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131 integrins are cell-surface receptors that mediate cell-cell and cell-matrix interactions. We have generated a 

null mutation in the gene for the 131 integrin subunit in mice and embryonic stem (ES) cells. Heterozygous 

mice are indistinguishable from normal littermates. Homozygous null embryos develop normally to the 

blastocyst stage, implant, and invade the uterine basement membrane but die shortly thereafter. Using 131 

integrin-deficient ES cells we have established chimeric embryos and adult mice. Analysis of the chimeric 

embryos demonstrated the presence of 131 integrin-deficient cells in all germ layers indicating that 131-null 

cells can differentiate and migrate in a context of normal tissue. When evaluated at embryonic day 9.5 (E9.5), 

embryos with a 131-null cell contribution below 25% were developing normally, whereas embryos with a 

contribution above this threshold were distorted and showed abnormal morphogenesis. In adult chimeric mice 

131 integrin-deficient cells failed to colonize liver and spleen but were found in all other tissues analyzed at 

levels from 2%-25%. Immunostaining of chimeric mice showed that in cardiac muscle, there were small, 

scattered patches of myocytes that were 131-null. In contrast, many myotubes showed some 131-null 

contribution as a result of fusion between wild-type and mutant myoblasts to form mixed myotubes. The 

adult chimeric brain contained 131-null cells in all regions analyzed. Also, tissues derived from the neural 

crest contained 131 integrin-deficient cells indicating that migration of neuronal cells as well as neural crest 

cells can occur in the absence of 131 integrins. 
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Integrins are a large family of cell-surface receptors 
(Hynes 1992). They are composed of a and ~ subunits 
that are noncovalently associated and integrated into the 
plasma membrane. The extracellular domain of both 
subunits interacts with cells as well as components of 
the extracellular matrix such as laminin, fibronectin, 
and collagens. These interactions have a direct influence 
on important cellular events, including shape, migra- 
tion, and differentiation of cells. Many if not all of these 
effects are believed to be triggered by the ability of the 
cytoplasmic domain of integrins to associate with and 
reorganize the actin cytoskeleton (Sastry and Horwitz 
1993). Such associations may also be involved in signal 
transduction processes. The ~1 integrin subunit can as- 
sociate with at least 10 different a subunits and thus 
forms the largest subfamily of integrins. Although mem- 
bers of this family are expressed on all cells their com- 
position is cell type specific. It is widely believed that 
this cell type-specific composition of ~1 integrins is par- 
ticularly important in the embryo where they confer ad- 
hesive identities to cells and provide necessary posi- 
tional information for morphogenesis (DeSimone 1994). 

2Corresponding author. 

During all stages of the preimplantation period of the 
mouse, [31 integrin mRNA or protein can be detected 
(Damsky et al. 1993). The ~t6~l integrin on oocytes re- 
cently has been shown to serve as receptor for sperm 
binding (Almeida et al. 1995). Further functional anal- 
ysis of integrins with blastocysts in vitro has suggested 
that they may promote trophoblast outgrowth during 
implantation (Richa et al. 1985; Armant et al. 1986; 
Sutherland et al. 1988). In amphibian embryos, the inhi- 
bition of integrin function by the injection of arginine- 
glycine-aspartic acid (RGD) peptides completely blocks 
mesodermal migration and entry into the blastocoel 
(Thiery et al. 1985; Darribere et al. 1988). Similarly, mice 
carrying a null mutation in the a5 integrin gene show 
reductions in mesodermal structures, particularly in the 
posterior trunk region of the developing embryo (Yang et 
al. 1993). Studies employing organ cultures, as well as 
injections of antibodies and RGD peptides implicate ~1 
integrins in neural crest migration in amphibians and 
birds (Thiery et al. 1985; Bonner-Fraser 1986). Members 
of the ~1 integrin family have also been suggested to 
promote neuroblast migration (Galileo et al. 1992) as 
well as neurite outgrowth (Letourneau et al. 1988; To- 
maselli et al. 1988), somitogenesis (Drake et al. 1992a), 
formation of myotubes (Menko and Boettiger 1987; 
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151 integrin-deficient m i c e  

Rosen et al. 1992), and vasculogenesis (Drake et al. 

1992b). In a recent study it has  been reported that in 

mice lacking ~4 integrin the allantois fails to fuse with 

the chorion (Yang et al. 1995). In addition, these mice 

show an abnormal development of the epicardium and 

coronary vessels leading to cardiac hemorrhage. Interest- 

ingly, similar placental and cardiac defects have been 

observed in embryos lacking vascular cell adhesion mol- 

ecule (VCAM-1)(Gurtner et al. 1995; Kwee et al. 1995), 

which is the counter-receptor of ~4~1 integrin. 

In this paper we report studies on the in vivo functions 

of the [31 integrin subunit. We have used homologous 

recombination in embryonic stem (ES) cells to inactivate 

the ~1 integrin gene and generated strains of mice defi- 

cient in ~ 1 integrin. Furthermore, we have used [31 inte- 

grin-deficient ES cells (Ffissler et al. 1995) to generate 

chimeric mice composed of wild-type and ~1 integrin- 

deficient descendent cells. Analyses of these mouse 

strains support some of the proposed functions of 131 in- 

tegrins but not others. 

R e s u l t s  

Generation of f31 integrin-de[icient  m i c e  

Figure 1A shows both targeting vectors used to disrupt 

the 131 integrin gene in ES cells. The first vector consists 

of 12 kb of genomic DNA that contains a promotorless 

neomycin gene cloned in-frame to the ATG of 131 inte- 

grin. The second targeting vector contains a promotor- 

less ~-galactosidase-neomycin fusion (geo) gene flanked 

by 4 and 6 kb of genomic DNA. 

Both targeting vectors were transfected separately into 

the D3 ES cell line (Doetschman et al. 1985) by electro- 

potation. In addition, the targeting vector containing the 

promotorless geo gene was introduced into the R1 ES cell 
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Figure 1. Targeted inactivation of the 131 
integrin gene in ES cells and expression of 
[51 integrin mRNA in wild-type and het- 
erozygous mice. (A) Restriction map of the 
wild-type allele, the targeting vectors, and 
the mutated alleles of the 131 integrin gene. 
The bars under the restriction maps of the 
targeted alleles indicate the sizes of re- 
striction fragments hybridizing to the 
probe used for Southern blot analysis 
{heavy line). Restriction sites are [B) 
BamHI; (RI)EcoRI; (RV) EcoRV; {C) ClaI. 

(B) Southern blot analysis of targeted cells. The 10-kb fragment was derived from the wild-type allele. A novel 5.8 kb for the ~I '~e~ allele 
and 5.2 kb for the f31 g~~ allele was derived from the targeted locus, respectively. {C) Total RNA was isolated from liver, kidney, and 
brain of 3-week-old wild-type and heterozygous mice, separated and probed with oligolabeled mouse cDNAs specific for 131 integrin 
and ~-actin. 
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line {Nagy et al. 1993}. Cell clones containing a disrupted 
J31 integrin allele were identified by Southern blot anal- 

ysis using a probe derived from sequences outside the 
targeting vector {Fig. 1A, B). Among 59 clones electro- 

porated with the neo construct, 5 showed homologous 
recombination resulting in a targeting frequency of 8% 

neo-resistant D3 clones. As reported earlier, D3 ES cells 

electroporated with the geo-containing targeting vector 

resulted in 104 G418-resistant ES cell clones, of which 
58 were heterozygous and 1 homozygous for the J31 in- 
tegrin mutation (Fiissler et al. 1995}. 

Electroporation of R1 cells with the geo-containing 
targeting vector resulted in 119 G418-resistant clones. 
Southern blot analysis identified 54 clones with a single 

knockout and 2 clones with a double knockout, respec- 

tively. Whereas both double knockout clones had nor- 
mal chromosomal contents, one clone showed an addi- 
tional integration of the targeting vector when hybrid- 

ized with the neo probe {data not shown}. The targeting 
frequency with the geo-containing vector was one in ap- 

proximately two G418-resistant clones in both experi- 
ments. Interestingly, selection of ~31 + / - ES cell clones in 

high concentrations (2 mg/ml) of G418 did not yield 131- 
negative ES cells {data not shown}. 

~1 integrin-deficiency causes lethality shortly 
after embryo implantation 

Cell line D117 (D3 cell clone disrupted by neo) and cell 

lines G10, G11, G20, G65 (R1 cell clones disrupted by 

geo) were used to generate chimeric males that transmit- 
ted the mutant  allele to their progeny. Mice heterozy- 

gous for the mutation in the [31 integrin gene were iden- 
tified by Southern blot analysis of tail DNA. Heterozy- 

gous mice appeared normal and were indistinguishable 
from their wild-type littermates. Northern blot analysis 

of total RNA derived from liver, kidney, and brain re- 

vealed that the ~ 1 integrin mRNA in heterozygous mice 
is reduced by 50% when compared with wild-type litter- 

mates {Fig. 1C}. 
To obtain mice homozygous for the f~ 1 integrin muta- 

tion, heterozygous mice were intercrossed and tail biop- 

sies assayed by Southern blot analysis. Among 438 viable 

offspring, 294 were identified as heterozygotes (67%) and 
144 as wild type (33%). Homozygous [31 integrin mu- 
tants were not among the progeny, indicating their early 
death during development. 

To determine the time of embryonic lethality, hetero- 
zygous mice were intercrossed and decidua swellings 

collected at embryonic day 5.5 (E5.5), E6.0, E7.5, E8.5, 
and E9.5, sectioned, and assayed for lacZ activity and ~1 
integrin expression. Whereas normal (Fig. 2a) or hetero- 

zygous (distingiushed by lacZ staining} embryos had 
formed egg cylinders with a proamniotoic cavity at E5.5 
and E6.0, Bl-null  embryos are completely resorbed and 

only some [31 integrin-deficient trophoblast cells are still 
visible. Figure 2b shows an E6 [31-null embryo stained 

for lacZ activity and an adjacent section examined for [31 
integrin expression (Fig. 2c). Whereas 131 integrin-defi- 
cient trophoblast cells can be identified, no cells of the 

embryo proper are present. Interestingly, no other pre- 

sumptive B 1-null embryo tested at this stage contained 
such a large number of B 1 integrin-deficient trophoblast 

cells. At later ages (EY.5-E9.5) in sections of 10 of 44 
{23%} normal-looking implantation chambers, neither 
embryos nor cells could be found. Southern blot analysis 
of DNA derived from E8.5, E9.5, and ElO.5 yolk sac, 

together with embryo tissue {Table 1), further confirmed 

Figure 2. E6 embryos of a heterozygous cross stained for lacZ activity and B1 integrin expression. (A) Wild-type embryo negative for 
lacZ activity was stained with eosin and hematoxylin; {b,c) Section of a 131 integrin-deficient embryo stained for lacZ activity (b) and 
an adjacent section immunostained for B 1 integrin (c). Whereas a bright fluorescence signal was detected in decidual cells, trophoblast 
cells present at the invasive site stained negative for B 1 integrin. No cells of the embryo proper could be detected. {epc) Ectoplacental 
cone; (ee] extraembryonic ectoderm; (e) ectoderm; (tbl trophoblast cells; (d) decidua. 
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Table 1. Progeny of 131 +/- x 131 +/- crosses 

Empty 
Stage Assay + /+  - / +  - / -  decidua 

E3.5 blastocysts IF and 9 21 6 
lacZ a 

E8.5 turned, 8-12 Southem 6 16 0 
somites 

E9.5 turned, 20-25 Southern 12 22 0 
somites 

E 10.5 appendages Southern 10 26 0 
formed 

D42 adults Southern 144 294 0 

9 

10 

13 

aGenotype was determined by immunostaining (IF) and lacZ 
assay. 

that  normal  embryos were either wild type or heterozy- 
gous for the 131 integrin null mutat ion.  

To determine whether  131 integrins are essential for 
the preimplantat ion period, E3.5 blastocysts were iso- 
lated from the uterus of heterozygous females mated 

with heterozygous males. A total of 36 blastocysts were 
isolated and found to be phenotypical ly indistinguish- 

able from one another. After removal of the zona pellu- 

cida these blastocysts were first immunosta ined for 131 
integrin and analyzed afterwards for l a c Z  activity. 
Among 36 blastocysts, there were 6 blastocysts negative 
for 131 integrins {16%, homozygous mutant)(Fig.  3). The 

131 integrin-expressing blastocysts could be grouped fur- 
ther in 9 blastocysts, which showed no l a c Z  activity 

(25%, wild type) and 21 blastocysts wi th  l a c Z  activity 
(58%, heterozygous mutant ;  Fig. 3). 

These results indicate that  the 131 integrin gene is not  
essential for embryonic development up to the blasto- 

cyst stage (E3.5). Furthermore, embryos lacking 131 inte- 
grin attach to the uterine epithelia and invade the stroma 

but die shortly thereafter. 

Generat ion of ch imer ic  an imals  using 131 integrin- 

def ic ient  ES ceils 

Two independent 131-null ES cells, one derived from D3 

(G201; F/issler et al. 1995) and the other from R1 {G110; 
see Fig. 1), were injected into wild-type C57BL/6 blasto- 
cysts and transferred into foster mice. Embryos were col- 

lected from decidua swellings at E6.5 to El0.5 at daily 
intervals and assayed for l a c Z  activity. Surprisingly, 

many  of the normal ly  developed embryos contained 

lacZ-posi t ive  areas. In whole-mount  E6.5 embryos, the 
egg cylinder of all 11 embryos analyzed showed an ex- 

tensive contr ibution of 131-null cells {Fig. 4a). 
Histological sections of E8.5 embryos revealed that  la- 

beled cells could be found in all germ layers {Fig. 4b). At  

E8.5, E9.5, and El0.5, two types of embryos became ap- 

parent: normally  developed embryos with l a c Z  activity 
in - 5 % - 1 0 %  of the cells {Fig. 4b-d), and malformed em- 

bryos with a high contribution of lacZ-pos i t ive  cells {Fig. 
4e,fl. In the particular example shown, the embryo ap- 
peared as a homogenous mass of blue cells. A similar 

distorted embryo at E8.5 was sectioned and stained for 
l acZ  activity. Figure 4f shows the embryo as a clump of 

Figure 3. 131 integrin and lacZ expression 
in blastocysts of heterozygous crosses. 
Blastocysts were treated with acid Ty- 
rode's solution, incubated for 6hr at 37~ 
fixed in 4% paraformaldehyde, photo- 
graphed {lane 1 ), immunostained individu- 
ally for 131 integrin, and photographed in 
solution {lane 2). Afterwards blastocysts 
were assayed individually for lacZ activity 
and photgraphed again {lane 3). 131-null 
blastocysts are indistinguishable from 
wild-type or heterozygous blastocysts. 
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Figure 4. Chimeric embryos analyzed at 
various developmental stages for the pres- 
ence of ~l-null cells. {a) An E6.5 embryo 
stained for lacZ activity shows the pres- 
ence of [~l-null cells in the epiblast. (b) 
Sagittal section of an E8.5 embryo, lacZ- 
Positive ceils are present in all germ layers 
and allantois {al). (c) El0.5 embryo with 
lacZ staining in the heart, between the 
vertebra anlage, in the limb bud, and brain 
tissue. {d-f) E8.5 embryos from the same 
litter. The embryo in d shows normal mor- 
phogenesis with low contribution of lacZ- 
positive cells. The embryo in e is inside 
the yolk sac, shows a high f31-null cell 
contribution, and is malformed. Parasagit- 
tal section of a malformed embryo (f), dem- 
onstrates the absence of gastrulation and 
neurulation. Embryo e consists of a mix- 
ture of lacZ-positive and -negative cells. 
Arrow in e shows blue staining in the ec- 
toplacental cone. (ec) Ectoderm; (m) meso- 
derm; (re)visceral endoderm; (lb) limb 
bud; (h) heart. 

lacZ-positive and -negative cells wi thout  signs of gastru- 

lation or neurulat ion having occurred. This indicates 

that  morphogenesis cannot occur at high contribution of 

~1 integrin-deficient cells. In - 2 0 %  of the embryos 

lacZ-positive cells were also found in the ectoplacental 

cone (see arrow in Fig. 4e and data not shown}. Further- 

more, lacZ staining of injected ~ l -nu l l  cells revealed 

that  the extent  of chimerism varied both from one em- 

bryo to another and one region to another  wi th in  a single 

embryo. The only region in the El0.5 embryos that did 

not appear to be colonized by lacZ-positive cells was the 

apical ectodermal ridge. In many  of the limb buds ana- 

lyzed, however, strong lacZ labeling was seen just be- 

neath  this region (Fig. 4c) 

To determine more precisely the percent contribution 

of mutan t  cells in normally and abnormally developed 

E9.5 chimeric embryos the ratio of ES cell-specific versus 

host blastocyst-specific glucose-6-phosphate isomerase 

(GPI) isoenzymes was determined in 12 embryos gener- 

ated with the G201 cell line ( [31- / - ;  D3-derived). The 

two chimeric embryos that appeared normal  contained 

8% and 24% Bl-nul l  cells, respectively, whereas the 

four chimeric embryos that  were malformed had ES cell 

contributions of 28%, 32%, 56%, and 73% {Table 2). 

Similar results were obtained when  G110 cells ( [31- / - ;  

R1 derived} were used to generate chimeric embryos {Ta- 

ble 2). In control experiments heterozygous mu tan t  cells 

(G20; R1 derived} were injected. Ten embryos were an- 

alyzed, of which all appeared normal  and showed up to 

74% ES cell contribution (Table 2). 

Taken together, these data demonstra te  clearly that  

[31- / -  cells can participate in normal  embryonic devel- 

opment.  A high contribution of [31 - / - cells, however, is 

associated with distorted development and lethality. 

Table 2. Evaluation at E9.5 of the frequency of normal development and chimerism among blastocysts injected with 

homozygous and heterozygous f~l-deficient ES cells 

Percent 129-derived 
Number of embryos GPI in chimeras (n) 

Number of 
ES cell line blastocysts injected resorbed retarded normal retarded normal 

G-201 ( - / - )  12 0 7 5 46.0 (4) a 8, 24 (20) 
G-110 ( - / - )  16 1 6 9 43.5 (6) b 8.8 (4) r 
G-20 ( + / - )  18 3 0 15 0 59.8 (10) a 

~Individual values were 28%, 32%, 56%, and 73%. 
bIndividual values were 7%, 13%, 42%, 59%, 68%, and 72%. 
CIndividual values were 4%, 5%, 8%, and 18%. 
dIndividual values were 17%, 23%, 39%, 42%, 48%, 51%, 58%, 63%, 67%, and 74%. 
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Tissue contr ibut ion  of ~1 - / - cells in m a t u r e  

an ima l  t issues 

Most surprisingly, chimeric B 1 - / - animals were readily 

obtained (Fig. 5a). The contribution of mutan t  cells in 

chimeric animals  as es t imated from the agouti coat color 

ranged from - 2 % - 2 5 % .  In contrast, heterozygous cells 

contributed up to 95% to the coat color of chimeric an- 

imals. 

The mean  contribution of ES cells to various tissues in 

chimeric f ~ l - / -  and ~1 + / -  mice was analyzed further 

by determining the GPI pattern (Table 3). Clearly, B1 - / -  

cells were found in most  tissues. Brain hemispheres and 

skeletal muscle showed the highest Bl -nu l l  cell contri- 

bution and matched or even exceeded the est imated 

agouti coat color in the B 1 - / -  chimeric animals.  Much 

lower levels of 129 cell-derived GPI isoenzymes were 

found in lung, kidney, gut, heart, adrenal gland, and cere- 

bellum. However, 129 cell-derived GPI was never de- 

tected in liver and spleen. 

Although the GPI analysis indicated the presence of B 1 

integrin-deficient cells in many  tissues of adult chime- 

ras, these results could not show which cell types in a 

given tissue were B1 integrin-deficient and whether  dif- 

ferentiation of the null  ceils occurred normally. There- 

fore, l a c Z  expression was determined in a number  of 

tissues that  were shown to be free of endogenous B-ga- 

lactosidase activity in normal  control mice. Endogenous 

B-galactosidase activity could be blocked completely in 

some tissues {e.g., brain) by staining at pH of 7.6 and 

30~ but  not in others (kidney, gut, testis, thyroid gland}. 

In agreement wi th  the GPI analyses we could not de- 

tect lacZ-labeled cells in liver. However, in all other tis- 

sues investigated thus far, lacZ-express ing  cells were 

present and were indistinguishable from wild-type cells. 

For example, unambigous lacZ-pos i t ive  cells were de- 

01 integrin-deficient mice 

Table 3. Tissue contribution of [31 integrin-deficient cells in 

chimeric mice as determined by GPI assay 

Tissue 

Percent contribution of 

131 - / -  mouse no. B1 § mouse no. 

1 2 3 4 1 2 3 

Brain hemisphere 9 7 3 3 52 51 37 
Cerebellum 10 <2 <2 <2 48 42 28 
Lung <2 3 <2 <2 33 39 27 
Heart <2 3 <2 <2 49 17 28 
Liver 0 0 0 0 17 21 44 
Spleen 0 0 0 0 51 43 12 
Kidney <2 4 <2 5 83 46 17 
Adrenal glands 4 3 <2 <2 87 68 49 
Gut 7 3 13 9 12 27 7 
Testis <2 <2 0 6 11 21 18 
Skeletal muscle 29 12 8 14 > 95 64 54 
Coat color a 20 15 5 5 >95 70 40 

aCoat color was judged by eye. 

tected among chondrocytes of rib cartilage {Fig. 5b) that  

were morphologically indistinguishable from unsta ined 

cells in the same area. Skin samples from four chimeric 

animals were examined and were found to contain m a n y  

labeled cells in various regions {Fig. 5c). Many mesen- 

chymal  cells in the dermis as well as the subcutis ex- 

pressed lacZ.  In some specimens, sweat  glands and se- 

baceous glands (especially in tail skin; data not shown} 

contained lacZ-pos i t ive  cells. A comparison of l a c Z  

staining in cardiac and skeletal muscle was particularly 

interesting (Fig. 6). As suggested by the GPI data, the 

contribution of [31-negative cells was relatively high in 

skeletal muscle (Fig. 6a) and low in cardiac muscle {Fig. 

Figure 5. (a) Four-month-old 131-null chi- 
meric mouse. {b) Section of rib cartilage 
showing chondrocytes with lacZ activity. 
(cl Section of skin derived from an agouti 

area of a 131-null chimeric mouse. Sweat 
glands (arrow) exhibit extensive lacZ ac- 
tivity. Many of the mesenchymal cells in 
the dermis are lacZ-positive. (e) Epider- 
mis; {d)Dermis. 
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Figure 6. Analysis of skeletal and cardiac muscle from [31-null chimeric mice. Tissue specimen from the triceps muscle (a, b) was 
stained for lacZ activity and counterstained with eosin. Whereas most of the myotubes contain the lacZ product, the degree of staining 
intensity is different between myotubes. Immunostaining of an adjacent section (b) demonstrates the presence of [31 integrin, partic- 
ularly at the myotendinous junction (arrowheads). {c, d) Cardiac muscle with a representative area of lacZ-positive cells. Tissue 
specimen was counterstained with eosin. {c) Immunostaining of adjacent tissue section demonstrates the absence of 131 integrin in the 
corresponding lacZ-positive area {d). 

6c}. In addition, the pattems of staining were very differ- 

ent. In cardiac muscle, B 1-negative cells were present as 
scattered single cells or as small patches of cells that 

stained uniformly and intensely for lacZ. In contrast, 
quite a high percentage of myotubes were stained along 

their entire length, but the staining intensity varied from 
one myotube to another. This variable pattern suggested 
that [31- / lacZ + and wi ld - t ype / lacZ-  myoblasts had 
fused with one another. To test this possibility, alternat- 
ing serial sections were stained with lacZ and [31 inte- 
grin antibody. Comparison of the staining patterns in 

adjacent sections indicated clearly that many myotubes 

were both [31 positive and lacZ positive (Fig. 6a, b). In 
contrast, cardiac muscle cells staining strongly for lacZ 

were negative for [31 integrin (Fig. 6c, d). These results 
demonstrate that in myotubes [31 integrin deficiency is 
rescued by wild-type myoblasts. This rescue phenome- 

non might account for the relatively high chimerism 
present in skeletal muscle, compared with cardiac mus- 
cle and other tissues. 

Contribution of [31 - / -  cells in adult brain 

and neural crest 

To test whether neural crest and neuronal cell migration 
and/or differentiation were affected by the lack of [31 
integrins we undertook a detailed histochemical charac- 

terization of different regions of the nervous system in 

chimeric animals. 
Surprisingly, lacZ-positive cells were observed in most 

regions of the central nervous system, including olfac- 

tory bulb, cortex, striatum, septum, hippocampus, cere- 

bellum, and spinal cord. Staining in the olfactory bulb 
was present in the mitral cell layer in cells that could not 
be distingiushed from lacZ-negative mitral cells by neu- 
tral red and cresyl violet staining (not shown), lacZ-Pos- 

itive cells were also present in the periglomerular and in 
the granular cell layer. All layers of the cortex except the 

molecular layer {layer 11 contained cells with IacZ activ- 

ity {Fig. 7e-g). Both by morphological {size) and staining 
criteria (Nissl staining, neurofilament heavy chainl, 
these cells are neurons. Interestingly, a big proportion of 
the lacZ + cortical neurons contained the blue stain at 
two opposing locations at the periphery of the cell soma 
{Fig. 7e). The identity of blue cells in striatum, septum, 

and spinal cord could not be determined with the stain- 

ing protocols used in this study. In the hippocampus, 
cells stained for lacZ activity were present in the dentate 
gyms, the hilar regions of the dentate gyms, and all sec- 
tions of the pyramidal cell layer (Fig. 7h, i). Occasionally, 
blue dots were also observed in regions containing den- 
drites of pyramidal cells. The staining pattern observed 

with cresyl violet suggested that granule cells and pyra- 
midal neurons contained the reaction product {data not 

1902 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

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


131 integrin-deficient mice 

Figure 7. lacZ staining in the central nervous system of an adult chimeric mouse. (a) lacZ staining is present in the Purkinje cell layer 
{arrows} of the cerebellum. (b) Section of the cerebellar cortex stained for MAP5. Arrows point to MAPS and lacZ-positive Purkinje 
cells. (c) High-power view of Purkinje cell layer stained with cresyl violet. A big cell displaying Nissl staining characteristic for 
Purkinje cells also contains lacZ reaction product (arrow). (d) Double exposure of a cerebellar section stained with a monoclonal 
antibody to calbindin D28k and reacted for lacZ histochemistry. Dentritic trees and somata of Purkinje cells including the lacZ- 
positive cell (arrow} are calbindin-positive. (e) Cortex stained with cresyl violet. Arrows point to lacZ-positive cells present in all 
cortical layers. (fJ Frontal section through cerebral cortex stained /or neurofilamen heavy chain. Arrows indicate neurofilament 
positive cells also containg the lacZ staining. (g) High-power view of cortical section stained with cresyl violet. Two cells {arrow) 
containing lacZ staining also display size and Nissl staining characteristics of neurons. {hi Sections of the hippocampus show 
lacZ-positive cells in the pyramidal cell layer. In some areas blue dots are found associated with the dentritic fields (arrowheads). In 
(i] the fascia dentata shows lacZ-positive hilar neurons. Sections shown in h and i were counterstained with neutral red. 

shown}. An interesting cellular expression was observed 

in the cerebellum, where blue dots were concentrated 

mainly over Purkinje cells somata (Fig. 7a-c}. Occasion- 

ally lacZ-positive cells were present in the granule cell 

layer, where, because of the high cell density, the iden- 

t i ty of the labeled structures could not be unambigously 

identified. Blue dots were also present in the deeper part 

of the molecular  layer that  contains the dendritic trees of 

the Purkinje cells. Immunosta in ing  of calbindin D28k, a 

calcium-binding protein present in differentiated Pur- 

kinje cells and microtubule-associated protein 5 (MAP5), 

could be observed in both lacZ-positive and lacZ-nega- 

tive cells {Fig. 7b, d). In addition, Nissl  staining did not  

show any morphological differences between lacZ-posi- 

tive and lacZ-negative Purkinje cells (Fig. 7c). 

In two of the chimeric animals,  analysis was extended 
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to the neural crest-derived peripheral nervous system. In 

lumbar dorsal root ganglia blue dots were observed over 

the somata of medium-sized sensory neurons {Fig. 8a). 

Additional blue staining was occasionally observed at 

the periphery of neuronal somata, lacZ-positive neurons 

were also observed in the sympathetic superior cervical 

ganglion (SCG; data not shown}, lacZ activity was not 

detected in sections of the sciatic nerve. 

Another neural crest-derived structure is the adrenal 

medulla. GPI analysis indicated that adrenal glands con- 

tain 131 integrin-deficient cells. To determine the loca- 

tion of B 1-null cells more specifically, adrenal tissue 

sections from three chimeric mice were stained for LacZ 

activity. Both the adrenal cortex and medulla contained 

blue cells in all three cases. Figure 8, b and c, shows 

extensive lacZ staining in the chromaffin cells present in 

the adrenal medulla. 

Taken together, these results indicate that the lack of 

131 integrin does not preclude incorporation of 131-null 

cells into the neural tube and neural crest-derived tissues 

in chimeric animals. 

D i s c u s s i o n  

In this study a genetic approach was used to assess the 

role of 131 integrins during mouse development. For this 

purpose, ES cells were modified by homologous recom- 

bination to obtain cells and mouse embryos that lack 131 
integrin. Mice deficient for [31 integrin exhibit no obvi- 

ous deficits in their preimplantation development. How- 

ever, they die shortly after implantation. This result was 

obtained with five independent ES cell clones, one [31 

integrin mutant line containing the neo gene, and four 

mutant lines containing the geo gene. 

Various members of the [31 integrin family are ex- 

pressed on the surface of blastomeres throughout the 

whole preimplantation period {Sutherland et al. 1993}. 

Our results demonstrating normal preimplantation de- 

velopment in the absence of 131 integrins suggest that 

they are not absolutely required during this period. A1- 
meida et al. {1995) have shown, however, that antibodies 

against a6131 integrin block oocyte fertilization in mice, 

suggesting that this integrin binds to a sperm counter 

receptor, most likely PH-30, which contains a disinte- 

grin domain {Blobel et al. 1992). The normal fertilization 

frequency occurring in crosses of heterozygous animals 

suggests that 131 integrin mRNA must be present in 
oocytes carrying a null mutation in the [31 integrin gene. 

This is supported by the presence of mRNA for [31 inte- 

grin in normal unfertilized eggs and zygotes as detected 

by RT-PCR {Sutherland et al. 1993) and by Northern blot 

analysis (R. F/issler and A. Vasalli, unpubl.}. This indi- 

cates that 131 integrin mRNA is provided as a maternal 

message and is thus present on 131-null oocytes. 

The results of the present study indicate that the null 

mutation of the 131 integrin gene results in a recessive 

lethal periimplantation defect. Furthermore, they show 

that in the absence of 131 integrins the trophoblast can 

attach to epithelial cells of the uterus and induce the 

decidual response. At E5.5 and E6 we found small nests 

of trophoblast cells in -25% of the implantation cham- 

bers. Antibody staining for 131 integrin revealed that 

these trophoblast cells lack 131 integrin expression and 

are the remnants of the 131-null embryos. These findings 

indicate that 131 integrins are not essential for initial im- 

plantation of the embryo. Several other adhesion mech- 

anisms have been postulated. Blastocysts express at least 

three av-containing integrins that associate with other 13 

subunits (Damsky et al. 19931 Sutherland et al. 1993}. 

Furthermore, blastocysts express carbohydrates that in- 

teract with selectins present on uterine epithelial cells 

(Brown et al. 1993). Blastocysts express perlecan at the 

time they become attachment competent {Carson et al. 

1993), as well as other proteoglycans that may interact 

Figure 8. lacZ-Positive cells in dorsal root 
ganglia and medulla of the adrenal gland. 
(a) lacZ staining in medium-sized sensory 
neurons of a lumbar dorsal root ganglion. 
The small satellite cells surrounding the 
larger neuronal cell bodies are negative. 
The section was counterstained weakly 
with neutral red. (b,c) Adrenal gland show- 
ing 131-null cells in cortex (c) and medulla 
(m}. c shows the lacZ-positive cells in the 
medulla at higher magnification. 
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with uterine epithelial cells and permit interaction with 

hyaluronic acid, which is present in the extracellular 
matrix [ECMI of the uterine wall at the site of implan- 

tation [Jacobs and Carson 1991~ Brown and Papaioannou 

19931. Taken together, there are many molecules that 
could act as adhesive components and thus allow the 
attachment of [31-null blastocysts to the uterine epithe- 
lium. 

Interestingly, we could not find cells of the embryo 

proper in any of the E5.5 and E6 presumptive implanta- 

tion chambers, indicating that the inner cell mass cells 
die earlier than trophoblast cells. This finding has been 
examined further in embryos cultured in vitro (Stephens 

et al., this issue). In these studies [31-null blastocysts 

formed normal trophblast outgrowths. Moreover, growth 
of the inner cell mass was retarded, and ectoderm mor- 

phogenesis and migration were defective. A possible ex- 
planation for this finding could be that the inner cell 

mass cells lack necessary signals from the [31-null tro- 
phoblast. Alternatively, ICM cells could have retarded 
growth or die before or soon after differentiation into 
ectoderm and endoderm because they lack important 

signals from the surrounding matrix. As discussed in 

Stephens et al. {this issue], it has been shown that the 
contact of normal endothelial and epithelial cells with 
ECM is important for cell growth and survival {Ruoslahti 

and Reed 1994). Because these reports implicate inte- 

grins in programmed cell death we are currently trying to 
assess whether such mechanisms play a role in the tran- 

sition of inner cell mass cells to ectodermal and endo- 
dermal cells in vivo and are responsible for the death of 

[31 integrin-deficient embryos. 
The early death of [31 integrin embryos restricted the 

functional analyses to the period before and around im- 
plantation. Ideally, one would like to investigate the 

consequences of 131 integrin deficieny at later stages of 

development to assess the migratory and differentiation 
capacity of cells lacking [31 integrins. An attractive way 
of doing this is to introduce a conditional null mutation 

into the [31 integrin gene. Alternatively, [31 integrin-de- 
ficient ES cells can be injected into normal blastocysts 

and the resulting chimeric embryos can be analyzed. We 
have reported earlier that we could generate 131 integrin- 

deficient ES cells and have shown that these cells are 
able to integrate themselves into the inner cell mass 
{Ffissler et al. 1995 }. To be sure that these initial findings 

were a general property of [31-null cells and not an arti- 
fact of the selection procedure, we have now established 

two more 131 integrin-deficient ES cell clones, both de- 
rived from the R1 ES cell line. Both of these mutant  
clones could contribute to the epiblast at E6.5 and were 
found in all three germ layers at E8.5. 

When we analyzed chimeric embryos at E9.5 two 

types of embryos could be recognized. First, embryos 
that contained low percentages of 131 integrin-deficient 

cells and still appear normal; and second, embryos that 
had high contributions of lacZ-expressing cells and were 
completely distorted. Analysis of the GPI patterns {Table 
2J in these E9.5 embryos demonstrated that the maxi- 

mum contribution of [31-/-  cells compatible with nor- 

mal development in chimeras is below 20%-25%. At 
this time, we can only speculate why higher contribu- 

tions of 131 integrin-deficient ES cells are associated with 
abnormal development. Because integrins can transmit 

growth signals, a high contribution of mutant  cells may 
lead to growth retardation that is incompatible with nor- 

mal development. An alternative explanation is that mu- 
tant cells are unable to form a proper supramolecular 
network of matrix proteins resulting in inadequate cell 

migration and differentiation. Such deficiencies could be 
compensated for by normal cells when the contribution 

of mutant  cells is below a certain threshold. We have 
indications for the latter explanation from in vitro ex- 

periments with 131 integrin-deficient cell lines that have 
a severely impaired ability to assemble fibronectin into 

fibrils IS. Johansson and R. F~issler, in prep.). 
In a variety of experiments it has been shown that [31 

integrin function is important for cell migration. Anti- 
bodies or synthetic peptides that block [31 integrins in- 
hibit migration of neural crest cells and myoblasts in 

vivo IThiery et al. 1985~ Jaffredo et al. 1988]. Retrovirally 
transduced [31 integrin antisense RNA blocks neuro- 

blasts migration in vivo {Galileo et al. 1992). This block 

in neuroblast migration could be achieved by reducing 
[31 integrin mRNA levels by 50%. However, our analysis 
of chimeric embryos presented here demonstrates 

clearly that [31 integrin-deficient cells are present in 
most tissues, including those dependent on extensive 

migration. These conflicting results most likely indicate 
that there is a crucial difference between the ablation of 

integrin function in differentiated cells versus the ge- 
netic loss of integrin from the outset of development. In 
the latter cases, embryos might be able to activate dor- 
mant, altemative pathways that can compensate for the 

deficiency sufficiently to enable migration as well as dif- 
ferentiation. Such an activation may, however, not be 

possible in groups of cells that have already organized 
themselves in the presence of the integrins. The same 
mechanisms might also account for the fact that in some 
cases mice carrying mutations in genes thought to be 

important for many morphogenetic events do not show a 

pathological phenotype. 
Interestingly, all chimeras analyzed showed a high 131- 

null cell contribution in skeletal muscle and no contri- 

bution or one below the detection limit in liver and 
spleen. The latter finding most likely indicates that he- 
patocyte differentiation is dependent on the presence of 

131 integrins. Hematopoetic cells might need 131 integrins 
to colonize their target organs, although a block in dif- 

ferentiation cannot be excluded at this time. Alterna- 
tively, it is also possible that we missed chimeras in 
which mutant  cells have colonized these organs. To ex- 

clude such possibilities many more experiments such as 
recombination activating gene {RAGj-deficient blasto- 

cyst complementation {Chen et al. 1994} or conditional 

knockouts {Gu et al. 1994} have to be performed. All 

other tissues analyzed contained at least a few [31 inte- 
grin-deficient cells, which were often barely detectable 

by GPI determinations. 
To test which cell types are formed and whether they 
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can different ia te  no rma l ly  w i t h o u t  B1 integrins,  we 

s ta ined several t issues for l acZ  expression, l acZ  s ta ining 

ident i f ied smal l  numbe r s  of chondrocytes ,  different cell 

types in skin, neu rona l  cells of different brain  regions, 

and cardiac musc le  cells as wel l  as re la t ively  h igh  num-  

bers of skele ta l  musc le  fibers as B1 in tegr in  deficient.  

N o n e  of these  cell types exhibi ted  any obvious morpho-  

logical abnormal i t ies .  An t ibody  s ta in ing clearly showed 

tha t  lacZ-posi t ive  cardiac musc le  cells lack [31 in tegr in  

subuni ts ,  whereas  myo tubes  express them.  Apparent ly ,  

the  lack of B1 in tegr in  is compensa ted  after fusion of 

m u t a n t  and no rma l  myoblas ts .  

The  pheno type  we have observed for f~l integrin-defi-  

c ient  cells in  ch imer ic  mice  is unexpected.  ~1 integrins  

are found on the  surface of a lmos t  all cells and have been 

impl ica ted  in m a n y  i m p o r t a n t  cel lular  funct ions .  There- 

fore it  was surpris ing tha t  131-null cells were present  in 

so m a n y  t issues and tha t  they  could differentiate.  At  

present  we do no t  k n o w  how these m u t a n t  cells migrate  

in to  t issues and whe the r  they  can fullfi l l  the i r  no rma l  

func t ions  after dif ferent ia t ion.  Migra t ion  migh t  be 

achieved w i t h  in tegr ins  o ther  than  131 and /o r  by using 

non- in tegr in  cell-surface receptors or ce l l -ce l l  interac- 

t ions  of m u t a n t  cells w i t h  no rma l  cells tha t  could al low 

passive migra t ion .  The  considerable  reduct ion  in the 

n u m b e r  of lacZ-posi t ive  cells f rom - 2 0 % - 5 %  observed 

during deve lopmen t  of ch imeras  was a s ignif icant  obser- 

va t ion  in all  exper iments .  This  indicates  an increasing 

fai lure in passive migra t ion  and /o r  increasing loss of mu- 

tan t  cells due to apoptosis.  These  data are r emin i scen t  of 

earlier f indings demons t r a t i ng  tha t  the ant i -apoptot ic  ef- 

fects of neuro t roph ins  depend on the appropriate extra- 

cel lular  ma t r ix  in vivo and in vi t ro  (Kalcheim et al. 1987; 

Emsberger  et al. 1989). Fur ther  support  for passive mi- 

grat ion comes  f rom the observat ion  tha t  none  of the  tis- 

sues analyzed con ta ined  large groups of m u t a n t  cells; 

rather,  they  con ta ined  single cells or smal l  clusters. This  

suggests tha t  the 131 m u t a n t  cells can undergo morpho-  

genesis only  in  the  context  of no rma l  cells. 

M a t e r i a l s  a n d  m e t h o d s  

Construction of targeting vectors 

Two targeting vectors were made for the disruption of the 131 
integrin locus. The first targeting vector contained a promotor- 
less 13-galactosidase-neomycin fusion DNA {geo} cassette 
(pKOgeo21) in-frame to the start codon of 131 integrin and has 
been described previously {F~issler et al. 1995). 

The second targeting vector containing a promotorless neo 

cassette was constructed from the same isogenic DNA as 
pKOgeo21. A 10.5-kb EcoRI-ClaI fragment containing exon 2, 
exon 3, exon4, and most of exon 5 was subcloned into Bluescript 
KS(- ) {Stratagene; construct 1). A 0.8-kb EcoRI-XbaI fragment 
containing exon 2, which is 67 nucleotides in size and contains 
the ATG start codon as well as the signal peptide of 131 integrin 
was subcloned into Bluescript KS{- ) {construct 2). An SspI site 
was found upstream and an XbaI site downstream of the intron/ 
exon boundary. The genomic DNA between these two sites was 
replaced by kinased and annealed oligonucleotides (90-met 
oligonucleotide 1: 5'-ATTTTCTCTATCAATAATAATATA- 
CATTTTCTGTTATAGA TGGGATTCGGCCATTGAACAA- 

GATGGATTGCACGCAGGTTCTCCGGCCGCT-3'; 94-mer 
oligonucleotide 2: 5'-CTAGAGCGGCCGGAGAACCTGCGT- 
GCAATCCATCTTGTTCAATGGCCGAATCCCATCTATA- 
ACAGAAAATGATATTATTATTGATAGAGAAAAT-3' ) that 

contain the SspI site, a 5'-DNA overhang fitting to the XbaI site, 
the remaining intronic sequence,the [31 integrin start codon and 
in-frame the initial 48 nucleotides of the neo gene (from ATG to 
the EagI site of the neo gene; construct 3). After confirming the 
integrity of the inserted oligonucleotides by sequence analysis, 
the DNA was digested with XbaI, filled in with dNTPs by Kle- 
now fragment, and digested afterwards with EagI for inserting 
the EagI-filled SalI fragment of the neomycin gene released from 
pMClneopA (construct 4). With the insertion of the neo gene, 
construct 4 has gained a new BamHI and SalI site. Construct 4 
was cleaved with both enzymes and a BamHI-SalI fragment 
from pKOgeo21 (F~issler et al. 1995) containing exon 2 without 
start codon and intron 2 up to the SalI site was inserted (con- 
struct 5). In the last cloning step construct 1 was digested with 
EcoRI and SalI and ligated with the EcoRI-SalI fragment of con- 
struct 5 leading to the targeting vector pKOneol7. 

The ES cell lines used for the establishment of knockout 
clones were D3 (Doetschman et al. 1985) provided by Rudolf 
Jaenisch (Whitehead Institute, Massachusetts Institute of Tech- 
nology, Boston, MA; passage number not known), and R1 {Nagy 
et al. 1993) provided by Andras Nagy {Mount Sinai Hospital, 
Toronto, Canada; passage 9). Both cell lines were routinely cul- 
tured on a feeder layer of ~/-irradiated embryonic fibroblast cells 
in Dulbecco's modified Eagle medium supplemented with 15% 
heat-inactivated fetal calf serum (GIBCO), 10-4M 13-mercapto- 
ethanol {Sigma} and nonessential amino acids {GIBCO). The 
embryonic feeder cells were prepared from Colgal-deficient 
mice (F~issler et al. 1994) and ~-irradiated (1500 rad for 30 min) 

before plating. 
About 1 x l0 s D3 ES cells were electroporated with 150 ~g of 

ClaI-linearized targeting vector pKOneol 7 and - 6  x 107 D3 or 

R1 ES cells were electroporated with 901~g of NotI linearized 
targeting vector pKOgeo21, respectively, using a Bio-Rad Gene 
Pulser set at 800 V and 3 ~F. After 24 hr without selection, G418 
(300 ~g/ml of dry powder; GIBCO) was added to the culture 
medium. After another 8-11 days, colonies were picked into 
24-well dishes (Costar) and expanded. Half of the 24-well dish 
was frozen, and the other half was used to isolate DNA for 
Southern blot analysis {Laird et al. 1991). The colonies were 
screened individually by cleaving genomic DNA with BamHI 

and probing the Southern blots with the external probe A 
(BamHI-EcoRV fragment), a 800-bp fragment that contains in- 
tron sequence (Fig. 1). 

Generation of 131 integrin-deficient and chimeric mice 

Blastocysts were isolated at day 3.5 p.c. from C57BL/6 mice, 
injected with 15 ES cells as described by Bradley (1987), and 
transferred into the uterus of pseudopregnant recipient (C57BL/ 
6xDBA)F~ females (2.5 days p.c.). Chimeric mice were mated 
with C57BL/6 females to test for germ-line transmission or 
with 129sv females to obtain inbred lines carrying the mutated 

131 integrin alleles. 

Southern and Northern blot analysis 

Southern blots were prepared from ES cell or tail DNA (Laird et 
al. 1991 ), digested with restriction enzymes {Boehringer Mann- 
helm), and electrophoresed through a 0.7% agarose gel. Hybrid- 
ization was carried out with a s2P-labeled genomic 0.8-kb 
BamHI-EcoRI fragment (Fig. 1A} prepared by random primer 
labeling (followed the protocol of Primelt, Stratagene). 
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For Northern blots, total RNA was isolated from liver, kid- 
ney, and brain of 8-week-old normal and 61 +/-  mice as de- 

scribed by Auffray and Rougeon (19801. RNA was separated 
electrophoretically, blotted onto Zetabind membrane (Bio-Rad 

Laboratories), UV cross-linked and probed in Church buffer 

{Church and Gilbert 19841 at 65~ Filters were washed twice in 

0.2• SCC, 1% SDS, at 65~ and exposed to X-ray film for 24 or 
72 hr at -80~ 

The following oligolabeled probes were used: mouse 61 inte- 

grin cDNA Iobtained from R. O. Hynes, Massachusetts Institute 
of Technology, Boston, MA} and mouse cDNA for ~-actin 
(F~issler et al 1995}. 

Microscopic anatomy 

Freshly dissected embryo implantation chambers {6.5, 7.5, 8.5, 

and 10.5 days postcoitum) or tissues were surgically removed, 

frozen on dry ice, and stored at -80~ Tissue sections were 
prepared from four 6- to 10-week-old male chimeric mice that 

were transcardially perfused with PBS followed by 4% 

paraformaldehyde, 0.02% NaNa. After a short postfixation and 

equilibrium in 30% sucrose, the tissue was embedded in OCT 

compound (Miles), frozen in dry-ice-pentane, and stored at 
- 80oC. 

Embryos and tissues were cut at 10--20 ~.m on a Leitz cryostat 

and collected on gelatine-coated slides, lacZ staining followed 

published protocols (F/issler et al. 1995). To avoid detection of 

endogenous ~-galactosidase activity, solutions were adjusted to 

pH 7.6 and incubation was done at 30~ overnight. Control of 
these parameters prevents detection of the endogenous enzyme 
in the mouse nervous system (K. MOllhofer and M. Meyer, un- 

publ.). 

Counterstaining with neutral red, cresyl violet, or eosin was 

performed according to standard histological techniques with 

minor modifications. Xylol was replaced with Histoclear INa- 

tional Diagnostics, Atlanta), and the sections were covered with 
Canada balsam and coverslipped. 

Immtmohistochemistry 

61 +/-  mice were intercrossed and blastocysts were collected 
on E3.S p.c. After the removal of the zona pellucida by acid 

Tyrode's solution (pH 2.1), blastocysts were washed several 
times in PBS and fixed in 4% paraformaldehyde. 

Immunofluorescence staining of blastocysts was done in so- 
lution using depression slides. First, antibody was a rabbit poly- 

clonal IgG fraction (Bottger et al. 19891 specifically reacting 

with mouse 61 integrin. Incubation was 2 hr at room tempera- 

ture. Secondary antibodies were Cy3 goat anti-rabbit IgG or 

FITC goat anti-rabbit IgG (Jackson ImmunoResearch Laborato- 
ries Inc., West Grove, PA). Incubation was for 1 hr at room 

temperature. After washing three times with PBS, blastocysts 

were examined with a Zeiss Axiophot microscope and subse- 
quently stained for lacZ activity and photographed again. Tis- 

sue specimens were also stained with antibodies reacting spe- 

cifically with mouse 61 integrin, embedded in gelvatol {F~isssler 

et al. 1995), and examined with a Zeiss Axiophot microscope. 

Immunofluorescence staining of brain sections was done ac- 
cording to standard procedures using monoclonal antibodies 

against calbindin D28k (Swant, Fribourg, Switzerland), MAPS, 

and neurofilament heavy chain (both purchased from Boe- 
hringer Manrtheim, Germany). 

GPI assay 

Separation and detection of GPI isoenzymes were performed 
essentially as described (Bradley 1987). Titan 1II Zip Zone eel- 

lulose acetate plates (Helena Laboratories) were soaked in Tris- 

glycine buffer (25 mM Tris-HC1 at pH 8.5, 200 mM glycine) for 30 

rain prior to application of samples. Samples were prepared by 

homogenizing tissues in -10  volumes of water with a micro- 

pestle. Cells were then lysed by at least three rounds of freezing 

and thawing. Samples were electrophoresed for 1.5 hr at 200 V 

and 4~ Ten milliliters of 1.2% agarose containing 20 mg of 
fructose-6-phosphate (F6P), 2 mg [3-nicotinamide adenine dinu- 

cleotide phospahte (NADP 1, 0.25 mg of phenazine methosulfate 
(PMS), and 2 mg of methylthiazolium tetrazolium (MTT I at 

55~ were mixed with 1.4 units of glucose-6-phosphate dehy- 

drogenase (G6P-DH1 and poured over the gel. The GPI isoen- 

zyme bands appeared after a few minutes. Relative levels of the 

two GPI isoforms were quantified densitometrically. 

Whole embryos were tested after isolation of embryos from 

implantation chambers 8.5 days p.c. The following tissues were 

analyzed from 3-month-old chimeric mice: brain hemispheres, 

cerebellum, lung, kidney, adrenal gland, liver, spleen, testis, M. 

triceps, M. quadriceps, heart, and gut. 
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