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Abstract
We evaluated the shapes, numbers, and spatial distribution of astrocytes within the glial lamina, an
astrocyte-rich region at the junction of the retina and optic nerve. A primary aim was to determine
how the population of astrocytes, collectively, partitions the axonal space in this region. Astrocyte
processes labeled with glial fibrillary acidic protein (GFAP) compartmentalize ganglion cell axons
into bundles, forming “glial tubes”, and giving the glial architecture of the optic nerve head in
transverse section a honeycomb appearance. The shapes of individual astrocytes were studied
using transgenic mice that express enhanced green fluorescent protein in isolated astrocytes
(hGFAPpr-EGFP). Within the glial lamina the astrocytes were transverse in orientation, with
thick, smooth primary processes emanating from a cytoplasmic expansion of the soma. Spaces
between the processes of neighboring astrocytes were spatially aligned, to form the apertures
through which the bundles of optic axons pass. The processes of individual astrocytes were far-
reaching – they could span most of the width of the nerve -and overlapped the anatomical domains
of other near and distant astrocytes. Thus, astrocytes in the glial lamina do not tile: each astrocyte
participates in ensheathing approximately one quarter of all of the axon bundles in the nerve, and
each glial tube contains the processes of ~ 9 astrocytes. This raises the mechanistic question how,
in glaucoma or other cases of nerve damage, the glial response can be confined to a circumscribed
region where damage to axons has occurred.
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INTRODUCTION
The morphology of individual astrocytes and their diversity have long been known from
work using the Golgi technique and electron microscopy (Ramon Y Cajal, 1909–1911;
Klatzo, 1952). Immunocytochemical and single cell dye-injections have further
characterized the three-dimensional appearance of these cells (Miller and Raff, 1984; Butt
and Ransom, 1989; Butt and Ransom, 1993; Butt et al., 1994a; Butt et al., 1994b; Bushong
et al., 2002). Astrocytes at different locations of the nervous system vary in the pattern of
ramification of their processes and the contacts they make. The specialized endings of
astrocyte processes form subpial and perivascular glia limitans (Landis and Reese, 1981;
Landis and Reese, 1982; Gotow and Hashimoto, 1989), and they also have perinodal
processes that contact axonal membranes at the Nodes of Ranvier (Raine, 1984; Waxman
and Black, 1984; Suarez and Raff, 1989; Butt et al., 1994c). Their elaborate morphology
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allows them to be in close apposition to neuronal somas and dendrites, synapses, blood
vessels and the margins of the nervous system.

Astrocytes have been assigned many functional roles. These include: providing structural
rigidity, maintaining the extracellular environment, modulating synaptic function and
plasticity, releasing neurotransmitters and energy substrates, regulating blood flow and
assisting in the scarring and repair process (Haydon, 2001; Ullian et al., 2001; Nedergaard et
al., 2003; Newman, 2003; Magistretti, 2006; Takano et al., 2006; Iadecola and Nedergaard,
2007; Rossi et al., 2007). However, the spatial relationship among astrocytes as populations
have been little studied (Bushong et al., 2002; Halassa et al., 2007). How does the complex
morphology of a single astrocyte contribute to the overall astrocyte array, and how does this
array integrate into a fiber pathway?

Immunocytochemical detection of astrocyte markers does not reveal the extent of overlap
between astrocyte territories. Glial fibrillary acidic protein (GFAP), the most commonly
used immunocytochemical marker of astrocytes, is restricted to labeling the intermediate
filaments, leaving much of the morphology unseen. In the brain, GFAP is reported to
delineate only ~ 15% of the total volume of an astrocyte, grossly underestimating its full
extent (Connor and Berkowitz, 1985; Bushong et al., 2002). Cytoplasmic markers such as
S100 calcium binding protein β (S100β), glutamine synthetase (GS) or glutamate/aspartate
transporter (GLAST) can reveal the fine processes, but produce a labeling pattern with little
separation between neighboring astrocytes. Recent studies using single cell dye injections of
neighboring astrocytes have revealed both the exquisite anatomical details of astrocytes and
their spatial relationship. Use of this technique in the gray matter shows that protoplasmic
astrocytes have minimal overlap between their processes, effectively tiling to form a
patchwork of individual domains within the neuropil (Bushong et al., 2002; Ogata and
Kosaka, 2002; Wilhelmsson et al., 2006; Halassa et al., 2007).

Here, we have studied the mosaic and tiling of astrocytes within the glial lamina, an
astrocyte-rich region at the junction of the retina and optic nerve. We were particularly
interested in this region because it appears to be the point of origin of axonal degeneration in
glaucomatous neuropathy (Quigley, 1999; Jakobs et al., 2005; Howell et al., 2007;
Buckingham et al., 2008; Soto et al., 2008). We used a transgenic mouse strain expressing
enhanced green fluorescent protein in subsets of astrocytes (hGFAPpr-EGFP; (Nolte et al.,
2001) to obtain a detailed three-dimensional visualization of the astrocytic organization
within the glial lamina. In tissue from these animals the complete morphology of individual
astrocytes can be imaged, along with the spatial relationship between neighboring astrocytes
and other structural components (e.g., bundles of ganglion cell axon bundles, gap junctions,
blood vessels, extracellular matrix components).

We report that the processes of astrocytes in the glial lamina surround and partition the axon
bundles from one another, thus forming glial tubes through which run bundles of
neighboring ganglion cell axons; they collectively form a honeycomb structure. Using the
hGFAPpr-EGFP mice, we found that the processes of individual astrocytes can reach all the
way across the nerve, overlapping substantially: every astrocyte potentially contacts nearly
one quarter of all axon bundles within the nerve, and the wall of each glial tube is made up
of the processes of several astrocytes. The projection of astrocytes to distant areas of the
nerve raises questions about the mechanism of the astrocytic response to focal damage to
axonal tracts, as occurs in glaucoma.
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MATERIALS AND METHODS
Mouse strains

All animal procedures were approved by the Subcommittee on Research Animal Care of the
Massachusetts General Hospital, Boston. Mice were housed on a 12 h light/dark cycle and
received food and water ad libitum. Different lines of adult mice were used in this study: (1)
wild type C57Bl/6, (2) transgenic mice in which astrocytes express enhanced green
fluorescent protein (EGFP) under the control of the human glial fibrillary acidic protein
(GFAP) promoter (hGFAPpr-EGFP). This transgenic strain has been established by
injecting a 2.2 kb fragment of the human GFAP promoter fused to the EGFP gene into
oocytes of FVB/N mice (Nolte et al., 2001). This promoter fragment has been shown to
direct astrocyte-specific expression in transgenic mice (Brenner et al., 1994). The resulting
strain displays bright labeling of individual astrocytes in the central and peripheral nervous
system, the optic nerve and the retina. The green fluorescent cells in this mouse line are
neither neurons nor oligodendrocytes (see Results and (Nolte et al., 2001; Emsley and
Macklis, 2006). Heterozygous mice were used for all experiments involving transgenic
animals; EGFP expression was confirmed by the illumination of the ears of young adult
animals under a fluorescence dissecting microscope (peripheral glial cells are labeled
brightly enough to be seen under these conditions). In addition, we used two more
transgenic lines that express GFP retinal ganglion cells to trace axons in their course through
the optic nerve (GFP-M and YFP-12). These lines are part of a series of strains generated by
oocyte injections of genes coding for fluorescent proteins (GFP or YFP) under the control of
a Thy1 promoter fragment (Feng et al., 2000). This promoter fragment has been shown to
direct gene expression in neuronal cells (Vidal et al., 1990). In the case of GFP-M only ~30
ganglion cells per retina are labeled, whereas about 30% of all ganglion cells are labeled in
YFP-12 (Feng et al., 2000; Kong et al., 2005; Jakobs et al., 2007).

Tissue preparation
Light-adapted mice were anesthetized with an intra-peritoneal injection of 100 mg/ml
ketamine and 20 mg/ml xylazine and subsequently killed by an intra-cardiac injection of
sodium pentobarbital. To obtain the optic nerve without causing structural damage, the
animal’s brain was exposed, and a razor blade was used to carefully cut away the brain
immediately above the optic nerve and chiasm. The head was then immersed in fixative (4%
paraformaldehyde) for 1 hour at room temperature and washed in 0.1 M phosphate buffered
saline (PBS pH 7.4; 3 ×10 minutes). Following fixation, the remaining portion of the brain
was gently detached from the optic nerve and chiasm. The orbital bones, retrobulbar tissue
and ocular muscles were removed to isolate the globe and attached optic nerve.

The dura surrounding the optic nerve was delicately removed using fine dissection scissors.
Using a razor blade, the globe was then dissected in two locations: (1) approximately 1–2
mm behind the limbus, and (2) approximately 1 mm anterior to the optic nerve head. Four
small radial incisions were made in the remaining posterior retina, so that the retina could be
flattened and the neural retina gently peeled away from the retinal pigment epithelium. The
optic nerve was prepared in one of three ways: (1) the optic nerve was cut using a razor
blade at the border of the unmyelinated and myelinated region, and then mounted in a slab
of 4% agarose pointing upwards, or (2) the optic nerve was cut in half longitudinally using a
razor blade and then mounted in a slab of 4% agarose with the cut surface facing up, or (3)
the optic nerve was not sectioned at all and directly mounted in a slab of 4% agarose.

Immunohistochemistry
For immunohistochemistry, optic nerve sections were initially incubated in blocking
solution (3% donkey serum, 0.5% Triton X-100, 0.01% NaN3 in PBS) for 2 hours at room
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temperature. The primary antibodies were diluted in 3% donkey serum, 0.5% Triton X-100,
0.01% NaN3 in PBS. A list of the antibodies used is shown in Table 1. Optic nerves were
incubated in the primary antibodies for at least seven days at 4°C, after which they were
washed in PBS (pH 7.4, 3 × 10 minutes). Primary antibodies were visualized by the
application of secondary antibodies conjugated with Alexa Fluor 350 (1:400, donkey anti-
mouse, Molecular Probes, Eugene, OR), FITC (1:400, donkey anti-rabbit, Jackson
ImmunoResearch, West Grove, PA) or rhodamine (1:400, donkey anti-rabbit and donkey
anti-rat, Jackson ImmunoResearch). Secondary antibodies were applied for at least three
days at 4°C and subsequently washed in PBS (pH 7.4, 3 × 10 minutes). The specificity of
the secondary antibody was confirmed by leaving out the primary antibody or using a
secondary antibody from a different species. These control experiments led to minimal
background fluorescence. If counterstaining of cell nuclei was desired the retinas were
incubated with 1 µm TO-PRO 3 iodide (T-3605, Invitrogen, Carlsbad, CA) for 20 min at
room temperature.

Antibody characterization
The SMI32 antibody recognizes two bands of 200 and 180 kD in rodent brain extracts
(Sternberger and Sternberger, 1983), and has been used to stain axons in normal and
glaucomatous animals (Jakobs et al., 2005; Howell et al., 2007). The GFAP antibody
recognized a single band of 46 kD m.w. on Western blots of rat brain (manufacturer’s
datasheet), and stained a pattern of cellular morphology and distribution in the mouse optic
nerve that is identical with previous reports (Jakobs et al., 2005; Howell et al., 2007). The
MBP antibody stained myelin sheaths consistent with that described in several studies
(D'Urso et al., 1997; Pittier et al., 2005; Dugas et al., 2006). The NG2 antibody recognizes
one band of 270–300 kD on Western blot and stained a population of cells with similar
morphology to previous studies (Levine and Nishiyama, 1996) (Tekkok and Goldberg,
2001). The APC antibody recognizes one band at 312 kD on Western blot; in the optic
nerve, this antibody stains oligodendrocytes (Bhat et al., 1996; Tekkok and Goldberg, 2001).
The collagen type IV antibody produced a staining pattern consistent with that reported by
(Johnson et al., 1996).

Anterograde dye-labeling of ganglion cell axons
The retina and optic nerve was fixed in 4% paraformaldehyde for 20 minutes. To label
sectors of ganglion cells and trace their axons to bundles in the optic nerve, retinas with the
optic nerve attached were flat mounted on 0.8 mm nitrocellulose filter paper (MF-Millipore
membrane filter, #AABP04700, Millipore, Billerica, MA), with a hole for the optic nerve.
Small crystals of 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI,
#D282, Molecular Probes, Eugene, OR) were placed on the peripheral retina with a glass
micropipette. The retina and optic nerve was kept suspended in a bath of PBS (pH 7.4) at
37°C in a humidified chamber for seven days, after which the optic nerve was isolated from
the retina and embedded in 4% agarose for vibratome sectioning. The retina was mounted in
Vectashield (Vector Laboratories, Burlingame, CA) on a slide and then cover-slipped for
imaging on a confocal microscope.

Image acquisition and analysis
Images were acquired on a BioRad Radiance laser scanning confocal microscope equipped
with Kr/Ar and CO2 lasers mounted on a Zeiss Axioscope II. Water immersion lenses 25x/
0.8 Plan Apochromat, 40x/1.2 C-Neofluar and 63x/1.4 C-Neofluar, (all from Carl Zeiss
Microimaging, Inc.) were used. Emission filters were 522DF32 for EGFP/FITC, 680DF32
for TOPRO, and 605DF32 for rhodamine. Images were taken using the BioRad LaserSharp
2000 software (Version 5.0) and then exported into ImageJ (National Institute of Health,
Bethesda, MD) or VolView (Kitware Inc., Clifton Park, NY) to produce either maximum
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intensity projection images or volume reconstructions. Unless stated otherwise, all images
are maximum intensity projections. The number of optical sections and step sizes used vary
for each image. For the images in figure 1–figure 4, 20–70 optical sections were taken. For
the images in figure 5– figure 9, 70–300 optical sections were taken. For all the figures, we
used a step size of 0.3–0.5 µm. The highest number of optical sections taken was for figure
9D and F, where a reconstruction of the glial lamina was required. The brightness and
contrast of the final images were adjusted using Adobe Photoshop CS2 (San Jose, CA), no
other digital image processing was performed on the fluorescence micrographs.

Counts of the number of primary processes leaving the soma of an individual astrocyte were
based on maximum intensity projection images. An estimation of the volume of the glial
lamina was calculated by measuring the cross section of the optic nerve from
microphotographs in SigmaScan (Jandel Scientific, San Rafael, CA) and multiplying by the
length of the glial lamina. The pattern of GFAP labeling in longitudinal sections of the optic
nerve head was used to determine the length of the glial lamina (~ 75 µm). We calculated
the volume of the glial lamina to be ~ 0.004 mm3. The number of astrocytes within this
volume was determined by counting the number of TOPRO labeled nuclei excluding those
that were recognized by their elongated shape to belong to endothelial cells. The volume of
individual astrocytes was approximated by taking image stacks through single cells from
hGFAPpr-EGFP mice, tracing the cells, and calculating the volume in MatLab (The
Mathworks, Natick, MA) by a user-written routine. The dimensionless coverage factor is
defined as (cells/mm3) × (average volume of the cells in mm3).

RESULTS
Expression profile of GFP in the optic nerve of hGFAPpr-EGFP mice

In agreement with earlier reports (Nolte et al., 2001), we found bright labeling of individual
cells in the optic nerve and the retina. In the retina, these were exclusively Mueller cells, no
neuronal cell type expressed GFP (data not shown, see also (Nolte et al., 2001). In the optic
nerve, GFP-expressing cells were clearly of two kinds. One had the typical morphology of
astrocytes. In immunostaining these cells were labeled by anti-GFAP antibodies, but not by
antibodies against an oligodendrocyte marker (APC) or NG2. The other GFP-expressing cell
type in the optic nerve was smaller and had multiple fine processes. These cells were
immunoreactive for NG2, but not for markers of oligodendrocytes (APC; Figs. S1B–D), or
astrocytes (GFAP; Figs. S1E–G). Within the myelinated region, NG2 immunoreactive cells
were the most common cells expressing EGFP within the hGFAPpr-EGFP optic nerve (Fig.
S1A). We shall not consider them further here. No other components of the optic nerve,
axons, blood vessels and pia, showed any GFP expression.

Astrocytes of the optic nerve head form glial tubes
In mice, unmyelinated axons of retinal ganglion cells leave the globe through an opening in
the sclera that lacks the collagenous meshwork that makes up the usual lamina cribrosa
(Fujita et al., 2000; Morcos and Chan-Ling, 2000; May and Lutjen-Drecoll, 2002).
Confirming earlier studies, we observed no staining for elastin or collagen in C57Bl/6 or in
hGFAPpr-EGFP mice (data not shown). Myelination begins approximately 120–170 µm (n
= 10) behind the sclera (Fig. 1).

Despite not having a classic lamina cribrosa, the unmyelinated region of the optic nerve is
not unstructured. Instead it contains a characteristic meshwork of transversely oriented
GFAP immunoreactive processes, forming a structure that has been named the “glial
lamina” (Howell et al., 2007). Most nuclei within this region were transversely elongated
and arranged in rows running perpendicular to the long axis of the nerve (Fig. 1B). Further
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posteriorly, the cell nuclei were rounder in shape and aligned in longitudinal rows, parallel
to the long axis of the nerve. The glial lamina begins at the level of the sclera and extends
for 70–80 µm (n = 10) posteriorly, gradually ending before the axons become myelinated
(Figs. 1C–E; an enlarged image of the glial lamina is shown in figure 3G). There were no
oligodendrocytes or NG2 immunoreactive cells within the unmyelinated region of the optic
nerve (Figs. 1F–H). These features are summarized in the schematic in the top right hand
corner of figure 1.

The processes of astrocytes within the glial lamina partition neighboring ganglion cell axons
into bundles, with multiple processes combining to form a short tube of astrocytic matter
that ensheaths the bundle of axons as it runs longitudinally along the optic nerve head. The
close-packing of the glial tubes gives the glial architecture within this region a honeycomb
appearance (Figs. 2A–F; the dashed circle in panels D–F represents one such glial tube). The
size of the glial tubes, and thus of the axon bundles that make up the honeycomb, decreases
from anterior to posterior, concomitant with an increase in their number. They are largest in
the region closest to the retina and gradually become smaller and more numerous towards
the beginning of the myelinated region. This means that the axon bundles are progressively
fractionated as they go from the large axon bundles anteriorly to the smaller more posterior
ones.

The walls of the glial tubes are made up of multiple thick primary processes that lie
alongside each other to ensheath the axon bundles (Figs. 2G–I; arrows). Additionally,
numerous short fine processes arising from the primary process or cell body, traverse
individual nerve bundles, forming second-order walls that subdivide the bundles into smaller
units (Figs. 2G–I; arrowheads). These divisions become more frequent in the posterior part
of the optic nerve. A single plane transverse section of the glial lamina shows that the walls
of a glial tube may not necessarily contain cell nuclei on all its sides (Fig. 2J). Moreover,
these nuclei are not arranged in any obvious pattern within the glial lamina and do not lie at
the junctions of GFAP labeling (Fig. 2J; asterisks). The cell nuclei were large, elongated and
irregular in shape.

Further posterior to the glial lamina, the organization of axons into bundles is lost. As in
other mammals (Radius and Anderson, 1979), this transition is gradual, beginning soon after
the glial lamina within the unmyelinated region of the nerve, and becoming complete at the
level of the myelinated nerve. Here, astrocyte processes do not mix and lie beside each
other; their processes are slender and appear straighter; there is less volume occupied by
astrocytes; and there are no distinct glial tubes (Figs. 3A–F). Longitudinal sections of the
optic nerve labeled for GFAP demonstrate the disorganization of the glial filaments further
posteriorly along the optic nerve (Figs. 3G–I). On transverse section, the cell nuclei within
this region are not arranged in any pattern and appear small and round, compared to those
observed in the glial lamina (Fig. 3J).

The loss of organized axon bundles can be directly demonstrated by anterogradely labeling
ganglion cell axons with the lipophilic carbocyanine dye DiI. When small crystals of DiI are
placed onto the nerve fiber layer of the retina, the dye migrates in the axonal cell membrane
into the optic nerve. Figure 4A–C shows transverse sections of the same optic nerve, either
within the retina (panel A), directly behind the scleral opening (panel B), or ~ 100 µm
behind the sclera (panel C). Figure 4D shows a second example in which transverse sections
were made either behind the sclera (left image) or well within the myelinated region (right
image). At the level of the glial lamina, discrete axon bundles are discernable (only a minor
portion of all axon bundles are labeled because the DiI crystal was placed onto the
peripheral retina, so only the axons from a sector comprising about a fourth of the retina
came into contact with the dye). In the myelinated region, the axons have dispersed and
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course towards the chiasm without an obvious topographic relationship (Horton et al., 1979;
Radius and Anderson, 1979; Ogden et al., 1988). The bundled arrangement of axons within
the optic nerve head region is also obvious in a longitudinal section (Fig. 4E; dashed
square). Here, GFP labeled ganglion cell axon bundles are separated by astrocytes. Further
posteriorly along the nerve, neighboring axon bundles are less separated and appear to
coalesce together. Using a transgenic mouse that expresses GFP sparse populations of
ganglion cell axons, we demonstrate that these axons can in fact disperse and deviate from
their original location within the optic nerve (Fig. 4F; arrowheads). In this case, the axon
began at a peripheral location within the optic nerve head, but shifted to a more central
location as it traveled towards the chiasm.

Individual astrocytes of the optic nerve visualized in the hGAPpr-EGFP mice
Within the glial lamina, individual astrocytes had thick, elongated cell bodies and processes
preferentially oriented transversely to the long axis of the optic nerve (Figs. 5A–C). This
was consistent with the transverse arrangement of intermediate filaments demonstrated in
the GFAP labeling pattern (Fig. 3G). In the 27 optic nerves examined, all of the astrocytes
encountered in the glial lamina had this transverse orientation. The primary processes, of
which there were typically 6–8 (n = 10), appeared to be mainly dense trunks emanating from
a thick cytoplasmic extension of the soma. These processes were smooth and possessed very
few higher order branches. They could span the entire width of the optic nerve, passing
numerous near and distant axon bundles (Fig. 5D; arrowheads), to contact the pial wall or
blood vessels via their bulbous endfeet (Figs. 5E, F and G). The same primary process could
project processes to contact both the pial wall and blood vessels (Fig. 5G; arrows and
arrowheads). Small, short longitudinal processes projected from the cell body and
sometimes from the primary processes, passing for short distances before appearing to end
freely in the nerve (Fig. 5C and E, arrowheads). Due to the overall curvature of these
astrocytes (Figs. 5B and C), the profile of an individual transversely oriented astrocyte was
roughly that of a baseball catcher’s mitt. A three-dimensional volume reconstruction of two
astrocytes from within the glial lamina is shown in the supplementary material, including the
single astrocyte in figure 5E (Movie S3 and Movie S4).

Astrocytes within the myelinated region of the optic nerve showed heterogeneous
morphologies (Fig. 6– Fig 8), but had certain features in common. The processes of
astrocytes extended in all directions. Thick primary branches typically ended at either the
pial wall or on blood vessels via bulbous endfeet, whilst longitudinally oriented collateral
branches emanated either from the primary processes, or from the cell body, and passed for
a short distance before appearing to end freely in the nerve without any terminal
specializations. No astrocyte extended processes exclusively to the pial wall or within the
nerve. Processes bifurcated at intervals along their length and the caliber of individual
processes of single astrocytes varied. Astrocytes exhibited processes that varied in their
surface texture (e.g., smooth or undulating), and the degree of higher order branching, with
some additionally showing many short fine offshoots. Smooth processes were typically long
and straight whereas undulating processes had many small collaterals and offshoots.

Astrocytes in the optic nerve exhibit a wide spectrum of shapes and sizes (Butt et al.,
1994b). We also observed clear examples of longitudinally and transversely oriented
astrocytes, which have both their elongated cell bodies and processes projecting in the
respective directions, but there were also astrocytes that showed characteristics of both
forms, with processes projecting in both directions or in apparently random ones. There
were many variations in the shapes of longitudinally oriented astrocytes. For example, some
longitudinally oriented astrocytes possessed very few primary processes which were smooth,
straight and had very few higher order branches (Figs. 6A and B), while others projected
numerous primary processes exhibiting: (1) a dense network of short collaterals and fine
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offshoots, giving the astrocytes a ‘hairy’ appearance (Figs. 6C–F), or (2) virtually no higher
order branches (Figs. 6G and H). In all cases, these astrocytes had longitudinally elongated
cell bodies. Transversely oriented astrocytes within the myelinated optic nerve were
morphologically distinct from those found in the glial lamina. Some projected a thick
extensive longitudinal process that ended with a specialized terminal (Figs. 7A and B;
arrowheads). Others possessed a slender elongated cell body from which thick long primary
processes projected directly to the pial wall. These astrocytes have very few higher order
branches (Figs. 7C–E). There were many astrocytes that projected primary processes in: (1)
both the longitudinal and transverse directions (Figs. 8A and B), and (2) in random
directions (Figs. 8C and D). These astrocytes typically have round cell bodies. Some
astrocytes lay directly along the pial wall. These astrocytes have elongated cell bodies in
parallel with the long axis of the nerve (Figs. 8E and F). The collection of astrocytes we
describe here is by no means complete and examination of different hGFAPpr-EGFP optic
nerves revealed a large variety of morphologically different astrocytes. A gallery of
additional examples is included in the supplementary material (Fig. S2).

The spatial network of astrocytes in the glial lamina
Each of the glial tubes (Figs. 9A and B; dashed circles) within the honeycomb arrangement
is made up of the processes of numerous astrocytes (Figs. 9A and B; arrowheads). From the
GFAP labeling pattern, it is unclear how the glial tubes are formed by the processes. How
many astrocytes participate in forming the walls of a glial tube and how do these astrocytes
arrange themselves? The requirement for more than one astrocyte to form a glial tube can be
reasoned from the lack of glial tubes when single astrocytes are imaged (Fig. 5). The spatial
relationship can be directly observed when fortuitously two or more neighboring astrocytes
in the hGFAPpr-EGFP optic nerves express the EGFP label. We see that as the primary
processes of each astrocyte project to contact the pial wall, they overlap with each other,
forming holes through which it can be envisioned that the ganglion cell axons travel (Fig.
9C; dashed circles). Thick higher order branches also contribute in forming the walls of the
glial tubes (Fig. 9C; arrow).

Because of the density of astrocytes (the glial lamina contains ~ 200 astrocytes in a volume
of ~ 0.004 mm3) and the fact that their processes usually span at least half the diameter of
the nerve: (1) astrocytes within the glial lamina overlap in their spatial domains, (2) each
astrocyte participates in forming the walls of numerous glial tubes, both near and distant,
and (3) each glial tube in the honeycomb structure contains the processes of ~ 9 individual
astrocytes, which originate from both near and distant locations (Table 1). Thus, each glial
tube is not composed of a single astrocyte solely devoted to wrapping around a single bundle
of axons. To determine the coverage factor of an individual astrocyte, we counted the
number of axon bundles each of its processes passed through. We found that each astrocyte
passes on average 24% of the total number of axons bundles within the nerve. In an example
where there were many neighboring astrocytes expressing EGFP, in addition to processes,
astrocyte cell bodies also contribute to making up the perimeter of the glial tubes (Figs. 9D
and E). A three-dimensional volume reconstruction of figure 9E is included in the
supplementary material (Movie. S5). Astrocytes within the glial lamina rarely project
extensive longitudinal processes (Fig. 9F; right panel), so that they form sheets aligned
transversely across the optic nerve (Figs. 9D and F, arrowheads).

Discussion
Confirming earlier studies, we found that the mouse optic nerve does not have a classic
lamina cribrosa (Fujita et al., 2000; Morcos and Chan-Ling, 2000; May and Lutjen-Drecoll,
2002; Howell et al., 2007). The primary difference from primate optic nerves is the absence
of the collagenous extracellular matrix that forms the "plates" of the lamina cribosa. Another
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difference is that the transition zone between the unmyelinated and myelinated region of the
nerve, which in primates is directly behind the lamina cribrosa (Oyama et al., 2006), is
located further posteriorly in mice. Many other features are similar. Both primates and mice
possess an unmyelinated region at the optic nerve head, in which the axons are surrounded
by astrocytes. In both species, this unmyelinated region contains glial tubes that lie in an
antero-posterior direction. These glial tubes are larger and less numerous at anterior
locations of the nerve head (Ogden et al., 1988). Oligodendrocytes and NG2 expressing cells
do not appear until the myelinated region of the nerve. Astrocytes in the optic nerve head
can occupy as much as 50% of the tissue volume, whereas those in the optic nerve proper
occupy 8–16% of tissue volume (Skoff et al., 1986). Both have various morphological types
of astrocytes within the optic nerve head region. When transverse sections labeled with
GFAP are observed, the glial lamina of the mouse optic nerve very much resembles the
human lamina cribrosa, as both have an overall honeycomb appearance in which axon
bundles travel through holes (Ogden et al., 1988). Most importantly, the optic axons in both
cases are directly ensheathed by astrocytes. This is because the surface and sieve-like pores
of the collagenous plates of the primate lamina cribosa are lined with astrocytes, separating
the connective tissue septa from the axon bundles (Radius and Gonzales, 1981; Elkington et
al., 1990; Ye and Hernandez, 1995; Trivino et al., 1996; Oyama et al., 2006).

Astrocyte heterogeneity
Astrocytes of the mouse optic nerve correspond to the white matter fibrous astrocytes of
classical nomenclature. Fibrous astrocytes are less complex than protoplasmic astrocytes of
the gray matter, and have fewer primary GFAP immunoreactive processes. Their processes
are straighter and less branched than those of other glial types (Reichenbach and Wolburg,
2005). Based on the contacts these astrocytes make within the optic nerve, they appear to be
capable of all the functions generally attributed to astrocytes, providing a communication
pathway between the different elements within the region; the axons, blood vessels and the
pial wall. All astrocytes have to some degree radial and longitudinal processes, numerous
freely ending nerves that have been shown to contact axons at the Nodes of Ranvier
(perinodal processes; (Raine, 1984; Waxman and Black, 1984; Butt et al., 1994c), and
primary processes that contact the pia or blood vessels via their bulbous endfeet. For
example, subpial astrocytes exhibited a morphology appropriate for a specialized role in the
support and maintenance of the pia mater, but transverse, random and longitudinally
oriented astrocytes also made contact with the pial wall. Similiarly, while longitudinally
oriented astrocytes appear to be well suited for supporting the axons, as their processes run
in parallel and project many finger-like processes, both random and transversely oriented
astrocytes also contribute processes that end freely in the nerve.

In our study of astrocyte morphology we relied on a transgenic mouse model. The
hGFAPpr-EGFP strain expresses GFP in many, but not all astrocytes (and NG2 cells), thus
appearing as a “live Golgi stain”. This is an advantage because individual cells can be
imaged clearly. However, it also is a limit to the interpretation of our results: there are many
more cells stained in immunohistochemistry using anti-GFAP antibodies than there are cells
expressing the fluorescent protein. This does not affect our conclusions. Our estimate of
astrocyte coverage, for example, is based on nuclear staining, not on GFP expression.
However, cells of a particular morphological type may be over- or underrepresented in our
sample; and we cannot conclude that the frequency with which we encountered a particular
morphological type reflects the frequency with which this cells occurs in vivo.

Astrocytes within the rodent optic nerve have been described to have three dominant forms
based on the orientation of their primary processes with respect to the long axis of the nerve:
transverse, random and longitudinal forms (Butt and Ransom, 1989; Butt et al., 1994a; Butt
et al., 1994b). In agreement with these studies, we also observed many astrocytes that could
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clearly be considered as being transversely or longitudinally oriented. However, we
encountered much greater diversity in the shapes of the randomly oriented astrocytes.
Qualitatively, there was no obvious strict morphological clustering of shapes. This variation
confirms the notion that astrocytes within the rodent optic nerve form a single population in
which the clearly transversely and longitudinally oriented astrocytes represent extreme
morphological variants of the random form (Butt et al., 1994a; Butt et al., 1994b). Other
studies of astrocytes, including those in the nerve fiber layer of the retina and rat fimbria
have come to a similar conclusion, that astrocytes form a single morphological and
multifunctional population (Ling et al., 1989; Chan-Ling and Stone, 1991; Suzuki and
Raisman, 1992). Whether astrocytes of the optic nerve can be segregated based on their
functional or molecular properties, as opposed to pure morphology, is unknown. Such
heterogeneity has been reported for astrocytes of the hippocampus and for oligodendrocyte
precursor glial cells (Steinhauser et al., 1992; Zhou and Kimelberg, 2001; Bachoo et al.,
2004; Wallraff et al., 2004; Karadottir et al., 2008). The morphological diversity of
astrocytes in the optic nerve has been suggested to result from the direct structural and
functional interactions with its microenvironment, particularly during development, as the
processes are induced to form specialized contacts with neighboring blood vessels, axons,
the pia and/or other cell bodies (Foster et al., 1982; Blakemore and Smith, 1983; Sobue and
Pleasure, 1984; Hatten, 1985; Sims et al., 1985; Butt and Ransom, 1993).

The organization of the glial lamina
The density and far reaching processes of glial lamina astrocytes mean that they cannot tile,
but must overlap extensively into the spatial domains of neighboring astrocytes. This is in
contrast to protoplasmic astrocytes of the gray matter (see below). Each astrocyte can
influence approximately one quarter of all axon bundles in the nerve and each glial tube
contains the processes of numerous astrocytes, from both near and distant locations. A single
astrocyte is not confined to ensheathing a single bundle of axons. This overlap of processes
also occurs between the astrocytes of the unmyelinated region. A functional consequence is
that each astrocyte has the potential to communicate with and regulate the function of other
distant astrocytes and axons, not just its neighbors. Along with the extensive gap junctional
coupling between astrocytes (Nagy and Rash, 2000; Malone et al., 2007), one could imagine
that the astrocyte meshwork forming the glial lamina acts as a single functional unit.

The purpose of having such a structure (whether it be the collagenous lamina cribrosa or the
glial lamina) is unknown. It could be (1) to withstand the mechanical forces present at the
junction of the retina and optic nerve (e.g., such as those imposed by the differences in intra-
ocular and intra-cranial pressure). Astrocytes lining the human lamina cribrosa have been
said to act as a ‘cushion’ between axons and the rigid collagenous structural material. (2) It
could be a means to structurally support and segregate axon bundles. (The fasciculation of
axon bundles may also function to disperse the compressive and stretching force to the optic
nerve with eye movements.) It has been suggested that a dense collagenous network may
simply be unnecessary in the smaller eye and nerve of the mouse. As the eye becomes larger
and the optic nerve thicker, a collagenous lamina cribrosa may be needed to resist
mechanical stress in response to pressure changes and eye movement (Fujita et al., 2000).

The response of astrocytes to injury
Astroglia are known to be a major player in the brain’s response to injury, both in grey and
white matter (Pekny and Nilsson, 2005). In the gray matter of both the cortex and
hippocampus, mature protoplasmic astrocytes form non-overlapping spatial domains that
may also reflect independent functional domains. Three-dimensional volume reconstructions
of adjacent astrocytes demonstrate that only the most peripheral processes of these
astrocytes overlap with one another (Bushong et al., 2002; Ogata and Kosaka, 2002; Halassa
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et al., 2007; Oberheim et al., 2008). This orderly pattern of organization – a phenomenon
called ‘tiling’ - appears to occur throughout the gray matter of the brain and spinal cord.
(Chan-Ling and Stone, 1991; Distler et al., 1991). Upon injury, astrocytes in the lesioned
cortex and hippocampus remain within their domains, still showing minimal overlap
(Wilhelmsson et al., 2006). Although the GFAP immunoreactive processes become thicker
and longer (as GFAP immunoreactivity is seen in parts of the processes that were previously
not immunoreactive), this hypertrophy does not affect the domain of tissue encompassed by
processes of one astrocyte.

The optic nerve and its glial components, as a typical and accessible white matter tract, are
well studied models of nerve injury and regeneration (Aguayo et al., 1991; Berry et al.,
1996; Lorber et al., 2005; Benowitz and Yin, 2008; Berry et al., 2008). It well known that
the glial scar that forms at the site of injury actively prevents axons from growing back and
reinnervating their targets and therefore presents a major roadblock to regenerative therapy
(Silver and Miller, 2004; Tan et al., 2005; Fitch and Silver, 2008). Glaucoma can also be
considered a disease of a white matter tract, albeit one containing a unique, specialized
structure - the lamina cribrosa in primates and the glial lamina in rodents - that may play a
special role (Quigley et al., 1981; Howell et al., 2007; Nickells, 2007).

Glial reactivity in glaucoma first occurs in discrete focal regions (Danias et al., 2003; Jakobs
et al., 2005; Schlamp et al., 2006). This focal region of loss is filled in by intense GFAP
labeling, indicating classic glial reactivity (Howell et al., 2007). Our findings on the
morphology of individual astrocytes and their spatial distribution raise the question: How
can the glial response be confined to circumscribed regions of the optic nerve? (Figure 10).
Damage that affects an individual bundle of nerve fibers would be expected to trigger a
response in all of the astrocytes that ensheath that particular axon bundle. And yet, although
process of those astrocytes reach distant locations across the optic nerve, the glial response
to injury appears to remain local. This seems to imply a great specificity of reaction within
an individual astrocyte, such that the reactive changes by an astrocyte are restricted to a
limited region of that cell. Alternatively, the cells could remodel in a more extensive way,
perhaps in combination with cell migration and/or cell division. These possibilities are
shown schematically in figure 10.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The unmyelinated region of the mouse optic nerve contains the glial lamina. (A) An image
taken with an inverted light microscope demonstrates that myelination of the axons begins
approximately 120–170 µm behind the sclera. Note the transparency of the unmyelinated
region. The asterisk depicts a remnant of the sclera/retinal pigment epithelium. (B) TOPRO
staining shows that most of the cell nuclei within the glial lamina were transversely
elongated, whilst further posteriorly, the nuclei were rounder in shape and aligned in
longitudinal rows parallel to the long axis of the nerve. Colocalization of the GFAP (C) and
MBP (D) labeling pattern shows the transition between the unmyelinated and myelinated
region of the optic nerve (E). The glial lamina was defined as the region showing dense
transversely oriented intermediate filaments that were labeled with GFAP (an enlarged
image of the glial lamina is shown in figure 3G). The glial lamina begins at the level of the
sclera and extends for 70–80 µm, gradually ending before the axons become myelinated.
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The schematic at the top right hand corner of the figure demonstrates the position of the
major elements within the optic nerve head (adapted from Howell et al., 2007).
Colocalization of the NG2 (F) and MBP (G) labeling pattern shows that the unmyelinated
region is devoid of NG2 immunoreactive cells (F and H, arrowheads) and oligodendrocytes.
Ax, axons; V, blood vessel. Scale bar = 100 µm in panel A; 40 µm in panel B; 40 µm in
panel E (applies to panels C–E); 20 µm in panel H (applies to panels F–H).
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Fig. 2.
Transverse sections of the optic nerve labeled for SMI32 (A, D, G) and GFAP (B, E, H).
Panels C, F and I show the colocalization pattern. The schematic of the optic nerve head in
the lower right-hand corner of panels A and D indicate where along the optic nerve the
transverse sections have been made (red bars). Within the glial lamina, GFAP labeled
processes segregate axons into distinct bundles of various shapes and sizes (larger bundles
are seen in sections close to the sclera, smaller and more numerous bundles further away),
forming glial tubes (D–F; dashed circle). Panels G–I show an enlargement of the area within
the dashed square in panels D–F. The walls of the glial tubes are made up of thick processes
from many astrocytes (G–I; arrows). Additionally, small fine processes traverse into
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individual nerve bundles (G–I, arrowheads). (J) Single confocal transverse section of the
glial lamina labeled for GFAP and TOPRO. Within a single focal plane, the wall of a glial
tube (dashed circles) is not necessarily surrounded by cell nuclei. The nuclei are elongated,
irregular in shape and are not arranged in a pattern within the glial lamina. Scale bar = 20
µm in panels C, F and I (applies to their respective rows); 20 µm in panel J.
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Fig. 3.
Transverse sections of the optic nerve within the myelinated region and labeled for SMI32
(A, D) and GFAP (B, E). Panels C and F show the colocalization pattern. The schematic of
the optic nerve in the lower right-hand corner of panels A and G indicate where along the
optic nerve the sections have been made (red bars). The honeycomb arrangement of the glial
tubes is lost at the level of the myelinated nerve (A–C). Panels D–F depict an enlarged view
of the area outlined by the dashed square in panels A–C, showing that there is less volume
occupied by the astrocytes and their processes do not form distinct glial tubes (D–F). Panels
G–I shows the progression in the disorganization of GFAP labeling in longitudinal section at
various distances along the optic nerve (G, glial lamina; H, 300 µm; I, 3000 µm). (J) Single
confocal transverse section of the myelinated region of the optic nerve labeled for GFAP
and TOPRO. The cell nuclei within this region were small, round (compared to those in the
glial lamina), and were not arranged in a pattern. Scale bar = 20 µm in panels C, F and I
(applies to the respective rows); 20 µm in panel J.
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Fig. 4.
Transverse sections of the optic nerve showing ganglion cell axons that have been
anterogradely labeled with DiI. Axon bundles within the optic nerve project topographically
to specific regions of the retina (A–C; successive sections from the same optic nerve). The
origin of the transverse sections in panels A–C is shown in the schematic (red bars). Panel D
shows that at the level of the glial lamina (left image), axons are segregated into bundles,
whilst further posteriorly along the optic nerve within the myelinated region (right image),
the axons have dispersed and no longer maintain their spatial relationship. This is also
discernible upon longitudinal section (E; dashed square represents the optic nerve head
region). Further posteriorly, the bundles appear to coalesce. Using a transgenic mouse that
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expresses GFP in sparse populations of ganglion cell axons (GFP-M), a traced axon is seen
to deviate from it’s original location at the periphery of the optic nerve (F; arrowheads). The
asterisk depicts a remnant of the sclera/retinal pigment epithelium. Ax, axons; V, blood
vessel. Scale bar = 100 µm in panel A; 20 µm in panel C (applies to panels B and C); 20 µm
in panel D; 200 µm in panel F (applies to panels E and F).
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Fig. 5.
Longitudinal and transverse sections of hGFAPpr-EGFP optic nerve showing the
morphology of astrocytes within the glial lamina. The schematic of the optic nerve head in
the bottom right-hand corner of the figure depicts the origin of the sections shown in each
panel. The glial lamina consisted predominantly of transversely oriented astrocytes with
thick elongated cell bodies and primary processes extending long distances (A–C; arrows).
The overall appearance of these astrocytes was that of a baseball catcher’s mitt. Many small
branches emanated from the cell body (C; arrows). Panel D shows an astrocyte (arrow) with
processes (arrowheads) that extend the full width of the optic nerve, crossing numerous axon
bundles to contact the pial wall via bulbous endfeet. In transverse section, the primary
processes extend to contact the pial wall (E, G; arrows) or blood vessels (E, F, G;
arrowheads), which have been labeled with collagen IV. Panels F and G represent an
enlargement of the area in the dashed square in panel E. Scale bar in each panel = 20 µm.
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Fig. 6.
Longitudinally oriented astrocytes from the myelinated region of the hGFAPpr-EGFP optic
nerve. The astrocytes depicted in this figure were located between the junction of the
unmyelinated/myelinated region and approximately three to four millimeters posteriorly.
The area represented by the dashed square in panels A, C, E and G are enlarged in panels B,
D, F and H. There were numerous morphological varieties of longitudinally oriented
astrocytes. Some exhibited very few primary processes that were straight and have few
higher order branches (A, B), others possessed undulating processes with many collaterals
and small offshoots, giving the astrocyte a ‘hairy’ appearance (C–F). One astrocyte
possessed many primary processes, but showed very few higher order branching (G, H). The
double-headed arrow in the top right corner of each panel indicates the direction of the long
axis of the optic nerve. Scale bar in each panel = 20 µm.
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Fig. 7.
Transversely oriented astrocytes from the myelinated region of the hGFAPpr-EGFP optic
nerve. The astrocytes depicted in this figure were located between the junction of the
unmyelinated/myelinated region and approximately three to four millimeters posteriorly.
One example of this astrocyte also projected a thick extensive longitudinal process (A, B).
Others exhibited a thin elongated cell body with primary processes projecting straight to the
pial wall. These astrocytes have very few higher order branches emanating from their cell
bodies or primary processes (C–E). The double-headed arrow in the top right corner of each
panel shows the direction of the long axis of the optic nerve. Scale bar in each panel = 20
µm.
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Fig. 8.
There were many morphological varieties of astrocytes, with some projecting primary
processes in both the longitudinal and transverse direction (A, B), as well as in random
directions (C, D). The primary processes of some of these astrocytes contacted the pial wall
with bulbous endfeets (B, D, arrowheads). A gallery of additional examples is shown in the
supplementary material (Fig. S2). There were some astrocytes with elongated cell bodies
that lay in parallel with the long axis of the optic nerve, adjacent to the pial wall. The
astrocytes depicted in this figure were located between the junction of the unmyelinated/
myelinated region and approximately three to four millimeters posteriorly. The double-

Sun et al. Page 27

J Comp Neurol. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



headed arrow in the top right corner of each panel indicates the direction of the long axis of
the optic nerve. Scale bar in each panel = 20 µm.
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Fig. 9.
Transverse sections of GFAP labeled optic nerve showing that each of the glial tubes within
the honeycomb structure are ensheathed by many astrocytic processes (A, B, dashed circles
and arrowheads). Panel B shows an enlargement of the dashed square in panel A. (C) A
section of hGFAPpr-EGFP optic nerve demonstrating the spatial organization of astrocytes
within the glial lamina. The processes of two neighbouring astrocytes (arrowheads) can be
seen to pass each other, forming holes through which ganglion cell axons pass through
(dashed circles). A 90° rotation of the left image in panel C shows that the two astrocytes
(arrowheads) lie close to each other in the same transverse plane. Because of the density of
astrocytes and their far-reaching processes, astrocytes within the glial lamina do not tile and
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each one may participate in forming the sheaths of many glial tubes, both near and distant.
Panels D, E and F show examples of how many astrocyte cell bodies and processes overlap
to form glial tubes (the dashed square in panel D is enlarged in panel E). Transversely
oriented astrocytes within the glial lamina do not project extensive longitudinal processes
and arrange themselves to form sheets of astrocytes (D and F, right image arrowheads). The
schematic of the optic nerve head in the upper right-hand corner of panels A, C, D and F
indicate where along the optic nerve the transverse sections have been made (red bars).
Scale bar in each panel = 20 µm.
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Fig. 10.
How do astrocytes come to fill the space vacated by axons that have degenerated? (A) Two
astrocytes are illustrated. They spread widely across the glial lamina. (B) The degeneration
of axons affects restricted, fan-shaped sectors of the retina, which represent focal bundles of
damaged axons in the optic nerve. Such a focal region of nerve degeneration impinges on
the processes of many astrocytes. And yet, the region of "gliosis" remains local – it appears
to be confined to the region from which axons are lost (Fig 6 of Howell et al., 2007). (C)
One way for glial reactivity to be restricted to the local region of axonal damage would be
for upregulation of GFAP (the usual marker) to be confined to only a sector of each
individual astrocyte. However, this would require a remarkable specificity of protein
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targeting on the part of the astrocyte. (D) An alternative is that astrocytes divide and perhaps
migrate to fill the vacated space. The molecular cues that would guide this process appear to
be unknown.
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Table 1

Primary antibodies used in this study.

Primary Antibody Antigen Immunogen Source Dilution

SMI32 Neurofilament heavy non-phosphorylated hippocampal protein extract Covance (Emeryville,
CA), mouse monoclonal,
#SMI-32R, lot #9

1:400

GFAP Glial fibrillary acidic protein GFAP purified from normal
human brain

Sigma (St Louis, MO),
rabbit polyclonal,
#G9269

1:400

MBP Myelin basic Protein Human MBP isolated from
normal human brain. Rat
monoclonal raised against full
length bovine MBP.

Abcam (Cambridge,
MA), rabbit polyclonal
(#ab12355-50, lot
#212221) or rat
monoclonal (#ab7349-2,
lot #226183)

1:400

NG2 NG2 chondroitin sulfate proteoglycan Immunoaffinity purified NG2
chondroitin sulfate proteoglycans
from rat

Chemicon (Billerica,
MA), rabbit polyclonal,
#ab5320, lot
#LV1361596

1:400

APC Adenomatus polyposis coli Recombinant protein consisting
of amino acids 1–226 of APC

Calbiochem (San Diego,
CA), mouse monoclonal,
#OP80, lot #D35078

1:200

Collagen IV Collagen Type IV Human and bovine placental
collagen IV

Chemicon (Billerica,
MA),goat
polyclonal,#ab769,
lot#24020212

1:400
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Table 2

The total number of axon bundles traversed by the processes of an individual astrocyte from the glial lamina.

Astrocyte Total number of axon
bundles passed by

the processes

Total number of axon
bundles*

1 21 85

2 19 80

3 23 87

4 28 92

5 18 83

6 17 95

Average 21 87

*
This number represents the total number of axon bundles counted for a given transverse section of the glial lamina. We have taken the transverse

section from the same region of the glial lamina in all samples. Each astrocyte was derived from independent samples.
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