
Diffusion Tensor Imaging Detects Retinal Ganglion Cell
Axon Damage in the Mouse Model of Optic Nerve Crush

Xu Zhang,1,2 Peng Sun,1,2 Jian Wang,1 Qing Wang,3 and Sheng-Kwei Song1

PURPOSE. Diffusion tensor imaging (DTI) measures the random
motion of water molecules reflecting central nervous system
tissue integrity and pathology. Glaucoma damages retinal gan-
glion cells (RGCs) and their axons. The authors hypothesized
that DTI-derived axonal and myelin injury biomarkers may be
used to detect early axonal damage and may be correlated with
RGC loss in the mouse model of optic nerve crush (ONC).

METHODS. The progression of RGC axon degeneration was
quantitatively assessed with DTI in vivo, corroborated with
axon/myelin immunohistochemical staining and retrograde
fluorogold labeling in mice after ONC.

RESULTS. Decreased axial diffusivity (��) and relative anisotropy
(RA) of damaged axons were observed from 6 hours to 14 days,
reflecting axonal injury. DTI detected axonal injury at 6 hours
after ONC when SMI-31 did not detect axonal abnormality.
Both decreased ��, and SMI-31 identified axon damage at 3 days
after ONC. Decreased �� correlated with reduced SMI-31–pos-
itive axon counts from 3 days after ONC. In contrast, the
increased �� was seen only in the distal segment of optic nerve
whereas decreased myelin basic protein-positive axon counts
were seen in all segments 3 days after ONC. The number of
retrograde-labeled RGCs did not decline significantly until 7
days after ONC. There was a significant correlation between
RGC loss and optic nerve axon damage.

CONCLUSIONS. The authors demonstrated that in vivo DTI de-
tected axonal injury earlier than SMI-31. Results suggest that in
vivo DTI of optic nerve injury may be used as a noninvasive
tool for assessing the pathogenesis of RGC axonal injury. (In-
vest Ophthalmol Vis Sci. 2011;52:7001–7006) DOI:10.1167/
iovs.11-7619

Glaucoma is a leading cause of blindness worldwide.1 The
pathophysiology of glaucomatous optic neuropathy is still

not well understood. Studies have proposed that the visual
field defects in glaucoma may be secondary to retinal ganglion
cell (RGC) axon loss.2 Whether the site of primary damage is
the retinal ganglion cell body or the axon remains debated.
Recent studies suggest that the optic nerve axon or the visual
pathway degeneration may be the initial site leading to RGC
loss in an animal glaucoma model.3–5 A large body of evidence

also supports the notion that the interplay between axon-
neuron damage and degeneration plays an important role in
the progression of neurodegenerative disease.6

Current clinical management of glaucoma includes paramet-
ric evaluation of the visual field or imaging of the optic disc/
nerve fiber layer. These clinical practices may not be sufficient
for direct assessments of damaged retinal ganglion cells (RGCs)
and their axons in glaucoma or other neurodegenerative dis-
eases. Thus, there remains a need for noninvasive imaging
methods to better understand these pathologic processes to
facilitate the development of more effective therapies.

Diffusion tensor imaging (DTI) has been proposed as a
noninvasive method to directly visualize and characterize ax-
onal injury.7,8 Previous reports have demonstrated that de-
creased axial diffusivity (��, describes water molecule diffusion
parallel to axonal fibers) is associated with axonal injury and
dysfunction; the increased radial diffusivity (��, describes wa-
ter molecule diffusion perpendicular to axonal fibers) is asso-
ciated with myelin injury. This concept has seen its applica-
tions to accurately detect the underlying axonal injury in
mouse models7,9,10 and human patients.11 The application of
this approach to assess chronic optic nerve degeneration in
rats12,13 and humans14 with glaucoma has also been reported.
To date, this technique has not been fully applied to examine
the correlation between optic nerve axonal injury and retinal
neuron degeneration.

In this study, we chose an optic nerve crush (ONC) mouse
model to examine optic neuropathy in vivo. The ONC rodent
model has been widely used in studying RGC axon degenera-
tion and the pathophysiology of glaucoma as well as other
optic neuropathies.15–18 This study sought to determine the
relationship between in vivo DTI parameters and histopathol-
ogy in mouse optic nerve axons after injury. The optic nerve
provides an excellent model in which to study directional
diffusion because optic nerve axons are pure white matter
tracts running in parallel without significant crossing. In the
present study, in vivo DTI was used to longitudinally assess
the progression of damaged optic nerve in mice after ONC.
The observed changes of DTI parameters were correlated
with histology-determined RGC axon damage. Our results
demonstrated the feasibility of DTI for early detection and
longitudinal assessment of optic neuropathy in vivo.

METHODS

Mouse Model of Optic Nerve Crush

Female C57BL/6 mice at 8 to 12 weeks of age were purchased from the
Jackson Laboratory (Bar Harbor, ME). All animal experiments were
performed according to protocols approved by the Animal Studies
Committee at Washington University and in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Mice were anesthetized by intraperitoneal injection of a cocktail
containing ketamine (80 mg/kg) and xylazine (10 mg/kg). The con-
junctiva of one eye was incised. The optic nerve was surgically ex-
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posed by blunt dissection under an operating microscope. The right
nerve was crushed approximately 1 mm behind the globe for 20
seconds using jeweler’s forceps. Special care was taken to avoid dam-
aging the central retinal artery. The left eye served as the sham-
operation control in which the surgery was performed without crush-
ing the optic nerve.

Diffusion Tensor Imaging and Data Analyses

In vivo DTI was performed on two groups of ONC animals. The first
group (n � 5) underwent longitudinal examination to determine
the time course of axonal and myelin injury at 6 hours and at 3, 7,
14, and 28 days after ONC. The second group (n � 3 for each time
point) underwent cross-sectional DTI measurement followed by
histologic analysis. For MRI scans, mice were anesthetized using
isoflurane/oxygen (5% for induction and 1% for maintenance) de-
livered through a custom nose cone. The anesthetized mice were
placed in a custom-made holder designed to immobilize the head. A
circular surface coil with a 1.5-cm outer diameter was placed on top
of the head to serve as the receiver for the MRI signal. The entire
apparatus was placed in a custom-made cradle permitting the mouse
to be placed at the center of the magnet inside a 9-cm inner
diameter Helmholtz coil (the radio frequency transmit coil). This
arrangement was positioned in a second cradle that fits into a 4.7-T,
33-cm clear bore magnet (Oxford Instruments, Oxfordshire, UK)
equipped with a 15-cm inner diameter, actively shielded gradient
coil (18 G/cm, 200-�s rise time) interfaced and controlled by a
spectrometer (Unity-Inova; Varian, Palo Alto, CA).

A conventional, multislice, spin-echo imaging sequence, modi-
fied by the addition of the Stejskal-Tanner diffusion sensitizing
gradient pair, was used for acquiring the required series of diffusion-
weighted images (DWI) with repetition period (TR) 1.5 seconds,
spin-echo time (TE) 50 ms, time between application of gradient
pulses (�) 25 ms, diffusion gradient duration (�) 8 ms, slide thick-
ness 0.4 mm, field of view 3 cm, and data matrix 192 � 192 (zero
filled to 512 � 512). Diffusion-sensitizing gradients were applied
along six directions: [Gx, Gy, Gz] � [1,1,0], [1,0,1], [0,1,1],
[�1,1,0], [0,�1,1], and [1,0,�1]. The two diffusion-sensitizing fac-
tors, or b values, used for acquisition of the diffusion-weighted
images were 0 and 765 s/mm2. The DTI data set of each mouse was
obtained with an acquisition time of 2 hours.

On a pixel-by-pixel basis, quantitative indices including axial diffu-
sivity (��), radial diffusivity (��), and relative anisotropy (RA) were
derived using a program written with a computing software (MatLab;
MathWorks, Natick, MA). Three eigenvalues (�1, �2, �3) were calcu-
lated from the diffusion tensor matrix diagnolization. Mean diffusivity
(D) was calculated as D � (�1 � �2 � �3)/3. Axial diffusivity was
defined as �� � �1. Radial diffusivity was defined as �� � (�2 � �3)/2.
RA was calculated as

RA �
� (�1 � D)2 � (�2 � D)2 � (�3 � D)2

�3D
(1)

The optic nerve region of interest (ROI) was defined from globe to
optic chiasm for quantitative DTI and histologic analysis. The proximal
segment was at approximately 300 to 600 �m posterior to the globe,
the epicenter segment was approximately 900 to 1100 �m (ONC site
at approximately 1000 �m), and the distal segment was at 1200 to
1600 �m. The definition of ROI is shown at the DWI from a control
mouse (Fig. 1). In vivo DTI parameters were quantitatively analyzed
using the defined ROI.

Histologic Analysis

On the completion of MRI scans, mice were deeply anesthetized
and perfusion fixed through the left cardiac ventricle with 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4).

After perfusion, the eyes were enucleated. The retinas were dis-
sected and flat-mounted on glass slides for FluoroGold-labeled RGC
counting. The optic nerve was isolated and fixed in 4% paraformal-
dehyde after MRI scans. Isolated optic nerves were embedded in
paraffin and sectioned to be 5-�m thick. The cross-sectional optic
nerve reacted with primary antibodies against SMI-31 (1:5000 dilu-
tion; Sternberger Monoclonals, Baltimore, MD) and myelin basic
protein (MBP; 1:1000 dilution; Sigma, St. Louis, MO) were further
reacted with the appropriate secondary antibodies at room temper-
ature. The results were observed on a microscope (80i; Nikon Inc,
Melville, NY). Intact axons were quantified by counting SMI-31–
positive axons. The MBP-positive axons were also counted. The
positive axon/myelin stains were quantified for each optic nerve in
a blinded fashion (MetaMorph; MathWorks).

To correlate RGC integrity with the extent of axonal injury assessed
by in vivo DTI, retrograde labeling of retinal ganglion cells was per-
formed as previously described.19 Briefly, 1.5 �L of a 3% FluoroGold
(Fluorochrome, Inc., Englewood, CO) in saline was injected into the
superior colliculi of anesthetized mice immobilized in a stereotaxic
apparatus. FluoroGold was taken up bilaterally by the RGC axon
terminals and transported retrogradely to their somata in the retina.
The loaded marker persisted for at least 4 weeks without significant
fading or leakage. ONC was performed 1 week after application of the
tracer. At various times after ONC, the retinal flat-mounts were pre-
pared as described. RGCs in the retina from four fields of central retina
and four fields of peripheral retina were captured at 40� magnification
using fluorescence microscopy.20 Quantification of fluorescent RGCs
was performed using image analysis software (MetaMorph; Math-
Works). Counting was performed in a blinded fashion.

Statistical Analysis

Statistical analyses were performed using SAS software (SAS Institute,
Cary, NC). For comparisons between two experimental groups, one-
way ANOVA was used to test the difference in RA, axial diffusivity, and
radial diffusivity among all segments and all groups of mice at all time
points. Student’s t-test was used to test the difference of histologic
parameters between experimental and control groups. Correlation
between DTI parameters and histologic data were examined using
Pearson’s correlation coefficients. Linear regression was performed to
determine the correlation among axial diffusivity, RA, SMI-31, radial
diffusivity, and MBP. In all cases, P � 0.05 was accepted as a statisti-
cally significant difference.

RESULTS

In Vivo DTI Evaluation of Optic Nerve
Axonal Injury

Optic nerves were readily recognized in the in vivo DWI and
diffusion tensor parameter maps after ONC (Fig. 2). The
control optic nerve was hyperintense in DWI (Fig. 2A). Six

FIGURE 1. Defining ROI in a control DWI map. Both eyeballs (L, left
eye; R, right eye) and optic nerves (ON) are clearly seen in DWI. The
ROI is defined as follows: proximal (P), 300 to 600 �m posterior to the
globe; epicenter (E), approximately 900 to 1100 �m from the globe;
distal (D), 1200 to 1600 �m posterior to the globe.
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hours after ONC, the epicenter appeared brighter than the
normally hyperintense optic nerve, reflecting decreased dif-
fusion resulting from crush injury. Also consistent was the
decreased RA and �� at the epicenter. At 14 days after ONC,

decreased RA and �� extended to the entire injured nerve,
suggestive of spreading axon damage. Increased �� was
seen at 14 days at the distal site, suggestive of myelin
damage (Fig. 2B).

FIGURE 3. The time course of DTI parameters measured from longitudinal analysis of crush-injured optic nerves (circles) and uninjured optic
nerves (triangles). RA, ��, and �� of proximal, epicenter, and distal ROI are displayed as mean � SD (n � 5). At the proximal site, the RA value
decreased from day 7 (A), �� values significantly decreased from 6 hours (B), and �� increased around day 14 (C). At the epicenter, significant
decreases in RA and �� were seen at all time points (D, E). Significantly increased �� was seen only at 28 days (F). At the distal site, a changed RA
value was observed from day 7 (G), significantly decreased �� started at day 3 (H), and �� was significantly increased at day 7 (I). Statistical
differences indicated in relation to control group: *P � 0.05, **P � 0.01, two-way ANOVA.

FIGURE 2. Serial in vivo diffusion MRI of the crushed optic nerve from a mouse (A, DWI; B, DTI maps).
Yellow arrowheads: epicenter. The optic nerve is hyperintense in DWI (A). Increased intensity is seen at
the epicenter 6 hours after ONC. Optic nerve ROI was defined based on the DWI (Fig. 1). Significantly
decreased RA resulting from the axonal injury extended the entire ON at 14 days (B). Progressive myelin
damage reflected as the increased �� is also clearly demonstrated (B). Decreased �� indicative of axonal
injury after ONC clearly identified the epicenter (B). Image scales are as follow: RA, 0.0–1.0 (no unit); ��,
0.0–0.5 (�m2/ms); ��, 0.0–1.5 (�m2/ms).
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In Vivo DTI Quantification of the Damaged
Optic Nerve

The longitudinal in vivo DTI parameters were quantitatively
analyzed using ROI analysis (Fig. 3). At the proximal site
(Fig. 3A), RA decreased by 30% (P � 0.05) beginning at 7
days. At the epicenter (Fig. 3D), decreased RA was seen at all
time points by approximately 30% to 50% (P � 0.05). Dis-
tally (Fig. 3G), RA decreased by 40%, 44%, and 52% at 7, 14,
and 28 days (P � 0.01) after injury. Proximally (Fig. 3B),
significantly decreased axial diffusivity was seen as early as
6 hours (by 27%, P � 0.05) after ONC compared with the
control. The extent of decreased axial diffusivity was main-
tained for 2 weeks by 28% (P � 0.05, 3 days), 24% (P � 0.05,
7 days), and 18% (P � 0.05,14 days) and increased toward
the control value at 28 days after ONC (insignificantly de-
creased by 5%; P � 0.05). The more significantly decreased
axial diffusivity was observed in the epicenter (Fig. 3E)
compared with the control nerve by 49%, 52%, 41%, 35%,
and 24% at 6 hours and at 3, 7, 14, and 28 days after ONC
(P � 0.01 at all time points). Distally (Fig. 3H), axial diffu-
sivity did not change at 6 hours after ONC. Statistically
significant decreases were evident beginning at 3 days after
ONC (by 26%; P � 0.05) and continued by 29% (P � 0.05,
7 days), 21% (P � 0.05, 14 days), and 16% (P � 0.05, 28
days). Radial diffusivity did not change at the proximal ROI
(Fig. 3C). In the epicenter (Fig. 3F), the only significant
change was seen at 28 days after ONC (55%, P � 0.05).
Distally (Fig. 3I), radial diffusivity progressively increased
(by 50%, 46%, and 100% at 7, 14, and 28 days after ONC; P �
0.05).

Histologic Evaluation of RGC Axon Damage

Axon damage was evaluated using immunohistochemistry
staining of SMI-31 (for phosphorylated heavy neurofilament
subunit) and MBP after in vivo DTI. The optic nerve was
sectioned using the globe as the reference to match image
ROI locations. Decreased SMI-31 staining exhibited a trend
similar to that of axial diffusivity with a clear sign of axonal
injury at the proximal site and epicenter 3 days after ONC
(Figs. 4A, 4B). Delayed axonal injury at the distal site was

also reflected by the loss of SMI-31 staining beginning at 7
days after ONC. MBP staining revealed significantly de-
creased myelinated axon staining in the injured optic nerves
(Figs. 4C, 4D). No staining was observed when the primary
antibodies were omitted (data not shown). Next, we evalu-
ated RGC loss with retrograde FG labeling. Representative
images of FG-labeled ganglion cell soma indicate significant
losses of RGCs by 70% and 79% at 7 and 14 days after ONC
compared with the control nerve (Figs. 5A, 5B).

Correlation of Retinal Ganglion Cell Loss and
Optic Nerve Axon Damage

We examined the relationship between RGC loss and axonal
injury after ONC. The SMI-31–positive axon counts at the
proximal site correlated strongly with FG-labeled RGC counts
(r � 0.76; P � 0.004; Fig. 6A). We investigated whether the
changes in DTI parameters correlated with the severity of
axonal injury. Axial diffusivity and axonal injury were com-
pared at the proximal site. There was a significant correlation
between axial diffusivity and SMI-31–positive axon counts at
the proximal site (r � 0.87; P � 0.0001; Fig. 6B).

DISCUSSION

In this study, DTI was applied to assess retinal ganglion cell
axon degeneration in mice after ONC. We found that DTI
accurately detected the progression of optic nerve injury in
vivo, consistent with our previous findings in mouse models
and human optic neuritis.7,8,21,22 The noninvasive bio-
marker of axonal injury (i.e., decreased axial diffusivity)
detected axon damage as early as 6 hours after injury,
consistent with the findings of our previous report on
mouse spinal cord injury.23 Based on the results presented
in this study, we suggest that the damaged RGC axon mea-
sured using axial diffusivity may be used as an indicator of
subsequent retinal ganglion cell body loss.

Axonal injury occurs in many neurologic diseases, such
as spinal cord trauma and multiple sclerosis, and is consid-
ered a predictor of progressive neuron degeneration.24,25 In
optic neuropathy such as glaucoma, recent histologic stud-
ies suggest that damage to the optic nerve axon and visual
pathway may precede RGC loss.3–5 In this study we exam-
ined the timing and progression of damaged RGC axons
using DTI and histology. The time course of DTI-determined
axonal injury after 3 days in our studies correlated well with
the loss of phosphorylated neurofilament (SMI-31, axon in-
tegrity marker). SMI-31 was downregulated 3 days after ONC
at the proximal segment and was observed at the distal

FIGURE 4. Immunohistochemistry of SMI-31 and MBP of the control
and the crush-injured optic nerves. (A) SMI-31 of proximal optic nerve
cross-sections from control (cont) and ONC injury mice at 3, 7, and 14
days. (B) Quantitative SMI-31–positive axon counts of the optic nerve
at proximal (P), crushed epicenter (E), and distal (D) sites. (C) MBP of
the proximal optic nerve cross-sections from the control (cont) and
ONC-injured mice at 3, 7, and 14 days after injury. (D) Quantitative
MBP-positive axon counts at the three selected sites. The timing of
myelin injury reflected as loss of MBP-positive axon counts is similar to
that of SMI-31. *P � 0.05, **P � 0.01. Magnification, 60�.

FIGURE 5. RGCs were retrogradely labeled with FG a week before
ONC. Flat-mount retinas, at 40� magnification, were examined at 3, 7,
and 14 days after ONC (A). Quantitative estimation of the remaining
RGCs was performed after ONC using fluorescence microscopy
(mean � SEM; n � 3 for each experimental group; B). Crush injury
induced a significant loss of RGCs at both 7 and 14 days after ONC.
*P � 0.05.
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segment from days 7 to 14 after ONC. The immunohisto-
chemistry-detected axonal injury (decreased SMI-31–posi-
tive axon counts) in the current ONC model followed the in
vivo axial diffusivity decreases seen at 6 hours after ONC at
the proximal segment and epicenter.

We have hypothesized and demonstrated that decreased
axial diffusivity reflects axonal injury and that increased
radial diffusivity reflects myelin injury in a retinal ischemia
model and various animal models.7,8,10,21,23,26,27 However,
the previously observed correlation of increased radial dif-
fusivity with demyelination was not seen in the current ONC
model (data not shown). MBP staining of the damaged optic
nerve was not specifically correlated with the radial diffu-
sivity in the crush mice. Although the exact mechanism
remains unclear, the lack of specificity in this injury model
may be confounded by the presence of reactive gliosis, cell
proliferation, and inflammatory response in addition to ax-
onal injury, similarly observed by other groups.28,29

Use of imaging methods to identify RGC axon damage is
desirable for a better understanding of the mechanisms
underlying optic neuropathy. Our aim in this study was to
assess the timing of axonal injury and its correlation with
RGC after optic nerve injury. We detected considerable RGC
loss at day 7, following the axon damage detected by SMI-31
at day 3, which in turn followed the decreased axial diffu-
sivity at 6 hours after ONC. This is consistent with the fact
that the injury began at the RGC axon. Results of our
previous studies7 in the mouse model of retinal ischemia
indicated that 3 days after retinal ischemia, axial diffusivity
decreased by 50%. The in vivo DTI– detected axonal injury
correlated with histologic findings of significant loss of SMI-
31–positive axon counts. Selles-Navarro et al.30 have re-
ported a time course in the rat retinal ischemia model, with
progressive RGC loss of 20% and 40% at 5 and 7 days,
respectively. Results by Selles-Navarro et al.30 and our pre-
vious mouse retinal ischemia findings7 suggest that the axial
diffusivity– detected axon damage occurred earlier than the
reported RGC loss. The current finding is in line with find-
ings of previous studies of optic neuropathy in a glaucoma
model,3–5 suggesting that axon damage could lead to RGC
body loss. With the use of an in vivo fluorescence imaging
technique, rapid axon loss was also detected within 6 hours
at proximal sites after ONC.31

In glaucoma patients, increased IOP and decreased optic
nerve head blood flow have traditionally been considered to
affect visual neurons from RGCs to the major vision center
of the brain.2,32 Recent literature3–5 suggests that damaged
visual neurons in a glaucoma model may result from high
IOP–impaired axon structure, leading to retrograde RGC
degeneration; this is known as the axonopathy hypothesis.25

Our DTI and histology results suggest a plausible “dying-
back” or “retrograde degeneration mechanism” implying
that axonal injury occurs earlier than RGC loss in mouse

models of ONC. To validate the axonopathy hypothesis in
glaucoma, further experiments would be needed to measure
RGC axonal and retinal injury using in vivo DTI in rodents of
elevated IOP.

In conclusion, in vivo DTI may provide an effective and
noninvasive method with which to detect RGC axon loss
during the progression of optic neuropathy. DTI may be used
to assess the efficacy of various therapeutic interventions in
animal models of glaucoma.
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