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Background: Traumatic optic nerve lesions (TONL) are probable but unpredictable consequence after
severe midface or skull base trauma. Based on a previously described rat model, the authors developed
a new model in order to simulate optic nerve crush during trauma on the optic canal.
Methods: To achieve a calibrated TONL, a microinjuring device was designed that made it possible
to assess the correlation between a defined trauma and the neuronal degeneration in the rat retinal
ganglion cell (RGC) layer. This device is based on a small dynamometer mounted onto a conventional
micromanipulator. The supraorbital approach was chosen to expose the extracranial optic nerve.
Results: In this rat model (n=100, Wistar strain) the parameters of “force” and “time” could be pre-
cisely monitored during the experiment. The decrease in the mean number of retinal neurons (N)
according to the pressure exerted (2–30 cNcmm−2) on the optic nerve was linear for 1, 6, and 15 min-
utes of injuring time; the decrease in N for varying injuring forces also appears to be nearly linear.
Conclusion: The results show that this model provides a reliable method for studying quantitatively the
anatomical effects of TONL on the RGC layer and the optic nerve itself, and may allow the design of
treatment strategies following TONL.

Several groups have studied the histological, electrophysi-
ological, pathophysiological and behavioural effects of
optic nerve trauma. Our goal was to create a method that

simulated trauma to the optic nerve caused by fractures of the
midface and/or skull base, in order to investigate from a histo-
logical point of view the effects of calibrated optic nerve crush.

The main drawback of most of the methods described for
calibrated optic nerve trauma is that the injuring trauma can-
not be directly quantified at the site of the lesion, but is rather
semiquantitatively referred to as pressure in a balloon,1–3

distance between branches of a forceps,4 5 or pulling force on a
micro sling.6

Several other reports on traumatic optic nerve lesions
(TONL) based on crushing of the optic nerve have been pub-
lished in which the force applied was not stated.7–10

The balloon method was used on the optic nerve of the
cat1–3 and the micro sling was used on the optic nerve of Japa-
nese monkeys.6 Forceps were used to cause a defined trauma
to the optic nerve of rats.4 5 For insertion of the crushing for-
ceps, the optic nerve was approached via a lateral canthotomy
and an incision of the conjunctiva lateral to the cornea.5 Tak-
ing into account that the optic nerve of the rat is a very
vulnerable structure approximately 0.64 mm in diameter, a
standardised crush model is mandatory to guarantee defined
and reliable conditions for later microscopic or electrophysi-
ological evaluation of the post-traumatic changes in the
retinal ganglion cell (RGC) layer.

MATERIALS AND METHODS
Surgical procedure
Male albino rats of the Wistar strain (n = 100) weighing 300–
350 g were anaesthetised using 40 mg chloral hydrate in water
per 100 g body weight. The head was fixed in a stereotaxic
frame. The supraorbital rim was exposed through a median
frontal skin incision. Preserving the supraorbital vein, the ret-
robulbar space was entered and almost all the Harderian gland
removed. Thus, the muscle cone comprising the ocular
muscles was easily accessible. While carefully dislocating the
eyeball anteriorly, the ocular muscles overlying the optic nerve

could be separated and held apart with a forked micro hook,
so that only the retractor bulbi muscle remained around the
optic nerve. Care was taken to preserve retinal perfusion dur-
ing this manoeuvre of anterior dislocation. Next, the retractor
bulbi was cut 2 mm behind the posterior surface of the eyeball
and removed from the optic nerve. Without damaging the
optic nerve, a micro hook was inserted from above, with its
surface parallel to the nasal aspect of the optic nerve.
Throughout these operative steps, retinal perfusion was moni-
tored by funduscopy of the operated eye. Indirect light (ILR)

Table 1 Indirect light reaction of the
uninjured eye immediately
postoperative (ILR) and 30 days later
(ILR30) in relation to force exerted and
duration of TONL. Results are
arithmetical means; individually, each
positive ILR was counted as 1, each
negative ILR was taken as 0

TONL n ILR ILR30

0 cN 10 0.7 1
2 cN 6 minutes 3 0.3 1
2 cN 15 minutes 3 0 1
2 cN 30 minutes 3 0.7 1
5 cN 1 minute 8 0.9 1
5 cN 6 minutes 7 0.7 1
5 cN 15 minutes 6 0.3 1
5 cN 30 minutes 4 0.3 1

10 cN 1 minute 9 0.3 1
10 cN 6 minutes 5 0.2 1
10 cN 15 minutes 4 0 0.5
10 cN 30 minutes 5 0 0.4
15 cN 1 minute 11 0.2 0.9
15 cN 6 minutes 6 0.2 0.3
15 cN 15 minutes 4 0 0
20 cN 6 minutes 6 0 0.2
30 cN 1 second 6 0 0.2
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was assessed in the unoperated eye before surgery, in the
immediate postoperative period, and after 30 days (ILR30)
(Table 1).

Microinjuring device
Using a metallic micro hook adapted with adhesive wax to a
three dimensionally adjustable supranasal metal pin, it was
possible to create one branch of the assumed forceps (Fig 1).
The insertion and positioning of the micro hook parallel to the
optic nerve of the rat could easily be done through the
supraorbital approach.

A small dynamometer (dial plate diameter, 37 mm; range of
force, 3–30 cN or 1–6 cN; separate pointer indicating
maximum force; Correx, Haag-Streit AG, Bern, Switzerland,
No 44106) was attached to a conventional micro-manipulator.
A polished microplate (1 × 2 mm2) was mounted on the tip of
the dynamometer. Thus, the microinjuring device could be
moved with the micro-manipulator close to the temporal
aspect of the optic nerve and opposite the metal hook placed
on the nasal aspect of the optic nerve, so that the principle of
a forceps was completed.

Calibrated optic nerve trauma
Using the above described microinjuring device, a calibrated
trauma was inflicted on the right optic nerve of all the rats (n
= 100). The left retinas were used as controls (K; n = 23). The
effect of the optic nerve preparation and the installation of the
microinjuring device were evaluated on a group of 10 sham
operated animals (P). Table 2 shows the distribution of the
applied force and the associated time of injuring. In all cases,
post-injury survival time was 30 days.11

Histological evaluation
Thirty days after inflicting the injury, deep anaesthesia was
induced with an overdose of 4% chloral hydrate. While still
alive, the animals were perfused with 0.2% liquimine in
Ringer-lactate solution, followed by a fixative containing 4%
paraformaldehyde, and were then killed. The eyes and the
intraorbital optic nerves of operated and control sites were
removed and fixed for 24 hours. Then, the retinas were

Figure 1 Experimental set up with microinjuring device
(dynamometer: 0–6 cN, 3–30 cN; dial plate diameter, 37 mm;
separate pointer indicating maximum force).1, anterior luxation of
the eyeball; 2, insertion of the dynamometer arm; 3, injuring of the
optic nerve by moving the dynamometer with the micromanipulator
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mounted whole onto gelatine coated slides and stained with
cresyl violet. Each retina was peripherally incised to obtain five
lobes. For quantitative analysis, three, 12 346 µm2 counting
fields (F) were defined in each lobe by drawing an axis from
the papilla to the ora serrata, with three distances (1.2 mm
(central), 2.4 mm (intermediate), and 3.6 mm (peripheral)) to
the papilla. Neurons and glial cells were identified according
to Perry’s criteria.12 In order to quantify the number and size of
neurons in the RGC layer, each counting field was evaluated at
900× magnification using a camera lucida, a digitising tablet
connected to a PC computer, and the Bioquant System IV
software (R&M Biometrics, Inc, USA).

The total number of neurons (N) was calculated using the
formula:

N = NC c (AR c0.8556) c F−1

where
NC = mean number of neurons per counting field
AR = individual retina size (mm2)
F = 0.012346 mm2 (size of each counting field)
The 0.8556 factor was calculated by Sievers et al and stands

for the portion of the RCG layer in Wistar rats that is covered

by neurons and not occupied by large intraretinal vessels.13 A
Student’s t test was used for statistical evaluation of neurode-
generative effects.

The optic nerves were fixed for analysis during 1–2 hours in
chilled, 2% osmium tetroxide fixative with 4.5% sucrose buff-
ered with veronal acetate at pH 7.2–7.5, and embedded in
Araldite. Semithin sections were stained with a solution of 1%
p-phenylenediamine (PPD) in methanol-isopropanol and
evaluated qualitatively by studying the degree of myelin
changes.14

RESULTS
In all cases of TONL, reperfusion of the temporarily
interrupted retinal circulation resumed at once after relieving
compression of the optic nerve. During compression, the optic
nerve was flattened to a structure limited by the resistance of
its nerve sheath. The diameter of the injured optic nerve could
be estimated as

1⁄2 × circumferenceoptic nerve = π × roptic nerve

In this series, the mean diameter of the rat optic nerve was
0.64 mm, so that during compression, the diameter of the

Figure 2 Histograms showing the distribution of neurons in the RGC layer in 10 µm2 steps. Each column consists of three parts demonstrating
the retinal central (lower row), intermediate (middle row), and peripheral (upper row) counting fields.
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flattened optic nerve was estimated at 1 mm. Using a 1 mm
wide plate mounted on the tip of the spring balance, an
injured area of 1 mm2 follows in case of complete flattening of
the optic nerve.

Figure 2 summarises the neuronal changes in the RGC layer
30 days after TONL for each group. The mean size of the retina
was 59.4 (SEM 0.486) mm2 (n = 100). The mean total number
of neurons in the 23 control animals (NK) was estimated to be
230 236 (SEM 3711). This showed no statistically significant
difference at p<0.05 to the group of animals on which sham
surgery had been performed (NP = 220 866 (SEM 5877)) (Fig
2). Neither did the mean neuron size (S) in the RGC layer
show any statistically significant difference at p<0.05
between the controls (SK = 99.4 (SEM 0.4) µm2) and those
subject to sham surgery (SP = 98.3 (SEM 0.6) µm2).

Figure 2 additionally outlines the proportion of each evalu-
ation area (central, intermediate, or peripheral) in relation to
the total retinal number of neurons and mean neuron size.
Throughout roughly all the TONL groups, the proportion of
the three evaluation areas does not differ in comparison with
the distribution in unoperated animals (K)— that is, the more
central the retinal area is the higher the neuron density and
the larger the mean neuron size. Furthermore, the proportion
of neurons >80 µm2 is emphasised, because those are the
neurons that most probably represent RGC, whereas neurons
<80 µm2 more probably correspond to the amacrine cells.

Regarding the number of neurons (N) in the RGC layer, an
injury of 15 cNcmm−2 for 15 minutes is followed by a neuronal
degeneration similar to axotomy.13 An injury of 2 cNcmm−2 was
not followed by a significant reduction (p>0.05) in N regard-
ing the chosen periods of injuring; neither did TONL of 5
cNcmm−2 over 1 and 6 minutes show any significant decrease
of N. Comparison of 5, 10, 15, and 20 cNcmm−2 TONL reveals
that neuron death directly correlates with both the force
applied and the duration of the optic nerve lesion.

Pressure of 5 cNcmm−2 over a period of 15 minutes resulted
in an RGC loss of about 32.5%, whereas pressure of 15
cNcmm−2 over a period of 15 minutes resulted in an RCG loss
of 82.5%.

The PPD stained optic nerve sections reflect only qualita-
tively the neurodegenerative response to TONL. When living
axons are observed, the circumference of the axon cylinder is
clearly outlined by a thin dark line; in case of degeneration, the
inner and outer parts of the axon cylinder cannot be differen-
tiated and appear black (Fig 3).

Figure 4 summarises the decrease in the mean number of
neurons in the retina depending on the pressure exerted on
the optic nerve. Decrease in N was linear for 1, 6, and 15 min-
utes of injury time.

Furthermore, Table 2 shows that TONL not only affects the
number of RGC, but that cell size is also modulated by the
trauma. In case of TONL <10 cNcmm−2 with t <6 minutes or
with TONL = 15 cNcmm−2 for 1 minute, S increases. After
TONL > 15 cNcmm−2 for >6 minutes, S decreases; a reduction
of N >28% is followed by S <98 µm2 (SP = 98.3 µm2). Accord-
ing to our data, obtained 30 days after the trauma, the distance
between the site of TONL and RGC has no influence on the
response of neurons in terms of neuron number and size.

Light reaction
Indirect light reaction (ILR) of the contralateral, unoperated
eye was assessed at the end of the operation and compared
with pupil function before perfusion with
paraformaldehyde—that is, 30 days post-TONL. Absent ILR
after the operation proved to be an unreliable parameter to
predict the expected degree of degeneration in the RGC layer
30 days post-TONL. On the other hand, a normal ILR after
TONL indicated a loss under 45.9% in RGC. Comparison of
pupillary reflex and histological findings in the RGC layer 30
days post-TONL revealed that a decrease <53.1% in RGC did
not influence ILR; a decrease >53.1% in RGC was not neces-
sarily followed by an absent ILR. The lowest RGC count with
an intact ILR was 24 713, equivalent to 21.5% of the normal
RGC number. ILR recovered consistently in all experimental
groups subject to lesions <10 cNcmm−2 for 15 minutes.

DISCUSSION
Several types of indirect (retrobulbar balloon) or direct
(forceps, micro clips, micro sling, spring balance) injuring
models have already been used in research programmes on
TONL. Among the different approaches, the microinjuring
method based on a small spring balance has proved to be a
useful and easy to handle method that allows direct measure-
ment and monitoring of the TONL.

This new method for calibrated TONL in combination with
the supraorbital approach has several advantages in compari-
son with previously reported TONL methods and latero-orbital
approaches. By recording the status of pupillary motor
function immediately before and after injury and 30 days

Figure 3 PPD stained semithin transverse optic nerve sections from
the control group (K; (A)) and after TONL of 15 cNcmm−2 for 6
minutes (B). Reference scale, 100 µm.

Figure 4 Mean total number of neurons in the RGC layer in
relation to intensity of TONL. The horizontal dotted line demonstrates
the value for the control group (K).
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post-TONL, a parameter for optic nerve function was found
which is not influenced by any efferent changes in the injured
eye when compared with the indirect light reaction (ILR) of
the uninjured eye. The afferent pupillary defect was shown to
correlate poorly with the degree of RGC loss. This might be due
to the fact that an intact light reaction depends on a relatively
low number of undamaged RGCs, which is reported to be
around 13%, or it might be attributed to the different plastic-
ity of type I, II, and III RGCs following experimental lesion, or
else to the possibility that small RGCs projecting to the tectum
may be spared by the experimental trauma.15

Another advantage of the method presented here is that,
besides allowing a qualitative evaluation of calibrated TONL
by studying PPD stained transverse sections of the optic nerve,
changes in the number of surviving RGC after TONL can eas-
ily be assessed in a quantitative fashion. Contrary to axon
counts in sections of the optic nerve, studying the RGC layer
itself ensures that the site and level of histological evaluation
are precisely the same.

Several publications have suggested that half of the total
number of neurons in the rat RGC layer represent ganglion
cells that do project an axon into the optic nerve, whereas the
remaining half of the total neuron number comprises the
amacrine cells that do not project an axon into the optic
nerve.13 16–22 In estimating the RGC number within the RGC
layer data from the unoperated control retinas (total number
of 115 107 each for RGCs and amacrine cells in the RGC layer)
were compared with those of Sievers et al13 (119 973 RGCs,
according to axon counts in the optic nerve), and a difference
of only 4.1% was found.

The results of this study make it possible to determine
trends of changes in neuronal degeneration following
calibrated optic nerve crush. Both time and pressure have
influence on neuron survival. All the time periods chosen for
this experiment ranged far below the critical time window of
ischaemia reported for the retinal neuronal structures.23 24 In
another rat model in which protrusion of the eyeball and reti-
nal ischaemia followed the filling of a retrobulbar microbal-
loon, it could be demonstrated that stasis of retinal perfusion
over 60 minutes did not result in a significant decrease in the
number or size of RGCs.25 Since retinal perfusion soon
resumed after inflicting the injury, ischaemia probably did not
play a significant part in our experimental paradigm. The
extracranial visual pathway seemed to be relatively resistant
to TONLs for short periods—that is, seconds. This finding may
be consistent with clinical observations indicating that,
despite major skull base trauma including fractures around
the optic canals, the number of cases of traumatic optic neu-
ropathy is relatively low. The various models of TONL
previously published did not consider the relation between
different injuring forces and varying injuring periods and
their effect on neuronal degeneration.

Using the model described it is possible to show a distinct
relation between TONL and histological degeneration assessed
through changes in number and size of RGCs. These findings
will be related in future experiments to electrophysiological
changes. Based on this approach, we hope to establish quanti-
tative criteria for optic nerve decompression surgery in
humans, which are not yet available.26

Contrary to previously described methods, this experimen-
tal approach proved to be advantageous in showing the
distinct relation between histological RGC degeneration, the
force exerted (cNcmm−2), and its duration. Furthermore,
conditions of the injury can be easily modified by varying the
size of the microplate fixed to the tip of the dynamometer.
Finally, this method might be applied in combination with
electrophysiological recordings—that is, intraoperative re-
cording of visual evoked potentials by pattern stimulus or
flash light.26
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