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Abstract Prior studies have reported that metallothionein

I/II (MT) promote regenerative axonal sprouting and neu-

rite elongation of a variety of central nervous system

neurons after injury. In this study, we evaluated whether

MT is capable of modulating regenerative axon outgrowth

of neurons from the peripheral nervous system. The effect

of MT was firstly investigated in dorsal root ganglion

(DRG) explants, where axons were scratch-injured in the

presence or absence of exogenous MT. The application of

MT led to a significant increase in regenerative sprouting

of neurons 16 h after injury. We show that the pro-regen-

erative effect of MT involves an interaction with the low-

density lipoprotein receptor megalin, which could be

blocked using the competitive antagonist RAP. Pre-treat-

ment with the mitogen-activated protein kinase (MAPK)

inhibitor PD98059 also completely abrogated the effect of

exogenous MT in promoting axonal outgrowth. Interest-

ingly, we only observed megalin expression in neuronal

soma and not axons in the DRG explants. To investigate

this matter, an in vitro injury model was established using

Campenot chambers, which allowed the application of MT

selectively into either the axonal or cell body compart-

ments after scratch injury was performed to axons. At 16 h

after injury, regenerating axons were significantly longer

only when exogenous MT was applied solely to the soma

compartment, in accordance with the localized expression

of megalin in neuronal cell bodies. This study provides a

clear indication that MT promotes axonal regeneration of

DRG neurons, via a megalin- and MAPK-dependent

mechanism.
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Introduction

Metallothioneins (MTs) are a family of low-molecular-

weight (6–7 kDa) intracellular metal-binding proteins

(reviewed in [5, 9]). MTs consist of two domains, a- and

b- domain, and the protein structure is also characterized

by its highly conserved cysteine content (20 cysteine res-

idues across all mammalian isoforms) (reviewed by [5, 9]).

There are four isoforms of MT in mammalian species,

which have different tissue distribution in the body.

Briefly, MT I and II have high sequence homology and

appear to be co-expressed throughout the body (e.g., brain,

liver, kidney, etc.). In contrast, MT-III is primarily

expressed in brain only, while MT-IV is mostly expressed

in the epithelium (for further review refer to [5, 9, 11]). In

this study, we focus on the action of MT-I and II in pro-

moting the repair of injured neurons.

Metallothionein I/II (hereafter refer to as MT) has

been shown in a number of studies to confer protection to

injured neurons both in vitro and in vivo. We have pre-

viously reported that application of exogenous MT (the

major MT-I/II form expressed in mammals) into the

lesion site following focal needle stick injury to the adult

rat neocortex leads to preservation of tissue damage

(characterized by a smaller volume of lesion site) and an
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increase in regenerative axonal sprouting compared to

vehicle-treated animals [3]. The protective effect of MT

has also been demonstrated in studies using MT-I/II-

deficient mice in which cryolesion injury was performed

upon the adult neocortex. In this study, cryolesion led to

substantially greater tissue damage in MT-I/II-deficient

mice in comparison to wild-type mice [12]. Furthermore,

a significant delay in astrogliosis and microgliosis was

also observed in the cryolesion-injured MT-I/II-deficient

mice when compared to the wild-type mice [12]. To

further demonstrate the important role of MT in pro-

tecting neurons against trauma, genetic over-expression of

MT-II in transgenic mice leads to substantially improved

recovery in motor function after focal cerebral ischemic

damage in comparison to wild-type mice [14]. In sum-

mary, these studies demonstrate that MT is important for

neuronal survival and recovery following traumatic

injury.

Recently, evidence has emerged identifying a specific

molecular pathway through which MT can promote sur-

vival and regeneration of injured neurons. In several

studies, it has been shown that the low-density lipoprotein

receptor megalin (also known as LRP-2) is directly

involved in the molecular signaling pathway underlying

the neuro-protective effect of MT [4, 6]. Chung et al. [4]

reported that megalin is responsible for uptake of MT into

cultured cortical neurons. Furthermore, siRNA-mediated

knockdown of megalin expression blocked the ability of

MT to promote regenerative sprouting after injury in vitro

[4]. These results are similar to those published by Fitz-

gerald et al. [6], in which they reported the co-localization

of megalin and MT in the retina in vivo. They also showed

that pre-treatment of the cultured retinal ganglion cells

with an antibody against megalin blocked the ability of

MT to stimulate neurite extension [6]. More recently, an

artificial peptide comprised of a small section of the native

b-domain of MT-II, named EmtinB, has been shown to

promote neurite outgrowth in primary cerebellar granule

neuron cultures in a similar manner to native MT via

interaction with the megalin receptor [1]. Overall, studies

using different neuronal models have shown that megalin

is an important component in the signaling pathway

through which MT or EmtinB are able to promote regen-

erative outgrowth of central nervous system (CNS)

neurons.

Interestingly, megalin has also recently been reported to

be involved in the internalization of another neuritogenic

protein, transthyretin [7]. Fleming et al. [7] reported that

megalin is expressed in dorsal root ganglion (DRG) neu-

rons in vivo through both immunohistochemistry staining

as well as Western blot [7]. Since megalin is expressed by

DRG neurons, MT may potentially have an effect on the

DRG neurons after injury in a similar manner to its action

upon CNS neurons. Therefore, the goal of this study is to

investigate whether MT is able to promote axonal sprout-

ing of injured DRG neurons, and whether this involves a

megalin-dependent mechanism.

Materials and methods

Primary dorsal root ganglion explants cultures

All animal experimentation was performed under the

guidelines stipulated by the University of Tasmania Ani-

mal Ethics Committee, which is in accordance with the

Australian code of practice for the care and use of animals

for scientific purposes. Under a dissecting microscope,

spinal cords were slowly dislodged and removed asepti-

cally from decapitated embryonic day 13.5 mice (both

wild-type svj129 mice), leaving the DRG explants in

between each vertebrate. Fine forceps were then used to

pick the DRGs from the root and place them onto the

coverslips (coated with polyornithine overnight followed

by laminin 1 h prior to use). The explants were incubated

in culture media comprised of Dulbecco’s modified Eagle’s

medium-F12 (DMEM F-12, Invitrogen) with 10% Nerve

growth factor 7S (NGF, Sigma), 1% N2 supplement 1009

(Invitrogen) and 1% Gentamicin reagent solution (Gibco)

at 37�C, 5% CO2 for 1 week until the axons were fully

established.

Once the axons were fully established, rabbit MT-IIA

(Bestenbalt; resuspended in 0.7% saline, filter sterilized

prior to use) was added to the culture media at 1 lg/ml

concentration immediately before the scratch injury. This

was performed using a pulled glass capillary under the

dissecting microscope to ensure that the injury was only

applied to the axons with the cell bodies remaining intact.

As a vehicle treatment, culture media was added containing

no MT-IIA. The cultures were then fixed with 4% para-

formaldehyde for 20 min, 16 h after the application of

injury.

Immunohistochemistry on dorsal root ganglion explants

Immediately after fixation, the cultures were washed with

phosphate buffered saline (PBS, Medicago, Sweden) three

times (5 min incubation per wash at room temperature)

followed by an overnight incubation with the primary

antibody (Mouse anti-SMI312 from Covance use at

1:1,000, rabbit anti-megalin, Santa Cruz Biotechnology,

use at 1:1,000). Three PBS washes (5 min incubation per

wash at room temperature) were applied the next day, after

which the cultures were incubated with the secondary

antibodies (Alexa Flour 488 anti-mouse (Invitrogen) use at

1:1,000, Alexa Flour 594 anti-rabbit (Invitrogen) use at
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1:1,000) for 1 h. After the incubation with antibodies,

Nuclear yellow (1 lg/ml) was applied for 5 min followed

by three PBS washes, after which the coverslips were

permanently mounted onto glass slides using fluorescent

mounting agent (Dako). The images of the cultures were

then captured using a fluorescence microscope (Olympus

BX50).

Dissociated dorsal root ganglion cultures for outgrowth

assay

The DRGs were removed as stated in the previous sections

and collected into a small Petri dish containing the dis-

secting media (HBSS). The collected tissues were then

dissociated using 0.125% trypsin and incubated at 37�C,

5% CO2 for 20 min. The cultures were triturated, counted,

and plated either on polyornithine and laminin-coated

coverslips in wells containing the culture medium alone (as

described previously for the explant culture), or culture

medium containing either 1 or 2 lg/ml of MT. The cultures

were incubated for 24 h and then fixed with 4% parafor-

maldehyde for 20 min at room temperature. The cultures

were then immunolabeled with SMI312 antibodies using

the protocol described previously. The images of the cul-

tures from different treatments were captured using a

fluorescence microscope (Olympus BX50) and the lengths

of the axons were measured using ImageJ (National Insti-

tutes of Health) software.

Addition of inhibitors in both dorsal root ganglion

explant culture and dissociated culture for outgrowth

assay

To investigate the molecular signaling mechanism

involved in the pro-regenerative effect of MT, we used two

agents, a competitive antagonist of megalin (RAP, receptor

associated protein, Progen Biotechnik, final concentration

at 1 lM), and a pharmacological inhibitor of MAPK-sig-

naling (PD98059, Sigma, final concentration at 100 nM)

was used. For use in DRG explant cultures, PD98059 or

RAP were added 30 min prior to the addition of MT

(which was applied immediately after the scratch injury

was performed). In the dissociated DRG neuron cultures,

PD98059 or RAP were added into the culture wells

immediately after plating of neurons into the wells. Thirty

minutes later, MT (1 lg/ml) was applied as described

previously.

Compartmentalized in vitro injury model for dorsal root

ganglion neurons using Campenot chambers

To set up the in vitro injury model, Campenot chambers

(Teflon inserts, Tyler Research) were first adhered onto

collagen-coated (PureCol�, Advanced BioMatrix) plastic

dishes using high vacuum grease (Dow Corning). The

dissociated DRG neurons cultures (collected as stated

previously) were then plated onto the left compartments

and the cultures were maintained at 37�C, 5% CO2 in

culture media consisting of Minimum essential medium

(MEM, Invitrogen) and N3 supplements for 3 weeks until

the axons were fully extended to the other two compart-

ments. Scratch injury was then made at the middle

compartments (refer to Fig. 5a, b) using pulled glass cap-

illaries with 1 lg/ml of MT added immediately prior to

injury. Culture medium was added instead for the vehicle

treatment. Cultures were then incubated for 16 h after

injury and then fixed with 4% paraformaldehyde for

30 min.

After fixation, the cultures were first washed with 0.1%

Triton followed by four PBS washes (5-min incubation per

wash) and then blocked with 3% goat serum in PBS for

1 h. Cultures were incubated overnight with primary anti-

bodies (mouse anti-metallothionein (Dako) use at 1:1,000,

chicken anti-neurofilament (Millipore) use at 1:1,000,

rabbit anti-megalin 1:1,000). Secondary antibodies were

then applied for 1 h followed by 5-min incubation with

Nuclear yellow. Between each step of the staining process,

PBS was used to wash the cultures three times (5 min

each). The Campenot chambers were then removed and the

cultures were mounted using Vectashield Mounting Media

(Vector Laboratories). These immunolabeled cultures were

then visualized using a two-photon confocal microscope

(LSM 510, Zeiss). The length of axons were measured

using ImageJ software.

Results

Metallothionein-IIA promotes axonal sprouting

and outgrowth in injured dorsal root ganglion neurons

To examine whether MT-IIA promotes axonal sprouting in

dorsal root ganglion (DRG) neurons after injury, DRG

explants were scratched with a fine-glass capillary, and the

cultures were fixed 16 h after injury. A neurofilament

marker, SMI312, was then used to immunolabel axons

within the DRG explants. We found that MT-IIA treatment

led to extensive regenerative neurite sprouting observed in

the injured DRG explants compared to explants receiving

vehicle treatment (culture media only) (Fig. 1). This dif-

ference was very clear, as the injury tract in vehicle-treated

explants (indicated by arrow in Fig. 1a, b) was substan-

tially larger in comparison to MT-IIA-treated DRG

explants (indicated by arrow in Fig. 1c, d). In this explant

model, it is difficult to accurately track and quantitate the

length of individual sprouting axons entering the injury

Metallothionein promotes regenerative axonal sprouting 811
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tract. To overcome this issue, a DRG outgrowth assay was

established using dissociated DRG neurons. The DRG

neurons used in this assay were isolated from E13.5 to E14

embryos, where the cultures were plated into media con-

taining either culture media only (vehicle treatment) or

culture media with MT-IIA (1 or 2 lg/ml). After 24 h, the

cells were fixed and immunolabeled with the neurofilament

marker SMI312. We found a statistically significant

increase (t test, p \ 0.05) in the length of regenerative

neurite growth when the cultures were plated in media

containing 1 or 2 lg/ml MT-IIA (of 2.3- and 2.6-fold

increase, respectively) compared to the vehicle treatment

(Fig. 2).

Overall, these results demonstrated that application of

exogenous MT led to significantly enhanced neurite

regeneration after injury in DRG neurons in vitro, and that

Fig. 1 MT promotes regenerative sprouting of scratch-injured DRG

explants in vitro. Immunostaining of DRG explants 16 h after scratch

injury was performed. The neuronal cytoskeleton of DRG neurons

was labeled using the neurofilament antibody SMI312 (a, b, c, and d),

while Nuclear yellow was used to identify nuclei (c and d). Results

indicate that a more extensive regenerative axonal sprouting was

observed in the explants receiving MT treatment (c and d) compared

to those receiving vehicle treatment (a and b). The injury tract

(indicated by arrow) also appeared to be substantially wider in the

explants receiving vehicle treatment compared to those receiving MT-

IIA treatment. In some DRG explant cultures, it was found that

30-min pre-treatment with PD98059 (inhibitor of MAPK signaling

pathways) or RAP (megalin antagonist) blocked the pro-regenerative

effect of MT (marked by arrow in e and f) (scale bar = 200 lm)
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this involved a direct interaction between MT-IIA and

DRG neurons.

Metallothionein promotes regenerative sprouting

of injured DRG neurons via a megalin- and MAPK-

dependent mechanism

Previous studies have revealed that ligand interactions with

megalin activate a MAPK-dependent pathway of neurite

outgrowth in CNS neurons [2]. Therefore, we investigated

whether MT acts through a similar pathway in DRG neu-

rons. DRG explants were first pre-treated with either RAP

(a competitive antagonist of megalin) or the MAPK sig-

naling inhibitor (PD98059) for 30 min prior to the addition

of MT (which occurred immediately after injury). It was

found that both of these treatments inhibited the pro-

regenerative response induced by MT treatment (Fig. 1e, f,

respectively).

To confirm these observations in a quantitative man-

ner, dissociated DRG neurons were pre-treated with

either RAP or PD98059 for 30 min prior to the addition

of MT. We found that PD98059 itself had no effect upon

neurite outgrowth of dissociated DRG neurons (Fig. 3).

However, PD98059 significantly impaired the neurito-

genic effect of MT in promoting neurite outgrowth of

DRG neurons (Fig. 3). RAP also significantly blocked

the ability of MT to promote neurite outgrowth (Fig. 3).

These results indicate that MT acts through a megalin-

and MAPK-dependent signaling pathway to promote

neurite growth.

Expression of megalin in dorsal root ganglion neurons

in vitro

Dorsal root ganglion neurons have recently been reported

to express megalin in vivo [7], therefore we examined

whether DRG explants express megalin in vitro. Immu-

nohistochemistry staining using a megalin antibody upon

DRG explants culture (7 DIV) revealed that the majority of

megalin expression appeared to be specifically localized

within the soma of DRG, with minimal staining observed

in the neurofilament stained axons (Fig. 4). Nuclei staining

of the DRG explants revealed the presence of non-neuronal

cells (SMI312-negative) cells underlying the axons of the

DRG neurons (indicated by arrow in Fig. 4c, d), however,

these cells were not megalin-positive.

Metallothionein only promotes axonal sprouting

when delivered to the soma of injured DRG neurons,

but not injured axons

According to the previous results, megalin was predom-

inantly expressed in the soma of DRG neurons. This

suggests that MT might only exert its regenerative effect

upon certain cellular compartments of DRG neurons,

most likely at the cell bodies. To investigate this, an in

Fig. 2 MT promotes neurite

outgrowth of DRG in vitro.

Dissociated cultures of DRG

neurons were immunolabeled

with the neurofilament marker

SMI312, 24 h after the plating.

Results demonstrate that

MT-IIA, at both concentrations

tested (1–2 mg/ml) promote

neurite outgrowth compared to

vehicle treatment (a).

Quantitative analysis confirmed

that MT treatments led to a

significant increase in axonal

length compared to the vehicle

treatment (b). (*p \ 0.05

compared to vehicle treatment;

n = 15 per treatment group;

error bars = standard errors

of mean fold changes;

scale bar = 100 lm)
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vitro model of axonal injury was established in which

DRG neurons were cultured within Campenot chambers,

allowing the separation of neuronal cell bodies and axons

in separate fluid-sealed compartments (Fig. 5a, b). The

cultures were grown for 21 days to allow the axons to

extend from the soma compartment into the axonal

Fig. 3 MT-IIA promotes

neurite outgrowth through a

megalin- and MAPK-dependent

pathway. Dissociated DRG

neurons were treated with RAP

or PD98059 30 min prior to

treatment with MT.

Quantification of neurite length

24 h after MT treatment found

that both RAP and PD98059

blocked the neuritogenic effect

of MT-IIA. (*p \ 0.05

compared to other treatment

group; n = 20–30 per treatment

group; error bars = standard

errors of mean fold changes)

Fig. 4 The expression of megalin in DRG explants in vitro.

Immunohistochemical staining of DRG explant cultures for megalin

(red) and neurofilaments (SMI312; green) revealed that megalin

staining was punctate and restricted primarily to the soma of DRG

neurons, with limited expression in axons. Nuclei staining

(c) indicating the presence of non-neuronal cells (SMI-negative cells)

within the culture (arrow in panel c and d); however, these did not

express megalin. Therefore, megalin is specifically expressed by

neurons in the DRG explant cultures (scale bar = 200 lm)
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compartment, and then scratch injuries were made using

a pulled capillary within the middle compartment (axon-

only compartment). The MT or vehicle was immediately

applied to either the middle axonal chamber or the side

soma compartment. At 16 h post-injury, the cultures were

fixed and immunostained.

We found that MT treatment led to enhanced regener-

ative neurite sprouting after injury when added either to

axons or cell bodies (Fig. 5c). The action of MT was most

effective when delivered to the soma compartment of DRG

neurons, resulting in extensive almost fourfold enhance-

ment of regenerative sprouting (Fig. 5d). The intensity of

neurofilament staining was substantially elevated in newly

sprouting axons, an indicative marker of regenerative

sprouting (Fig. 5c). Restricted delivery of MT to only the

injured axons of DRG neurons also promoted some

regenerative sprouting, although to a far lesser degree

compared to when MT was delivered to neuronal cell

bodies (Fig. 5d).

Discussion

Overall, this study has demonstrated that MT-IIA can

promote regenerative sprouting of DRG neurons after

scratch injury. To the best of our knowledge, this is the first

report demonstrating the ability of MT-IIA to promote

regeneration of injured neurons of the peripheral nervous

system. Furthermore, we show that the pro-regenerative

effect of MT occurs via a megalin- and MAPK-dependent

mechanism. Finally, we show that MT-IIA only promotes

regenerative sprouting when applied to the soma of injured

Fig. 5 MT promotes a more

extensive regenerative response

when added selectively to cell

bodies of DRGs neurons. DRG

neurons were grown in

Campenot chambers, allowing

the separation of neuronal soma

and axons into separate fluid-

tight compartments (a and b).

Comparison of regenerative

neurite outgrowth 24 h after

scratch injury between the three

treatment conditions (c)

revealed that MT treatment

specifically at the soma of

injured neurons led to

significantly longer regenerative

neurite outgrowth after injury

than when MT was applied

directly to injured axons (scale
bar = 50 lm). This difference

was confirmed when the

average length of regenerative

sprouts was measured (d).

(*p \ 0.05 compared to control;
#p \ 0.05 compared to MT—

Axons; n = 9 per treatment

group; error bars = standard

errors of mean fold changes)
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DRG neurons, which correlates with the restricted

expression of megalin in the cell body. This study provides

further evidence that MT-IIA (via a megalin- and MAPK-

signaling pathway) represents an important molecular tar-

get for promoting peripheral nerve regeneration.

We report that MT can promote regenerative sprouting

of DRG neurons using several different culture and injury

models. The pro-regenerative effect of MT-IIA was com-

pletely blocked by pre-treatment with RAP, indicating that

MT interacts with megalin to mediate its pro-regenerative

activity. This is in accordance with megalin siRNA

knockdown studies that completely blocked the uptake of

exogenous MT into the cultured cortical neurons and

subsequently blocked the ability of MT to promote neurite

outgrowth [4].

The precise mechanism through which ligand binding

to megalin results in enhanced neurite outgrowth remains

unclear. Megalin is not a classical receptor, but a multi-

ligand transporter that encapsulates ligands into vesicles

and internalizes them into the cytoplasm (as reviewed in

[10]). In this scenario, there are two potential avenues

through which MT may interact with megalin to promote

regenerative sprouting in DRG neurons. Firstly, megalin

has been reported to have classical receptor-like signal

transduction properties [2]. Hence, binding of MT to

megalin as well as the internalization of MT results in the

cleavage of a C-terminal intracellular component of

megalin, which subsequently activates a MAPK-depen-

dent signaling pathway. Alternatively however, MT that is

internalized by megalin within vesicles may itself activate

molecular signaling pathways by the release of zinc into

the cytoplasm (MT will lose its bound zinc in the acidic

environment of vesicles) [1, 2]. In this study, we show

that the MAPK inhibitor, PD98059, completely blocks the

pro-regenerative effect of MT, suggesting that the inter-

action between MT and megalin activates a signal

transduction-mediated mechanism. It is also important to

note that because of its high cysteine content, MT is able

to readily sequester reactive oxygen species (for review

see [9]). However, the fact that both RAP and PD98059

completely block the pro-regenerative effect of MT sug-

gests that the free-radical scavenging ability of MT is not

involved in MT-mediated regeneration. Interestingly,

another megalin ligand, transthyretin (which does not

bind zinc or scavenge free radicals), has recently been

reported to promote regenerative neurite outgrowth [7].

Therefore, megalin and its ligands appear to represent an

important molecular target in promoting peripheral nerve

regeneration.

To investigate in greater detail the site of action of MT

upon injured DRG neurons, we utilized Campenot

chambers to separate different cellular compartments of

the neurons (i.e., soma and axons). Campenot chambers

have been utilized to study Wallerian degeneration in

myelinated axons after cut injury caused by a razor blade

[8]. In this study, we utilized a slightly different

arrangement of the chambers whereby the DRG neurons

were plated into only a single lateral compartment,

allowing unidirectional axonal extension through the other

two compartments. A pulled fine-glass capillary was used

to cause scratch injury to the axons. The advantage of this

system is that it allowed us to precisely injure axons and

not cell bodies, and also restricted the application of MT

specifically to either neuronal soma or injured axons.

Using this model, we report that MT significantly

enhanced regenerative sprouting when applied directly to

the soma of injured DRG neurons, and to a much-lesser

effect when applied directly to injured axons. Notably,

this site-specific action of MT appears to correlate with

the regional distribution of megalin receptors within DRG

neurons, since we found megalin was only expressed in

DRG neuron soma but not in axons. Future studies using

Campenot chambers in combination with megalin siRNA,

RAP, or PD98059, could be used to further confirm the

involvement of this pathway in MT-mediated regenera-

tion. Overall, these results explain a recent observation

that we made in the injured optic nerve where we

reported that there was a significant increase in axonal

sprouting after injury when MT was injected into the

vitreous (MT was internalized by the cell bodies of the

retinal ganglion cells that project their axons into

the optic nerve), and not when MT was applied directly at

the site of injury in the optic nerve [4]. These results are

important from a future therapeutic perspective, as they

suggest that any future use of MT as an agent to promote

regenerative sprouting of injured neurons will require

targeted delivery of MT to the cell body of the injured

neurons.

In conclusion, this study has demonstrated that exoge-

nous administration of MT led to an increase in

regenerative sprouting after axotomy in several different in

vitro models of DRG neuronal injury. Furthermore, we

report that the regenerative action of MT correlated with

the localization of megalin expression in DRG neurons,

and that MT acts via a MAPK-dependent signaling path-

way. This study provides further evidence that the megalin

receptor and its ligands such as MT represent an impor-

tant molecular target for promoting peripheral nerve

regeneration.
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