
shown that Bss HII, Eag I, Nae I and, Sac I1 
sites are clustered in less than 2 kb in the 
proximal CpG-rich region, which is thus a 
true CpG island. 
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Subtle Cerebellar Phenotype in Mice Homozygous for 
a Targeted Deletion of the En-2 Homeobox 

The two mouse genes, En-1 and En-2, that are homologs of the Drosophila segrnen- 
tation gene engrailed, show overlapping spatially restricted patterns of expression in 
the neural tube during embryogenesis, suggestive of a role in regional specification. 
Mice homozygous for a targeted mutation that deletes the homeobox were viable and 
showed no obvious defects in embryonic development. This may be due to functional 
redundancy of En-2 and the related En-1 gene product during embryogenesis. 
Consistent with this hypothesis, the mutant mice showed abnormal foliation in the 
adult cerebellum, where En-2, and not En-1, is normally expressed. 

T WO HIGHLY CONSERVED HOMEO- 

box-containing genes, En-I and En- 
2, have been identified in mouse (1) 

and other vertebrates (2-S), based on their 
sequence similarity to the Drosophiln genes, 
ergrailed (en) and invected (inv) (6, 7). All 
err-like genes contain four conserved protein 
domains including the homeobox (Fig. lA), 
suggesting that they have similar biochemi- 
cal functions. The Drosc~phila err gene has 
been shown by mutational and mosaic anal- 
ysis to be required for embryonic segmenta- 
tion (8) and later development of the ner- 
vous system (9). The En and inv genes are 
coexpressed in a pattern consistent with 
these roles (7, 10). 

Comparative expression studies have 
shown that in vertebrates, from zebrafish to 
mice, the En genes are expressed in a highly 

A. L, Joyner, C. A. Davis, J. Rossant, D~vision of 
Molecular a id  Developmental Biology, Samuel Lunen- 
feld Research Institute, Mount Sinai Hospital, 600 Unl- 
verslty Avenue, Toronto, Ontario, Canada M5G 1x5, 
a id  Deoartnlent of Molecular and Medical Genetics. 

specific pattern in the developing embryo 
(3-5, 11-14), indicating conservation of 
function. During and after neural tube clo- 
sure, En-I and Err-2 are expressed in a band 
of cells spanning the junction between mid- 
and hindbrain, apparently defining a specific 
spatial domain in the developing nervous 
system. En- 1, unlike En-2, is also expressed 
in specific domains within the spinal cord, 
somites, and limbs, beginning at 9.5 days of 
development. In the mouse, expression of 
both En genes in the brain later becomes 
progressively limited to different specific 
groups of neurons (1 1, 12). In the adult, 
Err-1 and 81-2 continue to be coordinately 
expressed in a number of motor nuclei in the 
pons region and in cells within the substan- 
tia nigra. However, En-2 alone is expressed 
in the granule cell layer of the cerebellum. 

The two phases of en expression in neural 
development have been suggested to reflect 
roles in both compartmentalization of the 
developing neural tube and later specifica- 

~niversjty of Toronto, Canada. tion of particular neuronal populations (1 1). 
K. Herrup, Shriver Center for Mental Retardation Inc., 
200 Trapelo Road, Waltham, MA 02254. Proof of such roles requires mutational anal- 
B. A. Auerbach. Division of Molecular and 1)evelopmen- vsis in animals. The advent of targeted mu- 
tal Biology, Samuel Lunenfeld Rescarch Institute, iagenesis by ~omo~ogous recomb~nation in Mount Sinai Hospital, 600 University Avenue, Toronto, 
Ontario, Canada M5G 1x5. mouse embryonic stem (ES) cells has 
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opened up the possibility of generating null 
mutations in cell culture, and subsequently 
introducing the mutations into the g d n e  
(15). Here we report on the germline trans- 
mission and phenotypic analysis of a muta- 
tion in the En-2 gene that we previously 
produced in ES cells (16). 
The En-2 mutation created by homolo- 

gous recombination resulted in the replace- 
ment of approximately 1 kb of the En-2 
gene, consisting of 300 bp of inwn and 700 
bp of the homeobox exon including the end 
of translation, with a 1.5-kb neo expression 
vector (16) (Fig. 1A). A truncated protein 
that contains two of the en-conserved do- 
mains might still be produced from the 
mutant locus, but, by analogy to Drosophila 
homeodomain proteins, such a protein 
would be predicted to have no DNA-bind- 
ing activity (17). An intact horncodomain is 
required not just for DNA binding but also 
for gene W o n .  In the Drosophila en1M99 
mutation, the Gln d o n  at position 45 of 
the homeodomain is replaced by a termina- 

W 

En-2 prote 

En-2 wild- 

- 
type locus 

E - 

tion codon (TAG). This interruption of the 
coding sequence grossly impairs en function 
(1 8). Furthamore, deletion of the homeo- 
domain in the Drosophila Antp gene elimi- 
nates function in an in vivo ectopic expres- 
sion assay (19). 

One of the three mutant 129lSvderived 
ES cell lines generated resulted in transmis- 
sion of the ~ n - 2 M  (homeobox deletion) 
mutation into the germline afkr injection of 
the cells into either C57BU6 or BALBlc 
blastocysts (Table 1) (20). The gennline 
chimeras were bred with C57BU6, CD1, 
and 1291Sv mice, producing hetemzygous 
mutant ollipring on two hybrid and one 
inbred (1291Sv) backgrounds. Approxi- 
mately 50% of the ES-derived offspring 
(1 14 out of 217) carried the expected dele- 
tion of the En-2 homeobox in one allele of 
En-2, as determined by Southem (DNA) 
blot analysis, and appeared normal. Hetero- 
zygous crosses were es~blished and 224 
offspring have been typed: 55 were wild 
type, 104 were hemozygous, and 65 were 

NA from te 
lmeobox ( I  
~f the muta 
nt from the . - 

nanr locus 

B B 

- ~ - - ~ e o  1 1 
89 89 (ss) 

b - - 
Fig. 1. (A) Structure of the Err-2 protein and wild-type B 2 t L Z 5 2 L t 
and mutant loci. The normal En-2 protein product is + + +  + I + - + + + +  kb 
shown schematicallv at the top with the four en-con- En-p- 9.4 
sewed domains depicted as stippled boxes. The 60- 6.4 
amino acid homeobox is indicated. The NH2-terminal- 
consenred region includes 12 amino acids found in all 
en-like genes and five additional amino acids found in En-2- r a  m a  4.3 
vertebrate En genes (32). The conserved domains NH,- 
and COOH-terminal of the homeobox are 17 and 21 
amino acids, respectivelv. The arrow indicates the posi- 
tion of the inmn  in the Err-2 gene. The En-2 wild-type 
(middle) and mutant (bottom) loci are shown schemat- n 2.3 
icallv with the 5' end to the Icfi. The En-2 exons are 2.0 

marked as thick-lined rectangles with the translated se- 
quences stip-pled and the homeobox solid. The neo-containing vector is shown as a thin-lined rectangle 
and Pr indicates the 500-bp human p-actin promoter sequences (16). The one transcript of the 
wild-type ,511-2 gene and two transcripts of the mutant En-2 locus from both the En-2 promoter and the 
p-actin promoter are indicated below the loci with narrow rectangles indicating the exon sequences. The 
restriction sites are B, Bam HI and Bg, Bgl 11. (Bg) indicates the Bg1 I1 restriction site destroyed in 
malun the mutation. (8) Southern blot analysis of Bgl II-digested tail D F n offspring of an 
En-2" I+ x En-2"d/+ mating probed with a DNA fragment 3' to the ha 6). Homozygous 
mutant mice (-I-) contained only the 7-kb Bgl I1 fragment indicative c nt allele, whereas 
heterozygotes (+I-) contained both the mutant band and the 4-kb fragme wild-type (+I+)  
allele. Rcprobing the blot with a cDNA probe containing sequences from the t~rst and second exons 
confirmed that homozygotes were deleted for the second homeobox-containing exon. The lines to the 
right of the autoradiogram indicate migration of A DNA fragments digested with Hind 111. 

homozygous for the En-2 mutation (Fig. 
1B). Mice homozygous for the En-2"" mu- 
tation were viable on all three genetic back- 
grounds. Breeding pairs have been estab- 
lished with homozygous mice on a hybrid 
background, and they have produced appar- 
ently nonnal-sized litters. The absence of a 
fully functional En-2 protein was thedore 
compatible with survival and reproduction. 
Microscopic camhation of intact homozy- 
gous embryos at 8, 9, and 12 days of 
development revealed no signs of gross ab- 
normalities in organization of the mid- to 
hindbrain region. Thus, we could find no 
evidence h r  major effect of the mutation 
on embryonic development. 

Immunoblot analysis was pehrmed on 
protein fiom 9.5-day embryos and newborn 
and adult cerebellum with an antibody 
raised against the En-2 homcobox region 
that cross-reacts with both En-I and En-2 
proteins (Fig. 2A) (5). This analysis detect- 
ed no normal En-2 protein in homozygous 
mutant tissues and showed that ex~rcssion 
of the related En-1 gene product kas not 
grossly a&cted by the absence of En-2. No 
antibody is available that could have de!tect- 
ed the putative truncated En-2 protein. 
However, Northern blot analysis of RNA 
tiom embryos and adult tissues fiom mutant 
homozygok and hemozygous mice dem- 
onstrated the presence of a read-through 
transaipt fiom the ~n-2""  locus in brain 
samples that might produce a truncated 
protein (21) (Fig. 1A). Continued produc- 
tion of such a transaipt in homozygous 
~ n - 2 ~ I ~ n - 2 h ~  mice suggests that .transaip 
tion from the En-2 mmoter does not re- 
quire expression of the En-2 protein. 

Whole-mount i m r n ~ e m i c a l  anal- 
ysis of 8.5-day and 9.5-dayembryos showed 
that the pattern of En-1 expression in the 
neural tube of homozygous mutant embryos 
was indkthguhhable fiom expression of 
En-1 and En-2 in wild-type embryos (Fig. 
2B). We suggest that the absence of an 
embryonic phenotype in ~n-2hdl~n-2"" mu- 
tants reflects functional redundancy between 
the s t r u m  related genes, En-1 and En- 
2, since En-1 protein is expressed in the same 
embryonic domain as En-2. This explana- 
tion seems intrinsically more likely than the 
p o s s i b i  that En-2 is expressed but has no 
function at all in embryonic development or 
that a putative truncated protein product 
from the ~ n - 2 " "  mutant allele a m  in some 
entirelyunexpectedwaytomrefunction 
in vivo. 

If functional redundancy between En-1 
and En-2 is the correct explanation for the 
absence of an embryonic Phenoqpe, then 
m e  would predict developmental conse- 
quences in those &sues where En-2, but not 
En-1, is expressed. The adult cerebellum 
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9.5 day Neonate Adult 
Embryo Cerebellum 

Fig. 2 ~ n - I  and 131-2 protein expression in ~n- PIE^-2"' mutants. (A) Protein was amactcd from 12 
to25sominan~ordKtissuesindicltcduldaq~ent~tsofproninwm~~~to 
imrnunoMot vlalysis with aEnhb-1 fity-punSed d d  andserum chat is spccitic fw the 
horncobox &on of the En-1 (55-kD) and En-2 (41- E? ) ptPrrins (5). Mi was extraad from 
wild-type (+I+) and En-2""IEn-2"' homqpw mutant animals (-I-). As apcnad, no cross-reacting 
En-2 protein was detected in mutant dssue., but En-1 was dctectod in apparently norrml amounts. (8) 
Whok-mount imm-cal staining (5) with aEnhb-1 of a wild-type and an ~n-2kdl~n-2"" 
8.5day embryo showed identical bands of En protein expression in the neural epithelium. In the 
wild-type embryo this expression is a c o r n p i t  of En-1 and En-2, and in the mutant embryo it 
represents En-1 protein alone. Staining of homozygous mutant and wild-type 9.5-day embryos showed 
the same rcsult. 

represents such a tissue in wild-type animals, 
and analysis of mutant cerebella, from new- 
born and adult mice, showed no evidence 
b r  a compensatory up-regulation of En-1 
(Fig. 2 4 .  We &&re examined the mu- 
tant mice b r  signs of defects in motor 
contrbl indicative of lesions in the cerebel- 
lum. Simple observation ofthe homoygous 
mutant animals (on any genetic back- 
ground) did not reveal any evidence of 
ataxia, and the animals could @rm a 
number of basic behavioral tests such as 
swimming, righting, and balancing the roll- 
er rod as well as their hetemzygous and 
wild-type littermam. However, such assays 

are only a crude measure of neurological 
fiurction, and need not imply nonnal brain 
fiJnction (22). 

To determine whether the midbrain and 
hindbrain structures had developed proper- 
ly, we removed the bains fiom bur  ho- 
mozygous En-PlEn-P, two heterozygous, 
and two wild-type 8-week-old mice on the 
inbred background. The pons, substantia 
nigra, and cerebellum were all prcsent in the 
En-2""I~-2hd hornozygotes, but by gross 
morphological examination the txdxllum 
was smaller than normal, both rosno-cau- 
dally and in the mediolateral expansion of 
the central blia (Fig. 3, A to D). As well as 

Fig. 3. Morphology and histology of Etl-2hdl~n-2"d and wild-type cerebella 
on 12915  background (33). ( A  to D) Photographs of freshly dissected 
brains; (A and R) dorsal views, (C and D)  lateral views; ( A  and C) 
E~I-2"dlEti-2"d ( - I - ) ,  (R and D) wild type ( + I + ) .  (E to H) Photomicro- 
graphs of sectioned material. (E) High-power magnification of part of one 
follum, showing normal morphology and density of Purkinje cell (PC) and 
granule cell layer (G) in mutant ( - I - )  versus wild-type ( + I + )  mice. The 
apparent small width of the granule cell layer in the mutant simply reflects 
that the nrro sections are not in completely identical regions (see F to H). 
G r ~ d  bar, 50 bm. (F  to H) Midl~ne sagittal sections of homozygous 
~t1-2""i~n-2"" ( - I - ,  F), heterozygous Ett-Z1"'l+ ( + I - ,  G ) ,  and wild-type 

this size reduction, the pattem of foliation 
was altered in a precise manner in all mutant 
animals cxaminod. Because the pattern of 
cerebeh bliation varies among different 
inbred mouse strains (23), we have fbcused 
our analysis on mutant mice on the 1291Sv 
background, but the major alterations were 
consistently found in all mice whatever the 
genetic background. In the midline, the 
pattern of fissures was difkent in mutant 
and wild-type mice, with one blium (either 
tuber vermis or pyramis) extending uninter- 
rupted across the entire medio-lateral plane 
of the cerebellar cortex. At the lateral edges, 
the blding patterns of Crus I and Crus I1 
blia was altered and the extent of these 
lobules reduced. These changes were most 
apparent in lateral views (Fig. 3, C and D), 
where the reduction in size of the mutant 
p a r a f l d u s  was also apparent. 

Histological analysis of serial sagittal scc- 
tions d e d  that all major cdl types ofthe 
mutant cerebellum were present and prop 
aly positioned, and the densities of the 
granule cdl layer and the Purkinje a l l  layer 
were not obviously difFemt in mqtant and 
wild-type i n b k  (24) (Fig. 3E). The visual 
impnssion of reduced rostra-caudal expan- 
sion of the mutant cerebellum was support- 
ed by meamammts of the length of tht 
Purkinje cell layer in mid-sagittal sections. A 
mean length of 19,000 + 1,500 pm was 
observed from three mutant mice examin4 
versus 24,100 + 1,200 pm from three wild- 
type or hetemzygous mice (24). 
Further evidence of altered pattern of 

cerebellar blding was apparent fiom the 

(+I+, H) cerebella. Grid bar, 500 km for (F) to (H). Abbreviations for folia 
are as follows, Cu, cuhen;  D, declive; T, tuber vermis; P, pyramis; U, uvula; 
CI, Crus I; CII, Crus 11; PM, paramedian lobule; and PF, paraflocculus. 
The alternate designation of some of the folia in the midline of the mutant 
cerebellum reflects uncertainty in folial assignation of the abnormal 
cerebellum. 
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histological analysis. From midline sections 
(Fig. 3, F to H) ,  the patterns of foliation 
superficially appeared similar in mutant, het- 
erozygous, and wild-type mice, but careful 
examination revealed distinct and re~roduc- 
ible alterations in the branching patterns of 
the white matter tracts that lead to the outer 
folia (arrows in Fig. 3, F to H ) .  If one 
assumes that the oiter folial s h a ~ e  deter- 
mines folial identity, then the pattern could 
be interpreted as a realignment of the 
pyramis folium with the uvula rather than 
with declive and tuber vermis. However, if 
one assumes that the internal branching 
pattern, rather than the outer folial shape, is 
the prime indicator of folial identity, -then 
the altered pattern in the mutant cerebellum 
could be interpreted as a reduction in the 
size of the declive, tuber vermis and pyramis 
lobules, and addition of an extra lobe to 
uvula (25). 

Interpretation of this complex phenotype 
is not simde. The reduction in final size of 
cerebellum could be explained if En-2 were 
required for overall proliferation of the 
granule or Purkinje cell layer, or both. How- 
ever, by analogy with the reduced size but 
relatively normal folial patterning in midsag- 
ittal sections of mutations, such as weavev 
and luvchev, and animals irradiated from 
birth (22, 26), reduction in cerebellar size 
would not be expected to lead necessarily to 
altered folial There is prevjous 
evidence for genes that specifically affect 
cerebellar folial patterning (23, 27) but En-2 
is the first molecularly defined gene product 
shown to be involved in this ~rocess'. A 
detailed comparison of the expression pat- 
tern of En-2 with the ontogeny of the cere- 
bellum in ~ n - 2 " " ~ n - 2 " ~  mutant mice will 

provide more information on the mode of 
action of En-2 in cerebellar development. 
Interactions between the ~n-2"' mutation 
and other known cerebellar mutations may 
help clarify the genetic pathways involved in 
cerebellar patterning. 

The ~n-2"' mutant mice show that DNA 
binding activity of the En-2 gene product is 
dispensable for normal embryonic develop- 
ment. However, the appearance of alterid 
cerebellar foliation in mice homozygous for 
the ~n-2"%utation suggests that En-2 has 
acauired a s~ecialized function in the cere- 
bellum, where during late embryonic and 
neonatal development En-2 is expressed in 
most cells and En- I in only scattered groups 
of cells ( 1  1 ,  12). Further mutational analysis 
of En-I and En-2 should determine whether 
En-2 also has a patterning role during em- 
bryogenesis that is masked by a redundancy 
of function with En- 1. The absence of gross 
deficiencies in development of the embryon- 
ic brain in ~n-2"~ /~n -2"%utan t  mice is in 

Table 1. Chimera production with EII-2 mutant cell lines. 

contrast to the reported phenotype of mice 
homozygous for a mutation in the putative 
signaling molecule, Wnt- I (28, 29). Wnt-1 
mutant homozygotes show a deletion of a 
large portion of the developing brain as 
early as 9.5 days of development (29). The 
limits of the deletion appear to coincide with 
the major domain of k n t - I  expression at 
this time, a domain that overlaps almost 
completely with that of the En genes (12, 
30). Breeding studies between En and Wnt- I 
mutant mice should resolve whether the 
mammalian En genes act downstream of 
Wnt-I, as occurs with their Drorophila ho- 
mologs, en and wg (31).  Mouse Wnt- I is also 
expressed in other regions of the developing 
brain and spinal cord that show no apparent 

Blasto- Live Live Offspring from chimeras 

Cell line Mouse cysts off- chimeras Chi- 
strain injected spring (no. females, mera derived 

ES- 
derived 

(no.) (no.) no. males) 
(no.) (no.) 

*In these experiments a small number of uninjected C57RLl6J embryos were transferred with the injected embryos 
and thus the number of live born includes uninjected embryos that survived to term. 
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defects in Wnt-1 homozygous mutant mice, 
which suggests that partial redundancy of 
gene function may be a common feature of 
genes important in mammalian develop- 
ment. 
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Control of Larval Development by Chemosensory 
Neurons in Caenorhabditis elegans 

CORNELLA I. BARGMANN AND H. ROBERT HORVITZ 

Larval development of the nematode Caenorhabditis elegans is controlled by the 
activities of four classes of chemosensory neurons. The choice between normal 
development and development into a specialized larval form called a dauer larva is 
regulated by competing environmental stimuli: food and a dauer pheromone. When 
the neuron classes ADF, ASG, ASI, and ASJ are killed, animals develop as dauer larvae 
regardless of environmental conditions. These neurons might sense food or dauer 
pheromone, or both, to initiate the specialized differentiation of many cell types that 
occurs during dauer formation. Entry hito and exit from the dauer stage are primarily 
controlled by different chemosensory neurons. The analysis of mutants defective in 
dauer formation indicates that the chemosensory neurons are active in the absence of 
sensory inputs and that dauer pheromone inhibits the ability of these neurons to 
generate a signal necessary for normal development. 

HE NEMATODE CAENOKHABDITIS ELE- 

gans enters one of two different life 
cycles after a developmental decision 

controlled by its nervous system. In the 
presence of ample food, an animal develops 
to adulthood through four larval stages in 
about 3 days (1). Under conditions of 
crowding and starvation, the development 
of young animals is arrested, and they dif- 
ferentiate into specialized larval forms called 
dauer larvae after the second larval molt (2). 
This alternative larval form is resistant to 
harsh environmental conditions, does not 
feed, and can survive without eating for 
several months. If food becomes available 
and the density of nematodes decreases, the 
dauer larva recovers to form a fertile adult. 

The decision to become a dauer larva is 
made soon after hatching and is mediated 
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through a competition between two chemi- 
cal signals: food (usually bacteria) and a 
pheromone that reflects nematode density. 
High concentrations of pheromone and 
scarcity of food cause animals to enter the 
dauer stage (3, 4). This decision can be 
reversed at any time before or after dauer 
formation if food becomes available and 
pheromone concentrations decrease (3, 5) .  

In mutant nematodes with abnormal 
chemosensory neurons, dauer formation is 
not regulated correctly (6, 7). This finding 
suggests that the environmental stimuli that 
initiate dauer formation are interpreted by 
the nervous system. Many different cell types 
are subsequently altered during dauer for- 
mation, including neurons as well as hypo- 
dermal epidermal and gonadal cells that are 
not innervated (8). 

The functions of particular C. elegans 
neurons can be elucidated by killing of iden- 
tified cell types with a laser microbeam (9,  

10). The nervous system of an adult her- 
maphrodite contains only 302 neurons, and 
the- morphologies and synaptic specializa- 
tions of all of the neurons have been recon- 
structed from electron micrographs of serial 
sections (11). 

The amphid or phasmid sensory neurons 
have been implicated in the regulation of 
dauer formation (6). The cell bodies of the 
amphid neurons are located in ganglia in the 
head of the animal, and their processes run 
to the tip of the animal's nose, where they 
are exposed to the environment (1 1, 12). 
Each of the two amphids, one left and one 
right, contains eight-exposed chemosensory 
cells: ASE, ADF, ASG, ASH, ASI, ASJ, 
ASK, and ADL. Two pairs of bilaterally 
symmetric phasmid neurons, PHA and 
PHB, are located in the tail. 

We killed amphid and phasmid cells with 
a laser m i c r o b k  to assess their roles in 
dauer formation (13). When all 16 exposed 
amphid cells were killed in single animals, 
three of five animals became dauer larvae 
(Table 1)(14); when these cells and the 
phasmid cells were all killed, two of two 
animals became dauer larvae (Table 1). The 
animals that became dauer larvae after laser 
ablation were not exposed to a significant 
level of dauer pheromone at any point. 
Control animals raised under identical con- 
ditions did not become dauer larvae (Table 
1). 

Subsets of the chemosensory cells were 
killed so that the cells involved in dauer larva 
formation could be identified. When the 
amphid cells ADF, ASG, ASI, and ASJ were 
all killed in single animals, 30 of 37 animals 
became dauer larvae (Table 1). The killing 
of other amphid cells or phasmid cells in 
addition to these four cell types did not 
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