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Abstract

PURPOSE: Brain-derived neurotrophic factor (BDNF) and activation of its high affinity receptor 

tropomyosin kinase (Trk) B promote retinal ganglion cells (RGCs) survival following injury. In 

this study, we tested the effects of LM22A-4, a small molecule TrkB receptor-specific partial 

agonist, on RGC survival in vitro and in experimental nonarteritic anterior ischemic optic 

neuropathy (AION), the most common acute optic neuropathy in those older than 50 years old.

METHODS: We assessed drug effects on immunopanned, cultured RGCs and calculated RGC 

survival and assessed TrkB receptor activation by mitogen-activated protein (MAP) kinase 

translocation. To assess effects in vivo, we induced murine AION and treated the animals with one 

intravitreal injection and three-week systemic treatment. We measured drug effects using serial 

spectral-domain optical coherence tomography (OCT) and quantified retinal Brn3A+ RGC density 

three weeks after ischemia.

RESULTS: In vitro, LM22A-4 significantly increased the survival of cultured RGCs at day 2 

(95% CI control: 8.4–13.6; LM22A-4: 23.7–30.3; BDNF: 24.3–29.9; P < 0.0001), similar to 

the effect of the endogenous TrkB receptor ligand BDNF. There was also significant nuclear 

and cytoplasmic translocation of MAP kinase (95% CI control: 0.9–6.8; LM22A-4: 38.8–84.4; 

BDNF: 64.0–93.0; P = 0.0002), a known downstream event of TrkB receptor activation. Following 

AION, LM22A-4 treatment led to significant preservation of the ganglion cell complex (95% 

CI: AION-PBS: 66.8–70.7%; AION-LM22A-4: 70.0–73.1; P = 0.03) and total retinal thickness 

(95% CI: AION-PBS: 185–196%; AION-LM22A-4: 195–203; P = 0.002) as measured by OCT 

compared with non-treated eyes. There was also significant rescue of the Brn3A+ RGC density on 

morphometric analysis of whole mount retinae (95% CI control: 2360–2629; AION-PBS: 1647–

2008 cells/mm2; AION-LM22A-4: 1958–2216 cells/mm2; P = 0.02).
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CONCLUSIONS: TrkB receptor partial agonist LM22A-4 promoted survival of cultured RGCs 

in vivo by TrkB receptor activation, and treatment also led to increased survival of RGCs after 

optic nerve ischemia, providing support that LM22A-4 may be effective therapy to treat ischemic 

optic neuropathy.
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Introduction

Neuronal survival depends on neurotrophins and their receptors, so activation of 

neurotrophin receptors has been postulated as a way to treat central nervous system 

neuronal loss. During development and in optic neuropathies, brain-derived neurotrophic 

factor (BDNF) is the key neurotrophin for retinal ganglion cell (RGC) survival. 1–5 BDNF 

binds to high affinity tropomyosin-related kinase B (TrkB) receptor, leading to activation 

of downstream signaling molecules such as mitogen-activated protein (MAP) kinase and 

phosphatidylinositol 3 (PI3) pathways.6 Exogenous BDNF as potential neuroprotective 

treatment has been extensively tested as repeated intravitreal injections of purified protein, 

topical administration, slowly released in micro-reservoirs, or via gene or cell-based 

therapies.3,4 Another way to activate the endogenous neurotrophin pathways is using 

monoclonal antibodies that directly bind to TrkB receptor. Monoclonal antibodies against 

TrkB receptor induce phosphorylation of TrkB receptor, activate ERK1/2 and AKT, 

and are partially effective in rescuing RGCs in experimental glaucoma and optic nerve 

transection.7,8

Since exogenous BDNF or monoclonal antibody agonists as therapeutic agents 

have potential limitations such as poor blood-brain-barrier penetration, infection, 

inflammation,9,10 we became interested in the utility of LM22A-4, ((N,N’,N’-tris [2-

hydroxyethyl])-1,3,5-benzene tricarbox- amide), which is a small molecule designed to 

mimic the loop II domain of BDNF and binds selectively to the TrkB receptors.11 LM22A-4 

exhibits specificity and nanomolar affinity for the TrkB receptor and has been shown 

to increase survival of transfected cells and cultured hippocampal neurons by 56%.11 

LM22A-4 activates TrkB receptor and downstream molecules, AKT and ERK1/2 in cultured 

hippocampal neurons.11 The effectiveness of the LM22A-4 has been tested in stroke,3 spinal 

cord injury,12 epilepsy,13 and neurodegenerative diseases such as Rett syndrome14,15 and 

Huntington’s disease.16 In a mouse model of stroke, Han et al. show that the administration 

of the LM22A-4 three days after ischemia results in phosphorylation of downstream target, 

AKT and ERK1/2, and improved limb swing speed and gait after stroke.3

Among all LM22A compounds, LM22A-4 has been particularly studied due to its 

selectivity11,16 for TrkB receptor. Simon et al. demonstrated that LM22A-4 and BDNF 

compete for the TrkB receptor binding without any detectable effects on TrkA and TrkC, or 

P75NTR.16 Massa et al. showed that LM22A-4’s specific affinity for TrkB and the absence 

of P75NTR binding make LM22A-4 distinct from a BDNF mimetic that would have evoked 

a full range of BDNF-related activities.11 LM22A-4 can penetrate the blood-brain barrier 
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in sufficient amount and activates TrkB to initiate cytoplasmic MAPK signaling pathway.11 

Co-administration of TrkB and BDNF leads to a 10%–20% reduction in BDNF activity 

and no additive effect on survival of hippocampal neurons, consistent with competition for 

the same TrkB receptor.11 Application of K252a, a known Trk inhibitor, or an inhibitory 

antibody that binds to the extracellular domain of TrkB lead to a reduction in neurotrophic 

activity or increased TUNEL-positive cells of BDNF and LM22A-4.11

Anterior ischemic optic neuropathy (AION) is the most common acute optic neuropathy in 

patients older than 50 years old and often leads to debilitating and permanent (irreversible) 

loss of vision.17,18 It is of two types: arteritic and nonarteritic. Retrogradely transported 

neurotrophins like BDNF are disrupted in optic neuropathies localized to the optic nerve 

head such as glaucoma,2 and interruption of axonal transport is found in primate model of 

nonarteritic AION19 and is thought to be part of the pathogenesis of nonarteritic AION and 

optic atrophy.20 We and others have studied nonarteritic AION model in rodents, using both 

in vivo imaging and histologic methods.21–28 Based on the importance of TrkB receptor 

activation on RGC survival and the potential effects of LM22A-4 on salvaging neurons after 

ischemic insult, in this study, we tested the effects of LM22A-4 on cultured RGCs and in a 

photochemical thrombosis model of AION.

Materials and Methods

Animals

Adult wild-type C57BL/6 mice (Charles River, Hollister, CA) were kept at constant 

temperature, with a 12-hour light/dark cycle, with food and water available at libitum. 

All animal care and experiments were performed in accordance with the ARVO Guide to 

Use of Animals in Ophthalmic and Vision Research and with approval from the Stanford 

University Administrative Panel on Laboratory Animal Care. All procedures were performed 

under sedation, achieved with intramuscular injection of ketamine 50–100 mg/kg (Hospira 

Inc., Lake Forest, IL), xylazine 2–5 mg/kg (Bedford Laboratories, Bedford, OH), and 

buprenorphine 0.05 mg/kg (Bedford Laboratories, Bedford, OH). The pupils of anesthetized 

mice were pharmacologically dilated with 1% tropicamide (Alcon Laboratories Inc., Fort 

Worth, TX) and 2.5% phenylephrine hydrochloride (Akorn Inc., Lake Forest, IL).

RGC Culture and Immunopanning

We used primary culture of rat RGC using immunopanning.6,29,30 We dissected postnatal 

day 8 retinae from Sprague-Dawley rats (Charles River, Hollister, CA) and dissociated 

enzymatically to make a suspension of single cells. The panning plates were prepared as 

described. 29,30 The dissociated retinal cells were incubated in rabbit anti-rat-macrophage 

antiserum (1:100, Accurate, Westbury, NY), then over the goat-anti-rabbit IgG panning 

plate to remove nonspecific binding, and over the T11D7 (anti-Thy-1) panning plate 

to isolate the RGCs after extensive washing. Purified RGCs visually confirmed under 

microscope and replated after trypsin (GIBCO, Grand Island, NY) dissociation on poly-D-

lysine (10 μg/ml, 135 kD, Sigma Aldrich, Saint Louis, MO) and laminin (500X stock, 

10μl in 5 ml of Neurobasal, 1 μg/ml; Invitrogen, Carlsbad, CA) coated coverslips. The 

RGCs were cultured in neurobasal serum-free medium containing DMEM Sato medium.6,30 
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RGCs were immunostained using 1:500–1000 anti-β-tubulin monoclonal antibody (1:500, 

Covance, Cambridge, MA) and A-488-conjugated goat anti-mouse polyclonal antibody 

(1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA) and DAPI stain (Vectashield, 

Vector Labs, Burlingame, CA) to visualize the purified RGC and their processes (Fig. 1).

RGC Survival Assay

For survival assay, the RGCs were cultured at 15,000 cells per well on poly-D-lysine 

and laminin coated coverslips in serum-free Sato media containing NAC (Sigma), BSA 

(Sigma), penicillin/streptomycin (Gibco), sodium pyruvate (1mM, Gibco), L-glutamine (1 

mM, Gibco), triiodothyronine(Sigma), and thyroxine (Sigma). 23 CNTF, BDNF, insulin, and 

B27 were absent, and 5 μg/mL forskolin was included in all conditions to promote cAMP 

activation. Negative control included forskolin (5 nM) alone, positive control included 

BDNF (20 ng/mL), and LM22A-4 (1 μM). The media was changed once about 12 hours 

after plating. On day-2, the RGCs were fixed with 4% paraformaldehyde in PBS and the 

live-dead assay was performed using calcein-AM (1:1000, 0.5 μM) and ethidium bromide 

(1:500, 1 μM) of a live/dead cell assay kit (Invitrogen, Carlsbad, CA). The calcein-AM 

labeled the live cells (green), while the ethidium bromide labeled dead cells with disrupted 

membrane. The cells were imaged with 4 and 10x objectives and photographed and counted 

manually under masked condition with an inverted Nikon Eclipse TS100 microscope (Nikon 

Instruments, Melville, NY) using 20x objective. The percentage of surviving RGCs was 

calculated as the number of live cells (calcein+) divided by the number of live and dead 

ethidium bromide+ cells. Multiple coverslips in multiple experiments were counted and the 

data pooled to calculate to determine statistical significance using unpaired Student’s t-test 

and Mann-Whitney U test.

MAP Kinase Translocation

On day-2 of RGC culture, we looked for evidence of TrkB receptor activation by looking for 

MAP kinase translocation.30 The RGCs were fixed in 4% paraformaldehyde, permeabilized 

in 0.1% Triton-X 100, blocked with 10% normal goat serum, and then incubated with 

primary anti-MAP kinase mouse monoclonal antibody (1:200; Millipore, Billerica, MA) and 

goat anti-rabbit-A568 secondary antibody (1:200, Invitrogen, Carlsbad, CA) and mounted 

in DAPI-containing Vectashield (Vector Labs). Imaging was performed with an inverted 

Nikon Eclipse TS100 microscope (Nikon Instruments, Melville, NY) using 4x, 10x, and 

20x objectives. Confocal microscopy was also performed. The photographs were quantified 

in a masked fashion to determine the number of cells that had diffuse or punctate MAP 

kinase distribution in all conditions to calculate the percentage of each type. We calculated 

statistical significance using unpaired Student’s t-test and Mann-Whitney test.

Photochemical Thrombosis Model of Anterior Ischemic Optic Neuropathy

To assess in vivo effects of LM22A-4, we induced optic nerve head ischemia following 

intravenous tail vein injection of rose bengal (1.25 mM in 150 μl of phosphate-buffered 

saline (PBS), Sigma-Aldrich, St. Louis, MO) using a frequency doubled Nd:YAG laser 

(400 μm diameter, 50mW, 1 second duration, 15 spots, Pascal, OptiMedica, Santa Clara, 

CA) as a source of focused, low intensity light.24,26,31 Photoactivation of intravascular rose 

bengal, a derivative of fluorescein dye, leads to platelet aggregation and selectively damages 
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vascular endothelium, producing thrombosis while sparing nonvascular tissues.4,21,28,32,33 

Immediately following AION, we saw narrowing of the peripapillary vessels and visible 

whitening of the optic disc as a result of induced ischemia. Our photochemical thrombosis 

model created loss of blood supply in the small capillaries surrounding the optic nerve head 

but not the central artery or vein, which is the case with retinal ischemia. In each animal, 

AION was induced in one eye and the contralateral eye served as a control.

In Vivo LM22A-4 Treatment

Within hours following optic nerve head ischemia, we treated one eye of each animal 

with an intravitreal injection of LM22A (5 μg/1 μl in PBS) by 30-gauge Hamilton syringe 

(Hamilton, Nevada, USA) to deliver the drug intravitreally to the retina and the contralateral 

eyes were injected with 1 μl PBS alone. Immediately after AION induction, we also started 

three-week daily on Mondays-Friday systemic (intranasal 50 ng/10 μl and intraperitoneal 

1000 μg/200 μl in PBS) treatment to maximize the drug retention and efficiency. The 

dose, mode and the frequency of the drug administration was chosen based on previous 

reports.11,16

Spectral-Domain OCT Imaging and Analysis

To measure in vivo effects, we performed spectral-domain optical coherence tomography 

(OCT) analysis using Spectralis™ HRA+OCT instrument (Heidelberg Engineering, GmbH, 

Heidelberg, Germany), which utilizes a superluminescent diode laser with average 

wavelength of 870 nm. The OCT scanner has optical axial resolution of 7 μm, digital 

resolution of 3.5 μm, scan depth of 1.8 mm, and scan rate of 40 kHz. We used the 

standard objective with a 30° field of view. To correct for the optics of the small mouse 

eye, we mounted an additional digital high magnification lens (Volk Optical, Inc., Mentor, 

OH 44060, U.S.A.) in front of the scanning system, similar to other OCT studies of 

rodent eyes.34,35 The OCT measurements have been shown to be comparable with that of 

histology.24,36 For imaging of the human eyes, OCT measurements assume emmetropia and 

average axial length, and adjustment for non-human primate has been published.37 In our 

mouse study, we assumed there was no significant difference in the refraction, axial length, 

astigmatism, or optical aberrations in the mouse eyes in different age groups measured under 

ketamine-xylazine anesthesia.

All animals were measured rapidly following anesthesia and pupillary dilatation. We applied 

lubricating eye drops over the mouse eyes and covered them with custom-made contact 

lenses to prevent ocular surface issues. For imaging, animals were placed on an adjustable 

platform, and the camera was aligned perpendicular to the animal directly in front and very 

close to the eye using a three-dimensional micromanipulator.34–36 Once the optic disc was 

centered and in focus using infrared imaging, we performed the circular scan (scan angle 

12°, also known as the RNFL scan) (Fig. 3A) using the enhanced depth imaging (EDI) and 

high-resolution mode, with each B-scan consisting of 1536 A-scans centered around the 

optic disc. We averaged 16 frames per B-scan.

We also performed posterior pole scans (scan angle 30° x 25°) (Fig. 3B) using EDI at high 

speed mode, with each 2D B-scan consisting of 768 A-scans, average 9 frames per B-scan; 
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and 25-line scans (scan angle 25° x 15°) at high resolution mode, average 16 frames per 

B-scan. Only images with adequate signal strength index were saved and used for analysis. 

All OCT scans were performed by one investigator to maximize consistency, and the best 

image from each eye was selected for segmentation.

For the circular RNFL scans, we manually segmented the thickness of the ganglion cell 

complex (GCC),38,39 which was defined as the combined thickness of the nerve fiber layer, 

ganglion cell layer, and the inner plexiform layer. We used the G or global measurement 

of GCC thickness, which is the average of all measurements (360°) around the optic 

disc. The GCC measurement did not include the outer retina and were not affected by 

outer retinal ischemia or distortion of the outer nuclear layer due to swelling. Because of 

the subjective nature of the manual segmentation of the GCC, every effort was made to 

standardize the segmentation process. The segmentation was performed under magnification 

and was easily and visually distinguished from the adjacent vitreous on one side and the 

inner nuclear layer on the other side due to obvious change in signal intensities. The 

segmentation was performed by one well-trained investigator to reduce variability between 

investigators, and this person was masked to the identity of the eyes. The segmentation 

was then visually confirmed by a second investigator as needed. We tested the reliability 

of manual segmentation in a small number of animals, either by re-imaging the same eyes 

and segmenting them under masked condition or take the same OCT images and segmenting 

them several times independently. The R2 was 0.92 for re-imaging and segmentation of the 

same eyes on different dates, and the R2 was 0.85–0.93 for re-segmentation of the same 

OCT images. Based on these values, we were confident of the consistency of the process.

For the posterior pole scans, the total retinal thickness, which was defined as the inner 

limiting membrane to the Bruch’s membrane, was automatically segmented by the Spectralis 

software and visually confirmed to correct for poor segmentation as needed. Following 

posterior pole scan, the coronal view of the retina was displayed to show total retinal 

thickness in a grid composed of 3 × 3 squares, of which the center 2 × 2 grid was averaged 

to obtain the optic disc thickness and the 6 × 6 grid minus the center 2 × 2 grid was used for 

calculation of retinal thickness (Fig. 3B).

Following sedation and pupillary dilatation, we applied lubricating eye drops over the mouse 

eyes and cover them with custom-made contact lenses to prevent dehydration. Animals were 

placed on an adjustable platform and aligned with the OCT probe. We measured data at 

different time points (baseline, day 1, week 1, 2, and 3) using circular scan (12° diameter), 

the posterior pole analysis (30°x 25° volume scan), and 25-line scan (25°x15°) at high 

resolution to monitor the retinal thickness around the disc, all enhanced depth imaging (EDI) 

and high resolution or high speed modes. The circular scan (12°, also known as the retinal 

nerve fiber layer or RNFL scan) consisted of 1536 A-scans centered at the optic disc with 

scan rate 19 Hz and average 16 frames per B-scan. The posterior pole scan (30° x 25° 

volume scan) was average of 9 frames per B-scan, and the 25-line scan (25° x 15°) was 

average of 16 frames per B-scan. Only images with adequate signal strength index and the 

clearest layer distinction were analyzed under masked condition.
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For the ring analysis, we manually segmented the thickness of the ganglion cell complex 

(GCC), which was the combination of retinal nerve fiber layer, ganglion cell layer, and 

inner plexiform layers (RNFL/GCL/IPL), since the retinal nerve fiber layer (axons of retinal 

ganglion cells) is technically difficult to image reliably after injury. For the posterior pole 

and 25-line scans, we used automatic segmentation to measure the total retinal thickness 

around the optic disc using the innermost circle or the central 2 × 2 grid, which were 

centered on the optic disc. All segmentation images were visually confirmed to ensure 

accurate measurements of the retinal layers. Statistical analyses were performed using 

Wilcoxon signed-rank test or Mann-Whitney within the same experimental group or across 

groups, respectively.

Quantification of Brn3A+ RGCs in Whole Mount Retinae

Following dissection and intracardiac perfusion with 4% paraformaldehyde in PBS, we 

prepared whole mount retinae per usual protocol and performed immunostaining with anti-

Brn3 antibody to stain for RGCs. Briefly, the retinae were permeabilized in PBS 0.5% 

Triton-containing Tris-buffered saline, blocked with 10% normal goat serum, washed, and 

incubated overnight at 4°C with goat-anti-Brn3a polyclonal antibody (1:100, Santa Cruz 

Biotechnology, Santa Cruz, CA) and donkey anti-goat IgG-A488 secondary antibody (1:200, 

Santa Cruz Biotechnology, Santa Cruz, CA), and mounted in DAPI-containing Vectashield 

(Vector Labs, Burlingame, CA). We imaged the retinae using an inverted Nikon Eclipse 

TS100 microscope (Nikon Instruments, Melville, NY) and Metamorph imaging software 

(Molecular Devices, Sunnyvale, CA). For quantification, 4 images from each of 4 quadrants 

were used. The RGCs in each image were counted automatically using a program in ImageJ 

Macro (U.S. National Institutes of Health, Bethesda, Maryland), and each image was then 

manually reviewed under masked condition for quality of cell count and the results were 

highly correlated with the automatic count (Fig. 4C). We calculated statistical significance 

using Mann-Whitney U test.

Statistical Analysis

Data were analysed with commercial statistical software Prism (GraphPad Inc., La Jolla, 

CA) and Microsoft Office Excel (Richmond, WA). Mann-Whitney U test and Wilcoxon 

signed-rank test were used to calculate statistical significance, which was defined as p < 

0.05. All data are presented as mean ± S.E.M.

Results

LM22A-4 promoted RGC survival

Using primary RGC culture following immunopanning,6 we found that LM22A-4 treatment 

in vitro for 2 days significantly increased RGC survival (negative control: 11.0 ± 1.2%, 

LM22A-4: 27.0 ± 1.5%, P < 0.0001), similar to the effects of the endogenous TrkB receptor 

ligand, BDNF (27.1 ± 1.2%, P < 0.0001 compared with negative control). (Fig. 1)
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LM22A-4 induced nuclear localization of MAP kinase in cultured RGCs, consistent with 
TrkB receptor activation

We assayed MAP kinase nuclear translocation as a global measure of subcellular response 

of MAPK activation following TrkB receptor activation.6,30 After 2 days of LM22A-4 

exposure, MAP kinase distribution was transformed from a diffuse pattern found in the 

soma, dendrites, and axons seen in negative control to a punctate pattern that overlaps 

with that of the nucleus (Fig. 2), consistent with evidence of MAP kinase activation.6 

Although the most intense signal was center near the nuclei, there was also some, punctate 

anti-MAP kinase staining along the RGC processes (Fig. 2B). This change in MAP kinase 

distribution was significant compared with negative control (P = 0.0002) and similar to 

the pattern seen with BDNF treatment (Fig. 2C). Taken together with prior studies, which 

showed high affinity, specific binding of LM22A-4 to TrkB receptor and activation of 

molecules downstream of TrkB such as ERK, AKT etc. in hippocampal cells and similarity 

in the physiological response between RGCs and hippocampal cells,11 our data indicated 

LM22A-4 improved survival of RGC in culture and suggested that this may be achieved in 

the setting of TrkB receptor activation.

In vivo effects of LM22A-4 in murine experimental anterior ischemic optic neuropathy

We tested the in vivo effects of LM22A-4 treatment on experimental nonarteritic AION 

using laser-assisted photochemical thrombosis in one eye of each mouse. Immediately 

following optic nerve head ischemia, we performed one intravitreal injection into AION 

and contralateral, control eyes and commenced daily, systemic treatment for 3 weeks using 

LM22A-4 in PBS or PBS alone (Methods). Briefly, we monitor the in vivo effects of 

treatment using serial spectral-domain optical coherence tomography (OCT). We measured 

the thickness of retinal layers that reflect optic nerve anatomy using two methods (Fig. 3): 

1) circular scan and manual segmentation of the ganglion cell complex (“GCC”), which is 

defined as the combined thickness of the retinal nerve fiber layer, ganglion cell layer, and the 

inner plexiform layer (RNFL/GCL/IPL)24 and 2) volume scan and automatic segmentation 

of the total retinal thickness (“TRT”) (retinal nerve fiber layer to retinal pigment epithelium) 

in the optic disc area.

Three-weeks after AION and treatment, there was a significant preservation of the GCC 

in the LM22A-4-treated AION eyes compared with PBS-treated AION eyes (AION-PBS: 

68.7 ± 0.9 μm, N = 23 eyes; AION LM22A-4: 71.6 ± 0.8 μm; N = 32 eyes; P = 0.03) 

(Fig. 3A). This 2.9 μm preservation of GCC after LM22A-4 treatment was partial, with 

significant overall thinning of the GCC regardless of treatment. There was a 7.5 μm thinning 

after AION in the PBS-treated eyes compared with control eyes (control-PBS: 76.2 ± 1.0, 

N = 23; AION-PBS: 68.7 ± 0.9 μm, N = 23; P < 0.0001) and a 5.9 μm thinning after 

AION in the LM22A-4 treated AION eyes compared with LM22A-4-treated control eyes 

(control-LM22A-4: 77.5 ± 0.6 μm, N = 31; AION-LM22A-4: 71.6 ± 0.8 μm, N = 32; P < 

0.0001).

Similar to the significant benefit of LM22A-4 seen on GCC measurements, there was a 

partial, significant preservation of the TRT of the optic disc area using the posterior pole 

scans (Fig. 3B). In the LM22A-4-treated AION eyes compared with PBS-treated AION 
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eyes, the optic disc TRT was significantly preserved by 8.4 μm (AION-PBS: 190.5 ± 2.8 

μm, N = 47; AION-LM22A-4: 198.9 ± 1.9 μm, N = 46; P = 0.002). This preservation due to 

LM22A-4 treatment was partial, since there was significant thinning after AION regardless 

of treatment. In the PBS-treated group, there was 45.3 μm thinning after AION (control-

PBS: 235.8 ± 2.8 μm, N = 41; AION-PBS: 190.5 ± 2.8 μm, N = 47; P < 0.0001). In the 

LM22A-4-treated group, there was 38.5 μm thinning after AION (control-LM22A-4: 237.4 

± 2.2 μm, N = 51; AION-LM22A-4: 198.9 ± 1.9 μm, N = 46; P < 0.0001). Taken together, 

the GCC and the optic disc measurements using posterior pole both indicated that LM22A-4 

treatment partially preserved retinal thickness after AION. We did not investigate whether 

LM22A-4 treatment can protect the thickness of ONL/OPL since this is less clinically 

relevant to human AION. Similarly, we don’t not know to what extent experimental AION 

affects ONL/OPL. Patients suffering from AION demonstrates changes in the outer retina. 

Moreover, there are reports of loss of amacrine cells after murine AION, which contributes 

to ONL/IPL. However, AION creates clots in the smaller arterioles surrounding the optic 

nerve axons, which are the extensions of RGCs, we don’t expect to see damage in other 

layers of the retina apart from GCL.

Increased RGC survival after LM22A-4 treatment

To assess RGC survival following in vivo treatment of LM22A-4 after AION, we 

performed retinal whole mount preparation and quantified of RGC numbers using 

immunohistochemistry with Brn3A antibody, which has been well described to label a large 

population of RGCs.6,40 In this model, the AION eyes had patches of retinae that were 

relatively devoid of Brn3A staining. However, we focused the quantification of both the 

areas of relatively dense Brn3A-staining as well patchy areas. (see Methods). Three-weeks 

following AION, the LM22A-4-treated group showed significant preservation of Brn3A+ 

cells in the RGC layer (Fig. 4). LM22A-4 treatment salvaged 254 Brn3A+ cells/mm2 

(AION-PBS: 1837 ± 87 Brn3A+ cells/mm2, N = 55; AION-LM22A-4: 2091 ± 62 Brn3A+ 

cells/mm2, N = 104; P = 0.02). Consistent with the OCT data, the improved RGC survival 

was partial, with loss of 373 Brn3A+ cells/mm2 (16%) despite LM22A-4 treatment in the 

AION eyes (P = 0.0002) and loss of 805 Brn3A+ cells/mm2 (33%) in the PPBS-treated 

AION eyes (P < 0.0001).

Discussion

We showed for the first time that a small molecule LM22A-4, which binds to neuronal 

TrkB receptor with high affinity,11 promoted the survival of cultured RGC in the setting 

of TrkB receptor and downstream molecule MAP kinase activation, as seen by nuclear 

translocation of MAP kinase in a pattern that was similar to the effects of BDNF. In vivo, 

single intravitreal and systemic LM22A-4 administration led to significant preservation 

of the ganglion cell complex in spectral-domain OCT and Brn3A+ RGCs 3-weeks after 

experimental anterior ischemic optic neuropathy (AION).

Our data using LM22A-4 to activate TrkB receptor and promote RGC survival are 

consistent with the well-published idea that BDNF and its high affinity receptor TrkB are 

critical for RGC survival during development,1 in adult RGCs,41,42 and in experimental 

Shariati et al. Page 9

Curr Eye Res. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



optic neuropathies.43–47 As an endogenous promoter of survival, BDNF increases acutely 

following optic nerve axonal injury,48–51 and neurotrophin deprivation is thought to be an 

important trigger for RGC apoptosis3,52 and glaucomatous degeneration.53,54 Initial testing 

using exogenous BDNF as treatment is promising, and intravitreal BDNF protein injections 

or viral-mediated BDNF expression promote RGC survival after optic nerve transection or 

crush and ocular hypertension.3 However, BDNF may selective preserve the soma but not 

the axons.55,56 There is also evidence that BDNF delays but does not prevent the onset of 

RGC death, despite repeated injections or viral gene delivery.43,57–59 Issues relating to the 

full benefit of BDNF include important pathways for axonal and somatic survival unrelated 

to neurotrophins, such as the inhibitory effects of central myelin on axonal regrowth, and 

down regulation of TrkB receptors,6,60 which diminish the effect of BDNF.

Our data suggest that directly activating the TrkB receptor with a small molecule may 

be a viable therapeutic approach. This approach has been utilized via the use of TrkB 

receptor activating monoclonal antibodies. Hu et al. show that antibody (29D7) mediated 

activation of the TrkB receptor leads to RGC survival 8,61 and promotes the neurite growth 

after axotomy. They concluded that 29D7 strongly enhanced RGC survival in culture in 

a dose-dependent manner, and this effect was augmented by cAMP elevation, which was 

similar to the activity of cAMP to enhance the RGC response to BDNF for axonal survival 

and growth.61–63 Bai et al. showed mAb 1D7 recognizes a stable epitope within the D2-D3 

ectodomains of the TrkB in the axotomized retina.8 Both BDNF and mAb 1D7 induce 

pTyr-TrkB; however, only mAb 1D7 can protect and significantly delay the degeneration 

of RGCs in the acute and chronic retinal injury in vivo by activating TrkB resulting in 

long-lived physiological effect. Treatment via direct activation of TrkB may have benefits 

different from that of BDNF application, since BDNF not only binds to high affinity TrkB 

receptor but also known to bind to p75 receptor, which may have negative impact on 

survival.8 BDNF binding to TrkB receptors induces “prosurvival” signals, whereas binding 

to p75 neurotrophin receptor (p75NTR) generally mediates apoptotic signals depending on 

biological context.62 This may explain why BDNF only delays but not prevent cell death.64 

This means direct activation of the TrkB receptor using a drug like LM22A-4 may hold 

promise for future neuroprotective therapy.

There are different potential mechanisms why LM22A-4 effect on experimental AION was 

partial. 1) The effects of ischemia may be irreversible. 2) TrkB activation is only part of 

the pathway and its activation only partially rescues the cell death. Bai et al. examined the 

effect of TrkB agonist in a glaucoma rat model and showed that a selective TrkB agonist 

caused long-lived TrkB activation and significantly delayed RGC death in the acute and 

chronic retinal injury in vivo. Additionally, they showed that TrkB activation preserved 

retinal structure and provided more efficient neuroprotection.8 3) TrkB receptor was not 

sufficiently localized to the plasma membrane for LM22A-4 binding. There is some in vitro 

evidence in cultured RGCs that the TrkB receptor becomes internalized, which leads to the 

loss of trophic responsiveness after axotomy. 6,60 Activation of cAMP has been shown to be 

important to promote membrane localization of TrkB receptor, so addition of cAMP analog 

like CpT to LM22A-4 may have synergic effect in vivo.8 Almasieh et al. hypothesize that 

the level of TrkB expression in RGC varies following injury, which may limit the ability 

of BDNF to activate molecules downstream of the TrkB receptor.3,57 In vivo, TrkB mRNA 
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and protein levels are substantially down-regulated in adult RGCs following axotomy.65,66 

These findings suggest that reduced TrkB expression in injured RGCs contributes to their 

desensitization to exogenous, and possibly endogenous, BDNF.

The ability of LM22A-4 to specifically bind to and activate TrkB receptor has been 

well shown in transfected cells and hippocampal and other neurons, and this paper 

provided some evidence in RGCs. The effectiveness of the LM22A-4 has been extensively 

tested in vitro and in models of stroke67 and neurodegenerative diseases such as Rett 

syndrome68,69 and Huntington’s disease,16 Fragile-X syndrome.70 In the mouse model 

of stroke, Han et al. showed that the administration of the LM22A-4 three days after 

ischemia resulted in phosphorylation of downstream target, AKT and ERK, and improved 

limb swing speed and gait after stroke.67,71 Al-qudah et al. demonstrated the effect of 

LM22A-4 in the rabbit intestinal longitudinal muscle.72 Kajiya et al. demonstrated that 

LM22A-4 regulates cementoblalst differentiation via TrkB-ERK/AKT signaling cascade.73 

Warnault et al. showed that compulsive alcohol drinking can be reversed in mice by 

TrkB activation such as LM22A-4.74 Massa et al. demonstrated that in hippocampal 

neurons treated with LM22A-4 in vitro reduces amyloid β−induced cell death, attenuates 

1-methyl-4-phenylpyridinium (MPP+)-induced cell death in SH-SY5Y human tumor cell 

line for Huntington’s disease mode.71 Similarly, a small molecule TrkB agonists have 

also been used to treat other neurodegenerative diseases. For example, 7,8-DHF mimics 

the physiological effects of BDNF and has strong therapeutic potential to be used 

in Parkinson’s disease,75 Huntingtons’s disease,76 amyotrophic lateral sclerosis,77 and 

Alzheimer’s disease.78 However, some studies also showed no effects of LM22A-479,80 

in vitro.

Our study demonstrated the translocation of MAPK family members from the perinuclear 

to the nuclear localization upon neurotrophin treatment. Upon activation, MAPK family 

members, regulates a large number of stress-induced cellular signaling by transcriptional 

regulation, chromatin remodeling, cell cycle entry etc. One of its modes of activation 

is its nuclear translocation. For example, Brunet et al. demonstrated that, relocalization 

of p42/p44 MAPK from cytosol to nucleus is essential for activating its downstream 

target Elk-1 for mediating mitogen-induced gene expression and cell cycle entry.81,82 

Similarly, neurotrophic factor-mediated MAPK family member such as ERK1/2 activation 

is required for neuroprotection in CNS neurons83 as well as RGCs.61 However, we cannot 

deny the contribution of pro-apoptotic pathways such as JNK or p38 after neurotrophic 

factor treatment.84 Moreover, we have not investigated the individual contribution of each 

MAPK family members in LM22A-4-mediated neuroprotection, and the details about the 

contribution of each MAPK family member in LM22A-4 should be further investigated in 

future experiments. Also, we have not investigated whether MAPK inhibitors can inhibit 

the survival-promoting effect of LM22A-4 in vitro. However, in human cementoblast-like 

(HCEM) cell line, use of an MEK-ERK inhibitor (U0126) attenuates pro-survival molecules 

such as ERK and Akt and TrkB activation.73 Therefore, it is likely that LM22A-4 might 

have pro-survival effect by MAPK pathways. Although the similarities between LM22A-4 

and BDNF action have been shown, more work is needed to decipher what the differences 

may be and the potential impact of LM22A-4 as a therapeutic agent.
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Limitations to our study include the use of cultured RGCs and MAP kinase translocation 

rather than in vivo method as a method to demonstrate TrkB receptor activation, which is a 

nice global measure of TrkB receptor activation.6,30The impact of TrkB receptor activation 

in RGCs and after LM22A-4 application in vivo should be further investigated in order 

to better understand the mechanism of its benefit in vitro and in vivo. Although there is 

good evidence in the cultured RGC system that TrkB receptor agonism synergizes well 

with application of forskolin through cAMP activation, we chose to only test the effect of 

LM22A-4 alone in vivo. This is because we wanted to investigate the effect of LM22A-4 

alone without the confounding neuroprotective effect of forskolin.85 We anticipate that 

combined treatment of LM22A-4 and forskolin in vivo may yield synergistic or additive 

benefits for neuroprotection.

In conclusion, treatment for human nonarteritic AION remains extremely limited, and 

molecules like LM22A-4 may be promising therapy, either alone or in combination with 

other drugs, in human AION. Although we only tested the benefit of LM22A-4 in a model 

of nonarteritic AION, we anticipate that this benefit can be generalized to the treatment of 

arteritic AION, given corticosteroid treatment to dampen the inflammatory aspect of arteritic 

AION often does not rescue vision, probably because there is no additional neuroprotective 

effect of corticosteroid treatment. LM22A-4 also has a simple, flexible chemical structure, 

which is amenable to chemical modifications to increase its therapeutic potential in the 

future.

Acknowledgment

We thank Gun Ho Lee and Jeffry Ma for their help with experiments.

We thank Ben A. Barres for his great contribution in this manuscript, who is deceased now.

Financial Disclosure:

Y.J.L was supported by the Career Award in Biomedical Sciences from the Burroughs Wellcome Foundation, 
Western Havens Foundation, and the North American Neuro-Ophthalmology Society Pilot Grant, National Eye 
Institute (P30-026877), and Research to Prevent Blindness, Inc.

Abbreviations:

AION anterior ischemic optic neuropathy

BDNF Brain-derived neurotrophic factor

GCC ganglion cell complex

MAP mitogen-activated protein

OCT spectral-domain optical coherence tomography

OD right eye

ON optic nerve

ONH optic nerve head

Shariati et al. Page 12

Curr Eye Res. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OS left eye

RGC retinal ganglion cell
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Figure 1. 
LM22A-4 treatment increased survival of cultured RGCs on day 2. (A) Purified RGCs 

cultured stained with β-tubulin antibody and DAPI. Many cells exhibited short processes 

in all conditions. (B) Live-dead assay of RGCs using calcein-AM and ethidium bromide to 

calculate survival. (C) Bar graph of survival assay that showed treatment with LM22A-4 

significantly increased RGC survival (P < 0.0001) similar to the effect of BDNF.
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Figure 2. 
LM22A-4 treatment promoted TrkB receptor activation and MAP kinase translocation in 

cultured RGCs on day 2. (A) Control. (B) LM22A-4 treated. (C) BDNF-treated. Top 

row: lower magnification images. Middle and bottom rows: higher magnification images. 

(D) Bar graph of MAP kinase distribution in a diffuse or punctate, pattern. In control 

condition in (A), the RGCs exhibited diffuse anti-MAP kinase staining in the soma and 

processes. In LM22A-4 and BDNF treated groups (B,C) there was a significant change in 

the distribution with punctate appearance of anti-MAP kinase staining in and around the 

nuclei and decreased and punctate distribution in the neurites.
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Figure 3. 
In vivo treatment with LM22A-4 after experimental AION led to preserved retinal thickness 

measured using SD-OCT. (A) Top: example of fundus photograph and B-scan using the 

circular scan pattern. Bottom: Bar graph of GCC measurements in different treatment 

groups showing there was significant preservation of GCC layer thickness in the AION 

group after three weeks of LM22A-4 treatment (N = 23, P = 0.03). (B) Top: example of 

fundus photograph and B-scan using the posterior pole analysis. TRT: total retinal thickness. 

Bottom: bar graph of total retinal thickness of the optic disc week-3 after AION showing 

LM22A-4 treatment significantly improved optic disc thickness (N = 46, P = 0.002). GCC: 

Ganglion cell layer
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Figure 4. 
In vivo LM22A-4 treatment led to increased survival of Brn3A+ RGCs after AION. (A) 
Representative images of Brn3A+ RGCs in PBS-treated and LM22A-4 treated groups at 

week-3. (B) Bar graph of quantification of Brn3A+ cells in control and AION eyes treated 

with LM22A-4 showing significant increase in Brn3A+ RGCs after LM22A-4 treatment 

in the AION groups (P = 0.02). (C) High correlation of the automatic and manual RGC 

counting methods
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