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PURPOSE. The purpose of this study was to determine whether cerebrospinal fluid (CSF) enters
the optic nerve via a glymphatic pathway and whether this entry is size-dependent.

METHODS. Fluorescent dextran tracers (fluorescein isothiocyanate [FITC]) of four different
sizes (10, 40, 70, and 500 kDa) and FITC-ovalbumin (45 kDa) were injected into the CSF of
15 adult mice. Tracer distribution in the orbital optic nerve at 1 hour after injection was
assessed in tissue sections with confocal microscopy. Tracer distribution within the optic
nerve was studied in relation to blood vessels and astrocytes identified by isolectin
histochemistry and glial fibrillary acidic protein (GFAP) immunofluorescence, respectively.
Aquaporin 4 (AQP4) immunostaining was performed to assess astrocytic endfeet in relation
to CSF tracer.

RESULTS. One hour following tracer injection into CSF, all tracer sizes (10–500 kDa) were noted
in the subarachnoid space surrounding the orbital optic nerve. In all cases, 10 kDa (n ¼ 4/4)
and 40 kDa (n ¼ 3/3) tracers were noted within the optic nerve, while 70-kDa tracer was
occasionally noted (n ¼ 1/4). Tracer found within the nerve was specifically localized
between isolectin-labeled blood vessels and GFAP-positive astrocytes or AQP4-labeled
astrocytic endfeet. The 500-kDa tracer was not detected within the optic nerve.

CONCLUSIONS. To our knowledge, this is the first evidence of a glymphatic pathway in the optic
nerve. CSF enters the optic nerve via spaces surrounding blood vessels, bordered by
astrocytic endfeet. CSF entry into paravascular spaces of the optic nerve is size-dependent,
and this pathway may be highly relevant to optic nerve diseases, including glaucoma.
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Cerebrospinal fluid (CSF) surrounds the central nervous
system to provide buoyancy, nutrient delivery, and a

pathway for clearance of metabolic waste.1 The optic nerve is
surrounded by CSF within the subarachnoid space, though
what role, if any, CSF plays in optic nerve development, health,
and disease is poorly understood. CSF may be a potential source
of beneficial proteins and peptides such as neurotrophins and
growth factors.2–4 Also, the relationship between the CSF, eye,
and optic nerve is presently of great interest for our
understanding of the pathogenesis of glaucoma. CSF pres-
sure5–7 and flow/turnover8,9 have both been linked to
progression of this irreversible blinding disease.

Few studies have investigated whether CSF and its
molecular components enter into the optic nerve, although
CSF-injected tracer has been noted in the optic nerve in
passing.10–12 In the brain, a glymphatic pathway has been
described in which CSF flows into and out of the parenchyma
along spaces formed between blood vessels and an ensheathing
layer of astrocytic endfeet.13,14 The glymphatic pathway
consists of paravascular inflow of CSF into brain parenchyma
and clearance of fluid and extracellular solutes from the
interstitium. The brain’s glymphatic system clears harmful
metabolites, facilitated by aquaporin 4 (AQP4) water channels

on astrocytic endfeet.14 It is not known whether a similar
paravascular pathway also facilitates entry of CSF into the optic
nerve.

The mouse has CSF pressure,15 drainage pathways,16 and
optic nerve anatomy17 similar to humans. The ready availability
of transgenic mice and established optic neuropathy models
makes this an attractive candidate for clinically relevant eye
studies. Here we aim to characterize CSF entry into the mouse
optic nerve, including the microanatomical route and size-
exclusion properties.

METHODS

Experimental Animals

Albino mice (n ¼ 19, 11 female/8 male; CD1; Charles River,
Senneville, QC, Canada) weighing between 25 and 40 g were
housed on a 12-hour light-dark cycle and fed standard food ad
libitum. All experimental protocols adhered to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the institutional animal care
committee.
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Fluorescent Tracers

Lysine-fixable fluorescein isothiocyanate (FITC) conjugated to

various sizes of dextran (10, 40, 70, and 500 kDa (Invitrogen,

Carlsbad, CA, USA) and to ovalbumin (45 kDa; Invitrogen) was

used as a tracer in these experiments. All FITC conjugates were

reconstituted in PBS to final concentrations of 25 mg/mL (10,

40, and 70 kDa) or 10 mg/mL (500 kDa, ovalbumin). The

degree of labeling (moles of dye per mole of dextran) increased

with increasing tracer size, allowing similar fluorescence levels

for all tracers.

Fluorescent Tracer Injection Into CSF

Under general anesthesia (isoflurane, 2% in O2), mice were
mounted on a stereotaxic frame (Kopf Instruments, Tujunga,
CA, USA). The cisterna magna was exposed by making a dorsal
skin incision from the base of the neck to the tip of the occiput
and bluntly dissecting the muscles of the neck. Using a 33-
gauge needle (Hamilton Company, Reno, NV) and a 10-lL
Hamilton syringe, 3 lL of tracer was injected into the cisterna
magna as a slow bolus over the course of 1 to 2 minutes. It was
previously shown that this injection technique does not
increase intracranial pressure.18 The number of animals

FIGURE 1. Optic nerve cross sections following CSF injection of various-sized tracers: 10 kDa (a, b), 40 kDa (d, e), 70 kDa (g, h), and 500 kDa (j, k).
All optic nerves showed CSF (green) surrounding the optic nerve in the subarachnoid space (a, d, g, j). At higher power (b, e, h, k), smaller tracers
(�70 kDa) were seen within the optic nerve in branching tubular networks. Minimal to no signal was observed in controls (c, f, i, l). Scale bars: 50
lm.
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injected with each tracer size was as follows: 10 kDa (n ¼ 4),
40 kDa (n¼ 4), 70 kDa (n¼ 5), 500 kDa (n¼ 4), ovalbumin (n
¼ 1). Mice were kept in a warm chamber under isoflurane
anesthesia for the remainder of the experiment.

Euthanasia and Tissue Preparation

Approximately 10 minutes prior to euthanasia, mice were
given intraperitoneal ketamine/xylazine (200 and 10 mg/kg,
respectively) in preparation for the perfusion procedure. One
hour after tracer injection, mice were euthanized by intracar-
diac perfusion with cold saline, followed by 2% paraformalde-
hyde (Electron Microscopy Sciences, Hatfield, PA, USA).
Control mice (n ¼ 2) were euthanized using the same
procedure without tracer injection.

Whole heads were harvested and postfixed overnight in
2% paraformaldehyde (Electron Microscopy Sciences, Hat-
field, PA, USA) at 48C followed by cryoprotection in 10%
sucrose solution for 1 day and 20% sucrose for 2 days.
Intraorbital optic nerves with surrounding orbital tissue were
isolated and snap-frozen in isopentane cooled by dry ice
before embedding in cryomatrix (Shandon Cryomatrix;
Thermo Scientific, Kalamazoo, MI, USA). Left optic nerves
were coronally sectioned and right optic nerves were
sagittally sectioned (30 lm) with a cryostat (CM 1900; Leica,
Nussloch, Germany).

Analysis of Tracer Fluorescence in Optic Nerve

Sections

From all mice, multiple coronal optic nerve sections located
between the sclera and 500 lm behind the globe were
evaluated. After rinsing with PBS and mounting with antifade
mounting medium (Fluorescence Mounting Medium; Dako,
Burlington, ON, Canada), confocal imaging (LSM 700; Zeiss,
Oberkochen, Germany) was performed to identify and map
tracer distribution within the nerve. Detection of tracer in the
subarachnoid space surrounding the intraorbital optic nerve
was defined as a successful injection and resulted in the
following final sample sizes: 10 kDa (n¼ 4), 40 kDa (n¼ 3), 70
kDa (n ¼ 4), 500 kDa (n ¼ 3), and ovalbumin (n ¼ 1). All
sections were imaged alongside noninjected control sections
to account for background tissue autofluorescence.

Histochemistry and Immunofluorescence

Isolectin B4 stain was used to label blood vessel endothelium
in optic nerve tissue sections of mice euthanized 1 hour after
tracer injection into CSF. Coronal and sagittal sections were
rinsed (335 minutes in PBS) and stained overnight at 48C with
isolectin B4 from Griffonia simplicifolia conjugated to Alexa
Fluor 647 (Invitrogen) diluted 1:50 from a 1 mg/mL stock
solution in 0.3% Triton X-100 PBS solution.

FIGURE 2. Sagittal optic nerve after tracer injection into CSF. (a) CSF tracer (10 kDa; green) lines the optic nerve within the subarachnoid space
(arrows) and is also seen inside the nerve forming a branching network spanning the length of the nerve. Signal intensity decreases anteriorly up to
the glia lamina (asterisk). Isolectin-labeled blood vessels are seen in red. (b) CSF in the nerve was observed up to the posterior sclera/glia lamina
(dotted line). Sc, sclera; P, posterior; A, anterior. Scale bars: (a) 200 lm, (b) 50 lm.
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To label astrocytes, coronal sections were rinsed and
blocked with goat serum (2% in PBS with 0.5% Triton X-100;
Sigma-Aldrich Corp, St. Louis, MO, USA) for 40 minutes at room
temperature. Incubation with rabbit anti–glial fibrillary acidic
protein (anti-GFAP) primary antibody (1:200; Invitrogen)
overnight at 48C was followed by secondary antibody
incubation for 2 hours at room temperature (goat anti-rabbit
conjugated to Alexa Fluor 647, 1:500; Invitrogen).

To label astrocytic endfeet, AQP4 immunofluorescence
staining of coronal sections was performed. After blocking
with goat serum (5% in PBS with 0.5% Triton X-100) for 40
minutes, sections were incubated overnight at 48C with rabbit
anti-rat AQP4 primary antibody (1:200; Chemicon, EMD
Millipore, Billerica, MA, USA), followed by secondary antibody
(goat anti-rabbit Alexa Fluor 555, 1:500; Invitrogen) for 2 hours
at room temperature. AQP4 staining was conducted on

sections after CSF injections of FITC-dextran 10-kDa, FITC-
dextran 40-kDa, and FITC-ovalbumin 45-kDa tracers.

All antibodies were diluted in their respective blocking
buffers, and tissues were rinsed three times for 5 minutes
between all steps, except after blocking. Negative controls
were obtained by omitting the primary antibody.

Confocal Microscopy of Optic Nerve Sections

Confocal images were taken using 203 (air) and 633 (oil)
objective lenses. Lasers used for excitation included 488 nm
(FITC), 555 nm (Alexa Fluor 555), and 639 nm (Alexa Fluor
647). Laser power was set to 2.0% for all imaging. Pinhole size
for the FITC channel was consistently 1.0 Airy units and
variable for Alexa Fluor 555 and 647. Gain settings for FITC
imaging were in the range of 550 to 700 V. Detection

FIGURE 3. (a, c) Optic nerve cross sections show CSF tracer (10 kDa; green) in the subarachnoid space and inside the nerve surrounding several
isolectin-labeled blood vessels (red) (arrows). (b) High magnification shows blood vessel in red surrounded by CSF. (d) A sagittal profile of the vessel in
(c) shows a sleeve of CSF surrounding the blood vessel arising from the subarachnoid space. Scale bars: (a) 50 lm, (b) 5 lm, (c) 50 lm, (d) 10 lm.
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wavelength ranges were 493 to 800 nm for FITC only, 300 to
550 and 560 to 800 nm for simultaneous FITC and Alexa Fluor
555 imaging, and 300 to 629 and 644 to 800 nm for
simultaneous FITC and Alexa Fluor 647 imaging. For optic
nerve cross section imaging of FITC-dextran, 15-lm-thick Z-
stacks were collected with a 0.9-lm step size. Z-stacks were
processed using ImageJ (Fiji; version 2.0.0-rc-54/1.51g) image-
processing software (http://imagej.nih.gov/ij/; provided in the
public domain by the National Institutes of Health, Bethesda,
MD, USA) to create maximum intensity projections and color
composites. Sections were analyzed to determine the location
of tracer in relation to labeled blood vessels and astrocytes.

RESULTS

CSF Entry Into Optic Nerve

One hour following tracer injection into CSF, all FITC-dextran
sizes were present in the subarachnoid space surrounding the
intraorbital optic nerve (n ¼ 14/14). In 10-kDa (n ¼ 4/4; Figs.
1a, 1b) and 40-kDa (n¼ 3/3; Figs. 1d, 1e) trials, intense tracer
fluorescence was detected within the optic nerve. Tracer
within the nerve appeared in a network of branching tubular
formations spanning the cross section of the nerve (Figs. 1a,
1b, 1d, 1e). Tracer fluorescence was clearly distinguishable
from background autofluorescence seen in noninjected
controls imaged using the same parameters (Figs. 1c, 1f).

Using higher sensitivity acquisition settings, minimal tracer
fluorescence was detected in the optic nerve in one 70-kDa
trial (n ¼ 1/4; Figs. 1g, 1h), while 500-kDa tracers were not
seen in the nerve (Figs. 1j, 1k). Figures 1i and 1l depict
background autofluorescence for 70- and 500-kDa images.
Sagittal sections of optic nerve showed a continuous network
of tracer along the length of the nerve with a decreasing
intensity anteriorly (Fig. 2). Tracer was not detected beyond
the level of the sclera/glia lamina (Fig. 2b).

Paravascular Distribution of CSF-Injected Tracer in

Optic Nerve

CSF-injected tracer was seen surrounding isolectin-labeled
blood vessels in the optic nerve, both in direct contact with
blood vessel endothelium and also approximately 1 to 2 lm
peripheral to the endothelium (Fig. 3). Tracer was also
observed surrounding blood vessels entering the optic nerve
from the subarachnoid space (Figs. 3c, 3d). GFAP immunohis-
tochemistry showed abundant astrocyte straining throughout
the nerve (Fig. 4). Channels of paravascular tracer infiltrating
the nerve from the subarachnoid space were externally
bordered by GFAP-positive astrocytes (Fig. 4). Within the
nerve, AQP4 staining showed astrocytic endfeet immediately
adjacent to CSF tracers (Figs. 5, 6). AQP4 partially overlapped
with CSF tracer (Fig. 6).

FIGURE 4. (a) CSF tracer panel shows an optic nerve cross section with tracer (10 kDa; green) in the surrounding subarachnoid space and in a
branching network within the nerve. A continuous channel of CSF tracer (arrows) spans the nerve between two regions of subarachnoid space.
GFAP panel shows labeled astrocytes (red) forming a network throughout the cross section of the nerve. (b) Higher magnification shows CSF in the
nerve is bordered by astrocytes in the merged panel. Scale bars: (a) 50 lm, (b) 15 lm.
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DISCUSSION

This study provides the first evidence of CSF entry via
paravascular spaces into the orbital optic nerve. These findings
build on early work in which tracers injected into the CSF were
noted in the optic nerve.10–12 Previously, diaminoacridine

dyes11 (469 Da), sodium fluorescein10 (376 Da), or horseradish
peroxidase12 (44 kDa) were injected into CSF and found
diffusely throughout the optic nerve. These studies were
conducted in rabbit,11 cat,11 dog,11 guinea pig,11 rhesus
monkey,10,11 and mouse.12 The route of entry was either not
described11 or assumed to be free diffusion from the

FIGURE 5. (a) CSF tracer panel shows optic nerve cross section with CSF tracer (ovalbumin; green) in the surrounding subarachnoid space. Within
the nerve, distinct channels of CSF tracer (arrows) are lined by AQP4 immunoreactivity (red) in the merged image. (b) Higher magnification shows
aquaporin-labeled astrocytic endfeet immediately adjacent to CSF tracer in the nerve. Scale bars: (a) 50 lm, (b) 15 lm.

FIGURE 6. (a, b) Single z-plane confocal cross sections of channels (arrows) of CSF tracer (10 kDa dextran; green) in the optic nerve ensheathed in
AQP4-labeled astrocytic endfeet (red). Merged images show AQP4 partially overlaps with CSF tracer. Scale bars: (a) 5 lm, (b) 10 lm.
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subarachnoid space.10,12 A recent postmortem study in which
India ink was injected into the subarachnoid space of human
optic nerves showed tracer surrounding blood vessels;
however, the authors acknowledged dificulty interpreting
these results due to tracer injection into postmortem tissue
and sample size of two.19 Our findings indicate that CSF enters
the optic nerve, with a number of potential implications for
optic nerve pathologies.

This is also the first time, to our knowledge, that variable-
size entry of molecules from the CSF into the optic nerve has
been described. Our findings show an approximate size cut-off
of 70 kDa for molecules entering optic nerve paravascular
spaces from the subarachnoid space. Many proteins and
peptides found in the CSF have molecular weights within the
size range shown to enter the optic nerve. Of the 10 most
abundant CSF proteins, eight have molecular weights less than
70 kDa.3 These include biologically active molecules such as
lipocalin-like prostaglandin D synthase (L-PGDS; b-trace), an
enzyme responsible for the production of prostaglandin D2

(PGD2).
20 PGD2 receptors are expressed in brain astrocytes

and mediate neuroprotection.21 Interestingly, elevated L-PGDS
levels in orbital CSF are observed in pathologic optic nerve
compartment syndrome seen in idiopathic intracranial hyper-
tension22 and normal tension glaucoma.8 In this condition,
there appears to be obstruction of CSF flow between the
intracranial and optic nerve subarachnoid compartments, with
ensuing protein imbalances.22 The relevance of CSF proteins in
optic nerve health and disease remains unclear, and additional
studies on interactions of CSF solutes with various cell types of
the optic nerve are warranted.

Entry of CSF into the optic nerve may share similarities with
the recently described glymphatic system of the brain. This
system consists of para-arterial influx of CSF into the brain
parenchyma and paravenous clearance of interstitial fluid and
solutes.14 With the single time point assessed in this study,
differential entry and exit routes for CSF and interstitial fluids
could not be evaluated. Differences in vascular anatomy in the
optic nerve compared to the brain also bring into question
whether a glymphatic system exists in the optic nerve. The
mouse retrolaminar optic nerve is invested only with
capillaries invaginating from the pia mater,17 while the brain
has large penetrating arteries with thick walls surrounded by
both a pial sheath and the glia limitans.23 Whether CSF flow
through the optic nerve along paravascular pathways is by
simple diffusion, or a combination of diffusion and pulsatile
flow of CSF associated with vascular pulsations, is unknown.

AQP4 is an integral membrane protein found on astrocytic
endfeet that conducts water across cell membranes. AQP4
appears to play a role in the brain’s glymphatic system.14 In the
optic nerve, astrocytic endfeet are positive for AQP4.24 In our
study, we show that AQP4-positive astrocytic endfeet border
the paravascular spaces in the optic nerve. AQP4 may play a
role in facilitating CSF movement into the nerve; however,
future studies exploring the functional role of AQP4 in optic
nerve paravascular flow are needed. Neuromyelitis optica
(NMO) is a demyelinating optic neuropathy linked to the
production of anti-AQP4 antibodies.25,26 Given that AQP4 is
known to facilitate bulk flow of CSF and interstitial fluids along
paravascular pathways in the brain,14 NMO optic nerve
pathology may be associated with antibody-mediated obstruc-
tion of paravascular flow.

It has recently been postulated that glaucoma, a neurode-
generative disease of the visual pathway and a leading cause of
blindness worldwide,27 may be a result of an imbalance between
production and clearance of neurotoxins in the optic nerve.19,28

Accumulation of amyloid precursor protein and amyloid-b in the
optic nerve is seen in mouse models of glaucoma.29,30 We found
paravascular CSF entry into the optic nerve up to and including

the glia lamina, the mouse equivalent of the human lamina
cribrosa. Entry of CSF tracers into the optic nerve head was not
observed in our study. CSF flow through the nerve may,
therefore, play a role in neurotoxin clearance in the laminar and
retrolaminar optic nerve. It is unclear whether misregulation of
CSF flow or glial water and solute transport in the optic nerve
contributes to the pathogenesis of glaucoma. Although a few
studies show changes in AQP4 expression in the optic nerve in
acute IOP elevation31 and optic nerve crush injury models,32

further investigation of these processes in experimental
glaucoma is needed.

Lastly, it would be valuable to investigate CSF/interstitial
fluid and solute outflow from the optic nerve using CSF tracer
injection studies with time-course analysis, or direct injection
of tracer into the optic nerve. Assessing time points beyond 1
hour may also clarify whether larger molecules (>70 kDa)
would eventually diffuse into the optic nerve paravascular
spaces. Future studies using tracers of smaller size may also
help to elucidate movement of molecules from the para-
vascular spaces into optic nerve parenchyma.

CONCLUSIONS

This study provides evidence of a glymphatic pathway in the
optic nerve in which CSF enters the optic nerve through spaces
immediately surrounding blood vessels, and these channels are
bordered by AQP4-positive astrocytic endfeet. Furthermore, CSF
flow into the optic nerve appears to be size-dependent. The
finding of a direct communication between the CSF and tissue of
the optic nerve is relevant to a fundamental understanding of
optic nerve function in health and diseases, including glaucoma
and other optic neuropathies.
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