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Educational Objectives
1) Discuss the impact of RNA sequencing on pain and
pain transcriptomics.
2) Describe molecular genetic approaches for investigating the neural circuits of pain.
3) Explain the principles of viral vector-mediated gene
delivery.
4) Discuss routes of delivery to dorsal root ganglion
(DRG) neurons and key applications of adeno-associated viral vectors (AAVs).
5) Highlight anticipated future developments, including the use of AAVs that can deliver genes to DRG
neurons via noninvasive routes of delivery.
6) Review methods for in vivo imaging of neuronal
activity and provide examples of their use in pain
research.

Introduction
Pain research, along with other studies of the nervous system, has beneﬁtted enormously from technical developments that permit studies that even a few
decades ago would have been unimaginable. These
developments aﬀect almost all types of research. This
chapter reviews some of the technical advances in vector-mediated gene delivery that are most relevant to
pain research.
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Impact of Next-Generation
Sequencing on Pain and Pain
Transcriptomics
Reaching down to the most basic of biological levels for
the investigation of pain has been a challenging task. In
biology, the sequence of DNA is frequently the most
fundamental level of knowledge and irreducible fact.
The objectives of this section are to provide an understanding of RNA sequencing (RNA-Seq, which uses the
methods of DNA sequencing), explore the transcriptomic data RNA-Seq generates, and discuss what RNASeq analyses of neuronal gene expression tell us about
pain processes in both animals and humans and how
this knowledge can inform analgesic drug discovery.

The Sequencing Surge
We are in the midst of a totally revolutionary expansion
of DNA sequencing technology and, consequently, nucleic acid sequence information emanating from such
methodology [41,54,87]. These relatively new methods
are just beginning to penetrate into the pain ﬁeld, and
the impact, while gaining strength, has yet to be fully
realized. By comparison, massively parallel sequencing
has transformed the ﬁeld of oncology, although comparison to oncology is somewhat unrealistic since we
cannot biopsy nervous system tissue from individuals
with chronic pain. For the cancer ﬁeld, high-throughput
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DNA sequencing methods are vastly increasing our detailed understanding of mechanisms of oncogenesis, genetic susceptibility to cancer, diagnostics, identiﬁcation
of biomarkers for precision treatments, the response
to chemotherapy, and assessment of tumor eradication [13,60,67,86,102]. It is hoped that the pain ﬁeld will
reach these levels of insight. The use of whole genome
sequencing presents challenges to experimental design for pain as well as basic issues of ﬁltering sequence
variants and identifying diﬀerences relevant to disease
causality in an individual out of the 3 billion bases in
genomic DNA [67]. In this regard, whole-genome sequencing or whole-exome sequencing (where just the
genomic sequences that code for protein are analyzed)
has been applied to family pedigrees with migraine or
neuropsychiatric disorders, but precise identiﬁcation of
a speciﬁc gene or genes responsible for these disorders
has remained elusive [36].

A Brief History of Sequencing
Since the introduction of chemical DNA sequencing
by Maxam and Gilbert and enzymatic sequencing by
Sanger and colleagues in the mid-1970s, sequencing
technologies have experienced a steady growth in the
amount of DNA that can be sequenced, the speed and
accuracy of sequencing, and methods for data analysis, all accompanied by reductions in cost [87]. In the
early 1980s, DNA sequencing involved radiolabeling
DNA, running a thin slab gel, developing an autoradiogram on ﬁlm, and reading the base sequence from
four lanes of the gel, one for each nucleotide. Obtaining data on ~300 bases of sequence was extremely tedious. Autoradiography was replaced by ﬂuorescent
nucleotides and automated reading of the gel to enable analysis of 10,000 bases/day. The slab gel was replaced by capillary electrophoresis devices, eventually
having 96 capillaries for highly parallel sequencing that
did not require manual loading. Through automation
of other preparative steps, a laboratory could generate
sequence data 1 to 2 million bases/day. These types of
capillary electrophoresis devices were used to sequence
the human genome (~3 billion bases), the ﬁrst draft of
which was published in 2001 by the Human Genome
Project and Celera Genomics. The present, workhorse,
high-throughput sequencing devices do not use electrophoretic separation methods, but rather “sequencing by synthesis” of millions of DNA fragments at once
using ﬂuorescent bases (see the Sequencing by Synthesis video on the Illumina web site). These devices can
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perform 200 million sequencing reactions of ~100 bases
for each reaction at once, generating ~20 billion bases
of sequence information in a matter of days to hours.
One does not have to “do the math” to realize that this
is a massive improvement over 300 bases a day. Of equal
importance is the parallel evolution of computerized
techniques for sequence analysis and the establishment
of databases of genomic assemblies and annotations
(e.g., the University of California Santa Cruz [UCSC]
Genome Browser database, the RefSeq at the National Center for Biotechnology Information [NCBI], and
many others), all of which are essential for interpreting
and merging genomic and transcriptomic information.

RNA Sequencing, Databases, and Pain
The use of computer analysis is particularly important
to RNA-Seq because each of those 20 to 200 million
~100 base fragments must be aligned to the complementary region of the genome, and the exact gene they
correspond to must be determined. Fig. 1 shows an
alignment diagram of reads from the mouse μ-opioid
receptor [46] extracted from a deep (200 million reads)
RNA-Seq study of mouse dorsal root ganglion (DRG)
cells [29]. This type of detailed quantitative information
can be generated for all of the ~15,000 genes expressed
in a DRG. As a result, we now know every gene that is
expressed in the DRG of mice, rats, dogs, and humans
and in nodose and superior cervical ganglion cells
[29,55,75,76,77,82,83]. In fact RNA-Seq transcriptomics
now extends to individual neurons in mouse DRG [100]
and dorsal spinal cord [37] and in regions of the brain
[21,61]. There no longer is any mystery as to what genes
are expressed in the various populations of nociceptive neurons. Additionally, databases such as GTEx
(https://www.gtexportal.org/home/) and the Human

Fig. 1. Diagram of major exons of the mouse μ-opioid receptor. The
genome aligned transcript counts were obtained from a deep (200
million reads) RNA-Seq analysis of Trvpv1-lineage DRG neurons
[29,30]. Exons 1, 2, 3, and 4 are represented by the boxes. Exonic
alignments show approximately equal reads/kilobase of transcript/
million bases sequences (RPKM). Detection of “junctional reads”
which contain sequences from two adjacent exons delineates splicing events and provides a quantitative measure of mRNA splicing.
Junctional reads were detected between each of the major exons,
spanning the introns between them (dashed lines). Additional splicing of Oprm1 was not robustly detected (see [46]).
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Protein Atlas (https://www.proteinatlas.org/) contain
transcriptome information from multiple human tissues and organs including the spinal cord and 12 brain
regions. Unfortunately, no peripheral nervous system
ganglia are in these datasets. Nonetheless, by consulting any number of published or online resources, a
very good assessment of the quantitative expression of
any particular gene can be obtained.
Needless to say, the proliferation of highthroughput sequencing devices has produced a truly
vast amount of sequence information that is growing in
a seemingly double exponential fashion. Fig. 2 shows the
growth of sequences deposited into the public Sequence
Read Archive (SRA) of the U.S. Library of Medicine and
NCBU. Deposition of information is occurring at a staggering rate: note that the increments on the y-axis are
in quadrillions of bases! Many diﬀerent types of experiments are represented in the SRA, and new information
is continuously deposited. For example, we were interested in RNA-Seq and wound healing but did not identify
relevant research reports in PubMed. However, in early
April 2018, results from nearly 2,500 single-cell sequencing reactions had been deposited in SRA that we could
download, align with our pipeline, and use for guidance
and interpretation of experiments. This resource is a
phenomenal savings in time and resources. Our laboratory and others have contributed sequencing runs from
mouse, rat, canine, and human DRG and spinal cord, rat
sciatic nerve and, in some cases, with and without nociceptive or other manipulations. It is important to point
out that the information here is in a raw format and
needs to be analyzed for quality and aligned before it can
be used. Nonetheless, the sequencing only has to be executed once, and the goal is to establish a database of the
animal and human “Nociceptome” as well as evaluations

Fig. 2. Bases in the Sequence Read Archive (SRA), April 2018.
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of the impact of pain manipulations on brain regions that
comprise the pain matrix [45,103]. Such a database can
be consulted to make informed judgements for projects
that are being proposed. The most fundamental question
to ask is “Is the gene expressed in the target tissue?” The
very next question is: “To what degree (how much) is it
expressed to make it worthwhile for investigation?” Answering these seemingly simple questions is not always
straightforward, and we will discuss various considerations in the next section.

Quantitative Considerations,
or How Much Is Enough?
From a numerical standpoint, RNA-Seq is basically a
counting method. It is suggested that the counts of a
particular transcript may provide an informative reference point for predicting the potential success of a drug
development project or predicting potential side eﬀects
(or at least put a tissue on the “radar screen” for on-target or side eﬀects). The method can provide a good estimate of “zero counts,” which can be used as inclusion
or exclusion criteria, and observations of DRG gene
expression in the literature can be examined in detail
across multiple species. For example, in several papers,
gastrin-releasing peptide (GRP) was suggested to be the
neuropeptide that transmitted itch in mice. Our mouse
RNA-Seq datasets [29] unequivocally indicated that
GRP was not expressed in mouse DRG or in humans or
rats. Further examination revealed that the immunocytochemical results had incorrectly identiﬁed GRP immunoreactivity in DRG because of antibody cross-reactivity to the abundant neuropeptides substance P and
neuromedin B [30]. Species diﬀerences also play a role.
Tyrosine hydroxylase (TH) is abundantly expressed in
neurons of mouse DRG. Immunocytochemistry and
single-cell sequencing show these neurons innervating
multiple mouse hair follicles. However, the TH gene exhibits very low expression in rat DRG and no expression in human DRG [30]. Establishing a rough idea of
equivalency in expression patterns between model species and humans is tremendously important for understanding pain mechanisms in humans and for translational analgesic drug development eﬀorts. This is a task
for which RNA-Seq is particularly well suited.
Other genes originally identiﬁed in DRG and
subjected to translational eﬀorts present more of an
enigma and may require further investigation. A particularly intriguing case is the angiotensin II receptor
2 gene (AGTR2). After this receptor was identiﬁed in
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DRG neurons using immunohistochemistry, the availability of antagonist drugs fueled a translational eﬀort.
However, RNA-Seq shows that this gene is not expressed in mouse, rat, or human DRG, suggesting that
the foundational data with antibodies and reverse-transcription/polymerase chain reaction ampliﬁcation may
have been measuring a cross-reacting protein or an inconsequential amount of transcript [33]. What might
this mean for drug development? From the present
vantage of RNA-Seq, the lack of expression would suggest not starting in the ﬁrst place! Nevertheless, based
on the foundational data, AGTR2 antagonists were developed and tested in pain models. Eventually, the lead
compound EMA401 reached a Phase II clinical trial for
postherpetic neuropathic pain, where it outperformed
placebo [79]. Subsequent studies in animal models attribute the analgesic eﬀects to inﬁltrating macrophages
or T cells [49,88]. The potential lesson here is that basal
state expression may not reﬂect important elements of
a dynamic state that occurs with persistent inﬂammation or nerve-injury-induced neuropathic pain. RNASeq of such models needs to be conducted and added to
the transcriptomic database of pain.
Quantitative considerations also inform targets
such as ion channels (e.g., TRPV1, sodium channels)
which generally require high expression to produce depolarization of a nerve ending or action potential propagation. By comparison, the expression of G-protein
receptors varies greatly, and the rules governing the interplay between expression, translation to protein, protein localization in the cell (e.g., pre- or postsynaptic),
and turnover rate are still being delineated. The ability of
a metabotropic receptor to occupy a critical subcellular
niche particularly suited to controlling key processes of
intercellular communication such as neurotransmitter
release is likely to be an important determinant of how
much expression is needed to inﬂuence function.

Future Directions
This short exposition has not touched on diﬀerent types
of RNAs such as long noncoding RNAs, the variety of
sequencing devices, or the potential impact of wholegenome sequencing. Combinations of these methods
will be useful for identifying mutations underlying undiagnosed inherited neuropathies [82] and genes underlying gain or loss of function mutations that aﬀect
pain sensitivity, such as in the pain channelopathies
[34]. Progress in the use of whole genomic information
will be driven by many factors, not the least of which

Michael Iadarola et al.
is the increased accessibility of direct-to-consumer
genetic testing [105] and sequencing. Penetration of
sequencing to the public at large is likely to accelerate demands for physicians to evaluate an individual
patient’s self-obtained genomic information as part of
a pretreatment evaluation. Beneﬁts for pain management accrue through an understanding a particular
patient’s pharmacogenetics for drug metabolism [15],
risk for anesthesia-related side eﬀects, and other factors that have a clear genetic proﬁle. In summary, it is
evident that the pain ﬁeld is just beginning to reap the
rewards of the new sequencing technologies, that it
will bring clarity to many areas, and that the ﬁeld as a
whole will advance.

Molecular Genetic Approaches
for Investigating the Neural
Circuits of Pain
The ability to target distinct cell types using molecular
genetic tools has revolutionized the way we study the
neural circuits that underlie pain. Here we explain how
these tools work and how they can be used to glean
new insight into nociceptive processing.

Genetically Modiﬁed Mice
Genetically modiﬁed mice have been widely used to
study the function of gene products in normal and pathological pain conditions. The null mutant, or knockout,
was the ﬁrst and continues to be the most common
approach employed, despite the growing body of evidence indicating that one should be extremely cautious
in drawing conclusions about the function of a protein
based on the phenotype of the mouse that developed in
the absence of the protein in question. However, as individual cells are the functional units of neural circuits,
there is growing interest in the properties and connections of speciﬁc neuronal cell types within circuits and
their roles in nociceptive and pain processing.
A major challenge to targeting speciﬁc cell
types has been understanding what deﬁnes a distinct
neuron population. In some cases, cell types have been
deﬁned by the expression of a gene thought to be important for the manifestation of pain. For example,
Scn10a, the gene encoding the voltage-gated sodium
channel NaV1.8, has been used to broadly deﬁne nociceptive sensory neurons [4,19], whereas smaller subpopulations of putative nociceptive aﬀerents have been
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deﬁned by the expression of TRPV1, TRPM8, and MrgprD. Identiﬁcation of these genes has enabled the generation of mice in which it is not only possible to manipulate expression of the gene of interest, but through
site-speciﬁc recombinase technology, it is now possible
to employ a growing array of genetic tools that give us
the ability to visualize, manipulate the function of, and
record the activity of speciﬁc neuronal subtypes. As
noted above, the advent of single-cell RNA-sequencing
technology has led to the identiﬁcation of additional
cell-type-speciﬁc markers for physiologically and/or
morphologically distinct neuron populations. For instance, in a recent wave of single-cell transcriptome
analyses, it has been suggested that there are at least 11
sensory neuron and 30 spinal cord dorsal horn neuron
types that can be deﬁned based on their gene expression patterns [37,69,84,100]. This type of analysis is important because the identiﬁcation of gene expression
patterns will allow us to target neuron populations with
even more speciﬁcity.
As just noted, a widespread approach for gaining genetic access to a given neuron population of interest is site-speciﬁc DNA recombination [7,58,59].
Two commonly used site-speciﬁc recombination systems include the bacteriophage recombinase Cre/
locus of cross over (Cre-LoxP) and the yeast ﬂipase/
FLP recognition site (Flp-FRT) systems. These systems
require two transgenes: (1) a cell-type-speciﬁc driver
transgene that encodes a recombinase to promote genetic recombination and (2) a target transgene that
encodes an eﬀector protein.
Cre or Flp driver mouse lines can be generated using multiple strategies. For instance, a modiﬁed
bacterial artiﬁcial chromosome (BAC) can be used to
randomly integrate a driver transgene that is under the
control of the promoter sequence of an endogenous
gene of interest into the mouse genome [51]. While
BACs mediate transgenesis in fertilized eggs with high
eﬃciency, the regulatory elements for the endogenous
pain-related gene of interest driving the expression of
the transgene may be absent owing to random integration. Thus, expression of the BAC transgene may not
faithfully recapitulate endogenous expression levels.
Alternatively, homologous recombination in embryonic stem cells can be used to insert a driver transgene’s
coding sequence into the locus of the endogenous painrelated gene of interest. This so-called “knockin” approach can disrupt the DNA sequence that encodes the
endogenous gene with the driver transgene. In some
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cases, loss of one endogenous gene copy may produce
unintended phenotypic changes. To maintain endogenous gene expression, the internal ribosomal entry
site (IRES) or self-cleaving 2A peptide can be included
in the targeting vector, and both the endogenous gene
and the transgene will be expressed [66,94]. Examples
of pain-related driver lines and the neuron populations
they target are described in Table I.
When both a driver and target transgene are
expressed in an animal, the site-speciﬁc recombinase
(Cre or FLP) acts as a molecular scissors and irreversibly removes transcriptional stops (ﬂanked by LoxP/
FRT sites), initiating expression of the eﬀector protein
in a genetically distinct cell type (Fig. 1A). Thus, target
transgenes are typically placed into the locus of a gene
that provides close to ubiquitous expression, such as the
Rosa26 locus [111], but the expression of the eﬀector
only occurs in the cell types that express the recombinase, thereby conferring cell type speciﬁcity (Fig. 1A).

Optogenetic and Chemogenetic Tools
We now have a wide range of eﬀector tools that allow
for the visualization of genetically distinct neuron populations, as well as manipulation of their activity (Fig.
1A). While genetically encoded voltage sensors that enable monitoring of neuronal activity have been developed, limitations in both the genetic tools and the actual hardware for data acquisition have necessitated the
use of genetically encoded calcium sensors as an indirect measure of neuronal activity. Using these tools, the
ﬁeld has already made great strides in understanding
pain neural circuitry. For instance, ﬂuorescent reporters have been widely used in targeted electrophysiology
recordings to characterize cell types and have demonstrated that increased excitability in neuron populations, including GABAergic medium spiny neurons of
the indirect pathway within the nucleus accumbens,
contribute to nerve-injury-induced pain behavior [78].
Fluorescent reporters are often tagged to optogenetic and chemogenetic tools for manipulating
neuronal activity. Light-sensitive proteins that rapidly
excite or inhibit cells have provided unprecedented
power for probing the contribution of neuron populations within pain circuits [8,14]. For example, illumination of peripheral nerve terminals in the skin expressing
the blue-light-activated ion channel, channelrhodopsin,
demonstrated that activation of NaV1.8 primary aﬀerents elicits pain behavior and causes long-term sensory
neuron sensitization [17]. Chemogenetic strategies such
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Table I
Examples of pain-related recombinase driver mouse lines
Driver Line

Neuron Population

Genetic Targeting

Reference

Sensory Neuron Driver Lines
Advillin-Cre
Sensory neurons
Advillin-CreERT2
Sensory neurons
Pirt-IRES-Cre
Sensory neurons
Brn3a-CreERT2
Sensory neurons*
NaV1.8-Cre
Nociceptors
NaV1.8-Cre (SNS-Cre)
Nociceptors
NaV1.8-CreERT2
Nociceptors
TRPV1-Cre
TRPV1-lineage sensory neurons*
TRPV1-IRES-Cre
TRPV1-lineage sensory neurons*
TRPM8-Cre
Cold-sensitive sensory neurons
Mrgprd-Cre
Nonpeptidergic polymodal nociceptors
Mrgprd-CreERT
Nonpeptidergic polymodal nociceptors
Tac1-IRES2-Cre
Substance P-expressing sensory neurons*
Mrgpra3-Cre
Itch-sensitive sensory neurons
Sst-IRES-Flp
Itch-sensitive sensory neurons*
Sst-IRES-Cre
Itch-sensitive sensory neurons*

BAC transgenic
BAC transgenic
Knockin
BAC transgenic
Knockin
BAC transgenic
Knockin
BAC transgenic
Knockin
BAC transgenic
BAC transgenic
Knockin
Knockin
BAC transgenic
Knockin
Knockin

[114]
[56]
[52]
[70]
[92]
[3]
[112]
[65]
[9]
[109]
[104]
[71]
[38]
[35]
[40]
[96]

Spinal Cord Dorsal Horn Driver Lines
GRP-Cre
Excitatory interneurons**
PKCγ-Cre
Excitatory interneurons**
PKCγ-CreER
Excitatory interneurons**
CR-IRES-Cre
Excitatory interneurons**
CR-CreER
Excitatory interneurons**
VGluT3-Cre
Excitatory interneurons**
Excitatory interneurons**
RORD-IRES-Cre
GRPR-Cre
Excitatory itch-responsive interneurons**
CCK-CreER
Lineage excitatory interneurons**
CCK-IRES-Cre
Lineage excitatory interneurons**
NPY-Cre
Inhibitory interneurons**
PV-Cre
Inhibitory interneurons**
Cdh3-CreER
Inhibitory interneurons**
nNos-CreER
Inhibitory interneurons**
Pdyn-IRES-Cre
Lineage inhibitory interneurons**
Lbx1-Cre
Lbx1-lineage interneurons**
Lbx1-Flp
Lbx1-lineage interneurons**
Tlx3-Cre
Tlx3-lineage interneurons**
Bhlhb5-Cre
Excitatory and inhibitory interneurons**
NK1R-CreER
Spinal projection neurons**

BAC transgenic
Knockin
Knockin
Knockin
Knockin
BAC transgenic
Knockin
BAC transgenic
Knockin
Knockin
Knockin
Knockin
BAC transgenic
Knockin
Knockin
Knockin
Knockin
Knockin
Knockin
Knockin

[110]
[18]
[1]
[96]
[96]
[32]
[12]
[5]
[96]
[96]
[64]
[28]
[1]
[96]
[53]
[90]
[20]
[107]
[80]
[44]

*Not specific to primary afferents. **Not specific to spinal cord. Abbreviations: BAC, bacterial artificial
chromosome; Bhlhb5, base helix loop helix protein 5; Brn3a (Pou4F1), Pou class 4 homeobox 1; CCK,
cholecystokinin; Cdh3, cadherin 3; CR, calretinin; GRP, gastrin-releasing peptide; GRPR, gastrinreleasing peptide receptor; Lbx1, ladybird homeobox 1; Mrgpra3, Mas-related GPCR member 3;
Mrgprd, Mas-related GPCR member D; NK1R, neurokinin-1 receptor; nNos, neuronal nitric oxide
synthase; NPY, neuropeptide Y; Pdyn, preprodynorphin; PKCγ, protein kinase C gamma; PV,
parvalbumin; RORD, RAR-related orphan receptor alpha; Sst, somatostatin; Tac1, tachykinin 1; Tlx3, Tcell leukemia, homeobox 3; TRPM8, transient receptor potential channel melastatin 8; TRPV1, transient
receptor potential channel vanilloid 1; VGluT3, vesicular glutamate transporter type 3.

as designer receptors exclusively activated by designer
drugs (DREADDs) operate on a longer timescale, and
they have similarly been used to show that inhibition of
TRPV1-lineage sensory neurons produces antinociception and decreases neuronal excitability [81]. Lastly, calcium and voltage sensors can also be used to perform

cell-type-speciﬁc activity monitoring. For instance, using the genetically encoded calcium indicator GCaMP
to monitor activity of spinal cord dorsal horn interneurons has revealed that heat-responsive neurons encode
absolute skin temperature, whereas cold-responsive
neurons encode temperature change [74].
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These molecular genetic approaches to study
neural circuit function have already begun to provide
new insights into the processing of noxious input. However, there are important limitations that should be
considered when interpreting ﬁndings obtained from
these approaches. Foremost, a single gene does not
deﬁne a speciﬁc cell type. Rather, cell types are distinguished by complex gene expression proﬁles. To target
a more reﬁned genetic cell type, intersectional genetics strategies that combine the Cre/LoxP and Flp/FRT
systems can be used to target a neuron population that
actively expresses two genes of interest (Fig. 1B) [57,72].
This intersectional genetic strategy has been used to
target somatostatin and dynorphin lineage spinal interneurons, which were found to comprise a microcircuit
that gates and transmits mechanical pain [20].
Another important consideration is that Cre
and Flp driver lines will lead to recombination in every
cell with an active promoter for the endogenous gene of
interest throughout development, which often overrepresents the number of neurons that functionally express
the gene in adulthood. Strategies developed to gain temporal control over recombinase activity include the tetracycline (tet)-responsive system [28] and the more widely
used ligand-regulated form of Cre, called CreER [26,63].
CreER is a fusion protein with Cre and a mutated form
of the estrogen-receptor-binding domain. Translocation
of CreER to the nucleus is induced by administration of
the estrogen receptor antagonist tamoxifen, and thus the
timing of transgene expression can be controlled.
To summarize, these molecular genetic tools
have opened the door to cell-type-speciﬁc functional
analyses of the neurons comprising nociceptive and
pain circuits. To date, we have made many foundational
insights into the neuron cell types that integrate nociceptive input in both the peripheral and central nervous
system. As we enhance our understanding of the genetic identity of these neurons, we will be poised to further
dissect the intricacies of circuit organization.

Genetic Modiﬁcation of Primary
Sensory Neurons with AdenoAssociated Viral Vectors
The primary sensory neurons of the peripheral nervous system have an important role in major neurological diseases, including peripheral neuropathies and
pain. These neurons are therefore an attractive target
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for gene delivery. Gene delivery to neurons of the peripheral nervous system has a history that dates back
to the end of the 1980s [27]. Initially, vectors based on
herpes simplex virus and adenovirus were adapted for
gene transfer to neurons. These recombinant viral vectors expressed endogenous viral genes, in addition to
the transgene, resulting in an adverse tissue response
and short-lived transgene expression. Over the years
adeno-associated viral vectors (AAVs) have become
popular and powerful gene delivery agents for sensory
neurons. AAVs lack endogenous viral genes, have a low
risk of insertional mutagenesis and immunogenicity,
and can be produced relatively easily at high titer and
at clinical grade [39].
With the use of AAV vectors to manipulate
gene expression it is possible to study the functions of
speciﬁc proteins in primary sensory neurons in, for example, axon regeneration, peripheral neuropathies, and
neuropathic pain. In addition to the study of gene function, AAV vectors have been used to deliver light-sensitive ion channels or DREADDS to manipulate neuronal
activity [47] or genetically encoded calcium channels
for optical in vivo assessment of the functional characteristics of primary sensory neurons [11]. A recent and
exciting application of AAV vectors is their use for in
vivo gene editing [73]. Thus, AAV vectors are powerful
tools for experimental genetic manipulation of primary
sensory neurons and are gaining increasing acceptance
as a clinical gene delivery platform.

Production of AAV Vectors
Many laboratories obtain their AAV vectors conveniently from local or commercial vector cores. However, small-scale production of AAV vectors is now
feasible in any well-equipped molecular biology laboratory. All commonly used AAV serotypes are produced by co-transfection in human embryonic kidney
(HEK) cells of a vector plasmid, which harbors the
transgene of interest under an appropriate promoter
ﬂanked by the AAV-ITRs (inverted terminal repeats),
and helper plasmids encoding the capsid genes of the
desired serotype. Following co-transfection the cells
start to produce AAV vector particles, which can be
puriﬁed by iodixanol gradient ultracentrifugation, resulting in research stocks with titers ranging from 5
× 1012 to 2 × 1013 genomic copies/mL [101]. Largescale production protocols in either insect cells [91] or
mammalian cells [31] have also been developed. These
production systems are mainly used to generate large
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amounts of AAV for preclinical studies in large animals or for clinical studies.

AAV Serotypes and Transduction Eﬃciency
of Sensory Neurons
Following the demonstration that human AAV2 efﬁciently transduced central nervous system (CNS)
neurons in rodents [50], several other AAV serotypes
(AAV1 and AAV3 to AAV9) have been identiﬁed with
natural variations in amino-acid capsid identity [39].
Variation in capsid structure profoundly aﬀects cellular tropism and expression kinetics. We investigated the transduction eﬃciency of AAV1 to AAV6 and
AAV8 in adult rat primary sensory neurons [62]. Titermatched AAV serotype vectors were directly infused in
two lumbar DRG (L4, L5). All serotypes preferentially
transduced neurons (albeit at diﬀerent transduction efﬁciency), except AAV6, which transduced neurons and
satellite cells. Our best-performing serotype, AAV5,
transduced 48% of primary sensory neurons after 2
weeks, followed by AAV1, which transduced 37% of
DRG neurons. The number of cells that expressed green
ﬂuorescent protein (GFP) increased over time, reaching
90% transduction eﬃciency in AAV5-injected DRG 12
weeks after injection. To our knowledge no systematic
serotype comparison has been performed for mouse
DRG, but AAV1 [97] and AAV9 [11,106] exhibit high
transduction eﬃciencies in mouse sensory neurons.

Routes of Delivery of AAV Vectors
to Primary Sensory Neurons
While we have established eﬀective gene transfer to
the DRG by direct injection of AAV, alternative delivery routes for the transduction of DRG neurons have
also been explored. Intrathecal delivery of self-complementary AAV1, AAV8 [93], and AAV5 [23,24] produced signiﬁcant transgene expression in the DRG of
adult rats comparable to that seen after direct injection.
AAV6 and AAV9 transduced neurons of the DRG eﬃciently in adult mice following intrathecal injection or
injection via the sciatic nerve [11,99]. Since transgene
expression was studied at 3 weeks after intrathecal delivery of AAV6, it is not known if transgene expression
declines at longer post-injection time points as we observed after direct injection of AAV6 in the DRG of rats
[62]. When we compare direct and intrathecal injection, the advantages of direct injection are that transduction remains local in the injected ganglia, with minimal leakage to adjacent tissues, and that low quantities
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of viral vector are needed. Intrathecal injection is a fast
and simple procedure, but high quantities of viral vector are required, and leakage of vector to the cord and
periphery occurs.
Recently, AAV9 capsids were engineered to
yield capsids that enabled eﬃcient noninvasive gene delivery to the brain (PHP.eB) and primary sensory neurons (PHP.S) in mice [10]. Intravenous administration
of AAV-PHP.S transduced 82% of DRG neurons as well
as cardiac and enteric neurons. The discovery of these
newly engineered variants opens up many new possibilities for research and clinical application. First, intravenous AAV delivery will most likely become the approach of choice for genetic targeting of speciﬁc organs
and cell types in mice, including the DRG. By combining the PHP.S capsid with speciﬁc promoter/enhancer
elements, one would be able to target subtypes of sensory neurons in the DRG and to prevent transgene expression in other peripheral tissues. Second, it is conceivable that AAV capsids can be developed that have
further speciﬁcity for distinct populations of sensory
neurons, thus allowing noninvasive targeting of sensory
neurons with distinct properties. This advance would
further enhance the transduction speciﬁcity and safety
of intravenous AAV delivery.

In Vivo Imaging
of Neuronal Activity
The human brain consists of about 1010 individual neurons (the functional unit of the nervous system), and
each of these neurons typically makes thousands or
tens of thousands of synaptic connections with other
neurons, producing a truly staggering level of complexity unmatched by any other system in the body. Understanding how this system functions remains a considerable challenge, but one that is beneﬁting from recent
technological developments. The traditional method
that has been pursued for more than half a century is
to record either single neuron activity or composite ensemble activity either directly (e.g., EEG) or indirectly
(e.g., fMRI). Other than in rare circumstances (e.g., intraoperatively), the single-unit method has only been
possible in animal studies. Using these techniques, we
have learned a great deal about the brain, including the
processing of pain-related information. However, novel techniques are emerging that are having a dramatic
eﬀect on our understanding of neuronal circuits, and
one that we review here is the use of optical methods
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to indirectly observe the activity of hundreds of neurons simultaneously.

Calcium Indicators
Calcium-sensitive ﬂuorophores exploit the fact that
each action potential that invades the soma of a neuron
is normally associated with a signiﬁcant transient rise
in intracellular calcium. If such sensors are introduced
into neurons and then appropriately illuminated, their
ﬂuorescence increases with each action potential. This
approach has been much used in vitro where tissue slices or dissociated neurons are “loaded” with dyes such as
Indo-1, Fura-2, and Oregon Green. After washing, the
ﬂuorescence of cells containing the ﬂuorophores reﬂects intracellular calcium, which is used as a proxy for
neuronal activity. These dyes can in some cases be used
in vivo, but they suﬀer from a major drawback—they
cannot be targeted to chosen cells. This limitation has
been overcome with the introduction and reﬁnement
of genetically encodable calcium indicators. The most
used of these are GCaMPs, a series of sensors that consist of a calcium sensor, calmodulin, fused with a ﬂuorophore (a variant of GFP), and a third protein, M13,
which is a domain of myosin light chain that can bind
calmodulin. The GFP only weakly ﬂuoresces in the absence of calcium, but when calcium binds to calmodulin, a conformational change in the complex results in
strong ﬂuorescence [2]. The ﬁrst of these sensors [68]
was thermally unstable, but later versions were introduced that could be used at mammalian body temperatures [95]. Further modiﬁed versions have been introduced that have greater sensitivity, signal-to-noise ratio,
and dynamic responsiveness. The most extensively used
sensors currently are CGaMP3 and GCaMP6 (which
come in three versions, “slow,” “medium,” and “fast”),
but a version, GCaMP8, with an even wider dynamic range is now available. Fig. 2 shows the excitation
and emission spectra for one GCaMP6 variant with
low (Fig. 2A) and high (Fig. 2B) calcium. Accordingly,
488nm light is typically used as the optimal excitation
wavelength. Since GFP has many uses, a “red” version
of the calcium sensor (RCaMP) is also available with
red-shifted spectral characteristics [16,113].

Targeting Calcium Sensors
GCaMPs can be expressed in neurons in a variety of
ways, a great number using commercially available resources. One method is to use viral vectors. This approach and its limitations is discussed more fully above,
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but in brief, GCaMPs can be expressed by a variety of
AAVs and other viral vectors. Constructs under various
promoters and utilizing diﬀerent serotypes are commercially available from a variety of suppliers including Addgene (https://www.addgene.org/viral-service/),
UPenn Vector Core (http://www.med.upenn.edu/gtp/
vectorcore/), and the University of Zurich vector facility (http://www.vvf.uzh.ch/en/viralvectorproduction.
html). These vectors have been successfully used to
transduce mature peripheral and central mammalian
neurons, including primary aﬀerent nociceptors, spinal cord projection neurons, and somatosensory cortical neurons [11,,22,48,52,85,98]. A second approach, as
described above, is to use GCaMP driven transgenically
either using “knockin” mice or BAC technology. Again,
a variety of such mice are commercially available. A
particularly ﬂexible resource is a STOP-Flox-GCaMP6s
C57BL/6 mouse available through Jackson laboratories
(Stock No. 028866). Here, GCaMP is Cre-dependent, so
it can be selectively expressed by crossing the line with
any of the extensive list of Cre-lines available, or by using virally induced Cre. In this way, adult expression of
GCaMP in subsets of nociceptive neurons or in speciﬁc
groups of CNS neurons can be achieved.

Monitoring GCaMP Activity in Vivo
Recent and continuing advances in microscopy mean
that it is now fairly routine to monitor GCaMP ﬂuorescence in hundreds of individual nerve cells simultaneously. Point scanning confocal or 2-photon systems
allow a two- or three-dimensional image to be created
by sequentially scanning a tightly focused spot. The limitation for image acquisition depends on the scanning
rate of the system and the integration time needed for
each pixel. In reality, large ﬁelds of view, say 512 × 512
pixels, can be acquired at more than one frame a second. If a three-dimensional volume is to be explored,
then multiple frames in the z-axis need to be acquired
for each image, which therefore cannot be refreshed so
rapidly. Images can be acquired faster if multiple points
are scanned simultaneously, which can be achieved using so-called light sheet and spinning disk microscopes,
which can improve acquisition speeds by 100 times or
more (see [42] for review). An important practical point
in all real-world systems is the trade-oﬀ between improving optical performance with increasing laser light
power and the damage and photobleaching that also increases with laser power. For practical use, an animal expressing GCaMP needs to be placed under the confocal
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Fig. 3. Cell-type-speciﬁc genetic targeting. (A) In the binary gene expression system, a driver mouse line that expresses Cre or Flp recombinase
under the control of a cell-type-speciﬁc promoter in the endogenous (knockin) or a random gene (BAC transgenic) locus is crossed to an effector mouse line with a transgene for visualization, manipulation, or activity monitoring that is expressed under a ubiquitous promoter and
is only expressed when recombination at designated target sites (loxP or FRT) removes a transcription stop signal. (B) A genetic intersection
strategy combining Cre and Flp recombinases that are expressed under diﬀerent cell type-speciﬁc promoters can be used to target a more genetically reﬁned neuron population. The eﬀector is only expressed in neurons in which both transcriptional stops are removed. BAC, bacterial
artiﬁcial chromosome; ChR2, channelrhodopsin-2; Arch, archaerhodopsin; DTA, diphtheria toxin fragment A; hVOS, hybrid voltage sensor.

or 2-photon microscope. This is most easily done if the
animal is anesthetized, but there are systems of restraining conscious animals so that the microscope remains
focused on the same GCaMP-expressing neurons. For
pain research, there are likely to be some further ethical issues around the use of unanesthetized animals.
The cells to be imaged have to be accessible to the microscope. In the anesthetized state, surgery to expose
the brain, spinal cord, or DRG is necessary. In anesthetized animals, a “thinned-skull” procedure [108] allows
imaging of cortex through the cranium, or the chronic
implantation of clear “windows” over neuronal structures can be used [25]. Two-photon microscopy has the
advantage of being able to image a thin optical plane
hundreds of microns within the tissue, while confocal
microscopy is limited to more superﬁcial structures but
does have some other advantages [11].
Another option is to mount very lightweight
camera systems onto freely moving animals and access
GCaMP labeled neurons via implanted optical ﬁbers
focused with attached gradient-index (GRIN) lenses.
A commercial system of this type is available from
Inscopix (https://www.inscopix.com/), which uses a
camera weighing only 2 g. Such a system can be readily

Fig. 4. Absorbance and emission spectra for GCaMP6m in the absence (top) or presence (bottom) of calcium. Note the very large increase in emitted ﬂuorescent light when the GCaMP6m has calcium
bound. From [6].
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mounted onto the cranium of rats and mice, but, particularly for pain research, it might be adapted to image
from spinal or even peripheral neurons.

Examples of Use in Pain Research
The pain ﬁeld has been rather slow in adopting these
in vivo imaging methods. However, multiple reports
are now appearing in which pain-related processes have
been studied at diﬀerent levels of the neuroaxis. Peripheral ganglia (DRG) have been the focus of multiple studies because the neurons are suitably located for imaging
after laminectomy, and of course, the importance of nociceptors is well recognized. There have also been studies using optical imaging of spinal neurons and cortical
networks. Fig. 3 shows some data from one of our recent
publications highlighting the utility of the approach. Fig.
3A shows three frames from a video of an L4 DRG imaged in an anesthetized mouse. The ﬁrst frame represents basal ﬂuorescence, in the absence of any applied
stimulation. The second frame shows the ﬂuorescence
recorded during a period of 20-Hz electrical stimulation
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of the sciatic nerve at an intensity to activate only A ﬁbers. A subset of mainly large DRG neurons ﬂuoresce
as action potentials propagate into the DRG. The third
frame illustrates the responses of the same ganglia during 5-Hz electrical sciatic nerve stimulation at C-ﬁber
strength. Here, the majority of DRG neurons are activated, both large and small. Fig. 3B shows the ﬂuorescent signal recorded from a small number of diﬀerent
cells (each color a diﬀerent cell) in response to electrical stimulation of the sciatic nerve at diﬀerent rates.
Several important points are apparent. First, most cells
give a clear response to a single action potential arising
from nerve stimulation. Second, the calcium transients
summate with repeated stimulation above 0.5 Hz. This
means that for DRG cells at least, the average level of
ﬂuorescence reﬂects the amount of aﬀerent activity. Fig.
3C illustrates the time course of calcium ﬂuorescence
associated with a single action potential for two typical cells. The time constant of decay in calcium signal is
about half a second, explaining the summation of ﬂuorescence with activity at 1 Hz or above.

Fig. 5. (A) Fluorescence of L4 dorsal root ganglion (DRG) neurons recorded during stimulation of the sciatic nerve with diﬀerent intensities.
(B) Fluorescent intensity of six typical cells during electrical stimulation of the sciatic nerve at 0.5 to 2 Hz. (C) Time course of calcium transients in DRG neurons with either a myelinated or unmyelinated axon following invasion of a single action potential [11].
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Limitations of Use
While powerful, optical imaging has some limitations.
It is important to realize that it does not directly measure neuronal excitability, and the relationship between
activity and calcium levels will often be unknown and
may not be ﬁxed. Another important point is that the
calcium transients associated with activity have long
time constants, and so the technique has limited temporal resolution irrespective of the technology used to
monitor it. GCaMP is a calcium buﬀer, and so its expression may aﬀect cellular function, especially if it is
expressed at high levels. Finally, long-term recording
can be compromised by photobleaching, especially if
high light levels are employed.

Future Directions
The continuing rapid advances in microscopy are likely
to improve the utility of optical imaging. The miniaturization of technology is likely to increase the ease of use
of imaging techniques and extend them to monitor activity in freely moving animals in many circumstances.
Finally, continuing development of the sensors such
as genetically encodable voltage sensors is likely to offer many new possibilities. We are likely to learn much
from the continuing use of these techniques (Figs. 4, 5).
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