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Demonstration of Cholinergic Ganglion Cells in Rat Retina:
Expression of an Alternative Splice Variant of
Choline Acetyltransferase

Osamu Yasuhara, Ikuo Tooyama, Yoshinari Aimi, Jean-Pierre Bellier, Tadashi Hisano, Akinori Matsuo, Masami Park,
and Hiroshi Kimura
Molecular Neuroscience Research Center, Shiga University of Medical Science, Otsu 520-2192, Japan

Acetylcholine acts as a neurotransmitter in the retina. Although previous physiological studies have indicated that some retinal ganglion
cells may be cholinergic, several immunohistochemical studies using antibodies to choline acetyltransferase (ChAT) have stained only
amacrine cells but not ganglion cells. Recently, we identified a splice variant of ChAT mRNA, lacking exons 6 -9, in rat peripheral nervous
system. The encoded protein was designated as ChAT of a peripheral type (pChAT), against which an antiserum was raised. In the present
study, we examined expression of pChAT in rat retina, both at the protein level by immunohistochemistry using the antiserum and at the
mRNA level by RT-PCR. Immunohistochemistry revealed that although no positive neurons were found in untreated intact retinas, many
neurons became immunoreactive for pChAT after intravitreal injection of colchicine. Damage of the optic nerve was also effective in
disclosing positive cells. Such positive neurons were shown to be ganglion cells by double labeling with a retrograde tracer that had been
injected into the contralateral superior colliculus. Western blot analysis and RT-PCR revealed a corresponding band to the pChAT protein
and to the amplified pChAT gene fragment, respectively, in retinal samples. In addition, ChAT activity was definitely detected in retinofu-

gal fibers of the optic nerve. These results indicate the presence of cholinergic ganglion cells in rat retina.
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Introduction

So far, neurotransmitters of retinal ganglion cells are generally
unknown. A body of evidence indicates that glutamate is a major
neurotransmitter of retinal ganglion cells. Glutamate immuno-
reactivity has been observed in these cells (Davanger et al., 1991;
Crooks and Kolb, 1992; Kalloniatis and Fletcher, 1993; Jojich and
Pourcho, 1996; Sun and Crossland, 2000) and their terminals
(Montero, 1994; Ortega et al., 1995; Mize and Butler, 1996). In
addition, glutamate receptors have been shown to be involved in
the synaptic transmission in the retinogeniculate and retico-
collicular pathways (Sillito et al., 1990; Roberts et al., 1991). Nev-
ertheless, the role of glutamate as a major neurotransmitter of
retinal ganglion cells remains to be confirmed. First of all, only
5-10% of the cells in the ganglion cell layer (GCL) have been
reported to be labeled with [ *H]-D-aspartate, the uptake of which
is an indicator of neurons using glutamate as a transmitter (Beau-
det et al., 1981; Ehinger, 1981). Second, glutamate has been
proven not to be released from optic nerve terminals in a
calcium-dependent manner (Sandberg and Corazzi, 1983; Tsai et
al., 1990). The dipeptide N-acetylaspartylglutamate has also been
suggested as a candidate transmitter, but this is still controversial
(Anderson et al., 1987; Tsai et al., 1990; Tieman and Tieman,
1996). Some ganglion cells may have the synthetic capability for
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several neuropeptides (Kuljis et al., 1984; Cuenca and Kolb,
1989), which are not the major neurotransmitters of ganglion
cells.

Acetylcholine (ACh) acts as a neurotransmitter in the retina
(for review, see Puro, 1985; Ehinger and Dowling, 1987). The
retina contains ACh and its biosynthetic enzyme, choline acetyl-
transferase (ChAT; E.C. 2.3.1.6). Although the cholinergic nature
of retinal ganglion cells has once been suggested in the toad (Os-
wald and Freeman, 1980), many morphological studies have
failed to support this possibility. Because there is no good histo-
chemical technique for ACh itself, immunohistochemistry for
ChAT has been regarded as the most reliable method for cholin-
ergic neurons. Previous immunohistochemical studies using
ChAT antibodies have constantly demonstrated ChAT immuno-
reactivity in amacrine cells but not in ganglion cells (Eckenstein
and Thoenen, 1982; Tumosa et al., 1984; Schmidt et al., 1985;
Pourcho and Osman, 1986a,b; Tumosa and Stell, 1986; Voigt,
1986). Even with such data, however, the possibility still remains
that retinal ganglion cells use a different form of ChAT for syn-
thesizing ACh.

Recently, Tooyama and Kimura (2000) cloned a different
form of ChAT ¢DNA from rat pterygopalatine ganglion. This
form of transcript lacks exons 6 -9, indicating an alternative splic-
ing event. An antiserum was raised against the peptide covering
the splice joint of exons 5 and 10, which should be specific to the
predicted protein. Immunohistochemistry using the antiserum
clearly revealed peripheral cholinergic neurons, whereas it failed
to reveal known cholinergic neurons in brain (Nakanishi et al.,
1999; Nakajima et al., 2000; Tooyama and Kimura, 2000). Be-
cause of the preferential localization in peripheral neurons, the
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protein was designated pChAT (ChAT of a peripheral type), and
the conventional or common form of the enzyme was termed
cChAT (ChAT of the common type). The negative staining of
peripheral cholinergic neurons by conventional cChAT antibod-
ies suggests that epitopes of such cChAT antibodies preferentially
lie within exons 69, which are absent in pChAT.

In the present study, we examined the possible existence of
cholinergic ganglion cells in rat retina by immunohistochemistry
and Western blot analysis using the pChAT antibody. In addi-
tion, expression of ChAT mRNA in the retina was analyzed by
RT-PCR, and ChAT enzyme activity was examined in the optic
nerve and retina of rats.

Finally, effects of light and darkness on the expression of
pChAT were examined immunohistochemically in the retina,
optic nerve, and optic tract. This is because concentrations of
several putative neurotransmitters in the retina are known to be
regulated by light/dark (Starr, 1973; Masland and Livingstone,
1976; Tuvone et al., 1978; Millar and Chubb, 1984). In addition,
accumulating lines of evidence have shown that light stimuli in-
duce the expression of Fos, an immediate early gene product, in
the retina (Sagar and Sharp, 1990; Koistinaho and Sagar, 1995).
Fos has been suggested to be among the transcription factors that
regulate ACh synthesis (Koistinaho and Sagar, 1995). Thus, we
were interested in studying the effect of light/dark adaptation on
the expression of pChAT, possibly through the Fos-mediated
mechanism.

Materials and Methods

Animals and surgical procedures. Male Wistar rats (Clea Japan, Tokyo,
Japan), weighing 200-300 gm, were used. The animals were generally
kept on a 12 hr light/dark cycle with ad libitum access to food and water.
The rats were handled in compliance with the principles of the NIH
Guide for the Care and Use of Laboratory Animals and the standards of
animal experiments in our university.

All surgical procedures and intravitreal injections were performed un-
der deep pentobarbital anesthesia (80 mg/kg). The first group of rats (n =
5) was used as normal animals without any treatment. In the second
group of rats (n = 4), the right eye was enucleated. After unilateral
enucleation, the animals were kept on a 12 hr light/dark cycle. They were
perfused 14 or 28 d after the operation. In the third group of rats (n = 5),
10 pl of a solution of colchicine (Sigma, St. Louis, MO) (10 ug/ul dis-
solved in saline) was injected intravitreally into the right eye. After a
survival period of 4-7 d, the animals were perfused. In the fourth group
of rats (n = 6), the right optic nerve was damaged. Under deep anesthe-
sia, the intraorbital portion of the optic nerve was approached by a skin
incision on the cheek, and the Harderian gland and a part of the lacrimal
gland were removed. The lateral and inferior rectus muscles were parted
by blunt dissection, and the optic nerve was exposed. The nerve was then
crushed twice for 30 sec each with a hemostatic forceps (n = 3) or pres-
sure injected with 3 ul of 100% ethanol through a heat-pulled glass
micropipette (n = 3). In either case, care was taken to avoid injury to the
retinal blood supply. The rats were allowed to survive for 4-7 d.

Tissue preparations. Under pentobarbital anesthesia (80 mg/kg), the
animals were perfused on crushed ice through the ascending aorta with
10 mm PBS, pH 7.4, followed by a fixative of 4% paraformaldehyde in 0.1
M phosphate buffer (PB), pH 7.4. After perfusion, bilateral eyes and the
brain were removed. The brain tissues were immersed for 2 d in the same
fixative at 4°C and then cryoprotected by immersion for 48 hr in 0.1 M PB
containing 15% sucrose. They were frozen and cut into 20-um-thick
sections in a cryostat. The sections were collected and stored in 10 mm
PBS containing 0.3% Triton X-100 (0.3% PBST) until stained.

The perfusion-fixed eye tissues were processed in two ways. First,
gelatin-embedded transverse sections of the eye cup were prepared. In
brief, the corneas and vitreous bodies were carefully removed from the
eye tissues. The resultant eye cups were postfixed for 2 d with 4% para-
formaldehyde in 0.1 M PB at 4°C. After rinsing with 0.1 M PBS, they were
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immersed for 4 hr in 0.1 M PB containing 10% gelatin at 37°C and then
placed for 1 hr in a cold chamber at 4°C. The gelatin-embedded speci-
mens were cut into 5- to 7-mm-thick blocks that were postfixed over-
night with 4% paraformaldehyde in 0.1 M PB at 4°C and then placed
overnight in 0.1 M PB containing 15% sucrose at 4°C. Transverse sections
of 30 uwm thickness were cut in a cryostat and collected in 0.3% PBST.

Second, retinal whole mounts were prepared. The retinas were dis-
sected out from the eye cups. After cutting radially, each retina was sand-
wiched between two sheets of filter paper and then fixed by immersion
for 2 d in 4% paraformaldehyde in 0.1 M PB at 4°C. The fixed retinal
tissues were then placed for 2 d in 0.1 M PB containing 15% sucrose at
4°C, before immunohistochemical staining. Bilateral eyes were simulta-
neously processed in all animals, and the eye tissue of the side with no
surgical treatment or intraorbital injection always served as a control.

PpChAT immunohistochemistry. Immunohistochemical staining was
done in a free-floating state. The coronal sections of the brain and
gelatin-embedded transverse sections of the eye cups were incubated for
3 d with the pChAT antiserum (diluted 1:80,000) or a goat anti-cChAT
antibody (Chemicon, Temecula, CA) (AB144p, polyclonal; diluted
1:20,000) (Bruce et al., 1985) at 4°C, for 2 hr with biotinylated secondary
antibody of appropriate species (Vector Laboratories, Burlingame, CA)
(diluted 1:1000) at room temperature, and for 1 hr with the avidin—
biotinylated peroxidase complex (Vector Laboratories; ABC Elite, di-
luted 1:2000) at room temperature. Dilution of the reagents and washing
sections between each step were done with 0.3% PBST. Color was devel-
oped by reacting the sections for 20 min with a mixture containing 0.02%
3,3’-diaminobenzidine, 0.0045% H,0,, and 0.3% nickel ammonium
sulfate in 50 mM Tris-HCI buffer, pH 7.6. The stained sections were air
dried, washed in tap water, dried through a graded series of alcohol,
cleared with xylene, and coverslipped with Entellan (Merck, Darmstadt,
Germany).

To facilitate antibody penetration, the retinal whole mounts were
freeze-thawed (Eldred et al., 1983) and then treated for 10 min with the
protease papain (0.1 IU/ml in 0.1 M PBS) at room temperature, followed
by fixation for 20 min with 4% paraformaldehyde at 4°C. After washing,
they were immunostained for pChAT as described above, except that
0.6% PBST was used as a buffer system.

For immunohistochemical controls, the pChAT antiserum was re-
placed by the preimmune serum or by pChAT antiserum that had been
preincubated overnight with the antigenic peptide of pChAT (41 amino
acids) (Tooyama and Kimura, 2000). No positive staining was observed
in these control studies. The number of cells labeled for pChAT was
counted in 15 nonoverlapping areas (0.25 X 0.25 mm each) in the central
and peripheral regions of the retina in three rats. The cell density in each
region was calculated as the number of labeled cells per square millime-
ter. An estimate was also made for the total number of pChAT-positive
cells in the retina, through the measurement of total area of each region
and the mean pChAT-positive cell density per unit area.

Double staining for pChAT and a retrograde tracer, fluorescent latex
microspheres. While the rats were under deep anesthesia with pentobar-
bital (80 mg/kg), 5 ul of a commercially available solution of red-
fluorescent latex FluoSpheres (Molecular Probes, Eugene, OR) (mean
diameter 40 nm; excitation 580 nm/emission 605 nm) (Persson and
Gatzinsky, 1993; Balthazart and Absil, 1997) was stereotaxically injected
into two sites in the left superior colliculus. In rat retina, the overwhelm-
ing majority of ganglion cells in an eyeball are known to project to the
contralateral superior colliculus (Linden and Perry, 1983). Three days
later, each rat received an intravitreal colchicine injection into the right
eye as described above. They were allowed to survive for an additional 4 d
and then perfused. The preparation and pretreatment of retinal whole
mounts were performed as described. They were then incubated for 5 d
with the pChAT antiserum (diluted 1:80,000) in 0.6% PBST at 4°C and
for 2 hr with fluorescein isothiocyanate (FITC)-conjugated goat anti-
rabbit IgG (ICN Pharmaceutical, Aurora, OH) (diluted 1:100) in 0.6%
PBST at room temperature. After washing, all retinas were mounted as
flat mounts on glass slides and coverslipped with glycerin. The retinal
whole mounts were imaged on a laser scanning microscope (MRC- 600,
Bio-Rad, Hercules, CA), and images were recorded and processed digi-
tally. The numbers of double-labeled and single-labeled cells were
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Table 1. Primers used in the present study

Number  Sequence Sense/antisense  Position” Exon®
P1 ATGCCCATCCTGGAAAAGGCTCCC  Sense 202-225 2

P2 TGGGTCTCTGAATACTGGCTGAATG  Sense 454 -478 3-4
P3 AACATTTCAACCTCAACCTTCTGG Antisense 13171340 10

P4 (TCACTCACTGAGTCAGCCCTGAC Antisense 1282-1305 10

“The number of nucleic acids is based on the rat ChAT cDNA sequence reported by Brice et al. (1989).
®Exon organization of the rat ChAT gene i based on the report by Hahn etal. (1992).

counted on two representative composite confocal images of the mid-
peripheral region covering a total area of 0.6 mm?, and the percentage of
double-labeled as compared with single-labeled cells was calculated.

mRNA analysis by RT-PCR. Total RNA was isolated from rat striatum
and retina using the acid guanidium thiocyanate-phenol method
(Chomczynski and Sacchi, 1987). Before reverse transcription, the total
RNA was incubated for 1 hr with 10 U of RNase-free DNase (Amersham
Biosciences, Piscataway, NJ) and 20 U of recombinant RNase inhibitor
(Wako Pure Chemicals, Osaka, Japan) at 37°C to eliminate any trace of
DNA contamination. Five micrograms of each total RNA were then re-
verse transcribed for the first-strand cDNA synthesis using 80 U of Su-
perScript II (Invitrogen, Gaithersburg, MD) and 500 pmol of oligo
dT,,_,5 (Amersham Biosciences) as primers.

Details of primers used for PCR in this study are shown in Table 1. At
the first step, PCR was performed using the pair of primers, P1 and P3,
and the first-strand cDNA as a template. The reaction mixture consisted
of 2 ng/ul of the template cDNA, 0.8 um each of the primers, 0.2 mm of
each of four deoxynucleotide triphosphates, 10 um B—mercaptoethanol
(Wako Pure Chemicals), 16.6 mm ammonium sulfate, 2 mm MgCl,, and
2.0 U Tagq polymerase (Toyobo, Osaka, Japan) in 67 mm Tris-HCl, pH
8.8. Thirty-six cycles of PCR were performed with the profile of thermal
cycles consisting of denaturation at 95°C for 1 min, annealing at 56°C for
1 min, and extension at 72°C for 2 min. The PCR products were diluted
at 1:100 in autoclaved water.

The nested PCR of 24 cycles was then performed using another pair of
primers, P2 and P4, and 0.5 ul of the diluted first PCR products as a
template. The composition of the reaction mixture and the profile of
thermal cycles were similar to the first-step PCR, except for the annealing
temperature at 66°C. The optimal annealing temperature for each pair of
primers was determined preliminarily using the RoboCycler (Stratagene,
La Jolla, CA). The first-step and nested PCR products were electropho-
resed on a 3% agarose gel and stained with ethidium bromide. After
dissecting out the bands from the gel, the target DNA in each band was
eluted and cloned using a TA cloning system (Invitrogen, San Diego,
CA). The pCR 2.1 plasmid vector containing the target DNA insert was
transfected into the host Escherichia coli, IVFa'. After minipreparation of
plasmid DNA, each PCR product was sequenced using the ThermoSe-
quenase Cycle Sequencing kit (Amersham Biosciences Corp) and a Se-
quencer DDS-1 (Shimadzu, Kyoto, Japan).

Western blot analysis. Two rats were used. Each animal received a single
intravitreal colchicine injection (100 ng) into the right eye. Four days
later, they were perfused through the ascending aorta with 10 mm PBS to
clear blood. Tissues of the retina of the injected and uninjected sides were
collected separately and homogenized in 10 vol of ice-cold 50 mwm Tris-
HCI, pH 7.4, containing 0.5% Triton X-100 and protease inhibitor mix-
ture tablets, Complete Mini (Roche Diagnostics, Mannheim, Germany)
(one tablet per 10 ml). The fresh tissue of the striatum from each animal
was also processed in parallel. The homogenates were centrifuged at
12,000 X g for 20 min at 4°C. The supernatants were collected as a crude
protein fraction. Approximately 25 ug of the crude extracted protein and
Prestained Precision Protein Standards (Bio-Rad) were electrophoresed
on a 9% SDS-polyacrylamide gel containing 20 uMm reduced cysteine
under a reducing condition and then transferred to a polyvinylidene
difluoride membrane (Immobilon-P, Millipore Japan, Tokyo, Japan).
The membrane was incubated for 1 hr with 8% skim milk in 25 mm
Tris-buffered saline (TBS, pH 7.4) at room temperature, and further
incubated overnight with the cChAT antibody (Chemicon) (AB144p,
polyclonal; diluted 1:500) or the pChAT antiserum (diluted 1:40,000) in
25 mm TBS containing 1% skim milk at room temperature. After wash-
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ing with 25 mm TBS containing 0.1% Tween 20, the membrane was
reacted for 2 hr with a peroxidase-coupled anti-rabbit IgG Fab' fragment
(Histofine; Nichirei Corporation, Tokyo, Japan) (diluted 1:50). The per-
oxidase labeling was detected by chemiluminescence using the ECL
Western blotting analysis system (Amersham Biosciences).

Assay of ChAT activity. Rat retinas and optic nerves were processed for
the assay of ChAT activity. Four rats received unilateral intracranial nerve
crush to eliminate a possible contribution of retinopetal cholinergic fi-
bers. For intracranial optic nerve crush, anesthesia was introduced in the
rats with 2% halothane and maintained with 1% halothane in a mixture
of 70% nitrogen and 30% oxygen to allow the animals to breathe spon-
taneously. Each animal was placed in the lateral position in a stereotaxic
apparatus (Model SH-8; Narishige, Tokyo, Japan), and a linear skin and
muscle incision was made between the left eyeball and external ear. The
temporal muscle was retracted on either side of the middle of the muscle
without removal of the muscle, zygomatic arch, or eyeball. Then a burr
hole was opened in the basal surface of the temporal bone between the
orbital fissure and the foramen ovale. The optic nerve was approached
through the hole and then crushed twice for 30 sec each with a hemostatic
forceps. At the end of the surgical operation, the incision was closed and
anesthesia was discontinued. The animals were allowed to survive for 4 d.

The enzyme activity of ChAT was measured according to Fonnum’s
method (Fonnum, 1975) with a slight modification. Fresh optic nerves
from intact and optic nerve-crushed rats as well as fresh retinas from
intact rats were homogenized in 10 vol of 1 mm EDTA plus 0.5% Triton
X-100, pH 7.4, at 4°C. After centrifugation at 10,000 X g for 30 min, the
supernatant was collected. Protein concentration was assayed using Low-
ry’s method (Lowry et al., 1951). Ten microliters of the supernatant
(5-10 pg of protein) were added to 10 ul of a reaction mixture contain-
ing 50 mM sodium phosphate buffer, pH 7.4, 300 mm sodium chloride,
0.2 mMm eserine salicylate (Sigma), 8 mm choline (Sigma), 300 um acetyl-
CoA (Sigma) and 2,220,000 dpm [*H] acetyl-CoA (20 Ci/mmol) (Am-
ersham Biosciences Corp). After incubation for 25 min at 37°C, the re-
action was terminated by cooling, and the resultant [*H] ACh was
quickly extracted with 5 mg/ml sodium tetraphenylboron in acetonitrile/
toluene. The radioactivity in the organic phase was counted. To deter-
mine the efficiency of ACh extraction, [ **C] ACh was used as an internal
standard. The enzyme activity was expressed as picomoles of [ *H] ACh
formed per minute per milligram of protein.

Animal manipulation for dark and light adaptation. For dark adapta-
tion, rats were kept in a black box in a dark room for 1 or 4 d. They were
anesthetized with pentobarbital (80 mg/kg) under infrared illumination
and then perfused. For light exposure, the rats were placed in a cage and
exposed to 300 lux of white light for 4 or 16 hr or to continuous fluorescent
room light for 4 d. The retinas and brains from these dark-adapted and
light-exposed rats were used for immunohistochemical investigations.

Results

pChAT immunohistochemistry in the retina and visual
pathway in intact rats

In retinal whole mounts of control rats, pChAT-like immunore-
activity was present in thick fibers converging toward the central
optic disc (Fig. 1 A). No cell bodies were found to be immunore-
active. In transverse sections of eye cups, positive fibers ran
through the optic fiber layer of the retina and could be traced into
the optic nerve head (Fig. 1B). At more caudal levels in the orbit,
some optic nerve fibers were only weakly stained. Positive cell
somata in the ciliary ganglia and positive fiber bundles in ciliary
nerves were observed along the optic nerve. The localization of
pChAT-positive nerve elements around the optic nerve will be
described in detail elsewhere. In brain sections, the optic chiasm
and the optic tract were devoid of positive fibers or contained a
few weakly stained fibers for pChAT.

Enucleation
To verify the derivation of positive fibers in the optic nerve, par-
ticularly in the optic nerve head, the right eyeball was enucleated
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Figure 1.  pChATimmunoreactive structures in the retina and primary visual pathway in an
intactrat (4, B) and arat with unilateral enucleation ((—H). A, B, A retinal whole mount ( A) and
a transverse section of the optic nerve head (B) in an intact rat. Black star in A indicates the
central optic disk. Arrowheads in B indicate positive ciliary fibers. V, Vitreous body; R, retina; h,
optic nerve head. (—H, A rat after unilateral enucleation of the right eye. C, D, Right ( () and left
(D) optic nerve in the intraorbital portion. Arrowheads in Cand D indicate positive ciliary fibers.
E, Opticnervesin theintracranial portion. Inset shows high-power photomicrograph of the right
opticnerve, indicated by an arrow, showing fragmented positive fiber debris. £, Optic chiasm. G,
H, Right (G) and left (H) optic tracts. Scale bars: D (for A-D), H (for E~H), 500 um.

and the localization of the pChAT immunoreactivity was ana-
lyzed. Fourteen days after unilateral enucleation of the right eye-
ball, the pChAT immunostaining revealed positive staining in
only a few fragmented nerve fibers in the optic nerve of the enu-
cleated side (right) (Fig. 1C,E). In contrast, pChAT immunore-
activity was observed intensely in the contralateral left optic nerve
(left) (Fig. 1 D, E). In the optic chiasm, intensely stained fibers ran
obliquely from the left side to the ventrolateral region of the right
side, contrasting sharply with the remaining unstained region
(Fig. 1 F). However, the latter region contained a number of pos-
itive oval to round structures (data not shown). At more caudal
levels, positive fibers could be traced to the right optic tract (Fig.
1G). Positive fibers were not observed in the left optic tract, al-
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Figure 2.

Comparison of pChAT-positive cells after colchicine treatment (A) and cChAT-
positive cells ( B) in transverse sections of the retina. INL, Inner nuclearlayer; IPL, inner plexiform
layer; GCL, ganglion cell layer. Scale bars, 50 wm.

though it was weakly and diffusely stained (Fig. 1 H). Twenty-
eight days after enucleation, the patterns of staining were similar
to those seen at 14 d after surgery, except that the number of
positive oval structures was greatly decreased in both optic nerve
and optic chiasm of the enucleated side (data not shown). The
positive oval to round structures were reasonably regarded as
axonal debris of the optic nerve undergoing Wallerian degenera-
tion after enucleation. Thus, most of the pChAT-positive fibers in
the optic nerve were concluded to be retinofugal derived from
certain population of retinal ganglion cells. In other words, some
retinal ganglion cells were expected to express pChAT.

Visualization of pChAT-immunoreactive cells in the retina
To verify the possible existence of retinal ganglion cells contain-
ing pChAT, colchicine, a blocker of axonal transport, was in-
jected into the right vitreous body. As expected, 4 d after colchi-
cine treatment, pChAT-positive cells became visible in the GCL.
Figure 2 A shows the positive cells in the GCL in transverse retinal
sections after intravitreal colchicine injection. These cells fre-
quently extended processes into the inner plexiform layer (IPL).
Neither positive cell somata nor positive fibers were observed in
other retinal layers. Most of such positive cells had small cell
bodies, whereas a few large cells were also stained positively for
pChAT. Occasionally, axon-like processes could be seen emanat-
ing from these cells.

The pattern of staining with the pChAT antiserum was com-
pared with those with the commercially obtained antibody to
ChAT (cChAT) in the retina. cChAT immunoreactivity was
present in two cell populations: one with cell bodies in the inner
nuclear layer (INL) and the other with cell bodies in the GCL (Fig.
2 B). The processes of these neurons ramified to form two strata
in the IPL. The pattern was consistent with previous immunohis-
tochemical studies in the retina of various species, in which cho-
linergic amacrine cells and displaced amacrine cells were de-
scribed (Tumosa et al., 1984; Millar et al., 1985; Schmidt et al.,
1985; Pourcho and Osman, 1986a; Tumosa and Stell, 1986; Voigt,
1986). As shown in Figure 2, A and B, the pattern of positive cell
distribution for cChAT differed fundamentally from that for
pChAT. Moreover, such cChAT-positive cells in the GCL were
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distinct in both shape and size from
pChAT-positive ones. Therefore, pChAT-
and cChAT-positive neurons appeared to
represent separate populations in retinal
layers.

In retinal whole mounts of rats pre-
treated with intravitreal colchicine, many
pChAT-positive neurons were observed
among intensely stained thick fiber trees
converging toward the central optic disc
(Fig. 3A). Apparently, there were at least
two types of immunostained cells (Fig.
3B). The first group of positive cells had
large cell bodies, ranging from 20 to 35
pm in diameter, with three to six thick
fiber processes. The second group of pos-
itive cells had small cell bodies, fusiform
or round, of diameters from 10 to 17 um,
with a few fine processes. In some sec-
tions, fiber processes emanating from
such positive cells were observed to join
fiber bundles, somewhat regularly ar-
ranged in groups to converge toward the
central optic disc. Small cells outnum-
bered large ones. Cell counts were per-
formed in an area of 0.25 X 0.25 mm at
both the central and peripheral retinal re-
gions. The density of positive cells was
292.7 = 9.5 cells per square millimeter
(means = SEM; n = 3) in the central region
and 370.3 = 14.1 cells per square millimeter
in the peripheral region, respectively. The
total number of pChAT-positive cells in the
whole retina was estimated to be ~22,800.

Visualization of positive cells in the retina was also achieved by
damaging the optic nerve. Either optic nerve crush (Fig. 3C) or
alcohol injection into the optic nerve (Fig. 3D) caused many
pChAT-immunoreactive cells to be visible in the retina, as was
the case with intravitreal colchicine injection.

Figure 3.

Retrograde tracer labeling

To confirm the identity of pChAT-immunoreactive cells with
retinal ganglion cells, a double-labeling experiment was per-
formed. Ganglion cells were labeled with a retrograde tracer, red
latex FluoSpheres, which had been applied to the contralateral
superior colliculus. After an intravitreal colchicine injection,
pChAT-positive cells were labeled with FITC-conjugated sec-
ondary antibody. As shown in Figure 4, virtually every pChAT-
positive cell was also labeled with the retrograde tracer. In two
composite images of the mid-peripheral region covering an area
of 0.6 mm?, the numbers of double-labeled and single-labeled
cells were counted. The density of FluoSphere-containing retinal
ganglion cells was 1503 cells per square millimeter. Ninety-two
percent of pChAT-positive cells contained FluoSphere, whereas
19% of FluoSphere-containing ganglion cells exhibited pChAT
immunoreactivity. In contrast, our immunohistochemical ex-
amination for cChAT did not reveal any doubly labeled cells with
the tracer experiment (data not shown).

Analysis of ChAT mRNA expression in the retina
Expression of ChAT mRNA was analyzed by RT-PCR, using RNA
preparations extracted from tissues of the striatum and retinas of
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4

Visualization of pChAT-positive cells in the retinal whole mounts. 4, B, Colchicine treatment. A, Low-power photomi-
crograph. Black star indicates the central optic disk. B, High-power photomicrograph showing configurations of positive cells. C,
Optic nerve crush. D, Ethanol injection into the optic nerve. Note that two types of cells, large (arrow) and small (arrowheads), are
positive for pChAT. Scale bars: A, B (for B-D), 100 um.

control rats. As shown in Figure 5, the first-step PCR using P1 and
P3 primers revealed a single band of ~1138 bp in both striatum
and retina, which corresponded to the expected size of the PCR
product from cChAT cDNA. To further characterize ChAT gene
expression, nested PCR was done using P2 and P4 primers and
the first PCR products as templates. In the nested PCR, multiple
bands were detected in the striatum (three bands) and retina
(four bands). The larger three bands were detected in both
striatum and retina, whereas the smallest band was detected
exclusively in the retina. Nucleotide sequence analysis re-
vealed that the largest band represented the cChAT gene prod-
uct [852 bp; molecular weight (MW) of the encoded protein,
72 kDa]. The second larger band corresponded to a ChAT gene
product, which lacked exon 6 (671 bp). This type of ChAT
mRNA encodes a truncated protein of 164 amino acid (MW 18
kDa). The nucleotide sequence of the third band (504 bp)
lacked exons 7 and 8. This type of mRNA is expected to en-
code a full-length protein of 529 amino acids (MW 59 kDa).
The smallest band, which was detected specifically in the retina,
was identified to represent the PCR product of the pChAT cDNA
(224 bp). The deduced molecular weight of pChAT is 49 kDa.

Western blot analysis

Tissue homogenates from the striatum and the retina were ana-
lyzed by Western blot using the cChAT and pChAT antibodies.
As shown in Figure 6 A, the cChAT antibody gave a positive band
of ~69 kDa in the striatum as well as the retina of both
colchicine-injected and uninjected sides. In contrast, the pChAT
antiserum detected a band at ~55 kDa in the retina of the



Yasuhara et al. » Expression of pChAT in Rat Retinal Ganglion Cells

Figure 4.
pChAT-immunoreactive cells in the retina ( green). B, Retrogradely labeled cells with red latex FluoSperes (red). C, Superimposed image of A and B showing double-labeled cells ( yellow to orange).
Arrows indicate corresponding cells. Scale bar, 50 m.
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Figure 5.  Expression of ChAT mRNA in the striatum and retina revealed by RT-PCR. A, Sche-
matic drawing showing the exon organizations of cChAT and pChAT, as well as the positions of
primers used. B, A 3% agarose gel showing the result of the first RT-PCR and the nested PCR for
ChAT. Lane 1, Striatum (First PCR); lane 2, retina (First PCR); lane 3, striatum (Nest PCR); lane 4,
retina (Nest PCR). The positions of DNA size markers (1 kb DNA ladder; Invitrogen) and those of
positive bands are indicated to the left and right of the gel, respectively.

colchicine-treated side but not in the striatum (Fig. 6B). The
retina of the colchicine-untreated side showed no band or a
weakly stained band at the same molecular weight as that in the
colchicine-treated retina (data not shown). The size (55 kDa) was
slightly larger than the deduced molecular weight (49 kDa) of
pChAT.
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The retinal whole mount doubly labeled for pChAT and a retrograde tracer, red latex FluoSperes, after injection into the contralateral superior colliculus. A, Confocal image of

A B

cChAT  pChAT
1 2 1 2
75 kDa -
-—

50 kDa -

37 kDa -

Figure 6.  Western blot analysis using tissues of the striatum and colchicine-treated retina.
A, Probed with the cChAT antibody. B, Probed with the pChAT antiserum. Lane 7, Striatum; lane
2, colchicine-treated retina. Note that the cChAT antibody reveals a 69 kDa band in the striatum
and retina, whereas the pChAT antiserum detects a 55 kDa band in the retina but not in the
striatum. The positions of the protein size markers (Prestained Precision Standards; Bio-Rad)
are indicated to the /eft.

ChAT activities in the retina and optic nerve

To verify the cholinergic properties of retinal ganglion cells of
rats, enzyme activities for ChAT were measured in the retina and
optic nerve. The protein extracts from intact retinas and optic
nerves gave ChAT activity of 1985.9 = 107.8 and 30.9 = 13.9
pmol - min ™'+ mg ™' protein (mean * SEM; n = 6), respec-
tively. Because the value in intact optic nerves showed significant
individual variations, it was suggested that possible centrifugal
cholinergic fibers might participate in the optic nerve. Hence we
performed intracranial optic nerve crush unilaterally just ante-
rior to the optic chasm. Four days after the nerve crush, the
remaining optic nerve still exhibited significant ChAT activity
with an acceptable variation (25.8 * 2.4 pmol - min ' - mg ™"
protein; n = 4). These data indicate that ChAT activity is indeed
present in some retinofugal fibers in the optic nerve.

Effects of darkness and light exposure on pChAT staining

The effects of light and darkness on pChAT-positive structures in
the pathway were examined immunohistochemically using the
PChAT antiserum. The first group of rats were dark-adapted for
1 or 4 d. Although positive ganglion cells were not visible in any
one of the rats that were dark-adapted for 1 d, an increase in
pChAT immunoreactivity was observed in the optic nerve. This
became more evident after prolonged adaptation for 4 d in dark-
ness. Figure 7A—C shows pChAT immunoreactivity in the pri-
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Figure7.  Effects of darkness and light exposure on pChAT immunoreactivity in the primary
visual pathway: the optic nerve head (4, D, G), optic chiasm (B, £, H), and optic tracts (C, £, /).
A-C, Light exposure for 4 d. D—f, No treatment. G-/, Dark adaptation for 4 d. Arrows in C, F, and
I indicate the optic tract. Note that both light exposure and dark adaptation are effective in
increasing pChAT immunoreactivity in the visual pathway. Scale bar, 500 m.

mary visual pathway of the rat dark-adapted for 4 d. Intensely
stained fibers ran through the optic nerve (Fig. 7A) and optic
chiasm (Fig. 7B). Less intensely stained fibers were recognized in
the optic tract (Fig. 7C), and they could be traced up to the close
vicinity of the superior colliculus. The expression of pChAT was
apparently increased as compared with that in normal control
rats, where staining was limited to the optic nerve head (Fig.
7D-F). A similar effect was observed on exposure to light. A
questionable increase in immunoreactivity was noted after expo-
sure to light for 4 hr, but the increase was evident after overnight
light exposure. Rats kept under continuous room light for 4 d
showed a staining pattern similar to that seen after dark adapta-
tion for 4 d (Fig. 7G-I). From these results, it is concluded that
prolonged exposure to light and dark adaptation were both effec-
tive in increasing the expression of pChAT in the primary visual
pathway.

Discussion

The present study demonstrates pChAT-positive retinal ganglion
cells in rats by immunohistochemistry. Biochemically, expres-
sion of pChAT in rat retina is confirmed at both levels of protein
and mRNA. The enzyme activity of ChAT, the ability of ACh
synthesis, is also verified in the optic nerve. These results indicate
that a subpopulation of retinal ganglion cells are cholinergic. Our
physiological experiments further suggest that these retinal cho-
linergic ganglion cells are regulated dynamically.

pChAT-positive cells in rat retina are ganglion cells
pChAT-positive cells became visible after pretreatment with col-
chicine. Damage given in two different ways to the optic nerve
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was also effective in visualizing pChAT-positive cells. Therefore,
visualization should be the result of the blockage of axonal trans-
port rather than the toxic stimulation of colchicine (Morgan and
Mundy, 1982).

The double-labeling experiment in colchicine-treated retinas
showed that 92% of pChAT-positive cells were retrogradely la-
beled after the injection of FluoSpheres into the contralateral
superior colliculus. This percentage may be an underestimate
because a small proportion of retinal ganglion cells might be
unlabeled by our retrograde tracing technique. First, the density
of retrogradely labeled ganglion cells in this study (1503 cells per
square millimeter in the peripheral region) was slightly lower
(approximately —6%) than that reported by Perry (1981) (1600
cells per square millimeter). Second, 5% of retinal ganglion cells
of rats project to the ipsilateral superior colliculus (Linden and
Perry, 1983). Thus, it is strongly assumed that every pChAT-
positive cell in rat retina is a ganglion cell.

As mentioned above, the density of ganglion cells in rat retina
was estimated to be 2500 cells per square millimeter in the central
region and 1600 cells per square millimeter in the peripheral
region (Perry, 1981). In this study, the densities of pChAT-
positive cells in the colchicine-treated retina were 292.7 £ 9.5
cells per square millimeter (mean = SEM) in the central region
(12% of the total ganglion cells) and 370.3 = 14.1 cells per square
millimeter in the peripheral region (23% of ganglion cells). By
double labeling, 19% of retrogradely labeled ganglion cells exhib-
ited pChAT immunoreactivity in the peripheral region of the
retina. It is uncertain whether the somewhat lower incidence of
pChAT-positive ganglion cells in the central region may reflect
some functional properties of pChAT.

In the cat, retinal ganglion cells have been classified into var-
ious types according to their sizes, dendritic patterns, and elec-
trophysiological reactions to retinal illuminations. Although
much less information is available in rats, three types of retinal
ganglion cells have been described in rats: type I, II, and III cells
(Perry, 1979, 1981) and RG,, RGy, and RG cells (Huxlin and
Goodchild, 1997). In the present study, two types of pChAT-
positive cells, one with large somata characteristic of the type I
cells (RG, cells) and another with small somata of type II or type
IIT cells (RGg or RG¢ cells), respectively, were observed in the
retinal whole mounts. Thus, the occurrence of pChAT immuno-
reactivity appears not to be cell type dependent. Future studies
are needed for further morphological characterization of
pChAT-positive retinal ganglion cells.

Multiple ChAT mRNAs in rat striatum and retina
Our RT-PCR technique has revealed expressions of multiple
ChAT mRNAs in rat striatum and retina. They include mRNAs
for cChAT and pChAT (ChAT5-10) and two additional splice
variants of ChAT mRNA. The cChAT mRNA was expressed in
both striatum and retina, whereas the pChAT mRNA was ex-
pressed exclusively in the retina. Two additional variants of
ChAT mRNA that have never been reported before, one lacking
exon 6 (ChAT5-7) and another lacking exons 7 and 8 (ChAT6—
9), were unexpectedly identified in the striatum and retina. The
splice pattern of ChAT5-7 mRNA generates a frame shift and,
subsequently, a stop codon just downstream to the splice joint.
Thus, it encodes a truncated protein (MW 18 kDa) lacking the
catalytic domain in exon 10. In contrast, ChAT6—9 mRNA shows
no frame shift and encodes a protein carrying domains essential
for enzyme activity (MW 59 kDa).

Our pChAT antibody detected a single 55 kDa band only in
the retina by Western blot analysis. Because our antibody does
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not recognize the recombinant ChAT6-9 protein (our unpub-
lished observation), the 55 kDa band should represent pChAT
but not other variant proteins. The difference between the mo-
lecular weight of the detected band (55 kDa) and the deductive
size of pChAT (49 kDa) may indicate some post-translational
modification. It remains to be clarified whether ChAT5-7 and
ChAT6-9 proteins actually function in vivo.

ChAT activity in the retina and optic nerve

To address whether pChAT is capable of synthesizing ACh in the
visual pathway, we measured ChAT activities in the retina and
optic nerve. In accordance with previous studies (Ross et al.,
1975; Mindel and Mittag, 1976), the retina exhibited high ChAT
activity. To avoid the influence of enzyme activity from well
known cholinergic amacrine cells that are all intrinsic within the
retina, we measured the enzyme activity in the optic nerve. In
intact optic nerves, ChAT activity was detectable with a large
individual variation. Accordingly, ChAT activities in intact
mouse optic nerves were shown to vary greatly among individuals
(Ross and McDougal, 1976). Although the reason for such a large
variation is unknown, one possible explanation may be that
ChAT in the optic nerve is under rapid transportation. In addi-
tion, a possible presence of centrifugal cholinergic fibers in the
optic nerve (Wenk et al., 1981) may make the analysis compli-
cated. After intracranial optic nerve crush, however, a significant
and consistent ChAT activity was still detected in the optic nerve
peripheral to the lesioned site. The result indicates that the optic
nerve contains retinofugal cholinergic fibers and thus provides
evidence that some retinal ganglion cells are cholinergic.

Comparison with previous studies

To date, several methods have been used to demonstrate cholin-
ergic cells, including (1) ChAT immunohistochemistry, (2) au-
toradiography for choline uptake and ACh synthesis, and (3)
histochemistry for acetylcholinesterase (AChE), a metabolizing
enzyme for ACh. All of the hitherto available antibodies against
ChAT have failed to stain any retinal ganglion cell, but they con-
sistently stained some amacrine cells in the retina (Eckenstein
and Thoenen, 1982; Tumosa et al., 1984; Schmidt et al., 1985;
Pourcho and Osman, 1986a,b; Tumosa and Stell, 1986; Voigt,
1986). This is compatible with the present results using the
cChAT antibody. In contrast, the pChAT antibody did not stain
amacrine cells but stained some ganglion cells after colchicine
treatment. Therefore, the result suggests that some retinal gan-
glion cells contain pChAT, which is antigenically different from
cChAT.

Several in vitro autoradiographic studies have also failed to
reveal any cholinergic retinal ganglion cells. Freeze-dry autora-
diographic studies have suggested that choline uptake (Baugh-
man and Bader, 1977) as well as ACh synthesis (Masland and
Mills, 1979; Hayden et al., 1980; Masland et al., 1984) are con-
fined to amacrine cells in the retina. However, there are possible
explanations for the negative labeling of ganglion cells in these
studies. In our immunohistochemical study, retinal ganglion cell
somata show no pChAT immunoreactivity under normal condi-
tions. Therefore, the level of ACh synthesis may normally be too
low to be detected by autoradiography. It is also possible that
high-affinity choline uptake may occur at synaptic terminals in
the target tissue as has been proposed (Suszkiw and Pilar, 1976).
If this holds true, the negative labeling of ganglion cells may not
indicate the noncholinergic nature of such cells but may only
reflect the distance between the cell bodies in the retina and syn-
aptic terminals in the superior colliculus. Moreover, autoradio-

J. Neurosci., April 1,2003 - 23(7):2872-2881 + 2879

graphic data may vary according to methodological differences.
For example, large retinal ganglion cells have been reported to
contain positive ACh synthesis signals in tissues fixed with 5%
phosophomolybdic acid (Pourcho and Osman, 1986a). It suffices
to say, therefore, that there is room for argument regarding the
results of previous autoradiographic studies.

The other technique for demonstrating cholinergic structures
is AChE histochemistry. Although AChE is not a specific marker
for cholinergic cells, the presence of AChE activity would be a
necessity for such cells (Fibiger, 1982). Previous studies revealed
that most ganglion cells, in addition to amacrine cells, showed
AChE activity (Hebb, 1957; Reale et al., 1971; Millar et al., 1985;
Pourcho and Osman, 1986b). In addition, it is noteworthy
that some ganglion cells exhibited AChE activity even after
diisopropyl-fluorophosphate pretreatment (Nichols and Koelle,
1968), the feature interpreted as one indicator of cholinergic
cells (Butcher and Woolf, 1984).

In summary, previous morphological studies seem to provide
no decisive evidence against the presence of cholinergic retinal
ganglion cells. Rather, reappraisal of published information, in
the light of the discovery of pChAT, indicates that some studies
could favor their presence.

Significance of pChAT-positive retinal ganglion cells

The mechanism of the induction of pPChAT mRNA and the func-
tional significance of pChAT in the primary visual pathway are so
far unclear. As mentioned, previous reports have demonstrated
an increase in Fos-like immunoreactivity in the INL and GCL of
the retina (Sagar and Sharp, 1990; Gudehithlu et al., 1993), oc-
curring mostly in amacrine and ganglion cells (Koistinaho and
Sagar, 1995). The expressions of c-fos, c-jun, and jun BmRNAs in
the INL and GCL are induced transiently by light exposure (Gu-
dehithlu et al., 1993; Yoshida et al., 1993; Imaki et al., 1995). Both
Fos and Jun can bind to a DNA regulatory element known as
AP-1, which is involved in gene expression (Morgan and Curran,
1989). AP-1 binding motifs are associated with regulation of var-
ious neuropeptides and neurotransmitter-synthesizing enzymes,
including ChAT (Misawa et al., 1992). Indeed, the immunohis-
tochemical localization of ChAT closely overlaps with that of
Fos/Jun in rat spinal cord and lower brainstem (Herdegen et al.,
1991) and in amacrine cells of rabbit retina (Koistinaho and Sa-
gar, 1995). The stimulatory effect of light on ACh synthesis has
also been reported in amacrine cells of rabbit retina (Masland and
Livingstone, 1976). These facts may lead us to assume that light
exposure may have directly elevated the expression of pChAT up
to the detectable level through the Fos-mediated mechanism.
However, similar consequences of continuous light exposure and
constant darkness in pChAT staining in this study appear incom-
patible with the view that expression of pChAT is involved in the
formation of circadian rhythm. In this context, it is noteworthy
that after unilateral enucleation of an eyeball, pChAT immuno-
reactivity was increased in the contralateral intact optic nerve
under a 12 hr light/dark cycle. Thus, it is possible that a factor
regardless of the light/dark condition, such as attention, may
augment its expression.

Another implication is that ACh produced by pChAT may not
be acting merely as a neurotransmitter, but rather may play dif-
ferent roles in retinal ganglion cells, as has been suggested in
non-neuronal ACh (Wessler et al., 1998). For example, ChAT,
ACh, and ACh receptors have been detected in non-neuronal
epithelial cells, in which ACh is suggested to participate in the
regulation of important cell functions, such as trophic signaling,
cell cycle, and cell—cell contact (Wessler et al., 1998). This notion
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may explain why the pChAT antibody failed to detect positive
terminals in the superior colliculus of rats. Whatever is the case,
the results suggest that expression of pChAT is physiologically
regulated and that the cholinergic mechanism may play a role in
the primary visual pathway. Future studies are needed to clarify
the mechanism of pChAT upregulations as an important clue for
understanding the functional significance of pChAT in retinal
ganglion cells.
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