protein kinase (MAPK), Purine-rich element
binding protein alpha (pur-alpha). Mammalian target of rapamycin (mTOR), thyroid transcription factor 1 (TTF1). Data compiled from
Dawson et al., (2001), Tillbrook and Clarke (2001), Popa et al., (2008) Oakley et al., (2009), Xu et al., (2009), Zhao et al., (2009),
Mueller et al., (2011), Hameed et al., (2011), Dalvi et al., (2011), True et al., (2011), Smith (2011), Navarro & Tena-Sempere (2012).

Phylogenetic analysis of GnRH1 and Kissl plasticity in bird and mammalian species, respectively. Kissl plasticity
occurs in both the Arc and POA/AvPv in all mammalian species studied to date. Data was compiled using
MacDougall-Shackleton et al., 2009, Revel et al., (2006), Greives et al., (2007), Gottsch et al., (2011), Adachi et
al., (2007), Smith et al., (2007), Chalivoix et al., (2010), Smith et al., (2010). Phylogeny was adapted from Marten
and Johnson (1986) Badyaev (1997), Arnaiz-Villena et al., (2001) Jansa & Weksler (2004) and Prasad et al.,
(2008).
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Central Circadian Control of Female Reproductive Function.
Miller BH, Takahashi JS. Front Endocrinol (Lausanne). 2014 Jan 22;4:195.

The rodent estrous cycle. In the mouse, ovulation occurs every 4–5 days. Metestrus and diestrus are characterized by low but slowly increasing
levels of estradiol. On the late afternoon of proestrus, elevated estradiol levels induce a bolus of GnRH release from the hypothalamus, which
induces the proestrus LH and FSH surge at approximately the start of the active (dark) period. Ovulation occurs 12–14 h later.

Model of the interaction between the daily timing signal and the ovarian signal on GnRH release. AVP is rhythmically transcribed in the SCN and
forms the basis for the strong neural daily timing signal from the SCN. On the day of proestrus, estradiol produced by the developing follicles in
the ovary upregulates expression of hypothalamic AVP and VIP receptors and primes kisspeptin neurons to become more sensitive to the SCN-
derived signal. The end result is an increase in excitatory input to GnRH neurons, elevated GnRH release, and a subsequent surge in LH.

The circadian timing system in the hypothalamo-pituitary-ovarian (HPO) axis. A schematic diagram of the HPO axis indicating the integration of
the circadian timing system in HPO axis function. The ovary shows phasic sensitivity to gonadotropins (LH and FSH that may depend on the
timing of the ovarian clock and/or numerous timing cues of central and peripheral origin. Time of day or “photic” cues are passed to the central
pacemaker in the SCN via the RHT. The SCN then conveys this information to the pineal via the SCG and the pituitary indirectly via the activity of
releasing hormone neurons in the basal hypothalamus and forebrain. The SCN may also modulate the timing of the ovarian clock more directly
via autonomic nervous cues (SNS, PSNS). Cells of the ovarian follicle also express melatonin receptors, and melatonin could indirectly modulate
the timing of the ovarian clock. Adrenal glucocorticoids (e.g., corticosterone) may also act to synchronize the timing of the molecular clock in the
pituitary and ovary. Ovarian steroid feedback affects the timing of clock gene expression in several tissues, including the uterus, pituitary, and
ovary, and could further gate the response to gonadotropins. Nervous signals are indicated by lines ending in triangles, while lines ending in solid
dots indicate hormonal pathways. hv indicates light, RHT, retinohypothalamic tract; SNS/PSNS, sympathetic nervous system, parasympathetic
nervous system; FSH, follicle-stimulating hormone; LH, luteinizing hormone; SCN, suprachiasmatic nucleus; SCG, superior cervical ganglion.

Growth differentiation factor 9 (GDF9) forms an incoherent feed-forward loop
modulating follicle-stimulating hormone β-subunit (FSHβ) gene expression.
Choi SG, Wang Q, Jia J, Pincas H, Turgeon JL, Sealfon SC.
J Biol Chem. 2014 Jun 6;289(23):16164-75.
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Current concepts in neuroendocrine disruption.
León-Olea M, et al. (2014) Gen Comp Endocrinol. (Epub ahead of print). 

Exposure to a low dose of bisphenol A impairs pituitary-ovarian axis in
prepubertal rats: effects on early folliculogenesis.
Gámez JM, Penalba R, Cardoso N, et al.
Environ Toxicol Pharmacol. 2015 Jan;39(1):9-15.

Clocks underneath: the role of peripheral clocks in the timing of female reproductive 
physiology.
Sellix MT. Front Endocrinol (Lausanne). 2013 Jul 23;4:91.

Circadian clock function in the peripheral tissues of the female HPG axis. The central circadian clock in the suprachiasmatic nucleus (SCN)
drives rhythmic GnRH secretion and subsequent gonadotropin secretion from the pituitary. In addition to these neuroendocrine pacemakers,
clocks are also present in the pituitary gonadotroph, uterine endometrium and myometrium, oviduct epithelial cells and ovarian theca, interstitial,
and granulosa cells. Clock function has been implicated in GnRH signaling, gonadotropin sensitivity, ovulation, steroid hormone synthesis,
embryonic maturation, implantation, and decidualization. Synchronization of central and peripheral oscillators is mediated by several putative
humoral and neural cues, driven either directly or indirectly by the SCN. Moreover, feedback signals from the periphery, e.g., steroid hormones of
ovarian origin, modulate the timing of the clock in both central and peripheral tissues of the HPG axis.
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