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Abstract

Duchenne muscular dystrophy (DMD) is a neuromuscular disease that arises from mutations in the dystrophin-encoding
gene. Apart from muscle pathology, cognitive impairment, primarily of developmental origin, is also a significant
component of the disorder. Convergent lines of evidence point to an important role for dystrophin in regulating the
molecular machinery of central synapses. The clustering of neurotransmitter receptors at inhibitory synapses, thus
impacting on synaptic transmission, is of particular significance. However, less is known about the role of dystrophin in
influencing the precise expression patterns of proteins located within the pre- and postsynaptic elements of inhibitory
synapses. To this end, we exploited molecular markers of inhibitory synapses, interneurons and dystrophin-deficient mouse
models to explore the role of dystrophin in determining the stereotypical patterning of inhibitory connectivity within the
cellular networks of the hippocampus CA1 region. In tissue from wild-type (WT) mice, immunoreactivity of neuroligin2
(NL2), an adhesion molecule expressed exclusively in postsynaptic elements of inhibitory synapses, and the vesicular GABA
transporter (VGAT), a marker of GABAergic presynaptic elements, were predictably enriched in strata pyramidale and
lacunosum moleculare. In acute contrast, NL2 and VGAT immunoreactivity was relatively evenly distributed across all CA1
layers in dystrophin-deficient mice. Similar changes were evident with the cannabinoid receptor 1, vesicular glutamate
transporter 3, parvalbumin, somatostatin and the GABAA receptor alpha1 subunit. The data show that in the absence of
dystrophin, there is a rearrangement of the molecular machinery, which underlies the precise spatio-temporal pattern of
GABAergic synaptic transmission within the CA1 sub-field of the hippocampus.
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Introduction

Duchenne muscular dystrophy (DMD) [1] is a neuromuscular

disease that arises due to the absence of the protein dystrophin [2].

Dystrophin functions to provide a scaffold for the formation of a

complex of dystrophin-associated proteins (DAP), including

dystroglycan and syntrophin, which provide a link between the

cytoskeleton, cell membrane and extracellular matrix components

[3]. Disruption of this protein complex results in not only muscle

degeneration but also the added burden of non-progressive

cognitive impairment, which DMD patients suffer from, [1]

[4,5]. This impaired cognitive performance in DMD patients,

primarily of developmental origin, highlights the central role that

dystrophin contributes firstly to brain development as well as

coordinated neuronal activity in adulthood. However, the precise

pathological mechanisms underlying DMD-dependent cognitive

impairment are poorly understood.

This apparent multi-factorial role of dystrophin arises from its

complex expression patterns due to alternative promoter usage

and extensive alternative splicing, especially in brain [6–9]. As a

result, the brain contains the highest number of dystrophin

isoforms. Importantly, many of these dystrophin isoforms are

expressed in brain areas associated with cognitive functions.

Indeed, the expression patterns of dystrophins/DAP complexes

brain region and cell-type specific; CA pyramidal neurones

contain 427 kDa dystrophin and a1-syntrophin whereas dentate

granule cells have 71 kDa dystrophin and a2-syntrophin
[7,8,10,11]. These different dystrophin/DAP complexes assemble

at post-synaptic densities [12]. Alterations of the expression of

specific isoforms in hippocampal neurons in response to kainate

(Gorecki et al., 1998) and in sympathetic neurons following

axotomy (Zaccaria et al., 1998), as well as changes in synaptic

plasticity in dystrophic mdx mice (Vaillend et al., 1999) suggest
dystrophin involvement in assembly–disassembly and/or preser-
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vation of the postsynaptic apparatus. Moreover, b-dystroglycan is

a matrix metalloproteinase-9 substrate digested in response to

enhanced synaptic activity [13]. Increasing evidence points to

dystrophin/DAP complexes having a central role in regulating the

molecular machinery of synapses and thus having a central role in

synaptic transmission. A large body of work mainly using the mdx

mouse model of DMD indicates that the lack of dystrophin results

in a decrease in the synaptic quotient of GABA-A receptors

(GABAARs) [14], and altered GABAergic synaptic transmission

[15–18].

While the importance of dystrophin in contributing to the

anchoring of neurotransmitter receptors at post-synaptic densities

is unequivocal, its role in synapse formation has attracted less

attention. This is surprising given the fact that b-dystroglycan is a

physiological ligand for neurexins [19]. Neurexins and neuroligins

are synaptic cell-adhesion molecules that connect presynaptic and

postsynaptic neurons at synapses and thus occupy a central role in

synapse formation [20]. As such, any dystrophin-deficiency evoked

alterations in neurxin-neuroligin functions are likely to impact on

synapse formation. Such malformation of synapses will have a

dramatic effect in brain regions, which rely on the precise spatial

patterning of synaptic inputs for the coordinated network activity

underlying that brain region’s contribution to the cognitive

function. The importance of synapse location is exemplified in

the CA1 region of the hippocampus. Excitatory synapses on

individual CA1 pyramidal neurons are organised onto precise sub-

cellular dendritic domains located in either strata oriens, radiatum
or lacunosum moleculare, depending on the origins of their axons.

In contrast, GABAergic synaptic inputs onto individual pyramidal

neurons, arising from up to 21 functionally distinct inhibitory

interneurons [21], are preferentially targeted to perisomatic

pyramidal cell surfaces located in stratum pyramidale and to a

lesser extent, to dendritic surfaces in stratum lacunosum molecu-
lare. This precise stratification of functionally diverse synaptic

inputs onto distinct sub-cellular domains of individual pyramidal

cells is essential for the integration of the heterogeneous

information conveyed during synaptic transmission and thus a

prerequisite for the coordinated network activity occurring within

the hippocampus that underlies cognition. Recent evidence

indicates that inhibitory synapses on CA1 pyramidal neurons of

mdx mice undergo reorganisation [22]. In the current study, we

build on these finding by demonstrating that there is a cell-type

specific re-distribution of inhibitory inputs onto CA1 pyramidal

neurons in this mouse model of DMD.

Materials and Methods

All procedures involving experimental animals were performed

in accordance with the Animals (Scientific Procedures) Act, 1986

(UK) and associated procedures under Project License number

PPL 70/7094. Every effort was made to minimise any pain or

discomfort to the animals.

Animals
Three month old C57Bl/10, wild-type (WT), as well as Dmdmdx

(mdx) [23] and Dmd Gt(ROSAbgeo)1Mpd (mdxbgeo) [24] dystrophin-

mutant mice were used. The mdx lacks the full-length dystrophins

due to a point mutation in exon 23 while mdxbgeo is dystrophin-

null. Animals were maintained in a 12 h light/dark cycle and fed

normal diet and water ad libitum. A total of 8 mice from each

genotype were used for qualitative and quantitative analyses.

Tissue preparation
Animals were perfusion-fixed as follows: anaesthesia was

induced with isoflurane and maintained with pentobarbitone

(1.25 mg/kg of bodyweight; i.p.). The animals were perfused

transcardially with 0.9% saline solution for 1 minute, followed by

12 minutes with a fixative consisting of 1% paraformaldehyde,

15% v/v saturated picric acid, in 0.1 M phosphate buffer (PB),

pH 7.4. The brains were kept in the same fixative solution

overnight at 4uC. Coronal sections of the dorsal hippocampus,

60 mm thick, were prepared on a Vibratome and stored in 0.1 M

PB containing 0.05% sodium azide.

Immunohistochemical reactions
Immunohistochemical procedures were according to those used

in [25]. Five animals from each genotype were used to confirm the

native immunoreactivity patterns whilst three animals from each

genotype were used for quantitative analyses. A proteolytic antigen

retrieval method was used to localise membrane–bound epitopes

[26,27] for neurligin2 (NL2) and GABAAR alpha1 immunoreac-

tivity. Briefly, the tissue sections were incubated at 37uC for

10 minutes in 0.1 M PB followed by 15 minutes in 0.2 M HCl

containing 1 mg/ml pepsin (Sigma, UK) after which they were

washed thoroughly in Tris-buffered saline containing 0.3% triton

(TBS-Tx) for 30 minutes. Non-specific binding of secondary

antibodies was blocked by incubating sections with 20% normal

horse serum for 2 hours at room temperature. The tissue sections

were incubated with cocktails of primary antibodies diluted in

TBS-Tx, overnight at 4uC. See Table 1 for antibody details and

their specificity references. After washing with TBS-Tx, sections

were incubated in a mixture of appropriate secondary antibodies

conjugated with either Alexa Fluor 405 (Jackson ImmunoReser-

ach) Alexa Fluor 488 (Invitrogen, Eugene, OR), indocarbocyanine

(Cy3; Jackson ImmunoResearch), and indodicarbocyanine (Cy5;

Jackson ImmunoResearch), all diluted 1:1000, for 2 hours at room

temperature. Sections were washed in TBS-Tx and mounted in

Vectashield mounting medium (Vector Laboratories, Burlingame,

CA).

Image acquisition
Sections were examined with a confocal laser-scanning micro-

scope (LSM710; Zeiss, Oberkochen, Germany) using either a Plan

Apochromatic 20x DIC oil objective (NA0.8). a Plan Apochro-

matic 63x DIC oil objective (NA1.4) or a Plan Apochromatic 100x

DIC oil objective (NA1.46). Z-stacks were used for routine

evaluation of the labelling. All images shown represent a single

optical section. These images were obtained using sequential

acquisition of the different channels to avoid cross-talk between

fluorophores, with the pinholes adjusted to one airy unit for all

channels. Images were processed with the software Zen2008 Light

Edition (Zeiss, Oberkochen, Germany) and exported into Adobe

Photoshop. Only brightness and contrast were adjusted for the

whole frame, and no part of a frame was enhanced or modified in

any way.

Quantification of either the density of individual
immunoreactive clusters or the intensity of fluorescence
within the CA1 region of WT and dystrophin-deficient
mice
Our qualitative investigations revealed that most of the changes

in the immunoreactivity patterns manifested in strata pyramidale
and radiatum. Since these two layers of the hippocampus

represent the sites of predominantly inhibitory and excitatory

synaptic inputs, respectively, we restricted our quantifications to
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these layers in line with the focus of the study on the role of

dystrophin in influencing the location of synaptic inhibitory

marker proteins within defined hippocampal strata. Immunore-

activity for the voltage-gated potassium channel Kv2.1 was used to

delineate the somatic and proximal apical dendritic domains of

CA1 pyramidal neurons [28,29] and which are the conventional

locations for inhibitory synapses [30] and thus immunoreactivity

for proteins which are expressed within such populations of

synapses. The levels of immunoreactivity within such somato-

dendritic locations were compared to that within the distal region

of stratum radiatum, which contains almost exclusively excitatory

input [30] and predictably contains significantly lower levels of

immunoreactivity for inhibitory synaptic marker proteins.

The quantitative method used is according to [25]. For

immunoreactivity patterns which presented as individual clusters

(neuroligin2; vesicular glutamate transporter 3; GABAAR alpha1

subunit), the cluster density (number of clusters per mm2) was

determined. Immunoreactivity patterns for which individual

profiles were less distinct (VGAT; CB1, PV), densitometry of the

signal in the form of fluorescence intensity was determined. In all

cases, the perfusion fixation, reacting and imaging of tissue from

WT and dystrophin-deficient mice was performed under identical

conditions. For all quantitative analyses, a minimum of 3–5 tissue

sections per animals, 3 animals in total were used. The imaging

and quantification was performed as follows: within a tissue

section, 3 fields of view (FOV) were randomly selected within the

CA1 layer of interest. Z-stacks consisting of three optical sections

spaced 2 mm apart in the Z plane were acquired for each FOV.

The dimensions of each optical section were

85 mm685 mm61 mm in the X-Y-Z planes. Since the intention

was to compare the levels of immunoreactivity across the different

genotypes, raw, unprocessed images from the different genotypes,

obtained under identical imaging conditions, were used for

quantification purposes. Optimal imaging conditions were always

initially obtained using specimens from WT animals and then used

unchanged for those from mdx and mdxbgeo animals. Within an

optical section, the number of immunoreactive clusters was

manually counted or the total fluorescence intensity determined

as a measure of mean pixel intensity using ImageJ software. A

value for each FOV was obtained by computing the average from

the optical sections contained within a FOV. The means 6 SD

(cluster density or fluorescence intensity, arbitrary units, AU) for

all FOV between sections and between genotypes was compared

for statistical differences using Kruskal–Wallis one-way analysis of

variance. These values were then pooled since there were no

statistical differences (P.0.05) between the values for FOV

between sections and between animals for a particular genotype.

The average value from all FOVs and sections per animal were

computed for individual animals. This average value for an

individual animal was then considered an N of 1.

Quantification of the number of parvalbumin and
somatostatin-immunopositive cells within the CA1 sub-
field of WT and dystrophin-deficient mice
The method used was according to [31]. A minimum of 3 tissue

sections per animal, 3 animals in total were used. Using a 20x

objective and 0.6 digital zoom, fields of view (FOV) were acquired

across the entire CA1 region for a particular 60 mm-thick tissue

section. For each FOV, a Z-stack was obtained throughout the full

extent of the tissue section. The Z-stack consisted of optical

sections measuring 425 mm6425 mm in the X & Y planes and

5 mm in the Z plane. In all cases, signal for parvalbumin and

somatostatin was sequentially acquired using sequential acquisition

of the different channels with acquisition parameters identical for

all genotypes. The number of cells per tissue section and then the

average number per animal were determined. The mean 6 SEM

was then calculated for N= 3 WT, mdx and mdxbgeo animals.

Statistical analysis
All quantitative data are presented as the mean 6 SEM, unless

otherwise stated. The data were tested for normality using a

Shapiro-Wilk test. One-way analysis of variance (ANOVA) was

used to test for significant differences between the mean values

obtained for the 3 genotypes with a Tukey’s post-hoc test used to

assess differences between specific groups. In all cases, GraphPad

Prism6 was used for statistical analyses and the graphical

presentation of the data.

Table 1. Details of antibodies used in the study.

Primary antibodies Species (raised in) Source/code Dilution Specificity/reference

Cannabinoid receptor 1 guinea pig Frontier Science (Hokkaido,
Japan), # CB1-GP-Af530

1:3000 [64]

GABAAR alpha1 subunit rabbit Werner Sieghart, Antigen
sequence -a1N amino acids
1–9, Rabbit # 21/7, bleed
# 04/10/1999.

1:10000 [25]

Kv2.1 mouse Neuromab 1:1000 [65]

Neuroligin2 guinea pig Frontier Science
(Hokkaido, Japan),
# Nlgn2-GP-Af760

1:250 [66]

Parvalbumin goat Swant (Marly 1,
Switzerland) # PVG 214

1:2000 [67]

Somatostatin mouse GeneTex, # GTX71935 1:500 Labelling pattern as published
with other antibodies

VGAT Guinea-pig Synaptic Systems
# 131004

1:1000 [68]

VGLUT3 goat Frontier Science (Hokkaido, Japan),
# VGLuT3-Go-Af870

1:500 [39]

doi:10.1371/journal.pone.0108364.t001
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Figure 1. Localisation and quantification of NL2 immunoreactivity within the hippocampus of WT and dystrophin-deficient mice,
reacted and imaged under identical conditions. (A 1) shows the stereotypical pattern of NL2 immunoreactivity within the CA1 region of tissue
from WT animals. NL2 immunoreactivity is concentrated in strata pyramidale and lacunosum moleculare with considerably lower levels of signal in
stratum radiatum, particularly within the distal parts of this layer. In contrast, significantly lower levels of NL2 immunoreactivity were evident within
the stratum pyramidale of (B 1) mdx and (C 1) mdxbgeo mice. (A 2 i) shows immunoreactivity for KV2.1 within stratum pyramidale of WT tissue. Kv2.1 is
used to delineate the somato-dendritic plasma membranes and thus the major sites of inhibitory input onto pyramidal neurons. (A 2 ii, 3) shows that
that within this layer, NL2 immunoreactivity presented as individual clusters located exclusively on somato-dendritic cell surfaces. (B 2 i) and (C 2 i)
show that the level and pattern of Kv2.1 immunoreactivity within tissue from mdx and mdxbgeo mice respectively was indistinct to that of WT mouse.
This indicates that comparable fields of view and focal planes were selected for tissue from all genotypes. (B 2 ii, 3) and (C 2 ii, 3) demonstrate the
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significant decrease in the density of NL2 immunoreactive clusters within the stratum pyramidale of mdx and mdxbgeo tissue respectively. Numerous
cytoplasmically located NL2 immunopositive clusters were also evident in tissue from mdxbgeo mice (arrowheads) in comparison to WT in which
virtually all clusters were located on Kv2.1 immunopositive plasma membranes. (D 1) quantification of the density of NL2 immunoreactive clusters in
stratum pyramidale of WT, mdx and mdxbgeo tissue. (D 2) quantification of the density of NL2 immunoreactive clusters in the stratum radiatum of WT,
mdx and mdxbgeo tissue. Bars represent the means and lines the SEM. *P,0.05; ANOVA with Tukey’s posthoc test; N = 3 animals. Scale bars (A1, B1,
C1) 50 mm; (A2, B2, C2) 10 mm; (A3, B3, C3) 5 mm.
doi:10.1371/journal.pone.0108364.g001

Figure 2. Localisation and quantification of VGAT immunoreactivity within the hippocampus of WT and dystrophin-deficient mice,
reacted and imaged under identical conditions. (A) shows the pattern of VGAT immunoreactivity within the hippocampus of WT mouse tissue.
(A 1) an overview of the entire hippocampus demonstrating the prototypical enrichment of VGAT immunoreactivity within the cell body regions of
the hippocampus. (A 2) a magnified view of the CA1 sub-field confirming the enrichment of VGAT immunoreactivity in stratum pyramidale compared
with the dendritic regions. (A 3) is magnified view of stratum radiatum showing the comparatively sparse level of VGAT immunoreactivity within this
layer in WT mice. (B) and (C) show the pattern of VGAT immunoreactivity within the hippocampus of mdx and mdxbgeo mouse tissue respectively,
reacted and imaged under conditions identical to those for WT tissue. Whilst the enrichment within (B 2, C 2) stratum pyramidale is still evident, the
level of signal is significantly lower compared to WT. There is also a noticeably higher level VGAT immunoreactivity within (B 3, C 3) stratum radiatum
compared to WT. (D 1) quantification of the intensity of VGAT immunoreactivity within stratum pyramidale of WT, mdx and mdxbgeo tissue. (D 2)
quantification of the intensity of VGAT immunoreactivity in the stratum radiatum of WT, mdx and mdxbgeo tissue. Bars represent the means and lines
the SEM. *P,0.05; ANOVA with Tukey’s posthoc test; N = 3 animals. Scale bars (A1, B1, C1) 200 mm; (A2, B2, C2) 40 mm; (A3, B3, C3) 20 mm.
doi:10.1371/journal.pone.0108364.g002
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Results

In this study, we exploited molecular markers of pre- and

postsynaptic elements as well specific interneuron sub-classes to

investigate the potential role of dystrophin in influencing the

location of putative inhibitory synapses within specific layers of the

CA1 region of the hippocampus.

Altered distribution of the postsynaptic marker protein
neuroligin2 (NL2) in the CA1 region of the hippocampus
As a start, we used NL2 immunoreactivity to investigate the

distribution of putative inhibitory synapses in the CA1 region of

WT and dystrophin-deficient mice. NL2 is exclusively localised to

inhibitory synapses [32] and functions in the assembly of the

postsynaptic apparatus in inhibitory synapses [33,34]. The

majority of inhibitory synapses on CA1 pyramidal neurons are

located perisomatically [30]. In accordance, NL2 within the CA1

region of the hippocampus from WT mice has been shown to be

enriched in stratum pyramidale [31] indicating that NL2

immunoreactivity is predictive of the location of inhibitory

synapses within this brain region. In tissue from WT mice, NL2

immunoreactivity was predictably enriched within stratum pyrami-
dale with lower levels of immunoreactivity evident in strata oriens,
radiatum and lacunosum moleculare (Fig. 1 A1). In stratum
radiatum, a distinct gradient was noticeable with most of the

signal concentrated within the proximal regions of this layer,

decreasing to negligible amounts in the distal regions. This varying

parcelation of NL2 immunoreactivity into distinct layers closely

follows the distribution of inhibitory synapses within this brain

region [30]. High resolution inspection of NL2 immunoreactivity

confirmed that within stratum pyramidale, the signal presented as

individual clusters located on the plasma membranes of somata

Figure 3. Localisation and quantification of CB1 immunoreactivity within the hippocampus of WT and dystrophin-deficient mice,
reacted and imaged under identical conditions. (A) shows the pattern of CB1 immunoreactivity within the hippocampus of WT mouse tissue.
(A 1) an overview of the entire hippocampus demonstrating the prototypical enrichment of VGAT immunoreactivity within the cell body regions of
the hippocampus compared to one of the dendritic regions (arrow). (A 2) a magnified view of the CA1 sub-field confirming the enrichment of CB1
immunoreactivity in stratum pyramidale compared with the dendritic regions. (B) and (C) show the pattern of CB1 immunoreactivity within the
hippocampus of mdx and mdxbgeo mouse tissue respectively, reacted and imaged under conditions identical to those for the WT tissue. Note the
significant level of signal within the dendritic layers, particularly in mdxbgeo mouse tissue (arrow). Whilst the enrichment within (B 2, C 2) stratum
pyramidale is still evident, the level of signal is significantly lower compared to WT. (D 1) quantification of the intensity of CB1 immunoreactivity
within stratum pyramidale of WT, mdx and mdxbgeo tissue. (D 2) quantification of the intensity of CB1 immunoreactivity in the stratum radiatum of
WT, mdx and mdxbgeo tissue. Bars represent the means and lines the SEM. *P,0.05; ANOVA with Tukey’s posthoc test; N = 3 animals. Scale bars (A1,
B1, C1) 200 mm; (A2, B2, C2) 40 mm.
doi:10.1371/journal.pone.0108364.g003
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and proximal apical dendritic profiles, delineated by Kv2.1

immunoreactivity (Fig. 1 A2, 3). In tissue from mdx mice reacted

and imaged under conditions identical to those used for the WT

tissue, the characteristic enrichment of NL2 labelling pattern

within stratum pyramidale evident in the WT tissue was less

striking. Instead, diffuse signal within this layer closely matched the

intensity of signal in stratum radiatum. In contrast, the density of

NL2 with stratum lacunosum moleculare appeared similar to levels

in the tissue from WT (Fig. 1 B). This suggests that the influence of

dystrophin on the location of NL2 immunoreactivity is specific to

strata pyramidale and radiatum. The apparent redistribution of

NL2 immunoreactivity within the CA1 sub-field in dystrophin-

deficient mice was most pronounced in tissue from our mdxbgeo

mouse model (lacking all dystrophins) where no apparent gradient

in labelling intensity between strata was evident (Fig. 1 C).

Quantification of NL2 immunoreactivity revealed a significant

Figure 4. Localisation and quantification of VGLUT3 immunoreactivity within the hippocampus of WT and dystrophin-deficient
mice, reacted and imaged under identical conditions. (A) shows the pattern of VGLUT3 immunoreactivity within the hippocampus of WT
mouse tissue. (A 1) an overview of the entire hippocampus demonstrating the prototypical enrichment of VGLUT3 immunoreactivity within the cell
body regions of the hippocampus with lower levels evident in distal dendritic layers. (A 2 i) and (A 2 ii) shows puncta immunoreactive for VGLUT3 and
CB1 respectively on Kv2.1 immunopositive somato-dendritic profiles within stratum pyramidale. (A 2 iii) shows that virtually all VGLUT3
immunopositive puncta colocalise with those immunopositive for CB1 and are thus likely to represent the axon terminals of cholecystokinin-
expressing basket cells. (B) and (C) show the pattern of VGLUT3 immunoreactivity within the hippocampus of mdx and mdxbgeo mouse tissue
respectively, reacted and imaged under conditions identical to those for the WT tissue. (B 2 I, ii) and (C 2 I, ii) demonstrate the significantly lower
levels of VGLUT3 and CB1 immunoreactivity within the stratum pyramidale of mdx and mdxbgeo mouse tissue respectively. (B 2 iii) and (C 2 iii)
demonstrate the sparse number of colocalised VGLUT3 and CB1 immunoreactive clusters suggestive of a significant decrease in the density of
innervation by cholecystokinin-expressing basket cells within this region of dystrophin-deficient mice. (D) quantification of the density of VGLUT3
immunoreactive clusters in stratum pyramidale of WT, mdx and mdxbgeo tissue. Bars represent the means and lines the SEM. *P,0.05; ANOVA with
Tukey’s posthoc test; N = 3 animals. Scale bars (A, B, C, 1) 200 mm; (A, B, C, 2 i, ii) 10 mm; (A, B, C, 2 iii) 5 mm.
doi:10.1371/journal.pone.0108364.g004
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Figure 5. Localisation and quantification of PV and somatostatin immunoreactivity within the hippocampus of WT and dystrophin-
deficient mice, reacted and imaged under identical conditions. (A 1), (A 2) and (A 3) show PV immunoreactivity within the CA1 region of WT,
mdx and mdxbgeo tissue respectively. Note the significant increase in the level of PV immunoreactivity within stratum radiatum of mdx tissue. (B 1), (B
2) and (B 3) show somatostatin immunoreactivity within the CA1 region of WT, mdx and mdxbgeo tissue respectively. Note the significantly increase in
the level of somatostatin immunoreactivity particularly within stratum radiatum of mdx tissue. Images in (C) are overlays of (A) and (B). Note the
significant number of PV-somatostatin co-expressing neurons in (C 2) tissue from mdx mice. (D 1) quantification of the intensity of PV
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decrease in the density of NL2 immunoreactive clusters within

stratum pyramidale of dystrophin-deficient mice compared to WT

mice (mean 6 SEM; WT 1561 clusters per 100 mm2, mdx 1061

clusters per 100 mm2, mdxbgeo 1061 clusters per 100 mm2; P,

0.0001, ANOVA, N=3 animals per genotype) (Fig. 1 D1) with a

significant increase in density evident within the distal stratum
radiatum (mean 6 SEM; WT 561 clusters per 100 mm2, mdx

761 clusters per 100 mm2, mdxbgeo 961 clusters per 100 mm2; P,

0.0001, ANOVA, N=3 animals per genotype) (Fig. 1 D2).

Collectively, the data indicate that the deletion of dystrophin

impacts on the location of NL2 expression which suggests the

formation of misplaced inhibitory synapses within the CA1 region

of the mouse hippocampus.

Immunoreactivity for the GABAergic axonal terminal
marker protein vesicular GABA transporter (VGAT)
mirrors the changes in NL2 expression in the absence of
dystrophin
We exploited the immunoreactivity pattern of the vesicular

GABA transporter (VGAT) to investigate whether the distribution

of GABAergic innervation in the CA1 sub-field of WT and

dystrophin-deficient mice mirrored the altered pattern of putative

inhibitory synapses inferred by the changed NL2 immunoreactiv-

ity. In tissue fromWT mice, predictably, VGAT immunoreactivity

was enriched in strata pyramidale and lacunosum moleculare with
a significantly lower level of expression in strata oriens and

radiatum (Fig. 2 A 1–3). In tissue from mdx mice, VGAT signal

was still concentrated in strata pyramidale and lacunosum
moleculare compared to other layers, although it was at lower

levels when compared to the signal in WT tissue (Fig. 2 B1).

However, higher levels of VGAT immunoreactivity were evident

in stratum radiatum of mdx tissue when compared to the level of

signal within this layer of the WT tissue (Fig. 2 B2, 3). This trend

towards a relatively even distribution of VGAT immunoreactivity

across strata pyramidale and radiatum was most striking in tissue

from mdxbgeo mice (Fig. 2 C). Quantification of VGAT immuno-

fluorescence intensity in stratum pyramidale confirmed a signifi-

cant decrease in the intensity of the signal in mdx and mdxbgeo

mice compared to WT mice (mean 6 SEM in arbitrary units, AU;

WT 6062 AU, mdx 4863 AU, mdxbgeo 4862 AU; P,0.0001,

ANOVA, N=3 animals per genotype) (Fig. 2 D1). In contrast,

there was a significant increase in the intensity of VGAT

immunoreactivity signal in stratum radiatum of mdx and mdxbgeo

mice compared to WT mice (mean 6 SEM in arbitrary units, AU;

WT 1461 AU, mdx 1661 AU, mdxbgeo 1661 AU; P,0.0001,

ANOVA, N=3 animals per genotype) (Fig. 2 D2). Collectively,

the redistribution of NL2 and VGAT immunoreactivity from

strata pyramidale to radiatum in mdx and mdxbgeo mice suggests

that dystrophin is associated with the patterning of GABAergic

innervation in the mouse CA1 sub-field. Thus, dystrophin appears

to be essential for the stereotypical expression patterning of both

pre- and postsynaptic proteins associated with GABAergic

transmission within the CA1 region of the hippocampus. If so,

this is likely to manifest in an alteration in the location of putative

GABA release sites within the region. To verify this, we examined

the well-described axonal targeting patterns of interneurons, which

provide the major source of GABA within this region.

The absence of dystrophin alters the location of proteins
located within the axons of specific classes of
interneurons
Numerous functionally and neurochemically distinct types of

interneurons preferentially innervate specific sub-cellular domains

of CA1 pyramidal cells [21,35]. Since the above data suggest an

apparent redistribution of inhibitory pre- and postsynaptic

molecular markers between strata pyramidale and radiatum, we
investigated whether this altered pattern of inhibitory innervation

may be reflected within the axonal projections of specific classes of

interneuron. Axon terminals innervating the perisomatic domains

of CA1 pyramidal neurons arise exclusively from two broad classes

of basket cells identified by their expression of either the calcium

binding protein parvalbumin (PV) [36] or the neuropeptide

cholecystokinin (CCK) [37]. The majority of CCK-expressing

basket cells also express the cannabinoid receptor 1 (CB1) in their

axon terminals [38]. We therefore investigated the distribution of

CB1 immunoreactivity within the CA1 sub-field. CB1 signal was

characteristically enriched within stratum pyramidale of the tissue

from WT mice (Fig. 3 A1) with significantly lower levels in stratum
radiatum (Fig. 3 A2). In comparison, there was a noticeable

decrease in the intensity of CB1 immunoreactivity in stratum
pyramidale of this tissue from mdx mice, reacted and imaged

under conditions identical to those used for WT samples (Fig. 3

B1), although there was still an apparent gradient in the signal

within stratum radiatum (Fig. 3 B2). The dramatic decrease in the

intensity of CB1 immunoreactivity in stratum pyramidale was most

pronounced in tissue from mdxbgeo mice (Fig. 3 C1), in which,

comparatively more intense CB1 signal was evident in stratum
radiatum (Fig. 3 C2). Quantification of the intensity of CB1

immunoreactivity confirmed a significant decrease in the levels of

CB1 staining in the stratum pyramidale of dystrophin-deficient

mice (mean 6 SEM in arbitrary units, AU; WT 11469 AU, mdx

4465 AU, mdxbgeo 3463 AU; P,0.0001, ANOVA, N=3

animals per genotype) (Fig. 3 D1). Interestingly, while in WT

mice, the intensity of staining in stratum radiatum was predictably

less than that in stratum pyramidale, signal within the stratum
radiatum of mdxbgeo was significantly more than that in the

stratum pyramidale of this genotype, but still significantly less than
that in WT (mean 6 SEM in arbitrary units, AU; WT 4463 AU,

mdx 3264 AU, mdxbgeo 3863 AU; P,0.0001, ANOVA, N=3

animals per genotype) (Fig. 3 D2).

We next used an additional marker of CCK-expressing basket

cell axon terminals, namely the vesicular glutamate transporter 3

(VGLUT3) [39], in order to verify the potential changes in this

population of axonal projections in the absence of dystrophin. In

tissue from WT mice, VGLUT3 immunoreactivity was charac-

teristically enriched within stratum pyramidale and to a lesser

degree in stratum lacunosum moleculare (Fig. 4 A1). High

resolution visualisation revealed that within stratum pyramidale,
individual VGLUT3 immunoreactive clusters contacted the

somatic and proximal dendritic compartments of KV2.1 im-

munopositive neurons (Fig. 4 A2i). Co-labelling with CB1 (Fig. 4

A2iii) showed complete colocalisation with VGLUT3 immunopo-

sitive clusters (Fig. 4 A2iii) indicating that these VGLUT3

immunopositive clusters are likely to represent axon terminals of

CCK-expressing basket cells. In concordance with CB1 and

VGAT immunoreactivity profiles, there was a striking decrease in

the intensity of the VGLUT3 signal in the stratum pyramidale of

immunoreactivity within stratum pyramidale of WT, mdx and mdxbgeo tissue. (D 2) quantification of the intensity of PV immunoreactivity in the
stratum radiatum of WT, mdx and mdxbgeo tissue. Bars represent the means and lines the SEM. *P,0.05; ANOVA with Tukey’s posthoc test; N = 3
animals. Scale bar 50 mm.
doi:10.1371/journal.pone.0108364.g005
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mdx tissue and to a lesser extent in stratum lacunosum moleculare
(Fig. 4 B1). In comparison to WT tissue, sparse VGLUT3

immunoreactive clusters contacted Kv2.1 immunoreactive somata

and dendrites in stratum pyramidale and colocalised with CB1

immunoreactive puncta (Fig. 4 B2). This decreased intensity in

VGLUT3 immunoreactivity in the absence of dystrophin was

mirrored in tissue from mdxbgeo mice (Fig. 4 C). Quantification of

the density of VGLUT3 immunoreactive clusters within the

stratum pyramidale confirmed the significant decrease in dystro-

phin-deficient mice compared to WT (mean 6 SEM; WT 1761

clusters per 1000 mm2, mdx 1061 clusters per 1000 mm2, mdxbgeo

1061 clusters per 1000 mm2; P,0.0001, ANOVA, N=3 animals

per genotype) (Fig. 4 D). The implication is that dystrophin

expression within CA1 pyramidal neurons is essential for the

targeting of CCK-expressing basket cell axons to the precise

perisomatic domains of pyramidal neurons.

Apart from CCK-expressing basket cells, parvalbumin (PV)-

containing basket cells provide the remaining inhibitory input onto

somatic and proximal dendritic domains of CA1 pyramidal cells.

We therefore explored the pattern of PV immunoreactivity in the

CA1 sub-field of WT and dystrophin-deficient mice. In tissue from

WT mice, PV immunoreactivity was characteristically concen-

trated in axonal profiles preferentially located in stratum pyrami-
dale with signal also evident in isolated somata located in strata
oriens and radiatum (Fig. 5 A1). In tissue from mdx mice, there

was no discernible difference in the intensity of PV immunoreac-

tivity within stratum pyramidale. However, PV immunoreactivity

within dendritic layers such as strata oriens and radiatum
appeared elevated compared to these corresponding layers in

WT tissue (Fig. 5 A2). In contrast, PV immunoreactivity profile

within tissue from mdxbgeo mice appeared indistinct to that of WT

tissue (Fig. 5 A3).

Intriguingly, an increase in the number of PV-expressing

neurons has been reported in the hippocampus of mdx mice

[40], however, it is not clear which particular sub-population of

PV-expressing interneurons is reflected in this increased density. In

the hippocampus, interneurons termed bistratified cells express

both PV and somatostatin, and project their axons preferentially

to dendritic regions [41], that is the location of elevated PV signal

in mdx mice. We therefore investigated the pattern of somatostatin

immunoreactivity in order to elucidate the possible source of the

more widespread PV innervation within dendritic layers. In tissue

from WT mice, somatic immunoreactivity for somatostatin was

evident primarily in strata oriens and pyramidale with immuno-

reactive varicosities distributed throughout strata oriens, radiatum
and lacunosum moleculare (Fig. 5 B1). In mdx tissue, the pattern of

somatostatin signal was markedly increased compared to WT with

a higher level of immunoreactivity across dendritic layers of the

CA1 sub-field (Fig. 5 B2). Somatostatin immunoreactivity in tissue

from mdxbgeo mice appeared less intense than that in mdx tissue

but was also evenly distributed across CA1 strata (Fig. 5 B3).

Putative bistratified interneurons, identified by their co-expression

of both PV and somatostatin, were evident in all genotypes, but

were particularly noticeable in tissue from mdx mice (Fig. 5 C1–3).

Quantification of the intensity of PV immunoreactivity revealed

that within stratum pyramidale, there were no significant

differences across genotypes (mean 6 SEM in arbitrary units,

AU; WT 6163 AU, mdx 6163 AU, mdxbgeo 6063 AU; P=0.4,

ANOVA, N=3 animals per genotype) (Fig. 5 D1). However,

within stratum radiatum, the intensity of PV immunoreactivity in

tissue from mdx mice was significantly higher than that of WT and

mdxbgeo mice (mean 6 SEM in arbitrary units, AU; WT 3863

AU, mdx 5062 AU, mdxbgeo 3764 AU; P,0.0001, ANOVA,

N=3 animals per genotype) (Fig. 5 D2). Collectively, these data
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suggest more widespread innervation in dystrophin-deficient mice

by those PV-containing interneurons, which preferentially target

dendritic domains of pyramidal neurons; these are likely to be PV-

somatostatin co-expressing bistratified neurons. To assess whether

the increased levels of immunoreactivity of these neurochemicals

(PV, somatostatin) within mdx mice might be a manifestation of

either increased PV, somatostatin, or PV-somatostatin (that is,

bistratified cells) cell density, we counted the number of PV,

somatostatin and PV-somatostatin expressing neurons within

strata oriens, pyramidale and radiatum in WT, mdx and mdxbgeo

mice. We detected a significant increase the number of PV,

somatostatin and PV-somatostatin expressing neurons in tissue

from mdx mice throughout all layers of the CA1 region whilst

higher numbers of such immunopositive neurons were also evident

in the stratum radiatum of mdxbgeo tissue, when compared with

tissue from WT mice (Table 2). Collectively, the data suggest that

the absence of dystrophin profoundly affects the expression pattern

of somatostatin within this brain region. It should be noted that

within this brain region, somatostatin is also expressed by O-LM

cells [42,43] and hippocamposeptal neurons [44] but these cells do

Figure 6. Localisation and quantification of GABAAR alpha1 subunit immunoreactivity within the CA1 region of the hippocampus
of WT and dystrophin-deficient mice, reacted and imaged under identical conditions. (A 1) shows that, in WT tissue, alpha1 subunit
immunoreactivity is enriched within the dendritic layers of strata oriens and radiatum with comparatively lower levels evident in strata pyramidale and
lacunosum moleculare. (A 2) shows that within stratum pyramidale, the majority of alpha1 subunit immunoreactive clusters colocalise with clusters
immunopositive for NL2 on Kv2.1 somato-dendritic cell surfaces. (B 1) shows that within the CA1 region of mdx mice, there is an apparent increase in
the intensity of alpha1 subunit immunoreactivity within strata oriens and radiatum when compared to WT. (B 2) shows that within stratum
pyramidale, there is comparatively less colocalisation between alpha1 subunit and NL2 immunopositive clusters. (C 1) shows that within the CA1
region of mdxbgeo mice, there is a striking decrease in the intensity of alpha1 subunit immunoreactivity throughout all layers when compared to WT.
Accordingly, (C 2) shows that there is significantly less colocalisation between alpha1 subunit and NL2 immunopositive clusters when compared to
WT. (D 1) quantification of the intensity of alpha1 subunit immunoreactivity within stratum radiatum of WT, mdx and mdxbgeo tissue. (D 2)
quantification of the density of alpha1 subunit immunoreactive clusters in stratum pyramidale of WT, mdx and mdxbgeo tissue. (D 3) quantification of
the density of alpha1 subunit immunoreactive clusters colocalised with clusters immunoreactive for NL2 in stratum pyramidale of WT, mdx and
mdxbgeo tissue. Bars represent the means and lines the SEM. *P,0.05; ANOVA with Tukey’s posthoc test; N = 3 animals. Scale bars (A, B, C, 1) 50 mm;
(A, B, C, 2) 5 mm.
doi:10.1371/journal.pone.0108364.g006
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not co-express PV. Functional studies in which the recorded cells

are labelled and unequivocally identified [43,45] would thus be

required to determine which particular interneuron-type exhibits

altered projection patterns in the absence of dystrophin.

Altered distribution and synaptic clustering of the GABA-
A receptor (GABAAR) alpha1 subunit in dystrophin-
deficient mice
The data above indicate alterations in the stereotypical

projection patterns of GABAergic axons in the CA1 sub-field. If

so, this altered release of GABA within different strata is likely to

require a parallel change in the expression pattern of GABA

receptors required to mediate the effects of this neurotransmitter

within this region. To examine this, we focused on GABAARs, and

in particular, the most abundant subtype in the brain, namely

those containing the alpha1 subunit [46]. The distribution of

GABAAR alpha1 subunit immunoreactivity in the CA1 region of

the WT mice was similar to that previously reported [47,48], being

concentrated in strata oriens and radiatum with lower levels in

stratum pyramidale (Fig. 6 A1). The level of GABAAR alpha1

subunit immunoreactivity was noticeably higher in strata oriens
and radiatum of mdx tissue (Fig. 6 B1). However, in stark contrast,

the level of GABAAR alpha1 subunit immunoreactivity in mdxbgeo

mice was significantly lower than that of WT and mdx across all

layers (Fig. 6 C1). Quantification of the intensity of GABAAR

alpha1 subunit immunoreactivity within stratum radiatum con-

firmed a significant increase in mdx tissue whilst the levels in tissue

from mdxbgeo mice was significantly lower, compared to WT tissue

(mean 6 SEM in arbitrary units, AU; WT 11362 AU, mdx

12262 AU, mdxbgeo 6462 AU; P,0.0001, ANOVA, N=3

animals per genotype) (Fig. 6 D1).

These divergent levels of GABAAR alpha1 subunit immunore-

activity within the dendritic layers of the CA1 region were

accompanied by altered levels of colocalisation with NL2

immunopositive clusters within stratum pyramidale. In tissue from

WT mice, virtually all NL2 immunoreactive clusters co-localised

with those of the GABAAR alpha1 subunit in stratum pyramidale
suggesting that the majority of inhibitory synapses within this

layer, presumably located on pyramidal somata, expressed alpha1

subunit-containing GABAARs (Fig. 6 A2), in agreement with

previously published evidence [49]. However, in tissue from mdx

and mdxbgeo mice, only sparse co-localisation between NL2 and

GABAAR alpha1 subunit immunoreactive clusters was evident

(Fig. 6 B2, C2). A reason for the low degree of GABAAR alpha1

subunit colocalisation with NL2 could be the significant decrease

in the density of NL2 immunoreactive clusters in dystrophin-

deficient mice (Fig. 1) or a decrease in the density of GABAAR

alpha1 subunit expression. To determine this, we quantified the

density of GABAAR alpha1 subunit immunoreactive clusters, as

well as the density of NL2- GABAAR alpha1 subunit colocalised

clusters. There were no significant differences in the density of

GABAAR alpha1 subunit immunoreactive clusters within stratum
pyramidale of WT and mdx mice, although the density within

mdxbgeo was significantly lower than both WT and mdx (mean 6

SEM; WT 9262 clusters per 100 mm2, mdx 9561 clusters per

100 mm2, mdxbgeo 5461 clusters per 100 mm2; P,0.0001,

ANOVA, N=3 animals per genotype) (Fig. 4 d2). However,

there was a significant decrease in the density of NL2- GABAAR

alpha1 subunit colocalised clusters in both mdx and mdxbgeo tissue

(mean 6 SEM; WT 7262 clusters per 100 mm2, mdx 5461

clusters per 100 mm2, mdxbgeo 4461 clusters per 100 mm2; P,

0.0001, ANOVA, N=3 animals per genotype) (Fig. 4 D2).

Collectively, the data suggest changes in the patterns of GABAAR

alpha1 subunit immunoreactivity which mirror those of inhibitory

synaptic marker proteins within this brain region.

Discussion

The current study shows that the mouse models in which

dystrophin is constitutively deleted present with a complex pattern

of alterations in the location of proteins associated with both the

pre- and postsynaptic elements of inhibitory synapses as well as

those proteins located in the axon terminals of specific GABAergic

interneuron classes. The data suggest that in the absence of

dystrophin, there is a rearrangement of the molecular machinery

which underlies the precise spatio-temporal pattern of GABAergic

synaptic transmission within the CA1 sub-field of the hippocam-

pus. This could lead to an imbalance in the exquisite choreog-

raphy of cellular network activity that underlies salient aspects of

hippocampal function such as learning and memory, thereby

contributing to the cognitive impairment associated with dystro-

phin-mutations leading to DMD.

Alterations in the density and location of pre- and post-
synaptic inhibitory marker proteins
Coordinated brain activity relies on the rhythmic activity of

functionally distinct cell-types operating within strict spatio-

temporal constraints [43]. Central to such optimal cellular

communication, and thus coordinated neuronal activity between

ensembles of neuronal networks, is the precise patterning of

inhibitory and excitatory synaptic connections between neuronal

classes [50,51]. The relationship between the type of synapse and

their sub-cellular location has been best characterised in the CA1

sub-field of the hippocampus [30]. CA1 pyramidal neurons

elaborate several morphologically distinct dendritic arbours onto

which excitatory and inhibitory synapses are targeted to specific

sub-cellular domains, allowing for the spatial segregation of

information flow from diverse cell-types; see [21,35] for review.

This compartmentalisation of functionally distinct synaptic inputs

onto precise sub-cellular domains of individual pyramidal neurons

allows for the integration of excitatory and inhibitory synaptic

transmission. Therefore, the altered distribution of NL2 immuno-

reactivity, and presumably inhibitory synapses, within the CA1

region of the hippocampus in dystrophin-deficient mice suggests a

role for dystrophin in the correct patterning of GABAergic

synapses on specific sub-cellular domains of CA1 pyramidal

neurons. Its precise role is unclear but is likely to involve pre-and

postsynaptic signalling since we show mirrored changes in the

projection patterns of neurochemicals which are expressed by

defined classes of interneurons. NLs, together with neurexins, are

transynaptic adhesion molecules [52,53]. NLs are required for

correct synapse maturation but not for the initial formation of

synaptic contacts [33]. Since dystroglycan, a member of the DAP

complex which is required for the localisation of dystrophin to

GABAAR clusters, is also the physiological ligand for neurexins

[19] it is conceivable that the absence of dystrophin impairs the

ability of NLs and neurexins to initiate the maturation of

appropriate pre- and postsynaptic membranes amongst the many

redundant immature synapses formed during development. This

potential role of dystrophin in synapse maturation appears to be

restricted to specific cell-types. For example, CB1-VGLUT3-

expressing varicosities which arise predominantly from the CCK-

expressing basket cells were distributed relatively evenly across

dendritic fields in dystrophin-deficient mice (Figures 3, 4) as

opposed to their characteristic enrichment within the cell body

layer in WT mice [38]. Intriguingly, there were no apparent

changes in the level of immunoreactivity for PV-expressing
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varicosities within stratum pyramidale although increased PV

signal, together with that of somatostatin, was evident in dendritic

layers. Such increased PV-somatostatin expression could represent

alterations in bistratified cells, a class of interneuron which

preferentially targets the dendritic domains of pyramidal neurons.

However, the precise mechanisms which underlie this cell-type

selectivity of dystrophin in influencing interneuron projection

patterns are currently unclear. Likely factors could be the

developmental onset of dystrophin expression within the hippo-

campus, the developmental origins of various interneuron types

and the time course of hippocampal invasion by such cells.

Dystrophin expression within the mouse CNS commences from

embryonic day 14 onwards [54] which closely correlates with the

onset of interneuron invasion of the hippocampus [55]. However,

CCK-expressing cells are generated later and from the caudal

ganglionic eminence compared to PV-expressing cells which

originate from the medial ganglionic eminence [55]. A further

factor is likely to be the initial pattern of synapses formed during

development. CCK-expressing basket cells, prior to providing

inhibitory input onto pyramidal cells somata in adulthood, initially

form synapses on pyramidal cell dendrites during early postnatal

stages where they are postulated to provide GABA-mediated

depolarising input to augment immature glutamatergic synaptic

transmission [56]. It is currently unclear whether such initial

dendritic innervation occurs with PV-expressing basket cells due to

the low levels of PV expression during development [57,58].

Nevertheless, it is tempting to speculate that the absence of

dystrophin impacts on the relocation of these initial synaptic

contacts from dendritic compartments to their eventual somatic

locations, as evidenced by the paucity of NL2 immunoreactivity in

the pyramidal cell body layer of dystrophin-deficient mouse

models together with abnormal levels of expression in dendritic

layers. As such, this suggests a seminal role for dystrophin in the

proper functioning of NL-neurexin synapse maturation pathways.

Alterations in the projection patterns of interneurons
Functionally distinct classes of interneurons shape the patterns

of activity of principal neurons within the cortex [21,35]. They

achieve this by releasing GABA to precise sub-cellular domains of

the principal cells in defined amounts at appropriate times in a

brain state [43] and behaviour-dependent manner [59]. There-

fore, an imbalance to the rhythmicity orchestrated by the different

classes of interneurons within the brain region is likely to be the

functional consequences of the anatomical data showing an altered

distribution of VGAT, CB1, VGLUT3 and somatostatin-express-

ing varicosities in the CA1 sub-field of dystrophin-deficient mice.

For example, PV and CCK-expressing basket cells both provide

inhibitory input on the somata of hippocampal pyramidal neurons

yet occupy distinct roles in terms of different hippocampal network

oscillations [60]. Since CB1-VGLUT3 are expressed by CCK-

containing basket cells, their decreased density in immunoreactiv-

ity in stratum pyramidale could represent a decreased CCK basket

cell influence onto the cell bodies of pyramidal neurons. If so, this

imbalance of inhibitory input within this domain could have a

profound influence on the firing patterns of pyramidal neurons.

This decreased inhibitory influence from CCK-expressing basket

cell could be compensated for by the inhibitory tone of PV-

expressing basket cells. However, it is not only the release of

GABA, but also the amount released within a specific time frame

that signifies the role of a specific interneuron with a network.

Defining differences between PV and CCK-expressing basket cells

are their firing rates [61], the ultrastructure of their synaptic inputs

onto pyramidal cell somata [62] and their contributions to

entraining the activity of specific subsets of pyramidal neurons

[60]. It is this firing of subsets of pyramidal cells during different

behavioural states that underlies the role of the hippocampus in

different cognitive processes [63]. Thus, these anatomical data

demonstrate the potential alterations in the molecular machinery

that underpins pyramidal cell excitability, ushering in a potentially

novel role of dystrophin in patterning the formation of specific

subsets of synapses in addition to its well established role in

anchoring neurotransmitter receptors [14].

Acknowledgments

We thank Scott Rodaway and Angela Scutt from the Bio-resources team at

the University of Portsmouth for their assistance with the animal

husbandry.

Author Contributions

Conceived and designed the experiments: JDS. Performed the experi-

ments: EK JDS. Analyzed the data: EK JDS. Contributed reagents/

materials/analysis tools: KZ DCG. Contributed to the writing of the

manuscript: EK DCG JDS.

References

1. Duchenne GB (1968) Studies on pseudohypertrophic muscular paralysis or

myosclerotic paralysis. Arch Neurol 19: 629–636.

2. Koenig M, Hoffman EP, Bertelson CJ, Monaco AP, Feener C, et al. (1987)

Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and

preliminary genomic organization of the DMD gene in normal and affected

individuals. Cell 50: 509–517.

3. Waite A, Tinsley CL, Locke M, Blake DJ (2009) The neurobiology of the

dystrophin-associated glycoprotein complex. Ann Med 41: 344–359.

4. Mento G, Tarantino V, Bisiacchi PS (2011) The neuropsychological profile of

infantile Duchenne muscular dystrophy. Clin Neuropsychol 25: 1359–1377.

5. Nicholson LV, Johnson MA, Bushby KM, Gardner-Medwin D, Curtis A, et al.

(1993) Integrated study of 100 patients with Xp21 linked muscular dystrophy

using clinical, genetic, immunochemical, and histopathological data. Part 2.

Correlations within individual patients. J Med Genet 30: 737–744.

6. Abdulrazzak H, Noro N, Simons JP, Goldspink G, Barnard EA, et al. (2001)

Structural diversity despite strong evolutionary conservation in the 59-

untranslated region of the P-type dystrophin transcript. Mol Cell Neurosci 17:

500–513.

7. Gorecki DC, Abdulrazzak H, Lukasiuk K, Barnard EA (1997) Differential

expression of syntrophins and analysis of alternatively spliced dystrophin

transcripts in the mouse brain. Eur J Neurosci 9: 965–976.

8. Gorecki DC, Barnard EA (1995) Specific expression of G-dystrophin (Dp71) in

the brain. Neuroreport 6: 893–896.

9. Gorecki DC, Monaco AP, Derry JM, Walker AP, Barnard EA, et al. (1992)

Expression of four alternative dystrophin transcripts in brain regions regulated

by different promoters. Hum Mol Genet 1: 505–510.

10. Knuesel I, Bornhauser BC, Zuellig RA, Heller F, Schaub MC, et al. (2000)

Differential expression of utrophin and dystrophin in CNS neurons: an in situ

hybridization and immunohistochemical study. J Comp Neurol 422: 594–611.

11. Moukhles H, Carbonetto S (2001) Dystroglycan contributes to the formation of

multiple dystrophin-like complexes in brain. J Neurochem 78: 824–834.

12. Pilgram GS, Potikanond S, Baines RA, Fradkin LG, Noordermeer JN (2010)

The roles of the dystrophin-associated glycoprotein complex at the synapse. Mol

Neurobiol 41: 1–21.

13. Michaluk P, Kolodziej L, Mioduszewska B, Wilczynski GM, Dzwonek J, et al.

(2007) Beta-dystroglycan as a target for MMP-9, in response to enhanced

neuronal activity. J Biol Chem 282: 16036–16041.

14. Knuesel I, Mastrocola M, Zuellig RA, Bornhauser B, Schaub MC, et al. (1999)

Short communication: altered synaptic clustering of GABAA receptors in mice

lacking dystrophin (mdx mice). Eur J Neurosci 11: 4457–4462.

15. Vaillend C, Billard JM (2002) Facilitated CA1 hippocampal synaptic plasticity in

dystrophin-deficient mice: role for GABAA receptors? Hippocampus 12: 713–

717.

16. Vaillend C, Ungerer A, Billard JM (1999) Facilitated NMDA receptor-mediated

synaptic plasticity in the hippocampal CA1 area of dystrophin-deficient mice.

Synapse 33: 59–70.

17. Anderson JL, Head SI, Morley JW (2003) Altered inhibitory input to Purkinje

cells of dystrophin-deficient mice. Brain Res 982: 280–283.

Location of Hippocampal Synaptic Proteins in the Absence of Dystrophin

PLOS ONE | www.plosone.org 13 September 2014 | Volume 9 | Issue 9 | e108364



18. Graciotti L, Minelli A, Minciacchi D, Procopio A, Fulgenzi G (2008) GABAergic

miniature spontaneous activity is increased in the CA1 hippocampal region of
dystrophic mdx mice. Neuromuscul Disord 18: 220–226.

19. Sugita S, Saito F, Tang J, Satz J, Campbell K, et al. (2001) A stoichiometric
complex of neurexins and dystroglycan in brain. J Cell Biol 154: 435–445.

20. Craig AM, Kang Y (2007) Neurexin-neuroligin signaling in synapse develop-

ment. Curr Opin Neurobiol 17: 43–52.

21. Klausberger T, Somogyi P (2008) Neuronal diversity and temporal dynamics:

the unity of hippocampal circuit operations. Science 321: 53–57.

22. Miranda R, Sebrie C, Degrouard J, Gillet B, Jaillard D, et al. (2009)

Reorganization of inhibitory synapses and increased PSD length of perforated
excitatory synapses in hippocampal area CA1 of dystrophin-deficient mdx mice.

Cereb Cortex 19: 876–888.

23. Bulfield G, Siller WG, Wight PA, Moore KJ (1984) X chromosome-linked

muscular dystrophy (mdx) in the mouse. Proc Natl Acad Sci U S A 81: 1189–
1192.

24. Wertz K, Fuchtbauer EM (1998) Dmd(mdx-beta geo): a new allele for the mouse

dystrophin gene. Dev Dyn 212: 229–241.

25. Corteen NL, Cole TM, Sarna A, Sieghart W, Swinny JD (2011) Localization of

GABA-A receptor alpha subunits on neurochemically distinct cell types in the
rat locus coeruleus. Eur J Neurosci 34: 250–262.

26. Watanabe M, Fukaya M, Sakimura K, Manabe T, Mishina M, et al. (1998)

Selective scarcity of NMDA receptor channel subunits in the stratum lucidum

(mossy fibre-recipient layer) of the mouse hippocampal CA3 subfield.
Eur J Neurosci 10: 478–487.

27. Lorincz A, Nusser Z (2008) Cell-type-dependent molecular composition of the

axon initial segment. J Neurosci 28: 14329–14340.

28. Du J, Tao-Cheng JH, Zerfas P, McBain CJ (1998) The K+ channel, Kv2.1, is

apposed to astrocytic processes and is associated with inhibitory postsynaptic
membranes in hippocampal and cortical principal neurons and inhibitory

interneurons. Neuroscience 84: 37–48.

29. Trimmer JS, Rhodes KJ (2004) Localization of voltage-gated ion channels in

mammalian brain. Annu Rev Physiol 66: 477–519.

30. Megias M, Emri Z, Freund TF, Gulyas AI (2001) Total number and distribution

of inhibitory and excitatory synapses on hippocampal CA1 pyramidal cells.
Neuroscience 102: 527–540.

31. Panzanelli P, Gunn BG, Schlatter MC, Benke D, Tyagarajan SK, et al. (2011)

Distinct mechanisms regulate GABAA receptor and gephyrin clustering at

perisomatic and axo-axonic synapses on CA1 pyramidal cells. J Physiol 589:
4959–4980.

32. Varoqueaux F, Jamain S, Brose N (2004) Neuroligin 2 is exclusively localized to

inhibitory synapses. Eur J Cell Biol 83: 449–456.

33. Varoqueaux F, Aramuni G, Rawson RL, Mohrmann R, Missler M, et al. (2006)

Neuroligins determine synapse maturation and function. Neuron 51: 741–754.

34. Poulopoulos A, Aramuni G, Meyer G, Soykan T, Hoon M, et al. (2009)
Neuroligin 2 drives postsynaptic assembly at perisomatic inhibitory synapses

through gephyrin and collybistin. Neuron 63: 628–642.

35. Freund TF, Buzsaki G (1996) Interneurons of the hippocampus. Hippocampus

6: 347–470.

36. Katsumaru H, Kosaka T, Heizmann CW, Hama K (1988) Immunocytochem-

ical study of GABAergic neurons containing the calcium-binding protein
parvalbumin in the rat hippocampus. Exp Brain Res 72: 347–362.

37. Nunzi MG, Gorio A, Milan F, Freund TF, Somogyi P, et al. (1985)

Cholecystokinin-immunoreactive cells form symmetrical synaptic contacts with

pyramidal and nonpyramidal neurons in the hippocampus. J Comp Neurol 237:
485–505.

38. Katona I, Sperlagh B, Sik A, Kafalvi A, Vizi ES, et al. (1999) Presynaptically

located CB1 cannabinoid receptors regulate GABA release from axon terminals

of specific hippocampal interneurons. J Neurosci 19: 4544–4558.

39. Somogyi J, Baude A, Omori Y, Shimizu H, El Mestikawy S, et al. (2004)
GABAergic basket cells expressing cholecystokinin contain vesicular glutamate

transporter type 3 (VGLUT3) in their synaptic terminals in hippocampus and

isocortex of the rat. Eur J Neurosci 19: 552–569.

40. Del Tongo C, Carretta D, Fulgenzi G, Catini C, Minciacchi D (2009)
Parvalbumin-positive GABAergic interneurons are increased in the dorsal

hippocampus of the dystrophic mdx mouse. Acta Neuropathol 118: 803–812.

41. Klausberger T, Marton LF, Baude A, Roberts JD, Magill PJ, et al. (2004) Spike

timing of dendrite-targeting bistratified cells during hippocampal network
oscillations in vivo. Nat Neurosci 7: 41–47.

42. Baude A, Nusser Z, Roberts JD, Mulvihill E, McIlhinney RA, et al. (1993) The

metabotropic glutamate receptor (mGluR1 alpha) is concentrated at perisynaptic

membrane of neuronal subpopulations as detected by immunogold reaction.
Neuron 11: 771–787.

43. Klausberger T, Magill PJ, Marton LF, Roberts JD, Cobden PM, et al. (2003)

Brain-state- and cell-type-specific firing of hippocampal interneurons in vivo.

Nature 421: 844–848.

44. Gulyas AI, Hajos N, Katona I, Freund TF (2003) Interneurons are the local

targets of hippocampal inhibitory cells which project to the medial septum.
Eur J Neurosci 17: 1861–1872.

45. Hughes DI, Bannister AP, Pawelzik H, Thomson AM (2000) Double

immunofluorescence, peroxidase labelling and ultrastructural analysis of
interneurones following prolonged electrophysiological recordings in vitro.

J Neurosci Methods 101: 107–116.
46. Benke D, Fritschy JM, Trzeciak A, Bannwarth W, Mohler H (1994)

Distribution, prevalence, and drug binding profile of gamma-aminobutyric acid

type A receptor subtypes differing in the beta-subunit variant. J Biol Chem 269:
27100–27107.

47. Pirker S, Schwarzer C, Wieselthaler A, Sieghart W, Sperk G (2000) GABA(A)
receptors: immunocytochemical distribution of 13 subunits in the adult rat brain.

Neuroscience 101: 815–850.
48. Sperk G, Schwarzer C, Tsunashima K, Fuchs K, Sieghart W (1997) GABA(A)

receptor subunits in the rat hippocampus I: immunocytochemical distribution of

13 subunits. Neuroscience 80: 987–1000.
49. Kasugai Y, Swinny JD, Roberts JD, Dalezios Y, Fukazawa Y, et al. (2010)

Quantitative localisation of synaptic and extrasynaptic GABAA receptor
subunits on hippocampal pyramidal cells by freeze-fracture replica immunola-

belling. Eur J Neurosci 32: 1868–1888.

50. Thomson AM, Morris OT (2002) Selectivity in the inter-laminar connections
made by neocortical neurones. J Neurocytol 31: 239–246.

51. Watts J, Thomson AM (2005) Excitatory and inhibitory connections show
selectivity in the neocortex. J Physiol 562: 89–97.

52. Missler M, Sudhof TC, Biederer T (2012) Synaptic cell adhesion. Cold Spring
Harb Perspect Biol 4: a005694.

53. Sudhof TC (2008) Neuroligins and neurexins link synaptic function to cognitive

disease. Nature 455: 903–911.
54. Houzelstein D, Lyons GE, Chamberlain J, Buckingham ME (1992) Localization

of dystrophin gene transcripts during mouse embryogenesis. J Cell Biol 119:
811–821.

55. Tricoire L, Pelkey KA, Erkkila BE, Jeffries BW, Yuan X, et al. (2011) A

blueprint for the spatiotemporal origins of mouse hippocampal interneuron
diversity. J Neurosci 31: 10948–10970.

56. Morozov YM, Freund TF (2003) Postnatal development and migration of
cholecystokinin-immunoreactive interneurons in rat hippocampus. Neuroscience

120: 923–939.
57. Nitsch R, Bergmann I, Kuppers K, Mueller G, Frotscher M (1990) Late

appearance of parvalbumin-immunoreactivity in the development of GABAer-

gic neurons in the rat hippocampus. Neurosci Lett 118: 147–150.
58. de Lecea L, del Rio JA, Soriano E (1995) Developmental expression of

parvalbumin mRNA in the cerebral cortex and hippocampus of the rat. Brain
Res Mol Brain Res 32: 1–13.

59. Lapray D, Lasztoczi B, Lagler M, Viney TJ, Katona L, et al. (2012) Behavior-

dependent specialization of identified hippocampal interneurons. Nat Neurosci
15: 1265–1271.

60. Klausberger T, Marton LF, O’Neill J, Huck JH, Dalezios Y, et al. (2005)
Complementary roles of cholecystokinin- and parvalbumin-expressing GABAer-

gic neurons in hippocampal network oscillations. J Neurosci 25: 9782–9793.
61. Pawelzik H, Hughes DI, Thomson AM (2002) Physiological and morphological

diversity of immunocytochemically defined parvalbumin- and cholecystokinin-

positive interneurones in CA1 of the adult rat hippocampus. J Comp Neurol
443: 346–367.

62. Takacs VT, Szonyi A, Freund TF, Nyiri G, Gulyas AI (2014) Quantitative
ultrastructural analysis of basket and axo-axonic cell terminals in the mouse

hippocampus. Brain Struct Funct.

63. O’Keefe J, Nadel L (1978) The hippocampus as a cognitive map. Oxford New
York: Clarendon Press; Oxford University Press. xiv, 570 p. p.

64. Fukudome Y, Ohno-Shosaku T, Matsui M, Omori Y, Fukaya M, et al. (2004)
Two distinct classes of muscarinic action on hippocampal inhibitory synapses:

M2-mediated direct suppression and M1/M3-mediated indirect suppression

through endocannabinoid signalling. Eur J Neurosci 19: 2682–2692.
65. Misonou H, Menegola M, Mohapatra DP, Guy LK, Park KS, et al. (2006)

Bidirectional activity-dependent regulation of neuronal ion channel phosphor-
ylation. J Neurosci 26: 13505–13514.

66. Iwakura A, Uchigashima M, Miyazaki T, Yamasaki M, Watanabe M (2012)
Lack of molecular-anatomical evidence for GABAergic influence on axon initial

segment of cerebellar Purkinje cells by the pinceau formation. J Neurosci 32:

9438–9448.
67. Schwaller B, Dick J, Dhoot G, Carroll S, Vrbova G, et al. (1999) Prolonged

contraction-relaxation cycle of fast-twitch muscles in parvalbumin knockout
mice. Am J Physiol 276: C395–403.

68. Gronborg M, Pavlos NJ, Brunk I, Chua JJ, Munster-Wandowski A, et al. (2010)

Quantitative comparison of glutamatergic and GABAergic synaptic vesicles
unveils selectivity for few proteins including MAL2, a novel synaptic vesicle

protein. J Neurosci 30: 2–12.

Location of Hippocampal Synaptic Proteins in the Absence of Dystrophin

PLOS ONE | www.plosone.org 14 September 2014 | Volume 9 | Issue 9 | e108364


