A proposal for a coordinated effort for the determination of brainwide neuroanatomical
connectivity in model organisms at a mesoscopic scale: Supporting information

Text S1: Survey of methods relevant for determining neuronal connectivity
To supplement the discussion provided in the main article, here we provide a brief general
overview of experimental methods for determining and imaging neuronal connection patterns.
Classical methods: The most basic class of anatomical methods aimed at connectivity, which are
based on gross dissection, have been used roughly since the initial distinction between white and
grey matter was made by Vesalius [1], with the “teasing method” for following the course of
fiber bundles developed by Steno in the 17th century effectively inaugurating the era of tract
tracing. Gross dissection provided a vehicle for an elementary understanding of white matter
structures, but is severely limited by an overall lack of precision in defining anything but the
largest pathways and an inability to map the fibers to their precise terminations.
Innovations in staining methods [2] as well as the development of neuronal degeneration
techniques [3,4] led to Dejerine’s comprehensive study of the human white matter pathways, still
frequently referenced today [5]. In later years such methods were improved to selectively stain
degenerating fibers [6,7], and these techniques have provided much of what is known even today
about the fiber systems in humans. Still, degeneration methods are severely limited due to a lack
of selectivity, and because they require insult to the neural tissue under investigation.
Furthermore these methods are tedious and labor-intensive and are not feasible for any largescale attempt to determine brainwide connectivity patterns at an appropriate level of resolution.
Diffusion and functional imaging: Non-invasive brain imaging techniques are now the most
common tools for modern human neuroanatomy. Diffusion tensor imaging (DTI) [8] can be
used to estimate the tensor describing water diffusion at each voxel in a magnetic resonance
image (MRI) volume. This technique is of use for assessing connectivity because diffusion
within the white matter is constrained by axonal membranes with particular orientations.
Various tractography algorithms can be used to “connect” the tensors along their principal
directions to give an estimate of the orientations of fibers traversing through the volume. Studies
have demonstrated that such techniques can yield the approximate trajectories of a number of
major fiber bundles that have been demonstrated via other methods in either human or nonhuman primates [9,10]. DTI, however, is limited in its specificity where fibers enter the gray
matter, and also because of considerable ambiguity at potential crossings of fiber tracts within
the volume. Diffusion spectrum imaging (DSI) [11] reduces the problem of fiber crossings by
providing a much finer sampling of the orientation distribution function at each voxel.
Another class of inferential methods is based on analysis of correlations in multivariate time
series data obtained from either direct measurements using, for example, multi-unit electrodes, or
from indirect measurements using electro- or magnetoencephalography (EEG/MEG) or
functional MRI. A wide variety of statistical techniques are now available to infer functional
networks from these correlations [12,13,14,15], yet the inference of anatomical connectivity
from task-based functional data is tenuous. Indeed the availability of mesoscopic connectivity
information would greatly constrain efforts to measure task-related modulations of functional or
effective connectivity in imaging studies. There has been recent interest in spatially correlated
activity observed in resting state fMRI [16,17,18] where the subject is not actively performing a
task. Results suggest that spontaneous correlated spatial patterns may reflect anatomical
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subdivisions [19], but further data are needed to understand the complex relationship between
correlations in the blood oxygenation level dependent (BOLD) response and physical
connections between the neurons indirectly giving rise to that response. Still, brain imaging
methods provide truly non-invasive techniques for the study of connectivity, especially in
humans, and may prove quite valuable, particularly for longitudinal studies. An important
contribution of a large-scale connectivity project using other more well-established methods in
non-humans can be to help validate these methods (see the primate project described in Text S3).
Neuronal tracers: A great advancement in neuroanatomy occurred as tracers based on axonal
transport were rapidly introduced beginning in the 1970s, allowing injected molecules to be
distributed within intact living neurons through active intra-axonal transport mechanisms. In
their typical use, following a variable post-injection survival period, the animal is sacrificed, the
brain tissue processed, and tracer detected through histochemical reactions and microscopy. The
versatility of neuronal tracers has made them the primary method for examining anatomical
connectivity over the past several decades. The first tracers used radiolabeled amino acids [20]
incorporated into cell proteins and transported in the anterograde direction. The transported
radiolabeled isotopes can then be detected using autoradiography. This method has been used
extensively in monkey studies, but suffers from an indirect labeling method and a lack of
resolution compared with more recent tracers. Retrograde transport was achieved by injection of
the enzyme horseradish peroxidase (HRP) [21,22], which could be robustly detected with a
simple histochemical reaction using, for example, diaminobenzidine (DAB) or
tetramethylbenzidine (TMB) as a substrate.
More recently many improved “conventional” tracer substances that result in stronger or higherresolution labeling have been developed (see Table 1). We discuss two such tracer substances
with preference for anterograde transport in the main article and in more detail presently.
Phaseolus vulgaris – leucoagglutinin (PHA-L) [23] is a lectin derived from red kidney beans that
binds to glycoproteins in neuronal membranes and is taken up into cell bodies and is transported
almost exclusively in the anterograde direction. Biotinylated dextran amines (BDA) [24,25] are
dextrans, which have been used in other forms as tracers, that are conjugated to biotin. Available
in different molecular weights, the heavier versions (e.g. BDA10k; 10 kDa MW) appear to show
stronger preference for anterograde transport, whereas retrograde transport is observed for lighter
versions [26]. Still BDA is not transported in either direction exclusively, which can lead to
some ambiguity in interpretation of labeling results; this problem is minimized with PHA-L.
The incorporation of biotin in BDA enables a simple histochemical detection procedure that is
suitable for light or electron microscopy using a standard avidin-biotinylated HRP (ABC) kit
followed by DAB reaction, whereas the detection of PHA-L requires incubation in primary and
secondary antibodies. Both can be injected by iontophoresis, preferred for small injection sites,
or by pressure injection for larger targets.
We have suggested that the use of a multi-tracer protocol [27,28] involving co-injection of an
anterograde and retrograde tracer may prove beneficial in a high-throughput experimental
program. The non-toxic B subunit of cholera bacterial toxin (CTB) [29] is a strong candidate for
use as such a (primarily) retrograde tracer. Alternatively, the fluorescent tracer Fluoro-gold [30]
is also suitable for combination with other tracers in rodents [31]. Multiple labeling protocols
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require that each tracer be revealed as a distinct reaction product; this can be easily achieved with
an appropriately designed series of standardized histochemical processes.
It is outside of our purposes to discuss the merits of each neuronal tracer (though see Table 1),
but another class – the lipophilic carbocyanine dyes (including DiI, DiO, and DiA) – provide at
least one property not available to the majority of other methods: the ability to act in fixed postmortem human brain tissue through passive diffusion [e.g. 32]. While the slow diffusion process
has thus far limited their use to the study of relatively short-range (up to 2-3 cm) projections,
attempts have been made to increase the speed of transport to ultimately make the method more
viable for human tissue [33,34]. These and other fluorescent tracers can be injected in vivo as
well, but have few benefits relative to the other tracers discussed above, and suffer from fading
of the fluorescence signal after exposure to light. The labeling can be made into a permanent
substrate through photoconversion, but the process is time consuming and not viable for highthroughput application.
Trans-neuronal tracers: Some tracer substances can be transported trans-neuronally by crossing
the synaptic cleft to label either pre- or post-synaptic cells. Among “conventional” tracers these
include the non-toxic C fragment of tetanus (TTC), wheat germ agglutinin (WGA) and, in some
systems, WGA conjugated to horseradish peroxidase (WGA-HRP). These tracers become
increasingly dilute as they spread, resulting in the problem of weak labeling and difficult
detection. The use of neurotropic viruses has largely superseded the utilization of such tracers
for labeling multi-synaptic pathways (see Table 2). The two major classes of viruses in use as
trans-neuronal tracers are rabies virus [35] and the alpha herpes viruses [36,37] including the
swine pseudorabies virus (PRV; not related to rabies virus) and herpes simplex virus (HSV-1).
Viruses enter the cell bodies of first-order neurons, replicate, and are then transferred at or near
the synapse to second-order cells where replication occurs again. The virus thus has the
important property of self-amplification, which results in generally superior labeling of neurons
compared to the non-viral trans-neuronal tracers. Because virus spread across multiple synapses
has a variable time course (which is affected by the strength of projections, for example), it is
often difficult to differentiate weak first order connections from strong second-order projections,
and so on. For this reason it is typically necessary to evaluate viral labeling (using
immunohistochemical procedures) at multiple time points following injection, requiring
additional injections and additional animals.
Transgenesis and viral gene delivery: One of the primary criticisms of conventional tracer
techniques is their general inability to target specific cell types. The incorporation of genetic
methods into the neuroanatomist’s toolbox [reviewed in Refs. 38,39] has begun to bridge this
gap as well as to augment the conventional techniques. Here we give only a few illustrations of
these techniques. For example, WGA cDNA has been employed as a transgene in mice, with
expression under the control of cell-type specific promoters [40,41] in order to label selective
multi-synaptic circuits in the anterograde direction. TTC fused with green fluorescent protein
(GFP) expression has similarly been engineered in transgenic mice for retrograde tracing [42].
These genetically targeted trans-neuronal tracers still, however, suffer from the same
shortcomings of their conventional counterparts, particularly low sensitivity to weak
connections.
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Viral tracers have additionally benefited from genetic manipulation. The PRV virus was
engineered to be cell-type specific by replacing the coding sequence for thymidine kinase (TK),
a gene necessary for replication, with a conditionally expressed TK gene as well as the coding
sequence for GFP [43]. The modified virus then is only able to replicate in cells expressing Cre
recombinase, and these cells also express the fluorescent protein. When the virus is recombined,
it spreads as usual in the retrograde direction, with infected cells in the multi-synaptic pathway
also expressing GFP. Thus this method allows the initial first-order target of the virus to be
restricted to cell populations that themselves can be targeted for Cre expression through
transgenic methods. A recent innovation was made by Wickersham et al. [44] to restrict transsynaptic labeling by a deletion mutant rabies virus to a single synapse, beginning from a targeted
cell population. The virus envelope protein (rabies glycoprotein; RG), necessary for transsynaptic spread but not for transcription or virus replication, was replaced by enhanced green
fluorescent protein (EGFP). The missing virus glycoprotein gene is then supplied in trans to a
cell group targeted for initial infection with the mutant tracer virus. The result is that the virus
can assemble and spread trans-synaptically from this initial cell population, but because RG is
not present in the pre-synaptic cells, the virus can not continue to spread. Infected cells also
strongly express EGFP making detection with fluorescence microscopy straight-forward.
Replication incompetent viral vectors engineered from adeno-associated viruses (AAV),
lentivirus, and others can be used to deliver genetic material to selected cells [45], notably to
drive high expression of fluorescent proteins as anterograde and retrograde tracers. Recombinant
AAV [46] and lentivirus [47,48] have both, for example, been used to deliver GFP to cells by
injection, resulting in a robust anterograde labeling of axons over potentially long distances that
is stable over time. This method thus acts much like a “conventional” anterograde tracer, with
potentially higher sensitivity, and can be visualized with fluorescence microscopy or with brightfield microscopy after appropriate antibodies. Additionally lentivirus has been engineered with
GFP-tagged synaptophysin to produce selective labeling at presynaptic terminals [47]. These
viral vectors can additionally be used in combination with transgenic mouse lines to target
specific cell types [49,50].
Recently Brainbow transgenic mice were developed also exploiting the Cre-Lox system [51].
Through engineered combinatorial expression of multiple fluorescent proteins, targeted neurons
take on many (up to 90 in the published report) distinct color profiles. The color variations allow
one to distinguish adjacent neurons and thus to limit ambiguity in the reconstruction of axons
and synaptic contacts. While not a tracer method, the Brainbow construct offers the ability to
probe detailed microcircuitry in relatively large groups of labeled neurons; furthermore
automation of neuron reconstruction should be made easier by the distinct color profiles, which
have been shown to be relatively stable within each cell.
Microscopy methods: Any of the neuronal tracing techniques available require a stage in which
labeled cell bodies or neuronal processes are revealed through an imaging process. This has
been typically achieved through light microscopy (LM), which current remains the most viable
option for a high-throughput setting. Image capture for the Allen Institute’s gene expression
atlas project was fully automated using Leica DM6000B microscope systems (http://www.leicamicrosystems.com/) [52], and the Brainmaps.org project [53] has used systems from Aperio
Technologies (http://www.aperio.com) for “virtual microscopy.” These types of automated
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imaging technologies, which have only become available in recent years, can offer very high
(less than 1 square micron) in-plane image resolution and will be suitable for detection of
reaction products resulting from immunohistochemistry. In addition to systems from Leica and
Aperio, the NanoZoomer from Olympus (http://www.olympusamerica.com/), and the Mirax
Scan System from Carl Zeiss, Inc. (http://www.zeiss.com) offer similar technologies.
Such LM technologies, however, are insufficient for extremely high-resolution imaging of
synapses and receptors or other subcellular organelles. Recent developments in ultrastructural
imaging including array tomography, serial reconstruction of pathways[54] at the site of
termination [e.g. Ref. 55], serial block-face scanning electron microscopy (SBFSEM), and the
automatic tape-collecting lathe ultra-microtome (ATLUM), have opened the possibility of
obtaining accurate large volume images at nanometer resolution [56,57,58]. Such methods are
not tractable for comprehensive brainwide mapping in large brains, and it is unclear that the
required neuron reconstruction algorithms ready for high-throughput usage. Further, some
elements of microcircuit organization may be inferred without ultrastructural reconstructions
using principles such as Peter’s Rule [59]. However, these techniques should be used to provide
detailed supplemental data to the proposed project. For this reason it is important that techniques
applied to a brainwide project remain compatible with EM.
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coarser

finer

postmortem human
any species

any species

primates including
human
rodents, primates,
postmortem human
mice, drosophila

Gross dissection (1543)

Myelin stains (1882)

Degeneration Methods (1885-1950’s)

Diffusion-based MR imaging (1990 - )

Neuronal tracers (1968 - )

rodents

any species

SPIM / Ultramicroscopy (2007)†

Volume EM reconstruction (2004 -)†

Table 1: Techniques for determining neuroanatomical connectivity.
dyes and tracers, etc. for detailed reconstruction of microcircuitry.

rodents, non-human
primates

Viral gene transfer (1998 - )

Transgenesis (1990 - )

Used in

Procedure

†

serial scanning of ultrathin
sections, or block-face
scanning of threedimensional volumes

planar imaging of whole
sample

classical “hands on”
anatomy
ferric chloride and
hematoxylin stain
myelinated fibers deep
blue
e.g. silver impregnation
selectively labels
degenerating fibers from a
lesion site
MR imaging of water
diffusion direction +
reconstruction
active or passive transport
of injected substances
selective expression of
genes to label specific
cells
selective expression of
genes to labels specific
cells

Brief Description
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Imaging methods (not connectivity methods per se) that can be used in conjunction with

nanometer resolution; single boutons, spines,
receptors and other subcellular organelles

single cell

fiber bundles down to neural processes

Single neurons and/or fibers down to neural
processes
fiber bundles down to neural processes

major fiber bundles

degenerating axon bundles

large and fine myelinated axon bundles

major fiber bundles

Spatial specificity

Medium-Fine

Fine

Fine

Medium

Fine

Medium

Fine

Fine

Fine

Fine

Medium

Lipophilic Dyes
(DiI, FastDiI, DiA, DiO)[61]

Fluoro-Gold (FG)[30]

Phaseolus vulgarisleucoagglutinin (PHAL)[23]

Wheat germ agglutinin
(WGA)[62]

Cholera toxin subunit B
(CTB)[63]

C fragment of tetanus toxin
(TTC)[64]

Biotinylated dextran
amines[24,25]
(BDA 10kDa)

Biotinylated dextran
amines[24,25]
(BDA 3kDa)

Fluorescent dextrans
(FR, FE, CB, LY)[65,66]

Biocytin / Neurobiotin[67]

Fluorescent latex
microspheres[68]
P, S

IC, P, I

P, S

P, I

P, I

P,I

P, I

P, I, T

I

P, I, C

P, I, S, C, B

P, I, S

S

Multi-color
Fluorescence

ABC method

FM, LM

LM, EM

Retrograde vesicular
transport

Fast axonal transport

Probably endocytotic uptake
FM, LM, EM followed by diffusion

Multi-color
Fluorescence,
photoconversion, IH

Probably endocytotic uptake
followed by diffusion

Probably endocytotic uptake
followed by diffusion

Binds to cell surface
receptors

Binds to cell surface
receptors

Binds to cell surface
receptors

LM, EM

LM, EM

LM, EM

LM, EM

LM, EM

LM, EM

ABC method

ABC method

IH

IH

IH

IH

Endocytotic uptake,
FM, LM, EM retrograde vesicular transport

gold-blue
fluorescence,
photoconversion, IH

Lateral diffusion within fluid
membrane

FM, LM

Red, green, blue
fluorescence,
photoconversion

Endocytotic uptake,
retrograde vesicular transport

Protein synthesis and fast
axonal transport

Mechanism

LM, EM

LM, DFM

Visualization

ABC method

Autoradiography

Application Detection

Y

Y

Preparations

In vivo rodent, primate

Tracer leakage, lack of fine
labeling

Inferential detection method

Limitations

36-72 mm/day

2-6 mm/day

2-6 mm/day

~75 mm/day

~100 mm/day

22-44 mm/day

4-7 mm/day

In vivo rodent, slice
culture

In vivo rodent

In vivo rodent, primate

In vivo rodent, primate

In vivo rodent, primate

In vivo rodent, primate

In vivo rodent, primate,
birds

In vivo rodent, primate,
transgenic mice

In vivo rodent

In vivo rodent

No cell morphology visible,
limited compatibility with
histological methods

Only useful for short survival
periods

Photobleaching of label

Some anterograde transport

Some retrograde transport
through fibers of passage

weak transneuronal labeling

Some anterograde transport

Severe immune response,
weak transneuronal labeling

Not effective in older animals,
unreliable for some
researchers in primates

Limited use for long-term
studies; cytotoxicity

up to 6 mm/day in In vivo rodent, primate,
vivo, ~2 mm/mo in slice cultures, fixed tissue, Photobleaching, failure in
fixed tissue
birds
adult animals

200-300 mm/day

up to 100 mm/day In vivo primate, rodent

TransTransport
synaptic rate
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Table 2: Comparison of conventional neuronal tracer substances. In columns titled Labeling efficacy, subcolumn A indicates anterograde direction, R retrograde
direction, and the gray-level indicates efficacy with black strongest. In column Application, S: Hamilton microsyringe, P: pressure injection, I: iontophoresis, C:
crystal placement, B: biolistic delivery, T: transgenic mice. Other acronyms: IH: immunohistochemistry, LM: light microscopy, FM: fluorescence microscopy,
EM: electron microscopy, DFM: dark field microscopy, ABC method: avidin biotinylated HRP method.

Medium-Fine

Resolution

Horseradish peroxidase
(HRP)[21,22,60]

R

Medium

A

Radiolabeled amino
acids[20]

Tracer

Labeling efficacy

EGFP

Cre expressing
cells
multiple

multiple

HSV-2 (Strain 186)

none

IH

GFP, IF

IF

GFP, RFP

IH

IH

IH

N

N

Y

N

N

N

N

Y

N

N

N

N

N

N

Genetic
constructs
required
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Table 3: Summary of a subset of the viral tracers (including recombinant viruses) that have been utilized.

none

Recombinant Lentivirus[47]

TVA expressing
cells
single

Recombinant Adeno-associated virus (rAAV)[46]

Deletion-mutant rabies virus[44]

Challenge Virus Standard (CVS-11)[35]

multiple

multiple

HSV-1 (H129)[72]

rhabdoviruses

multiple

HSV-1 (MacIntyre)

human herpes simplex virus (HSV)

Ba2001[43]

β-Gal

multiple

PRV-BaBlue[71]

EGFP
RFP

multiple
multiple

IH

PRV614[70]

multiple

PRV-Bartha

IH

IH

Reporter
Method

PRV152[69]

multiple

PRV-Kaplan

R

Transsynaptic

multiple

A

Specific
targets

PRV-Becker

swine pseudorabiesvirus (PRV)

alpha-herpesviruses

Virus

Direction

N

N

Y

Y

Y

Y

Y

N

N

N

N

N

N

N

Human
pathogen

Not currently available in vivo

May not work in all systems in all species

Transport direction may differ by infected
area

Herpes viruses can infect astrocytes as
well as neurons
Transport direction may differ by infected
area

immune reactivity, polysynaptic, distribution
of receptors, ventricle uptake

highly virulent wild type strain, not viable as
tracer due to short survival times

PRV viruses fail to work in primates, virus
may not exclusively spread to synaptically
connected cells

Known issues / considerations
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