
ORIGINAL ARTICLE

Long, intrinsic horizontal axons radiating through and beyond rat
barrel cortex have spatial distributions similar to horizontal
spreads of activity evoked by whisker stimulation
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Abstract Stimulation of a single whisker evokes a peak

of activity that is centered over the associated barrel in rat

primary somatosensory cortex, and yet the evoked local

field potential and the intrinsic signal optical imaging

response spread symmetrically away from this barrel for

over 3.5 mm to cross cytoarchitectonic borders into other

‘‘unimodal’’ sensory cortical areas. To determine whether

long horizontal axons have the spatial distribution neces-

sary to underlie this activity spread, we injected adeno-

associated viral vectors into barrel cortex and characterized

labeled axons extending from the injection site in trans-

verse sections of flattened cortex. Combined qualitative

and quantitative analyses revealed labeled axons radiating

diffusely in all directions for over 3.5 mm from supra-

granular injection sites, with density declining over dis-

tance. The projection pattern was similar at four different

cortical depths, including infragranular laminae. Infra-

granular vector injections produced patterns similar to the

supragranular injections. Long horizontal axons were

detected both using a vector with a permissive cytomega-

lovirus promoter to label all neuronal subtypes and using a

calcium/calmodulin-dependent protein kinase II a vector to

restrict labeling to excitatory cortical pyramidal neurons.

Individual axons were successfully reconstructed from

series of supragranular sections, indicating that they tra-

versed gray matter only. Reconstructed axons extended

from the injection site, left the barrel field, branched, and

sometimes crossed into other sensory cortices identified by

cytochrome oxidase staining. Thus, radiations of long

horizontal axons indeed have the spatial characteristics

necessary to explain horizontal activity spreads. These

axons may contribute to multimodal cortical responses and

various forms of cortical neural plasticity.

Keywords Barrel cortex � Horizontal axons � AAV �
Somatosensory cortex � Connectivity

Introduction

Current thinking about the structure and function of neo-

cortex is largely shaped by several underlying principles:

parcellation of the cortical sheet into distinct regions con-

taining neurons of similar function (Van Essen 2013; Zilles

and Amunts 2010), systematic white matter connections

between these discrete functional modules to create larger

processing networks recently characterized as the connec-

tome (Sporns 2013; Sepulcre 2014), topography within

many of these cortico-cortical projections (Kaas 2012), and

vertically organized cortical columns as basic anatomical

building blocks (Mountcastle 1997). Whisker representa-

tions in the posterior medial barrel subfield (PMBSF) of the

rodent primary somatosensory cortex (SI), popularly

known as ‘‘barrel cortex,’’ have provided convenient ani-

mal models for interventive research into these principles

of cortical structure and function (reviewed in Feldmeyer
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et al. 2013). However, based on functional imaging, neu-

ronal recordings from microelectrode arrays, and histo-

logical tract tracing, research from our lab has suggested

the existence of an additional, horizontally oriented system

in barrel cortex and in other primary sensory cortices that is

not clearly evident in current versions of the connectome

and that creates a gray matter functional and structural

continuum within sensory neocortex (Frostig et al. 2008;

Chen-Bee et al. 2012; Stehberg et al. 2014; Johnson and

Frostig 2015).

Our lab has been exploring this horizontal system of

connectivity on a system-based, mesoscopic level rather

than by characterizing the responses and anatomy of indi-

vidual neurons. After a single whisker is stimulated,

activity over the rat PMBSF can be detected using intrinsic

signal optical imaging (ISOI; Masino et al. 1993). As

expected, the peak of ISOI activity evoked by single

whisker stimulation is centered over the corresponding

whisker barrel; however, evoked intrinsic signal activity

spreads a great distance over the cortical surface in all

directions, declining in magnitude with increasing distance

from the peak of activation (Fig. 1) (Chen-Bee et al. 1996,

2012; Brett-Green et al. 2001). The ISOI signal evoked by

whisker stimulation extends beyond the border of PMBSF

and even enters the trunk region of somatosensory cortex,

visual cortex, or auditory cortex, depending on the location

of the stimulated whisker on the rat’s snout (Brett-Green

et al. 2001). Similarly, whisker stimulation evokes a spread

of activity that crosses borders into other unimodal, pri-

mary cortices as seen using voltage-sensitive dye optical

imaging (Ferezou et al. 2007; Mohajerani et al. 2013), a

technique that directly measures neuronal activity. Finally,

a large horizontal spread of activity following whisker

stimulation also was measured electrophysiologically in

rats as an evoked change in local field potential that

extended symmetrically at least 3.5 mm (mean amplitude

11 % of peak-evoked activity at 3.5 mm away from the

activated barrel) to invade other unimodal sensory cortices

(Fig. 1) (Frostig et al. 2008; Chen-Bee et al. 2012).

The spread of evoked local field potential outside of the

barrel field in rats was disrupted by transection of cortical

gray matter between the whisker barrel displaying peak-

evoked activity and the recording sites, suggesting that the

underlying anatomical connection involved shallow axons

or axon collaterals running horizontally through cortical

gray matter as opposed to either thalamic input or the white

matter connections typically considered to underlie the

connectome (Frostig et al. 2008). To explore the anatom-

ical basis of the cortical activity spreads further, small,

shallow injections of the tracer biotinylated dextran amine

were made into PMBSF. Anterograde transport of the tra-

cer revealed cases where long, intrinsic horizontal axons

projected through gray matter out from PMBSF and across

boundaries into visual and auditory cortical areas (Frostig

et al. 2008; Stehberg et al. 2014). Similar long-range hor-

izontal projections also were found following injections of

tracers into auditory and visual cortices (Stehberg et al.

2014), which are consistent with the uniform horizontal

spread of activation independent of columnar organization

that has been observed following optogenetic stimulation

of neurons in small regions of tree shrew visual cortex

(Huang et al. 2014).

In the present study, we have used a quantitative

approach on the mesoscopic scale to determine whether

axons project from the PMBSF in a pattern consistent with

the pattern of spreading activity evoked by whisker stim-

ulation. Specifically, we asked whether the axons are pre-

sent in multiple directions from the injection site at

distances similar to the 3.5-mm range that has been

established electrophysiologically for the spread of the

evoked local field potential (Frostig et al. 2008). Labeling

at increasing distances from the injection site is expected to

become increasingly sparse in concert with the decrease in

magnitude of the evoked activity at these distances

(Fig. 1), which raises the problem of distinguishing bona

fide labeling from spurious features of background staining

that might yield false detection of axons. We, therefore,

have analyzed coded images from injected and non-in-

jected brains and have applied a statistical approach to

verify the projection pattern.

Fig. 1 Neuronal activity spreads horizontally for long distances

following single whisker stimulation. The intrinsic signal optical

imaging response following stimulation of the C2 whisker (the first

500 ms containing the maximal areal extent of the initial dip activity)

was averaged across 37 rats as described by Chen-Bee et al. (2012)

and was plotted as a false-color image of fractional change relative to

prestimulus values. The outer circle has a diameter of 7 mm and

represents an extrapolation of the farthest electrode used in the

recordings of Frostig et al. (2008), at which an evoked field potential

response could be detected in 100 % of animals. Black outlines show

locations of whisker barrels and cytoarchitectonic areas that were

detected by cytochrome oxidase staining in a representative animal.

Trunk trunk region of primary somatosensory cortex, VCx visual

cortex, ACx auditory cortex
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We have chosen to inject recombinant adeno-associated

viruses expressing fluorescent proteins as our anatomical

tracers on the basis of reports that they provide predomi-

nantly anterograde labeling and high expression levels

(Chamberlin et al. 1998; McFarland et al. 2009; White

et al. 2011; Harris et al. 2012; Oh et al. 2014). We further

have chosen to detect the fluorescent proteins using

immunohistochemistry and the ABC-diaminobenzidine

method to provide further amplification of the signal and a

permanent record of the labeling suitable for repeated

quantitative analysis. Our results indicate that long axons

coursing through gray matter indeed have a distribution

consistent with the horizontal activity spread, that similar

patterns of diffuse horizontal projections are present at

multiple cortical depths including both supragranular and

infragranular laminae, and that axons from excitatory

cortical pyramidal neurons contribute to the horizontal

projection pattern.

Materials and methods

Virus preparation

All procedures involving adeno-associated virus (AAV)

were approved by the UC Irvine Institutional Biosafety

Committee and were conducted using biosafety level 2

standards. AAV vectors directing the expression of either

enhanced green fluorescent protein (GFP) under a cytome-

galovirus (CMV) promoter (AAV2/1.CMV.PI.EGFP.W-

PRE.bGH, PennVector P0101, 2 9 1013 GC/ml or

AAV1.CMV.PI.EGFP.WPRE.bGH, 2.4 9 1012 GC/ml) or

enhanced yellow fluorescent protein under a cal-

cium/calmodulin-dependent protein kinase II a (CaMKIIa)
promoter (AAV1.CaMKIIa.ChETA(E123T/H134R)eY-

FP.WPRE.hGH, AddGene26967P, 8.28 9 1012 GC/ml,

chosen to label excitatory pyramidal neurons) were obtained

from the Penn Vector Core in the School of Medicine Gene

Therapy Program at the University of Pennsylvania. Ali-

quots were stored frozen, and then were thawed and diluted

1:3 in sterile 0.1 M sodium phosphate, 0.9 % sodium chlo-

ride, 5 % glycerol (pH 7.4) or Ringer’s solution immediately

prior to loading pipettes.

Capillary micropipettes were pulled from borosilicate

glass (1.0 mm outer diameter, 0.25 mm inner diameter)

using a Sutter P-97 pipette puller to produce long narrow

shafts that were cut to yield beveled tips with internal

diameters of between 7 and 9 lm (mean ± SD 7.5 ± 0.5).

The barrel of each pipette was marked at 2-mm intervals to

allow for visual identification of volume increments of

about 100 nL (measurements of the height of a 3-lm col-

umn of fluid in 12 capillary tubes from the same lot indi-

cated 2.05 ± 0.13 mm/100 nL).

Pipettes were back-filled with 1–2 lL of virus. Prior to

an injection, each pipette was mounted in a stereotaxic arm

and connected to a Picospritzer II pressure injection system

(Parker). The patency of the tip was insured by ejecting a

small droplet of virus, and the number of pulses needed to

deliver 100 nL of virus was determined. The pressure and

duration settings of the Picospritzer apparatus then were

adjusted to deliver the desired volume of virus

(10–100 nL) in 80–100 pulses.

Viral injections

All procedures using rats were consistent with National

Institutes of Health guidelines and were approved by the

UC Irvine Institutional Animal Care and Use Committee

(IACUC). A total of 15 male Sprague–Dawley rats

(Charles River Laboratories) between 65 and 98 days of

age (mean ± SD 73 ± 12) were anesthetized using sodium

pentobarbital (i.p., 50 mg/kg). Anesthesia was maintained

using supplemental doses of sodium pentobarbital (i.p.,

30 mg/kg) as needed to suppress hindpaw withdrawal and

corneal reflexes. Prophylactic injections of ampicillin

antibiotic were given intramuscularly (150 mg/kg),

hydration was insured by subcutaneous injections of 5 %

dextrose in physiological saline, and mucous secretions

were controlled by intramuscular injections of atropine

(0.05 mg/kg). Using sterile technique, the skull over the

left somatosensory cortex was exposed and thinned, a small

window was excised over the posteromedial barrel sub-

field, and the dura in this area was removed. The micro-

pipette was angled 45� to contact the brain surface

orthogonally and was positioned stereotactically to target

the area near the B1 and B2 whisker barrels.

For supragranular injections, the tip was lowered slowly

to a depth of 0.2–0.4 mm (cortical layer 2/3). For infra-

granular injections, the tip was lowered to 1.0 mm (layer

5). Virus was injected using discrete pulses delivered at

15-s intervals. After the final bolus of vector was injected,

the pipette was left in place for 10 min before being

withdrawn slowly. Flunixin meglumine analgesic was

injected subcutaneously (1.1 mg/kg). The closed wound

was covered with topical antibiotic, after which rats

recovered from anesthesia and were housed individually in

filter top cages for 12–22 days (mean ± SD 16.8 ± 3.0).

Histology

Rats previously injected with AAV and non-injected con-

trol rats of the same age were anesthetized deeply using

sodium pentobarbital, confirmed by absence of hindpaw

withdrawal reflexes. They then were perfused transcar-

dially using 0.1 M sodium phosphate, 0.9 % sodium

chloride (pH 7.4) followed by 4 % paraformaldehyde in
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0.1 M sodium phosphate (pH7.2). Cerebral cortices were

dissected away from deeper structures and then flattened to

a thickness of 2 mm between microscope slides. Flattened

cortices were stored at 4 �C in 0.1 M sodium phosphate,

30 % sucrose (pH7.4).

A freezing microtome was used to prepare 40-lm
transverse sections, some of which were subjected to his-

tochemical staining for cytochrome oxidase activity to

localize cortical barrels as well as other primary sensory

cortical regions (Wong-Riley and Welt 1980; Wallace

1987), and others of which were stained using antibodies to

GFP to identify infected neurons and their processes.

Immunohistochemical detection of GFP employed block-

ing at room temperature in 5 % instant milk, 0.3 % Triton

X-100 in 0.1 M phosphate-buffered saline (pH 7.4) and

overnight (typically 21-h) incubations at 4 �C in a 1:2000

dilution of rabbit polyclonal antiserum (Invitrogen,

A-6455) in 2 % milk, 0.3 % Triton X-100 in phosphate-

buffered saline. Visualization used a goat anti-rabbit per-

oxidase Vectastain Elite ABC kit (Vector Laboratories)

followed by a 10-min incubation at room temperature in

0.03 % hydrogen peroxide and 0.5 mg/mL diaminoben-

zidine tetrahydrochloride. In some brains, additional sec-

tions were subjected to epifluorescence microscopy to

visualize GFP directly, but far fewer fibers were detected

using this method, which therefore was abandoned in favor

of a more thorough characterization of the horizontal

axonal projection pattern using immunohistochemistry.

Microscopy and image analysis

For quantitative analysis, immunostaining was visualized

using an Olympus BX60 microscope, a 209 objective, an

AxioCam MRm monochromatic camera (Zeiss), and

AxioVision Rel.4.6 software (Zeiss). Images of each

microscopic field (1388 9 1040 pixels, 150 dpi) were saved

at two focal depths using microscope brightness and

AxioVision software settings adjusted for each section with

the goal of utilizing the full grayscale range while allowing

the detection of lightly stained, fine axons (see Online

Resource 1A, B). The microscope stage was moved between

fields to produce images that overlapped sufficiently to

reconstruct the entire section as a photomontage (Online

Resource 1F). For each brain, four sections were selected for

quantitative analysis: these sectionswere chosen to represent

deep layer 1 (depth of 40–120 lm), shallow layer 2/3 (depth

of 160–240 lm), deeper layer 2/3 (depth of 280–360 lm),

and shallow layer 5 (depth of 800–960 lm).

The two focal planes of each microscopic field were

aligned in separate layers of an Adobe Illustrator file (see

Online Resource 1E). Copies of the Illustrator files were

renamed using a randomly generated code to obscure the

identity of the section and the position of the image within

the section during fiber tracing. After training, individual

researchers traced images from batches of two to five

sections that always included sections from both injected

and non-injected control brains as well as a set of standard

images to allow measurement of interobserver variance in

fiber detection. Tracing of axons was accomplished in an

additional layer of the Adobe Illustrator files using a

computer mouse or drawing tablet, discrete axons being

traced using a one-point line thickness (Online Resource

1E). Following tracing of all images, the files were decoded

and stitched using custom MatLab and Adobe Illustrator

scripts to reconstruct the fiber distributions across the

sections (see Online Resource 1F).

To generate images of tracings for figures in this paper

(e.g., Figs. 3, 7a, 8a), the thicknesses of the tracings were

increased to ten points before reducing the size of the

image to visualize the sparse fibers at distances from the

injection site (see Online Resource 2). For quantitative

analyses, the original one-point tracings were used.

Quantitative analysis of fiber distributions

For each brain, images of sections subjected to cytochrome

oxidase staining were copied into separate layers of Adobe

Illustrator files and aligned to one other by matching the

locations of blood vessels. Barrels and boundaries of other

sensory cortices (Wong-Riley and Welt 1980; Wallace

1987) were identified and traced in reference to these

sections. Locations of barrels and boundaries of sensory

cortices then were transferred to the montages of traced

axons by aligning locations of blood vessels detected both

in the immunostained sections and in the sections stained

for cytochrome oxidase. Then, the traced sections were

rotated to provide a best-fit match to the locations of the 27

posterior-most mystacial whisker barrels in a standard

barrel map (Brett-Green et al. 2001).

A circle corresponding to a diameter of 7.2 mm was

centered on each injection site to define the region of

interest for quantitative studies. This circle extended across

all of PMBSF and included parts of auditory cortex, visual

cortex, secondary somatosensory cortex, and the trunk

representation within primary somatosensory cortex (see

Fig. 2). For sections from non-injected controls, analysis

circles were positioned to give a similar sampling of the

cortical surface. Anti-aliased TIFF images of the fiber

tracings (10,800 pixels in diameter, 144 ppi, grayscale)

within the analysis circle were exported for analyses in

MatLab R2012a.

In the most superficial sections that we analyzed, it was

common for the analysis circle to extend past the section

edge. Occasionally, the region of interest for quantification

in these superficial sections also contained tears or large

blood vessels running in the plane of the section. To
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distinguish between such regions of missing tissue and

intact regions lacking axons, we also traced the missing

areas in a separate layer of the Illustrator document and

exported each of these tracings as a TIFF image to be used

as a mask during analyses in MatLab (tan areas in Online

Resource 2, column 2).

Fig. 2 Labeled axons detected in the nine most shallow 40-lm
sections from four brains injected with an AAV vector directing

expression of GFP by way of a non-selective CMV promoter. Red

lines indicate the locations of barrels and other cortical regions that

were detected by staining layer 4 sections from the same brain for

cytochrome oxidase activity. Left panels show tracings rendered using

thin lines to appreciate the axons found within known specific

projection areas including posterior parietal cortex (ParP), secondary

somatosensory cortex (SII), insular cortex (ICx), and motor cortex

(MCx). Right panels show tracings rendered using thicker lines to

appreciate more sparsely distributed axons radiating in nearly all

directions from the injection site. Several of the longer examples of

these axons are indicated with arrowheads. Some of these axons

crossed through dysgranular regions of cortex to penetrate the trunk

region of somatosensory cortex (trunk), the visual cortex (VCx), and

the auditory cortex (ACx). The yellow area in the center of each panel

indicates the saturated immunostaining present in a section near layer

4, representing where the majority of the neurons infected by the virus

were located (i.e., the ‘‘size’’ of the injection). This figure represents

only a sampling of the axons that could have been reconstructed in

these brains. Caudal (c) is to the right, and medial (m) is towards the

top. The circles (7.2 mm in diameter) represent the area used for

quantitative analysis in this study
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For each set of sections traced by a given researcher, the

standard images that were included to characterize inter-

observer variability were evaluated for the total amount of

tracing. These values were then expressed as a fraction of

the mean value across all section sets traced by all

researchers. This fraction was used to adjust proportionally

the thicknesses of tracings using ‘‘erode’’ and ‘‘dilate’’

functions in MatLab to help remove systematic differences

in tracing tendencies across researchers and/or analysis

sets.

The TIFF images were converted to 500 9 500 item

comma-separated value files in which black was assigned a

value of 1 and white (no tracing) a value of 0. After

application of the off-section masks and tracer-set nor-

malizations, these arrays were resized to create 15-pixel

diameter arrays (Online Resource 2, column 3), each cell

representing the density of traced axons within a square

area measuring 0.48 mm on a side. For statistical com-

parisons of the nine supragranular-injected brains and the

corresponding six controls, these resized arrays first were

averaged across the different section depths for each brain

(Online Resource 2). Values from injected brains and non-

injected controls then were compared on a cell-by-cell

basis using a one-tailed rank sum test in MatLab.

Different sections and different brains were found to

possess different levels of GFP immunostaining possibly

related to differences in injected volume of vector, batch of

vector, time of storage of vector, conditions of immuno-

histochemical staining, and/or microscopy and imaging

parameters. In addition, the range of axonal densities

across the analysis region was large, as the very numerous

and heavily labeled axons and dendrites at the injection site

produced a saturated image using microscopy and imaging

settings that were optimal for viewing the sparsely dis-

tributed axons at greater distances from the injection site.

To visualize patterns of axonal projections independently

of the absolute intensity of the staining and to visualize the

full range of axonal densities across the analysis region, the

arrays were re-expressed further using the equation:

y ¼ x^ðlogð0:5Þ= logðxÞÞ, where x represents the original

value at each cell of the resized array and x̄ represents the

mean value across the analysis region for the same sec-

tion. This re-expression results in a value of 0.5 at locations

within each analysis region that represent the mean staining

for the analysis region in that section, while values of 0

continue to represent an absence of staining, and values of

1 continue to represent saturated levels of staining such as

usually characterized the injection sites. Arrays re-ex-

pressed in this manner were used for the false-color illus-

trations of staining patterns of individual sections (Online

Resource 2, column 4). To visualize the average labeling

across different sections within the same brain, values were

averaged before re-expression. To visualize the average

axonal distributions across different brains at each section

depth and to visualize the grand average of axonal distri-

butions across all brains (Fig. 6), averages were calculated

after re-expression.

Results

Qualitative description of projection patterns

following supragranular injections of AAV-CMV-

GFP

Figure 2 (left panels) illustrates the axon segments detected

in the nine most superficial 40-lm transverse sections of

flattened cortex from four brains injected with viral vector

into layer 2/3 of PMBSF. We observed very heavy labeling

for about two barrel diameters around the injection site as

well as in areas known to receive specific projections from

neurons in PMBSF (Chapin et al. 1987; Koralek et al.

1990; Fabri and Burton 1991; Aronoff et al. 2010). These

areas included secondary somatosensory cortex (SII),

posterior parietal cortex (ParP), insular cortex (ICx), and

motor cortex (MCx). In addition to these well-known

specific projections, axon segments also were detected at

considerable distances from the injection site in multiple

directions not obviously related to the specific projection

sites. To better illustrate the locations of these more spar-

sely distributed axon segments, we have used a thicker line

width in the right panels of Fig. 2. The use of thicker lines

establishes that the local radiation of axons actually

extends more than two barrel diameters from the edges of

the injection sites, in most cases leaving the barrel field

entirely to impinge on cytochrome oxidase-defined borders

of other primary sensory cortices. Segments of sparsely

distributed axons (arrowheads in Fig. 2, right panels) were

found over anterior whisker barrels and at far distances

([3 mm) within regions of secondary sensory cortices

(associative dysgranular cortices) located between uni-

modal sensory cortices. Labeled axon segments also cros-

sed over cytochrome oxidase borders to enter the trunk

region of somatosensory cortex, the auditory cortex (ACx)

and the visual cortex (VCx). Overall, these sparsely dis-

tributed axon segments suggest the presence of a nearly

symmetrical, diffuse, horizontal projection radiating for

great distances from neurons at the injection site.

The axon segments contained within the region outlined

with the circles in Fig. 2 were of greatest interest in the

present study, as this region corresponds to the area dis-

playing changes in evoked local field potential following

stimulation of either a single whisker (Frostig et al. 2008) or

sets of adjacent whiskers (Chen-Bee et al. 2012) (Fig. 1).
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To address axon distributions across different animals as

well as the potential contribution of falsely detected fibers

to the projection patterns contained in this region, we con-

ducted a quantitative analysis involving coded images (see

‘‘Materials and methods’’). Figure 3 shows tracings of the

axon segments detected during this blind analysis in the

circular region of four transverse sections from each of nine

brains injected with the AAV-CMV-GFP vector. The four

sections included three supragranular sections correspond-

ing to layer 1, shallow layer 2/3, and deep layer 2/3, as well

as one infragranular section from shallow layer 5. In all

cases, the injection site was labeled heavily in comparison

to other areas of the analysis region. To illustrate the overall

distribution of labeled axon segments independently of their

depth in the section, the tracings also were collapsed across

layers (Fig. 4a).

Fig. 3 Tracings of axons within

the 7.2-mm diameter analysis

region of four sections from

each of nine brains injected

supragranularly with AAV-

CMV-GFP. The similarity of

axonal distributions across

different depths in a given brain

can be appreciated from this

figure, as well as the differences

in the absolute levels of labeling

across different brains. The

yellow area in the center of

each tracing represents the

extent of the saturated labeling

at the core of the injection site

in deep layer 2/3. Med medial,

Pos posterior, Lat lateral, Ant

anterior, SII secondary

somatosensory cortex, ParP

posterior parietal cortex, is

injection site
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As originally reported by Bernardo et al. (1990), and

repeatedly confirmed in subsequent reports (e.g., Stehberg

et al. 2014; Narayanan et al. 2015), axons immediately

surrounding the injection sites within the barrel field tended

to extend further along whisker row representations than

they did across whisker arcs. This well-known phe-

nomenon was not explored further in the present analyses.

Labeling of SII (see inset of Fig. 3 for location within the

analysis circle) often could be seen extending laterally

from the posterior half of the injection site and then curving

anteriorly. A patch of labeling corresponding to ParP also

was frequently detected in these sections. Despite these

similarities, the pattern of labeling was somewhat different

from brain to brain. On the other hand, projection patterns

in sections at different depths from a given brain were very

similar to one another. All sections of all brains yielded

evidence of labeled axon segments distributed throughout

the analysis circle in regions other than SII and ParP.

Fig. 4 a Axons shown in Fig. 3

were collapsed across all four

sections for each of the nine

brains injected supragranularly

with AAV-CMV-GFP.

b Falsely detected fibers within

the analysis region of six non-

injected controls were collapsed

across sections at the four

depths that were analyzed in

injected brains. These fibers

were traced in coded images

interspersed among those

comprising the results shown in

a. The yellow area in the center

of each tracing represents the

extent of the saturated labeling

at the core of the injection site

in deep layer 2/3. The circles

measure 7.2 mm in diameter
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The researchers who detected and traced the axons for

our analyses were trained to include short and faintly

stained fragments to adequately assess the full spatial

extent of the projection. Although this training emphasized

the identification of features characteristic of axons or axon

collaterals and also included samples of non-injected tissue

to encourage discrimination of real axon segments from

distracting features in the background staining that might

resemble axon fragments (e.g., capillary walls, chance

arrangements of elevated intensity along the cell mem-

branes of adjacent unstained neurons, etc.), we found that

some fragments continued to be identified in the non-in-

jected tissue even after extensive experience. We, there-

fore, included in the blind analysis coded images of

sections from non-injected tissue to assess this false dis-

covery rate (see ‘‘Materials and methods’’). The distribu-

tions of these falsely detected fibers are illustrated in

Fig. 4b, where tracings from four sections at different

depths from six controls have been collapsed in the same

manner used to generate Fig. 4a. Far fewer segments were

traced in these non-injected controls than were traced in

sections from injected brains, and the traced segments

tended to be shorter in the non-injected controls. The fal-

sely detected fibers were for the most part evenly dis-

tributed across the analysis region.

Statistical comparison of tracings

from supragranularly injected brains and non-

injected controls

Due to the false detection of some fibers in our analysis, it

was necessary to determine whether the density of traced

axon segments at distances from the injection site in

injected tissue exceeded the density of tracings resulting

from false discovery. As described in greater detail in

‘‘Materials and methods’’ section, TIFF images corre-

sponding to the individual section data in Fig. 3, as well as

comparable images from individual sections of non-in-

jected control brains, were converted into data arrays in

MatLab, transformed to address systematic differences in

tracing among different tracers (as well as among different

analyses conducted by the same tracers), and resized to

produce arrays that were 15 pixels across (see Online

Resource 2). In these resized arrays, each pixel represents

the mean value within a square area of the section mea-

suring 0.48 cm on a side. The values from the four sections

of the same brain then were averaged together (see Online

Resource 2), and the nine average arrays from injected

brains were compared to the six corresponding arrays from

non-injected controls using cell-by-cell, one-tailed rank

sum tests.

Red squares in Fig. 5 indicate the locations in the cir-

cular analysis region where the overlap between fiber

densities in injected and non-injected brains was so low as

to return a significant (p\ 0.05) result in the rank sum test.

Differences were found across the great majority of the

analysis region, in some cases extending to the pixels

furthest (3.12–3.60 mm) from the center of the injection

site. These data indicate that, across multiple animals,

labeled axons are distributed throughout the majority of the

analysis region, with long axons extending nearly to the

outer boundaries.

Quantification of the relative distribution of axons

in supragranularly injected brains

Whereas the statistical comparison between injected brains

and non-injected controls establishes the presence of axons

throughout the region previously shown to be activated by

the stimulation of single whiskers or combinations of

whiskers (Chen-Bee et al. 2012), it does not give an indi-

cation of the overall relationship between the density of

axons and the distance and direction from the center of the

injection. Axonal density would be expected to decline

steadily with distance in all directions if this projection

underlies the activity spread (Fig. 1), which itself shows a

near-symmetrical diminution in amplitude with increasing

distance from the peak of activation (Brett-Green et al.

2001; Frostig et al. 2008; Chen-Bee et al. 2012).

Fig. 5 Spatial distribution of significant differences in tracing density

between brains injected supragranularly with AAV-CMV-GFP and

non-injected controls. Images of traced fibers from the 7.2-mm

diameter circular analysis region such as shown in Fig. 3 were

converted to data arrays measuring 15 pixels across (see Online

Resource 2). Arrays from four different section depths of the same

brain were averaged, and the nine injected brains were compared to

six non-injected controls, applying one-tailed rank sum tests to

identify locations where the tracing density in injected brains reliably

exceeded the tracing density in non-injected controls. Individual

square areas (0.48 cm on a side) where individual rank sum tests

yielded p values below 0.05 were colored red to illustrate the large

spatial extent of the reliable differences between injected brains and

non-injected controls. Med medial, Ant anterior, Lat lateral, Pos

posterior
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Characterization of the central tendency of the relation-

ship between relative axonal density and location across

different brains required a correction for the different

absolute levels of labeling that were observed (Fig. 3).

Also, the axonal density at the periphery of each analysis

region was much lower than in the injection sites and in the

specific projection areas, so that a non-linear scaling was

required to visualize the full range of axonal density. We

chose to re-express the values in the 15-pixel diameter

arrays using the equation: y ¼ x^ðlogð0:5Þ= logðxÞÞ, where
x represents the original value at each cell of the resized

array and x̄ represents the mean value across the same array.

Following this transformation, a value of 0.5 represents the

mean staining for that array, a value of 0 represents an

absence of staining, and a value of 1 represents saturated

staining such as present in the core of injection sites. The

resulting values were visualized using a heat map where

warmer colors indicated higher densities, cooler colors

indicated lower densities, and the average value for the

array occurred at the transition between yellow and green.

Figure 6 displays the arrays for the four individual sections

of the nine injected brains.

For each brain, axonal densities also were averaged

across the four section depths and then re-expressed by the

same formula used for the individual sections (Fig. 6,

bottom row). The similarity in projection patterns across

the different brains is clearly apparent. In all brains, axonal

density tended to fall off gradually in all directions with

increasing distance from the injection site, although the

stronger projections to SII and ParP remain evident. For

each section depth, arrays were averaged across brains after

re-expression (Fig. 6, right column). The projection pattern

was very similar at the different depths, with axonal den-

sity decreasing in all directions with increasing distance

from the centers of the injection sites. It should be noted

that the absolute density of axons in layer 5 was lower than

in layer 2/3 for most brains, despite the similarity in pat-

tern, as is evident from the original tracings shown in

Fig. 3.

Our understanding of the mesoscopic spatial character-

istics of the activity spread shown in Fig. 1 is based on

averaging results across multiple animals. To determine if

the horizontal axonal projection had spatial characteristics

predicting this activity spread, we similarly averaged the

re-expressed axonal densities across animals. Figure 7a

shows the grand average of projection patterns across all

brains (the average of the bottom row of Fig. 6), and

Fig. 7b shows this same average overlain with an outline

(white) of the areas showing p\ 0.05 in the rank sum test

(Fig. 5). The overall average density shows a remarkable

Fig. 6 Quantification of relative axonal densities following supra-

granular injections of AAV-CMV-GFP. To compare projection

patterns across brains that exhibited different absolute labeling

intensities and to visualize the full range of axonal densities across

each 7.2-mm diameter circular analysis region, data arrays measuring

15 pixels across were re-expressed such that the average labeling was

assigned a value of 0.5. Values were then visualized using a

pseudocolor look-up table as indicated at bottom right. The bottom

row represents re-expressed arrays after averaging across the different

section depths within the same brains, revealing the similarity of

projection patterns across different brains. The right column repre-

sents the averages after re-expression of arrays for different brains at

each section depth, revealing the similarity of projection patterns in

different cortical laminae
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level of radial symmetry, although there was a lesser

density of traced axons at the perimeter of the analysis

circle in the direction of the auditory cortex (bottom right

portion of the analysis region).

Axonal projection patterns following infragranular

injections of AAV-CMV-GFP

In addition to the nine brains injected supragranularly, we

also injected AAV-CMV-GFP into layer 5 of three brains

(injection depth of 1.0 mm) and analyzed the patterns of

projection in the same manner as for the supragranular

injections. Axons were found to extend in all directions

from the infragranular injection sites (Fig. 8). There was a

concentration of axon segments associated with SII, but

axons also were distributed in all directions and scattered

throughout the 7.2-mm diameter analysis region (Fig. 8a).

Quantification of axonal density showed a diminution of

axonal density with distance towards the periphery of the

analysis region in all three brains (Fig. 8b). The average

pattern across the three infragranularly injected brains

(Fig. 8c) was remarkably similar to the average pattern

resulting from supragranular injections (Fig. 7), displaying

a largely symmetrical radiation of axons outward from the

injection site. The projection patterns also were similar at

the four section depths we investigated.

Reconstruction of individual long horizontal axons

We considered the possibility that fibers detected in our

quantitative analyses could include axons that coursed

through white matter for varying distances before rising

into the sections used for tracing. We, therefore, wished to

determine if we could follow individual axons continu-

ously as they traversed gray matter from the injection site

to reach locations and distances comparable to the extent of

the previously measured activity spread. We examined the

long axon segments in the nine most superficial

immunostained sections from two brains (CMV26 and

CMV39, illustrated in Fig. 2), and we identified candidate

intrinsic axons that appeared to be moving up or down

from one section to another from near the injection site to

the axon terminus. These segments were imaged again at

higher magnification (1009 objective) in numerous focal

planes, and they were stitched together using blood vessel

patterns and other features that were common to the adja-

cent sections. Although this analysis was limited to the

most superficial laminae of gray matter (layers 1, 2, and

part of 3), numerous individual intrinsic axons were suc-

cessfully reconstructed, and although the long fibers were

relatively rare compared to the high density of axons

immediately surrounding the injection sites, the axons that

we reconstructed represent only a subset of the axons

present at considerable distances from the injection sites.

We also observed continuous axons moving up and down

between up to three adjacent infragranular sections, but we

have not yet been able to completely reconstruct such

axons due to our use of every fourth infragranular section

for cytochrome oxidase staining.

The locations of some of the reconstructed intrinsic

supragranular axons are shown in Fig. 9, and some details

of the appearance of one of the reconstructed axons are

shown in Fig. 10. As shown in Fig. 9, some reconstructed

axons extended anteriorly across the PMBSF (CMV26,

axon C; CMV39, axon D), and others projected beyond

the barrel field to terminate in the somatosensory dys-

granular zone between PMBSF and the trunk region

(CMV39, axon E), in the trunk region of somatosensory

cortex (CMV39, axon G), in dysgranular cortex located

between visual cortex (VCx) and somatosensory cortex

(CMV26, axon E; CMV39, axons H and I), in the visual

cortex (CMV26, axons F and G), in the region of sec-

ondary somatosensory cortex (CMV39, axon B), and in

dysgranular cortex between somatosensory cortex and

auditory cortex (ACx)(CMV26, axon A; CMV39, axon

A). One reconstructed supragranular axon in each brain

projected through the trunk region of somatosensory

cortex to reach motor cortex (CMV26, axon D; CMV39,

axon F).

Many of the reconstructed axons extended close to or

beyond the established 3.5-mm distance of the activity

spread initiated by whisker stimulation. For example, at its

furthest point, axon D of CMV26 extended 5.5 mm from

the center of the injection site (5.3 mm from its edge), and

Fig. 7 Average projection pattern across all brains and section depths

for supragranular injections of AAV-CMV-GFP. a After averaging

across four section depths, data arrays corresponding to the 7.2-mm

diameter analysis region were re-expressed for each of the nine brains

injected with AAV-CMV-GFP in supragranular layers. The re-

expressed arrays were then averaged across the nine brains to reveal a

largely symmetrical axonal radiation in which axonal density declines

with distance from the injection site. b An outline of the areas

displaying differences in one-tailed rank sum tests (p\ 0.05)

between injected brains and non-injected controls (Fig. 5) is super-

imposed in white over the average pattern
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axon F of CMV39 extended 3.7 and 3.2 mm from the

center and edge of the injection site, respectively. In most

cases, reconstruction of the proximal ends of the axons

began around 0.5-1 mm from the edge of the injection site

due to a very high density of stained axons in these regions

that made it difficult to identify the continuation of axons

Fig. 8 Projection patterns following infragranular injection of AAV-

CMV-GFP. a Tracings within the 7.2-mm diameter circular analysis

region at four section depths were collapsed together for each of three

brains injected infragranularly with AAV-CMV-GFP. These patterns

can be compared with the patterns from supragranular injections

shown in Fig. 4. The yellow area in the center of each tracing

represents the extent of the saturated labeling at the core of the

injection site in deep layer 2/3. b Axonal densities resulting from the

three infragranular injections were quantified as described for

supragranular injections, averaged across section depth, and re-

expressed as in the bottom row of Fig. 6. c The re-expressed data

arrays illustrated in b were averaged to reveal a largely symmetrical

axonal radiation, similar to that found for supragranular injections

(Fig. 7)

Fig. 9 Locations of reconstructed supragranular axons from two

brains injected with AAV vectors employing CMV promoters. Axon

segments were stitched together with segments located in adjacent

sections by matching shared blood vessel and other staining patterns,

and their locations were superimposed on the pattern of cytochrome

oxidase staining obtained in layer 4 sections from the same brain to

represent the borders of barrels and other unimodal sensory cortices.

Axon segments were colored according to the section in which they

were found (see key). The filled shapes around the injection sites

represent the saturated labeling in section 9 (closest to the sections

used for cytochrome oxidase staining) under imaging conditions that

were optimal for the detection of sparse, stained axons at great

distances from the injection site. Letters refer to individual axons

referenced in the text. ACx auditory cortex, VCx visual cortex, MCx

motor cortex, trunk trunk region of primary somatosensory cortex,

m medial, c caudal

Brain Struct Funct

123



crossing between adjacent sections. We consider it very

likely that these axons would have remained in gray matter

for the short distance remaining to the injection sites.

Many of the reconstructed axons branched as they tra-

versed the superficial cortical laminae (Fig. 9, CMV26,

axons A, B, C, E, F and G; CMV39, axons A, D, E, G, and

H). Although we did not follow all branches to their ter-

mini, some of the details of an extensively branched axon

(CMV26, axon A) are illustrated in Fig. 10. Over twelve

termini were identified for this axon. The most rostral

terminus (at the end of the medial branch) was located over

1.8 mm from the most caudal terminus, and the termini

also were distributed across multiple depths within the

supragranular layers, ranging from section 4 (120–160 lm
deep) to section 8 (280–320 lm deep). Given this exten-

sive branching, it seems likely that an individual axon like

this one has the potential to affect activity over a large

volume of cortex.

Given that we were able to reconstruct continuous

supragranular axons projecting in multiple directions from

the injection site to distances comparable to the spread of

activity, we can conclude that the radiating, diffuse axonal

projection likely includes intrinsic horizontal axons (i.e.,

axons that never enter white matter).

Axonal projection patterns following supragranular

injections of AAV directing expression of YFP

by way of a CaMKIIa promoter

To determine whether the axons contributing to the diffuse,

radiating projection pattern involve excitatory cortical

pyramidal neurons, we injected additional brains with a

vector causing expression of yellow fluorescent protein

under the direction of the calcium/calmodulin-dependent

protein kinase II alpha (CaMKIIa) promoter. CaMKIIa is

limited in its expression primarily to the cortex, where it is

found in cortical excitatory neurons and not in inhibitory

neurons (Burgin et al. 1990; Wang et al. 2013). As shown

in Fig. 11a, supragranular injections of this selective vector

into two brains resulted in supragranular projection pat-

terns that were very similar to those produced by injections

of the permissive CMV vector (Fig. 2, left panels). Con-

centrated labeling was observed surrounding the injection

site and extending out of the barrel field to impinge upon

other primary sensory cortices, as well as within patches

representing secondary somatosensory cortex (SII), poste-

rior parietal cortex (ParP), insular cortex (ICx), and motor

cortex (MCx). Sparser labeling (arrowheads in Fig. 11a)

was found in anterior barrels and in dysgranular cortices

Fig. 10 Photomontages detailing the reconstruction of parts of axon

A from brain CMV26. Axonal segments were imaged using a 9100

objective, and individual images were joined to create the montages.

Superimposed rectangles and letters on the tracing in the inset

(replicated from Fig. 9) indicate the portions of the axon that are

illustrated in the separate smaller panels, and the colors indicate

which section contained a given portion of the axon (see key in

Fig. 9). Arrowheads indicate branch points, and pairs of yellow

symbols on black circles in panels a–e indicate points of overlap

between adjacent segments. Scale bars 500 lm; m medial, c caudal
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between primary sensory cortices, as well as crossing into

the trunk region of somatosensory cortex (trunk) and into

visual (VCx) and auditory cortices (ACx). Therefore, axons

from excitatory cortical pyramidal neurons contribute to

the radiating projection pattern.

To determine whether supragranular axons labeled using

the selective CaMKIIa vector stayed in gray matter

throughout their course, we reconstructed some of the

axons as was previously described for CMV26 and CMV39

(Fig. 10). As shown in Fig. 11b, numerous intrinsic hori-

zontal axons were successfully reconstructed. Figure 12

shows the details of the reconstruction of two of these

axons. Some of the axons extended anteriorly across the

PMBSF (CaMKIIa 02, axons J and K; CaMKIIa 04 axon

A), and others were found to project beyond the barrel field

to terminate in the somatosensory dysgranular zone

between PMBSF and the trunk region (CaMKIIa 02, axon

A; CaMKIIa 04, axon C), in the trunk region of

somatosensory cortex (CaMKIIa 02, axon B; CaMKIIa 04,

axon B), in dysgranular cortex located between visual

cortex (VCx) and somatosensory cortex (CaMKIIa 04,

axons D, E and F), in the visual cortex (CaMKIIa 02, axons

C and D; CaMKIIa 04, axon E), and in dysgranular cortex

between somatosensory cortex and auditory cortex (ACx)

Fig. 11 Projection patterns following supragranular injection of an

AAV vector directing expression of YFP by way of a CaMKIIa
promoter to restrict labeling to axons from excitatory cortical neurons.

a Tracings of axons detected in the nine most superficial 40-lm
sections of flattened cortices were collapsed together as is shown in

Fig. 2 for brains injected with the CMV promoter. As in the right

panels of Fig. 2, thicker lines were used to better visualize the sparser

axon segments (arrowheads) located outside of major specific

projection targets. The yellow area in the center of each panel

indicates the saturated immunostaining present in a section near layer

4 (the size of the injection). b Locations of reconstructed long

horizontal axons from the nine most superficial 40-lm transverse

sections. Axon segments were stitched together and colored according

to the section in which they were located, as described for Fig. 9.

Letters refer to individual axons referenced in the text. Axons A and

G from brain CaMKIIa 02 are further illustrated in Fig. 12. Axons

labeled E and F in brain CaMKIIa 04 may represent a single

continuous fiber; however, another axon crossed the proximal end of

axon F in section 2 (red segment) at such a similar depth that the

continuation of the fiber could not be unambiguously established.

This figure represents only a sampling of the axons that could have

been reconstructed in these brains. Dashed lines extending between

a and b point out identical locations in the two illustrations. ACx

auditory cortex, VCx visual cortex, MCx motor cortex, ICx insular

cortex, ParP posterior parietal cortex, SII secondary somatosensory

cortex, trunk trunk region of primary somatosensory cortex, m medial,

c caudal
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(CaMKIIa 02, axons G, H and I; CaMKIIa 04, axons E, F,

G, H, I and J).

Reconstruction of the proximal ends of two axons

crossing into the auditory cortex in brain CaMKIIa 02

(axons E and F) began in the dysgranular region between

somatosensory cortex and auditory cortex. Because the

axons dropped precipitously below our range of stained

sections at this location, we were unable to trace their full

Fig. 12 Photomontages detailing the reconstruction of two axons

from brain CaMKIIa 02 (indicated by large capital letters in

Fig. 11b). Axonal segments were imaged using a 9100 objective, and

individual images were joined to create the montages. Superimposed

rectangles and lower case letters on the tracings of the axons in the

bottom right panel of each reconstruction indicate the portions of the

axons that are illustrated in the separate smaller panels, and the colors

indicate which section contained a given portion of the axon (see key

in Fig. 11b). Arrowheads indicate branch points, and arrows indicate

features resembling boutons in CaMKIIa 02, axon A. Scale bars

500 lm; m medial, c caudal
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projections, and it is uncertain whether the axons traversed

gray matter all the way from the injection site.

Measured as the linear distance from the distal extremity

of the axon to the center of the injection site, many of the

reconstructed axons reached a distance that was comparable

to the extent of the fiber radiation documented in the quan-

titative analysis (Fig. 7). For example, at its distal extremity,

axon A of CaMKIIa 02 was 3.0 mm from the center of the

injection site, while axon D of CaMKIIa 02 extended

2.7 mm from the center of the injection site. Axons A and B

of CaMKIIa 04 extended 3.9 mm and 3.3 mm from the

center of the injection site, respectively. In a few cases, the

distal ends of axons rose above the first intact section that we

were able to collect on the microtome knife (CaMKIIa 02,

axon D; CaMKIIa 04, axons D, E and F). The actual lengths

of these fibers, therefore, may be underestimated.

As was the case for the axons labeled using the per-

missive CMV vector, many of the reconstructed axons

branched multiple times as they traversed the superficial

cortical laminae (Fig. 11, especially CaMKIIa 02, axons A

and G and CaMKIIa 04, axons A, D, E and F; Fig. 12,

arrowheads). There also were sporadic short protuberances

from some of the axons that were reminiscent of boutons

(Fig. 12: CaMKIIa 02, axon A, arrows). The presence of

extensive branching and possible boutons in axons labeled

using the CaMKIIa vector suggests that even a single axon

might exert excitatory synaptic influence over a large

volume of cortex.

Discussion

Technical considerations

Although some researchers have reported that AAV vectors

provide anterograde labeling almost exclusively (Cham-

berlin et al. 1998; McFarland et al. 2009; White et al. 2011;

Harris et al. 2012; Oh et al. 2014), others have reported

significant retrograde (Burger et al. 2004; Taymans et al.

2007; Cearley and Wolfe 2007; Castle et al. 2014) and

even trans-synaptic (Provost et al. 2004; Cearley and Wolfe

2007; Castle et al. 2014) labeling using AAV vectors such

as ours. We also observed sporadic labeling of cell bodies

more than 500 lm from the injection sites, which likely

reflects either retrograde or trans-synaptic labeling.

Labeled cell bodies were evident in regions known to have

reciprocal connections with PMBSF such as motor cortex,

SII, ParP, and insular cortex, but they also were scattered to

a lesser degree throughout the extent of the diffuse hori-

zontal fiber radiation. We, therefore, cannot rule out the

possibility that lightly labeled secondary axons from these

cells might have made some contribution to our quantita-

tive analysis of axonal distributions. However, during the

reconstruction of axons following injections of the AAV

vectors, the distal extremes of axons gave the appearance

of terminal branching (e.g., see Figs. 10, 12) and never led

to a labeled cell body, suggesting that anterograde labeling

underlies the axonal radiation visualized using this

approach. The restricted expression of the CaMKIIa vector

to excitatory cortical neurons (Burgin et al. 1990; Wang

et al. 2013) also argues against a subcortical origin of the

reconstructed fibers. A combination of anterograde and

retrograde labeling scattered across a more than 3-mm

range of the cortical surface is consistent with a generalized

presence of widespread, diffuse, horizontal connectivity

between multiple neighboring regions of cortex that falls

off with distance, but that crosses cytoarchitectonic borders

in both directions (Stehberg et al. 2014).

We injected virus in small boluses to restrict diffusion of

viral particles throughout a large volume of cortex. How-

ever, even small volumes of virus would be expected to

infect any cell with a dendrite or soma near the micropipette

tip. Our injections were into cortical layers 2/3 or 5, and in

these layers, pyramidal neurons have dendritic trees that

extend horizontally to a radius of up to 0.5 mm (Feldmeyer

2012). Therefore, cells would be expected to become

labeled within 0.5 mm of the injection site in the transverse

plane. This volume would span at least one barrel diameter

in any direction, minimally labeling neurons associated

with several barrels as well as their intervening septa. The

cell labeling at the core of our injection sites was fully

consistent with these dimensions. (The yellow or black

areas around the injection sites in our figures further over-

estimate the size of the injections in that they include dense

axonal projections emanating from the injection sites.)

Because our intention was to characterize horizontal pro-

jections contributing to a spread of activity evoked by

stimulating a single whisker, the area of our injections was

deemed appropriate to address anatomy underlying activity

spreads following single whisker stimulation.

Presence and characteristics of a diffuse, radiating,

horizontal projection system in rat barrel cortex

Using a combination of descriptive and quantitative

approaches following injections of AAV tracers into the

PMBSF, we have obtained further evidence that sensory

cortex is comprised two major cortical systems: a specific

system that projects through white matter to specific targets

and a diffuse horizontal system, a dual pattern found also in

primary auditory and visual cortices (Stehberg et al. 2014).

Specific projections from rat barrel cortex include well-

known targets such as SII and ParP (Chapin et al. 1987;

Koralek et al. 1990; Fabri and Burton 1991; Kim and Ebner

1999; Aronoff et al. 2010; Oberlaender et al. 2011; Lee

et al. 2011; Kim and Lee 2013), while the diffuse system
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projects nearly symmetrically (Frostig et al. 2008; Stehberg

et al. 2014).

Our analysis following AAV vector injections has

shown that the diffuse system involves a radiating network

of long, intrinsic horizontal axons running through cortical

gray matter with spatial features similar to the horizontal

spread of activity initiated by whisker stimulation (Fig. 1).

Individual axons were found to extend across and beyond

the barrel field in all directions, branching and probably

forming synapses with other neurons along their paths. The

densities of labeled axon segments were quantitatively

significant at distances greater than 3 mm from the center

of the injection sites, and individual axons could be fol-

lowed through superficial cortical laminae farther than

3.5 mm, which is consistent with the subthreshold activity

spreading at least 3.5 mm through cortex in various

direction (3.5 mm represented the furthest electrode tested,

and the average evoked local field potential was still 11 %

of peak magnitude at that location) (Frostig et al. 2008).

The intrinsic horizontal axons radiated in all directions

from the injection site, and except within the well-known

specific projection regions SII and ParP, axonal density

decreased with increasing distance from the injection site,

resembling the steady and largely symmetrical decrease in

the strength of activity with distance from the peak of

activation (Frostig et al. 2008; Chen-Bee et al. 2012).

Alternative pathways for widespread cortical

activation upon single whisker stimulation

There are a number of pathways through which activity

evoked by a single whisker might diverge en route to the

cortex to produce widespread cortical activation following

single whisker stimulation. Neurons in barreloids of the

ventral posteromedial thalamus that project to barrel col-

umns as part of the lemniscal pathway have been shown to

possess multi-whisker receptive fields so that neurons in

numerous barreloids can be activated by stimulating a

single whisker (Armstrong-James and Callahan 1991;

Simons and Carvell 1989; Nicolelis and Chapin 1994).

Therefore, numerous barrels would be expected to become

activated by the simple relay of this widespread spatial

pattern of thalamic activity to the barrel field. Individual

ventral posteromedial thalamic neurons also have been

shown to diverge in their projections to multiple cortical

barrels (Arnold et al. 2001), which would be expected to

lead to additional broadening of the area of activation by a

single whisker. Neurons in the medial division of the

posterior thalamic complex (POm) also have multi-whisker

receptive fields (Chiaia et al. 1991; Diamond et al. 1992),

receiving input from multi-whisker responsive neurons in

the spinal trigeminal sensory complex (Jacquin et al. 1986;

1989). POm neurons project to septal columns between the

cortical barrels as part of the paralemniscal pathway (Ko-

ralek et al. 1988; Chmielowska et al. 1989; Lu and Lin

1993; Wimmer et al. 2010), as well as to SII and the

dysgranular zone within primary somatosensory cortex

(Carvell and Simons 1987; Koralek et al. 1988; Viaene

et al. 2011), providing a pathway by which a broad spatial

pattern of activity might be relayed directly to barrel cortex

and beyond. Finally, multi-whisker receptive neurons in

the ventral lateral part of the ventral posteromedial nucleus

of the thalamus also project to septal columns, SII, and the

dysgranular zone (Pierret et al. 2000; Bokor et al. 2008),

and other thalamic neurons project even more diffusely to

the cortex (Rubio-Garrido et al. 2009).

Despite these multiple potential thalamocortical path-

ways towards widespread cortical activation, transection of

gray matter orthogonal to the cortical surface blocks the

propagation of activity outside the barrel field (Frostig

et al. 2008), which supports the hypothesis that horizontal

fibers within cortex are responsible for the spread of

activity beyond the barrel field following single whisker

stimulation. Relative latencies of responses to ‘‘surround’’

whiskers in cortex and thalamus suggest that the spatially

broad responses within the cortical barrel field also involve

lateral connections among cortical neurons (Armstrong-

James et al. 1991; Armstrong-James and Callahan 1991;

Brecht et al. 2003; Katz et al. 2006), and results of phar-

macological interventions further support the involvement

of lateral connections in generating the surround responses

displayed by barrel column neurons (Fox et al. 2003;

Wright and Fox 2010).

Although the long, intrinsic horizontal axons or axon

collaterals described in the present study might spread

activity monosynaptically throughout the area of the

activity spread, these data do not rule out the possibility that

polysynaptic propagation also contributes to the measured

spread of activity. Indeed, a polysynaptic contribution

seems likely, as action potentials can be detected from cells

an average of 1.5 mm away from the peak of activation,

about half the distance of the measured spread of the evoked

local field potential (Masino 2003; Frostig et al. 2008). In

some animals, action potentials could be measured up to

2.5 mm away from the location of peak activity (Frostig

et al. 2008). Postsynaptic activity at the ends of horizontal

axons emanating from these secondarily spiking neurons

likely contributes to evoked changes in local field potential.

Diffuse, horizontal axonal radiations are observed

at multiple cortical depths

Following supragranular vector injections, there was a

remarkable similarity in the horizontal axonal projection

pattern at different cortical depths, representing axons in

both supragranular and infragranular laminae (Johnson and
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Frostig 2015). This similarity was clearly evident in indi-

vidual brains, and the average pattern further revealed that

the general characteristics of a diffuse radiation of axons

occurred at all depths that we investigated. This finding is

consistent with the similarity in the symmetrical spread of

the local field potential and neuronal spiking measured both

supragranularly and infragranularly (Frostig et al. 2008).

Supragranular injections of vector result in infection of

supragranular neurons as well as infragranular pyramidal

neurons that have apical dendrites in these superficial lam-

inae (Feldmeyer 2012), so that it is not possible for us to

attribute the diffuse projection pattern to any particular cell

type defined by morphology or laminar location revealed

using single-cell labeling methods (Narayanan et al. 2015).

We found that infragranular injections of vector also resulted

in a diffuse radiation of axons at all cortical depths, sug-

gesting that the infragranular neurons make an important

contribution to the horizontal axonal radiation. These results

are consistent both with electrophysiological data showing

an important contribution of infragranular neurons to the

horizontal spread of activity in supragranular layers of cor-

tical slices (Wester and Contreras 2012) and with imaging

data showing that horizontal spreads of local cortical activity

can be initiated optogenetically by point stimulation in

transgenic mice expressing channelrhodopsin primarily in

pyramidal neurons located in infragranular layer 5Aof barrel

cortex (Lim et al. 2012; Mohajerani et al. 2013).

It recently has been reported that certain types of indi-

vidually labeled pyramidal neurons defined by morphology

and laminar location differ in the eccentricity of their

horizontal projections within the barrel field such that some

neurons project axon collaterals more along a whisker row

than along a whisker arc in supragranular layers, whereas

other neuron types project more along an arc than along a

row in infragranular layers, although collaterals extended

along both axes for all cell types (Narayanan et al. 2015).

These differences were observed for collaterals that

extended about one barrel column (*500 lm) away from

the labeled soma (Narayanan et al. 2015), which would

correspond to the very dense regions within and adjacent to

the injection sites in our studies. We have not attempted to

address such differences in the eccentricity of local axon

projections at different cortical depths following our

supragranular versus infragranular injections, as we were

more concerned with the horizontal axon segments that

extended in parallel with the activity spread (i.e., outside

the barrel field or several barrels away within the barrel

field). Any such analysis of eccentricity would be com-

plicated for our injections, all of which would be expected

to label a mixture of the ‘‘rowish’’ and ‘‘arcish’’ neuron

types. Furthermore, the analysis of Narayanan et al. (2015)

was based on axons characterized in a sample of 74 indi-

vidually labeled excitatory neurons (representing 10 cell

types), none of which were reported to exhibit axon col-

laterals that extended as far as the axons we have recon-

structed following our viral vector injections. Given the

sparsity of the axons contributing to the diffuse projection

pattern we have observed, it seems likely that a greater

number of neurons would need to be characterized for the

morphology and laminar specificity of the cells responsible

for the long projections we have characterized to be rep-

resented in their data set.

The diffuse horizontal axon radiation includes

projections from excitatory neurons

We detected horizontal axonal radiations following injec-

tions of two different tracing vectors. One vector expressed

GFP under the permissive CMV promoter, which should

direct high levels of expression in all infected cells,

including excitatory and inhibitory neurons of every sub-

class (Nathanson et al. 2009), whereas the second vector

should restrict expression primarily to excitatory pyramidal

neurons by way of the CaMKIIa promoter (Burgin et al.

1990; Wang et al. 2013). Because the latter promoter

revealed the presence of long, intrinsic horizontal axons

reaching across the extent of the diffuse axonal radiation in

all directions, part of the horizontal activity spread recor-

ded by intrinsic signal optical imaging and recording of

evoked local field potentials may represent a spread of

primary excitation by way of axons or axon collaterals of

pyramidal neurons. These data are consistent with the

measurement of spiking units up to 2.5 mm from the peak

of activation (Frostig et al. 2008).

The present anatomical data do not distinguish whether

the excitatory axons contact excitatory or inhibitory post-

synaptic neurons; nor can they exclude a contribution of

inhibitory axons to either the overall axonal radiation

detected using the permissive CMV promoter or the activity

spread measured by intrinsic signal optical imaging and

recording of evoked local field potentials (Frostig et al. 2008;

Chen-Bee et al. 2012). Indeed, some inhibitory neurons in rat

somatosensory cortex extend axons horizontally to a dis-

tance of several barrel columns from the cell body (Helm-

staedter et al. 2008). Although the CaMKIIa promoter is

preferentially expressed in pyramidal neurons, the present

data also cannot exclude the possibility that the neurons

projecting the long horizontal axons represent some

uncharacterized subclass of neuron that expresses CaMKIIa.

Apparent novelty of the long, diffusely radiating,

horizontal projections from barrel cortex

The extent and near symmetry of the long, diffuse, intrinsic

horizontal axonal radiation we report here and elsewhere

(Frostig et al. 2008; Stehberg et al. 2014; Johnson and
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Frostig 2015) have not been discussed in the numerous prior

studies of cortico-cortical efferent connections of barrel

cortex. Long horizontal connections between neurons in

other sensory cortices have been established in multiple

species (see, for example, Stettler et al. 2002; Martin et al.

2014). In rat barrel cortex, horizontal projections have

generally been described as extending only one or two barrel

diameters in any given direction for pyramidal neurons in

barrel columns, and for two to four barrel diameters in any

given direction for neurons in septal columns, although

evidence for a sparser projection beyond this extent often has

been present in photomicrographs (Chapin et al. 1987;

Koralek et al. 1990, Bernardo et al. 1990; Fabri and Burton

1991; Hoeflinger et al. 1995; Gottlieb and Keller 1997; Kim

and Ebner 1999; Broser et al. 2008; Oberlaender et al. 2011;

Lee et al. 2011; Kim and Lee 2013; Narayanan et al. 2015).

Prior studies in rats (Miller and Vogt 1984; Paperna and

Malach 1991) and other rodents (Budinger et al. 2006;

Larsen et al. 2009; Campi et al. 2007, 2010; Charbonneau

et al. 2012; Laramée et al. 2013; Henschke et al. 2015)

resulted in reports of sparse projections from somatosensory

cortex to other primary sensory cortices, but most of these

studies employed retrograde neuronal tracers and, therefore,

could not have appreciated that the axons involved coursed

diffusely through gray matter, branching along the way.

Although neurons in the barrel field are known to have long

projections to the dysgranular zone of the somatosensory

cortex and to the posterior parietal cortex (Kim and Ebner

1999; Oberlaender et al. 2011; Lee et al. 2011; Kim and Lee

2013), these axons typically are not discussed as being

abundant in other associational cortices posterior to PMBSF.

The long axons involved in the diffusely radiating pro-

jection that we have described certainly are encountered

more rarely than those near the injection site and those

involved in clustered specific projections to targets such as

the motor cortex, SII, ParP, and insular cortex, and they

may have been overlooked or ignored in earlier tract-

tracing efforts in favor of describing the denser projections.

Although the density of the long, diffusely distributed

axons may be low relative to the previously well-known

specific projections, the absolute volume of cortex poten-

tially impacted by these horizontal axons is likely to be

quite large (Boucsein et al. 2011). Even in our analyses, the

extent of the diffuse projection may have been underesti-

mated due to the sampling methods we employed. For

example, the axons shown in Figs. 2 and 11 included only

those detected in the nine most superficial sections, and the

axons in our quantitative analyses (Fig. 3) represented only

four sections chosen to sample different laminae, whereas

the entire depth of cortex usually extended through at least

30-32 of the 40-lm transverse sections that we collected

through the flattened cortical tissue. Furthermore, our

search for axons involved two focal planes imaged through

a 209 objective, whereas additional axon segments often

became apparent during fiber reconstruction, when we

viewed the same tissue using many more focal planes

imaged through a 1009 objective.

In contrast to many earlier studies, we chose a modern

viral tracer and sensitive detection techniques, including

amplification by way of avidin–biotin complexes, and we

sought explicitly to determine if long, horizontal axons

might underlie a previously detected pattern of neural

activity. Recently, other researchers working on elucidat-

ing the cortical connectome have accumulated data sug-

gesting more profuse efferent projections from the rat

(Zakiewicz et al. 2014) and mouse (Zingg et al. 2014; Oh

et al. 2014) barrel cortex than were reported in early

studies, although the coronal section plane and compre-

hensive mapping strategies preferred in these reports likely

obscure the radiating nature of the mesoscopic projection

(Johnson and Frostig 2015). Indeed, the data mining in the

analysis of the connectome typically imposes precon-

ceived notions of cortical parcellation that would divide

some of the continuous patterns of connectivity we have

described into discrete regions before quantitative com-

parisons are performed (Bota et al. 2012; Zingg et al.

2014; Oh et al. 2014). To distinguish adequately a rela-

tively sparse projection from false detection of fibers, we

used a statistical approach involving injections into the

same cortical region in multiple animals, whereas fewer

injections into each of multiple distinct locations are

employed by others to complete the connectome (Zingg

et al. 2014; Oh et al. 2014). Likewise, the sparsity of fibers

encouraged us to perform axonal reconstructions across a

large set of meticulously aligned adjacent histological

sections, a detailed strategy not currently exploited in the

analysis of the connectome (Johnson and Frostig 2015). A

combination of ‘‘big data’’ approaches such as the con-

nectome projects and approaches targeted to answering

specific questions such as we have done here is still

required for a thorough understanding of cortical connec-

tivity and function.

Functional implications of the diffuse, radiating

projection system

As mentioned above, there is evidence that cortico-cortical

connections can contribute to the generation of multi-

whisker receptive fields in the barrel field, and cortico-

cortical projections have been implicated in the facilitation

or suppression of responses when multiple whiskers are

stimulated simultaneously or sequentially (Brumberg et al.

1996; Shimegi et al. 1999; Mirabella et al. 2001; Hirata and

Castro-Alamancos 2008; Chen-Bee et al. 2012; Sachdev

et al. 2012). The horizontal axons we have characterized

within the barrel field may participate in these phenomena.
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The existence of long, horizontal axons radiating dif-

fusely from the barrel field into other sensory cortices may

be relevant to cross-modal responses to whisker stimulation

that can be recorded in visual and auditory cortices of rats

and other rodents (Wallace et al. 2004; Campi et al. 2007;

Frostig et al. 2008; Larsen et al. 2009; Vasconcelos et al.

2011) and to the modulatory influence that whisker stim-

ulation can have on responses to visual stimuli in rodent

visual cortex (Iurilli et al. 2012). Horizontal projections

also may contribute to the ability of stimuli from one

modality to evoke activity in cortices corresponding to

another modality following associative learning (Cahill

et al. 1996). Long, border-crossing horizontal projections

from the barrel field may play a role in deprivation-induced

neural plasticity, such as when somatosensory stimuli

evoke responses in the auditory cortex of congenitally deaf

mice (Hunt et al. 2006) or when somatosensory-evoked

responses invade the visual cortex of rats following

neonatal enucleation (Toldi et al. 1988; Wolff et al. 1992).

Likewise, horizontal axons within the barrel field may

contribute to the phenomenon in which the representations

of spared whiskers expand into deprived cortical regions

after a subset of whiskers is plucked or trimmed (Diamond

et al. 1993; Armstrong-James et al. 1994; Glazewski et al.

1998; Polley et al. 1999; Marik et al. 2010). Finally, the

predicted spread of activity carried by the long, horizontal

axons diffusely radiating from the barrel field may explain

how single whisker stimulation can protect large portions

of the cerebral cortex from ischemic damage following

blockage of the middle cerebral artery (Lay et al. 2010,

2013).
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Online Resource 1 Images of each microscope field were saved at two focal depths using a 20X 

objective, and the two images of the same field were stacked as separate layers in an Adobe Illustrator 

file, which was coded and distributed to trained individuals for tracing. Panels A and B show details of 

the stained axons present in the two focal planes, while panels C and D represent the area covered by a 

single microscope field. Fibers that were found in either focal plane were traced in a separate layer of 

the Illustrator file (E). Axons were traced in sets of files representing 2-6 sections (always including 

sections from both injected and non-injected control brains), and then the files were decoded and 



stitched (F). Each section was comprised of about 100-200 microscopic fields. This section is from layer 5 

of brain CMV25 (Fig.3). The scale bar in C represents 200 µm and applies to panels C-E. The circle in 

panel F has a diameter of 7.2 mm and represents the area subjected to quantitative analysis. 

 



 

Online Resource 2 Steps in the analysis and illustration of labeled axons. Axons detected in original 

images (1388 x 1040 pixels, 150 dpi) were traced in Adobe Illustrator using 1-point line thicknesses 



(column 2). After reduction, individual, sparsely distributed traced axons are not visible at this line 

thickness, and therefore the lines were adjusted to 10-point thickness before reduction for most of the 

tracings that are displayed in this report (column 1). Note that this transformation obscures the much 

greater density of axons immediately surrounding the injection site. For quantitative analysis, areas 

within the 7.2-mm diameter analysis circle (Online Resource 1) that fell off the section or that contained 

large blood vessels from the brain surface were traced (tan areas in column 2), and these tracings 

directed our custom MatLab analysis to disregard these pixels when calculating averages. Anti-aliased 

TIFF images of the fiber tracings (10800 pixels in diameter, 144 ppi, grayscale) were exported, and these 

files were converted to comma-separated value files such that a value of 0 represented no axons and a 

value of 1 represented saturated labeling. The files were further normalized to correct for differences in 

the intensity of tracing between different researchers and were resized to 15-pixels in diameter (column 

3). Arrays of this kind were averaged across the four sections prior to performing rank-sum statistical 

tests. In column 3, low positive values appear white after applying the color look-up table shown in the 

bottom row. To visualize the low, non-zero density of axons at the periphery of the analysis circle and to 

correct for differences in overall labeling intensity in different brains, the arrays were further 

transformed using the equation 𝑦 = 𝑥^(𝑙𝑜𝑔(0.5)/𝑙𝑜𝑔(𝑥 )) (column 4). After this re-expression, a value 

of 0.5 represents the mean axonal density across the analysis circle. 

 


	johnson and frostig BSAF 2015
	Long, intrinsic horizontal axons radiating through and beyond rat barrel cortex have spatial distributions similar to horizontal spreads of activity evoked by whisker stimulation
	Abstract
	Introduction
	Materials and methods
	Virus preparation
	Viral injections
	Histology
	Microscopy and image analysis
	Quantitative analysis of fiber distributions

	Results
	Qualitative description of projection patterns following supragranular injections of AAV-CMV-GFP
	Statistical comparison of tracings from supragranularly injected brains and non-injected controls
	Quantification of the relative distribution of axons in supragranularly injected brains
	Axonal projection patterns following infragranular injections of AAV-CMV-GFP
	Reconstruction of individual long horizontal axons
	Axonal projection patterns following supragranular injections of AAV directing expression of YFP by way of a CaMKII alpha promoter

	Discussion
	Technical considerations
	Presence and characteristics of a diffuse, radiating, horizontal projection system in rat barrel cortex
	Alternative pathways for widespread cortical activation upon single whisker stimulation
	Diffuse, horizontal axonal radiations are observed at multiple cortical depths
	The diffuse horizontal axon radiation includes projections from excitatory neurons
	Apparent novelty of the long, diffusely radiating, horizontal projections from barrel cortex
	Functional implications of the diffuse, radiating projection system

	Acknowledgments
	References


	Johnson and Frsotig BSAF supplementary 11



