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Purpose: The a7 nicotinic acetylcholine receptor (nAChR) is widely expressed in the nervous system, including in the
inner retinal neurons in all species studied to date. Although reductions in the expression of a7 nAChRs are thought to
contribute to the memory and visual deficits reported in Alzheimer’s disease (AD) and schizophrenia , the a7 nAChR
knockout (KO) mouse is viable and has only slight visual dysfunction. The absence of a major phenotypic abnormality
may be attributable to developmental mechanisms that serve to compensate for a7 nAChR loss. We hypothesized that
the upregulation of genes encoding other nAChR subunits or muscarinic acetylcholine receptor (nAChR) subtypes
during development partially accounts for the absence of major deficiencies in the a7 nAChR KO mouse. The purpose
of this study was to determine whether the deletion of the a7 nAChR subunit in a mouse model resulted in changes
in the regulation of other cholinergic receptors or other ion channels in an a7 nAChR KO mouse when compared to a
wild-type (WT) mouse.

Methods: To examine gene expression changes, we employed a quantitative real-time polymerase chain reaction (qPCR)
using whole retina RNA extracts as well as RNA extracted from selected regions of the retina. These extracts were col-
lected using laser capture microdissection (LCM). The presence of acetylcholine receptor (AChR) subunit and subtype
proteins was determined via western blotting. To determine any differences in the number and distribution of choline
acetyltransferase (ChAT) amacrine cells, we employed wholemount and vertical immunohistochemistry (IHC) and cell
counting. Additionally, in both WT and a7 nAChR KO mouse retinas, the distribution of the nAChR subunit and mAChR
subtype proteins were determined via IHC for those KO mice that experienced mRNA changes.

Results: In the whole retina, there was a statistically significant upregulation of a2, a9, a10, B4, nAChR subunit, and m1
and m4 mAChR subtype transcripts in the a7 nAChR KO mice. However, the retinal layers showed complex patterns
of transcript expression. In the ganglion cell layer (GCL), m2 and m4 mAChR subtype transcripts were significantly
upregulated, while B3 and 4 nAChR subunit transcripts were significantly downregulated. In the inner portion of the
inner nuclear layer (iINL), a2, a9, B4, nAChR subunit, and m3 and m4 mAChR subtype transcripts were significantly
downregulated. In the outer portion of the inner nuclear layer (0INL), B2, 4, and m4 AChR subunit transcripts were sig-
nificantly upregulated. Western blot experiments confirmed the protein expression of a3—a5 and a9-containing nAChR
subunits and m1-m2 mAChR subtypes in mouse retinas. IHC results supported many of the mRNA changes observed.
Finally, this is the first report of a9 and 010 nAChR subunit expressions in the retina of any species.

Conclusions: Rather than a simple upregulation of a single AChR subunit or subtype, the absence of the a7 nAChR
in the KO mice was associated with complex layer-specific changes in the expression of AChR subunits and subtypes.
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While the major excitatory neurotransmitter in the retina
is glutamate, the other excitatory neurotransmitter expressed
in the retina is acetylcholine (ACh). ACh is synthesized from
choline and Acetyl Co-A by the enzyme choline acetyltrans-
ferase (ChAT). There are two sources of ACh in the retina:
the populations of starburst amacrine cells and displaced
starburst amacrine cells. Starburst amacrine cells have cell
bodies in the inner nuclear layer (INL) that project to the
OFF sublamina of the inner plexiform layer (IPL) and release
ACh in response to light decrements [1,2]. Displaced starburst
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amacrine cells have cell bodies in the ganglion cell layer
(GCL) that project to the ON sublamina of the IPL and release
ACh in response to light increments [2,3]. Additionally, there
is a light-independent tonic release of ACh in the retina [2].
Both populations release gamma-aminobutyric acid (GABA)
and ACh, and both receive glutamatergic inputs from cone
bipolar cells mediated by kainate receptors [2].

Acetylcholine receptors (AChRs) are expressed by photo-
receptor, bipolar, amacrine, displaced amacrine, horizontal,
and ganglion cells [4-9]. AChR activation has been shown to
affect ganglion cell light responses and has been shown to
play a role in retinal development [10-12].

There are two classes of AChRs: muscarinic (mnAChRs
and nicotinic (nAChRs. The mAChRs are G-protein coupled
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receptors of which there are five subtypes, ml-mS5, each
encoded by a specific gene. In general, mAChRs are acti-
vated by acetylcholine, choline, and muscarine, and they
are blocked by atropine [13]. The mAChRs fall into two
general categories: those where activation generally results
in excitation or those where activation generally results in
inhibition [14]. The m1, m3, and mS5 subtypes all activate the
phosphatidyl inositol or phospholipase signaling pathways via
activation of the Gq-a G-protein. Activation of these receptor
subtypes causes the release of intracellular Ca?*, the inhibi-
tion of Ca?*-activated K' channels, and the activation of non-
specific cation channels, which lead to cell depolarization
[13]. The m2 and m4 subtypes inhibit adenylate cyclase and
cyclic adenosine monophosphate production via activation
of the Gi-a G-protein. Activation of these subtypes causes
inhibition of the Ca? channels and activation of the K chan-
nels, which leads to cell hyperpolarization [15].

The nAChRs are pentameric, mixed-cation channels
that are members of the ligand-gated ion channel super-
family [16,17]. Depending on the subtype, nAChRs have 2—-5
agonist binding sites. In general, nAChRs are activated by
ACh, carbachol, and nicotine, and they are blocked by curare.
The nAChRs, typically expressed in neurons, are composed
of a2—a7 and f2—4 subunits. The subunit expressions of a9
and 10 have been found in neuroepithelial and immune cells
[18-20]. As well, nAChR subunits can combine to form a large
number of receptors with specific pharmacological and physi-
ologic profiles [21-23]. For example, the a2—a6 and the f2—B4
subunits form heteromeric receptors that are insensitive to
a-bungarotoxin (a-BGT) and desensitize more slowly [21-27].
In addition, a7 subunits form homomeric nAChRs that are
sensitive to a-BGT and desensitize rapidly, and a7 nAChR
subunits can form heteromeric receptors with 2 nAChR
subunits [27]. Unlike the other nAChRs, a9-containing
nAChRs are activated by ACh, but they are blocked by nico-
tine, a-BGT strychnine, and atropine. Furthermore, a9 may
form a homomeric receptor in vitro, but it is thought to form
a heteromeric 09010 nAChR in vivo [28-36], while a9/10
heteromeric nAChRs demonstrate a pharmacology similar
to that of 09 homomeric nAChRs, but with faster desensitiza-
tion [37]. Compared to the other nAChR subtypes, the a7,
09, 09/10, a3p2a5, and a3pf4a5 nAChRs all have high Ca?
permeability [36,38,39].

In some animal models, including the rabbit, the a7
nAChR subtype is widely expressed throughout the inner
retina and has been shown to affect ganglion cell responses
directly and indirectly [5,40,41]. First, subpopulations of
ganglion cells express o7 nAChRs, and the activation of these
receptors can directly affect the responses of these ganglion
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cells [41]. Second, subsets of amacrine cells containing
glycine, or GABA, express a7 nAChRs [5,40]. The activation
of a7 nAChRs leads to the depolarization of amacrine cells,
increasing the release of inhibitory neurotransmitters from
amacrine cells and providing an indirect cholinergic inhibi-
tion of the ganglion cell responses. Additionally, subpopula-
tions of ON cone bipolar cells express a7 nAChRs [5].

A reduction in the o7 nAChR expression has been
observed in patients with Alzheimer’s disease (AD) and
schizophrenia, both of which are characterized by visual
dysfunctions attributable to changes at the level of the
retina and in the visual cortex [42-45]. Because of the link
between these diseases and a7 nAChRs, one would predict
visual system deficits in the a7 nAChR KO mice. However,
a7 nAChR KO mice have only slightly reduced visual
acuity [46-52]. Additionally, the reduction in visual acuity
in these mice has been linked to changes in the cortex,
and retinal changes have not been reported [47]. Thus, we
predicted that the upregulation of other AChRs, particularly
those with high Ca?* permeability or those that increase
intracellular [Ca*"], may partially compensate for the loss
of a7 nAChRs. To test this prediction, we first determined
whether there were changes in the mRNA expressions of
nAChR subunit transcripts and mAChR subtype transcripts
in the whole retina. Second, we investigated whether there
were retinal cell, layer-specific changes in the expressions of
AChR subunit and subtype transcripts. We then determined
whether compensation for the loss of the a7 nAChR subunit
was correlated with the changes in the number of cholinergic
cells. Finally, we confirmed the presence of AChR subunit
and subtype proteins, and we visualized the distribution of
a subset of AChR subunits and subtypes that had changes in
mRNA expression levels via western blotting and immuno-
histochemistry (IHC).

METHODS

Animals and tissue: Retinas, eyecups, and brains from wild-
type (WT) and the a7 nAChR, a9, and al10 KO mice were
provided by Dr. Barbara Morley at Boys Town National
Research Hospital (BTNRH; Omaha, NE). Heterozygote
breeders for the a7 knockout (KO) mouse strain on the
C57Bl/6J (B6) background were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA), and a colony was estab-
lished at BTNRH. The a7 KO mouse model was initially
developed and characterized by Orr-Urteger et al. (1997)
and Paylor et al. (1998). The nAChR a9 and 010 KO mouse
models were generated by the deletion of exons 1 and 2,
which contained the translation/transcription initiation sites,
and they were confirmed by Southern blotting (Genoway,

1329


http://www.molvis.org/molvis/v20/1328

Molecular Vision 2014; 20:1328-1356 <http:/www.molvis.org/molvis/v20/1328>

Inc., Lyon Cedex, France). The KO lines were subsequently
backcrossed at BTNRH to B6 mice using marker-assisted
accelerated backcrossing (Max Bax; Charles River, Wilm-
ington, MA) until congenicity was achieved. The absence
of a9 or 010 subunit transcripts was verified by polymerase
chain reaction (PCR) and quantitative real-time polymerase
chain reaction (QPCR), while employing a custom PCR array
(Qiagen, Frederick, MD) using samples from WT mouse
cochlear tissue as the positive control, as 09 and 10 KO mice
have the expected cochlear phenotype of aberrant innervation
of the hair cells. Care and animal-use procedures were in
strict accordance with the National Institutes of Health Guide
for the Care and Use of Animals and were approved by the
BTNRH IACUC. Retinas to be used in qPCR experiments
were obtained by enucleation and hemisection, followed
by dissection from the sclera and the choroid. Once retinas
were isolated, they were flash frozen, shipped on dry ice,
and stored at —80 °C before RNA extraction. Retinas from 11
o7 nAChR KO, 2 a9 nAChR KO, 2 a10 nAChR KO, and an
equal number of WT littermates were used in whole retina
gPCR experiments. Retinas from the same animals were
pooled before RNA extraction. Eyecups to be used for laser
capture microdissection (LCM) were embedded in a block of
optimal cutting temperature medium immediately following
enucleation (Sakura Finetek, Torrance, CA). Then, they were
frozen, sectioned into 8 um vertical cryosections (Leica CM
3050), mounted onto polyethylene napthalate membrane glass
slides (Applied Biosystems, Foster City, CA), and stored at
—80 °C. Retinas from 11 o7 nAChR KO and 11 WT mice were
used for LCM. Samples collected from the same retinal layers
in the same animals, both the right and left eyes, were pooled.
Brains were collected from the C57BL/6J WT mice and were
flash frozen immediately following removal, shipped on
dry ice, and stored at —20 °C until RNA extraction. RNA
extracted from mouse brain was used in custom primer opti-
mization experiments. Retinas to be used for western blot-
ting were obtained by enucleation and hemisection, followed
by dissection from the sclera and the choroid. Once retinas
were isolated, they were flash frozen, shipped on dry ice,
and stored at —80 °C before protein extraction. Eyecups to
be used for IHC were obtained by enucleation followed by
hemisection. Eyecups were then fixed in 1% paraformalde-
hyde with 0.34% L-lysine and 0.05% sodium-m-periodate in
0.1 M PBS (1% PLP) for 2 h at room temperature. They were
then cryoprotected by immersion in graded concentrations
of sucrose (10%, 20%, and then 30%) in 0.1 M PBS and then
stored at 4 °C. Retinas from five a7 nAChR KO and five
WT mice were used for wholemount THC experiments, and
a different set of five retinas from a7 nAChR KO and five
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retinas from WT mice were used for vertical IHC double label
experiments.

RNA extraction protocol: For gPCR studies, total RNA was
extracted from flash-frozen retinas using the RNAqueous
—4PCR kit (Ambion; Austin, TX). The extractions yielded
an RNA concentration of 60—100 ng/ul for each retina. The
quality of the RNA was assessed using ratios of 260/280 nm
and 260/230 nm, as measured by the Nanodrop ND-1000
spectrophotometer (Thermo Scientific; Wilmington, DE).
The PicoPure RNA isolation kit (Arcturus; Sunnyvale, CA)
was used to extract RNA from specific retinal layers that
were isolated via LCM (as described below). This protocol
followed steps equivalent to the RNAqueous kit, but it was
optimized for samples as small as one cell.

qPCR array screening: Custom 96-well PCR arrays (SABio-
sciences; Frederick, MD) containing pre-optimized and
pre-validated primers were used to determine whether the o7
nAChR KO mice experienced changes in the mRNA expres-
sions of 96 receptors, channels, or transporters, including
AChRs. The arrays used in this study contained primers to
a wide variety of neuronal receptors, channels, and trans-
porters, including GABA receptors, glycine receptors, and
potassium channels (Table 1). The arrays also contained a
positive PCR control, a reaction lacking reverse transcriptase,
a mouse DNA positive control, and several reference genes,
including including B-actin (ACTB) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). SuperArray plates
enabled the screening of many targets, but their primer sets
were proprietary. Thus, sequencing of the products could not
be completed as we could not obtain primer sequences.

RNA was extracted from eight KO and eight WT mice
and quality assessed following the same protocol previously
described. The RNA was converted to cDNA using an RT?
First Strand kit (SABiosciences; Frederick, MD).

Quantification: For qPCR experiments in this study, the
threshold was set at 90 relative fluorescent units (RFU). The
cycle at which a sample’s amplification curve crosses the
threshold line is the cycle threshold (Ct). Fold change (up- or
downregulation) was determined using the AA Ct method. A
standard independent sample, two-tailed ¢ test was performed
to determine whether there was a significant difference in the
KO and WT samples for each target gene. The total standard
deviation (SD) was calculated by first determining the SD
of both the WT and KO samples. The SD for each sample
was calculated by subtracting the square root of the average
of the squared differences from the mean. Then, the sample
SDs were used to calculate the total SD for the fold change by
taking the square root of the squared SD for the WT samples
plus the squared SD for the KO samples. The standard error
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Figure 1. SuperArray quantitative real-time polymerase chain reaction (QPCR) screening of fold changes in mouse retina. The qPCR showed
a significant upregulation of the B2 GABA,, receptor subunit and a downregulation of the a5 nicotinic acetylcholine receptor (nAChR)
subunit, the m1 muscarinic acetylcholine receptor (mnAChR) subtype, and the Kcnj4 channel. Error bars represent the standard error of

mean (SEM). *p<0.05.

of the mean (SEM) was calculated by dividing the total SD
by the square root of the sample size.

AChR qPCR primer design and optimization: To confirm
any changes in expressions relative to those identified in
gqPCR arrays and screenings, as well as to perform a more
fine-grained analysis of changes in the nAChR subunit and
mAChR subtype expressions in the a7 nAChR KO mouse
retinas, primers were designed for nAChR subunits and
mAChR subtypes using a Beacon Designer (Table 1). The
Ryanodine receptor 3 (RyR3) was chosen as the reference
gene because the results of our qPCR screening experiments
showed that its expression did not differ between WT and o7
nAChR KO mouse samples (Table 2). All primer sets were
purchased from Sigma-Genosis (St. Louis, MO). Primers
were previously used to determine the presence of AChRs in
the mouse retinas (RT-PCR), but further optimization steps
were performed to ensure primers were appropriate for JPCR
[53].

Optimization for qPCR included determining the
annealing temperature and primer concentration ratio that
resulted in the highest copy number and a single product

for each primer set. RNA for optimization experiments was
extracted from the whole brain tissue of WT mice using
the RNAqueous —4PCR kit, as previously described. RNA
was converted to cDNA using an iScript cDNA synthesis
kit (BioRad; Hercules, CA). One microgram of RNA was
added to a cDNA synthesis mix containing 5xiScript buffer,
iScript reverse transcriptase (includes an RNase inhibitor),
and RNase-free water. The cDNA synthesis mix was placed
in the MyCycler Personal Thermocycler (BioRad; Hercules,
CA) and incubated at 25 °C for 5 min, at 45 °C for 30 min,
and at 85 °C for 5 min. For amplification, 200 nanograms of
cDNA were added to a PCR mix containing iQ SYBR green
supermix (containing DNA polymerase and dNTPs; BioRad,
Hercules, CA), nuclease-free water, and forward and reverse
primers. The cDNA/PCR mix was placed in the thermocycler
(BioRad iQ5) and underwent an initial hot start at 95 °C for 3
min followed by 40 cycles at 95 °C for 10 s (denaturation), at
an optimum annealing temperature for 30 s, and at 72 °C for
30 s (elongation). A melt curve to determine the melting point
of the DNA product was performed immediately after the
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final elongation cycle. Negative controls, such as the omission
of cDNA, were performed in parallel.

Optimum temperature and primer ratios were determined
by selecting the conditions with the smallest Ct values that
also had a melt curve containing a sharp single peak (indi-
cating the presence of only one product). The melt peak chart
was determined by plotting the negative first derivative (—dF/
dt) of the relative fluorescence units versus temperature (the
negative first derivative of the melt curve) using the BioRad
Q5 software. A clean melt peak chart had a single sharp peak
(indicating the presence of only one product) with minimal
primer dimers (the extension of self-annealed primers).

The efficiency of the reaction was determined by serial
dilution of the cDNA to produce a standard curve showing
the relationship between Ct and the log cDNA starting quan-
tity. Each dilution was performed in triplicate, and standard
curves were determined so that each showed a regression
line with r>>0.95, a slope between —3.2 and —3.5, a reaction
efficiency between 95% and 105%, and an average technical
error (Ct difference between replicates) less than 1 Ct. Effi-
ciency was calculated as 10C"s°r9 —1_ If the efficiency of the
reaction did not fall within this range, the optimization steps
were repeated until the target efficiency was obtained.

AChR whole retina qPCR experiments: Total RNA was
extracted from the frozen retinas of 11 WT and 11 a7 nAChR
KO mice and quality assessed following the same protocol as
previously described (see RNA Extraction Protocol). RNA
was extracted from the retinas of each mouse and pooled into
one sample per animal. RNA was reverse transcribed and
the resulting cDNA was amplified under the validated condi-
tions. The cDNA was then diluted to a resulting concentration
so that 80 ng/ul cDNA was used in each reaction. Primers
for a2—a7, 09, al0, p2—p4, nAChR, and m1-m5 mAChR
subunits were used; the reference gene was RyR3. RyR3 was
used as the reference gene because traditional housekeeping
genes had too much variability between samples, and RyR3
showed no changes in expression. The fold change was deter-
mined as previously described. The statistical significance
was determined using independent sample ¢ tests. The DNA
products resulting from the qPCR experiments were validated
by electrophoresis on a 2.5% agarose gel. PCR products were
purified using the Qiaquick PCR Purification kit (Qiagen;
Valencia, CA) and then sequenced to confirm their identity
(Heflin Center for Genomic Sciences; University of Alabama
at Birmingham; Birmingham, Al).

LCM qPCR experiments: To determine whether changes in
the expressions of AChR transcripts in the whole retina varied
across the layers of the retina, LCM was used to isolate cells
of the outer portion of the INL (oINL), the inner portion of
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the INL (iINL), and the GCL. As a negative control, samples
were also collected from the IPL. Samples were sectioned
and prepared for LCM within 48 h of enucleation to prevent
tissue degradation. To prepare for LCM, slide-mounted
sections were dehydrated and processed at room tempera-
ture in sequential incubations of 75% ethanol for 30 s, two
changes of RNase-free distilled water for 30 s, 75% ethanol
for 30 s, 95% ethanol for 30 s, 100% ethanol for 1 min, and
xylene for 5 min. The sections were dried for 5 min at room
temperature and then LCD was performed using a Veritas
Microdissection System (Molecular Devices; Sunnyvale,
CA). For each layer (GCL, iINL, oINL), three caps containing
8-10 retinal sections were obtained for each animal. Repre-
sentative images documenting laser capture were taken with
the Veritas Microdissection System software. Brightness and
contrast were adjusted using Adobe Photoshop; adjustments
were identical for all images in a series (Adobe Systems; San
Jose, CA). RNA was isolated using a Pico Pure extraction
kit (Applied Biosystems; Carlsbad, CA), according to the
manufacturer’s protocol. RNA extracted from the three caps
obtained from the same animal and capturing the same layer
(GCL, iINL, or oINL) was pooled. A total of 11 WT and
11 a7 nAChR KO mice were used. Fold change, statistical
significance, and DNA product validation were determined
as previously described.

Western blotting: Western blotting was performed to confirm
the specificity of the AChR antibodies and to confirm
that proteins corresponding to the RNA transcripts were
expressed. To isolate the protein, retinas were homogenized
in five volumes of lysis buffer that contained 1% NP-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
and a protease inhibitor cocktail (Sigma Aldrich; St Louis,
MO). This mixture was incubated for 30 min at 4 °C and then
centrifuged (Eppendorf 5810R; Westbury, NY) at 15,000 g
for 20 min. The supernatant was extracted and then mixed
with an equal volume of sample buffer that contained 1.0M
tris-HCL, 25% glycerol, 10% SDS, 10% bromophenol blue,
and 5% B-mercaptoethanol. The mixture was incubated at
95 °C for 5 min. Protein concentrations were determined
using the Nanodrop ND-1000 spectrophotometer (Thermo
Scientific; Wilmington, DE), and then protein samples were
stored at —80 °C until use. Gel electrophoresis was used to
separate protein into bands onto a 10% polyacrylamide gel.
Electrophoresis was performed for 1 h at 200 V with 10-20
pg of protein. The proteins were then electrophoretically
transferred to a nitrocellulose membrane using the Mini-
Protean II system (Bio-Rad; Hercules, CA). Membranes were
either blocked overnight at 4 °C followed by incubation with
a primary antibody (Table 3) for 1 h at room temperature,
or membranes were blocked for 2 h at room temperature
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and incubated in a primary antibody overnight at 4 °C. The
blocking solution used in both protocols was 3% non-fat dry
milk (Bio-Rad; Hercules, CA) containing 1% bovine serum
albumin (BSA; FisherScientific; Pittsburgh, PA) in PBS
containing Tween. The membrane was then incubated in
secondary antibodies and conjugated to horseradish peroxi-
dase for 2 h. Immunoreactive bands were detected using colo-
rimetric detection (Opti-4CN; Bio-Rad; Hercules, CA). In
some cases, the signal was amplified before detection using
the Western Blot Amplification Module (Bio-Rad; Hercules,
CA). All controls were performed in parallel with experi-
mental conditions. To ensure primary antibody specificity, we
used matched concentrations of the protein immunoglobulin
G (IgG) from the animal in which the primary antibody was
made. To control for secondary antibody specificity, the
primary antibody was omitted and membranes were incu-
bated in a blocking medium instead of a primary antibody.

IHC: Retinas from a total of 5 WT and 5 a7 nAChR KO
mice were used in CHAT wholemount IHC. Retinas to be
used for ChAT (Millipore, Billerica, MD) wholemount THC
were processed by free-floating following isolation from
the choroid and the sclera. Retinas were washed in four
changes of 0.1 M PBS, incubated in 10% donkey serum
(DKNS; Jackson Immunoresearch; Westgrove, PA), and
diluted in PBS/0.03% Triton-X for 24 h at 4 °C. Retinas were
then incubated in ChAT with 10% DKNS and 0.3% sodium
azide in PBS/0.03% Triton-X for 11 days at 4 °C, washed
in four changes of 0.1M PBS, incubated in fluorescein-
conjugated-donkey-anti-goat (Jackson Immunoresearch;
Westgrove, PA) and in 0.3% sodium azide/PBS/0.03% Triton-
X for 72 h at 4 °C, mounted, and stored at 4 °C until imaging.
Images were collected with a Leica TCS SP confocal laser

© 2014 Molecular Vision

scanning microscope. Brightness, contrast adjustments, and
figure preparations were completed in Adobe Photoshop
(Adobe Systems; San Jose, CA). For each retina, cell counts
were obtained from five optical z-stack confocal sections
taken under 40X magnification in the INL and GCL, respec-
tively. Regions of interest were non-overlapping 500 um by
500 um areas approximately 500 pm away from the optic
nerve [54], and cells were counted using a colony counter pen
(Research Products International; Mount Prospect, IL). Total
retinal cell counts were the sum of the INL and GCL counts.
Student ¢ tests were performed to determine whether there
were differences in cell counts between the INL and the GCL
in both WT and a7 nAChR KO mice. Student ¢ tests were also
performed to determine whether there was a difference in cell
counts between WT and a7 nAChR KO mice in the INL, the
GCL, or the total retina.

Eyecups to be used for vertical IHC double label experi-
ments were fixed by immersion in 1% PLP for 2 h at room
temperature. Eyecups were then cryoprotected by sequen-
tial immersion in 0.1 M PBS with graded concentrations
of sucrose (10%, 20%, and 30%) for 30 min each and then
stored at 4 °C. For cryosectioning, eyecups were embedded
in a block of 50% optimum cutting temperature medium
(Sakura Finetek, Torrance, CA) and 50% aquamount (VWR
Scientific; West Chester, PA), frozen, sectioned into 10—12um
vertical cryosections (Leica CM 3050), mounted onto super-
frost slides (VWR Scientific; West Chester, PA), and stored
at —20 °C.

Immediately before use, the sections were warmed for 45
min and washed in three changes of 0.1 M PBS. All sections
were then incubated in 10% DKNS (Jackson Immunore-
search) for 1 h at room temperature, followed by incubation

TABLE 3. ANTIBODIES AGAINST ACETYLCHOLINE RECEPTORS

Antibody (antigen)

Species

Catalog No. Supplier

al, a3, a5 nAChR A synthetic peptide corresponding to the
main immunogenic region on the extracellular surface of
muscle ol AChR subunit, as well as the a3 and o5 subunits
of human neuronal AChRs. The antibody binds the al
subunit weakly when the protein is denatured, but can only
detect the a3 and a5 subunit in native forms.

09 nAChR A synthetic peptide corresponding to the
N-terminal region of the human nAChR a9 protein.

ml mAChR A Glutathione S-transferase (GST) fusion
protein corresponding to a part of the i3 intracellular loop of
human m1 mAChR protein (227-353).
m2 mAChR A GST fusion protein corresponding to a part
of the 13 intracellular loop of the m2 receptor (225-359).
Choline Acetyltransferase/ChAT Protein corresponding to
the human placental enzyme.

rabbit

rabbit

rat

Gift of Dr Jon Lindstrom,

mAb 210 (1:200 IHC) University of Pennsylvania

AB24719 (1:1000 Western) Abcam, Cambridge MA

AB49065 (1:100

IHC) (1:1000 Western) Abcam, Cambridge MA
ABS5164 (1:100 THC) (1:50 Chemicon, Temecula CA
Western)
mAB367 (1:100 IHC) (1:100 Chemicon, Temecula CA
Western)
goat ABI144P (1:200 IHC) Chemicon, Temecula CA
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overnight in a primary antibody at 4 °C (Table 3). They were
then washed again in three changes of 0.1 M PBS, incubated
for 1 h with the secondary antibody that was conjugated
to a fluorescent dye, washed again, and then incubated in
a ChAT primary antibody overnight at 4 °C. Sections were
then washed again, incubated for 1 h with the secondary
antibody that was conjugated to a different fluorescent dye,
washed again, coverslipped, and stored at 4 °C until imaging.
Appropriate controls included the substitution of matched
IgG protein concentrations for the primary antibodies and
the omission of primary antibodies. Antibodies were obtained
from Abcam (Cambridge, MA), Chemicon (Billerica, MA),
and Santa Cruz (Santa Cruz, CA). The mAb 210 antibody
was generously provided by Dr. Jon Lindstrom (University of
Pennsylvania). Secondary antibodies were raised in donkey
and obtained from the Jackson Immunoresearch Laboratories
(West Grove, PA).

Images of vertical IHC were collected with a Leica TCS
SP confocal laser scanning microscope. Each image was
composed of six sequential sections. Brightness and contrast
were adjusted using Adobe Photoshop (Adobe Systems; San
Jose, CA), and adjustments were applied identically for all
images for each antibody.

RESULTS

qPCR SuperArray screening: To assess changes in the expres-
sions of many different candidate genes at one time, gPCR
custom SuperArrays were designed. SuperArrays included
primers for a wide variety of targets, including the members
of the ligand gated ion channel superfamily and receptors
that activate the same protein cascades as mAChRs (Table
1). The qPCR screening results indicated a significant 1.19
(SEM = 0.082)-fold upregulation (t [14] = —2.200, p<0.05)
of the B2 GABA , receptor subunit, indicating that the 2
GABA , transcript expression was significantly higher in the
KO mice than in the WT mice. There was also a significant
—1.50 (SEM = 0.182)-fold downregulation (t [14] = 2.290,
p<0.05) of the a5 nAChR subunit RNA transcript, a —1.78
(SEM = 0.252)-fold downregulation (t [12] = 2.185, p<0.05)
of the ml mAChR subtype RNA transcript, and a —1.98
(SEM = 0.225)-fold downregulation (t [12] = 2.884, p<0.05)
of the inwardly rectifying potassium, subfamily J, member 4
channel (Kcnj4) RNA transcript. These data indicate that the
a5 nAChR, ml mAChR, and Kcnj4 targets were significantly
downregulated in KO mice relative to WT mice (Figure 1).
ChAT, the rate-limiting step in ACh synthesis, is regularly
used as a marker for sites of ACh synthesis and release. To
assess whether the compensation for the lack of a7 nAChRs
was mediated by changes in the overall levels of ACh, ChAT
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was also included in the SuperArray. However, there was no
change in the mRNA expression of ChAT in the a7 nAChR
KO mice, as compared to the WT mice. This suggests that
the rate of ACh synthesis was not altered in the o7 nAChR
KO mice. As the primer sets in PCR arrays are proprietary,
the primer sequences were unavailable for use in obtaining
product sequences. We chose to focus on the nAChR tran-
script expression to test our prediction that changes in other
AChR subunits or subtypes were compensatory.

Whole retina AChR qgPCR: To assess changes in the mRNA
expressions observed using the SuperArrays and to confirm
the product homology to the targeted mouse DNA sequence,
custom primers for AChRs, designed against mouse
sequences, were optimized for gPCR. The resulting gPCR
products were subjected to electrophoresis on a 2.5% agarose
gel, and single bands of the expected molecular weight were
obtained (Figure 2). Products were sequenced and then
compared to published sequences using the standard nucleo-
tide BLAST. PCR product homology to mouse nAChR and
mAChR DNA ranged from 81-100% (Table 2). The qPCR
results, using RNA extracted from WT and a7 nAChR KO
mouse retinas (Figure 3), indicated a significant 3.11-fold
upregulation (t [16] = —4.280, p<0.001; SEM = 0.263) of the
a2 nAChR subunit, a 3.5-fold upregulation (t [15] = —2.118,
p<0.05; SEM = 0.586) of the a9 nAChR subunit, a 2.66-fold
upregulation (t [18] = —1.831, p<0.05; SEM = 0.553) of the
010 nAChR subunit, a 1.49-fold upregulation (t [18] =—-3.693,
p<0.001; SEM = 0.107) of the B4 nAChR subunit, a 3.8- fold
upregulation (t [18] = —2.087, p<0.05; SEM = 0.627) of the
ml mAChR subtype, and a 6.22-fold upregulation (t [15] =
—2.941, p<0.01; SEM = 0.589) of the m4 mAChR subtype.
Results also indicated a significant —2.95-fold downregula-
tion (t [16] = 1.768, p<0.05; SEM = 0.582) of the a5 nAChR
subunit. Because a9 and a10 nAChR transcripts have not
been previously reported in retinas, and to further confirm
primer specificity, we tested our primers using retinal mRNA
obtained from a7 nAChR KO, a9 nAChR KO, and 010 nAChR
KO mouse retinas. No o7 nAChR transcripts were amplified
from RNA extracted from a7 nAChR KO mouse retinas when
qPCR was performed using the o7 nAChR primer set. No a9
nAChHR transcripts were amplified from RNA extracted from
09 nAChR KO mouse retinas when qPCR was performed
using the 09 nAChR primer set. Similarly, no 10 nAChR
transcripts were amplified from RNA extracted from al0
nAChR KO mouse retinas when qPCR was performed using
the 010 nAChR primer set (not shown).

LCM: To determine whether the AChR expressions varied
among the different retinal cell populations, LCM was used
to extract cells from the GCL, the iINL, and the oINL. The
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Figure 2. 2.5% agarose gel of the acetylcholine receptor qPCR products. (Left) Products obtained from wild-type (WT) mouse retinal RNA
extracts using custom-designed primers for a2—a7, a9, al0, and B2—p4 nAChR subunits as well as m1-m5 mAChR subtypes are shown.
Products (Right) obtained from a7 nAChR knockout (KO) mouse retinal RNA extracts using primers for a.6 and a7 nAChR subunits. Each
gPCR product has a single band of the expected size. As expected, there is no band present for the gPCR product from the reaction containing

the a7 nAChR primer and the 07 nAChR KO mRNA. *p<0.05, (n=8).

GCL is composed of ganglion and displaced amacrine cell
populations. The iINL is composed of primarily amacrine
and a few bipolar cells, while the oINL is composed of hori-
zontal and bipolar cells. Representative images of the retinal
tissue before and after each laser capture are shown in Figure
4. Retinal layers were distinguishable and could be reliably
captured. Tissue was also collected from the IPL (image not

shown) as a negative control. As expected, the mRNA tran-
scripts were not amplified from this synaptic layer.

LCM qPCR—nAChR o subunits: The a2 nAChR subunit
transcripts were upregulated in the whole retina, but down-
regulated in the GCL and the INL (Figure 5). Specifically,
qPCR results indicated a significant 3.11-fold (SEM = 0.263)
upregulation (t [16] = —4.280, p<0.001) of the a2 nAChR

N
)
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Fold Change
from Control
=

b3

stk st

a2 o3 o4 o5 o6 o9 «al0 B2 B3 B4 mi m2 m3 md4d msS
Target Gene

Figure 3. Acetylcholine receptor qPCR fold changes in a whole mouse retina. The qPCR showed a significant upregulation of the a2, a9,
010, and B4 nAChR subunits or the m1 and m4 mAChR subtypes. There was also a significant downregulation of the a5 nAChR subunit.

Error bars represent the SEM. *p<0.05, **p<0.01, ***p<0.001, (n=11).
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Figure 4. Images of vertical sections
depicting laser capture microdis-
section (LCM) of the unfixed
mouse retinas. Vertical section of
an unfixed mouse retina. A: before
LCM; B; after dissection of the
ganglion cell layer (GCL-); C: after
dissection of the GCL and the inner
portion of the inner nuclear layer
(iINL-), and D: after dissection of
the GCL, the iINL, and the outer
portion of the inner nuclear layer
(oINL-). Scale bar, 100 um.
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subunit in the whole retina. None of the captured regions
of the retina showed upregulation of the a2 nAChR subunit
transcript. Instead, there was a significant —3.0-fold (SEM =
0.504) downregulation (t [13 ]= 2.243 p<0.05) in the iINL.

Furthermore, the a5 nAChR subunit transcripts were
downregulated in the whole retina and in the inner retina.
There was a significant 2.95-fold (SEM = 0.582) downregula-
tion (t [16] = 1.768, p<0.05) of the a5 nAChR subunit tran-
scripts in the whole retina and a non-significant trend toward
downregulation in the oINL, the iINL, and the GCL.

The 09 nAChR subunit transcription was upregulated in
the whole retina, the GCL, and the oINL, and it was signifi-
cantly downregulated in the iINL. There was a significant
3.5-fold (SEM = 0.586) upregulation (t [18 ] =—1.831, p<0.05)
of the 09 nAChR subunit transcripts in the whole retina and
a non-significant trend toward upregulation in the oINL and
the GCL. There was a significant —6.26-fold (SEM = 0.575)
downregulation (t [14] = 3.521, p<0.01) of the a9 nAChR
subunit transcripts in the iINL.

Finally, 010 nAChR subunit transcripts were upregulated
in the whole retina, the oINL, and the GCL, and they were
downregulated in the iINL. There was a 2.66-fold (SEM =
0.553) upregulation (t [18] =—1.831, p<0.05) of the a.10 nAChR
subunit transcripts in the whole retina, a non-significant trend
toward upregulation in the oINL and the GCL, and a non-
significant trend toward downregulation in the iINL.

LCM qPCR—nAChR f subunits: The f2 nAChR subunit
transcripts were upregulated in the oINL, but they trended
toward downregulation in the whole retina, the iINL, and
the GCL. Specifically, there was a non-significant trend
toward an upregulation of the f2 nAChR subunit transcripts
in the whole retina. There was a significant 3.36-fold (SEM =
0.379) upregulation (t [17] =-3.218, p<0.01) of the B2 nAChR
subunit transcripts in the oINL, as well as a non-significant
trend toward downregulation in the iINL and the GCL.

The 3 nAChR subunit transcripts were downregulated
in the GCL, and they trended toward downregulation in the
INL and toward upregulation in the whole retina. There was
a non-significant trend toward an upregulation of the 3
nAChR subunit transcripts in the whole retina. Conversely,
there was a statistically significant —2.54-fold (SEM = 0.246)
downregulation (t [19] = 3.844, p<0.001) of the 3 nAChR
subunit transcripts in the GCL and a non-significant trend
toward downregulation in the INL.

Finally, B4 nAChR subunit transcripts were upregulated
in the whole retina and the oINL but downregulated in the
iINL and the GCL. There was 1.49-fold (SEM = 0.107) upreg-
ulation (t [18] = —3.693, p<0.001) of the f4 nAChR subunit
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transcripts in the whole retina and a 1.15-fold (SEM = 0.079)
upregulation (t [20] =—1.751, p<0.05) in the oINL. There was
a significant —1.60-fold (SEM = 0.067) downregulation (t [18]
=-2.087, p<0.001) of the p4 nAChR subunit transcripts in the
iINL and a 2.90-fold (SEM = 0.097) downregulation (t [19] =
11.060, p<0.001) in the GCL.

LCM gPCR—-mAChR subtypes: The ml mAChR subtype
transcripts were upregulated in the whole retina, the oINL,
and the GCL, and they were downregulated in the iINL.
Specifically, there was a significant 3.81-fold (SEM = 0.627)
upregulation (t [18] = —2.087, p<0.05) of the m1 mAChR
subtype transcripts in the whole retina, with a non-significant
trend toward upregulation in the oINL and the GCL and a
non-significant trend toward downregulation in the iINL.
The m2 mAChR subtype transcripts were upregulated in the
whole retina and the GCL, and they were downregulated in
the INL. There was a non-significant trend toward upregula-
tion of the m2 mAChR subtype transcripts in the whole retina
and a significant 5.58-fold (SEM = 0.335) upregulation (t [10]
= -5.234, p<0.001) in the GCL. However, there was also a
non-significant trend toward downregulation in the oINL and
a significant —5.08-fold (SEM = 0.637) downregulation (t [18]
= 2.604, p<0.01) in the iINL. Finally, m4 mAChR subtype
transcripts were upregulated in the whole retina, the oINL,
and the GCL, but they were downregulated in the iINL. There
was a significant 6.22-fold (SEM = 0.589) upregulation (t [15]
=-2.941, p<0.01) of the m4 mAChR subtype transcripts in the
whole retina, a 2.48-fold (SEM = 0.502) upregulation (t [9] =
—1.885, p<0.05) in the oINL, and a 2.63-fold (SEM = 0.289)
upregulation (t [10] = —3.415, p<0.01) in the GCL. However,
there was also a significant —2.00-fold (SEM = 0.311) down-
regulation (t [14] = 2.268, p<0.05) of the m4 mAChR subtype
transcripts in the iINL.

LCM qPCR-retinal layers: The qPCR results, obtained using
RNA extracted from the different retinal layers, indicated
that some AChR subunits and subtypes were both up- and
downregulated, depending on the region within the retina
(Figure 6). The qPCR results, obtained using RNA extracted
from the oINL, indicated significant upregulation, as well as
trends toward up- and downregulation for AChR subunits
and subtypes. In addition, qPCR results, obtained using
RNA extracted from the iINL, exhibited significant down-
regulation but no upregulation or trends toward upregulation.
Finally, qPCR results, obtained using RNA extracted from
the GCL, showed significant up- and downregulation.

Western blotting: Western blot analyses were performed
using antibodies against the AChR subunits and subtypes that
were differentially regulated between WT and a7 nAChR KO
mice. Protein used in western blotting was extracted from
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Figure 5. A comparison of signifi-
cant qPCR targets across experi-
ments. The a2 nAChR subunits
were upregulated in the whole
retina and downregulated in the
GCL. The a5 nAChR subunits were
downregulated in the whole retina
using either superarray (SA) or
designed primers. The a9 nAChR
subunits were upregulated in the
whole retina and downregulated in
the iINL. The a10 nAChR subunits
were upregulated in the whole
retina. The f2 nAChR subunits
were upregulated in the oINL.
The B3 nAChR subunits were
downregulated in the iINL. The p4
nAChR subunits were upregulated
in the whole retina and the oINL
and downregulated in the iINL and
the GCL. The m1 mAChR subtypes
were upregulated in the whole
retina using designed primers and
downregulated using SA primers.
The m2 mAChR subtypes were
upregulated in the GCL and down-
regulated in the iINL. The m4
mAChR subtypes were upregulated
in the whole retina, the oINL, and
the GCL and downregulated in the
iINL. SA- SuperArray, WR- whole
retina, oINL- outer portion of
INL, iINL- inner portion of INL,
GCL- ganglion cell layer, Error
bars represent SEM. ***p<0.001,
SA (n=8), WR (n=11), LCM (n=11).
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Figure 6. Acetylcholine receptor
qPCR fold changes in the oINL,
the iINL, and the GCL of the mouse
retinas. A: In the oINL, there was
an upregulation of the B2 and B4
nAChR subunits. B: In the iINL,
there was a downregulation of the
02, a9, and 4 nAChR subunits
as well as the m2 and m4 mAChR
subtypes. All acetylcholine receptor
(AChR) subunits and subtypes
showed downregulation or trended
toward downregulation in the iINL.
C: In the GCL, there was an upreg-
ulation of the m2 and m4 mAChR
subtypes and an upregulation of the
B3 and 4 nAChR subunits. Error
bars represent SEM. *p<0.05,
**p<0.01, ***p<0.001, (n=11).
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whole mouse retinas. Western blot analyses with antibodies
against mAChR subtypes and nAChR subunits resulted in
a single band of the size predicted by the Universal Protein
Resource (UniProt) protein sequence database (Figure 7A,
Table 3). Other antibodies did not yield a single band of the
predicted size and so were not used for subsequent THC
analyses. A single 51 kDa band was visualized for AB24719,
an antibody that recognizes the epitope corresponding to the
main immunogenic region on the extracellular surface of the
human muscle al nAChR as well as the a3 and a5 neuronal
nAChR subunit proteins [24,25]. A single 53 kDa band was
visualized for AB49065, an antibody that recognizes the
epitope corresponding to the N-terminal regions of the human
a9 nAChR protein. A single 60 kDa band was visualized
for AB5164, an antibody that recognizes the epitope corre-
sponding to amino acids 227-353 of the human m1 mAChR
protein. A single 52 kDa band was visualized for mAB367, an
antibody that recognizes the epitope corresponding to amino
acids 225-359 of the human m2 mAChR protein. The western
blot data confirmed antibody specificity and indicated the
presence of the a3—a5 and 09 nAChR subunits, as well as the
ml and m2 mAChR subtype proteins in mouse retina, and it
confirmed antibody specificity. Primary antibody omission
and IgG controls yielded no bands (Figure 7B). As this is
the first report of a9 nAChR protein expressions in mouse
retina, we tested the specificity of the antibody with protein
from 09 nAChR KO mouse retinas. Western blots obtained
using protein extracted from a9 nAChR KO mouse retinas
yielded no bands when probed using antibodies against the
09 nAChR subunit.

Antibodies made against 02, a3, a6, or al0 nAChRs
were also tested (not shown), but each of the antibodies tested
yielded multiple bands on westerns, indicating a potential
lack of specificity and they were excluded from this study.
Furthermore, consistent with previous reports, commercially
available antibodies against a7 nAChRs yielded labeling
patterns in a7 nAChR KO mouse retinas similar to those seen
in WT mouse retinas, or they yielded no specific labeling;
therefore, a7 nAChR antibodies were not used in this study
[55]. This does not suggest that a2, a6, a7, and a10 nAChR
subunits are absent from mouse retina but instead is simply
the result of a lack of specific antibodies.

ChAT wholemount IHC: To assess whether an absence of o7
nAChRs correlated with the changes in the number of cholin-
ergic amacrine cells, we also assessed the distribution and
number of ChAT immunoreactive cells in the WT and the o7
nAChR KO mouse retinas. A change in the number of ChAT
immunoreactive cells might indicate a change in the overall
levels of ACh. The distribution of ChAT immunoreactivity in
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the WT mice has been previously described and our studies
yielded similar results in both the distribution and number
of cells. ChAT immunoreactivity was displayed by a subset
of amacrine cells in the INL and a population of displaced
amacrine cells in the GCL, with two well-labeled bands of
dendrites in the second and fourth sublamina of the IPL
[56,57]. In the central WT mouse retina, the INL contained,
on average, 1,390.6 per mm? (SD = 162.14) ChAT immuno-
reactive amacrine cells, which was significantly higher than
the GCL, which contained, on average, 1,016.8 per mm? (SD
= 75.79) ChAT immunoreactive amacrine cells (Figure 8).
Similarly, in the central a7 nAChR KO mouse retina, the INL
contained, on average, 1,349.33 per mm? (SD = 61.49) ChAT
immunoreactive amacrine cells, which was significantly
higher than the GCL, which contained, on average, 1,142.67
per mm? (SD = 73.22) ChAT immunoreactive amacrine
cells. A higher number of ChAT immunoreactive cells in the
INL compared to the GCL was observed in both WT (t [8]=
—2.987, p<0.05) and o7 nAChR KO (t [8]= —9.519, p<0.001)
mice. In both the INL and the GCL, there were no significant
differences in the number or distribution patterns of ChAT
immunoreactive cells in the a7 nAChR KO mice as compared
to the WT mice. Thus, the absence of a7 nAChRs did not
appear to affect the cholinergic cell populations. Therefore,
changes in the expressions of nAChR subunits or mAChR
subtypes in a7 nAChR KO mice were not likely due to
changes in the number and distribution of ChAT-containing
amacrine cells.

nAChR/ChAT double label IHC: Protein expression patterns
for ChAT plus a3/a5 or a9 nAChR subunits in WT and a7
nAChR KO mouse retinas were assessed. Because there were
no differences in the ChAT mRNA or the protein expres-
sions between WT and a7 nAChR KO mouse retinas, ChAT
immunoreactivity was used to normalize the brightness and
contrast for [HC images as a positive control to ensure experi-
mental consistency and to delineate IPL sublamina within
the retina.

Presumptive amacrine, bipolar, and ganglion cells
displayed mAb210 immunoreactivity (Figure 9), as mAb210
is an antibody that specifically labels a3 and a5 nAChR
subunits in the retina [24,25]. It also recognizes the main
immunogenic region on the extracellular domain of the
muscle al nAChR, but the al subunit is not thought to
be expressed by the neuronal tissue [24]. Furthermore,
mAb210 immunoreactivity in cell bodies was restricted to
what appeared to be a thin layer of cytoplasm surrounding
the nucleus, probably indicating the presence of a3 and a5
nAChRs that were synthesized but not yet transported to
synaptic zones. Dendrites that displayed immunoreactivity
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Figure 7. Western blot analyses
with antibodies against acetylcho-
line receptors. Protein extracts
from WT C57BL/6J] mouse retina.
A: Western blots obtained had
a single band at the predicted
molecular weight. This confirmed
the presence of the nAChR subunit
and mAChR subtype protein and
antibody specificity. Blots for each
antibody were obtained separately
and compiled for the figure. al,
a3, a5 (AB24719-Rat) 51 kDa; a9
nAChR (AB49065-Rb), 53 kDa; m1
mAChR (AB5164-Rb), 60 kDa; m2
mAChR (mAB367-Rat), 52 kDa.
B: Representative western blots
for control conditions; clean, with
no bands present. IgG: Immuno-
globulin G; Rb: Rabbit.

1346


http://www.molvis.org/molvis/v20/1328

Molecular Vision 2014; 20:1328-1356 <http:/www.molvis.org/molvis/v20/1328>

© 2014 Molecular Vision

INL

INL& GCL

=

INL

CL

INL & ¢

GCL

ChAT IR Cells/mnry’

»CL

(

ChA'T IR Cells/mmy’

W

2500

2090 .

1590,

1090

<90

2009 .

1509 |

1009

<ov

INL

e

1347

L

o

GCL & INE

GOL & INT

Figure 8. Wholemount choline
acetyltransferase (ChAT) immu-
nohistochemistry (IHC). There
was a significant increase in the
number of ChAT immunoreactive
amacrine cells in the inner nuclear
layer (INL) compared to the GCL
in both A: WT C57BL/6J mice,
*p<0.05 (n=5) and B: a7 nAChR
KO mice, **p<0.001 (n=5). Error
bars represent SEM. There was no
significant difference between WT
and a7 nAChR KO mice. For each
retina, cell counts were obtained
from five optical z-stack confocal
sections taken under 40X magni-
fication in the INL and the GCL,
respectively. Regions of interest
were non-overlapping 500 pm by
500 pm areas approximately 500
pum away from the optic nerve.
Scale bar, 50 pm.
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for mAb210 were broadly distributed through the IPL and
overlapped the ChAT immunoreactive processes in sublamina
2 and sublamina 4, suggesting that a3 and a5 nAChRs are
distributed on processes within the ON and OFF pathways. A
thin band at sublamina 3 of the IPL was not mAb210 immu-
noreactive, suggesting that a specific population of cells that
stratify at the margins of the ON and OFF sublamina do not
express a.3 and a5 nAChRs. In addition, faint mAb210 immu-
noreactivity was observed at the level of the outer plexiform
layer (OPL), probably from the processes of labeled bipolar
cells. Similar patterns of immunoreactivity were observed
in the a7 nAChR KO mouse retinas, but the labeling was
less intense than in the WT mice when images were taken
using identical settings for image capture. This is consistent
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with mRNA results showing a downregulation of a5 nAChR
subunits in the a7 nAChR KO mouse retina.

Immunoreactivity for AB49065, an antibody specific
for 09 nAChRs, was distributed in a variety of cell types,
including presumptive amacrine, bipolar, and ganglion cells,
as well as throughout the IPL (Figure 10). As was observed
with mAb 210 labeling, immunoreactivity in cell bodies was
restricted to what appeared to be a thin layer of cytoplasm
surrounding the nucleus, indicating the presence of a9
nAChRs synthesized but not yet transported to synapses.
There appeared to be fewer cell bodies labeled in the a7
nAChR KO mouse retina, and 09 nAChR immunoreactivity
was broadly distributed through the IPL and encompassed

WT (07 nAChR +/+)
a3/a5 nAChR

Overlay

KO (a7 nAChR -/-)
a3/a5 nAChR

Figure 9. nAChR IHC in a7 nAChR
KO and WT mouse retinas. (A)
Labeling patterns of the a3/a5
nAChR antibody (red) revealed
labeling in the amacrine (arrows),

Overlay

bipolar (arrowheads), and ganglion
cells (asterisks) in both the WT
and a7 nAChR KO mouse retinas,
with less intense labeling in the
KO mouse retinas. Inner plexiform
layer (IPL) immunoreactivity
encompassed ChAT (green) immu-
noreactive IPL bands, but there
were no double labeled ChAT-
positive cell bodies.
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KO (07 nAChR -/-)

09 nAChR

Figure 10. Labeling patterns of the
a9 nAChR antibody (red) revealed
labeling in the amacrine (arrows),
bipolar (arrowheads), and ganglion
cells (asterisks) with less cellular
labeling in the a7 nAChR KO
mouse retinas (right panels) than in
the WT mouse retinas (left panels).
The a9 nAChR immunoreactivity
was broadly distributed through
the IPL and encompassed the ChAT
(green) immunoreactive bands. A
subset of cholinergic amacrine cells
Overlay demonstrated 09 immunoreactivity
in the KO mouse retina. There were
areas of increased density at the
margins and in the center of the
IPL, particularly in the KO mouse
retinas, at the same level as the dim
area in the center of the a3 and a5
nAChR immunoreactivity. Strong
labeling in the outer plexiform
layer (OPL) was consistent with the
labeling of bipolar cell dendrites.

the ChAT (green) immunoreactive bands. There were areas
of higher density labeling at the margins and in the center
of the IPL, particularly in a7 nAChR KO mouse retinas at
the same level as the weaker mAb 210 dendritic immuno-
reactivity observed in a thin band in sublamina 3. The a9
nAChR immunoreactive amacrine cells did not appear to be
immunoreactive for ChAT in WT mouse retinas, but a subset
of cholinergic amacrine cells demonstrated 09 immunoreac-
tivity in the a7 nAChR KO mouse retina.

Additionally, there was immunoreactivity at the level
of the OPL, and many processes could be traced to the IPL
or the OPL. These data are not completely consistent with
the mRNA results indicating the upregulation of 09 nAChR
transcripts in the whole retina, the oINL, and the GCL. The

mRNA upregulation only reached significance when qPCR
was performed with the whole retina RNA. The oINL and the
GCL mRNA alone were not significantly upregulated, which
could lead to visual confirmation of these changes via IHC.
Thus, a lack of qualitative differences in IHC does not rule
out an increase in the overall a9 nAChR subunit proteins.

mAChR/ChAT double label IHC: Experiments using anti-
bodies against mAChR subtypes showed differential immu-
noreactivity between WT and a7 nAChR KO mouse retinas.
Immunoreactivity in WT mouse retinas was limited to the
ganglion cells, while immunoreactivity in a7 nAChR KO was
evident in the amacrine cells, the bipolar cells, and throughout
the IPL (Figure 11). Antibodies against ml mAChRs labeled
neurons throughout the GCL and two narrow bands of
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Figure 11. mAChR ICH in a7 nAChR KO and WT mouse retinas. (A) Labeling patterns of the m1 mAChR antibody (red) revealed labeling
in ganglion cells (asterisks) in the WT and the a7 nAChR KO mouse retinas. There was broad diffuse IPL labeling in the IPL of the a7
nAChR KO mouse retinas as well as two bands of immunoreactivity (double asterisks) that were not evident in the IPL of the WT mouse
retinas. The a9 immunoreactive IPL bands were directly beneath but did not colocalize with the ChAT (green) immunoreactive bands. (B)
Labeling patterns of the m2 mAChR antibody (red) revealed labeling in the ganglion cells (asterisks) and labeling throughout the IPL of the
WT mouse retinas. IPL labeling was more intense in in sublaminae 2 and 3 and colocalized with ChAT immunoreactivity in sublamina 2.
There were no labeled cell bodies in the INL of the WT mouse retinas. In contrast, both bipolar (arrowheads) and amacrine cells, including
cholinergic amacrine cells (arrows), were immunoreactive for m2 in the o7 nAChR KO mouse retinas. The brighter bands (double asterisks)
within the IPL at sublaminae 2 and 3 were more intense in the a7 nAChR KO mouse retinas, and the colocalization with the ChAT (green)

immunoreactive bands in sublamina 2 was more pronounced.

processes at sublamina 2 and sublamina 4, as well as diffuse
labeling throughout the IPL in the a7 nAChR KO mouse
retinas. The narrow bands of more intense immunoreactivity
seen in the IPL of the a7 nAChR KO mouse retinas did not
overlap with the ChAT immunoreactive bands, which are
found at sublamina 2 and sublamina 4. The increased m1
mAChR immunoreactivity observed in the a7 nAChR KO
mouse retina is consistent with the mRNA results, which
showed an upregulation of ml1 mAChRs in the a7 nAChR
KO mouse retina.

Antibodies against m2 mAChRs in WT mouse retinas
labeled ganglion cells and were distributed throughout the
IPL with an increased density in sublaminae 2 and 3 that
overlapped with ChAT immunoreactivity in sublamina 2.
There were no m2-immunoreactive cells evident in the INL of

the WT mouse retinas. In contrast, both bipolar (arrowheads)
and amacrine cells, including cholinergic amacrine cells
(arrows), were immunoreactive for m2 in the a7 nAChR KO
mouse retinas. IPL immunoreactivity was more pronounced
in a7 nAChR KO mouse retinas, including immunoreactivity
in sublamina 1 and increased density of the immunoreactivity
in sublaminae 2 and 3. The mRNA results indicated signifi-
cant an upregulation of the m2 transcripts within the GCL,
suggesting that increased IPL labeling is mostly comprised
of increased expressions of m2 AChRs by ganglion cells. The
omission of primary antibodies resulted in no labeling, while
the concentration-matched IgG controls displayed weak,
non-specific labeling that did not resemble the experimental
immunoreactivity patterns.
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DISCUSSION

We wanted to understand why the elimination of a receptor
subunit that is implicated in the development of the nervous
system and that plays a role in normal vision resulted in
a phenotype without significant observable phenotypic
dysfunction. To assess the hypothesis that other AChR
subunits and subtypes were upregulated to compensate for
the loss of a7 nAChR subunits, we performed a series of
gPCR, IHC, and western blotting experiments.

gPCR array screening: In this study, we assessed the abun-
dance of AChR transcripts in o7 nAChR KO mouse retinas
compared with WT mouse retinas to determine whether there
were significant changes in the expressions of other AChR
genes that are associated with the loss of the a7 nAChR
subunit. The qPCR array results indicated a significant
upregulation of the B2 GABA , receptor subunit and a signifi-
cant downregulation of the Kcnj4 channel. The Kcnj4 channel
is an inwardly-rectifying K* channel, responsible for helping
return the cell membrane back to a resting potential [58]. The
B2 GABA , receptor subunit is in the same super-family as
nAChRs, and activation usually results in hyperpolarization
[59]. Thus, a decrease in the Kcnj4 channel and an increase
in the B2 GABA , receptor subunit may result in an increase
in hyperpolarization. These results are counterintuitive; we
speculated that a decrease in a7 nAChR-mediated excitation
might correlate with a decrease in the inhibitory activity of f2
GABA , receptor subunits or an increase in Kcnj4, a channel
that reduces the length of time a cell is hyperpolarized
[60,61]. However, a7 nAChR activation can cause changes in
the Ca?*-dependent Cl- channel activity, and a decrease in the
o7 nAChR-mediated activity could be linked to the observed
decrease in Kcnj4 and the increase in B2 GABA , receptor
subunits [62,63].

The qPCR array results also indicated a significant
downregulation of the a5 nAChR subunit and the ml mAChR
subtype mRNA in the a7 nAChR KO mice. The a5 nAChR
result was confirmed with qPCR using custom-designed
AChR primers, but we did not detect a reduction in the m1
mAChR transcripts. In fact, the gPCR results using custom-
designed and validated primers specific for the ml mAChR
subtype showed a significant upregulation. The differences
in the expressions of the ml mAChR subtype in the whole
retina found by qPCR array and custom-designed primers
could be due to the differences in the expressions across
the retina, as seen in LCM qPCR results. This could reflect
the unintentional loss of parts of the retina during retinal
isolation, during which the GCL may be most vulnerable.
However, due to the proprietary nature of the qPCR arrays,
we did not have access to the validation and optimization data
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for the m1 mAChR primers used and were unable to sequence
the products to confirm that the m1 mAChR subtypes were
in fact being amplified. Thus, the next set of experiments
was performed with custom-designed and validated primers
whose products could be sequenced.

a2, B2, B3, and p4 nAChR subunit gPCR: A comparison
of the results of the different qPCR experiments helped to
further parse differences in the AChR expressions in the o7
nAChR KO mouse retinas, as compared to the WT mouse
retinas. Although, the whole retina qPCR results indicated a
significant upregulation of the a2 nAChR subunit transcripts,
a significant downregulation of the a2 nAChR subunits in the
cells of the GCL, and a statistically non-significant downreg-
ulation in the INL. The upregulation in the whole retina, but
not in the GCL and the INL, suggests that changes in the a2
nAChR subunit expressions occur in other areas of the retina,
possibly within the endothelial cells of the retinal vasculature,
as observed at the level of the OPL, or in the retinal macrog-
lial cells, whose somas are in the OPL [6,64]. Both retinal
vasculature and retinal macroglial cells have been shown to
express nAChR subunits [6,64,65]. The neural retina was
dissected from the retinal pigment epithelium (RPE) as care-
fully as possible before RNA extraction, but there could have
been a contamination, and the observed upregulation might
be attributable to RPE cells. The same changes observed in
the a2 nAChR subunit transcripts in the KO mice were also
observed in the B3 nAChR subunit transcripts; there was an
overall upregulation but a significant downregulation in the
oINL, the iINL, and the GCL. This implies that both the a2
and B3 nAChR subunits are increased in populations of cells
other than retinal neurons, such as vascular endothelial cells
or macrophages.

The patterns of changes in the abundance of 32 and 34
nAChR subunit transcripts were similar in the a7 nAChR KO
mouse retinas compared with the WT mouse retinas; there
was an overall upregulation in the whole retina, an upregula-
tion in the oINL, and a downregulation in the GCL and in the
iINL. This suggests that the f2- and f4-containing nAChRs
were likely decreased in ganglion and amacrine cells and,
perhaps, increased in bipolar cells and horizontal cells.

a5 nAChR subunit gPCR: Whole retina qPCR, using both
SuperArray and custom primers, showed a significant
downregulation of a3/05 nAChR subunit transcripts, but the
downregulation in the individual layers of the retina was not
statistically significant. Additionally, IHC showed a reduction
of a3/a5 nAChR subunit labeling intensity throughout the
a7 nAChR KO mouse retinas, compared to the WT mouse
retinas. This suggests that the overall downregulation of the
a5 nAChR subunit involved several cell types and was not
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specific to particular cell types of the retina, and the combined
effect rises to significance. The a5 nAChR subunit is usually
found in conjunction with the a3p34 subunits [66,67], and the
downregulation of the a5 nAChR transcripts is consistent
with a possible decrease in receptors with a3a5p4 stoi-
chiometry. This suggests a shift in the ratio of a3a5p4 to
a3p4 nAChRs in the retinas of the a7 nAChR KO mice. The
aS-containing nAChRs are less sensitive to ACh and nicotine
than other nAChRs, so a decrease in the abundance of these
receptors might indicate an overall increase in sensitivity to
ACh and nicotine [65].

a9 and 010 nAChR subunit gPCR: This study is the first to
report a9 and al0 subunit expressions in mammalian retina.
Because 09 and 010 nAChRs share several characteristics
with a7 nAChRs, including high calcium permeability, we
speculated that 09 and 10 subunits might be upregulated to
compensate for the loss of the a7 subunits in the KO mouse
retinas. Consistent with that prediction, a9 subunit tran-
scripts were significantly upregulated when the expression
was examined using mRNA extracted from the whole retina.
However, there was also a significant downregulation of the
09 subunit in the iINL. This iINL downregulation suggests
a reduction of the a9 subunit expression by populations of
amacrine cells in the iINL. Consistent with this sugges-
tion, there appeared to be fewer a9 subunit immunoreactive
amacrine cells in the a7 nAChR KO mouse retinas than in
the WT mouse retinas. While the a9 nAChR is typically
assembled into an a9/10 heteromer, there have also been
reports of a9 nAChR homomeric expressions in vitro [39,68].
The overall increase in the a9a10 transcripts in the o7 nAChR
KO mouse retinas is consistent with the possibility that there
is an increase in the a9 nAChR and 09010 nAChRs when
compared to WT mouse retinas. These increases were likely
limited to the GCL, since both a9 subunit and a10 subunit
transcripts were reduced in the RNA extracted from the total
INL cells gathered by LCM.

mli, m2, and m4 mAChR subtype gPCR: The m1 mAChR
subtype showed a significant upregulation in the whole
retina, and it trended toward upregulation in the oINL and
the GCL and downregulation in the iINL. The upregulation
in the oINL and GCL together was not sufficient to reach
significance, but when the whole retina was examined, the
upregulation was significant. There were also cell-type
specific changes detected in both m2 and m4 mAChR
subtypes. While the m2 mAChR subtype showed no signifi-
cant changes in expression in the whole retina, there was a
significant upregulation in the GCL and a significant down-
regulation in the iINL. These changes suggest the possibility
of an increased inhibition via the m2 mAChR subtype in the
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cells of the GCL and a decrease in the inhibition of amacrine
cells in the 1INL.

Western blot and IHC: To confirm the presence of AChR
protein and confirm the specificity of antibodies used in
IHC experiments, a series of western blot experiments were
completed. Protein expression and antibody specificity were
confirmed for a3, a5, and a9 nAChR subunits as well as m1,
m2, and m4 mAChR subtypes.

While a5 nAChR subunit protein expression patterns
have not been previously examined in mouse retina, the
expression patterns obtained were similar to those observed
in rabbit retina, with the addition of the expression by the
bipolar cells. Specifically, mouse retina amacrine, bipolar,
and ganglion cells displayed immunoreactivity for a3 and
a5 nAChR subunits, and immunoreactivity was detectable
throughout the IPL. In rabbit retina, the patterns are identical,
except that in the rabbit retina, the bipolar cells that display
a3 and a5 nAChR subunit immunoreactivity are absent [4].
A population of ON cone bipolar cells has been shown to
express a7 nAChR subunits [5]. These nAChRs respond to
high concentrations of ACh and nicotine transiently with
fast desensitization, while the responses of non-a7 nAChRs,
such as those containing a3 or a5 nAChR subunits, have less
rapid desensitization [69,70]. We speculate that the a3 and a5
nAChR subunit containing bipolar cells in the mouse retina
have a more sustained response than the o7 nAChR subunit
containing bipolar cells in the rabbit retina. A more sustained
bipolar response may result in enhanced glutamate released
from the cholinoceptive bipolar cells in the mouse retina.

An immunoprecipitation study by Origlia [47] indi-
cated no significant differences in the protein levels of a2,
a5, and f4 nAChR subunits in the a7 nAChR KO mouse
retina. However, the Origlia study used whole retina protein
extracts and did not examine protein expressions in different
retinal cell populations. As we observed in our LCM qPCR
experiments, variations in the expressions within specific cell
populations would be undetectable in studies using whole
retina extracts.

AB49065, a commercially available antibody that
recognizes 09 nAChR subunits, revealed immunoreactivity
in presumptive bipolar, amacrine, and ganglion cells in
the retina. Additionally, AB49065 immunoreactivity was
detected in the IPL and was most intense in sublamina 3. The
specificity of AB49065 was confirmed with western blot, and
protein extracted from a a9 nAChR KO mouse retina was
used. Incubation with AB49065 did not result in labeling on
western blots, further confirming antibody specificity.
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In general, nAChRs are activated by ACh and nicotine
but blocked by curare, while mAChRs are activated by
ACh and muscarine but blocked by atropine. The nAChRs
allow all cations to move through the channels with varying
levels of permeability, but the a7 nAChRs have the highest
Ca?" permeability of all the nAChRs [71]. Additionally, a7
nAChRs are blocked by low micromolar concentrations of
strychnine, as well as by a-bungarotoxin [72].

However, experiments that rely on nicotine to activate
nAChRs would not detect ®9 nAChRs because they have a
different pharmacological profile than the other nAChRs.
They are activated by ACh, carbachol, and choline, but not
by nicotine. They are blocked by a-BGT, strychnine, and
atropine and have high Ca®" permeability [28-36]. To our
knowledge, this is the first report of a9-containing AChRs in
the retina. The pharmacology of these receptors is complex.
This complexity makes it difficult to detect a9 AChRs with
pharmacological tools.

In addition, m1 mAChR subtype immunoreactivity in
the IPL was more intense and distinct in the a7 nAChR KO
mouse retinas than in the WT mouse retinas, which is consis-
tent with the qPCR data. The results of qPCR and THC studies
suggest the possibility of increased excitation via m1 mAChR
subunits in the oINL and GCL and decreased excitation in
the iINL. However, amacrine cells in the iINL release GABA
or glycine, thus, decreased excitation of the amacrine cells
would actually result in an overall decrease in the amacrine-
cell-induced inhibition of other cell types.

There was also increased m2 mAChR immunoreac-
tivity in the iINL and the IPL of the a7 nAChR KO mouse
retinas. Increased m2 transcripts in the GCL of a7 nAChR
KO mouse retinas suggest that the IPL increases were due
to increased expressions of m2 AChRs by ganglion cells,
and they provided a pathway for the cholinergic inhibition of
ganglion cell responses. The colocalization of m2 and ChAT
in both WT and a7 nAChR KO mouse retinas suggests that
m2 mAChRs provide autofeedback to the OFF population of
cholinergic amacrine cells.

The m4 mAChR subtype was significantly upregulated
in the whole retina as well as in the oINL and the GCL, and
it was significantly downregulated in the iINL. This suggests
that there may also be an increase in direct inhibition via m4
mAChRs on cells in the oINL and the GCL and a decrease
in indirect inhibition mediated by GABAergic or glycinergic
cells in the iINL.

ChAT wholemount IHC: The qPCR screening studies did
not show any differences in the ChAT expressions in the
o7 nAChR KO mouse retinas, but to further assess the
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possibility of any alterations in the distribution or number
of ChAT immunoreactive cells in the retina, we performed
cell counts. Consistent with previous reports in rabbits, mice,
and other mammals, ChAT immunoreactivity was observed
in amacrine cell bodies in the INL, amacrine cell bodies
in the GCL, and two distinct bands of labeling in the IPL
[56,57]. Also consistent with previous reports, there was a
significantly higher number of ChAT-positive amacrine cells
in the INL compared to the GCL. However, there were no
significant differences in the number of cholinergic cells in
the WT mouse retinas compared to the a7 nAChR KO mouse
retinas.

Implications: The findings of the current study demonstrate
that the absence of a7 nAChRs does not simply correlate with
changes in the mRNA expressions of other AChR subunits
or subtypes. Instead, there is a complex pattern of changes
in the expressions of different nAChR subunits and mAChR
subtypes, with variations across retinal cell populations.
Additionally, our results may suggest changes in the number
of receptor subtypes, resulting in differing affinities for ACh
and choline, as well as an overall decrease in amacrine cell-
mediated inhibition, which could, in part, compensate for the
loss of the excitatory a7 nAChRs.
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