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Development of neuroendocrine lineages
requires the bHLH-PAS transcription

factor SIM1
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The bHLH-PAS transcription factor SIM1 is expressed during the development of the hypothalamic—pituitary
axis in three hypothalamic nuclei: the paraventricular nucleus (PVN), the anterior periventricular nucleus
(@PV), and the supraoptic nucleus (SON). To investigate Sim 1 function in the hypothalamus, we produced
mice carrying a null allele of Sim1 by gene targeting. Homozygous mutant mice die shortly after birth.
Histological analysis shows that the PVN and the SON of these mice are hypocellular. At least five distinct
types of secretory neurons, identified by the expression of oxytocin, vasopressin, thyrotropin-releasing
hormone, corticotropin-releasing hormone, and somatostatin, are absent in the mutant PVN, aPV, and SON.
Moreover, we show that SIM1 controls the development of these secretory neurons at the final stages of their
differentiation. A subset of these neuronal lineages in the PVN/SON are also missing in mice bearing a
mutation in the POU transcription factor BRN2. We provide evidence that, during development of the Sim1
mutant hypothalamus, the prospective PVN/SON region fails to express Brn2. Our results strongly indicate
that SIM1 functions upstream to maintain Brn2 expression, which in turn directs the terminal differentiation

of specific neuroendocrine lineages within the PYN/SON.
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The hypothalamus integrates a variety of signals from
the brain and the periphery to modulate secretion by the
pituitary of peptidic hormones involved in maintaining
homeostasis. A large body of work, starting with the dis-
covery of oxytocin and vasopressin (Du Vigneaud 1955),
has led to the identification of numerous neuropeptides
secreted by hypothalamic and pituitary cells. The avail-
ability of these markers has allowed a detailed charac-
terization of the different cell types found in the hypo-
thalamus and the pituitary and the delineation of their
physiological role. This fundamental work has made the
hypothalamic—pituitary axis an advantageous system to
study the mechanisms involved in generating cell diver-
sity in the central nervous system (CNS).

The neuroendocrine system consists of two sets of hy-
pothalamic neurons: the magnocellular and the parvo-
cellular neurons (for review, see Swanson and Saw-
chenko 1983; Swanson 1986; Sawchenko et al. 1992).
The magnocellular neurosecretory system projects to the
posterior pituitary where it releases vasopressin (AVP)
and oxytocin (OT) directly into the general circulation.
Vasopressin participates in the control of blood volume,
osmolality, and pressure, whereas OT promotes parturi-
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tion and lactation. The magnocellular neurons are lo-
cated in two nuclei of the anterior hypothalamus, the
paraventricular (PVN) and the supraoptic (SON) nuclei.
Within the PVN and the SON, AVP and OT are produced
by mutually exclusive sets of neurons. The sum of AVP-
and OT-producing cells corresponds to the total number
of magnocellular neurons, indicating that AVP and OT
define the two cell types of this neurosecretory system.

The parvocellular neurosecretory system projects to
the medial eminence where it releases hormones that are
carried to the anterior pituitary by the portal vascula-
ture. These hypophysiotropic hormones play an impor-
tant role in modulating the secretion of anterior pitu-
itary hormones, which include adrenocorticotropin
(ACTH), thyrotropin (TSH), growth hormone, and the
gonadotropins. Five peptidic hormones produced by the
parvocellular neurons have been fully characterized, and
the specific locations of the neurons that secrete them
have been identified. Both corticotropin-releasing hor-
mone (CRH) and thyrotropin-releasing hormone (TRH)
are produced by neurons in the PVN, whereas growth
hormone-releasing hormone (GHRH) is synthesized by
neurons of the arcuate nucleus and the adjacent ventro-
medial nucleus, and gonadotropin-releasing hormone
(GnRH)is synthesized by neurons located in the preoptic
region. Somatostatin (SS) is mainly synthesized by par-
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vocellular neurons in the anterior periventricular
nucleus (aPV), which is ventrally contiguous with the
PVN, although some SS is also synthesized in the PVN.
Within the PVN and aPV, CRH, TRH, and SS each de-
fines a distinct type of parvocellular neuron.

The PVN, which contains both magnocellular and par-
vocellular neurons, and the SON, which is mainly com-
posed of magnocellular neurons, originate from a small
patch of neuroepithelium located at the level of the ven-
tral diencephalic sulcus. Cells that form the PVN remain
near the ventricular zone, whereas those that form the
SON migrate laterally to reach the surface of the hypo-
thalamus (Altman and Bayer 1978). Considerable insight
into the development of these nuclei was gained recently
when it was shown that CRH, AVP- and OT-producing
cells of the SON and PVN fail to develop in mice bearing
a mutation in the POU domain transcription factor
BRAIN-2 (BRN2) (Nakai et al. 1995; Schonemann et al.
1995). Mutant analysis and the fact that BRN2 binds and
activates the CRH promotor suggest that it controls the
development of these lineages at the terminal stage of
their differentiation (Li et al. 1993; Schonemann et al.
1995).

A large family of transcription factors, characterized
by the presence of a basic helix-loop-helix ((HLH) and
PAS (for per, ARNT, and sim, the first genes shown to
contain this motif) domains, has emerged during the past
few years. Most bHLH-PAS proteins share the same pri-
mary structure (for review, see Hankison 1995; Schmidt
and Bradfield 1996; Crews 1998). The basic domain, usu-
ally found at the amino terminus, contributes to se-
quence-specific DN A binding. Immediately carboxy-ter-
minal to the basic domain, the HLH and the PAS do-
mains together form a dimerization interface. Sequences
carboxy-terminal to the bHLH-PAS domain appear to
participate in activation or repression of the target genes.

Several vertebrate members of the bHLH-PAS family
have attracted considerable attention during the past few
years, as they have been shown to control physiological
processes in response to the environment. These include
CLOCK (Kinget al. 1997), which participates in the con-
trol of circadian rhythms, hypoxia-inducible factor (HIF)
(Wang et al. 1995), and endothelial PAS domain protein
(EPAS) (Ema et al. 1997; Tian et al. 1997), which regulate
response to hypoxia, and the aryl hydrocarbon receptor
(AHR) (Burbach et al. 1992), which mediates the effects
of dioxin. Although AHR is the only member of this
family for which a ligand has been identified, it has been
postulated that other, if not all, bHLH-PAS proteins are
also ligand-modulated transcription factors (Michaud
and Fan 1997). Notably, members of a subgroup of bHLH-
PAS proteins act as coactivators of nuclear receptors (for
review, see Glass et al. 1997).

Drosophila Single-minded, one of the founding mem-
bers of the bBHLH-PAS protein family, is a key regulator
of the development of CNS midline cells (Crews et al.
1988; Thomas et al. 1988; Nambu et al. 1990, 1991).
Sim 1 and Sim 2, two murine homologs of this gene, have
also been documented to display regionalized expression
within the developing CNS (Ema et al. 1996; Fan et al.
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1996; Moffett et al. 1996; Yamaki et al. 1996). However,
their function in the CNS has not yet been determined.
Here, we show that Sim I RN A and protein are expressed
in the PVN, SON, and aPV, from the early stages of their
development to the neonatal period. Using a gene target-
ing approach, we have established that Sim [ is essential
for the development of both the magnocellular and par-
vocellular neurosecretory lineages of the PVN, SON, and
aPV. Moreover, we provide evidence that SIM1 controls
the final stages of differentiation of a subset of these
neurons by acting upstream to maintain Brn2 expres-
sion.

Results

Sim1 is expressed in the PVN, aPV, and SON

The PVN lines the third ventricle at the most dorsal
aspect of the anterior hypothalamus as illustrated in

Figure 1. Sim I expression in the PVN and SON. Coronal sec-
tions of wild-type newborn brains through the anterior hypo-
thalamus. (@) Section stained with hematoxylin and scheme
showing the location of the paraventricular nucleus (PVN), the
suprachiasmatic nucleus (SCN), and the supraoptic nuleus
(SON). (b,c) Expression of Sim I transcript (b) and protein (c) in
the PVN. (d,e) Expression of Sim I transcript (d) and protein (e)
in the SON. The Sim I transcript was detected by in situ hy-
bridization using a digoxygenin-UTP-labeled probe, whereas
the SIM1 protein was detected by immunocytochemistry using
a polyclonal SIM1 antiserum.
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Figure la. Originating from the prospective PVN region,
the SON neurons migrate to the lateral surface of the
hypothalamus (Fig. 1a). In newborn mice, both Sim ]
transcript and protein are strongly expressed in the PVN
(Fig. 1b,c) and the SON (Fig. 1d,e). The magnocellular
and parvocellular neurons are segregated into distinct
populations occupying specific regions within the PVN.
Sim 1 is expressed in the entire PVN, therefore including
regions that contain either magnocellular or parvocellu-
lar neurons. Sim I expression was also detected in the
ventrally contiguous aPV (see below). No expression was
detected in the preoptic area or in the arcuate nucleus
that synthesize GnRH and GHRH, respectively.

Sim1 mutant mice die shortly after birth

To gain insight into the function of Sim I/ in the neuro-
endocrine hypothalamus, we generated mice homozy-
gous for a null allele at the Sim I locus, Sim I, by gene
targeting in embryonic stem (ES) cells. In the targeting
vector we constructed (Fig. 2a), 750 bp of the 5’ region,
the translation initiation codon, and the sequence coding
for the basic domain of SIM1 were replaced by a Pgk-neo
cassette (see Materials and Methods). Homologous re-
combinant ES cell clones, in which the altered Sim I se-
quences replaced one copy of the wild-type gene, were
identified by Southern analysis as described in Materials
and Methods. These clones were obtained at a frequency
of 7% (14 positives out of 200 clones assayed). After blas-
tocyst injection and mating of the resulting chimeras to
C57BL/6 mice, a line of mice heterozygous for the Sim I~
allele was established. A 5’ and a 3’ external probe were
used to confirm that these mice indeed carry the ho-
mologously recombined Sim I mutant allele (Fig. 2b).

Figure 2. Targeted disruption of the mouse

Sim I locus. (a) Schematic representation of the

Sim I locus (wt), of the targeting vector (tv), and

of the Sim I mutant allele (m). Homologous re- a
combination replaces 750 bp of the 5’ region, the wrt
initiation codon, and the sequence correspond-
ing to the basic domain of Sim I by a Pgk-neo
cassette. The 5’ and 3’ external probes used in
Southern blot analysis are represented by boxes
at the bottom of the panel. The position of the
primers used to amplify a Sim 1 fragment present
only in the wild-type allele or a neo fragment m
present only in the mutant allele are represented
by arrows and arrowheads, respectively. Restric-
tion enzymes: (B) Bam HI, (H) HindIll, (K) Kpnl.
(b) Southern blot analysis of genomic DN A from
Sim 1%, Sim 1*'=, Sim 17/~ mice. The 5’ probe de-
tects a wild-type (wt) 5.2-kb Bam HI fragment
and a mutant (m)3.4-kb Bam HI fragment. The 3’
probe detects a wild-type (wt) 11.2-kb Kpnl frag-
ment and a mutant (m) 12.6-kb Kpnl fragment.
(¢) Coronal sections through the prospective
PVN/SON of heterozygous control and mutant
E13.5 embryos labeled with an antiserum recog-
nizing SIM 1. Production of SIM1 (arrowheads) is
not detectable in the mutant.
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Sim I~ heterozygotes show no obvious physical or be-
havioral abnormalities and are fertile. Heterozygous sib-
lings were bred to obtain homozygous mice. Up to birth,
an expected Mendelian inheritance was observed [+/+,
44 22%); +/—, 110 55%); =/ —, 44 22% )], indicating that
the mutation does not result in embryonic lethality. Af-
ter birth, however, homozygous mice begin to die and
none survive for more than 24 hr.

Disrupting Sim I did not appear to significantly affect
its transcription or the stability of its message, as Sim /
transcripts are expressed abundantly in various tissues of
Sim 1 mutant embryos (see below), albeit at a slightly
lower level than in control embryos. To confirm that the
targeted Sim I allele did not produce any protein, we
tested whether SIM1 protein is present in the prospec-
tive PVN/SON of embryonic day 13.5 (E13.5) Sim I mu-
tant embryos, where Sim I transcripts are expressed. As
shown in Figure 2c, no obvious SIM1 protein was de-
tected in this tissue using an antiserum raised against a
peptide corrresponding to a region of the carboxyl termi-
nus of SIM1 (see Materials and Methods), indicating that
the targeting resulted in a null allele.

Loss of Sim 1 function affects development of the SON,
PVN, and aPV

Histological sections of Sim 1™/~ and Sim 1%~ littermate
newborn brains revealed that both the PVN and SON are
strikingly hypocellular in mutant mice, whereas sur-
rounding structures such as the suprachiasmatic nucleus
and the zona incerta have a normal appearance (Fig. 3).
No significant changes were observed in the mutant
aPV, possibly because this nucleus is morphologically
more difficult to distinguish than the PVN and SON.
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Figure 3. The morphology of the PVN and SON is altered in
Sim I mutant mice. Coronal sections through the anterior hy-
pothalamus of Sim I*'~ (a,c) and Sim I~'~ (b,d) newborn mice,
stained with hematoxylin. (a,b) Sections through the PVN (red
arrowhead). The PVN has the shape of a triangle lining the third
ventricle. In the mutant hypothalamus, no such structure is
recognizable. The region normally occupied by the PVN appears
hypocellular. (c,d) Sections through the SON (red arrowheads).
The SON of Sim 1™/~ mice is strikingly hypocellular com pared
to that of Sim I*'~ mice.

Interestingly, although the Sim I transcript is produced
in Sim 17~ embryos, it is no longer detectable in the
PVN, SON, or aPV of homozygous newborn mice (data
not shown). This observation along with the histological
analysis suggest that, in mutant mice, the neurons that
normally express Sim I in the PVN, SON, and aPV either
changed fate or died.

To characterize further the defects in the PVN and
SON of Sim 1™~ mice at the molecular level, we exam-
ined the magnocellular neurons by studying the produc-
tion of AVP (Figs. 4a, and b and 5a, and b) and OT (Figs.
4c,d and 5c,d) and the parvocellular neurons by studying
the expression of Crh (Fig. 4e,f) and Trh (Fig. 4g,h). Re-
markably, the expression of none of these neuropeptides
could be detected in mutant PVN or SON. SS-producing
neurons of the aPV were also absent in the Sim / mutant
brain (Fig. 4i,j). We conclude that Sim I disruption affects
development of multiple neurosecretory lineages cen-
tered in the SON, PVN, and aPV. These defects are spe-
cific in that expression of the markers studied here could
be detected in structures surrounding the PVN and SON
(e.g., CRH in the lateral hypothalamus and AVP in the
suprachiasmatic nucleus).

The magnocellular neurons of the PVN and the SON
send axonal projections to the posterior lobe of the pitu-
itary. It has been proposed previously that these axons
produce trophic factors for the pituicytes, the astroglial
cells of the posterior lobe (Schonemann et al. 1995). To

SIM1 and neuroendocrine lineages development

verify whether the absence of magnocellular neurons in
Sim I mutant mice affects the pituicytes, histological
analysis was performed. Examination of sagittal sections
of pituitaries showed obvious abnormalities in the pos-
terior lobe of Sim I homozygous newborns (Fig. 6a,b).
Notably, the mutant pituicytes are packed more densely
compared to those of the controls, presumably due to the
lack of magnocellular axons originating from the PVN/
SON. This is consistent with the fact that the mediolat-
eral length of these mutant posterior pituitaries was, on
average, significantly decreased when compared to that
of control littermates (17241 um vs. 289 +60 um,
P <0.05; Fig. 6¢). To address whether the pituicytes are
affected by the Sim I mutant allele, we counted the cells
in the posterior lobe. We found that the average number
of cells in mid-sagittal sections of the mutant posterior
lobe was decreased (178 £12 vs. 346 +31, P <0.005; Fig.
6d), indicating that the absence of magnocellular neu-
rons in Sim I mutant mice led to either a decreased pro-
liferation or survival of pituicytes. In contrast to the pos-
terior lobe, the anterior and intermediate lobes appear to
develop properly in the mutant; even in the absence of
TRH- and CRH-producing neurons in the Sim / mutant
PVN, production of ACTH (Fig. 6e,f) and TSH (not
shown) was comparable to that of control pituitaries.

Neurons of the prospective PVN/SON do not
terminally differentiate in Sim1 mutant embryos

In the mouse, the neurons of the PVN and SON are born
between E10.5 and E12.5 (Karim and Sloper 1980; Oka-
mura et al. 1983). Terminal differentiation indicated by
the production of hormones starts at E13.5 for CRH-pro-
ducing neurons, at E15.5 for AVP-producing neurons,
and at later stages for the neurons producing the other
markers studied here (Hyodo et al. 1991; Seasholtz et al.
1991). Importantly, Crh expression and AVP production
were not detectable at E13.5 and E15.5, respectively, in
the prospective PVN of Sim I mutant embryos (data not
shown), indicating that PVN/SON neurons do not pro-
ceed to terminal differentiation in the mutant.

In the developing anterior hypothalamus, Sim I expres-
sion begins at E10.5, a stage coinciding with the birth of
the first PVN/SON neurons, and is restricted to the
mantle layer, indicating that neuronal precursors of the
PVN/SON begin to express Sim I only after they leave
the ventricular zone and stop proliferating (Fan et al.
1996). We took advantage of the persistence of Sim [
transcripts in mutant mice to determine the fate of the
presumptive PVN/SON region during development.
Whole-mount in situ hybridization was performed on
bisected brains, collected from E12.5 to E15.5, at 24-hr
intervals. In these bisected brains, the Sim I domain has
the shape of a stripe that extends from the ventral dien-
cephalic sulcus to the optic recess (Fig. 7a,c,g,k). The
prospective PVN/SON occupies the most dorsal region
of this stripe. Up to E14.5, a slight but stable decrease in
the level of Sim I expression in this domain was noted in
mutant embryos (Fig. 7c.,d,g,h). At E14.5, a dramatic
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Figure 4. Molecular markers of the PVN are not detected in Sim I mutant mice. Coronal sections through the PVN of Sim I/~
(a,c,e,g,ik)or Sim 1/~ (b.d f,h,j,l)newborn mice. AVP (a,b), OT (c,d), Crh (e.f), Trh (g,h), SS (i,j), and Brn2 (k,l) are readily detected in
sections of mutant heterozygotes but not mutant homozygotes. (i,j) Arrowheads indicate the location of the aPV and arrows show the
production of SS in the zona incerta. AVP, OT, and SS were detected by immunocytochemistry, whereas Crh, Trh, and Brn2 were
detected by in situ hybridization using digoxigenin—-UTP-labeled probes.

down-regulation of Sim I expression was observed in the
most dorsal portion of this domain in half of the mutant
embryos studied (2 of 4) (Fig. 7k.l). At E15.5, all of the
mutant embryos examined showed this pattern 4 of 4;
data not shown). We conclude that in mutant mice,
Sim I-expressing cells are born initially in the prospec-
tive PVN, but either change fate or die around E15.5 in
the absence of terminal differentiation.

SIM1 and BRN?2 function along the same
genetic pathway

The phenotype observed at birth in brains of Sim / mu-
tant mice is strikingly similar to that reported for Brn2
mutants. Moreover, in Sim I mutant mice, Brn2 expres-
sion in the newborn PVN and SON is undetectable,
whereas its expression in the surrounding tissues, in-
cluding the ventricular layer lining the anterior hypo-
thalamus, is unaffected (Fig. 4k, and 1 and Se, and f). Sim I
is expressed essentially in all cells of the PVN, whereas
Brn2 is only expressed in a subset of these cells (see Fig.
1 and below). In the SON, Sim I and Brn2 are expressed
by all magnocellular neurons (Schonemann et al. 1995;
Malik et al. 1996; and below). It follows that Sim I acts in
all Brn2-expressing cells of the PVN/SON. Therefore,
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the loss of Brn2-expressing cells in Sim I mutant PVN/
SON is most likely the result of a cell autonomous ef-
fect.

The lack of Brn2 expression in the PVN/SON of Sim I
mutant neonates may be accounted for by its hypocellu-
larity and does not necessarily suggest the existence of a
genetic interaction between the two genes. To test
whether Sim I and Brn2 interact along the same genetic
pathway or in parallel pathways to specify the hypo-
thalamus, we compared their expression during develop-
ment of Sim 1™~ and Sim 1/~ embryos by performing
whole-mount in situ hybridization on bisected brains
collected at E11.5, E12.5, and E13.5. At these stages,
Sim 1 and Brn2 are each expressed in the presumptive
anterior hypothalamus, in a stripe that extends from the
ventral diencephalic sulcus to the optic recess (Fig. 7a—
c,g,i). These stripes do not overlap completely, as the
Sim I domain extends more anteriorly and the Brn2 do-
main extends more posteriorly. At E11.5, the Brn2 ex-
pression pattern was not affected by the Sim 1™/~ allele
(not shown). In E12.5 and E13.5 Sim I mutant embryos,
however, Brn2 becomes undetectable in a patch imme-
diately ventral to the sulcus (Fig. 7f,j), whereas Sim I ex-
pression remains unchanged (Fig. 7d-h). Although at
E12.5 this patch does not occupy the entire dorsal por-


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

a AVP b AVP
o oT o oT
v 1
A : S
e Bm2 f Brn2
,F-““‘ .

Figure 5. Molecular markers of the SON are not detected in
Sim 1 mutant mice. Coronal sections through the SON of
Sim 1™~ (a,c,e) or Sim 17~ (b,d.f) newborn mice. AVP (a,b) and
Brn2 (e.f) are readily detected in sections of mutant heterozy-
gotes but not mutant homozygotes. Although weak, OT (c,d)
production is also detectable in mutant heterozygotes (arrow-
heads) but not in mutant homozygotes. AVP and OT were de-
tected by immunocytochemistry, whereas Brn2 was detected by
in situ hybridization using a digoxigenin—-UTP-labeled probe.

tion of the domain where Sim/ and Brn2 expression
overlaps, at E13.5, Brn2 is down-regulated in the whole
dorsal aspect of this overlapping domain. The down-
regulation of Brn2 in a region of the prospective PVN/
SON that continues to produce Sim [ transcripts indi-
cates that SIM1 is necessary for the maintenance of Brn2
expression.

During development of the anterior hypothalamus,
the dorsal aspect of the Sim /-expression domain can be
divided into a posterior Brn2-positive region and an an-
terior Brn2-negative region. Interestingly, when the ex-
pression of Sim I and Brn2 was compared on adjacent
sections of the newborn PVN, a similar correlation was
also observed (Fig. 8). In the most anterior part of the
PVN, Sim I expression is detected but Brn2 expression is
not (Fig. 8a,b). More posteriorly, Brn2 expression is pre-
sent, representing a subset of the Sim [/ expression do-
main (Fig. 8c—f). In the most posterior part of the PVN,
Sim I and Brn2 expression domains are similar, occupy-
ing the entire PVN (Fig. 8g,h). The observation raises the
possibility that the dorsal Sim I expression domain con-
tains all the neurons of the prospective PVN from its
earliest stage of development. Sim [ would then control
the development of the entire PVN. In Sim I mutants,
the loss of Sim I expression in the whole dorsal aspect of
the Sim 1 domain at E15.5 (see Fig. 71) and the absence of
expression of all the PVN markers examined here are
consistent with this possibility. Because Brn2 expression
coincides with the posterior portion of the Sim / domain,
Brn2 may only control the development of the posterior
portion of the PVN (see Discussion).

SIM1 and neuroendocrine lineages development

Discussion

Our study shows that Sim [ is essential for the develop-
ment of specific neuronal lineages of the PVN, aPV, and
SON. The entire magnocellular neurosecretory system,
which secretes AVP and OT, and three major types of
parvocellular neurosecretory cells, identified by the syn-
thesis of TRH, CRH, and SS, fail to develop (Fig. 9). Dis-
ruption of the PVN, aPV, and SON is most likely the
cause of death of Sim [ mutant mice. Although muta-
tions in CRH, TRH, AVP, or OT do not compromise
survival (Schmale and Richter 1984; Muglia et al. 1995;
Young et al. 1995; Nishimori et al. 1996; Yamada et al.
1997), the simultaneous loss of multiple cell types
within the PVN and SON would likely have a major
physiological impact.

Loss of magnocellular neurons resulted in a decreased
number of pituicytes, the astroglial cells of the posterior
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Figure 6. Posterior pituitary lobe is reduced in size in Sim 1
mutant mice. Pituitaries collected from Sim I™* and Sim 17/~
animals were sagittally sectioned for analysis. Staining with
hematoxylin revealed that the anterior (A) and intermediate (I)
lobes of mutant pituitaries appear normal, but that their poste-
rior (P) lobe is reduced in size (b) when compared to that of
wild-type littermates (a). To quantify the difference between the
mutants and controls, the mediolateral length of the posterior
lobe was measured (c¢) and cells were counted (d) (see Materials
and Methods). These morphometric studies confirmed that the
posterior lobe of mutant pituitaries is hypoplasic. Antibodies to
ACTH detected normal expression of this antigen in the ante-
rior and intermediate pituitary in mutants (f), when compared
to wild-type littermates (e).
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E12.5

Figure 7. Expression of Sim I and Brn2
overlaps during development of the hypo-
thalamus. Whole-mount in situ hybridiza-
tion performed on bisected heads from
Sim 1"~ (a—c,e.g.i,k) and Sim 17/~ (d f.hj.l)
embryos at the stages indicated at the left.
The region of the anterior hypothalamus
in which Sim1 (a) and Brn2 (b) are ex-
pressed is indicated by a box (a,b), and is
magnified (c—-). The ventral diencephalic
sulcus (VDS) and the optic recess (OR) are
indicated by black arrowheads in c¢. The
diagrams illustrate the spatial relationship
of the expression domains of Sim [ (blue)
and Brn2 (red) and the regions in which
they overlap (purple). The dorsal (D)-ven-
tral (V) and the anterior (A)-posterior (P)
axes are indicated in the diagrams. (c,f) At
E12.5, the level of Sim I expression (c,d) is
slightly lower in the mutant embryo. Brn2
expression (e,f)is significantly decreased in
the mutant in a small patch (arrowhead in
fand hatched region in the diagram) local-
ized in the dorsal portion of the region in
which the Sim 1 and Brn2 expression do-
mains overlap. (g—j) At E13.5, the level of
Sim 1 expression is slightly lower in the
mutant embryo (g,n). Brn2 expression is
significantly decreased in the mutant in a
small patch (arrowhead in j and hatched
region in the diagram) that occupies the
entire dorsal portion of the region in which
the Sim 1 and Brn2 expression domains
overlap. (k,l) At E14.5, the level of mutant
Sim 1 expression is decreased dramatically
in the dorsal aspect of its anterior hypotha-
lamic domain (arrowhead).

E13.5

E14.5

lobe of the pituitary. In contrast, the loss of the parvo-
cellular lineages studied here had no apparent impact on
the development of the anterior pituitary. Although
growth hormone-producing cells require the hypotha-
lamic factor GHRH for development (Godfrey et al.
1993; Lin et al. 1993; Li et al. 1996), ACTH- and TSH-
producing cells appear to develop normally in the ab-
sence of their regulator CRH (Muglia et al. 1995; Scho-
nemann et al. 1995; Smith et al. 1998; Timpl et al. 1998)
and TRH (Yamada et al. 1997), respectively. The fact that
the production of ACTH and TSH is not perturbed in the
Sim I mutant pituitaries supports this conclusion.
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Sim 1 controls the later stages of PYN/SON
development

Neurons that will constitute the PVN and SON are born
between E10.5 and E12.5 (Karim and Sloper 1980; Oka-
mura et al. 1983). Terminal differentiation indicated by
the onset of production of the secreted neuropeptides
occurs during the following days. In Sim / mutant em-
bryos, Sim I-expressing cells of the prospective PVN/
SON are generated and appear to survive up to at least
E14.5/15.5. However, they stop expressing Brn2 at E12.5
and they never terminally differentiate. Therefore, it
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Figure 8. Comparison of Sim/ and Brn2 expression in the
PVN. Adjacent sections through the PVN were hybridized ei-
ther with the Sim I (a,c,e,g) or the Brn2 (b,d.f,h) probe. Each set
of adjacent sections was collected at an interval of 30 um start-
ing anteriorly. In the most anterior (Ant.) part of the PVN (a,b),
Sim 1 expression is detected in the PVN and in the aPV (indi-
cated by an arrowhead) but Brn2 expression is not. More poste-
riorly, the Brn2 expression domain appears to represent a subset
of the Sim I expression domain (c—f). At the posterior (Post.) end
of the PVN, Sim 1 and Brn2 expression patterns are similar (g,h).

seems that Sim I controls the later stages of differentia-
tion of the PVN/SON neurons, after the neuronal pre-
cursors have been produced. In the absence of terminal
differentiation, Sim [-expressing cells either die or
change fate. The correct regional expression of the Sim 1
mutant transcript up to the stage of terminal differentia-
tion and the later striking hypocellularity of the mutant
PVN and SON suggest that these cells do indeed die.
SIM 1 does not homodimerize but it does heterodimer-
ize with aryl hydrocarbon receptor nuclear translocator
(ARNT)and ARNT2, bHLH-PAS proteins that are con-
sidered to be the partner of many members of this family

SIM1 and neuroendocrine lineages development

(Swanson et al. 1995; Ema et al. 1996; Probst et al. 1997).
However, in contrast to Drosophila sim and to all other
known bHLH-PAS proteins, which act as transcriptional
activators, SIM1 and SIM2 behave as transcriptional re-
pressors in cell culture/transfection assays (Ema et al.
1996; Moffett et al. 1997; Probst et al. 1997). This repres-
sor activity has been mapped to a region located in the
carboxy-terminal half of the protein. Consistent with
their divergent activity, the carboxyl termini of fly and
murine SIMs are not conserved. It is unclear whether
SIM1 also functions as a repressor in vivo. The pheno-
type observed in Sim I mutant mice is consistent with
either SIM1 acting as a transactivator of genes involved
in specifying the PVN/SON lineages or acting as a re-
pressor of a gene that itself represses the PVN/SON dif-
ferentiation program.

SIM1 is expressed at birth in the PVN and the SON,
long after these nuclei have differentiated. This observa-
tion suggests that, in addition to specifying neuronal lin-
eages, SIM1 could play a second role in the PVN and
SON. For instance, SIM1 could also be involved directly
in maintaining the expression of the secreted neuropep-

Figure 9. Summary of the consequences of the loss of Sim [
function on the hypothalamic—pituitary axis . Loss of Sim 1
function affects the development of both the magnocellular and
parvocellular lineages. The magnocellular neurons are located
in the paraventricular nucleus (PVN)and the supraoptic nucleus
(SON) and project their axons (red) to the posterior pituitary
where they secrete AVP and OT. The parvocellular neurons of
the PVN and of the anterior periventricular nucleus (aPV) proj-
ect their axons (green) to the medial eminence (ME) where they
release TRH, CRH, and SS. These hormones are transported by
the ME portal vasculature (pink) to the anterior pituitary; there
they modulate the secretion of peptidic hormones. Expression
of the peptides studied here, AVP, OT, CRH, TRH, and SS,
defines at least five distinct cell types. Morphological and
marker analysis indicates that these lineages are absent in Sim /
mutant mice (crossed-through by black X). (Adapted from Scho-
nemann et al. 1995.)
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tides examined here. Alternatively, SIM1 could have a
more dynamic function by controlling the transcription
of various genes in response to specific physiological
stimuli, possibly mediated by the production of a ligand.
A precedent for this hypothesis is provided by the aryl
hydrocarbon receptor, a bLHLH-PAS protein whose activ-
ity is controlled by the ligand dioxin (Burbach et al.
1992). In addition to the PVN/SON, Sim I has also been
documented to be expressed in the developing somites
and kidneys (Fan et al. 1996). However, no discernible
phenotype has been observed in these tissues (or their
derivatives) in mutant animals.

Sim 1 and Brn?2 interact genetically
in the hypothalamus

Drosophila Sim is a master regulator of the CN S midline
(Nambu et al. 1990, 1991). Loss of sim function results in
the complete absence of midline development. Drifter, a
POU domain transcription factor that binds the same
DNA sequence as does BRN2, has also been implicated
in controlling the development of CNS midline cells in
the fly (Anderson et al. 1995). Expression and phenotypic
analysis have shown that Sim acts upstream of Drifter.
Our data indicate that in mice, SIM1 likewise acts up-
stream of a POU domain transcription factor BRN2. Spe-
cifically, we have found that Brn2 is down-regulated in a
region of the prospective PVN/SON that continues to
express the Sim I mutant transcript, indicating that
SIM1 and BRN2 function along the same pathway. The
fact that Brn2 expression in the prospective hypothala-
mus of Sim I mutant embryos is not altered until E12.5
suggests that Sim / is not involved in initiating but in
maintaining Brn2 expression. Whether SIM1 controls
BRN?2 transcription directly or indirectly remains an
open question.

Consistent with the conclusion that Sim I functions
upstream to maintain Brn2 expression, we show here
that all the hypothalamic lineages that are reported to be
affected by the loss of Brn2 function are also affected in
Sim 1-deficient mice; the loss of Brn2 function affects the
development of AVP-, OT-, and CRH-producing cells
(Nakai et al. 1995; Schonemann et al. 1995), and the
same cell types are affected by the loss of Sim / function.
In contrast, TRH- and SS-producing cells are missing in
Sim I mutant but are present in Brn2 mutant PVN and
aPV (Schonemann et al. 1995). This is consistent with
the observation that 7rh and BRN2 expression share
minimal overlap in the PVN (Schonemann et al. 1995;
Malik et al. 1996). Similarily, Brn2 is not expressed in
the aPV, where SS is produced abundantly (Schonemann
et al. 1995; and our data). Although Nakai et al. (1995)
have reported that TRH- and SS-producing cells fail to
develop in Brn2 mutant mice, this observation has not
been reproduced (Schonemann et al. 1995).

The loss of the five cell types studied here in Sim /
mutant mice raises the possibility that most, if not all, of
the neuronal lineages constituting the PVN, SON, and
aPV originate from the dorsal aspect of the prospective
anterior hypothalamic Sim / domain. This domain can
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be divided into an anterior region only expressing Sim [
and a posterior region expressing both Sim I and Brn2. It
is tempting to speculate that the CRH, AVP, and OT
lineages, which are affected in both Sim / and Brn2 mu-
tant mice, are derived from the posterior region, whereas
the TRH and SS lineages, which are only affected in
Sim I mutant mice, are derived from the anterior region.
This is consistent with the observation that in the new-
born hypothalamus, Brn2 is not expressed in the aPV or
in the anterior end of the PVN, where SS- and TRH-
producing cells, respectively, are found.

In Brn2 mutant mice, precursors of the PVN and SON
survive up to E15.5 but fail to express the secreted neu-
ropeptides (Schonemann et al. 1995). BRN2 binds and
activates the CRH promotor, supporting a role for BRN 2
in controlling the terminal stage of differentiation (Li et
al. 1993). The survival of the PVN/SON precursors up to
E15.5 in both Sim I and Brn2 mutant embryos and the
down-regulation of Brn2 in Sim I mutant embryos would
suggest that the loss of Brn2 expression mediates the
effect of the Sim I mutant allele on the development of
CRH, AVP, and OT neuroendocrine lineages. Whether
Sim 1 controls the differentiation of TRH- and SS-ex-
pressing cells directly or indirectly, through activation of
another POU domain transcription factor, remains to be
determined.

Materials and methods

Targeting vector construction and gene targeting in ES cells

A Sim 1 genomic clone was isolated from a 129/Sv mouse ge-
nomic library (EMBL4). A 1-kb fragment containing 750 bp of
the 5' region, the initiation codon, and the sequence coding for
the basic domain (the first 17 amino acids) was replaced by a
Pgk-neo cassette (Tybulewicz et al. 1991). The final targeting
vector contained 1.2 kb of Sim I sequence 5’ and 5 kb of Sim 1
sequence 3’ of the Pgk—neo cassette, and a Pgk—tk cassette was
inserted at the 5’ end of the construct (Fig. 2a). In the predicted
targeted allele, an alternative initiation methionine (amino ac-
ids 52)is found after the bHLH domain. If this methionine were
used, the protein product would presumably be nonfunctional.

Twenty micrograms of the construct was linearized at a Norl
site located at its 3’ end and electroporated into passage 13 R1
ES cells, which were grown as previously described (Nagy et al.
1993). To obtain negative and positive selection for homologous
recombinants, gancyclovir and G418 were added to the culture
medium at a final concentration of 0.55 pg/ml and 150 ug/ml,
respectively. Double-resistant clones were further analyzed by
Southern blot using a probe containing Sim I genomic se-
quences 5’ of those used in the targeting vector. This probe
hybridizes to a 5.2-kb Bam HI fragment of the wild-type Sim 1
allele and to a 3.4-kb Bam Hl fragment of the Sim I mutant allele
(Fig. 2b).

Generation of germ -line-transm itting mice and genotyping

Homologous recombinant ES cell clones were microinjected
into C57BL/6 blastocysts to produce chimeric mice. The result-
ing male chimeras were backcrossed to C57BL/6 females.
Germ-line heterozygotes were identified by PCR and Southern
blot analysis. In addition to the 5" probe described above, a probe
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containing Sim I genomic sequences 3’ of those cloned into the
targeting vector was used to confirm that the Sim I locus was
targeted correctly (Fig. 2b). This probe detects a wild-type 11.2-
kb Kpnl fragment and a mutant 12.4-kb Kpnl fragment. For
PCR, two sets of primers were used. The first set was designed
to detect the mutant allele, and amplifies a 189-bp fragment of
the neo gene. The second set was designed to detect the wild-
type Sim [ allele, and amplifies a 287-bp fragment that is deleted
in the mutant allele. The sequences of these primers are as
follows: neo, CTCGGCAGGAGCAAGGTGAGATG and GT-
CAAGACCGACCTGTCCGGTGC; Sim1, ATACCCAGGGC-
TGTGACGAG and AATGCTGGAAGGACTCCCGA. The re-
action was carried out at 94°C for 30 sec, 61°C for 45 sec, and
72°C for 45 sec with 10% DMSO for 33 cycles, using Tag poly-
merase.

Immunocytochemisty, in situ hybridization, and histology

Polyclonal rabbit antibodies were raised against a peptide cor-
responding to residues 542-560 (ESGDRYRTEQYQN SPHEPS)
of SIM1. The DN A sequence encoding this peptide region is not
deleted in the targeted allele. For immunocytochemistry, coro-
nal sections of newborn brains fixed in Carnoy’s fluid and em-
bedded in paraffin were boiled in an antigen-unmasking solu-
tion (Vector). Inmunocytochemistry was performed with the
ABC immunoperoxidase system (Vector), using peptide affinity-
purified antibodies diluted to 1:200.

Rabbit antisera against AVP, OT, and SS were purchased from
Peninsula Laboratories and used at a dilution of 1:500. Immu-
nocytochemistry was performed on paraffin sections of new-
born brains fixed in Bouin’s fluid, using the TSA amplification
procedure (New England Nuclear) followed by standard HRP
staining. The ACTH antibody (Peninsula Lab) and the TSH an-
tibody [a gift from Dr. A.F. Parlow, National Institutes of Health
(NIH)] were diluted to 1:500, applied to paraffin sections of pi-
tuitaries fixed in Bouin’s fluid and detected with the ABC sys-
tem.

In situ hybridization on frozen and paraffin sections, and on
whole embryos was performed as previously described (Fan et
al. 1996). The Sim I probe used in this study corresponds to a
1.2-kb sequence 3’ to the disrupted region, thus allowing hy-
bridization to both the wild-type and mutant transcripts. The
CRH probe was graciously provided by A.F. Seasholtz (Seasholtz
et al. 1991). The Brn2 and Trh probes were generated by RT—
PCR, using mouse newborn hypothalamus RN A extracts to pre-
pare the substrate for PCR. The sequence of the primers used to
amplify Brn2 and Trh is as follows: Trh, GTGCCAACCAAGA-
CAAGGAT and CAATCCTACCCTTTCTGAGG; Brn2, AAG-
CAATTCAAGCAGAGGCG and CTACTTCATTGCCTGGG-
TAC.

For histological analysis, newborn brains and pituitaries were
fixed in Bouin’s fluid, embedded in paraffin, sectioned at 6 pum,
and stained with hematoxylin.

Cell counts

Pituitaries of mutant newborn mice and control littermates
were sectioned sagittally. Sections in which the posterior lobe
was present were then located. By multiplying, for each case,
the number of sections in which the posterior lobe was present
by the thickness of each section (6 uM), we obtained a measure
of the mediolateral length of the posterior lobe. In addition, the
nuclei of the posterior lobe were counted on five adjacent sec-
tions representing the medial region of the posterior pituitary.
Results were analyzed with the Student’s 7 test.

SIM1 and neuroendocrine lineages development
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