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Abstract

Understanding brain circuit organization and function requires systematic dissection of its cellular
components. With vast cell number and diversity, mammalian nervous systems present a daunting
challenge for achieving specific and comprehensive cell type access — prerequisite to circuit
analysis. Genetic approaches in the mouse have relied on germline engineering to access marker-
defined cell populations. Combinatorial strategies that engage marker intersection, anatomy and
projection pattern (e.g. antero- and retro-grade viral vectors), and developmental lineage
substantially increase the specificity of cell type targeting. While increasing number of mouse cell
types are becoming experimentally accessible, comprehensive coverage requires larger
coordinated efforts with strategic infrastructural and fiscal planning. CRISPR-based genome
editing may enable cell type access in other species, but issues of time, cost and ethics remain,
especially for primates. Novel approaches that bypass the germline, such as somatic cell
engineering and cell surface-based gene delivery, may reduce the barrier of genetic access to
mammalian cell types.

Introduction

Understanding the organization, function and assembly of neural circuits requires systematic
dissection of their basic elements, groups of nerve cells that share similar anatomical and
physiological properties, i.e. cell types. To reliably identify these cell types - individual
nodes of the brain circuit connectome, and to measure and manipulate their activity in the
context of behavior, we need a comprehensive toolkit that provides experimental access to a
large set of these circuit elements. Indeed, a dream of many neuroscientists is to be able to
readily identify, monitor and manipulate every cell type in the circuits that they investigate.

The broad challenges of cell type access are several-fold [1]. The first and foremost is
specificity at an appropriate granularity. Precise targeting of a cell type in neural circuit
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analysis is, in a sense, analogous to successful cloning of a gene in genetics — it will provide
the clarity in answers that cannot be obtained otherwise. Studying an unknown mixture of
cells with non-specific tools is not only uninformative but often generates confusion. The
second is comprehensiveness. It is highly desirable to be able access most if not all cell
types in a given neural circuit to discover its precise organization and operation. The third is
systematic coverage. With a vast number of cell types across brain regions, it is necessary to
build broad collections of tools to cover many of these brain systems. The fourth is
robustness of toolgenes (i.e. markers, sensors, transducers etc.) that allow easy and effective
observation and manipulation.

Not surprisingly, the ease of accessing cell types is often correlated with the complexity of
the nervous system and brain region in genetic model organisms (Table 1). In the round
worm C.elegans with 302 neurons of exactly 118 types, thousands of cell type transgenic
lines are available and each neuron type is covered on average by ~32 transgenic lines [2]. In
Drosophila melanogaster with a total of ~10° neurons in the adult brain, over 2x10* driver
lines have been generated to cover cell populations in most brain regions, with increasingly
number of intersectional lines that target highly specific cell types[3]. And there are ample
examples where every cell type in a brain circuit is recognized and targeted [4]. Together
these cell type tools bestow unparalleled experimental versatility and have transformed the
study of worm and fly neurobiology.

With over 108 neurons of vexing diversity and an unknown number of types in the mouse
and most mammalian brains (Table 1), the challenge of cell type access is not only technical
but also conceptual -the very definition of neuron type in many brain regions is often
contentious [1,5,6]. Recent advances in single cell analysis, especially single cell genomics,
present unprecedented opportunities for understanding, discovering, and accessing cell types
in the mammalian brain. Furthermore, programmable nucleases-based site-specific genome
editing techniques, such as clustered regularly inter-spaced short palindromic repeats-Cas9
(CRISPR-Cas9), transcription activator-like effector nuclease (TALEN), and zinc-finger
nucleases (ZFNSs), facilitates germline and somatic engineering in broader mammalian
species for cell access, especially in primate brains with orders of magnitudes more neurons
(~10° in marmoset and ~1019 in rhesus macaque). Here we highlight recent progress in cell
type tools in the mouse, consider the requirement and prospect of more broad and
comprehensive cell access in this genetic model organism, discuss the opportunities and
challenges in other mammalian species, and call for innovation of novel approaches in
parallel to germline engineering.

Cell transcriptomes provide unprecedented opportunities for discovering

and targeting cell types

Molecular markers are the starting point for genetic access to cell populations defined by
gene expression. Until recently, cell type markers in the mammalian brain were very sparse
and were mostly discovered in a serendipitous and piecemeal manner. This situation has
fundamentally changed in the past two years, with innovations in massively parallel single
cell and single nuclei RNA sequencing (scRNAseq, sSnRNAseq). Thousands to millions of
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single cells are sequenced in multiple brain regions and species [7*-13*]. Unsupervised
statistical clustering have identified increasing number of “transcriptional types” with
distinct expression profiles, many may serve as single or combinatorial markers.

Furthermore, new generation of mRNA in situ techniques such as multiplexed error-robust
fluorescence in situ hybridization (MERFISH)[14*] and in situ transcriptome profiling (seg-
FISH)[15*,16**] enable cellular resolution spatial detection of dozens to hundreds mRNAs.
These methods promise to reveal the precise spatial localization of transcriptional cell
clusters, an important step towards identifying cell types. Together, the rapid accumulation
of markers for transcriptional cell types and their spatial distribution pattern provide
unprecedented opportunities for genetic access. Indeed, an increasingly restrictive bottleneck
is the generation of recombinase driver lines and their characterization. It should be made
clear though that progress in single cell transcriptomics by itself does not and cannot address
the fundamental issue of how to define a cell type, a problem that can only be addressed by
multi-faceted analyses of orthogonal cell features, which require reliable experimental
access.

overarching and mechanistic definition of cardinal neuron types

Nerve cells are, in a quite real sense, individual micro-organisms living in a highly
connected brain cell society. They manifest multi-modal and multi-dimensional phenotypes
that are extraordinarily difficult to describe and measure. These include morphology,
connectivity pattern, physiological properties, gene expression profiles, developmental
history, and ultimately circuit function. A fundamental conceptual and technical challenge is
establishing an overarching and mechanistic framework of cell type identity that integrates
multi-modal cell phenotypes. Combining genetic targeting, high-resolution single cell
transcriptomics and computational analysis, a recent study discovered that the transcriptional
architecture of synaptic communication delineates cortical GABAergic neuron identities
[17**] (Figure 1). This architecture comprises 6 categories of ~40 gene families including
cell adhesion molecules, transmitter-modulator receptors, ion channels, signaling proteins,
neuropeptides and vesicular release components, and transcription factors. Combinatorial
expression of select members across families shapes a multi-layered molecular scaffold
along cell membrane that may customize synaptic connectivity patterns and input-output
signaling properties. Transcriptional signatures of synaptic communication may integrate
anatomical, physiological, functional and developmental genetic features that together define
neuronal identity. This discovery provides an overarching and mechanistic framework for
cell type definition, discovery, and cataloging. Future studies will evaluate whether this
synaptic communication scheme apply to the definition of other neuron types, especially
projection neurons whose input-output connectivity constitutes basic circuit elements of
information processing and relay in global networks and brain systems[18]. Several methods
begin to link orthogonal cell features with transcription profiles, such as physiological
properties (e.g. patch-seq) [19,20], connectivity (e.g. MAPseq) [21] and activity (e.g. Act-

seq)[22].
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General approaches to cell type access

In broad terms, there are two approaches to access cell types (Figure 2). The first is through
gene expression. These most often involve germline engineering but also include viral
vectors with short promoters, and CRISPR mediated gene editing in neural progenitors or
somatic cells. The second approach is to access neuron types according to their projection
targets or cell surface properties. These include retrograde viral infection of axon terminals,
viral particles or nanoparticles that recognize specific cell membrane proteins or lipids.
Whereas much emphasis and progress have been made with the first approach, the second
approach has been out of the spot light but may be crucial for future progress.

Genetic cell type access in the mouse

As the most advanced mammalian genetic model organism, germline engineering has been
the primary approach to capture cell types in the mouse. Although BAC transgenic[23] and
enhancer trap[24,25] methods have generated useful tools, gene knockin (i.e. homologous
recombination in embryonic stem cells) has proven to be the most specific and reliable
approach to target marker defined cell populations. To date, on the order of ~200 Cre, Flp,
Dre, and tTA driver lines have been characterized that target neuronal populations and cell
types in multiple brain regions [26—-29**](Allen Brain Institute transgenic atlas, http://
connectivity.brain-map.org/transgenic). However, these are far from a systematic coverage
of cell populations across brain regions and systems. Clearly, orders of magnitude more
driver lines are needed[30].

Furthermore, single gene-driven recombinase lines often mark relatively broad and mixed
cell populations. More specific targeting is feasible by combining multiple driver-reporter
alleles with viral vectors to engage a spectrum of cell-defining features that include lineage,
birth time, marker genes, and anatomy (Figure 3). A recent study demonstrates that
combinatorial genetic and viral approaches can target highly restricted GABAergic
subpopulations and cell types characterized by distinct laminar location, morphology, axonal
projection, and electrophysiological properties [28**]. Intersectional embryonic
transcription factor drivers allow finer fate mapping of progenitor pools that give rise to
distinct GABAergic populations, including laminar cohorts. Conversion of progenitor fate
restriction signals to constitutive recombinase expression enables viral targeting of cell types
based on their lineage and birth time. Properly designed intersection, subtraction,
conversion, and multi-color reporters enhance the precision and versatility of drivers and
viral vectors. These strategies and tools should apply to other brain regions and facilitate cell
type access throughout the mouse brain.

Binary gene expression systems have proven to be a powerful and versatile strategy to cell
access in both mouse (Figure 3) and Drosophila. While the driver component of this system
provide cell specificity, the reporter/responder component supplies the toolgenes (markers,
sensors, transducers) for observing and manipulating cell phenotypes and function. The
robustness of reporter gene expression is thus crucial for the success of cell type and circuit
analysis. The Allen Institute of Brain Science has pioneered efforts with sustained progress
in the improvement of reporter lines at the Rosa26 and TIGRE loci[29**,31]. In particular,
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the most recent TIGRE2.0 allele features order of magnitude higher expression level than
other reporter lines and will significantly facilitate neural circuit analysis[29**].

A major goal of cell type access is to understand their function in circuit operations and
behavior. In this context, marker defined cell types can be functionally heterogeneous; thus it
is highly desirable to target neuron types or ensembles based on their activity pattern and
history during behavior. Significant progress has been made through innovative combination
of activity regulated gene expression and viral methods to access activated neurons. These
were covered in a recent review[32]. Newly developed calcium- and light-gated
transcriptional control systems enable the detection and manipulation of activity tagged
neuronal subtypes with high spatiotemporal precision [33*,34*].

In summary, the technical issues of specificity and robustness of germline based cell access
in the mouse have largely been solved. However, the issues of systematic and comprehensive
cell coverage remain and will require much larger coordinated efforts with strategic
infrastructural and fiscal planning. The Drosophila community has addressed this challenge
by a large scale organized project at HHMI/Janelia Farm campus[3]. In the mouse,
thousands if not tens of thousands driver lines are likely needed to exert a decisive impact on
mammalian circuit neuroscience. Recognizing the cell type issue as the number one priority
in the US BRAIN Initiative, NIH has recently launched the BRAIN Initiative Cell Census
Network (BICCN) with the goal of establishing a Mouse Brain Cell Atlas[35] (NIH
websites). Cell type discovery and access are crucial components of this effort. Currently no
conventional scientific institutions and infrastructure (even the Allen Institute) is particularly
suited for the task. A strategic balance of broad and sparse coverage vs more focused dense
coverage will be necessary to fuel the next phase of progress.

Genetic cell access in the rat

Several rat Cre driver lines and reporter lines have been generated by traditional[36] or BAC
transgenic[37-41], and classical[42], ZFN[43] or CRISPR-Cas9[44,45] assisted knock-in
methods. They allowed labelling and optogenetic manipulation of restricted neuronal
populations. For example, optogenetic stimulation of dopamine neurons in the ventral
tegmental area induced positive reinforcement[37]. Currently, the number of transgenic rat
drivers and reporter is very limited and they have yet to be widely used in studying
neurobiological questions.

Genetic engineering in primates

While mice and rats are essential models in many areas of neuroscience, there are aspects of
higher brain function that cannot be adequately modeled in rodents[46]. Similarly, many
brain disorders affect higher cognitive functions that have no clear parallels in rodents[47].
There is thus an urgent need for extending circuit neuroscience to primates which are
phylogenetically closer to humans. Recent advances in genome-editing technologies have
made it feasible to generate primate genetic models[48]. For example, in cynomolgus
monkeys, lentiviral-based transgenesis was used to overexpress the Methyl-CpG binding
protein 2 gene (MeCP2) to model autism [49], and TALEN-based genome editing was used
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to mutate MeCP2 gene to model the Rett syndrome [50]. Recently, two groups have
generated base-precision knockin cynomogus monkeys expressing reporter genes by
CRISPR/Cas9-assisted homologous recombination[51,52]. However, given the complexity
of the primate brain and the difficulty and cost involved in primate germline manipulation, it
is difficult to conceive that we will be able to map and manipulate many cell types in a
primate using traditional germline approaches. Currently, cell access in the primate brain
mainly relied on viral vectors carrying short promoter elements. Broad cell populations such
as glutamatergic excitatory neurons[53-56], GABAergic inhibitory neurons [57],
dopaminergic neurons[58,59], cerebellar Purkinje cells[60] and astrocytes[61] have been
targeted with adeno-associated virus (AAV) or lentivirus (Table 2), but there is a large gap
between the immense cellular diversity within primate nervous system and the very limited
number of currently available cell type specific viral tools.

Non-germline approaches to cell access

Diverse neurotropic viruses have evolved mechanisms to transduce nerve cells and can be
engineered to achieve regulated and high level gene expression. Although gene regulatory
promoter and enhancer elements have been incorporated into viral vectors to drive toolgene
expression, the cell specificity of this approaches is quite limited, in part because most
enhancer elements are not well defined and viral vectors have limited capacity to include
large genomic fragments. MicroRNA binding sites can also be incorporated to regulated
gene expression post-transcriptionally for tissue or cell type specific targeting [62—64].

As viral infection rely on the interaction of viral capsid protein with receptors on cell
membrane, selective transduction can be achieved by engineered tropism. For example,
EvnA is widely used to psuedotype virus such as rabies virus to infect TVA expressing
neurons for cell type specific retrograde tracing[65]. Screening of naturally existing or
directed engineered viral capsid variants with higher cell type specific is a currently
underexplored but worth-noting future direction.

As many projection neuron types can be defined, to the first approximating, by their axon
projection targets, application of retrograde viral infection at axon terminals is an effective
approach of targeting cell types. Canine adenovirus type 2[66], rabies virus[67], herpes
simplex virus[68], and the recently developed retrograde AAV (rAAV2-retro)[69**] have all
proven to be effective. In particular, the ease in the construction of rAAV2-retro with diverse
payloads enables infection of multiple projection targets, which enhance cell type specificity
and allow more flexible observation and manipulation of these cell types.

Retrovirus like Maloney murine leukemia virus can only transduce proliferating cells
including neural stem cells and glia but not post-mitotic neurons. Using this type of virus as
carrier, fluorescent or enzymatic markers can be integrated into neural stem cell genome for
lineage tracing[70]. Clonal analysis from single progenitors can further be achieved by
titrating the virus to infect very few stem cells, or tagging different stem cells with highly
diverse DNA barcodes[71,72].
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Combing AAV and CRISPR-Cas9, efficient genome editing via homology-directed repair
(HDR) can be achieved in vivo in postmitotic neurons and neural progenitors to tag
endogenous proteins. Targeting CamKlla gene locus, selective labeling of neurons but not
glia were observed in the all injected brain area including cerebral cortex, hippocampus,
amygdala and striatum. This virus-mediated single-cell labeling of endogenous proteins via
HDR (VSLENDR) is widely applicable to any brain area, cell type, and age, and could be
adapted to other mammalian species like non-human primates. [73**]

Cell type targeting can also utilize ligand-receptor interaction on the cell surface. For
example, gold nanoparticles conjugated to high-avidity ligands to membrane proteins of
specific neuronal cell type such as dorsal root ganglion neurons enabled optical triggering of
action potentials in these neurons[74*]. Antibody-antigen interaction is another strategy for
targeted delivery of effector molecules or toolgenes. In tumor therapy, camelid nanobody-
based approaches have been developed to block cell signaling or to exert therapeutic activity
through its conjugated toxin and nano-sized drug carriers[75*]. Nanobodies can also be used
to decorate viral vectors for cell specific transduction[75*]. In principal, these approaches
can also be applied in the nervous system to deliver toxin, drug and transgenes into selective
cell types.

Although nanobody based targeted deliver into neurons has yet to be achieved, nanobody
against GFP has been used for cell type specific analysis in the nervous system. For
example, the retoTRAP method captures translating mRNAs from neurons defined by their
axon projection target through retrogradely infection of a viral vector expressing a GFP-
tagged ribosomal protein [76**~78*]. Further, GFP-dependent transcription factor (T-
DDOGS)[79] and Cre recombinase (CRE-DOG)[80] methods were used to regulate
transcription and recombination activity, respectively. In the future, nanobodies recognizing
endogenous cellular marker proteins could be developed as an alternative to viral approaches
for cell type targeting in mammalian species.

Summary and perspectives

Cell types are fundamental building blocks that underlie system level operations across
organs, much beyond the brain, and contribute to the well-being of the individual organism.
A broad and fundamental need in current biomedical research is to be able to systematically
identify the diverse cell types in body systems and to manipulate the function of each type in
order to understand tissue and system level function and dysfunction. With the massive scale
and throughput of single cell genomics that define transcriptional cell clusters, experimental
access to cell types is rapidly becoming one of the most rate-limiting bottlenecks in
biomedical research.

In the mouse with sophisticated and well established genome engineering system, major
technical hurdles in achieving specificity and robustness of cell type access have been
overcome. It will be very useful to achieve multiplexed and routine targeting of two or more
cell types in the same animal. Novel recombinases for orthogonal gene regulation with Cre,
Flp, Dre, tTA will be desirable[81], and improved intersection/subtraction viral vectors[82*]
will be especially needed to achieve flexibility and multiplex cell type access. Perhaps the
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most pressing need is to expand the coverage of cell type access across the mouse brain.
Even with BICCN scale projects, only a modest number of new driver lines (~100) have
been proposed (https://www.nih.gov/news-events/news-releases/nih-brain-initiative-
launches-cell-census). Large-scale germline engineering and breeding present significant
challenges in organization, coordination, infrastructure, and fiscal planning.

CRISPR based genome editing presents opportunities for germline manipulation and cell
type targeting in other mammalian species. However, issues of time, cost, scale, and ethics
remain, especially for primates. Indeed it is hard to conceive even a small scale project for a
germline based approach to cell type access in primates with broader impact. Therefore in
addition to specificity and comprehensiveness, what is most needed is the ability to access
cell types in a way that is fast (hours and days), /nexpensive, and general (applicable across
mammalian species). Novel non-germline approach will be the game changer. Innovative
methods such as somatic cell engineering and cell surface-based gene delivery may reduce
the barrier of genetic access to mammalian cell types.
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Highlights

> Genetic access to cell types aims to achieve specificity and comprehensive
coverage

> Cell transcriptomes provide ample molecular markers for accessing cell types

> Combinatorial germline and viral approaches in mice enable specific cell
targeting

> Novel non-germline methods are critical for accessing cell types in other
species
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Figure 1.
Six cardinal types of GABAergic neurons (left) are delineated by their transcription profiles

mainly consisting of 6 functional gene categories encoding a molecular scaffold that mediate
synaptic input-output communication (right). Modified from Paul et al 2017.
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Figure 2.
Two major approaches to access cell types. A. Utilizing gene expression regulatory

mechanisms. Toolgene (“effector”) can be inserted into host genome via genetic
engineering, or delivered into cells on a viral vector or plasmids. Its expression can be
regulated on the DNA level by a binary system such as Cre-loxP((D), on the transcriptional
level promoter and enhancers(®), on the post-transcription level by miRNAs (), or on the
protein level through modulating protein stability or localization(®). B. Recognizing cell
surface molecules. Viral infection is mediated by interaction between capsid protein and
membrane receptors (®). Nanobody recognizing cell surface antigen, or engineered ligands
recognizing membrane receptors, can be used to decorate virus or non-viral vehicles such as
nanoparticles which modulates neuron activity or delivers drugs (®).
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Genetic access to cell types in the mouse brain. A. Binary system for cell type targeting

using single driver. B. Intersectional targeting paradigms. C. Besides marker gene

expression, other cellular features including developmental lineage, anatomical location and
connectivity can also be utilized to target specific cell types within broad classes of neural

stem cells, neurons and glia. For example, retrograde virus can be combined with Cre driver
mice to label cells expressing a specific marker and also projecting to a specific target brain

region.
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Table 1

Comparison of cell type tools across several model organisms

Species Neurons | Neuron types Cell type drivers | privers/cell type or population*

C. elegans | 302 118 >108 ~30 (4-150)

Drosophila | ~10° Likely thousands | ~4x10% Many cell types have multiple drivers
Mouse ~108 Unknown ~5x102 1 and none for most

Rat ~108 Unknown ~2x10! None for most

Macaque ~1010 Unknown None yet None

Marmoset | ~10° Unknown None yet None

Page 18

*
The numbers include those that are specific to a cell type and those that are expressed in a cell type/population as well as in other cell types/

populations.
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Table 2

Viral strategies for targeting specific cell types in non-human primate brain

Page 19

Cell type Promoter Viral Vectors Species Reference
Ubiquitous elongation factor 1a. (Efla) chicken B-actin AAV, Lentivirus | Macaque [81,82]
(CAG)
CMV AAV Macaque Marmoset | [54,83]
Neuron human Synapsin-1 hThy-1 AAV, Lentivirus | Macaque [56,82]
Excitatory neuron mouse calcium-calmodulin kinase-2a(CamK2a) | AAV, Lentivirus | Macaque Marmoset | [51-54]
GABAergic neuron Mouse distalless homeobox 5 and 6 enhancer AAV Marmoset [55]
Dopaminergic neuron 300-bp fragment of the 5 tyrosine AAV Macaque [57]
hydroxylase(TH) promoter
Dopaminergic/noradrenergic neuron | a 3.1 kb proximal promoter fragment of the Lentivirus Macaque [56]
rhesus monkey tyrosine hydroxylase promoter
Cerebellar Purkinje cell 1 kb L7/Pcp2 promoter AAV Macaque [58]
Astrocyte 0.3-kb Callithrix jacchus GFAP (cjGFAP) promoter AAV Marmoset [59]
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