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Myelinated fibers are organized into specialized domains that ensure the rapid propagation of action potentials and are characterized by
protein complexes underlying axoglial interactions. TAG-1 (Transient Axonal Glycoprotein-1), a cell adhesion molecule of the Ig super-
family, is expressed by neurons as well as by myelinating glia. It is essential for the molecular organization of myelinated fibers as it
maintains the integrity of the juxtaparanodal region through its interactions with Caspr2 and the voltage-gated potassium channels
(VGKCs) on the axolemma. Since TAG-1 is the only known component of the juxtaparanodal complex expressed by the glial cell, it is
important to clarify its role in the molecular organization of juxtaparanodes. For this purpose, we generated transgenic mice that
exclusively express TAG-1 in oligodendrocytes and lack endogenous gene expression (Tag-1 �/�;plp Tg(rTag-1)). Phenotypic analysis
clearly demonstrates that glial TAG-1 is sufficient for the proper organization and maintenance of the juxtaparanodal domain in the CNS.
Biochemical analysis shows that glial TAG-1 physically interacts with Caspr2 and VGKCs. Ultrastructural and behavioral analysis of
Tag-1 �/�;plp Tg(rTag-1) mice shows that the expression of glial TAG-1 is sufficient to restore the axonal and myelin deficits as well as the
behavioral defects observed in Tag-1 �/� animals. Together, these data highlight the pivotal role of myelinating glia on axonal domain
differentiation and organization.

Introduction
Myelinated fibers are organized into specialized and molecularly
defined domains that ensure the coordinated function of voltage-
activated sodium and potassium channels essential for the rapid
propagation of the action potentials (Girault and Peles, 2002;
Poliak and Peles, 2003; Salzer, 2003; Salzer et al., 2008). The node
of Ranvier is a myelin-free region, characterized by a high con-
centration of sodium channels. Next to it, the paranodal glial

loops tightly interact with the axon to form the paranodal junc-
tion, which insulates the node from the periaxonal internode.
The paranodal complex comprises of the neurexin protein Caspr
on the axon, and the Ig superfamily (IgSF) members contactin
and neurofascin 155 on the axon and glial cell surface, respec-
tively (Peles et al., 1997; Volkmer et al., 1998; Faivre-Sarrailh et
al., 2000; Charles et al., 2002). Juxtaparanodes are the regions of
the internode adjacent to the paranodes.

Juxtaparanodes are characterized by a molecular complex
consisting of TAG-1 (axonin-1/contactin-2), an adhesion mole-
cule of the IgSF present on the glial and axonal membranes, as
well as by the neurexin protein Caspr2 and the Shaker-type
voltage-gated potassium channels (VGKCs) on the axon (Poliak
et al., 2003; Traka et al., 2003; Tzimourakas et al., 2007). The
absence of either TAG-1 or Caspr2 results in disruption of this
complex and the subsequent diffusion of VGKCs (Poliak et al.,
2003; Traka et al., 2003).

TAG-1 is expressed in many neuronal subpopulations as a
glycosyl-phosphatidyl-inositol anchored form as well as a re-
leased form, and is implicated in neurogenesis, neurite extension,
and fasciculation (Furley et al., 1990; Stoeckli et al., 1991; Kunz et
al., 1998; Fitzli et al., 2000; Denaxa et al., 2001; Kyriakopoulou et
al., 2002; Liu and Halloran, 2005; Ma et al., 2008; Mattson and

Received May 13, 2010; revised July 26, 2010; accepted Aug. 22, 2010.
This work was supported by the European Leukodystrophy Association (ELA Research Foundation, Grant 2007-

025I), National Society for Multiple Sclerosis, Grant RG3368-A-1; United Kingdom Multiple Sclerosis Society, Grant
874/07; and Institute of Molecular Biology and Biotechnology intramural grants (to D.K.). M.S. has been the recipient
of the Manasaki Fellowship of the University of Crete and is a graduate student of the program Molecular Basis of
Human Diseases. L.Z. is a graduate student of the program Molecular Biology and Biomedicine. We thank Dr. Stavros
Malas at the Cyprus Institute of Neurology and Genetics for the generation of transgenic lines, Kostis Kourouniotis
and Niki Vardouli for animal care, and Dr. Yannis Dalezios for help with the ultrastructural studies. We thank Drs. B.
Fuss and W. Macklin for the plp cassette and Drs. E. Peles, D. Sherman, and L. Goutebroze for reagents. We acknowl-
edge the help of Panayiota Miltiadous with the behavioral analysis and Michalis Mamantopoulos with immunohis-
tochemistry. We also thank Drs. K. Kleopa, B. Popko, and M. Traka for helpful discussions and the members of the
Karagogeos lab for comments on this manuscript.

Correspondence should be addressed to Domna Karagogeos, Department of Basic Science, Faculty of Medicine,
University of Crete and Institute of Molecular Biology and Biotechnology–Foundation for Research and Technology,
Vassilika Vouton, 71110, Heraklion, Crete, Greece. E-mail: karagoge@imbb.forth.gr.

DOI:10.1523/JNEUROSCI.2574-10.2010
Copyright © 2010 the authors 0270-6474/10/3013943-12$15.00/0

The Journal of Neuroscience, October 20, 2010 • 30(42):13943–13954 • 13943



van Praag, 2008; Wolman et al., 2008; Lieberoth et al., 2009). In
the adult, TAG-1 is expressed by neurons and by myelinating glia.
It is vital in organizing the juxtaparanodes of myelinated fibers
and it plays an important role in optic nerve structural organiza-
tion (Traka et al., 2002, 2003; Chatzopoulou et al., 2008). The
protein is also important in regulating several behavioral aspects
since mice deficient for TAG-1 (Tag-1�/�) display behavioral
deficits such as impaired learning and memory as well as senso-
rimotor gating and gait coordination defects (Fukamauchi et al.,
2001; Savvaki et al., 2008).

TAG-1 is the only partner of the juxtaparanodal complex
identified so far on the glial cell side. Our aim was to explore the
mechanisms myelinating glia use to organize this complex and, in
particular, to explore the role of TAG-1 expressed by oligoden-
drocytes in this process. We generated transgenic mice that ex-
clusively express the rat homolog of TAG-1 in oligodendrocytes
under the proteolipid protein gene (plp) promoter in the
Tag1�/ � background (Tag-1�/ �;plpTg(rTag-1 )) and investigated
its role in juxtaparanodal complex formation, behavior, myelina-
tion, and optic nerve organization. We demonstrate that glial
TAG-1 is sufficient for the restoration of the juxtaparanodal
complex and rescues the optic nerve defects and the behavioral
deficits of the homozygous mutant mice.

Materials and Methods
Animals
The generation of Tag-1 �/� mice has previously been described
(Fukamauchi et al., 2001; Traka et al., 2003). All mice were kept in het-
erozygote breeding pairs and the genotypes were confirmed by PCR. The
housing and animal procedures used were in agreement with the Euro-
pean Union policy (Directive 86/609/EEC) and according to institution-
ally approved protocols.

Generation of Tag-1�/�;plp Tg(rTag-1) transgenic mice
Transgenic mice that express the rat homolog of TAG-1 (rTAG-1) under
the plp promoter were generated. The plp promoter was isolated from the
original plp promoter cassette (Wight et al., 1993; Fuss et al., 2000) and
inserted into ApaI/SacII sites of the pBLscKS-II plasmid vector. The
cDNA of rTAG-1 was subsequently inserted into SacII/EcoRV sites of the
same plasmid vector. Donor mice were superovulated and single cell
embryos were harvested. The plp-rTag-1 cassette was isolated and in-
jected into one of the pronuclei of F2 C57BL/6 � DBA/2 donor embryos.
Injected embryos were transferred into pseudopregnant females. Born
pups were weaned and tailed. Positive founders were identified by PCR
amplification of tail DNA, using a plp 5�UTR-forward (5�-
AAGGAGACTGGAGAGACCAGG-3�) and a rTag-1 reverse (5�-
GAATCAACTGGAGACTCAGGC-3�) primer sequence. Founders were
mated to C57B110/CBA mice and their offspring were tested for the
transgene with PCR amplification of tail DNA. Five transgenic lines were
finally obtained. We analyzed four of five lines (named RT38, RT29, RT6,
and RT20), which expressed the rat homolog of TAG-1 in various areas of
the CNS, as revealed by immunohistochemistry. Analysis of the fifth line
(RT27) was not possible due to infertility problems. Transgenic mice
were backcrossed in the Tag-1 �/ � background (C57B110/CBA) to ob-
tain expression of rTAG-1 protein exclusively from glial cells and the
genotypes were confirmed by PCR. All four lines expressed the rTAG-1
homolog in oligodendrocytes and had similar phenotypes (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material). The
RT38 line was finally chosen for extensive analyses and will be referred as
Tag-1�/ �;plpTg(rTag-1) in this paper. Two of four transgenic lines expressed
rTAG-1 in Schwann cells (RT6 and RT38) (RT38 line is shown in supple-
mental Fig. 4, available at www.jneurosci.org as supplemental material).

Immunohistochemistry
Optic nerves, cerebellum, and the two hemispheres (including hip-
pocampus and entorhinal cortex) were isolated from mice after perfu-
sion with 4% paraformaldehyde (PFA) in 0.1 M PBS. Tissues were then

fixed in the same fixative for 30 min at 4°C, cryoprotected in 30% sucrose
in 0.1 M PBS, and embedded in 7.5% gelatin/15% sucrose gel. Cryosec-
tions of 10 �m were obtained and mounted on Superfrost Plus micro-
scope slides (O. Kindler), postfixed in ice-cold acetone for 10 min,
blocked in 5% BSA in 0.1 M PBS, and incubated with primary and sec-
ondary antibodies in 5% BSA (Sigma-Aldrich), 0.5% Triton-X in 0.1 M

PBS. Sciatic nerves were also isolated and fixed in 2% PFA in 0.1 M PBS
for 30 min at room temperature. Teasing of the nerves was performed as
previously described (Traka et al., 2003; Tzimourakas et al., 2007). Slides
mounted with fibers were postfixed in ice-cold acetone for 10 min,
blocked in 10% FBS (Invitrogen), 0.5% teleostean gelatin (Sigma-
Aldrich), and 0.1% Triton-X in 0.1 M PBS, and incubated with primary
and secondary antibodies in 1% FBS, 0.5% teleostean gelatin, and 0.1%
Triton-X in 0.1 M PBS. Slides were mounted using Mowiol (Calbiochem)
and the samples were observed in a confocal microscope (TCS SP2;
Leica).

The following antibodies were used for immunohistochemistry:
mouse monoclonal anti-rTAG-1 antibody that recognizes rat TAG-1
protein (hereafter called anti-rTAG-1 and used to recognize the trans-
genic protein) (1c12, 1:2000; Developmental Studies Hybridoma Bank),
rabbit polyclonal antibody against TAG-1 (1:1000, recognizes the protein
from mouse and rat, hereafter called anti-TAG-1), rabbit polyclonal an-
tibody against Olig2 (1:1000; Millipore Bioscience Research Reagents),
mouse monoclonal antibody against NeuN (1:400; Millipore Bioscience
Research Reagents), rabbit polyclonal antibodies against Caspr2 and
Caspr (both 1:800; gifts from Dr. Laurence Goutebroze, Inserm 536,
Paris, France), mouse monoclonal antibody against Caspr (1:1000; a gift
from Dr. Elior Peles, Weizmann Institute of Science, Rehovot, Israel),
rabbit polyclonal antibody against Kv1.2 (Alomone, 1:200), rabbit poly-
clonal antibodies against Neurofascins (NF) 155 and NF186 (1:200 and
1:4000, respectively; gifts from Drs. Sherman and Tait, University of
Edinburgh, Edinburgh, UK), and fluorochrome-labeled secondary anti-
bodies Alexa Fluor 488 and 555 (1:800; Invitrogen). To-Pro 3 iodide
(Invitrogen) was also used for the visualization of the nuclei.

For the quantification of properly clustered juxtaparanodes, optic
nerve sections were stained with antibodies against Caspr and Caspr2 as
well as Caspr and Kv1.2, as described above, to denote paranodes and
juxtaparanodes and confocal images were obtained. A square area of
93 � 93 �m was examined to count all stained juxtaparanodes and the
percentage of paranodes with stained juxtaparanodes to total paranodes
was calculated. Four to five different areas from each mouse were exam-
ined. The counts in each area were pooled from all animals belonging to
the same genotype and average counts were obtained for each genotype.
Optic nerves from two age-matched wild-type mice (Tag-1 �/�) were
analyzed and displayed no statistically significant difference compared
with Tag-1 �/� animals (mean for percentage-clustered Caspr2, 70.08
and 70.60, respectively; mean for percentage-clustered Kv1.2, 67.02 and
64.09, respectively). Therefore, we used Tag-1 �/ � as controls in all
immunohistochemical experiments. Littermate animals (Tag-1 �/ �,
Tag-1� / �, and Tag-1�/�;plpTg(rTag-1); n � 3) were used for the juxtapara-
nodal phenotype analysis. In all cases, data are presented as mean � SEM.
Statistical analysis was performed using Student’s t test.

Primary cultures of mixed glial cells and immunofluorescence
Primary cultures of mixed glial cells were obtained by isolation of cere-
bral cortices from postnatal day 2 (P2) Tag-1�/ �, Tag-1�/ �, or Tag-1�/ �;
plpTg(rTag-1 ) transgenic mice. Tissues were transferred in 10-cm-diameter
plates containing DMEM with 10% FBS, cut into small pieces and sub-
mitted to enzymatic digestion with 1% trypsin (Invitrogen), 20 U/ml
DNase I, and 25 mM HEPES in MEM (Invitrogen) for 15 min at 37°C.
Digestion was stopped with the addition of 10% FBS in DMEM (Sigma-
Aldrich). Tissue lysates were centrifuged at 1100 rpm for 5 min, titrated
with glass Pasteur pipette, and washed twice with DMEM and 10% FBS.
Cell suspensions were plated on precoated poly-D-lysine (Sigma-
Aldrich), glass coverslips or Petri dishes and fed with DMEM, 10% FBS,
2 mM L-glutamine (Invitrogen) and N2 supplement (Invitrogen). Micro-
glial removal was achieved mechanically by culture shaking at 37°C for 30
min. Primary mixed glial cells were cultured for 3 d and then the super-
natant was removed and frozen, while cultures were fed with fresh me-
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dium for 3 more days before further analysis. Immunofluorescence in
living cells for TAG-1 was performed as previously described (Karago-
geos et al., 1991; Traka et al., 2002) using a monoclonal anti-rTAG-1
antibody (1c12, 1:2000) for Tag-1 �/ �;plpTg(rTag-1 ) and a rabbit poly-
clonal antibody against Olig2 (1:1000; Millipore Bioscience Research
Reagents).

Cultures from dissociated P2 cortices and P4 Schwann cells
P2 cortices were isolated from Tag-1 �/� and Tag-1 �/ �;plpTg(rTag-1 )

mice and submitted to a brief enzymatic digestion in 0.25% trypsin �
EDTA (Invitrogen) and a subsequent mechanical dissociation via a glass
Pasteur pipette. Cell suspensions were plated on glass coverslips pre-
coated with Matrigel (BD Biosciences), and fed with Neurobasal medium
(Invitrogen), 10% FBS, and B27 supplement (Invitrogen). After 48 h in
culture, immunocytochemistry was performed using monoclonal anti-
rTAG-1 antibody (1c12, 1:2000), a rabbit polyclonal antibody against
Olig2 (1:1000; Millipore Bioscience Research Reagents), a rabbit poly-
clonal antibody for TAG-1 (1:1000), and a mouse monoclonal anti-
NeuN antibody (1:400; Millipore Bioscience Research Reagents), as
previously described (Traka et al., 2002). Schwann cell cultures were
obtained from P4 Tag-1 �/� and Tag-1 �/ �;plpTg(rTag-1 ) mouse sciatic
nerves, as previously described (Traka et al., 2002). Schwann cells were
kept in culture for 4 d and then immunostained with antibodies against
TAG-1, as previously described (Traka et al., 2002).

Western blot analysis and immunoprecipitation
Tissues were collected from freshly killed adult mice and homogenized
directly in ice-cold 85 mM Tris, pH 7.5, 30 mM NaCl, 1 mM EDTA, 120
mM glucose, 1% Triton X-100, 60 mM octyl Q-D glucopyranoside
(Sigma-Aldrich), and protease inhibitor mixture diluted 1:1000 (Sigma-
Aldrich), followed by a brief sonication on ice. The total protein in each
sample was quantified with the Bradford kit (Bio-Rad Laboratories).
Protein extracts were analyzed by SDS PAGE and electrotransferred to
0.45 �m Protran nitrocellulose transfer membrane (Whatman) for 1 h
using a wet transfer unit (Bio-Rad Laboratories). Following 1 h blocking
(5% powdered skim milk and 0.1% Tween 20 in 0.1 M PBS), the mem-
brane was incubated overnight with the primary antibodies. After wash-
ing three times for 10 min in 0.1% Tween 20 in 0.1 M PBS, samples were
incubated for 1 h at room temperature with horseradish peroxidase-
coupled secondary antibodies and proteins were visualized by enhanced
chemiluminescence (Pierce). Colloidal Coomassie blue kit (Invitrogen)
was used in some cases for the staining of proteins in SDS polyacrylamide
gels.

The following antibodies were used for Western blot (WB) analysis:
rabbit polyclonal antibodies against TAG-1 (1:4000), rat monoclonal
antibody against MBP (1:2000; Serotec), rabbit polyclonal antibody
against PLP (1:1000; Abcam), rabbit polyclonal antibody against neurofila-
ments M (1:5000; Covance), rabbit polyclonal antibodies against Caspr2 and
Caspr (both 1:3000; gifts from Dr. Laurence Goutebroze, Inserm 536, Paris,
France), rabbit polyclonal antibody against Kv1.2 (Alomone, 1:1000),
mouse monoclonal antibody against actin (1:4000; Millipore Bioscience Re-
search Reagents), and horseradish peroxidase-coupled secondary antibodies
(1:3000–5000; GE Healthcare).

For immunoprecipitation (IP), adult mouse and rat brain protein
extracts were obtained as described above, whereas cultured HEK293
cells were washed twice in 0.1 M PBS and then lysed using the previously
mentioned buffer. The lysates were then subjected to centrifugation at
13,000 rpm at 4°C for 30 min. Protein extracts were precleared with
protein G Sepharose beads (GE Healthcare) for 1 h at 4°C. IP was per-
formed by incubating the samples with 1.3 �l of mouse monoclonal
anti-rTAG-1 antibody (1c12; Developmental Studies Hybridoma Bank),
and 40 �l of protein G Sepharose beads on a rotating platform overnight
at 4°C. After a brief centrifugation at 6000 rpm, the supernatants were
removed, and the beads were washed four times with wash buffer (5 mM

Tris-HCl, pH 8.0, 1% Triton X-100, 50 mM NaCl, 2.5 mM CaCl2, 2.5 mM

MgCl), and resuspended in equal volume of 2� SDS loading buffer.

Purification of myelin and axonal fractions
For the myelin and axonal fractionation, brain samples were collected
from freshly killed mice, directly diluted in 150 mM NaCl, 1.2 M sucrose,

10 mM TES, pH 7.5 (Sigma-Aldrich), and homogenized with Dounce
homogenizer. After a 20 min centrifugation at 82,500 � g, the floating
layer was collected, further diluted in 150 mM NaCl, 1 M sucrose, 10 mM

TES, pH 7.5, and homogenized as described above. Samples were then
centrifuged for 20 min at 82,500 � g. After centrifugation, the floating
layer, consisting of the myelin enriched fraction, was suspended in 150
mM NaCl, 0.8 M sucrose, 10 mM TES, pH 7.5, homogenized, and centri-
fuged at 82,500 � g for 20 min, while the pellet, consisting of the axonal
enriched fraction, was resuspended in 5 mM Tris pH 7.2, 1% NP-40, 5 mM

EGTA, 1 mM PMSF. The myelin-enriched fraction was treated with 10
mM EGTA, pH 7.5, homogenized, and stirred for 1 h at 4°C. A subsequent
centrifugation for 30 min at 82,500 � g was performed and the obtained
pellet was further homogenized in 0.8 M sucrose, 1 mM EGTA, 150 mM

NaCl, 10 mM TES, pH 7.5, buffer and centrifuged at 82,500 � g for 30
min. The floating part, consisting of the purified myelin fraction, after a
series of washes with water and 10 min centrifugations at 22,000 rpm, was
resuspended in 5 mM Tris pH 7.2, 1% NP-40, 5 mM EGTA, 1 mM PMSF.
Lysates, axonal, and pure myelin fractions from mouse brains were then
subjected to WB analysis.

Cell culture and immunofluorescence
HEK293 cells were transfected with lipofectamin (Invitrogen) using 10
�g of plasmid per 10-cm-diameter dish, 2 �g of plasmid per 60-mm-
diameter dish, or 1.2 �g of plasmid per 35-mm-diameter dish. Plasmid
constructs for the expression of rTAG-1 (Traka et al., 2003), Caspr (a gift
from Dr Laurence Goutebroze, Inserm 536, Paris) (Bonnon et al., 2003),
or Caspr2 (Traka et al., 2003) were used. Twenty-four hours after trans-
fection, the transfected cells were used for the detection of a possible
interaction between the secreted or the surface-bound form of rTAG-1
with Caspr2 protein. In the first case, the medium from Tag-1 �/ �;
plpTg(rTag-1 ) mixed glial cell cultures [after 3 d in vitro (DIV), medium
from one brain maximum was used per 35-mm-diameter dish] was
added to the medium of the growing Caspr2-transfected cells. Twenty-
four hours later, the cells were immunostained for rTAG-1 and Caspr2.
In the second case, the transfected cells expressing Caspr2 or Caspr were
collected and cultured on top of cells transfected with rTAG-1 expression
plasmid (Traka et al., 2003) and vice versa. Twenty-four hours later, the
mixed cell populations were immunostained for rTAG-1 and Caspr2 or
lysed for IP. Immunofluorescence for TAG-1 and Caspr2 was performed
as previously described (Traka et al., 2003).

Electron microscopy
Anesthetized mice were perfused with 2.5% glutaraldehyde in 0.1 M

phosphate buffer (PB), pH 7.3 (primary fixative). Dissected optic nerves
were placed in the primary fixative overnight at 4°C. The fixed optic
nerves were thoroughly washed in 0.1 M PB, postfixed in 1% osmium
tetroxide for 1 h, dehydrated in a series of increasing concentrations of
alcohol, and embedded in epoxy resin (Durcupan ACM; Fluka). Ultra-
thin sections (70 – 80 nm) were cut using an ultramicrotome (EM UC6;
Leica), contrasted with lead, and viewed using a transmission electron
microscope (100C; JEOL) operating at 80 kV. For ultrastructural studies,
randomly chosen electron micrographs were taken at 10,000� magnifi-
cation in both the center and the periphery within the medial segment
(close to the proximal end) of the optic nerve. Axon diameter and myelin
thickness were measured with ImageJ software and statistical analysis was
performed using Student’s t test. For g ratio and axonal diameter analysis,
13 mice were used (three Tag-1 �/�, two Tag-1 �/�, four Tag-1 �/�, and
four Tag-1 �/ �;plpTg(rTag-1 )). For g ratio, �100 axons were measured for
each mouse, whereas for axonal diameter, �200 axons were analyzed.
Unpaired Student’s t test analysis was performed for g ratio and diameter
comparison. No statistically significant differences were observed be-
tween Tag-1 �/� and Tag-1 �/� mice regarding their axon diameter and g
ratio (0.7077 and 0.7078, respectively).

Behavioral studies
Twenty-four males, eight Tag-1 �/ �;plpTg(rTag-1 ), eight Tag-1 �/� mice,
and eight Tag-1 �/� mice were used for the behavioral experiments. An-
imals were tested successively in a set of behavioral tasks in the following
order: cued and hidden version of the Morris water maze (MWM),
novel-object recognition, rotarod, and footprint analysis.
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Cued version of the MWM. We used a circular pool (85 cm in diameter)
filled with water (24 � 1°C) that was rendered opaque with milk. The
protocol followed consisted of a 3 d visible learning period, where in the
absence of extra-maze cues, mice were trained to find a transparent mov-
able platform (8 cm � 10 cm) submerged 1 cm below the water surface
and marked with a black flag. Mice were subjected to four trials per day
(maximum duration, 60 s; separated by 15 min intervals), each from a
different starting position along the perimeter of the pool. At the end of
each trial, mice were allowed on the platform for 20 s. The behavior of
animals was digitally recorded at a frequency of 2–5 Hz using the Noldus
Ethovision system (Ethovision 3.0; Noldus Information Technologies).
During the learning phase, latency (time in seconds to reach the plat-
form) was recorded. To ensure that behavior in the water maze did not
simply reflect changes in activity, swim speed (cm/s) was also deter-
mined. The values obtained were averaged per mouse within each daily
session.

Hidden version of the MWM. Animals were tested as described above
for the cued version with the following modifications: the submerged
transparent platform (8 � 10 cm) was not marked by a flag and the
protocol followed consisted of an acquisition training phase and a long-
term memory probe trial. In the acquisition phase, mice were trained to
find the hidden platform (in a fixed position relative to visible extra-maze
cues) across four consecutive daily sessions. Each daily session consisted
of four 60 s trials with four different starting positions (intertrial interval,
15 min). At the end of each trial, mice were left on the platform for 20 s.
Twenty-four hours after the last acquisition trial, animals were given a
probe trial in the absence of the platform (60 s duration, starting position
opposite to the target quadrant, i.e., the quadrant in which the platform
was located during training). The behavior of animals was digitally re-
corded at a frequency of 2–5 Hz using the Noldus Ethovision system
(Ethovision 3.0; Noldus Information Technologies).

During the learning phase in the hidden version of the water maze,
latency to reach the platform was recorded. The values obtained were
averaged per mouse within each daily session. In the probe trial, we
analyzed the time spent in the target and opposite quadrants. As in the
cued version, to ensure that behavior in the water maze did not simply
reflect changes in activity, swim speed (cm/s) was also determined.

Novel-object recognition. The apparatus consisted of a rectangular
arena (40 � 40 cm) with a closed-circuit camera above it. During a 3 d
habituation period, mice were allowed to freely explore the arena for 5
min each day. One day after the habituation session, mice were subjected
to two 10 min familiarization trials, with a 10 min intertrial interval in
which mice were returned to their home cages. During each familiariza-
tion trial, mice were placed at the center of the arena and left to explore
two identical objects made of Lego blocks (randomly selected from three
differently colored and shaped objects used throughout the experiment:
a pyramid-, a �-, and a cube-shaped object, all of equivalent height). Ten
minutes after the last familiarization trial, mice were placed in the same
arena, where one of the two objects (randomly chosen) was replaced by a
novel one (different shape). Time spent observing each object (novel vs
familiar object exploration time) was scored and the discrimination in-
dex [(time spent observing novel object) � (mean time observing famil-
iar object)/(time spent observing novel object) � (mean time observing
familiar object)] was calculated.

Rotarod. Motor balance and coordination was determined using an
accelerating rotarod apparatus (ENV-575M; Med Associates). Training
of animals consisted of four trials per day (with 15 min rests between
trials), for 3 consecutive days. Mice were placed on the rotating rod at 4
rpm and gradually the speed was increased to 40 rpm at a rate of 0.12
rpm/s. Each trial lasted until the mouse fell from the rod or for a maxi-
mum of 300 s. Testing of the motor coordination abilities of the animals
was performed 24 h after completion of training and consisted of two
consecutive sessions of three trials each (maximum duration, 300 s), the
first session at a constant speed of 20 rpm, and the second one at 32 rpm.
Latency to fall (in seconds) was calculated for each of the training days as
well as for each testing speed and used for data analyses.

Footprint analysis. To obtain the footprints, paws were painted with
nontoxic colored inks and the mouse was allowed to walk down a nar-
row, open-top runway covered with white paper. The runway length was

22 cm long and the width was 10 cm. Furthermore, the open-top runway
was flanked by two walls at each side that were 11 cm high. The mice were
acclimatized to the environment for at least 60 min, and were allowed
two practice runs before coloring the paws. To facilitate subsequent anal-
ysis, front and hindpaws were colored with different colors: blue for the
front and red for the hindpaws. Each mouse was subjected to a total of
nine trials (three trials per day for 3 d). Once the footprints had dried, the
following parameters were measured: overlap width, forelimb stride
length, and hindlimb stride length for the left and right limbs separately.

Statistical analysis. The effect of genotype on the latency to reach the
platform during the learning period in both the cued and hidden versions
of the water maze, as well as on the latency before falling off during
training in the rotarod test, was assessed using one-way ANOVA with
repeated measures (day) and genotype as the independent factor. The
effect of genotype on time spent in the target and opposite quadrants of
the Morris water maze during the long-term memory probe trial was
assessed using a two-way ANOVA with genotype and quadrant as inde-
pendent factors. In the case of significant interactions, univariate F tests
were used to evaluate the main effects. Finally, the effect of genotype on
all other parameters was assessed using one-way ANOVA, with genotype
as the independent factor. When significant genotype effects were de-
tected, Bonferroni post hoc tests were performed to identify specific dif-
ferences between groups. Significance was defined as p 	 0.05. All
statistical analyses were performed using the statistical software SPSS
13.01 for Windows.

Results
Generation of transgenic mice that express the rat homolog of
TAG-1 in oligodendrocytes
Our aim was to test whether the expression of TAG-1 protein by
CNS myelinating glia is sufficient to maintain the integrity of the
juxtaparanodal domain and rescue the molecular and behavioral
phenotype of Tag-1�/� mice. For this purpose, we generated
mice that are deficient for the murine Tag-1 gene but carry the rat
homolog under the plp gene promoter (Tag-1�/ �;plpTg(rTag-1 )).

Immunohistochemistry was performed in adult cerebellar cryo-
sections of heterozygous (Tag-1�/�) and homozygous (Tag-1�/�)
mutants as well as Tag-1� / �;plpTg(rTag-1 ) mice to assess proper
localization of the transgenic protein (Fig. 1). Double immuno-
staining using the Olig2 antibody to stain oligodendrocytes and a
specific antibody against rTAG-1 (Fig. 1A–C) revealed the ex-
pression of the transgenic protein in Olig2� cells and dispersed in
the white matter of adult Tag-1�/ �;plpTg(rTag-1 ) animals (Fig.
1C). As expected, no signal was detected with the anti-rTAG-1
antibody in Tag-1�/� mice, further supporting its specificity.
Subsequent immunohistochemical experiments for the paran-
odal protein Caspr and rTAG-1 (Fig. 1D–F) showed that the
transgenic protein was localized at the juxtaparanodes of myelin-
ated fibers in the cerebellar white matter (Fig. 1F). WB analysis
for TAG-1, myelin proteins (PLP and MBP), and axonal neuro-
filaments M was performed in separated myelin and axonal frac-
tions from Tag-1�/�, Tag-1�/�, Tag-1� / �;plpTg(rTag-1 ) and
Tag-1�/�;plpTg(rTag-1 ) brain tissues (Fig. 1G). In Tag-1�/�;
plpTg(rTag-1 ) mice, transgenic rTAG-1 protein is exclusively de-
tected in the myelin fraction (Fig. 1G; lane 4).

Further experiments were performed in mixed glial cell cul-
tures from P2 Tag-1�/�;plpTg(rTag-1 ) mice. Immunocytochemis-
try on these live cultures after 6 DIV revealed rTAG-1 expression
on the surface of Tag-1�/�;plpTg(rTag-1 ) oligodendrocytes
(Olig2�) (Fig. 1Ha). The medium from the cultured cells was
subjected to SDS PAGE and immunoblotted for TAG-1. As shown
in Figure 1Hb, lane 2, rTAG-1 is released from Tag-1�/�;plpTg(rTag-1)

glial cultures. The molecular weight of the released form of
TAG-1 is indistinguishable from that of the form detected in
brain extracts, as shown previously in dorsal root ganglion and
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spinal cord cell cultures (data not shown) (Karagogeos et al.,
1991).

Previous studies have shown that the plp gene promoter is also
active in some neuronal cells (Bongarzone et al., 1999; Miller et
al., 2009; Gómez-Casati et al., 2010). To investigate the possibility
that transgenic TAG-1 protein may also be expressed in neurons,
we performed a series of immunofluorescence experiments in
vivo and in vitro. Double immunohistochemistry in adult cere-
bellar cryosections with a polyclonal a-TAG-1 antibody and the
neuron-specific marker, NeuN (Neuronal Nuclei), revealed no
sites of colocalization (Fig. 1 I). Furthermore, immunocyto-

chemistry in P2 dissociated cortices in vitro showed that trans-
genic rTAG-1 is clearly absent from neuronal cells (Fig. 1 J).
Our results support the glial-specific expression of TAG-1 in
Tag-1 �/�;plpTg(rTag-1) transgenic mice.

Glial TAG-1 is sufficient to restore the CNS juxtaparanodal
phenotype of Tag-1 �/� mice
To examine whether glial TAG-1 is able to restore the clustering
of Caspr2 and VGKCs in the juxtaparanodes, we analyzed the
molecular organization of the juxtaparanodal region in various
CNS areas of Tag-1�/�;plpTg(rTag-1) mice and compared it with

Figure 1. rTAG-1 expression in the CNS of plpTg(rTag-1) mice. A–F, Immunohistochemistry in cryosections of adult cerebellar white matter using specific antibodies against rTAG-1 in combination
with an oligodendrocyte marker (Olig2; A–C), or with a paranodal marker (Caspr; D–F ). rTAG-1 protein is detected on Olig2 � cells (C) and in juxtaparanodes (F ) of Tag-1 �/�;plpTg(rTag-1) mice. As
expected, rTAG-1 is not detected in Tag-1 �/� (A, D) or Tag-1 �/� (B, E) animals. G, Distribution of TAG-1 in axonal and myelin fractions. Two-month-old brain tissues were purified and used for
WB analysis (as described in Materials and Methods) for TAG-1 and axonal as well as myelin proteins. The four lanes represent the different animals used. Lane 1, Tag-1 �/�; lane 2, Tag-1 �/�; lane
3, Tag-1 �/�;plpTg(rTag-1); lane 4, Tag-1 �/�;plpTg(rTag-1). TAG-1 detected in Tag-1 �/�;plpTg(rTag-1) specifically originates from the myelin fraction. Ha, Live immunostaining of cultured mixed glial
cells from Tag-1 �/�;plpTg(rTag-1) P2 brains. TAG-1 (red) is found on the cell surface of Olig2 � cells (green). Hb, WB analysis for TAG-1 and Coomassie blue staining of the supernatant medium from
glial cells after 3 d in culture. TAG-1 is detected in the medium only in Tag-1 �/�;plpTg(rTag-1) mice, and is absent from the homozygous mutants. Lane 1, Tag-1 �/�; lane 2, Tag-1 �/�;plpTg(rTag-1).
I, Immunohistochemistry in cryosections from cerebellum of adult Tag-1 �/�;plpTg(rTag-1) mice for TAG-1 (green) and the neuronal marker NeuN (red). The transgenic protein is clearly not expressed
by neurons. J, Immunocytochemistry in P2 dissociated cortices from Tag-1 �/� and Tag-1 �/�;plpTg(rTag-1) mice with anti-TAG-1 (green) and anti-NeuN (red) antibodies. TAG-1 is expressed by
neuronal cells in Tag-1 �/� but not in the transgenic mice. To-Pro3 (blue) is used for the visualization of the nuclei in A–F, I, and J. Scale bars, 10 �m. GCL, Granule cell layer; WM, white matter; NFM,
neurofilaments M.
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the homozygous mutants. We performed
a series of immunohistochemical experi-
ments in optic nerve cryosections, using
antibodies against paranodal and jux-
taparanodal proteins. Immunostaining
for Caspr and Caspr2 (Fig. 2A,C,E; aster-
isks in E denote juxtaparanodal staining)
revealed a full rescue of the clustering of
Caspr2 in Tag-1�/�;plpTg(rTag-1) mice (Fig.
2E) compared with the mutants in which
the localization of the protein is severely dis-
rupted (Fig. 2C). Similar experiments for
Caspr and Kv1.2 expression showed that in
Tag-1�/�;plpTg(rTag-1) mice, as in control
animals (Tag-1�/�), Kv1.2 is properly lo-
calized in juxtaparanodes, in contrast to its
diffused expression in homozygous mu-
tants (Fig. 2B,D,F ; asterisks in F denote jux-
taparanodal staining). After quantification
of the percentage of paranodes with prop-
erly clustered juxtaparanodes, stained either
with Caspr2 (Fig. 2G) or Kv1.2 (Fig. 2H), we
obtained similar numbers for Tag-1�/�;
plpTg(rTag-1) and Tag-1�/� littermates (no
statistically significant difference), although
the percentage was significantly lower in
Tag-1�/� mice (Student’s t test, Tag-1�/� vs
Tag-1�/�, p 	 0.05; Tag-1�/� vs Tag-1�/�;
plpTg(rTag-1), p 	 0.05 for Caspr2 and Kv1.2;
in Fig. 2G,H, ***represents p 	 0.05).

In addition to the optic nerve, we ex-
amined other CNS areas such as the hip-
pocampus, entorhinal cortex, corpus
callosum, and cerebellum (supplemental
Figs. 2, 3, available at www.jneurosci.org
as supplemental material). The molecular
restoration of the juxtaparanodes was evi-
dent in all CNS areas tested. These results
indicate that glial TAG-1 is sufficient for the
clustering of VGKCs and Caspr2 in the jux-
taparanodal region of CNS myelinated fibers.

The PLP protein is predominantly ex-
pressed in oligodendrocytes but plp gene
products have also been detected in
Schwann cells (Puckett et al., 1987; Wight
et al., 1993, 2007; Griffiths et al., 1995;
Garbern et al., 1997). Immunostaining in
live, P4, cultured Schwann cells from Tag-
1�/�;plpTg (rTag-1 ) mice after 4 DIV
showed that rTAG-1 is expressed on the
cell surface of Schwann cells in a similar
pattern as was previously reported for
normal rats (data not shown) (Traka et al.,
2002). We also tested the expression of
rTAG-1 in the sciatic nerve from Tag-1�/�;
plpTg(rTag-1) mice. Western blot analysis
revealed high expression of the transgene in
two of four lines generated (supplemental
Fig. 4A, available at www.jneurosci.org as
supplemental material). Immunohistochemistry in teased fi-
bers for Caspr and rTAG-1 revealed the expression of the trans-
gene in the two positive lines, where it was found localized in
paranodes toward the nodes (supplemental Fig. 4Bi, available at

www.jneurosci.org as supplemental material). In these lines, we
further examined the localization of rTAG-1 compared with a
glial paranodal marker, NF155. We observed that both proteins
are localized at paranodes, but are found in different membrane

Figure 2. Rescue of the juxtaparanodal complex by glial TAG-1 expression in the optic nerve. A–F, Immunohistochemistry of longitu-
dinal optic nerve cryosections for Caspr and the juxtaparanodal proteins Caspr2 and Kv1.2. Caspr2 and Kv1.2 are normally clustered in
juxtaparanodes of Tag-1 �/� (A, B) and Tag-1 �/�;plpTg(rTag-1) (E, F ; asterisks denote juxtaparanodal staining) mice, whereas their
localization is disrupted in the Tag1 �/� optic nerve (C, D). G, H, Quantification of the percentage of paranodes stained with Caspr having
normally clustered Caspr2 (G) or Kv1.2 (H ) in Tag-1 �/�, Tag-1 �/�, and Tag-1 �/�;plpTg(rTag-1) mice (G and H, mean percentages, 70.60
and64.09forTag-1�/�;9.38and25.32forTag-1�/�;and70.20and62.81forTag-1�/�;plpTg(rTag-1),respectively).Student’sttest,p	0.05(G);
p	0.05(H )betweenTag-1�/�andTag-1�/�;plpTg(rTag-1),nostatisticallysignificantdifferencewasdetectedbetweenTag-1�/�;plpTg(rTag-1)

andnormal littermates, n�3ofeachgenotype.Bargraphsdepictmean�SEM.***p	0.05.JXP,Juxtaparanodes.Scalebar,10�m.
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compartments of the glial cell, as shown in supplemental Figure
4Bii, inset (available at www.jneurosci.org as supplemental ma-
terial), whereas double immunostaining for rTAG-1 and the
nodal protein NF186 revealed that the transgenic protein was
found next to the node (supplemental Fig. 4 Biii, available at
www.jneurosci.org as supplemental material). We further ex-
amined the clustering of the juxtaparanodal proteins Caspr2
and Kv1.2 in sciatic nerves by immunohistochemistry against
Caspr and each of those proteins (supplemental Fig. 4C, avail-
able at www.jneurosci.org as supplemental material). Teased
fibers from sciatic nerves of Tag-1 �/�;plpTg(rTag-1) mice show
dramatically decreased and diffused Caspr2 and Kv1.2 cluster-
ing, resembling the phenotype of Tag-1 �/� mice.

Glial TAG-1 physically interacts with Caspr2 and VGKCs
Each region of the myelinated fibers is characterized by the for-
mation of specific complexes between proteins of the axon and
the glial cell membrane. TAG-1 has previously been found to
interact directly with Caspr2 and the VGKC subunits in jux-
taparanodes, and this interaction is crucial for the proper forma-
tion of this region (Poliak et al., 2003; Traka et al., 2003;
Tzimourakas et al., 2007). Since our data demonstrate that glial
TAG-1 is sufficient for the proper clustering of Caspr2 and
VGKCs (Fig. 2; supplemental Figs. 2 and 3, available at www.
jneurosci.org as supplemental material), we further analyzed
whether it can directly interact with them in the absence of axonal
TAG-1. Co-IP experiments were performed in cortical tissue
from Tag-1�/�;plpTg(rTag-1) mice and normal rats (used as posi-
tive control), using the anti-rTAG-1 antibody. Western blot anal-
ysis for TAG-1, Caspr2, and Kv1.2 revealed that glial TAG-1 is
found in the same complex with both axonal proteins of jux-
taparanodes (Fig. 3A). TAG-1 expressed by the glial membrane in
our transgenic lines could directly interact with Caspr2 on the
axon. Alternatively, released TAG-1 from glial cells could medi-

ate the binding to Caspr2 alone or facilitate the binding of TAG-1
expressed on the glial membrane to axonal Caspr2.

To shed light on these interactions, we used an in vitro
system, where we cultured cells expressing Caspr2 on top of a
monolayer of HEK293 cells expressing rTAG-1 and vice versa.
The two cell populations were left in culture for 24 h. Then
lysates were subjected to IP with the anti-rTAG-1 antibody. To
test the specificity of this interaction, cells expressing Caspr,
which does not bind to TAG-1, were used as a negative control.
Immunoblot for Caspr2 and Caspr revealed an interaction
only between Caspr2 and rTAG-1 (Fig. 3B). Immunostaining
of the mixed cultures of cells expressing Caspr2 and cells ex-
pressing TAG-1 revealed single positive cells (TAG-1 or
Caspr2) and showed colocalization of both proteins in contact
sites of opposed cell membranes (Fig. 3C). We further tested
whether the soluble form of rTAG-1, released by Tag-1 �/�;
plpTg(rTag-1 ) glial cultures, is able to bind on the surface of cells
expressing Caspr2; we were unable to detect binding of soluble
rTAG-1 on Caspr2 transfected or untransfected cells (data not
shown). Our data suggest that TAG-1 expressed by glial cells is
able to interact with Caspr2 only when both proteins are ex-
pressed on opposing cell surfaces.

TAG-1 expressed by oligodendrocytes is able to restore the
myelin and axonal defects in the optic nerves of Tag-1 �/�

mice
The study by Chatzopoulou et al. (2008) showed a small hypo-
myelination, a significant loss of small caliber axons, and an in-
crease in medium and large caliber retinal ganglion cell (RGC)
axons in optic nerves of Tag-1�/� mice compared with age-
matched normal animals. We tested the possibility that TAG-1,
expressed specifically from oligodendrocytes, is sufficient to re-
verse the myelination and axonal phenotype of the homozygous
mutant mice. We performed ultrastructural analysis on cross-
sectioned optic nerves from adult Tag-1�/�, Tag-1�/�, and Tag-
1�/�;plpTg(rTag-1) animals. The area of the fiber with and without
the myelin sheath was measured as shown in Figure 4A (dashed
lines), followed by calculation of the diameter and subsequently
of the g ratio. As shown in Figure 4B, there is a small but statisti-
cally significant decrease in the g ratio of Tag-1�/�;plpTg(rTag-1)

optic nerve compared with the homozygous mutants (Student’s t
test, p 	 0.05, g0 � 0.7010 for Tag-1�/�;plpTg(rTag-1), g0 � 0.7353
for Tag1�/�), suggesting that the expression of glial TAG-1 has
positively affected the myelin sheath thickness. The g ratio of
transgenic optic nerves resembles that of normal material
from three age-matched mice (data not shown) (g0 � 0.7077
for Tag-1 �/�).

In addition, we analyzed the distribution of RGC axons ac-
cording to their caliber in Tag-1�/�, Tag1�/�, and Tag-1�/�;
plpTg(rTag-1) mice. As shown in Figure 4, C and D, more small
caliber axons are present in the optic nerve from Tag-1�/�;
plpTg(rTag-1) mice, compared with the Tag1�/� material. Quanti-
fication of the number of axons according to their diameter
revealed a significant increase in the pool of small caliber axons
(	500 nm), as well as a small but significant decrease in medium
and large caliber axons in Tag-1�/�;plpTg(rTag-1) optic nerves
compared with age-matched Tag-1�/� animals (Fig. 4E). No
statistically significant difference was observed between Tag-1�/

�;plpTg(rTag-1) and Tag-1�/� mice. The above results indicate that
glial TAG-1 positively regulates and favors the small caliber axons
versus medium diameter axons in the optic nerve in the absence
of the axolemmal TAG-1.

Figure 3. A, Co-IP analysis from adult rat and mouse Tag-1 �/�;plpTg(rTag-1) cortex using
anti (a)-rTAG-1 antibody. WB for Caspr2 and Kv1.2 reveals that rat TAG-1 expressed by oligo-
dendrocytes in Tag-1 �/�;plpTg(rTag-1) mice physically interacts with the two proteins. B,
HEK293 cells expressing rTAG-1 were mixed with cells expressing Caspr2 or cells expressing
Caspr (used as a negative control), and cultured together for 24 h. The lysates (Lys) were initially
precleared with protein G beads (G) and then subjected to IP with anti-rTAG-1 antibody. WB
analysis for TAG-1 and Caspr2 or Caspr revealed a direct interaction between rTAG-1 and Caspr2
expressed by different cells. C, D, Immunostaining of the mixed rTAG-1 and Caspr2 population
shows that there is colocalization of the two proteins at the contact site. To-Pro 3 (blue) is used
for the staining of the nuclei. D, Higher magnification of the two proteins contact site shown in
C. Scale bars: C, 10 �m; D, 5 �m.
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Behavioral analysis of Tag-1�/�;
plpTg(rTag-1) mice reveals rescue of the
defects detected in Tag-1�/� animals
We have previously described the behav-
ioral phenotype of Tag-1�/� mice, which
display impairments in learning and
memory as well as in motor coordination
(Savvaki et al., 2008). Our aim in the
present study was to analyze the behavior
of Tag-1�/�;plpTg(rTag-1) mice compared
with the homozygous mutants and nor-
mal animals. We used the MWM (cued
and hidden versions) and novel-object
recognition tests to study learning and
memory parameters. For the study of mo-
tor coordination and balance, mice were
subjected to the rotarod test and footprint
analysis.

As expected (Savvaki et al., 2008), all
mice, regardless of their genotype, per-
formed similarly in the cued version of the
MWM task and reduced their latency to
reach the visible platform across the 3 d
of training (data not shown) (F(2,42) �
68.992, p 	 0.001).

In the hidden version of MWM, all
mice, regardless of their genotype, ap-
peared to swim normally and showed no
difficulty in mounting the hidden plat-
form provided. A significant effect of day
was observed on the latency to find the
hidden platform (F(3,63) � 20.604, p 	
0.001) (Fig. 5A), since mice of all three
genotypes progressively decreased their
latency across the 4 d of training. Moreover, a significant geno-
type effect was observed on latency (F(2,21) � 5.651, p � 0.011) as
both Tag-1�/�;plpTg(rTag-1 ) and Tag-1�/� mice learned the task
more efficiently than the Tag-1�/� age-matched animals (Bon-
ferroni post hoc test, p � 0.016 for the comparison of Tag-1�/�;
plpTg(rTag-1) vs Tag-1�/� and p � 0.044 for the comparison of
Tag-1�/� vs Tag-1�/�). No difference was observed in learning
of the MWM between Tag-1�/�;plpTg(rTag-1) and Tag-1�/� mice.
Finally, no difference was observed in the animals’ swim speed in
both versions of the MWM task (data not shown).

In the long-term memory probe trial (24 h after the last train-
ing trial), statistical analysis revealed a significant quadrant �
genotype interaction on the time spent in the target and opposite
quadrants (F(1,47) � 6.591, p � 0.003) (Fig. 5BI). Further analysis
revealed that both Tag-1�/�; plpTg(rTag-1) and Tag-1�/� animals
showed a preference for the target quadrant ( post hoc, p � 0.001
for both groups of animals) (Fig. 5B), whereas Tag-1�/� mice
showed no quadrant preference ( post hoc, p � 0.938) (Fig. 5B).
Thus, both spatial learning and long-term memory deficits ex-
hibited by the Tag-1�/� mice were restored in Tag-1�/�;
plpTg(rTag-1) animals to levels comparable to that of Tag-1�/�

mice.
Mice were also tested for their ability to discriminate between

a novel object and a familiar one, which was presented to the
animals shortly before the novel one (novel-object recognition
test). Interestingly, a significant genotype effect was observed on
the discrimination index (F(2,23) � 18.118, p 	 0.001) (Fig. 5C),
as both Tag-1�/�;plpTg(rTag-1) and Tag-1�/� mice appeared to
perform better than Tag-1�/� animals in this task ( post hoc p 	

0.001 for either comparison of Tag-1�/�;plpTg(rTag-1) vs Tag-
1�/� or Tag-1�/� vs Tag-1�/�). The discrimination ability of
Tag-1�/�;plpTg(rTag-1) animals was indistinguishable of that of
Tag-1�/� mice. Both Tag-1�/�;plpTg(rTag-1) and Tag-1�/� mice
were able to discriminate between the familiar and novel object
and spent more time exploring the novel one, compared with the
familiar one. On the contrary, the homozygous mutant mice
spent the same amount of time exploring the familiar and the
novel object. Tag-1�/� animals showed no recognition memory,
whereas Tag-1�/�;plpTg(rTag-1) mice had a clear preference for
novel objects as do Tag-1�/� animals.

The rotarod test was used to investigate motor coordination
behavior. A significant day of training � genotype interaction
was observed on the latency before falling off during the training
phase (F(2,42) � 3.143, p � 0.024) (Fig. 5DI). Further analysis
revealed that both Tag-1�/�;plpTg(rTag-1) and Tag-1�/� mice
stayed on the rotarod longer compared with Tag-1�/� animals
during the second ( post hoc tests, p 	 0.001 and p � 0.004,
respectively) and the third ( post hoc tests, p 	 0.001 for both
comparisons) day of training. Furthermore, a significant geno-
type effect was identified on the latency to fall during testing both
at 20 and 32 rpm speed, as both Tag-1�/�;plpTg(rTag-1) and Tag-
1�/� mice stayed on the rotarod longer compared with the Tag-
1�/� animals (20 rpm, F(2,23) � 42.502, p 	 0.001, post hoc, p 	
0.001 for both comparisons; 32 rpm, F(2,23) � 57.745, p 	 0.001,
post hoc, p 	 0.001 for both comparisons) (Fig. 5DII). Based on all
rotarod parameters analyzed, Tag-1�/�;plpTg(rTag-1) mice outper-
formed Tag-1�/� animals in their ability for motor coordination
and balance and had a similar performance to Tag-1�/� mice.

Figure 4. Ultrastructural analysis of optic nerves from Tag-1 �/� and Tag-1 �/�;plpTg(rTag-1) mice. A, Image from the electron
microscope of a cross-sectioned optic nerve from a normal mouse. The dashed lines indicate the areas measured for the calculation
of the diameter of the axon with and without the myelin sheath and subsequently the g ratio of the fibers. B, G ratio diagram for the
Tag-1 �/� (n � 4) and Tag-1 �/�;plpTg(rTag-1) (n � 4) mice. There is a small but statistically significant decrease in the g ratio
of Tag-1 �/�;plpTg(rTag-1) optic nerve fibers compared with the Tag-1 �/� (Student’s t test, Tag-1 �/�, p 	 0.05, g0 � 0.735;
Tag-1 �/�;plpTg(rTag-1), g0 � 0.701; �100 axons measured for each animal). C, D, Electron micrographs of ultrathin cross sections
from Tag-1 �/� (C) and Tag-1 �/�; plpTg(rTag-1) (D) optic nerves. Note the slightly hypomyelinated axons and the reduction in
small caliber axons in Tag-1 �/� compared with Tag-1 �/�;plpTg(rTag-1) nerve. E, Quantification of the percentage of RGC axons
with small (	500 nm), medium (500 –1500 nm), and large (�1500 nm) caliber in Tag-1 �/� (n � 3), Tag-1 �/� (n � 4), and
Tag-1 �/�;plpTg(rTag-1) (n � 3) optic nerves. Bar graphs depict mean � SEM. The pool of small caliber axons is increased, whereas
the percentage of medium caliber axons is decreased in Tag-1 �/�;plpTg(rTag-1) mice compared with homozygous mutants. No
statistically significant difference is detected between Tag-1 �/�;plpTg(rTag-1) and Tag-1 �/� mice, suggesting the full rescue of
the homozygous mutants phenotype (�200 axons measured for each mouse, unpaired Student’s t test, ***p 	 0.001, **p 	
0.005, *p 	 0.05).
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To further explore the motor behavior of Tag-1�/�;
plpTg(rTag-1) mice, footprint analysis was performed and three pa-
rameters were analyzed: overlap width, forelimb stride length,
and hindlimb stride length for the left and right limbs separately.
Statistical analyses revealed a significant genotype effect on all
parameters measured: compared with the Tag-1�/� animals,
both Tag-1�/�;plpTg(rTag-1) and Tag-1�/� mice had smaller left
and right overlap widths (left, F(2,23) � 24.225, p 	 0.001, post hoc
p 	 0.001 for both comparisons; right, F(2,23) � 20.291, p 	
0.001, post hoc p 	 0.001 for both comparisons) (Fig. 5EI) and
larger hind and front paw strides (left hind paw, F(2,23) � 9.949,
p � 0.001, post hoc, p 	 0.01 for both comparisons; right hind
paw, F(2,23) � 7.063, p � 0.005, post hoc, p 	 0.05 for both com-
parisons; left front paw, F(2,23) � 10.683, p � 0.001, post hoc, p 	

0.005 for both comparisons; right front
paw, F(2,23) � 7.647, p � 0.003, post hoc,
p 	 0.05 for both comparisons) (Fig.
5EII). Overall, the motor behavior of Tag-
1�/�;plpTg(rTag-1) animals, as assessed by
the footprint analysis (Fig. 5EIII), was su-
perior to that of Tag-1�/� mice and sim-
ilar to that of Tag-1�/� mice.

Discussion
Glial TAG-1 is sufficient for the
formation of the juxtaparanodal
complex in the CNS
In the present study, we show that glial
TAG-1, in the absence of axonal TAG-1,
fully rescues the juxtaparanodal pheno-
type of Tag-1�/� mice in the CNS. We
generated transgenic mice that exclusively
express TAG-1 by oligodendrocytes un-
der the plp gene promoter (Tag-1�/�;
plpTg(rTag-1)). We found that in these mice,
Caspr2 and VGKCs are properly localized
in myelinated fibers, indicating intact jux-
taparanodal regions. Biochemical and im-
munohistochemical experiments confirm
the absence of TAG-1 protein in the axons
of Tag-1�/�;plpTg(rTag-1) mice and reveal
that transgenic glial rTAG-1 forms a com-
plex with the juxtaparanodal proteins
Caspr2 and Kv1.2. Transgenic protein is
detected on the surface of oligodendro-
cytes in culture as well as released in the
supernatant medium. The physical inter-
action of glial rTAG-1 with Caspr2 could
result from a direct trans interaction; al-
ternatively, rTAG-1 released by oligoden-
drocytes may play a role in this binding.
When Caspr2-expressing cells are cul-
tured on top of rTAG-1-transfected cells
and vice versa, the two proteins are de-
tected on the cell surface, colocalize at
contact sites, and coimmunoprecipitate,
thus supporting a direct trans interaction;
however, we cannot exclude the possibil-
ity that released TAG-1 may be involved
in this complex. A direct trans interaction
is unexpected in the light of previous re-
sults (Traka et al., 2003). However, this
was the first time that membrane TAG-1
and Caspr2 were tested and shown to in-

teract in trans, as the lack of trans interaction seen in previous
studies involved Caspr2 and soluble TAG-1 in the form of an Fc
chimera. Consistent with this, we were not able to detect binding
of the transgenic protein released by glial cells in vitro to Caspr2-
expressing cells. These observations may indicate the need of the
released form for a partner anchored on the glial cell, which can
be either TAG-1 itself or a yet unidentified molecule.

In the wild-type situation, a trans homophilic binding of
TAG-1 may be the first step in the formation of the juxtaparan-
odal complex, followed by a cis binding of axonal TAG-1 to ax-
onal Caspr2 (Poliak et al., 2003; Traka et al., 2003; Tzimourakas et
al., 2007). The results presented here suggest that the cis interac-
tion of TAG-1 and Caspr2 on the axon may not be a prerequisite

Figure 5. Analysis of the behavioral phenotype of Tag-1 �/�;plpTg(rTag-1) compared with the Tag-1 �/� and Tag-1 �/� mice.
A, Acquisition of the hidden version of the MWM. Mean latency � SEM across the 4 d of the acquisition phase. Note that
Tag-1 �/�;plpTg(rTag-1) mice reached the hidden platform faster than the Tag-1 �/� mice and with the same latency as Tag-1 �/�

animals. Genotype effect, *p 	 0.05; day of training effect, ###p 	 0.001. B, Long term memory probe trial (performed 24 h after
the last training trial) of the hidden version of the MWM. BI, Time spent in the target and opposite quadrants during the probe trial.
Bar graphs depict mean � SEM. Note that both Tag-1 �/�;plpTg(rTag-1) and Tag-1 �/� mice showed a preference for the target
quadrant. BII, Representative paths followed by Tag-1 �/�;plpTg(rTag-1) and Tag-1 �/� mice during the probe trial. T marks the
quadrant where the platform was located during training and the arrow the starting position in the probe trial. Genotype �
quadrant interaction, ††p 	 0.01; quadrant effect, ���p 	 0.05. C, Performance in the novel-object recognition task, ex-
pressed as the discrimination index. Bar graphs depict mean � SEM. Tag-1 �/�;plpTg(rTag-1) and Tag-1 �/� mice spent more time
exploring the novel than the familiar object, as expected; in contrast, Tag-1 �/� mice did not show a preference for the novel
object (genotype effect, ***p 	 0.001). D, Motor coordination as assessed by the rotarod test. DI, Latency to fall across the 3 d of
training. Mean latency � SEM. DII, Latency to fall during the testing phase. Bar graphs depict mean � SEM. Tag-1 �/�;
plpTg(rTag-1) and Tag-1 �/� mice stayed on the rotarod for a longer time before falling off compared with the Tag-1 �/� mice on
the second and third days of training as well as during testing at 20 and 32 rpm speed (**p 	 0.01; ***p 	 0.001). E, Footprint
analysis. EI, Overlap width, for both right and left limbs, was significantly smaller in the Tag-1 �/�;plpTg(rTag-1) and Tag-1 �/�

mice compared with the Tag-1 �/� mice (***p 	 0.001). EII, Stride length, for both right and left limbs; the front and hind stride
measurements were significantly larger in the Tag-1 �/�;plpTg(rTag-1) and Tag-1 �/� mice than those in the Tag-1 �/� mice
(**p 	 0.01; ***p 	 0.001). Bars represent mean � SEM. EIII, Representative photograph of footprints from a Tag-1 �/�;
plpTg(rTag-1) and a Tag-1 �/� mice animal, indicating the parameters measured: a, Stride length; b, overlap width.
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for the juxtaparanodal complex assembly. A possible role of ax-
onal TAG-1 could be in facilitating and stabilizing the axoglial
interaction between axonal Caspr2 and TAG-1 expressed by the
oligodendrocyte. We propose that in the transgenic situation, this
putative role of axonal TAG-1 may be undertaken by the released
protein.

In addition to the CNS, we also examined the expression of
rTAG-1 in transgenic mice by myelinating glial cells in the pe-
ripheral nervous system (PNS). In teased sciatic nerve fibers of
Tag-1�/�;plpTg(rTag-1 ) mice, rTAG-1 is highly expressed but ec-
topically localized in the outer paranodal membrane toward the
node of Ranvier. This ectopic expression probably precludes the
restoration of the juxtaparanodal complex in the PNS and may
suggest a divergent mechanism of juxtaparanodal region forma-
tion in the PNS. The difference between CNS and PNS may arise
either due to technical issues of the transgene expression in the
PNS or due to a requirement of TAG-1 on axons to localize glial
TAG-1 at PNS juxtaparanodes.

Glial TAG-1 is able to regulate the myelination level and the
axonal distribution of RGC axons
A previous study revealed a small hypomyelination and a signif-
icant loss of small caliber axons in Tag-1�/� mice compared with
normal littermates (Chatzopoulou et al., 2008). Here we show
that rTAG-1 expressed exclusively by oligodendrocytes in Tag-
1�/� mice is sufficient to rescue these phenotypes in the CNS. G
ratio, an indicator of the myelin sheath thickness, is restored to
normal levels in Tag-1�/�;plpTg(rTag-1) mice, suggesting that glial
TAG-1 positively regulates the myelination process in the CNS.
Therefore, TAG-1 may be added to the list of a small number of
proteins (PDGF�, WAVE-1, NogoA, neuregulin 1 nectin-like 1)
that affect the level of myelination in CNS fibers apart from those
that influence the myelin structure such as MBP and PLP (Popko
et al., 1987; Griffiths et al., 1998; Fruttiger et al., 1999; Kim et al.,
2006; Brinkmann et al., 2008; Park et al., 2008; Pernet et al.,
2008).

The loss of small caliber axons observed in Tag-1�/� mice is a
common feature in various types of metabolic optic neuropathies
in humans, where degeneration of the optic nerve takes place
(Saadati et al., 1998; Carelli et al., 2002; Sadun, 2002; Zoumalan et
al., 2005). The small caliber axons in the optic nerve fire at rapid
rates and are thinly myelinated. These characteristics could make
them more susceptible to loss than larger, more extensively my-
elinated axons in optic neuropathies. In mice, TAG-1 is the only
molecule recognized so far, which is essential for the maintenance
of the number of small caliber axons and positively regulates
them in the visual system. The results presented here suggest that
the expression of TAG-1 in oligodendrocytes in transgenic mice
may act as an extrinsic signal to allow maintenance of RGC axons.

Glial TAG-1 can rescue the behavioral phenotype of Tag-1�/�

mice
We have demonstrated in the past that Tag-1�/� mice display
behavioral impairments compared with Tag-1 �/� animals.
More specifically, Tag-1 �/ � mice underperformed in the
MWM and novel-object recognition tests, and showed abnor-
mal motor coordination (Savvaki et al., 2008). In this report,
we clearly show that TAG-1 expression exclusively by glial cells
is sufficient to fully rescue the behavioral phenotype of ho-
mozygous mutants.

Tag-1�/�;plpTg(rTag-1), Tag-1�/�, and Tag-1�/� mice were
subjected to a battery of tests used for memory and learning
abilities, i.e., MWM and novel-object recognition, as well as for

motor coordination, i.e., rotarod and footprint analysis. MWM
and novel-object recognition tasks were used for testing spatial
and recognition learning and memory abilities, respectively. In
both tasks, Tag-1�/�;plpTg(rTag-1) mice displayed no defects in
their ability to learn, resembling the performance of Tag-1�/�

mice. MWM is a hippocampal-dependent test, whereas novel-
object recognition depends on the rhinal cortices (Parron and
Save, 2004; Dere et al., 2007). Previous studies have shown that
VGKC currents play an important role in the functional remod-
eling of the neuronal network that is necessary for long-term
memory. More specifically, antisense oligodeoxyribonucleotides
against Kv1.1, impaired associative memory in rodents (Meiri et
al., 1997). Expression of glial TAG-1 in Tag-1�/�;plpTg(rTag-1)

mice restores the juxtaparanodal localization of VGKCs and
Caspr2 in the hippocampus and the entorhinal cortex, which
could account for the rescued cognitive phenotype of those mice.
However, we cannot exclude the possibility that the learning and
memory defects in Tag-1�/� mice may arise from developmental
functions of the protein in the limbic system.

The motor coordination and gait abnormalities, previously
described in Tag-1�/� mice, could be related to the abnormal
distribution of Kv1.1/1.2 channels in various CNS areas (Traka et
al., 2003; Savvaki et al., 2008). Impaired motor activity and gait
ataxia have previously been correlated with cerebellar dysfunc-
tion in other mouse models with cerebellar defects (Oliver et al.,
2007). Here we show that exclusive expression of glial TAG-1 in
Tag-1�/�;plpTg(rTag-1) animals results in normal gait coordina-
tion and motor organization (as determined by the rotarod test
and footprint analysis) that could be attributed to the proper
juxtaparanodal formation in the cerebellum among other CNS
areas.

The integrity of myelinated fibers is crucial for their proper
function. In demyelinating diseases of the CNS such as multiple
sclerosis, the regions around the node of Ranvier are susceptible
to demyelination and axonal degeneration. In this respect, it is
intriguing that two proteins expressed by myelinating glia and
clustered in the paranodes and juxtaparanodes, neurofascin and
TAG-1, respectively, are targets of autoimmune responses in pa-
tients with multiple sclerosis (Mathey et al., 2007; Derfuss et al.,
2009). This highlights the importance of deciphering the role of
molecules underlying axoglial interactions. Overall, our results
indicate for the first time a key role for TAG-1 expressed by glial
cells in the organization of CNS myelinated fibers as well as in the
axonal organization and myelination of the optic nerve. Glial
TAG-1, in the absence of the axonal form, is able to completely
reverse the molecular juxtaparanodal phenotype of Tag-1�/�

mice. The full rescue of the behavioral deficits detected in ho-
mozygous mutants by the exclusive expression of glial TAG-1
further emphasizes the importance of this form. Our data point
to the fact that TAG-1 expressed by oligodendrocytes is indispen-
sible for the proper architecture of myelinated fibers.
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