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Neurons comprising the endocrine hypothalamus are disposed in several nuclei that develop in tandem with 

their ultimate target the pituitary gland, and arise from a primordium in which three related class III POU 

domain factors, Brn-2, Brn-4, and Brn-1, are initially coexpressed. Subsequently, these factors exhibit stratified 

patterns of ontogenic expression, correlating with the appearance of distinct neuropeptides that define three 

major endocrine hypothalamic cell types. Strikingly, deletion of the Brn-2 genomic locus results in loss of 

endocrine hypothalamic nuclei and the posterior pituitary gland. Lack of Brn-2 does not affect initial 

hypothalamic developmental events, but instead results in a failure of differentiation to mature neurosecretory 

neurons of the paraventricular and supraoptic nuclei, characterized by an inability to activate genes encoding 

regulatory neuropeptides or to make correct axonal projections, with subsequent loss of these neurons. Thus, 

both neuronal and endocrine components of the hypothalamic-pituitary axis are critically dependent on the 

action of specific POU domain factors at a penultimate step in the sequential events that underlie the 

appearance of mature cellular phenotypes. 
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A fundamental aspect of the development of complex 

organ systems is a requirement for precise temporal and 
spatial coordination in the genesis of tissues of distinct 

embryonic origins to form functional units required for 
physiological homeostasis and survival. Such a require- 

ment is particularly well exemplified in mammalian de- 

velopment in the formation of the hypothalamic-pitu- 
itary axis. This neuroendocrine system integrates signals 

from the periphery and brain to modulate production 
and secretion of regulatory hormones by specific pitu- 

itary cell types, critically serving to maintain homeosta- 

sis in response to stress and diverse signals required 
for survival of individuals and species (Swanson and 
Sawchenko 1983; Swanson 1986}. In contrast to most 
regions of the nervous system, specific cell types of the 

endocrine hypothalamus can be distinguished readily on 

the basis of their neuropeptide "signatures," recom- 

mending these neurons as tractable models for probing 
the roles of specific families of transcription factors in 

4These authors made equivalent contributions to this work. 
SCorresponding author. 

development. The hypothalamus and pituitary gland, 
which originate from distinct ectodermal primordia (Ea- 

gleson and Harris 1990; Andersen and Roserdeld 19951, 
exhibit a remarkable degree of developmental coordina- 

tion, such that the initial activation of peptide expres- 
sion by neurosecretory neurons coincides not only with 

the arrival of their axonal projections at the median em- 
inence or the posterior pituitary, but also with the initial 

appearance of specific receptors for these regulatory neu- 
ropeptides. For example, growth hormone-releasing hor- 

mone {GRH) appears in the median eminence at the 

identical time that its receptor appears in nascent soma- 
totropes (Vale et al. 1981; Guillemin et al. 1982; Lin et 

al. 1992}. 
The hypothalamus arises from third ventricular neu- 

roepithelium ventral to the hypothalamic sulcus, with 

neurogenesis occurring over embryonic days 10-18 

IE10-E181 in the rat. Functionally allied neurons are gen- 
erated sequentially following an outside-in gradient (A1- 
varez-Bolado et al. 19951, ultimately yielding stratified 
arrangements of mature neuronal phenotypes in which 
the generally late-arising neurosecretory cell types come 
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to assume a topographic distribution in the most medial, 

or periventricular, zone of the hypothalamus (Swanson 

1986, 1987). Within this periventricular zone, two dis- 

tinct neurosecretory systems, comprising multiple cell 

types distributed over multiple cell groups, are organized 

in a complex mosaic manner. The magnocellular neuro- 

secretory system includes neurons of the paraventricular 

hypothalamic (PVH} and supraoptic (SO)nuclei that syn- 

thesize the peptide hormones oxytocin COT) or arginine 

vasopressin (AVP), and release them in an activity-de- 

pendent manner from axon terminals in the posterior 

lobe of the pituitary gland; AVP plays important roles 

in regulating blood pressure, volume, and osmolality, 

whereas the best known functions of OT are in promot- 

ing milk letdown and parturition tCunningham and 

Sawchenko 1991). Axons of multiple cell types compris- 

ing the parvocellular neurosecretory system deliver neu- 

ropeptide products to the median eminence for convey- 

ance via the hypophyseal-portal vasculature to modu- 

late the synthesis and release of tropic hormones of the 

anterior pituitary {Swanson 1986, 1987). In addition to a 

subset of magnocellular neurosecretory neurons, the 

PVH harbors separate populations of parvocellular cells 

that synthesize corticotropin-releasing hormone (CRH) 

and thyrotropin-releasing hormone (TRH) that govern pi- 

tuitary-adrenal and pituitary-thyroid responses, respec- 

tively, to stress and metabolic demand. Centered in ven- 

trally contiguous cell groups in the anterior periventric- 

ular or the arcuate nuclei are hypophysiotropic neurons 

that provide the dopaminergic control of prolactin secre- 

tion, and somatostatin or GRH, which impart the prin- 

cipal inhibitory and stimulatory regulation of growth 

hormone dynamics, respectively. A tendency toward to- 

pographic segregation of endocrine neuronal phenotypes 

is most crisply defined in rat, but these essential organi- 

zational features are well maintained across species 

(Swanson and Sawchenko 1983). In addition, several neu- 

rochemically (and hence functionally) defined endocrine 

hypothalamic cell types also produce additional neu- 

ropeptides that serve to sculpt overall system function, 

although these are generally expressed in lesser abun- 

dance or in a condition-dependent manner (Sawchenko 

et al. 1992; Meister 1993). 

Genetic and molecular biological approaches have 

permitted the identification of tissue-specific transcrip- 

tion factors expressed in the forebrain, including the en- 

docrine hypothalamus. The initial forebrain-specific 

factors identified were novel members of the class Ill 

POU gene family, referred to as Brain-1 (Brn-1), Brn-2, 

Brn-4, and Tst-1/suppressed cAMP-inducible POU 

(SCIP)/Oct-6 (He et al. 1989; Monuki et al. 1990; Suzuki 

et al. 1990; Hara et al. 1992; Le Moine and Young 1992; 

Mathis et al. 1992). A number of other gene families, 

including homeo domain factors, Pax domain proteins, 

nuclear receptors, winged-helix proteins, LIM-homeo 

domain proteins, and helix-loop-helix factors, have 

been identified subsequently (Boncinelli et al. 1993; Bul- 

fone et al. 1993; Chalepakis et al. 1993; Lai et al. 1993; 

Price 1993, Dolle et al. 1994; Lee et al. 19951. 

The POU domain factors were identified initially with 

the simultaneous discovery of a pituitary-specific tran- 

scription factor, Pit-1 (Bodner et al. 1988; Ingraham et al. 

1988), a B-cell-"specific" transcription factor, Oct-2 

(Clerc et al. 1988; Ko et al. 1988; M~iller et al. 1988; 

Scheidereit et al. 1988), the ubiquitous octamer-binding 

protein, Oct-1 (Sturm et al. 1988), and the Caenorhabdi- 
tis elegans unc-86 gene product (Finney et al. 1988}. This 

gene family contains a novel bipartite DNA-binding 

structure, referred to as the POU domain (Herr et al. 

1988; Assa-Munt et al. 1993; Dekker et al. 1993; Wegner 

et al. 1993; Klemm et al. 1994; Herr and Cleary 1995). A 

large family of POU domain factors were identified sub- 

sequently (He et al. 1989; Wegner et al. 1993), and par- 

titioned into six classes (POU I-POU VI}. 

The role of three of the initially described POU do- 

main factors in determining specific cell phenotypes has 

now been established genetically. Pit-1 serves to func- 

tion as the critical activator of distal target genes and 

regulates proliferation or survival, or both, of three an- 

terior pituitary cell types (Li et al. 1990; Lin et al. 1993; 

Godfrey et al. 1993; Parks et al. 1993; Andersen and 

Rosenfeld 19951. Unc-86 is required for the commitment 

of several neuroblast lineages and the specification of 

various neurons (Finney and Ruvkun 1990), and Oct-2 

appears to exert important roles in determining terminal 

B-cell development and survival {Corcoran et al. 1993). 

Because each member of the class III POU domain gene 

family exhibits a distinct, yet overlapping, pattern of ex- 

pression in the developing and mature nervous system 

(Alvarez-Bolado et al. 1995), it is tempting to consider 

the possibility that combinatorial codes of specific class 

III POU proteins are responsible for determining specific 

neuronal phenotypes. 

In this article, we report that members of the class III 

POU domain proteins, Brn-1, Brn-2, and Bin-4, are ex- 

pressed in an overlapping stratified pattern in the devel- 

oping hypothalamus, correlating with gene activation 

events required to establish and maintain specific cellu- 

lar phenotypes. Using a gene-deletion approach, we have 

established that one member of the class III POU domain 

factors, Bin-2, although not required for initial cell divi- 

sion and migration events, exerts critical roles in the 

penultimate stage of endocrine hypothalamus develop- 

ment and in posterior pituitary gland formation. Dele- 

tion of Brn-2 results in developmental loss of these struc- 

tures. Thus, the coordinate development of the hypotha- 

lamic-pituitary axis requires parallel actions of at least 

two distinct classes of POU domain transcriptional reg- 

ulators. 

R e s u l t s  

PO U III expression patterns and hypothalamic 
cell phenotypes 

The importance of Pit-1 in pituitary development 

prompted us to examine the potential roles of the POU 

III class in development of the hypothalamus, where 

they are highly expressed. Whole mount in situ hybrid- 

ization of E8-E 12 embryos has revealed Brn-2 expression 
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in specific regions of the developing neuraxis. At E8.5, 

Brn-2  is expressed in restricted regions of the neural folds 

(Fig. la). Expression then extends caudally, such that 

Brn-2  is expressed at almost all levels of the developing 

central nervous system, including the ventral dienceph- 

alon from which the hypothalamic  neurons arise (Fig. 

lb). At El0.5, a gap of Brn-2  expression is observed at the 

midbra in-h indbra in  junction. Ult imately,  Brn-2  expres- 

sion becomes restricted to discrete regions of the brain 

(data not shown; He et al. 1989; Alvarez-Bolado et al. 

1995). To begin to define the potential involvement  of 

Brn-2 and the other POU III factors in hypothalamic de- 

velopment,  we raised specific antisera against Brn-1, Brn- 

2, Brn-4, and Tst-1 and investigated their patterns of ex- 

pression. Overlapping patterns of class III POU domain 

proteins were observed in many  developing brain struc- 

tures (Figure lc, d; Alvarez-Bolado et al. 1995; data not 

shown). Brn-2 is expressed particularly strongly in the 

PVH and SO nuclei  of the mature  endocrine hypothala- 

mus  (Fig. le,f), as is Brn-4 (Fig. 2; data not shown). 

Brn-2 protein is detected in regions of the PVH nucleus 

(Fig. 1), which  include the parvocellular neurons that 

synthesize high levels of CRH and the magnocellular 

neurons that synthesize AVP and OT (Li et al. 1993). 

Dual-labeling analyses revealed near complete coexpres- 

sion of Brn-2 with each of these neuropeptide transcripts 

(Fig. lg-i), whereas neither  Brn-2 nor Brn-4 was ex- 

pressed in a significant number  of parvocellular neurons 

that produce TRH (data not shown). In situ hybridizat ion 

revealed that Bin-2, Brn-4, and Brn-1, but not Tst-1, were 

expressed at E10-E11, adjacent to the third ventricle in 

the pr imordium of the endocrine hypothalamus  (data not 

shown; Alvarez-Bolado et al. 1995). By E13-E14, Brn-1, 

Brn-2, and Brn-4 proteins exhibited distinctive patterns 

of specific expression. Both Brn-2 and Brn-4, but not Brn- 

1, remained colocalized to the region of the developing 

PVH and SO nuclei, whereas Brn-4 expression extended 

ventrally to potential precursors of the anterior hypo- 

thalamus {Fig. 2A}. In contrast, Brn-l-expressing cells 

were located immediate ly  dorsolaterally in the presump- 

tive zona incerta (ZI); and in a dorsoventral stripe lateral 

to Brn-4-expressing cells/Fig. 2A; data not shownl. On 

the basis of an est imated cell cycle of ~6 -8  hr at the 

relevant developmental  t imes (Altman and Bayer 1986), 

Brn-2 is expressed for at least 8- to 12-cell cycles before 

the onset of terminal  differentiation events in this area. 

Magnocellular neurons also coexpressed Brn-2 and 

Brn-4 during their migration from the presumptive PVH 

nucleus toward their definitive location in the SO nu- 

cleus at the base of the hypothalamus (data not shown) 

and in the mature SO nucleus (Fig. 2C). In the adult 

hypothalamus,  high levels of Brn-2 and Brn-4 gene ex- 

pression were l imited primari ly to these two cell groups. 

C R H  transcripts were detected ini t ia l ly  in these cells on 

Figure 1. Brn-2 expression and coexpres- 
sion with CRH, OT, and AVP. Ca, b) Whole 
mount in situ hybridization of E8.5 (8-10 
somite/and E10.5 mouse embryos with a 
Brn-2 cRNA probe. At E8.5 (a), Brn-2 is 
expressed in limited regions of the neural 
folds. By El0.5 (b), Brn-2 expression ex- 
tends caudally from the developing fore- 
brain through the developing neural tube. 
A gap in Brn-2 expression is noted at the 
midbrain-hindbrain junction. (c-f) Coro- 
nal brain sections labeled with an antise- 
rum that detects Brn-2 protein. {c) At El6, 
there is intense Brn-2 expression in the 
cortical plate (cp) and the subventricular 
zone (svz). (d) Brn-2 is expressed in layers 
II, III, and V of the developing cortex of the 
p5 mouse. (e,f) Robust Bin-2 expression in 
the parvocellular and magnocellular neu- 
rons of the paraventricular (PVH; e) and 
supraoptic nuclei (SO; f). The third ventri- 
cle is indicated IV3). tg-i) Adjacent coronal 
sections of p5 mouse brains at the level of 
the paraventricular nucleus showing cel- 
lular colocalization of Brn-2 protein 
(brown) with CRH (g,g'), AVP {h,h'), and 
OT (i,i'! transcripts (bluel in the paraven- 
tricular nucleus of the hypothalamus. [g'- 
i') Detail of sections shown in g-/. Abbre- 
viations: (D) diencephalon; (M) midbrain; 
(NF) neural fold; (H) hindbrain; (T) telen- 
cephalon. (c-e, g-iJ., Bar, 50 ~m; (f,g',h',i'J 
bar, 10 ~m. 

e8.5 e10.5 
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Figure 2. Stratified expression of POU III 

factors in the developing paraventricular 

and supraoptic hypothalamic nuclei. (A) 

Coronal sections at the level of the 

paraventricular region of the hypothala- 

mus at El6 and p5 labeled with specific 

antisera against Brn-2 (left), Brn-4 (middle), 
and Brn-1 (right). Brn-2 and Bin-4 are both 

expressed in neurons of the nascent para- 

ventricular nucleus of the hypothalamus 

at El6 (I) and in the paraventricular nu- 

cleus of the hypothalamus (PVH) at p5. At 

El6, Brn-4-positive neurons are also ob- 
served immediately ventral to the paraven- 

tricular neurons (II). Brn-1 protein is ob- 

served in neurons of the zona incerta (ZI) 

but not in the neurons of the paraventric- 

ular nucleus (arrow). (BI Brn-2 and Brn-4 

are coexpressed in the paraventricular 

neurons. Double immunohistochemistry 

demonstrates Bin-2 (red, top) and Bm-4 

(green, bottom) expression in a single sec- 

tion through the paraventricular nucleus. 

The three remaining panels show the 

single and double exposures of Brn-2 

(greenl and Bin-4 (red) in a different section 

through the paraventricular nucleus at a 

higher magnification illustrating that co- 
expression of Brn-2 and Brn-4 is observed 

in the majority of neurons. One such neu- 
ron is indicated by an arrow in the latter 
three panels. (C) Dorsal-ventral stratifica- 

tion in the supraoptic nucleus of AVP and 

OT transcripts (black silver grains) in 

Bin-2 positive neurons (brown). (Far right) 
A different section through the supraoptic 

nucleus. Neurons positive for only Brn-2 

(greenl are located predominantly on the 
dorsal periphery of the supraoptic nucleus 

(arrowheads), whereas in ventral aspects 

Brn-2 and Brn-4 coexpressing neurons (yel- 

lowt are observed. (D) Both Brn-2 and Brn-4 

activate the CRH promoter. Transient 

cotransfection into CV1 cells of a Brn-2 or 

Brn-4 transcription unit under the control 

of the CMV promoter with luciferase re- 

porter constructs containing a CRH pro- 

moter, a tyrosine hydroxylase promoter (TH promoterl, three high-affinity Brn-2-binding sites from the CRH promoter (3xCRHII) or 

three estrogen response elements (3xERE). Brn-2 and Brn-4 are virtually identical in activating transcription from the CRH promoter 

and the 3xCRHII reporter constructs. Results are expressed as fold stimulation. The CRH-promoter-luciferase construct is 2500 light 

units in the absence of Bin-2 or Brn-4 expression plasmids. (A) Bar, 50 p.m; (B,C} bar, 10 ~.m. 

E15.5-E16.5, cons i s t en t  w i t h  previous observat ions  

(Grino et al. 1989; Alvarez-Bolado et al. 1995). On the 

basis of the i r  h igh  degree of homology,  the capaci ty  of 

Brn-4, as wel l  as Brn-2, to ac t iva te  the CRH promoter,  

w h i c h  conta ins  mu l t i p l e  h igh-aff in i ty  D N A  sites for 

these prote ins  (Li et al. 1993) was evaluated.  Both Brn-2 

and Brn-4 were equ iva len t ly  capable of ac t iva t ing  the 

CRH gene promoter  in t rans ien t  t ransfec t ion  assays in 

he tero logous  cell  types (Fig. 2D). 

Dual - labe l ing  analyses  were used to conf i rm the ap- 

parent  coexpress ion of Brn-2 and Brn-4 in a major i ty  of 

neurons  in the paravent r icu lar  and supraopt ic  nuc le i  

th roughout  the on togeny  of the endocr ine  h y p o t h a l a m u s  

(E13-E19) (Fig. 2B; data not  shown), inc lud ing  those  ex- 

pressing CRH. A clear anterodorsal  to pos te rovent ra l  

s t ra t i f ica t ion of OT and AVP expression,  respect ively,  

was observed in the SO nuc leus  (Fig. 2C). Th is  correlated 

w i th  the f inding tha t  cells s i tua ted  an te rodorsa l ly  tend 

to express only Bin-2, whereas  more  pos te roven t ra l ly  

disposed neurons  express both  Bin-2 and Brn-4 (Fig. 2C). 

Outs ide  of the endocr ine  hypo tha l amus ,  Brn-2 and Brn-1 
exhibi t  par t ia l ly  over lapping pa t te rns  of expression,  
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whereas Brn-2 and Brn-4 genes generally exhibit quite 

distinct patterns of expression (data not shown; He et al. 

1989; Alvarez-Bolado et al. 1995). 

Loss of major  endocrine h y p o t h a l a m i c  cell phenotypes  
in Brn-2 ( - / -  ) m i c e  

To investigate the potential roles of these factors in neu- 

ral development we generated mice homozygous null for 

the Brn-2 genomic locus using homologous recombina- 

tion in embryonic stem (ES) cells (Thomas and Capecchi 

1987). The targeting vector was designed to remove the 

entire Brn-2 coding sequence, as well as some 5' and 3' 

flanking information to ensure nonexpression of the 

gene (Fig. 3A). As shown in Figure 3B, one ES cell line 

heterozygous for the deleted Brn-2 genomic locus (no. 

33) was identified and used to inject blastocysts and ob- 

tain chimeric mice that provided germ-line transmission 

of the deleted Brn-2 genomic allele. Breeding of hetero- 

zygous Brn-2 ( + / -  ) mice permitted generation of mice 

homozygous null for the genomic locus IFig. 3Ct, and 

assessment of their phenotype. Brn-2 ( - / -  ) mice (Fig. 

3D; data not shown) were born at expected Mendelian 

ratios (59/262 births), indicating that they were capable 

of normal embryonic development, and are physically 

and behaviorally normal at birth. However, these mice 

failed to exhibit progressive increase in size and weight 

after postnatal day 3 (p3)-p4, and by p6 they were con- 

sistently 50% to 60% smaller than age-matched litter- 

mates and exhibited a hyperkeratotic,  flaking epidermis. 

Approximately 90% of the Brn-2 ( - / - )  mice did not 

survive beyond p6, with the remaining 10% dying be- 

tween p9 and pl0. Initial examinat ion of all organ sys- 

tems revealed no gross anatomical  abnormali t ies  outside 

of the central nervous system. Nissl-stained sections 

across the entire brain revealed no detectable abnormal- 

ities in the cortex, hippocampal formation, or other 

structures outside of the hypothalamus.  Furthermore,  

the expression of specific markers  such as Brn-1, Brn-4, 

and Tst-1 in nonhypothalamic regions appeared normal  

in all areas examined by immunohis tochemis t ry  proce- 

dures, consistent with the unimpaired matura t ion  of 

Brn-2-expressing neuronal cell types in the absence of 

functional Brn-2 protein in many regions of the brain {see 

examples, Fig. 3El. 

However, examination of p6 mice revealed a striking 

finding. Brn-2 ( - / -  1 mice exhibited a virtually com- 

plete failure to express CRH transcripts or protein in the 

Figure 3. Targeted disruption of the 
Brn-2 locus. (A) Schematic representation A 
of the Brn2 locus (top), the targeting vec- 
tor (middle), and the Brn-2 null allele (bot- 
tom). Thickened bars indicate regions of 
genomic DNA homology. Homologous re- 
combination results in the replacement of 
the entire Brn-2-coding region (71 and B) 
and 2.5 kb of 5'-flanking sequence with a 
neo r cassette. The 3' external probe (probe 
A) and an internal probe lneo) used in 
Southern blot analysis are indicated. Re- 
striction enzymes: (E) EcoRI; (B) BamHI. 
(B) Analysis of transfected ES cells by 
Southern blotting using the internal probe B 
(neo) identifies a 4.5-kb BamHI fragment 
in the mutant allele and probe A identifies 
a 20-kb EcoRI fragment from the wild-type 
allele and a 15-kb fragment from the mu- 
tant Brn-2 null allele. Results from a wild 
type, a recombinant ES cell line (33) and 
molecular weight marker (std) are shown. 
(C) PCR determination of genotypes of off- D 
spring from heterozygous F 1 intercrosses 
using a pair of PCR primers that amplify 
the Brn-2 gene (500 bp) and a pair of prim- 
ers that amplify the neo ~ gene (590 bp). Ho- 
mozygous mutant Brn-2 ( - / -  ) mice are 
indicated by an asterisk. (D) A Brn-2-spe- 
cific antiserum was used to document 
Brn-2 expression in the orbital cortex of a 
homozygous wild-type mouse (upper) and 
the lack of corresponding Brn-2 
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Brn-2(-  / - )  mice showing the expression of Brn-2, Brn-1, and Tst-1 in the cortex. Patterns and levels of expression of Brn-1 and Tst-1 
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PVH nucleus (Fig. 4). C R H  expression in other Brn-2- 

negative forebrain regions (e.g., amygdala} was main- 

tained at ostensibly normal levels and topography in 

Brn-2 ( - / - )  animals. In parallel, OT and AVP cRNA 

probes were used to determine whether  the mature mag- 

nocellular neurons that also express high levels of Brn-2 

might exhibit similar alterations in neuropeptide gene 

expression. Nei ther  OT nor AVP transcripts were detect- 

able in the magnocellular  neurons of either the paraven- 

tricular or supraoptic hypothalamic nuclei of p6 Brn-2 
( - / -  ) mice (Fig. 4). Expression of AVP in the non-Brn- 

2-expressing cells of the suprachiasmatic nucleus was 

maintained,  indicating that  effects were cell specific (Fig. 

4). In contrast  to a rare cell that maintained CRH gene 

expression in the paraventricular hypothalamic nucleus, 

no cells expressing OT or AVP persisted in the postnatal 

Brn-2 ( - / -  ) endocrine hypothalamus.  

Specificity of these effects was established by demon- 

stration that the parvocellular neurons of the PVH nu- 

cleus that  express TRH, but not Brn-2, appeared to be 

fundamental ly  intact in the Brn-2 ( -  / - )  mice, and ex- 

hibited robust TRH gene expression (Fig. 51. Similar re- 

sults were obtained with  respect to the anterior periven- 

tricular neurons expressing somatostatin,  and neurons of 

the arcuate nucleus that  express GRH, neither of which 

express Brn-2. The density of detectable TRH-, somato- 

statin-, and GRH-expressing endocrine hypothalamic 

neurons seen in Brn-2 ( - / - )  mice tended toward the 

low end of the normal range, and the expression patterns 

of these neuropeptide genes (particularly that  of TRH) in 

the paraventricular nucleus showed a somewhat  disor- 

dered topography, presumably as a result of the loss of 

three sizable and contiguous cell populations (see be- 

low). No major direct or indirect consequences of Brn-2 
gene deletion were observed in neurosecretory neurons 

that populate the periventricular zone of the hypothala- 

mus, apart from the virtually complete failure to activate 

CRH, OT, and AVP expression in neuroendocrine cells, 

specifically. Even the relatively small  complements  of 

somatostatin- and GRH-producing neuron present in the 

wild-type PVH nucleus remained intact  in the Brn-2 ( -  / 
- )  mouse (data not shown). Therefore, Brn-2 proves to 

serve a critical function in specification or survival of 

both cell types that compose the magnocellular  system 

and one of the parvocellular cell types that comprises the 

central control of the pi tui tary-adrenal  axis. 

Disruption of late endocrine hypo tha lamic  develop- 

m e n t  in Brn-2 ( - / - )  m ice  

On the basis of the coexpression of Brn-2 and Brn-4 in the 

developing and mature endocrine hypothalamus,  the on ° 

togeny of the relevant parvocellular and magnocellular  

cells of Brn-2 ( - / - )  mice were evaluated by Brn-4 gene 

expression from El0 to p6. As shown in Figure 6, the 

appearance of the Brn-4 transcript and protein in cells 

that consti tute the presumptive endocrine hypothala- 
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Figure 4. Failure of CRH, OT, AVP gene expres- 
sion in the paraventricular and supraoptic nuclei 
in Brn-2 ( - / -  1 mice. (a-c) Dark-field photomi- 
crographs of in situ hybridization on coronal sec- 
tions through the hypothalamus of wild-type 
(left} and Brn-2 ( - / -  ){right) mice with CRH, 
OT, and AVP cRNA; the third ventricle (V3) 
marks the midline, la) Robust expression of CRH 
transcripts in neurosecretory neurons of the 
PVH, as well as in scattered cells in the lateral 
hypothalamic area ILHA) and substantia innom- 
inata (SI} is seen in wild-type (wt) mice. In Brn-2 
I - / - ), CRH mRNA expression is retained in the 
latter two regions, but not in the paraventricular 
nucleus, which alone among these cell groups is 
the site of Brn-2 expression. (b) OT transcripts 
present in the neurosecretory neurons of the 
PVH and SO nuclei of wild-type mice (b, left), are 
absent in both of these nuclei in Brn-2 ( - / -  ) 
mice. (c) AVP transcripts are abundant in neuro- 
secretory neurons of the PVH and SO nuclei, and 
in the nonneurosecretory neurons of the supra- 
chiasmatic nucleus (SCN} of wild-type mice (c, 
leftl. Foci of hybridization lateral to the paraven- 
tricular nucleus are indicative of accessory neu- 
rons. No AVP transcripts were observed in the 
PVH and SO nuclei of Brn-2 ( -  / - )  mice. Expres- 
sion of AVP in the SCN, where Brn-2 is not nor- 
mally expressed, was unaffected. Bar, 50 p.m. 
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Figure 5. Somatostatin {SS), TRH, and GRH hormone gene ex- 
pression remain intact in hypothalamus of wild-type and Brn-2 
{ - / -  ). (a-f) Dark-field photomicrographs of in situ hybridiza- 
tion on coronal sections through the hypothalamus of wild-type 
(a,c,e) and B r n - 2 { - / -  )(b,d,f) mice with somatostatin, TRH, 
and GRH. (a,b) Somatostatin mRNA expression in the periven- 
tricular nucleus (PVa) of the hypothalamus and the Zt is unaf- 
fected in the Brn-2 ( - / - )  mouse. (c,d) Characteristic TRH 
mRNA expression in the PVH nucleus and in scattered foci of 
TRH-positive neurons in the anterior lateral hypothalamic area 
(AHAa) of the hypothalamus is maintained in the Brn-2 ( - / - ) 
mutant mouse {right}• (e,f) GRH mRNA expression in the arc- 
uate nucleus (ARH) at the base of the third ventricle is unaf- 
fected in the Brn-2 ( - / - ) mouse. Scattered expression is noted 
in the dorsomedial hypothalamus {DMH). The median emi- 
nence (ME) is indicated. Bar, 50gm. 

mus  was normal  in Brn-2 ( - / -  ) mice at El3. The na- 

scent PVH and SO nuclei  appeared histologically indis- 

t inguishable in wild-type and Brn-2 ( - / -  ) mice (data 

not shown). Together these data suggest that even in the 

absence of Brn-2 protein during init ial  developmental  pe- 

riods, proliferation of presumptive neuroblasts, neuro- 

genesis, and init ial  migration events proceed effectively. 

Although, in wild-type embryos a decreased level of 

Brn-4 expression was observed in the nascent paraven- 

tricular region of the hypothalamus on E15-E16 (Fig. 6A; 

Alvarez-Bolado et al. 1995), levels of Brn-4 transcripts 

and protein were sufficient to follow the fate of these 

cells. In Brn-2 ( -  / - )  mice, there was a progressive dis- 

appearance of Brn-4-expressing cells in a dorsal to ventral 

fashion from E15.5 to El7 (Fig. 6; data not shown). By 

El6, Brn-d gene expression in Brn-2 ( - / -  ) mice could 

no longer be detected in the dorsal neurons of the PVH 

nucleus; at E 17, most ventral expression of Brn-4 in the 

PVH nucleus had been extinguished, and only an occa- 

sional Brn-4-positive cell remained by E19-p5 (Fig. 6). 

Although CRH, OT, and AVP normal ly  appear on 

E15.5-E16.5, the initial  activation of these genes failed 

to occur in Brn-2 ( - / -  ) mice (Fig. 6; data not shown). 

Surprisingly, although no CRH transcripts could be de- 

tected in the PVH neurons in E16.5 Brn-2 ( - / -  ) mice, 

an occasional CRH-expressing neuron appeared by 

E19.5, consistent with the finding that even in the PVH 

nucleus of the p6 Brn-2 ( - / - )  mouse, there remained a 

l imited population of both Brn-4 and CRH-expressing 

cells, as assessed by immunohis tochemis t ry  using spe- 

cific antisera {Fig. 6). On the basis of in situ hybridizat ion 

and immunohis tochemis t ry ,  Brn-2 appeared to be ex- 

pressed equivalently at a cellular level from El2 through 

p6, whereas Bin-4 transcripts and protein were generally 

observed to have a biphasic expression pattern that in- 

creases from low levels of expression on E15-E16 to 

high, sustained levels by El9. 

Histological analysis revealed a striking depletion of 

the cellularity of the PVH and SO nuclei, unambiguously  

observed by El9 (Fig. 7A; data not shown). In contrast, 

normal architecture was mainta ined  in proximate struc- 

tures that do not express Bin-2, such as the suprachias- 

matic, anterior periventricular, and arcuate nuclei  (Fig. 

7A; data not shownl. These data indicate that after ini- 

tial failure to activate distal target genes, most  cells in 

these specific compartments  of the endocrine hypothal- 

amus fail to survive. 

Loss of  the  poster ior  p i t u i t a r y  in Brn-2 ( -  / - )  m i c e  

Examination of the ontogeny of posterior pi tui tary de- 

velopment in Brn-2 ( -  / - )  mice revealed normal  cellu- 

larity on E10--E14.5 (Fig. 7B; data not shown) and a nor- 

mal complement  of pituicytes (specialized astroglia of 

the posterior lobe) on El6, but the axonal projections 

that normally arrive in the presumptive posterior pitu- 

itary between E15.5 and E16.5 (Galabov and Schiebler 

1978) were not detected (data not shown). By El9, Brn-2 

( - / - }  mice exhibit  a complete loss of pituicytes, and 

the vacated posterior pituitary region comes to be occu- 

pied by an orderly infolding of the intermediate  lobe as 

evidenced in both histological material  and sections 

stained for proopiomelanocortin-derived peptides (Fig. 

7C). Consistent with these observations, OT and AVP 

were absent in the posterior pituitary (data not shown). 

Therefore, Brn-2 is required for axonal projections from 

magnocellular neurons to invade the nascent  posterior 

pituitary structure and these axons are required for the 

survival of the pituicytes of the posterior pituitary. Thin- 

ning of the median eminence was also observed (data not 
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Figure 6. Ontogeny of the loss of Bm-4 
and CRH in the PVH and SO nuclei. (A) 
Dark-field photomicrographs of in situ hy- 
bridization analysis of Bin-4 and CRH in 
wild-type (top) and Brn-2 ( - / -  )(bottom) 
mice at El3, El6, and El9. Brn-4 tran- 
scripts are present in two clusters (I and II) 
in the presumptive hypothalamus at El3; 
region I corresponds to nascent paraven- 
tricular neurons. At El3, the level of Bin-4 
transcripts in both wild-type and Brn-2 
( - / - 1  animals is indistinguishable. By 
El6, there is a substantial decrease in the 
level of the Brn-4 transcript in the dorsal 
portion of region I and at El9 only a few 
Brn-4-expressing neurons are present at 
the ventral boundary of region I (arrow). 
The abundance of Brn-4 transcripts in re- 
gion II is not substantially altered in the 
Brn-2 l - / - )  mouse. CRH expression in 
the presumptive hypothalamus initiates 
between E13.5 and El6; therefore, by Et6 
the transcript is relatively abundant. In the 
Brn-2 { - / -  ) animal, CRH transcripts are 
not observed at El6 or El9. (B) A specific 
antiserum against Brn-4 was used to exam- 
ine the ontogeny of Brn-4 protein in the 
paraventricular hypothalamus in wild- 
type and Brn-2 ( - / - )  mice. At El3, Brn-4 
is present equivalently in the PVH neurons 
of wild-type and Brn-2 ( - / - )  mice. By 
El7, Brn-4 protein is absent in the pre- 
sumptive PVH neurons (I). However, a few 
scattered Brn-4-positive cells are observed 
at p5. Bar, 50 ~m. 

shown), reflecting a similar failure of axonal projections 

from parvocellular neurons of the PVH. 

Both CRH and AVP can serve as secretagogues for ad- 

renocorticotropic hormone (ACTH; Plotsky 1991; Vale 

et al. 1981) and in Xenopus ,  the infundibulum is reported 

to be required for appearance of corticotropes (Kawamura 

and Kikuyama 1995). However, even with the failure of 

expression of both CRH and AVP in Brn-2 ( -  / - )  mice, 

there appears to be no defect in the appearance and mat- 

uration of any pitui tary cell type. As shown in Figure 7C, 

the corticotropes in the anterior lobe, as well as in the 

intermediate lobe, were present and contain ACTH (Fig. 

7C). All other pituitary cell types were normal (data not 

shown). Adrenal cortical structure and expression of the 

gene encoding a biosynthetic enzyme critical for gluco- 

corticoid synthesis by the zona fasciculata, 11 q3-hydrox- 

ylase (Ho and Vinson 1993), were normal  in Brn-2 ( - / - ) 
mice (Fig. 7D). Consistent  with these results, Brn-2 ( -  / 
- )  mice had clearly measurable blood levels of cortico- 

sterone (10-25 ng/ml,  n--8)  that were not significantly 

diminished compared to their wild-type lit termates. 

D i s c u s s i o n  

Strati f ied expression of class III PO U domain  factors 

predict  cell phenotypes  in the endocrine h y p o t h a l a m u s  

In this paper we provide data suggesting that  specific 

hypothalamic cell phenotypes are topographically and 

temporally determined by a complement  of class III POU 

domain factors expressed in a stratified fashion in the 

developing endocrine hypothalamus,  and that  a specific 

POU domain factor is required indispensably for the co- 

ordinate development of the neural component  of the 

hypothalamic-pi tu i tary  axis. The highly related mem- 

bers of the class III POU domain factors Brn-2 and Brn-4 

remain coexpressed throughout the period of prolifera- 

tion, appearance of the postmitot ic  neurons, and subse- 

quent terminal  differentiation of parvocellular and mag- 

nocellular neurons. In contrast, more ventromedial ly sit- 

uated nascent hypothalamic cells, which do not subserve 

endocrine function, express only Brn-4. Brn-1 expression 

becomes uniquely restricted to neurons of the presump- 

tive zona incerta, dorsolateral to the developing paraven- 
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tricular nucleus of the hypothalamus and to a columnar 

zone ventrolateral to the Brn-2- and Brn-4-expressing 

cells. Thus, the developing hypothalamus appears to 

contain multiple zones of cells that express specific com- 

binations of POU domain factors, including "Brn-2 

only,"  "Brn-4 only,"  "Brn-1 only,"  and "Brn-2 and Brn-4" 

cells, the boundaries of which conform to recognized re- 

gional anatomical  boundaries (Fig. 8; Airman and Bayer 

1986; Alvarez-Bolado et al. 1995). Furthermore, even 

wi th in  a zone of Brn-2- and Brn-4-positive cells, there 

appears to be additional stratification, with Brn-2 only 

cells delineating subpopulations of neurons wi thin  the 

PVH. For example, in the SO nucleus, Brn-2 only cells 

are predominant ly  anterodorsal, whereas Brn-2 and Brn-4 

cells are predominant ly  posteroventral, potential ly cor- 

relating with the corresponding distribution of OT- and 

AVP-producing neurons, respectively. A similar zone of 

Brn-2 only ceils appear to be present in the developing 

PVH nucleus. Therefore, it is tempting to speculate that 

the combinatorial  actions of class III POU domain fac- 

tors specify distinct neuroendocrine phenotypes, analo- 

gous to the putative regional functions of combinations 

of LIM-homeo domain factors in specification of sub- 

populations of motor  neurons, as inferred from patterns 

of axonal connections (Tsuchida et al. 1994; for review, 

see Lewin 1994). Such a model is consistent with the 

observation that  different classes of transcription factors 

respect anatomical  boundaries in other aspects of the 

developing mammal ian  forebrain (Rubenstein et al. 

1994). 

F i g u r e  7. Loss of PVH nucleus and posterior pituitary in Brn-2 
(-  / - )  mice. {A) Coronal sections of p5 wild-type lleftl and Brn- 
2 ( - / - ) (r~ght} mice stained with hemotoxylin and eosin. The 
neuron-dense region of the PVH astride the dorsal aspect of the 
third ventricle has a marked hypocellular appearance in the 
Brn-2 ( -  / - )  mouse. The neuron density of the suprachiasmatic 
nucleus (SCN) at the base of the third ventricle is not affected by 
Brn-2 deletion. (B) Hemotoxylin and eosin-stained sagittal sec- 
tions of El3 (top} and coronal sections of El8 Ibottomt wild-type 
and Brn-2 ( - / -  ) mice at the level of the developing pituitary. 
At El3, development of the infundibulum (i} and anterior pitu- 
itary (AP) appears normal in Brn-2 ( - / -  1 mice. At El8, the 
posterior lobe of the pituitary is absent in the Brn-2 I - / - l  
mouse (bottom right} and the region normally occupied by the 
posterior lobe (P) appears to contain cells of the intermediate 
lobe (I). The anterior (A) and intermediate (I) lobes appear nor- 
mal. (C) Immunohistochemical staining of pituitaries from 
wild-type (left) and Brn-2 { - / -  ) (right} mice for ACTH. The 
appearance of ACTH immunoreactive cells in the region nor- 
mally occupied by the posterior lobe (I') is consistent with the 
observation that intermediate lobe cells occupy the region va- 
cated by the posterior lobe in Brn-2 i - / - I  mice II'l. 
(D) In situ hybridization of an 11-[3-hydroxylase cRNA probe in 
the adrenal glands of wild-type and Brn-2 i - / -  1 mice. The 
hybridization pattern in Brn-2 (-  / - )  mice is indistinguishable 
from that seen in wild type. Abbreviations: /M) medulla; IZF1 
zona fasciculata; (ZG) zona glomerulosa. (A} Bar, 50 gin; (B1 bar, 
100 ~zm. 

Brn-2 regu la te s  t e r m i n a l  h y p o t h a l a m i c  n e u r o n a l  

d i f f eren  tia t ion e v e n  ts 

Although Brn-2 is expressed throughout  the entire pe- 

riod of neurogenesis in the endocrine hypothalamus,  all 

early developmental  milestones, including init ial  com- 

mi tment  to neuronal fate, neuroblast  proliferation, gen- 

eration of postmitot ic  neurons, and lateral migrat ion to 

correct loci in the nascent PVH and SO nuclei are main- 

tained in the absence of Brn-2 gene expression. Thus, the 

critical role of Brn-2 appears to be relatively late in the 

sequence of events leading to terminal ly  differentiated 
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Figure 8. POU domain factors mediate co- 
ordinate development of hypothalamic-pi- 
tuitary axis. Class III POU domain factors 
are expressed continuously from neurula- 
tion, achieving a partially overlapped pat- 
tern of expression in the nascent hypothal- 
amus predicting patterns of neuronal diver- 
sification. The selective coexpression of 
Brw2 and Brn-4 correlates with target gene 
expression defining neuronal cell types 
in the presumptive PVH and SO nuclei. 
Although developmental events through 
E14-E15 do not require Brn-2, terminal dif- 
ferentiation of specific parvocellular and 
magnocellular cell types fails in the ab- 
sence of Brn-2. Thus, there is a failure of 
initial activation of CRH, AVP, and OT 
genes, proper axonal connections to the 
median eminence (ME) or posterior pitu- 
itary, and survival of neurons of the 
paraventricular and supraoptic nucleus. 

Progressive disappearance of these neurons occurs in a temporal gradient and proceeds in a dorsal-ventral fashion. These functional 
effects of Bin-2, therefore, prove to be temporally coincident with the role of Pit-1 in three anterior pituitary cell types, including 
somatotrophs, which produce growth hormone (GH}, lactotrophs, which produce prolactin (PrlJ, and thyrotrophs, which produce 
thyrotrope-stimulating hormone (TSH~3). 

neuronal phenotypes, including activation of neuropep- 

tide gene expression, axonal outgrowth, and mainte- 

nance of neuronal viability, all of which fail to occur in 

the absence of Brn-2. Before axonal invasion (Galabov 

and Scheibler 1978J, development of the posterior pitu- 

itary gland proceeds normal ly  in the Brn-2 ( -  / - )  mice. 

However, pituicytes subsequently disappear and there is 

complete loss of the posterior pituitary, suggesting that 

the magnocellular  axons elaborate tropic factors required 

for maintenance  of the posterior pituitary pituicytes. Fi- 

nally, there is progressive loss of the parvocellular and 

magnocellular  neurons of the PVH and SO nuclei, pro- 

ceeding in a clear dorsal-ventral  pattern, commencing 

on E 15-El 6, with loss of most cells by E 17. 

These data indicate that the selective actions of Brn-2 

are essential for terminal  differentiation and survival of 

both magnocellular  neurosecretory cell types and of par- 

vocellular neurosecretory neurons that express CRH spe- 

cifically. Phenotypic specification of the parvocellular 

cell types that govern pituitary growth hormone and thy- 

rotropin secretion progresses in an essentially normal 

manner  in Brn-2 ( -  / - ) mice. Intriguingly, our data also 

indicate that rare cells in the hypothalamus of Brn-2 ( - / 
- ) mice stochastically escape the consequence of a lack 

of functional  Brn-2 protein, and are capable of subse- 

quently expressing terminal  target genes. We speculate 

that the precise t iming at which  Brn-2 gene deletion ex- 

erts its effect may, in part, reflect the temporal aspects of 

progressively increasing Brn-4 gene expression in the af- 

fected cell types. These results indicate a role for Brn-2 

distal to reported neuralizing effects for both Brn-2 and 

Brn-4 homologs (Fujii and Hamada 1993; Witta et al. 

1995). Humans  who may  harbor mutat ions  in their Brn-4 
gene are reported to exhibit  only nonsyndromic X-linked 

deafness (de Kok et al. 1995). Because all sequential  early 

developmental  milestones are mainta ined in the absence 

of Brn-2 gene expression, and the critical role of Brn-2 is 

relatively late in the sequence of events leading to ter- 

minal  differentiation and survival of neuronal  pheno- 

types, it is conceivable that Brn-4 is functionally redun- 

dant with Brn-2 during the init ial  phases of neurogene- 

sis. 
These actions of Brn-2 are in concert wi th  those of the 

POU domain factors that have been investigated genet- 

ically in other organ systems or species, where their roles 

also seem to involve modulat ion of late developmental  

decisions, including Pit-1 (Li et al. 1990), unc-86 (Finney 

and Ruvkun 1990), Oct-2 (Corcoran et al. 1993), and 

pdml ,  pdm2/mi t i -mere ,  and drifter genes in Drosophila 
(Yang et al. 1993; Anderson et al. 1995; Bhat et al. 1995; 

Yeo et al. 19951. In the case of the Brn-2-induced loss of 

the endocrine hypothalamus,  there were no developmen- 

tal consequences in the downstream levels of the hypo- 

thalamic-pi tu i tary-adrenal  axis; s imilar  to the m i n i m a l  

consequences observed with CRH gene deletion (Mugila 

et al. 19951 or defects in AVP /Schmale and Richter 

1984). We can only speculate that the nonviabi l i ty  of the 

Brn-2-gene deleted mouse reflects the more severe phys- 

iological demands imposed by the s imultaneous loss of 

three cell types in the endocrine hypothalamus.  

PO U domain factors mediate  the coordinate 
development of the hypothalamic-pi tu i tary  axis 

The precise patterns and t iming of coordinate develop- 

ment  of the hypothalamic-pi tu i ta ry  axis implies  a syn- 

chronization of regulatory events, and we suggest that 

this, in part, involves the parallel actions of one family  of 
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determining factors. In the case of the anterior pituitary 
gland, initial expression of Pit-1 coincides with initia- 

tion of terminal differentiation events in three cell types. 

Pit-1 is also required for proliferation/survival of these 
three cell types (Fig. 8) by regulation of specific tropic 

factor receptors (Li et al. 1990; Godfrey et al. 1993; Lin et 

al. 1993). Although the expression of POU III factors in 
the hypothalamus begins at a much earlier stage of de- 

velopment than is the case for Pit-l, the developmental 
defects of Brn-2 gene deletion are restricted to a temporal 

window virtually identical to that at which Pit-1 exerts 

its critical actions (Fig. 8). Brn-2, like Pit-l, is required for 
both activation of terminal target genes and cellular sur- 

vival {see Fig. 8). Thus, POU domain factor-dependent 
terminal differentiation and cell survival events, in gen- 

eration of the hypothalamic-pituitary axis, may be pro- 

totypic of development of other organ systems generated 
from cells of distinct embryonic origins. 

Materials and methods 

Construction of Brn-2-targeting vector and generation 
germ-line-transmitting mice 

A mouse Brn-2 genomic clone was isolated from a J1 129/Sv 

mouse genomic library (Stratagene k Fix II vector) using the rat 

Bin-2 POU domain sequence. The 5'-flanking region compris- 

ing a 4.5-kb NotI-EcoRI fragment and a 7.5-kb EcoRI 3' flanking 

fragment were subcloned into the corresponding cloning sites of 

the neomycin-containing vector pBM2.0, where expression of 

the neomycin gene is driven by the mouse phosphoglycerate 

kinase (PGK) promoter. The final vector for use during the elec- 

troporation experiment was created by subcloning into a herpes 

simplex virus thymidine kinase (2HSV-TK) plasmid, which re- 

suited in the positioning of TK genes at both ends of the ho- 

mologous Brn-2-flanking DNA regions. Upon correct targeting 

the entire Brn-2-coding region and 2.5 kb of the 5' promoter/ 

enhancer region is replaced with the pgk-neomycin {neo) gene. 

The J1 ES cell line (Li et al. 1992) was cultured on mitomycin 

C-treated neo-resistant mouse embryonic fibroblasts (Robert- 

son 1987) and grown in the presence of DMEM high glucose 

media containing 15% FCS {Hyclone) and supplemented with 

exogenously added leukemia inhibitory factor (LIF){ESGRO, 

GIBCO Bethesda Research Laboratories). Targeting vector DNA 

was linearized (25 ~g) and electroporated into 2x 107 ES ceils in 

0.8 ml of electroporation buffer (Li et al. 19921 at 250 V and 500 

~F using a Genepulser (Bio-Rad). Cells were grown for 7-9 days 

in 250 ~g/ml G418 and 2 mM gancyclovir (Syntex) and 233 

double drug-selected clones were grown for an additional 3 days. 

Clones were frozen and their genomic DNA isolated for South- 

ern blot analysis. 

Cell lines that had undergone homologous recombination 

were identified using the 3' external probe that hybridizes to a 

20-kb EcoRI fragment at the wild-type Brn-2 locus and a 15-kb 

EcoRI fragment at the Brn-2 { - / - )  allele. A neo probe (0.5-kb 

fragment containing the pgk poly{A) sequence), which recog- 

nizes a 4.5-kb BamHI fragment in the Brn-2 ( -  / - )  allele, was 

used to identify homologous recombination in the 5' flanking 

region. This 0.5-kb internal probe also hybridizes to a 4-kb 

BamHI fragment that corresponds to the endogenous murine 

pgk gene. 

ES cell line 33, which met the requirement for homologous 

recombination at the Brn-2 locus, was microinjected into 

C57BL/6 blastocysts that were then transferred to pseudopreg- 

nant females. Chimeric male mice were backcrossed to 

C57BL/6 females and germ-line transmission was scored by the 

presence of the agouti coat color. Heterozygotes were identified 

by Southern hybridization and PCR analysis. The Brn-2 primers 

used in the PCR reaction, 5'-CACCCAGGCGCGCACCAC- 

GACCCG-3' and 5'-CGGCGCCCGGCAGAGTCCCTCCTC- 

3', produce a 0.5-kb band encompassing the mouse Brn-2 POU 

domain. The primers used to PCR the neo r gene, 5'-CCACAC- 

CCAGCCGGCCACAGTCGATGA-3' and 5'-AGAGGCTAT- 

TCGGCTATGACTGGGCA-3', yield a 0.6-kb fragment. The 

final PCR reaction conditions contain 1 × PCR buffer, 2.5 mM 

MgC12, 0.6 mM each of dNTP, 5% DMSO, and 20 ng of each 

primer. Less than 250 ng of genomic DNA was used for each 

PCR reaction. 

Phenotype analysis 

Heterozygous matings were set up and the embryos were al- 

lowed to come to term, after which the animals were prepared 

for analysis just before the anticipated time of death. Postnatal 

animals were anesthetized, tails and/or hind limbs removed for 

PCR genotyping analysis, and cardiac perfusion was performed 

with PBS followed by 10% formalin. To establish timed matings 

between heterozygous mice, the vaginal plug was monitored 

and considered to be E0.5. In addition, the length between the 

crown and rump was measured allowing for an approximate 

confirmation of the developmental stage of the embryo. Before 

El7, embryos were fixed by submersion in 10% formalin; post- 

El7 embryos were subjected to cardiac perfusion and fixation. 

Histology 

For paraffin sections, animal tissues were collected as outlined 

above, except that they were perfused with Bouin's fixative {75 

ml of saturated picric acid, 25 ml of formalin, 5 ml of acetic acid, 

and 0.9 g of NaC1). The tissues were washed in several volumes 

of PBS, paraffin embedded and sectioned on a microtome, and 

stained with cresyl violet acetate, Nissl, or hemotoxylin and 

eosin. 

In situ hybridization 

In situ hybridizations were carried out as described by Simmons 

et al. L1989). Overnight hybridizations were performed with 3~S- 

labeled antisense riboprobes i lx l07  cpm/ml hybridization 

buffer) at 60°C. The antisense riboprobes from the following 

genes were used during our analysis of the Bin-2 knockout phe- 

notype: rat CRH, rat TRH, rat AVP, rat OT, rat GRH, mouse 

growth hormone, mouse thyrotroph-stimulating hormone, 

mouse pro-opiomelanocortin hormone, l l-/3-hydroxylase {Ho 

and Vinson 1993), rat somatostatin, and mouse Brn-4. 

For whole mount in situ hybridization, mouse embryos were 

collected and extraembryonic membranes were removed. Em- 

bryos were fixed overnight at room temperature in 10% buffered 

formalin, rinsed several times with 70% ethanol, and then 

stored at -20°C in 70% ethanol. Whole mount in situ hybrid- 

ization was performed essentially as describe by Wilkinson 

(1993). The reaction was stopped by washing twice for 10 min in 

TE [10 mM Tris (pH 8.01, 1 mM EDTA]. Embryos were stored in 

10% buffered formalin in the dark. Before photography embryos 

were rinsed in TE. 

Imm unohistochemical analysis 

Guinea pig and/or rabbit polyclonal antibodies were raised 

against the amino termini of the Brn-1 (amino acids 87-313), 
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Bin-2 {amino acids 1-249), and Bin-4 (amino acids 1-172) pro- 

teins. Animals were immunized with a combination of glu- 

tathionine S-transferase (GST) fusion and His-tagged proteins, 

which were expressed in Escherichia coli and partially purified 

over glutathione agarose {Sigma)or Ni2*-NTA-agarose (Qia- 

gen) affinity columns. The primary antibodies used were 2GB 

guinea pig anti-Brn-2 used at 1:1000; 1G2 guinea pig anti-Brn-1 

used at 1:500; and, 4R3 rabbit anti-Brn-4 used at 1:500. Speci- 

ficity of the antibodies was confirmed by Western analysis and 

gel mobility-shift assays with bacterially expressed or in vitro- 

translated proteins. 

Immunohistochemical detection was performed using free- 

floating (20--40 p~m)or slide-mounted (10-20 ixm) cryostat sec- 

tions. Briefly, free-floating sections were collected in nets, 

washed in Na-PBS, incubated for 10 min in 0.3% HaO2, Na- 

PBS, washed twice in Na-PBS and then incubated with the pri- 

mary antibody overnight at 4°C in Na-PBS containing 5% nor- 

mal goat serum and 0.3% Triton X-100 {20-30 sections/roll. 

Sections were washed in Na-PBS and primary antibody was 

detected using the appropriate anti-rabbit or anti-guinea pig 

Vectastain ABC kit {Vector) followed by reaction with diami- 

nobenzidine in the presence of hydrogen peroxide. Alternatively 

rhodamine-conjugated anti-rabbit IgG {Fab fragment; Boe- 

hringer Mannheim) or fluorescein-conjugated anti-guinea pig 

IgG (Cappel) were used to detect primary antibody. In cases 

where the primary antibody was detected with a fluorescent 

secondary antibody, sections were mounted onto Superfrost 

Plus slides {Fisher) using SlowFade Antifade reagents (Molecu- 

lar Probes, Inc.). 

Embryonic cryostat sections were mounted on poly-lysine 

subbed slides and incubated immediately in Na-PBS. Incuba- 

tion with primary antibodies and detection with secondary an- 

tibodies was as described for free-floating brain sections. 

When immunohistochemical staining was used in combina- 

tion with in situ hybridization the immunohistochemical stain- 

ing with the 2GB Brn-2 antibody was performed essentially as 

described above with the following exceptions: 5 mg/ml of hep- 

arin and 2% BSA, rather than 5% normal goat serum, were used 

in the first antibody incubation, and two rounds of incubation 

with the biotinylated second antibody followed by incubation 

with the ABC complex were performed. In situ hybridization 

was performed as above except that two rounds of hybridization 

with the antisense probe were done with a brief rinsing of the 

sections with 2x SSC, 1 mM DTT in between. The final 0.1 x 

SSC was done at 75°C. 

Cotransfection assays 

Expression plasmid (1 Ixg) and reporter plasmid {1 }xgl were 

cotransfected into CV-1 cells by the calcium-phosphate precip- 

itation method. Cells were harvested 48 hr after transfection 

and luciferase assays were performed as described by Ingraham 

et al. (1988). Brn-2 and Brn-4 expression vectors contain the 

full-length eDNA inserted into the cytomegalovirus (CMV) ex- 

pression vector. Reporter constructs contain the CRH pro- 

moter, the tyrosine hydroxylase promoter (TH promoterl, three 

copies of a high-affinity Bin-2 binding site {3x CRHII-lu- 

ciferase; Li et al. 1993), or three copies of an estrogen response 

element (3 x ERE) cloned upstream of a luciferase reporter. 3 x 

CRHII and 3 x ERE also contain nucleotides - 36 to + 25 of the 

prolactin promoter. 
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