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Abstract

Concentrated conditioned media from adipose tissue–derived mesenchymal stem cells (ASC-CCM) show promise for retinal

degenerative diseases. In this study, we hypothesized that ASC-CCM could rescue retinal damage and thereby improve visual

function by acting through Müller glia in mild traumatic brain injury (mTBI). Adult C57Bl/6 mice were subjected to a 50-psi

air pulse on the left side of the head, resulting in an mTBI. After blast injury, 1 lL (*100 ng total protein) of human ASC-

CCM was delivered intravitreally and followed up after 4 weeks for visual function assessed by electroretinogram and

histopathological markers for Müller cell-related markers. Blast mice that received ASC-CCM, compared with blast mice that

received saline, demonstrated a significant improvement in a- and b-wave response correlated with a 1.3-fold decrease in

extracellular glutamate levels and a concomitant increase in glutamine synthetase (GS), as well as the glutamate transporter

(GLAST) in Müller cells. Additionally, an increase in aquaporin-4 (AQP4) in Müller cells in blast mice received saline

restored to normal levels in blast mice that received ASC-CCM. In vitro studies on rMC-1 Müller glia exposed to 100 ng/mL

glutamate or RNA interference knockdown of GLAST expression mimicked the increased Müller cell glial fibrillary acidic

protein (a marker of gliosis) seen with mTBI, and suggested that an increase in glutamate and/or a decrease in GLAST might

contribute to the Müller cell activation in vivo. Taken together, our data suggest a novel neuroprotective role for ASC-CCM in

the rescue of the visual deficits and pathologies of mTBI via restoration of Müller cell health.
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Introduction

Mild traumatic brain injury (mTBI) is the leading cause of

vision loss and blindness in military, sports-related injury,

and traffic accidents in the United States.1 In mTBI, pathological

alterations to the blood–tissue barrier have been noted in both the

brain and retina. Although it is known that breakdown of the blood–

retina barrier in mTBI can result in activation of perivascular mi-

croglial cells resulting in damage to neuronal cells of the retina,1,2

the role of Müller cells in the pathology of mTBI requires further

elucidation to inform therapeutic approaches to treating this mul-

tifaceted disease process. To this end, the exact molecular ma-

chinery involved in Müller cell homeostasis in our mTBI model is

not investigated.

Injury to retinal Müller glial cells may have an inordinate effect

on mTBI visual deficits because they are responsible for the support

of retinal neuron synaptic activity by the uptake of glutamate;

control of fluid transport in the inner retina by mediating trans-

cellular ion, water, and bicarbonate transport; and the regulation of

the tightness of the blood–retinal barrier through end foot processes

that surround retinal blood vessels.3 Consequently, injury to Müller

cells following mTBI is expected to result in retinal edema, neu-

ronal cell dysfunction, and subsequent vision loss.4 These charac-

teristics make Müller cells a vital target in mTBI therapeutics.

A number of excitatory and inhibitory neurotransmitters, in-

cluding glutamate, mediate the functions of the retinal circuitry in

physiological conditions, and several of them are altered in path-

ological conditions.5-7 In the retina, glutamate levels are tightly

maintained by Müller glial cells by the glutamate-aspartate trans-

porter (GLAST) and glutamine synthetase (GS).8,9 The initial,

prompt clearance of released glutamate from the extracellular space

via GLAST is crucial to prevent glutamate-induced neurotoxicity
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for normal retinal function.10,11 Apart from glutamate regulation,

Müller cells are also involved in water homeostasis and potassium

channel conductance in the retina.12,13 Aquaporin’s (AQPs) are

responsible for water and ion homeostasis in the retina. AQP4 is

expressed in Müller glia in the retina, and their processes closely

associate with photoreceptors and retinal neurons. A variety of

pathological conditions such as light exposure and diabetic ret-

inopathy have been correlated with altered expression changes in

AQP4.13,14

Stem cell–derived secretome-based therapies for the treatment

of retinal degenerative diseases show promise; however, their exact

mechanism of action and the possible cellular targets is unclear.15

Previously, we demonstrated that intravitreal injection of human

adipose tissue–derived mesenchymal stem cell concentrated con-

ditioned medium (ASC-CCM) protects against the visual deficits of

mTBI.16 A single intravitreal injection of ASC-CCM mitigated loss

of visual acuity and contrast sensitivity 5 weeks post–blast injury.

Interestingly, blast mice showed increased retinal glial fibrillary

acidic protein (GFAP) immunoreactivity in Müller cells, indicative

of an astrocytic response to the retinal injury, and blast mice that

received ASC-CCM showed a prevention of this Müller cell gliosis.

Since mesenchymal stem cell–derived biologics acts via multiple

mechanisms of action and effect on modulating multiple cell types

concurrently,17 determining the relative effect of ASC-CCM on the

different cell types will help to further clarify the function of adi-

pose tissue–derived stem cell (ASC) therapies.

Considering the involvement of Müller cells in the retinal pa-

thology following mTBI, in this study, we hypothesized that ASC-

CCM might rescue retinal damage and thereby improve visual

function after mTBI by normalizing GS, GLAST, and AQP4 in

Müller cells. Using our mTBI mouse model,1,18 we show that 4

weeks post–blast injury, ASC-CCM not only decreased extracel-

lular glutamate levels back to normal levels but also increased the

expression of GS and GLAST back to sham levels, and decreased

the expression of AQP4 in blast mice to normal. Our current in vivo

and in vitro studies, taken together with our previous observation of

improvement in visual response with ASC-CCM, suggest a novel

indirect neuroprotective role for ASC-CCM in the rescue of visual

deficits of mTBI via restoration of Müller cells to a normal state.

Methods

ASC culture and conditioned medium preparation

ASC culture and preparation of concentrated conditioned medium
were performed as described by us previously.17 Briefly, ASCs
(Lonza, Walkersville, MD; Cat# PT-5006, Lot# 0000535975)
were cultured in serum-free media (MEM-alpha) were primed
with 20 ng/mL tumor necrosis factor (TNF)a (R&D Systems) and
10 ng/mL interferon c (R&D Systems) in basal media for 24 h.
ASCs were washed to remove cytokines and then cultured in
basal media for an additional 24 h, at which point the conditioned
media was collected and concentrated *20 · using a 3 kDa mo-
lecular weight cutoff Amicon Ultra-15 centrifugal-concentrator
and desalted. Aliquots were stored at -80�C and used in assays
subsequently.

Blast injury and study groups

All studies with blast injury were performed as described by us
recently. Animal studies were approved by the Institutional Animal
Care and Use Committee, UTHSC, Memphis, and USAMRMC
Animal Care and Use Review Office following the guidelines per
the Association for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision Research

and the Association for Assessment and Accreditation of Labora-
tory Animal Care guidelines. The mTBI mouse model of male adult
12-week-old C57Bl/6 mice and the preparation of ASC-CCM used
in the current study is described previously.16 Blast injury mice
were divided into two groups based on the intravitreal injection: 1)
Blast-Saline (Blast-Sal), which received 1 lL of physiological sa-
line into both eyes; and 2) Blast-ASC-CCM, which received 1 lL
(*100 ng of protein) of cytokine primed ASC-CCM into both eyes.
Sham-blast mice that underwent sham injury1 received 1 lL of
saline into both eyes and served as control. All studies described
below performed 4 weeks after intravitreal injections.

Electroretinography

Scotopic threshold electroretinogram (ERG) recordings were
obtained using the Espion E2 ERG system (Diagnosys LLC,
Lowell, MA), as we described previously.17 Briefly, mice that were
dark adapted exposed to different flashes of increasing intensity
ranging from 0.0025 to 25 cd/m2. Each flash repeated five times
with appropriate intervals between flashes to generate a- and
b-wave amplitudes.

Glutamate assay in the retina

Some mice were euthanized, and their eyes quickly removed.
After carefully removing the anterior chamber, the retinal eyecups
were scooped out and snap-frozen until analysis. Retinal free glu-
tamate concentration was measured by a glutamate assay kit fol-
lowing the manufacturer’s guidelines (ab83389, Abcam). Retinas
were homogenized in 100 lL of assay buffer containing Triton-X
100 and centrifuged at 12,000 rpm for 10 min at 4�C. The super-
natant was collected and mixed with 100 lL of the reaction mixture
containing glutamate assay buffer, glutamate enzyme, and gluta-
mate developer, incubated at 37�C for about 30 min. Following
this, the absorbance was measured at 450 nm using Biotek micro-
plate reader. The amount of glutamate in each retina was then
quantified against glutamate standard curve.

Tissue preparation and immunohistochemistry

Some mice were euthanized, and their eyes quickly removed. The
cornea was cut away, the lens and vitreous were removed, and the
eyecups fixed for 4 h in freshly prepared 4% paraformaldehyde at
4�C. Subsequently, the eyecups were cryopreserved in a graded series
of sucrose solution and embedded in optimal cutting tempera-
ture (Microm-HM 550, Thermo Scientific) at -20�C. About 12-lm
thickness of the retina along a dorsal to the ventral axis were placed on
to L-poly lysine coated slides and stored at -20�C for further use.
Immunohistochemistry (IHC) was used to localize the expression of
target proteins. Cryosections were washed three times with 0.1 M
phosphate-buffered saline (PBS) and 0.01% Triton-X. Following this
non-specific binding sites were blocked with 5% normal serum in
0.1 M PBS for 1 h and then incubated in primary antibodies (Table 1)
against GS (dilutions: 1 lg/mL, mouse monoclonal, catalog number:

Table 1. List of Antibodies

Primary Ab
Dilution
for WB

Catalogue
Number Sources

Anti-GFAP 1 lg/mL ZO334 Dako
Anti-GS 1 lg/mL MAB302 Millipore
Anti-GLAST1 1 lg/mL ab416 Abcam
Anti-AQP4 1 lg/mL A5971 Sigma-Aldrich
Anti- b-tubulin 1 lg/mL MA5-16308 Thermo Fisher Scientific

Ab, antibody; WB, Western blotting; GFAP, glial fibrillary acidic protein;
GS, glutamine synthetase; GLAST, glutamate transporter; AQP4, aquaporin-4.

ASC-CCM ALTERS RETINAL PROTEINS IN MTBI 1703



MAB302, Millipore), GLAST (dilutions: 2 lg/mL, rabbit polyclonal,
catalog number: ab416, Abcam), or AQP4 (dilutions: 2 lg/mL, rabbit
polyclonal, catalog number: A5971, Sigma-Aldrich) for 48 h at 4�C.

After three consecutive washes with 0.1 M PBS-Triton-X, sec-
tions were incubated in their respective secondary antibodies (goat
anti-rabbit IgG Alexa Fluor 488 or 546 and goat anti-mouse IgG
Alexa Fluor 546, dilution: 2lg/mL, Thermo Fisher Scientific) for
2 h at room temperature. Finally, after a brief wash retinal sections
were incubated with DAPI for nuclear staining, and examined under
a laser scanning confocal microscope (Zeiss LSM 710). Tissue
sections without exposure to the primary antibody served as nega-
tive controls for immunostaining. The average relative fluorescence
units (RFU) per 100,000 lm2 of the retina for GS, GLAST, and
AQP4-immunolabeling were analyzed from at least three sections
(from NFL to retinal pigment epithelium [RPE]) per eye by an
investigator blinded to the groups.

rMC-1 cell culture

The rMC-1 (Cat#ENW001, Kerafast) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing L-glutamine and
supplemented with 10% of HI-FBS, 100 U/mL penicillin, and 100
ug/mL streptomycin. The cells were incubated in a humidified 5%
CO2 incubator at 37�C. Upon reaching 90%, confluence cells were
trypsinized and plated in individual plates for subsequent experi-
ments. For studies involving exposure to glutamate, about 100,000
cells in a well of a 24-well plate were incubated with 0.5 mL basal
growth medium and challenged with 100 ng/mL of glutamate for 2 h.
For studies involving ASC-CCM, rMC-1 were grown in serum-free
media and pre-incubated cells with ASC-CCM (10 lL/0.5 mL) for 4 h
before exposing them to glutamate (100 ng/mL) for 24 h.

WST-1 viability assay of rMC-1 glial cells

About 10,000 cells/well of rMC-1 were cultured in a 96-well
plate. After 2 h of attachment, cells were washed twice with Dul-
becco’s PBS (DPBS) and incubated with 2 lL (*200 ng of protein)
of ASC-CCM in serum-free DMEM. After 4 h, cells were exposed
to different concentrations of glutamate (50, 100, and 200 ng/mL)
or H2O2 (positive control) for further 24 h in a humidified 5% CO2

incubator at 37�C. Cell viability was analyzed using WST-1 (Ta-
KaRa; Cat #MK400) dye according to the manufacture guidelines.
The colored formazan products were measured at 450 nm and
690 nm using Biotek microplate reader. The cell viability was
plotted against glutamate concentration.

Small interfering RNA transfection
to reduce GLAST in rMC-1

To knockdown GLAST in rMC-1, cells were seeded at 100000
cells/well of a six-well plate in complete DMEM media. After cell
attachment, rMC-1 was transfected with 100 nM of small interfering
RNA (siRNA) against GLAST (Thermo Fisher) or negative control

siRNA using RNAiMax (Thermo Fisher Scientific, Cat#13778-150)
reagent. After 24 h of transfection, rMC-1 was washed with DPBS,
exposed to ASC-CCM (20 lL /mL) for 4 h, and challenged with
100 ng/mL of glutamate for a further 24 h. Finally, cells were har-
vested for gene expression analysis.

Real-time polymerase chain reaction
and Western blotting

Both retinal tissue samples from blast injury experiments and
rMC-1 cells were processed for RNA and protein for gene and
protein expression, respectively. Briefly, after various treatments,
RNA was isolated using NucleoSpin� RNA Plus kit (Macherey-
Nagel GmbH, Takara Bio USA), following the manufacturers
protocol. About 250 ng of total RNA from each sample was con-
verted to complementary DNA (cDNA) using SuperScript III first-
strand synthesis supermix (Thermo Fisher Scientific). The resulting
cDNA sample served as a template for real-time quantitative
polymerase chain reaction (qPCR) using TaqMan probes (Table 2)
and accompanying Master Mix (Applied Biosystems, Foster City,
CA). The expression levels of target gene transcripts were deter-
mined using the 2-DDCt method and normalized to 18S rRNA.

Western blotting for GFAP, GS, GLAST, and AQP4 was per-
formed to analyze the quantitative changes in their expressions
among all experimental conditions. The retinal pellet was pre-
served during RNA isolation for Western Blotting. The pellet was
dissolved in protein dissolving buffer (Macherey-Nagel GmbH,
Takara Bio USA), supernatant was collected after centrifugation
and stored at -800C. Protein concentrations of the samples were
estimated by BCA method. About 25 lg of total protein was loaded
in each lane, along with protein markers (molecular weight range:
10-250 kDa, Bio-Rad, Hercules, CA, USA) and resolved on a
NuPAGE Bis-Tris pre-cast gels (Thermo Fisher Scientific) and
transferred to a PVDF membrane. After blocking the membrane for
an hour in 5% bovine serum albumin (BSA) in TBST, it was probed
with appropriate primary antibodies (Table 1) for 12 h at 4�C. This
was followed by incubation with HRP-conjugated secondary an-
tibodies and detection using an enhanced chemiluminescence kit
(GE Healthcare, Chicago, IL). Targeted proteins were probed in
separate blots. From independent experiments, mean densitometry
data were normalized to control using Image-J software and re-
presented as the ratio of the target protein to ubiquitous endogenous
b-tubulin control.

Quantification of immunocytochemistry

Immunocytochemistry was performed to study GFAP, GS,
GLAST, and AQP4 in rMC-1 cells as described by us recently.16

Quantification of pixel intensities for various proteins was analyzed
from at least five images from different locations per well and
expressed as an average of the experimental groups.

Table 2. TaqMan Probes

Genes Assay ID Reference sequence Amplicon length

18S ribosomal RNA (18s rRNA) Mm04277571_s1 Mm04277571_s1 115
Glutamate aspartate transporter-1(GLAST-1) Mm00600697_m1 NM_148938.3 71
Glutamine synthetase (GS) Mm00725701_s1 NM_008131.4 110
Aquaporin-4 (AQP4) Mm00802131_m1 NM_009700.2 69
Glial fibrillary acidic protein (GFAP) Mm01253030_m1 NM_001131020.1 64
Glyceraldehydes 3-phosphate dehydrogenase (GAPDH) Rn01462662_g1 NM_017008.4 90
GFAP Rn01253033_m1 NM_017009.2 75
GLAST-1 Rn00570130_m1 NM_001289942.1 88
GS Rn01483107_m1 NM_017073.3 89
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Statistical analysis

Data are represented as mean – standard error of the mean
(SEM) among the three experimental groups in vivo. Experiments
involving rMC-1 cells in vitro were performed in duplicates and
repeated three times independently. A one-way parametric analysis
of variance, followed by post hoc Bonferroni test, was performed to
compare the data for statistical significance. Analyses were carried
out using SPSS 17 (IBM Inc., USA), and p £ 0.05 was considered to
be statistically significant.

Results

ASC-CCM ameliorates increased free
glutamate in blast injury mice

Previously we have shown that ASC-CCM could suppress in-

creased GFAP expression in Müller glial cells in mTBI mouse retina.16

To confirm Müller cell activation in this batch of blast injury mice,

we measured GFAP messenger RNA (mRNA) by real-time reverse

transcription (RT)-PCR and verified finding with Western immuno-

blots for all groups (Fig. 1). As expected, the GFAP gene expression

significantly increased in the Blast-Sal group compared with the

Sham-Blast mice retina, with their levels restored by ASC-CCM in

blast mice retina (Sham-Blast vs. Blast-Sal; p < 0.01 and Blast-Sal vs.

Blast/ASC-CCM; p < 0.04; n = 5-10; Fig. 1A). To confirm the gene

expression results, Western blot was performed in all three groups. As

shown in Figure 1B, a significant upregulation in GFAP expression

in the Blast-Sal group noted as compared with that in Sham-Blast was

seen, with a significant decrease in blast mice that received ASC-CCM

compared with blast – vehicle mice (Sham-Blast vs. Blast-Sal;

p < 0.001 and Blast-Sal vs. Blast/ASC-CCM; p < 0.001; n = 4).

Since the glutamate-glutamine cycle is very tightly regulated in

the retina to prevent glutamate-induced neurotoxicity, we then

measured the extracellular free glutamate levels in all experi-

mental groups. While the sham-blast retinal tissue measured

255.65 – 58.74 lM of glutamate, the free glutamate level was

significantly increased in Blast-Sal group (396.40 – 12.33 lM;

p < 0.032). Interestingly, blast mice that received ASC-CCM

demonstrated 289.37 – 21.65 lM of glutamate, a 1.3-fold sig-

nificant reduction as compared with blast mice receiving saline

( p < 0.05; Fig.1C).

ASC-CCM ameliorates decreased
GS in blast injury mice

Given that free glutamate levels are increased in blast injury

mice retinas and that GS catalyzes the amidation of glutamate to

glutamine, we examined the GS expression pattern in all three

experimental groups. While GS expression is noted in inner

plexiform layer (IPL), inner nuclear layer (INL), outer nuclear layer

(ONL), and microvilli of Müller cell processes in Sham-Blast retina

(Fig. 2A), the Blast-Sal group demonstrated a decreased GS ex-

pression throughout the retina (Fig. 2B). Interestingly, GS

FIG. 1. Intravitreal injection of adipose tissue–derived mesenchymal stem cell concentrated conditioned medium (ASC-CCM) re-
stores the altered glial fibrillary acidic protein (GFAP) expression and extracellular free glutamate levels in blast injury mice.
(A) Assessment of gene expression by TaqMan quantitative polymerase chain reaction and expressed as fold change normalized to
internal control (18s rRNA) in the study groups. Data represent mean – SEM from n = 5-10 animals/group performed in duplicates.
*p < 0.05; ***p < 0.001. (B) Representative Western blot showing increased GFAP in the blast-exposed retina and decreased by ASC-
CCM intravitreal injection. Mean densitometry data of GFAP protein expression normalized to b-tubulin control using Image-J
software. Data represent mean – SEM from n = 4 animals/group. (C) Extracellular glutamate measured in retinal extracts by glutamate
enzyme-linked immunosorbent assay. Data represent mean – SEM from n = 4-8 animals/group (Sham-Blast vs. Blast-Sal *p < 0.03;
Blast-Sal vs. Blast/ASC-CCM *p < 0.05). Color image is available online.

ASC-CCM ALTERS RETINAL PROTEINS IN MTBI 1705



expression was restored to sham blast retina levels in blast injury

mice that received ASC-CCM (Fig. 2C). The mean total pixel in-

tensity of GS expression measured from NFL to RPE in normal

sham-blast group retina was 56.10 – 6.56, while the blast group

with saline was 31.29 – 1.78 (mean intensity/100,000 lm2 area;

p < 0.003, n = 6; Fig. 2D). On the other hand, blast mice with ASC-

CCM showed increased GS expression relative to blast–vehicle

mice (47.68 – 2.96 mean intensity/100,000 lm2 area; p < 0.049,

n. = .6).

To confirm the IHC analysis of GS expression, mRNA levels of

GS were assessed by real-time RT-PCR. While the GS expression

was significantly decreased in the Blast-Sal mice retina com-

pared with Sham-Blast mice retina, the levels of GS expression

were restored by ASC-CCM in the blast-exposed retina (Sham-

Blast vs. Blast-Sal, p < 0.006 and Blast-Sal vs. Blast/ASC-CCM,

p < 0.019; Sham-Blast vs. Blast/ASC-CCM, p > 0.05; n = 9-13;

Fig. 5). To confirm the gene expression results, Western blot was

performed in all three groups. As shown in Figure 6, a signifi-

cant reduction in GS expression in the Blast-Sal group noted as

compared with that in Sham-Blast was seen, with a significant

increase in blast mice that received ASC-CCM compared with

blast–vehicle mice (Sham-Blast vs. Blast-Sal, p < 0.03; Blast-

Sal vs. Blast/ASC-CCM, p < 0.05; Sham-Blast vs. Blast/ASC-

CCM, p > 0.05; n = 3-5).

ASC-CCM ameliorates decreased
GLAST in blast injury mice

GLAST plays an important role in glutamate metabolism, and it

is currently unknown how mTBI could influence its expression in

the retina. In the Sham-Blast group retina, widespread expression

of GLAST was strongly evident in Müller cell processes passing

through the nerve fiber layer (NFL), ganglion cell layer (GCL), IPL,

outer plexiform layer (OPL) and ONL in the retina (Fig. 3A). On

the other hand, in Blast-Sal group retina, a decreased GLAST ex-

pression was observed in Müller cell processes specifically in GCL

(star), IPL, INL, ONL, and microvilli of Müller cells as compared

with that in Sham-Blast group (Fig. 3B). Interestingly, GLAST

expression was restored to sham blast retina levels in blast injury

mice that received ASC-CCM (Fig. 3C). The mean total pixel

FIG. 2. Decrease in glutamine synthetase (GS) was seen in blast injury retina and improved by intravitreal injection of adipose tissue–
derived mesenchymal stem cell concentrated conditioned medium (ASC-CCM). Immunohistological analysis of retinal tissue from all
groups 4 weeks post–blast injury. Confocal micrographs showing GS (red) in the retina of Sham-Blast (A), Blast-Sal (B), and Blast/
ASC-CCM (C) with 4¢,6-diamidino-2-phenylindole (DAPI; blue) staining showing different retinal layers (GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear layer). (D) Image J quantification of GS intensity. * represent areas of significant change.
Data represent mean – SEM from n = 6 animals/group (Sham-Blast vs. Blast-Sal **p < 0.003, Blast-Sal vs. Blast/ASC-CCM *p < 0.049).
Scale bar = 50 lm. Color image is available online.
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intensity of GLAST expression measured from NFL to RPE in

normal sham-blast group retina was 66.58 – 3.77, while for the blast

group with saline, it was 27.58 – 4.28 (mean intensity/100,000 lm2

area; p < 0.002, n = 4; Fig. 3D). On the other hand, blast mice with

ASC-CCM showed increased GLAST expression compared with

Blast-Sal mice (73.77 – 7.39 mean intensity/100,000 lm2 area;

p < 0.001, n = 4). To confirm the IHC analysis of GLAST expres-

sion, mRNA levels of GLAST were assessed by real-time RT-PCR.

While the GLAST expression significantly decreased in Blast-

Sal compared with Sham-Blast mice retina, the levels of GLAST

expression were restored by ASC-CCM in the blast-exposed retina

(Sham-Blast vs. Blast-Sal; p < 0.009 and Blast-Sal vs. Blast/ASC-

CCM- p < 0.001; Sham-Blast vs. Blast/ASC-CCM; p > 0.05; n = 9-

13; Fig. 5). To confirm the gene expression at protein levels,

Western blot was performed in all three groups. As shown in

Figure 6, a significant reduction in GLAST expression in the Blast-

Sal group noted as compared with that in Sham-Blast group, with a

significant increase in blast mice that received ASC-CCM com-

pared with Blast-Sal mice (Sham-Blast vs. Blast-Sal; p < 0.04;

Blast-Sal vs. Blast/ASC-CCM; p < 0.068 and Sham-Blast vs. Blast/

ASC-CCM; p > 0.05; n = 3-5).

ASC-CCM ameliorates increased AQP4
in blast injury mice

Since the glial water channel protein AQP4 has been associated

with edema formation in pathological conditions,19 we measured

AQP4 levels in the retina after mTBI. While the Sham-Blast group

retina (Fig. 4A) showed moderate immune reactivity in the GCL,

the retinas from the Blast-Sal group demonstrated a widespread

expression with intense expression in the end-feet of Müller cells in

NFL (star; Fig. 4B). Interestingly, AQP4 expression was restored to

sham blast retina levels in blast injury mice that received ASC-

CCM (Fig. 4C). The mean total pixel intensity of AQP4 expression

measured from NFL to RPE in normal sham-blast group retina was

6.56 – 1.8, while for the blast group with saline, it was 26.48 – 4.92

(mean intensity/100,000 lm2 area; p < 0.006, n = 6; Fig. 4D). On

the contrary, blast mice with intravitreal injection of ASC-CCM

showed reduced AQP4 expression (11.08 – 4.87 mean intensi-

ty/100,000 lm2 area; p < 0.03, n = 6). To confirm the IHC analysis

of AQP4 expression, mRNA levels of AQP4 were assessed by

real-time RT-PCR. While the AQP4 expression significantly in-

creased in Blast-Sal group compared with Sham-Blast mice retina,

FIG. 3. Decrease in glutamate-aspartate transporter (GLAST) was seen in blast injury retina and improved by intravitreal injection of
adipose tissue–derived mesenchymal stem cell concentrated conditioned medium (ASC-CCM). Immunohistological analysis of retinal
tissue from all groups 4 weeks post–blast injury. Confocal micrographs showing GLAST (green) in the retina of (A) Sham-Blast,
(B) Blast-Sal, and (C) Blast/ASC-CCM with 4¢,6-diamidino-2-phenylindole (DAPI; blue) staining showing different retinal layers
(GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer). (D) Image J quantification of GLAST intensity. Arrow
and * represent areas of significant change. Data represent mean – standard error of the mean from n = 4 animals/group (Sham-Blast vs.
Blast-Sal **p < 0.002; Blast-Sal vs. Blast/ASC-CCM ***p < 0.001). Scale bar = 50 lm. Color image is available online.
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the levels of AQP4 expression were restored to sham blast mice levels

by ASC-CCM in blast-exposed retina (Sham-Blast vs. Blast-Sal,

p < 0.001; Blast-Sal vs. Blast/ASC-CCM, p < 0.001; and Sham-Blast

vs. Blast/ASC-CCM, p > 0.05; n = 9-13; Fig. 5). To confirm the gene

expression at protein levels, Western blot was performed in all three

groups. As shown in Figure 6, a significant increase in AQP4 ex-

pression in the Blast-Sal group noted was compared with Sham-Blast

group, with a significant decrease in blast mice that received ASC-

CCM compared with the Blast-Sal mice (Sham-Blast vs. Blast-Sal,

p < 0.04; Blast-Sal vs. Blast/ASC-CCM, p < 0.036 and Sham-Blast vs.

Blast/ASC-CCM, p > 0.05; n = 3-5).

ASC-CCM ameliorates b- and a-wave
in blast injury mice

Previously we have shown that ASC-CCM suppresses visual

deficits as measured by optokinetic measurements in blast In-

duced damage.16 Considering the significant role for Müller cells

in the retina that are post-synaptic to the photoreceptors, we

measured b-wave and a-wave to determine if changes in gluta-

mate levels affected the ERG. Dark-adapted scotopic ERG re-

sponses were recorded from the left eyes of all study groups. With

increasing light intensities, an expected increase in b-wave am-

plitudes could be discerned in all groups, but with a significant

reduction noted in the blast-saline mice as compared with sham

blast mice across all light intensities ( p < 0.01). While the b-wave

amplitude at 0.25 cd/m2 light intensity in sham blast group of

animals was 396.08 – 10.14 lV, in blast injury mice that received

saline, it was significantly decreased to 297.13 – 17.35 lV ( p < 0.001;

Fig. 7A). On the other hand, intravitreal injection of ASC-CCM re-

sulted in improvement in the b-wave amplitude across all intensities,

with significant improvement from blast-vehicle values noted at 0.25

cd/m2 (343.38 – 14.50 lV for the blast-ASC-CCM group; p < 0.05),

and at 0.025 cd/m2 (281.98 – 18.16 lV for the blast-ASC-CCM

group; p < 0.05). Additionally, blast mice that received intravitreal

injection of ASC-CCM were insignificantly ( p > 0.05) different from

sham blast mice suggesting a successful intervention. Similar to the

b-wave, a-wave amplitude at 25 cd/m2 flash light intensity in sham

blast group of animals were -308.26 – 15.35 lV, which was signifi-

cantly increased to -242.4 – 15.58 lV in blast injury mice that

FIG. 4. Increase in aquaporin-4 (AQP4) was seen in blast injury retina and improved by intravitreal injection of adipose tissue–
derived mesenchymal stem cell concentrated conditioned medium (ASC-CCM). Immunohistological analysis of retinal tissue from all
groups 4 weeks post–blast injury. Confocal micrographs showing AQP4 (red) in the retina of (A) Sham-Blast, (B) Blast-Sal, and
(C) Blast/ASC-CCM with 4¢,6-diamidino-2-phenylindole (DAPI; blue) staining showing different retinal layers (GCL, ganglion cell
layer; INL, inner nuclear layer; ONL, outer nuclear layer). (D) Image J quantification of AQP4 intensity. * represents areas of significant
change. Data represent mean – standard error of the mean from n = 6 animals/group (Sham-Blast vs. Blast-Sal **p < 0.01; Blast-Sal vs.
Blast/ASC-CCM *p < 0.05). Scale bar = 50 lm. Color image is available online.
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received saline ( p < 0.04; Fig. 7B) (meaning it was impaired in blast-

saline mice, given that the a-wave is negative-going). On the other

hand, intravitreal injection of ASC-CCM resulted in significant im-

provement in a-wave amplitude at 25 cd/m2 (299.93 – 14.00 lV for

the blast-ASC-CCM group, p < 0.02).

ASC-CCM and glutamate does not affect
Müller cell viability

To better understand the role of Müller cell in blast injury mice,

rMC-1 cells were assessed in vitro for their morphology and via-

bility with glutamate in the presence or absence of ASC-CCM.

Neither glutamate (100 ng/mL) nor ASC-CCM treatments altered

the morphology of rMC-1 cells (Fig. 8B, 8C). Cell viability studies

performed with WST-1 in rMC-1 cells demonstrated expected

cleavage of the tetrazolium salt to formazan by cellular mito-

chondrial dehydrogenase that remained unaffected across all doses

of glutamate, with the highest dose showing a marginal decrease in

cell viability; however, the data did not reach statistical significance

(Fig. 8D). Additionally, those cells that were challenged with

glutamate and pre-incubated with ASC-CCM also did not show an

effect on the rMC-1 cell viability. Cells incubated with 160 lM

H2O2, a known inducer of oxidative stress, served as a positive

control in the experiment, demonstrating a significant reduction in

the cell viability.

ASC-CCM alleviates glutamate-induced changes
in GFAP, GLAST, and GS in Müller glia

To establish the direct therapeutic role of ASC-CCM on Müller

cells, we next assessed glutamate-induced excitotoxicity on Müller

cell markers in vitro. To this end, we utilized rMC-1 cells treated

with glutamate (100 ng/mL) with or without ASC-CCM for 24 h in

serum-free conditions to assess GFAP, GLAST, and GS expres-

sion. While the immunofluorescence staining of GFAP appeared

more intense in glutamate exposed cells compared with that of

untreated control cells, those cells pre-incubated with ASC-CCM

and exposed to glutamate showed near-normal expression pattern

(Fig. 9A-C). These findings were corroborated by mRNA expres-

sion, with a nearly 2-fold increase in GFAP expression with

FIG. 6. Intravitreal injection of adipose tissue–derived mesenchymal stem cell concentrated conditioned medium (ASC-CCM) re-
stores the altered protein expression of glutamine synthetase (GS), glutamate-aspartate transporter (GLAST), and aquaporin-4 (AQP4)
in blast injury mice. (A) Representative Western blot showing decreased GS, GLAST, and increased AQP4 in the blast-exposed retina
and improved by ASC-CCM intravitreal injection. (B) Densitometry analysis normalized with b-Tubulin. Data represent
mean – standard error of the mean (SEM) from n = 3-5 animals/group. GS (Sham-Blast vs. Blast-Sal *p < 0.03, Blast-Sal vs. Blast/ASC-
CCM *p < 0.05); GLAST (Sham-Blast vs. Blast-Sal *p < 0.03, Blast-Sal vs. Blast/ASC-CCM *p > 0.05) and AQP4 (Sham-Blast vs.
Blast-Sal *p < 0.04, Blast-Sal vs. Blast/ASC-CCM *p < 0.03). Color image is available online.

FIG. 5. Intravitreal injection of adipose tissue–derived mesen-
chymal stem cell concentrated conditioned medium (ASC-CCM)
restores the altered retinal gene expression of glutamine synthe-
tase (GS), glutamate-aspartate transporter (GLAST), and
aquaporin-4 (AQP4) in blast injury mice. Assessment of gene
expression by TaqMan quantitative polymerase chain reaction and
expressed as fold change normalized to internal control (18s
rRNA) in the study groups. Data represent mean – standard error
of the mean (SEM) from n = 9–13 animals/group performed in
duplicates. GS (Sham-Blast vs. Blast-Sal **p < 0.006, Blast-Sal
vs. ASC-CCM *p < 0.02); GLAST (Sham-Blast vs. Blast-Sal
**p < 0.009, Blast-Sal vs. Blast/ASC-CCM ***p < 0.001) and
AQP4 (Sham-Blast vs. Blast-Sal ***p < 0.001, Blast-Sal vs. Blast/
ASC-CCM ***p < 0.001). Color image is available online.
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glutamate exposure ( p < 0.02) and a significant reduction in the

case of cells pre-incubated with ASC-CCM and exposed to gluta-

mate compared with cells incubated with glutamate alone

( p < 0.01; Fig. 9D). While the levels of GS did not differ with

exposure to glutamate as assessed by both immunofluorescence

(Fig. 9E-G) or real-time RT-PCR (Fig. 9H), the levels of GLAST

were significantly reduced in cells exposed to glutamate as assessed

by both immunofluorescence (Fig. 9I-K) or real-time RT-PCR,

with a significant amelioration with ASC-CCM ( p £ 0.01; Fig. 9L).

ASC-CCM alleviates glutamate-induced
changes in AQP4 in Müller glia

Since the glial water channel protein, AQP4, was noted to be

increased in blast mice, we measured AQP4 expression in rMC-1

cells upon exposure to glutamate in the presence or absence of

ASC-CCM. While the expression of AQP4 is very low in untreated

control cells (Fig. 10A), its expression as assessed by the immu-

nofluorescence staining demonstrated a robust expression in cells

exposed to glutamate as compared with that of untreated control

cells (Fig. 10B). On the other hand, those cells pre-incubated with

ASC-CCM and exposed to glutamate showed near-normal ex-

pression pattern of AQP4 (Fig. 10C). The mean total pixel intensity

of AQP4 expression in control group cells was 1.56 – 0.2 lm2 while

the rMC-1 cells exposed to glutamate was 3.59 – 0.4 lm2 ( p < 0.01;

n = 6). On the other hand, rMC-1 cells pre-incubated with ASC-

CCM and challenged with glutamate showed reduced AQP4 ex-

pression (2.01 – 0.2 lm2; p < 0.01, n = 6; Fig. 10D).

ASC-CCM alleviates glutamate-induced gliosis through actions

on GLAST in Müller glia Since we noted that Glutamate exposure

reduces the GLAST expression in rMC-1 cells, we asked if GLAST

regulates the expression of GFAP and thus might contribute to the

Müller gliosis observed in vivo. To test this hypothesis, we first

transfected rMC-1 cells with a GLAST siRNA or a scrambled

control siRNA for 24 h and then exposed to glutamate (100 ng/mL)

with or without ASC-CCM for further 24 h (Fig. 11A) and mea-

sured the levels of GFAP. First, we confirmed that GLAST siRNA

is indeed able to knock down GLAST in rMC-1 cells in the pres-

ence or absence of glutamate ( p < 0.001; Fig. 11B). While the

GLAST siRNA transfection resulted in a 2-fold increase in GFAP

levels (as compared with control siRNA, p < 0.001; Fig. 11C), no

further additive increase noted upon exposure to glutamate (as com-

pared with control siRNA, p < 0.001; Fig. 11C). Interestingly, those

cells pre-incubated with ASC-CCM with and without exposure to

glutamate demonstrated a significant reduction in GFAP levels

(as compared with GLAST siRNA, p < 0.05; Fig. 11C). Surprisingly,

GS expression was only marginally upregulated GS in cells treated

with GLAST siRNA transfection ( p < 0.04; Fig. 11D) and remained

unaffected with ASC-CCM. Taken together, this suggests that ASC-

CCM directly affects GLAST to normalize GFAP in the Müller cells.

Discussion

Our previous studies have demonstrated the beneficial effects of

concentrated conditioned medium from cytokine-primed ASC in

the mTBI mouse model through neurovascular modulation via

decreased microglial and endothelial activation.16,17 In this study,

we show that ASC-CCM may impart its neuroprotective effects via

regulating Müller cells. The retinal tissues assessed here at 4 weeks

post–blast injury demonstrates adverse changes in Müller cell-

related markers, such as increased extracellular glutamate levels

with a decreased expression of GS and GLAST, and an increase in

the expression of AQP4 in blast mice. Additionally, Müller cells

in vitro demonstrated a similar decrease in GLAST with increased

GFAP upon exposure to glutamate. Interestingly, a single intravitreal

injection of ASC-CCM into the blast injury mice ameliorated these

glutamate-and Müller cell-related abnormalities, and this action de-

pends, at least in part, on the presence of GLAST, based on our

studies in Müller cells in vitro.

Prior studies have shown that the TBI model used here does

develop retinal thinning, loss of neuronal cells in the retinal gan-

glion cell layer and loss of axons in optic nerve suggesting

FIG. 7. Intravitreal injection of adipose tissue–derived mesenchymal stem cell concentrated conditioned medium (ASC-CCM) improves
retinal function in blast injury mice. (A) b-wave amplitude measurement in mice at various flash intensities in the left eye. Inset showing
representative electroretinogram tracings from each of the groups. (B) a-wave amplitudes from the left eye. Data represent combined
mean – standard error of the mean (SEM) from n = 5-8 animals/group. Sham-Blast vs. Blast-Sal ***p < 0.001; **p < 0.01. Blast-Sal vs.
Blast/ASC-CCM *p < 0.05. Sham-Blast vs. Blast/ASC-CCM insignificant across all intensities. Color image is available online.
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significant retinal neurodegeneration in blast mice.1,16,20 Taken to-

gether with our previous and present observation of improvement in

visual response with ASC-CCM after TBI, our current in vivo and

in vitro studies suggest a novel neuroprotective role of Müller cell

modulation in the ASC-CCM rescue of visual deficits of mTBI.

Stem cell–derived biologics acting via multiple mechanisms of

action and effecting on modulating multiple cell types concurrently

may likely overcome the limitations of those therapeutics that

modulate a single gene/protein-based signaling pathway for better

restoration of endogenous tissue function.

Disruption/damage to the retinal cells in a variety of retinal de-

generative diseases is known to alter the metabolic association of the

cells within the retina, influencing the retinal neurotransmitter pool.21

A number of excitatory and inhibitory neurotransmitters are impli-

cated in mediating the functions of retinal circuitry. Specifically,

Müller cells play a major role in the recycling of neurotransmitters

that drive glioneuronal interactions via their membrane-associated

amino acid transmitters such as glutamate, c-aminobutyric acid, and

glycine.22 Since the normal function of Müller cells depends on

the clearance of tightly regulated synaptic glutamate, an accu-

mulation of glutamate interferes with excitatory synapses and

contribute to neurotoxicity. In accordance with the current studies,

the increase in retinal glutamate after mTBI is likely to contribute

to the observed neurodegeneration in the model through disrupted

glioneuronal interactions. In certain retinal pathologies as in is-

chemia, excessive accumulation of glutamate in the extracellular

compartment is a strong factor in necrosis, as well as apoptosis in

neighboring cells.23 In line with these observations, previously we

have shown a loss of neuronal cells in the GCL in mTBI and a

significant rescue with ASC-CCM.16

Müller cells express the glutamate/aspartate transporter, GLAST,

which is the predominant transporter for the removal of glutamate

within the extracellular space of the retina.8 The initial, prompt

clearance of released glutamate from the extracellular space via

FIG. 8. Adipose tissue–derived mesenchymal stem cell concentrated conditioned medium (ASC-CCM) and glutamate do not affect
Müller cell viability in vitro. (A) The schematic representation of pre-treatment of ASC-CCM and glutamate exposure in rMC-1. (B-D)
Representative phase-contrast images of rMC-1 cells with no gross morphological changes across all groups. Scale bar = 200 lm.
(E) The rMC-1 cell viability, as measured with WST-1 with an increasing dose of glutamate in the presence or absence of ASC-CCM.
H2O2 served as a positive control. Color image is available online.
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GLAST is crucial for normal retinal function as the malfunction of

this transport results in increased neurotoxic extracellular gluta-

mate.10,11 The levels of GLAST in a variety of retinal diseases have

been shown to be decreased, including diabetic retinopathy,24 ex-

perimental glaucoma,25 corticostriatal, and fimbria-fornix lesions,26

and in the brains of rats after controlled cortical impact-induced TBI

coinciding with the excitotoxic damage to the retina.27 In accor-

dance with these observations, retinal tissue expression of GLAST

in blast injury mice was significantly reduced specifically in Müller

cell processes in GCL to ONL and microvilli of Müller cells, per-

haps contributing to the accumulation of extracellular glutamate and

the excitotoxic neuronal damage after TBI. Additional studies in-

volving the siRNA knockdown of GLAST in Müller cells confirm

similar observations with increased GFAP expression. In support of

this, in astrocytes, GLAST directly interacts with the GFAP cyto-

skeleton to play an essential role in glutamate homeostasis.28 In-

terestingly, Müller cells pretreated with ASC-CCM and challenged

with GLAST siRNA demonstrated a substantial recovery in GLAST

levels with a concomitant decrease in GFAP, suggesting a direct role

for ASC-CCM in altering GLAST and thus contributing to the

beneficial effect in mTBI.

Glutamine synthetase (GS), an enzyme located exclusively in

Müller cells, converts glutamate to harmless glutamine and works

in concert with GLAST.9 While the expression level of GS appears

to be regulated by the availability of its substrate, glutamate, a

variety of experimental conditions have shown that exogenous

corticosterone can induce GS synthesis in various tissues, including

the embryonic chick retina.10 Although a few studies have found

the GS level to increase after cerebral ischemia in experimental

rats,29 a variety of degenerative retinal conditions demonstrated a

significant reduction in GS levels.30 The consorted increase in

extracellular glutamate with a decrease in GS warrants further

examination; however, the observation that a single intravitreal

injection of ASC-CCM normalizes GS in blast injury retina

strongly suggests its therapeutic effects via Müller cells. In line

with these observations, a previous study involving subretinal

transplantation of human umbilical cord tissue–derived cells or

their paracrine factors in a purified neuronal culture system dem-

onstrated similar benefits as ASC-CCM.31,32

The upregulation of GFAP expression in glial cells is a primary

indicator for stress/gliosis in a variety of retinal diseases including

light damaged retinas,33 ischemia and phototoxicity,34,35 as well as

other pathological situations.36,37 The elevation of GFAP likely due

to the hypertrophied nature of the Müller cells forms a barrier around

the region of a damage blocking the regeneration of damaged axons

and synapses.38 Müller cell gliosis, similarly to astrogliosis in the

central nervous system, is also accompanied by tissue remodeling

involving extracellular matrix and changes in several growth factors

and inflammatory signaling mechanisms including epidermal growth

factor, fibroblast growth factor, TNF-a, ciliary neurotrophic factor,

and bone morphogenetic protein among others.39,40 Toward this end,

we have recently shown differential expression of a variety of genes

FIG. 9. Adipose tissue–derived mesenchymal stem cell concentrated conditioned medium (ASC-CCM) alleviates glutamate induced
changes in glial fibrillary acidic protein (GFAP) and glutamate-aspartate transporter (GLAST) in Müller glia. Confocal immunofluorescence
micrographs of rMC-1 cells in control (A, E, and I), glutamate exposed (B, F, and J) and glutamate/ASC-CCM (C, G, and K) groups. (A-C)
GFAP (green); (E-G) glutamine synthetase (GS; green) and (I-K) GLAST (red). 4¢,6-Diamidino-2-phenylindole (blue) shows nuclear
staining. Scale bar = 20 lm. Assessment of gene expression by TaqMan quantitative polymerase chain reaction (qPCR) and expressed as
fold change normalized to internal control (glyceraldehyde 3-phosphate dehydrogenase). (D). GFAP, (H). GS and (L) GLAST. Data
represent mean – standard error of the mean (SEM) from n = 3 independent assessments/group. *p < 0.05. Color image is available online.
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involved in neuroinflammation, neurotransmission, metabolism,

neuroplasticity, development and aging, and neuron-glia interactions

in blast injury compared with sham blast, with a significant ame-

lioration with ASC-CCM.17 Future studies beyond the scope of the

current study need to explore cell signaling pathways to understand

the neuro-glia interaction in mTBI better.

Aquaporins (AQPs) are integral membrane proteins present

throughout the ocular system. Among the variety of AQPs, ocular

expression of AQP0, 1, 3, and 5 are predominantly expressed in the

cornea, lens, and ciliary epithelium, while AQP4 is exclusively

associated with Muller cells.19 AQP4 is responsible for water and

ion homeostasis in the retina.41 In accordance with this, the level of

expression of AQP4 is intimately linked to the formation and res-

olution of the brain and retinal edema.42,43 Based on our observation

of increased AQP4 in our mTBI model, it is conceivable that in-

creased AQP4 might contribute to the increased edema and thus

might contribute to the observed neurodegeneration. Our observa-

tions are also in agreement with many pathological conditions, such

as light exposure, diabetic retinopathy as well as in a rat model of

whole body blast overpressure model that have shown altered ex-

pression of AQP4.13,14,44 Since AQP4 levels are elevated in several

pathological conditions, there is also evidence that deletion of AQP4

is neuroprotective as observed in ischemia model of retinal degen-

eration45 or intravitreal injection of selective AQP4 inhibitor, 2-

(nicotinamide)-1,3,4-thiadiazole (TGN-020) in the diabetic retina.43

In accordance with these observations, our findings from in vivo

and in vitro studies showed that the intravitreal injection of ASC-

CCM could be a potential therapy to suppress neurodegeneration

in mTBI through AQP4. While reducing the levels of AQP4 might

be beneficial in certain models, it might be a double-edged sword

since AQP4 has also been shown to involve in neural signal trans-

duction in the retina due to its association with Muller and neigh-

boring excitable bipolar cells as noted by the impaired visual signal

transduction in AQP4 null mice.46 Additionally, AQP4 null mice

also demonstrated altered glutamate levels and affected the ex-

pression pattern of GLAST and GS in light damage conditions.47

Considering these observations, a careful regulation of both AQP4

and glutamate signaling as observed with ASC-CCM, might provide

an added advantage.

In conclusion, our findings reveal novel glial mechanisms in-

volved in the benefit of intravitreal ASC-CCM for the retinal injury

after mTBI (Fig. 12). Our findings suggest that ASC-CCM provides

signals that support homeostatic Müller cell function via glutamate

uptake and breakdown to protect retinal synapses that are critical

for maintaining vision. Further, our findings suggest that AQP4

signaling is also important for retinal function in mTBI. These

FIG. 10. Adipose tissue–derived mesenchymal stem cell concentrated conditioned medium (ASC-CCM) alleviates glutamate induced
changes in aquaporin-4 (AQP4) in Müller glia. Confocal immunofluorescence micrographs of rMC-1 cells in control (A), glutamate exposed
(B), and glutamate/ASC-CCM (C) groups. (D). Image J quantification of AQP4 immunofluorescence intensity in rMC-1cells. Data represent
mean – standard error of the mean from n = 3 biological replicates /group. ***p < 0.001; **p < 0.004). Color image is available online.
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FIG. 11. ASC-CCM alleviates glutamate induced gliosis through actions on glutamate-aspartate transporter (GLAST) in Müller glia.
(A) The schematic diagram of GLAST transfection in the rMC-1 cells. The rMC-1 cells were transfected with a GLAST small interfering
RNA (siRNA) or a scrambled control siRNA (siCON). Assessment of gene expression by TaqMan quantitative polymerase chain reaction
(qPCR)and expressed as fold change normalized to internal control (glyceraldehyde 3-phosphate dehydrogenase). (B) GLAST (***p < 0.001;
*p < 0.03), (C) glial fibrillary acidic protein (GFAP; ***p < 0.001) and (D) glutamine synthetase (GS; *p < 0.04). # denotes p > 0.05. Data
represent mean – standard error of the mean (SEM) from n = 3 independent assessments /group. Color image is available online.

FIG. 12. The schematic model of ASC-CCM protects against visual deficits in mild traumatic brain injury model through improved
Müller cell function via normalization of glial fibrillary acidic protein (GFAP), glutamine synthetase (GS), glutamate-aspartate transporter
(GLAST), and aquaporin-4 (AQP4) expression in the retina. Created with content from Servier Medical Art (https://smart.servier.com)
under CreativeCommons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0). Color image is available online.
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findings highlight Müller cells as cellular and molecular targets for

adult stem cell therapies in mTBI.

One feature of our study is the partial improvement in b-wave

response with ASC-CCM after TBI, as assessed by ERG. It may be

that ASC-CCM delivery is unable to completely reverse the injury,

either because of an inherent limitation of any effort to reverse the

aftermath of a neurotrauma, or because of some insufficiency in the

dose, delivery mode or timing of the ASC-CCM administration. Ad-

ditionally, human proteins in ASC-CCM may have limited interac-

tion with mouse targets and the array of cells in the retina that are

responsible for ERG response. Further studies are needed to relate the

changes observed here in Müller cell function to the TBI-induced

retinal injury and functional deficits to better understand the thera-

peutic actions of ASC-CCM. Nonetheless, our results suggest that

developing better secretome-derived biologics to stimulate endoge-

nous repair and regeneration acting via multiple cell types in the retina

promises to revolutionize treatments for visual deficits of mTBI.
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