
standard protocols from an Mbo I partial digest Friend et al . ,  ibid., p. 643; Y:K. T. Fung et a / . ,  blots of Taq I-digested genomic DNA 
human genomic library in EMBL3, provided by S. Science 236, 1657 (1987); W.-H. Lee et a l . ,  ibid. from three animals that showed recombina- Orkin. Clone AHV-1 was isolated from a complete 235, 1394 (1987). 
Bam HI digest libray of H.V. DNA in EMBL3 16. D. A. Compton et al. ,  Ce l l  55, 827 (1988). tion within the mouse dystrophin gene in a 
and packaged with Gigapack plus (Stratagene). The 17. M. Gessler and G. A. P. Bruns, Genomic i  3, 117 large interspecific mouse that con- 
AHBgl-1 clone was isolated from a Bgl I1 complete (1988). 
digest library of H.V. DNA in EMBL3 prepared 18. G. M. Church, and W. Gilbert, Pvoc. N a t l .  Acod .  Sc i ,  tained the (6). this meth- 
without phosphatase treatment or size selection of L ' . S . A .  81, 1991 (1984). od, we were able to identify by recombina- 
the insert to ensure clonability of the 8-kbp rear- 19. We thank G. Jaschek for technical assistance. Sup- tion analysis an even smaller region in which 
ranged fragment. ported by NIH grant GM 34988. M.G. is recipient 

14. The segregation of pHV-Sac3 was completely con- of a postdoctoral fellowship from the Deutsche the mutation must lie. 
cordant with that of chromosome 4 in 15 hybrids. Forschungsgemeinschaft through the University of The recombinational breakpoint in the 5 '  
Discordancy fractions for the other chromosomes Giessen, Federal Republic of Germany. 
ranged from 0.21 to 0.66. end of the gene was found to lie between 

15. A. P. Monaco et a l . ,  ~ V a t u r e  323, 646 (1986); S. F. 17 January 1989; accepted 28 April 1989 nucleotides 2083 and 3637 [numbers 
throughout correspond to those of the hu- 
man cDNA sequence (lo)] by using mouse 
clones MAD 18, MAD 19-2, and MAD 21 
(Fig. 1). The breakpoint in the 3' end of the 

The Molecular Basis of Muscular Dystrophy in the gene was found to lie between nucleotides 

mdx Mouse: A Point Mutation 6400 and 6783 by using overlapping frag- 
ments derived from clones MAD 25, MAD 
26, MAD 28, MAD 29, and MAD 36-1 

PIOTR SICINSKI,* YAN GENG, ALLAN S. RYDER-COOK, (not shown). Thus, the mdx mutation must 
ERIC A. BARNARD, MARK G. DARLISON, PENE J. BARNARD? lie between nucleotides 2083 and 6783. 

There was no evidence of any difference 
The mdx mouse is an X-linked mvo~athic mutant. an animal model for human between normal and mdx DNA bn Southern 

i L 

Duchenne muscular dystrophy. In both mouse and man the mutations lie within the blots with any of the probes spanning this 
dystrophin gene, but the phenotypic merences of the disease in the two species confer region, which indicated that a large inser- 
much interest on the molecular basis of the mdx mutation. The complementary DNA tion or deletion was not present. 
for mouse dystrophin has been cloned, and the sequence has been used-in the Because of the low steady-state amounts 
polymerase chain reaction to amplify normal and mdx dystrophin transcripts in the of dystrophin transcript in normal muscle 
area of the mdx mutation. Sequence analysis of the amplification products showed that (9) and the still lower levels in mdx muscle 
the mdx mouse has a single base substitution within & exon, which causes premature (3) ,  the polymerase chain reaction (PCR) 
termination of the polypeptide chain. (1 1) was applied to normal and mdx cDNA 

to amplify the region of the mutation. This 

T H E  mdx MOUSE WAS FIRST RECOG- tion had been predicted to be by human 4.7-kb interval was amplified in six overlap- 
nized as a glpcolytic X-linked mutant dystrophin cDNA probes (6). An adult ping steps. We designed synthetic oligonu- 
with myofiber necrosis and was pro- mouse muscle cDNA library, constructed in cleotides (24 to 30 bases in length) on the 

posed as a possible animal model for the X- the vector hgtlO with randbm primers, was basis of the normal mouse sequence, and we 
linked human disease of dystrophin deficien- screened with cloned cDNA sequences en- used these with total RNA in first-strand 
cy, Duchenne muscular dystrophy (DMD) coding human dystrophin to provide cDNA cDNA synthesis and subsequent PCR am- 
(1). The absence of dystrophin (2) and clones that encompassed almost the entire plification. DNA blot analysis of the entire 
reduced dystrophin RNA levels (3) later coding region of the mouse dystrophin tran- 4.7-kb interval showed no obvious differ- 
noted in the mdx mouse supported this script. Mouse clones spanning the known ence in the size of the amplification products 
concept, but the successful muscle fiber re- region of the mdx mutation were thus isolat- of mdx and normal mouse RNA (Fig. 2). 
generation and reduced endomysial fibrosis e d  and identified by DNA sequencing and However, DNA sequence analysis of normal 
(4) are in marked contrast to the DMD by comparison with mouse (9) and human and mdx cDNAs revealed a single base sub- 
phenotype, casting doubt on its genetic (10) dystrophin cDNA sequences (Fig. 1). stitution in mdx mice when compared to 
homology (5 ) .  However, mapping of cDNA These clones were used to probe Southern normal animals. In mdx mice, a cytosine is 
clones encoding the entire human DMD " 
transcript showed that the mdx mutation is 
indeed located within the mouse dystrophin 
gene, which is the homologue of the human 
DMD locus (6 ) .  DMD has one of the 
highest mutation rates known ( 7 ) ,  and more 
than 50% of affected males are known to 
have deletions (8). 

To characterize the mutation in the in- 
bred mdx mouse, we narrowed the limits of 
the mouse DNA sequence where the muta- 
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Fig. 1. Map of mouse dys- - - 
LT LT 

z a 
trophin cDNA clones. The o 8 8 8 

U1 U1 positions of cloned mouse 5s 1 2 3 4~~ 5 6 7 8 9 12 13 3s 
dystrophin cDNA se- I I ' I ~ '  I I ~ "  / I  

MAD 22 quences are indicated. The - M A D 7  M E 6 - 2  

entire coding region shown MAD 29 MAD 36-4 

was cloned from a single li- MADE M-6 MAD 47 

brary. Total RNA was iso- MAE M E  25 MAD 51 

lated from normal leg mus- M A D j - 1  M a 8  MAD48 

cle from 14-week-old MAD 1 0  - MAE36-1 M a 5 0  

C57B1110 mice with guani- MAD 4-2 
MAD 1 diniurn isothioqanate (19), MAD2 1 , ' 

and polyadenylated ItUA 
was selected (20). From this RNA, a size-selected random-primed cDNA library was constructed in 
hgtl0, originally comprising approximately 2 x lo6 independent recombinants. The library was plated 
and screened (21) with pCalA (22) and with human cDNA probes 67, 73, 75, and 77 [which 
correspond to fragments la-2, 5b-7, 8, and 9-14, respectively ( a ) ] .  Benveen 3 and 20 positive clones 
were obtained from a screen of 500,000 unamplified recombinant phage. Inserts were subcloned into 
M13 vectors, sequenced by the dideoxy chain termination method (23), and positioned after 
comparison with the published sequences (9, 10). 
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Fig. 2. PCR amplification 9 ? 03 

of normal and mdx dystro- 
N - 
0 

phin aansaipts. Amplified 7 < 
! 1 I 

products of normal (N) and 
mh.c dystcophin mRNA 
were separated on agarose 
gels and hybridized (6). (A) 7 709 - 
and (B) were probed with 1375- 
an Xba I-Pst I fragment of 
MAD 1 (position relative to 9843:; 
published cDNA sequence, + 

nudeotides 3748 to 4099); 1636- 
(C) was probed with a B d  

Amplification of CDNA 

clones MAD 4 2 ,  MAD 4 2 ,  
7 - 

and MAD 28 included as controls in (A), (B), and (C), r e s ~ v e l y .  Sip standards arc indicated in base 
pairs. Total RNA from musde was prepared with guanidinium isothiocyante (21) and reverse 
d b e d  into first-strand cDNA with synthetic oligonudcotide primers P2, P5, and H 4  anci avian 
myeloblastosis virus reverse uansaiptase. Second-strand synthesis, 35 cycles (11), on single-stranded 
cDNA with three different pairs of oligonudeotide primers: (A) B1 (3060 to 3083) and P2 
(complementary to 4096 to 4119); (B) X2 (3727 to 3754) and P2; (C) K4 (5835 to 5864) and H 4  
(complanentary to 6763 to 6786). The remainder of the 4.7-kb interval was amplified with three other 
pairs of primers: P6 (1949 to 1975) was used with P2; X2 and P5 (complementary to  49%-5020; E7 
(4952 to 4981) and B7 (complementary to 6044 to 6067). Amplification was performed with 5 pg of 
cDNA and 3 units of Taq polymerase (Cetus). Annealing was at 37°C or 45OC for 2 rnin, 
polymerization at 72°C fbr 3 to 9 min, and denaturation at 95°C for 2 min. 

A Normal mdx B 
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Ser Ser Leu 
AGT TCT TTG 

AGT TCT TTG 
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rTC M C  TAT C 

mC AAC TAT C 
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1000 

Fig. 3. (A) Sequence of the dystrophin cDNA from normal and rndx mice in the region of the mutation. 
The DNA sequence of part of the mouse dystrophin cDNA from inbred normal C57B1110 and mdx 
C57B1110 animals is shown. A single base transition (C+T) (arrowheads) is found in the mdx mouse 
when compared to the normal mouse. This change has been observed in all mdx animals tested 
(n = 4) and in different amplification reactions of the same mdx RNA. (B) The DNA sequences and the 
predicted amino acid sequences from normal and mdx mice and from normal humans in the region of 
the mutation. PCR amplification reaction products were separated by electrophoresis in an agarose gel, 
purified, dgmed with suitable restriction endonudeases (with natural or artificial restriction sites 
included within the oligonucleotide primers), and subcloned into M13 sequencing vectors. DNA 
sequence analysis was by the did- chain termination method (23). 

replaced by a thymine at nucleotide position 
3185, resulting in a termination codon 
(TAA) in place of a glutamine codon (CAA) 
(Fig. 3). Thii change is the only one we have 
detected, and it has been consistently ob- 
served in separate PCR reactions on total 
RNA isolated from four mdx animals. 

The molecular basis of the mdx mouse 
mutation has therefore been characterized 
and it is the first example of a point muta- 
tion in the dystrophin gene. The mutation 
in an exon to a stop codon results in prema- 
ture termination of translation at 27% of the 
length of the dysaophin polypeptide. This 
would predict a truncated protein compris- 
ing the NH2-terminal actin-binding domain 
and seven complete triple helical segments in 
the repeat domain of dystrophin (9). The 
protein would lack two-thirds of the repeat 

domain, the cysteine-rich and the COOH- 
terminal d o m h  (9). and would have a 
relative molecular k k s  (M,) of approxi- 
mately 115,000. If stable, the protein 
shouG b i d  cvtmkeletal elements and confer 
membrane skbitity, and thus could account 
for the benign pathology in the mdx mouse. 

Since the cvsteine-rich and COOH-termi- 
nal domains'are more conserved than the 
actin-binding and repeat domains in human 
and chicken dystrophins (12), they are likely 
to have an important functional role, per- 
haps mediating the attachment of the pro- 
tein to the cell membrane (13). Premature 
termination of translation a d  result in 
improper targeting of the truncated protein 
and, if not degraded, the protein could have 
a residual function with a beneficial role at 
the onset of musde necrosis at 2 to 3 weeks 

of age in the rndx mouse (4). 
Docs, then, the truncated mdx dystrophin 

persist or is it immediately degraded? Poly- 
clonal antibodies raised against part of the 
dystrophin protein that could be present in 
the truncated mdx polypeptide do not ap- 
pear to recognize such a protein in mdx 
musde (2, 14, 15). However, this question 
has not been settled, and Watkins et al. (16) 
mention that their high specificity antisera 
raised against the dystrophin protein cross- 
reacted strongly with components of the 
sarcoplasmic reticulum in mdx mice. This 
would be supportive evidence for persis- 
tence of a truncated species in mdx mice. 

The reduced dystrophin steady-state 
mRNA level in mdx muscle (3) is probably a 
h d t  of the premature termination codon. 
For example, nonsense mutations in the P- 
globin locus in man result in the absence of 
the gene product and a severe reduction in 
the amount of the corresponding transcript 
(17). This may be because mRNAs with 
nonsense mutations can be degraded in the 
nucleus (18). 

The finding that a single base pair change 
in a DNA chain that is about 2 million base 
pairs in length can give rise to m d a r  
dystrophy has implications for understand- 
ing of the human disease. Although about 
half of all DMD patients have deletions 
within the gene and a few have other re- 
amngements, many of the remainder may 
have point mutations. The nature of the 
mouse mutation could explain the high rate 
of new mutations associated with DMD. 
That is, the known frequency of mutation 
from cytosine to thymine, by methylation 
and deamination, and the preponderance of 
glutamine codons in the dystrophin gene 
(and other triplets that could easily mutate 
to a stop codon) provide a ready mechanism 
for new mutations. 
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Spatial Selectivity of Rat Hippocampal Neurons: 
Dependence on Preparedness for Movement 

observe the environment by head movement 
and exploratory myostatial sniffing, while 
inhibiting attempts at displacement move- 
ments. Single units were isolated and re- 
corded with "stereotrodes" (10) mounted in 
miniature manipulators. The manipulators 
were permanently implanted over the CAl 
region of the hippocampus in rats under 
pentobarbital anesthesia. Several weeks after 
surgery, well-differentiated units were iden- 
tified as CS or theta cells according to 
established criteria. In unrestrained, or free, 
rats the discharge specificity of the cells was 
repeatedly tested by manually transporting 
the animal alternately to an identified place 
field for 5 s, then to a neutral location for 5 s 
(11) (Fig. 1). The short interval between 
each transportation ensured that animals 
maintained an alert behavioral state. In some 
cases animals were left in one location long 

The mammalian hippocampal formation appears to play a major role in the generation enough for us to examine unit activity dur- 
of internal representations of spatial relationships. In rats, this role is reflected in the ing the large amplitude, irregular EEG activ- 
spatially selective discharge of hippocampal pyramidal cells. The principal metric for ity (LIA) (voluntary prolonged imrnobil- 
coding spatial relationships might be the organism's own movements in space, that is, ity), which replaces the theta state after 
the spatial relationship between two locations is coded in terms of the movements cessation of orienting or translational behav- 
exekted in getting from one to the other. Thus, information from the motor iors (12). Animals &re then restrained and 
programming systems (or "motor set") may contribute to coding of spatial location by cells were again tested for place specificity 
hippocampal neurons. Spatially selective discharge of hippocampal neurons was and relation to EEG (Fig. 1). A recovery 
abolished under conditions of restraint in which the animal had learned that locomo- session was included to ensure the recording " 
tion was impossible. Therefore, hippocampal neuronal activity may reflect the associa- integrity. Behavior during the free, restraint, 
tion of movements with their spatial consequences. and recovery conditions was very similar in 

that animals engaged in head movements 
' N UTS, THE HIPPOCAMPAL FORMA- that is, movements that carry the animal and myostatial sniffing. During free and 
tion plays a major role in the encoding from one place to another (7). Furthermore, recovery conditions animals also extended 

. of spatial memory (1). Specifically, hip- the responsiveness of CS cells to spatial their limbs in anticipation of contact with 
pocampal pyramidal cells recorded in freely location is modulated by the velocity and the tabletop and made small shifts of pos- 
moving rats display both selectivity and direction of movement ( 8 ) ,  indicating a ture. However, they were not actually loco- 
memory for spatial location (2). In contrast, possible influence of "motor set" (9). moting during the 5-s sampling epochs. 
studies with restrained rabbits and ~rimates We investigated the possible role of mo- Of 66 units recorded. 12 were classified as " 
emphasize hippocampd cellular involve- tor set for location-specific discharge activity theta cells. The remaining 54 were identified 
ment in associative learning (3) ,  suggesting in freely moving and restrained rats. Four as CS cells, of which 38 (70%) exhibited 
that neuron activity is related to learned animals were trained to tolerate restraint, place specificity in the experimental environ- 
stimulus-response contingencies (4). There which was implemented by snugly wrapping ment. Thirty-one of these cells could be 
is little sign of place-specific neuronal activa- the body and limbs in a towel fastened with monitored during the conditions of free, 
tion in such studies. However, the same cells clips. This procedure allowed the animal to restraint, and recovery. There was an almost 
that develop representations of conditioned 
responses also engage in spatial coding in 
extended environments (5 ) ,  suggesting that 
the two types of activity may reflect process- 
ing of fundamentally similar kinds of infor- 
mation. 

Two hippocampal cell types, complex 
spike (CS) and theta cells, can be identified 
electrophysiologically as pyramidal cells and 
interneurons, respectively (6). In the freely 
moving rat, both CS ahd theta cells dis- 
charge in phase with the rhythmic (theta) 
electroencephalogram (EEG) that accompa- 
nies orienting or translational movements, 
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Fig. 1. Time histograms of two -5.0 o 5.0 -5.0 o 5.0 
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Loc. 1 Loc. 2 L0c. 1 LOC. 2 
(cell 1 and cell 2) from one animal ,? 
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~ n t o  the place field of the other cell 4 
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condtions, each place field thus 
served as a neutral locat~on for the 
other place field (1 1). Spatidv se- 
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