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Abstract

Background—As the pituitary gland develops, signals from the hypothalamus are necessary for
pituitary induction and expansion. Little is known about the control of cues that regulate early
signaling between the two structures. Ligands and receptors of the Notch signaling pathway are
found in both the hypothalamus and Rathke’s pouch. The downstream Notch effector gene Hesl is
required for proper pituitary formation, however these effects could be due to the action of Hesl in
the hypothalamus, Rathke’s pouch or both. To determine the contribution of hypothalamic Notch
signaling to pituitary organogenesis, we used mice with loss and gain of Notch function within the
developing hypothalamus.

Results—We demonstrate that loss of Notch signaling by conditional deletion of Rbpj in the
hypothalamus does not affect expression of Hesl within the posterior hypothalamus or expression
of Hesb. In contrast, expression of activated Notch within the hypothalamus results in ectopic
Hesb expression and increased Hesl expression, which is sufficient to disrupt pituitary
development and postnatal expansion.

Conclusions—Taken together, our results indicate that Rbpjdependent Notch signaling within
the developing hypothalamus is not necessary for pituitary development, but persistent Notch
signaling and ectopic Hes5 expression in hypothalamic progenitors affects pituitary induction and
expansion.
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INTRODUCTION

Rathke’s pouch (RP), the primordium of the anterior lobe (AL) and intermediate lobe (IL) of
the pituitary, arises from a distinct region of oral ectoderm midline, which lies in contact
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with the adjacent hypothalamus. As development continues, the infundibulum (INF), a
portion of the contacting hypothalamus, envaginates into RP to form the posterior lobe (PL)
of the pituitary (Schwind, J.L. 1928; Kaufman, 1992). The notion that hypothalamic
signaling influences pituitary development has been well characterized by tissue
recombination studies demonstrating that the hypothalamus is critical for appropriate
pituitary expansion (Ericson et al., 1998, Norlin et al., 2000). However, molecular
mechanisms within the hypothalamus that direct pituitary formation are not well understood.

Known signals exchanged between the developing pituitary and hypothalamus include
factors such as SHH, BMP, FGF and Whnt proteins (Dale et al., 1997, Manning et al., 2006),
derived from both the primordial endocrine hypothalamus (BMP4, FGF8, FGF10, Wnt5a,
SHH), and the oral ectoderm (SHH, BMP2, Wnt4; Alatzoglou and Dattani, 2009, Zhao et
al., 2012). These signaling molecules initiate expression of genes within RP, such as Lhx3,
Lhx4 and 1411, which control the initial steps of pituitary organogenesis (Treier and
Rosenfeld, 1996, Takuma et al., 1998, Ericson et al., 1998, Norlin et al., 2000, Rosenfeld et
al., 2000, Zhu et al., 2007). Despite their importance in controlling pituitary organogenesis,
there is limited information regarding the developmental pathways that regulate expression
of hypothalamic morphogens such as BMP and FGF. One important transcription factor is
Nkx2.1, which is expressed within the hypothalamus and restricted from RP (Lazzaro et al.,
1991). Nkx2.1 is required for FGF8 expression in the infundibulum (Takuma et al., 1998)
and targeted deletion of Nkx2.1 results in early developmental arrest of pituitary
organogenesis just after RP formation (Kimura et al., 1996, Takuma et al., 1998). These
studies indicate that the Nkx2.1 expressing hypothalamic progenitors are necessary for
pituitary development.

Once RP is induced with assistance from hypothalamic cues, proopriomelanocortin
(POMC)-positive corticotropes that produce adrenocorticotropic hormone (ACTH) are the
first cells to differentiate within RP of mice at embryonic day 12.5 (e12.5). Corticotrope
differentiation is followed by differentiation of thyroid stimulating hormone (TSH)-positive
thyrotropes at e14.5, growth hormone (GH)-positive somatotropes at e15.5, prolactin (PRL)-
positive lactotropes at e16.5, and finally follicle stimulating hormone (FSH) and luteinizing
hormone (LH) expressing gonadotropes around €16.5 (Simmons et al., 1990, Japon et al.,
1994). Melanotropes, found only in the IL and detected by POMC expression, begin
producing melanocyte stimulating hormone (MSH) at e16.5 (Davis et al., 2011).

Members of the Notch signaling pathway are expressed in both the developing pituitary and
hypothalamus (Raetzman et al., 2004) and have shown to be important for RP development
and hormone specification (Ward et al., 2005, Raetzman et al., 2006, Vesper et al., 2006,
Raetzman et al., 2007, Himes and Raetzman, 2009, Monahan et al., 2009). Notch receptors
and ligands are transmembrane proteins that allow cell-to-cell signaling between adjacent
cells. Canonical Notch ligand activation results in cleavage of the Notch intracellular
domain (NICD), which then translocates to the nucleus and associates with the Rbpj/
Mastermind (MAM) complex (Selkoe and Kopan, 2003). The NICD/Rbpj/MAM complex
then induces transcription of basic helix-loop-helix (bHLH) transcription factors, such as
Hes and Hey genes (Iso et al., 2003). However, studies have shown that through Notch-
independent pathways, Hes genes can be expressed in the absence of Rbpj (Martinez Arias
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et al., 2002, Brennan and Gardner, 2002). Additionally, Rbpj/MAM can form transcriptional
complexes that function independently of Notch signaling, including repression and
activation of target genes (Johnson and Macdonald, 2011).

The Notch target Hesl has been shown to be important for development of both the
hypothalamus and pituitary (Aujla et al., 2011, Raetzman et al., 2007, Kita et al., 2007,
Aujla et al., 2013). More specifically, global Hesl loss results in ectopic expression of Hes5,
decreased cell proliferation and increased cell death within pituitary progenitor cells,
coincident with loss of LHX3 (Raetzman et al., 2007, Kita et al., 2007). Hes1 expression is
also necessary for proper melanotrope specification within the pituitary, possibly by
restricting the expression of the transcription factor PIT1 (Raetzman et al., 2007). Additional
studies have also used a conditional deletion approach to define the role of Notch signaling
specifically in pituitary progenitors. Pituitary specific loss of Rbpj results in hypopituitarism
with absence of the somatotrope, thyrotrope and lactotrope lineages (Zhu et al., 2006). The
phenotype observed by pituitary specific loss of Rbpj-dependent Notch signaling is less
severe than loss of Hesl in both the pituitary and hypothalamus, suggesting that Notch
signaling within the hypothalamus or cross-talk between the hypothalamus and pituitary is
important for pituitary development. However, although the role of Notch signaling during
pituitary development and cell specification has been explored, relatively little is known
regarding the role of Notch within the hypothalamus itself and how this may impact RP
development.

To determine if Notch signaling within the developing hypothalamus influences pituitary
formation, we analyzed pituitary development in mice with hypothalamic-specific loss and
gain of Notch function. We demonstrate that loss of Rbpj-dependent Notch signaling in the
hypothalamus selectively eliminates Hesl from the anterior hypothalamus (Aujla et al.,
2013). However, loss of Notch/Rbpj signaling does not eliminate Hes1 from the posterior
hypothalamus and has no effect on Hes5 expression or pituitary formation. In contrast,
persistent activation of Notch within the hypothalamus is sufficient to cause loss of the IL
and PL, which are still absent at 8 postnatal weeks. Additionally, we show that persistent
hypothalamic Notch activation results in a reduction of OTX2 and Fgf10 expression within
the infundibulum, coincident with a reduction in LHX3 expression and aberrant cell death in
RP. Persistent Notch expression additionally affects the boundaries of Shh expression within
the posterior hypothalamus. Interestingly, persistent Notch expression within the
hypothalamus does not affect specification of AL hormone cells, but does influence shape of
the developing pituitary, and pituitary size is significantly reduced at 8 postnatal weeks.
Taken together, we demonstrate that persistent Notch expression affects structural formation
of the PL, morphology and proper cell specification within the IL, but not hormonal cell
specification within the developing AL. Additionally, our results indicate that ectopic
expression of Hesb resulting from either persistent Notch expression or Hesl loss have
significant consequences on pituitary development.

Dev Dyn. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aujlaetal. Page 4

RESULTS

Persistent expression of Notch and loss of Hes1 both result in ectopic Hes5 expression
while loss of Rbpj does not alter Hes1 or Hes5 within the posterior hypothalamus

Notch signaling is active in the developing hypothalamus and pituitary and loss of function
in both structures affects formation of the PL as well as differentiation and size of the IL and
AL (Raetzman et al., 2004, Ward et al., 2005, Raetzman et al., 2006, VVesper et al., 2006,
Raetzman et al., 2007, Kita et al., 2007, Monahan et al., 2009, Himes and Raetzman, 2009,
Akimoto et al., 2010). To determine the role of hypothalamic Rbpj-dependent Notch
signaling in pituitary organogenesis, we employed conditional deletion of an essential
cofactor of Notch receptors, Rbpj, in the developing hypothalamic progenitors (Han et al.,
2002). Ropj/M mice (control) were bred to Nkx2.1-CRE mice (Lazzaro et al., 1991, Xu et
al., 2008) to generate Rbpjfl/fl Nkx2.1-CRE (Rbpj cKO) mice. To determine the effects of
Notch overexpression within the developing hypothalamus, we utilized a tissue specific
approach employing mice that express one copy of the constitutively active Notchl
intracellular domain (NICD) within the hypothalamus (Murtaugh et al., 2003).
RosaNotehiCD/*+ mice (control) were bred to Nkx2.1-Cre mice, generating RosaNotchICD/+
Nkx2.1-Cre (NICD Tg) mice with persistent Notch activation in the Nkx2.1-positive
hypothalamic progenitors by 9.5 (Shimogori et al., 2010, Ring and Zeltser, 2010, Ferri et
al., 2013).

We examined expression of the Notch target Hes5 in order to examine how loss of Rbpj-
dependent Notch signaling or persistent Notch activation would affect its expression at
€10.5. We found that expression of Hes5 is normally restricted to the anterior hypothalamus
(Fig. 1A), and that loss of Rbpj-dependent Notch signaling does not affect Hes5 expression
within the anterior hypothalamus (Fig. 1B). Additionally, persistent expression of Notch
results in ectopic expression of Hes5 within the posterior hypothalamus (Fig. 1C). We found
that pituitary morphology in NICD Tg mice resembled that of Hes1 null mice so we
examined Hes5 expression within Hes1 null mice and found ectopic Hes5 expression within
the posterior hypothalamus and within RP (Fig. 1D). We additionally examined expression
of the Notch target Hesl, which is expressed throughout the posterior and anterior
hypothalamus in control animals (Fig. 1E). Surprisingly, we found that Hesl is still present
within the posterior hypothalamus in Rbpj cKO mice, but is absent from the anterior
hypothalamus (Fig. 1F). In contrast, persistent expression of Notch appears to increase Hesl
within the anterior and posterior hypothalamus (Fig. 1G). When examining RP, Hesl
expression appears reduced, especially on the caudal side of the NICD Tg pituitary (Fig. 1G,
inset), compared to the control (Fig. 1E, inset).

In summary, in control animals Hes5 is restricted to the anterior hypothalamus, while Hesl
is expressed in both regions (Fig. 1H). Loss of Rbpj-dependent Notch signaling results in
loss of Hesl only from the anterior hypothalamus and does not affect Hes5 expression,
while both Hesl null and NICD Tg have ectopic Hes5 expression throughout the posterior
hypothalamus (Fig. 11). Taken together, our results indicate that Hes genes may be regulated
independently of Rbpj. Given that both Hes1 null mice and NICD Tg mice exhibit similar
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pituitary phenotypes, we further characterized how persistent Notch expression may affect
RP formation.

Persistent activation of hypothalamic Notch affects expression of patterning factors within
the hypothalamus that communicate with Rathke’s pouch

In control mice at €10.5, RP has separated from the oral ectoderm and the infundibulum
(INF) has formed by evagination of the neural ectoderm (Fig 2A). Persistent activation of
NICD within the developing hypothalamus allows formation of RP at 10.5, but the
structure appears thinner and elongated with no apparent INF formation (Fig 2B). To
investigate how persistent expression of Notch may affect expression of hypothalamic
patterning genes crucial for proper pituitary formation, we examined the expression of Shh,
OTX2 and Fgf10. Proper restriction of Shh is crucial to pituitary development (Zhao et al.,
2012). We found that expression of Shh, which is restricted to the anterior hypothalamus
(brackets) of control mice (Fig. 2C), has altered expression boundaries in NICD Tg mice
(brackets, Fig. 2D).

To examine posterior hypothalamic patterning, we examined OTX2, which is present within
the forming INF and posterior hypothalamic neuroepithelium (Mortensen et al., 2011). We
found that OTX2 is expressed within the INF in control animals (brackets, Fig 2E), and is
reduced in NICD Tg animals (brackets, Fig 2F). To further investigate INF differentiation
and signaling, we examined Fgf10 mRNA, which is restricted to the INF of control animals
(Fig 2G). Fgf10 expression is dramatically reduced in the hypothalamus of NICD Tg
animals (Fig 2H). Immunohistochemistry reveals uniform expression of phosophorylated-
ERK1/2 (pERK) within RP, indicating activation of FGF signaling within the control
pituitary (Powers et al., 2000, Corson et al., 2003) Fig 21). In contrast, NICD Tg animals
display p-ERK immunoreactivity restricted to the rostral side of RP (Fig 2J), which
potentially indicates restricted activation of FGF signaling within the pituitary from the
hypothalamus. Overall, these data suggest that persistent expression of Notch signaling in
the hypothalamus alters INF formation as well as OTX2, FGF, and Shh expression, which
may affect signaling from the hypothalamus to the pituitary and alter pituitary development.

NICD activation within the developing hypothalamus affects patterning and survival of
pituitary progenitors

Cells within RP depend on FGF signaling from the posterior hypothalamus in order to
induce intrinsic pituitary factors such as the LIM homeodomain transcription factor LHX3
(Sheng et al., 1996, Ericson et al., 1998, Treier et al., 1998, Norlin et al., 2000, Charles et
al., 2005). LHX3 is normally expressed throughout RP at €10.5 (Fig. 3A), but this
expression is reduced in NICD Tg mice and restricted from the caudal side and dorsal tip of
RP (Fig. 3B). An additional LIM homeodomain transcription factor, ISL1, is the first LIM
protein to be expressed during pituitary development and becomes restricted to the ventral
portion of the pouch by €10.5 (Zhu et al., 2007; Fig 3C). In contrast, ISL1 immunoreactive
cells in NICD Tg pituitaries are not ventrally restricted and are also present in the dorsal
region of the pouch (Fig 3D). Consistent with LHX3 expression at €10.5, visualization by
TUNEL immunohistochemistry illustrates that there are no dying cells within Rathke’s
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pouch (Fig. 3E, Raetzman et al., 2007, Monahan et al., 2009), while NICD Tg mice have
apoptotic cells in caudal side of RP where LHX3 expression is eliminated (Fig. 3F).

We examined proliferation of pituitary progenitors within RP by immunohistochemistry
labeling phospho-histone H3 (PH3) in order to visualize cells undergoing mitosis. We found
that NICD Tg animals (Fig. 3H; 138.6+7.8, p=0.03) have significantly more DAPI-positive
cells in the elongated RP compared to controls (Fig. 3G; 96.3+9.8). We then counted PH3-
immunopositive cells within RP to determine the average percent of PH3-immunopositive
cells per total cells and found that NICD Tg pituitaries have a significantly lower percentage
of proliferating cells (Fig. 3H; 34.7+£0.6%, p=0.03) compared to control pituitaries (Fig. 3G;
42.1+1.9%, detailed counts in Table 1). In the course of these experiments, we also
examined proliferation within the ventral diencephalon. NICD Tg mice do not show any
significant difference in percent of PH3-immunopositive cells within the ventral
diencephalon (B; 23.5+1.9%; p=0.14) compared to controls (A; 19.7+0.74). However, there
did appear to be subtle regional differences in proliferation, especially in the area where the
PL arises from in the control embryos, which has subtly less PH3-immunopositive cells
compared to NICD Tg mice. Taken together, our results indicate that Notch overexpression
within the hypothalamus results in disruption of proper pituitary induction, increased cell
death and decreased proliferation.

Persistent Notch activation in the developing hypothalamus affects pituitary morphology
but not hormone specification

To determine if extrinsic Notch signaling from the hypothalamus affects pituitary hormone
cell specification, we examined NICD Tg and control pituitaries at €16.5. Overexpression of
NICD results in loss of a defined PL and IL (Fig. 4B anterior, Fig 4D posterior) compared to
controls (Fig. 4A, anterior, Fig. 4C posterior), although a small cleft can be observed in
NICD Tg mice (Fig. 4D, posterior, bracket). Hormone cells such as LH (Fig. 4E), GH (Fig.
4G), TSH (Fig. 41) and POMC derivatives (Fig. 4K) are normally specified in AL by €16.5.
NICD Tg animals display similar specification of these hormone cell types within the AL at
the same age, though the structure itself is elongated into the forming sphenoid bone (Fig.
4F-4L). Our results indicate that persistent Notch signaling within the hypothalamus does
not affect terminal differentiation of pituitary hormone producing cells within the AL, but
does affect pituitary shape.

NICD activation affects proper intermediate lobe formation and intermediate lobe hormone

expression

In order to more carefully examine the dysmorphic region dorsal to the cleft in NICD Tg
pituitaries at €16.5, we used immunohistochemistry to determine if this region contained
intermediate lobe cell types. We found that Sox2, a marker of pituitary progenitors
(Fauquier et al., 2008), is present in cells within the IL of control animals at e16.5 (Fig. 5A),
and is also present surrounding the cleft of NICD Tg pituitaries (Fig. 5B). We then
examined PAX7, a marker of melantropes within the IL (Hosoyama et al., 2010, Budry et
al., 2012), which is robustly expressed within the IL of control mice at €16.5 (Fig. 5C).
NICD Tg pituitaries display no PAX7 immunopositive cells in the thin cell layer above the
cleft (Fig. 5D) or within rest of the pituitary (data not shown), indicating that the IL may be
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not properly formed in these animals. Cells containing POMC derivatives melanocyte
stimulating hormone (MSH) found in the IL, and adrenocorticotropic (ACTH) found in the
AL, are both detected by POMC antibody in control animals at €16.5 (Fig. 5K, Fig. 5E). In
contrast, immunoreactive POMC cells are reduced in the region superior to the cleft of
NICD Tg animals (Fig. 5F). Additionally, the morphology of POMC-immunopositive cells
found in the region above the cleft in NICD Tg pituitaries resembles that of ACTH-positive
cells found in the AL of controls, indicating that this region of cells may be an extension of
AL surrounding the cleft.

In order to determine what cell types are present in the region superior to the cleft within
NICD Tg animals, pituitaries were immunostained with an antibody to the homeodomain
transcription factor PIT1. Expression of PIT1, normally localized to the AL, is required for
TSH, GH and prolactin (PRL) expression as well as proliferation of thyrotropes,
somatotropes and lactotropes (Lin et al., 1994, Ward et al., 2006, Zhu et al., 2006). In
control animals, PIT1 is restricted from the IL (Fig. 5G), but PIT1 immunopositive cells are
found in the region above the cleft in NICD Tg animals (Fig. 5H), indicating that there is no
IL delineation. Interestingly, GH expression, which requires PIT1, is restricted from both the
IL in control animals (Fig. 51), as well as the cells above the cleft in NICD Tg animals (Fig.
5J). These data show that the cell layer above the cleft found in NICD Tg pituitaries does
not differentiate into the IL, though Sox2 containing cells still form the boundary of the
cleft. Taken together, these results indicate that persistent expression of Notch affects the
boundary and formation of the IL and the AL within the developing pituitary.

Persistent activation of NICD results in a smaller pituitary with no PL in adulthood

The pituitary substantially increases in size postnatally with clear delineation of AL, PL and
IL in gross structure (Fig. 6A) and in histological sections throughout the pituitary (Fig. 6B).
NICD Tg animals have a severely affected pituitary shape and significantly reduced size
(Fig. 6B, 6D). NICD Tg pituitaries are further set within the hypophyseal fossa of the
sphenoid bone compared to controls (data not shown), and maintain the elongated shape
observed in sagittal sections at €10.5 (Fig. 6B, Fig. 6D). Throughout sections of the NICD
Tg pituitary, no distinct IL or PL morphological regions are found. Additionally, a region of
tissue 500um from the AL on a transverse section, yet still connected to the main AL tissue,
was present (Fig. 6D).

At 8 postnatal weeks, the pituitary displays robust levels of GH within the AL in control
(Fig. 6E) and NICD Tg (Fig. 6F) animals. TSH is also detected in both control (Fig. 6G) and
NICD Tg pituitaries (Fig. 6H). Both MSH within the IL and ACTH in the AL are detected
with POMC antibody in control pituitaries (Fig. 61), and POMC immunopositive cells are
also found in NICD Tg pituitaries (Fig. 6J). Interestingly, while arginine vasopressin (AVP),
staining axonal processes from hypothalamic magnocellular neurons, is appropriately
restricted to the PL of control pituitaries (Fig. 6K), AVP-immunopositive processes are
detected in the medial aspect of the AL in NICD Tg pituitaries (Fig. 6L). The ectopic
pituitary tissue shown in Fig. 6D contained AL hormones such as GH, TSH, POMC, but did
not contain AVP processes (data not shown). Sox2 is present in cells lining the cleft and in
isolated AL cells of control pituitaries at 8 weeks (Fig. 6M), as well as in the AL of NICD
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Tg mice (Fig. 6N). Sox2 expression is maintained in the nucleus within cells in the control
(Fig. 60, arrow), but in contrast cytoplasmic Sox2 immunoreactivity is observed in NICD
Tg pituitaries (Fig. 6P, arrow). Taken together, these data suggest that although pituitary
hormone expression is not affected by persistent hypothalamic NICD expression the
pituitary morphology, pituitary size and Sox2 expression are profoundly disrupted.

Loss of Rbpj in the developing hypothalamus does not affect pituitary hormone cell
specification at €16.5

Because the loss of Rbpj affected cell numbers in the developing arcuate nucleus (Aujla, et
al. 2013), we examined the effect of this hypothalamic alteration on pituitary hormone
expression at e16.5. Loss of Rbpj dependent Notch signaling had no discernable effect on
pituitary structure when comparing control (Fig. 7A) to Rbpj cKO (Fig. 7B) mice. LH is not
readily detectable at this age in either control (Fig. 7C) or Rbpj cKO pituitaries (Fig. 7D).
Hormone cells containing GH (Fig. 7E), TSH (Fig. 7G) and POMC (Fig. 71) are present in
control pituitaries. Rbpj cKO animals display no obvious difference in cell specification
when compared to controls (Fig. 7F, H & J). Our results indicate that loss of hypothalamic
Rbpj dependent Notch signaling does not overtly affect pituitary development.

DISCUSSION

Notch signaling is present within the developing pituitary as well as hypothalamus and loss
of the Notch effector gene Hesl in both tissues results in hypopituitarism, coincident with a
reduced PL (Raetzman et al., 2004, Raetzman et al., 2007, Aujla et al., 2011). The
hypopituitarism observed with global Hesl loss could result from Notch signaling reduction
in the hypothalamus, pituitary or both structures. In order to address if Notch signaling
within the developing hypothalamus specifically is important for pituitary development, we
utilized mice with hypothalamic specific loss of Notch/Rbpj signaling and compared them to
Hesl null mice. Our studies reveal that in Hes1 null mice, Hes5 is robustly and ectopically
expressed within the posterior hypothalamus and that persistently expressing Notchl
intracellular domain in the anterior and posterior hypothalamus leads to a similar ectopic
expression of Hesb (Fig. 1). The pituitary phenotype observed in NICD Tg mice, including
absent INF, increased apoptosis, reduced progenitor proliferation and reduced LHX3-
immunopositive cells (Fig. 3) bears striking resemblance to Hesl null pituitaries (Raetzman
etal., 2007, Monahan et al., 2009). Additionally, recent studies have shown that loss of the
hypothalamic patterning factor Thx3 results in ectopic Hes5 expression, complete INF loss
and pituitary malformation (Trowe, et al. 2013), supporting the assertion that restriction of
Hesb from the posterior hypothalamus is a crucial common factor that regulates INF
formation and proper RP induction.

In contrast, Hes1 expression appears to be Rbpj-dependent within the anterior hypothalamus
(Fig. 1) and Rbpj-independent within the posterior hypothalamus, as loss of Rbpj along the
ventral midline selectively eliminated Hes1 from the anterior but not the posterior
hypothalamus. Expression of Notchl and Notch2 receptors are restricted to the anterior
hypothalamus at e13.5 (Aujla et al., 2013), indicating that Hes1 expression within the
posterior hypothalamus is acting through Rbpj-independent signaling. In fact, expression of
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Hesl and other downstream Notch factors can be controlled by mediators of the BMP
(Dahlqvist et al., 2003, Itoh et al., 2004) and WNT/B-CATENIN (Axelrod et al., 1996,
Hayward et al., 2005) pathways. These pathways are both present within the posterior
hypothalamus and could be regulating Hes1 expression in an Rbpj-independent manner.
Future studies should selectively eliminate Hes1 from the posterior hypothalamus to
determine if Notch signaling within this region is necessary for pituitary development.

An important finding from the current study is that posterior hypothalamic patterning relies
on appropriate restriction of Notch signaling. We demonstrate that persistent Notch
expression in Nkx2.1-positive cells beginning at €9.5 (Shimogori et al., 2010, Ring and
Zeltser, 2010, Ferri et al., 2013) affects the restriction of Shh expression (Fig. 2). Recent
studies have shown that Shh restriction from the posterior hypothalamus is a critical factor in
INF formation (Trowe et al., 2013). There is precedence for Notch and SHH interaction, as
Notch and SHH pathways cooperate to form appropriate progenitor boundaries during
neocortical development (Dave et al., 2011). There is also evidence of direct cross-talk
between SHH and the downstream Notch effector Hesl in vitro (Ingram et al., 2008).
Therefore, the lack of Shh restriction within the posterior hypothalamus observed in the
current study could be due to direct interaction of persistently expressed Hes genes found in
NICD Tg mice and SHH signaling factors (Fig. 1). Additionally, defects in Shh restriction
lead to subsequent reduction in RP proliferation and increased apoptosis (Trowe et al.,
2013), similar to phenotype observed in NICD Tg mice. Taken together, these data suggest
that persistent expression of Hesl and Hes5 prevents Shh restriction from the posterior
hypothalamus and may contribute to the pituitary malformation observed.

The developing INF represents an important hypothalamic boundary crucial to pituitary
development. An important finding in our study is that persistent Notch expression results in
absence of INF formation, with a corresponding reduction in OTX2 expression (Fig. 2).
Notably, persistent Notch expression within the hypothalamus of NICD Tg mice results in
persistent expression of the downstream Notch targets Hesl and Hes5, and Hes genes have
been shown to suppress expression of Otx2 by directly binding to the Otx2 enhancer
EELPOT (Ogino et al., 2008, Muranishi et al., 2011). The suppression of Otx2 by Hes genes
in retinal progenitor cells maintains their progenitor fate and Hes genes are required to turn
off to allow retinal progenitors to become photoreceptor precursors (Muranishi et al., 2011).
Taken together with our data showing that persistent Notch expression results in a lack of
INF formation, it is possible that Hes genes must be turned off to allow for hypothalamic
progenitors to adopt an INF cell fate. In fact, NICD Tg mice appear to have increased
numbers of hypothalamic progenitors, whose cell fate as progenitors are maintained
throughout embryonic development (Aujla et al., 2013).

The significant reduction in Fgf10 expression in NICD Tg mice offers further evidence that
persistent Notch expression affects proper cell specification within the posterior
hypothalamus. Notch interaction with FGF signaling pathways is not surprising. In both
gastric and pancreatic development, FGF and Notch signaling work together to control
progenitor behavior (Miralles et al., 2006). During cardiac development, Notch is necessary
for FGF expression (High et al., 2009). Additionally, constitutively active Notchl or Notch2
can prevent FGF release in vitro (Small et al., 2003). Therefore, in the current study,
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persistent activation of NICD could lead to the decrease in Fgfl10 observed in the posterior
hypothalamus.

FGF8 and FGF10 expression within the posterior hypothalamus have been shown to be
necessary for LHX3 expression and to maintain cellular proliferation within RP (Ohuchi et
al., 2000, Kelberman et al., 2009). Additionally, mice carrying a Fgf8 hypomorphic allele
exhibit a smaller pituitary, including a reduced PL and altered IL and AL shape similar to
those observed in NICD Tg mice (McCabe et al., 2011). Furthermore, loss of Fgf10 results
in apoptosis along the caudal aspect of RP (Ohuchi et al., 2000). These data correspond with
this dramatic reduction of Fgf10 found in the posterior hypothalamus of NICD Tg mice, and
suggest that loss of FGF signaling activation within RP observed through reduced p-ERK
immunoreactivity (Fig. 2) could contribute to the cell death, loss of LHX3 and reduced
proliferation found in RP (Fig. 3).

Persistent expression of Notch within the hypothalamus additionally results in an apparent
loss of proper IL structure (Fig. 5). The thin layer of cells superior to the cleft in NICD Tg
animals is not PAX7-immunopositive and contains aberrant PIT1 positive cells normally
found in the AL. PAX7 labels IL progenitor populations, and is required for formation of
hormone producing cells within the IL (Hosoyama et al., 2010, Budry et al., 2012).
Therefore, persistent NICD expression appears to alter the formation of IL structure as well
as IL cell population. When Hesl is lost in both the hypothalamus and pituitary, IL structure
appears thinner and PIT1 positive cells are also ectopically present within the IL.
Additionally, IL melanotropes are not specified and IL cells adopt an aberrant somatotrope
fate (Raetzman et al., 2007). Taken together, both NICD Tg and Hesl null mice have
disrupted IL structure and abnormal cell specification.

Both NICD Tg and Hesl null mice additionally have disrupted PL structure (Raetzman et
al., 2004, Raetzman et al., 2007, Aujla et al., 2011) and there is precedence for loss of PL
structure to disrupt IL cell fate. For example, loss of Lhx2 prevents proper INF formation
and evagination into RP and the absence of PL structure results in subsequent malformation
of IL structure as the pituitary develops (Zhao, et al. 2010). In the case of Lhx2 mutants, the
absence of a PL does not allow RP to extend dorsally and therefore alters IL and AL
morphology. Taken together with our data, this suggests that proper formation of the PL
structure itself may be a crucial mediator of IL formation.

Interestingly, NICD Tg mice examined at 8 postnatal weeks never develop an IL or PL, and
show a significant reduction in AL size compared to controls (Fig. 6), indicating that there is
little postnatal pituitary expansion. NICD Tg mice additionally show presence of
cytoplasmic expression of Sox2, representing cells in later stages of progenitor development,
but not yet differentiated into terminal cell fate (Chen et al., 2009, Gremeaux et al., 2012).
Despite the reduction in pituitary size and increased cytoplasmic expression of Sox2,
hormone cells in the AL appear to be specified properly, indicating that Notch signaling
within the hypothalamus may not affect AL hormone specification, and that intrinsic
pituitary factors are important for these factors after initial pituitary induction. This would
suggest that although the hypothalamic signals are not essential for pituitary cell
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differentiation, the disrupted hypothalamic milieu of the NICD Tg mice prevents signals
necessary for additional postnatal pituitary growth.

Taken together, our results indicate that Rbpj-dependent Notch signaling within the
developing hypothalamus is not necessary for pituitary development, but persistent Notch
signaling in hypothalamic progenitors mimics the phenotype of Hesl null mice and affects
pituitary induction and expansion. We show that persistent hypothalamic Notch activation
disrupts hypothalamic patterning, coincident with decreased pituitary progenitors. This is
likely due a combination of reduced hypothalamic FGF signaling as well as a lack of
restricted SHH signaling from the posterior hypothalamus. Disruption of the temporal and
spatial control of both FGF and SHH within the hypothalamus along the ventral midline is
thought to be a causative factor of Septo-optic dysplasia and accompanying hypopituitarism
(McCabe et al., 2011, Zhao et al., 2012). Future studies should selectively eliminate Hesl
and Hes5 from the posterior hypothalamus to determine how Notch interacts with these
important pathways.

EXPERIMENTAL PROCEDURES

Animals

RosaNotehlCD floxed mice (Murtaugh et al., 2003) purchased from Jackson Laboratories (Bar
Harbor, ME, USA) and Rbpj floxed mice (Dr. Tasuku Honjo, Han et al., 2002) were bred to
Nkx2.1-cre mice (Lazzaro et al., 1991, Xu et al., 2008) purchased from Jackson
Laboratories. Hesl mutant mice were previously generated by replacing the first 3 exons
with a neomycin-resistance cassette (Ishibashi, et al. 1994; gift from Dr. Kageyama).
Breeding colonies were generated at the University of Illinois at Urbana-Champaign (UIUC)
and all animal procedures were approved by the UIUC Institutional Animal Care and Use
Committee. Genotyping was performed as described previously (Lazzaro et al., 1991, Han et
al., 2002, Murtaugh et al., 2003).

Histology, immunohistochemistry and in situ hybridization

Mice were collected at €10.5, €16.5 and 8 weeks, and fixed in 3.7% formaldehyde solution
(Fisher, Pittsburg, PA) in PBS. For paraffin embedding (€10.5 and e16.5), the samples were
dehydrated in a graded series of ethanol before being embedded in paraffin and sectioned
coronally or sagittally at 6 pm and mounted onto charged slides. For frozen sectioning (8
weeks), pituitaries were placed in 30% sucrose diluted in PBS overnight, embedded in OCT
medium, snap frozen at —80°C and sectioned at 10 pm. A hematoxylin and eosin stain was
used to observe cell morphology. To prepare paraffin slides for immunofluorescence, the
slides were deparaffinized in xylene and rehydrated in ethanol and PBS followed by a 10
min boil in 10 mM citric acid (pH 6) for slides incubated with anti- phospho-histone-H3
(PH3), anti-Sox2, anti-LHX3, anti-PAX7, anti-pERK, anti-OTX2 or anti-PIT1 antibody.
The frozen slides were incubated at room temperature for 10 min, fixed in 3.7%
formaldehyde for 10 min, rinsed in PBS, and put in hot citrate for 5 min. All slides were
then incubated in normal donkey serum [5% (wt/vol)] diluted in immunohistochemistry
block, which consists of PBS, BSA (3%), and Triton X-100 (0.5%), followed by overnight
incubation at 4°C with a primary antibody diluted in immunohistochemistry block against
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the desired peptide: PH3 (1:500, Upstate Cell Signaling Solutions, Lake Placid, NY), Sox2
(1:500, Millipore, Billerica, MA), p-ERK 1/2 (1:300, Santa Cruz Biotechnology, Santa
Cruz, CA), LHX3 (1:1000, C651.6DbHN Developmental Studies Hybridoma Bank,
University of lowa, lowa City, IA), PAX7 (1:500, Developmental Studies Hybridoma Bank,
University of lowa, lowa City, IA), POMC (1:300, Dako, Carpinteria, CA), PIT1 (1:800, a
gift from Dr. Simon Rhodes), OTX1/2 (1:500, Abcam, Cambridge, MA), LHf (1:1500,
National Hormone and Pituitary Program-NHPP), FSHp (1:1800, NHPP), GH (1:1000,
NHPP), TSHp (1:1000, NHPP), and AVP (1:1000, Millipore). Cell death was determined by
the TUNEL (Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling)
method using the in situ cell death detection kit (Roche, Indianapolis IN) according to the
manufacturer’s protocol. Donkey-derived mouse and rabbit secondary antibodies conjugated
to biotin (Jackson ImmunoResearch, West Grove, PA) were diluted to 1:200 and incubated
with sections for 1 h. Slides were then incubated with tertiary antibodies, streptavidin
conjugated to either cy2 or cy3 fluorophore (Jackson ImmunoResearch) for 1 h. All sides
were counterstained with 4/,6-diamidino-2-phenylindole dihydrochloride (DAPI, Molecular
Probes, Grand Island, NY) at 1:1000 (stock 1 mg/ml) and mounted using aqueous
fluorescence mounting media.

For in situ hybridization (ISH) embryos were collected at €10.5 and embedded in paraffin as
described for immunohistochemistry. Gene expression was detected with an antisense probe
for Hesl (Akazawa et al., 1992), Hes5 (Akazawa et al., 1992), Shh (gift from Dr. Douglas
Epstein (Zhao et al., 2012) and Fgf10 (Bellusci et al., 1997) as previously described (Aujla
et al., 2013). For all experiments described, 3-5 mice were analyzed per genotype. Samples
were then visualized at 200x magnification using a DM 2560 microscope (Leica, Wetzlar,
Germany) and images were obtained using Q Capture Pro software (QImaging, Surrey,
British Columbia, Canada) and processed using Photoshop software (Adobe, San Jose, CA).

Quantification of PH3 immunopositive and DAPI positive cells

Sagittal sections throughout the primordial pituitary from control and NICD Tg mice at
€10.5 were immunostained with PH3 and DAPI as described. Images were taken at 100x
magnification. The number of total PH3-positive cells in RP were counted and divided by
the total number of RP cells to obtain the proportion of PH3-positive cells. Total RP cell
number was determined by counting DAPI-positive cells in four representative sections
from each group and measuring pixel density within the counted region to determine the
ratio of DAPI-positive cells per pixel. Pixel density of each section throughout the RP was
then determined and multiplied by the ratio to obtain a total number of DAPI-positive cells
for each section. For all cell counts, at least 10 sections per animal were analyzed and the
average number of PH3-positive cells and DAPI-positive cells was compared between four
NICD Tg embryos and four littermate controls in each group. The average number of PH3-
immunopositive cells over the average number of total cells for each animal was obtained
and the mean and standard deviation of these averages was then calculated for each group.
These values were tested for statistical significance using two-tailed t-tests in Microsoft
Excel.
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Control

Rbpjk cKO

Hes1 null

Figure 1. Loss of Rbpj does not alter Hesl or Hes5 expression within the posterior hypothalamus,
while both persistent Notch activation and Hesl loss results in ectopic Hes5 within the posterior
hypothalamus

In situ hybridization performed on sagittal sections at €10.5 shows Hesb expression
restricted within the anterior hypothalamus in control (A) and RbpjcKO (B) mice. In
contrast, NICD Tg mice (C) and Hesl null mice (D) have ectopic Hes5 expression within
the posterior hypothalamus. Additionally, Hesl is expressed within the anterior and
posterior hypothalamus in control mice (E), is absent from the anterior hypothalamus in
RbpjcKO mice (F) and appears increased within both the anterior and posterior
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hypothalamus in NICD Tg mice (G). Hesl expression appears reduced in Rathke’s Pouch,
especially on the caudal side of the NICD Tg pituitary (Fig. 1G, inset), compared to control
(Fig. 1E, inset). H, I: A schematic summarizing Hesl (red dash) and Hes5 (blue dot)
expression within the anterior and posterior hypothalamus in control, RbpjcKO,Hesl null
and NICD Tg mice. Scale bar, 50um.
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Figure 2. Persistent activation of hypothalamic Notch affects expression of patterning factors
within the hypothalamus and Rathke’s pouch

Hematoxylin and eosin (H&E) staining in sagittal sections at €10.5 shows the morphology
of control (A) and NICD Tg (B) hypothalamic (Hyp) and pituitary regions, displaying loss
of the infundibulum (INF) and thin RP in NICD Tg mice. Expression of Shh mRNA,
detected by in-situ hybridization, is restricted to the anterior hypothalamus in control mice
(C), while boundaries of Shh expression are disrupted in NICD Tg mice (D). Additionally,
persistent expression of Notchl results in loss of OTX2 expression within the INF (F)
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compared to controls (E). Another important hypothalamic patterning gene, Fgf10, is
normally expressed throughout the INF in control mice (G), and has reduced expression in
NICD Tg animals (H). Immunohistochemistry shows that expression of p-ERK, which is
uniformly expressed in RP of control animals (l), is lost on the caudal side of RP in Tg
animals (brackets, J). Scale bar, 50um.
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Figure 3. Persistent hypothalamic Notch expression affects survival of pituitary progenitors at
el0.5

Control sagittal sections at €10.5 show LHX3 immunopositive cells within Rathke’s pouch
(RP), allowing for proper pituitary induction (A). NICD Tg animals display reduced LHX3
expression, specifically on the caudal and dorsal aspect of RP (B). ISL1 immunopositive
cells, restricted to the ventral aspect of RP in control animals (C), are instead expressed
uniformly in NICD Tg animals (D). TUNEL-reactive cells, representing cells undergoing
cell death, are not present in control pituitaries at e10.5 (E), but are present in the caudal side
of RP in Tg animals (F). The percent of immunoreactive phospho-histone-H3 (PH3) cells
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over total DAPI-postitive cells is significantly reduced in NICD Tg pituitaries (H,
34.7+0.6%, p=0.03) compared to control pituitaries (G, 42.1+1.9%). Scale bar, 50um.
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Control _ _ . __NICDT

Figure 4. Persistent hypothalamic Notch activation disrupts pituitary morphology but not
hormone specification at e16.5
Hematoxylin and eosin (H&E) staining reveals proper anterior lobe (AL), intermediate lobe

(IL) and posterior lobe (PL) morphology in coronal pituitary sections at €16.5 (A, anterior;
C, posterior). In contrast, NICD Tg pituitaries have altered pituitary shape with lack of IL
distinction and no PL formation (B, anterior; D, posterior). In control pituitaries, luteinizing
hormone (LH; E), growth hormone (GH; G), thyroid-stimulating hormone (TSH; 1),
proopiomelanocortin (POMC; K) are specified by e16.5. NICD Tg pituitaries also display
specification of these hormones (F, H, J, L). Scale bar, 50m.
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Figure 5. Activated Notch in the developing hypothalamus affects intermediate lobe (IL)
specification at e16.5

Coronal sections display Sox2 immunopositive cells in the IL of control animals (A), and
Sox2 immunopositive cells are also present in the region surrounding the cleft in NICD Tg
pituitaries (B). The IL specific marker, PAX7, is present throughout the IL of control
pituitaries (C), but is absent in NICD Tg pituitaries (D). POMC derivatives are found in the
IL of control animals (E) and immunoreactive POMC cells are reduced in the region above
the cleft in NICD Tg animals (F). Control animals show restriction of PIT1 from the IL (G),
while NICD Tg pituitaries display PIT1 expression within the region superior to the cleft
(H). Additionally, growth hormone (GH) cells, a lineage requiring PIT1 expression, are
restricted from the IL in control pituitaries (1) and also from the region superior to the cleft
in NICD Tg pituitaries (J). Scale bar, 50um.
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Figure 6. Persistent activation of hypothalamic Notch results in maintained abnormal pituitary
morphology, reduced pituitary size but does not affect hormone specification at 8 postnatal
weeks

Pituitary photographs reveal the anterior lobe (AL), intermediate lobe (IL), and posterior
lobe (PL; A). NICD Tg mice show dramatic reduction in pituitary size, as well as elongated
pituitary shape and a lack of distinct IL and PL (B). Hematoxylin and eosin (H&E) staining
shows morphology of control (C) and NICD Tg (D) pituitaries. In control pituitaries, growth
hormone (GH; E), thyroid stimulating hormone (TSH; G) and proopiomelanocortin (POMC,
I) are specified appropriately in the AL and IL. NICD Tg animals show specification of
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these hormones in the AL, but lack a region that resembles an IL or PL (F, H, J). Arginine
vasopressin (AVP), found exclusively in the PL of control animals (K), is detected in the
presumed AL of NICD Tg pituitaries (L). Sox2 immunopositive cells are present in the AL
and IL of control animals (M) and within the AL of NICD Tg pituitaries (N). Higher
magnification reveals cytoplasmic Sox2 immunolocalization in NICD Tg pituitaries (P,
arrow), compared to immunostaining localized to the nucleus in controls (O, arrow). Scale
bar, 250um (A-D), 50um (E-P).
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Figure 7. Loss of Rbpj dependent hypothalamic Notch signaling does not affect pituitary
hormone cells at e16.5

Hematoxylin and eosin (H&E) staining reveals anterior lobe (AL), intermediate lobe (IL)
and posterior lobe (PL) morphology in coronal pituitary sections of control (A) and Rbpj
cKO (B) mice. Luteinizing hormone (LH) is not readily detectable in either control (Fig. 7C)
or Rbpj cKO pituitaries (Fig. 7D) at e16.5. In control pituitaries, growth hormone (GH; E),
thyroid stimulating hormone (TSH; G), proopiomelanocortin (POMC; 1) are specified by
€16.5. RbpjcKO pituitaries also display specification of these hormone producing cells (F,
H, J). Scale bar, 50um.
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Table 1

Average number of PH3-immunpositive cells in RP at e10.5

Average (+ SEM) NICD Control NICD Tg p-value
Number of cells in RP 96.3+9.8 138.6+7.8 *p=0.025
Total PH3+ cells in RP 40.6+5.9 48.1+2.5 p=0.343
Percent of PH3+ cells/total cells in RP 42.1+1.9% 34.7£0.6% | *p=0.029
Percent of late G2 phase PH3+ cells/total cells in RP 33.2+2.5% 30.6+2.5% p=0.44
Percent of M phase PH3+ cells/total Cells in RP 8.82+0.58% 6.51+0.34% p=0.17
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