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Identification of GABA receptors in chick cornea
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Purpose: The cornea has an important role in vision, is highly innervated and many neurotransmitter receptors are present,
e.g., muscarine, melatonin, and dopamine receptors. y-aminobutyric acid (GABA) is the most important inhibitory
neurotransmitter in the retina and central nervous system, but it is unknown whether GABA receptors are present in cornea.
The aim of this study was to determine if GABA receptors are located in chick cornea.

Methods: Corneal tissues were collected from 25, 12-day-old chicks. Real time PCR, western blot, and
immunohistochemistry were used to determine whether alphai GABAa, GABAB, and rhoi GABACc receptors were
expressed and located in chick cornea.

Results: Corneal tissue was positive for alphai GABAa and rhor GABAc receptor mRNA (PCR) and protein (western
blot) expression but was negative for GABAB receptor mRNA and protein. Alpha; GABAA and rhor GABACc receptor
protein labeling was observed in the corneal epithelium using immunohistochemistry.

Conclusions: These investigations clearly show that chick cornea possesses alphai GABAAa, and rhoir GABAC receptors,
but not GABAB receptors. The purpose of the alphai GABAA and rthoi GABACc receptors in cornea is a fascinating
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unexplored question.

The cornea, as the eye’s first refracting surface, plays an
important function in vision, is highly innervated and has
precise mechanisms for maintaining optical clarity. The chick
cornea has been suggested to be an excellent model for the
study of wound healing, scar tissue formation and neuronal
re-innervation [1] and thus it is important to learn more about
chick corneal anatomy and physiology. Many
neurotransmitter receptors have been shown to be present in
the cornea, e.g., muscarinic [2], melatonin [3], and dopamine
receptors [4], but others appear to have not been studied to
any siginificant degree (e.g., y-aminobutyric acid [GABA]
receptors). In the literature there is a sole report of GABA
receptor expression in cultured human stem cells [5].

GABA is the major inhibitory neurotransmitter of the
retina and central nervous system. It exerts its effects through
three classes of membrane receptors, GABAAs, GABAg, and
GABAc which contain multiple sub-units [6-14]. These
include 16 subunits (alphal—6, betal-3, gammal-3, delta,
epsilon, theta, and pi) combined as GABA4, and 3 rho subunits
(rho1-3), which form homomeric receptors composed of rho
subunits, and are commonly called GABAc receptors.
GABA4x and GABAc are ionotropic receptors involving
chloride channels that mediate fast synaptic inhibition when
activated by GABA [13]. GABAG receptors are members of
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the metabotropic receptor family that via G proteins interact
with neuronal inwardly rectifying potassium and voltage-
gated calcium channels and when activated mediate slow
synaptic inhibition [14].

Knowledge regarding the distribution of GABA
receptors in the eye is very limited and information on GABA
receptors in the cornea even more sparse. GABAa [6-8],
GABABg[9-11],and GABACc [12] receptors have been reported
in the retina. We have recently shown that rhor GABAc
receptors are present in chick sclera [15]. A small number of
cultured human corneal stem cells have been shown to exhibit
GABAA receptor immunoreactivity [5]. We found no reports
of studies of GABA receptor expression in any animal species,
although there is a report of GABA modification of the rabbit
corneal endothelial fluid pump [16] and an observation of
activity of the GABA-synthesizing enzyme, glutamic acid
decarboxylase (GAD), in rat cornea [17].

A range of other neurotransmitter receptors have been
reported in corneal tissues of a diverse animal species [2-4,
18] and human tissue [19,20]. The muscarinic receptor
subtypes M1 and M2 are expressed in bovine corneal
epithelial cells [2]. In the rabbit cornea, D1 and D2 dopamine
receptors have been localized to both epithelial and
endothelial layers [4]. In the mouse cornea, retinoic acid (RA)
receptors have been detected in the epithelium and stroma
[18]. In the Xenopus laevis eye, melatonin receptors have been
visualized in the corneal epithelium, fibroblasts, and
endothelium [3]. In the human cornea, muscarinic M1-5
receptors have been observed on corneal epithelial cells [19],
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and M2, M4, and M5 are expressed in corneal endothelium
[20].

Although GABA receptors are located primarily in retina
and the central nervous system, reports have shown the
presence of GABA receptors in non-neural tissues [21-36].
For example, GABAa receptors have been shown to be
located in murine gut [21], in cat carotid body [22], in rat taste
bud [23], in human thyroid [24], human hepatocellular [25],
human peripheral blood mononuclear cells [26], and human
prostate [27]. GABAB receptors have been reported in spider
leg mechanosensilla [28], rat testis and sperm [29], the rat
olfactory bulb [30], the rat taste bud [23], the rat
gastrointestinal tract [31], and rat cardiomyocytes [32]. In
human, GABAg receptors are reported in airway epithelium
[33] and fallopian tube [34], and GABA( receptors have been
reported in gut [35], testis and spermatozoa [36].

The fact that human corneal stem cells express GABAA
receptors [5], that there are reports of some GABA actions in
the cornea of animal species [16,17], that GABA receptors are
present in a range of non-neuronal tissues [21-36], and that
the chick sclera possess GABAc receptors [15], lead to the
hypothesis that GABA receptors may be present in chick
cornea. The aim of this study was to determine if GABAA,
GABAGs, and/or GABACc receptors are located in the chick
cornea. The secondary aim was to determine if expression
occurred in the corneal endothelium, stroma or epithelium.

METHODS

This research comprised: (1) study of the expression of
alpha; GABAA, GABAS, and thoi GABAc receptors mRNA
in chick cornea, and (2) identification and distribution of
alpha; GABAA, GABAB, and rho; GABAC receptors protein
in chick cornea.

Animals and tissue preparation: Animals and tissue were
prepared as previously described [15]. Twenty-five 12-day-
old White Leghorn cockerels (Gallus gallus) were obtained
from Jinan Spafury Poultry Farms (Jinan, China). Animals
were administered a lethal dose of pentobarbital sodium (3%,
5ml/kg; Beijing Chemistry Com., Beijing, China) and the eyes
enucleated. Eyes (n=5, 1 eye from 5 chicks) for
immunohistochemistry were placed whole into microtubes,
snap frozen in liquid nitrogen and stored at —80 °C. Eyes for
real time PCR (n=5 different samples, 4 eyes of 2 chicks were
used as 1 sample, 20 eyes of 10 chicks were used) and western
Blot (n=5 different samples, 4 eyes of 2 chicks were used as
1 sample, 20 eyes of 10 chicks were used) were placed on a
cold plate (8 °C) and the corneal tissue was removed along the
limbus, and was separated from the sclera, conjunctiva, and
iris using surgical scissors and forceps under a dissection
scope. Corneal tissues from 4 eyes of 2 chicks formed one
sample and were placed in separate microtubes, snap frozen
in liquid nitrogen and stored at —80 °C until processing. Retina
from these eyes were obtained and used as the positive control;
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the retina has been previously shown to possess alpha,
GABA, [6-8], GABAs [9-11], and rhoi GABAc [12]
receptors.

Experiments were conducted with ethics approval in
accordance with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes, published by the
National Health and Medical Research Council of Australia.
All animal care and experimental protocols complied with the
Animal Management Rules of the Ministry of Health of the
People's Republic of China (document No 55, 2001).

Real-time PCR: Real-time PCR was performed as
previously described [15,37] with minor modification
according to the manufacturer’s instructions. Total RNA was
extracted from chick cornea and retina using Trizol Reagent
(Invitrogen, Carlsbad, CA). RNA concentration and purity
were determined at an optical density ratio of 260:280 using
a spectrophotometer. CDNAs (cDNAs) were synthesized
with 1 pug of total RNA, 1 pl random primer,1 pl dNTPs,
2 ul DTT, and 200 U MMLYV reverse transcriptase, 5x RT
buffer (4 ul) at 37 °C for 50 min, followed by 70 °C for 15
min, using a TagMan Reverse-Transcription kit from
Invitrogen.

Samples were analyzed in triplicate using gene-specific
chicken primers together with SYBR Green (TaKaRa
Biotechnology Co. Ltd., Dalian, China) using a Real-time
PCR Detection System, LightCycler (Roche Applied Science,
Indianapolis, IN). Based on the sequences reported in the
GenBank database, primers were selected from chick
sequences of alphai GABAs (NCBI Reference Sequence:
NM 204318.2), GABAs (NCBI Reference Sequence:
XM 419066.3) and rhoi GABAc (NCBI Reference Sequence:
XM 426190.2) receptors, using NCBI primer-BLAST,
targeting at areas non-homologous to the other mRNA
sequence, and ordered from Shanghai Biosune Biotechnology
Company (Shanghai, China). The sequences of alpha,
GABA4 were 5-CTC CCT AAG GTG GCC TAC GCC-3'
forward and 5'-AAT GGT TGC CAG CCC AGG GTC-3'
reverse. The sequences of GABAg were 5-TCG GGA CCA
ACC CAA CGT GC-3' forward and 5'-CGT GCT GGC CTG
ATT GAC GCT-3' reverse. The sequences of rthoi GABAc
were 5'-TCG GTG CTG GAA TAC GCG GC-3' forward and
5'-GGG CTG AGG AAG GCT GCA CG-3' reverse.

A typical reaction was performed in 20 pl, consisting of
1 ul of cDNA and 10 pl of 2x SYBR Green I PCR mix,
containing the specific primer pairs (final 10 pmol each).
Denaturation was performed for 10 s at 95.0 °C, primer
annealing for 10 s at 60 °C, and extension was performed for
10 s at 72.0 °C. Correct product size was confirmed by DNA
agarose gel, and lack of primer dimer formation was verified
by melt curve analysis, and the real time PCR products were
sent to Shanghai Biosune Biotechnology Company
(Shanghai, China) for sequence analysis. For real time PCR,
comparing to the cornea, the samples with cDNA from the
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retina were used as the positive control, and the samples
without cDNA were used as the negative control. Samples
were analyzed in triplicate.

Western Blot: Western blot was performed as previously
described [15]. For rhor GABAc, we used the antibody as
previously described [15]. For alphai GABAA and GABAG,
we used the goat anti-human alphai GABAa and GABAs
receptor polyclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). The homology for the antibody sequence
between chicken and human was more than 90% for the
alpha; GABAs (Homologene Blast comparison of human
alpha; GABAA4, accession number: NP_001121120.1, with
Gallus gallus alphai GABAA receptor, accession Number,
P19150.1), and 100% for the GABAs (Homologene Blast
comparison of human GABAg, accession number:
NP_005449.5, with Gallus gallus GABAg receptor, accession
Number, XP 419066.3).

Total protein was extracted separately from each tissue
sample by lysing the cornea and retina in ice-cold lysis buffer
(Beyotime Institute of Biotechnology, Shanghai, China),
including 50 mM Tris (pH 7.4), 150 mM NaCl,
1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS.
Samples were centrifuged at 15,000 g at 4 °C for 15 min.
The protein concentration was detected using BAC Kkits
(Beyotime Institute of Biotechnology). Aliquots of protein
extracts were loaded in each lane of 7.5% sodium dodecyl
sulfate-polyacrylamide gels, transferred onto polyvinylidene
difluoride membranes for electrophoresis, and blocked in Tris
Buffered Saline with Tween (TBST; 5% fat-free dry milk,
0.1% Tween-20, 150 mM NaCl, and 50 mM Tris at pH 7.5)
for 2 h. The membranes were exposed to goat anti-human
alphai GABAa, GABAs, and rhoi GABAc polyclonal
antibody (Santa Cruz Biotechnology) at a 1:100 dilution in
blocking buffer and incubated overnight at 4 °C. This was
followed by incubation with a rabbit anti-goat secondary
horseradish peroxidase (HRP)-labeled antibody (Zhongshan
Goldenbridge Biotechnology Co. LtD. Beijing, China) at a
dilution of 1:5,000 for 1 h at 37 °C. Protein bands were
exposed to anegative film, developed, and fixed. The film was
scanned and analyzed with Fluorchem™ 9900 Analyzer
Software. B-actin (Zhongshan Goldenbridge Biotechnology
Co. LtD.) was used as a housekeeping protein to normalize
the protein load. Samples were analyzed in triplicate.

Immunohistochemistry: ~Immunohistochemistry —was
used to investigate the expression and distribution of alpha,
GABAA, GABAB, and rtho; GABAC receptors in chick cornea
at the protein level, and was performed as has been described
previously [15,38]. Whole eyes were freeze-mounted onto
sectioning blocks. Vertical sections (8 um thick) were cut
from the anterior pole of the eye on a Leica RM2125
microtome (Leica Microsystems, Muenster, Germany) and
thaw-mounted onto gelatin-coated glass slides. Sections were
fixed for 10 min in acetone. Fixed sections were washed three
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times with PBS, covered with 10% BSA (Sigma, St Louis,
MO) diluted in PBS, and incubated for 20 min at 37 °C. The
slides were incubated at 4 °C overnight with primary
antibodies (goat anti-human alpha; GABAs, GABAg, and
rhoi GABAc receptors polyclonal antibody, Santa Cruz
Biotechnology) at a 1:50 dilution in blocking buffer. Sections
were incubated in PBS without primary antibodies as a
negative control. The antibody-treated and negative control
sample slides were washed with PBS and exposed to a rabbit
anti-goat secondary horseradish peroxidase (HRP)-labeled
antibody (Zhongshan Goldenbridge Biotechnology Co. LtD.)
at a dilution of 1:500 for 1 h at 37 °C. The slides were washed
in PBS three times. A nickel solution of DAB (3,3'-
diaminobenzidine tetrahydrochloride; Zhongshan
Goldenbridge Biotechnology Co. LtD.) was prepared and
applied to the sections for less than 30 s. The DAB was then
thoroughly rinsed from the sections using water. Sections
were then stained with Hematoxylin and Eosin. The sections
were dehydrated three times for 1 min in 100% ethanol, and
then cleared in Histoclear (Huntz Biotechnology Co. LtD.
Shanghai, China) three times for 1 min. The sections were
examined with a light microscope (40%) and the images were
digitized using a camera. Samples were analyzed in triplicate.

RESULTS

Alpha; GABA4, GABAs, and rho; GABAc receptor mRNA
expression in chick cornea: We observed the mRNA
expression of alpha; GABAA and tho; GABAC( receptors in all
chick cornea and retina, but not in the negative control. We
observed the mRNA expression of GABAB receptors only in
chick retina, but not in the cornea and not in the negative
control. Ethidium bromide-stained agarose gels of real time
PCR products were positive for mRNA expression of alpha,
GABA and rho; GABAc receptors in chick cornea and retina,
but not in the negative control run, and for mRNA expression
of GABAGB receptors only in samples of chick retina, but not
in the cornea and negative control run. Products
corresponding to alpha; GABAA, GABAB, and rho; GABAc
receptors were amplified and expression occurred at the
nucleic acid size marker base pair consistent with that of the
alpha; GABAa (255 bp), GABAs (217 bp), and rho;
GABAC (105 bp) receptors (Figure 1). The sequence analysis
of the real time PCR products revealed that the sequence of
the products corresponded to the targeted sequence of the
mRNA of the alphai GABAs, GABAs, and rhor GABAc
receptors with the primers.

Alpha; GABA4, GABAs, and rho; GABAc receptor protein
expression in chick cornea: Using antibodies for alpha;
GABAA receptors, one intense band (approximately 51 kDa)
was detected in all chick corneal and retinal samples. Using
antibodies for GABAsg receptors, one intense band
(approximately 130 kDa) was detected in the chick retina
samples but was not present in the corneal samples. Using
antibodies for rhoi GABAc receptors, one intense band
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Figure 1. Sample ethidium bromide gel
of real-time PCR products of alphai
GABAA, GABAB and rhor GABAc
receptors in chick cornea and retina.
Lane 1: molecular weight ladder
(Marker), Lane 2: negative control for
alphai GABAA (AN), Lane 3: chick
retina for alphai GABAA (AR), Lane 4:
chick cornea for alpha;i GABAA (AC),
Lane 5: negative control for GABAB
(BN), Lane 6: chick retina for GABAB
(BR), Lane 7: chick cornea for
GABAGB (BC), Lane 8: negative control
for rhor GABAc (CN), Lane 9: chick
retina for thor GABAc (CR), Lane 10:
chick cornea for rhor GABAc (CC).

(approximately 48 kDa) was detected in the chick corneal and
retinal samples. Using antibodies for B-actin, one intense band
(approximately 43 kDa) was detected in all the chick corneal
and retinal samples (Figure 2).

Alpha; GABAs, GABAs, and rho, GABAc receptor
localization in chick cornea: Alphai GABAa, and rho,
GABAc immunoreactivity was observed in chick corneal
epithelium, was not observed in the stroma and not in the
endothelium. No corneal layer displayed immunoreactivity to
GABAGs antibodies. In the retina, immunoreactivity for each
of the antibodies was observed in the inner plexiform layer,
outer plexiform layer, inner nuclear layer and ganglion cell
layer, corresponding with previous published data [6-11,15].
There was essentially no immunoreactivity observed in the
negative controls tissues (Figure 3).

DISCUSSION

Our results add new information on the distribution of GABA
receptors within ocular tissues; GABAAa receptors have been
previously reported to be localized to a few cultured human
corneal stem cells [5], here we clearly show that the chick
cornea is positive for mRNA and protein specific for alpha;
GABA4 and rhoi GABAc receptors, but negative for
GABAG receptors. It would be of great interest to know if the
corneas of other animal species also express GABA receptors
and if so which sub-receptor types and in which corneal
tissues. Staining density suggests that the alpha; GABAa and
rhoi GABAc receptors occur throughout the entire chick
corneal epithelial layer, and are located on epithelial cells. The
finding suggests a possible, but untested, role of the alpha,
GABA4 and rhoi GABACc receptors in control of corneal
functions.

Receptor types that are generally thought of as having
primarily retinal localizations and function have been
observed in corneal tissue. This includes muscarinic receptors

[2,19,20,37], dopamine receptors [4], melatonin receptors
[3], and retinoic acid receptors [18], here we show that the
alpha; GABAA and rho; GABAC receptors, but not GABAg
receptors are located in chick corneal epithelium. The
functions mediated through these different receptors are
diverse, eg sensation and epithelial cell proliferation
(muscarinic receptors [19,20]), ion transport (dopamine
receptors [39]), diurnal variations in corneal hydration and
thickness (melatonin [40]), and maintenance of the ocular
surface (retinoic acid receptors [18]).

Muscarinic receptor subtypes have been observed on
bovine corneal epithelial cells [2], and on human corneal
epithelium and endothelium [19,20]. The muscarinic receptor
agonist, carbachol (0.001-100 microM) can increase the
intracellular Ca?* concentration in bovine corneal epithelial
cells, and if the cells were preincubated with either 1 microM
atropine or 1 microM pirenzipine [2] this was suppressed.
When rats were fed a muscarinic agonist, corneal opacities
with histopathological features including neovascularization,
acanthosis, and stromal proliferation were observed in a dose-
related fashion at 100 and 200 mg/kg/day [41]. Dopamine
receptors, the D2 subtype, are located in rabbit cornea
epithelial and endothelial layers [4]. Dopamine increase CI
secretion by the activation of specific dopamine receptors, and
stimulate ion transport within the rabbit corneal epithelium
[39]. Melatonin receptors (Meli. [40]) are expressed in chick
corneal epithelium, stroma and endothelium. It has been
suggested [40] that melatonin may modulate daily rhythms in
corneal hydration/thickness via melatonin receptors on the
corneal endothelium. Unlike dopamine, muscarinic and
melatonin receptors that are localized in both epithelium and
endothelium, here alpha; GABAA and rho; GABAC are only
located in epithelium.

One of the important functions of the cornea is
maintaining its optical transparency which is crucial for high
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Figure 2. Western blot analysis of
alphai GABAa, GABAp and rhoi
GABAC receptors in the chick cornea
and retina. A: This panel shows one
intense band (approximately 43 kDa) for
B-actin and one intense band
(approximately 51 kDa) for alpha;
GABAA receptors (al) both in cornea
(C) and in retina (R). B: This panel
shows one intense band (approximately
43 kDa) for B-actin both in cornea (C)
and in retina (R), and one intense band
(approximately 130 kDa) for GABAs
receptors (B) in retina (R) but not in
cornea (C). C: This panel shows one
intense band (approximately 43 kDa) for
B-actin, and one intense band
(approximately 48 kDa) for rhoi
GABAC receptors (pl) both in cornea
(C) and in retina (R).

quality visual performance. Corneal transparency is
dependent on regulation of the hydration of the cornea, and
the Cl" ion channel is involved in fluid transportation within
the corneal epithelium and endothelium [42-44]. The presence
of CI' ion channels has been reported in human and rabbit
corneal epithelium [45,46], in rabbit endothelium [45], and in
rabbit corneal keratocytes [47,48]. GABA and its analogs
have been shown to activate the rabbit corneal endothelial
fluid pump, and this stimulation was abolished by the
GABA\ antagonists, bicuculline and chlorpromazine [16]. In
this study we found alpha; GABAa and rho; GABAc receptors
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in chick corneal epithelium, but not the endothelium, and thus
itseems unlikely that GABA is involved in regulating the fluid
pumps, at least within the chick corneal endothelium. Whether
alpha; GABAA and rhoi GABAc receptors regulate CI-
conductance, and then influence transparency within the chick
cornea requires further investigation. Determination of the
effect of GABA agents on corneal hydration would resolve
this.

To maintain corneal composition, organization and
clarity the cornea has the greatest density of peripheral sensory
nerves of any ocular tissue. Nerve terminals in the cornea are
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Figure 3. Alphai GABAAa (al), GABAB (B) and rhoi GABACc (pl) receptor protein distribution in chick cornea (C) and retina (R). With
antibodies for alpha; GABAA, GABAB and rhoi GABACc receptors, immunoreactivity was observed in corneal epithelium cell for alpha;
GABAA (al) and rhot GABACc (p1; yellow arrow), but not for GABAB receptor (B) in the cornea (C). In the retina (R), immunoreactivity was
found in the inner plexiform layer, outer plexiform layer, inner nuclear layer, and ganglion cell layer for alphai GABAA (a1), GABAB (B)
and rho1 GABACc (pl) receptors, corresponding to previous reports [6-11,15]. There was essentially no immunoreactivity observed for the
negative controls (N.C). The scale bar is 10 pm. Photographs were taken at 40x magnification.

almost exclusively nociceptive Ad and C fibers originating alpha; GABA4 and rho; GABAC( receptor within the chick
from the ophthalmic branch of the trigeminal ganglion [49], corneal epithelium. A potential role for these GABA receptors
and structural and functional specialization of Ad and C fiber =~ might involve regulating corneal sensitivity or other neural
free nerve endings innervate the corneal epithelium [50] functions and this requires further investigation.

across the entire corneal surface [1]. In this study we found
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Ifthe GABA receptors are to have a functional role within
the cornea then there must be a supply of GABA either within
the cornea, aqueous humor or tears to interact with the
receptors. GABA-synthesizing enzyme was observed in the
rat cornea [17], which implys that there is endogenous
synthesis of GABA in rat cornea. It may be possible that
cholinergic neurons within the cornea release GABA, like
they do within retinal tissue [51]. We could not locate any
articles that mention the presence of GABA within the eye’s
aqueous humor or tears. All of these potential sources of
GABA are yet to be tested in the chick eye.

In conclusion, we found that both alpha; GABA4 and
rhor GABAC( receptor were located within the chick corneal
epithelium; the GABAg receptor was not present. The
presence of GABA receptors within chick corneal epithelium
suggests that some epithelial cell functions can be modified
by GABA. Research is underway to determine how activation
of these receptors alters corneal functions and where GABA
or other substances that modifies them are expressed.

ACKNOWLEDGMENTS
This work was supported by Scholarship from the Shandong
Provincial Educational Association for International
Exchanges and by the Myopia Center, Qilu Hospital,
Shandong University to Z.Y.C. The myopia research of
K.L.S. and M.C. was supported by NHRMC grant #553003.

REFERENCES

1. Ritchey ER, Code K, Zelinka CP, Scott MA, Fischer AJ. The
chicken cornea as a model of wound healing and neuronal re-
innervation. Mol Vis 2011; 17:2440-54. [PMID: 21976955]

2. Socci RR, Tachado SD, Aronstam RS, Reinach PS.
Characterization of the muscarinic receptor subtypes in the
bovine corneal epithelial cells. J Ocul Pharmacol Ther 1996;
12:259-69. [PMID: 8875332]

3. Wiechmann AF, Rada JA. Melatonin receptor expression in the
cornea and sclera. Exp Eye Res 2003; 77:219-25. [PMID:
12873453]

4. Cavallotti C, Pescosolido N, Artico M, Feher J. Localization of
dopamine receptors in the rabbit cornea. Cornea 1999;
18:721-8. [PMID: 10571305]

5. Seigel GM, Sun W, Salvi R, Campbell LM, Sullivan S, Reidy
JJ. Human corneal stem cells display functional neuronal
properties. Mol Vis 2003; 9:159-63. [PMID: 12724646]

6. Macri J, Martin PR, Griinert U. Distribution of the alphal
subunit of the GABA(A) receptor on midget and parasol
ganglion cells in the retina of the common marmoset
Callithrix jacchus. Vis Neurosci 2000; 17:437-48. [PMID:
10910110]

7.  Zhang J, De Blas AL, Miralles CP, Yang CY. Localization of
GABAA receptor subunits alpha 1, alpha 3, beta 1, beta 2/3,
gamma 1, and gamma 2 in the salamander retina. J Comp
Neurol 2003; 459:440-53. [PMID: 12687709]

8. Klooster J, Nunes Cardozo B, Yazulla S, Kamermans M.
Postsynaptic localization of gamma-aminobutyric acid
transporters and receptors in the outer plexiform layer of the
goldfish retina: An ultrastructural study. ] Comp Neurol 2004;
474:58-74. [PMID: 15156579]

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

1113

© 2012 Molecular Vision

Slaughter MM, Pan ZH. The physiology of GABAB receptors
in the vertebrate retina. Prog Brain Res 1992; 90:47-60.
[PMID: 1378638]

Zucker CL, Nilson JE, Ehinger B, Grzywacz NM.
Compartmental localization of gamma-aminobutyric acid
type B receptors in the cholinergic circuitry of the rabbit
retina. J Comp Neurol 2005; 493:448-59. [PMID: 16261535]

Liu J, Zhao JW, Du JL, Yang XL. Functional GABA(B)
receptors are expressed at the cone photoreceptor terminals in
bullfrog retina. Neuroscience 2005; 132:103-13. [PMID:
15780470]

Koulen P, Brandstitter JH, Kroger S, Enz R, Bormann J, Wéssle
H. Immunocytochemical localization of the GABA(C)
receptor rho subunits in the cat, goldfish, and chicken retina.
J Comp Neurol 1997; 380:520-32. [PMID: 9087530]

Chebib M, Johnston GA. GABA-activated ligand gated ion
channels: medicinal chemistry and molecular biology. ] Med
Chem 2000; 43:1427-47. [PMID: 10780899]

Marshall FH, Jones KA, Kaupmann K, Bettler B. GABAB
receptors — the first 7TM heterodimers. Trends Pharmacol Sci
1999; 20:396-9. [PMID: 10498952]

Cheng ZY, Chebib M, Schmid KL. rhol GABAC receptors are
expressed in fibrous and cartilaginous layers of chick sclera
and located on sclera fibroblasts and chondrocytes. J
Neurochem 2011; 118:281-7. [PMID: 21554320]

Vidal R, Wendel A, Dikstein S. GABA stimulates the rabbit
corneal endothelial fluid pump. Experientia 1979; 35:182-3.
[PMID: 421825]

Heindméki AA. Endogenous synthesis of taurine and GABA in
rat ocular tissues. Acta Chem Scand B 1988; 42:39-42.
[PMID: 3364118]

Mori M, Ghyselinck NB, Chambon P, Mark M. Systematic
immunolocalization of retinoid receptors in developing and
adult mouse eyes. Invest Ophthalmol Vis Sci 2001;
42:1312-8. [PMID: 11328745]

Liu S, Li J, Tan DT, Beuerman RW. Expression and function
of muscarinic receptor subtypes on human cornea and
conjunctiva. Invest Ophthalmol Vis Sci 2007; 48:2987-96.
[PMID: 17591863]

Grueb M, Reinthal E, Rohrbach JM, Bartz-Schmidt KU.
Muscarinic acetylcholine receptor subtypes in human corneal
epithelium and endothelium. Graefes Arch Clin Exp
Ophthalmol 2006; 244:1191-5. [PMID: 16506072]

Glassmeier G, Herzig KH, Hopfner M, Lemmer K, Jansen A,
Scherubl H. Expression of functional GABAA receptors in
cholecystokinin-secreting gut neuroendocrine murine STC-1
cells. J Physiol 1998; 510:805-14. [PMID: 9660895]

Igarashi A, Zadzilka N, Shirahata M. Benzodiazepines and
GABA-GABAA receptor system in the cat carotid body. Adv
Exp Med Biol 2009; 648:169-75. [PMID: 19536478]

Cao Y, Zhao FL, Kolli T, Hivley R, Herness S. GABA
expression in the mammalian taste bud functions as a route of
inhibitory cell-to-cell communication. Proc Natl Acad Sci
USA 2009; 106:4006-11. [PMID: 19223578]

Roberts SS, Mendonga-Torres MC, Jensen K, Francis GL,
Vasko V. GABA receptor expression in benign and malignant
thyroid tumors. Pathol Oncol Res 2009; 15:645-50. [PMID:
19381877]

Minuk GY, Zhang M, Gong Y, Minuk L, Dienes H, Pettigrew
N, Kew M, Lipschitz J, Sun D. Decreased hepatocyte


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21976955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8875332
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12873453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12873453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10571305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12724646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10910110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10910110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12687709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15156579
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1378638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1378638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16261535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15780470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15780470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9087530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10780899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10498952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21554320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=421825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=421825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3364118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3364118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11328745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17591863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17591863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16506072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9660895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19536478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19223578
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19381877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19381877
http://www.molvis.org/molvis/v18/a117

Molecular Vision 2012; 18:1107-1114 <http://www.molvis.org/molvis/v18/al17>

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

membrane potential differences and GABAA-beta3
expression in human hepatocellular carcinoma. Hepatology
2007; 45:735-45. [PMID: 17326191]

Alam S, Laughton DL, Walding A, Wolstenholme AJ. Human
peripheral blood mononuclear cells express GABAA receptor
subunits. Mol Immunol 2006; 43:1432-42. [PMID:
16213022]

Abdul M, Mccray SD, Hoosein NM. Expression of gamma-
aminobutyric acid receptor (subtype A) in prostate cancer.
Acta Oncol 2008; 47:1546-50. [PMID: 18607852]

Panek I, Meisner S, Torkkeli PH. Distribution and function of
GABAB receptors in spider peripheral mechanosensilla. J
Neurophysiol 2003; 90:2571-80. [PMID: 12801903]

He X, Zhang Y, Yan Y, Li Y, Koide SS. Identification of
GABABR?2 in rat testis and sperm. J Reprod Dev 2003;
49:397-402. [PMID: 14967916]

Panzanelli P, Lopez-Bendito G, Lujan R, Sassoé-Pognetto M.
Localization and developmental expression of GABA(B)
receptors in the rat olfactory bulb. J Neurocytol 2004;
33:87-99. [PMID: 15173634]

Nakajima K, Tooyama [, Kuriyama K, Kimura H.
Immunohistochemical demonstration of GABAB receptors in
the rat gastrointestinal tract. Neurochem Res 1996;
21:211-5. [PMID: 9182245]

Lorente P, Lacampagne A, Pouzeratte Y, Richards S,
Malitschek B, Kuhn R, Bettler B, Vassort G. gamma-
aminobutyric acid type B receptors are expressed and
functional in mammalian cardiomyocytes. Proc Natl Acad Sci
USA 2000; 97:8664-9. [PMID: 10900022]

Mizuta K, Osawa Y, Mizuta F, Xu D, Emala CW. Functional
expression of GABAB receptors in airway epithelium. Am J
Respir Cell Mol Biol 2008; 39:296-304. [PMID: 18403780]

Zhou Z, Sun H, Li X, Li Y, Zhao S, Zhang D, Yao Z, LiJ. A
local GABAergic system is functionally expressed in human
fallopian tube. Biochem Biophys Res Commun 2010;
398:237-41. [PMID: 20599733

Jansen A, Hoepfner M, Herzig KH, Riecken EO, Scheriibl H.
GABA(C) receptors in neuroendocrine gut cells: a new
GABA-binding site in the gut. Pflugers Arch 2000;
441:294-300. [PMID: 11211116]

LiS,ZhangY,LiuH, Yan Y, LiY. Identification and expression
of GABAC receptor in rat testis and spermatozoa. Acta
Biochim Biophys Sin (Shanghai) 2008; 40:761-7.

McBrien NA, Jobling Al, Truong HT, Cottriall CL, Gentle A.
Expression of muscarinic receptor subtypes in tree shrew
ocular tissues and their regulation during the development of
myopia. Mol Vis 2009; 15:464-75. [PMID: 19262686]

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

© 2012 Molecular Vision

Coleman B, Rickard NA, de Silva MG, Shepherd RK. A
protocol for cryoembedding the adult guinea pig cochlea for
fluorescence immunohistology. J Neurosci Methods 2009;
176:144-51. [PMID: 18835298]

Crosson CE, Beuerman RW, Klyce SD. Dopamine modulation
of active ion transport in rabbit corneal epithelium. Invest
Ophthalmol Vis Sci 1984; 25:1240-5. [PMID: 6208162]

Rada JA, Wiechmann AF. Melatonin receptors in chick ocular
tissues: implications for a role of melatonin in ocular growth
regulation. Invest Ophthalmol Vis Sci 2006; 47:25-33.
[PMID: 16384940]

Dethloff LA, Wilga P, Seefeld M, Ulloa H, Hawkins K, Petrere
J. Effects of sustained low-level muscarinic agonism in rats.
Food Chem Toxicol 1994; 32:753-62. [PMID: 8070740]

Candia OA, Zamudio AC. Chloride-activated water
permeability in the frog corneal epithelium. J Membr Biol
1995; 143:259-66. [PMID: 7769610]

Winkler BS, Riley MV, Peters MI, Williams FJ. Chloride is
required for fluid transport by the rabbit corneal endothelium.
Am J Physiol 1992; 262:C1167-74. [PMID: 1590358]

Bonanno JA. Identity and regulation of ion transport
mechanisms in the corneal endothelium. Prog Retin Eye Res
2003; 22:69-94. [PMID: 12597924]

Davies N, Akhtar S, Turner HC, Candia OA, To CH,
Guggenheim JA. Chloride channel gene expression in the
rabbit cornea. Mol Vis 2004; 10:1028-37. [PMID: 15635293

Cao L, Zhang XD, Liu X, Chen TY, Zhao M. Chloride channels
and transporters in human corneal epithelium. Exp Eye Res
2010; 90:771-9. [PMID: 20346358]

Watsky MA. Lysophosphatidic acid, serum, and hyposmolarity
activate Cl- currents in corneal keratocytes. Am J Physiol
1995; 269:C1385-93. [PMID: 8572167]

Wang J, Carbone LD, Watsky MA. Receptor-mediated
activation of a Cl(-) current by LPA and S1P in cultured
corneal keratocytes. Invest Ophthalmol Vis Sci 2002;
43:3202-8. [PMID: 12356825]

Maclver MB, Tanelian DL. Free nerve ending terminal
morphology is fiber type specific for A delta and C fibers
innervating rabbit corneal epithelium. J Neurophysiol 1993;
69:1779-83. [PMID: 8509835]

Maclver MB, Tanelian DL. Structural and functional
specialization of A delta and C fiber free nerve endings
innervating rabbit corneal epithelium. J Neurosci 1993;
13:4511-24. [PMID: 8410200]

Santos PF, Carvalho AL, Carvalho AP, Duarte CB. Differential
acetylcholine and GABA release from cultured chick retina
cells. Eur J Neurosci 1998; 10:2723-30. [PMID: 9767402]

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 27 April 2012. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

1114


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17326191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16213022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16213022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18607852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12801903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14967916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15173634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9182245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10900022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18403780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20599733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11211116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19262686
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18835298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=6208162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16384940
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16384940
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8070740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7769610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1590358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12597924
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15635293
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20346358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8572167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12356825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8509835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8410200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9767402
http://www.molvis.org/molvis/v18/a117

