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PURPOSE. Temporary retinal inactivation of the fellow eye with intravitreal tetrodotoxin
(TTX) has shown promise as a treatment strategy for deprivation amblyopia in mouse and
cat models. The purpose of this study was to evaluate the duration of retinal inactivation
achieved with different doses of TTX in nonhuman primates (NHPs), while also assessing
functional and structural measures of vision to determine the safety of this treatment
approach.

METHODS. Three adult and four infant NHPs received varying doses of TTX (115–4800
ng) via intravitreal injection. Inactivation duration was assessed via contrast sensitivity
function (CSF) in awake-behaving adults and visual evoked potential (VEP) responses in
anesthetized infants. Safety of the TTX approach was investigated using optical coherence
tomography (OCT), electroretinogram (ERG), retinal histology, and clinical evaluation of
a relative afferent pupillary defect (RAPD).

RESULTS. Inactivation duration was dose dependent. Low doses (115–230 ng) resulted in
up to 4 days of inactivation. Intermediate doses (460–920 ng) extended inactivation up
to 8 days, whereas the highest dose (4800 ng) eliminated VEP responses for up to 10
days. RAPD that emerged soon after the injection was absent at about the same time as
CSF and VEP responses recovered to baseline. Post-inactivation assessments using OCT,
ERG, or histology showed no discernible changes in retinal structure or function.

CONCLUSIONS. Intravitreal TTX at the doses examined does not cause permanent disruption
of vision in primates, and the duration of retinal inactivation can be titrated by dose. The
dose-response relationship provides a foundation for future studies testing the efficacy
of this treatment approach in amblyopic monkeys.

Keywords: intravitreal injections, tetrodotoxin (TTX), primates, optical coherence tomog-
raphy (OCT), electroretinogram (ERG), visual evoked potential (VEP), contrast sensitivity
function (CSF), relative afferent pupillary defect (RAPD)

Amblyopia is a common cause of vision impairment in
children and young adults, affecting 2% to 3% of the

population. The condition occurs due to unequal visual
input from the two eyes to the visual cortex during the
critical period for visual development.1–3 Unequal refrac-
tive error in the two eyes (anisometropia) and ocular
misalignment (strabismus) are the most common amblyo-
genic factors. Amblyopia due to form deprivation (e.g. from
unilateral congenital cataract) is less common but causes the
most severe vision loss.4 Conventional treatment for ambly-
opia involves addressing the underlying amblyogenic factor
(e.g. cataract removal), followed by patching or penalizing

the fellow eye (FE) to promote recovery of vision through
the amblyopic eye (AE).5–8 Successful recovery is more likely
when patching treatment occurs within the critical period of
visual development, presumably due to increased capacity
for plasticity within the developing brain.9,10 Conventional
treatment approaches outside the critical period (≥7 years of
age for refractive and strabismic amblyopia, and ≥10 months
of age for form deprivation amblyopia) are mostly ineffec-
tive.11–14 Further, conventional treatments face significant
additional challenges, such as poor compliance, disruption
of binocular input, risk of recurrence, and long treatment
duration.15–19
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The prevalence of suboptimal clinical outcomes in those
with poor compliance or those treated outside of the criti-
cal period underscores the need for innovative therapy. An
experimental manipulation that is effective in rodent and
cat models for deprivation amblyopia is to place animals
in total darkness (dark exposure) for an extended period
(approximately 10 days).20–24 However, even brief exposure
to light during this period negates the beneficial effect25

as does application at older ages.26 Although effective and
instrumental in improving our understanding of post-critical
period plasticity, dark exposure for long durations is imprac-
tical as a treatment for amblyopia in children. However, the
potential for dark exposure to reverse monocular depriva-
tion amblyopia in laboratory animals has led to the idea that
complete silencing of retinal activity could be an effective
treatment. Thus, intraocular microinjection of tetrodotoxin
(TTX) to temporarily inactivate retinal output emerged as
an alternative.27,28 Intravitreal TTX binds to voltage-gated
sodium channels in the retina with high affinity and retinal
activity is silenced until either new sodium channels develop
or previously bound channels are released and are able to
transmit action potentials upstream to the thalamus (LGN)
and visual cortex.29,30 Two days of binocular inactivation due
to a single injection of TTX in the mouse and 7 days of bilat-
eral retinal inactivation due to 2 applications of TTX in the
cat was found to be effective to reverse form deprivation
amblyopia in these animal models.27 Later, it was discov-
ered that bilateral inactivation was unnecessary and 2 days
of monocular FE inactivation in the mouse and 10 days of
monocular FE inactivation in the cat, delivered once every
48 hours for 4 to 5 days, was equally effective against form-
deprived amblyopia.31

Although the data from cat/mouse work on TTX treat-
ments is promising, the substantial variance from the human
visual system underscores the need to perform studies in
nonhuman primates (NHPs), as an intermediate step, before
considering TTX treatment in humans. Spatial acuity is
0.5 cycles/deg in the mouse, 8 to 10 cycles/deg in cats,
and up to 30 cycles/deg in monkeys and humans.32,33

Binocularity is profoundly affected in human amblyopia
but stereoacuity in the mouse and cat is much weaker
than in monkeys and humans, thus elevating the impor-
tance of testing in NHPs.34,35 Neuroanatomic differences
within the LGN and V1 across species are also well-
documented and include differences in total surface area,
ocular dominance distributions, and neuronal characteris-
tics.32 In addition, the ability to reproduce human visual
development disorders like strabismus, latent nystagmus,
and anisometropic, or strabismic amblyopia in NHPs is well-
established.36

In a promising pilot study involving two amblyopic infant
monkeys, we showed that a small dose (115 ng) of TTX
delivered via intravitreal injection into the FE resulted in
temporary retinal inactivation of approximately 48 hours
with partial recovery of vision in the AE as assessed by
visual evoked potential (VEP) testing (Kwaw RJ et al. IOVS
2024; 65; ARVO E-Abstract 5196; Das VE et al. IOVS 2024; 65;
ARVO E-Abstract 5197). Prior to initiating expanded experi-
ments evaluating treatment in a larger cohort of amblyopic
monkeys, we sought to determine whether duration of inac-
tivation of the injected eye could be extended by changing
TTX dose level, while preserving safety, that is, recovery of
vision in the injected eye as determined via structural and
functional testing. The goal of this study was therefore to
measure a dose-response relationship for FE TTX inactiva-

tion that was deemed safe and could be used for later studies
of efficacy in amblyopic monkeys.

METHODS

Subjects

Data presented here are from experiments performed at
two sites. Three adult rhesus monkeys (Macaca mulatta;
M1–M3; 3–6 years of age, all male monkeys) were tested
at the University of Houston, and four infant African green
monkeys (Chlorocebus sabaeus; N1–N4; 3 months of age;
3 male and 1 female monkeys) were tested at the St. Kitts
Biomedical Research Foundation (St. Kitts, West Indies).
Experimental procedures were carried out in strict compli-
ance with protocols approved by the Institutional Animal
Care and Use Committees of the respective institutions.

Intravitreal Injections

TTX was delivered using intravitreal injection in the form of
TTX-citrate (Tocris Biosciences CAS No: 18660-81-6) which
is a water-soluble citrate salt of TTX. The TTX-citrate, orig-
inally in powder form, was reconstituted to the desired
concentration by adding sterile balanced salt solution (BSS;
Alcon, Fort Worth, TX, USA). For adult animals, the TTX
dosage ranged between 115 and 920 ng. The volume of
TTX-citrate solution injected into the vitreous chamber of the
right eye was kept constant at 40 μL, and the TTX dosage was
changed by altering the concentration (9–72 μM; Table 1).
All infant monkeys (N1–N4) received a single injection of
4800 ng in either the left or right eye (5 μL at 3000 μM
conc). The delivery method was essentially similar across
all animals. The animal was sedated with an intramuscular
injection of a mixture of ketamine and xylazine and topical
proparacaine drops were applied to numb the eye. A sterile
syringe with a 30-gauge needle was used to slowly inject the
desired volume of TTX-citrate solution 1.5 to 2.0 mm poste-
rior to the limbus. Some of the adult animals were tested
at multiple doses and in these animals the injections were
separated by several months to ensure that the effects of the
previous injection were fully dissipated.

Assessing Visual Function

Visual function testing was different in the adult and infant
animals. In the adults, we performed behavioral testing
to assess the monocular contrast sensitivity function (CSF)
prior to and in the days after receiving TTX injections to
directly measure visual function and duration of inactiva-
tion. For CSF testing, animals were trained to behaviorally
respond to a sine wave grating presented in central fixa-
tion during monocular viewing condition with the other eye
occluded, as previously described.37,38 In brief, stimuli were
presented on a calibrated VPixx monitor (VPixx, version
1.5) at 80 cm from the animal’s eye, at a photopic back-
ground luminance of 50 cd/m2. Animals were refracted and
viewed through corrective lenses during the testing. Animals
were positively rewarded when they correctly responded,
via lever release, to a 300 msec presentation of a central 4
degrees stimulus with a gaussian envelope. For each of six
spatial frequencies tested (0.5, 1, 2, 4, 8, and 16 cyc/deg),
a staircase method was used to determine thresholds from
the last three reversals. All stimuli were presented using
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TABLE 1. Summary of TTX Doses Administered (115–4800 ng) and the Corresponding Duration of Inactivation for Each Animal

Dosage
Injection Parameters,

vol; Conc. of TTX-Citrate) NHP ID Duration of Inactivation

115 ng 40 μL; 9 μM M1 M1: 3
230 ng 40 μL; 18 μM M1 M1: 4
460 ng 40 μL; 36 μM M1, M2 M1: 4; M2: 6
920 ng 40 μL; 72 μM M1, M2, M3 M1: 7; M2: 8; M3: 7
4800 ng 5 μL; 3000 μM N1, N2, N3, N4 N1–N4: 10

M1 to M3 are adults and N1 to N4 are infants. For doses between 115 ng and 920 ng, duration of inactivation was determined based on
the absence of responses during contrast sensitivity function (CSF) testing, whereas, for the 4800 ng dose, inactivation was assessed by the
absence of visual evoked potential (VEP) responses.

Psychtoolbox,39 and the behavioral system controlled using
programs written in Matlab (Mathworks, Natick, MA, USA).

The learning required for behavioral testing is not possi-
ble in infant animals; therefore, VEP measurements during
monocular viewing were used to test visual cortical respon-
sivity to the displayed stimulus, which served as a proxy
to functional vision.40–43 After sedation with a mixture of
ketamine and xylazine, animals were prepared for VEP test-
ing by shaving the head to ensure good contact with 3
reusable 10 mm gold cup electrodes that were affixed to the
scalp with conductive gel (neurodiagnostic electrode paste,
Ten20). One electrode was placed on the forehead as a refer-
ence electrode and 2 electrodes were placed 1 to 4 mm
laterally to the Oz on either side to record responses from
each visual cortex hemisphere. Visual stimuli were gener-
ated using custom MATLAB software with the Psychophysics
Toolbox extension. The stimuli consisted of full-contrast
square wave gratings that phase reversed with a 4 hertz
(Hz) reversal frequency. Blocks of varying spatial frequen-
cies (0.25, 0.5, 1, 2, and 4 cyc/deg) were presented in
pseudo-random order for 20 seconds each, interspersed
with an 8-second gray screen interstimulus interval. Each
eye was tested individually with the other eye occluded.
EEG signals were recorded with Open-Ephys hardware and
software, and data were analyzed offline using MATLAB
custom software. The data analysis consisted of perform-
ing a Fourier transform of the raw electroencephalogram
(EEG) waveform for each spatial frequency and calculat-
ing the sum of the amplitude spectrum at the stimulus
fundamental frequency and six additional harmonics. Data
from four blocks of visual presentations were averaged to
yield an estimate of VEP amplitude response at each spatial
frequency.

Assessing Retinal Structure and Function

Although tests such as the CSF or the VEP provide an indi-
cation of inactivation duration and visual function recovery
in the injected eye, assessment of retinal integrity is criti-
cal to assess the safety of intravitreal TTX administration.
Retinal structure and function before and 3 to 5 months
after TTX injections were investigated using OCT and ERG
methods in the adult animals that received the highest
dose of 920 ng of TTX.44,45 For these measurements, the
adult monkeys were sedated with a mixture of ketamine
(20–25 mg/kg/hr) and xylazine (0.8–0.9 mg/kg/hr), with
a subcutaneous injection of atropine sulfate (0.04 mg/kg).
Heart rate and blood oxygen were monitored with a pulse
oximeter (model 9847V; Nonin Medical, Inc., Plymouth, MN,
USA). Body temperature was maintained between 36.5°C
and 38°C with a heating pad. Optical coherence tomography

(OCT) imaging consisted of a high-resolution wide-field 55
degrees × 45 degrees raster scan with 9 frame averaging, and
isotropic 20 degrees × 20 degrees OCT angiography (OCTA)
scans centered on the optic nerve head and macula (Spec-
tralis OCT, Heidelberg Engineering, Heidelberg, Germany).
Raw images were analyzed by programs in MATLAB to
assess optic nerve head morphology, circumpapillary reti-
nal nerve fiber layer thickness, ganglion cell inner plexiform
layer thickness, and retinal vascular density, before and after
TTX application.

Rhesus monkeys have retinas that are sufficiently similar
structurally and functionally to those of humans that ERG
tests of rod and cone-driven retinal function that are used
in humans are appropriate for testing monkeys.46 At the
time of testing, pupils were dilated with topical tropicamide
(1%) and phenylephrine 2.5%. ERGs were recorded with
Dawson-Trick-Litzkow (DTL) electrodes that were moist-
ened with lubricant (Refresh Celluvisc; Allergan). Electrodes
were positioned across the center of the cornea, under a
nominally plano corneal contact lens on each eye. The non-
stimulated eye was covered with a black eye patch and
cloth. A metal hypodermic needle in the skin of the upper
back served as the ground electrode. Recordings were ampli-
fied and filtered (DC-300 Hz). We recorded light-adapted
full-field flash ERGs using an Espion E3 Ganzfeld stimula-
tor system (Espion ColorDome; Diagnosys LLC, Lowell, MA,
USA) to assess photoreceptor (a-wave), bipolar cell (b-wave),
and retinal ganglion cell (RGC) function (photopic negative
response [PhNR]).47,48 ERG responses were recorded to brief
(<5 ms) International Society for Clinical Electrophysiology
of Vision (ISCEV) standard white flashes of 2.84 cd.s.m-247

and to brief red flashes, (<5 ms; λmax = 650 nm, 2.84 cd.s.
m-2) on a rod saturating blue background (λmax = 462 nm,
10 photopic cd/m2) to facilitate measurement of the PhNR.48

Responses were averaged over 20 trials. Analyses, conducted
using a custom MATLAB program, included measurement of
the amplitude below baseline (0 mV) of a-wave, b-wave, and
PhNR at the time after the stimulus flash for which each
response was maximal, that is, the implicit time.47 These
values for the injected eye pre- and post-TTX application
are reported in the Results section for responses to the red
flash stimuli.

Retinal Histology

Anatomic analysis of the retinas was performed on the four
infant monkeys that received the highest dose of intrav-
itreal TTX (i.e. 4800 ng). Ten weeks after TTX injection,
the animals were sedated with an intramuscular injection
of ketamine/xylazine and then were euthanized with intra-
venous administration of sodium pentobarbital (100 mg/kg).
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Tissues were flushed by transcardial perfusion with PBS (500
mL), followed by perfusion fixation with 4% paraformalde-
hyde dissolved in PBS (500 mL). Globes were further fixed
in Davidson’s solution for 24 hours, then transferred to
PBS with 0.05% sodium azide for storage and shipment.
Histological processing was performed by Virscio Inc. (New
Haven, CT, USA). Globes were trimmed horizontally into
three sections prior to processing. Tissues were dehydrated
in alcohol, cleared in xylene, and then infiltrated with paraf-
fin in preparation for sectioning. Tissue sections were cut
at 5 mm, then were processed for standard hematoxylin
and eosin (H&E) staining. Slides were imaged using a P150
slide scanner (3DHistotech, Budapest, Hungary) fitted with
a 20 × objective. Quantification of cell density and soma
size was performed on the ganglion cell layer (GCL), the
inner nuclear layer (INL), and the outer nuclear layer (ONL)
from the retinas of control eyes and those subjected to
intravitreal TTX.49 The automated cell detection feature in
QuPath software was used to count cells and measure
soma areas. For each animal, retinal cells were selected for
quantification using a threshold classifier that was config-
ured to detect the outer boundary of cell somata. A sepa-
rate classifier was optimized for each of the retinal layers
quantified. These classifiers enabled automated cell detec-
tion and measurement, and these parameters were applied
equally to all sections from each monkey examined. This
quantification approach permitted sampling from a large
region of the retina (approximate total area per retina =
0.65 mm2) that spanned the fovea as well as the periph-
ery. Cell density was calculated for each layer by divid-
ing the obtained cell count by the area of the sample
region.

Clinical Evaluation

For all animals, including the infant monkeys, a qualitative
evaluation of a relative afferent pupillary defect (RAPD) that
emerged after TTX injection was conducted. In addition, for
the adult monkeys, change in intraocular pressure (IOP)
following the intravitreal injection was monitored in the
minutes after the injection with an iCare TONOVET rebound
tonometer.50

RESULTS

Dose-Dependency of Inactivation Following
Intravitreal Injections of TTX

Intravitreal TTX doses ranging from 115 to 4800 ng were
injected into 7 monkeys, and the duration of inactivation
was measured either via behavioral CSF estimation in adults
or via VEP testing in infants. In adult animals, we began
with the lowest dose (115 ng) and progressively increased it,
roughly doubling the dose with each subsequent injection,
up to 920 ng. Panels of Figure 1 show results of contrast
sensitivity testing in one adult monkey (M1). At 115 ng (see
Fig. 1A), CSF was immeasurable a day post-TTX, partially
recovered to 75% on day 2, and was fully recovered by day
3. At 230 ng (see Fig. 1B), CSF was immeasurable for 2
days, showed partial recovery to 53% by day 3, and was fully
recovered to baseline by day 4. At 460 ng (see Fig. 1C), CSF
was immeasurable for 2 days, partially recovered to 80% by
day 3 and fully recovered by day 4. At 920 ng (see Fig. 1D),
CSF was immeasurable for 4 days, partially recovered to 29%
by day 5, and fully recovered by day 7. A second animal (M2)

FIGURE 1. Behavioral contrast sensitivity function (CSF) responses of animal M1 before and after intravitreal injections of different amounts
(panels A–D) of TTX. Black = baseline CSF before injections; magenta = post-TTX CSF on the first day that it was measurable; teal =
post-TTX CSF on the first day that it returned to baseline. Error bars are SEM.
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FIGURE 2. Ratio of visual evoked potential (VEP) responses after
TTX injection to VEP responses before TTX injections in infant
animals (n = 4). A ratio of 1.0 would indicate complete recovery
of vision as measured by the VEP response. Error bars are SEM.

also received the 460 ng injection and 2 additional animals
(M2 and M3) also received the highest dose of 920 ng and
each of these experiments yielded comparable durations of
retinal inactivation to respective doses for M1. Table 1 shows
a summary of the different doses attempted and the days of
inactivation achieved at each dose for all the animals tested.

We also delivered TTX injections to four infant African
green monkeys that each received a single injection of 4800
ng of TTX. In these animals, recovery of function was esti-
mated by measuring VEP responses before and in the days
after the injection. Figure 2 plots the ratio of pre- and post-
TTX VEP amplitudes at each of the spatial frequencies tested
and shows that average VEP responses across all spatial
frequencies tested were partially recovered to 56% by day
9 and fully recovered when next tested on day 16. Although
we did not get the opportunity to measure VEP responses
between day 9 and day 16 due to limitations in the number
of sedations possible in infant animals, we estimate that full
recovery occurred on day 10 or day 11. Our estimate of
projected full recovery in the infants was based on obser-
vation that, in all adult animals and at all doses tested, full
recovery was achieved less than 48 hours after partial recov-
ery was first detected (see Fig. 1 for example in M1). Note
that VEP response was tested 3 times in the first 8 days and
was not measurable through the injected eye.

The cumulative data from the adult and infant animals are
plotted in Figure 3 and suggests TTX dose-dependent dura-
tion of retinal inactivation in the injected eye. Data were fit in
GraphPad Prism version 10.5 using the dose-response family
of nonlinear regression curves. In the context of a pharmaco-
logical dose-response, where the dose is the amount of TTX
and the response is the duration of retinal inactivation, the
dose required for 50% of maximal response (retinal inactiva-
tion in this case) was estimated to be 736 ng (66% of maxi-
mal response: approximately 1000 ng and 80% of maximal
response: approximately 1500 ng).

Assessing the Safety of Intravitreal TTX Injections

No extraocular or intraocular clinical signs of TTX treatment
(e.g. endophthalmitis) were observed in any animal. In all
animals, an RAPD emerged soon after delivery of the TTX
injection and pupillary response was assessed for recovery.

FIGURE 3. Summary plot of the duration of inactivation across
doses ranging from 115 ng to 4800 ng in adult (n = 3) and infant
animals (n = 4). Data are plotted based on data in Table 1 and
the following fit equation available in GraphPad Prism: Duration =
Bottom + (Top-Bottom)/(1+(EC50/Dose)ˆHillSlope). In this equa-
tion, “Bottom,” “Top,” “EC50,” and “HillSlope” are free variables and
represent the parameters of the sigmoidal curve fit.

Our main observation was that the presence of RAPD and
the duration over which CSF or VEP could not be measured,
overlapped. Further, RAPD was absent at approximately the
same time that the CSF or VEP measures of visual function
had recovered. Hence, RAPD and subsequent recovery can
potentially serve as an indirect measure of visual function
recovery in the injected eye. In addition, the changes in IOP
following delivery of a 40 μL volume of solution in adult
monkeys was measured (Fig. 4). Prior to injection, the aver-
age IOP was 14 millimeters of mercury (mm Hg), which
increased to 45 mm Hg immediately following the intrav-
itreal injection and returned close to baseline (20 mm Hg)
in approximately 5 minutes.

We also performed OCT/OCTA and ERG testing in the
adult animals (M1–M3) that received the 920 ng of TTX to
assess for structural loss, and physiological recovery of the
retina from the TTX injections. Figure 5 and Table 2 show
the results from OCT/OCTA imaging before and after injec-
tions. Figure 5A shows pre- and post-TTX B-scan sections in
animal M2 showing no gross differences in retinal anatomy
of optic nerve head morphology. Widefield thickness maps
(55 degrees × 45 degrees scans), generated from 217 B-scans
with 9 frame averaging, showed no differences in either reti-
nal nerve fiber layer (RNFL) thickness or ganglion cell inner
plexiform layer (GCIPL) thickness (see Figs. 5C, 5D, respec-
tively). Circumpapillary RNFL and macula GCIPL thickness
in the animals pre- and post-injection is provided in Table
2 and were not significantly different (Wilcoxon matched-
pairs signed-rank test; P > 0.05). Because the sample size is
small, statistical tests are of low power, and it is appropri-
ate to compare the changes in RNFL and GCIPL thickness
to normative measures of test-retest variability described in
the literature. None of the thickness measurements in the
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FIGURE 4. Average intraocular pressure (IOP) measured immedi-
ately after a 920 ng injection in adult animals (n = 3). Time zero
indicates the time at which the injection needle was retracted from
the eye. The shaded horizontal band, centered on the dotted refer-
ence line, represents the IOP range in these animals prior to injec-
tion. Error bars are SEM.

current study showed changes greater than 4 to 7 μm and 2
to 3 μm, which is within the bounds of test-retest variabil-
ity for RNFL and GCIPL, respectively.51–55 In addition, OCTA
(see Fig. 5B) centered on the optic nerve and macula showed
no changes in major retinal vasculature (MRV), the radial
peripapillary capillaries (RPCs), and the superficial vascular

TABLE 2. Global Retinal Nerve Fiber Layer (RNFL) and Ganglion
Cell Inner Plexiform Layer (GCIPL) Thickness for Monkeys M1 to
M3 Before and 3 Months After Injection With 920 ng of TTX

NHP ID
RNFL

Pre, µm
RNFL

Post, µm
GCIPL
Pre, µm

GCIPL
Post, µm

M1 133 138 76 78
M2 116 116 70 71
M3 129 130 72 75

complex (SVC). In summary, there was no indication that
retinal structure was affected by the highest dose of TTX
that was tested in the adult animals.

To assess the long-term effect of TTX injections on reti-
nal function, we measured light-adapted ERG responses
in the injected eye of three adult animals (M1, M2, and
M3) before, and again 3 to 5 months after the injection
(Figs. 6A–C). Table 3 shows amplitudes and implicit times
of responses to brief red flashes for the light-adapted ERG
a-wave (reflecting photoreceptor and off bipolar cell activ-
ity), b-wave (mainly on bipolar cell activity), and the PhNR
(RGC activity).46 The amplitude and implicit times did not
show significant differences in responses before and post-
TTX injections (Wilcoxon matched-pairs signed-rank test;
P > 0.05). As with the OCT data, due to small sample
size concerns, we also considered the ERG data within the
framework of test-retest variability. Fortune and colleagues
performed a study in 23 NHPs and reported that a-wave
amplitude would have to change by 45.8%, b-wave ampli-
tude would have to change by 63.3% and PhNR amplitude
would have to change by 63.0% in order for intersession
differences to be considered significant.56 Pre- and Post-TTX
percentage a-wave and b-wave amplitude differences in all
animals were well within these bounds (a-wave = 0.87%–
18.94% and b-wave = −5.03% to 15.9%). PhNR amplitude
differences in M1 and M3 were also within the bounds (M1
= 46.18% and M3 = 18.33%). Only in animal M2, was the

FIGURE 5. Panel (A) OCT B-scans in M2 before and 3 months after TTX. Panel (B) OCTA showing radial peripappilary capillaries (green),
superficial vascular complex (red), and major retinal vascualature (blue) before and after TTX. Panels (C, D) Widefield thickness maps of
retinal nerve fiber layer (RNFL) and ganglion cell inner plexiform layer (GCIPL) before and after TTX.
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FIGURE 6. Electroretinogram (ERG) responses of the injected eye
before and 3 to 5 months after 920 ng TTX injection for animals
M1 to M3. The initial negative deflection corresponds to the a-wave
(A), reflecting photoreceptor activity, followed by the positive b-
wave (B), which represents bipolar cell responses. The later, smaller
negative component is the photopic negative response (PhNR) (C),
associated with RGC function.

difference in pre- and post-TTX PhNR amplitude outside the
benchmark value reported by Fortune and colleagues. Note,
however, that in this animal, the PhNR amplitude below
baseline was negligible in the pre-TTX record, which occurs
in some subjects. The post-TTX response was also present,
and in fact larger than the pre-TTX response, but was still

very small. These small responses would distort the assess-
ment of significant difference.

Sections of retina from infant animals in this study that
received the highest dose of TTX (N1–N4) showed no quali-
tative differences in H&E staining between the inactivated
and fellow control eyes (Fig. 7A). Quantification of cell
density was measured separately across the GCL, INL, and
ONL (Fig. 7B) from cross sections of the retina that included
the fovea, periphery, as well as the optic nerve. Average
densities calculated from the control and inactivated reti-
nas were comparable across the layers sampled (Table 4).
Wilcoxon matched-pairs signed rank test performed sepa-
rately for each layer revealed no statistically significant
differences in cell density (P > 0.05). We also quantified
the cross-sectional area of cell somata across retinal layers.
The average soma area measured from the control and inac-
tivated retina were very similar across all layers examined
(see Table 4). A Wilcoxon matched-pairs signed rank test
revealed no statistical difference between the control and
inactivated retina for the layers examined (P > 0.05). These
results indicate that at the highest TTX dose administered in
this study, there was no evidence of retinal histopathology
in the inactivated eye.

DISCUSSION

Conventional treatments for amblyopia are burdensome and
often ineffective. Therefore, alternative effective treatments
are needed.8 Monocular retinal inactivation with TTX could
be a transformative treatment that effectively restores vision
in the amblyopic eye and rebalances ocular dominance, even
beyond the critical period.27,31 To translate this treatment to
humans, it is necessary to test NHPs, whose spatial acuity,
binocularity, visuomotor behavior, ocular dominance distri-
bution, and neuronal characteristics closely resemble those
of humans.32,35 In this study, we have determined a dose-
response relationship (between TTX amounts and the dura-
tion of retinal inactivation) at intravitreal doses that are safe
and optimize the duration of inactivation.

A clear dose-response relationship was evident in our
data. Lower doses (115 ng and 230 ng) produced shorter
durations of inactivation, with recovery to baseline within
3 to 4 days. Intermediate doses (460–920 ng) extended the
duration of inactivation to 6 to 7 days, with partial recovery
observed before recovering to baseline. The highest tested
dose (4800 ng in infant monkeys) prolonged inactivation,
with complete absence of VEP responses for 8 days, partial
recovery on day 9, and projected full recovery by days 10
or 11. The dose-response relationship yielded half maximal
effective dose of approximately 700 ng and doses of 1000
to 1500 ng TTX were in the 66% to 80% range of maximal
duration of inactivation. From these data, a dose of 1000 to
1500 ng of TTX could represent the smallest dose that yields
maximal impact in terms of days of retinal inactivation. This
insight could be of critical importance for circumstances in
which long durations of TTX-induced FE inactivation are
needed to produce optimal recovery of vision in the AE.

Why does a higher dose of TTX result in longer inacti-
vation and why does this dose-response relationship satu-
rate? It appears that TTX binds to sodium channels with
a 1:1 relationship as in one molecule of TTX binds with
one sodium channel.57 In the dose range of 115 to 920 ng,
there are approximately 2 × 1014 to 8 × 1014 molecules of
TTX that are available in the vitreous chamber upon injec-
tion. Considering that there are approximately 1.5 × 106
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TABLE 3. Summary of the Pre- and Post-TTX Photopic ERG Responses in Adult Animals M1 to M3

a-Wave, Amp (µV) (IT (ms)) b-Wave, Amp (µV) (IT (ms)) PhNR, Amp (µV) (IT (ms))

NHP ID Pre-TTX Post-TTX Pre-TTX Post-TTX Pre-TTX Post-TTX

M1 −38.51 −37.56 76.48 88.65 −20.46 −11.01
13 14 24 31 65 69

M2 −24.97 −29.7 79.36 75.37 −0.18 −1.09
13 11 29 27 69 59

M3 −36.59 −36.91 60.53 53.86 −17.51 −14.3
13 12 25 25 63 71

Amplitudes (Amp, μV) and Implicit times (IT, ms) are reported for the a-wave, b-wave, and photopic negative response (PhNR).

FIGURE 7. Quantification of retinal cell density and soma size following monocular intravitreal injection of TTX in infant monkeys (n = 4).
Qualitative assessment of retinal sections stained for H&E revealed no obvious laminar differences between the control and inactivated eyes
(A). Separate quantification of cell density and soma area across retinal layers (Panels B and C; GCL - teal, INL - black, and ONL - blue)
revealed comparable measurements between the retinas that were not statistically different. Scale bar = 50 microns.

TABLE 4. Summary of Cell Density Measurements (Neurons/mm2) and Cross-Sectional Soma Area Measurements (mm2) From the Layers
Sampled From the Control and TTX-Inactivated Retinae of Infant Monkeys N1 to N4

Cell Density Cell Area

Control, Mean ± SD TTX, Mean ± SD Control, Mean ± SD TTX, Mean ± SD

GCL 6,169 ± 454 6,146 ± 414 47.71 ± 1.42 47.63 ± 0.87
INL 11,972 ± 1245 11,413 ± 389 30.93 ± 0.76 31.54 ± 1.43
ONL 9,711 ± 590 9,480 ± 416 38.43 ± 0.80 38.82 ± 1.31

GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.

RGCs in the macaque retina,58,59 the number of molecules
of TTX available per ganglion cell is approximately 1 ×
108 to 5 × 108. Although the number of sodium channels
per ganglion cell is unknown, it is safe to assume that it
would be orders of magnitude less than the molecules of free
TTX that are available. Therefore, even allowing for bind-
ing of free TTX to other ocular structures in the vicinity,
such as the iris and ciliary body, it is likely that the reason
for increased duration of inactivation with larger dose is
due to initially unbound TTX in the vitreous that contin-
ues to bind to newly formed voltage-gated sodium chan-
nels (or to channels that were previously bound and were
subsequently released) in the RGCs. The availability of free-
TTX is, however, also limited by outflow from the vitreous
via the choroid and retinal pigment epithelium, potentially
explaining the saturation of the dose-response curve.60 In
assessing the dose-response relationship, it is reasonable to
question whether data from infant and adults of two differ-
ent species of NHPs may be combined. We do not believe
that species differences are a consideration because struc-

ture of the retina, including numbers of ganglion cells and
ERG responses, are comparable between the African green
monkey and the rhesus monkey.61,62 With respect to age,
RGC number is established prenatally and does not increase
after birth. Whereas prenatal developmental events, such
as retinal waves, are likely influenced by channel develop-
ment,63 it seems that RGC sodium channel physiology is
predominantly mature by birth or soon after.64 A study in
rats showed that 90% of sodium channels with affinity to
saxitoxin (a neurotoxin similar to TTX) emerged by postna-
tal day 21 and that the sodium channels were concentrated
in the axon initial segment as in the adult.65 The vitreous in
the infant is gel-like and undergoes liquefaction as aging
proceeds.66 However, in the rhesus monkey, liquid pock-
ets were infrequently observed in animals less than 6 years
of age67 and therefore may not be a factor in influencing
outflow of TTX in our adult sample. There may indeed be
other factors influencing the rate of drug metabolism that
are different in adults and infants, and further confirmation
of duration of inactivation will be sought when conducting
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studies evaluating the efficacy of TTX treatments for ambly-
opia in infants and in adults. The current data provide us a
framework to guide efficacy studies in amblyopic animals.

A critical consideration prior to commencing further effi-
cacy studies in amblyopic monkeys is whether the chosen
TTX dose is safe, that is, does the injected eye recover its
function? This is paramount in amblyopia therapy because
the eye that will be injected is the “good” non-amblyopic
eye. Safety was assessed across functional and structural
measures in the monkeys examined. The presence and
absence of RAPD approximately paralleled loss and recov-
ery of visual function (CSF), supporting the reliability of this
marker as a clinical indicator of inactivation. More impor-
tantly, in all animals, the CSF (VEP in the case of infant
animals) recovered to baseline values suggesting full func-
tional recovery of vision of the injected eye. OCT imaging
revealed no structural or vascular changes in the retina or
optic nerve head when measured at 3 months post-TTX,
well after the TTX effect dissipated. RNFL and GCIPL thick-
ness measurements remained within the test-retest repro-
ducibility reported by several studies in both humans and
NHPs. ERG recordings also demonstrate preserved photore-
ceptor, bipolar cell, and RGC function once the effect of TTX
wore off. One of the animals in the study, M2, showed a
lack of a measurable PhNR below baseline, both pre- and
post-injection, which potentially makes it difficult to assess
long-term effect of TTX on ganglion cell function in this
animal. Low amplitude PhNR are sometimes observed in
NHPs (see Fig. 4 in Ref. 30) and this may be due to phys-
iological variability. Despite the lack of PhNR, the overall
ERG pattern in this animal is virtually identical pre- and
post-injection suggesting that the TTX did not disrupt retinal
function in the long-term.

Although the infant monkeys that received the highest
dose (4800 ng) were not assessed for safety using ERG or
OCT, post-TTX VEP amplitudes recovered to pre-TTX base-
line between day 9 and day 16, which was in-sync with
absence of RAPD. Further, histological evaluation of the
retina did not show any evidence of retinal histopathol-
ogy due to TTX injections. Note that previous studies in
cats, monkeys, and tree shrews also reported no evidence
of gross ocular abnormalities following monocular intrav-
itreal administration of TTX.68–70 No obvious abnormalities
were observed even in monkeys administered repeated high
doses of TTX (19,000 ng in 10 mL volume) and for inactiva-
tion durations that lasted beyond a month.69 More recently,
DiCostanzo and colleagues71 performed a histological eval-
uation of retinal layers and optic nerve in 6 cats treated
with up to 9500 ng of TTX and found no differences in
GCL density or soma sizes between treated and control eyes
and also no difference in neurofilament labeling of treated
and control optic nerves. Together, the results from both the
infant and adult monkeys and other species indicate that
intravitreal TTX is well-tolerated at the doses tested, with no
long-term adverse effects on retinal structure or physiology.

Systemic TTX levels, in the blood or urine, for example,
were not directly measured in this study. However, there was
no evidence suggesting that TTX escaped from the injected
eye into the systemic circulation, such as changes in behav-
ior, respiration, feeding, or general activity. Studies in ambly-
opic mice and cats also have not reported any systemic
effects.27,31 Stryker and Harris28 administered much larger
TTX doses (up to 80,000 ng) in kittens either intravitreally or
systemically over a 5-week period and did not report adverse
behavioral effects. In a clinical trial on cancer pain manage-

ment, 60,000 ng of TTX was administered subcutaneously
daily for 4 days in 165 patients with minimal adverse events
noted.72 Our proposed dosage of approximately 1000 ng is
roughly 60-fold lower and is therefore unlikely to produce
systemic complications. Although no visual or ocular compli-
cations were observed in this study, it should be noted that
intravitreal injections may present some intrinsic risks unre-
lated to the active ingredient, such as causing endophthalmi-
tis or brief ocular hypertension that are of very low prob-
ability but can have devastating consequences.73,74 Strict
sterile techniques and careful post-injection monitoring can
minimize risk and subsequent complications associated with
intravitreal injection. With the volume that we chose of 40
μL, transient increase in IOP normalized towards baseline
in approximately 5 minutes. Clinically, intravitreal injections
are now accepted as a routine and safe route of administra-
tion for the management of neovascular disease.

In summary, our results provide evidence that monocular
retinal inactivation using TTX is effective and safe in NHPs.
The duration of inactivation can be titrated by dose, laying
the foundation for future treatment of amblyopic monkeys.
Those studies will determine whether the cortical reorgani-
zation and visual recovery observed in amblyopic mice and
cats31 can be replicated in primates. If successful, monocu-
lar retinal inactivation may represent a promising therapeu-
tic avenue for treating amblyopia in humans, particularly in
individuals who are beyond the critical period and for whom
conventional treatments are largely ineffective.
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