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Chapter 6 

THE ROLE OF METALLOTHIONEIN AND 
ASTROCYTE-NEURON INTERACTIONS IN 

lNJURY TO THE CNS 

Snnznntlza J. Fung, Roger S. Clnolg nndAdr?'arz West 

The physiological role of metallothionein (MT) has been a topic of growing 
interest, panicularly with regard to a potentinl therapeutic application in trauma 
of the central nervous system (CNS). An increasing number of studies describe 
the protective, regeneratwe, and anti-inflammatorj properties of MT-I and MT-I1 
isofoms (MT-YMT-II) in the context of irl ijirm and animal models, using, for 
example, MT-VMT-I1 null, overexpressing, or injected mice following induced 
CNS trauma or disease. MT-VMT-II respond to tnuma by upregulation, and may 
have roles in metal ion homeostasis and free radical scavenging. Notably, a direct 
action of MT-I/MT-I1 on neurons has been shown using in v i m  models, whereby 
the application of exogenous MT-IiMT-I1 directly increases neurite outgrowth of 
young neurons and regeneration of injured, mature neurons. The expression and 
putative functions of MT within the injured CNS will be addressed within thls 
chapter, with particular regard to the MT-IIMT-I1 isofoms that display neuro- 
protective and regenerative properties. Intriguingly, a fuRller member of the MT 
family, MT-III, shows high homology to MT-VMT-II, yet has a contrasting effect 
on neuron growth and surv~val in some models. 

Kej\~wdr: Centnl nervous system (CNS); metallothionein; expression; asuocytc; 
neuron; injuty. 

1. Introduction 

Mammalian metallothioneins (MTs) are small proteins with a 
molecular mass of 6-7 kDa. Four mammalian MT isoforms have been 
characterized from multigene families, MT-I to MT-IV (Palmiter, 
1998), of which MT-I, MT-11, and MT-I11 are expressed within 
the mammalian central nervous system (CNS) (Hidalgo et nl., 



2001). The final mammalian MT isofonn, MT-IV, is expressed 
in squamous epithelial tissues (Quaife et nl., 1994) and remains 
relatively unstudied. The composition of all MTproteins is unique in 
its cysteine-lich nature and, in the case of mammalian MTs, cysteine 
residues constitute approximately one third of the 60-68 amino acids 
(see, for example, Kagi and Vallee, 1961; Huang et al., 1977; Uchida 
ern/., 1991; Palmiter et nl., 1992). It is this cysteine-rich nature that 
allows metal-sulphur bonds to folm between cysteine residues and 
metal ions to give the characteristic metal-binding property of MT 
(Hamer, 1986). 

MT-I and MT-I1 are highly homologous in amino acid sequence; 
for example, human and mouse MT-I and MT-11 both consist of 
6 1 amino acids, of which 20 are cysteine residues in conserved motifs 
(e.g. human MT-IA and MT-IIA) (Huang er nl., 1977; Kissling and 
Kagi, 1977; Huang et nl., 1981; Kagi ernl., 1984; Miles etal., 2000). 
Due to thelr striking homology in structure as well as similarities in 
expression and function (see, for example, Penkowa eta l . ,  2006b), 
MT-I and MT-I1 are often grouped together and are herein referred 
to as MT-L/MT-11. The MT-111 isofonn is homologous to MT-I/ 
MT-II; for example, human MT-111 displays 70% sequence homology 
to human MT-LIA and totals 68 amino acids, containing two inser- 
tions relative to the MT-IIA isofonn - a threonine at residue 5 and 
a six-amino-acid acidic insertion in the C-tenninus (Uchida et nl., 
1991). Further to this, MT-111 contains a Cys(6)-Pro-Cys-Pro motif 
adjacent to the threonine insertion when compared to the Cys(5)-Ser- 
Cys-Ala motif in MT-IIA (Uchida etal., 1991; Palmiter et nl., 1992; 
Tsuji et nl., 1992; Kobayashi et a/., 1993; Chung et nl., 2002a). 

2. MT Expression 

Within the CNS, MT-IIMT-I1 are present primarily in astrocytes of 
gray matter and some astrocytes within white matter (Nishimura 
et nl., 1992; Blaauwgeers et a/., 1993; Holloway er a/., 1997), 
and in the nucleus dentatus and granular layer of the cerebelluin 

(Nakajima and Suzulci, 1995). Ependymal and choroid plexus cells 
as well as astrocytic end-feet surrounding blood vessels also express 
MT-I/MT-I1 (Nakajima and Suzuki, 1995). MT-I/MT-I1 are not gen- 
erally thought to be expressed in neurolls of the CNS, although some 
reports have identified MT-IIMT-I1 in neurons (for example, Skabo 
ei nl., 1997; Calnpagne et a/., 1999), with expression restricted to 
nunor and specific populations of neurons such as olfactory neurons 
(Skabo et nl., 1997) or cortical pyramidal neurons of mice when MT-I 
is overexpressed (Campagne et nl., 1999). 

MT-111, also ternled "growth inhibitory factor" due to its effect on 
neuron survival and neurite outgrowth in neuronal cultures (Uchida 
et 01.. 1991; Tsuji er nl., 1992; Ericksoll et nl., 1994; Irie and Keung, 
2001; Chung et a/., 2002b), is expressed mainly in the CNS (Uchida 
et nl., 1991; Palmiter er a/., 1992; Tsuji et nl., 1992; Sogawa et nl., 
2001). Although first identified within astrocytes of the gray matter 
(Uchida et nl., 199 1) and reported in glial cells in the cerebellum, neo- 
cortex, hippocampus, striatum, brain stem, and spinal cord (Uchida 
er nl., 1991; Uchida, 1994;Yamada et nl., 1996; Sogawa et nl., 2001), 
MT-I11 is nevertheless believed to be predominantly expressed in 
neurons. MT-III mRNA is found in neurons in the entire brain with 
the exception of fiber tracts (Kim et nl., 2003). particularly in the 
dentate gyrus (Choudhuri et nl., 1995) and CA1 and CA3 regions 
of the hippocampus, cerebral cortex, amygdala, and zinc-containing 
synaptic vesicles (Masters et nl., 1994). The MT-I11 protein has been 
detected in neurons of the dentate gyms andCA1-3 regions of the hip- 
pocampus, cerebral cortex, thalamus, and olfactory bulb by immuno- 
histochemistry (Yanagitani et a/., 1999; Lee et nl., 2003). 

, 
3. MT-I/MT-I1 Expression in Response 

to Injury 

The genes encoding MT-VMT-I1 are highly inducible and their 

i expression is upregulated as a result of a variety of stimuli including 
heavy metals (e.g. Carter et nl., 1984; Yagle and Palmiter, 1985; 



Culotta and Hamer, 1989). oxidative stress (e.g. Dalton etnl., 1994). 
glucocorticoids (Karin et nl., 1984; Yagle and Palmiter, 1985; Kelly 
et nl., 1997). and injury (e.g. Carrasco et nl., 1999; Penkowa et al., 
1999b; Campagne et al., 1999; Trendelenburg et al., 2002; Chung 
et nl., 2004). In particular, in the CNS following in vivo focal lesion 
in the neocortex of rats, MT-I/MT-I1 upregulation can be detected 
within days in astrocytes bordering the lesion tract (Chung et nl., 

Fig. 1 Expression of MT-I/MT-I1 following focal lesion to the rat neoconex. (a) MT-3/ 
MT-I1 labeling is absent 1 day postinjury. A m w s  indicate the location of the lesion. At 
(b) 4 and (c) 7 days postinjury, MT-VMT-I1 immunoreactivity is localized to glia-like cells 
(arrowheads), cells and processes surrounding blood vessels [arrows in (b)], and processes 
along the pial surface [arrow in (c)]. (d) Double-labeling irnmunohistochemisuy for MT-I/ 
MT-I1 (green; mowheads) and forthe astrocytic marker glial fibrillary acidic protein (GFAP, 
red) shoas llinl cells imnlunoposlrlvc for MT-UMT-II possess a cell b o d  nn(Vor proccs?ss 
in~n~unonos~ l~bs  for GFAP. The oinl surfxcc is ll~dicnrsd (.mob I. (ri i l 'sc~en~ blol dnxlssis . . .  
was performed for rat cortex proteins (1, uninjured; 2, 1 day postinjury; 3.7 days postinjury; 
4, I4  days postinjury; and 5, sheep Iiver MT-I/MT-11). Immunoreactivity for MT-VMT-I1 was 
present in a single band for the sheep liver sample and at 7 days postinjuly in the n t  brain. 
Figure rep~inted from Chung era/. (2004). with permission from Blackwell Publislling. 

7- Tlie Role of Mernllorliio,:rir1 nrld Asrrocyre-hrelrrwrl lr~reracrrons 1 1 1  

2004). Expression then spreads from the injury site to surrounding 
astrocytes and decreases to basal levels around 14 days postlesion 
(Chung et nl., 2004) (Fig. 1). MT-JYMT-I1 are also upregulated in 
astrocytes following cryolesion (Carrasco et nl., 1999; Penkowa 
et al., 1999a), ischemia (Campagne et nl., 1999; Trendelenburg et nl., 
2002), administration of the gliotoxin 6-aminonicotinamide (6-AN) 
(Penkowa et nl., 1999b; Penkowa et al., 2002a; Penkowa et al., 
2002b), and kainic acid treatment (Carrasco et nl., 2000; Kim et nl., 
2003); and have also been reported in microglia and macrophages at 
the lesion site (Velaet al., 1997; Carrasco et a]., 1998; Penkowa et al., 
2002a). 

MT-JYMT-I1 induction can be stimulated by several acute phase 
cytolcines such as interleukin-1 (JL-1) andinterleukin-6 (JL-6) (Karin 
et nl., 1985; Schroeder and Cousins, 1990; Kikuchi et nl., 1993) and 
tumor necrosis factor-cr (TNF-a) (Sato et al., 1992). In astrocytes, 
this appears to be promoted in part by neuronal injury, as demon- 
strated by an upregulation of MT-UMT-I1 in neuron-astrocyte cocul- 
tures when medium from a neuron culture injured with a scalpel blade 
was applied (Chung et nl., 2004). Thus, it was hypothesized that an 
exuacellular factor, produced by neuronal injury, may be responsible 
for triggering MT-VMT-I1 upregulation. Indeed, glutamate was iden- 
tified as a factor that may play a part in the upregulation of astrocytic 
MT-JYMT-I1 (Chung er nl., 2004). 

I 4. Expression of MT-I11 in Response to Injury 

I Various reports exist concerning the expression of MT-111 foIlowing 

! injury. For example, Anezaki et nl. (1995) reported the upregulation of 
MT-I11 in reactive astrocytes following stab wound injury and kainic 
acid injection. It is most likely that MT-111 expression is dynamic 
in response to CNS injury. Several reports have suggested that MT- 
111 is reduced 1 day postinjury, and then increases in the following 

i 3 4  days; MT-111 then returns to basal levels before increasing again 
I 2 4  weeks postinjury, for example, in the case of a stab wound 

I 
(Hozumi et nl., 1995;Yuguchi et al., 1995a). Yuguchi et al. (1995b) 

I 



reported downregulation of MT-I11 mRNA following transection of 
the facial nerve and a delayed increase in MT-I11 nlRNA several 
weeks after injury in the perilesioned area where gliosis predomi- 
nantly occurs (Yuguchi et nl., 199%). This may indicate the upregu- 
lation of MT-I11 in reactive astrocytes (Carrasco et nl., 1999). MT-I11 
upregulation has also been reported in astrocytes in hypoxic condi- 
tions (Tanji et nl., 2003). 

5.  MT-I/MT-I1 Promotes Wound Healing 

CNS injury in MT-I/MT-I1 null mice demonstrates an important role 
for MT-I/MT-IT in the regenerative and wound healing response (as 
reviewed by Hidalgo et nl., 2001; West et nl., 2004; Penkowa, 2006). 
Penkowa and colleagues (1999~) first established that MT-IMT-IT 
null mutant mice showed a deficiency in wound healing following 
cortical cryolesion. Since this pivotal report, models such as trau- 
matic brain injury (Natale et nl., 2004; Potter et nl., 2007), kainic 
acid-induced seizure (Carrasco et a/., 2000). cryolesion (Penkowa 
et al., 1999a; Penlcowa et a/., 2000; Penkowa et al., 2006h), ischemia 
(Trendelenberg et nl., 2002), induction of experimental autoimmune 
encephalomyelitis (EAE, the mouse model of human multiple scle- 
rosis) (Penkowa et a/., 2001; Penkowa et nl., 2003b), the SOD1 
G93A transgenic mouse model o i  amyotrophic lateral sclerosis 
(ALS) (Nagano et nl., 2001; Puttaparthi et al., 2002), the a-synuclein 
knockout/Sn\i-1 model of Parkinson's disease (Ebadi and Sharma, 
2006), and 6-AN treatment (Penkowa et nl., 1999b) have been used 
to cause physical or excitatory lesions in the CNS of MT-IIMT-11 null 
mutant mice. In mice lacking endogenous MT-I/MT-11, such lesions 
universally result in increased degeneration of brain tissue and poor 
recovery compared to wild-type animals (for an excellent review, see 
Penkowa (2006)). 

Following trauma, MT-I/MT-I1 null mutant mice exhibit increased 
apoptotic cell death and angiogenesis, and increased oxidative stress 
(Penlcowa et nl., 1999a; Penkowa et nl., 2000; Penkowa et a/., 2003b; 

Can-asco et nl., 2000; Nagano er nl., 2001; Giralt et al., 2002b; 
Natale et al., 2004). Processes associated with inflammation are 
also enhanced, including infiltration of macrophages, microglia, lym- 
phocytes, and progenitors; secretion of proinflammatory cytokines 
such as IL-lp, IL-6, and TNF-a; and attenuated upregulation of 
erowth factors such as basic fibroblast growth factor (bFGF), trans- - 
forming growth factor-j31 (TGF-PI), vascular endothelial growth 
factor (VEGF), and neurotrophin-3 (NT-3) (Penkowa et nl., 1999a; 
Penkowa et nl., 1999b; Penkowa et nl., 2000; Penkowa et al., 2001; 
Penkowa ernl., 2003h; Penkowa et a/., 2006b; C a ~ a s c o  etnl., 2000; 
Giralt et crl., 2002a; Giralt et al., 2002h; Potler et al., 2007). The 
response of reactive astrocytes is also impaired and glial scar for- 
mation is delayed (Penkowa et nl., 1999a; Penlcowa et a/., 1999b; 
Penkowa er nl., 2000; Penlcowa et a/., 2001). 

Conversely, transgenic MT-I/MT-I1 overexpressing mice (TgMT) 
are more resistant to trauma than wild-type mice, and expe- 
ricnce attenuated pathology and inflammation as well as augmented 
astrogliosis and wound healing (Campagne et al., 1999; Giralt et nl., 
2002b; Penlcowa et a/., 2002a; Penkowa et al., 2003a; Penkowa et al., 
2004; Penkowa etnl., 2005; Molinero et a!., 2003; Ebadi and Sharma, 
2006). Moreover, when exogenous MT-I/MT-II are administered to 6- 
AN treated, cryolesioned, EAE, or focal cortical needlestick models 
of injury, there is a sinlilar improved outcome (Penkowa and Hidalgo, 
2000; Penkowa and Hidalgo, 2001; Giralt et al., 2002b; Penlcowa 
et nl., 2002a; Penkowa et al., 2006b; Chung et nl., 2003). In the 
case of EAE, demyelination is also reduced (Penkowa et nl., 2003b; 
Penkowa et nl., 2006a; Penkowa and Hidalgo, 2003), and recruitment 
of neuroglial precursors can be observed in response to cryolesion of 
TgMT mice and in MT-I/MT-I1 treatment of EAE (Penkowa et a/., 
2003b; Penkowa et nl., 2006a; Penlcowa and Hidalgo, 2003). This 
presents strong evidence for a protective and regenerative action of 
MT-I/MT-I1 in CNS injury through protective and trophic actions 
on neurons, anti-inflammatory properties, and a beneficial astrocytic 
response. 



MT-III null mutant mice differ in their response to injury. Cor- 
tical cryolesion performed on MT-I11 null mutant mice appeared 
to increase GAP-43 and neurotrophin expression, indicative of an 
increase in sprouting in the absence of MT-111 expression (Carrasco 
et al., 2003). Moreover, in the peripheral nervous system, MT-III 
null mutant mice experienced rapid recovery compared to wild- 
type mice following a peripheral nerve crush lesion, supporting 
Uchida's original suggestion that MT-111 is inhibitory to neuron 
growth (Ceballos et al., 2003). Indeed, MT-III may contribute to 
neuronal death in the CAI region of the hippocampus and the tha- 
lamus through the release of zinc following kainic acid-induced 
seizure (Lee et al., 2003). However, exogenous MT-IIIreduces lesion 
size following stab wound to the rat brain in a dose-dependent 
manner, though excessive amounts of MT-LU result in a larger lesion 
size (Hozumi et al., 2005). Administration of an adenoviral vector 
encoding MT-111 to the lesion site resulted in an increase in the amount 
of MAP-2 and GAP-43 (Hozumi et al., 2005), and administration of 
the same vector promoted the survival of injured facial nlotoneurons 
(Sakamoto et al., 2003). Thus, applied MT-I11 may also promote 
CNS wound healing in some paradigms. This eflect is likely to be 
concentration-dependent and might be attributed to roles such as free 
radical scavenging (Hozumi et al., 2005). 

6. MT-I/MT-I1 Act Direct ly on Neurons 

Thus, in the CNS, MT-UMT-11 have been implicated in increased 
regeneration and reactive sprouting of neurons due to deficiencies 
in these processes in MT-VMT-I1 null mutant mouse injury models, 
while the contribution of MT-111 is less clear. The application of 
exogenous MT-UMT-11 to a focal injury of the rat neocortex results 
in accelerated healing of the lesion and, importantly, leads to the 
presence of numerous SMI312-positive reactive sprouts in the lesion 
site compared to vehicle-treated controls (Chung et al., 2003). Using 
cultured rat cortical neurons, we have demonstrated that application 
of MT-IIMT-I1 results 'in a direct regenerative effect on neurons. 

MT-VMT-I1 increased the rate of neurite growth in irz ~ ~ i t r o  models, 
including models of injured cortical neurons (Chung et al., 2003). 
Furthennore Kohler et 01. (2003) reported MT-IIMT-I1 to have 
the same effect on hippocampal and dopaminergic neurons; and 
recently Fitzgerald et a/.  (2007) and Ambjprn et nl. (2007) reported 
this phenomenon in retinal ganglion cells and cerebellar granule 
neurons, respectively, suggesting a generic effect of MT-IIMT-I1 on 
neurons. 

7. Mode l  o f  Extracellular  MT-I/MT-I1 Ac t ion  
in CNS I n j u r y  

Taken together, MT-UMT-TI, expressed primarily in astrocytes, are 
protective to neurons and promote neurite regeneration in the injured 
CNS. This has led to our proposal of an extracellular action of 
MT-UMT-11. We hypothesize that, following their astrocytic upreg- 
ulation, MT-IIMT-II are released into the extracellular environment, 
where they then act on neurons to increase regenerative sprouting 
(Chung and West, 2004) (Fig. 2). Based on their amino acid sequence, 
MT-I/MT-11 are not considered to contain any motifs consistent with 
traditional secretion pathways (Palmiter et al., 1992), yet increasing 
evidence suggests that MT-I/MT-II have an extracellular presence and - - 

are secreted by various cell types in physiological and pathological 
situations and upon specific stimulation. This is also consistent with 
other stress proteins, being released through nonclassical secretory 
pathways that do not involve processing through the endoplasmic 
reticulum and Golgi apparahls (reviewed by Lynes etal., 2006). Some 
proinflammatory cytokines such as IL-la and IL-1p (Suttles et al., 
1990; Prudovsky et al., 2003) - as well as stress response proteins 
such as heat shock protein 70 (Hsp70) (Gastpar et al., 2005), FGF-1, 
and bFGF (Jackson et al., 1992; Engling et al., 2002; Prudovsky 
et al., 2003; Tavema et al., 2003) - are released by nonclassical 
pathways such as through lipid raft domains, membrane blebbing, 
and direct translocation from cytoplasm to extracellular space (Lynes 
er al., 2006). 
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(a) 

Neuron 

Fig. 2 Diagrammatic model of putative extracellular action of MT-INT-11 in the injured 
CNS. (a)Astrocytes are closely associated with neurons within the CNS. (b) Injury occurs 
to the neuron and signals to neighboring astrocytes, which respond by (c) upregulation of 
MT-I/MT-I1 and subsequcnl release oC MT-VMT-I1 into the extracellular environment. 
(d) This extncellular MT interacts with neurons to promote neurite sprouting. Figure 
reprinted from Chung and West (2004). with permission from Elsevier. 

Extracellular MT has been reported physiologically in various 
in vivo and in vitro models. We have noted extracellular MT-I/ 
MT-II following injury to the rat CNS in vivo (unpublished data), and 
MT has also been reported surrounding cells in kainic acid-induced 
excitotoxicity of MT-I overexpressing mice (Penkowa et al., 2005). 
Specific MT-VMT-11 release is also indicated by the presence of extra- 
cellular MT-I/MT-I1 in the medium of cultured preadipocytes during 
differentiation (Trayhum et al., 2000); and extracellular MT-I/MT-11 
were recently detected in the medium of cultured astrocytes following 

stimulation with a combination of zinc and IL-la (Chung et nl., 
2008), a treatment shown by Kikuchi et nl. (1993) to induceMT accu- 
mulation on the surface of astrocytoma cells. There is also further 

evidence for extracellular MT-IMT-I1 iiz viva - and 
thus MT-IDAT-I1 release from cells -in serum (Mehra and Bremner, 
1983; Garvey, 1984; Hidalgo et nl., 1988), bile (Sato and Bremner, 
1984), pancreatic fluid (De Lisle et nl., 1996), and other extracellular 
fluids (as reviewed by Lynes et al., 2006). 

8. Putative Interaction of MT and Neurons 

Therefore, the proposition that MT-I/MT-I1 are found outside cells 
is reasonable, and evidence currently suggests that administration 
of exogenous MT-IMT-11 directly alters the growth of neurons in 
culture (Chungetnl., 2003; Kohleretnl., 2003; Fitzgerald etnl., 2007; 
Ambj0m et al., 2008). One question that remains to be addressed 
in this model is, how does extracellular MT-I/MT-I1 interact with 
neurons? 

MT interacts with the plasma membrane of immune cells, lym- 
phocytes, and macrophages (Youn etnl., 1995; Borghesi etnl., 1996). 
Furthermore, MT may display properties similar to chemokines based 
on homology to the beta and delta cytokines CCL-17 and CX3CL-I, 
and on stimulation of leukocyte chemotaxis (Yin et al., 2005). This 
chemotactic response was inhibited through the use of G-coupled- 
protein receptor antagonists, suggesting the intriguing possibility 
of a leukocytic G-protein-coupled MT receptor (Yin et al., 2005). 
In kidney cell lines, MT has been shown to interact with the scavenger 
receptor megalin, which has been identified as contributing to MT-I/ 
MT-I1 uptake in the kidney through an endocytic process (Erfurt 
et al., 2003; Klassen er al., 2004; Wolff et a[., 2006). Indeed, prelim- 
inary data from our laboratory suggest that MT-IIA is internalized 
by neurons (unpublished data) and that ectopic expression of human 
MT-IIA-enhanced GFP fusion protein by neurons increases neurite 
outgrowth, suggesting action from an intracellular location. 



Megalin expression has been demonstrated in retinal ganglion 
cells and astrocytic processes (Fitzgerald et al., 2007), in cere- 
bellar granule neurons (Ambj0m et al., 2008), and in cultured cor- 
tical neurons and regenerating neuritcs (unpublished observations). 
Direct binding of MT-IMT-I1 to megalin (Klassen et nl., 2004; 
Ambjam et nl., 2008) and the related low-density-lipoprotein (LDL) 
receptor-related protein (LRP1; reviewed by Qiu et a/., 2006; May 
et al., 2007; Ambjprm et nl., 2008) has been demonstrated using 
surface plasmon resonance. Indeed, LRPl is implicated in neurite 
outgrowth elicited by apolipoprotein E3; and this response was 
inhibited with a competitive ligand for such LDL receptors as megalin 
and LRP1, receptor-associated protein (RAP) or anti-LRP1 anti- 
bodies, to attenuate apolipoprotein E3-mediated neurite outgrowth 
(for example, Holtzman et nl., 1995; Narita et nl., 1997; Qiu et nl., 
2004). Moreover, a recent report from Fitzgerald er al. (2007) sug- 
gested that neurite outgrowth from retinal ganglion cells is mediated, 
at least in part, by megalin following antibody pretreatment to the 
receptor prior to MT-IIA treatment. Ambjprm et al. (2008) also 
reported that inhibition of megalin and LRPl with the competitive 
ligand RAP attenuates MT-I/MT-II-mediated neurite outgrowth and 
survival in cerebellar granule neurons, and data from our laboratory 
suggested that siRNA knockdown of megalin inhibits neurite out- 
growth from cortical neurons (unpublished data). 

9. Signaling Through LDL Receptors - 
A Putative Mechanism of MT-I/MT-I1 
Activity? 

Megalin (Zou etnl., 2004; Wicher et al., 2006) and LRPl (May etal., 
2002) undergo regulated intramembrane proteolysis (RIP), in which 
the extracellular domain is shed through matrix metalloproteases and 
cleavage by y-secretase or y-secretase-like activity (May et al., 2002; 
Zou et al., 2004). The cytoplasmic domain may then be translocated 
within the cell (May et nl., 2002; Zou et al., 2004), including to 

the nucleus (Wicher et al., 2006). which may result in a signaling 
event. The C-terminus of megalin contains motifs that imply inter- 
action with intracellular adaptor and signaling molecules, such as Src 
homology 2 and 3 domains, and NPxY motifs (Saito er nl., 1994: 
Hjalm er nl., 1996). The NPxY motif is also common to LRPl (Herr. 
and Strickland, 2001); and activation of LRPl promotes phosphory- 
lation of the mitogen-activated protein kinase (MAPIC), extracellular 
signal-regulated kinase 112 (ERK112) (Qiu et nl., 2004). Activation 
of the MAPKpathway and CAMP response-element binding (CREB) 
proteins as well as protein kinase B (PKB) by MT-I/MT-II has been 
demonstrated (Ambjprm etnl., 2008). indicating that MT-IIMT-I1 acti- 
vates intracellular signaling pathways, possibly through interaction 
with LDL receptors (Fig. 3). 

Cytoplasm +\ PKB 

Nucleus 

CYIOSKELETON 
TRANSCRIPTION NeUritc oUl@mwh 

Fig. 3 Putative model of MT-IiMT-IIintcmction with megalin. Soluble, extmcellular MT-I/ 
MT-I1 interacts with the low-density-lipoprotein receptor megalin andlor LRPl on the neu- 
ronal surface. MegalidLRPl may be activated by binding of extracellular MT-UMT-I1 to 
initiateasignalingcascade throughtheMAPWERKpathway toactivate trdnscriptionfactors 
and impact cytoskelewlelemenu to influence neurite outgrowth. Activation of PKB has also 
been demonstrated in response to MT-JfMT-11. 



In addition to signaling through LDL receptors, Hao et nl. (2007) 
suggested that MT-11 endocytosis may provide a route of metal ion 
delivery in HepG2 hepatocellular carcinoma cells; this paradigm may 
also be important in the regenerative capability of MT-I/MT-11. In 
this situation, exogenous MT-I1 loaded with metal ions is taken Into 
endosomes and fuses with lysosomes, and the change in oxidative 
environment in this compartment results in release of metals (Austin 
er nl., 2005). Metals were detected within the cytoplasm of MT- 
II-treated cells (Hao et nl., 2007), and the proton-coupled divalent 
metal transporter (DMTI) was implicated in transport of metals from 
the endosomc/lysosome (Abouhamed er nl., 2007). An analogous 
delivery of zinc to neuronal cytoplasm may have an effect on signaling 
pathways including MAPWERK (Huang et al., 1999), proteinlcinase 
C (PKC) (Csennely et nl., 1988), and transcription factors (Smimova 
et nl., 2000) (reviewed by Beyersmann and Haase, 2001); and sug- 
gests that exogenous MT-I/MT-I1 may be internalized and act from 
within endoso~~les in the cell. This provides a putative mechanism 
for exogenous MT-I/MT-I1 action from within the neuron (Fig. 3). 
It is currently unclear how ectopically expressed MT-I/MT-I1 may 
result in neurite outgrowth; however, the mechanism may involve 
zinc availability within the neuron. 

10. Conclusion 

It is clear that MT-I/MT-TI play an important role in wound healing 
following trauma to the CNS and that they may act through several 
routes to give protection, including via their recognized roles in scav- 
enging of reactive oxygen species, suppression of inflammation, and 
promotion of neuronal regeneration. In a physiological context, this 
primarily astrocytic protein appears to be able to be released from 
astrocytes, with the subsequent effect on neuronal regeneration poten- 
tially mediated through LDL receptors. In light of their neuropro- 
tective and regenerative actions, it is conceivable that MT-IJMT-I1 
may provide a promising therapeutic tool in CNS trauma. 
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