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El-Shamayleh Y, Ni AM, Horwitz GD. Strategies for targeting primate neural
circuits with viral vectors. J Neurophysiol 116: 122–134, 2016. First published
April 6, 2016; doi:10.1152/jn.00087.2016.—Understanding how the brain works
requires understanding how different types of neurons contribute to circuit function
and organism behavior. Progress on this front has been accelerated by optogenetics
and chemogenetics, which provide an unprecedented level of control over distinct
neuronal types in small animals. In primates, however, targeting specific types of
neurons with these tools remains challenging. In this review, we discuss existing
and emerging strategies for directing genetic manipulations to targeted neurons in
the adult primate central nervous system. We review the literature on viral vectors
for gene delivery to neurons, focusing on adeno-associated viral vectors and
lentiviral vectors, their tropism for different cell types, and prospects for new
variants with improved efficacy and selectivity. We discuss two projection targeting
approaches for probing neural circuits: anterograde projection targeting and retro-
grade transport of viral vectors. We conclude with an analysis of cell type-specific
promoters and other nucleotide sequences that can be used in viral vectors to target
neuronal types at the transcriptional level.

gene therapy; optogenetics; primate; targeting; viral vector

DECADES AGO, molecular biology revolutionized cellular neuro-
physiology. Today, systems neurophysiology is undergoing a
similar revolution. Electrodes and amplifiers remain essential
tools for understanding neural circuits, but now so too are
methods for manipulating genes and delivering them to neu-
rons in vivo. The availability and genetic tractability of small-
animal models made them the perfect entry point for these new
techniques, but nowadays primate studies are using the tools of
optogenetics and chemogenetics with increasing success. Ex-
cellent reviews of this small but growing literature already
exist (Gerits and Vanduffel 2013; Han 2012; Kinoshita and Isa
2015). The contribution of the present review is the focus on
methods for targeting genetic manipulations to specific neuro-
nal types in primates. The review is intended primarily for
neurophysiologists who use nonhuman primate models, have
minimal background in molecular biology, and are interested
in assessing the added value of genetic techniques to their
research program. Our focus is on gene delivery to adult
animals; we do not cover transgenic models engineered via in
vitro gene delivery.

A fundamental technical problem in neurophysiology is that
the nervous system comprises many intermixed, distinct neu-
ronal types that cannot be individually manipulated with clas-
sical techniques. Transgenic technology has gone much of the
way toward solving this problem in small-animal models (e.g.,
mice and flies), and there is increasing interest and success in
extending this technology to primates (Chan 2013; Chan and
Yang 2009; Chen et al. 2012; Izpisua Belmonte et al. 2015; Liu
et al. 2016; Sasaki 2015). Nevertheless, transgenic primates are
unlikely to be economically realistic for most applications in
the near term. A more practical means to deliver genetic
material to the primate central nervous system (CNS) is by
direct injection of a replication-deficient viral vector. Viral
vectors are viruses that are devoid of most of their natural
genetic material and loaded with engineered DNA or RNA
constructs to achieve an experimental or therapeutic goal. Such
engineered constructs cannot be packaged into a viral vector if
they are much larger than the natural genome of the virus, thus
limiting how much genetic material a viral vector can deliver.
For example, the two viral vectors most commonly used in the
primate CNS, based on adeno-associated virus (AAV) and
lentivirus (LV), carry only �5,000 and �10,000 nucleotides,
respectively, which is �0.0003% of the human genome. For-
tunately, the genes for many useful proteins are quite small; for
example, the gene for channelrhodopsin-2 (ChR2), the light-
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gated ion channel most commonly used in neurophysiology, is
�1,000 nucleotides. Viral vectors are not the only means to
deliver genetic material to the primate CNS, but they are
efficient and economical, and their biology is relatively well
understood. Alternative techniques for gene delivery are re-
viewed elsewhere (Maguire et al. 2014; Ramamoorth and
Narvekar 2015; Wang et al. 2015b).

The genes delivered by a viral vector, called transgenes, can
code for useful proteins. Transgenes that are particularly useful
for neurophysiological experiments include those that code for
effectors of neural activity (e.g., light- or ligand-gated ion
channels), indicators of neural activity (e.g., genetically en-
coded calcium indicators), DNA recombination enzymes (e.g.,
Cre-recombinase), and reporter proteins (e.g., fluorescent pro-
teins).

Viral vectors used in neuroscience research are based on a
variety of naturally occurring viruses. In this review, we focus
on AAV vectors and LV vectors, as these promote stable
expression in neurons, are minimally cytotoxic, and have been
used successfully in primates. We first describe properties of
these vectors that influence which cells they transduce, as these
have important implications for all subsequent targeting strat-
egies. We then describe targeting strategies that exploit neu-
roanatomical connectivity and are starting to enter the main-
stream of primate neurophysiology. Finally, we describe tar-
geting techniques based on gene regulatory mechanisms whose
broad applicability has yet to be established in primates.

Viral Vector Tropism

Viruses have a natural tendency to infect certain cell types
and not others. Understanding how viral vectors differ in this
preference, or tropism, is therefore critical for controlling gene
expression in specific cell types. In this section, we summarize
what is known about AAV and LV vector tropism in the
primate CNS.

Viral vectors are typically injected into the brain as liquid
suspensions. The liquid diffuses roughly uniformly through
extracellular spaces but can also travel preferentially along
paths of least resistance: the injection cannula track, white
matter tracts, or perivascular spaces (Abbott 2004; Lonser et al.
2015; Wolak and Thorne 2013). To enter a cell, viral particles,
called virions, must attach to receptors on the cell membrane
(for a review see Dimitrov 2004). Thus which receptors a cell
expresses, as well as cell size, geometry, and accessibility to
the extracellular milieu, can be strong determinants of viral
vector tropism. Once inside a cell, a virion travels toward the
nucleus and sheds its protein coat, revealing genes to be
transcribed by host cell machinery. Any chemical or environ-
mental factors that affect this complex series of events (e.g.,
the intracellular concentration of transcription factors or the pH
levels of various intracellular compartments) can alter viral
vector tropism.

Tropism governed by viral vector outer structure. Virions
bind receptors on the cell membrane via proteins in their outer
structure. The outer structure of AAV is a protein coat called a
capsid. Different varieties of AAV, called serotypes,1 have

different capsids, and small differences in the proteins that
make up these capsids can greatly affect cell surface receptor
binding (Lisowski et al. 2015; Michelfelder and Trepel 2009).
To date, hundreds of functional AAV capsids have been
identified and engineered, and while we know some of the
receptors to which these capsids bind, most of what we know
about which viral vectors transduce which cell types is empir-
ical (but see Controlling tropism by manipulating viral vector
outer structure).

Injections of AAV vectors into the primate CNS do not
transduce all neurons uniformly; instead, transduction patterns
can be complex. However, across a battery of studies that
compared the tropism of different AAV serotypes in the
primate CNS, two consistent patterns emerge. First, there is a
bias for stronger expression in large cell bodies, possibly
owing to the larger surface area and greater number of recep-
tors (Han et al. 2009; Watakabe et al. 2015). Second, transgene
expression in neocortex is typically stronger in the deep or
superficial cortical layers and weaker in the middle, input layer
(Fig. 1), possibly because of the smaller neurons there (Diester
et al. 2011; Gerits et al. 2015; Jazayeri et al. 2012; Watakabe
et al. 2015).

AAV serotypes differ in their ability to transduce different
kinds of cells. Neurotropic serotypes include AAV1, 2, 5, 8,
and 9. AAV1 and AAV5 may be particularly well suited for
transducing neurons in the basal ganglia (Dodiya et al. 2010;
Markakis et al. 2010; Sanchez et al. 2011), and these two
serotypes, plus AAV9, transduce neocortical neurons effi-
ciently (AAV2 receives conflicting reviews) (Gerits et al.
2015; Lerchner et al. 2014; Watakabe et al. 2015). Overall,
AAV vector serotypes differ more in their transduction effi-
ciency (e.g., spread) than in their selectivity for particular
neuronal types or brain areas.

LV vectors also have capsids, but these capsids are sur-
rounded by a lipid envelope that is studded with glycoproteins
that mediate binding to cell surface receptors. Typical LV
vectors are produced with the capsid from one type of LV and
the glycoprotein from another. The capsid of many LV vectors
is derived from HIV-1, and the glycoprotein is often taken
from the vesicular stomatitis virus (VSV-G) because of its
ability to bind receptors on a broad range of cells (Cronin et al.
2005; Finkelshtein et al. 2013).

A few studies have surveyed LV tropism in the primate
CNS, revealing that LV vectors typically transduce a smaller
region of injected tissue than AAV vectors: �1 mm for LV vs.
�2–4 mm for AAV for injections of a few microliters over
several minutes (Diester et al. 2011; Lerchner et al. 2014;
Watakabe et al. 2015). This difference is likely due to the fact
that LV virions are approximately five times larger in diameter
than AAV virions, resulting in weaker penetrance of LV into
tissue around the injection site (Cetin et al. 2007; Waehler et al.
2007). Transgene expression with LV is more uniform across
cortical layers than with AAV in some primate studies but not
others, possibly because of differences in injection protocols
(Lerchner et al. 2014; Nassi et al. 2015; but see Diester et al.
2011 and Fig. 1).

Controlling tropism by manipulating viral vector outer
structure. The outer structure of viral vectors can be modified
to restrict or expand the range of cells that they can transduce.
For example, AAV capsids can be engineered to include ligand
motifs that bind receptors enriched in a cell type of interest,

1 A point on nomenclature: Every AAV vector contains a small amount of
DNA from a naturally occurring AAV, usually from AAV serotype 2. When
this DNA is packaged in the capsid from AAV serotype 5 the resulting vector
is called “AAV5,” or sometimes “AAV2/5.”
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thereby increasing transduction of that cell type (Buning et al.
2015; Munch et al. 2015). However, producing high-titer AAV
vector stocks with these engineered capsids has been challeng-
ing (Kwon and Schaffer 2008). An alternative approach in-
volves mutating AAV capsids randomly and then screening
them for improved tropism for cell types or tissues of interest
(Lisowski et al. 2015; Maheshri et al. 2006). This strategy has
been used to find AAVs that transduce retinal neurons after
injection into the vitreous humor—a challenge given the bar-
rier posed by the inner limiting membrane (Dalkara et al.
2013). In this case, capsid screening was performed in mice,
but one particularly effective AAV vector thus obtained was
verified to transduce monkey retinal ganglion cells in vivo
(Dalkara et al. 2013; Yin et al. 2014).

The tropism of LV vectors can be changed by replacing their
natural envelope glycoproteins with those derived from other
enveloped viruses (e.g., rabies virus or Mokola virus) (Cronin
et al. 2005; Kato et al. 2013). The specificity of LV vectors can

also be modified by ligand bridge proteins—molecular adapt-
ers that bind to the viral vector glycoprotein with one domain
and to a specific receptor on a cell type of interest with another,
thereby promoting vector entry into targeted cells (Choi et al.
2010).

Tropism governed by gene transcription. Viral vectors typ-
ically contain at least two functionally distinct genetic se-
quences. The first is a transgene sequence that codes for a
protein, and the second is a promoter sequence that precedes
the transgene and is critical for transgene expression. Tran-
scription of the vector genome occurs in the nucleus of a
transduced cell and depends critically on the availability of
transcription factors—proteins that promote gene expression
by interacting with the promoter sequence. These interactions,
in conjunction with the binding of RNA polymerase, trigger
the synthesis of messenger RNA from vector-derived DNA.
The transcribed messenger RNA then leaves the nucleus and
instructs the synthesis of the protein encoded by the transgene
sequence. Thus the particular promoter used in a given viral
vector can influence tropism profoundly. Subject to size con-
straints, viral vectors can contain multiple transgenes driven by
one or more promoters (de Felipe 2002).

The first generation of viral vectors used in the primate CNS
contained promoters from wild-type viruses (e.g., the CMV
promoter) or chimeras of viral and cellular promoters (e.g., the
CAG promoter) that drive strong expression in a variety of cell
types, including neurons and glia. These promoters are com-
monly referred to as “ubiquitous” despite the fact that they do
not drive expression uniformly across all cell types (Gerits et
al. 2015; Lerchner et al. 2014; Watakabe et al. 2015; Yaguchi
et al. 2013). Ubiquitous promoters are frequently used in the
CNS although they can kill neurons through transgene over-
expression (Watakabe et al. 2015; but see Sanchez et al. 2011).

More recently, promoters have been found that drive trans-
gene expression in neurons specifically. The two promoters
most commonly used to target neurons in primates are the
human Synapsin-1 (hSyn) promoter and the mouse calcium-
calmodulin kinase-2a (CaMKIIa) promoter. These promoters
are relatively small, occupying only 10% and 25% of the AAV
vector genome, respectively. Both restrict expression to neu-
rons in the primate CNS (Diester et al. 2011; Gerits et al. 2015;
Watakabe et al. 2015). In AAV vectors, the CaMKIIa promoter
is more strongly biased to excitatory neurons than the hSyn
promoter but still drives expression in inhibitory neurons
(Gerits et al. 2015; Watakabe et al. 2015). A truncated version
of the CaMKIIa promoter may be more selective for excitatory
neurons than longer versions (Gerits et al. 2015). LV vectors
containing the CaMKIIa promoter target excitatory neurons
(Han et al. 2009; Nassi et al. 2015; Yaguchi et al. 2013). We
return to promoter sequences that drive expression in distinct
neuronal types in Targeting Neurons at the Transcriptional
Level.

Other factors that influence tropism. The outer structure and
promoter sequence of a viral vector are major factors govern-
ing tropism, but other factors also contribute. First, vector titer
can bias tropism: Low-titer vector stocks transduce their in-
tended targets relatively selectively, whereas higher-titer
stocks transduce a greater number of off-target cells (Na-
thanson et al. 2009b). Second, vector purity can also bias
tropism: Nonviral proteins and DNA contaminants of vector
stocks can lead to pseudotransduction (Alexander et al. 1997),

A
II/III

IVc
V

VI

IVb

B

II/III

IVc

V/VI

IVb

I

Fig. 1. Viral vector tropism in primate neocortex. Coronal sections of visual
area V1 of a rhesus macaque. Tissue was stained for SMI-32 (red) and with
DAPI (blue), and transduced neurons are green. A: injection of LV-CaMKIIa-
ArchT-GFP titered at 1.8 � 107 infectious units/ml. B: injection of AAV9-
hSyn-ChR2-eYFP titered at 2.75 � 1013 genomic copies/ml. A total of 5 �l of
each viral vector was injected (1 �l injected at each of 5 sites, spaced 500 �m
apart). Scale bars, 500 �m. The sparse labeling is consistent with some studies
(Gerits et al. 2015) but not others (Diester et al. 2011).

Review

124 TARGETING PRIMATE NEURAL CIRCUITS WITH VIRAL VECTORS

J Neurophysiol • doi:10.1152/jn.00087.2016 • www.jn.org

 by 10.220.32.246 on D
ecem

ber 17, 2016
http://jn.physiology.org/

D
ow

nloaded from
 

http://jn.physiology.org/


reduced transduction efficiency (Ayuso et al. 2010), and a
specific increase in the number of transduced glia, presumably
due to astrogliosis (Klein et al. 2008). Third, transient reduc-
tions in pH during vector production have been reported to bias
LV vectors toward glia (Torashima et al. 2006). Fourth, the
volume and speed of injection into the brain can contribute to
the strength and extent of transgene expression: Some groups
report broad expression with small and slow injections (Lerch-
ner et al. 2014), whereas others have had success with larger or
faster injections (Sanchez et al. 2011; Yazdan-Shahmorad et al.
2016). Fifth, experimental animals can have preexisting im-
mune responses against AAV that prevent these vectors from
transducing cells efficiently (reviewed by Calcedo and Wilson
2013). Even in the absence of preexisting immunity, viral
vector injections can produce immune responses, decreasing
the efficacy of subsequent injections of the same vectors
(Hadaczek et al. 2009; Kotterman et al. 2015; Wang et al.
2011). Finally, while most studies of viral vector tropism have
varied the outer structure or the promoter sequence individu-
ally, it is possible that these factors mediate tropism jointly
rather than independently.

Projection Targeting

Projection targeting is the manipulation of specific neuronal
populations based on where their axons terminate. It is an
established method in mice and rats (Deisseroth 2014; Fenno et
al. 2011), and almost all of the studies cited in this section were
performed using these animals. However, a few primate studies
have used this technique successfully, and we note these
studies explicitly. This technique is well suited for use in
primates because it achieves cell type specificity on the basis of
neuroanatomical connectivity, which is well understood, as
opposed to gene regulation, which is not.

There are two main variants of this technique: anterograde
and retrograde (Fig. 2). Anterograde projection targeting is
based on the trafficking of proteins encoded by viral vectors
from cell bodies down to axon terminals. Transduced neurons
can then be manipulated with light or ligand at their axon
terminals. Retrograde projection targeting is based on the
retrograde transport of virions from axon terminals to cell
bodies. “Anterograde” and “retrograde” here describe the di-
rection of trafficking along an axon; in neither case do virions
cross a synapse. Viruses that do cross synapses are valuable for
neuroanatomical studies but not for long-term neurophysiolog-
ical or behavioral studies in primates because they kill neurons
(Card and Enquist 2014; Dum and Strick 2013; Nassi et al.
2015).

Anterograde projection targeting. The fundamental logic of
anterograde projection targeting is quite general and can be
applied to activating a neural pathway (Deisseroth 2014; Gra-
dinaru et al. 2009; Inoue et al. 2015), shutting down a pathway
(Felix-Ortiz and Tye 2014; Kaneda et al. 2011; Stachniak et al.
2014), or interrogating activity in a pathway with optical
imaging (Glickfeld et al. 2013; Petreanu et al. 2012; Sadakane
et al. 2015). It is particularly easy to explain in the context of
optogenetic activation, where it has been most widely used. A
viral vector coding for an excitatory opsin (e.g., ChR2) is
injected into a brain area. The opsin is expressed in neuronal
cell bodies at the injection site, trafficked down axons, and
distributed throughout axon terminals. Light delivered to the

opsin-containing axon terminals in the recipient area depolar-
izes them, causing the release of neurotransmitter. Provided the
axon terminals are sufficiently far from their cell bodies, the
illumination of axon terminals will not activate opsins ex-
pressed in the cell bodies. In this way, only the neurons that
project from the injection site to the recipient area are activated
directly by the light.

This method was recently used for the first time in primates.
Two rhesus monkeys received injections of an AAV vector
into the frontal eye fields (FEF), a cortical area involved in
oculomotor behavior and attention (Inoue et al. 2015). The
AAV vector, which contained the ChR2 gene under the control
of the CMV promoter, transduced many neurons at the injec-
tion site including those that projected to the superior colliculus
(SC), several centimeters away in the midbrain. A key result of
this study was that illumination of the SC evoked spiking
responses in the SC and also evoked saccadic eye movements
toward the response fields of the stimulated sites. In addition to
representing a technical milestone for primate optogenetics,
this result is noteworthy because direct optogenetic manipula-
tion of cell bodies in the FEF and SC, while sufficient to bias
saccade probability, latency, and other metrics, was unable to
evoke saccades reliably without concurrent electrical stimula-
tion (Cavanaugh et al. 2012; Gerits et al. 2012; Han et al. 2009;
Ohayon et al. 2013; Soetedjo et al. 2013).

We have recently extended these results by targeting another
pathway in the primate oculomotor system: the projection from
visual cortical area V1 to the SC. We injected an AAV vector
into V1 of one rhesus monkey to express ChR2 under the

A

B

Anterograde transport of gene product

Retrograde transport of viral vector

Fig. 2. Illustration of projection targeting approaches. A: anterograde projec-
tion targeting. A viral vector is injected into a source area (left) where neuronal
cell bodies are transduced. Gene products are trafficked along axons (center)
to their terminations in a recipient area (right). B: retrograde projection
targeting. A viral vector is injected into a recipient area (right). Virions are
retrogradely transported along axons to cell bodies (left) where genes are
expressed. In both scenarios, some neurons are transduced (light and dark
green) whereas others are not transduced (gray). The subset of transduced
neurons available for selective manipulation are highlighted (light green).
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control of the hSyn promoter. Low-frequency light flashes in
the SC resulted in spiking synchronized to the flashes (Fig. 3).
This activation was observed only in the region of the SC that
was retinotopically matched to the V1 injection site, consistent
with the topography of the projections from V1 to the SC.
Stimulation of V1 axons in the SC did not evoke saccades,
although optogenetic stimulation of V1 neuronal cell bodies in
the same animal did evoke saccades in a previous study
(Jazayeri et al. 2012).

The pathways between the FEF and SC and between V1 and
SC differ in many ways, as do the experiments that probed the
behavioral consequences of activating them. Conclusions
about how each pathway contributes to behavior on the basis of
these studies is therefore premature, but we can speculate on
why optogenetic stimulation of cell bodies can have effects
different from stimulation of axon terminals. Cell bodies are
larger and contain more opsin molecules. On the other hand,
axon terminals have higher input resistance, so their membrane
voltage is modulated more by small numbers of activated
opsins. Direct stimulation of cell bodies can activate both
excitatory and inhibitory neurons, which may attenuate the net
output to downstream structures, whereas stimulation of axon
terminals does not affect inhibitory interneurons directly. Di-
rect illumination of widely dispersed cell bodies is expected to
be less effective than illumination of their axon terminals if the
terminals are tightly clustered in the recipient area. Conversely,
divergent axons are more difficult to illuminate than highly
clustered cell bodies. Finally, stimulation of cell bodies may
activate multiple pathways leaving the injection site simulta-
neously. Some of these pathways may not participate in a
particular behavior, and others may mediate mutually exclu-

sive behaviors resulting in cancellation of evoked behavioral
responses (Wang et al. 2015a; Warden et al. 2012; Znamenskiy
and Zador 2013).

Caveats of anterograde projection targeting. Anterograde
projection targeting requires efficient trafficking of expressed
proteins to axon terminals, and not all proteins are equally well
trafficked. The early versions of halorhodopsin trafficked quite
poorly, for example, but the addition of targeting sequences to
the transgene ameliorated this problem (Gradinaru et al. 2010).
In addition, viral vector tropism and the density of axons in the
recipient area also affect the quantity of transgene-encoded
proteins at axon terminals. It is therefore prudent to confirm the
presence of transgene-encoded proteins at axon terminals be-
fore embarking on a lengthy neurophysiological study. As a
case in point, AAV injections that we have made into V1 of
rhesus monkeys have labeled axons densely in the SC and
visual area V2 but sparsely in visual area MT and the lateral
geniculate nucleus, despite the fact that V1 projects to all four
of these areas.

We were able to cause SC neurons to fire synchronously
with the illumination of axon terminals, but only up to 25 Hz
(Fig. 3), consistent with previous work using ChR2 in rodent
slices (Cruikshank et al. 2010; Petreanu et al. 2007). This
inability to follow high-frequency optical stimulation may be
unique to the axon terminal, as spikes produced by the illumi-
nation of ChR2-expressing cell bodies can entrain to higher
frequencies (�100 Hz). We also found that constant illumina-
tion of axon terminals evoked a transient burst of spikes at light
onset whereas constant illumination of cell bodies evoked
sustained spike trains. We do not yet know whether these
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Fig. 3. Anterograde projection targeting of V1 axons
projecting to the SC (for details of the AAV1-hSyn-
ChR2-mCherry vector injection, see Jazayeri et al. 2012).
In each experiment, an optical fiber and a tungsten
electrode were independently lowered through a common
guide tube to the surface of the SC. The tip of the
electrode was positioned in the superficial layers, and
the tip of the optical fiber was positioned just outside of
the SC. Electrical responses to 473-nm light flashes were
recorded. A: rasters and PSTHs showing entrainment of
multiunit SC responses to periodic illumination (blue
dashed lines). B: the position of each dot represents the
receptive field location of a tested SC site. The size and
color of each dot show the change in spike rate following
a pulse of blue light; they are proportional to the number
of spikes during the 10 ms after each light pulse divided
by the number of spikes during the 10 ms preceding each
light pulse. Optogenetic activation was greatest at SC
sites with receptive fields that overlapped those at the V1
injection site (yellow square). C: coronal section through
the left SC of the same animal showing ChR2-mCherry�
axons (red) and DAPI (blue). Scale bar, 500 �m.
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results generalize to other neural pathways or whether they are
related to the size of behavioral effects.

The temporal dynamics of optogenetic activation of cell
bodies and axon terminals are likely due to the time course of
ChR2 inactivation and recovery, interactions between ChR2-
mediated currents and those mediated by endogenous channels,
and the dynamics of synaptic transmission (in the case of axon
terminal illumination measured with postsynaptic recordings).
Postsynaptic responses following repetitive optogenetic stim-
ulation of axons are more attenuated than expected from
electrical stimulation experiments (Olsen et al. 2012; Zhang
and Oertner 2007). The magnitude of this attenuation depends
on the particular pathway stimulated and the vector used to
deliver the ChR2 gene (Jackman et al. 2014). For experiments
in which neural activity in axon terminals must be manipulated
at high frequencies, opsins with faster kinetics (e.g., ChIEF or
Chronos) might be a better choice than ChR2 (Jurgens et al.
2012; Klapoetke et al. 2014; Lin et al. 2009).

On purely theoretical grounds, optogenetic activation of a
pathway should be easier than suppressing it. Even modest
ChR2 activation can (indirectly) mediate large calcium cur-
rents, increasing the probability of neurotransmitter release
(Schoenenberger et al. 2011). In contrast, blocking an action
potential requires a greater change in membrane conductance.
Nevertheless, optogenetic projection targeting can be used to
suppress the transmission of neural signals by illuminating
axon terminals expressing halorhodopsin (Kaneda et al. 2011;
Stuber et al. 2011; Warden et al. 2012) or archaerhodopsin
(Spellman et al. 2015). Under some conditions, activation of
archaerhodopsin in axon terminals can paradoxically increase
postsynaptic responses, and both halorhodopsin and archaer-
hodopsin can evoke reboundlike postsynaptic responses fol-
lowing abrupt light termination (Mahn et al. 2016).

Optogenetic stimulation of axon terminals can evoke action
potentials that propagate backward to cell bodies. Backward-
propagating action potentials do not always occur (Azim et al.
2014; Tye et al. 2011), but when they do, they can be used as
an electrophysiological tag to determine whether a recorded
neuron projects to a certain target area (Lima et al. 2009). They
also complicate the interpretation of behavioral effects, which
may be due to nonphysiological routes of signal propagation.
In these cases, projection targeting via retrogradely transported
viral vectors may provide a solution.

Projection targeting via retrograde transport of viral
vectors. Projection targeting via retrogradely transported viral
vectors relies on the ability of virions to enter neurons at their
axon terminals, a feat that only some vectors can achieve.
Internalized virions, when transported to the nucleus, provide
an experimenter with genetic control of neurons projecting to
an injection site.

Retrograde projection targeting is particularly useful in sev-
eral cases. First, it can aid in dissecting the contribution of
several distinct afferent pathways that converge onto a single
area. For example, a retrogradely transported viral vector
injected into the striatum can drive transgene expression in
cortical and subcortical areas that project to this structure,
priming multiple inputs for neurophysiological investigation.
Second, manipulating neurons with light or ligand at their cell
bodies may be easier than at their axon terminals, providing
more robust control of neural circuits of interest. Finally,
retrograde projection targeting avoids signal cancellation that

may occur when excitatory and inhibitory neurons are coacti-
vated because most long-range, interareal projections are
excitatory.

LV vectors mediate retrograde transduction more efficiently
than AAV vectors in macaques (Kato et al. 2013; Oguchi et al.
2015). The retrograde transport of LV vectors is largely due to
optimization of their envelope glycoproteins. This optimization
is necessary: The VSV glycoprotein, which is commonly used
in LV vectors, does not mediate retrograde transduction, and
the glycoproteins that do can lose this ability if mutated even
slightly (Cronin et al. 2005; Wong et al. 2004). Retrograde
transduction can be achieved using LV vectors containing
glycoprotein from rabies virus or fusions of the extracellular
domain of the rabies glycoprotein to the intracellular domain of
the VSV glycoprotein (Kato et al. 2013). These fusion glyco-
proteins have been used to target several pathways of the
primate CNS: the projection from the substantia nigra to the
striatum (Kato et al. 2011a, 2011b), from the supplementary
motor area to the subthalamic nucleus (Inoue et al. 2012), and
from propriospinal neurons to motorneurons (Kinoshita et al.
2012). In rodents, some serotypes of AAV mediate retrograde
transduction efficiently (Castle et al. 2014; Kaspar et al. 2002),
but in primates this is rare. A few cases of relatively weak
retrograde transport of AAV have been documented in the
projections from the lateral geniculate nucleus to V1 (Gerits et
al. 2015) and from the substantia nigra to the striatum
(Masamizu et al. 2011). In general, expression levels via
retrograde transport with AAV vectors are much lower than
expression levels at the injection site.

Retrogradely transported vectors that are used widely in
rodents include those based on rabies virus, herpes simplex
virus, and canine adenovirus (Nassi et al. 2015). These vectors
mediate efficient retrograde transduction, but none is currently
well suited for long-term studies in primates. Rabies viral
vectors, even those that are replication-deficient and restricted
in their spread, kill neurons in �2 wk (Callaway and Luo
2015). Many herpes simplex viral vectors are cytotoxic, and
the least cytotoxic variants drive transgene expression tran-
siently (Marconi et al. 2008). We know of no published studies
that used canine adenoviral vectors in the primate CNS, and
our attempts to use it in the macaque cerebellar and cerebral
cortex were unsuccessful (but see Junyent and Kremer 2015).

Caveats of retrograde projection targeting. The distinction
between anterograde and retrograde projection targeting is not
always clear-cut. A retrogradely transported viral vector can
enter cell bodies at the injection site, which can result in the
synthesis of transgene-encoded proteins and their subsequent
transport in the anterograde direction, down axons. If these
axons terminate near the cell bodies of the targeted neuronal
population (those that project to the injection site), then light or
ligand may act on both, complicating the interpretation of
ensuing effects.

Advances in retrograde projection targeting. Retrograde
vector transport in primates has generally been inefficient, but
recent studies have improved its efficacy by using viral vectors
that code for a transgene of interest along with a drug-inducible
transcription factor that amplifies transgene expression (Bou-
laire et al. 2009; Cetin and Callaway 2014; Chtarto et al. 2003;
Delzor et al. 2012; Kuhn et al. 2012). This system allows
transgene expression to be up- or downregulated by oral
administration of an antibiotic drug, with effects occurring
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within a few days. While recent studies have provided evi-
dence that this technique works in primates (Kinoshita et al.
2012; Sadakane et al. 2015), there is some indication that the
transcription factor may induce an immune response and cause
neuronal death (Chtarto et al. 2013; Latta-Mahieu et al. 2002).
Efforts are underway to engineer new transcription factors that
are less toxic and to identify new ligands that cross the
blood-brain barrier more efficiently (Chtarto et al. 2013).

Transgene expression in this system occurs only in cells that
contain the transgene and the transcription factor. This dual
requirement is the basis for intersectional strategies for target-
ing neurons based on combinations of constraints (Fenno et al.
2014). Double virus injections can be used to target neurons
whose cell bodies are located at one injection site and whose
axon terminals are located at another injection site. For exam-
ple, one viral vector can be used to deliver the gene for the
transcription factor, and another can deliver a transgene that is
only transcribed in the presence of that transcription factor.
Alternatively, one vector can be used to express Cre recombi-
nase (or other recombinases) in a subset of neurons, and
another can deliver a transgene whose expression requires the
recombinase. In both cases, only neurons that have been
successfully transduced by both viral vectors will express the
transgene.

This approach was used to identify a neural pathway from
the rat auditory cortex that mediates tone sequence discrimi-
nation (Znamenskiy and Zador 2013). This study is particularly
noteworthy because it used nontransgenic animals, a well-
controlled behavioral task, and an impressive array of optoge-
netic targeting strategies to reveal the behavioral significance
of a particular neural pathway. In one set of experiments, an
AAV vector carrying a Cre-dependent ChR2 was injected into
the auditory cortex and a retrogradely transported herpes sim-
plex viral vector carrying the Cre recombinase gene was
injected at the axon terminals of these neurons in the striatum.
The net result was that only the cortical neurons that projected
to the striatum could be activated by light.

Exploring a similar technique in primates, Kinoshita and
colleagues (2012) injected an AAV vector and a retrogradely
transported LV vector into separate locations of the macaque
spinal cord. In combination, these vectors drove the expression
of a drug-inducible toxin exclusively in neurons whose cell
bodies were at the first injection site and whose axons termi-
nated at the second. The net result was the reversible suppres-
sion of synaptic transmission in hundreds of the neurons that
comprise this pathway. Blockade of this neural pathway im-
paired the ability to grip with precision. A similar attempt to
target projections from the prefrontal cortex to the caudate
nucleus and to the FEF of a macaque was less successful
(Oguchi et al. 2015). In this case, only �30 neurons per
pathway were affected, which is presumably too few to medi-
ate robust behavioral effects.

Targeting Neurons at the Transcriptional Level

Every cell in the brain contains the same genetic informa-
tion. Cells have different properties largely because they ex-
press different combinations of genes. The mechanisms by
which a set of genes is expressed in one cell and a different set
is expressed in another are still incompletely understood, but
significant progress has been made on this front over the past

few years. Below, we discuss the prospect of harnessing
endogenous gene regulation mechanisms to engineer viral
vectors that direct gene expression to specific neuronal types.

Promoter-mediated specificity with viral vectors. Cell type
targeting in primates would be greatly facilitated by promoters2

that are packageable into viral vectors and, when delivered this
way, drive gene expression exclusively in a targeted cell type
(for a review see Kugler 2016). This technology does not exist
yet, at least not in a form that can be used to target most
neuronal types of interest. However, a growing set of promot-
ers can bias, and in some cases restrict, transgene expression to
some neuronal types, and the answers to many neurophysio-
logical questions may be obtainable with a modest degree of
specificity.

Characterizing the specificity of a putative cell type-specific
promoter is critical for evaluating its utility for neurophysiol-
ogy but is complicated for several reasons. First, separating the
effect of the promoter from other factors that influence trans-
gene expression is challenging. Second, quantifying the rate of
off-target cell transduction is difficult, especially when it is
low. Third, some gene products are more easily detected than
others, and whether a cell expresses the transgene is not always
clear. For example, tissues that test positively for viral vector
transduction by immunohistochemistry or qPCR may not ex-
press the transgene at physiologically relevant levels. Fourth,
the region of the brain over which transduced cells are counted
influences how specific a promoter appears: At the injection
site, where viral vector concentration is high and tissue is
injured, off-target expression may be frequent. In tissues where
on-target labeling is intense, off-target labeling may be ob-
scured. Finally, studies of promoter selectivity in the primate
CNS necessarily use fewer animals than rodent studies, ampli-
fying the effects of individual differences on selectivity
estimates.

These caveats notwithstanding, several cell type-specific
promoters have been used in viral vectors with varying degrees
of success. Recently, Lerchner and colleagues (2014) targeted
noradrenergic neurons of the locus coeruleus and substantia
nigra in macaques with a tyrosine hydroxylase promoter in an
LV vector. In these areas, 96% of transduced cells were
tyrosine hydroxylase-expressing neurons, which is presumably
higher than would have been obtained with a less restrictive
promoter. In rodents, similar attempts to target noradrenergic
neurons with selective promoters also achieved some specific-
ity, although methodological differences between these studies
preclude a meaningful comparison with the results in primates
(Hwang et al. 2001, 2005; Kim et al. 2010; Oh et al. 2009).

Most studies of cell type-specific promoter sequences have
used rodent models, and we review this literature below. The
particular sequences that drive transgene expression in partic-
ular cell types in rodents are unlikely to function identically in
the homologous cell types of primates, but we expect the
rewards and challenges of this approach to be similar across
species. We focus on viral vector-mediated gene delivery and
do not review the literature on cell type-specific promoters in
transgenic animals, which is less relevant to viral vector-
mediated gene delivery in primates.

2 Promoters used in viral vectors may consist of an assortment of gene-
regulatory sequences, only some of which are promoters in a strict sense.
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Cell type-specific promoters have been obtained for rodent
rods and cones (Boye et al. 2012; Khani et al. 2007), ON-
bipolar cells (Cronin et al. 2014; Doroudchi et al. 2011),
Müller glia (Aartsen et al. 2010; Geller et al. 2007; Greenberg
et al. 2007), astrocytes (Drinkut et al. 2012; Kugler 2016;
Lawlor et al. 2009; Meng et al. 2015; Merienne et al. 2015; von
Jonquieres et al. 2013), and oligodendrocytes (Chen et al.
1999; Kagiava et al. 2014; Lawlor et al. 2009; McIver et al.
2005; von Jonquieres et al. 2013). Of these, the promoters for
photoreceptors and astrocytes appear the most selective, and
the promoters for oligodendrocytes and Müller glia appear the
least selective. In mouse and cat V1, a glutamate decarboxylase
promoter (GAD1) can restrict expression to GABAergic neu-
rons (Liu et al. 2013). In the mouse brain stem, somatostatin-
expressing neurons have been targeted with an off-target trans-
duction rate of �20% (Tan et al. 2008). In the rat striatum, cell
type-specific promoters have been used to target two endoge-
nous opioid-producing neuronal populations with minor
(�10%) off-target transduction for each (Ferguson et al. 2011).
In the latter two studies, viral vectors with cell type-specific
promoters were used to express chemogenetic receptors that,
when activated, hyperpolarized transduced neurons and pro-
duced informative behavioral phenotypes (Ferguson et al.
2011; Tan et al. 2008).

Studies of the rat hypothalamus showcase the incisive neu-
rophysiological manipulations that can be made using viral
vectors with cell type-specific promoters. In the rat lateral
hypothalamus, intermingled populations of neurons express
melanin-concentrating hormone and hypocretin. Both popula-
tions have been individually targeted (Adamantidis et al. 2007;
Carter et al. 2009; van den Pol et al. 2004), and optogenetic
stimulation of hypocretin neurons produces wakefulness (Ada-
mantidis et al. 2007; Carter et al. 2009). Elsewhere in the
hypothalamus, intermixed oxytocin- and vasopressin-express-
ing neurons have also been separately targeted (Fields et al.
2012; Knobloch et al. 2014; Ponzio et al. 2012). Optogenetic
stimulation of oxytocin-expressing neurons that project from
the paraventricular nucleus to the amygdala suppressed fear
behaviors (Knobloch et al. 2012). Collectively, these results
show that cell type-specific promoters can be used in viral
vectors for targeted manipulations of neural activity and be-
havior in nontransgenic animals. All of these studies were
performed in rats, but the technologies used are theoretically
feasible in primates.

Activity-dependent promoters. Gene expression is not a
static property of cells but rather depends on each cell’s
activity and environment. For example, the level of c-fos
expression in neurons is upregulated after periods of spiking
activity (Kovacs 1998). The c-fos promoter, the promoters of
other activity-dependent genes, and engineered variants have
been used to drive transgene expression in active neurons
(Kawashima et al. 2014). This technique has not yet been used
in primates but has been used in mice to tag neurons that
respond strongly to whisker stimulation or to vertically ori-
ented visual stimuli (Kawashima et al. 2013). Activity-depen-
dent promoters drive expression only briefly, but techniques
based on DNA recombination or transcription factor activation,
such as those described in Advances in retrograde projection
targeting, can prolong transgene expression for several days
and theoretically much longer.

microRNA-mediated targeting. How strongly and in what
cell types a viral vector drives expression depends on the
sequence of the promoter and also the transgene (Powell et al.
2015). Some transgenes, while successfully transcribed into
mRNA, are degraded prior to translation via microRNA-me-
diated mechanisms. MicroRNAs are short RNA molecules that
are naturally expressed in cells and bind to complementary
sequences in longer messenger RNAs, suppressing their trans-
lation into protein. Different cells express different collections
of microRNAs, which causes them to express different genes.
To harness this mechanism for a neurophysiological experi-
ment, transgenes delivered by viral vector can be engineered to
include sequences that are recognized by the microRNAs in
off-target cells, effectively detargeting transgene expression
from those cells. Individual microRNA species have only
modest effects on gene expression (Gentner and Naldini 2012),
but multiple target sites can be concatenated, reducing trans-
gene expression further (Merienne et al. 2015; but see Sayeg et
al. 2015). MicroRNA types differ across neuronal types, sug-
gesting that this technique will be useful for targeting subsets
of neurons (He et al. 2012; Sayeg et al. 2015). The small size
of microRNAs makes this approach particularly amenable for
use in viral vectors.

New prospects for cell type-specific promoters. How will
new, more selective cell type-specific promoters be obtained?
One approach is to synthesize promoters de novo, based on
concatenated copies of transcription factor binding sites or
random sequences (Nathanson et al. 2009a; Schlabach et al.
2010). This approach has not yet produced tightly restrictive
promoters, but in some cases judicious modification of natu-
rally occurring promoters has boosted expression levels in
targeted cell types (Chuah et al. 2014; Hwang et al. 2001).
Another approach is to identify a gene that is expressed
strongly in the cell type of interest, find the transcription start
site of that gene from a bioinformatics database, and use the
sequence immediately upstream of it in a viral vector. For
example, the widely used CaMKIIa promoter is a 1,300-base
pair sequence located just upstream of the mouse CaMKIIa
transcription start site. Systematic use of this approach using
viral vectors has achieved modest success in rodents (de Leeuw
et al. 2014; Delzor et al. 2012; Nathanson et al. 2009a).

There are at least three reasons that this approach has not
been more fruitful. First, most neuronal types are distinguished
by the graded expression of many genes, not by the binary
expression of any single one (Tasic et al. 2016; Toledo-
Rodriguez et al. 2005). Second, some indispensable compo-
nents of viral vector genomes can act as promoters, driving
expression even in off-target cell types (Flotte et al. 1993;
Haberman et al. 2000; Logan et al. 2004). This issue is more an
inconvenience than a profound problem. It has been largely
solved in LV vectors (Logan et al. 2004), is weak in neurons,
and can be reduced further by virus dilution (Cronin et al.
2014) or the inclusion of transcription blocking sequences
(Fitzsimons et al. 2001; Kugler 2016). Third, gene expression
is regulated in part by noncoding DNA sequences, called
enhancers, that are distinct from promoters and can be quite far
from them, either upstream or downstream in the genome.

A key to finding new, highly restrictive cell type-specific
promoters may lie in new techniques for identifying active
enhancers in the genomic DNA of cells of interest, because
these are thought to account for many of the differences among
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cell types (ENCODE Project Consortium 2012; Furey 2012;
Hardison and Taylor 2012; Sanyal et al. 2012; Simonis et al.
2007; Thurman et al. 2012). Recent technical advances in DNA
sequencing have greatly facilitated the discovery of new en-
hancers, and most enhancers that have been discovered are
small enough to fit inside viral vectors (Murtha et al. 2014;
Narlikar and Ovcharenko 2009).

Two general classes of techniques have proven fruitful for
identifying enhancers. The first takes advantage of the fact that
enhancers are frequently in regions of genomic DNA that are
available to modification by enzymes (Buenrostro et al. 2013;
Thurman et al. 2012) and are tagged with particular epigenetic
marks (Heintzman et al. 2007). The second measures the
ability of a putative enhancer to increase transgene expression
in a cell type of interest. This can be done for a small number
of candidate enhancers in vivo (Visel et al. 2009) or for a large
number in vitro (Arnold et al. 2013; Dailey 2015; Muerdter et
al. 2015; Murtha et al. 2014). High-throughput screening in an
in vivo system would be a powerful tool (Patwardhan et al.
2012).

Current techniques for finding enhancers require a purified
population of the cell type of interest. Collecting such a
population from the primate CNS remains challenging, but
recent advances are making this easier. For example, laser
capture microdissection can be used to collect samples from
thin sections of primate CNS (Bernard et al. 2012; Datta et al.
2015). Alternatively, neurons of a common type can be col-
lected by fluorescence-activated cell sorting on the basis of the
proteins they express (Bonn et al. 2012; Iglesias-Ussel et al.
2013). Finally, each cell in a heterogeneous tissue sample can
be profiled in parallel, and cell types can be categorized
through bioinformatic analyses (Schwartzman and Tanay
2015; Shapiro et al. 2013). We anticipate that these tools,
combined with viral vector-mediated gene delivery, will trans-
form our ability to direct gene expression in specific cell types
in primates.

Conclusion

Transgenes can be expressed in the primate CNS using viral
vectors, but targeting manipulations to neuronal types of inter-
est with this technology remains challenging. Methods re-
quired to achieve selective targeting generally require tailoring
for individual applications. Magic bullets, in the form of highly
active, tightly restrictive cell type-specific promoters, are rare
but do exist for a handful of neuronal populations. Projection
targeting, in contrast, does not rely on cell type restriction at
the transcriptional level and takes advantage of the well-
studied anatomy of the primate brain. We expect that antero-
grade projection targeting in primates will lead to new, impor-
tant discoveries over the next several years. Improvements in
retrograde viral vectors would increase the utility of retrograde
targeting in the primate CNS. Achieving selectivity based on
cell type-specific promoters is expected to be a longer road but
a fruitful one for those willing to travel it.
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