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The potential use of rabies virus glycoprotein-derived peptides to 

facilitate drug delivery into the central nervous system: a mini review 

 

 

Rabies virus glycoprotein (RVG), a 505 amino acid type-1 glycoprotein, is 

responsible for the neurotrophic nature of the rabies virus infection.  Despite 

varying reports in the literature as to which receptor is ultimately responsible for 

interaction of RVG with the nervous system, there is a strong argument for major 

nicotinic acetylcholine receptor (nAChR) involvement.  Peptide derivatives of 

RVG, such as rabies virus-derived peptide (RDP) and RVG-29 are emerging as 

promising targeting ligands for the delivery of therapeutics to the central nervous 

system (CNS).  The neurotrophic nature of RVG and indeed its derivatives may 

be due to interaction with ubiquitous nAChRs principally, but also association 

with other neural cell-specific molecules such as neural cell adhesion molecule 

(NCAM).  It is possible that nAChR-mediated uptake of RVG-derived peptides 

may serve as an attractive new approach for targeting drug delivery to the brain.  

Potential application of this type of drug delivery system extends to many 

diseases affecting the CNS, where specific and effective drug delivery is 

normally a challenging process.   

Keywords: rabies virus; glycoprotein; nicotinic acetylcholine receptor; peptide; 

targeted; delivery; central nervous system. 

Introduction 

The emergence of peptides derived from the rabies virus glycoprotein (RVG) as 

targeting ligands for drug delivery to the brain, have shown promise as an effective way 

of non-invasively overcoming the blood brain barrier (BBB) for targeted therapy.  RVG 

forms the part of the rabies virus which is responsible for this neural interaction and is 

ultimately responsible for the highly neurotrophic nature of the rabies virus itself, as it is 

the only surface protein expressed on the viral envelope (Yan et al. 2002).  Son et al. 

(2010) described RVG as a potential “magic bullet” for the targeting of genes to the 
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brain. Rabies Virus-derived peptide (RDP) is a 39 amino acid derivative of residues 

330-357 of RVG, which has been determined as an important nerve binding region 

(Fu et al., 2012).  Due to this, RDP may retain the neurotrophic penetrating 

properties of RVG, acting as a facilitating ligand for neural cell entry of a 

conjugated payload.  RDP has been utilised successfully to deliver therapeutic 

payloads to mouse brain in vivo (Fu et al. 2012), gaining effective entry into the central 

nervous system (CNS) and showing preferential accumulation in neural cells compared 

to non-neural, both in vitro and in vivo (Fu et al. 2013).  Likewise, it has been 

peripherally conjugated to gold nanoclusters for non-invasive brain screening, due to its 

observed ability to specifically accumulate in neurons in vivo (Zhang & Fu, 2015).  

Another derivative of RVG, RVG-29, allowed preferential accumulation of an 

Itraconazole payload in neural cells when conjugated to an albumin nanoparticle carrier 

(Chen et al. 2010).  Furthermore, Liu et al. (2009) showed how nanoparticles coated 

with RVG-29 exhibited higher blood brain barrier (BBB) crossing efficiency than 

unmodified nanoparticles.   

 

Thus far, there has been conflicting evidence in the literature as to which 

receptor is utilised in these synthetic peptide-neural interactions and indeed by the 

rabies virus glycoprotein itself.  Fu et al. (2013) reports that the GABA(a) receptor is 

responsible for RDP uptake in neural cells, however RVG-29 has been linked to both 

the GABA(b) (Liu et al. 2009) and the nicotinic acetylcholine receptor (Lafon, 2005 & 

Kumar et al. 2007).  There has been a wealth of work invested over the past three 

decades in elucidating which receptor is responsible for the highly neurotrophic nature 

of the rabies virus infection.  To date, the evidence available in the literature does not 

allow a definitive conclusion to be made regarding one particular receptor being 
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responsible for rabies virus infectivity. Rather, it appears likely that other factors are 

involved and should be considered in the interaction with neural cells.   

 

This review will consider the Rabies Virus glycoprotein and the different 

receptors with which it has been linked.  Given the abundance of evidence that would 

indicate major nicotinic acetylcholine Receptor (nAChR) involvement, these receptors 

will also be discussed in regards to subtypes, typical structure and potential use as a 

target to mediate drug delivery into the central nervous system (CNS) through 

exploitation of the hypothetical interaction with RVG.  It may be possible to utilise this 

interaction to deliver therapeutic agents non-invasively across the Blood Brain Barrier 

(BBB), with a view of treating neurodegenerative processes such as Parkinsons Disease 

(PD).  It is therefore important that the receptor interaction of these RVG-derived 

peptides with neural cells is considered, if they are to be brought forward as potential 

drug-targeting moieties, to aid modelling and optimisation for in vivo success. 

 

Rabies virus 

 

The rabies virus is a pathogen of the mammalian nervous system, usually transferred 

from the saliva of an infected animal bite.  The virus mostly affects motor neurons due 

to entry through the neuromuscular junction (NMJ) upon muscle infection (Lafon, 

2005), however Lycke & Tsiang (1987) indicated that peripheral sensory neurons are 

also likely to be infected even though the receptor responsible for uptake had yet to be 

identified.  Lewis et al. (2000) studied rabies virus entry at the NMJ in chick nerve-

muscle co-cultures as a major site of entry into neurons and consequently the CNS.  

Further supporting the evidence of both motor and sensory neuron infection, this study 
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also detailed how the virus travels throughout the nervous system via axonal retrograde 

transport.  The retrograde pathway has been well established as the method of transport 

for the rabies virus as reviewed by Cherian et al. (2015) and indeed other neurotoxins, 

from distal infection sites, such as the tetanus toxin (Hislop et al. 2014).  Incidentally, 

the Tet-1 peptide has been looked at as a targeting peptide for the CNS by Kwon et al. 

(2010), for the delivery of nucleic acids to neural cells in mice.  This is another example 

of using an infective neuropeptide to direct a payload to a neural site, similar to the 

utilisation of RDP by Fu et al. (2012) & (2013). 

 

Rabies virus glycoprotein (RVG) 

 

RVG and the nicotinic acetylcholine receptor 

 

RVG is a 505 amino acid type 1 membrane glycoprotein which is essential for 

infectivity of the Rabies Virus (Etessami et al. 2000), as it is responsible for attachment 

to target cells.  RVG facilitates entry of the virus specifically into neurons at the NMJ 

through interaction with neural cell receptor molecules.  It was first proposed by Lentz 

et al. (1982), that the acetylcholine receptor is a rabies virus receptor, based on the 

detection of the virus at or near acetylcholine sites in cultured chick myotubes.  In this 

study, rhodamine-labelled alpha bungarotoxin (α-BTX) was used to detect the 

acetylcholine receptors, as this snake venom neurotoxin competitively binds to 

acetylcholine binding sites.  Following a pre-incubation period, α-BTX was able to 

significantly reduce the number of chick myotubes that became infected by rabies virus.  

The authors acknowledged that other molecules may be involved as infection could not 

be totally prevented by blocking the acetylcholine receptor, but these must be closely 
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associated with acetylcholine binding sites.  The detection of dense clusters of 

acetylcholine receptors at the tips of junctional folds may serve to enhance uptake at the 

NMJ, allowing eventual transport into the CNS.   

 

Lentz et al. (1991) later compared a segment of RVG with the structure of a loop 

2 domain of the curaremimetic neurotoxin, King Cobra Toxin b, and their subsequent 

interaction with the nAChR.  The loop 2 of snake venom neurotoxins share a few 

invariant amino acid residues, which are consistent amongst them all.  Interestingly, 

these sequences resemble a related homology with those found in RVG.  Snake venom 

neurotoxin is able to bind at or near the acetylcholine binding site of nAChRs and 

consequently block ligand binding.  Based on this, it was shown how manipulating 

these residues on both a 20 residue derivative of the King Cobra Toxin b and a 29 

residue derivative of RVG, displayed a similar response in that binding affinity was 

notably decreased, suggesting that these homologous sequences are responsible for 

interaction with the nAChR.  It would appear that snake venom neurotoxins and RVG 

share the same binding mechanism to the nAChR, however an additional 10 amino acid 

sequence of RVG-29 peptide was identified which was important for maintaining a high 

binding affinity, unrelated to the neurotoxin structure.  Similar work was carried out 

using the same neurotoxin by Zhan et al. (2010), where a short 20 residue neurotoxin-

peptide was produced to facilitate drug delivery to the brain, via nAChRs, on 

endothelial cells of the BBB.  By successfully enhancing the accumulation of coumarin-

6-loaded micelles in mouse brain, it was shown that this synthetic peptide bound with 

similar affinity to RVG derivative.  This study inadvertently proved that a derivative of 

RVG binds to the neuronal-type nAChR, due to its inhibitory effect on α-BTX, which 

binds to residues 173-204 of the alpha subunit on nAChRs (Gastka et al. 1996).  These 
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studies prove that RVG has a very strong connection with the nAChR due to the 

similarities with snake venom neurotoxin residues. 

 

Sajjanar et al. (2015) found that synthesised peptides which have an homologous 

sequence with the α-1 subunit of the nAChR were able to bind rabies virus and prevent 

infection in N2A neuroblastoma cells.  Vigerelli et al. (2014) was also able to block 

rabies virus infection in BHK-21 (baby hamster kidney) cells using bufotenine, a 

tryptamine alkaloid from amphibian skin secretion.  Based on the fact that other 

alkaloids such as nicotine and cytisine bind to the nicotinic receptor, the inhibitory 

effect of bufotenine on rabies virus would point toward this as the main surface receptor 

for cell entry.  This recent research has come a long way from the work produced by 

Wunner et al. (1984), where rabies virus infection of non-neuronal BHK-21 lead to a 

conclusion that the nAChR was not essential for cell entry.  Of course it is now known, 

and supported by the aforementioned work of Vigerelli et al. (2014), that these cells and 

indeed other non-neuronal cells may express the nicotinic receptor. 

 

Kumar et al. (2007) used a derivative of RVG to successfully target siRNA to 

mouse brain in vivo and showed that it specifically bound to neural N2A cells over non-

neural HeLa cells.  In this study, the authors suspected that receptor mediated 

endocytosis was the mechanism of uptake across endothelial cells of the BBB. 

 

Work by Castellanos et al. (2002) was based upon findings by Reagan & 

Wunner, (1985), that cells not expressing the nAChR can still become infected by rabies 

virus.  They aimed to assess the susceptibility of neuronal and non-neuronal cells, pre-

treated with nicotinic agonists, to rabies virus infection.  The viruses used in this study 
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would be from two different sources, one replicated in BHK-21 cells and the other from 

adult mouse brain.  It was found that both neuronal (dorsal root ganglia) and non-

neuronal (Schwann, fibroblasts etc.) cells became infected by both strains although 

neurotropism was observed, due to preferential accumulation in the neuronal cell type.  

At the time, the non-neuronal cell types were not believed to express nicotinic receptors 

and this lead to the conclusion that infectivity in non-neuronal cells was independent of 

this receptor, agreeing with previous research.  It should be noted at the time of the 

work carried out by Wunner (1984) and by Reagan & Wunner (1985), the method of 

nAChR detection was by alpha bungarotoxin binding.  It is now known that alpha 

bungarotoxin does not bind to all nAChR subunits and more recently it has been shown 

that nAChRs are not restricted to neurons, in fact they are present throughout the CNS 

on microglia, (Shytle et al. 2004), brain endothelial cells (Abbruscato et al. 2002) and 

Schwann cells (Petrov et al. 2014).  Taking this into consideration, there is a strong 

possibility that multiple cell types of neural origin can become infected with rabies virus 

via the nAChR and hence the neurotropism is not only due to neurons but glial cells too.  

It could be that cells of the central and peripheral nervous system express a higher 

number of, or a combination of, the right receptor molecules for glycoprotein binding.  

Care should therefore be taken when drawing conclusions, particularly when excluding 

nicotinic involvement.  Castellanos et al. (2002) considered that rabies virus strains can 

exhibit different behaviour in vitro, in that multiple cell types can become infected, 

which does not reflect what actually happens in vivo. 

 

The above findings certainly indicate that the nAChR plays a major role in 

Rabies Virus infection, mediated by the glycoprotein and supports nicotinic interaction 

with glycoprotein peptide-derivatives.   The strong preference of the Rabies Virus to 
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neural cells in vivo compared to other cells also expressing nAChRs, implies that other 

factors or molecules are also involved to varying degrees. 

 

Neural Cell Adhesion Molecule and Low Affinity Growth Factor Receptor 

 

The involvement of Neural Cell Adhesion Molecule (NCAM) in cell attachment and 

uptake of the rabies virus is somewhat ambiguous and subsequently passed over in 

comparison to the nAChR.  Also known as CD56, it is a glycoprotein from the 

immunoglobulin (Ig) superfamily with functions in cell adhesion and signalling 

(Paratcha et al. 2003).  NCAM plays a role in nervous system development by 

influencing cell migration, adhesion, neurite outgrowth and synaptic plasticity 

(Hubschmann et al. 2005).  There has also been evidence to suggest that NCAM is 

required to maintain normal synaptic function at the NMJ following injury (Chipman et 

al. 2010).   

 

Thoulouze et al. (1998) attempted to determine the role of NCAM in rabies virus 

infection, using NCAM-positive and NCAM-negative cells.  It emerged that NCAM-

negative cells transfected with the NCAM gene, showed enhanced susceptibility to the 

rabies virus infection and that blocking NCAM with a specific antibody and a heparin 

ligand reduced susceptibility.  The authors believed this evidence would indicate that 

NCAM is a receptor for the rabies virus, certainly at the very least, it would suggest that 

NCAM plays a role in infection.  Thoulouze et al. (1998) considered that the nicotinic 

receptor and NCAM may both be closely involved or even synergistic in nature.  The 

independence of NCAM from the acetylcholine receptor is questionable, as the in vivo 

work from this same study showed that the brains of NCAM deficient mice were still 
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infected by rabies virus and equally so in the hippocampus, albeit far less efficiently 

than in the NCAM-positive wild-type mice.   Furthermore, NCAM deficiency does not 

prevent rabies-induced death in mice but only delays it.  The fact that NCAM is not 

essential for infectivity means that although it seems to play an important role, it cannot 

be classified as a main receptor. 

 

Given the expression of NCAM throughout the central and peripheral nervous 

system in astrocytes, neurons and non-myelinating Schwann cells, it is quite possible 

that NCAM forms part of a receptor complex which is responsible for the neurotropism 

of RVG at the neuromuscular junction (Lafon, 2005). Thoulouze et al. (2008), likened 

NCAM to the unidentified protein on BHK-21 cells, which binds to rabies virus, in 

work by Reagan & Wunner, (1985).  In addition to the nicotinic receptor, they detected 

rabies binding to an unknown protein, which similar to NCAM, was also a glycosylated 

integral membrane protein. 

 

Hislop et al. (2014) described how RVG associated with three types of receptor 

in vitro.  These were the aforementioned nAChR, NCAM and the low-affinity nerve-

growth factor/neurotrophin (P75
NTR

) receptor.  P75
NTR 

is from the tumour necrosis 

factor (TNF) family of receptors and although it is responsible for neurotophin 

signalling pathways, it has also been implicated in neurodegenerative processes.  It was 

proposed by Tuffereau et al. (1998) that P75
NTR 

could be a receptor for the rabies virus, 

after detecting association with RVG in infected cell lines in vitro.  Almost a decade 

later, following doubts over association in vivo, Tuffereau et al. (2007) revisited this 

work and concluded that P75
NTR 

was not essential for rabies virus infection.  It was also 
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detailed that P75
NTR 

expression alone, was not sufficient enough to infect cells in vivo 

and other factors are almost certainly implicated. 

 

It should be noted that the interaction of RVG with P75
NTR

 as accounted by 

Hislop et al. (2014), was in a mouse hybrid cell line of neuroblastoma and spinal cord 

cells.  This model was not representative of the in vivo NMJ and there appears to be no 

in vivo evidence of P75
NTR

 presence at the NMJ (Lafon, 2005).  Whether or not NCAM 

and P75
NTR

 play a key role in vivo or merely an accessory role in the neurotropism of 

RVG remains unclear, as conclusions drawn from in vitro results have deviated from in 

vivo behaviour. 

 

Nicotinic Acetylcholine Receptors- structure and subunit expression 

 

There are two principal subtypes of Acetylcholine receptor in the human body, the 

metabotropic muscarinic acetylcholine receptor and the ionotropic nicotinic 

acetylcholine receptor (nAChR).  Both of these groups are activated by the endogenous 

ligand, acetylcholine, at neuronal and non-neuronal sites.  The muscarinic subtype has 

been distinguished by its typical activation by muscarine, the mushroom toxin from 

Amanita muscaria, whereas the nicotinic subclass is prominently activated by the 

exogenous ligand, nicotine.   

 

 

nAChRs are a family of cationic channels and along with the muscarinic 

subtype, 5-Hydroxytryptamine (serotonin) receptors and γ-aminobutyric acid (GABA) 

A/C receptors, they form part of the Cys-loop gene superfamily commonly known as 
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ligand-gated ion channels (Gotti & Clementi, 2004 & Dunckley & Lukas, 2006).  They 

have been classically further subdivided into neuronal-type nAChRs and muscle-type 

nAChRs, however more recently there has been evidence of “neuronal-type” nAChRs 

in other areas of the body besides the nervous system.  Early studies and initial 

purification of this receptor was possible due to observations made of the Torpedo 

electric organ, where dense areas of nAChRs in the tail of these electric rays played a 

role in the stinging of prey.  Alongside this, studies with α-Bungarotoxin (α-BTX), a 

venom from the Taiwanese Krait (Bungarus multicinctus), competitively bound 

nAChRs at the neuromuscular junction, causing paralysis (Albuquerque et al. 1997).   

 

Neuronal-type nAChRs exist as homopentameric or heteropentameric subtypes.  

This means they are typically composed of 5 subunits surrounding a central pore, as 

depicted in Figure 1 (a).  Thus far, the subunits which have been identified in 

mammalian neuronal-type nAChRs are nine α (α1-α9) and three β (β2-β4) subunits. 

(Hadaddian et al. 2008 & Quik & Wanacott, 2011).  The homopentameric arrangement, 

also known as α-Bungarotoxin sensitive, is composed of five identical α7 subunits and 

so five identical agonist binding sites.  In the human central and peripheral nervous 

system, α7 homomeric receptors are one of the most commonly found, particularly in 

neurons of hippocampal origin.  It is possible that α8 and α9 subunits also compose 

these homomeric receptors but so far the α8 subunit has not been identified in humans 

and the α9 subunit has presently not been isolated in neurons (Gotti & Clementi, 2004).   

 

The heteropentameric arrangement is generally in the stoichiometry arrangement 

of 2α3β*; where * signifies the possibility of a different additional α subunit in the 

complex (Patterson & Nordberg, 2000).  These receptors will have two agonist binding 
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sites, between α and β units, both of which must be occupied for activation of the 

receptor.  These are also known as α-Bungarotoxin insensitive but show a higher 

affinity in agonist binding compared to their homomeric counterparts.  Although the α2, 

α3, α4, α6, β2 and β4 subunits play a role in binding and may be co-expressed by a 

particular neuron, only a few combinations may actually be formed.  This also had led 

to the conclusion that α5 and β3 subunits merely play a supportive role rather than being 

involved in agonist binding (Gotti & Clementi, 2006). 

 

The major nAChR subtypes in the mammalian central nervous system are α4β2* 

and α7*, comprising approximately 90%.  The structure of both these receptor subtypes 

and their respective binding sites are shown in Figure 1 (a).   Other brain areas such as 

the striatum, contain dopaminergic neurons which also widely express the α6β3* 

subtype.  Subsequently, the expression of these receptors is diminished in Parkinson’s 

disease, due to the loss of dopaminergic neurons (Warpman et al. 1998 & Posadas et al. 

2013).  In the Central Nervous System (CNS), nAChRs are widely expressed, as they 

form a major part of the cholinergic transmission pathways in the brain and peripheral 

ganglia.  Their role in pre-synaptic neurotransmitter release and post-synaptic 

transmission means that central innervation gives rise to many different functions.  

These include cognition, reward, pain processing, arousal and motor activity (Gotti & 

Clementi, 2006).  These functions of nAChRs depend on brain location and indeed 

subunit composition.   

 

It was previously mentioned, neuronal-type nAChRs may also be found on other 

body sites in non-neuronal roles.  Table 1 details the particular subunits which have 

been detected thus far in the brain but also within other body systems, not involved in 
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synaptic transmission.  Lymphoid cells of the thymus (Navaneetham et al. 1997), 

peripheral macrophages (De Simone et al. 2005), lung epithelial cells (Maus et al. 

1998), skin keratinocytes (Grando et al. 1995, 1996) and vascular endothelial cells 

(Wang et al. 2001) all express subunits which are capable of assembling functional 

nAChRs, which are thought to have roles in apoptosis and proliferation (Conti-Fine et 

al. 2000 & Egleton et al. 2008).  Sharma & Vijayaraghavan (2002) reviewed the 

nicotinic subtype expression in these non-neural tissue types and in agreement with the 

data presented in Table 1, there is widespread indication that the α3, α5, α7, β2 and β4 

subunits are the most common subtypes found outside the central nervous system.  At 

the interface between the central nervous system and the blood circulation, there has 

been detection of nAChR subunits on brain endothelial cells of the blood brain barrier.  

These cells specifically express the α3, α5, α7, β2 and β3 subunits, as reported by 

Abbruscato et al. (2002) in an immunoreactivity assay.  Fischer et al. (1997) detected 

the presence of the α7 subunit from nAChRs of neuronal origin in rat dennervated adult 

muscle.   The role of these receptors in a non-neural capacity is unclear, although Gotti 

& Clementi (2004) speculate about a gene expression role by altering calcium ion 

influx.  On the contrary, muscle-type nAChRs are confined to muscle only 

(Albuquerque et al. 2009).  In the muscle-type nAChRs, subunit composition of the 

receptor is not limited to only α and β subunits like those of neuronal origin.  They are 

comprised of five different subunits- α1, β1, δ, γ and ε.  Typical muscle-type nicotinic 

acetylcholine receptor subunit composition is shown in Figure 1 (b), where subunits are 

usually in the ratio of 2:1:1:1 (Galzi & Changeux, 1995 and Patterson & Nordberg, 

2000).  
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Castellanos et al. (1997) found that mecamylamine and d-turbocurarine were the only 

nicotinic ligands of many, capable of reducing the ratios of rabies-infected neurons from 

primary culture.  Conversely, at a similar time, Lentz et al. (1997) found that only α-

BTX, but neither mecamylamine nor d-turbocurarine, was capable of reducing rabies 

virus infection in IMR-32 neuroblastoma cells.  Castellanos et al. (2002) later explained 

that neuronal cells from primary culture may express different subunits to individual 

cell lines, offering an explanation for this inconsistency in results between the two 

studies involving nicotinic blocking agents.  This explanation suggested that different 

nAChR subunit expression may potentially cause different binding affinities of the 

receptor with ligands such as α-BTX. The same may be true for RVG, in that it may 

only be able to bind to certain nAChR subunits.     

 

Potential applications of RVG-nAChR interaction 

 

The challenge of finding an effective treatment for neurodegenerative disorders is 

complicated by the difficulties posed by the BBB.  It has been well established over 

many years how difficult drug delivery to the central nervous system (CNS) can be, thus 

causing treatments to be of perceived limited efficacy in vivo. The specialised structure 

of the BBB is responsible for preventing the free passage of blood components from the 

general circulation into the CNS.  Tight junctions composed of membrane proteins such 

as occludins and claudins between brain endothelial cells, prevent blood borne 

substances diffusing through paracellular space.  This means only small (<400 Da), 

hydrophobic molecules such as oxygen and carbon dioxide can pass freely across the 

barrier (Ballabh et al. 2003).  Consequently, large or hydrophilic molecules require 

transcellular transport via energy-dependent mechanisms such as carrier mediated 
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transport.  The presence of p-glycoprotein efflux transporters together with low 

endocytosis (Wilhelm, 2011), makes drug delivery very difficult and ultimately is 

responsible for multi-drug resistance (Zlockivoc, 2008).   

 

New strategies are required to conquer the problems of the BBB.  One of these 

new methods in recent times has been to exploit molecules which are known to freely 

enter the CNS.   Nicotine is the most well-known exogenous agonist of nAChRs due to 

its addictive nature through tobacco smoking.  In fact, nicotinic activation has shown to 

promote neuronal survival and displayed neuroprotective properties in both in vitro and 

in vivo studies.  There is sufficient evidence to suggest that disruption in transmission 

via nAChRs in the brain plays a significant role in age-related diseases. (Gotti et al., 

2006).  This has led to the suggestion that nicotine and nicotinic drugs may be effective 

as a possible treatment for neurodegenerative disorders such as Parkinson’s disease 

(PD) and Alzheimer’s disease (AD). 

Dunckley & Lukas (2006), report changes in gene expression in SH-SY5Y 

neuroblastoma cells following nicotinic exposure.  In this report, they discuss how some 

nAChR subtypes might be involved in intracellular signaling pathways which have 

certainly more than one type of effect.  In other words, one receptor may modulate 

multiple pathways, such is the complexity of cholinergic transmission.  This leads to a 

lack of efficacy and non-specificity, possibly explaining why nicotine and nicotinic 

drugs have not lived up to their clinical potential as a treatment for neurodegenerative 

disorders such as PD and AD.  According to Gotti & Clementi (2004), it is the α4 and 

α6 subunits that play a major role in dopamine release in the nigrostriatal pathway and 

the lack of selective activation by nicotinic agonists counters any desirable effects.  This 

essentially rules out nicotinic treatment as a viable option in PD.   In addition to this, the 

JU
ST A

CCEPTED



use of knockout mice have shown that nicotinic receptor subtypes in the brain are not 

essential for survival, but play a major part in the control of more complex behaviours.  

This supports the idea that their dysregulation is responsible in part for neural diseases 

such as schizophrenia, epilepsy, AD and PD (Gotti et al. 2006).  

Although nicotine has not proved a viable option for the treatment of 

neurodegenerative disorders, this does not rule out the possibility of targeting the 

nAChR for a therapeutic purpose.  Instead of activating these receptors to achieve a 

favourable biological response through signalling pathways, there is potential to use 

them as a means of improving entry and delivery of a therapeutic payload to the brain.  

Due to the presence of neuronal nicotinic acetylcholine receptors at the NMJ, it 

is possible that an RVG derivative may be utilised to target the delivery of drugs or drug 

carriers into the CNS, overcoming many problems of BBB crossing and neural cell 

entry.  Lentz et al. (1990) established that the rabies virus can bind to residues 173-204 

of the α1 subunit of muscle-type nAChRs present at the neuromuscular junction.  This 

evidence was backed up by Gastka et al. (1996), where rabies virus bound to the α1 

subunit of muscle-type nAChR detected by Western Blotting.  Here the authors 

concluded that the rabies virus shares a binding site with α-BTX, a competitive inhibitor 

of acetylcholine, which was able to inhibit rabies virus binding with the α1 subunit.  

Interestingly the aforementioned work by Lentz et al. (1990), also found that that the 

virus was able to bind to the α-3 subunit, confirming that the rabies virus does in fact 

bind to neuronal-type nAChRs as well as muscle-type.  It is however currently 

acknowledged that neuronal-type nAChRs are present at the NMJ too, meaning that 

additional subunits such as α7 are very likely to play a role in RVG binding and explain 

the ability of the rabies virus to traverse the CNS so readily.   
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RDP has been taken up by SH-SY5Y neuroblastoma cells in vitro but has also 

shown the capability to facilitate the delivery of therapeutics to mouse brain in vivo 

(Fu et al., 2013).   If the nAChR was responsible for RDP uptake, in order to cross 

the BBB it would have to bind to either the α3, α5 or α7 subunit as shown in Table 

1. Likewise, SH-SY5Y neuroblastoma cells are known to express both the α7 and 

α3 subunits (Dunckley & Lukas, 2006), also shown in Table 1.  It could therefore 

be postulated that RDP has the potential to bind to more than one subtype of 

nAChR.  However, to date, the major receptor responsible for RDP cellular uptake 

has not been elucidated for certain and hence the most important subtypes for 

brain entry have not yet been identified. 

 

Taking advantage of the neurotrophic properties of RVG in vivo and the ubiquitous 

nature of nAChRs in the CNS may provide the basis for new brain targeting 

mechanisms, such as the work already mentioned, by Fu et al. (2012 & 2013) and 

Zhang & Fu (2015) on rabies virus-derived peptide (RDP)-conjugates.  Mazarakis et al. 

(2001), proposed that viral envelope glycoproteins such as RVG, may be utilised as a 

new approach for gene therapy, with a view of treating neurodegenerative disorders 

such as Parkinson’s, Alzheimer’s and Motor-Neuron diseases.  Lewis et al. (2000) 

confirmed the entry of rabies virus to the CNS via axonal retrograde transport and using 

endosomal tracers, found evidence of receptor-virus endocytic uptake at the NMJ.  This 

is possibly the mechanism by which RVG-conjugated vectors successfully delivered 

genetic material to motor neurons of rat spinal cord, hippocampus and striatum after 

intramuscular administration at the gastrocnemius muscle (Mazarakis et al. 2001).  This 

study also showed that the vesicular stomatitis virus glycoprotein (VSV-G) was unable 

to target the vector to the CNS from the distal infection site.  RVG therefore, shows 
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better targeting capabilities to the CNS than VSV-G, allowing for specific accumulation 

of a therapeutic payload.  

 

 St. Pierre et al. (2011) used a mouse neuroblastoma cell line (MNA) to detect RVG 

association with the endocytic pathway.  RVG peptide derivatives such as RVG-29 

and RDP are thought to gain cell entry via the endocytic pathway also.  Liu et al. 

(2009) reported that RVG-29 conjugated nanoparticles enter brain capillary 

endothelial cells via both clathrin and calveolae-dependent receptor-mediated 

endocytosis mechanisms.  Fu et al. (2013) related findings to further support the 

receptor-mediated endocytosis pathway as the main mechanism of RVG-derived 

peptide cell penetration, when it was shown that the endocytosis inhibitor, 

colchicine, was able to significantly prevent uptake of an RDP conjugate in SH-

SY5Y neuroblastoma cells.  Fu et al. hypothesised that clathrin-dependent 

endocytosis was most likely, regardless of whether the target surface receptor is 

the nAChR or GABA (A) receptor, as it is the most common endocytosis 

mechanism for both (Fu et al., 2013).  To date, there is no solid evidence of the type 

of endocytosis involved in the cellular uptake of RDP.  A hypothetical diagram 

showing the proposed mechanism of uptake involving the clathrin-mediated 

endocytosis pathway is shown in Figure 2.  It is therefore likely that RVG and its 

derivatives are internalised by a receptor-mediated endocytosis mechanism.  The 

identity of this receptor is quite likely to be the nAChR, with a strong possibility of 

additional mechanisms such as association with NCAM, although areas of uncertainty 

exist. This is particularly true for the new RVG-derivatives such as RDP, where the 

GABA receptor has also been proposed as a potential candidate for binding. 
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The promise of these rabies virus glycoprotein-derived peptides for selectively 

targeting the CNS, could provide an exciting new way of non-invasively overcoming 

the challenges of the BBB and delivering a therapeutic cargo to the brain or spinal cord.  

Given the natural preference for neural cells in vivo and the lack of immune response 

reported thus far, the foundation for future work exists, to develop potential drug 

delivery systems for the fight against neurodegenerative disorders which are notoriously 

difficult to treat. 
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               a. (i)                 (ii)                                                         b. 

 

Figure 1. (a) An example of the neuronal-type nicotinic acetylcholine receptor subunit 

composition for the common (i) α7 homopentameric and (ii) α4β2* heteropentameric 

subtypes.  The ligand binding sites are displayed between alpha subunits 

(homopentameric) or alpha and beta subunits (heteropentameric).   (b) Basic five 

subunit structure of the muscle-type nicotinic acetylcholine receptor with the 

acetylcholine binding site indicated on the alpha subunits.  This example depicts 

subunits α, β, δ and γ in the ratio 2:1:1:1.  
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Table 1. Evidence of neuronal-type nAChR subunit detection and composition in 

different tissue types- both within and outside the central nervous system.   

 

Organ/Syste

m 

Location Neuronal Nicotinic 

Acetylcholine Receptor Subunits 

Brain Unspecified α3, α4, α5, α6, α7, β2, β3 & β4 (Maus 

et al., 1998) 

 Hippocampus Mainly α7 (Court et al., 2000) 

Cerebellum α3, α4, α7 & β2 (Court et al., 2000) 

Striatum α3, α4, α7 & β2 (Court et al., 2000)  

Substantia Nigra α3, α4, α7 & β2 (Court et al., 2000) 

Cortex α3, α4*, α7 & β2(Court et al., 2000) 

Microglia α7 (De Simone et al., 2005) 

Blood Brain Barrier Brain Endothelial Cells α3, α5, α7, β2 & β3 (Abbrustcato et 

al., 2002) 

Heart Aortic Endothelial 

Cells 

α3 & α7 (Wang et al., 2001) 

Lung Bronchial Epithelial 

Cells 

α3, α5, α7, β2 & β4 (Maus et al., 

1998; Wang et al., 2001) 

Muscle Muscle Fibre (rat) α7 (Fischer et al., 1997) 

Immune Thymus Human-α3, α5 & α7 (Navaneetham et 

al., 1997; Conti-Fine et al., 2000).  

Murine only- α2, α4, β2 & β4 (Kuo et 

al., 2002) 

Peripheral 

Macrophages 

α7 (De Simone et al., 2005) 

Skin Keratinocytes α3, α5, α7, α9, β2 & β4 (Grando et 

al., 1995, 1996; Nguyen et al., 2000) 

  

JU
ST A

CCEPTED



 

Figure 2.  Hypothetical route of uptake of rabies virus-derived peptide (RDP) via 

clathrin-dependent receptor-mediated endocytosis. 
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