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Chemogenetic management of neuropathic
pain

This scientific commentary refers to

‘Using an engineered glutamate-gated

chloride channel to silence sensory

neurons and treat neuropathic pain

at the source’, by Weir et al.

(doi:10.1093/brain/awx201).

Neuropathic pain syndromes can

result from injury to the peripheral

or CNS and are characterized by

ongoing, often burning pain, dysaes-

thesias and intense pain that can

be provoked by normally innocuous

stimulation (Colloca et al., 2017).

Mechanical allodynia and cold hyper-

sensitivity predominate. Common

peripheral neuropathic pains include

post-herpetic neuralgia, diabetic

neuropathic pain, phantom limb

pain and painful radiculopathy.

Central neuropathic pain can also

occur post-stroke, after spinal cord

injury and in patients with multiple

sclerosis. Unlike tissue injury-induced

inflammatory pains, neuropathic

pains do not respond to non-steroidal

anti-inflammatory drugs and are

generally poorly responsive to opi-

oids, largely because the high

doses required generate intolerable

adverse effects, and because of the

potential for misuse. As hyperexcit-

ability and ectopic firing of injured

peripheral afferents and consequent

hyperactivity of CNS circuits are

major contributors to neuropathic

pain (Haroutounian et al., 2014),

anticonvulsant drugs are often used

to manage the pain. The mantra in

the field, however, is that even

the first-line approach to treating

neuropathic pain, namely the gaba-

pentinoids, is on average only 30%

effective in 30% of patients. In this

issue of Brain, Weir and co-workers

report preclinical studies of a novel

adeno-associated virus (AAV)-based

chemogenetic therapy to treat periph-

eral nerve injury-induced neuropathic

pain (Weir et al., 2017).

The rationale for the authors’ ap-

proach derived, in part, from the ob-

servation that most peripheral

neuropathic pains, including phantom

limb pain, can be relieved by local

anaesthetics that target damaged,

hyperexcitable peripheral afferents

(Haroutounian et al., 2014; Vaso

et al., 2014). Unfortunately, the local

anaesthetic action is short-lived and

limited by cardiac, motor and CNS

side effects. Weir et al. therefore

adopted an alternate strategy to si-

lence hyperactive sensory neurons.

Their approach followed previous

work that examined CNS neurons

transfected with a modified, hetero-

meric invertebrate glutamate-gated

chloride channel (GluCl). The modi-

fied channel does not respond to the

endogenous neurotransmitter, glutam-

ate, but is readily activated by iver-

mectin (IVM), a well-tolerated broad

spectrum anti-parasitic agent. A low

dose of IVM acting on the modified

GluCl channel can silence mammalian

CNS neurons in vivo for days

(Lerchner et al., 2007). Weir et al.

took advantage of a GluCl channel

that had been optimized to increase

incorporation of the beta subunit,

which, together with a required

alpha subunit, forms the functional

channel (Frazier et al., 2013).

Because AAV-directed channel ex-

pression can be targeted to neurons

of interest (e.g. those critical to the

transmission of the ‘pain’ message),

the therapeutic window can be greatly

increased, even after systemic IVM

administration, compared to trad-

itional systemic analgesic drug

approaches.

The authors first completed a com-

prehensive in vitro characterization of

the channel in dissociated dorsal root

ganglion (DRG) sensory neurons elec-

troporated with GluCl plasmid DNA.

The intrinsic properties of the trans-

fected cells, studied by whole cell

patch clamp, did not differ from con-

trol neurons; however, a low IVM

dose silenced the cells in response to

current injection. In parallel studies,

using ratiometric Ca2 + imaging, the

authors demonstrated that IVM in-

hibited K + -evoked depolarization of

sensory neurons, as well as the re-

sponses to the TRP channel agonists

capsaicin and menthol, which target

sensory neurons directly (Julius,

2013). IVM also inhibited action po-

tential generation in induced pluripo-

tent stem cell-derived human DRG

cells expressing the GluCl channel.

Interestingly, IVM-induced silencing

does not result from hyperpolariza-

tion. Because intracellular Cl� levels

can be relatively high in sensory neu-

rons compared to CNS neurons

(Gilbert et al., 2007), increasing trans-

membrane Cl� flux via the GluCl

channel does not produce the expected
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hyperpolarization. If anything, there

is a slight depolarization. The authors

reasoned that the silencing results

from shunting of current secondary

to an IVM-induced large drop in

membrane resistance.

In a particularly elegant demonstra-

tion (Fig. 1, bottom right), the

authors cultured rat DRG neurons

in compartmentalized microfluidic

chambers, in which GluCl-expressing

DRG neurites grow through micro-

grooves and can be treated inde-

pendently of the soma. In this

arrangement, treating the terminal

field of the neurites with IVM

blocked K +-evoked depolarization of

the DRG cell bodies. This finding in-

dicates that the GluCl channel

synthesized in the cell body is traf-

ficked to the terminals, in both the

periphery and spinal cord, and that

IVM can silence sensory neuron

transmission by binding to GluCl at

the level of the axon, as well as the

cell body.

Is the approach translatable to the

clinic? To test this possibility, the au-

thors transfected sensory neurons by

intrathecal injection of an AAV sero-

type 9 that expressed the alpha sub-

unit and another that expressed the

beta subunit (schematic in Fig. 1).

By 4 weeks after AAV injection, a

fluorescent reporter assay showed

that on average 66% of all NeuN

positive L4 DRG neurons (red) ex-

pressed GluCl (green; Fig. 1, top

right). As the GluCl expression was

driven by a ubiquitous CAG

promoter, it was not selective for

nociceptors. However, transgene

expression persisted for at least 7

months and the channel was func-

tional. In vitro assessment of DRG

neurons from these animals showed

that IVM completely prevented the

neurons from generating action

potentials.

Finally, the authors evaluated IVM-

mediated sensory neuron silencing in

the sciatic nerve injury (SNI) mouse

model of neuropathic pain, in which

two of the three branches of the sci-

atic nerve are transected, isolating the

sural nerve. These animals rapidly de-

velop a profound and long lasting

mechanical and cold hypersensitivity

of the ipsilateral hind paw. Note

that in this model, the mechanical

input is transmitted to the spinal

cord by uninjured fibres, including

non-nociceptive, large myelinated Ab
afferents that inappropriately engage

dorsal horn pain transmission circuits

(Xu et al., 2015). Weir et al. (2017)

reported that a low dose of IVM pro-

duced a 50% reversal of the mechan-

ical hypersensitivity. This anti-

nociceptive activity was maintained

for 3 days, only disappearing by 6

days, which is consistent with the

slow dissociation of IVM from the

channel. Cold hypersensitivity, which

is transmitted by TRPM8-expressing

sensory neurons (McCoy et al.,

2011), was also attenuated. Most im-

portantly, tolerance to IVM did not

Figure 1 Schematic illustrating intrathecal AAV-mediated delivery of a GluCl channel to DRG cell bodies. The upper panels

(right) illustrate selective expression of the GluCl (green) in NeuN positive sensory neurons (red). There was no somatic labelling in the spinal

cord. By culturing embryonic rat DRG neurons in a compartmentalized microgroove array, Weir et al. demonstrated neurite transport of GluCl

from the cell bodies (somal compartment) to their peripheral terminals (neural compartment). In this arrangement, the terminals could be

targeted with a ligand of the GluCl, namely ivermectin, independently of the cell body. Peripheral (axonal) targeting of the ivermectin completely

silenced the cell body response to depolarization of the neurites, as it did when applied directly to the cell body. Schematic courtesy of Ms Linda

Toschi-Chambers.
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occur; repeated dosing 3 weeks later

also reduced the hypersensitivity.

Moreover, the authors found no evi-

dence for motor/sedative side effects,

which indicates that the virus did not

induce functionally relevant expres-

sion of GluCl in muscle afferents

(proprioceptors) and did not cross

the blood–brain barrier, where it

could target motor neurons.

What challenges need to be over-

come in order to translate these excit-

ing findings to the clinic? The fact

that two AAVs are required to ex-

press alpha and beta GluCl subunits

adds a complication that perhaps

can be mitigated by modifying a

single AAV to carry both genes.

Unquestionably, however, selective

targeting of the relevant DRG sensory

neurons is most critical, as this is

the basis for the large therapeutic

window that the authors demon-

strated. Whether a 50% recovery

of mechanical threshold will translate

into a viable clinical benefit of course,

remains to be seen. However, the fact

that reducing a 10-point visual ana-

logue score by 2 points is clinically

significant makes the present results

very encouraging. A potential concern

is that baseline mechanical and ther-

mal thresholds increased in the con-

trol, uninjured, animals. To what

extent that would be acceptable in pa-

tients is unclear. If there is a concur-

rent loss or significant reduction of an

otherwise intractable neuropathic

pain, then a mild tactile anaesthesia

would likely be tolerated. On the

other hand, as intrathecal injection

leads to bilateral transfection of

many DRG neurons, there could be

a more widespread and problematic

anaesthesia.

This concern, of course, can be

obviated either by directly injecting

DRG neurons or by administering

the IVM topically, in the zone of

hypersensitivity. Ongoing pain that

is driven from hyperexcitable, injured

afferents trapped in a neuroma could

conceivably be treated locally as well,

but direct DRG targeting is more

likely. Even more selective pain con-

trol will depend on ongoing research

to identify and incorporate promoters

that drive GluCl expression, ideally

long-term, into critical subsets of

sensory neurons. Whether this will

require targeting unmyelinated noci-

ceptors, to prevent the ongoing

(ectopic) activity of injured afferents

(Haroutounian et al., 2014; Vaso

et al., 2014), and/or the Ab myelin-

ated afferents that carry the mechan-

ical allodynia that is readily evoked in

these patients, remains to be seen.

What is exciting, of course, is that

these are all hurdles that can be over-

come. Unlike ablative procedures that

try to silence aberrant firing of affer-

ents, the present approach is both

amenable to dosing and reversible.

And, of course, with a chemogenetic

approach to silencing sensory neu-

rons, there would be no fear of gen-

erating a deafferentation pain/

anaesthesia dolorosa. Clearly, the

possibility of long-term, controllable

silencing of the sensory neurons that

drive many neuropathic pain condi-

tions offers tremendous hope that a

new era in the management of

neuropathic pain can be envisioned:

an era of effective pain control, re-

peated dosing without tolerance, lim-

ited adverse effects, and less misuse

potential. These are the ideal proper-

ties of the non-opioid pain manage-

ment regime that clinicians seek.

Only time will tell how translatable

these findings will be, but Weir et al.

(2017) have definitely paved an excit-

ing path forward.
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Glossary
Chemogenetics: A molecular approach to regulating neuronal function. Specific populations of neurons are administered a virus that expresses a

channel or receptor that is not engaged by an endogenous molecule (e.g. a neurotransmitter). Rather, the channel/receptor is mutated so that it is

selectively engaged by a drug that only interacts with that novel channel/receptor.

Ectopic firing: Peripheral axons normally generate action potentials after a stimulus is applied to nerve terminals (in skin, muscle, etc.). However,

injured peripheral sensory neurons may display ectopic firing, characterized by spontaneous activity, hyperexcitability and often mechanical sensitivity

at the site of damage. This abnormal activity is a critical contributor to many neuropathic pain conditions.

Ivermectin sensitive glutamate-chloride channel (GluCl): In contrast to vertebrates, which express glycine-activated chloride channels,

invertebrates express a GluCl channel. The chemogenetic approach used in the present study involves expression of a mutant version of the GluCl

channel that is not responsive to endogenous glutamate, but can be activated by ivermectin, a broad spectrum anti-parasitic agent. Ivermectin

binding to the mutant GluCl channel increases Cl� conductance and inhibits neuronal activity.
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Connectome-based models of the epileptogenic
network: a step towards epileptomics?

This scientific commentary refers to

‘Anatomic consistencies across epilep-

sies: a stereotactic-EEG informed

high-resolution structural connectivity

study’, by Besson et al. (doi:10.1093/

brain/awx181).

Epilepsy is broadly defined as a state

of recurrent spontaneous seizures that

arise when the balance between neur-

onal excitation and inhibition is dis-

rupted. Epileptogenesis can be

examined at different ‘levels’ of the

nervous system: first as ions and

membranes, then cells and circuits/

synapses, and finally large-scale neur-

onal networks. Compelling evidence

from animal models, experimental

paradigms and humans indicates that

specific cortical and subcortical net-

works play a fundamental role in

the genesis and expression of seizures

(Spencer, 2002). In this issue of Brain,

Besson and co-authors (2017) tackle

the fascinating question: is there a

link between structural connectivity

and the organization of the epilepto-

genic network? In an attempt to un-

ravel this conundrum, the authors

have designed an original diffusion

tensor imaging (DTI) connectivity

analysis informed by stereoelectroen-

cephalography (SEEG). They demon-

strate, at least at a mesoscopic group

level (i.e. an intermediate view be-

tween the micro- and macroscopic

scales), relative maintenance of struc-

tural connectivity within nodes of the

epileptogenic network, together with

diffuse loss of connectivity between

these nodes and other brain regions.

Epilepsy is a serious and prevalent

condition affecting approximately 65

million people worldwide. More than

one-third of patients suffer from seiz-

ures resistant to antiepileptic drugs

(Wiebe and Jette, 2012). Uncontrolled

epilepsy is harmful to the brain, has

devastating socioeconomic conse-

quences, and is associated with

increased risk of injury and sudden

death. About half of patients with

drug-resistant seizures have focal epi-

lepsy that is potentially amenable to

neurosurgical treatment. The objective

of epilepsy surgery is to eliminate

brain regions involved in the genesis

of seizures. In this context, MRI has

become of fundamental importance

due to its unmatched spatial resolution

and whole-brain coverage. Specifically,

the increasing availability of contrasts

allowing for flexible assessment of

morphology, tissue microstructure

and connectivity, make MRI the quint-

essential tool not only to unveil epi-

leptogenic lesions, but also to

characterize the systemic impact of

the disease. Indeed, MRI quantitative

analysis lends non-invasive markers

that have substantially increased the

success rate of epilepsy surgery. Yet,

up to 50% of operated patients con-

tinue to experience seizures. In some

cases, this may be due to insufficient

resection of the structural lesion caus-

ing the seizures. In others, emerging

imaging data suggest that anomalies

extending beyond the lesion may

negatively impact surgical outcome;

these observations challenge the con-

ventional model of focal epilepsy and

have revived the concept of distributed

neural epileptogenic networks.

The hypothesis that focal epilepsy

may be more adequately described as

a system-level disorder is a burgeoning

research area fuelled by steady ad-

vances in MRI techniques that allow

probing connectivity in vivo. Notably,

DTI, together with resting state func-

tional MRI and structural covariance,

are key modalities at the heart of the

field of connectomics, the analysis of

large-scale brain networks (Bullmore

and Sporns, 2009). The network con-

cept naturally lends itself to describe

the epileptogenic process as a hierarch-

ical model (Bartolomei et al., 2017)

through the analysis of intracerebral

(SEEG) data, in which focal seizures

are generated in localized networks,

placed within the so-called epilepto-

genic zone, before recruiting other re-

gions, as shown in Fig. 1.

The epileptogenic zone may be lim-

ited to a unique dysfunctional area,

paralleling the classical notion of the

seizure focus. Alternatively, the seiz-

ure onset may be characterized by dis-

charges that simultaneously (or very

rapidly) involve several other brain

regions; in this scenario, a single

focus cannot accurately describe the

spatial organization of the epilepto-

genic zone, supporting the idea of epi-

leptogenic networks. Importantly,

from both a theoretical and practical

standpoint, a structural brain lesion is
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