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stimulation not synchronized with respect to the theta oscilla-
tions (that is, 52+ 8%) as in Fig. 1. In the second pathway, out-
of-phase stimulation produced no enhancement (Fig. 3b; change
was —7+2%, n=>35), and in 2 of 5 cases therc was a clear decrease
(for example, Fig. 3a). In the experiments of Fig. 3, the two
pathways were stimulated alternately, but similar results were
obtained in experiments using only one type of stimulation.
These experiments demonstrate that synchronizing stimulation
to the phase of theta waves dramatically affects the amount of
long-term enhancement produced. They also strongly suggest
that the electrical consequences of cholinergic action are respon-
sible for the heightened plasticity.

These results add a new perspective on the role of oscillatory
states in the central nervous system. Previous studies have
focused on the computational importance of brain
oscillations'®'”. Our results, and related in vive work in the
dentate gyrus'®, indicate that oscillations also have consequences
for synaptic plasticity. Specifically, in the oscillatory state, the
phase relation between incoming stimuli and the oscillation
strongly affects the resulting change in synaptic efficacy. Thus,
if incoming activity to the hippocampus is at theta frequency”'*,
only information of the appropriate phase will be stored. This
demonstration of the importance of theta frequency is consistent
with previous work showing that hippocampal plasticity is
especially tuned to theta-frequency inputs even in the absence of
intrinsic rhythmic activity'®%

Studies on hippocampal and neocortical neurons have shown
that acetylcholine affects a variety of biochemical and membrane
processes'"'>?*? and facilitates synaptic plasticity. Specifically,
acetylcholine increased the magnitude and probability of induc-
tion of the long-term potentiation produced by high-frequency
tetanic stimulation®®®. This facilitation of plasticity occurred
under conditions that did not elicit rhythmic activity. Our results
show that when rhythmic activity is induced, the changes in
plasticity are even more dramatic. Under these conditions, high-
frequency stimulation is no longer required and long-term
enhancement is reliably produced even by weak stimulation that
would normally have no effect. Thus an important role of choli-
nergic modulation may be to put the hippocampal networks into
a highly plastic oscillatory state that is specialized for learning.
This may help to explain why the learning of new information
is so strongly disrupted by anticholinergic drugs, such as scopol-
amine, or by the loss of cholinergic neurons, as in Alzheimer’s
dementia. O
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DucHENNE and Becker muscular dystrophy (DMD and BMD)
are X-linked recessive diseases caused by defective expression of
dystrophin'?. The mdx mouse, an animal model for DMD, has a
mutation that eliminates expression of the 427K muscle and brain
isoforms of dystrophin'*. Although these animals do not display
overt muscle weakness or impaired movement, the diaphragm
muscle of the mdx mouse is severely affected and shows progressive
myofibre degeneration and fibrosis which closely resembles the
human disease®*. Here we explore the feasibility of gene therapy
for DMD by examining the potential of a full-length dystrophin
transgene to correct dystrophic symptoms in mdx mice. We find
that expression of dystrophin in muscles of transgenic mdx mice
eliminates the morphological and immunohistological symptoms
of muscular dystrophy. In addition, overexpression of dystrophin
prevents the development of the abnormal mechanical properties
associated with dystrophic muscle without causing deleterious side
effects. Our results provide functional evidence for the feasibility
of gene therapy for DMD.

The dystrophin complementary DNA expression vector
(pMDA) used to generate transgenic mdx mice is diagrammed
in Fig. la. Tissue-specific expression of this full-length murine
dystrophin cDNA” was controlled by regulatory regions of the
mouse muscle creatine kinase (MCK) gene®®. Immunoblot ana-
lysis of transgenic mdx muscle tissue revealed that dystrophin
expression from this transgene was ~50 times the level of endo-
genous dystrophin in control C57BL/10 muscles (Fig. 15). The
exogenous protein in transgenic mdx muscle comigrated with
control dystrophin and migrated at a position corresponding
to M, ~400K. Dystrophin transgene expression was specific to
skeletal and cardiac muscle tissues and was not detected in uter-
ine smooth muscle or in non-muscle tissues such as liver and
brain (Fig. 15). A smear of dystrophin immunostaining is seen
in the undiluted transgenic skeletal and cardiac muscle lanes and
is presumably due to detection of excess dystrophin breakdown
products. The overexpressed transgenic dystrophin, normally
0.002% of total muscle protein', was also observed as a promin-
ent 400K band in Coomassie-blue-stained SDS-polyacrylamide
gels, but was not visible in control or mdx muscle extracts
(Fig. 1b).

A variety of assays demonstrated that the high levels of dystro-
phin produced in the transgenic mice were sufficient to eliminate
dystrophic symptoms from mdx muscles. The localization of
dystrophin by immunofluorescence in control, mdx and trans-
genic mdx muscle is shown in Fig. 2a. Increased dystrophin
expression was apparent from the increased immunofluorescence
of transgenic mdx muscles compared with control muscles. Dys-
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FIG. 1 a, Full-length dystrophin cDNA expres- @
sion vector pMDA. The expression of the murine M-Creatine kinase - MCK
dystrophin cDNA’ was regulated by 6.5 kb of ~ Premoerenhancer 3

MCK gene sequences, including — 3,300 bp

MCK SV40
B><20n Full-length murine dystrophin ¢cDNA (13.815bp) poly {(A)

~ V77 »MA 05kb)

upstream of exon 1, the complete first intron,

and a truncated exon 2 deleted just 5’ of the
MCK initiator methionine®. A muscle specific
enhancer is located 1,200 bp upstream of the
transcription start site and a modulatory control
element is located within the first intron®. The  }
SVAQ polyadenylation site was inserted 3’ of

the dystrophin ¢DNA. Non-coding regions of
dys-trophin ¢cDNA are represented by hatched
boxes. b, Coomassie-blue-stained 6% SDS-
polyacrylamide gel and immunoblot analysis of
dys-trophin (DYS) expression in SDS-extracts of M,(K)
6-month C57BL/10 normal control, mdx and
transgenic mdx (Tg-mdx) mouse muscle. —
Molecular weight standards ( x 10~ 3) are indi-

cated on the left. SkM: skeletal muscle. -
METHODS. Transgenic mice were generated by

microinjection of purified pMDA insert into F,

hybrid zygotes from C57BL/6J x SIL/J parents

T
-3,300bp

l Control SkM
Tg-mdx SkM

Y} maxskm

;

identified by the polymerase chain reaction
(PCR) using primers specific for MCK intron 1
and the dystrophin cDNA. Two founder Fq F
females were generated and upon mating with by b
C57BL/10 mdx males, one of the F, mice

transmitted the transgene to F, offspring.

Transgenic mice on the mdx background were

produced by breeding transgenic F, females 105 - W ae &
heterozygous for the mdx mutation with
C57BL/10 mdx males. The progeny were scre-
ened for the presence of the transgene by PCR
and for the presence of the mdx point mutation
by an allele-specific oligonucleotide assay using PCR primers flanking
murine exon 23 as described?>. Dystrophin expression was analysed by
loading 100 pug of total protein from each tissue and 1/5, 1/10, 1/
20 and 1/50 dilutions of transgenic mdx skeletal muscie extracts (as
determined by the Coomassie-plus protein assay (Pierce)) onto identical

as described®2. Positive transgenic mice were 200 - '“?- vt .
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6%-polyacrylamide gels. One gel was stained with Coomassie brilliant
blue and the other transferred to nitrocellulose and stained with Dys-2
monoclonai antibody (Nova Castra), which recognizes the final 17 amino

acids of dystrophin. Electrophoretic transfer to a membrane and
immunostaining have been described”.

Skeletal muscle Diaphragm

Control
mouse

mdx mouse

Transgenic
mdx mouse

FIG. 2 immunostaining and histological analysis of age-matched (6-
month) C57BL/10 control, mdx and transgenic mdx muscle. a, Dys-
trophin immunostaining is localized to the sarcolemma of control quad-
riceps, cardiac and diaphragm muscles and is absent from mdx muscle,
except for rare revertant dystrophin-positive fibres. (Magnifications: m
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SDS-extracts of skeletal muscle

FIG. 3 a, Immunobliot analysis of dystrophin and DAPs in the skeletal
muscles of control, mdx and transgenic mdx mice. b, Immunohisto-
chemical analysis of dystrophin and the DAPs in the skeletal muscles
of normal, mdx, and transgenic mdx mice. Dystrophin, the laminin-
binding 156K dystroglycan (156DAG) and S0DAG are shown. The 59K
dystrophin-associated protein (59DAP), 43K dystroglycan (43DAG) and
35K dystrophin-associated glycoprotein (35DAG) showed a similar
staining pattern as the 50DAG (not shown). ¢, Immunohistochemical
analysis of dystrophin and DRP in the cardiac muscle of normal, mdx
and transgenic mdx mice. Scale bars in b and ¢=40 pm.

METHODS. Immunobiot analysis of SDS extracts of muscle
specimens'>'® and immunohistochemistry of muscle specimens®>*®
have been described. Affinity-purified rabbit antibody against the last
10 amino acids of the C terminus of dystrophin (&), affinity-purified rabbit
antibody against the first 15 amino acids of the N terminus of dystrophin

trophin expressed from the transgene was localized correctly to
the sarcolemma, although additional dystrophin staining in the
sarcoplasm of transgenic mdx muscles was observed and may
have been due to saturation of membrane-binding sites. Histo-
logical examination of control, mdx and transgenic mdx limb
skeletal muscles and diaphragm muscles revealed a complete
correction of dystrophic pathology in the transgenic animals
(Fig. 2b). Features of mdx muscle pathology such as necrosis,
large variation in fibre size, increased degeneration and regenera-
tion with centrally located nuclei, and progressive degeneration
and fibrosis of diaphragm muscle, were all absent from the trans-
genic mdx mice.

quadriceps, 11.6 x; cardiac and diaphragm, 23 x). b, Haematoxylin-
and eosin-stained sections of transgenic mdx quadriceps and
diaphragm muscles show corrected dystrophic mdx histopathology.
Note the absence of fibrosis and centrally located nuclei in the control
and transgenic mdx muscles (maghnifications, 23 x). The apparent
difference in fibre size between transgenic and control muscle was not
reproduced in further sections and is not a general feature of transgenic
mdx muscle.

METHODS. Immunostaining of unfixed 7 um muscle cryosections was
done with a 1/1,000 dilution of a rabbit polyclonal antibody against the
first 410 amino acids of dystrophin using conditions described
previously*. Histological 4 um sections were prepared from muscle tis-
sues fixed in 4% paraformaldehyde and 1% gluteraldehyde, embedded
in glycol methacrylate and stained with haematoxylin and eosin.
Samples were photographed with brightfield illumination on a Nikon
Optiphot-2 microscope equipped with a UFX-DX photomicrographic
system.
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(b and c¢), affinity-purified rabbit antibody against the last 12 amino
acids of the C terminus of DRP (c), monoclonal antibody against 156DAG
(@) and affinity-purified sheep antibodies against 156DAG, 59DAP,
50DAG, 43DAG and 35DAG (a, b) were used ¥ 162425,

Dystrophin is normally associated with a large oligomeric
complex of sarcolemmal glycoproteins, inciuding dystroglycan,
which provides a linkage to the extracellular matrix component
laminin'®"?. In the absence of dystrophin in DMD patients and
mdx mice, all of the dystrophin-associated proteins (DAPs) are
reduced in the sarcolemma'*". The specific deficiency of the
50K dystrophin-associated glycoprotein (50DAG) alone causes
a muscular dystrophy with a DMD-like phenotype'®. These find-
ings suggest that all of the DAPs, in addition to dystrophin,
must be restored in the sarcolemma for the transfer of the dystro-
phin gene to be successful in correcting the mdx phenotype.
Immunoblot analysis of skeletal muscle extracts demonstrates
the restoration of all of the DAPs in transgenic mdx skeletal
muscles (Fig. 3a). Immunohistochemical analysis of limb (Fig.
3b) and diaphragm (data not shown) skeletal muscles reveals
that both dystrophin and the DAPs co-localize to the sarco-
lemma in the transgenic mdx mouse. Interestingly, both
immunoblot and immunohistochemical analysis (Figs 3a, b)
indicate that the ratio of dystrophin to DAP expression is greater
in transgenic muscle than in control muscle. Furthermore,
immunoblot analysis of skeletal muscle membrane preparations
reveals that the amount of dystrophin in the membranes appear
to be the same for transgenic mdx and control mice (data not
shown). These findings suggested that the sarcolemma of trans-
genic mdx mice was saturated with the DAPs and that a substan-
tial fraction of the overexpressed dystrophin was not associated
with the DAPs. The sarcolemmal expression of the dystrophin-
related protein (DRP) has been reported to be upregulated in
mdx cardiac muscle'®. We were unable to detect DRP by
immunohistochemical analysis of the sarcolemma of cardiac
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FIG. 4 Dystrophin expression in ske-
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mice were obtained from the retro-
orbital sinus using heparinized cap-
illary tubes. Serum CK measure-
ments were determined using a
coupled enzyme spectrophotometric
assay (Sigma). Diaphragm strips 1 to
2 mm wide, including an adjacent
section of a single rib and part of the
central tendon, were cut from the central region of the lateral costal
hemidiaphragm and immersed in an oxygenated bath containing mam-
malian Ringer solution (pH 7.4) at 25 °C. Muscles were adjusted to the
optimum lengths (L) for the development of isometric force. Force was
determined during maximum isometric tetanic contractions. Power out-
put was determined by isovelocity shortenings from 100% L, to 90%
Lo during maximum muscle activation. Initiation of the isovelocity short-
ening ramp and stimulation of the muscle occurred simultaneously.

Control (8)

muscles from transgenic mdx and control mice (Fig. 3¢). In
contrast, DRP was detected in the sarcolemma of cardiac
muscles from the mdx mouse (Fig. 3¢). The suppression of the
upregulation of DRP in cardiac muscles from transgenic mdx
mice was confirmed by immunoblot analysis (data not shown).

The physiological effects of dystrophin expression on muscle
pathology were assessed by measuring serum creatine kinase
levels at 3, 4 and 5 weeks of age in control, mdx, and transgenic
mdx littermates (Fig. 4a). Heterozygous (+/mdx) female mice
display an extremely limited pathology'”'® and are thus useful
as age-matched phenotypically normal controls. There were no
significant differences in the serum creatine kinase levels of con-
trol and transgenic mdx littermates (/-test with unequal vari-
ances, P>0.05), but serum creatine kinase was significantly
higher in mdx mice than in the transgenic mdx littermates
(P<0.001) at all times tested. Functional correction of the mdx
muscle pathology was demonstrated by comparing the contract-
ile performance of in vitro bundles of diaphragm muscle fibres
from control, mdx and transgenic mdx littermates at 3 months
of age (Figs 4b and ¢). Compared with the mean values for
control mice of 236 kN m™ for specific force and 79.9 W kg™
for normalized power, the values for muscles from transgenic
mdx mice were not significantly different, whereas those for
muscles from mdx mice were significantly lower at 63 and 66%
respectively (P <0.001). In addition, there were no differences in
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Stimulation was terminated at the end of the shortening ramp. Power
output during a single contraction was calculated as the product of
average force and velocity of shortening. The velocity of shortening and
the frequency of stimulation were adjusted to elicit maximum power
output®®?”. After measurements of power, the central tendon and rib
bone were trimmed and the muscle was blotted and weighed immedi-
ately. Specific force (kN m~?) values were normalized to mean cross-
sectional area. Power (W) was normalized by muscle mass (W kg ™).

serum creatine kinase, and normalized force and power of the
diaphragm muscle between normal (+/mdx) female littermates
with and without the dystrophin transgene (P> 0.05; Fig. 4d),
and so no toxic side effects resulted from overexpression of
dystrophin.

We have demonstrated the functional correction of muscular
dystrophy by tissue-specific expression of a full-length dystro-
phin cDNA clone in transgenic mdx mice. Although the high
levels of dystrophin obtained may partially reflect the site of
transgene integration, the MCK promoter is known to be highly
active in skeletal and cardiac muscle’. Furthermore, MCK-regul-
ated transgenes expressing other dystrophin isoforms have also
given high levels of muscle expression (J.S.C. et «l., unpub-
lished). These studies indicate that MCK regulatory regions may
be useful in the design of vectors for muscle gene therapy. A
transgenic mdx mouse expressing extremely low amounts of a
mutant dystrophin from a murine retroviral promoter has been
reported'”. These mice had their symptoms partially corrected,
but it was unclear if the absence of a complete correction was
due to low protein expression or to functional deficiencies of the
truncated dystrophin clone. The correct size of the transgenic
protein on immunoblots and detection with antibodies against
the N terminus and C terminus (Figs 15 and 36), indicate that our
transgene encodes the entire dystrophin protein. Furthermore,
overexpression of the full-length dystrophin transgene does not
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result in an adverse phenotype (Figs 26 and 4d). This lack of
toxicity suggests that tight control over dystrophin expression
levels may not be necessary for correction of muscular dystro-
phy. Delivery of exogenous dystrophin by viral vectors with sub-
optimal infection frequencies might benefit from overexpression
of dystrophin in portions of a multinucleated myofibre without
concern for cytotoxicity™. Although progressive skeletal muscle
weakness and wheelchair confinement are the most obvious
symptoms of DMD, most patient deaths result from respiratory
failure®. The restoration of normal values for force and power
development in transgenic mdx diaphragm muscles provides
functional evidence supporting the feasibility of gene therapy for
DMD.
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THe CD4 and CD8 glycoproteins are expressed on helper and
cytoxic T lymphocytes, respectively, and have important functions
in the differentiation and activation of these cells'™®. These
molecules are thought to participate in signal transduction by
binding to the same class II or class I major histocompatibility
complex molecules that are engaged by the T-cell antigen
receptor” ">, The cytoplasmic domains of both CD4 and CDS inter-
act with the protein tyrosine kinase p56"" (refs 14-17), an essential
participant in thymocyte maturation'® and T-cell activation'’,
This interaction is required for effective in vitro responses to
antigen®®, suggesting that signalling through p56"* is a major
function of CD4 and CDS8. Here we investigate the role of the
CD4-p56"* interaction during T-lymphocyte development by
expressing wild-type and truncated products of CD4 transgenes in
mice that Jack endogenous CD4 and hence have defective helper-
cell development™*. We find that transgenic CD4, which cannot
associate with p56'“, can nevertheless rescue the helper-cell lineage
when overexpressed. This result indicates that the contribution of
CD4 to lineage development need not involve signalling through
p56"“, and provides insight into the general function of CD4 and
CDS.

Transgenic mice expressing wild-type or cytoplasmic domain-
deleted CD4 molecules were generated using murine CD4
minigenes’™”' under the transcriptional regulation of the CD38
enhancer and promoter®® (Fig. 1). These animals were then bred
for homozygosity of a null mutation at the endogenous CD4
locus®, thereby permitting analysis of the function of the trans-
gene-encoded proteins. To assess the extent of lineage develop-
ment in the various transgenic mice, thymocytes and lymph node
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FIG. 1 Structure of the CD4 transgenes. Minigene constructs®®>* enco-
ding wild-type or cytoplasmic domain-deleted (Acyt) CD4 molecules
were fused to the enhancer (enh) and promoter (pro) elements of the
mouse CD36 gene (Notl-Sall fragment of pNeZ; ref. 22). The same
minigenes under transcriptional regulation of the Ick proximal promoter
have been described previously’®?*. Promoter substitution was effected
in order to facilitate an evaluation of the influence of transgene expres-
sion on phenotype. CD35-CD4 transgenes were microinjected®® into
C57BL/6 x SIL F, eggs that had been fertilized by CD4—/—males
(C57BL/6 x DBA/2 x 129). Founders and their progeny were identified
by FACS analysis of peripheral blood mononuclear cells using anti-CD4
(GK1.5-PE from Becton-Dickinson). One line expressing wild-type CD4
and seven expressing tailless CD4 were then back crossed to
CD4—/—mice.

cells were analysed by flow cytometry (Fig. 2). As previously
shown®, in the absence of CD4 expression (Fig. 2a, —/—), the
development of the CD4 lineage was hampered and only ~10%
of peripheral T cells were CD8 ", as compared with 60-70%
CD4"CD8 ™ T cells in mice expressing endogenous CD4 (Fig.
2a, +/—). Expression of the wild-type transgene, at a level simi-
lar to that of endogenous CD4, re-established the normal pro-
portions of CD4 and CD8 lineage cells, which could be readily
discriminated by their differential expression of CD8 (Fig. 2a,
—/—wt). Introduction of CD4 lacking the cytoplasmic tail into
the CD4— /- background also resulted in rescue of the CD8 ™ T-
cell subset, but the number of these cells varied between different
transgenic lines. Strikingly, there was a direct correlation
between the proportion of CD4 lineage cells and the level of cell-
surface expression of the tailless CD4 molecule. Analyses of
three transgenic lines expressing different levels of the tailless
molecule are shown in Fig. 2a-¢ (—/—Acyt). Whereas expression
of the tailless molecule at a level lower than that of endogenous
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