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Retrograde Signaling in the Optic Nerve Is Necessary for
Electrical Responsiveness of Retinal Ganglion Cells
Tsung-Han Chou,1 Kevin K. Park,2 Xueting Luo,2 and Vittorio Porciatti1
PURPOSE. We investigated the role of retrograde signaling in the
optic nerve on retinal ganglion cell (RGC) electrical responsiveness in the mouse model.
METHODS. Electrical response of RGC was measured by pattern
electroretinogram (PERG) in 43 C57BL/6J mice 4 to 6 months
old under ketamine/xylazine anesthesia. PERGs were recorded
before and at different times after blockade of axon transport
with lidocaine at either the retrobulbar level (2 lL, 40 lg/lL)
or at level of the superior colliculus (SC, 1 lL, 40 lg/lL).
PERGs also were recorded before and at different times after
optic nerve crush 1.5 mm behind the eye, followed by TUJ1positive RGC counts of excised retinas. As controls, PERGs also
were recorded after either saline injections or sham optic
nerve surgery. The photopic flash electroretinogram (FERG)
and visual evoked potential (FVEP) also were recorded before
lidocaine and at relevant times afterwards.
RESULTS. Lidocaine injection caused rapid (retrobulbar ~10
minutes, SC 1 hour), reversible reduction of PERG amplitude
(‡50%). Optic nerve crush caused rapid (10–20 minutes),
irreversible reduction of PERG amplitude (70–75%), increase of
PERG latency (>25%), as well as RGC loss (88%) 1 month after
crush. FVEP was unaltered by lidocaine. For all procedures, the
FERG was unaltered.
CONCLUSIONS. As experimental interventions were made at
postretinal level(s), PERG changes were likely associated with
altered supply of retrogradely-delivered material from the SC.
This implies that retrograde transport of target-derived
molecules is necessary for normal RGC electrical responsiveness. The time course of early PERG changes is consistent with
the speed of fast retrograde axon transport. (Invest Ophthalmol Vis Sci. 2013;54:1236–1243) DOI:10.1167/iovs.12-11188
ptic nerve diseases, such as glaucoma, optic neuritis, and
Leber’s hereditary optic neuropathy (LHON), are a family
of disorders whose final common pathway is retinal ganglion
cell (RGC) degeneration resulting in blindness. Increasing
evidence in animal models of glaucoma and optic nerve
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diseases shows that RGC death is preceded by a stage of optic
neuropathy that includes impairment of axon transport.1–8 In
experimental models of glaucoma and optic nerve disease,
RGC death also has been shown to be preceded by loss of RGC
electrical responsiveness that can be measured either at single
cell level9 or noninvasively over time with the pattern
electroretinogram (PERG).10–14 Importantly, PERG abnormalities in human and mouse glaucoma models may be improved
after IOP reduction,15–20 suggesting that loss of PERG signal
preceding death is reversible.
Thus, there is interest in investigating the factors that alter
RGC electrical responsiveness to design therapeutic strategies
to restore impaired function and prolong cell survival. Here,
we investigated the role of retrograde signaling on RGC
responsiveness in the mouse. We showed that lidocaine
injected into the eye orbit or within the superior colliculus
(SC) causes reversible reduction of PERG signal. Retrobulbar
optic nerve crush causes rapid, irreversible loss of PERG signal
that precedes RGC death. Altogether, results suggested that
intact retrograde signaling is necessary for normal RGC
responsiveness. Preliminary results of our study have been
reported previously in abstract form (Chou TH, et al. IOVS
2012;53:ARVO E-Abstract 1956).

MATERIALS

AND

METHODS

Animals and Husbandry
Our study was approved by the Animal Care and Use Committee at
University of Miami. All experiments were conducted according to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. C57BL/6J mice (B6) purchased from the Jackson Laboratory
(Bar Harbor, ME) were kept in our AAALAC-certified vivarium, using
standard 12:12-hour light-dark cycle and fed with Grain Based Diet (Lab
Diet: 500, Opti-diet; PMI Nutrition International, Inc., Brentwood, MO).
For the present study, 43 C7BL/6J mice of 3 to 4 months of age were
used.

Interventional Procedures
Mice were weighed and anesthetized with intraperitoneal (IP)
injections (0.5–0.7 mL/kg) of a mixture of ketamine 42.8 mg/mL and
xylazine 8.6 mg/ml. Lidocaine was injected either retrobulbarly or at
the level of the SC. Retrobulbar injections of lidocaine (2 lL, 40 lg/lL)
were performed with a 23-gauge needle using a supraorbital approach.
Care was taken that the procedure did not cause orbital hemorrhage.
For intracollicular lidocaine injections, the head fur was shaved and the
surgical site prepared with 10% povidone-iodine. An incision of the
scalp was performed to expose the skull. A small hole was drilled 2.9
mm behind the bregma and 0.5 mm lateral to the midline of the right
hemisphere by using a high-speed dental drill. Lidocaine (1 lL, 40 lg/
lL) was injected slowly at a depth of 1.6 mm below the dura using a
Hamilton syringe.
Optic nerve crush was performed as described previously.21,22 The
left optic nerve was exposed intraorbitally after incision of the
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temporal conjunctiva followed by blunt dissection, and crushed with
jeweler’s forceps (Dumont #5; Roboz Surgical Instrument Co., Inc.,
Gaithersburg, MD) for 5 seconds approximately 1 to 1.5 mm behind
the optic disc. To preserve the retinal blood supply, care was taken not
to damage the underlying ophthalmic artery. After the surgical
procedure, mice received a subcutaneous injection of buprenorphine
(0.05 mg/kg; Bedford Laboratories, Bedford, OH) as postoperative
analgesic. Eye ointment containing atropine sulfate was applied
preoperatively to protect the cornea during surgery.

PERG Recording
A detailed description of the PERG technique has been reported
previously.19,23,24 In brief, mice were weighed and anesthetized with
intraperitoneal injections (0.5–0.7 mL/kg) of a mixture of ketamine
42.8 mg/mL and xylazine 8.6 mg/ml. Mice then were restrained gently
in a custom-made holder that allowed unobstructed vision. The body of
the animal was kept at a constant body temperature of 37.08C using a
feedback-controlled heating pad (TCAT-2LV; Physitemp Instruments,
Inc., Clifton, NJ). The eyes of anesthetized mice typically were wide
open and in a stable position, with optical axes pointing laterally and
upwardly.25,26
A PERG electrode (0.25 mm diameter silver wire configured to a
semicircular loop of 2 mm radius) was placed on the extrapupillary
corneal surface by means of a micromanipulator. A small drop of
balanced saline was applied topically every 30 minutes to prevent
corneal dryness. Reference and ground electrodes were stainless steel
needles inserted under the skin of the posterior scalp along the midline
and of the tail, respectively.
Visual stimuli consisted of contrast-reversing (2 reversals/s)
horizontal bars (0.05 cycles/deg, 100% contrast, mean luminance 50
cd/m2) generated by a programmable graphic card (VSG; Cambridge
Research Systems, Rochester, UK) on a CRT display (Sony Multiscan
500; Sony, New York, NY) whose center was aligned with the
projection of the pupil. The pupils were not dilated, and eyes were not
refracted for the viewing distance, since the mouse eye has a large
depth of focus.27–29 At the viewing distance of 15 cm, the stimulus field
covered an area of 69.4 3 63.4 degrees. Three consecutive PERG
responses to 600 contrast reversals each were recorded. The responses
were superimposed to check for consistency and then averaged (1800
sweeps). The PERG waveform consisted of a major positive peak at
around 80 ms to 120 ms (defined as P100) followed by a slower
negative wave with a broad trough at around 200 ms to 300 ms
(defined as N250).23 The PERG amplitude was the sum of the P100 and
N250 amplitudes. The PERG latency was the time to the P100 peak.
Representative examples are shown in Figure 1.

Protocol
After recording a baseline PERG, lidocaine was injected either behind
the globe (retrobulbar) or within the SC (intracollicular), and PERG
recorded at the first available postinterventional opportunity (approximately 10 minutes for retrobulbar lidocaine and within 1 hour for
intracollicular lidocaine), and at different times during the same day
and in subsequent days. After recording a baseline PERG, the optic
nerve of one side was crushed and the PERG then was recorded at the
first available postinterventional opportunity (10–20 minutes after
surgery), and at different times during the same day and in subsequent
days. One month after optic nerve crush, mice were euthanized, and
retinas and optic nerves harvested for RGC immunohistochemistry.

Immunohistochemistry for RGC Counts
Whole mount retinal staining and RGC counting were performed as
described previously.21 Antibodies were diluted in blocking solution
consisting of 5% normal goat serum (NGS) and 0.3% Triton X-100 in
PBS. Retinas were blocked for 1 hour at room temperature, and
incubated with primary antibody, mouse neuronal class b-III tubulin
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(clone TUJ1, 1:400 dilution; Covance, Princeton, NJ) overnight at 48C,
and washed three times for 10 minutes each with PBS. Secondary
antibody then was applied (1:200; Jackson Laboratory) and incubated
for 1 hour at room temperature. Retinas were washed again three times
for 10 minutes each with PBS before a cover slip was attached with
Fluoromount-G (Southern Biotech, Birmingham, AL). For RGC counting, 9 to 12 fields of the whole mount retinas immunostained with
TUJ1 antibody were sampled randomly at approximately 0.5, 1, and 1.5
mm from the center of the optic nerve in each retinal quadrant under a
fluorescence microscope. Quantification of TUJ1-positive RGCs is
represented as percentage of TUJ1-positive RGCs compared to the
uninjured contralateral retinas. In previous studies of our group (e.g.,
Park et al.21) as well as of others,30,31 it has been shown that TUJ1positive cells overlap completely with retrogradely transported
FluoroGold-positive cells, but did not overlap with ChAT-positive
amacrine cells. Thus, TUJ1 immunoreactivity could be used to estimate
the total number of surviving RGCs.

Controls
As a control of nonspecific effects of lidocaine injections, the PERG
was recorded before and after injections of PBS either retrobulbar or
intracollicular, using identical volume and procedures. As a control for
nonspecific effects of optic nerve crush, the optic nerve was exposed
as described above, but not crushed. As a control for generalized effect
of lidocaine/optic nerve crush to outer retinal neurons, a photopic
ERG (FERG) was recorded in response to diffuse bright flashes on a
rod-saturating background as described previously.23 The FERG was
recorded before and after lidocaine/optic nerve crush, at posttreatment times when the PERG had the lowest amplitude compared
to baseline. The FERG waveform consisted of a major positive b-wave
peaking at approximately 50 ms followed by a slower negative wave
also known as photopic negative response (PhNR).23,32 The FERG
amplitude was measured from the peak of the b-wave to the trough of
the PhNR (see examples in Fig. 4). As a control for postsynaptic effects
of retrobulbar lidocaine, flash-evoked VEPs (FVEPs) were recorded in
response to diffuse light flashes similarly to the FERG. FVEPs were
recorded from stainless steel screws (shaft length 2.4 mm, shaft
diameter 1.57 mm; PlasticsOne, Roanoke, VA) inserted chronically into
the skull contralateral to the stimulated eye 2 mm lateral to the lambda
suture, which corresponds to the monocular visual cortex33,34 (see
examples in Fig. 4).

Statistics
In all experiments, posttreatment PERG changes were expressed as
percentage variation compared to the mean baseline value, and
analyzed with ANOVA followed by post hoc Dunnett tests. A P value
of <0.05 was considered significant.

RESULTS
Retrobulbar Lidocaine
The effect of retrobulbar lidocaine injection on the PERG is
summarized in Figure 1. The PERG amplitude tended to
decrease (Fig. 1A), while the PERG latency tended to increase
(Fig. 1C), already 10 minutes after injection and reached a
minimum at around 30 minutes to 1 hour. The PERG amplitude
recovered to baseline values within the next 5 days after
injection. The effect of retrobulbar lidocaine on PERG
amplitude was significant (ANOVA P < 0.001, post hoc
comparisons versus baseline group [Dunnett] revealed significant [P < 0.05] changes at 20 and 30 minutes, and 1 hour).
PERG latency tended to increase after retrobulbar lidocaine,
but the effect was not significant (ANOVA P ¼ 0.14). As shown
in Figures 1B and 1D, retrobulbar injection of saline had no
effect on PERG amplitude and latency.
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FIGURE 1. Effect of retrobulbar lidocaine injection on PERG. (A) Representative examples of PERG waveforms recorded before, and 30 minutes and
5 days after injection. (B) Mean PERG amplitude (B) and latency (D) before and at different times after injection. (C, E) Mean PERG amplitude (C)
and latency (E) before and after retrobulbar saline injection. All data were normalized to mean baseline values ([B] 28.4 lV, SEM 2.7; [D] 94.0 ms,
SEM 4.6, n ¼ 9; [C] 26.3 lV, SEM 2.1; [E] 92.5 ms, SEM 10.5, n ¼ 5). Errors bars represent the SEM. Significance (P < 0.05) of the effect compared to
baseline is represented by asterisks above bars.

Intracollicular Lidocaine
The effect of intracollicular lidocaine injection on the PERG is
summarized in Figure 2. The PERG amplitude decreased (Fig.
2A) 1 hour after injection and then progressively tended to a
recovery, which was complete within the next 5 days. The
effect of intracollicular lidocaine on PERG amplitude was
significant (ANOVA P < 0.001, post hoc comparisons versus
baseline [Dunnett] revealed significant [P < 0.05] changes at
20 and 30 minutes, and 1 hour). PERG latency tended to
increase, but the effect was not significant (ANOVA P ¼ 0.053,
Fig. 2C). Intracollicular injection of saline (Fig. 2B) had a
smaller effect on PERG amplitude (ANOVA P ¼ 0.009), which
was significant (P < 0.05) at 20 minutes only.

Optic Nerve Crush
Intraorbital optic nerve crush resulted in much reduced PERG
amplitude already 10 to 20 minutes after surgery, which
remained approximately at the same reduced level over 1
month observation (Fig. 3A).The effect was significant (ANOVA
P < 0.001, post hoc t-tests P < 0.001 for all postsurgical points
compared to baseline). One month after optic nerve crush,
retinas were harvested, and TUJ1-positive RGCs counted (Fig.
3E) and compared to RGC counts in noninjured retinas (Fig.
3F). TUJ1-positive RGC survival in mice that received optic
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nerve crush was on average 12% (SEM 1.4). Optic nerve crush
also resulted in a progressive increase of PERG latency (Fig. 3C,
ANOVA P ¼ 0.033). Post hoc test showed significant (P < 0.05)
increase compared to baseline at 5 days and 1 month after
surgery. Sham surgery did not result in significant changes of
PERG amplitude (Fig. 3B) and latency (Fig. 3D).

Control FERG and Photopic Visual Evoked
Potential (FVEP)
The FERG was recorded before retrobulbar lidocaine/optic
nerve crush and at post treatment times at which the PERG had
the lowest amplitude compared to baseline. Individual FERG
waveforms were averaged and displayed in Figure 4 as grandaverage 6 SEM. For retrobulbar lidocaine and optic nerve
crush, pre- and post treatment FERGs had virtually identical
grand-average waveform. Figure 4 also shows that the FVEP
had very similar waveform recorded before and after retrobulbar lidocaine injection.

DISCUSSION
Axon transport defects are a common theme in neurodegenerative diseases,35 including glaucoma,3,5,36,37 and may have a
role in the pathogenesis of RGC death.8,38 Little is known on
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FIGURE 2. Effect of intracollicular lidocaine injection on PERG. (A) Mean PERG amplitude recorded before and at different times after intracollicular
lidocaine injection. (C) Mean PERG latency before and after lidocaine injection. (B, D) Control experiments with intracollicular saline injection. All
data were normalized to mean baseline values ([A] 26.1 lV, SEM 3.8; [C] 83.0 ms, SEM 5.4, n ¼ 5; [B] 25.3 lV, SEM 4.1; [D] 92.5 ms, SEM 2.9). Errors
bars represent the SEM. Significance (P < 0.05) of the effect compared to baseline is represented by asterisks above bars.

the relationship between reduced axon transport and RGC
function.39 Here, we addressed this problem by recording the
PERG—a signal that depends on the physiologic integrity of
RGC—before and after manipulations at postretinal level that
impair retrograde signaling in the retinocollicular pathway.
Lidocaine is a well established method to block axon
transport40–42 without damaging optic nerve structures,43
and acts at very low concentrations.44 At sufficient concentrations, lidocaine also is known to alter signal conduction by
blocking voltage-gated sodium channels in the neuronal cell
membrane,45 thereby suppressing postsynaptic activity. As
FVEPs were not altered significantly after retrobulbar lidocaine,
our results indicated that the action of lidocaine on sodium
channels was insufficient to impair signal conduction along the
optic nerve. Insufficient blockage of sodium channels also
suggests that a direct action of lidocaine on action potentials of
RGCs is unlikely. It also is unlikely that lidocaine entered the
retina via the cardiovascular system and impaired directly RGC
spiking activity, as in this case the concentration of lidocaine at
the retina would have been minimal. Finally, it is unlikely that
optic nerve crush caused ischemic damage to the retina, as
shown in previous studies.21,22 For lidocaine injection and
optic nerve crush, the FERG—a signal originating in the outer
retina—was unaltered. This suggested that the effects of all
manipulations did not cause generalized retinal dysfunction.
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Altogether, as the effects of all postretinal manipulations on
PERG were qualitatively similar and major unspecific effects on
RGC could be ruled out, the results strongly suggested that
PERG changes were linked to altered supply of retrogradelydelivered material via axon transport. Reversible blockade of
axon transport was not expected to cause damage to RGC,43,46
whereas for optic nerve crush RGC loss was expected to start
approximately 5 days after surgery.21,47 However, the effects of
the optic nerve crush could include an acute physiologic effect
on RGC signaling48 that added to the effect mediated by
impairment of retrograde signaling.
The main result of our study is that lidocaine injections
caused rapid, reversible reduction of PERG signal to at least
50% of its baseline value. PERG effects after intracollicular
lidocaine injection could be measured within 1 hour after
treatment, and recovered progressively over 4 days. After
retrobulbar lidocaine injection, PERG effects could be measured as early as 10 to 20 minutes posttreatment, reached a
maximum at 30 minutes, and recovered within 5 days. The
effects of retrobulbar optic nerve crush on PERG also could be
measured as early 10 to 20 minutes after surgery, and remained
stable at reduced level over 1-month follow-up, after which
histology demonstrated a drastic (88%) decrease of TUJ1positive RGC counts in the retina. That the earliest effects on
PERG of retrobulbar lidocaine were rather similar in magnitude
and time course to those obtained with retrobulbar optic nerve
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FIGURE 3. Effect of optic nerve crush on PERG and RGC death. (A, C) Mean PERG amplitude (A) and latency (C) before and at different times after
optic nerve crush 1.5 mm behind the globe. (B, D) Mean PERG amplitude (B) and latency (D) in control mice that received sham surgery. All data
were normalized to mean baseline values ([A] 21.7 lV, SEM 2.4; [C] 83.6 ms, SEM 1.1; [B] 18.3 lV, SEM 1.8; [D] 81.3, SEM 2.4). Errors bars
represent the SEM (n ¼ 5). Significance (P < 0.05) of the effect compared to baseline is represented by asterisks above bars. (E, F) Representative
examples of TUJ1-positive RGC in mice that received optic nerve crush 1 month before (E) and in control, sham injured mice (F). RGC survival in
mice that received optic nerve crush was 12% (SEM 1.4). Scale bar: 10 lm.
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FIGURE 4. Lack of effect of retrobulbar lidocaine and optic nerve crush on FERG and FVEP. Left: Grand average FERG and FVEP waveforms
(continuous lines) and superimposed 6 SEMs (dashed lines) recorded before and 30 minutes after retrobulbar injection of 2 lL of lidocaine 40 mg/
mL. FERGs were recorded from the eye ipsilateral to the injected side. FVEPs were recorded from the monocular visual cortex contralateral to the
stimulated eye. Right: Grand average FERG waveforms (continuous lines) and superimposed 6 SEMs (dashed lines) recorded before and 7 days
after crush of the ipsilateral optic nerve performed 1.5 mm behind the eye.

crush suggested that the latter also were mediated largely by
impairment of retrograde axon transport rather that direct
injury to RGC.48 Dramatic losses of PERG signal after either
optic nerve section49 or crush32 in the mouse have been
reported before, but these studies were not designed to
monitor early postsurgical events.
Our study provided only a reasonable approximation of the
time course of the PERG effects, as there were constraints due
the time needed for the experimental procedures. For
retrobulbar injection and optic nerve crush, the earliest
opportunity to record a postprocedural PERG was approximately 10 minutes. For intracollicular injections, the earliest
opportunity was 1 hour later. Thus, we cannot exclude that the
PERG effects could have manifested somewhat earlier compared to the values we were able to measure. If we assume 10
to 15 minutes postprocedural delay for proximal interventions
(retrobulbar lidocaine, optic nerve crush) and 60 minutes delay
for distal intervention (intracollicular lidocaine); if we also
assume that the delay was due to the speed of retrograde axon
transport, and the retinocollicular distance would be approximately 11 mm,50 then the corresponding velocities of axon
transport would be approximately 0.12 mm/min (1.5 mm
distance/12.5 min) and 0.18 mm/min (11 mm distance/60
min). These calculated velocities are well in the range of those
reported for fast retrograde transport in a number of
studies.1,51 It should be taken into account that the mouse
optic nerve has an unmyelinated portion of 0.6 to 0.8 mm
immediately adjacent to the sclera.52 This might have
represented a vulnerable location that drove the earliest effect
of retrobulbar lidocaine.
What is the retrograde signal(s) whose reduced supply
caused reduced electric responsiveness of RGC? Our study
does not provide direct answers to this important question,
which will be addressed in a subsequent study. A reasonable
hypothesis is that target-derived brain derived neurotrophic
factor (BDNF) may represent a likely molecular candidate.
Available evidence shows that intraocular pressure elevation in
an experimental glaucoma model causes obstructed axon
transport of BDNF and its receptor, TrkB, eventually leading to
RGC death.38 BDNF has been shown to depolarize neurons just
as rapidly as the neurotransmitter glutamate, even at very low
concentrations.53–55 Rapid actions of neurotrophins include
changes in neuronal excitability, synaptic transmission, and
neural plasticity. Of interest, intracollicular injection of saline
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also temporarily reduced the PERG signal, although to a
smaller/shorter extent compared to intracollicular lidocaine
injection. It is possible that intracollicular injection of 1 lL
saline mechanically caused temporary impairment of the
target-derived supply of retrogradely-transported material that
sustains RGC responsiveness. RGC responsiveness also may be
sustained in part by other postsynaptic targets, such as the
dorsal geniculate nucleus and the suprachiasmatic nucleus.
In conclusion, our results showed that impairment of
retrograde signaling causes rapid, substantial decrease of PERG
amplitude and increase in PERG latency that may be reversible.
Results implied that intact retrograde signaling is necessary for
the normal electrical responsiveness of retinal ganglion cells.
Numerous reports of early PERG impairment in glaucoma,56,57
optic nerve diseases,58 and diabetes59,60 at least in part may be
due to altered axon transport. Also, recovery of PERG
amplitude losses after either IOP lowering15,17,18,61,62 or
removal of pituitary tumors63 may be related to restoration of
axon transport. Thus, the PERG may represent a promising
marker of early, reversible axonal dysfunction preceding RGC
death in glaucoma and optic nerve diseases.64
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