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Abstract

Cytoskeletal scaffolding complexes help organize specialized membrane domains with unique
functions on the surface of cells. In this study, we define the scaffolding potential of the Schwann
cell dystrophin glycoprotein complex (DGC) by establishing the presence of four syntrophin
isoforms, (a1, B1, B2, and y2), and one dystrobrevin isoform, (a—dystrobrevin-1), in the abaxonal
membrane. Furthermore, we demonstrate the existence of two separate DGCs in Schwann cells
that divide the abaxonal membrane into spatially distinct domains, the DRP2/periaxin rich plaques
and the Cajal bands that contain Dp116, utrophin, a-dystrobrevin-1 and four syntrophin isoforms.
Finally, we show that the two different DGCs can scaffold unique accessory molecules in distinct
areas of the Schwann cell membrane. Specifically, the cholesterol transporter ABCA1, associates
with the Dp116/syntrophin complex in Cajal bands and is excluded from the DRP2/periaxin rich
plaques.

Introduction

The formation and maintenance of specialized membrane domains is critical for a myriad of
cellular processes in virtually every cell type. Therefore, understanding the elements that
divide the cell membrane into discrete functional domains is a fundamental aspect of many
cellular processes. Cytoskeletal scaffolding networks contribute to the formation and
maintenance of specialized membrane domains by anchoring networks of proteins that
define the specific domain. The dystrophin glycoprotein complex (DGC) has emerged as
one such cytoskeletal scaffold. The DGC organizes numerous membrane specializations,
including the neuromuscular synapse (Bewick et al. 1992; Byers et al. 1991; Kramarcy and
Sealock 2000; Luo et al. 2005; Newey et al. 2001a; Peters et al. 1994; Peters et al. 1998), the
basolateral membrane of epithelial cells (Kachinsky et al. 1999), and astrocytic endfeet
(Amiry-Moghaddam et al. 2004; Bragg et al. 2006).

The DGC'’s ability to organize specialized membrane domains is primarily mediated by the
syntrophins and dystrobrevins, (reviewed in (Albrecht and Froehner 2002). The syntrophins
are a family of five modular adaptor proteins that tether kinases (Connors et al. 2004; Hogan
et al. 2001; Lumeng et al. 1999), channels (Adams et al. 2001; Gee et al. 1998; Leonoudakis
et al. 2004; Neely et al. 2001), transporters (Buechler et al. 2002; Munehira et al. 2004;
Okuhira et al. 2005) and other proteins (Brenman et al. 1996; Newbell et al. 1997; Oak et al.
2001; Ort et al. 2000) to the DGC with their PDZ domains (Adams et al. 1993; Alessi et al.
2006; Newey et al. 2000). The dystrobrevins contribute to the DGC scaffold by doubling the
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number of syntrophins (Newey et al. 2000), and interacting with additional proteins
(Albrecht and Froehner 2004; Benson et al. 2001; Ceccarini et al. 2007; Mizuno et al. 2001;
Newey et al. 2001b).

Schwann cells express several DGC components, including dystrophin (Dp116), utrophin,
DRP2, dystroglycan and the sarcoglycans (Byers et al. 1993; Fabbrizio et al. 1995; Imamura
et al. 2000; Karpati et al. 1993; Yamada et al. 1994). Furthermore, the DGC helps stabilize
the myelin sheath (Cai et al. 2007; Court et al. 2004; Saito et al. 2007; Saito et al. 2003;
Sherman et al. 2001). While the dystroglycans and sarcoglycans are uniformly distributed on
the Schwann cell plasma membrane, DRP2 aggregates with periaxin into discrete plaques
where the myelin layers come in close proximity to the abaxonal membrane (Court et al.
2004). Elsewhere, the abaxonal membrane is separated from the myelin layers by strands of
cytoplasm known as Cajal bands (Court et al. 2004), that presumably also contain a DGC.
However, the distribution of Dp116, utrophin, dystrobrevin and the syntrophins on the
Schwann cell plasma membrane are unknown.

Although the presence and importance of the DGC in Schwann cells is well established,
little is known about the scaffolding potential of this complex in Schwann cells mediated by
the syntrophins and dystrobrevins. In this study, we characterize the syntrophin and
dystrobrevin isoforms in peripheral nerve, demonstrate the presence of two different DGC
complexes with distinct distributions on the surface of myelin-forming Schwann cells, and
show that the cholesterol transporter ABCA1 associates with syntrophin and Dp116 in
Schwann cell Cajal bands.

Rabbit polyclonal antibodies previously generated and characterized in the Froehner lab
include dystrophin (Kramarcy et al. 1994), utrophin (Kramarcy et al. 1994), a-
dystrobrevin-1 (670) (Peters et al. 1998), a-dystrobrevin-2 (Peters et al. 1998), pan-
dystrobrevin (433) (Peters et al. 1998), B-dystrobrevin (Peters et al. 1997b), a-syntrophin
(Peters et al. 1997a), f1-syntrophin (Peters et al. 1997a), f2-syntrophin (Peters et al. 1994),
y1-syntrophin (289) and y2-syntrophin (213) (Alessi et al. 2006). The mouse monoclonal
antibody 1351 that recognizes the a and p syntrophins was characterized previously
(Froehner et al. 1987). The rabbit anti DRP2 antibody (2164) was produced and
characterized by the Brophy lab (Sherman et al. 2001). The rabbit anti-ABCAL antibody
was purchased from Affinity Bioreagents (Golden, CO). The monoclonal anti-dystrophin
antibody Mandral was purchased from Sigma (St.Louis, MO).

Mice deficient in a-syntrophin, p2-syntrophin or both a- and p2-syntrophin were created in
the Froehner lab and described previously(Adams et al. 2004; Adams et al. 2000). a-
Dystrobrevin null mice (Grady et al. 1999) were a kind gift from Mark Grady and Joshua
Sanes and maintained as a colony at the University of Washington. All animal experiments
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were performed with approval of the Institutional Animal Care and Use Committee at the
University of Washington

Immunohistochemistry

C57 mice or Wistar rats were sacrificed and the sciatic nerves were rapidly removed,
covered in OCT and frozen in liquid nitrogen cooled isopentane for cryosectioning. 10 pm
frozen sections were fixed in either 2% paraformaldehyde for 10 min or 50% methanol/50%
acetone for 1 min, rinsed with PBS, and blocked with 3% BSA, 1% fish gelatin and 0.05%
tween-20 in PBS. The nerves were then labeled with primary antibody at a final
concentration of 50 nM. Next, the nerves were washed in PBS and incubated with either,
goat anti-rabbit 1gG conjugated to Alexa 594 diluted 1:1000, or Donkey anti-mouse IgG
conjugated to Alexa 488 diluted 1:1000 (MolecularProbes). After extensive washing in PBS,
the slides were mounted and viewed using a Zeiss Axioskop2plus equipped with a Zeiss
Axiocam and Axiovision software, a Leica TCS confocal microscope or a Zeiss Meta 510
confocal microscope maintained by the University of Washington Keck Imaging Center.

Tissue Homogenization and Immunoprecipitation

Whole tissue extracts were prepared by homogenizing nerve samples in 20 volumes of
reducing sample buffer (125mM Tris pH 6.8, 4%SDS, 20% glycerol, 0.5% 2-mercapto
ethanol) in a dounce homogenizer, and then boiling for 2 minutes. Insoluble material was
removed by centrifuging at 10,000xg before separation of proteins by SDS-PAGE.

Dystrophin protein complexes were immunoprecipitated from mouse sciatic nerve using
standard methods. Briefly, 10 sciatic nerves were homogenized in 1.5 ml of HB (10mM
NaPO4, 150mM NaCl, 5mM EDTA, 1mM EGTA and 0.02% sodium azide) with 1%
tritonX-100 and 0.5 ug/ml antipain, 50 ng/ml pepstatinA, 0.5 pg/ml benzamidine, 0.5 pg/ml
leupeptin, and 0.5 pg/ml aproteinin. Homogenates were spun at 10,000 xg for 15 min at 4°C
to remove insoluble material and the supernatant was split into two separate tubes.
Homogenates were then cleared with 20pl of protein G sepharose beads (Sigma) for 2hrs at
4°C. Immunoprecipitation was performed using 20pg of antibody or control 1gG for 3hrs at
4°C. The immunocomplexes were isolated with protein G Sepharose beads and were washed
twice in HB+1% tritonX-100, twice in HB+ 0.1% tritonX-100 and once with HB alone. The
immune complexes were then boiled in reducing sample buffer, loaded onto 4-15%
acrylamide gels (BioRad) and separated by SDS-PAGE.

Western blotting

Following SDS-PAGE, proteins were transferred to PVDF membranes (Millipore) using a
miniprotean |1 tank transfer apparatus (Biorad) and then blocked in TBST+3%NFDM
(define) overnight at 4° C. Antigen detection was performed by overlaying blots with the
appropriate antibody diluted to a final concentration of 50nM. Blots were then washed and
incubated with either goat anti-rabbit IgG or goat anti-mouse 1gG secondary antibodies
conjugated to horseradish peroxidase (Pierce) diluted 1:1,000. Bands were visualized by
enhanced chemiluminescence (ECL) using super signal west pico or femto ECL substrate
(Pierce) and an Alpha Innotech gel documentation system (Alpha Innotech Corp).
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Results

Characterization of dystrobrevins and syntrophins in peripheral nerve

The presence and distribution of dystrophin, utrophin and DRP2 in peripheral nerve was
confirmed (fig 1) as previously reported (Byers et al. 1993; Fabbrizio et al. 1995; Karpati et
al. 1993). To identify the dystrobrevins and syntrophins that accompany the dystrophin
complex in the perineurium and Schwann cell plasma membrane, we used isoform specific
antibodies. a-Dystrobrevin-1 is the only dystrobrevin expressed in peripheral nerve, where it
is found in both the perineurium and in Schwann cells (Fig. 1). In contrast, multiple
syntrophin isoforms are present. These include a-, f1-, 2- and y2-syntrophin, where y2-
syntrophin is qualitatively the most abundant isoform (Fig. 1). The a-, f2- and y2-syntrophin
isoforms are present in both the perineurium and in the Schwann cell plasma membrane,
while B1-syntrophin is in the Schwann cells, but not the perineurium (fig.1).

Two different distributions of dystrophin family members in Schwann cells

Analysis of the distribution of each member of the DGC along the length of the nerve
revealed the presence two spatially distinct dystrophin complexes. As previously reported,
DRP2 is located in discrete plaques on the Schwann cell plasma membrane (Sherman et al.
2001) (Fig. 2A). Dystrophin and utrophin are excluded from the DRP2 rich plaques, but are
concentrated in the remainder of the abaxonal membrane - the Cajal bands (Fig. 2A). a-
Dystrobrevin-1 and the syntrophins present in Schwann cells are exclusively in the Cajal
bands, and thus are likely associated with dystrophin and/or utrophin on the membrane at
these sites (Fig. 2A). Immunohistochemistry of sciatic nerves from C57, a-syntrophin null,
B2-syntrophin null and a-dystrobrevin null mice, demonstrate the specificity of the
syntrophin and dystrobrevin labeling in Schwann cells (Supplementary Figure). Confocal
microscopy of longitudinal sections of sciatic nerve or teased quadriceps nerve double
labeled for DRP2 and either dystrophin, utrophin, or syntrophin, demonstrate that their
distributions are exclusive of one another (Fig. 2B).

The presence of two distinct DGC complexes in the Schwann cell was confirmed by
biochemical analysis. Immunoprecipitation of DGC complexes with anti-dystrophin, or anti-
syntrophin, fail to bring down DRP2 (Fig. 3A). We also found that utrophin failed to
coimmunoprecipitate with dystrophin. In the reverse experiment, immunoprecipitations with
anti-DRP2 contained little to no dystrophin, utrophin, dystrobrevin, or syntrophin (Fig. 3B).
Thus, by immunohistochemical and biochemical analysis, the Schwann cell plasma
membrane contains two distinct dystrophin complexes. The first, originally characterized by
Sherman et al. (2001), is composed of DRP2, dystroglycan and the PDZ domain containing
protein, periaxin, and is concentrated into discrete plaques. The second is composed of the
more traditional dystrophin complex members (Dp116, utrophin, a-dystrobrevin-1, a-, f1-,
B2-, and y2-syntrophin) and is present in Cajal bands.

DGC scaffolding in Schwann cells

The presence of two distinct scaffolding complexes on the surface of Schwann cells suggests
that the DGC organizes the abaxonal membrane into two distinct domains that have unique
molecular compositions and functions. We used a collection of antibodies to known
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syntrophin binding proteins to determine if the DGC serves as a scaffold for any of these
proteins in a specific pattern on the Schwann cell membrane. Our results reveal that the
cholesterol transporter, ABCA1, previously shown to interact with the dystrophin complex
through interactions with a-syntrophin (Munehira et al. 2004), B1-syntrophin (Okuhira et al.
2005), and B2-syntrophin (Buechler et al. 2002), is restricted to the Cajal bands in the
Schwann cells of sciatic nerves (Fig. 6). Furthermore, analysis of protein complexes
immunoprecipitated with anti-ABCAL reveals the presence of a/B-syntrophin, a-
dystrobrevin-1 and Dp116, but not DRP2 (Fig 5A). Attempts to identify the syntrophin
isoform associated with ABCAL by western blotting with isoform specific antibodies were
foiled by the fact that multiple syntrophins associate with Dp116 and dystrobrevin, and thus
are present in the complex. In an attempt to circumvent this problem, we performed
immunoprecipitations using sciatic nerves from a—, B2-, and a/$2 double syntrophin null
mice. The loss of a, B2 or both syntrophins from Schwann cells failed to disrupt the
association of ABCA1 with the Dp116 complex. Thus, p1-syntrophin is likely the
syntrophin interacting with ABCAL in Schwann cells (Fig 5B). Alternatively, ABCA1 may
be promiscuous, associating with more than one syntrophin isoform.

Discussion

Our study defines the scaffolding potential of the DGC in the Schwann cell plasma
membrane by identifying a single dystrobrevin isoform, and four syntrophin isoforms.
Furthermore, we demonstrate that a-dystrobrevin-1 and all four syntrophins are excluded
from the DRP2/periaxin rich plaques identified by Sherman et al (2001). Instead, the
syntrophins and a-dystrobrevin-1 are concentrated in a separate DGC that contains Dp116
and utrophin. The two DGC complexes have distinct distributions. The DRP2 complex is
clustered in large aggregates where the abaxonal membrane of the Schwann cell is in close
apposition with the underlying myelin layers (Court et al. 2004). In contrast, the DGC that
contains dystrobrevin and the syntrophins is located in the Cajal bands, where strands of
cytoplasm tunnel between the abaxonal membrane and the layers of myelin to create a
network of cytoplasm that radiates outward from the nucleus.

The presence of two spatially distinct DGC complexes on the Schwann cell membrane
divides the surface into two domains organized by different cytoskeletal scaffolding
networks that help dictate the protein composition, and therefore the function of each
membrane domain. The syntrophin family localizes and stabilizes a variety of signaling
molecules and channels in or near the membrane of many different cell types through
interactions with their PDZ domains. Our findings demonstrate that all of the syntrophins
that reside under the abaxonal Schwann cell membrane localize to Cajal bands, and that the
DRP2 complex in Schwann cells does not contain any syntrophin isoforms. This result was
surprising given that in vitro experiments demonstrate that DRP2 can associate with the y-
syntrophins, (Alessi et al. 2006) and that y2-syntrophin is abundant in Schwann cells.
However, the DRP2 DGC contains the PDZ protein, periaxin (Sherman et al. 2001),
suggesting that this complex is capable of organizing a different set of signaling proteins and
channels in the abaxonal membrane. A model summarizing our findings is shown in figure
6.
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Although y2-syntrophin localizes to the Cajal bands in Schwann cells, it fails to purify with
either DGC by immunoprecipitation (Fig. 3). This is consistent with a previous study that
showed y2-syntrophin did not associate with dystrophin in vivo, even though in vitro pull
down assays using GST fusion proteins demonstrated that y2-syntrophin is capable of
binding to one of the two syntrophin binding sites present on dystrophin, utrophin, DRP2,
and both dystrobrevins (Alessi et al., 2006). Given the localization of y2-syntrophin to Cajal
bands (Fig. 2), it seems certain that it does not interact with DRP2 in Schwann cells, given
that they are in different locations. However, y2-syntrophin does not copurify with
immunoprecipitated DGC complexes that are rich in Dp116, utrophin, and dystrobrevin.
While these findings seem to contradict each other, there are several possible explanations.
For example, y2-syntrophin may have binding partners other than the DGC in Cajal bands.
Also, the association of y2-syntrophin with the DGC may be a low affinity interaction that is
disrupted under the immunoprecipitation conditions used. Alternatively, the association of
v2-syntrophin with the DGC could be regulated. Thus, it is not clear if or how y2-syntrophin
contributes to the DGC scaffold in Cajal bands.

To determine if the Schwann cell DGC can serve as a scaffold for membrane associated
proteins in the Cajal bands, we performed immunohistochemistry using antibodies to a
variety of proteins known to bind syntrophin. Notably, most known syntrophin ligands,
including nNOS (Brenman et al., 1996) and aquaporin-4 (Adams et al., 2001; Neely et al.,
2001), were not on the Schwann cell membrane or in Cajal bands, (data not shown). Thus,
our initial inspection suggests that the scaffolding function of the dystrophin complex in
Schwann cells is quite different from that in skeletal muscle or astrocytes (Bragg et al.,
2006). The cholesterol transporter, ABCAL, was found in Cajal bands by
immunohistochemistry (Fig. 4), and its interaction with Dp116 and syntrophin, but not
DRP2, was confirmed by immunoprecipitation (Fig. 5). These findings demonstrate the
ability of the two separate DGCs in the Schwann cell plasma membrane to define distinct
membrane domains with different functions.

Previous studies have described the interaction of ABCAL with multiple syntrophin
isoforms (Buechler et al., 2002; Munehira et al., 2004; Okuhira et al., 2005). Their
interaction is dependent on the C-terminal tail of ABCAL, which has a sequence that binds
class | PDZ domains, like those found in the syntrophins. Furthermore, the interaction of
ABCA1 with a and f1-syntrophin decreases the turnover of ABCA1 (Munehira et al., 2004;
Okuhira et al., 2005), and inhibition or over expression of p1-syntrophin modulates
cholesterol efflux and ABCAL cell surface expression in fibroblasts and macrophages
(Okuhira et al., 2005).

ABCAL plays a critical role in reverse cholesterol transport (Lawn et al., 1999), a process
that removes excess cholesterol from peripheral tissues for transport to the liver and removal
from the body. Mutations in ABCA1 are known to cause familial HDL deficiency
(Bodzioch et al., 1999; Brooks-Wilson et al., 1999; McNeish et al., 2000; Orso et al., 2000;
Rust et al., 1999) and Tangier disease. Patients with Tangier disease typically present with a
wide range of peripheral nerve abnormalities that include relapsing peripheral neuropathy,
deficits in temperature and pain sensation (Engel et al., 1967; Pollock et al., 1983) or
syringomyelia-like neuropathy (Zuchner et al., 2003). Nerve biopsies reveal a range of
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myelination defects that reflect the severity of the patient’s neuropathy, and include nerves
that are mostly normal with subtle signs of demyelination, to the complete loss of all
myelinating Schwann cells and subsequent loss of nerve fibers (Pollock et al.,1983; Zuchner
et al., 2003). Whether ABCAL1 function and cholesterol metabolism are altered when the
Schwann cell DGC is disrupted remains to be determined in future experiments.

Our studies in peripheral nerve have established the components of the DGC responsible for
scaffolding proteins in the Schwann cell plasma membrane. In addition, we have
demonstrated that two scaffolding networks divide the Schwann cell membrane into distinct
domains, the DRP2 rich plaques and the Dp116 rich Cajal bands. These distinct distributions
are likely to orchestrate the assembly of specialized membrane domains dedicated to
different functions. As an example of this potential, we demonstrate that the syntrophin
binding protein, ABCAL interacts with the Dp116 based DGC and is localized to the Cajal
bands, while being excluded from the DRP2 rich plaques. Presumably, more PDZ domain
ligands are specifically targeted to membrane specializations by the syntrophins or periaxin.
Their discovery will aid our understanding of the specific functions of these two specialized
DGC complexes on the Schwann cell surface.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression and localization of DGC proteinsin peripheral nerve
Immunofluorescence microscopy was used to determine the localization of dystrophin

(Dys), utrophin (Utn), DRP2, a-dystrobrevin-1 (Db-1), a-dystrobrevin-2 (Db-2), -
dystrobrevin (BDb), a-, B1, B2, v1, and y2-syntrophin (Syn) in nerve branches running
through skeletal muscle (transverse sections). Western blots using the corresponding
antibody on duplicate samples of whole sciatic nerve homogenates are also shown. Scale bar
is 12 pm.
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Figure 2.
Localization of DGC proteins to Cajal bands and plaques and comparison of the distribution

of DRP2 with dystrophin, utrophin, and a/f syntrophin in sciatic nerve. (A) Longitudinal
sections of mouse sciatic nerve were stained with the indicated antibodies. Only DRP2 is
localized to plaques. Dystrophin, utrophin, a-dystrobrevin-1, and a-, B1-, f2-, and y2-
syntrophin are all restricted to Cajal bands. Scale bar is 10 um. (B) DRP2 (red) is localized
to plaques while dystrophin, utrophin and a/f syntrophin (visualized with mAb 1351)
(green) are restricted to Cajal bands. Right and left panels, rat sciatic nerve longitudinal
sections. Middle panel, teased fiber. Scale bar is 5 um.
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Coimmunoprecipitation of DGC proteins from mouse sciatic nerve. (A) Detergent extracts
(Input) were subjected to immunoprecipitation (IP) with anti-a/p-syntrophin (Syn, mAb
1351), anti-dystrophin (Dys, mandral), or control antibody (1gG); (B) immunoprecipation
with anti-DRP2 or 1gG. Immunoprecipitates were subjected to western blotting with the
antibodies indicated. Dp116, a/p-syntrophin and a-Db-1 are coimmunoprecipitated. Neither
DRP2 nor y2-syntrophin are present in complexes with Dp116/syn/aDb-1 or with each

other.
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ABCA1

Figure4.
Colocalization of ABCA1 and Dp116 in Cajal bands. Immunofluorescence labeling of rat

sciatic nerve longitudinal sections shows significant, but not complete, colocalization of
ABCAL (green) and Dp116 (DN, Red). Scale bar is 5 um.
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Coimmunoprecipitation of ABCA1 with the Dp116/syn/aDb-1 complex but not with DRP2.
(A) Immunoprecipitations from C57 mouse sciatic nerve with ABCA1 were subjected to
western blotting for Dp116 (Dys), aDb-1, a/B-syntrophins, and DRP2. (B) A similar
experiment using sciatic nerve from the a/B2-syntrophin double null mice.
Coimmunoprecipitation of the Dp116/syn/aDb-1 complex with anti-ABCA1 does not
depend on the presence of a- or f2-syntrophin. DRP2 is not found in the ABCAL complex.
1gG IP, control.
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Figure®6.
A model of the dystrophin and DRP2 complexes and their division of the abaxonal
membrane into Cajal bands and plaques.
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