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Nitric oxide generated by muscle corrects defects in
hippocampal neurogenesis and neural differentiation
caused by muscular dystrophy
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Duchenne muscular dystrophy (DMD) results from null mutation of dystrophin, a
membrane-associated structural protein that is expressed in skeletal muscle. Dystrophin
deficiency causes muscle membrane lesions, muscle degeneration and eventually death in
afflicted individuals. However, dystrophin deficiency also causes cognitive defects that are
difficult to relate to the loss of dystrophin. We assayed neurogenesis in the dentate gyrus
(DG) in the mdx mouse model of DMD, using bromodeoxyuridine incorporation as a marker
of proliferation and NeuN expression as a marker of differentiation. Our findings show that
dystrophin mutation disrupts adult neurogenesis by promoting cell proliferation in the DG
and suppressing neuronal differentiation. Because loss of dystrophin from muscle results in
the secondary loss of neuronal nitric oxide synthase (nNOS), and NO is able to modulate
neurogenesis, we assayed whether the genetic restoration of nNOS to mdx muscles corrected
defects in adult, hippocampal neurogenesis. Assays of NO in the sera of active mice showed
significant reductions in NO caused by the dystrophin mutation. However, over-expression of
nNOS in the muscles of mdx mice increased serum NO and normalized cell proliferation and
neuronal differentiation in the DG. These findings indicate that muscle-derived NO regulates
adult neurogenesis in the brain and loss of muscle nNOS may underlie defects in the central
nervous system in DMD.
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Cognitive defects were first identified as a feature of the
pathology of Duchenne muscular dystrophy (DMD) in
1868 (Duchenne, 1868; Allen & Rodgin, 1960; Marsh &
Munsat, 1974), although the relationship between the loss
of dystrophin and the associated defects in learning and
memory remain obscure. Cognitive defects in DMD are
significant; DMD boys have IQs that are about 1 standard
deviation below normal, and more than 30% of DMD
boys score in the mentally retarded range (Karagan, 1979;
Emery, 1993; Bresolin et al. 1994; Mehler, 2000; Anderson
et al. 2002). Many early explanations for the cognitive
impairments are inconsistent with current knowledge.
For example, the expectation that lack of physical activity
per se is a primary cause for the deficiencies in learning
and memory in DMD was contradicted by the finding
that boys with comparable motor impairments caused by
spinal muscular atrophy show no significant defects in
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cognition (Whelan, 1987; Billard et al. 1998). Similarly,
the possibility that the defects in cognition result from
depression caused by the chronic, progressive disease state
was not supported by findings that DMD boys show no
increased frequency or severity of depressed mood state
when compared to healthy boys (Hinton et al. 2001).

The specificity of cognitive defects in DMD suggests
that specific brain regions may be selectively affected
by dystrophin’s absence. DMD boys show particular
deficiencies in memory that appear most prominently as
an impaired ability to recall recent verbal information,
such as repeating stories told by others, recalling series of
numbers, and following long, verbal instructions (Blake
& Kroger, 2000; Hinton ef al. 2000, 2001). However, no
significant deficiencies occur in more abstract cognitive
skills (Hinton et al. 2001). Although no single region
of the brain is solely responsible for the formulation or
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recall of memories, numerous observations implicate the
hippocampus. For example, a human patient who received
a bilateral hippocampectomy lost all ability to remember
recent events, although long-distant memories and higher,
abstract cognitive skills remained intact (Scoville & Milner,
1957). Similarly, rodents with hippocampal lesions show
impaired memory (Morris et al. 1982). Together, these
observations indicate that the hippocampus may be a site
in the central nervous system in which functional defects
result from the loss of dystrophin from muscle.

Current knowledge of the cellular basis of memory
indicates that adult neurogenesis provides a mechanism
through which synaptic plasticity and associated memory
may be promoted in the hippocampus (van Praag
et al. 1999; Shors er al. 2001, 2002; Kempermann &
Gage, 2002; Drapeau et al. 2003). In the hippocampus,
neuronal progenitor cells from the subgranular zone of
the DG migrate into the granule cell layer where they
differentiate into neuronal or glial cells. Newly generated
neuronal cells can then extend their axons into the CA3
region of the hippocampus about 4-9 days following
their mitosis; these axons can then form synapses with
adjacent cells (Altman & Das, 1965; Gould et al. 2000;
van Praag et al. 2002). Thus, the generation of new
synaptic networks by recently differentiated neurons may
possibly provide an adaptive outcome of adult neuro-
genesis that could influence memory formation. However,
increased proliferation of neurons in the DG may also
disrupt information processing within the hippocampus.
Action potentials are more readily generated in newly born
neurons in the DG, and the threshold for the induction
of long-term potentiation (LTP) of presynaptic inputs to
young granule cells is lower than in mature granule cells
(Schmidt-Hieber et al. 2004). Thus, abnormally high or
low levels of neurogenesis and the resulting abnormal
patterns of synaptic connectivity or neural activity may
contribute to cognitive impairments reported in DMD.

Although adult neurogenesis is subject to multiple
regulatory factors, including growth factors, hormones
and corticosteroids (Gould et al. 2000), recent studies have
shown that nitric oxide (NO) can play important roles in
regulating neurogenesis in vivo and in vitro. For example,
in vitro observations show that NO donors promote
the differentiation of embryonic hippocampal neurons
(Hindley et al. 1997) while NOS inhibitors can reduce
the expression of differentiation markers in PC12 cells
(Poluha et al. 1997). Similar effects have been observed in
vivo. Systemic administration of NOS inhibitors into adult
mice increases cell proliferation in neurogenic regions of
the brain but decreases neuronal differentiation (Cheng
et al. 2003; Packer et al. 2003; Moreno-Lopez et al. 2004).
NO may also affect adult neurogenesis by influencing
survival of newly generated neurons. Although no in vivo
data are yet available to address this possibility in the DG,
NO can mediate NGF-promoted neuronal cell survival in
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vitro (Teng et al. 1999). These observations provide strong
evidence that perturbations of NO levels can influence
adult neurogenesis.

Loss of nNOS expression and activity in muscle is
a physiologically important consequence of dystrophin
deficiency. Muscles of DMD patients and mdx mice
experience approximately an 80% loss of NOS activity in
muscle (Chang et al. 1996) because dystrophin deficiency
leads to a secondary loss of nNOS from muscle (Brenman
et al. 1995; Chang et al. 1996). Loss of muscle-derived
NO can disregulate the autonomic control of blood flow
to muscle (Thomas et al. 1998; Sander et al. 2000),
can perturb normal inflammatory processes in muscle
(Wehling et al. 2001) and can disrupt the normal structure
of neuromuscular junctions (Shiao et al. 2004). However, it
is also possible that loss of muscle NO production leads to
broader, systemic defects in NO-mediated processes that
have not been identified. NO in expired gases and in the
serum is significantly lower in DMD patients (Gucuyener
et al. 2000; Straub et al. 2002), which suggests that much of
systemic NO in healthy individuals may be derived from
muscle nNOS. Thus, the reduced levels of systemic NO
in dystrophinopathy could be associated with impaired
neurogenesis, if NO were a regulator of adult neurogenesis
in the DG.

In the present investigation, we tested the hypothesis
that changes in nNOS expression and activity in muscle
can influence neurogenesis in the DG. Specifically, we
tested whether loss of nNOS in dystrophic muscle
influences the proliferation of new neurons in the DG
of active mice, and whether differentiation of DG neurons
is affected by the dystrophin mutation. We then assessed
whether the muscle specific expression of a nNOS trans-
gene can affect levels of NO systemically and also influence
proliferation of cells in the DG and the differentiation of
DG neurons.

Methods
Mice

All experimental protocols involving the use of mice were
conducted according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and
were approved by the University of California, Los Angeles
Institutional Animal Care and Use Committee. Adult
mdx (C57BL/10ScSn-Dmd™*/]), nNOS null mutant
(B6;129S4-Nos1"™P" /1) and wild-type (C57BL/6) mice
were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). Muscle-specific nNOS transgenic mice
(Tg+) and nNOS transgenic mdx mice (Tg+/mdx) were
produced as we described previously (Wehling et al. 2001)
using rat nNOS cDNA in pCMV5 (provided by Dr James
T. Stull, University of Texas, SouthWestern, Dallas, TX,
USA) that was cloned downstream of the 2.2 kb human
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skeletal actin promoter and the vpl intron (provided
by Dr Jeffrey Chamberlain, University of Washington,
Seattle, WA, USA). Positive transgenic mice were identified
by PCR analysis for human skeletal actin promoter.
Overexpression of the transgene was confirmed by
Western blotting for nNOS using goat anti-rat nNOS
antibody (BD Biosciences, Franklin Lakes, NJ, USA).
Transgenic mice were extensively back-crossed onto the
C57BL/6 background. mdx mice that were used in the
investigation were non-transgenic littermates of Tg+/mdx
crossed onto the C57BL/6 background. Mice 4-6 months
old were used for all experiments.

Mouse running

Mice used for treadmill running experiments were
run for 30 min on the treadmill at 10 m min~' and
then immediately killed by intraperitoneal injection of
pentobarbital sodium. In voluntary running assays, mice
were housed individually in cages with running wheels for
14 days. The distance run by each mouse was recorded by
automatic counter installed on its running wheel.

BrdU administration

Mice received one 10 mg ml~! intraperitoneal injection of
sterile 5-bromodeoxyuridine (BrdU; Sigma) in phosphate
buffered saline (PBS) daily for 10 consecutive days at
50 pg (g body weight)~!.

Measurements of serum NO concentration

Blood was collected from the heart of ambulatory
mice or from mice after the completion of running.
Protein was precipitated to obtain plasma for NO
analysis. NO concentrations in plasma were measured
using NO analyser (NOA, Sievers, GE Analytical
Instruments, Boulder, CO, USA). NOA measures the
concentration of NO by first converting nitrate, nitrite
and S-nitrosocompounds in the plasma to free NO with
vanadium (III) chloride in hydrochloric acid. NO reacts
with ozone in a gas-phase chemiluminescence reaction to
form electrically excited nitrogen dioxide, the emission of
which can be detected by a red-sensitive photomultiplier
tube.

Immunohistochemistry

Brains were dissected and frozen in isopentane
immediately after the mice were killed. Frozen brain
sections 10 um thick were cut serially throughout the
rostrocaudal extent of the granule cell layer of the dentate
gyrus. Immunohistochemistry staining was done in one
out of 10 serial slides (100 xm apart) for labelling of BrdU,
and in one of 40 serial slides (400 um apart) for double
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labelling of BrdU and NeuN. The sections were then
fixed with 2% paraformaldehyde and treated with 2 N HCI
for denaturing DNA. The primary antibodies used were
mouse anti-NeuN (1 : 100, Chemicon, Millipore, Billerica,
MA, USA), ratanti-BrdU (1 : 200, Abcam Inc., Cambridge,
UK). The secondary antibodies were anti-mouse FITC,
anti-rat Texas Red, anti-rabbit FITC.

Stereology

BrdU+ cells in the left granule cell layer and sub-
granule cell layer were counted blindly in every tenth
serial section along the rostrocaudal axis of the DG
using fluorescence microscopy. The subgranule cell layer
refers to the proliferative zone located at the border of
granule cell layer facing hilus, which is approximately two
granule cell diameters thick. The adjacent sections were
stained with haematoxylin for measuring the volume of
the granule cell layer by light microscopy. The granule cell
volume was determined by summing the traced granule
cell areas for each section multiplied by the distance
between sections, and the total number of BrdU-+ cells
was determined in a similar way. Then the densities of
BrdU+ cells in the DG were calculated by dividing the
total BrdU+ cells by the volume of the DG (mm?).

Analysis of proliferative cell differentiation

Total cells labelled with BrdU and cells double-labelled
with BrdU and NeuN were counted blindly in one-in-forty
serial sections under the confocal microscope. The
percentage of the double-labelled cells (BrdU and NeuN)
out of the total number of BrdU+ cells was determined as
an index of proliferative cell differentiation.

Apoptosis assay

The number of apoptotic cells in brain sections was
quantified by performing the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labelling (TUNEL)
assay. This method identifies apoptotic cells in situ by
using terminal deoxynucleotidyl transferase (TdT) to
transfer biotin-dUTP to the free 3’OH of cleaved DNA.
The biotin-labelled cleavage sites were then visualized
by reaction with fluorescein-conjugated avidin. Briefly,
the tissue slides were fixed, blocked and incubated with
the TUNEL solution containing TdT and biotin-dUTP,
fluorescein-conjugated avidin and then observed by
fluorescence microscopy.

Western blot analysis

Western blot analysis was used to assay for nNOS,
eNOS, or iNOS expression. Homogenized skeletal
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muscle, brain, kidney, liver and the ascending, arch,
thoracic and abdominal aortae were tissue sub-
jected to the SDS-polyacrylamide gel electrophoresis
transferred onto nitrocellulose membrane, incubated
with specific primary antibodies, goat anti-rat nNOS
antibody (BD Biosciences), rabbit anti-endothelial NOS
(anti-eNOS; BD Transduction Laboratories), or rabbit
anti-inducible NOS (iNOS; Upstate Biotechnology, Inc.,
Lake Placid, NY, USA). The blots were then incubated
with horseradish peroxidase-linked secondary antibodies
(1:50000, Amersham) and visualized with enhanced
chemiluminescence.

Statistical analysis

Data are presented as mean =+ S.E.M. One-way analysis of
variance was used to test whether variation between groups
was significant at P < 0.05. The Bonferonni’s multiple
comparisons test was then used to test for differences
between pairs of experimental groups with P < 0.05.

Results
Muscle-derived NO is distributed systemically
in physically active mice

Nitric oxide concentration in the sera of sedentary animals
does not differ in wild-type, mdx or nNOS null mice,
showing that neither nNOS in skeletal muscle nor total
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Figure 1. nNOS-derived NO contributes significantly to serum
NO in active, but not sedentary, mice

[NO] was measured in sera that were collected from sedentary mice,
or mice immediately after completion of treadmill running (acute), or
voluntary running for 14 days (chronic). The lack of difference in
serum [NO] in sedentary wild-type (n = 14), Tg-/mdx (n = 6), NNOS
null (n = 6) or Tg+/mdx (n = 6) mice shows that nNOS-derived NO
does not contribute significantly to serum NO in sedentary mice. Ten
mice were analysed in the Tg+ group. However, acute activity
increased serum [NO] in wild-type (n = 20), Tg+/mdx (n = 6) and Tg+
(n = 10) mice, but not in Tg—/mdx (n = 6) mice, showing that muscle
nNOS elevates serum [NO] in active mice. Voluntary running for

14 days increased serum [NO] in Tg+/mdx (n = 6) mice, but not in
wild-type (n = 6) or mdx mice (n = 6). #Differs significantly from mdx
under same treatment conditions. *Differs significantly from sedentary
mice of same genotype.
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systemic nNOS contributes detectably to serum NO in
inactive animals (Fig. 1). Thus, serum NO is likely to
reflect eNOS-derived NO under sedentary conditions
in each of these mouse lines. The elevated NO in sera
of wild-type mice that expressed the nNOS transgene
(Tg+) (Fig. 1) reflects the 30- to 50-fold elevation in
nNOS protein levels in this line (Wehling et al. 2001).
NO concentration in sera collected immediately after
a single bout of treadmill running shows that physical
activity elevates serum [NO] in wild-type mice, but
not in mdx mice that do not express a muscle-specific
nNOS transgene (Tg—/mdx mice) (Fig. 1). This finding
indicates that NO generated by muscle nNOS contributes
significantly to systemic NO in physically active animals.
Furthermore, expression of a muscle-specific nNOS
transgene restores the activity-induced increase in
serum [NO] in Tg—/mdx mice (Fig. 1), providing
additional evidence that muscle-derived NO is distributed
systemically in physically active animals. However,
elevations of systemic NO in sera were not evident after
prolonged periods of increased, voluntary activity in
wild-type mice when there was a delay between increased
physical activity and collection of serum for analysis (Fig.
1). This suggests that the elevation in muscle-derived
NO in the serum is an acute effect of increased physical
activity in wild-type mice. Although elevations in serum
NO were not observed in wild-type mice after 14-days
of voluntary treadmill running, NO levels in the serum
of Tg+ mice were increased after a period of similar
activity. This difference between wild-type and Tg+ mice
is likely to reflect that the nNOS transgene is driven by
the skeletal actin promoter, which may be influenced by
chronic elevations in muscle activity in mice.

Dystrophin-deficient mice show defects in
hippocampal neurogenesis that are corrected
by expression of a muscle-specific NNOS transgene

We tested whether adult, hippocampal neurogenesis
differed in wild-type mice, mdx mice or mdx mice that
expressed a muscle-specific nNOS transgene (Tg+/mdx
mice) during voluntary running because this condition
most resembles the natural activity level of mice. Although
there was no significant difference in distance run in the
strains (data not shown), the total number of BrdU+ cells
in the DG of Tg—/mdx mice was over twofold greater than
in wild-type mice (Fig. 2A), with similar differences in the
densities of newly born cells (Fig. 2B, C). These increases in
cell number and density were prevented by the expression
of the nNOS transgene in mdx muscles, suggesting that the
defect in neurogenesis in Tg—/mdx mice may be caused by
loss of muscle-derived NO in the systemic circulation.
Although measurements of serum NO concentration did
not differ significantly between wild-type and Tg—/mdx
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(Fig. 1, ‘acute’ group) showed significant elevation of
serum NO in wild-type mice, but not in Tg—/mdx mice.

We also tested whether the differentiation of newly born
cells in the hippocampus was influenced by dystrophin
deficiency or the expression of a muscle-specific
nNOS transgene in mdx mice. Hippocampal neuronal
differentiation was measured after completion of 14 days
of voluntary running by assaying the percentage of BrdU+
cells in the hippocampus that expressed NeuN, a marker of
neuronal differentiation. Our results show that the large,
significant decline in neuronal differentiation in Tg—/mdx
mice is prevented by the expression of the nNOS transgene
in muscle (Fig. 3A-D).

Previous findings showing that DG cells can be lost
by apoptosis in vivo (Bye et al. 2001) and that NO can
affect the frequency of apoptosis in at least some cell
types (Albina et al. 1993; Williams et al. 2008) suggested
the possibility that the differences in the number of
NeuN+/BrdU+ cells could be influenced by occurrence
of apoptosis in wild-type or mdx DG cells. However,
no TUNEL+ cells were observed in the hippocampi of
wild-type or mdx mice sampled after the end of voluntary
running (data not shown), showing that the net differences
in proliferation or neuronal differentiation in the brains
of wild-type and dystrophin-deficient mice were not a
reflection of differences in neuronal apoptosis.
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Figure 2. The nNOS transgene significantly decreases cell
proliferation in the DG of adult mdx mice during voluntary
running

The total BrdU+ cells in the DG (A), the total volume of the DG (B),
and the densities of BrdU+ cells (C) are shown. *Differs significantly
from wild-type. #Differs significantly from mdx (P < 0.05). Six mice
were analysed in each group.

Expression of a nNOS transgene in muscle does not
influence expression of NOS in the hippocampus

The finding that expression of the nNOS transgene

mice, the delay between the completion of the most
recent bout of voluntary activity and serum collection
permitted serum NO levels to return to sedentary levels.
NO levels in sera collected immediately after running

driven by the skeletal muscle actin promoter affected
hippocampal neurogenesisled us to test whether transgene
expression influenced the expression of nNOS or eNOS in
the hippocampus. If this were to occur, then the effects on
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Figure 3. The nNos transgene normalizes the E 104
neuronal differentiation of proliferative cells in the o
DG of adult mdx mice. Differentiation is expressed Z 0

as the percentage of BrdU+ cells that express
NeuN in the DG (A)

*Differs significantly from mdx (P < 0.05). B-D, BrdU+
and NeuN+ cells in the DG. Sections were labelled with
anti-NeuN (B) and anti-BrdU (C). Bar, 80 um. The
merged image is shown in D. Arrows indicate
double-labelled cells. Six mice were analysed in each
group.
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neurogenesis could be attributable to local changes in NO
production in the hippocampus, rather than increased
NO production in muscle. However, the concentrations
of nNOS and eNOS in the hippocampi of Tg+/mdx
mice did not differ from their respective concentrations
in either wild-type mice or Tg—/mdx mice (Fig. 4A). We
also tested whether nNOS transgene expression influenced
iNOS expression in the hippocampus because previous
investigators have shown that elevated iNOS in the
hippocampus could affect neurogenesis (Zhu et al. 2003).
No iNOS was detected in the hippocampi of wild-type,
Tg—/mdx or Tg+/mdx mice (Fig.4A). We also assayed
whether changes in NO in the sera of nNOS transgenic
animals could be attributed to a secondary increase in
eNOS in blood vessels or muscle of nNOS transgenic
animals, but found no effect of transgene expression on
the concentration of eNOS in those tissues (Fig. 4B). No
nNOS was detectible in other major organs such as the
kidneys or livers of Tg+/mdx or Tg—/mdx mice (Fig.
5). Although nNOS expression occurred in the brains of
Tg+/mdx mice, Western blots showed no differences in
nNOS expression in the brains of Tg—/mdx and Tg+/mdx
mice (Fig. 5). Some Tg+/mdx mice showed a small
increase in nNOS expression in large, muscular arteries,
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such as the thoracic and abdominal aortae (Fig.5A).
However, immunohistochemistry revealed no detectable
nNOS expression in the walls of smaller arteries and
arterioles in Tg+/mdx mice (Fig. 5C). Collectively, these
data indicate that skeletal muscle is the major source of
elevated, systemic NO in this Tg+/mdx line, although
there may be a small contribution by smooth muscle in
the walls of large, muscular arteries.

Discussion

DMD is a monogenic disease that results from loss
of dystrophin, a single, low-prevalence protein at the
muscle cell membrane (Hoffman et al. 1987). Structural
similarities between dystrophin and other cytoskeletal
proteins (Koenig et al. 1998) and the weakening of the
muscle cell membrane in the absence of dystrophin
(Petroff et al. 1993; Pasternak et al. 1995) provided strong
evidence for the mechanical role of dystrophin, and offered
a clear explanation for why dystrophin-deficient muscle
suffers injury and early death under physiological stresses.
However, many features of the complex phenotype of
DMD are inexplicable in terms of a mechanical defect
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Figure 4. nNOS transgene expression does not
elevate the expression of other NOS isoforms,
indicating that increases in NO production in
transgenic mice are attributable to nNOS
transgene expression in muscle

A, Western blots show no increase in the expression of
nNOS, eNOS or iNOS in the hippocampi of Tg+/mdx
mice compared to Tg—/mdx and wild-type controls.
Specificity and reactivity of anti-iNOS to iINOS were
confirmed in Western blots using peritoneal
macrophages activated with lipopolysaccharide as a
positive control (data not shown). Images of each
Ponceau stained membrane (Loading) are shown
beneath the image of the membrane after probing for
NOS. B, Western blots show no increase in eNOS
expression in muscles or blood vessels (Ves.) of
Tg+/mdx mice compared to Tg—/mdx mice or wild-type
controls. C, densitometric analysis of Western blots
shown in A and B. Three mice were analysed in each
group.
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at the muscle membrane. The discovery that dystrophin
deficiency caused severe down-regulation of nNOS at the
transcriptional level provided a basis for the hypothesis
that defects in NO-mediated signalling could under-
lie some features of the complex pathophysiology of
DMD (Chang et al. 1996). Subsequently, defects in
the regulation of sympathetic control of blood supply
to dystrophic muscle (Thomas et al 1998; Sander
et al. 2000), perturbations in neuromuscular junction
structure (Shiao et al. 2004), disruptions in the normal
regenerative capacity of dystrophic muscle (Wehling
et al. 2001), cardiac fibrosis in dystrophinopathic hearts
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(Wehling-Henricks et al. 2005), and muscle inflammation
(Wehling et al. 2001) were all shown to be attributable, at
least in part, to the loss of muscle nNOS during muscular
dystrophy.

The findings of the present investigation show that
muscle-derived NO can significantly influence neuro-
genesis in the adult brain and that increasing levels of
NO production in the muscle of dystrophic animals can
correct defects in hippocampal neurogenesis that occur in
muscular dystrophy. We believe that these findings provide
novel insights into the regulatory interactions that occur
between muscle and brain, and show for the first time

] Tg+ / mdx

o W ;W

Vessels

Figure 5. nNOS expression in tissues of transgenic mice

A, Western blots for nNOS in selected tissues from Tg—/mdx and Tg+/mdx mice. Each blot was stained with
Ponceau stain before incubating with anti-nNOS to confirm uniformity of sample loading between lanes. Images
of each Ponceau stained membrane (Loading) are shown beneath the image of the membrane after probing for
nNOS. B, densitometric analysis of Western blots shown in A. Three mice were analysed in each group. C and D,
immunolabelling showing nNOS in Tg-+/mdx (C) and Tg—/mdx muscles (D). No nNOS was detected in the vascular
smooth muscle of arterioles in the muscle parenchyma (arrow). Bar, 100 pm.
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that muscle pathology can disrupt brain differentiation.
In the context of DMD, these observations suggest that
these perturbations of NO-mediated interactions between
muscle and brain may underlie cognitive defects that
typically occur in DMD. However, whether the correction
of defective hippocampal neurogenesis that occurred in
the Tg+/mdx mice requires the supraphysiological levels
of NO that occurred in the mouse line we examined or
would also occur by normalizing NO levels to those that
occur in wild-type mice remains unknown.

The influence of muscle-derived NO on hippocampal
neurogenesis during muscular dystrophy emphasizes the
systemic regulatory roles of NO. More traditionally,
NO has been viewed as a local signalling molecule
because it is a highly reactive molecule with a short
half-life. However, several proteins including serum
albumin and haemoglobin function as reservoirs of NO
and effectively increase the half-life of NO to make
its systemic, regulatory functions possible. Much of the
systemic delivery of NO is attributable to its reversible
reaction with sulthydryl groups of amino acids, peptides
and proteins, to form S-nitrosothiols. Concentrations of
S-nitrosothiols in plasma are about 10 000 times higher
than the concentration of free NO, and they have half-lives
of many minutes (Stamler et al. 1992). In particular,
S-nitroso-albumin comprises approximately 80% of the
S-nitrosothiols in plasma, and provides an important
delivery system for NO throughout the body (Stamler et al.
1992). The release of NO from S-nitroso-albumin and
other S-nitrosoproteins is triggered by the mixed disulfide
reaction with low-molecular-weight thiols (LMW-thiols),
such as glutathione, or the non-enzymatic transfer
of NO to LMW thiols (Stamler et al. 1992). The
half-life of S-nitroso-albumin in plasma is about 40 min,
which provides more than sufficient time for systemic
delivery and function (Hallstrom et al. 2002). The
in vivo release of NO from S-nitroso-albumin has
been demonstrated experimentally when administration
of exogenous S-nitroso-albumin was shown to elevate
plasma NO (Hallstrom et al. 2002; Katsumi et al. 2005). In
addition, this treatment prevented vasoconstriction after
ischaemia-reperfusion (I/R) in recipients and functionally
protected the animals from I/R injury (Hallstrom
et al. 2002). Thus, the reversible conversion of NO to
S-nitroso-albumin enables NO to function as a systemic,
regulatory molecule.

The data presented here show a clear relationship
between the levels of muscle-derived NO in circulation and
the levels of neurogenesis in the DG, but the relationships
between perturbations of neurogenesis and cognitive
defects in muscular dystrophy are less clear. Although
some reports found no disruptions of either hippocampal
LTP or learning in a hippocampal-dependent task (spatial
learning) in mdx mice (Sesay et al. 1996; Vaillend
et al. 1998), other studies identified impaired spatial and
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recognition memory (Muntoni et al. 1991; Vaillend et al.
1995), as well as enhanced LTP in the CAl region of
the hippocampus (Vaillend et al. 2004). Although those
investigators (Vaillend et al. 2004) did not examine LTP in
the DG, LTP of synapses between perforant pathway axons
and granule cells were also likely to have been exaggerated
in mdx mice. Because LTP can be induced more easily
in newly born cells, at least in the granule cells of the
hippocampus (Schmidt-Hieber et al. 2004), the increase
in neurogenesis in the mdx DG that is reported here may
underlie the changes in TP and the associated cognitive
defects.

Evidence continues to accumulate to show that newly
born cells in the hippocampus are functionally different
from mature cells. For example, young granule cells
differ from mature granule cells in both passive and
active membrane properties that could profoundly affect
their ability to establish and maintain synapses and to
form functional networks (Wang et al. 2000; Ambrogini
et al. 2004; Schmidt-Hieber et al. 2004). Furthermore,
pathologically high levels of neurogenesis may cause
disruption of normal neuronal circuitry, although physio-
logical levels of incorporation of newly born neurons
into existing circuitry would be expected to be adaptive
to functional demands. Thus, a feasible but unexplored
hypothesis is that cognitive defects in DMD result from
the pathologically high proportion of immature neurons
in the circuitry of the DG, which may disrupt established
circuitry and shift the electrochemical function of DG
neurons to a less mature phenotype. In addition, because
newly born neurons in the adult DG are significantly more
excitable than mature neurons (Schmidt-Hieber et al
2004), abnormally high levels of neuronal activity within
the mdx hippocampus may contribute to the observed
cognitive deficits.

Although the findings of the present investigation
show that manipulation of systemic NO levels can
correct defects in neurogenesis in the brains of mdx
mice, there may be numerous obstacles between these
findings and the development of NO-based therapeutic
treatments for cognitive defects in DMD. A constant
challenge to developing NO-based therapies lies in the
multiple functionality of NO as a regulatory molecule;
manipulation of systemic levels may cause dysregulation
of other physiological functions, even if they were able
to correct cognitive defects in muscular dystrophy. Also,
the tremendous variability of biological outcomes with
changing dosages of NO presents challenges; NO may
maintain homeostasis or be highly toxic, according to
its concentration. Furthermore, the vast number of
processes that may be modulated by NO suggests that
systemic perturbations of NO concentration will have
unpredictable consequences. For example, changes in NO
levels can modify the activity of diverse signalling pathways
in which protein kinase G is a component, or influence
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enzyme function by S-nitrosylation, or affect protein
structure by ADP-ribosylation or modify cell function by
affecting alpha-actin transcription (Susswein et al. 2004;
Sunico et al. 2005; Sellman et al. 2006). Nevertheless, the
potential value of NO-based therapy for the treatment
of DMD supports its exploration as a treatment
strategy.
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