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Background: MT-I/II are zinc-binding proteins that are also neuro-protective.
Results: MT-I/II can overcome myelin-mediated inhibition in vitro and in vivo. MT-I/II-deficient mice have reduced spinal
axon regeneration.
Conclusion: MT-I/II are required for the conditioning lesion effect and can promote axonal regeneration in the injured CNS.
Significance: MT-I/II have therapeutic potential for the treatment of spinal cord injury.

The adult CNS does not spontaneously regenerate after
injury, due in large part to myelin-associated inhibitors such as
myelin-associated glycoprotein (MAG), Nogo-A, and oligoden-
drocyte-myelin glycoprotein. All three inhibitors can interact
with either the Nogo receptor complex or paired immunoglob-
ulin-like receptor B. A conditioning lesion of the sciatic nerve
allows the central processes of dorsal root ganglion (DRG) neu-
rons to spontaneously regenerate in vivo after a dorsal column
lesion. After a conditioning lesion, DRG neurons are no longer
inhibited by myelin, and this effect is cyclic AMP (cAMP)- and
transcription-dependent. Using a microarray analysis, we iden-
tified several genes that are up-regulated both in adult DRGs
after a conditioning lesion and in DRG neurons treated with
cAMP analogues. One gene that was up-regulated under both
conditions is metallothionein (MT)-I. We show here that treat-
ment with two closely related isoforms of MT (MT-I/II) can
overcome the inhibitory effects of both myelin and MAG for
cortical, hippocampal, and DRG neurons. Intrathecal delivery of
MT-I/II to adult DRGs also promotes neurite outgrowth in the
presence of MAG. Adult DRGs from MT-I/II-deficient mice
extend significantly shorter processes on MAG compared with
wild-type DRG neurons, and regeneration of dorsal column
axons does not occur after a conditioning lesion in MT-I/II-
deficient mice. Furthermore, a single intravitreal injection of

MT-I/II after optic nerve crush promotes axonal regeneration.
Mechanistically, MT-I/II ability to overcome MAG-mediated
inhibition is transcription-dependent, and MT-I/II can block
the proteolytic activity of �-secretase and the activation of PKC
and Rho in response to soluble MAG.

Several proteins associated with myelin are well documented
inhibitors of axonal regeneration in the adult mammalian cen-
tral nervous system (CNS). These include myelin-associated
glycoprotein (MAG),5 Nogo-A, and oligodendrocyte-myelin
glycoprotein (1– 6). These proteins mediate inhibition by bind-
ing to either the glycosylphosphatidylinositol-linked Nogo
receptor or paired immunoglobulin-like receptor B (7, 8). Nogo
receptor interacts with Lingo-1 and either p75NTR or TROY to
transduce the inhibitory signal and activate the small GTPase
Rho, which is protein kinase C (PKC)-dependent (9 –14).

Our laboratory has shown that Bt2cAMP can overcome the
inhibitory effects of MAG and myelin and promote axonal
regeneration (15). When cAMP is elevated in DRG neurons by
lesioning the sciatic nerve, the ability of these neurons to extend
neurites on MAG and myelin in culture is significantly
improved, a phenomenon known as the conditioning lesion
effect (16, 17). Injecting Bt2cAMP directly into the DRG cell
bodies also induces regeneration of lesioned dorsal column
axons, mimicking the conditioning lesion effect in vivo (15, 18).
Subsequent work has shown that elevation of intracellular
cAMP levels and cAMP-response element-binding protein-
mediated transcription are required for the conditioning lesion
effect (19). Using microarray analysis to identify genes involved
in this pathway, we found that levels of metallothionein (MT)-I
RNA are elevated in response to cAMP.
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MTs are small cysteine-rich zinc-binding proteins that are
found in all CNS tissue; however, their exact physiological role
has not yet been elucidated (20, 21). Expression of MT-I and
MT-II, an isoform of MT-I, is up-regulated in the CNS after
injury and in disease states. Several studies utilizing MT-I/II-
deficient mice have shown a neuroprotective role for MTs in
ischemia, experimental autoimmune encephalomyelitis, and in
response to seizures (22–24). MT-IIA, the major isoform of
MT-I and -II found in the CNS, was shown to promote growth
on a permissive substrate in rat cortical cultures and to induce a
greater number of regenerating sprouts after CNS injury (20,
25). The study described here shows a novel role for MT-I/II in
overcoming inhibition by MAG and myelin for a variety of neu-
ronal populations in vitro and promoting in vivo regeneration
in the injured optic nerve. The only method of inducing spon-
taneous axonal regeneration in the injured CNS is by first per-
forming a peripheral nerve lesion, by crushing the sciatic nerve
and then subsequently lesioning the dorsal column, referred to
as a conditioning lesion (16, 17). We report that mice deficient
in MT-I/II do not show regeneration of transected dorsal col-
umn axons in response to a conditioning lesion, suggesting that
MT-I/II is an important protein for the conditioning lesion
effect.

Experimental Procedures

Neuronal Preparations—All animal experiments have
received approval from the IACUC at Hunter College and were
conducted in accordance with United States Public Health Ser-
vice’s Policy on Humane Care and Use of Laboratory Animals.
As described previously, for cortical or hippocampal neurons,
cortices and hippocampi were dissected from postnatal day 1
(P1) Long-Evans rat pups of both sexes and incubated twice
with 0.5 mg/ml papain in plain Neurobasal-A media (Invitro-
gen), and papain activity was inhibited by brief incubation in
soybean trypsin inhibitor (Sigma) (26). Cell suspensions were
layered on an Optiprep density gradient (Sigma) and centri-
fuged at 1900 � g for 15 min. The purified neurons were then
collected and counted. For cerebellar granule neurons, cerebel-
lar cortex was isolated from P5 to P6 rats of both sexes and
treated with papain and soybean trypsin inhibitor as described
above. After trituration, cells were diluted in Sato’s media and
counted.

For DRG neurons, DRGs were isolated from P5 to P6 rats of
both sexes and treated with 0.015% collagenase in Neuro-
basal-A media for 45 min at 37 °C. This was followed by a sec-
ond incubation in collagenase for 30 min at 37 °C, with the
addition of 0.1% trypsin and 50 �g/ml DNase I. Trypsin was
inactivated with DMEM containing 10% dialyzed fetal bovine
serum, and the ganglia were triturated in Sato’s media.

Microarray Analysis and Real Time PCR—For the RNA
preparations, P21–P23 Long-Evans rats of both sexes were
anesthetized with isoflurane, and the right sciatic nerve was
transected at the midpoint of the thigh. Animals were killed
18 h later, and the ipsilateral and contralateral L4 and L5 DRGs
were collected and snap-frozen. P5 DRG neurons were also
prepared as described and incubated for 18 h at 37 °C in the
presence or absence of 1.5 mM dibutyryl cAMP (Bt2cAMP). In
both cases, the cells were homogenized in TRIzol (Invitrogen),

and RNA was purified using the RNeasy RNA isolation kit (Qia-
gen). Microarray hybridization and quantitative real time PCR
were then performed as described previously (27). The full
results of the microarray can be viewed on line.

End Point PCR—P28 Long-Evans rats of both sexes received
unilateral sciatic nerve lesions and were killed 24 h later. The
ipsi- and contralateral lumbar DRGs (L2–L5) were removed
and homogenized in TRIzol. RNA was extracted using chloro-
form, precipitated with isopropyl alcohol in the presence of
linear polyacrylamide, and solubilized in RNase-free water.
RNA was reverse-transcribed using oligo(dT) and AccuScript
High Fidelity RT (Stratagene), and the resulting cDNA was
amplified using PfuUltra High Fidelity DNA polymerase (Strat-
agene). The following primers were used for MT-I/II and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH): MT-I/II
forward, 5�-ACCAGATCTCGGAATGGAC-3�, and MT-I/II
reverse, 5�-TGCACGTGCTGTGCCTGAT-3�; GAPDH for-
ward, 5�-ATGGTGAAGGTCGGTGTGAACG-3�, and GAPDH
reverse, 5�-TGGTGAAGACGCCAGTAGACTC-3�. Densito-
metric measurements were made using ImageJ software
(National Institutes of Health).

Intrathecal Delivery of MT-I/II—Osmotic mini pumps with a
flow rate of 0.5 �l/h (model 1007D;Alzet) were filled with either
sterile saline or MT-I/II (Sigma) at concentrations of 0.25, 0.5,
or 1 �g/�l. The osmotic pumps were attached to a cannula and
implanted into anesthetized P28 Long Evans rats. A laminec-
tomy was performed between L5 and L6, and the cannula was
inserted under the dura mater so that the tip could rest on the
dorsal spinal cord approximately between L4 and L5. Animals
were sacrificed 24 h later, and the lumbar DRGs (L3 to 5) were
processed as described above.

Neurite Outgrowth Assay—Monolayers of control or MAG-
expressing Chinese hamster ovary (CHO) cells were plated on
eight-well chamber slides as described previously (2). Alterna-
tively, suspensions of purified CNS myelin (1–2 �g/well) were
plated in chamber slides and desiccated overnight to create a
substrate of myelin. Purified P1 hippocampal, P1 cortical,
P5–P6 cerebellar granule neurons, or P5–P6 DRG rat neurons
were diluted to 35,000 cells/ml in Sato’s media and treated with
either 1 mM Bt2cAMP (Calbiochem) or MT-I/II at one of the
following concentrations: 5, 10, or 20 �g/ml. For controls, we
added an equal volume of PBS corresponding to the volume of
Bt2cAMP or MT-I/II that we utilized per well. Neurons from
intrathecal delivery experiments received no additional treat-
ment. Neurons were incubated for 14 –18 h at 37 °C, fixed with
4% paraformaldehyde (PFA), and immunostained using a
monoclonal anti-�III tubulin antibody (Tuj1;Covance) and
Alexa Fluor 568-conjugated anti-mouse IgG (Invitrogen). For
quantification, images were taken, and the length of the longest
neurite for each neuron was measured using MetaMorph soft-
ware (Molecular Devices).

Conditioning Peripheral Lesion—Wild-type (WT) 129S1/
SvImJ and MT-I/II-deficient mice (The Jackson Laboratory)
�9 –12 weeks old from both sexes were used in our study. For
looking at the conditioning peripheral lesion effect of WT and
MT-I/II-deficient mice, the right sciatic nerve was isolated in
the mid-thigh region and transected. Either 24 h or 7 days later,
we sacrificed the animals and isolated the lumbar DRGs (L3– 6)
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from both the lesioned and nonlesioned side of the animal and
prepared DRG neuronal preparations according to the protocol
listed above. The DRG neurons were plated on monolayers of
either MAG-expressing or control CHO cells in SATO media,
with or without 50 mM 5,6-dichlorobenzimidazole 1-�-D-ribo-
furanoside (DRB; Sigma), and allowed to grow for 14 h. The
neurons were fixed with 4% PFA and stained with anti-�III
tubulin antibody as listed above, and we the longest neurite for
each neuron was measured using MetaMorph software.

Conditioning and Dorsal Column Lesions—The right sciatic
nerve of both WT and MT-I/II-deficient mice (n � 6 for both
groups) was lesioned. 7 days later under isoflurane anesthesia, a
laminectomy was performed at the T8 –9 level, and the dorsal
column was transected to a depth of 1 mm. Another set of WT
and MT-I/II-deficient mice (n � 6 for both groups) received
only dorsal column lesions. At 5 weeks after surgery, 2 �l of 1%
cholera toxin B (CTB; List Biological) was injected into the right
sciatic nerve, and the animals were transcardially perfused with
4% (PFA) 3 days later. Spinal cord sections were immuno-
stained using goat anti-CTB antibody (1:2000; List Biological),
biotinylated donkey anti-goat IgG (1:200; List Biological), and
avidin-biotin complex (Vector Laboratories). To visualize CTB,
the sections were reacted in a solution of 0.05% diaminobenzi-
dine tetrahydrochloride, 0.04% nickel chloride, and 0.015%
hydrogen peroxide (27). Individual images of the spinal cord
sections were taken under bright field optics and combined into
photomontages using Adobe Photoshop (Adobe Systems). The
photomontages were then analyzed using ImageJ software.
Pixel thresholding was performed to identify CTB-labeled
axons, and 10,000-�m2 blocks were drawn at distances 100,
200, and 300 �m rostral and caudal to the lesion site. The area
within each block was then measured to determine the area
occupied by CTB-labeled axons at that particular point. A min-
imum of two sections was measured for each animal. The fluo-
rescent CTB staining was carried out as described above except
we used secondary antibody coupled to Alexa-488 (Life Tech-
nologies, Inc.).

Optic Nerve Crush Experiments—Adult male Fischer rats
(200 –250 g) were anesthetized with isoflurane and placed in a
stereotaxic frame. The right optic nerve was exposed and
crushed with fine forceps for 10 s following the protocol from
the Benowitz and co-workers (28). Special care was taken to
segregate animals that had lens injury (LI) as a result of the
intravitreal injection. Experimental groups without lens injury
included controls with 5 �l of intravitreal injection of saline
(n � 6), recombinant human MT-I/II (5 �g/�l in sterile saline)
(n � 6), or intravitreal injections but had gel foam soaked with
5 �g/�l MT-I/II in sterile saline placed over the crush site (n �
4). Another group with lens injury included controls with 5 �l
of intravitreal injection of saline (n � 5) or recombinant human
MT-I/II (5 �g/�l in sterile saline) (n � 5). Animals were tran-
scardially perfused with 4% PFA after a 14-day postsurgical sur-
vival period. Optic nerve sections were immunostained using
anti-growth-associated protein-43 (GAP-43) polyclonal anti-
body (gift from Dr. Larry Benowitz, Harvard University, Cam-
bridge, MA) and FITC-conjugated rabbit anti-sheep IgG
(1:500; Jackson ImmunoResearch). Images were taken on a fluo-
rescence microscope using MetaMorph software (Molecular

Devices). Quantification of axonal density was performed using
ImageJ software. Pixel thresholding was used to identify GAP-
43-positive axons within the optic nerve images, and 250,000-
�m2 blocks (500 � 500 �m) were drawn on the images. These
blocks encompassed the following distances from the lesion
site: 0 –500, 500 –1000, 1000 –1500, and 1500 –2000 �m. The
thresholded pixels in each block were then counted to deter-
mine the area occupied by GAP-43-positive axons within that
segment of the nerve, and these measurements were reported in
square micrometers. To further assess regeneration with MT-I/
II, we used a Fischer rat and performed optic nerve crush and
then immediately afterward intravitreally injected 5 �l of 5
�g/�l MT-I/II; we took precautions to avoid lens injury. 3 days
prior to sacrificing, we intravitreally injected 5 �l of 2 �g/�l
CTB coupled to Alexa-488 (Life Technologies, Inc.), and the
animals were transcardially perfused with 4% PFA 3 days later
and we removed the whole optic nerve. We performed chemi-
cal clearing of the whole optic nerve by incubating in a graded
series (50, 70, 80, 100, and 100%) with tetrahydrofuran (Sigma)
at room temperature on a rocker for 25 min each (29). This was
followed by incubating for 20 min with 100% dichloromethane
(Sigma) and then clearing with di-benzyl ether (Sigma) over-
night; all steps were at room temperature and on a rocker. Plac-
ing a Fastwell incubation chamber (Electron Microscopy Sci-
ences) on a microscope slide, we carefully placed our
transparent nerve into the Fastwell with 200 �l of dibenzyl
ether, coverslipped, and imaged on an Olympus FV1000 MPE
multiphoton microscope with a �25 water immersion lens,
scanning �250 �m of the whole nerve and then making a two-
dimensional flat image of the Z-stacked images.

�-Secretase Activity Assay—Recombinant tumor necrosis
factor-� converting enzyme (TACE or ADAM17) is a member
of �-secretase class of proteases and is a zinc-dependent
enzyme. To monitor its activity with or without 10 �g/ml MT-
I/II, we utilized a commercially available �-secretase activity kit
and followed the manufacturer’s protocol (R&D Systems). We
incubated 0.25–1.0 �g TACE with or without 10 �g/ml MT-
I/II in a total volume of 50 �l in a 96-well plate. We added 50 �l
of the manufacturer’s 2� Reaction Buffer and 5 �l of substrate
to each well and gently tapped to mix the samples. The samples
were incubated in the dark at 37 °C for 60 min, and we read the
plate at an absorbance excitation of 355 and emission of 510 nm
in a Gemini Fluorimeter with SOFTmax PRO software from
Molecular Devices. For measuring �-secretase activity follow-
ing conditioning lesion, we performed peripheral lesions as
described above on 7–9-week-old WT and MT-I/II-deficient
mice, and 3 h later we collected both the ipsilateral and con-
tralateral L3– 6 DRGs into 100 �l of the 1� Cell Extraction
Buffer provided in the kit and then homogenized the samples
on ice. We determined the protein concentration for each sam-
ple, loaded 50 �g of total protein, adjusted each sample volume
to 50 �l with 1� Cell Extraction Buffer, and performed the
assay as described above.

PKC Activation—For experiments examining the effect of
MAG-Fc and MT-I/II on PKC phosphorylation, P6 rat cerebel-
lar neurons (�2 million cells per plate) were treated with 10
�g/ml MT-I/II for 1 h prior to adding 20 �g/ml MAG-FC, a
soluble form of MAG, or saline as a control for 30 min. Cells
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were lysed in 50 �l of 1� RIPA Buffer, and Western blotting
was performed as described above. Phosphorylated form of
PKC was detected with rabbit anti-pan phospho-PKC (1:1000;
Cell Signaling Technology) followed by HRP-conjugated anti-
rabbit IgG (1:2000; Cell Signaling Technology). Membranes
were reacted with Pierce ECL Western blotting substrate or
SuperSignal West Femto maximum sensitivity substrate
(Thermo Fisher Scientific). Membranes were then stripped
using Restore Western blot Stripping Buffer (Thermo Fisher
Scientific) and reprobed with rabbit anti-actin (1:1000; Sigma).
Densitometric measurements were made using ImageJ
software.

Rho Activation Assay—Rat cortical neurons plated in 10-cm2

dishes (�10 million neurons per dish) were used with a com-
mercially available Rho Activation Assay kit (Millipore). The
neurons were placed in plain neurobasal media for 4 h prior to
assay. The neurons were treated with 10 �g/ml MT-I/II or ster-
ile saline for 1 h prior to adding 20 �g/ml MAG-FC, a soluble
form of MAG, or saline as a control for 30 min. In brief, follow-
ing the manufacturer’s protocol, we lysed the cortical neurons
on ice with MLB Buffer supplemented with anti-protease and
anti-phosphatase mixtures (Calbiochem) and spun the lysates
at 14,000 � g for 5 min. The supernatant was collected and
added to 35 �l of agarose beads coupled to rhotekin Rho bind-
ing domain and rocked in the cold room for 45 min; a sample of
each supernatant was not added to the beads and was used as
total Rho loading controls. Beads were washed three times with
MLB Buffer, and 20 �l of 2� Laemmli Buffer was added, and
samples were prepared for Western blotting. Proteins were sep-
arated on pre-cast 4 –20% gradient gels (Thermo Fisher Scien-
tific) and transferred to nitrocellulose at 75 V for 1 h. Mem-
branes were probed with rabbit anti-RhoA (1:1000; Cell
Signaling Technology) and HRP-conjugated anti-rabbit IgG
(1:2000; Cell Signaling Technology). Membranes were visual-
ized with Pierce ECL Western blotting substrate or SuperSignal
West Femto maximum sensitivity substrate (Thermo Fisher
Scientific). Densitometric measurements were made using
ImageJ software.

Statistical Analyses—All analyses were performed using
GraphPad Prism software, and data are represented as mean �
S.E. Statistical significance was assessed using paired one-tailed
Student’s t tests to compare two groups and one-way ANOVAs
with Bonferroni’s post hoc tests to compare three or more
groups.

Results

mt-I/II Expression Is Up-regulated after a Conditioning
Lesion—Previously, we and others showed adding Bt2cAMP to
primary neurons can overcome both MAG and myelin inhibi-
tion, and this effect is transcription-dependent (27, 30). We
have similar results when we performed a conditioning lesion
and subsequently cultured the DRGs on MAG or myelin; the
neurons are not inhibited from putting out long neurites, and
this effect is also transcription-dependent (27, 30). Further-
more, a conditioning lesion is known to elevate endogenous
levels of cAMP in the DRG cell bodies, and this elevation of
cAMP is necessary for the conditioning lesion effect on subse-
quent regeneration of dorsal column axons (31). To identify
cAMP-responsive genes with potential roles in axonal regener-
ation, RNA was isolated from DRGs treated with 1 mM

Bt2cAMP for 18 h or 18 h after a conditioning lesion. These
RNAs were hybridized to a custom-made microarray, which
corresponded to genes with known roles in axonal growth, cell
survival, and inflammation, revealing that 11 increased and four
decreased (27, 32). Two genes previously shown to be up-regu-
lated in response to cAMP and a conditioning lesion, arginase I
(arg I) and interleukin-6 (il-6), increased in this array (27, 30,
32). Expression of mt-I/II was increased about 3-fold in the
microarray. To confirm that the increase in mt-I/II expression
was observed in the microarray, we performed RT-PCR analy-
sis on mRNA of DRGs from adult rats that had received a con-
ditioning lesion 1 day prior to collecting the DRGs from both
the ipsilateral and contralateral sides. DRGS from the ipsilateral
side had more than a 4-fold increase in mT-I/II compared with
the contralateral side (Fig. 1). Furthermore, our collaborators in
Dr. R. Hart’s laboratory performed quantitative RT-PCR where
they detected a significant elevation in mt-I levels following 18 h
of Bt2cAMP treatment for DRG neurons (1.7-fold greater than
control with p � 0.01 t test, data not shown).

MT-I/II Overcomes Inhibition of Neurite Outgrowth by MAG
and Myelin—Previously, we showed that the proteins from a
variety of cAMP-regulated genes can overcome MAG inhibi-
tion of neurite outgrowth (27, 30). To assess whether MT-I/II is
similar and could also block inhibition of neurite outgrowth by
MAG, hippocampal neurons were plated onto either MAG-
expressing CHO cells or control cells not expressing MAG,
with and without MT-I/II. For all our neurite outgrowths, con-
trol wells with no treatment were given an equal volume of PBS

FIGURE 1. MT-I/II expression is up-regulated 18 h after peripheral conditioning lesion in adult rat DRGs. P28-day-old rats had the peripheral branch of the
lumbar (L3–5) DRGs transected 1 day prior to having the DRGs collected from both the ipsilateral (ipsi) and contralateral (contra) sides. RT-PCR analysis of MT-I/II
and GAPDH for normalization is performed. The bar graph is the average of DRGs collected from four rats that had peripheral conditioning lesion, where MT-I/II
is significantly (*, p � 0.05) elevated on the ipsilateral side compared with the contralateral side.
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corresponding to the volume of MT-I/II that we added. Fig. 2A
shows that MT-I/II blocks the inhibition of neurite outgrowth
by MAG in a dose-dependent manner. Looking at images of the
neurons on CHO cells expressing MAG (Fig. 2C), we see the
neurons put out very short neurites compared with neurons on
permissive CHO cells (Fig. 2B). Furthermore, MT-I/II is as
effective as Bt2cAMP in blocking inhibition, because adding
MT-I/II to the culture media at the time of plating overcomes
MAG inhibition (Fig. 2E) as robustly as Bt2cAMP (Fig. 2D).
DRG neurons are also inhibited by MAG (Fig. 2, G–I), and
direct addition of MT-I/II (Fig. 2, K and L), as with hippocampal
neurons, blocked the inhibition of neurite outgrowth by MAG
once again as potently as Bt2cAMP (Fig. 2, F and J). MT-I/II also
blocks inhibition of neurite outgrowth from cortical neurons by
myelin as a substrate (Fig. 3). Cortical neurons on PLL put out
long neurites (Fig. 3, B and C); however, they are strongly inhib-
ited on myelin (Fig. 3, D–F). Adding MT-I/II to the culture
media at the time of plating the cortical neurons overcomes
MAG inhibition (Fig. 3, G–I), and these neurons put out signif-
icantly longer neurites compared with the control treated with
PBS only (Fig. 3A). These results show that MT-I/II cannot only
overcome the inhibitory effects of MAG but in all the inhibitors
found in myelin and that a variety of neurons are responsive to
MT-I/II.

Intrathecal Delivery of MT-I/II Blocks Inhibition of DRG Neu-
rons by MAG in Culture—To begin to assess whether MT-I/II
could encourage regeneration in vivo, we first performed an
experiment to determine whether MT-I/II delivered into the
cerebrospinal fluid would overcome inhibition of MAG by
adult DRG neurons that are subsequently cultured on MAG-
expressing or control CHO cells (Fig. 4). We delivered MT-I/II
at different doses intrathecally to adult rats for 24 h using
osmotic pumps and then collected the DRGs and grew them on
MAG-expressing or control CHO cells, without the addition of
any further MT-I/II during the culture period. Control animals
received normal saline intrathecally delivered by osmotic
pumps. We observed a dose-dependent increase in neurite out-
growth on MAG. Because the MT-I/II is only applied intrathe-
cally suggests that MT-I/II promoted molecular changes in the
DRGs neurons in vivo, which enabled them to overcome MAG
inhibition once in culture.

MT-I/II Expression Is Required for the Conditioning Lesion
Effect—Because MT-I/II is up-regulated in DRG cell bodies
after a conditioning lesion and overcomes inhibition by MAG/
myelin, we next wanted to determine whether MT-I/II-defi-
cient mice respond to a conditioning lesion in its ability of DRG
neurons to overcome MAG inhibition. To test this possibility,
we transected the peripheral branch of DRG neurons in age-
matched MT-I/II-deficient and adult wild-type (WT) mice, and
at 1 or 7 days post-lesion, the L3–5 DRGs are cultured on
MAG-expressing or control CHO cells (Fig. 5, A–E). DRGs
from WT mice with a conditioning lesion are able to overcome
MAG inhibition at both 1 and 7 days post-lesion, compared
with nonlesioned littermate controls. In contrast, the ability of
DRGs from lesioned MT-I/II-deficient mice compared with
WT mice is strongly reduced in overcoming inhibition by MAG
for both the 1- and 7-day time points (**, p � 0.01; *, p � 0.05).
This finding suggests that MT-I/II is required for the full con-

FIGURE 2. MT-I/II can overcome MAG-mediated inhibition of neurite out-
growth. MT-I/II can overcome MAG inhibition of P1 hippocampal neurons
plated on either control (Con) or MAG-expressing CHO cells for 24 h. For con-
trol (nontreated) neurons, MAG inhibited neurite outgrowth by greater than
60%; however, MT-I/II directly added to the culture media overcomes the
inhibition in a dose-dependent manner (A). MT-I/II is as efficient as cAMP at
overcoming MAG-mediated inhibition of neurite outgrowth. Statistics per-
formed are ANOVA, *, p � 0.05, or **, p � 0.01. Representative images of
hippocampal neurons shown are plated on control-expressing (B) or MAG-
expressing CHO (C) cells and cAMP-treated on MAG (D) and MT-I/II on MAG
(E). Similar findings were made for P5 DRG neurons plated on MAG-express-
ing CHO cells for 18 h, where the neurite outgrowth is inhibited by 35% (F),
and with addition of MT-I/II, there was a full reversal of this inhibition. Repre-
sentative images of DRG neurons plated on MAG display how inhibited they
are in G–I; 1 mM cAMP (J), 5 (K), and 20 (L) �g/ml MT-I/II put out significantly
longer processes. Scale bar, 20 �m.
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ditioning lesion effect. The addition of MT-I/II promotes adult
WT DRGs to overcome MAG inhibition (Fig. 5F). Further-
more, Fig. 5F shows that the MT-I/II effect is transcription-de-
pendent, because we directly added the transcriptional inhibi-
tor DRB with MT-I/II, and these DRGs are now inhibited by
MAG.

The conditioning lesion effect on subsequent dorsal column
regeneration of MT-I/II-deficient mice was then compared
with WT mice. WT and MT-I/II-deficient mice received uni-
lateral transections of the sciatic nerve, and 7 days later, they
received a dorsal column lesion at T7– 8. CTB subunit labeling
of regenerating fibers in the dorsal column axons was per-
formed 6 weeks later and was visualized with either DAB (Fig. 6,

A–D) or a secondary antibody coupled to Alexa-488 (Fig. 6,
F–H). It is important to note that the conditioning lesion effect
in mice is less robust than in rats (17). WT mice had dorsal
column axons regenerating to the lesion center (Fig. 6A) with
some fibers crossing the lesion; the longest axon crossing the
lesion center (*) is demarcated with a white arrow. In contrast,
MT-I/II-deficient mice had far fewer fibers coming up the
lesion center compared with WT mice (Fig. 6B), and very few of
these axons grew across the lesion site. To quantitate these
effects, axonal density for sections with DAB staining are quan-

FIGURE 3. MT-I/II overcomes inhibition by myelin. Primary P1 cortical neu-
rons are isolated and plated directly onto either PLL or 1 �g of myelin in the
presence or absence of 20 �g/ml MT-I/II. The bar graph is the average of three
independent experiments (A). Control wells with no treatment were given an
equal volume of PBS corresponding to the volume of MT-I/II that was added.
Neurons plated onto myelin have 80% shorter neurites compared with those
on PLL; however, the direct addition of MT-I/II strongly overcomes this inhib-
itory effect. Representative images of cortical neurons on PLL with (C) and
without MT-I/II (B) and plated on myelin without MTs (D–F) and with MT-I/II
treatment (G–I) demonstrate that MTs promote neurite outgrowth on myelin.
Statistics performed are t test, **, p � 0.01. Scale bar, 20 �m.

FIGURE 4. Intrathecal delivery of MT-I/II to lumbar DRGs of P28 rats over-
comes MAG-mediated inhibition. P28 rats had pumps inserted intrathe-
cally to deliver vehicle (sterile saline) or MT-I/II (0.125, 0.25, and 0.5 �g/�l) to
the lumbar DRGs. 24 h later, DRG neurons from the L3, L4, and L5 DRG were
cultured onto monolayers of either control (CON) or MAG-expressing (striped
bars) or control CHO cells (black bars) and immunostained for �III tubulin and
quantitated for neurite length (300 –500 neurons) (A). The graph is an average
of three independent experiments with n � 6 for all conditions. Vehicle con-
trol neurons grew long processes on control CHO cells (B) but were inhibited
in the presence of MAG by an average of 40% (C). Rats that received MT-I/II
had significantly longer neurites on MAG at 0.125 �g/�l (D) and a dose-de-
pendent increase in length with 0.25 (E and F) and 0.5 �g/�l (G). Statistics
performed are from one-way ANOVA. *, p � 0.05; **, p � 0.01. Scale bar, 20
�m.
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tified at 100, 200, and 300 �m rostral and caudal to the lesion
(Fig. 6E). At 100 �m rostral to the lesion, WT mice had almost
87% higher axonal density of CTB-labeled axons (993.3 �
108.7) compared with MT-I/II-deficient mice (132.8 � 23.57),
suggesting that the conditioning lesion effect is nearly abol-

ished in MT-I/II-deficient mice. Without a conditioning lesion,
dorsal column axons fail to regenerate in both WT and MT-I/
II-deficient mice (Fig. 6, C and D). We also stained some of the
sections from WT and MT-I/II-deficient mice that received a
conditioning lesion and a dorsal column with an antibody for
CTB and then visualized with secondary antibody coupled to
Alexa-488 (Fig. 6, F–H). Similar to what we observed for the
DAB-developed sections, WT mice with the conditioning
lesion had dorsal column axons regenerating to the lesion cen-
ter (Fig. 6F) with some fibers crossing the lesion, and the fur-
thest one is demarcated with a white arrow; however, in MT-I/
II-deficient mice, the CTB-labeled axons barely made it to the
lesion center (Fig. 6G). A more magnified view of an adjacent
section of the WT in Fig. 6F displays several axons crossing the
lesion center (Fig. 6H).

MT-I/II Promotes Axon Regeneration of Optic Nerve in
Vivo—To assess whether MT-I/II can promote CNS axon
regeneration in vivo, we delivered it to rat retinal ganglion cells
(RGC) after optic nerve crush either directly to the neuronal
cell bodies by intravitreal injections or by gel foam (GF) soaked
with MT-I/II placed on top of the crushed axons. The optic
nerve was crushed at 2 mm behind the eye, and immediately
afterward a single intravitreal injection of MT-I/II was admin-
istered. We avoided LI, which in itself has a robust conditioning
effect on regeneration of the RGC axons for one group of ani-
mals (Fig. 7, A–C and H) (28). Two weeks after the lesion, the
animals were sacrificed, and the optic nerves were stained for
GAP-43. We found that a single injection of MT-I/II promotes
significant regeneration compared with saline injection. Fig. 7
shows the results from three animals, one that received saline
(Fig. 7A), one that received MT-I/II injection (Fig. 7B), and one
that had GF soaked with MT-I/II placed on top of the lesion site
(Fig. 7C). Fibers up to 1 mm beyond the crush site are detected
in the MT-I/II-injected animals but not in the saline-injected
animals or with MT-I/II soaked in GF and applied to the injury
site. There is a statistically significant increase in optic nerve
axon regeneration in the MT-I/II-injected animals compared
with saline-injected animals when we quantified the density of
GAP-43 positive axons at 500- �m intervals (Fig. 7H). We
found that the axonal density was significantly higher for MT-I/
II-injected animals at 0 –500 and 500 –1000 distance from the
lesion compared with saline-injected animals. Another group
of animals with LI had received injections with saline (Fig. 7, D
and F) or MT-I/II (Fig. 7, E and G). The group that received
saline and LI had robust axonal regeneration, and a close-up
taken from 1.2 mm past the crush site (Fig. 7F) shows the max-
imal extent of the growth. LI with MT-I/II had more pro-
nounced axonal regeneration compared with the saline injec-
tion, and the close-up of that group had robust axonal
regeneration almost 1.5 mm away from the crush (Fig. 7G) and
significantly more than saline injection with LI (Fig. 7I). The
finding without LI suggests that MT-I/II is sufficient to pro-
mote CNS axonal regeneration. Furthermore, MT-I/II can only
promote axonal regeneration when delivered to the neuronal
cell bodies, because applying GF soaked with MT-I/II to the
lesioned optic nerve promoted no axonal regeneration. With
LI, MT-I/II can enhance the regenerative effects compared
with LI with saline injection. To confirm that a single injection

FIGURE 5. MT-I/II is required for the conditioning peripheral lesion effect
and is transcription-dependent. Adult DRGs are isolated from WT and MT-I/
II-deficient mice at 1 and 7 days (d) post-conditioning peripheral lesion (CL)
(n � 5 for all conditions). The DRG neurons are plated on either control (Con)
or MAG-expressing CHO cells for 14 h and stained for �-III tubulin. The longest
neurite length for each neuron was quantitated using metamorph (A). DRGs
from WT or MT-I/II-deficient mice that did not have a lesion (NL) are inhibited
by MAG. WT and MT-I/II-deficient mice with CL overcome MAG inhibition
compared with their non-lesion controls, respectively. However, MT-deficient
mice 1 or 7 days post-CL put out significantly shorter processes on MAG com-
pared with their WT littermates, where MT-I/II-deficient DRGs had �50%
shorter processes 7 days post-CL on MAG compared with WT age-matched
controls (*, p � 0.05, and **, p � 0.01). B–E, in the representative images
below, WT (B and C) and MT-I/II-deficient (D and E) DRGs 7 days post-CL are
plated on MAG and stained for �-III tubulin. DRG neurons from adult WT mice
are isolated and either added directly to MAG-expressing CHO cells (striped
bars) or control CHO cells (black bars) in the presence of MT-I/II (20 �g/ml),
with and without DRB (5 �M) as indicated (F), after which they were cultured
overnight, fixed, and immunostained for GAP43. In each experiment, the
mean length of the longest GAP43-positive neurite for 200 –300 neurons was
measured (� S.E.). Scale bar, 20 �m.
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of MT-I/II can promote axonal regeneration, we performed
another optic nerve crush on a Fischer rat and injected intrav-
itreally immediately afterward with MT-I/II. This time we
labeled regenerating axons by intravitreally injecting with CTB
3 days prior to sacrificing the animals. After perfusion, we
chemically cleared the nerve to make it transparent and to visu-
alize regenerating axons in the whole optic nerve using a mul-
tiphoton microscope (29). In Fig. 7J, we see CTB-labeled regen-
erating fibers almost 1 mm from the crush site, and we also
highlight an area with a white border where we reimaged at
higher magnification (Fig. 7K). Fig. 7K shows regenerating
axons with their usual tortured pattern growth, and we also
point out with an arrow what appears to be a growth cone.

MT-I/II Overcomes MAG-mediated Inhibition of Neurite
Outgrowth Independent of Zinc Chelation—MT-I/II can regu-
late levels of divalent cations, such as zinc, having been sug-

gested to even chelate free zinc in the CNS. To determine
whether MT-I/II’s ability to promote neurite outgrowth in the
presence of MAG could simply be due to functioning as a zinc
chelator, we applied Ca-EDTA to our neurite outgrowth assay
with the MAG-expressing CHO cells using primary cortical
neurons (Fig. 8A). We used 1 mM Ca-EDTA to chelate extracel-
lular zinc in primary cortical cultures, which is at a concentra-
tion known to abolish zinc-induced effects (34). The primary
cortical neurons plated onto MAG-expressing CHO cells have
70% shorter neurites (Fig. 8C) compared with those on control
CHO, which put out long neurites (Fig. 8B). The addition of
MT-I/II (Fig. 8, F and G) or cAMP (Fig. 8E) overcomes this
inhibitory effect of MAG; however, Ca-EDTA has no effect on
overcoming MAG inhibition (Fig. 8D). Because the direct addi-
tion of the general zinc chelator Ca-EDTA is not sufficient to
promote neurite outgrowth on MAG, this suggests to us that

FIGURE 6. Lesioned dorsal column axons fail to regenerate after a conditioning peripheral lesion in MT-I/II-deficient mice. WT mice that received a
dorsal column lesion after a conditioning peripheral lesion (CL) (A), have CTB-labeled axons (developed with DAB) beyond the lesion site (*). However
MT-deficient mice even with CL fail to regenerate even to the lesion site (B). Both WT (C) and MT-I/II-deficient mice (D) fail to regenerate following a dorsal
column lesion alone. Measuring average axonal density at �100, 200, and 300 �m to the lesion site was compared for all conditions in WT and MT-knock-out
mice (E). Looking at densities �100 caudal and 	100 to 	300 rostral, we observed a significantly longer growth of WT with CL compared with MT-I/II-deficient
mice with CL (*, p � 0.05, and **, p � 0.01). This suggests that MT-deficient mice fail to regenerate even with CL. Scale bar, 100 �m. We also looked at CTB-labeled
axons in WT and MT-deficient mice with CL using a secondary coupled to Alexa-488 and imaged using a multiphoton microscope. WT mice that received a
dorsal column lesion after CL (F) have CTB-labeled axons crossing the lesion center; the arrow demarcates an axon growing past the lesion site (*). An adjacent
section of the same WT mouse in F had several axons crossing the lesion center in a magnified region (H). However MT-deficient mice even with CL fail to
regenerate even to the lesion site; the arrow demarcates the longest axons detected nearly at the lesion site (*) (G). Scale bar, 100 �m.
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simply binding up all the free zinc is not efficient to overcome
MAG inhibition. This finding with Ca-EDTA suggests that
nonspecific zinc chelation by MT-I/II is unlikely to be
the mechanism for overcoming myelin-mediated inhibitors.
Rather an alternative mechanism for MT-I/II must be involved
to overcome MAG inhibition.

MT-I/II Inhibits �-Secretase (TACE) Activity and Is Down-
regulated in WT DRG after Conditioning Lesion—To further
investigate the mechanism behind MT-I/II to promote axonal
regeneration in the presence of myelin-mediated inhibitors, we
looked at the inhibitory cascade initiated by MAG binding to its
receptor complexes. In the presence of MAG, the first enzyme
that is activated is zinc-dependent membrane-bound �-secre-
tase (35). Importantly, MT-I/II were implicated in the
regulation of zinc-dependent proteins, such as zinc finger pro-
teins that act in cellular signaling and transcription regulation
(36, 37). To determine whether MT-I/II can regulate the pro-
teolytic activity of �-secretase, we incubated the recombinant

FIGURE 7. Intravitreal injection of MT-I/II-injected promotes optic nerve
regeneration in vivo. Fischer rats with optic nerve injury were injected intra-
vitreally with 5 �l of normal saline (A), MT-I/II (5 �g/�l) (B), or had MT-I/II-
soaked GF (C) placed over the injured retinal axons immediately after crush-
ing the optic nerve; animals A–C had no signs of lens injury. With LI these rats
were injected intravitreally with 5 �l of normal saline (D), MT-I/II (5 �g/�l) (E),
and a close-up view of the axons with either saline (F) or MT-I/II (G) injection
�1.25 mm from the lesion center. Regenerating axons were evaluated 2
weeks later by staining for GAP-43. Quantification of axonal density in regions
0 –500, 500 –1000, 1000 –1500, and 1500 –2000 �m was distal to the lesion
site. Graph depicts average axonal density (square micrometer) � S.E. for
animals with no LI (H) and for animals with LI (*, p � 0.05; **, p � 0.01) (I). Scale
bar, 100 �m. Fischer rats received intravitreal injection with 5 �l of MT-I/II (5
�g/�l) immediately after crushing the optic nerve, and there was no signs of
lens injury (J). To assess regenerating axons, we labeled with CTB coupled to
Alexa-488 intravitreally injected 3 days prior to sacrifice. The whole optic

nerve was chemically cleared, and we visualized CTB-labeled fibers using a
multiphoton microscope scanning 250 �m of the optic nerve. Scale bar, 100
�m. The white box in J is an area we reimaged at higher magnification to show
the extent of CTB-labeled regenerating fibers (K). The white arrow is pointing
to what appears to be a growth cone. scale bar, 25 �m.

FIGURE 8. MT-I/II overcomes MAG-mediated inhibition of neurite out-
growth independent of zinc chelation. A, primary P1 cortical neurons are
isolated plated on either control (Con) (black) or MAG-expressing (striped
bars) CHO cells for 24 h, in the presence or absence of either PBS (control), 20
�g/ml MT-I/II, or 1 mM Ca-EDTA. Neurons plated onto MAG-expressing CHO
cells have 70% shorter neurites compared with those on control CHO. The
addition of MT-I/II strongly overcomes this inhibitory effect of MAG; however,
Ca-EDTA has no effect on overcoming MAG inhibition suggesting that chela-
tion of zinc alone is not sufficient to promote neurite outgrowth on MAG.
Representative images of cortical neurons shown are plated on control (B) or
MAG-expressing CHO (C) cells, Ca-EDTA-treated on MAG (D), cAMP-treated
on MAG (E), and MT-I/II-treated on MAG (F and G). Statistics performed are by
ANOVA.**, p � 0.01. Scale bar, 20 �m.
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�-secretase candidate TACE, which can cleave �-secretase sub-
strates, with MT-I/II (Fig. 9A). We found that MT-I/II can
inhibit the proteolytic activity of TACE. This activity was spe-

cific to MT-I/II because if we used another protein, SLPI, which
is similar in size and also promotes axonal regeneration in the
presence of myelin-mediated inhibitors, but has no known
zinc-chelating function, there was no change in activity of
TACE (Fig. 9B). This finding implicates that MT-I/II can
inhibit the activity of the �-secretase, TACE.

To further elucidate whether indeed MT-I/II modulates
�-secretase proteolytic activity, we collected DRGs from both
the ipsilateral and contralateral sides of adult WT and MT-I/II-
deficient mice after the conditioning lesion, and immediately
after collection, we performed an �-secretase activity assay (Fig.
9C). We found that after the conditioning lesion, WT DRGs
had significantly less �-secretase activity. Consistent with our
in vitro finding, MT-I/II-deficient DRGs had no change in
�-secretase activity after the conditioning lesion. This finding
suggests that after the conditioning lesion, �-secretase activity
is reduced in WT DRGs but is unaffected in MT-I/II-deficient
DRGs.

MT-I/II Blocks the MAG-induced Phosphorylation of PKC
and Activation of Rho—A key component of the downstream
signaling pathway activated by myelin-associated inhibitory
molecules is the phosphorylation of protein kinase C (PKC) and
activation of Rho (9, 14). To assess whether MT-I/II could
interfere with MAG-induced PKC activation, we treated cere-
bellar neurons with soluble MAG-Fc. 30 min of treatment with
MAG-Fc was sufficient to induce activation of PKC; however,
the addition of MT-I/II along with MAG-Fc blocked the acti-
vation of PKC (Fig. 10A). Treatment with MT-I/II alone was
comparable with that seen in the unstimulated control. Further
downstream of PKC activation by myelin inhibitors is the small
GTPase Rho (14). All three of the major inhibitors found in
myelin, MAG, oligodendrocyte-myelin glycoprotein, and
Nogo, converge in the downstream activation of Rho (10 –13).
Using a Rho activation assay, we show that as before, Rho is
activated in cortical neurons treated with MAG-Fc (Fig. 10B).
However, MAG-Fc-induced activation of Rho is blocked in the
presence of MT-I/II. Together, these results indicate that the
ability of MT-I/II to overcome MAG inhibition is likely to be
interfering with the MAG-induced activation of PKC and Rho.

Discussion

We found that MT-I/II is up-regulated in DRG neurons after
the conditioning lesion and that it can overcome MAG and
myelin inhibition in three neuronal types. DRG neurons that
had intrathecal delivery of MT-I/II in vivo are not inhibited by
MAG when grown in culture. DRG neurons from WT mice
with conditioning lesion overcome myelin-associated inhibi-
tors, whereas the neurons from MT-I/II-deficient mice do not
overcome MAG inhibition. In addition, MT-I/II-deficient mice
have poor spinal axon regeneration after the conditioning
lesion. Importantly, exogenous MT-I/II delivered by intravit-
real injection promotes regeneration of RGC axons. Mechanis-
tically, MT-I/II’s ability to overcome MAG inhibition is
transcription-dependent, as adult DRG neurons can no longer
overcome MAG inhibition with the exogenous application of
MT-I/II in the presence of the transcriptional inhibitor DRB.
MT-I/II pro-regenerative effect is not due to its zinc-chelating
function, as the addition of Ca-EDTA to cortical neurons does

FIGURE 9. MT-I/II inhibits �-secretase (TACE) activity and is down-regu-
lated in WT DRG after conditioning lesion. A, we used a kit to monitor the
enzymatic activity of the �-secretase candidate TACE with or without MT-I/II;
the graph is the average of three independent experiments. We determined
that 60 min of incubation with 10 �g/ml MT-I/II at 37 °C inhibits the proteo-
lytic activity of TACE by up to 43%. B, as a control, we also tested SLPI in the
assay and found it had no effect on the enzymatic activity of TACE. C, age-
matched WT and MT-I/II-deficient mice (MT-ko) had their L3–5 DRGs removed
3 h after conditioning lesion (ipsi), and for control we also collected the DRGs
from the noninjured (contra) side, n � 5, for both genotypes; and the data are
average � S.E. We loaded 50 �g of total protein for each condition and mon-
itored for �-secretase activity. We found that WT mice after conditioning
lesion (checkered bar) had significantly less �-secretase activity compared
with the contralateral side of DRGs (black bar) (t test, *, p � 0.05). However,
MT-I/II-deficient mice had no significant change in �-secretase activity after
conditioning lesion (white bar) compared with the contralateral side DRGs
(gray bar).
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not overcome MAG inhibition. Rather than a global zinc che-
lation effect, MT-I/II seems to be more targeted in its response
as it can inhibit the enzymatic activity of the zinc-dependent
secretase TACE. Furthermore, we show that after a condition-
ing lesion, adult WT DRGs have significantly lower levels of
�-secretase activity, but no apparent changes in �-secretase
activity are detected in MT-I/II-deficient DRGS.

Previous studies have shown that MT-IIA promotes a signif-
icant increase in the rate of initial neurite elongation on a per-
missive substrate, but the effect on myelin-associated inhibitors
was not addressed (20). We now add to these findings by dem-
onstrating that MT-I/II overcomes MAG and myelin-mediated
inhibition of neurite outgrowth in vitro for a variety of primary
neurons, including hippocampal, cortical, and DRG (Figs. 2 and
3), and promotes axonal regeneration through an inhibitory
environment in vivo.

Studies in the nervous system revealed that neurons, astro-
cytes, and microglia express MTs, and astrocytes secrete MT-
I/II in injury models (21, 25, 38, 39). In focal cerebral ischemia
models in mice, MT-I/II mRNA levels are strongly elevated
(22). MT-I/II-deficient mice undergoing focal cerebral ische-
mia had significantly larger infarcts and neurological deficits
compared with WT mice, suggesting a neuroprotective role for
MT-I/II in CNS injury (22). One appealing aspect of MT-I/II is
that it is both neuroprotective and pro-regenerative, and the
neuroprotective effects could be attributed to its zinc-chelating
ability (21). However, it is unlikely that the neuroprotective
function of MT-I/II contributes to its ability to overcome inhi-
bition by myelin-associated inhibitors. Using a TUNEL assay to
measure cell death, we do not see a difference in survival among
DRG neurons from either WT or MT-I/II-deficient mice fol-

lowing a conditioning lesion, and only 5% of neurons from each
genotype undergo cell death (data not shown). Likewise, ArgI
and polyamines are up-regulated in response to cAMP and a
conditioning lesion. These agents have long been known to be
neuroprotective, but like MT-I/II, this effect is unlikely to con-
tribute to overcoming myelin-associated inhibitors and pro-
moting axonal regeneration (30, 40, 41).

MT-I/II mRNA is elevated in the area within and just distal to
the site of spinal cord transection as early as 6 h post-injury, and
significantly elevated levels are sustained at 48 h post-lesion
(42). This finding is consistent with other reports that MT-I/II
is elevated after CNS injury. However, the elevation of MT-I/II
levels at the injury site is not sufficient to promote axonal regen-
eration, as there is no regeneration without additional treat-
ments. This could be the consequence of either insufficient ele-
vation in the amounts of MT-I/II and/or MT-I/II failing to
reach its site of action. We have shown that MT-I/II must reach
the neuronal cell body to have its effect as demonstrated by the
following findings. First, addition of MT-I/II overcomes MAG
and myelin-associated inhibitors only when administered to
freshly isolated neurons that have all their neurites severed by
the isolation process. This also applies to the intrathecal deliv-
ery experiments where MT-I/II was delivered in vivo prior to
isolating the neurons and performing the neurite outgrowth
assay. More importantly, delivery of MT-I/II in vivo to the RGC
cell bodies promotes axonal regeneration after optic nerve
crush, but delivery of MT-I/II to the axons does not. This impli-
cates that MT-I/II causes intrinsic changes in the neuronal cell
bodies that allow them to overcome inhibition. This is sup-
ported by the observation that MT-I/II’s ability to overcome
MAG inhibition is transcription-dependent, as adding the tran-

FIGURE 10. MT-I/II blocks the MAG-induced phosphorylation of PKC and activation of Rho. A, Western blots of P5 cerebellar neurons treated for 30 min
with MAG-FC with or without 10 �g/ml MT-I/II. Membranes are probed for phospho-pan PKC and actin. Graphs depict average of four experiments with
densitometric measurements expressed as fold change of control � S.E. (*, p � 0.05; **, p � 0.01). Membranes are probed for pan-phospho-PKC and actin. B,
Western blots of P1 cortical neurons are treated with 10 �g/ml MT-I/II for 60 min prior to exposing the neurons to 20 �g/ml MAG-Fc for 30 min and then used
for a Rho-pulldown assay. Samples not processed for the pulldown are used to quantitate total Rho in the samples. Membranes are probed with RhoA. Graphs
depict average of four experiments and densitometric measurements are expressed as fold change of control � S.E. (*, p � 0.05; **, p � 0.01).
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scriptional inhibitor DRB blocks MT-I/II’s effect on neurite
outgrowth on adult DRG neurons.

Metallothioneins’ unique amino acid structure, composed of
nearly one-third cysteines, can coordinate binding of up to
seven zinc ions in two thiolate clusters, and it has a putative
nuclear localization signal (43– 46). It has been shown that met-
allothioneins are effective at sequestering metals, as MT-I/II-
deficient mice are more prone to metal toxicity compared with
wild-type mice (47). The ability of MT-I/II to overcome MAG
inhibition does not appear to be dependent on global zinc che-
lation, as applying Ca-EDTA in our neurite outgrowth assay did
not overcome MAG-mediated inhibition of cortical neurons.
Metallothioneins are unique in having high thermodynamic
stability when bound to zinc and also high kinetic lability,
meaning that they can donate and/or accept zinc ions (36, 44).
Interestingly, metallothioneins have also been shown to donate
zinc ions to zinc-dependent proteins, including zinc finger pro-
teins that act in cellular signaling and transcription regulation,
suggesting a more targeted and specific interaction of MT-I/II
and zinc ions (36, 37). It is therefore possible that the intrinsic
changes induced by delivering MT-I/II in DRG neurons are
related to the regulation of zinc-dependent proteins such as
�-secretase. We show here that incubating TACE with MT-I/II
inhibited the proteolytic activity of TACE, but by using another
protein that is pro-regenerative but does not bind metals, SLPI
does not alter TACE activity. This is further supported by our
WT and MT-I/II-deficient mouse study for �-secretase activity
3 h after a conditioning lesion. WT mice ipsilateral DRGs have
significantly lower levels of active �-secretase compared with
the contralateral side, and we see no difference between the
MT-I/II-deficient DRGs from the ipsilateral or contralateral
sides. Furthermore, MT-I/II-deficient mice have poor spinal
axon regeneration in the injured dorsal column even with a
conditioning lesion, supporting that MT-I/II is one of the pro-
teins required to promote axonal regeneration through the
inhibitory environment of the CNS.

The signaling pathways for growth inhibitory molecules,
such as myelin-associated inhibitors and chondroitin sulfate
proteoglycans, converge on the activation of Rho GTPase for
their inhibitory effect (48 –50). Our data show that MT-I/II
interferes with this pathway by not only blocking the MAG-
induced activation of Rho, but also by blocking upstream of
Rho, the activation of PKC. The inactivation of Rho to pro-
mote axonal regeneration in spinal cord injury has been
extensively studied, and a recombinant Rho protein antago-
nist has now entered clinical trials for spinal cord injury (51).

Our work with MT-I/II is a proof of principle study, support-
ing the notion that it is necessary to reprogram the adult neu-
rons to initiate growth. A single injection of MT-I/II promotes
modest axonal regeneration and can enhance the robust regen-
eration observed with LI in the injured optic nerve. It is becom-
ing evident that combinatorial approaches to overcoming the
inhibitory environment in the injured CNS will be required to
achieve substantial regenerative growth. Given the finding that
MT-I/II can be delivered post-injury and in combination with
LI promotes significant axonal regeneration warrants further
study of MT-I/II to explore its therapeutic potential. Previously
we showed that both SLPI and ArgI are also necessary and suf-

ficient for axonal regeneration (32, 33). MT-I/II-deficient mice
lack spinal axon regeneration after the conditioning lesion, so
perhaps MT-I/II is necessary to initiate axonal regeneration,
and other regenerative associated genes, such as slpi or arg I, are
needed in combination to enhance the growth. It must be noted
that when administered alone, MT-I/II, SLPI, and ArgI are not
as robust as the conditioning lesion effect in their ability to
promote axonal regeneration. Additional experiments are
required to determine whether combinations of MT-I/II, SLPI,
and/or ArgI, which have very different molecular mechanisms,
could function synergistically. In addition, identifying optimal
dosing regimens for all of them and elucidating potential
redundancies in their downstream pathways are the important
next steps to pursue.
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