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Fkh5-deficient mice show dysgenesis in the caudal midbrain and

hypothalamic mammillary body

Roland Wehr, Ahmed Mansouri, Tine de Maeyer and Peter Gruss

Max Planck Institute for Biophysical Chemistry, Department of Molecular Cell Biology, Am Fassberg, 37077 Goettingen, Germany
The murine winged helix gene Fkh5 is specifically
expressed in the developing central nervous system (CNS).
Early embryonic Fkh5 expression is restricted to the mam-
millary body region of the caudal hypothalamus, midbrain,
hindbrain and spinal cord. Postnatally, signals persist in
specific nuclei of the mammillary body and in the
midbrain. We generated Fkh5 deficient mice by homolo-
gous recombination to assess its in vivo function. At birth,
Fkh5-deficient mice are viable and indistinguishable from
wild−type and Fkh5 heterozygous littermates. However,
about one third die within the first two days and another
fifth before weaning. Surviving Fkh5-deficient mice become
growth retarded within the first week and remain smaller

throughout their whole life span. Fkh5-deficient females on
129Sv × C57BL/6 genetic background are fertile, but do not
nurture their pups. More detailed analysis of Fkh5-
deficient brains reveals distinct alterations in the CNS. In
the midbrain, mutant mice exhibit reduced inferior
colliculi and an overgrown anterior cerebellum. Further-
more, the hypothalamic mammillary body of Fkh5-
deficient brains lacks the medial mammillary nucleus.
These results suggest that Fkh5 plays a major role during
CNS development.

Key words: Fkh5, fork head, winged helix, midbrain, inferior
colliculi, hypothalamus, mammillary body, mouse
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INTRODUCTION

One attempt to understand the complex functional and regio
organisation of the mature CNS is the analysis of genetic me
anisms underlying its development. The identification of dev
opmental control genes in Drosophila melanogasterhas
immensely expanded our knowledge about these proces
The conservation of such regulatory genes allows us to iso
the mammalian homologs and to dissect the genetic netw
crucial for CNS development and function. Particularly, t
expression and functional analysis of murine homologs, l
Dlx (Price et al., 1991; Qiu et al., 1995), En(Joyner et al., 1985;
Wurst et al., 1994), Emx (Simeone et al., 1992a; Pellegrini e
al., 1996), Otx (Simeone et al., 1992b; Matsuo et al., 199
Acampora, 1995), Pax(reviewed by Chalepakis et al., 1993
and Wnt(McMahon and Bradley, 1990; Thomas and Capecc
1990) reveal their importance in the CNS.

Recently, a new family of transcription factors containin
the fork head domain has been identified. The prototype g
fork head(fkh), a region-specific homeotic gene in Drosophila
promotes terminal as opposed to segmental developm
(Weigel et al., 1989). Conservation of the DNA bindin
sequence, also termed the winged helix domain on the bas
X-ray crystallographic analysis (Clark et al., 1993), has led
the isolation of new family members from organisms rangi
from yeast to man (reviewed by Kaufmann and Knöch
1996). Murine winged helix genes, such as HNF3β and BF1,
have been shown to play a role in the developing CNS. HNF3β
is mainly expressed in the node, notochord, floor plate and
nal
ch-
el-

ses.
late
ork

he
ike

t
5;
)
hi,

g
ene

ent
g
is of
 to
ng
el,

 gut

(Ang et al., 1993; Monaghan et al., 1993; Sasaki and Hog
1993). The HNF3β null mutation results in midline structure
defects, affecting notochord and spinal cord development (A
and Rossant, 1994; Weinstein et al., 1994). Ectopic HNF-3β
expression in mid- and hindbrain changes the expression
floor plate-specific genes yielding abnormal neural patterni
(Sasaki and Hogan, 1994). BF1 is expressed in the developing
telencephalic neuroepithelium and in the eye (Tao and L
1992). Loss of function of BF1 leads to a substantial reduction
in the size of the cerebral hemispheres (Xuan et al., 199
These observations underline a crucial role of fork
head/winged helix genes for CNS development.

Fkh5, also termed HFH-e5.1 (Ang et al., 1993) or Mf3
(Sasaki and Hogan, 1993; Labosky et al., 1996) is expres
during embryonic development from day 7.5 p.c. onwards 
CNS and presomitic mesoderm (Ang et al., 1993; Kaestne
al., 1996). Our expression analysis of midgestation embry
reveals that Fkh5 is restricted to specific regions in the spina
cord, hindbrain, midbrain and mammillary body region of th
hypothalamus. After birth, expression is maintained in the me
encephalon and mammillary body. This expression patte
suggests Fkh5to be an important regulator of development an
maintenance of these structures.

In order to elucidate the in vivo function of Fkh5, we
generated a mouse strain carrying a null mutation in the Fkh5
gene by homologous recombination. Homozygous Fkh5−/−
mice are born live, however about one third die shortly aft
birth, the others become growth retarded within the first wee
Another fifth die before weaning. Histological analysis of th
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CNS demonstrates that Fkh5plays a critical role during cauda
midbrain and hypothalamus development. Further, the st
tural changes of the hypothalamic mammillary body 
Fkh5−/− mice are presumably associated with severe defi
in nurturing behavior.

MATERIALS AND METHODS

Histology and in situ hybridisation
Noon of the day after copulation was considered as day 0.5 
Embryos and postnatal brains for in situ hybridisation were fix
overnight in 4% PFA/PBS at 4°C, and either dehydrated in metha
or embedded in paraffin using routine procedures. For histolo
embryos and tissues were fixed overnight in Bouin’s solution at ro
temperature, sectioned (10 µm) and stained with cresyl violet using
standard protocols. Whole-mount in situ hybridisation of embryos w
performed as described by Wilkinson (1992) using a digoxigen
labeled antisense RNA probe. For radioactive in situ hybridisati
embryos and tissues were sectioned (8 µm) and processed as previ
ously described by Stoykova and Gruss (1994). Whole-mount β-galac-
tosidase staining was performed as described by Allen et al. (198

Construction of the targeting vector
A 14 kb genomic clone was isolated from a mouse 129/Sv geno
library (kindly provided by A. Berns, Amsterdam) using a Fkh5
cDNA probe. A 2.4 kb BamHI/SacII genomic fragment containing the
3′-part of exon 1 and the 5′-part of exon 2 including the ATG and the
fork headdomain was replaced by the PGK-Neo expression cass
in transcriptional orientation (Soriano et al., 1991). The target
construct contains 9 kb 5′- and 1.6 kb 3′-homology, and additionally
the HSV-TK at the end of the 3′-homology for negative selection
(Mansour et al., 1988).

ES-cell transfection, screening and generation of Fkh5−/−
mice
R1 ES-cells were cultured as described by Robertson (1987) 
transfected with 25 µg linearized targeting vector by electroporatio
(Bio-Rad Gene Pulser, 250 V, 500 µF, electrode distance 0.4 cm)
G418 and gancyclovir selection was applied 24 hours after trans
tion, resistant clones were isolated after 8 days of selection. Geno
DNA from these clones was digested with BamHI and screened by
Southern analysis using a 3′ external probe. Positive clones wer
confirmed with neomycin and internal probes (BglII digested genomic
DNA). Chimeric mice were generated by morula aggregat
according to the method of Robertson (1987) and germ line tra
mission was assessed by scoring the F1 generation for the agouti coa
colour, and Southern analysis. Germline chimeras were mated to 
of 129/Sv or C57BL/6 genetic background.

Nurturing behavior
Behavioral experiments were performed with Fkh5−/− mice of the
genetic background 129Sv × C57BL/6 (F2 generation) that were 3-4
months old. Controls always included wild-type mice of the same lit
Fkh5−/− and wild-type intercrosses of the F2 generation were set up
in parallel. Pregnant females were kept in separate cages. After b
mothers were observed for their nurturing and nestbuilding behav
For fostering experiments, pups were removed from Fkh5−/− mothers
and fostered to a wild-type mother. This was also done vice versa.
wild-type mothers had the same genetic background and age.

RESULTS

Fkh5 expression analysis during CNS development
Initially, we have studied the expression of Fkh5 during
embryonic development from day 10.5 p.c. onwards and p
natally. Earlier studies of Ang et al. (1993) and Kaestner et
l
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(1996) showed that Fkh5 RNA expression is first detected a
day 7.5 p.c. in the posterior primitive streak mesoderm of t
developing embryo.At day 8.5 p.c., Fkh5is present in the open
neural plate, spinal cord, presomitic and transiently in somi
mesoderm. After closure of the neural tube at day 9.5 p.c. Fkh5
transcripts are abundant along the neural tube except in 
rostral forebrain. Expression in the spinal cord is restricted
the ventromedial ventricular zone. At midgestation stag
motor neuron columns of the ventrolateral neural tube a
strongly positive.

At day 10.5 p.c., Fkh5transcripts in the developing brain are
detected in the mammillary body region, the thalamus, in t
rostral and caudal midbrain, and in the hindbrain (Fig. 1A
Interestingly, the expression in the caudal midbrain demarc
ing the midbrain-hindbrain boundary shows a gradient, whi
diminishes at day 12.5 p.c. At this stage, Fkh5 expression in
the anterior midbrain is retracted from the pretectum and for
a rostral to caudal gradient (Fig. 1B). This gradient becom
prominent at day 14.5 p.c. showing its rostral boundary at 
posterior commissure. Additional signals are observed in 
ventricular zone of the metencephalon and myelencepha
(Fig. 1C,D). More extensive in situ hybridisation analyses 
postnatal brains identifies the precise localisation of Fkh5 in
differentiated nuclei of the mammillary body and in the me
encephalon. Three weeks after birth, Fkh5 is expressed in the
medial mammillary (Fig. 1E,F) and faintly in the dorsal pre
mammillary and tuberomammillary nuclei (data not shown
Fkh5 signals in the mesencephalon are present in the in
mediate and deep gray layers of the superior colliculi (F
1G,H). This postnatal expression of Fkh5 in the brain still
persists in 3-month old mice (data not shown). No postna
expression is observed in the inferior colliculi, the mete
cephalon and myelencephalon, or in the spinal cord.

Generation of Fkh5−/− mice
To disrupt the Fkh5locus, we used a positive-negative selectio
strategy in the 129/Sv derived ES-cell line R1 (Fig. 2A-C
(Mansour et al., 1988; Nagy et al., 1993). Six from 211 clon
were correctly targeted. Chimeras from two different ce
clones were produced by morula aggregation and bred
129/Sv mice for histological analysis. Interbreeding o
Fkh5+/− mice results in a normal Mendelian ratio of homozy
gous mutants at birth, indicating that the absence of Fkh5 is
not lethal in utero (Table 1). However, about 30% of Fkh5−/−
mice die within the first 2 days and another 20% befo
weaning (Table 1; Fig. 2D). A few days after birth, homoz
gous mice become growth retarded and clearly distinguisha
from their Fkh5+/− and wild-type littermates (Fig. 2F).
Surviving Fkh5−/− animals remain proportionally smaller (25
30%) as shown in growth curves (Fig. 2E) and exhibit a norm
life span. Since mating performance of Fkh5 null-mice on
129/Sv background was poor, we intercrossed the Fk
mutation into C57BL/6 genetic background. Again, heteroz
gous crosses resulted in normal Mendelian ratios of neon
mice (Table 1). Pregnancies of Fkh5−/− mothers (F2: C57BL/6
× 129/Sv) were normal and carried out to term (n=21).
However, they neglect their pups and show neither ne
building nor nursing activities (Fig. 3A,B). Therefore, all pup
died shortly after birth. Even after multiple pregnancies (n=4)
the nurturing behavior of Fkh5−/− mothers did not improve.
Fostering experiments (n=9) of Fkh5−/− and wild-type pups to
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expression during embryonic development and after birth. Whole-mount
isation of (A) day 10.5 p.c. and (B) day 12.5 p.c. isolated brains, lateral
active in situ hybridisation (C,D) of a day 14.5 p.c. embryo, parasagittal
 (E-H) of a 3-week old brain, coronal sections. (A) At day 10.5 p.c.,
pression in the CNS is observed in hindbrain, at the midbrain-hindbrain
hite arrowhead), in the anterior mesencephalic tectum and pretectum,
d mammillary body region. (B) At day 12.5 p.c., expression in midbrain
from the pretectum and diminishes in the caudal midbrain. Expression is
the dorsal myelencephalon and restricted to certain nuclei at the boundary
elencephalon and metencephalon, possibly the olivary nuclei. Staining in

on is due to unspecific background. (C,D) In midgestation brain at day
5expression is detected in the mammillary body region, the anterior
e caudal tegmentum, the mesencephalon and the myelencephalon.
weeks after birth, Fkh5expression is confined to the medial mammillary
he mammillary body. (G,H) Expression in midbrain is detected in the
 and deep grey layers of the superior colliculi.dg, deep grey layer; di,
n; hb, hindbrain; ic; inferior colliculus; ig, intermediate grey layer; lm,
millary nucleus; ma, mammillary body region; mm, medial mammillary
, metencephalon; my, myelencephalon; pr, pretectum; sc, superior
, telencephalon; tc, mesencephalic tectum; tg, mesencephalic
 th, thalamus. Scale bar indicates 500 µm (A-D); 100 µm (E-H).

B

a wild-type or Fkh5−/− mother could assign the defect to th
mutant mothers. Histological analysis of the mammary glan
did not reveal any abnormality in development or
function (data not shown), rejecting the possibil-
ity that the nurturing abnormality is secondarily
due to a lactation defect. This is supported by the
observation that some pups had milk in their
stomachs.

Abnormal midbrain development in
Fkh5−/− mice
On the basis of Fkh5 expression we investigated
the midbrain of Fkh5−/− mice from early embryo-
genesis onwards. Starting at day 10.5 p.c., we
could not detect any obvious alteration in the
midbrain structures using the molecular markers
Pax5 and Pax7(Fig. 4) (Jostes et al., 1991; Asano
and Gruss, 1992). Histological analysis of day
10.5-18.5 p.c. Fkh5−/− embryos has not revealed
any defect in the midbrain (data not shown).
However, postnatal analysis of 3-week old brains
has revealed overt morphological malformations
in the posterior midbrain. The two rounded
posterior eminences of the quadrigeminal plate,
the inferior colliculi, are reduced near the midline
and partially covered by the anterior cerebellum,
whereas their lateral parts are normal in size and
shape compared to the wild-type brain (Fig.
5A,C). Interestingly, the brains of Fkh5+/− mice
show an intermediate phenotype (Fig. 5B),
arguing for a semi-dominant effect of the Fkh5
mutation. This phenotype persists into adulthood.
To antagonize this malformation, we intercrossed
Fkh5−/− mice with Pax7/lacZ knock out mice
(Mansouri et al., 1996), since Pax7 is a marker for
the superior colliculi in the anterior midbrain
(Stoykova and Gruss, 1994). We analysed brains
of mice which were wild-type, heterozygous or
homozygous for the Fkh5 mutation and always
heterozygous for the Pax7 transgene. Pax7
expression data clearly showed that the superior
colliculi are not affected. However, the distance
between anterior cerebellum and the superior
colliculi is clearly reduced due to the reduction of
the inferior colliculi and the overgrowth of the
anterior cerebellum (Fig. 5D,F). Again, Fkh5+/−
mice exhibit an intermediate phenotype (Fig. 5E).
Histological analysis reveals a size reduction of
the medial inferior colliculi and an abnormal
growth of the most anterior cerebellar lobe, the
lobulus culmen (Fig. 5G-I). Whereas in Fkh5+/−
mice the size of the lobulus culmen is normal, a
prominent elongation can be seen in Fkh5−/−
mice.

Loss of hypothalamic structures in Fkh5-
null mice
The posterior end of the hypothalamus is demar-
cated by the mammillary body, which is subdi-
vided into a small lateral and a large medial
region. Mammillary body neurons are generated

Fig. 1. Fkh5
in situ hybrid
views. Radio
sections and
restricted ex
boundary (w
thalamus an
is retracted 
detected in 
between my
telencephal
14.5 p.c., Fkh
tectum, in th
(E,F) Three 
nucleus of t
intermediate
diencephalo
lateral mam
nucleus; mt
colliculus; te
tegmentum;

A

e
ds
from the neuroepithelium of the mammillary recess betwee
day 12.0-18.0 p.c. in rat, this is equivalent to day 10.0-16.0 p
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Fig. 2. (A) Fkh5targeting and genotypic analysis. Top lane: Genomic
organisation of the Fkh5gene. Open boxes represent exons, the black box
indicates the coding region of Fkh5. Probes A (external probe) and B (internal
probe) were used for genotyping ES-cell clones and mice. Middle lane:
diagram of the Fkh5targeting vector. The 3′ part of the first exon and the 5′
part of the second exon, containing the ATG and the fork head domain were
deleted and replaced by the PGK-Neo cassette as positive selection marker.
HSV-TK was introduced as negative selection marker into the 3′ end of the
targeting construct. Black arrows show the transcriptional orientation of both
markers. Bottom lane: structure of the Fkh5−/− allele. B, BamHI; Bg, BglII; E, EcoRI; NEO, PGK-Neo selection cassette; Pst, PstI; S, SacII;
TK, HSV-TK selection cassette. Restriction sites in brackets were only partially mapped. (B) Southern blot analysis of genomic DNA from
mouse tails digested with BamHI and probed with the external probe A. The lower band corresponds to the wild-type allele (4.3 kb), the upper
band to the mutated allele (4.7 kb). (C) Southern blot analysis using BglII and the internal probe B. The lower band represents the wild-type
allele (1.8 kb), the upper band the mutant allele (11.5 kb). (D) Mortality diagram of Fkh5−/− mice in comparison to wild-type mice on 129/Sv
genetic background. A total of n=11 litters of heterozygous crosses were analysed and counted daily. Fkh5−/− mice die in two phases: shortly
after birth (30%) and before weaning (20%). Fkh5+/− mice show the same mortality rate as wild-type mice (data not shown). (E) Growth
curves of male Fkh5−/− and wild-type mice on 129/Sv genetic background. A total of n=11 litters of heterozygous crosses were analysed.
Compared to wild-type mice, the growth rate of Fkh5−/− mice is slower until weaning. Afterwards, the growth rate is similar, whileFkh5−/−
mice show a 25-30% weight reduction throughout their life span. Fkh5+/− mice have the same growth rate as wild-type animals (data not
shown). Standard deviations are shown. (F) Typical example showing the Fkh5−/− mutant (left) in comparison to wild-type (right) mice 1 week
after birth. −/−, homozygous mutant; +/−, heterozygous mutant; wt, wild type.
in mice (Altman and Bayer, 1986). Specific nuclei in that bra
region become microscopically distinguishable from day 18
p.c. onwards. From early embryonic development on, Fkh5
transcripts are abundant in the mammillary body region a
persist into adulthood in differentiated nuclei. This express
profile suggests a role for Fkh5during differentiation or main-
in
.5

nd
ion

tenance of the mammillary body region. Analysis of Fkh5−/−
mice revealed that the medial mammillary body region show
extensive abnormalities compared to Fkh5+/− and wild-type
littermates.

Histological analysis of the terminal differentiated mammil
lary body of 3-week old Fkh5−/− mice reveals that the
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Table1. Genotypic analysis of mice and embryos on 129/Sv and 129/Sv × C57BL/6 genetic background generated by Fkh5
heterozygous intercrosses

129/Sv ×
129/Sv C57BL/6

Age wt Fkh5+/− Fkh5−/− wt Fkh5+/− Fkh5−/−

E 10.5-18.5 p.c. nd nd nd 23 (21.9%) 59 (56.1%) 27 (25.7 %)
p0 80 (25.7%) 154 (49.5%) 77 (24.8%) 71 (25.4%) 139 (49.6%) 70 (25.0 %)
4 weeks 80 (25.7%) 151 (48.6%) 33 (10.6%) 69 (24.6%) 138 (49.3%) 29 (10.3 %)

Embryos and mice were genotyped by Southern blot analysis of yolk sac and tail DNA.

Fig. 3.Fkh5−/− mothers exhibit nurturing defects. View into cages of
a (A) wild-type mother and (B) Fkh5−/− mother half a day after
parturition. Whereas wild-type mothers build a nest and nurse their
pups, Fkh5−/− mothers do not show any nest building activity and
neglect and spread their pups.
prominent medial mammillary nucleus is absent, disturbing 
layered structure of the whole mammillary body (Fig. 6A-D
Thus, the shape of the adjacent supramammillary nucleu
altered which then extends more ventrally. Other nuclei of 
ventro-caudal hypothalamus appear less compact and c
pensate for the absence of the medial mammillary nucleus (
6C,D). Also the reduced distance between the third ventri
and the mammillary recess (surrounded by the arcuate nucl
in Fkh5−/− mice can be explained by the absence of the ma
millary nucleus and is not due to size differences betwe
mutant and wild-type brains (Fig. 6A,B). Although Fkh5 is
expressed in the dorsal premammillary and tuberomammill
nuclei, there are no obvious alterations detectable in th
mammillary body structures (Figs 6A,B, 7E,F). In contrast 
the midbrain phenotype, no alterations in the mammillary bo
of Fkh5+/− brains are observed.

However, Fkh5 expression within the mammillary body
region starts at day 10.5 p.c., a phenotype is not detected 
day 16.5-18.5 p.c.. In day 16.5 p.c. Fkh5−/− mice the mam-
millary body appears smaller compared to wild-type litte
mates. This size reduction is mainly confined to the med
region which will give rise to the medial mammillary nucleu
(Fig. 7A,B). Different nuclei of the mammillary body firs
become clearly distinguishable at day 18.5 p.c. Whereas 
lateral, premammillary and supramammillary nuclei appe
normal there is no proper compact nuclear structure giving r
to the prominent medial mammillary nucleus (Fig. 7C,D
Therefore, the mutant mammillary body appears compres
and different in shape. Again the distance between the th
ventricle and the mammillary recess is reduced in t
Fkh5−/− mutant brain.

Medial mammillary body neurons project into the princip
mammillary tract which divides and forms the mammillotha
amic and mammillotegmental tracts (Guillery, 1955). Alread
at day 18.5 p.c., the efferent mammillothalamic shows dis
ganisation due to the absence of the medial mammill
nucleus (Fig. 7C,D). In the terminal differentiated mammilla
body of 3-week old Fkh5−/− mice, both tracts are clearly
affected. Whereas other tracts (e.g. fasciculus retroflex
exhibit normal size, the mammillothalamic and mamm
lotegmental tracts are smaller than in the wild-type cont
(Fig. 7E,F).

DISCUSSION

We used targeted gene disruption to create a null-allele for
Fkh5 gene and to assess its in vivo function. The analy
reveals that this gene is essential for proper CNS developm
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and function. Defects observed are consistent with i
expression. In parallel, the targeted inactivation of Fkh5 was
also performed by Labosky et al. (1997). We were able 
confirm that the absence of Fkh5 is not lethal in utero and a
general growth retardation of Fkh5−/− mice. However, we did
not observe an early developmental phenotype displayi
abnormalities in the presomitic mesoderm or neural tube 
described by Labosky et al. for a minority of Fkh5−/−
embryos.

Additionally we also discovered striking differences in the
anatomy of the hypothalamus, midbrain, and nurturin
behaviour. Our Fkh5−/− mice exhibit a clear morphological
phenotype in the mammillary body region lacking the
prominent medial mammillary nucleus and dysgenesis of t
inferior colliculi in the caudal midbrain. Further, our behav
ioral analysis of homozygous-mutant mothers indicate th
these mice display an abnormal nurturing response. Since b
mutations are almost identical, it is likely that the observed d
ferences are due to different genetic backgrounds of mice us
for the analyses.

Growth reduction and postnatal lethality of Fkh5−/−
mice
At birth, Fkh5−/− mice are morphologically indistinguishable
from their Fkh5+/− and wild-type littermates. Genotypic
analysis of neonatal offspring from heterozygous matings resu
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Fig. 4.Paxgene expression in the midbrain of day
10.5 p.c. embryos. (A,B) Whole-mount in situ
hybridization with Pax5riboprobe performed on
wild-type and Fkh5−/− mice. (C,D) β-
galactosidase staining indicating the presence of
the Pax7transgene in wild-type and Fkh5−/−
mice. The Paxgene expression pattern is not
altered in the midbrain of Fkh5−/− mice. Scale
bar indicates 500 µm.
in the expected frequency, however the majority of mutant m
dies before weaning. Additionally, it becomes evident that t
Fkh5−/− mice grow more slowly. The weight difference
compared to wild-type and Fkh5+/− mice is most pronounced
within the first three weeks after birth. Growth retardation as
consequence of deregulation of growth hormone (GH) prod
tion and secretion could be ruled out by Labosky et al. (19
who demonstrated normal circulating GH levels in the blood a
normal GH immunostaining in the pituitary of Fkh5mutants.
Thus, the Fkh5 growth retardation phenotype is different from
other dwarf mutants which show defects in pituitary develo
Fig. 5.Abnormal development of the
inferior colliculi and the anterior
cerebellum in Fkh5−/− mice. Dorsal
view of whole brain preparations of
3-week old (A,D) wild-type, (B, E)
Fkh5+/− and (C,F) Fkh5−/− mice;
(A-C) Bouins fixed or (D-F)
glutaraldehyde fixed. (D-F) Brains
are stained for Pax7β-galactosidase
activity. The black arrowheads denote
the progressing overgrowth of the
cerebellum (lobulus culmen) and the
reduction of the inferior colliculi. (G-
I) Comparative histological analysis
of parasagittal brain sections, stained
with cresyl violet. The reduced
inferior colliculus in the (I)Fkh5−/−
brain is denoted by a star. Note the
partial (H) or total (I) overgrowth of
the inferior colliculi by the lobulus
culmen. SC, superior colliculus; IC,
inferior colliculus; CU, culmen; wt,
wild type; +/−, heterozygous mutant;
−/−, homozygous mutant brain. Scale
bar indicates 1.6 mm (A-F); 400 µm
(G-I).
ice
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ment (for review see Voss and Rosenfeld, 1992). Besides 
neuroendocrine regulation, another major function of the hyp
thalamus is the control of feeding and drinking behavio
(Mogenson, 1978). The observation that surviving Fkh5−/− mice
never reach normal weight favours the idea that a behavio
feeding and drinking disorder contributes to the observed grow
retardation and death. Since the mammillary body is connec
to a variety of hypothalamic structures involved in feeding an
drinking behavior, we suggest that the absence of mammilla
body structures is responsable for the increased postn
mortality and lower-than-average weight. 
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Fig. 6.The caudal hypothalamus is
severely affected in Fkh5−/− mice.
Histological analysis of the mammillary
body region of 3-week old mice. Coronal
(A,B) and parasagittal (C,D) sections of
wild-type (A,C) and Fkh5−/− (B,D) brains
stained with cresyl violet. The
mammillary body of Fkh5−/− mice clearly
lacks the prominent medial mammillary
nucleus. Other mammillary nuclei are
histologically normal. Note that the
distance between the third ventricle and
the mammillary recess in the mutant brain
(B) is reduced due to the absence of the
medial mammillary nucleus. arc, arcuate
nucleus; dn, dorsomedial nucleus; lm,
lateral mammillary nucleus; mm, medial
mammillary nucleus; mr, mammillary
recess; pgn, pontine gray nucleus; pm,
premammillary nuclei; su,
supramammillary nucleus; tm,
tuberomammillary nucleus; vn,
ventromedial nucleus; III third ventricle.
Scale bar indicates 200 µm.
The role of Fkh5 in midbrain development
In headfold stage embryos Fkh5 is expressed in a defined
region of the neuroectoderm fated to become diencephalon
mesencephalon (Tam, 1989). After neural tube closu
 and
re,

expression becomes restricted to the midbrain-hindbra
boundary and to the rostral tectum, forming gradients 
expression in midgestation embryos. The expression grad
in the anterior tectum suggests an involvement in the est
Fig. 7.Onset of the mammillary body
phenotype and dygenesis of mammillary
body projections. Coronal sections of the
mammillary body region of (A,C,E) wild-
type and (B,D,F) Fkh5−/− brains stained
with cresyl violet. At day 16.5 p.c., the
medial mammillary body of (B) Fkh5−/−
brains is smaller compared to (A) wild-type
brains. (C,D) At day 18.5 p.c. it becomes
evident that Fkh5−/− mice fail to develop
the medial mammillary nucleus and display
dysgenesis of the mammillothalamic tract.
A comparison of the mammillary body of
3-week (E) wild-type and (F) Fkh5−/−
brains reveals complete absence of the
medial mammillary nucleus, which causes
a reduction of the efferent
mammillothalamic and the
mammillotegmental tracts. arc, arcuate
nucleus; fr, fasiculus retroflexus; lm, lateral
mammillary nucleus; mb, mammillary
body; mm, medial mammillary nucleus;
mr, mammillary recess; mt,
mammillothalamic tract; mtg,
mammillotegmental tract; pm,
premammillary nuclei; pmd, dorsal
premammillary nucleus; pmv, ventral
premammillary nucleus; su,
supramammillary nucleus; tm,
tuberomammillary nucleus; III, third
ventricle. Scale bar indicates 100 µm (A,
B); 200 µm (C-F).
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lishment of retinotectal projections. Other molecules showi
a similar distribution in the tectum are RAGS, En1 and Elf-1,
which have been shown to play a critical role in setting up
topographic map of projections (Itsaki et al., 1991; Cheng
al., 1995; Drescher et al., 1995; Logan et al., 1996). Supp
ing this hypothesis, the overexpression of the fork headgenes,
BF1 andBF2, in chick retina severely disturbs the growth o
topographical projections from the retina to the anteri
tectum, exhibiting distorted trajectories and aberrant proje
tions (Yuasa et al., 1996). However, standard histologi
analysis of the pretectum and the superior colliculli 
Fkh5−/− mice did not reveal any obvious alterations. Add
tionally, the superior colliculi are normal in size and lamin
tion, from studies involving Pax7 expression analysis, arguin
for its proper function (data not shown).

Expression in the caudal mesencephalon is detected du
embryogenesis from day 9.5-14.5 p.c.. However, one aspec
the phenotype in Fkh5−/− mice is observed solely after birth
Fkh5inactivation results in a size reduction of the medial inferi
colliculi and an abnormal growth of the most anterior part of t
cerebral vermis, the lobulus culmen. These data suggest Fkh5 to
be a regulator of the midbrain-hindbrain region, a well analys
structure with organizing activity during embryogenesis. In th
region genes like Wnt1, En1, En2 and Pax5 are described as
important players (reviewed by Joyner, 1996). Mice lacking En1
or Wnt1display substantial deletions in the posterior midbra
and in the cerebellum, resulting in neonatal lethality (McMah
and Bradley, 1990; Thomas and Capecchi, 1990; Wurst et 
1994). Defects are already observed in these regions at day
p.c. in homozygous null-mice, just one day after initi
expression. Although Fkh5 is expressed in early stages at th
midbrain-hindbrain boundary, there is no evidence for diffe
ences in this region during embryogenesis. This may be du
redundancy with another fork headgene, Fkh2, expressed in the
midbrain during development (Kaestner et al., 1995). Fkh2
shows 60% amino acid homology to the DNA-binding doma
of Fkh5, suggesting that they may regulate common target gen
Functional redundancy has already been reported for the fork
head genes sloppy paired 1and 2in Drosophila(Grossniklaus
et al., 1992; Cadigan et al., 1994).

Similar to Fkh5, En2 and Pax5are expressed early in
midbrain development, and a phenotype in loss-of-functi
experiments is not apparent until after birth. En2 inactivation
results in abnormal foliation of the cerebellum (Joyner et a
1989). Pax5 null mutation causes defects in the posteri
midbrain and the anterior cerebellum (Urbanek et al., 199
Interestingly, Fkh5and Pax5share not only a similar expression
domain at the midbrain-hindbrain boundary during embryog
nesis, but also show striking resemblances in phenotype u
gene inactivation. Both null mutations exhibit reduction of th
central part of the inferior colliculi and abnormal cerebell
morphology. Pax5−/− mice display an altered foliation of the
anterior cerebellum, whereas Fkh5−/− mice exhibit an
elongation of the most anterior lobe of the cerebellar verm
The cerebellar phenotype of both genes is surprising, si
expression is never detected in the cerebellum. Transplanta
experiments have demonstrated that cells of the dorsal midb
and the midbrain-hindbrain boundary migrate into the cereb
lum during development (Hallonet et al., 1990). The ea
expression of both genes in this region is possibly in cells t
later migrate into the cerebellum. Similarities of expression a
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knock out data suggest that both genes interact during poste
midbrain development. However, analysis in Fkh5−/− mice did
not reveal any alterations in Pax5 expression (Fig. 4A,B).
Therefore, Pax5may be upstream of Fkh5and will be examined
in Pax5null-mice. Alternatively, both genes may act in inde
pendent genetic cascades in this brain region. Another similar-
ity between Fkh5and Pax5 is the intermediate phenotype
observed in the posterior midbrain region. In Fkh5+/− brains
the medial portion of the inferior colliculi is intermediate in size
between wild-type and Fkh5−/− mice. This argues that the dose
of the Fkh5 gene product is critical for the proper developme
of this brain structure. The size reduction of the inferior collicu
in Fkh5−/− and Fkh5+/− mice can possibly be explained by
altered proliferation, apoptosis or migration.

Since the inferior colliculi are affected in Fkh5−/− and Fkh5
+/− mutants, these mice may not capable of processi
auditory information properly. Probable deficiencies in
auditory function will be investigated in future experiments.

Fkh5 is an essential regulator for mammillary body
development
High Fkh5 expression is observed in the mammillary bod
region from day 10.5 p.c. onwards. After birth, Fkh5transcripts
are localized in specific subnuclei of the mammillary body pe
sisting into adulthood. Although Fkh5 is detected in the mam-
millary body region as early as day 10.5 p.c., there is n
evidence from loss-of-function analysis that Fkh5plays a role
during early hypothalamus regionalization. One possib
mechanism might be genetic redundancy. Recently, anoth
related fork headgene, Fkh4with a highly homologous winged
helix domain (90% amino acid homology) has been reporte
(Kaestner et al., 1996). Both genes are expressed in the e
mammillary body region and make Fkh4 a good candidate 
compensate for the absence of Fkh5. This may explain why
defects in this region are only apparent after day 16.5 p
resulting in the lack of the prominent medial mammillary
nucleus. Therefore, Fkh5 protein is indispensable for the dev
opment of the prominent medial mammillary nucleus.

There is evidence that the medial mammillary body plays
key role in spatial memory formation. Already a classic neu
roanatomical circuit proposed by Papez (1937; ‘Papez circui
points to a function of the mammillary bodies in memory
formation. Projections of this neuronal circuit interconnect th
hippocampal formation, the anterior thalamic nuclei, th
cingulate gyrus and the mammillary body (Swanson an
Cowan, 1975; Swanson, 1987; Allen and Hopkins, 1989
Within this circuit the hippocampal-mammillary-anterior
thalamic circuit is pivotal, since lesions, and in the case of th
hippocampus also genetic studies, result in various forms 
spatial learning and memory deficits (Weiskrantz, 1978; Tak
et al., 1988; Aggleton et al., 1985, 1990, 1991; Hunt an
Aggleton, 1991; Moser et al., 1993; Bach et al., 1995). I
Fkh5−/− mice, the medial mammillary nucleus is absent, inte
rupting the Papez circuit and presumably leading to dysfun
tion in spatial memory consolidation.

Further evidence for a role in learning and memory arise
from neuropathological studies of the amnesic Korsako
syndrome. Patients displaying this syndrome are characteriz
by confusion and severe learning and memory deficits. In the
patients thiamine deficiency results from continuos excessi
alcohol consumption causing several neuropathologic
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changes, most prominently in the mammillary bodies and 
mammillothalamic tract (reviewed by Brierley, 1977
Kopelman, 1995). To establish animal models for function
studies of the mammillary body, neurosurgical lesions we
performed in rodents and nonhuman primates using chem
or mechanical methods. These studies demonstrate the e
of mammillary body damage on different tasks analysin
spatial memory. Alterations and impairments of spati
memory were discovered e.g. in T-maze, Morris water ma
and eight-arm radial maze tasks (Rosenstock et al., 1977; F
et al., 1978; Tako et al., 1988; Saravis et al., 1990; Harpe
al., 1994). From these data we anticipate that Fkh5−/− mice
also exhibit problems during spatial memory formation. Expe
iments to confirm this are currently in progress.

Fkh5 plays a role for nurturing behavior
Evidently, the Fkh5 mutation results in impaired nurturing
behavior of Fkh5−/− mothers. They neglect their pups which
die shortly after birth. Nurturing of pups is an instinct-drive
behavior that does not require experience related memo
Neuroanatomic lesions of the olfactory bulb (Gandelman 197
Fleming, 1974, 1992), amygdala and preoptic area (Flem
1980, 1983; Numan, 1988) produce deficient maternal reflex
mainly caused by deficits in recognizing the pups or by 
absent milk production secondary to neuroendocrine dysre
lation. Since there is no implication for an anatomical defe
in these brain regions and the mammary glands, we sugg
that this abnormal behavior is due to the observed dysgen
in the mammillary body. The impaired maternal behavi
reported here is consistent with the view that limbic structur
affected by the Fkh5mutation are inbedded in neuronal circuit
that mediate nurturing behavior. A similar behaviora
phenotype was created by loss of function of the immedi
early gene fosB(Brown et al., 1996). These mice are unable 
upregulate FosB synthesis in the preoptic area as it norm
occurs in wild-type females exposed to new-born pups. Sin
the preoptic area is part of a neuronal pathway connecting
amygdala with the mammillary body, one can speculate tha
functional neuronal circuit connecting these structures 
important for a proper nurturing response. Therefore w
propose that the mammillary body is another component o
neuronal network controlling nurturing behavior.
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