ized, receptor-channel complexes. The ob-
servation that the Hill coefficients for both
glycine (Fig. 1C) and NMDA (10) are close
to 1 is consistent with this interpretation.
However, it is not clear yet whether the
glycine and glutamate binding sites reside
on the same macromolecule, or whether
glycine and glutamate influence binding of
cach other. An alternative mechanism of
action of glycine would more closely resem-
ble that of certain enzyme cofactors. In some
enzyme systems, for example, a cofactor is
required for activation of the enzyme [for
example, adenosine 3',5’-monophosphate
(cAMP) for protein kinase A], for binding
the substrate in the active site (Mg?* for
adenosine triphosphatase), or for creation of
the active site (pyridoxal phosphate for tran-
saminases). Regardless of which mechanism
of action of glycine proves to be true, it must
be able to account for the obligatory nature
of glycine for NMDA receptor activation,
which is clearly dissimilar to the allosteric
modulation of the GABA4 receptor by ben-
zodiazepines.

Second, both glycine and the endogenous
agonist, glutamate, are present in the cere-
brospinal fluid in micromolar concentra-
tions (13). Their presence suggests that the
NMDA receptor may be tonically activated,
that sensitivity to glycine may be lower in
situ, or that some mechanism for “buffer-
ing” the glycine and glutamate concentra-
tions at glutamatergic synapses is present.
Glutamate uptake systems are at least par-
tially responsible for reducing interstitial
glutamate concentration, and uptake sys-
tems for glycine have also been described
(14). If glycine concentration is low in the
vicinity of NMDA receptors, a glycinergic
synapse could activate NMDA receptors.
The receptor could formally be called a
“glycine receptor,” since both glycine and
glutamate are required.

Third, although differences in membrane
composition or post-translational process-
ing in oocytes compared to neurons might
account for the obligatory nature of glycine
in this system, the concentration-response
relation for glycine in cultured neurons (15)
appears very similar to the one presented
here. Therefore, our data are likely to repre-
sent properties of the native neuronal
NMDA receptor.

Finally, because glycine appears to be
necessary for NMDA receptor activation, a
glycine antagonist or partial agonist might
be effective at blocking the pathologies that
are associated with intense activation of the
NMDA receptor (16). More structure-activ-
ity studies will facilitate the development of
new ligands for the glycine site. Small p—
amino acids are effective agonists at the
glycine site, which provides a basis for de-

12 AUGUST 1988

sign of additional effective compounds. The
oocyte translation system is suitable for
these structure-activity studies because it
allows precise regulation of drug concentra-
tion at the receptor.
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Legless, a Novel Mutation Found in PHT1-1

Transgenic Mice

JoHN D. McNEIsH, WILLIAM J. ScOTT, JR., S. STEVEN POTTER

In this report it is shown that the PHT1-1 line of transgenic mice exhibited a pattern of
developmental abnormalities when the mice were homozygous for the transgene
insertion. Hindlimbs were uniformly truncated at the distal end of the femur, resulting
in a “legless” appearance. Forelimbs lacked anterior structures including digits and the
radius. The brains had many defects, particularly in the anterior structures of the
cerebrum, including the olfactory lobes. Craniofacial malformations in the form of
facial clefts also commonly occurred. Furthermore, heterozygotes of this line, with
only one copy of the DNA insertion, and other transgenic lines carrying the same DNA
construct appeared normal, suggesting that in the PHT1-1 line a gene significant in
mammalian development has been disrupted.

N THE PROCESS OF GENERATING
transgenic mice the inserted foreign
DNA will sometimes integrate into a
host chromosome in a manner that alters an
endogenous gene, resulting in a mutation.
The potential power of this procedure, re-

ferred to as insertional mutagenesis, derives
(1) from the production of a mutant mouse,
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allowing the detailed study of the biological
impact of altering the gene, and (ii) from the
molecular “tagging” of the mutated gene
with the inserted foreign DNA sequences,
allowing its molecular recovery and analysis
(1, 2). In particular, Woychik et al. (3) have
isolated a mouse line with the transgene
interrupting a mouse gene of some develop-
mental consequence. Mice homozygous for
the transgene (and hence the interruption)
exhibit abnormal limbs, with the ulna fused
to the radius and the tibia fused to the
fibula. Here we report the description of a
new transgenic mouse line in which hetero-
zygotes, with one normal chromosome and

Fig. 1. The legless mutation phenotype in new-
born mice and embryos. (A) Wild-type (left) and
legless (right) newborn mice were littermates
resulting from mating of heterozygous PHT1-1
transgenic mice. The mutant demonstrates char-
acteristic loss of hindlimb structures, aberrant
forelimbs with ectrodactyly of preaxial digits, and
a small bump on the cranium, which signals brain
abnormality. (B) ing electron micrograph
(SEM) of limbs in a wild-type (left) and legless
mutant embryo (right) at day 12 of gestation. The
mutant hindlimb demonstrates arrested develop-
ment. (C) Histologic sections from hindlimb
buds of day 10 wild-type embryos (left) and
mutant embryos (right). Abnormal cell death in
mutant limb buds is indicated by pycnotic nuclei
(arrows).
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one carrying the transgene, appeared nor-
mal, but homozygotes exhibited numerous
abnormalities.

Transgenic mice were produced by inject-
ing into zygotes a DNA construct made by
Pelham (4), that carries a Drosophila heat
shock gene (hsp70) and a herpesvirus thymi-
dine kinase gene. Drosophila hsp70 sequences
can serve as a useful inducible promoter in
mouse tissue culture cells (5). Three inde-
pendent original (Fp) transgenic mice were
born carrying this DNA construct, and all
were of normal phenotype. However, when
we interbred the transgenic progeny of one
of these mice, designated PHT1-1, approxi-
mately 25% of the newborn pups exhibited
the mutant phenotype shown in Fig. 1A.
From 16 matings terminated before parturi-
tion, 118 progeny were collected of which
30 exhibited the mutant phenotype. Yet
when PHT1-1 heterozygotes were mated to
nontransgenic siblings there were no mutant
progeny. These observations are compatible
with the presence of an autosomal recessive
insertional mutation caused by the trans-
gene. In addition, direct DNA hybridization
analysis with the transgene sequence probe
has shown that mutant mice were invariably
homozygous for the transgene insertion,
whereas normal phenotype mice were het-
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Fig. 2. Molecular analysis of the genotypes of
newborn mice from matings of heterozygous
PHTI1-1 transgenics. Genomic DNA (2.0 pg)
digested with Bam HI and separated by electro-
phoresis on a 0.7% agarose gel. Gel contains
genomic DNA from eight offspring of PHT1-1
heterozygous matings and copy controls to deter-
mine size of transgene concatemer accurately.
DNA was assayed (R?>0.99 for standards)
fluorometrically as described (11). DNA blot was
hybridized to a labeled probe of linearized pHT1
plasmid DNA. The mutant phenotype (M) cose-
gregates with the homozygous genotype for the
transgene pHT1. Two wild- (W) mice are
nontransgenic with no hybridization signal, and
three are heterozygotes with a concatemer size of
20 to 30 copies per haploid genome. DNA was
transferred to GeneScreen Plus, hybridized at
65°C, and washed according to manufacturer’s
procedures. Linearized pHT1 probe DNA was
labeled with [*2P] adenosine triphosphate by the
random primer method (12). Size markers con-
sisting of A DNA digested by Hind III are shown,
in kilobases, on the left.

erozygous or nontransgenic (Fig. 2). A total
of 60 mutant mice and embryos have now
been confirmed as homozygotes in this
manner. Hybridization intensities, as com-
pared to copy control lanes loaded with
known amounts of linearized pHT1 plasmid
DNA, suggested a concatemer size of 20 to
30 copies, with mutants having twice this
amount. This finding strongly suggests that
the mutation is recessive and is caused by the
transgene disruption of an endogenous gene
that plays an important role in development.
A less likely explanation is that there is an
extremely sensitive dose-response threshold
and that although a single copy of the
transgene concatemer gives perfectly normal
mice, two copies of the added concatemer
and its products result in the unusual mutant
phenotype observed.

Seventy-two newborn mutant mice have
been analyzed by a combination of proce-
dures including razor blade sectioning (6),
skeletal staining (7), and dissection. The
most striking aspect of the newborn mutant
phenotype was the loss of most visible hind-
limb structures (Fig. 1A). In the mutant the
hindlimbs are reduced to mere stubs. To

c ¥ 1 E

Fig. 3. Skeletal analysis of hindlimbs and fore-
limbs from the legless mutation. (A) Skeletal
staining of hindlimb from a legless mutant. (B)
Hindlimb of a control mouse. (C, D, and E)
Analysis of three dissected forelimbs from legless
mutants, demonstrating the preaxial manifesta-
tion of the mutation. (C) Ectrodactyly 1 only. (D)
Ectrodactyly 1 and 2 with rudimentary radius. (E)
Nearly complete loss of all digits and the carpus,
and total loss of the radius. Cartilage was stained
with Alcian blue, and the bone was stained with
Alizarine Red S by a modified method described
by Kimmel and Trammell (7).
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determine the embryological origins of this
malformation, we examined the early stages
of the mutant hindlimb development. Fig-
ure 1B shows that at day 12 of gestation the
hindlimbs are already much smaller than
normal. At day 11, the mutant hindlimbs are
still much reduced. At day 10 the wild-type
and mutant hindlimbs are quite similar in
size and structure; however, histological sec-
tions reveal the occurrence of abnormal mes-
enchymal cell death in the mutants (Fig.
1C). This cell death first appears in the
anterior portion of the hindlimb bud and
may play a causal role in the generation of
the malformed hindlimb observed in the
newborn. The skeletal composition of nor-
mal newborn mouse hindlimbs and those of
the legless mutant were also compared (Fig.
3, A and B). More than 90% of newborn
mutants had hindlimbs that included a com-
plete femur but lacked further distal devel-
opment. One newborn had a rudimentary
femur in the left hindlimb, and one newborn
had some trivial skeletal development distal
to the femur.

The forelimbs were also almost always
(142 out of 144) abnormal, but in contrast
to the hindlimbs, a great diversity of expres-
sion was the rule. The least severe expression
seen was absence of digit one; the most
severe, the loss of the radius and all struc-
tures distal to the carpus. This loss of skeletal
elements from the autopod and zeugopod

Fig. 4. Brain dysmorphology in the
legless mutation. (A) The dissected
brains from a wild-type newborn
mouse (left) and from a legless mu-
tant newborn mouse (right). Struc-
tures readily identifiable in the con-
trol, anterior to posterior (top to
bottom), are the olfactory lobes,
cerebral hemispheres, mesencepha-
lon, and cerebellum. In the legless
mutant the loss of the olfactory
lobes, a large hemorrhagic protru-
sion of the right cerebral hemi-
sphere, a smaller protrusion of the
left cerebral hemisphere, and the
loss of distinction between hemi-
spheres of the cerebrum can be
observed. (B) Histologic sections
of the developing brains of 20-
somite wild-type embryo (left) and
legless mutant (right) embryo. The
magnification (X50) of the anterior
(cranial) neural tube in the control
embryo demonstrates a well-devel-
oped, highly organized neuroepi-
thelium with many characteristic
mitotic figures at the internal sur-
face. The mutant embryo histology
demonstrates neuroepithelial dis-
organization and cell death with
necrotic cell debris infiltrating the
neural canal. Embryo genotypes are
determined by genomic DNA ex-
traction from the yolk sac of the
conceptus and by DNA blotting as
described in the legend to Fig. 2.
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occurred with a definite predilection for
preaxial (anterior) structures (Fig. 3, C to
E), suggesting that the interrupted gene has
important functions in pattern formation
during normal limb development.
Craniofacial malformations were another
prominent feature of the mutant phenotype.
Cleft lip or cleft palate, or both, occurred
with moderate frequency (40%). Moreover,
all mutants examined (26) had brain anoma-
lies. Manifestations included highly aberrant
or missing olfactory lobes in almost all mu-
tants, and many had hemorrhagic protru-
sions from the cerebral cortex (Fig. 4A),
which could be seen externally as bumps
located between the eyes in 46% of new-
borns. Other irregularities in newborn
brains included hydrocephalus of the lateral
ventricles, thinning of the nasal septum, and
abnormal brain shape. Significant brain ab-
normalities were also observed at very early
stages of development. For example, in the
20-somite embryo the anterior (cranial) por-
tion of the neuroepithelium showed cell
disorganization and necrosis (Fig. 4B).
This pattern of malformations has not to
our knowledge been seen in other mouse
mutants. The hindlimb malformation is
rarely seen in mammalian offspring from any
cause, genetic or chemical. There is, howev-
er, a similarity to a few avian mutants.
Abbot (8) described “stumpy” in turkeys as
a semidominant gene in which rear limb

development of homozygotes is usually re-
stricted to a femur. Hinchliffe and Ede (9)
described a wingless chick mutant in which
the forelimbs are usually absent and the
hindlimbs are reduced by the absence of
preaxial digits and the tibia, the preaxial
bone in the leg. The hindlimb of wingless
chick mutants and the forelimb of legless
transgenic mice thus share the same pattern
of missing skeletal elements, and our initial
observations suggest that the cause of skele-
tal loss, necrosis of limb anterior mesen-
chyme cells, is the same in both mutants.

An additional observation was the short-
ened life expectancy of homozygous legless
newborns. None has yet survived for 24
hours after birth even though another study
(10) indicated that nearly all homozygotes
were alive just before parturition. Death was
thus a postnatal phenomenon, but the cause
remains unknown.

In conclusion, the transgene in the
PHT1-1 line of mice appears to have dis-
rupted an endogenous gene that normally
plays an important role in limb and craniofa-
cial development. Further embryological
analysis of the mutants will generate infor-
mation regarding the developmental defects
and the molecular mechanism. Moreover,
retrieval of flanking sequences, identification
of evolutionarily conserved regions, and di-
rect molecular analysis of the gene and its
products should now be possible.
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