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ABSTRACT
Astrocytes form an intricate partnership with neural cir-

cuits to influence numerous cellular and synaptic proc-

esses. One prominent organizational feature of

astrocytes is the “tiling” of the brain with non-

overlapping territories. There are some documented

species and brain region–specific astrocyte specializa-

tions, but the extent of astrocyte diversity and circuit

specificity are still unknown. We quantitatively defined

the rules that govern the spatial arrangement of astro-

cyte somata and territory overlap in ferret visual cortex

using a combination of in vivo two-photon imaging, mor-

phological reconstruction, immunostaining, and model

simulations. We found that ferret astrocytes share, on

average, half of their territory with other astrocytes.

However, a specific class of astrocytes, abundant in

thalamo-recipient cortical layers (“kissing” astrocytes),

overlap markedly less. Together, these results demon-

strate novel features of astrocyte organization indicat-

ing that different classes of astrocytes are arranged in

a circuit-specific manner and that tiling does not apply

universally across brain regions and species. J. Comp.

Neurol. 524:3561–3576, 2016.
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Astrocytes are multifunctional brain cells that have

been implicated in a wide array of important brain func-

tions, including the provision of trophic factors, struc-

tural and metabolic support to neurons (Molofsky et al.,

2012; Tsai et al., 2012; Clarke and Barres, 2013; Sloan

and Barres, 2014), regulation of vascular tone (Filosa

et al., 2015; Kim et al., 2015), neurovascular coupling

(Attwell et al., 2010; Petzold and Murthy, 2011; Otsu

et al., 2015), ion and transmitter clearance (Rose and

Karus, 2013; Sibille et al., 2014, 2015; Tong et al.,

2014; Murphy-Royal et al., 2015), and direct communi-

cation with neurons via gliotransmission (Jourdain et al.,

2007; Henneberger et al., 2013; Shigetomi et al., 2013;

Araque et al., 2014). Astrocyte interactions with neural

elements are important for normal brain development,

ongoing function, and plasticity, although many specific

mechanistic hypotheses remain controversial (Agulhon

et al., 2010; Petravicz et al., 2014; Srinivasan et al.,

2015).

One of the prominent features of astrocyte organiza-

tion, well characterized in the hippocampus, is the so-

called tiling of neural tissue. In this scheme, astrocyte

somata are evenly distributed and their processes over-

lap only minimally, such that each astrocyte covers an

exclusive territory of neuropil. In careful studies in rat

hippocampus, it was shown that the processes of

neighboring astrocytes exhibit minimal spatial overlap

(Bushong et al., 2002, 2004; Wilhelmsson et al., 2006).

A similar organization has been described in other spe-

cies and brain regions (Grosche et al., 2002; Oberheim

et al., 2006; Halassa et al., 2007; Stork et al., 2014).

Although this tiling arrangement has become the stand-

ard model for astrocyte organization, the majority of

our understanding of gray matter astrocytes derives
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from work in the rodent hippocampus, and information

about anatomical arrangement from other brain regions

and species is sparse.

The cortex has become a popular neural circuit in

which to study astrocyte behavior in vivo (Wang et al.,

2006; Schummers et al., 2008; Bonder and McCarthy,

2014; Paukert et al., 2014); however, the spatial organi-

zation and morphology of cortical astrocytes have not

been thoroughly studied. The visual cortex of the ferret

is an attractive model for studying development (Chap-

man and Stryker, 1993), functional organization of vis-

ual receptive fields (Usrey et al., 2003), and neuron–

astrocyte interactions (Schummers et al., 2008). As in

primates, but unlike rodent visual cortex (Ohki and

Reid, 2007; Van Hooser, 2007), ferret visual cortex has

a columnar organization, and spatial mapping of visual

receptive field properties (Chapman and Stryker, 1993;

Weliky et al., 1996; Yu et al., 2005). Visually driven cal-

cium elevations in ferret visual cortex share the recep-

tive field properties of adjacent neurons, and the

spatial arrangement of receptive field properties of

astrocytes is precisely aligned to the neuronal map,

suggesting a fine spatial scale of neuron–astrocyte

communication (Schummers et al., 2008). However, the

cellular and network organization of astrocytes has not

been thoroughly examined in ferret visual cortex.

MATERIALS AND METHODS

Animals
All experimental procedures conformed with NIH

Guidelines for the Care and Use of Laboratory Animals

and were approved by the Max Planck Florida Institute

for Neuroscience IACUC. Young male adult ferrets

(P60–P80), old ferrets (1 year old; Marshall Farms,

North Rose, NY), and BL6/C57 mice (P40–P100; Jack-

son Laboratory, Bar Harbor, ME) were used in the pres-

ent study.

For in vivo imaging experiments, ferrets were pre-

treated with atropine, and anesthesia was induced with

a mixture of ketamine (25 mg/kg) and xylazine (1.5

mg/kg) and maintained during surgical procedures with

isoflurane (1.2–1.5% in a 50:50 mixture of N2O:O2). The

eyes were protected with ophthalmic ointment during

the surgery and moistened afterward with silicone oil. A

head plate was attached to the skull with dental acrylic,

which was mounted on the movable stage of the micro-

scope. EtCO2, heart rate, and spO2 were monitored

continuously to assess depth of anesthesia and general

physiological condition of the animals. Body tempera-

ture was maintained at 38.58C with a homeothermic

heating blanket with a feedback circuit. A craniotomy

and durotomy were performed to expose a large portion

of area 17, which was covered with 2% agarose dis-

solved in artificial cerebrospinal fluid (ACSF). The corti-

cal window was then closed with a glass coverslip and

sealed with dental acrylic. A small gap was left between

the coverslip and the skull to enable penetration with

the electroporation pipette.

Mice were anesthetized with a cocktail containing

fentanyl (0.05 mg/kg), midazolam (5 mg/kg), and

medetomidine (0.5 mg/kg), supplemented with isoflur-

ane. The eyes were protected with ophthalmic ointment

during the surgery and moistened afterward with sili-

cone oil. A metal headplate was attached to the skull

using superglue and dental acrylic, and a 2-mm 3 2-

mm craniotomy was performed over the primary visual

cortex region (area 17). The exposed area was then

covered with a thin layer of 2% agarose in ACSF and a

glass coverslip.

Single-cell electroporation
Young ferrets (n 5 26), old ferrets (n 5 2), and mice

(n 5 5) were used. Astrocytes were labeled with sulfo-

rhodamine 101 (SR101) by surface application (200

lM). Individual astrocytes were targeted for electropo-

ration with a borosilicate patch-style pipette with resis-

tances between 5 and 7 MOhm, filled with 10,000 MW

dextran-conjugated fluorophores (Alexa Fluor 488 or

Alexa Fluor 594; 1 mM) dissolved in ACSF. The pipette

was directed to close apposition to the astrocyte mem-

brane assessed by live dual-channel two-photon imag-

ing, and confirmed by a small increase in pipette

resistance. Upon contact with the cell membrane, sin-

gle square voltage pulses (500 ms, 1 V) were typically

sufficient to fill the astrocytes with the dye. In some

cases a second pulse was delivered.

Two-photon imaging
Two-photon imaging was performed with an Ultima IV

microscope (Prairie Technologies, Middleton, WI),

coupled to a titanium-sapphire laser providing excitation

with �100 fs pulses at 80 MHz (Tsunami; Spectra-

Physics, Menlo Park, CA). Fluorescence from the astro-

cytes electroporated with Alexa Fluor 488 and Alexa

Fluor 594 was detected simultaneously using photomul-

tiplier tubes (Hamamatsu, Shizouka, Japan) through a

163, 0.8 NA objective lens (Nikon). The fluorescence

was separated with a 575-nm dichroic mirror, and col-

lected on two channels filtered at 525 6 35 and 607

6 22 nm. The laser intensity was at maximum 20 mW

and the gain of the photomultiplier tubes was in the

range of 590–610 V, avoiding saturation in the pixels of

the image. Cross-talk between these channels was

never observed, not even at the soma, where the inten-

sity was the highest due to the amount of dye localized
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at the cytosol. Image acquisition was accomplished

using PrairieView software. We focused our imaging on

layer 2, which was readily distinguished from layer 1 on

the basis of the negatively stained neurons. This deter-

mination was made independently in each experiment,

and ranged between 120 and 130 lm from the pial

surface.

Immunohistochemistry and histology
Young ferrets (n 5 3) were deeply anesthetized with

sodium pentobarbital (Euthasol) and perfused transcar-

dially with 50 ml of heparinized saline followed by 400

ml of fixative (4% paraformaldehyde in 0.1 M sodium

phosphate-buffered saline [PBS], pH 7.4). The brains

were removed and postfixed in a 4% paraformaldehyde

0.1 M PBS solution at 48C for 24 hours. Then 50 mm

parasagittal sections were collected in 0.1 M PBS (pH

7.4) using a vibrating microtome and stored at 48C.

Sections for immunoprocessing were incubated for 60

minutes at room temperature (RT) in 5% normal goat

serum (NGS, Jackson ImmunoResearch, West Grove,

PA, cat. # 005-000-121) to block nonspecific labeling

and incubated for 48 hours at room temperature in a

cocktail of primary antibodies and diluent (1% NGS in

PBS containing 0.25% Triton X-100, pH 7.4). Primary

antibodies were as follows: rabbit anti- S100 (Abcam,

Cambridge, MA, cat. #ab868, 1:500, AB Registry ID:

AB_306716), mouse monoclonal anti-NeuN (Millipore,

Billerica, MA, cat. #MAB377, 1:5000, AB Registry ID:

AB_2298772), guinea pig anti-vesicular glutamate trans-

porter 2 (VGlut2; Millipore, cat. #AB2251, 1:5000, AB

Registry ID: AB_1587626), and mouse monoclonal anti-

Connexin 43 (BD Biosciences, Franklin Lakes, NK, cat.

#610061, 1:5,000, AB Registry ID: AB_397473). After

the primary incubation, sections were washed in PBS (5

3 3 minutes) and then incubated for 3 hours in a cock-

tail of secondary antibodies conjugated to Alexa Fluor

dyes (Life Technologies, Carlsbad, CA) to tag the pri-

mary antibodies at a concentration of 1:500. Goat anti-

rabbit Alexa 488 and Goat anti-mouse Alexa 594 were

used to detect S100 and NeuN. Following secondary

antibody immunostaining, tissues were washed, incu-

bated in Hoechst solution (1:20,000) and saline (pH of

7.4) for 6 minutes, and washed 3 times in PBS to stop

Hoechst staining. Stained sections were mounted onto

Superfrost (VWR, Radnor, PA, cat. #48311-703) slides,

coverslipped using Slow Fade Gold Antifade media (Life

Technologies, cat. #S36936) and stored at 48C.

Antibody characterization
The S100 antiserum recognized a band between 21

and 24 kDa on western blots of ferret brain. Immuno-

staining of ferret and mouse cortex revealed the

expected pattern of staining (see Fig. 2) matching mor-

phologically to astrocytes and not overlapping with

NeuN staining (Yasuda et al., 2004).

The NeuN antiserum recognized bands at 46, 48,

and 66 kDa, on western blots of ferret brain, consistent

with the manufacturer’s documentation. Immunostaining

in mouse and ferret cortex revealed a pattern of

nuclear staining consistent with laminar neuronal cell

density patterns, and complementary to S100 staining

(see Fig. 2).

The VGlut2 antiserum recognized bands at 42 and

52kDa on western blots of ferret brain, consistent with

the manufacturer’s documentation. Immunostaining in

ferret cortex revealed a pattern identical to previous

reports, namely, thin fibers of an axonal appearance

with the highest density in layers 4 and 3 of cortex

(Nahmani and Erisir, 2005), consistent with the estab-

lished pattern of thalamocortical projections.

The Connexin 43 antiserum recognized bands at 43

and 50 kDa on western blots of ferret brain, consistent

with the unphosphorylated and phosphorylated forms of

the protein (Granot and Dekel, 1994). Immunostaining

in ferret cortex revealed the expected pattern of

expression as in previous reports in cortex (Mei et al.,

2010; Theodoric et al., 2012), as well as the distinctive

laminar pattern in the cerebellum (Koster-Patzlaff et al.,

2008).

Confocal imaging
Fixed tissue was imaged with a Zeiss LSM780 confo-

cal microscope (Carl Zeiss MicroImaging) using a Zeiss

plan-Apochromat 403/1.3 oil objective (NA 1.3). Fluo-

rophores were excited with an Argon laser at 458, 488,

and 514 nm (for 488 nm), an HeNe laser at 633 nm

(for 647nm), a DPSS laser at 561 nm (for 555 nm), an

HeNe laser at 594 nm (for 594 nm), and a laser Diode

at 405 nm (for 405 nm). To compute the number of

astrocytes (S1001) and neurons (NeuN1) as well as

the location of vGlut2, z-stacks were acquired with

steps of 2 lm and a pixel size of 0.5 3 0.5 lm. When

Cx43 was imaged, z-stacks were acquired with 1-lm

steps and a pixel size of 0.1 3 0.1 lm.

Data analysis
Reconstruction and volume calculations
Quantification of volumes of astrocytes electroporated

in vivo was performed using z-stacks obtained with a

two-photon microscope. Z-stacks were acquired with

steps of 2 lm covering the entire astrocyte and with a

pixel size of �0.3 3 0.3 lm. To obtain volume meas-

urements, 3D surfaces were generated with Surface

Module of IMARIS software (IMARIS 7.71; Bitplane,

RRID:nif-0000-00314). Briefly, the intensity of the

Visual cortex astrocytes
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channel was use to fit triangles to render the image.

The threshold was determined for each astrocyte and

visually inspected to confirm the representation of the

entire astrocyte. When multiple astrocytes were electro-

porated, contiguous astrocytes were filled alternating

Alexa 488 and Alexa 594 to avoid cross-talk with the

channels. For overlapping quantification, the astrocytes

were extracted in individual channels, and the surface

of an astrocyte was use to mask the channel of a

neighboring astrocyte. The amount of overlap was con-

sidered as the signal located in the same physical

space in two channels.

Cell counting
Neuron and astrocyte soma locations were identified

based on NeuN and S100 staining of 50-lm parasagit-

tal sections. Confocal image stacks were tiled to gener-

ate mosaics covering �1 mm in the anteroposterior

plane and 2 mm in the coronal plane, through all corti-

cal layers.

Neuronal somata were automatically identified using

Surface Module of IMARIS software (IMARIS 7.71; Bit-

plane) and extracted to a table of [x,y,z] coordinates.

Laminar boundaries were automatically identified based

on density of cell bodies with custom routines written

in Matlab. For this calculation, soma locations from two

to three consecutive 50-lm sections were aligned and

collapsed across the z-plane (coronal) using the pial

surface as a reference. The local density in a sliding

25-lm window was computed to generate a density

image. The stereotypical changes in density, alternating

low–high from layers 1–6 were identified by finding the

peaks in the derivative of the density in 25-lm sliding

windows, corresponding to the transitions from high-to-

low or low-to-high density.

Because astrocyte somata were more difficult to

automatically identify due to their heterogeneous shape

and variable intensity of S100 within primary processes,

they were identified by custom routines written in Mat-

lab. Images were preprocessed by high-pass spatial fil-

tering followed by adaptive image histogram

equalization to compensate for uneven spatial distribu-

tion of the S100 stain. Putative cell bodies were auto-

matically identified by thresholding, and segmentation,

subject to exclusion based on size and ellipticity crite-

ria. Putative cell bodies with large aspect ratios or vol-

umes were identified for evaluation by visual inspection.

Kissing astrocytes were visually identified, and center

positions were marked manually, based on confirmation

with the Hoechst channel. It is of note that, due to the

complex morphology and the extremely high intensity

of staining for S100 of layer 1 astrocytes, identification

of layer 1 astrocytes was often ambiguous. For this rea-

son, layer 1 astrocytes were excluded from analysis in

the figures, except for Figure 2B and Figure 3C.

Model and simulations
All modeling was performed using in-house routines

written in the Matlab environment. The curve for overlap

volume versus intersomatic distance was fit with a single

exponential curve by least-squares minimization. For

every S1001 astrocyte (n 5 4,904), the 3D cardinal dis-

tance was computed to every other astrocyte within 55

lm, to build a table of all n neighbors for each center

cell. For each of these neighbors, the exponential fit was

evaluated to compute the predicted overlap for the corre-

sponding distance. Cells with a distance less than 15 lm

were assigned the mean value for all kissing pairs (see

Fig. 6C). The volume of overlap for each of the n neigh-

bors was then summed to compute the “Total Overlap”

for each center cell. This value was then converted to the

predicted exclusive territory value: 100 2 (Total Over-

lap/mean astrocyte volume).

Simulation of overlap with spherical territories was

performed as follows. For each reconstructed astrocyte

(n 5 73), the volume (Fig. 1D) was converted to the

equivalent radius for a sphere of the same volume. The

distribution of these radii was fit with a Gaussian func-

tion (Fig. 7A). Then, each astrocyte in the S1001

population was assigned a radius by drawing randomly

from the fitted Gaussian distribution. The overlap

between each cell pair was then computed analytically

from the overlap of the two spheres. Subsequent proc-

essing was the same as for the real data. The total

overlap for each cell was computed as the sum of over-

lap from all neighbors (Figure 7B).

RESULTS

Astrocyte processes are extensively ramified, and the

thinnest processes are extremely fine in caliber. To

characterize the extent of the territories covered by

these processes, we electroporated individual layer 2

astrocytes in vivo with fluorescent dyes under visual

guidance of two-photon imaging of SR101 staining (Fig.

1A). The morphology of each astrocyte was recon-

structed from image z-stacks collected by in vivo two-

photon microscopy. All of the hallmarks of protoplasmic

astrocytes were evident in these reconstructions (Fig.

1B); each cell had a small soma, and several primary

processes, which ramified to branches and branchlets.

Each astrocyte had at least one process that termi-

nated in a structure that had the morphological charac-

teristics of a perivascular endfoot. The overall size and

shape of the territories was quite diverse, with overall

elongations (aspect ratios > 1.0), complex

M. L�opez-Hidalgo
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invaginations, and isolated elongated processes. Total

volumes ranged from 29,258 to 263,762 lm3, with a

mean of 114,774 6 5,809 (Fig. 1D). The values are

substantially larger than those reported in rat (Bushong

et al., 2002) and mouse hippocampus (Ogata and

Kosaka, 2002) and cortex (Halassa et al., 2007; Gro-

sche et al., 2013), but smaller than have been reported

for human cortical astrocytes (Oberheim et al., 2009).

To be confident that the larger measured volume of

ferret astrocytes was not a function of differences in

methodology, we repeated our measurements in astro-

cytes electroporated in mouse visual cortex. We found

that mouse astrocytes had an average volume of

64,831 6 4314 (range 43,350–94,166; Fig. 1C), which

confirms that astrocytes in ferret visual cortex are

approximately two times larger than in mouse (Fig. 1D).

Mouse astrocytes further had more homotypic morphol-

ogies, and were more spherical, with fewer invagina-

tions and isolated processes than in the ferret

population.

This result suggested that, in order for the tiling

arrangement to apply, there would need to be signifi-

cantly lower density of astrocytes in ferret visual cortex.

To address this possibility, we next characterized the

spatial distribution of astrocyte somata in ferrets and

mice with regard to the lamination pattern of neuronal

cell bodies in visual cortex. We identified astrocyte and

neuronal somata in 50-lm fixed tissue sections immu-

nostained for S100 and NeuN, respectively (Fig. 2A).

Clear laminar differences in neuronal density enabled

us to automatically delineate the cortical layers (Fig.

2B,C). Interestingly, astrocyte density was relatively

constant across cortical layers (Fig. 2D). The analysis of

the density of astrocytes across all layers revealed that

there were 2.48 6 0.15 neurons for every astrocyte in

ferrets (17,896 6 952 astrocytes/mm3). If astrocytes

tile visual cortex, as they do in mouse hippocampus,

then each astrocyte will correspond to a volume of

55,879 6 3,078 lm3. This value is noteworthy,

because it is much smaller than our measured value for

the average volume of ferret astrocyte territory, sug-

gesting that there is more overlap of processes from

neighboring astrocytes in ferret than previously

reported in rodent.

Figure 1. Astrocyte territory volume. A: Left: schematic showing two-photon guided single-cell electroporation of SR101-positive astro-

cytes. Right: example of electroporation process. B: Examples of the diversity of ferret astrocyte morphology. Each image is a projection

generated from 3D reconstruction of the z-stack. Volumes, clockwise from top left: 107,524; 98,861; 118,048; 54,614. C: Examples of

the morphology of mouse astrocytes. Volumes, clockwise from top left: 54,117; 46,735; 47,023; 48,671. D: Boxplot showing comparison

of territory volumes between ferret and mouse astrocytes. Boxplots represent the median and interquartile range (25th and 75th percen-

tile), and whiskers represent the minimum and maximum values. Scale bar 5 30 lm in B,C.

Visual cortex astrocytes
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Given the large range of territory sizes and shapes of

ferret astrocytes, we wanted to evaluate whether there

was a relationship between the arrangement of astro-

cyte soma locations and territory shape and size. An

analysis of nearest neighbor astrocyte distances dif-

fered markedly from a random distribution of cell loca-

tions in two notable ways (Fig. 3A). The most prominent

peak in the distribution of nearest neighbors was at 30

lm, which is substantially larger than expected for ran-

domly distributed (22 lm). The second peak of nearest

neighbors represents cell that are less than 12 lm

apart.

High-resolution confocal images of these cell pairs

revealed that they had cell bodies that were essentially

touching, and we refer to these cells as “kissing” pairs

(Fig. 3B). These pairs have been noted previously, dat-

ing back to Ram�on y Cajal (1899), but studies of their

prevalence and features are scarce. At the resolution

afforded by confocal imaging, even the nuclei of these

cells appear to be touching (Fig. 3C). Immunostaining

for the major astrocyte gap-junction protein connexin43

(Cx43) demonstrated that all such kissing pairs had

dense Cx43 expression on the touching membrane seg-

ments (Fig. 3C). This is consistent with the strong elec-

trical coupling measured between closely spaced

astrocyte pairs in the hippocampus (Xu et al., 2010,

2014).

Spatial analysis of kissing pair locations showed that

they are not uniformly distributed through the cortex;

the proportion was much higher in cortical layers 3 and

4 (Fig. 3D). In these layers, more than 20% of astro-

cytes are found in a kissing pair, whereas in layer 2,

only �10% were. Layer 4 and deep layer 3 are the pri-

mary targets of afferent projections from the lateral

geniculate nucleus (Humphrey et al., 1985; Erisir and

Dreusicke, 2005; Nahmani and Erisir, 2005). We

stained for VGlut2 to identify thalamocortical terminals,

and compared the spatial distribution of these terminals

with the distribution of kissing pairs (Fig. 3D, right). We

found a close relationship between the two, suggesting

Figure 2. Spatial distribution of astrocyte somata. A: High-magnification example of double staining for NeuN (left) and S100 (right). B:

Example of mosaic images for NeuN and S100 through all cortical layers. C: Example of the cell body locations obtained from the same z-

stack as images in B. The automatically defined layer boundaries (L1–L6) are overlaid on each plot. D: Plot of cell density as a function of

cortical depth computed from the data in C. Scale bar 5 20 lm in A; 200 lm in B.
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that kissing astrocytes may be related to the different

synaptic organization in these layers.

It was previously shown that these cells could be

astrocytes undergoing proliferation (Ge et al., 2012;

Bardehle et al., 2013); however, these cells were immu-

nonegative for markers of cells in division (Ki67), and

were also not detectable by bromodeoxyuridine (BrdU)

staining following either brief or prolonged BrdU treat-

ment (data not shown), suggesting that they are not

dividing cells. Consistent with this conclusion, Nimmer-

jahn et al. (2004) reported long-term stability of SR101-

stained astrocytes, including closely spaced pairs within

15 lm of each other.

These results demonstrated that there is substantial

heterogeneity in territory shape, size, and spacing of

somata in ferret astrocytes. This raised the question of

whether there is a relationship between the shape of

an astrocyte territory and the distance to its neighbors.

To address this, we targeted electroporations with two

spectrally distinct fluorescent molecules to pairs (or

larger groups) of adjacent astrocytes (Fig. 4A). We col-

lected z-stack image series from 39 such pairs, and

analyzed the overlap of processes of reconstructed ter-

ritories. Consistent with our analysis of the density and

size of astrocyte territories, we observed that many

pairs of neighboring astrocytes indeed had a large over-

lap of their processes (Fig. 4B). There was a large range

of overlap, ranging from 0% up to 50% of territory vol-

ume. Because soma locations are nonrandomly

arranged, we asked whether there were any specific

Figure 3. Spatial distribution of astrocyte nearest neighbors. A: Histogram of nearest neighbor distances (mean [line] 6 SEM [gray

shadow]). B: Examples of two pairs of kissing cells (top two rows), and one non-kissing cell pair (bottom row) stained for S100. Each row

contains four images from a z-stack, separated by 2 lm. C: Confocal image of triple-stained tissue (Hoechst, blue; S100, red; Cx43, white)

showing close apposition of kissing astrocytes. D: Histogram of nearest neighbor distances for cells located in each cortical layer (mean

[line] 6 SEM [gray shadow]). Image on right is immunostained for VGlut2. The image was low-pass filtered and clipped at 0.5% pixels for

display. Scale bar 5 200 lm in B–D.

Visual cortex astrocytes
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rules governing the relationship between the territory

morphology of an astrocyte and the arrangement of

nearby astrocytes surrounding it.

We analyzed the amount of overlap between adjacent

pairs as a function of somatic distance (Fig. 4C). There

was a strong negative relationship between intersoma

distance and amount of overlap for cell pairs separated

by 15–55 lm. Interestingly, that rule did not apply for

kissing cell pairs (separated by less than �12 lm),

many of which had very little overlap. The break from

this relationship in the kissing pairs (n 5 5) shows that

these cells follow different rules for interaction of their

processes, and suggests that they may be a distinct

class of astrocyte.

In the hippocampus, astrocyte morphology, size, and

territory overlap are developmentally regulated over the

time period of synaptogenesis (Bushong et al., 2004).

The age of the ferrets in our sample (P60–P80) was

chosen to represent mature astrocytes. At this age, the

critical period has closed, and synaptic refinement is

generally complete (Issa et al., 1999; Huberman et al.,

2008). Nevertheless, due to the surprising amount of

overlap observed, we decided to measure astrocyte

size and overlap in astrocytes from fully mature adults

(1 year old), to eliminate any possibility of a develop-

mental phenomenon. The distribution of territory vol-

umes were not statistically different between the two

age groups (Fig. 5A; p 5 0.24 by Student’s t-test). In

addition, the relationship between territory overlap and

distance was very similar (Fig. 5B). The results from the

older population confirm the conclusion that mature

astrocytes in ferret visual cortex are larger and morpho-

logically more heterogeneous, and share more territory

with their neighbors than in rodents.

The preceding analysis suggested that the standard

tiling model may be too simple to capture the arrange-

ment of astrocyte somata and processes in ferret visual

cortex. To build a more realistic description of the rela-

tionship between soma spacing and territory overlap,

we incorporated our measurements into a simple model

that enabled us to simulate alternative rules that could

govern the arrangement of astrocytes. We first fit an

exponential curve to the distance versus overlap data

from non-kissing astrocyte pairs (Fig. 6A). We then

used this curve to predict the overlap of each cell pair

in the S100-stained tissue (within a 55-lm

Figure 4. Measurement of volume of territory overlap. A: Schematic showing dual electroporation of adjacent SR101-positive astrocytes

with two spectrally distinct fluorophores. B: Three examples of territory overlap from reconstructed pairs of neighbors. The right-most pair

is from mouse. Top two rows show a projection of the reconstructed surface rendering of each cell in the pair. Bottom row shows the

overlay of the two cells, in which the images have been saturated to emphasize the color distinction of the region of overlap (white). C:

Plot of overlap volume as a function of distance between somas. Scatterplot shows measurements from kissing cell pairs (red) and non-

kissing cells (blue). The mean (line) 6 SEM (gray shadow) for bins of width 10 lm is overlaid. Circles indicate the cells shown in B. Scale

bar 5 20 lm in B.
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neighborhood). On average, there were 7.85 6 0.03

astrocytes within this neighborhood (Fig. 6B). This

enabled us to predict the overlap of each astrocyte

with all other neighboring astrocytes, as illustrated in

Figure 6C. In this example, there are four neighboring

cells. For each of these, the shared (overlapping) vol-

ume was predicted from the curve, and the total shared

volume was produced by adding these values.

We then applied this method to each cell in our pop-

ulation of S100-stained cells. As expected, there was a

strong relationship between the number of neighbors

and the total predicted shared volume (Fig. 6D). How-

ever, there was also a very broad distribution of pre-

dicted shared volume, regardless of the number of

neighbors. This is largely a function of the non-uniform

spacing of astrocytes in the tissue. The predicted

shared volume was then compared with the average

volume of the territories (Fig. 1D) to compute the pre-

dicted exclusive territory, which is the percentage of

territory that does not overlap with any neighbors. The

mean value across all astrocytes in all cortical layers

was 49.4% (range 46.9–51.7 across layers). Interest-

ingly, the distribution of predicted exclusive territory

values (Fig. 6E) showed a large range, from zero (no

exclusive territory) to 100 (no overlap with any neigh-

bors). As expected from the ratio of measured astro-

cyte volumes and volume available per astrocyte, this

model predicted that, on average, half of cortical tissue

is covered by processes from multiple astrocytes. How-

ever, the broad range of predicted exclusive territory

raised the question of whether territory shapes are

influenced by the shapes of their neighbors, or are

intrinsically or randomly determined.

To distinguish between these possibilities, we ran

another simulation. We generated spheres that matched

the volumes measured in our sample (Fig. 7A), and we

then placed these spheres randomly, at the true loca-

tions of astrocytes, and measured the overlap volume

with all touching neighbors from this simulation. This

simulates the case in which the particular shape of an

astrocyte is not influenced by the location or shape of

its neighbors. When we compared the relationship

between this simulated overlap and distance with the

fit to our data, there was a striking difference (Fig. 7B).

The measured overlap was substantially less than in the

simulated spherical case. In fact, the curve derived

from the data closely matches the lower bound on the

distribution from the simulation. This suggests that

astrocytes have a morphology that in fact minimizes

the overlap of their processes, given the constraints of

their size and their spacing.

DISCUSSION

We have assessed the spatial arrangement, morphol-

ogy, and territory overlap of astrocytes in mice and fer-

ret visual cortex. We have identified two major features

suggesting that standard models may need to be

expanded to encompass the astrocyte diversity in dif-

ferent brain regions and species. First, we found that

Figure 5. Measurement of overlap volume in older ferrets. A: Boxplot showing comparison of territory volumes between young adult ferrets

(replotted from Fig. 1D) and old ferrets. Boxplots represent the median and interquartile range (25th and 75th percentile), and whiskers

represent the minimum and maximum values. B: Comparison of overlap volume versus distance between young adult ferrets and old fer-

rets. Individual points are measurements from older ferrets. Error bar shows binned averages (line) 6 SEM (gray shadow), replotted from

Figure 4C.

Visual cortex astrocytes
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Figure 6. Estimate of the exclusive territory. A: The relationship between overlap and distance is modeled by an exponential curve fit to

the data for non-kissing cell pairs. The black curve is the means of the data from Figure 4C. The blue curve is the exponential fit. Values

below 15 lm are assumed to have constant value of the mean for the kissing pairs. B: A schematic example of use of the model to esti-

mate total overlapping volume for an astrocyte, with all touching neighbors. The inset shows the spatial arrangement of an astrocyte and

four neighbors. The volume of overlap is computed from the value of the exponential model taken at the distance for each pair. C: Cumu-

lative distribution plot of the number of touching pairs (less than 55-lm separation) across the population of S100-positive cells. D: Scat-

terplot of the total overlap volume computed by the model for each S100-positive astrocyte, as a function of the number of neighboring

cells. The mean (6 SEM) is overlaid. Dashed line represents the mean volume of all electroporated astrocytes, for comparison. E: Histo-

gram of the estimated exclusive territory for all astrocytes. Black and gray arrows demarcate mean and median.
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there is substantially more overlap of the processes of

neighboring ferret cortical astrocytes than in rodents,

suggesting that the tiling model, in which astrocytes

exclusively invest neural tissue, may not apply in ferret

visual cortex. We estimate that at most 50% of ferret

cortical tissue is covered by a single astrocyte. Second,

we observed that pairs of astrocytes with directly con-

tacting cell bodies expressing connexin 43 (kissing

astrocytes) do not follow the same rules governing the

overlap of their processes. Furthermore, these cells are

particularly prevalent in the thalamo-recipient layers of

cortex, in which neurons have distinct functional recep-

tive field properties, which suggests that these cells

may constitute a distinct class of astrocyte. These

results contribute to the emerging awareness of astro-

cyte diversity and circuit specificity.

Territory overlap and tiling
Since the studies of Bushong et al. (2002) and Ogata

and Kosaka (2002), the notion that astrocytes tile neu-

ral tissue with minimally overlapping territories has

become the standard model for astrocyte organization.

In spite of growing attention to astrocyte heterogeneity

(Oberheim et al., 2006; Matyash and Kettenmann,

2010; Khakh and Sofroniew, 2015), few studies have

made direct, quantitative measurements of territory vol-

ume and overlap in other brain regions or species. In

fact, there are examples of differences among brain

regions and species. The processes of Bergmann glia in

the cerebellum overlap substantially (Grosche et al.,

2002), suggesting that territory overlap may relate to

the functional requirements of particular neural circuits.

Human cortical astrocytes also overlap more than

rodent ones (Oberheim et al., 2009). Our results pro-

vide additional evidence that caution should be used in

making generalizations about astrocyte morphology and

organization in different brain regions or species.

Differences in the morphology and organization of

astrocytes between mice and ferrets could be related

to a number of factors, including the gyrencephalic ver-

sus lissencephalic brains, or the columnar organization

of visual cortex, which is absent in rodent cortex (Ohki

and Reid, 2007; Van Hooser, 2007). It can be explained

as a result of either intrinsic differences in the astro-

cyte, or as a result of plastic changes due to environ-

mental factors. Supporting the first notion, it was

recently shown that human astrocytes transplanted into

mouse cerebral cortex functionally incorporated into

the neuronal circuit and expressed characteristic size,

shape, and volume of human astrocytes despite the

murine neural environment (Han et al., 2013; Goldman

et al., 2015). There is also evidence that astrocyte mor-

phology can be dynamically altered by external factors,

such as neural activity levels. One exquisite example of

this occurs in physiological conditions within the supra-

optic nucleus of the hypothalamus, where astrocytes

extend and retract their processes in response to

changes in neuronal activity related to lactation (Piet

et al., 2002; Theodosis et al., 2006). In the same way,

astrocyte size and complexity is influenced by housing

Figure 7. Model of spherical territories. A: The distribution of the equivalent radius for the population of astrocytes (gray bars). Black line

is the gaussian fit used to generate the spherical territories in the model. B: Plot of the simulated volume of overlap, as a function of dis-

tance. Blue line represents the exponential fit to the original data, replotted from Figure 6A.
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conditions: animals that are reared in socially stimulat-

ing and enriched environments have an increase in

mean size and number of astrocytes (Sirevaag and

Greenough, 1991) and a delay in maturation when sen-

sory activity is decreased, as happens in monocular

deprivation in rats and cats (Muller, 1990; Hawrylak

and Greenough, 1995). This is noteworthy, because fer-

rets are most often reared in more socially stimulating

environments (like the ones used in this study) in com-

parison with mice.

The molecular mechanisms involved in astrocyte

spacing and territory overlap are poorly understood.

Recent studies of astrocytes in Drosophila suggest that

the extent of astrocyte territories is determined by a

balance between repulsive interactions with neighboring

astrocytes and the promotion of growth and elaboration

of astrocytic process by neuronal release of fibroblast

growth factor (FGF) ligands. The balance between repul-

sive and growth factors determines the size of the

astrocyte territory (Stork et al., 2014). If similar factors

interact in mammalian cortex, a parsimonious explana-

tion for our results could be that astrocytes in ferret

visual cortex experience an environment with a higher

ratio of neuronally derived growth-promoting factors to

astrocyte-derived repulsive factors, compared with

mouse astrocytes.

The functional consequences of overlapping territo-

ries have not been established. Several groups (Bush-

ong et al., 2003, 2004; Halassa et al., 2007) have

speculated that the single-astrocyte territories endow

each astrocyte with exclusive regulatory control over

the synapses within their territory, estimated to be

�140,000 for a typically sized astrocyte in area CA1

of the hippocampus (Bushong et al., 2002). Such an

arrangement would enable a spatial scale of regula-

tion distinct from both the point-to-point synaptic reg-

ulation and the volume diffusion neuromodulatory

regulation. Whether such territory-delimited regulatory

influence has a distinct functional role will require fur-

ther study.

Our results predict that �50% of cortical tissue in

ferret is covered by more than one astrocyte. For multi-

ple reasons, this is likely to be an underestimate. First,

territory volume measurements depend critically on the

intracellular distribution of the marker. Soluble cytosolic

markers have been found to underestimate astrocyte

volume compared with membrane-bound markers, due

to the extremely small volume-to-surface area ratio in

the most peripheral processes (Haustein et al., 2014).

Second, the number of touching neighbors that we

include in our model is almost certainly an underesti-

mate, due to edge-effects resulting from finite (50-lm)

tissue sections. For simplicity, we chose not to attempt

to correct for these effects, although they can be sub-

stantial (e.g., half of the neighbors are excluded for

cells at the bottom or top of the slice). Third, we

observed several examples in which the processes of

an astrocyte surrounded the soma of its neighbor. We

also noted several examples in which the processes of

two astrocytes overlapped (or nearly overlapped)

despite the presence of a third astrocyte in between

them. All of these factors together strongly indicate

that our estimates of exclusive territory are likely to be

a significant overestimate.

Our strategy for in vivo filling of astrocytes by SR101

targeting is novel, and potential differences with previ-

ous methods warrants discussion. The advantages of

our approach represent a trade-off with potential con-

founds of exogenous application of SR101 and electro-

poration. Labeling astrocytes with SR101 enabled us to

preselect the astrocytes to fill, which was important to

select pairs at specific distances, and with classic

astrocytic morphology (excluding oligodendrocytes, for

example, which have also been suggested to be labeled

by SR101). Furthermore, our strategy enabled us to

take measurements in vivo, which eliminates potential

artifacts arising from slice preparations, including

effects of fixation, hypoxia, and changes in ionic or

osmotic balance, all of which are critical for astrocyte

morphology (Stokum et al., 2016). Potential concerns

TABLE 1.

Antibodies Used in This Study

Antigen Immunogen

Source, host species,

cat. #, clone or lot #, RRID Dilution

S100 Recombinant full-length
protein (cow).

Rabbit polyclonal; Abcam, cat. #
ab868;

AB Registry ID: AB_306716 1:500

NeuN Purified cell nuclei from
mouse brain

Mouse monoclonal; Millipore,
cat. # MAB377;

AB Registry ID: AB_2298772 1:5,000

VGlut2 Final 18 amino acids of the
C-terminal of rat VGLUT-2

Guinea pig; Millipore, cat. #
AB2251

AB Registry ID: AB_1587626 1:5,000

Connexin 43 Rat connexin-43 amino acids
252–270

Mouse monoclonal; BD
Biosciences, cat# 610061

AB Registry ID: AB_397473 1:5,000
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with our approach arise from the reported epileptogenic

effects of SR101 (Kang et al., 2010), or damage related

to electroporation, which might theoretically alter astro-

cyte morphology on the rapid timescale of our experi-

ments. These concerns are largely alleviated by the

interspecies control: the clear differences seen between

ferret and mouse astrocytes, despite the identical label-

ing and filling procedures in both species.

Laminar differences in astrocyte
organization

We have found that there is a dramatically higher

proportion of kissing astrocytes in thalamo-recipient

layers 3–4 of ferret visual cortex. These layers have

several distinct properties, which are related to the fact

that all inputs to cortex are gated through the activity

in these layers. Thalamo-cortical synapses are generally

of the “driver” type, which are structurally and function-

ally distinct from intracortical “modulator” synapses

(Sherman and Guillery, 1998). Receptive fields in these

layers are more linear, “simple cells,” which therefore

are more active during natural vision conditions (Usrey

et al., 2003). Cytochrome oxidase activity is highest in

thalamo-recipient layers (Innocenti et al., 2002), sug-

gesting that there is a higher metabolic demand in

these layers. Consistent with this, there is a peak in

the density of vasculature in layer 4 in both rodent bar-

rel cortex and macaque visual cortex (Weber et al.,

2008; Blinder et al., 2013). Thus, it is likely that kissing

pairs are related to different demands of functionally

distinct cortical compartments, but further study will be

required to determine which aspect of astrocyte func-

tion is advantageous to meet the needs in these layers.

Kissing astrocytes have been observed, going back

to Ram�on y Cajal (1899); however, their prevalence and

arrangement have not been well characterized. Nimmer-

jahn et al. (2004) noted a population of astrocytes in

rat and mouse cortex that were located in very close

proximity, but did not appear to be directly touching.

Bardehle et al. (2013) state that they only observed

such cell pairs in mouse cortex subsequent to injury-

induced proliferation. Ge et al. (2012) observed live cell

divisions that gave rise to transient kissing pairs during

early development, but not in adult (P50) mouse tissue.

Further study will be necessary to identify the preva-

lence of these cells in different neural tissue compart-

ments, and in different species.

Functional implications
It is noteworthy that astrocyte calcium signals have

been reported to differ somewhat between studies in

ferret and mouse visual cortex (Schummers et al.,

2008; Bonder and McCarthy, 2014; Paukert et al.,

2014). In mouse cortex, activity-driven calcium events

in individual astrocytes are relatively rare, whereas

synchronized events among neighboring astrocytes are

much more prominent (Paukert et al., 2014). This differ-

ence with ferret astrocyte behavior may reflect different

states of anesthesia (Schummers et al., 2008; Thrane

et al., 2012), species differences in astrocyte organiza-

tion such as we describe here, or differences in neural

activity patterns between species. It is also possible

that the latter two factors are inter-related; increased

coordinated activity during epilepsy has been reported

to lead to increased overlap between the processes of

neighboring astrocytes (Oberheim et al., 2008). It is

therefore conceivable that the degree of astrocyte terri-

tory overlap is closely related to levels of synchronized

activity, which is higher in ferret visual cortex than

mouse, owing to the columnar organization and higher

firing rates.

Although ferret astrocytes express connexin proteins,

calcium responses in layer 2 astrocytes are independ-

ent of their neighbors (Schummers et al., 2008). This

raises the question of when, and to what extent, astro-

cytes in ferret visual cortex act as independent units

instead of as a syncytium. Astrocyte network communi-

cation through gap junctions is also essential for the

correct distribution of potassium, glutamate, and water

(Pannasch et al., 2011). Astrocytes not gap-junction–

coupled to their neighbors are still able to take up ions

and metabolites but fail to distribute them through the

network.

Based on these notions, it is possible that the size of

ferret astrocytes is a compensation, to balance network

connectivity for metabolic purposes with independent

calcium signaling capability. The idea that astrocytes

are acting as independent units has benefits regarding

the fine scale at which bidirectional communication

between astrocytes and neurons would occur. However,

in a model with no overlap plus no functional connec-

tions, the events occurring in one territory would be

isolated and would have little influence over their neigh-

bors. In this sense, the fact that ferret astrocytes share

50% of their domain with their neighbors would let

other neurons and astrocytes know what is happening

in the neighborhood. The inverse relationship between

the presence of gap junctions and overlap matches our

data regarding kissing pairs, in which the gap coupling,

not overlap, is preserved. The data presented here

point to a new form of astrocyte organization with the

purpose of preserving local independent bidirectional

communication with neurons and an astrocytic network

connected mainly through the neuropil shared between

neighbor astrocytes.

Visual cortex astrocytes
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