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Communication between cortical areas contributes importantly to sensory perception
and cognition. On the millisecond time scale, information is signaled from one brain
area to another by action potentials propagating across long-range axonal arborizations.
Here, we develop and test methodology for imaging and annotating the brain-wide
axonal arborizations of individual excitatory layer 2/3 neurons in mouse barrel cortex
through single-cell electroporation and two-photon serial section tomography followed
by registration to a digital brain atlas. Each neuron had an extensive local axon within
the barrel cortex. In addition, individual neurons innervated subsets of secondary
somatosensory cortex; primary somatosensory cortex for upper limb, trunk, and
lower limb; primary and secondary motor cortex; visual and auditory cortical regions;
dorsolateral striatum; and various fiber bundles. In the future, it will be important to
assess if the diversity of axonal projections across individual layer 2/3 mouse barrel
cortex neurons is accompanied by functional differences in their activity patterns.

Keywords: barrel cortex, axonal morphology, layer 2/3, two-photon tomography, mouse brain atlas

INTRODUCTION

On the millisecond timescale, neurons communicate primarily by releasing neurotransmitters
from presynaptic specializations along their axons in response to action potential firing, with
the increased concentration of neurotransmitters acting to open ligand-gated ion channels
largely concentrated in postsynaptic specializations on dendrites. In order for any two neurons
to be synaptically connected it is essential that the axon of the presynaptic neuron is in close
apposition to the dendrite of the postsynaptic neuron. Reconstructing the axon and dendrites
of individual neurons, therefore, provides important information about where they might send
and receive signals (Cajal, 1995). Whereas dendrites have relatively large diameters and are
typically confined to a small region near the cell body of the neuron, axons have smaller diameters
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and can project long distances across the brain, spinal cord,
and other parts of the body posing important challenges for
their accurate characterization. Here, building on technical
advances in single-cell anatomy developed in previous studies
(Yamashita et al., 2013, 2018; Economo et al., 2016; Han et al.,
2018; Winnubst et al., 2019; Peng et al., 2021), we further test
procedures for whole-brain imaging, reconstruction, registration
and quantification of the axonal and dendritic structure of single
labeled neurons in layer 2/3 of the mouse barrel cortex.

The barrel cortex is a highly-specialized brain area serving
as the primary whisker somatosensory cortex (wS1, also labeled
SSp-bfd) for processing sensory information from the array
of mystacial vibrissae (Brecht, 2007; Diamond et al., 2008;
Petersen, 2019; Staiger and Petersen, 2021). Each whisker
on the snout is mapped onto an anatomically-identifiable
structure in layer 4 of wS1, known as a barrel, arranged
somatotopically across the horizontal extent of wS1 (Woolsey
and Van der Loos, 1970), helping with precise structure-
function analyses. Bulk anterograde labeling of long-range
axonal projections of neurons with cell bodies located in barrel
cortex has revealed that they project to a large number of
cortical and subcortical brain areas including secondary whisker
somatosensory cortex (wS2, a part of SSs), whisker motor
cortex (wM1/2, parts of MOp and MOs), perirhinal cortex,
orbitofrontal cortex, secondary visual cortex, posterior parietal
cortex, satellite cortical regions around wS1 including the
dysgranular zone, contralateral cortex, different thalamic nuclei
(VPM, higher-order posterior medial nucleus, and thalamic
reticular nucleus), zona incerta, dorsolateral striatum, superior
colliculus, anterior pretectal nucleus, pons, hypothalamus, and
trigeminal nuclei (White and DeAmicis, 1977; Welker et al.,
1988; Aronoff et al., 2010; Matyas et al., 2010; Mao et al., 2011;
Sreenivasan et al., 2015; Guo et al., 2017; Sumser et al., 2017;
Yamashita et al., 2018). Individual neurons appear to largely
innervate only subsets of these targets, but the full extent of
the anatomical diversity of long-range projection neurons in
mouse wS1 is currently unknown. The local axonal arborizations
within the barrel field of excitatory neurons with somata in
wS1 has been characterized extensively (Schubert et al., 2001,
2006; Feldmeyer et al., 2006; Frick et al., 2008; Oberlaender
et al., 2011; Feldmeyer, 2012; Narayanan et al., 2015; Staiger
et al., 2015; Rojas-Piloni et al., 2017; Egger et al., 2020). A
previous study reported the long-range axonal projections of
infragranular pyramidal neurons, finding diverse corticofugal
innervation patterns (Guo et al., 2017). Furthermore, sparse
brain-wide labeling and imaging of genetically-defined neuronal
populations revealed the morphology of various neurons in the
primary somatosensory cortex, including some in the barrel
field (Peng et al., 2021). Previous single-cell reconstruction
studies targeted specifically to excitatory projection neurons
in layer 2/3 of mouse wS1 have differentiated between two
selected subsets depending upon retrograde labeling from
wS2 and wM1 (Yamashita et al., 2013, 2018), allowing correlation
with functional studies, which indicated interesting projection-
specific differences in sensorimotor processing (Chen et al.,
2013, 2015; Yamashita et al., 2013; Kwon et al., 2016; Yamashita
and Petersen, 2016; Vavladeli et al., 2020). Here, in this study,

we sampled layer 2/3 mouse barrel cortex neurons without
pre-labeling of their long-range projections, and we made
three important methodological advances over our previous
work towards quantitatively studying their anatomy: (i) we
imaged entire mouse brains using two-photon serial section
tomography; (ii) we registered our data to a standardized
digital atlas of the mouse brain; and (iii) we quantified axonal
length in the context of brain areas annotated in the digital
atlas. Through these technical advances, we have begun to
further characterize the diversity of the axonal projections
of individual layer 2/3 neurons in the mouse barrel cortex,
adding to the important body of previous knowledge about
the single-cell anatomy of excitatory projection neurons in
the superficial layers of rodent primary whisker somatosensory
cortex (Feldmeyer et al., 2006; Lübke and Feldmeyer, 2007;
Yamashita et al., 2018; Egger et al., 2020; Peng et al., 2021;
Staiger and Petersen, 2021). However, immunohistochemical
labeling of processed tissue also pointed to important technical
limitations indicating that our methodology revealed incomplete
axonal arborizations.

MATERIALS AND METHODS

All animal procedures were performed in accordance with
protocols approved by the Swiss Federal Veterinary Office
(license VD1889.4).

Head-Post Implantation
The experiments were carried out in 6–9 week-old male and
female wild type C57BL/6J mice. Surgeries were performed
under isoflurane anesthesia (4% for induction, then 1.5%)
and the temperature was continuously monitored and held at
37◦C using a closed-loop heating system (FHC Inc). All of
the right whiskers, except the C2 whisker, were trimmed, and
then mice were positioned in a stereotaxic frame using a nose
clamp. In order to protect their eyes from drying, a hydrating
eye gel was placed over the eyes during the surgery (VITA-
POS, Pharma Medica AG). Pre-operative analgesia included
intraperitoneal (i.p.) injections of Carprofen (0.3 ml at 0.5 mg/ml;
Rimadyl, Pfizer) and subcutaneous injections of a mix of
lidocaine (2% diluted 1:10) and bupivacaine (0.5% diluted 1:2)
at the incision site. For postoperative analgesia, ibuprofen was
administered through the water in the home cage drinking bottle
for 4 days after surgery (2.5 ml in 250 ml of water bottle;
Algifor Dolo Junior, VERFORA SA). In order to disinfect the
skin before the incision, a povidone-iodine solution (Betadine,
Mundipharma Medical Company) was used. Then a part of
the scalp was removed using surgical scissors, the skull was
exposed and the membrane of the periosteum was gently
removed using a scalpel blade. The skull was then again
disinfected, rinsed with Ringer solution, and subsequently fully
dried using cotton buds. Afterward, a thin layer of cyanoacrylate
glue was applied on the skull surface (Loctite 401, Henkel)
and the metal head-post was placed on the right hemisphere.
Finally, in order to strengthen the adhesion of the post to
the skull, as well as to create a chamber for later procedures,
dental cement (Paladur, Kulzer) was added. Immediately after
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the implantation surgery, the center of the barrel field was
determined using intrinsic optical signal (IOS) imaging, as
previously described (Ferezou et al., 2007; Le Merre et al.,
2018; Yamashita et al., 2018). At the end of this procedure, the
exposed skull was protected using a silicone elastomer (Kwik-
Cast, WPI).

Single-Cell Electroporation
After full recovery from the implantation, single-cell
electroporation was performed under isoflurane anesthesia
(4% for induction, then 1%). The body temperature was
controlled and maintained at 37◦C. At least 1 h before the
surgery, the mice were injected with dexamethasone (5 mg/ml,
200 µl per mouse, intramuscular, Helvepharm, Zentiva) and
just before the surgery with Carprofen (0.3 ml at 0.5 mg/ml,
i.p., Rimadyl, Pfizer). The mice were head-fixed using the
implanted metal head-post. The eyes were protected with a
hydrating eye gel (VITA-POS, Pharma Medica AG). First, a
circular craniotomy of around 3.5 mm was drilled around the
center of the C2 barrel column using the blood vessel map.
Depending on the mouse, a full durotomy was sometimes
performed in order to facilitate access to the cortex. In vivo
shadow single-cell electroporation was targeted to layer
2/3 neurons using a two-photon microscope (Judkewitz
et al., 2009; Pala and Petersen, 2015). Glass capillary pipettes
with resistances of 10–17 MΩ were filled with intracellular
solution containing (in mM): 135 potassium gluconate, 4 KCl,
10 HEPES, 10 sodium phosphocreatine, 4 MgATP, 0.3 Na3GTP
(adjusted to pH 7.3 with KOH) into which 100 µM Alexa
(Thermofisher Scientific, A10436) and pCAG-EGFP (Addgene,
11150) plasmids were added (final plasmid concentration at
200 ng/µl). During the electroporation, the pipette was inserted
into the cortex while continuously reading the 3D position
of the pipette tip using a micromanipulator (SM7-Luigs and
Neumann). Layer 2/3 was identified by vertical subpial depth
(at least 150 µm from pia surface) and by a sudden increase
in cell density. After close contact to a randomly chosen layer
2/3 neuron (increase of the pipette resistance by 20%), 50 pulses
of negative voltage steps (0.5 ms, −12 V) were delivered at
50 Hz using a pulse generator (Axoporator 800A, Molecular
Devices). After the electroporation, the pipette was slowly
retracted and the immediate visual appearance of the neuron
was used to judge the success of the procedure (i.e., if the cell
remained intact and filled with the intracellular dye). Typically,
two-three cells were electroporated per animal. At the end of the
procedure a triple glass window assembly, consisting of a 5 mm
diameter and two 3 mm diameter coverslips of #1 thickness
(CS-3R, Warner Instruments), was placed over the craniotomy
and fixed on the skull using UV-curing adhesive (Thorlabs,
NOA68). The mouse was then returned to its home-cage and
was allowed to recover for at least 3 days. The expression
of the GFP in the electroporated neurons was evaluated
3–5 days after the procedure, through the cranial window,
using an epi-fluorescent microscope and/or the two-photon
microscope. Only animals with a single expressing cell were
selected for the following steps while animals with multiple
cells were excluded. On average approximately one-quarter

of the electroporated mice contained a single brightly labeled
neuron.

Sample Preparation and Two-Photon
Tomography
After single-cell expression of the fluorescent protein, the
mice were transcardially perfused under deep anesthesia
(pentobarbital 150 mg/kg, i.p.) using 4% paraformaldehyde
(PFA) diluted in PBS (Electron Microscopy Science, USA), the
brains were extracted and post-fixed in PFA overnight. After
post-fixation, the brain tissue underwent a passive clearing
procedure using a modified-CUBIC (mCUBIC) solution (Susaki
et al., 2015) consisting of 25% w/w N,N,N’,N’-tetrakis(2-
hydroxypropyl)ethylenediamine, 15% w/w of Triton-X and 60%
w/w of dH2O. Whole brains were firstly incubated in mCUBIC
solution at 37◦C in a shaker (at 90 RPM) for 4 days. On day 4,
the solution was replaced with a fresh one and the incubation
continued for another 4 days. After the clearing process, the
tissue was washed three times for 1 h using 50 mM phosphate-
buffered (PB) solution. For 3 out of the 10 animals the cleared
brain tissue was then incubated in 5% gelatin (Sigma G1890) for
2–4 h at 37◦C (for the rest of the brains this step was omitted as
it did not seem to improve imaging quality). Finally, the brains
were placed in 4% PFA for 24–36 h at 4◦C to cross-link and then
washed with 50 mM PB. In order to increase the stability of the
tissue during serial section two-photon tomography, the tissue
was embedded in 5% agarose (Type-I agarose, Merck KGaA,
Germany, A6013).

Whole brain 3D imaging was performed using a custom-made
two-photon serial sectioning microscope which was controlled
by the MATLAB-based software ScanImage 2017b (Vidrio
Technologies, USA, for the 2P imaging) and BakingTray1 (for
the serial sectioning). In summary, the imaging setup consists
of a 2P microscope coupled with a vibratome head (VT1000S,
Leica, Germany) and an X/Y/Z high precision stage (X/Y: V-580;
Z: L-310, Physik Instrumente, Germany), similar to previously
described (Han et al., 2018). The vibratome was set to slice the
brain at 50 µm physical slice thickness, and 10 optical sections
per physical section were acquired using a high-precision
piezo objective scanner (PIFOC P-725, Physik Instrumente,
Germany). A 16× water immersion objective was used with
a resolution of 0.8 µm in X and Y and measured axial point
spread function (PSF) at ∼5 µm full width at half maximum.
We collected fluorescence in the green channel (500–550 nm,
ET525/50) and each section consisted of 1,025 × 1,025 µm tiles
overlapping at 7%. The final voxel size was 0.8 × 0.8 × 5 µm
(X, Y, Z).

After acquisition, the raw tiles were stitched using the
MATLAB-based package StichIt2. This software applies
illumination correction based on the average tile in each
optical plane and stitches the tiles based on the actual position in
3D, as registered by the high precision motors.

1https://github.com/SainsburyWellcomeCentre/BakingTray
2https://github.com/SainsburyWellcomeCentre/StitchIt
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Tracing of Axons and Dendrites
After stitching, the data were tera-converted using the Vaa3D-
Terafly software suite and the whole brain was visualized
in 3D at different scales3. Subsequently, we used the Vaa3D
module for software-assisted neuron tracing in order to place
nodes in 3D. The placement of the nodes was based on the
fluorescent signal in the image. The final output of Vaa3D was
a .eswc file containing thousands of rows, each one consisting of
node ID, x, y, z coordinate, radius value, neurite type, and parent
node ID.

Extracting Barrel Column Masks From the
Digital Atlas
We used ilastik v1.3.3 (Berg et al., 2019) to segment the barrel
columns from the grayscale anatomical image of the Allen
Common Coordinate Framework version 3 (CCF, Wang et al.,
2020). In ilastik, a human annotator labeled a few example pixels
as the barrel column which was used to train a classifier to
segment the entire image stack. Then the resultant mask image
stack was used as a brain atlas parcellation file.

Registration to a Digital Atlas
The stitched brain slices and the annotated neurons were
registered to the Allen CCF version 3 (Wang et al., 2020) using
a Python custom-written script, inspired by the MATLAB-based
ARA tools4. At the first step, the data were down-sampled
in X, Y, Z in order to match the 25 × 25 × 25 µm
voxel size of the CCF. Next, the open source medical image
registration suite Elastix5 was utilized in order to register the
grayscale CCF anatomical image to the acquired brain slices
in 3D, using rigid, affine, and nonrigid transformations. Once
this transformation was computed, it was also applied to the
parcellation file of the CCF and thus every voxel of the imaged
brain data was assigned with a brain area ID matching to a
unique brain area. Finally, we apply the same transformation
to the barrel column mask file for the location of the neuron
and visualizations.

Quantification of Neurite Length
For the quantification of the neurite length, the x, y, z node
coordinates of the Vaa3D .eswc files were transformed to physical
distances in µm using the imaging resolution values (0.8 µm
in X and Y and 5 µm in Z). Afterward the Vaa3D resampling
plugin was used6 to resample the annotation points and space
them equally every 1 µm. Finally, the number of points in every
brain area was counted and transformed in neurite length in µm.
If the annotation node of a neurite coincided with a given voxel,
that node was assigned to the brain area corresponding to this
voxel according to the CCF parcellation file.

Immunohistochemistry
In order to test for the presence of additional axonal
arborizations that might not have been resolved in the

3http://home.penglab.com/proj/vaa3d/home/index.html
4https://github.com/SainsburyWellcomeCentre/ara_tools
5https://github.com/SuperElastix/elastix
6https://github.com/Vaa3D/vaa3d_tools/tree/master/releasedplugins/
v3dplugins/resampleswc

two-photon tomography, we collected the 50 µm-thick slices
immediately after two-photon tomographical imaging. We then
amplified the GFP signal with immunostaining. During this
process, the slices were firstly incubated in blocking buffer 0.3%
Triton (Applichem, Germany) and 2% normal goat serum (NGS,
Vector, S-1000-L020) in PBS (0.9% NaCl, 0.01 M phosphate
buffer, pH 7.4) for an hour. Then, we incubated the sample
for 48 h shaking at 4◦C in the primary anti-GFP antibody
(rabbit polyclonal 1:5,000, Abcam 290, UK) together with 0.3%
Triton X-100 in PBS, followed by two washes with PBS for
10 min. Subsequently, the slices were placed in the secondary
antibody (goat anti-rabbit conjugated to Alexa 488 1:200, Life
Technologies A-11012) together with 0.3% Triton X-100 in PBS
for 2–2.5 h at room temperature. At the final step, the slices
were washed in PBS three times for 10 min and mounted on
Superfrost slides using, 4-Diazabicyclo[2.2.2]octane (DABCO,
Sigma-Aldrich D27802, USA) as mounting medium. Images
of the stained sections were obtained using the two-photon
tomography microscope at the same laser power levels as the
original imaging, enabling direct comparison.

Data Availability
The data and code are freely available in the Open Access CERN
database Zenodo: https://doi.org/10.5281/zenodo.5813321.

RESULTS

Reconstruction of Dendrites and Axons of
Single Neurons in Layer 2/3 Barrel Cortex
In order to reconstruct neuronal arborizations of single neurons
in layer 2/3 of the primary somatosensory cortex barrel field
(SSp-bfd), we performed ‘‘shadow’’ single-cell electroporation
in vivo under the guidance of a two-photon microscope
(Judkewitz et al., 2009; Figures 1A,B). A glass pipette filled
with intracellular solution, fluorescent dye, and GFP DNA
plasmids was inserted through a craniotomy into layer 2/3 of the
SSp-bfd and positioned in close contact to the cell membrane
of a randomly chosen cell in our field-of-view (Figure 1B).
Afterward, a train of negative electrical pulses was delivered
in order to transiently rupture the cell’s membrane, permitting
the entrance of the pipette solution into the cell’s cytoplasm.
If the electroporation procedure was successful, the cell was
immediately filled with the fluorescent dye and remained
intact after pipette retraction. After 3–5 days, a quality check
of the cell’s health and the expression levels of GFP was
performed under the two-photon microscope through a cranial
window (Figure 1C). If only a single neuron per mouse
expressed GFP and it did not show any signs of dendritic
‘‘blebbing’’ or cell death (Batista Napotnik et al., 2021), the
animal was transcardially perfused with PFA in order to
fix the brain. Subsequently, the extracted brain was partially
cleared using mCUBIC (Susaki et al., 2015) and prepared for
two-photon serial section tomographic 3D imaging (Han et al.,
2018; Figure 1D). After imaging the whole brain, individual
tiles were computationally stitched to reassemble full brain
slices which were then imported into Vaa3D software for
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FIGURE 1 | Acquisition and analysis pipeline for single-cell reconstruction. (A) Shadow electroporation labels a single neuron by introducing GFP plasmids. After
3–5 days of expression time, the cell was viewed through a cranial window under a two-photon microscope to control for GFP expression and the absence of any
sign of apoptosis. Animals were then perfused and the brain was cleared in a modified CUBIC solution. Finally, the sample was embedded in agarose and imaged
under a two-photon tomographic microscope. (B) Example snapshots of an electroporation session. Left, fluorescent dye from the electroporation pipette fills the
extracellular space revealing cell bodies as shadows in the image. The pipette approaches and contacts a randomly selected neuron. Right, following
electroporation, the fluorescent dye rapidly fills the cell indicating successful pipette content delivery into the cell. (C) Quality check of the labeled neuron through the
cranial window before perfusion. (D) Example image acquired from two-photon tomography. Left, a coronal section with a region of interest near the cell body. Right,
the region of interest at higher resolution, showing the cell body, its dendrites, and its main descending axon. (E) Semi-automatic neuron reconstruction using Vaa3d.
Left, an example region with axon in Vaa3d. Right, the same region with annotations (red) highlighting the axon. (F) Alignment with the Allen Mouse CCFv3. Left, a
coronal section of the CCFv3 template. Middle, the template deformed to align with the sample space. Right, the CCFv3 atlas deformed in the same way as the
template to match the sample space.
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semi-automatic annotation of the neuronal structures, based
on the GFP fluorescence signal (Figures 1D,E). Following
annotation, the tomographic structural images were used for
registration to the Allen Mouse Brain Common Coordinare
Framework (CCF). Once this step was completed, the location
of the different neuronal arborizations in various brain areas
was assessed for each of the 10 reconstructed neurons in this
study, using the Allen Mouse Brain standardized parcellations
(Figure 1F, Supplementary Figure 1, and Supplementary Table
1).

Importantly, we do not think that our anatomical
reconstructions are complete because anti-GFP immunolabeling
to enhance the signal-to-noise ratio of axonal fluorescence
revealed additional axon not found through two-photon
tomography (Supplementary Figure 2). The anatomical
reconstructions presented in this study therefore only reveal a
portion of the full extent of the axons, but nonetheless provide
important information characterizing their apparent diversity.

Diverse Axonal Projections of Single
Neurons in Layer 2/3 of wS1
Previous bulk anterograde labeling of long-range axons of
neurons with somata in SSp-bfd showed a prominent projection
target in the secondary somatosensory cortex (SSs; White and
DeAmicis, 1977; Welker et al., 1988; Aronoff et al., 2010;
Yamashita et al., 2018). In this study, we also found a layer
2/3 neuron (AL110) with a prominent axonal arborization in
SSs (Figure 2). The soma of this neuron was located in the
D3 barrel column. The neuron had a total length of 70.7 mm
of axon and 8.1 mm of dendrites. The majority of the axon
extended within the granular and supragranular layers of SSp-
bfd, although the layer assignments should be interpreted with
caution due to potential registration errors and limitations in the
digital atlas. A part of the axon extended to SSs, in particular
in layer 1 and layer 2/3. In agreement with previous studies
(Frostig et al., 2008; Stehberg et al., 2014; Yamashita et al.,
2018), the long-range axonal branch connecting SSp-bfd and
SSs traveled within the cortical gray matter without entering
white matter fiber tracts. In addition to innervating SSs, a small
portion of its axon also projected to an unassigned region in the
primary somatosensory cortex (SSp-un) and the supra-callosal
white matter (scwm).

Another important projection target of layer 2/3 neurons is
the primary motor cortex (MOp; Aronoff et al., 2010; Yamashita
et al., 2013, 2018; Chen et al., 2015; Yamashita and Petersen,
2016; Vavladeli et al., 2020). In this study, we also found a
neuron (AL126) with axon in MOp and secondary motor cortex
(MOs; Figure 3). Similar to neuron AL110, and in agreement
with previous studies (Frostig et al., 2008; Stehberg et al., 2014;
Yamashita et al., 2018), the long-range axonal branch connecting
SSp-bfd and MOp/MOs traveled within the cortical gray matter
without entering white matter fiber tracts. This neuron, with
8.2 mm of dendrites was situated in the D1 barrel column. With
a total axonal length of 69.8 mm, this neuron extended its axon
primarily within SSp-bfd, but also to other primary sensory areas
such as the upper limb (SSp-ul), trunk (SSp-tr), lower limb (SSp-
ll) and SSp-un. One axonal branch of this neuron traveled within

the white matter fiber bundle system (cingulum bundle, cing, and
the corpus callosum body, ccb).

Among our reconstructed neurons, we found neuron
AL157 with a long-range axonal projection largely targeting the
SSp-ul, consistent with previously-reported innervation patterns
from bulk labeling of rat and mouse barrel cortex showing
innervation of forelimb cortex (Zakiewicz et al., 2014; Zingg
et al., 2014; Figure 4). The axons of this neuron also extend
to the SSp-un in the anterior-medial proximity of the barrel
field. Another major branch of the axon travels in the callosal
fiber bundle system (ccb and scwm), entering the contralateral
hemisphere. However, we were unable to identify any further
extensions of this callosal axonal branch with our current
protocol. In total, we found 6.6 mm of dendrite and 63.5 mm
of axon for this neuron located in the E2 barrel column.

Axonal arborizations located in SSp-un were common
across several neurons in our current study, including neuron
GF243 with a highly localized columnar innervation pattern in
SSp-un, as well as innervating VISa (Figure 5). We identified
60.1 mm of axons and 6.7 mm of dendrite for this neuron situated
in the septa between the C1 and D1 barrel columns. Other target
areas for this neuron includes SSp-tr, VISrl, fiber bundle systems
(cingulum bundle, cing, scwm, and ccb) and SSp-ul.

Among the subcortical projections of wS1 layer 2/3 excitatory
neurons, is the dorsolateral striatum (Sippy et al., 2015;
Yamashita et al., 2018). Consistent with those findings, neuron
AL131 had prominent axonal targets in the dorsolateral part of
the caudoputamen (CP; Figure 6). A total length of 69.2 mm
of the axon was annotated for this neuron as well as 7.3 mm
of dendrites located in the C2 barrel column. In addition to
the CP, axons were identified in multiple visual areas such as
the rostrolateral areas (VISrl), anterolateral areas (VISal) and
anterior areas (VISa), as well as several regions in the primary
somatosensory area (nose, SSp-n, SSp-tr, SSp-un, and SSp-ul).
This neuron also has a prominent branch traveling in the callosal
fiber bundle system (scwm for this specific case).

Lastly, we show an example neuron (AL142) extending a long
axonal branch laterally to the CP, apparently heading towards the
most dorsal aspect of the amygdala (Figure 7). In comparison to
neuron AL131 innervating the dorsolateral striatum (Figure 6),
the axons of neuron AL142 traversed deeper layers of SSp-bfd,
SSs, Visceral area (VISC), external capsule (ec), with our tracing
ending in the lateral parts of the CP near the most dorsal aspect
of the amygdala (Figure 7). Other target areas for this neuron
include the VISa, SSp-un, VISrl and SSp-tr. For this neuron, we
did not identify any signs of axon within the callosal fiber bundle
system. This neuron had a total of 48.8 mm of axon and 6.5 mm
of dendrites and its cell body was located in the septa between the
D2 and D3 barrel columns.

Summary of All SSp-bfd Layer 2/3 Neurons
Reconstructed
Finally, we summarize the 10 neurons reconstructed in this
study (Figures 2–7 and Supplementary Figures 3–7) and overlay
them in order to get an idea of the overall projection profile
(Figure 8). We quantified axonal length in each brain region
identified summing across layers and subregions (Figure 8D).
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FIGURE 2 | Reconstruction and quantification of example neuron AL110 with projections to the supplementary somatosensory cortex. (A) Serial overlays of
GFP-labeled axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 1.5 mm. Each section represents a
maximum projection of 300 µm. (B) Maximum projection of the reconstructed axon and dendrites in horizontal view, aligned to the Allen Mouse CCFv3 to indicate
the boundaries between cortical regions. (C) Maximum projection of reconstructed axon and dendrites in coronal view overlaid with an anatomical section from the
Allen Mouse CCFv3. (D) Maximum projection of reconstructed axon and dendrites in a tangential view (rotated 30 degrees) over the barrel field (blue). The cell is
located in the D3 barrel column. (E) Quantification of axonal (top) and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. For
(B) to (E): dendrites are shown in black, axon in gray matter is shown in red, and axon in white matter is shown in blue.
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FIGURE 3 | Reconstruction and quantification of example neuron AL126 with projections to the primary and secondary motor cortex. (A) Serial overlays of
GFP-labeled axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 3.5 mm. Each section represents a
maximum projection of 700 µm. (B) Maximum projection of the reconstructed axon and dendrites in horizontal view. (C) Maximum projection of the axon and
dendrites in coronal view. (D) Maximum projection of the axon and dendrites in tangential view (rotated 30 degrees) over the barrel field. The neuron is located in the
D1 barrel column. (E) Quantification of axonal (top) and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. For (B) to (E):
dendrites are shown in black; axon in neocortical gray matter is shown in red; axon in white matter is shown in blue.
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FIGURE 4 | Reconstruction and quantification of example neuron AL157 with projections to the primary somatosensory cortex upper limb area. (A) Serial overlays
of axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 2.125 mm. Each section represents a maximum
projection of 425 µm. (B) Maximum projection of the reconstructed axon and dendrites in horizontal view. (C) Maximum projection of the axon and dendrites in
coronal view. (D) Maximum projection of the axon and dendrites in tangential view (rotated 30 degrees) over the barrel field. The cell is located in the E2 barrel
column. (E) Quantification of axonal (top) and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. For (B) to (E): dendrites are
shown in black; axon in neocortical gray matter is shown in red; axon in white matter is shown in blue.

Most of the axonal length resided within the SSp-bfd. It is
interesting to note that SSp-ul and VISa ranked second and
third, then followed by the SSs and SSp-un as fourth and
fifth. Although ranked lower in the average amount of axons,

nine out of the 10 neurons projected to SSp-tr. Other target
regions include MOp and MOs, dorsal region of the striatum
(STRd), several other SSp regions (SSp-tr, SSp-ll), various visual
areas (for instance, VISam, VISp, and VISpm), multiple fiber
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FIGURE 5 | Reconstruction and quantification of example neuron GF243 with projections to an unassigned region of the primary somatosensory cortex and an
anterior visual area. (A) Serial overlays of axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 1.25 mm. Each
section represents a maximum projection of 250 µm. (B) Maximum projection of the reconstructed axon and dendrites in horizontal view. (C) Maximum projection of
the axon and dendrites in coronal view. (D) Maximum projection of the axon and dendrites in tangential view (rotated 30 degrees) over the barrel field. The cell body
is in the septa between the C1 and D1 barrel columns. (E) Quantification of axonal (top) and dendritic (bottom) length in respective brain regions identified by the
Allen Mouse CCFv3. For (B) to (E): dendrites are shown in black; axon in neocortical gray matter is shown in red; axon in white matter is shown in blue.
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FIGURE 6 | Reconstruction and quantification of example neuron AL131 with projections to the caudoputamen and multiple visual areas. (A) Serial overlays of axon
(red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 4.125 mm. Each section represents a maximum projection of
825 µm. (B) Maximum projection of the reconstructed axon and dendrites in horizontal view. (C) Maximum projection of the axon and dendrites in coronal view. (D)
Maximum projection of the axon and dendrites in tangential view (rotated 30 degrees) over the barrel field. The neuron is in the C2 barrel column. (E) Quantification of
axonal (top) and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. For (B) to (E): dendrites are shown in black; axon in
neocortical gray matter is shown in red; axon in the striatum is shown in green; axon in white matter is shown in blue.
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FIGURE 7 | Reconstruction and quantification of example neuron AL142 with projections to the lateral caudoputamen and towards the amygdala. (A) Serial overlays
of axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 2.375 mm. Each section represents a maximum
projection of 475 µm. (B) Maximum projection of the reconstructed axon and dendrites in horizontal view. (C) Maximum projection of the axon and dendrites in
coronal view. (D) Maximum projection of the axon and dendrites in tangential view (rotated 30 degrees) over the barrel field. The cell is in the septa between the
D2 and D3 barrel columns. (E) Quantification of axonal (top) and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. For (B) to
(E): dendrites are shown in black; axon in neocortical gray matter is shown in red; axon in the striatum is shown in green; axon in white matter is shown in blue.
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FIGURE 8 | Summary of the ten reconstructed neurons. (A) Horizontal overlay of axons aligned to the Allen Mouse CCFv3. The axon of each neuron is shown in a
different color. (B) Coronal overlay of axons. (C) Tangential view of axons aligned to the barrel map. (D) Quantification of axonal length in respective brain regions.
The length of the axon in each layer of a specific region is summed up. The different brain regions receiving projections from the labeled neurons are sorted
according to the mean length of the reconstructed axon across all neurons in each region of interest, from the longest axonal length on the left to the shortest axonal
length on the right.

bundles (stria terminalis, st, fiber tracts, cerebrum related,
mfbc, hippocampal commissures, hc, corpus callosum anterior
forceps, fa, and fornix system, fxs), retrosplenial areas (lateral

agranular part, RSPagl and ventral part, RSPv), auditory areas
(such as the dorsal auditory area AUDd and posterior auditory
areas, AUDpo), and VISC. Seven of the 10 reconstructed
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neurons had axonal branches in the corpus callosum (cc)
with none of these extending outside of the fiber tracts on
the opposite hemisphere (Han et al., 2018; Yamashita et al.,
2018).

DISCUSSION

We performed two-photon guided in vivo ‘‘shadow’’
electroporation to label single neurons in layer 2/3 of
mouse barrel cortex by expression of GFP (Judkewitz et al.,
2009). Through two-photon tomographic imaging and three-
dimensional neuron reconstruction (Han et al., 2018) in
relation to a digital mouse brain atlas, we quantified long-range
projection regions among the 10 reconstructed cells finding a
high degree of diversity.

Diverse Projection Areas of Individual
Neurons in Layer 2/3 Barrel Cortex
Among the literature, numerous reports have studied the SSp-bfd
using broader approaches involving viral injections or other
anterograde tracers that label thousands of neurons. Less is
known on the finer scale investigation of individual neurons, but
it seems likely that each neuron only projects to a subset of the
regions that have been identified from bulk labeling approaches
(Guo et al., 2017; Yamashita et al., 2018).

Projections between the SSp-bfd to the SSs have been shown
to be heavily reciprocal, and similar observations between
the SSp-bfd and the motor regions (MOp and MOs) have
been reported (Aronoff et al., 2010; Mao et al., 2011; Zingg
et al., 2014). Here, we further report SSp-bfd axons also
project to other parts of the SSp such as the upper limb,
lower limb, trunk, and unassigned regions. Projections to
these somatosensory regions have been previously reported
in the Mouse Connectome project where an anterograde
and a retrograde tracer were co-injected into a single area
(Zingg et al., 2014), showing reciprocal projections. Such
organization likely aids the integration of sensory information
across the somatotopic map. The extensive axonal arborization
within SSp-bfd is likely important for integrating sensory
information across the whisker pad, necessary for determining
object shape (Brown et al., 2021; Rodgers et al., 2021).
The important projection to SSp-ul might be important
during running where the ventral whiskers touch the ground
before the forepaw as if to ensure safe placement of the
paw during locomotion (Grant et al., 2018). Similar to
previous studies (Frostig et al., 2008; Stehberg et al., 2014;
Yamashita et al., 2018), we found that the long-range axonal
projections typically traversed cortical boundaries traveling in
the neocortical gray matter rather than entering the white
matter fiber tracts. The horizontally extending axons are likely
to contribute to the large functional spread of signals evoked
by the deflection of even just a single whisker (Ferezou
et al., 2007; Frostig et al., 2008; Johnson and Frostig, 2016,
2018).

It has also been demonstrated that there is heterogeneity in
the projection pattern within the SSp-bfd (Zingg et al., 2014).
The caudal-medial barrel field (cm-bfd) projects to SSp-tr and

SSp-ll while the antero-lateral barrel field (al-bfd) showed a
preference for SSp nose and mouth regions. With our current
study, all labeled neurons are located near the B, C, D, or E
rows with arc position 1, 2, or 3, which are relatively caudal
and medial in the barrel field (Figure 8C). In agreement with
previous suggestions, our results show all neurons except for
AL110 send their axons to the SSp-tr. Furthermore, anterograde
tracers injected in the cm-bfd, but not the al-bfd, have also
been found to label axonal projections in the AUDd, AUDp
and AUDv (Zingg et al., 2014). Projections to the AUDd and
AUDp were also observed in the current study (Figures 8A,D).
In addition, anterograde tracers injected in the cm-bfd, revealed
axons in the VISC, but this is not observed in those with
al-bfd injections (Zingg et al., 2014). Being the only neuron
with axons identified in VISC in this study, AL142 is located
near the D2 barrel which takes a relatively central-medial
position in the posterior barrel field (Figure 6). Additional
reconstructions of single neurons are necessary to make more
in-depth comparisons to quantifications obtained from viral
labeling.

One of the common projection targets of our reconstructed
neurons is the unassigned SSp-un region. In the present study,
nine out of 10 neurons showed axons in SSp-un and it is
ranked having the fourth greatest amount of axon among
all regions identified (Figure 8D). Projections in the same
region have also been reported in the Allen Mouse Brain
Connectivity Atlas (Oh et al., 2014) in a particular experiment
(Experiment 298718778) where a Cre-dependent anterograde
tracer was injected to SSp-bfd of a Rasgrf2-dCre mouse that
labels mostly layer 2/3 neurons. This region, immediately
medial to the SSp-bfd, corresponds to the dysgranular zone
that has been reported in both rats and mice (Koralek
et al., 1990; Lee and Kim, 2012; Yamashita et al., 2018).
Neurons within this region send their axons to the striatum,
thalamus, and midbrain (Lee and Kim, 2012). In line with
previous studies which indicated that there are ‘‘hot spots’’
for axons extending to the dysgranular zone (Yamashita
et al., 2018), we also identify a large number of axons in
this region. Given the frequency of occurrence in single cell
projection profiles and the number of axons it receives, the
SSp-un may be an important region to investigate in future
experiments.

Additionally, several neurons had axons projecting to higher
order visual related areas. These types of projections have been
previously reported for both the rat and the mouse barrel cortex
and are likely to be reciprocal (Zakiewicz et al., 2014; Zingg et al.,
2014; Yamashita et al., 2018). One possible hypothesis for the role
of this connectivity between SSp and visual areas is multisensory
integration (Zakiewicz et al., 2014).

Neurons projecting to MOp and to SSs might form
two distinct populations both anatomically, functionally, and
genetically (Chen et al., 2013, 2015; Yamashita et al., 2013,
2018; Sorensen et al., 2015; Yamashita and Petersen, 2016). In
previous work (Yamashita et al., 2018), retrograde tracers were
injected to SSs or MOp, and neurons in the SSp-bfd labeled
with these tracers were selectively targeted for electroporation.
Axonal reconstructions suggested that neurons projecting to
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SSs (S2p) do not project to MOp, while the MOp projecting
neurons (M1p) projected only weakly to SSs. Consistent with
this, in the small sample of neurons in the current study,
the strong projectors to MOp and MOs (AL126) and to SSs
(AL110) indeed seem to be non-overlapping in their axonal
arborizations (Figure 8D). However, there are also neurons
that project some axons to both regions (Supplementary
Figures 5, 6). Further studies with greater numbers of single-
neuron reconstructions may provide more accurate depictions
of neuron categories based on anatomical information. Given
that the M1p and S2p neurons were distinct both functionally
and genetically (Yamashita et al., 2013; Sorensen et al.,
2015), future studies might reveal more categories of layer
2/3 neurons such as VISam-projecting or STRd-projecting
neurons.

Axons in the Fiber Bundles
Axons in fiber bundles heading toward the contralateral
hemisphere were frequently found among our reconstructed
neurons. While 7 out of 10 neurons showed axons within
the corpus callosum, none continued to exit. Several other
studies that aimed to reconstruct single neurons have also
reported a paucity of axons in the contralateral hemisphere
(Han et al., 2018; Yamashita et al., 2018). Viral-based anatomical
studies show some axons extending within the corpus callosum,
winding past the midline and exiting to regions such as the
contralateral SSp-bfd (Zingg et al., 2014; Yamashita et al., 2018).
A study on developmental refinements of callosal projections
in the SSp-bfd showed that although layer 2/3 neurons do
show eliminations of contralateral projecting axons, this process
stabilizes around postnatal day 15 (De León Reyes et al., 2019).
It might be that some of these axons did not fully retract
and leaving segments still within the corpus callosum. Our
current approach does not detect all axons (Supplementary
Figure 2), and it is possible that future studies will reveal
more innervation of the contralateral hemisphere by layer
2/3 neurons. As opposed to a detection-related issue, this
may also arise from incomplete GFP diffusion. The dense
fiber bundles may limit the diffusion of fluorescent proteins,
resulting in incomplete filling of the axon (Yamashita et al.,
2018). To resolve these questions, future viral-based anatomical
studies with higher imaging resolution are required to compare
the number of axons at different points of the trajectory
(such as at the entrance of the corpus callosum vs. at the
points of exit on the contralateral side). From a single cell
labeling approach, further studies could also inject retrograde
tracers to the SSp-bfd followed by targeted electroporation in
the hemisphere contralateral to the injection and subsequent
neuronal reconstruction.

Limitations and Future Perspectives
A major limitation of the present work is the incompleteness
of the reconstructed axonal arborizations. Further signal
enhancement appears to be essential (Supplementary Figure
2) and follow-up studies will need to incorporate these
considerations. Assuming that the labeling method (be it
electroporation or viral injections) sufficiently fills up the neuron

and its entire extensions, sample pre-processing involving signal
amplifications would provide an important step toward the
true anatomical representation. Several whole-brain volumetric
imaging techniques in combination with signal amplification
processes have been developed which could be helpful for future
experiments (Renier et al., 2014; Gong et al., 2016; Wang
et al., 2019; Winnubst et al., 2019). Nonetheless, the neurons
reconstructed in this study have a total axonal length per neuron
of 67.9 ± 13.0 mm (mean ± SD, n = 10), which is comparable
to that of the only other study that we know of including layer
2/3 mouse barrel cortex neurons registered to the Allen atlas,
which found a total axonal length per neuron of 49.9 ± 13.9 mm
(mean ± SD, n = 9; Peng et al., 2021).

Anatomical investigations at single-neuron resolution
provide valuable insights on where each neuron might send
information. In addition to quantifying axonal length through
GFP, in the future, it would be useful to also use a red
fluorescent protein attached to presynaptic proteins in order to
identify neurotransmitter release sites. To reveal network-level
information while maintaining cellular resolution requires large
amounts of single-neuron data. It is then possible to unravel
patterns through clustering-based analysis and categorize
projection types (Wang et al., 2019; Winnubst et al., 2019).
The necessity for large data sets suggests the need to design
high throughput methods for sample preparation, image
acquisition, and axonal annotation. Currently, large parts of the
published neuronal reconstructions are being done manually by
human annotators, which not only require hours of labor work
(Magliaro et al., 2019) but also are susceptible to human errors
and/or biases. However, recent advances in machine learning
and computer vision may accelerate the later part of the pipeline
with minimal human supervision (Zhou et al., 2018; Huang
et al., 2020; Li and Shen, 2020).

From a scientific perspective, the opportunity of labeling
single neurons and recovering their morphology might help,
in the future, to better determine the role of projection
neurons in complex neural computations, such as reward-
based learning. As previously mentioned, studies, where
projection neurons were retrogradely labeled, have shown
projection target-dependent neuronal activity, for example
during goal-directed sensorimotor transformations (Chen et al.,
2013, 2015; Yamashita and Petersen, 2016; Vavladeli et al.,
2020). In those cases, an assumption of the projection area(s)
to focus on was made beforehand in order to bulk inject
the retrograde tracer. One can imagine that an unbiased
and more refined experimental procedure could be followed
during which the activity of different neurons can firstly
be measured (for instance, using two-photon calcium or
voltage imaging), followed by ‘‘activity-targeted’’ selection of
neurons to be electroporated and reconstructed. This way, cells
which show interesting activity patterns during learning or
execution of different behavioral tasks could be labeled and
their morphology and/or projection targets could be revealed.
Although technically demanding, this type of experiments could
provide unique datasets where morphology and function can be
directly linked, shedding light on brain mechanisms that still
remain unexplored.
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