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SUMMARY
We have recently shown that glycogen synthase kinase 3β
(GSK3β) phosphorylates the microtubule-associated
protein (MAP) 1B in an in vitro kinase assay and in
cultured cerebellar granule cells. Mapping studies
identified a region of MAP1B high in serine-proline motifs
that is phosphorylated by GSK3β. Here we show that COS
cells, transiently transfected with both MAP1B and
GSK3β, express high levels of the phosphorylated isoform
of MAP1B (MAP1B-P) generated by GSK3β. To investigate
effects of MAP1B-P on microtubule dynamics, double
transfected cells were labelled with antibodies to
tyrosinated and detyrosinated tubulin markers for stable
and unstable microtubules. This showed that high levels of
MAP1B-P expression are associated with the loss of a
population of detyrosinated microtubules in these cells.
Transfection with MAP1B protected microtubules in COS
cells against nocodazole depolymerisation, confirming
previous studies. However, this protective effect was greatly
reduced in cells containing high levels of MAP1B-P
following transfection with both MAP1B and GSK3β. Since
we also found that MAP1B binds to tyrosinated, but not to

detyrosinated, microtubules in transfected cells, we
propose that MAP1B-P prevents tubulin detyrosination
and subsequent conversion of unstable to stable
microtubules and that this involves binding of MAP1B-P to
unstable microtubules. The highest levels of MAP1B-P are
found in neuronal growth cones and therefore our findings
suggest that a primary role of MAP1B-P in growing axons
may be to maintain growth cone microtubules in a
dynamically unstable state, a known requirement of growth
cone microtubules during pathfinding. To test this
prediction, we reduced the levels of MAP1B-P in neuronal
growth cones of dorsal root ganglion cells in culture by
inhibiting GSK3β with lithium. In confirmation of the
proposed role of MAP1B-P in maintaining microtubule
dynamics we found that lithium treatment dramatically
increased the numbers of stable (detyrosinated)
microtubules in the growth cones of these neurons.

INTRODUCTION

macroneurons (DiTella et al., 1996). More recently, two
transgenic MAP 1B ‘knockout’ mice have been produced
(Edelmann et al., 1996; Takei et al., 1997). In the Edelmann et
al. (1996) knockout the homozygotes die in utero and the
heterozygotes show widespread neurological disorders
(Edelmann et al., 1996). In contrast, in the second knockout,
homozygous mice survive and show only a delay in the
development of their nervous systems (Takei et al., 1997).
However, these animals may not be complete knockouts since
there is evidence that they express a truncated isoform of
MAP1B, at low levels (Takei et al., 1997). Furthermore,
analysis of the MAP1B gene in mice and rats predicts that
truncated transforms exist in the Takei et al. (1997) knockout
(Kutschera et al., 1998).
There are two classes of phosphorylated isoforms of
MAP1B; one is developmentally down-regulated, expressed
only in growing axons and generated by proline-directed
kinases, including the cyclin-dependent kinase cdk5 and
glycogen synthase kinase 3β (GSK3β) (DiTella et al., 1996;

The microtubule-associated protein (MAP) 1B is a
developmentally regulated phosphoprotein that is expressed at
high levels in growing neurons and in regions of the adult
nervous system that show neuronal plasticity or regenerate
after injury (reviewed by Müller et al., 1994). Although the
precise function of MAP 1B is unclear, indirect evidence
strongly suggests that the molecule plays an important role in
axon growth and possibly in growth cone structure and
dynamics (reviewed by Gordon-Weeks, 1997). For example, it
is the first structural MAP to be expressed in developing
neurons (Tucker et al., 1988) and the expression is particularly
high in growing axons and their growth cones (Bloom et al.,
1985; Calvert and Anderton, 1985; Riederer et al., 1986;
Schoenfeld et al., 1989; Fischer and Romano-Clarke, 1991;
Mansfield et al., 1991; Gordon-Weeks et al., 1993). Inhibition
of expression with antisense oligodeoxynucleotides blocks
neurite growth in PC12 cells (Brugg et al., 1993) and cerebellar
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Lucas et al., 1998); the second isoform is expressed
throughout the neuron, maintained into adulthood and
probably generated by casein kinase II (Díaz-Nido et al.,
1988; Ulloa et al., 1993a). The developmentally downregulated phosphorylated isoforms are particularly
concentrated in growth cones (Mansfield et al., 1991; Black
et al., 1994; Bush and Gordon-Weeks, 1994; Bush et al.,
1996; DiTella et al., 1996), an observation which further
supports their role in axon growth.
Although the precise effect of phosphorylation on MAP 1B
function is not known, there is some evidence that
phosphorylated isoforms bind microtubules more effectively
than non-phosphorylated isoforms (Brugg and Matus, 1988;
Aletta et al., 1988; Díaz-Nido et al., 1988). The interaction of
MAP 1B with actin filaments also appears to be regulated by
phosphorylation, at least in vitro (Pedrotti and Islam, 1996). A
number of monoclonal antibodies (mAbs) recognise
developmentally regulated phosphorylation epitopes on MAP
1B including 1B6 (Sato-Yoshitake et al., 1989), 150 (Mansfield
et al., 1991; Gordon-Weeks et al., 1993; Ulloa et al., 1993b),
1BP (Black et al., 1994), SMI-31 (Fischer and Romano-Clarke,
1990; Bush and Gordon-Weeks, 1994; Johnstone et al., 1997a)
and RT97 (Johnstone et al., 1997b). These antibodies have
proved useful in mapping the developmental expression of the
different phosphorylated isoforms. We have recently identified
the sites on MAP 1B recognised by mAb SMI-31 (Johnstone
et al., 1997a). One of these is characterised by a remarkably
high concentration of serines followed, immediately
downstream, by a proline, suggesting that the kinase
responsible is a proline-directed serine kinase. We have
confirmed the involvement of a proline-directed serine kinase
by showing that GSK3β phosphorylates MAP1B at sites
recognised by mAb SMI-31 in an in vitro kinase assay and in
cerebellar granule cells in culture (Lucas et al., 1998). In this
report we have explored the effect that phosphorylation of
MAP1B by GSK3β has on microtubule dynamics in
transfected COS and CHO cells and in dorsal root ganglion
neurons in culture. A preliminary report of part of this work in
abstract form has already appeared (Goold and Gordon-Weeks,
1998).
MATERIALS AND METHODS
Transfection of COS and CHO cells
A full length mouse MAP1B cDNA cloned into the pSVsport vector
(BRL) was obtained from Prof. N. Cowan (Noble et al., 1989).
Human GSK3β cDNA cloned into the pMT-2 vector was a gift from
Dr J. Woodgett (Lovestone et al., 1994). Plasmids were purified on
CsCl gradients and used to express protein in COS-7 and CHO cells
grown in DMEM (Gibco) containing 10% foetal bovine serum
(Gibco) supplemented with 2 mM glutamine, 100 i.u. ml−1 penicillin
and 100 i.u. ml−1 streptomycin. Cells (1×105 for COS-7 and 2×105
for CHO) were either plated onto 13 mm glass coverslips in 35 mm
Petri dishes for immunofluorescence microscopy or directly onto
plastic Petri dishes for biochemical analysis. Cells were transfected
by lipofection using Lipofectamine reagent (Gibco BRL) and 2 µg
DNA per dish according to the manufacturer’s protocol. For double
transfection experiments, an equal quantity of each plasmid was
added simultaneously. For controls, cells were treated as for
transfections except that DNA was omitted. Twenty fours hours after
transfection was initiated the transfection medium was replaced with
complete DMEM and the cells were harvested or fixed 24 hours

later. At this time point, cultures were about 80% confluent. In some
experiments, 20 mM LiCl or 20 mM NaCl was added with the
complete medium.
To assay microtubule stability, nocodazole was added to the culture
medium to a final concentration of 0.1 µg/ml (Piperno et al., 1987).
The cells were incubated for 30 minutes at 37°C prior to fixation as
described below.
Immunofluorescence staining of COS and CHO cells
Cells were washed once with phosphate buffered saline (PBS) at
37°C and then fixed in methanol at −20°C for 5 minutes and
rehydrated in PBS. In some cases, soluble cellular protein was
extracted for 5 minutes with PHEM buffer at 37°C (Schliwa and van
Blerkom, 1981) containing 1% (v/v) Triton X-100 prior to fixation
(Bush et al., 1996). Cells were stained as previously described (Bush
et al., 1996) using the following antibodies: monoclonal antibodies
against total MAP1B (R, diluted 1:10, Riederer et al., 1986),
MAP1B phosphorylated by GSK3β (SMI-31, Affiniti, diluted
1:100), GSK3β (Affiniti, diluted 1:50), acetylated α-tubulin (6-11B1, 1:2.5, Piperno and Fuller, 1985), tyrosinated α-tubulin (YL 1/2,
Sera Lab, diluted 1:10) and TAT-1, a mouse mAb recognising all
forms of α-tubulin (Woods et al, 1989, diluted 1:100) were used
together with polyclonal antibodies (pAb) against total MAP1B
(αMAP1B-C1, Johnstone et al., 1997b, diluted 1:100), and
detyrosinated α-tubulin (SUP GLU, diluted 1:1000, Gundersen et
al., 1984). Double labelling was done with appropriate Texas Red
(Jackson ImmunoResearch), Alexa 488 and 568 (Molecular Probes)
or fluorescein (Sigma)-conjugated secondary antibodies; in triple
labelling experiments, Cy-5-conjugated secondary antibodies
(Jackson ImmunoResearch) were included. Rat and mouse
secondary antibodies had been preabsorbed against either rat or
mouse serum, as appropriate. To control for non-specific binding,
primary antibodies were excluded, and to control for cross-reactivity
of secondary antibodies, a potential problem since we are using
mouse and rat primary antibodies, combinations of inappropriate
primary and secondary antibodies were assessed. All controls were
negative or showed low background staining. Cultures were washed
in PBS and mounted in Citifluor (Citifluor Ltd, City University) on
microscope slides and viewed by phase-contrast or fluorescence
optics using an Olympus BM2 microscope or a Leica TCS confocal
microscope equipped with Argon, Krypton and HeNe lasers. In the
confocal microscope, cells were imaged with a ×63/1.32 PLANAPO
oil-immersion objective and recorded at 1024 × 1024 pixels per
image. Switching off the appropriate laser line using the AOTF in
the confocal microscope showed that there was negligible ‘bleedthrough’ between channels. Complete ‘z’ series optical sections
were collected and projected onto a single plane using Leica TCS
software. Fluorescent images in TIFF format were manipulated
using Adobe Photoshop and analysed using NIH ImagePC.
Cell counts
To determine the proportion of cells expressing GSK3β, MAP1B or
MAP1B-P we labelled cells with mAbs GSK3β, R or SMI-31,
respectively, and counted 300 cells, on average, from each of three
separate experiments in double transfected cultures and in cultures
transfected with GSK3β or MAP1B alone. Monoclonal antibody
SMI-31 recognises MAP1B-P but also cross-reacts with an
unidentified nuclear epitope in all COS and CHO cells, a property
which allowed us to count total cell number.
To determine the proportion of cells lacking stable microtubules,
we double labelled COS cell cultures with mAb YL 1/2 and pAb SUP
GLU and counted 100 cells from one coverslip from each of six
separate experiments (i.e. 600 cells in total) and scored cells for SUP
GLU immunofluorescence. Cells undergoing cell division, as
indicated by the presence of a mitotic spindle, were discounted.
Nocodazole treated COS cells transfected with MAP1B or MAP1B
and GSK3β were double labelled with TAT-1, and αMAP1B-C1.
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Cells expressing high levels of MAP1B were selected and their
microtubule content examined. These were divided into three classes:
background, medium or high microtubule numbers (examples can be
seen in Fig. 5). One hundred cells from each of three separate
experiments (300 in total) were counted for each transfection. The
proportion of cells expressing MAP1B-P in each experiment was
determined by double labelling duplicate coverslips with αMAP1BC1 and SMI-31.
To measure the fluorescence intensity of immunostained transfected
COS cells, a series of optical slices from the top to the bottom of
individual cells at 1 µm intervals was obtained in the confocal
microscope. Cells were selected for fluorescence measurements if
they had moderate to high levels of MAP1B or MAP1B-P. Ten cells
from each of three separate experiments from both MAP1B and
MAP1B and GSK3β transfected cultures were measured. The total
fluorescence from each fluorophore was determined using Leica TCSNT software. For these measurements the AOTF, PMT and laser
output settings were held constant. No correction was made for mAb
SMI-31 nuclear staining or for background fluorescence, which we
estimate to be less than 1%.
Biochemical analysis of COS cells
Transfected cells were washed once with PBS and scraped into hot
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE) sample buffer. A high speed supernatant from neonatal mouse
brain was used as an independent standard for MAP1B. Protein
samples were subjected to SDS gradient (4-15%) gel electrophoresis
using Laemmli (1970) buffers and western blotted onto nitrocellulose
membrane according to the method of Towbin et al. (1979). Blots
were immunolabelled as described (Johnstone et al., 1997a). Blots
were developed with an ECL chemiluminescent kit (Pierce), scanned
using a flat-bed scanner (Hewlett Packard ScanJet 4C) and analysed
using Phoretix 1D Plus gel analysis software. Immunoblotting was
done with the antibodies detailed above, using the following dilutions:
R, diluted 1:500; SMI-31, diluted 1:500; anti-GSK3β, diluted 1:2000;
TAT-1, diluted 1:1000; YL 1/2, diluted 1:40; 6-11B-1, diluted 1:20;
SUP GLU, diluted 1:2000 and with a mixture of pAb ERK 1 and 2
antibodies (Santa Cruz, diluted 1:1000). To ensure equal protein
loading, protein samples were assayed by densitometry of Coomassie
blue stained gels and adjusted for blotting. To confirm equal protein
loading, ERK1 and 2 immunoreactivity of blots was quantified by
densitometry.
To separate cytosolic and cytoskeletal associated proteins, cells
were washed once with PBS at 37°C, and were then extracted with
PHEM buffer containing 1% Triton X-100 for 5 minutes at room
temperature. The soluble (cytosolic) material was aspirated and
prepared for SDS-PAGE. The insoluble material remaining attached
to the dish was scraped into SDS-PAGE sample buffer. Equal
proportions of each fraction, representing protein from the same
number of cells, were analysed by western blotting.
Dorsal root ganglion cell culture
Early postnatal TO mice were anaesthetised by intra-peritoneal
injection of Sagatal (pentobarbitone) and dorsal root ganglia were
dissected under sterile conditions and cultured as described previously
(Bush et al., 1996). Cells were plated at a density of 1-2×104 cells/cm2
onto glass coverslips coated with poly-D-lysine (10 µg/ml, Sigma)
and laminin (10 µg/ml, Sigma) for immunofluorescence analysis or at
a density of 8.5×103 cells/cm2 onto 35 mm dishes coated as described
above for biochemical analysis. Cells were incubated in supplemented
Ham’s F-14 medium containing NGF (60 ng/ml, Sigma) in the
presence of 10-20 mM LiCl or NaCl for 24 hours. Cultures were fixed
with 3% (w/v) formaldehyde/0.2% (v/v) glutaraldehyde in PBS (pH
7.2) containing 0.2% Triton X-100 and 10 mM EGTA for 10 minutes
at 37°C or scraped into hot SDS sample buffer as described for COS
and CHO cells. To label actin we used mAb AC-15 (Sigma, 1:100)
which recognises β-actin.

RESULTS
Transient transfection of COS and CHO cells with
GSK3β and MAP1B leads to high levels of MAP1B-P
expression
COS and CHO cell cultures were either double transfected with
GSK3β and full-length MAP1B or with GSK3β or MAP1B
alone. COS and CHO cell cultures treated as for transfected
cells but without plasmid were used as controls.
Immunofluorescence staining of non-transfected, control COS
and CHO cells with antibodies to GSK3β, MAP1B and
MAP1B-P showed that there were low levels of GSK3β and
MAP1B in these cells but no appreciable amounts of MAP1BP, as indicated by a lack of staining with mAb SMI-31 (not
shown). This was confirmed by immunoblotting experiments
(Fig. 1). When COS cell cultures were transfected with GSK3β
alone, there was a high level of GSK3β expression in 36%
(n=1763) of cells but no appreciable phosphorylation of the
endogenous MAP1B to form the phosphorylated isoform
recognised by mAb SMI-31 (MAP1B-P) (Fig. 1). When COS
cell cultures were transfected with MAP1B alone, there was a
high level of MAP1B expression in 35% (n=1789) of cells and,
in some cells, the appearance of MAP1B-P, as indicated by
mAb SMI-31 staining (not shown) and immunoblotting (Fig.
1). Immunofluorescence analysis of COS cell cultures stained
with mAb SMI-31 showed that 7.6% (n=954) of cells

Fig. 1. COS cells double transfected with MAP1B and GSK3β
express high levels of MAP1B-P. Whole cell extracts from controls
(Control), MAP1B transfected (MAP1B), GSK3β transfected
(GSK3β) and MAP1B and GSK3β transfected COS cells (BOTH)
were prepared for SDS-PAGE and immunoblotting. Double
transfected cells grown in the presence of NaCl (20 mM) or LiCl (20
mM) were also analysed (lanes Na+ and Li+). Blots were probed with
antibodies to MAP1B (mAb R), MAP1B-P (mAb SMI-31), GSK3β
and ERK1 and 2. This analysis confirmed the expression of MAP1B
and GSK3β in transfected cells and shows that high levels of
expression of MAP1B-P are produced only when cells are double
transfected. Longer exposure of the film to these blots indicates that
low levels of both MAP1B and GSK3β are expressed in COS cells.
Note that MAP1B-P expression is inhibited specifically by LiCl and
that only the lower band of MAP1B is present. Brain proteins from a
high speed supernatant from neonatal rat brain were run in parallel as
an independent marker for MAP1B (not shown). Blotting with ERK1
and 2 antibodies confirmed that protein loading was the same in each
lane.

contained MAP1B-P in MAP1B transfections. In COS cell
cultures double transfected with GSK3β and MAP1B, we
found a much higher proportion of cells that contained
MAP1B-P (34%; n=1,134), as indicated by mAb SMI-31
immunofluorescence (not shown) and immunoblotting (Fig. 1).
MAP1B was present as a doublet in these cells (Fig. 1). Similar
results were observed in transfected CHO cell cultures. The
intensity of mAb SMI-31 staining of individual cells varied,
suggesting that individual transfected cells express different
levels of MAP1B-P. Immunoblotting analysis (Fig. 1) and
immunofluorescence (not shown) showed that lithium, an
inhibitor of GSK3β (Klein and Melton, 1996; Stambolic et al.,
1996; Hedgepeth et al., 1997) prevented the phosphorylation
of MAP1B in cultured COS cells double transfected with
MAP1B and GSK3β. Only the lower band was present in
immunoblots of lithium treated cells, consistent with the
suggestion that phosphorylation of MAP1B causes a decrease
in the mobility in SDS-PAGE (Ulloa et al., 1993b). These
experiments confirm our previous finding that GSK3β
phosphorylates MAP1B at a site recognised by mAb SMI-31
in an in vitro kinase assay and in cerebellar granule cells in
culture (Johnstone et al., 1997a; Lucas et al., 1998).
MAP1B-P down-regulates detyrosinated
microtubules in transfected COS and CHO cells
Phosphorylation of MAP1B is thought to regulate its
interactions with microtubules and actin filaments (Brugg and
Matus, 1988; Aletta et al., 1988; Díaz-Nido et al., 1988;
Pedrotti and Islam, 1996). To assess the effect of
phosphorylation of MAP1B by GSK3β on microtubule
dynamics we examined the distribution of dynamically stable
and unstable microtubules in COS and CHO cells double
transfected with GSK3β and MAP1B using antibody markers.
To mark unstable microtubules we used mAb YL 1/2, which
recognises tyrosinated α-tubulin (Kilmartin et al., 1982;
Wehland et al., 1984), and to mark stable microtubules,
polyclonal antibody (pAb) SUP GLU, which binds to
detyrosinated α-tubulin (Gundersen et al., 1984; Bulinski et al.,
1988), and mAb 6-11B-1, which recognises acetylated αtubulin (Piperno and Fuller, 1985). In control COS cell
cultures, we found that all cells had a population of tyrosinated
microtubules (YL 1/2+) but that a small proportion of cells
(7.8±3.5%, mean ± s.d., n=600) lacked detyrosinated
microtubules (SUP GLU−) (Fig. 2). The detyrosinated
microtubules were characteristically curled, with loops and
bends and were fewer in number than the tyrosinated
microtubules, which tended to be straighter. Most cells had
acetylated microtubules (mAb 6-11B-1+, see Fig. 7C). In COS
cell cultures double transfected with GSK3β and MAP1B,
there was a significant increase in the proportion of cells
without detyrosinated microtubules (27.5±7.2%, mean ± s.d.,
n=600; Fig. 2). A similar increase in the proportion of cells
without detyrosinated microtubules was seen in transfected
CHO cells (not shown). Transfection with either MAP1B or
GSK3β alone caused a more modest increase in the proportion
of cells without detyrosinated microtubules (Fig. 2). In double
transfected COS cell cultures treated with lithium, there was
no increase in the proportion of cells without detyrosinated
microtubules (13±4.6%, mean ± s.d., n=300) compared to
single transfections with either MAP1B or GSK3β (Fig. 2). To
determine whether there was also a loss of acetylated
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Fig. 2. Transfection of COS cells with MAP1B and GSK3β increases
the proportion of cells without detyrosinated microtubules.
Quantitative analysis of the proportion of COS cells completely
lacking detyrosinated microtubules, as indicated by an absence of
pAb SUP GLU staining, in control cultures (CON), cultures
transfected with MAP1B, GSK3β, double transfected cultures
(BOTH) or double transfected cultures treated with lithium chloride
(BOTH + LiCl). Note that lithium treatment (BOTH + LiCl) partially
reverses the effects of double transfection on detyrosinated
microtubules. Values are means ± s.d. of 600 cells in each
transfection category from 6 separate experiments.

microtubules in transfected cells we double labelled transfected
cells with mAb 6-11B-1, which recognises acetylated
microtubules (Piperno and Fuller, 1985), and pAb SUP GLU,
to detect detyrosinated microtubules. In MAP1B transfected
COS cell cultures, we found that 89% of SUP GLU− cells
(n=300) contained acetylated microtubules, and in MAP1B and
GSK3β transfected COS cell cultures, 88% of SUP GLU− cells
(n=300) contained acetylated microtubules. Thus, MAP1B and
MAP1B-P had no effect on the levels of acetylated
microtubules. We found no evidence of enhanced microtubule
bundling in cells expressing MAP1B (c.f. Noble et al., 1989;
Takemura et al., 1992) or MAP1B-P.
To determine whether changes in detyrosinated microtubules
correlated with the expression of MAP1B-P in these cells we
triple labelled COS cell cultures double transfected with
GSK3β and MAP1B with pAb SUP GLU, mAb YL 1/2 and
mAb SMI-31. We found that in those cells expressing high
levels of MAP1B-P there were no detyrosinated microtubules,
as indicated by a lack of staining with pAb SUP GLU (Fig.
3A). When we double labelled MAP1B transfected cultures
with pAb SUP GLU and an antibody that recognises all
isoforms of MAP1B (mAb R) we found no correlation between
high levels of MAP1B and lack of SUP GLU+ microtubules
(Fig. 3B). Since, in single, MAP1B transfected cultures, many
cells express high levels of MAP1B but not GSK3β, and
therefore low levels of MAP1B-P, it seems likely that the loss
of detyrosinated microtubules in double transfected cultures is
due to the presence of high levels of MAP1B-P, rather than
MAP1B itself or GSK3β. Furthermore, in single transfections
with either MAP1B or GSK3β, there are fewer cells without
detyrosinated microtubules than in double transfections (Fig.
2). Consistent with this interpretation, lithium treatment of
double transfected cells prevents the increase in the number of
cells without detyrosinated microtubules. We confirmed the
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Fig. 3. (A)COS cells expressing high levels of
MAP1B-P lack detyrosinated microtubules.
Confocal fluorescence images of COS cells from
cultures transfected with GSK3β and MAP1B
and triple labelled with mAb SMI-31 (red) which
recognises MAP1B-P, mAb YL 1/2 (blue),
which labels tyrosinated microtubules, and pAb
SUP GLU (green), which labels detyrosinated
microtubules. Several cells in the field have high
levels of MAP1B-P, as indicated by intense mAb
SMI-31 staining, but either lack completely or
have low numbers of detyrosinated microtubules.
All of the other cells in the field do not express
MAP1B-P but contain a normal complement of
detyrosinated microtubules. All cells have
tyrosinated microtubules. Note that in cells
expressing high levels of MAP1B-P the
microtubules are not noticeably more bundled
than in cells not expressing MAP1B-P. mAb
SMI-31 cross-reacts with a nuclear epitope in all
COS cells. (B) COS cells expressing high levels
of MAP1B may have a normal compliment of
detyrosinated microtubules. COS cell cultures
transfected with MAP1B were double labelled
with mAb R (red), which recognises all forms of
MAP1B, and pAb SUP GLU (green), which
recognises detyrosinated microtubules.
(C) Moderate to high levels of MAP1B-P
correlate with low levels of detyrosinated
microtubules whereas there is no relationship
between moderate to high levels of MAP1B and
detyrosinated microtubules. Scatter plots
showing the relationship between the amount of
fluorescence due to pAb SUP GLU staining
(detyrosinated microtubules) and mAb R
(MAP1B, circles) or mAb SMI-31 (MAP1B-P,
squares) staining in individual COS cells
expressing high to moderate levels of either
MAP1B (circles) or MAP1B-P (squares) from
cultures transfected with MAP1B alone (circles)
or MAP1B and GSK3β (squares).
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Table 1. Effect of nocodazole on microtubules in
transfected COS cells

1.4

RELATIVE LEVEL

1.2

Transfection

1
0.8

Category

MAP1B

MAP1B/GSK3β

0.6

Background microtubule numbers
(mean ± s.e.m.%)

13.9±1.8

61.9±2.9

Medium microtubule numbers
(mean ± s.e.m.%)

17.3±4.7

8.7±2.9

High microtubule numbers
(mean ± s.e.m.%)

68.8±4.1

29.4±1.8

0.4
0.2
0

MAP1B

GSK3β

BOTH

TRANSFECTIONS

Fig. 4. MAP1B-P decreases the levels of detyrosinated tubulin.
Quantitative immunoblotting analysis of the relative levels of
tyrosinated tubulin (closed bars) and detyrosinated tubulin (open
bars) in COS cells transfected with MAP1B, GSK3β, or MAP1B and
GSK3β (BOTH) as indicated. Equal quantities of protein from
different samples were prepared for SDS-PAGE and immunoblotted
with mAB TAT-1, mAb YL1/2 and pAb SUP GLU. Probing
duplicate blots with mAb SMI-31 indicated that COS cells
transfected with MAP1B and GSK3β expressed on average eight
times more MAP1B-P than cells transfected with MAP1B alone (not
shown and see Fig. 1). The results are densitometric measurements
normalised to the values for control cells. Results are mean ± s.e.m.
from four, independent experiments.

relationship between MAP1B-P and detyrosinated
microtubules by quantifying fluorescence intensity of pAb
SUP GLU staining and comparing it with MAP1B and
MAP1B-P in individual transfected COS cells from cultures
transfected either with MAP1B alone or MAP1B and GSK3β
(Fig. 3C). These results suggest that expression of high levels
of MAP1B-P in COS and CHO cells causes a loss of
detyrosinated, but not acetylated microtubules.
In confirmation of the immunofluorescence experiments,
immunoblotting experiments showed that there was a reduction
in the levels of detyrosinated α-tubulin in double transfected
cultures compared to controls (Fig. 4). The biochemical
changes observed were relatively small, probably reflecting the
fact that only a proportion of cells become transfected.
MAP1B, but not MAP1B-P, protects microtubules
against nocodazole depolymerisation
Previous work has shown that transfection of COS cells with
MAP1B protects microtubules against depolymerisation by
nocodazole (Takemura et al., 1992). We also examined
the effects of MAP1B transfection on microtubule
depolymerisation by nocodazole. In control COS cell cultures,
nocodazole treatment caused the loss of tyrosinated
microtubules and a reduction in detyrosinated microtubules in
the majority of cells (not shown). In contrast, in MAP1B
transfected COS cell cultures, cells expressing high levels of
MAP1B retained microtubules after nocodazole treatment (Fig.
5A), confirming earlier observations (Takemura et al., 1992).
However, after transfection with MAP1B and GSK3β, far
fewer cells had microtubules, particularly those cells with high
levels of MAP1B-P (Fig. 5B). Cotransfection of MAP1B and
GSK3β led to a large decrease in the number of MAP1B
expressing cells retaining microtubules after nocodazole
treatment, down to 30% from 70% (Table 1). This level of
protection may reflect the proportion of cells in double

The microtubule content of COS cells transfected with MAP1B, or
MAP1B and GSK3β and then treated with nocodazole was examined. COS
cells transfected with MAP1B cDNA and expressing high levels of protein
show an increased microtubule content compared to untransfected cells. In
contrast, COS cells transfected with MAP1B and GSK3β, which express high
levels of MAP1B-P, do not show an increase in microtubule numbers. In
MAP1B transfections approximately 16% of cells that express MAP1B, also
express MAP1B-P (generated by endogenous GSK3β kinase activity). In
double transfections, about 70% of the cells that express MAP1B also express
MAP1B-P (i.e. 30% of cells express MAP1B). These figures correlate well
with the proportion of transfected cells that show resistance to nocodazole
treatment and are in close agreement with the immunoblotting data presented
in Fig. 1.

transfections that express unphosphorylated MAP1B (approx.
30%, see Table 1). The level of protection in single
transfections (14% of cells contain background levels of
microtubules) may also reflect the proportion of MAP1B
transfected cells that express MAP1B-P (16%). These data
suggest that phosphorylation of MAP1B by GSK3β reduces or
abolishes the ability of MAP1B to protect microtubules against
nocodazole depolymerisation.
MAP1B binds to tyrosinated, but not to
detyrosinated, microtubules independently of
phosphorylation
To help to understand the mechanism by which MAP1B-P
controls microtubule stability we need to ascertain the effect
of phosphorylation on microtubule interactions. To investigate
this question, we detergent extracted MAP1B transfected COS
cell cultures, to separate soluble proteins from the insoluble
cytoskeleton (Bush et al., 1996). Biochemical analysis of the
soluble and cytoskeletal fractions confirmed that MAP1B
associates with the cytoskeleton (Fig. 6). Interestingly, the
proportion of total MAP1B associating with the cytoskeleton
was unchanged by GSK3β co-transfection, indicating that
phosphorylation by this kinase has no significant effect on the
microtubule binding affinity of MAP1B (Fig. 6, MAP1B, P,
and BOTH, P). Similar partitioning is shown by MAP1B-P (not
shown). Quantitative analysis of immunoblots showed that
34% (average of three experiments) of the total MAP1B is
present in the cytoskeleton in MAP1B transfected COS cells
and 37% (average of three experiments) of MAP1B is present
in the cytoskeleton in double transfected cells. Immunoblotting
showed that GSK3β also associates with the cytoskeleton (Fig.
6, BOTH, S and BOTH, P). Immunofluorescence of detergent
extracted cultures stained with GSK3β antibodies revealed that
GSK3β binds to microtubules in COS cells (not shown),
confirming earlier observations (Mandelkow et al., 1992).
Immunoblot analysis of the distribution of tyrosinated αtubulin, which is associated with unstable microtubules, and
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Fig. 5. MAP1B, but not MAP1B-P, protects microtubules against
nocodazole depolymerisation. (A) Transfection of COS cells with
MAP1B protects microtubules against nocodazole depolymerisation.
Confocal fluorescence images of COS cells transfected with MAP1B
and triple labelled with mAb R which labels MAP1B (red), pAb SUP
GLU (green), which labels detyrosinated microtubules, and mAb YL
1/2 (blue), which labels tyrosinated microtubules. The cells were
treated with nocodazole (0.1 µg/ml) for 30 minutes. In cells which
express high levels of MAP1B (red), microtubules are preserved
(green and blue), whereas untransfected cells have few or no
microtubules. (B) Confocal fluorescence images of COS cells
transfected with MAP1B and GSK3β and triple labelled with mAb
SMI-31, which labels MAP1B-P (red), pAb SUP GLU (green),
which labels detyrosinated microtubules, and mAb YL 1/2 (blue),
which labels tyrosinated microtubules. The cells were treated with
nocodazole (0.1 µg/ml) for 30 minutes. The expression of high levels
of MAP1B-P (red) does not protect cells against the microtubule
depolymerising action of nocodazole. Tyrosinated microtubules
(blue) are lost from these cells. Note also the lack of detyrosinated
microtubules (green, c.f. A, de-tyr).

Fig. 6. Phosphorylation of MAP1B by GSK3β does not alter its
association with the cytoskeleton. Biochemical analysis of the
distribution of MAP1B, tubulin, GSK3β and ERK1 and 2 in
transfected COS cells. Cytosolic (S) and cytoskeletal (P) fractions
were prepared from equal amounts of MAP1B (MAP1B) and double
transfected (Both) cells. Double transfection does not affect the
distribution of MAP1B or stable/unstable microtubules between the
cytosol and the cytoskeleton. Note the association of some GSK3β
with the cytoskeleton, as compared to the distribution of ERK1 and 2
which is almost completely soluble in these cells.

de-tyrosinated α-tubulin, associated with stable microtubules,
showed that there was no change in the partitioning of these
isoforms of tubulin between the cytoskeleton and soluble pool
in double transfected COS cells compared with cells
transfected with MAP1B alone (Fig. 6). These observations
indicate that a change in microtubule affinity cannot explain
the effect of MAPIB-P on microtubule stability.
To investigate the mechanism of action further we detergent
extracted MAP1B transfected COS cells, to remove soluble
proteins and preserve the cytoskeleton (Bush et al., 1996), and
then triple labelled the cultures with mAb YL 1/2, pAb SUP
GLU and a monoclonal antibody that recognises all isoforms
of MAP1B independent of their phosphorylation (mAb R,

Riederer et al., 1986). Under these conditions all MAP1B
staining is filamentous and co-localised with tyrosinated, but
not with detyrosinated microtubules (Fig. 7A). This finding
suggests that MAP1B cannot bind to detyrosinated
microtubules. To determine whether MAP1B can bind to
acetylated microtubules we performed double labelling
experiments with mAb 6-11B-1, which recognises acetylated
tubulin (Piperno and Fuller, 1985) and a pAb to MAP1B
(αMAP1B-C1, Johnstone et al., 1997b). This showed that
MAP1B binds to the majority of acetylated microtubules but
not to a sub-population that are characteristically highly curled
(Fig. 7B). In double transfected cells, MAP1B-P binds to
tyrosinated microtubules, but, in the small proportion of cells
which retain a few detyrosinated microtubules, MAP1B-P does
not bind to detyrosinated microtubules (not shown). Since most
detyrosinated microtubules are highly curled (Fig. 3), we
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Fig. 7. (A) MAP1B can bind to tyrosinated, but not to detyrosinated
microtubules. COS cell cultures transfected with MAP1B were
detergent extracted, to preserve the cytoskeleton and remove soluble
proteins, and then triple labelled with mAb R (red), which recognises
all isoforms of MAP1B, mAb YL 1/2 (blue), which labels
tyrosinated microtubules, and pAb SUP GLU (green), which labels
detyrosinated microtubules. Staining for MAP1B (red) is clearly
filamentous and most closely co-localised with tyrosinated
microtubules (blue). This is confirmed in the merged triple images in
which the colour of the detyrosinated microtubules remains
unchanged (green) whereas the tyrosinated microtubules have
become mauve, due to an overlap of the blue and red fluorescence.
(B) MAP1B binds to a sub-population of acetylated microtubules.
COS cell cultures transfected with MAP1B were detergent extracted,
to preserve the cytoskeleton and remove soluble proteins, and then
double labelled with a pAb to MAP1B (αMAP1B-C1, green) and
mAb 6-11B-1 (red), which recognises acetylated microtubules. The
MAP1B antibody labels the majority of the acetylated microtubules
except for a sub-population of highly curled microtubules, as
confirmed in the merged images. (C) Detyrosinated microtubules are
almost co-extensive with the acetylated microtubules. COS cells
were double labelled with pAb SUP GLU (green) to identify
detyrosinated microtubules, and mAb 6-11B-1 (red) to identify
acetylated microtubules. Most of the detyrosinated microtubules are
highly curled and are almost co-extensive with the acetylated
microtubules. Note that one cell in the field contains abundant
acetylated microtubules but very few detyrosinated microtubules.

investigated the possibility that the sub-population of
acetylated microtubules that MAP1B did not bind to were
detyrosinated. To do this we double labelled COS cells with
mAb 6-11B-1 and pAb SUP GLU and found that detyrosinated
microtubules are almost co-extensive with the acetylated
microtubules in these cells (Fig. 7C). However, the small
population of COS cells that completely lack detyrosinated
microtubules have many acetylated microtubules (Fig. 7C).
Reduction of MAP1B-P levels in dorsal root ganglion
cell cultures dramatically increases detyrosinated
microtubules
Dissociated dorsal root ganglion cells from early postnatal
mice rapidly extend axons in culture and by 24 hours have

produced a branching network of long, thin axons tipped with
small growth cones (Fig. 8A). When these neurons first extend
axons, during the first few hours of culture, the growth cones
are much larger (A, inset). In striking contrast, when cultured
for 24 hours in the presence of 10 mM LiCl, dorsal root
ganglion cells have stunted axons which are far thicker than
normal and are tipped with giant growth cones (Fig. 8B). These
giant growth cones are similar in size to those seen in untreated,
younger cultures (A, inset). Similar morphological changes
were seen in cerebellar granule cell cultures treated with
lithium (Lucas et al., 1998). In control cultures, labelling with
antibodies against unstable (tyrosinated) and stable
(detyrosinated) microtubules showed that the unstable
microtubules are present within the growth cone whereas the
stable microtubules are restricted to more proximal locations
near the axon (Fig. 8A and inset). In contrast, in lithium-treated
cultures, stable microtubules are distributed throughout the
giant growth cones and extend as far distally as the unstable
microtubules (Fig. 8B, c.f. A, inset). Within these growth
cones, the numbers of stable microtubules is far greater than in
control cultures. Immunoblotting analysis of dorsal root
ganglion cell cultures showed that there was a small decline in
the amount of total tubulin in lithium treated cultures but a
large increase in the relative amount of stable (detyrosinated)
tubulin (not shown), confirming the immunofluorescence
observations. Immunoblotting also revealed a dramatic decline
in the amount of MAP1B-P in lithium-treated cultures (not
shown), in agreement with our previous observations with
cerebellar granule cell cultures (Lucas et al., 1998).
DISCUSSION
We have recently shown that
serine/threonine
kinase
GSK3β

the proline-directed
(Woodgett,
1990)
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Fig. 8. (A) Dorsal root ganglion cell cultured for 24 hours in medium
supplemented with 10 mM NaCl. The neuron has been labelled with
mAb AC15, which labels β-actin (red), mAb YL1/2, which labels
tyrosinated microtubules (blue), and pAb SUP GLU, which labels
detyrosinated microtubules (green). After 24 hours in culture the
neuron has extended a system of highly branched axons tipped with
small growth cones. Note that the tyrosinated microtubules (blue)
extend more distally that the detyrosinated microtubules (green).
Turquoise indicates the co-localisation of tyrosinated and
detyrosinated microtubules. Inset: High power view of a growth cone
from a 9 hr culture showing the more distal location of tyrosinated
microtubules (blue) compared to detyrosinated microtubules (green).
Turquoise indicates the co-localisation of tyrosinated and
detyrosinated microtubules. (B) A dorsal root ganglion cell from a
culture treated with 10 mM LiCl for 24 hours and stained as in A.
Although the neuron has extended a system of axons many are
shorter and thicker than normal and end in giant growth cones (c.f.
A). These growth cones are larger than those seen in younger
cultures (A, inset). Characteristically, the giant growth cones are
filled with highly curled, detyrosinated microtubules. Turquoise
indicates the co-localisation of tyrosinated and detyrosinated
microtubules. Magnification as in A.

phosphorylates MAP1B in vitro and in neonatal mouse
cerebellar granule cells in culture (Lucas et al., 1998). The
phosphorylation site maps to a region of MAP1B that contains
a high concentration of SP motifs and is recognised by mAb
SMI-31 (Johnstone et al., 1997a). The double transfection
experiments with MAP1B and GSK3β reported here confirm
that MAP1B is a substrate for GSK3β at a site recognised by
mAb SMI-31. Furthermore, we also showed that lithium, an
inhibitor of GSK3β (Klein and Melton, 1996; Stambolic et al.,
1996; Hedgepeth et al., 1997), blocked the phosphorylation of
MAP1B by GSK3β in double transfected cells. In addition, we
found that cells expressing high levels of MAP1B
phosphorylated by GSK3β (MAP1B-P) had few or no
detyrosinated microtubules, as indicated by a lack of staining
with pAb SUP GLU, which recognises detyrosinated
microtubules (Gundersen et al., 1984; Piperno et al., 1987).
Acetylated microtubules were not lost. This finding was
confirmed by immunoblotting. Importantly, the loss of
detyrosinated microtubules in double transfected cell cultures
was blocked by treatment with lithium. We also found that
MAP1B can protect microtubules against nocodazole
depolymerisation, a result which confirms previous findings

(Takemura et al., 1992), and further showed that
phosphorylation of MAP1B by GSK3β abolishes this
protective effect. In addition, we showed that MAP1B can bind
to tyrosinated microtubules but not to detyrosinated
microtubules and that this binding is unaffected by GSK3β
phosphorylation. Collectively, these results suggest that
MAP1B can affect the stability of microtubules and that this
can be regulated by GSK3β phosphorylation of MAP1B.
In previous MAP1B transfection experiments in nonneuronal cells it was found that although microtubules were
stabilised against drug-mediated disassembly, they were not
bundled (Noble et al., 1989; Takemura et al., 1992). We also
did not detect any changes in microtubule bundling in MAP1B
transfected COS cells. Takemura et al. (1992) also found that
MAP1B transfection of COS cells increased the numbers of
acetylated microtubules but did not affect detyrosinated
microtubules. We found that MAP1B transfection of COS cells
slightly decreased detyrosinated microtubules and that
acetylated microtubules remained unchanged or increased. In
addition, we found that when transfected MAP1B was
phosphorylated by co-transfection with GSK3β, the resulting
high levels of expression of MAP1B-P was associated with a
loss of detyrosinated microtubules but that acetylated
microtubules were not lost. Stable microtubules are formed
from existing unstable microtubules by a process which is
poorly understood but which correlates with the conversion of
the tyrosinated α-tubulin in these microtubules into
detyrosinated and acetylated α-tubulin (Piperno et al., 1987;
Schulze and Kirschner, 1987; Khawaja et al., 1988; reviewed
by Wordeman and Mitchison, 1994). The detyrosination is
catalysed by tyrosine carboxypeptidase, a tubulin-specific
enzyme (Barra et al., 1973; Raybin and Flavin, 1977; Argarana
et al., 1978; Kumar and Flavin, 1981) but is not causal to
microtubule stability (Khawaja et al., 1988). Therefore,
antibody markers to these post-translational modifications may
not reflect changes in microtubule stability. Significantly,
however, we found that MAP1B, phosphorylated by GSK3β,
abrogated the protective effect of MAP1B against nocodazolemediated microtubule depolymerisation, suggesting that
MAP1B phosphorylation acts as a molecular switch to regulate
microtubule stability.
MAP1B is phosphorylated at a number of sites and by at
least two kinase classes: casein kinase II (Díaz-Nido et al.,
1988) and proline-directed serine/threonine kinases (DiTella et
al., 1996; Lucas et al., 1998). The effects of individual
phosphorylation sites on the properties of the molecule are not
known although there is a general consensus that MAP1B
isoforms phosphorylated by casein kinase II bind to
microtubules more effectively than unphosphorylated isoforms
(Aletta et al., 1988; Brugg and Matus, 1988; Díaz-Nido et al.,
1988; Ulloa et al., 1993a). In the present experiments, we found
evidence that GSK3β phosphorylation of MAP1B is involved
in the regulation of microtubule dynamics but we found no
evidence to suggest that phosphorylation of MAP1B by
GSK3β altered the affinity of MAP1B for microtubules.
Therefore, our results suggest that different phosphorylation
sites from those generated by GSK3β are involved in regulating
the microtubule interactions of MAP1B.
What is the mechanism underlying the loss of detyrosinated
microtubules from cells expressing high levels of MAP1B-P?
Bulinski et al. (1988) showed that the population of
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detyrosinated microtubules overlapped the population of
acetylated microtubules in TC-7 cells. We found that in COS
cells the population of detyrosinated microtubules is almost coextensive with the acetylated microtubules. Bulinski et al.
(1988) also showed that following recovery from nocodazole
depolymerisation, acetylated microtubules form before
detyrosinated microtubules. Collectively, these findings
suggest that a sub-population of unstable microtubules first
become acetylated and then, at a later time, detyrosinated. This
is consistent with our observation that in COS cells lacking
detyrosinated microtubules there are abundant acetylated
microtubules (Fig. 7C). The cellular factors responsible for
altering microtubule stability are unknown but MAPs are
strong candidates. Since all MAP1B (Fig. 7A), and probably
MAP1B-P, binds to tyrosinated microtubules but not to
detyrosinated microtubules, MAP1B-P may cause the loss of
detyrosinated microtubules indirectly by preventing their
formation from tyrosinated microtubules. Pre-existing
detyrosinated microtubules would then be lost by normal
turnover and not replaced. In our experiments, COS cells were
examined two days after transfection and therefore there is
sufficient time for loss of stable microtubules by normal
turnover (Schulze and Kirschner, 1987). MAP1B probably
binds to the C-terminus of α/β-tubulin, precisely where this
post-translational modification of tubulin occurs (Avila, 1991;
Maccione and Cambiazo, 1995). This activity of MAP1B-P is
not regulated simply by its association with microtubules,
because GSK3β phosphorylation of MAP1B had no apparent
effect on the microtubule binding of MAP1B (Fig. 6).
In developing neurons, the highest levels of phosphorylated
MAP1B are found in growth cones, implying that
phosphorylated MAP1B plays a role in growth cone function
(Mansfield et al., 1991; Ulloa et al., 1994; Black et al., 1994;
Bush and Gordon-Weeks, 1994; Bush et al., 1996; DiTella et
al., 1996). Our finding that high levels of MAP1B-P expression
in COS cells correlates with a loss of detyrosinated
microtubules and a loss of protection of microtubules against
nocodazole depolymerisation, suggests that a primary role of
MAP1B-P in growing axons and growth cones may be to
maintain microtubules in a dynamically unstable state. A
singular feature of growth cone microtubules is that the
majority are dynamically unstable and spread throughout the
growth cone, whereas the small population of stable
microtubules is proximally restricted (e.g. Fan et al., 1993;
Williamson et al., 1996; Fig. 8A and inset). This is of
functional significance because there appears to be a
requirement for dynamically unstable microtubules in growth
cone pathfinding (Tanaka et al., 1995; Williamson et al., 1996;
Challacombe et al., 1997; reviewed by Tanaka and Kirschner,
1995).
If MAP1B-P maintains microtubules in growing axons and
growth cones in a dynamic state then we would predict that
loss of MAP1B-P would produce an increase in the number of
detyrosinated microtubules in growing axons and growth
cones. Therefore, we re-examined the effect of lithium
treatment on neurons. We found that lithium treatment of
dorsal root ganglion cells produced a down-regulation of
MAP1B-P and similar morphological effects to that seen
previously in cerebellar granule cells (Lucas et al., 1998);
axons were shorter and thicker and growth cones were greatly
enlarged. In addition, as predicted, we observed a marked

increase in the number of detyrosinated microtubules in growth
cones. This result is consistent with our proposal that MAP1BP regulates microtubule stability in growing axons and growth
cones. In a recent study of the effects of purified porcine brain
MAP1B on microtubule dynamics it was found that MAP1B,
unlike MAP2, does not reduce microtubule dynamic instability
(Vandecandelaere et al., 1996). Since the purified MAP1B used
in this study was phosphorylated at both casein kinase II and
proline-directed serine/threonine sites, as is MAP1B found in
growth cones, the implication of this study and our findings is
that the presence of MAP1B-P in growth cones maintains a
dynamic population of microtubules. However, it is not clear
how the changes in microtubule stability relate to the observed
morphological phenotype in lithium treated cultures. Growing
axons are known to have higher levels of unstable microtubules
than mature axons and this may relate to the shorter and thicker
axons in the lithium treated cultures. Why these neurons have
giant growth cones is less clear. There are other cytoskeletal
target substrates for GSK3β in cells, including adenomatous
polyposis coli protein (APC) and tau, and these substrates may
also contribute to the observed phenotype. APC binds to
microtubules and is concentrated in growth cones, but whether
GSK3β phosphorylation modulates microtubule binding is not
known (Morrison et al., 1997). Tau promotes microtubule
assembly and bundling and GSK3β phosphorylation of tau
causes a reduction in its ability to bundle microtubules (Wagner
et al., 1996), whereas a reduction in tau phosphorylation
caused by inhibition of GSK3β leads to an increase in
microtubule binding (Hong et al., 1997; but see Utton et al.,
1997) and promotion of microtubule assembly (Hong et al.,
1997; Utton et al., 1997), which may lead to increased
microtubule stability. Thus, some aspects of the effects of
lithium treatment on cerebellar granule cells and dorsal root
ganglion cells may relate to these other GSK3β substrates and
we are currently studying these molecules to dissect out their
contribution.
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