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Dual Specific Phosphatase 14 Deletion Rescues Retinal Ganglion Cells and Optic 
Nerve Axons after Experimental Anterior Ischemic Optic Neuropathy
Varun Kumara,b, Mohammad Ali Shariatia, Louise Mesentier-Louroa, Angela Jinsook Oha, Kristina Russanoa, 
Jeffrey L. Goldberga, and Yaping Joyce Liao a,c

aSpencer Center for Vision Research, Byers Eye Institute, Palo Alto, California, USA; bSchepens Eye Research Institute, Massachusetts Eye and Ear, 
Department of Ophthalmology, Harvard Medical School, Harvard University, Boston, Massachusetts, USA; cDepartment of Neurology, Stanford 
University School of Medicine, Stanford, California, USA

ABSTRACT
Purpose: Understanding molecular changes is essential for designing effective treatments for nonarteritic 
anterior ischemic optic neuropathy (AION), the most common acute optic neuropathy in adults older than 
50 years. We investigated changes in the mitogen-activated protein kinase (MAPK) pathway after experi
mental AION and focused on dual specificity phosphatase 14 (Dusp14), an atypical MAPK phosphatase 
that is downstream of Krüppel-like transcription factor (KLF) 9-mediated inhibition of retinal ganglion cell 
(RGC) survival and axonal regeneration.
Materials and methods: We induced severe AION in a photochemical thrombosis model in adult C57BL/6 
wild-type and Dusp14 knockout mice. For comparison, some studies were performed using an optic nerve 
crush model. We assessed changes in MAPK pathway molecules using Western blot and immunohisto
chemistry, measured retinal thickness using optical coherence tomography (OCT), and quantified RGCs 
and axons using histologic methods.
Results: Three days after severe AION, there was no change in the retinal protein levels of MAPK ERK1/2, 
phosphorylated-ERK1/2 (pERK1/2), downstream effector Elk-1 and phosphatase Dusp14 on Western blot. 
Western blot analysis of purified RGCs after a more severe model using optic nerve crush also showed no 
change in Dusp14 protein expression. Because of the known importance of the Dusp14 and MAPK 
pathway in RGCs, we examined changes after AION in Dusp14 knockout mice. Three days after AION, 
Dusp14 knockout mice had significantly increased pERK1/2+, Brn3A+ RGCs on immunohistochemistry. 
Three weeks after AION, Dusp14 knockout mice had significantly greater preservation of retinal thickness, 
increased number of Brn3A+ RGCs on whole mount preparation, and increased number of optic nerve 
axons compared with wild-type mice.
Conclusions: Genetic deletion of Dusp14, a MAPK phosphatase important in KFL9-mediated inhibition of 
RGC survival, led to increased activation of MAPK ERK1/2 and greater RGC and axonal survival after 
experimental AION. Inhibiting Dusp14 or activating the MAPK pathway should be examined further as 
a potential therapeutic approach to treatment of AION.

Abbreviations: AION: anterior ischemic optic neuropathy; Dusp14: dual specific phosphatase 14; ERK1/2: 
extracellular signal–regulated kinases 1/2; Elk-1: ETS Like-1 protein; GCC: ganglion cell complex; GCL: 
ganglion cell layer; inner nuclear layer; KO: knockout; MAPK: mitogen-activated phosphokinase; OCT: 
optical coherence tomography; RGC: retinal ganglion cell; RNFL: retinal nerve fiber layer
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Introduction

Nonarteritic anterior ischemic optic neuropathy (AION) is the 
most common acute optic neuropathy in patients over 50 years, 
often resulting in permanent vision loss.1–4 This devastating con
dition typically presents as painless, sudden vision loss involving 
half (altitudinal, respecting the horizontal meridian) or more of 
the visual field in one eye, and the second eye is involved in 
10.5–73% of patients.5 AION leads to irreversible loss of retinal 
ganglion cells (RGCs)6,7 and their axons in the retina and optic 
nerve, respectively.8,9 Despite its prevalence, the pathogenic 
mechanisms of AION and the subsequent events that lead to 
irreversible RGC loss and optic atrophy remain unclear.1,4,10 

A better understanding the molecular changes in this disease 
may help identify potential treatments to protect or restore vision.

Although the molecular events following AION are not well 
understood, studies in glaucoma and optic nerve crush and 
transection models have implicated the mitogen-activated pro
tein kinase (MAPK) family of serine/threonine-specific kinases 
in RGC survival and molecular signaling.11–13 MAPKs are also 
known to be important in retinal ischemia13 and stroke.14,15 The 
MAPK signaling pathway is important in RGC survival and is 
downstream of the neuroprotective effect of brain-derived neu
rotrophic factor (BDNF). BDNF binds to the tropomyosin 
receptor kinase (Trk) B receptor and stimulate multiple signaling 
pathways including phosphorylation and activation of ERK1/ 
2.16,17 In glaucoma, overexpression of neurotrophins such as 
Brain Derived-Neurotrophic Factor (BDNF) and Ciliary 
Neurotrophic Factor (CNTF) protects RGGs.18–20
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MAPKs play essential roles in eukaryotic cells by transdu
cing neighboring neurotrophic signals as well as environmental 
stress signals into cellular phenotypes.21–23 MAPKs are 
grouped into families, the extracellular signal regulated protein 
kinases (ERKs), the c-Jun N-terminal kinases (JNKs), and the 
p38 MAPKs; manipulation of any of these has been shown to 
improve RGC survival in various model systems.11,24,25 The 
MAPKs are activated by phosphorylation, and the magnitude 
and duration of MAPK activity are regulated by phosphatases, 
which turn off MAPK activity by dephosphorylation.26 

Recently, a family of transcription factors called Krüppel-like 
transcription factors (KLFs), whose inhibition promotes RGC 
survival and axonal regeneration,27–29 has been shown to exert 
its effect through a MAPK phosphatase, dual-specificity phos
phatase 14 (Dusp14).28 In cultured RGCs, KLF9 requires 
expression of Dusp14 to suppress RGC axon growth, and 
knockdown of Dusp14 activity in vivo using adeno-associated 
virus 2 short hairpin ribonucleic acid (AAV2-anti-Dusp14- 
shRNA) increased BDNF-induced pERK signaling, RGC sur
vival, and the number and length of regenerating axons after 
optic nerve crush.28

There is currently no effective treatment for AION, and an 
understanding of the molecular changes after AION can help 
identify important target in designing future therapeutics. 
Given the importance of MAPKs in experimental optic neuro
pathies and the known role of Dusp14 in RGC survival and 
axonal regeneration, we ask whether ERK1/2 and Dusp14 are 
altered in photochemical thrombosis model of AION. We also 
investigated the impact of Dusp14 knockout on RGC survival 
following optic nerve ischemia.

Methods

Animals

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. 
Sprague-Dawley rats of either sex were obtained from Harlan 
Laboratories (Indianapolis, IN, USA). Adult wild-type C57BL/ 
6 mice (Charles River, Hollister, CA) and Dusp14 knockout 
mice30 (bred in house) of either sex were kept at constant 
temperature, with a 12-hour light/dark cycle, with food and 
water available at libidum. To confirm Dusp14 knockout gen
otype, PCR and qPCR were performed using standard proto
cols on tail DNA and Dusp14-specific primers (Dusp14 
forward: 5ʹ TCGAGATCCC CAACTTCAAC 3ʹ; Dusp14 
reverse: 5ʹ TGTCAGCCACAGTGT CAAAG 3ʹ; TaqMan, 
ThermoFisher Scientific, Rockford, IL).

Photochemical thrombosis model of AION

In 8–10-week-old wild-type or Dusp14 knockout mice, we 
induced severe photochemical thrombosis in a well- 
established model of AION8,31,32 by increasing the number 
of laser spots used from 15 to 30. Briefly, mice were anesthe
tized by intraperitoneal injection of ketamine 50–100 mg/kg 
(Hospira, Inc., Lake Forest, IL, USA), xylazine 2–5 mg/kg 

(Bedford Laboratories, Bedford, OH, USA) and buprenor
phine 0.05 mg/kg (Bedford Laboratories). 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). Intraperitoneal vein injection of rose bengal (1.25 mM in 
150 µl of phosphate-buffered saline (PBS), Sigma-Aldrich, 
St. Louis, MO) was followed by illumination with 
a frequency doubled Nd:YAG laser (400 µm diameter, 
50 mW, 1 s duration, 30 spots, PASCAL, OptiMedica, Santa 
Clara, CA) as source of focused, low intensity light.8,31,32 

Rose bengal is photoactivated by low energy laser light and 
leads to singlet oxygen generation, platelet aggregation and 
thrombosis, while sparing nonvascular tissues.33,34 To con
trol for variability within animals, AION eyes were compared 
against contralateral “control” eyes, although we do not rule 
out mild changes in these eyes as result of contralateral 
AION.

Optic nerve crush and RGC purification

Optic nerve crush was performed in fifteen 4-week-old rats 
under anesthesia with an intraperitoneal injection of ketamine 
hydrochloride, 60 mg/kg, and xylazine hydrochloride, 8 mg/kg 
body weight. Briefly, the left optic nerve was exposed and 
crushed with fine forceps (Dumont #5) 2 mm behind the 
globe for 10 seconds, while avoiding injury to the ophthalmic 
artery.28 Postoperatively, animals were allowed to recover on 
a heating pad and were given subcutaneous injections of 
0.1 mg/kg buprenorphine hydrochloride twice a day for 3 
consecutive days to minimize discomfort. Three days after 
the surgery, animals were sacrificed, retinae were isolated and 
pooled, and RGCs were purified from these pooled retinae 
using Retinal Ganglion Cell Isolation Kit (Cat-130-096-209, 
Miltenyi Biotec Inc, Auburn CA). This kit utilizes CD90.1, 
a known RGC marker that is primarily expressed by RGCs 
but not photoreceptors. Nonneuronal CD90.1-expressing cells 
such as microglia and endothelial cells were depleted using 
biotinylated antibody. RGCs were further enriched and sepa
rated by magnetic separation columns as described in the kit. 
Purified RGCs were lysed in RIPA buffer and prepared for 
Western blot.

Western blot analysis of whole retinal lysate and purified 
RGCs

We assessed expression of ERK1/2, pERK1/2, Elk-1, and Dusp14 
using Western blotting. We prepared whole retinal lysates from 
freshly dissected three pairs of eyes from mice three-days after 
AION using standard protocol followed in our publication.35 

Whole retinae were lysed in RIPA buffer containing protease 
and phosphatase inhibitor cocktails (78442, Thermo Scientific, 
Rockford, IL) and homogenized with Wheaton tissue grinder 
(Millville, NJ). Very small amount of protein was derived from 
purified RGCs after optic nerve crush in rats, and the Western 
blot analysis only focused on Dusp14. Protein concentration was 
determined using micro BCA kit per manufacturer’s instruc
tions (Pierce, Rockford, IL). Equal amounts of protein 
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(30–40 µg) were loaded onto 4–12% mini-SDS-PAGE gel 
(Invitrogen) for gel electrophoresis and Western blotting.

We performed immunoblotting with antibodies against 
Dusp14 (1:1000, ab134265, Abcam, Cambridge, MA), 
pERK1/2 (1:1000, SAB4301578, Sigma -Aldrich, St Louis, 
MO), ERK1/2 (1:1000, 9102 Cell Signaling, Beverly, MA),Ets- 
like protein-1,Elk-1 (1:1000, ab131465, Abcam, Cambridge, 
MA), Glyceraldehyde 3-phosphate dehydrogenase, GAPDH 
(1:1000, 2118 Cell Signaling, Beverly, MA), cofilin (1:1000, 
3318 Cell Signaling, Beverly, MA). Secondary antibodies 
included horse radish peroxidase (HRP)-conjugated goat anti- 
rabbit immunoglobulin G (IgG) (1:1000, 31460 Thermo Fisher 
Scientific, Rockford, IL), anti-mouse (1:1000, 31460 Thermo 
Fisher Scientific, Rockford IL) and donkey anti-goat (1:1000, 
ab97110, Abcam, Cambridge, MA). For internal standard, we 
used antibodies against cofilin or GAPDH, which are common 
protein standards. Internal control with the closest molecular 
weight to target proteins was used in each experiment. Positive 
bands on immunoblots were visualized using enhanced che
miluminescence (ECL kit, 32106 Thermo Fisher Scientific, 
Rockford, IL), imaged on LAS-3000 (Fujiform, Minato-Ku, 
Tokyo), and quantified using Image J (http://imagej.nih.gov/). 
In some experiments, liver from Dusp14 knockout and wild 
type mice were prepared and probed by anti-Dusp14 Western 
blot as above, to validate the antibody and to confirm loss of 
protein expression in the knockout mice.

Spectral-domain OCT imaging and data analysis

We performed serial in vivo imaging of WT and Dusp14 KO 
mice at baseline and 3 weeks after AION using spectral- 
domain optical coherence tomography (Spectralis HRA 
+OCT, Heidelberg Engineering, GmbH, Heidelberg, 
Germany),8,31,32 which utilized a superluminescent diode 
laser with average wavelength of 870 nm. We used the circular 
“RNFL” scan to obtain high-resolution imaging of the peripa
pillary retina and performed manual segmentation of the gang
lion cell complex (GCC, which is the combined thickness of the 
retinal nerve fiber layer, ganglion cell layer, and the inner 
plexiform layer) as described previously.36,37 We used 
3 weeks after AION as a time point because previous serial 
OCT measurements for 6 weeks after AION showed that there 
is little further thinning of GCC 3 weeks after AION.8 All 
segmentation was performed in a masked fashion by one 
investigator and visually confirmed by a second masked inves
tigator as needed.

Immunohistochemistry

For whole mount immunostaining and RGC density quanti
fication three weeks after AION, animals were perfusion-fixed 
in 4% paraformaldehyde (PFA). Eyes were enucleated and 
post-fixed in 4% PFA overnight. Whole mount retinae were 
prepared and immunostained with anti-brain-specific 
homeobox/POU domain protein 3A (Brn3A) antibody. 
Briefly, retinae were washed three times in washing buffer 
(0.5% Triton-X in phosphate-buffered saline (PBS) for 
10 minutes each, blocked with 10% normal donkey serum 
for 1 hour, incubated with goat anti-Brn3A primary antibody 

(1:500; catalog number Sc-31984; Santa Cruz Biotechnology, 
Inc. Dallas, Texas, USA), mixed in antibody dilution buffer 
(2% Triton-X in PBS and 5% normal donkey serum) over
night, washed 3 times 10 minutes each the next day, incu
bated with Alexa Fluor 568 donkey anti-goat IgG secondary 
antibody (1:500; catalog number A-11057; Invitrogen, 
Rockford, IL), washed three times in PBS for 10 minutes 
and mounted on glass slides with ProLong Gold Antifade 
Reagent (P36930, Invitrogen, Eugene, OR) and covered with 
Fisherbrand cover glasses (Thermo Fisher Scientific, 
Waltham, MA).

For immunostaining of frozen horizontal sections, whole 
eyes were fixed, cryoprotected with 30% sucrose, frozen on dry 
ice, and cut into 15-µm-thick retinal sections using cryostat 
(Model CM3050S, Buffalo Groove, IL). Retinal sections were 
rinsed in PBS and blocked and permeabilized in 20% normal 
goat serum with 0.02% Triton X-100 in antibody buffer 
(150 mM NaCl, 50 mM Tris base, 1% BSA, 0.04% sodium 
azide, pH 7.4) for an hour in room temperature to reduce non- 
specific binding. Samples were incubated with primary anti
bodies at 4ºC overnight and then washed with PBS, incubated 
with secondary antibody for 2 hours at room temperature, 
washed with PBS, and mounted on glass slides with ProLong 
Gold Antifade Mountant with DNA stain DAPI. Primary anti
bodies used included anti-pERK1/2 (1:250, SAB4301578, 
Sigma-Aldrich, St Louis, MO), and anti-Brn3A (1:300, MAP 
1585, Millipore, Billerica, MA). For secondary antibodies, we 
used highly crossed-adsorbed Alexa Fluor-488 goat anti-rabbit 
IgG and Alexa Fluor-546 goat anti-mouse IgG antibodies 
(1:500, Invitrogen, Eugene, OR).

Morphometric analysis

To quantify RGC density, we imaged whole mount retinal 
preparations with an epifluorescence microscope (Nikon 
Eclipse TE300 microscope; Nikon Corp., Tokyo, Japan) using 
20x objective. We took eight images per retina under masked 
condition, two images of 0.14 mm2 from each quadrant, and 
calculated the number of Brn3A+ cells per image using 
a custom-written ImageJ script (ImageJ Macro, U.S. National 
Institutes of Health, Bethesda, MD), to calculate density of 
Brn3A+ cells/mm.2 Each automatically performed cell count 
was visually reviewed under masked condition for quality 
control.

To quantify the number of pERK+Brn3A+ cells in the 
ganglion cell layer, we imaged immunostained frozen hori
zontal retinal sections near the optic nerve under masked 
conditions with confocal microscopy (Leica SP8 confocal 
microscope, IL, USA) using a 20× objective. To standardize 
retinal location, we imaged three to four high-power fields per 
slide using the same magnification 1–2.5 mm from the optic 
nerve head. Each high-power field was imaged in multiple 
channels with filter sets for each color, and images from each 
channel were quantified under masked conditions using 
ImageJ. The number of pERK1/2+Brn3A+ cells for each high- 
power field was normalized to the length of the ganglion cell 
layer counted and converted to pERK1/2+Brn3A+ cells/mm. 
For each data point, numbers from three to four images were 
averaged to calculate the value for each eye while masked, and 
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data for all the eyes were used to calculate mean and standard 
error of the mean.

Quantification of optic nerve axons

Three weeks after AION, we dissected the optic nerves for all 
animals and fixed in 4% PFA overnight to perform quantifica
tion of axon density. To standardize the portion of the optic 
nerve quantified, we analyzed the most anterior portion of the 
myelinated optic nerve, about 1 mm from the globe. Using an 
ultramicrotome (EM UC7, Leica, Wetzlar, Germany) we made 
multiple 1 µm transverse sections from each optic nerve (100 
sections per eye) and stained them with 1% paraphenylenedia
mine (PPD) in methanol/isopropanol (1:1). The sections (9 
sections per eye) were imaged at high-resolution in bright 
field using 100x objective (Nikon Eclipse TE300 microscope; 
Nikon Corp) and then tiled to cover the entire the optic nerve 
cross section. We manually counted the number of axons in 
two 22 µm × 22 µm images per 4 quadrants of each optic nerve 
under masked condition and then calculated the density of 
each image and mean area density for each optic nerve as 
described.38

Statistical analysis

All data were presented as mean ± S.E.M. and analyzed using 
Graph Pad 7 (Prism, San Diego, USA). For statistical compar
ison of two sample groups, nonparametric Mann-Whitney 
U test was used, and *p < .05 was considered statistically 
significant. For groups of more than two, one-way analysis of 

variance (ANOVA) was used with post-hoc Tukey multiple 
comparisons test.

Results

Stable expression of MAPK pathway molecules after AION

To examine changes in the MAPK pathway, we prepared whole 
retinal lysate from adult mice 3 days after severe AION and 
performed Western blot analysis (Figure 1a). Compared to 
control eyes, AION eyes had no change in the protein expres
sion of phosphorylated ERK1/2 (pERK1/2) normalized to pro
tein level of ERK1/2 (n = 3; p = .94). We also found that, after 
normalization against cofilin internal control, there was no 
change in the expression of ERK1/2 downstream target Elk-1 
or MAPK phosphatase Dusp14 after AION (n = 3, p = .43; 
n = 4, p = .97 respectively).

Based on our previous finding that the MAPK phosphatase 
Dusp14 is particularly important in RGC survival after optic 
nerve crush model, we wondered whether the lack of change in 
Dusp14 expression was related to the AION model, which is 
relatively less severe than optic nerve crush, or due to the 
dilutional effect of non-RGC components of the retinal extract. 
Since MAPK pathway molecules have been known to be 
important in optic nerve crush model,39 we performed optic 
nerve crush in 4-week-old rats and purified RGCs using well- 
known RGC marker CD90.1 (see Method). Western blot ana
lysis of purified RGC protein extract after optic nerve crush 
showed that there was no change in Dusp14 expression after 
normalization with internal standard glyceraldehyde 3-phos
phate dehydrogenase (GAPDH)40 (n = 3, p = .78) (Figure 1b). 

Figure 1. Western blot analysis of MAP kinase pathway molecules 3 days after photochemical thrombosis model of AION in mouse or 3 days after optic nerve crush in 
rats. (a) Representative Western blot (top) and quantification (bottom) of pERK1/2, ERK1/2, Elk-1, Dusp14, and cofilin (internal standard) in whole retinal lysate three 
days after AION in mouse. (b) Western blot analysis and quantification of Dusp14 and GAPDH (internal standard) in RGCs purified using RGC marker CD90.1 three days 
after optic nerve crush in rats.
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Thus at least in the short-term measured in whole retinal 
lysates, Dusp14 expression and ERK expression and activation 
do not change in the acute period after AION, and RGC- 
specific Dusp14 expression does not change immediately after 
optic nerve crush.

Increased pERK1/2 in Brn3A+ RGCs after AION in Dusp14 
knockout mice

Although there was no change in retinal Dusp14 expression in 
AION and optic nerve crush, knockdown of Dusp14 expres
sion in vivo using AAV2-anti-Dusp14-shRNA was previously 
shown to promote RGC survival after optic nerve crush,28 so 
we next asked whether lack of Dusp14 affects ERK1/2 
expression30 or activation or RGC survival after AION. We 
used Dusp14 knockout KO mice in order to ensure that our 
findings cannot be attributed to low level of Dusp14 expression 
or function in a viral vector-mediated knockdown model. 
Dusp14 KO mice was suitable for AION study because they 
survive to adulthood and breed with no difficulties, and have 
been found to have normal Brn3A+ RGC density.28

We confirmed Dusp14 KO genotype using PCR, qPCR and 
Western blot (Figure 2a-c) and examined the expression of 
MAPK pathway molecules 3 days after AION. Using immu
nostaining of frozen horizontal sections, we found that there 
was a significant increase in the number of pERK1/2+ Brn3A+ 

cells in the ganglion cell layer in Dusp14 KO mice compared 
with WT mice (n = 4, p = .029, Mann-Whitney U test, Figure 
2e,f). Western blot analysis of whole retinal lysate of WT and 
KO mice again showed no difference in expression of pERK1/2 
normalized against cofilin (n = 3, p = .99, Figure 2g). Thus, 
Dusp14 plays a role in suppressing pERK1/2 after AION in 
RGCs, and RGC-specific immunostaining is a more sensitive 
method than whole-retinal Western blotting to detect these 
changes.

Increased RGC survival in Dusp14 knockout mice 
three-weeks after AION

To determine whether Dusp14 KO affected RGC survival 
after AION, we performed serial in vivo imaging using spec
tral-domain OCT (Figure 3a) and quantification of RGCs 
(Figure 3b) and optic nerve axons (Figure 3c) in Dusp14 
KO and WT mice after AION. On OCT imaging 1 day after 
AION, there was an expected increase in ganglion cell com
plex (GCC) thickness in both WT and Dusp14 KO compared 
with control eyes (WT GCC day 0: 77 µm; WT GCC day 1: 
90.7 µm n = 4–7; p = .0001; KO GCC day 0: 79.7 µm; KO 
GCC day 1: 93.3 µm: n = 11, p = .0001, one-way ANOVA 
post-hoc Tukey comparisons test) (Figure 3a) but no differ
ence between WT and Dusp14 KO AION eyes (p = .99, one- 
way ANOVA post-hocTukey comparisons test). Twenty-one 
days after AION, when we expect to measure stable thinning 
of the GCC after AION,8 there was partial thinning of GCC 
in WT mice but not in Dusp14 KO at day 21 compared 
with day 0 (baseline ipsilateral eye) (WT GCC day 0: 
77 µm, day 21: 74.7 µm; Dusp14 KO GCC day 0: 
79.7 µm, day 21: 79.4 µm;) (Figure 3a). In summary, there 

was 4.7 µm thinning of GCC at day 21 compared to ipsilateral 
control eyes at day 0 in WT mice. However, there was 0.5 µm 
thinning only in KO mice (Figure 3a), which is considered 
partial protection of GCC.

Quantification of Brn3A+ cells in retinal whole mount pre
parations confirmed that Dusp14 KO saved RGCs after AION. 
In WT mice 3 weeks after AION, there was a 60% reduction in 
Brn3A+ RGC area density in WT mice (n = 7; p = .005 Mann- 
Whitney U test) (Figure 3b). Compared with WT mice, 
Dusp14 KO mice had 17% greater preservation of RGC density 
(n = 9; p = .005 Mann-Whitney U test). This preservation of 
RGCs in Dusp14 KO is not due to increased RGC density of 
Dusp14 KO animals at baseline since we previously showed 
that Dusp14 KO had same Brn3A± RGC density as WT mice.28 

Thus, although Dusp14 KO does not affect RGC viability dur
ing development, it is neuroprotective in this model of AION.

To assess optic nerve axonal density, we performed PPD 
axonal staining38 3 weeks after AION in WT and Dusp14 KO 
mice (Figure 3c). In Dusp14 KO mice, there was 45% greater 
preservation of optic nerve axonal area density compared with 
WT mice 3 weeks after AION (n = 7 for both; p = .002, Mann- 
Whitney U test). This 45% greater preservation of axons was 
more than the 17% preservation of Brn3A+ RGCs 3 weeks after 
AION, suggesting a greater impact of Dusp14 deletion on 
axonal survival compared with RGC soma survival.

Discussion

Dual specificity phosphatases like Dusp14 are important reg
ulators of MAPK pathway – one of the most important 
signaling pathway in RGC survival and optic nerve regenera
tion – and they also play important roles in cellular response 
in cancer,41 infectious disease,42 or inflammatory disease.43 

We previously showed that AAV2-mediated Dusp14 knock
down rescues RGCs after optic nerve crush injury model28 

and in this study, we demonstrate for the first time that 
genetic deletion of Dusp14 rescues RGCs and preserved 
optic nerve axons after AION, the most common acute 
optic neuropathy in adults older than 50 years of age. We 
show that RGC rescue was associated with preservation of 
activated MAPK ERK1/2 in RGCs within 3 days after AION. 
We also show that the neuroprotective effect of Dusp14 dele
tion can be corroborated in vivo using OCT. This study is 
important because there is currently no effective treatment for 
AION, and we hope that better understanding of molecular 
changes after AION will lead to identification of novel 
therapeutics.

We previously demonstrated that AAV2-mediated Dusp14 
knockdown protected RGCs one week after rat optic nerve 
crush injury and promoted limited axonal regeneration.28 

Dusp14 knockout also demonstrated significant RGC protec
tion after optic nerve crush.28 Despite the many differences 
between the AION and optic crush models, inhibition of 
Dusp14 and activation of ERK1/2 using genetic (this study) 
or viral28 approaches rescues RGCs after optic nerve insult, 
suggesting a global role for Dusp14 in RGC death in optic 
neuropathies. Other Dusp family members such as Dusp6 
and Dusp1 share homology with Dusp14, and in other model 
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Figure 2. Characterization of Dusp14 knockout mouse and quantification of pERK1/2+ Brn3A+ RGCs 3 days after AION. (a) PCR genotyping of heterozygous (Het), C57BL/ 
6 wild type (WT) and Dusp14 knockout (KO) mice. (b) mRNA expression of Dusp14 normalized to GAPDH in WT and KO mice (n = 4, p = .02, Mann-Whitney U test). (c) 
Western blot analysis of Dusp14 protein expression normalized to cofilin in WT and Dusp14 KO mice (n = 3, *p = .02, Mann-Whitney U test). (d) Experimental design of 
AION study. (e) Representative frozen horizontal retinal sections from WT and Dusp14 KO mice 3 days after AION immunostained with antibodies against pERK1/2 and 
Brn3A (scale bar: 25 µm). (f) Bar graph quantification of immunostaining showing significant relative preservation of pERK1/2+ Brn3A+ RGC in the ganglion cell layer in 
Dusp14 KO mice 3 days after AION (n = 4, *p = .029, Mann-Whitney U test) (g) Western blot example and quantification of whole retinal lysate Dusp14 KO had same 
pERK1/2 protein expression as WT 3 days after AION.
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systems have been similarly linked to survival signaling. For 
example, embryonic fibroblasts from Dusp6 knockout mice 
have reduced apoptosis after myocardial infarction injury.44

Previous study suggests that Dusp14 is mainly localized in 
RGCs pre- and post-optic nerve crush injury in rat.28 However, 

other similar Dusp family proteins such as Dusp1 (MKP1) are 
localized to other retinal cell types.45

Upregulation of pERK1/2 in RGCs in various central nervous 
system injury models have been shown to be neuroprotective46−48 

and important in neurotrophic factor-mediated pro-survival 

Figure 3. Dusp14 knockout mice demonstrate RGC neuroprotection and axon preservation 21 days after AION. (a) (Left) Representative images of OCT (line scan through 
optic disc) of wild type (WT) and Dusp14 knockout (KO) mice 21 days after AION. Temporal retina is on the left and nasal on the right of the images. Red arrow denotes 
ganglion cell complex (GCC). (Right) Bar graph of GCC thickness in WT and Dusp14 KO animals before AION (day 0) and at day 1 and day 21 after AION showing expected 
thickening of GCC at day 1 in both WT and Dusp14 KO groups and partial preservation of GCC thickness 3 weeks after AION in Dusp14 KO compared with WT (*p = .0001, 
one-way ANOVA with Tukey multiple comparisons test). (b) (Left) Representative images from retinal whole mount preparation stained with anti-Brn3A antibody from 
WT and Dusp14 KO mice 21 days after AION. Scale bar: 150 µm. (Right) Bar graph demonstrating significant preservation of Brn3A+ RGCs in Dusp14 KO mice compared 
with WT (n = 9; *p = .005 Mann-Whitney U test). (c) (Left) Representative optic nerve cross sections stained with axonal PPD staining in WT and Dusp14 KO mice 21 days 
after AION. WT sections had more gliosis (#) and swollen axons (^). Scale Bar: 20 µm. (Right) Bar graph of quantification of axonal area density and total axonal count 
showing significant preservation of axonal density in Dusp14 KO mice compared to WT 3 weeks after AION (n = 7 for both; *p = .002, Mann-Whitney U test).
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signaling,46–48 including in RGCs after optic nerve injury in 
response to BDNF.28 We showed that assessment of molecules 
in the MAPK pathway using Western blotting of whole retinal or 
RGC extracts is not a sensitive way of assessing the change in these 
molecules that result in saving RGCs or their axons in AION or 
optic nerve crush models. Instead, morphometric analysis using 
immunohistochemistry to examine pERK1/2+Brn3A+ cells in the 
ganglion cell layer is superior, and our data is consistent with 
activation of MAPK family member ERK1/2 in RGCs three days 
after AION in Dusp14 KO mice compared with control. As both 
kinases like ERKs and phosphatases like Dusp14 can be targeted 
pharmacologically or genetically, it would be interesting in future 
studies to determine whether additional synergy in neuroprotec
tion can be elicited by targeting multiple enzymes in combination.

An important limitation of this study is the use of a genetic 
deletion model. It is scientifically important to assess the 
impact of complete elimination of Dusp14 expression, but 
there may be developmental impact of Dusp14 KO on the 
visual pathway and protein expression. Future AION studies 
using AAV-mediated knockdown of Dusp14 and comprehen
sive characterization of other MAPK family members can help 
confirm our findings in Dusp14 KO animals. For example, it 
will be important to characterize the role of other MAPK 
family members such as JNK and p38 in RGCs and in optic 
nerve axonal neuroprotection for Dusp14 knockout mice. Also, 
future work could be directed at characterizing the temporal 
expression profile of MAPK family members’ expression and 
activation, which might be neuroprotective or detrimental 
depending on timing after ischemic insult. Finally, it will be 
important to extend these anatomic studies to functional 
assays, for example to investigate preservation of visual acuity 
in Dusp14 knockout mice after AION.

In conclusion, our study shows that inhibition of MAPK 
phosphatase Dusp14 rescued RGCs in AION, which is consistent 
with a model of disease where activation of MAPK phosphatase 
Dusp14 inhibits MAPK ERK1/2 and subsequent reduction in the 
survival of RGC soma and axon. Our study underscores the 
importance of studying cell-intrinsic negative regulators like 
Dusp14. Future studies of AION using Dusp deletion as well as 
cell type-specific Dusp14 knockdown or activation will help us 
better understand their functions and may lead to discovery of 
new therapies for treatment of optic neuropathies.
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