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Glucagon-Expressing Neurons within the Retina Regulate
the Proliferation of Neural Progenitors in the
Circumferential Marginal Zone of the Avian Eye

Andy J. Fischer,' Ghezal Omar,' Nathaniel A. Walton,> Thomas A. Verrill,! and Cecilia G. Unson?
'Department of Neuroscience and 2The Graduate Program in Molecular, Cellular and Developmental Biology, The Ohio State University, Columbus, Ohio
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Glucagon-expressing retinal amacrine cells have been implicated in regulating postnatal ocular growth. Furthermore, experimentally
accelerated rates of ocular growth increase the number of neurons added to the peripheral edge of the retina. Accordingly, we assayed
whether glucagon-expressing neurons within the retina regulate the proliferation of progenitors in the circumferential marginal zone
(CMZ) of the postnatal chicken eye. We found that glucagon-containing neurites are heavily clustered within the CMZ at the peripheral
edge of the retina. Many of these neurites originate from a cell type that is distinct from other types of retinal neurons, which we termed
large glucagon-expressing neurons (LGENs). The LGENs are immunoreactive for glucagon and glucagon-like peptide 1 (GLP1), have a
unipolar morphology, produce an axon that projects into the CMZ, and are found only in ventral regions of the retina. In dorsal regions
of the retina, a smaller version of the LGENs densely ramifies neurites in the CMZ. Intraocular injections of glucagon or GLP1 suppressed
the proliferation of progenitors in the CMZ, whereas a glucagon-receptor antagonist promoted proliferation. In addition, we found that
glucagon, GLP1, and glucagon antagonist influenced the number of progenitors in the CMZ. We conclude that the LGENs may convey
visual information to the CMZ to control the addition of new cells to the edge of the retina. We propose that glucagon/GLP1 released from
LGENs acts in opposition to insulin (or insulin-like growth factor) to regulate precisely the proliferation of retinal progenitors in the CMZ.
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Introduction

The identification of neural stem cells in the eyes of warm-
blooded vertebrates has fueled optimism over the possibility of
retinal regeneration in humans. Retinal stem cells in warm-
blooded vertebrates have been characterized from in vitro prep-
arations of pigmented cells of the adult rodent and human ciliary
body (Ahmad et al., 2000; Tropepe et al., 2000; Coles et al., 2004)
and in vivo at the retinal margin (Fischer and Reh, 2000; Fischer et
al., 2002b) and in the nonpigmented epithelium (NPE) of the
ciliary body of the postnatal chicken (Fischer and Reh, 2003). In
the chicken, we have identified a zone of neural progenitors that
persists into adulthood and continues to add neurons to the pe-
ripheral edge of the retina as the globe of the eye expands during
postnatal development (Fischer and Reh, 2000; Fischer et al.,
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2002b; Fischer, 2005). The progenitors at the retinal margin can
be stimulated to proliferate and add neurons to the edge of the
retina by insulin-like growth factor I (IGF-I), epidermal growth
factor (EGF), insulin, or Sonic Hedgehog (Shh) (Fischer and Reh,
2000; Fischer et al., 2002a; Moshiri et al., 2005). The zone of
progenitors at the retinal margin of the postnatal chicken is sim-
ilar to the well described circumferential marginal zone (CMZ) of
fish and frogs (Raymond and Hitchcock, 1997, 2000; Reh and
Fischer, 2001; Hitchcock et al., 2004). The purpose of this study
was to assess whether glucagon influences the proliferation of
cells within the CMZ of the postnatal chicken.

Glucagon is a 29 amino acid peptide that is highly conserved
across species and belongs to the VIP—secretin—glucagon family
of peptides. Glucagon and related peptides are derived from pro-
glucagon mRNA and propeptide by tissue-specific processing of
the full-length precursor peptide (mammals) or alternative splic-
ing of the mRNA (in birds and fish) (Irwin and Wong, 1995).
Proglucagon can give rise to five secreted bioactive peptides, glu-
cagon, mini-glucagon, oxyntomodulin, and glucagon-like pep-
tides 1 and 2 (GLP1 and GLP2). To date, there is no evidence for
or against the production of GLP1/2 in the vertebrate retina. In
contrast, glucagon has been reported to be expressed by a class of
neurons comprising 1-2% of the amacrine cells in the chicken
retina (Torngqvist et al., 1981; Kuwayama et al., 1982; Tornqvist
and Ehinger, 1983; Ekman and Tornqvist, 1985). Furthermore,
there are reports of additional types of large glucagon-
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immunoreactive neurons in the pigeon retina (Karten and Bre-
cha, 1983) and a “dense fiber plexus” immunoreactive for gluca-
gon in the periphery of the chick retina (Kiyama et al., 1985).
Despite the characterization of its distribution, the functions of
glucagon in the retina remain poorly understood. Glucagon-
containing amacrine cells and glucagon peptide have been impli-
cated as key players in vision-guided ocular growth and the de-
velopment of myopia (Fischer et al., 1999b; Feldkaemper and
Schaeffel, 2002). Interestingly, we found that increased rates of
ocular growth stimulate the proliferation of progenitors in the
avian CMZ (Fischer and Reh, 2000). Thus, we hypothesized that
one function of retinal glucagon may be to regulate the prolifer-
ation of neural progenitors in the CMZ.

Materials and Methods

Animals. The use of animals in these experiments was in accordance with
the guidelines established by the National Institutes of Health and The
Ohio State University. For all experiments, we used hatched leghorn
chickens (Gallus gallus domesticus) that were obtained from the Depart-
ment of Animal Sciences at The Ohio State University. The chicks were
used between postnatal day 1 (P1) and P14. The chicks were kept on a
12 h light/dark cycle (lights on at 7:00 A.M.). Chicks were housed in a
stainless-steel brooder at ~30°C and received water and Purina (Purina
Mills, St. Louis, MO) chick starter ad libitum.

Intraocular injections. Chicks were anesthetized and injected as de-
scribed previously (Fischer et al., 1998, 1999a,b). For all experiments, the
left eyes of chicks were injected with the “test” compound, and the con-
tralateral eyes were injected with vehicle as a control. Growth factors were
injected in 20 pl of sterile saline with 0.1 mg/ml bovine serum albumin
added as carrier. Growth factors used in these studies included human
glucagon (500 ng per dose), porcine GLP1 (500 ng per dose), bovine
insulin (500 ng per dose; Sigma, St. Louis, MO), and glucagon antagonist
[des-His ', Glu®-glucagon-NH,-(Phe®); 500-1000 ng per dose]. Two
micrograms of bromodeoxyuridine (BrdU) were included with each in-
jection to label proliferating cells. All drugs and growth factors were
obtained from Sigma.

Fixation and immunocytochemistry. Cells were fixed and immunola-
beled as described previously (Fischer et al., 1998; Fischer and Stell,
1999). Working dilutions and sources of antibodies used in this study
included the following: mouse anti-transitin at 1:600 (7B3A5; Dr. P.
Henion, The Ohio State University); mouse anti-Pax6 at 1:50 (Pax6;
Developmental Studies Hybridoma Bank, Iowa City, IA); mouse
anti-BrdU at 1:50 (G3G4; Developmental Studies Hybridoma Bank); rat
anti-BrdU at 1:200 (Accurate Chemicals, Westbury, NY); mouse anti-
glucagon at 1:400 (Dr. M. Gregor, University of Tiibingen via Center for
Ulcer Research and Education, University of California, Los Angeles, Los
Angeles, CA); rabbit anti-GLP1 at 1:1000 (Novus Biologicals, Newing-
ton, NH); rabbit anti-glucagon receptor at 1:400 (ST-18; developed by
Dr. C. Unson-O’Brien); and rabbit anti-cleaved caspase 3 at 1:300
(CPP32; R & D Systems, Minneapolis, MN). Secondary antibodies in-
cluded goat anti-rabbit Alexa 488, goat anti-mouse Alexa 488/568, and
goat anti-mouse IgM Alexa 568 (Invitrogen, San Diego, CA) diluted to
1:1000 in PBS plus 0.2% Triton X-100. Some samples were counter-
stained with SyTox Orange (Invitrogen) to label nuclei, as per the man-
ufacturer’s recommended protocols.

Retrograde labeling. To label the neurites in the CMZ, we applied Neu-
roTrace Dil paste (Invitrogen) to the peripheral edge of the retina. Tis-
sues were fixed for 15 min in 4% paraformaldehyde plus 3% sucrose in
0.1 m phosphate buffer, pH 7.4, and washed three times in PBS. The dense
gel vitreous that adheres to the ciliary body and peripheral edge of the
retina cannot be removed without destroying the peripheral retina and
prevents access to the CMZ. Accordingly, the Dil paste (between 1 and 3
ul) was applied, under 20 X magnification using a stereo microscope and
fine forceps, to the CMZ along the cut edge of the pie-shaped wedges of
the anterior hemisphere of the eye. Samples were stored in PBS at 4°C for
4 weeks before mounting under coverslips for observation.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
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end labeling assay. Fragmented DNA was detected in tissue sections by
using the terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling (TUNEL) method and the In Situ Cell Death
Detection kit (TMR red; Roche Diagnostics, Indianapolis, IN), as per the
manufacturer’s protocols.

Reverse transcriptase-PCR. Retinas from three animals were pooled
and placed in 1.5 ml of Trizol reagent (Invitrogen), and total RNA was
isolated according to the Trizol protocol and resuspended in 50 ul of
RNase-free water. Genomic DNA was removed by using the DNA Free
kit provided by Ambion (Austin, TX). cDNA was synthesized from
mRNA by using Superscript II First Strand Synthesis system (Invitrogen)
and oligo-dT primers according to the manufacturer’s protocol. Control
reactions were performed using all components with the exception of the
reverse transcriptase (RT) to exclude the possibility that primers were
amplifying genomic DNA.

PCR primers were designed by using the web-based program Primer 3
from the Whitehead Institute for Biomedical Research (http://www.
genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). ~ Primer se-
quences are as follows: glucagon propeptide (GPP) forward, 5'-
CACAGACTTGGAATGGTGA-3', GPP reverse, 5'-AAGGTCAAGCT-
GCCAAAGAA-3'; glucagon receptor forward, 5'-ACATCCACATGA-
ACCTCTTCG-3', glucagon receptor reverse, 5'-TAGTCCGTGTAGCG-
CATCTG-3'; and GLP1 receptor forward, 5'-AAGAATGCCTGTG-
GTGACAGT-3', GLPI receptor reverse, 5'-TGCCTCCACTACTGA-
TGCTG-3'. Predicted product sizes (in base pairs) were 899 (GPP), 620
(glucagon receptor), and 529 (GLP1 receptor). PCR was performed by
using standard protocols and an Eppendorf Scientific (Westbury, NY)
thermal cycler. PCR products were run on an agarose gel to verify the
predicted product sizes.

Photography, measurements, cell counts, and statistical analyses. Pho-
tomicrographs were taken by using a Leica (Nussloch, Germany)
DM5000B microscope equipped with epifluorescence and a 12
megapixel Leica DC500 digital camera. Confocal microscopy was per-
formed by using a Zeiss LSM 510 Meta. Images were optimized for color,
brightness, and contrast, and double-labeled images were overlaid by
using Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA). Blind to the
treatments, cell counts were made from at least five retinal sections or
whole mounts from five different animals, and experiments were re-
peated at least once. Means and SEs were calculated on data sets from at
least five individuals. To avoid the possibility of region-specific differ-
ences within the retina, cell counts were made consistently from the same
region of the retina for each data set. Data from treated and control eyes
were compared statistically with the appropriate Student’s ¢ test. To de-
termine whether cells were distributed in a regularly patterned array, we
calculated an index of regularity as the mean distance to the nearest
neighbor divided by the SD (Wassle and Riemann, 1978). The higher this
ratio, the more regular the pattern of distribution; >7 represents a highly
regular distribution, whereas values <3 represent a nonregular distribu-
tion. The distance between 40 different cells was measured from the
center of one cell to the center of the next nearest cell in whole-mount
preparations of the retina.

Results

Glucagon-immunoreactive neurites are densely clustered at
the peripheral edge of the retina within the CMZ

All of the experiments in this study were performed using post-
natal chickens between 1 and 14 d of age. To localize glucagon in
the retina, we used a monoclonal antibody to glucagon that does
not discriminate between proglucagon and mature glucagon and
does not cross react with GLP1 or GLP2 (Gregor and Riecken,
1985). In addition to the well described glucagon-expressing am-
acrine cells in the avian retina (Fig. 1a) (Kuwayama et al., 1982;
Ekman and Torngqvist, 1985; Fischer et al., 1999a), we found that
glucagon-immunoreactive neurites are densely clustered at the
retinal margin (Fig. 1b), where retinal progenitors are known to
reside (Fischer and Reh, 2000; Fischer et al., 2002a). The distri-
bution of numerous glucagon-immunoreactive neurites in the
peripheral retina is consistent with previous findings of a dense



Fischer et al. ® Glucagon and Retinal Progenitors J. Neurosci., November 2, 2005 + 25(44):10157-10166 * 10159

d

IPL | peripheral

central

e

C

temporal

central peripheral

g __ h

IPL

Sytox Orange glucagon

j K

INL
IPL

transitin

Figure1.  The neurites of glucagon-expressing neurons are heavily clustered in the circumferential marginal zone of retinal progenitors. Vertical retinal sections (a, b, c-r) and flat mounts (e, f)
were labeled with antibodies to glucagon (a—d, h, k, n, g) and Sytox Orange (g) or antibodies to transitin (f), Pax6 (m), or BrdU (p). The retina in p—r was obtained from an eye that received two
consecutive daily intraocular injections of 1 wg of insulin and 2 g of BrdU. Scale bars: b (for a, b), d, f (for ¢~f), r (for g-r), 50 m.

fiber plexus in the periphery of the chick retina (Kiyama et al.,  sity of glucagon-immunoreactive neurites is increased greatly in
1985). Compared with central regions of the retina that contain ~ both nasal and temporal regions of the CMZ (Fig. 1b—d). The
sparsely distributed glucagon-containing dendrites in narrow  clustering of glucagon-immunoreactive neurites was evident in
strata in the distal inner plexiform layer (IPL) (Fig. 1a), the den-  retinal sections and flat-mount preparations (Fig. le,f). We did
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not observe cell bodies that were immuno-
reactive for glucagon among the “nest” of
neurites at the retinal margin (Fig. 1g—i).
The glucagon-positive neurites appeared
to fill out the peripheral edge of the IPL,
which contained few nuclei (Figs. 1g-i).
The glucagon-containing neurites ex-
tended into the CMZ and ramified among
retinal progenitors that expressed transitin
(the avian homolog of mammalian nestin)
(Fig. 1j-I) and Pax6 (Fig. 1m—o). The
glucagon-containing neurites did not ex-
tend beyond the CMZ into the NPE of the
ciliary body that expresses Pax6 (Fig. 1m—
0), a tissue that is known to contain cells
with neurogenic potential (Fischer and
Reh, 2003).

We have reported previously that insu-
lin and IGF-I stimulate the proliferation of
progenitors in the CMZ and promote the
addition of new cells into the peripheral
edge of the retina (Fischer and Reh, 2000;
Fischer etal., 2002b). To assay whether the
distribution of glucagon-containing neu-
rites was affected by the addition of new
cells to the edge of the retina, we made two
consecutive daily intraocular injections of
insulin and BrdU (to label newly generated
cells), harvested tissues 1 d after the final
injection, and labeled sections with anti-
bodies to glucagon and BrdU. We found
that insulin-mediated addition of new
cells to the edge of the retina did not dis-
place the cluster of glucagon-containing
neurites out of the CMZ and into the neu-
ral retina (Fig. 1p—r). This finding suggests
that the glucagon-positive neurites in the
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Figure2.  Immunoreactivities for glucagon and GLP1 are colocalized within retinal neurons and neurites that are clustered in
the CMZ. Vertical sections of the retina were labeled with antibodies to glucagon (a, d, g) or GLP1 (b, e, h, j—n). Preabsorption of
the GLP1 antibody with 10 ~> m glucagon abolished immunolabeling in glucagon-expressing amacrine cells in central (j-/) and
peripheral (m, n) regions of the retina, whereas immunoreactivity remained in large unipolar neurons and neurites in the CMZ.
Scale bars: ¢ (for a-c), I (for j~1), n (for d—i, m, n), 50 um.

CMZ may remodel with the addition of
new cells to the peripheral edge of the ret-
ina to maintain their clustered distribution within the CMZ.

Specificity of glucagon and GLP1 antibodies

It is possible that, in addition to the production of glucagon,
GLP1 is produced by neurons in the avian retina. We found that
the antibodies to GLP1 labeled all the glucagon-containing ama-
crine cells across all regions of the retina (n = 247) (Fig. 2¢). In
ventral and mid-peripheral regions of the retina, we occasionally
found large neurons with somata in the vitread inner nuclear
layer (INL) that were immunoreactive for glucagon and GLP1
(Fig. 2d—f). All of these large glucagon-immunoreactive cells
(n = 54) were also immunoreactive for GLP1. In addition, the
neurites clustered within the CMZ were immunoreactive for
both glucagon and GLP1 (Fig. 2¢—1).

To assay the specificity of the glucagon and GLP1 antibodies,
we performed preabsorption experiments. Immunolabeling with
the anti-glucagon and anti-GLP1 was blocked by preabsorption
with 10 7> M glucagon or GLP1, respectively. Preabsorption of the
anti-glucagon with 10 ~> M GLP1 did not prevent immunolabel-
ing. In contrast, preabsorption of the anti-GLP1 with 107> M
glucagon blocked labeling of the glucagon-positive amacrine
cells, whereas GLP1 immunoreactivity in the somata of large neu-
rons in the INL and neurites in the CMZ was maintained (Fig.
2j—n), suggesting that the neurites in the CMZ arise from the large

neurons. These findings suggest that IgG species within the GLP1
polyclonal antiserum cross-react with glucagon, and GLP1-
specific, glucagon-insensitive IgG species may selectively label the
large neurons.

Identification of a unipolar neuron that projects to the CMZ
of the retina
To characterize better the large, sparsely distributed neurons that
were immunoreactive for glucagon and GLP1, we made whole-
mount preparations of the retina. These cells were found only in
ventral and mid-peripheral regions of the retina (Fig. 3a,f). In
postnatal retinas, there were only ~240 large glucagon-
immunoreactive cells per retina (242.2 = 83.0). The mean num-
ber of large glucagon-immunoreactive cells per retina did not
vary significantly between animals of different ages [266.1 *=
108.1 at P1 (n = 5),240.2 £ 52.7 at P10 (n = 5), and 216 = 74.3
atP14 (n = 4)]. However, as suggested by the SD, there was a wide
range in the number of large glucagon-immunoreactive cells de-
tected per individual (between 143 and 408 cells per eye). There
were approximately equal numbers of the large glucagon-
immunoreactive cells in the temporal and nasal halves of the
retina.

The somata of the large glucagon/GLP1-immunoreactive cells
were ~13 wm in diameter (13.4 = 1.0 wm; n = 20). The size of
these cells was similar to that of displaced ganglion cells and more
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LGENs and their projection (represented by arrows) in the retina. ONH, Optic nerve head.

than twice the diameter of the smaller glucagon-positive ama-
crine cells. The large glucagon/GLP1-immunoreactive cells had a
unipolar morphology, producing a straight, thick primary neu-
rite (up to 70 wm in length) that produced many local dendrite-
like processes and an axon-like structure that formed at the pe-
ripheral tip of the thick primary neurite (Fig. 3b,d,e). Invariably,
this axon-like process projected straight away from the soma
toward the retinal margin (Fig. 3). We termed these cells large
glucagon-expressing neurons (LGENs).

At low magnifications, the LGENs appeared to project in ap-
proximately the same direction, toward peripheral regions of the
retina (Fig. 3a). However, the angles at which the LGENs pro-
jected toward the CMZ varied in different regions of the retina. In
the most dorsal region where the LGENSs are found, the projec-
tion of axons was angled toward the dorsal retina (49.3 * 12.3°
away from the CMZ in nasal retina and 33.2 = 16.4° in temporal

Unipolar neurons found in ventral, mid-peripheral regions of the retina produce axons that project toward the CMZ.
Flat-mount preparations (a— c) and vertical retinal sections (d) were labeled with antibodies to glucagon. We termed these cells
LGENs. The inset in cis a threefold-expanded field that demonstrates presumptive collateral arbor arising from the axon of an
LGEN. Images were obtained by using standard epifluorescence microscopy (a, ¢, d) or confocal microscopy (b). The arrows in b
indicate conventional glucagon-immunoreactive amacrine cells. Scale bar: a— d, 50 um. e schematically illustrates a typical LGEN
as viewed in a flat-mount preparation (top) or vertical retinal section (bottom). fis a schematic illustration of the distribution of
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retina). By comparison, in more ventral
regions of the retina, the directions of the
axonal projections of the LGENs were an-
gled more directly toward the CMZ
(20.3 = 29.6° in ventronasal retina and
—27.4 £ 25.1° in ventrotemporal retina).
Although the LGENs were never found
within 70 wm of each other, the distribu-
tion pattern of these cells was quasi-
regular with a regularity index of 2.76. The
average distance between nearest neigh-
boring LGENs was 129.0 * 56.8 wm.

To determine where the axonal projec-
tions of the LGENSs terminate, we prepared
retinal whole mounts that included the
CMZ and digitally traced the course of the
axon-like projections derived from indi-
vidual LGENs by using high-resolution
(12 megapixel) images and Adobe Photo-
shop 6.0. We found that every LGEN pro-
duced a single axon-like process that pro-
jected into the retinal margin (Fig. 4a—c,
red, yellow, and light blue cells). In addi-
tion to the LGENs, we traced the projec-
tions of smaller (9.0 = 0.6 wm in diameter;
n = 20) LGEN-like cells that were within
1.5 mm of the dorsal CMZ and followed
their projections into the CMZ (Fig. 4a,b,
dark blue and pink cells). These cells were
distinctly larger than the conventional
glucagon-containing  amacrine  cells
(CGACs) but were smaller than LGENs
(Fig. 4d). Although these cells had a vari-
able morphology compared with that of
the LGENSs, these cells were unipolar,
formed a short, crooked, thick primary
neurite, and produced one to four neurites
that projected up to 1.5 mm into the CMZ
(Fig. 4a—c). Because of the similarities
shared with LGENS, we termed these cells
mini-LGENs. Unlike the LGENSs, the
mini-LGENs were scattered in the far pe-
ripheral regions of the dorsal retina.

We applied retrograde tracers to label
the neurites that are clustered in the CMZ.
We made injections of 40 nm fluorescent
latex microspheres, lysinated fluorescein
dextran, or diamidino yellow into the CMZ of intact eyes. How-
ever, delivery of these compounds into the CMZ inhibited axonal
transport and failed to label the processes significantly (data not
shown). Accordingly, we applied the lipophilic tracer Dil to the
CMZ in paraformaldehyde-fixed samples. Although the Dil
tracer failed to label neurites beyond 700 wm from the site of
application, the labeling did reveal that many varicose processes
run parallel to the retinal margin within the CMZ (Fig. 4e,f). In
addition, we found many Dil-labeled processes extending away
from the CMZ toward central regions of the retina (Fig. 4e). This
pattern of labeling was consistent in dorsal, ventral, nasal, and
temporal quadrants of the CMZ. Because we failed to observe
neurofilament or the neurites of dopaminergic amacrine cells
within the CMZ, we assumed that the Dil-labeled processes in the
CMZ were the glucagon/GLP1-immunoreactive processes. We
propose that the glucagon/GLP1-positive neurites that are clus-

CMZ

temporal

pecten



10162 - J. Neurosci., November 2, 2005 + 25(44):10157-10166

Treﬁna

CcMZ

lNPE

Figure4. The axons of LGENs and mini-LGENS project toward the CMZ at the retinal margin.
Flat-mount preparations of the retina were labeled with antibodies to glucagon. The cell bodies,
primary neurite, and axons of LGENs (orange, yellow, light blue) and mini-LGENSs (pink and dark
blue) were digitally traced by using Adobe Photoshop 6.0 in a montage of high-resolution
images. ¢ and d are threefold enlargements of the areas boxed in b. e is a micrograph of
flat-mounted peripheral retina, CMZ, and NPE where Dil (bright orange area) has been applied
to the CMZ. In e, the peripheral edge of the CMZ is indicated by the green line, and the boxed
area is expanded threefold in fto demonstrate the varicose Dil-labeled processes that course
within the CMZ. The colored arrows in b indicate the cell bodies of LGENs and mini-LGENSs, the
arrowheads in ¢ and d indicate glucagon-positive amacrine cells, and the arrows in ¢ and d
indicate the cell bodies of LGENs and mini-LGENSs, respectively. Scale bars: a (for a, b), e, 50 m.
(B, Ciliary body.

tered within the CMZ arise from LGENSs in ventral regions of the
retina and mini-LGENSs in dorsal regions of the retina.

The proliferation of progenitors in the CMZ is influenced by
intraocular injections of glucagon and related peptides

The neurites of glucagon/GLP1-expressing cells are heavily clus-
tered within the zone of progenitors at the retinal margin, sug-
gesting that the release of glucagon and/or GLP1 at the retinal
margin may influence the neural progenitor cells in the CMZ. We
have reported previously that insulin and IGF-I stimulate the
proliferation of progenitors at the retinal margin and increase the
number of cells that are added to the retina (Fischer and Reh,
2000; Fischer et al., 2002a). We used intraocular injections of
BrdU to label proliferating cells, because this technique has been
shown to only label proliferating cells that express proliferating
cells nuclear antigen (PCNA) and phospho-histone H3 in the
postnatal chicken retina (Fischer and Reh, 2000; Fischer et al.,
2002a). We have reported previously that all BrdU-labeled cells
within the CMZ are also immunoreactive for PCNA (Fischer and

Fischer et al. ® Glucagon and Retinal Progenitors

Reh, 2000; Fischer et al., 2002a) and that intraocular injections,
compared with subcutaneous applications of BrdU, do not in-
duce ocular damage that stimulates the proliferation of progeni-
tors in the CMZ or in the pars plana of the ciliary body (Fischer
and Reh, 2003).

Because glucagon is best known to antagonize the physiolog-
ical effects of insulin by increasing blood glucose levels, a parallel
correlation is that glucagon at the retinal margin should act in
opposition to insulin and suppress the proliferation of retinal
progenitors. Indeed, we found that four consecutive daily in-
traocular injections of glucagon reduced the number of BrdU-
labeled cells in nasal and temporal regions of the CMZ and NPE
of the ciliary body (Fig. 5a—e). We found that GLP1, like gluca-
gon, reduced the number of BrdU-labeled cells at the retinal mar-
gin and within the NPE, with significant effects occurring in tem-
poral NPE but not nasal NPE (Fig. 5b). As reported previously
(Fischer and Reh, 2000, 2003), intraocular injections of insulin
increased the number of BrdU-labeled cells at the edge of the
retina and within the NPE (Fig. 5a—d). Application of glucagon
with insulin reduced the addition of newly generated cells to the
edge of the retina and NPE compared with the number of cells
seen with insulin alone (Fig. 5a,b). Four consecutive daily in-
traocular injections of 500 ng glucagon antagonist did not affect
the proliferation of cells in the CMZ or NPE (data not shown). By
comparison, two consecutive intraocular injections of 1 pg of
glucagon antagonist increased the number of BrdU-labeled cells
in the CMZ and NPE in temporal, but not nasal, regions of the eye
(Fig. 5f~h). Together, our data suggest that glucagon/GLP1-
mediated control over the proliferation of neural progenitors in
the CMZ is more pronounced in temporal than in nasal regions
of the eye. The application of glucagon, GLP1, insulin, or gluca-
gon antagonist did not compromise the survival of retinal cells;
numbers of TUNEL-positive retinal cells and numbers of cells
immunoreactive for activated caspase 3 were unaffected (data not
shown).

The number of transitin-expressing progenitors in the CMZ
is influenced by glucagon

We have reported previously that transitin, a nestin-related in-
termediate filament, is expressed by neural progenitors in the
CMZ of the postnatal chick retina (Fischer and Omar, 2005).
Therefore, we tested whether intraocular injections of insulin,
glucagon, GLP1, or glucagon antagonist influenced the number
of transitin-expressing retinal progenitors in the CMZ. We found
that two consecutive daily intraocular injections of insulin signif-
icantly increased the number of transitin-positive cells in the
CMZ compared with numbers of transitin-positive cells in the
CMZ of saline-treated eyes (Fig. 6). In contrast, intraocular in-
jections of glucagon or GLP1 decreased the number of transitin-
positive progenitors in the CMZ (Fig. 6). Like insulin, the
glucagon-antagonist increased the number of transitin-positive
progenitors in the CMZ (Fig. 6a).

To test whether the reduction of transitin-positive cells in the
CMZ that resulted from glucagon-treatment represents a perma-
nent loss of progenitors, we assayed whether treatment with in-
sulin after glucagon stimulated proliferation or the accumulation
of transitin-positive cells within the CMZ. Using five animals, we
made two consecutive daily intraocular injections of 500 ng of
glucagon into the left eye and saline into the right eye (contralat-
eral control). This was followed by two consecutive daily injec-
tions of 500 ng of insulin and 2 ug of BrdU into both eyes. We
found that pretreatment of eyes with glucagon moderately re-
duced the number of transitin-positive cells in the CMZ that



Fischer et al. ® Glucagon and Retinal Progenitors

@
=1

[ nasal
50| [ temporal

) w a5
=] =1 o

the retina per section

o

Number of BrdU-labeled cells in the U‘ Number of BrdU-labeled cells wwthmm
w

o= = F -+ ¥ -+
BrdUxglucagon BrdU+GLP1 insulinsglucagon
5
[ nasal
30| [l temporal *k
525 -
G *%k
® 20 ¥
E- % ek
g
c
2 10
o P
g5 N tmz
0= = =+ =+

—F -+
BrdUsglucagon  BrdUsGLP1  insulinzglucagon glucagon-treated

30

—h

Number of BrdU-labeled cells in the

[ nasal
[ temporal

— (S} N
7 =] 31

retina or pars plana
=

- + -

pars plana

\Z MZ

BrdU :_C -
antagonist

W
. \%wz

saline-treated

antagonist-treated

Figure 5.  Intraocular injections of glucagon, GLP1, and glucagon antagonist regulate the
proliferation of retinal progenitors in the CMZ and the addition of new cells to the peripheral
edge of the retina. a—e, Eyes received four consecutive daily intraocular injections (from P1
through P4) of BrdU alone or with 500 ng of glucagon, 500 ng of GLP1, 500 ng of insulin, or 500
ng of insulin and glucagon. Numbers of BrdU-labeled cells were counted in nasal and temporal
regions of the CMZ and NPE of the pars plana (within 150 wm of the neural retina). c-e are
representative micrographs of BrdU immunofluorescence at the peripheral edge of the retina
from eyes treated with saline (c), insulin (d), or glucagon (e). f- h, Eyes received two consecu-
tive daily intraocular injections (from P2 through P5) of BrdU alone or with 1000 ng of glucagon
antagonist (des-His ', Glu®-glucagon-NH, Phe®). g and h are representative micrographs of
BrdU immunofluorescence at the peripheral edge of the retina from eyes treated with saline (g)
or glucagon antagonist (e). Significance of difference was determined by using an unpaired,
two-tailed Student's t test (*p =< 0.0001; **p < 0.002; ***p = 0.05). Error bars represent the
SD of the sample means.

would otherwise accumulate with saline pretreatment and insu-
lin (Fig. 6e—g). Similarly, glucagon pretreatment reduced the
number of BrdU-labeled cells added to the retinal margin com-
pared to that which occurs with saline pretreatment before insulin
(Fig. 6e,h,i). These findings suggest that glucagon treatment moder-
ately reduces the potential of insulin to stimulate CMZ progenitors
to express transitin and add cells to the edge of the retina.

Receptors for glucagon and GLP1 are expressed within the
retina and CMZ

To test whether receptors for glucagon or GLP1 are expressed
within the retina and CMZ, we used antibodies to the glucagon
receptor and RT-PCR. We used polyclonal antibodies raised to
the mouse glucagon receptor, which shares >72% sequence
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Figure 6.  The number of transitin-expressing neural progenitors in the temporal CMZ are
affected by glucagon, GLP1, insulin, and glucagon antagonist. Eyes received two consecutive
daily intraocular injections of 500 ng of glucagon, 500 ng of GLP1, 500 ng of insulin, or 1000 ng
of glucagon antagonist (des-His ', Glu °~glucagon-NH,-Phe ©) or saline vehicle as the control. @
is a histogram illustrating the average number of transitin-positive cells in the temporal CMZ.
Significance of difference between samples was determined by using ANOVA ( p << 0.0001) and
apost hoc two-tailed Student's ttest (*p =< 0.0001; **p = 0.0005; ***p = 0.005) to determine
thesignificance of difference between control (saline) and treated (insulin, glucagon, GLP1, and
antagonist) samples. Error bars represent the SD of sample means. b— d are fluorescent micro-
graphs demonstrating transitin immunoreactivity in the far peripheral retina and CMZ of eyes
injected with saline (b), insulin (c), or glucagon (d). ei, The left eyes received two consecutive
daily intraocular injections of 500 ng of glucagon, and the right eyes received saline, starting at
P1. At P3, both eyes received two consecutive injections of 500 ng of insulin and 2 g of BrdU,
and eyes were harvested at P5. The histogram in e illustrates the percentage of transitin or
BrdU-labeled cells within the far peripheral temporal retina. The percentage of cells was calcu-
lated as the total number of cells from three sections of retinas treated with glucagon followed
by insulin, divided by the number of cells in retinas treated with saline followed by insulin from
the same individual. The mean percentages were averaged for five individuals. Error bars rep-
resent the SD of sample means. f—i are fluorescent micrographs demonstrating transitin (f, g)
or BrdU (h,i) immunoreactivity in the far peripheral retina and CMZ of eyes treated with saline—
insulin (f, h) or glucagon—insulin (g, ). Scale bars: d (for b—d), i (for f~i), 50 um.

identity and >84% sequence homology with the chicken gluca-
gon receptor (Feldkaemper et al., 2004). We found immunore-
activity for the glucagon receptor concentrated throughout the
IPL, consistent with the distribution of neurites from glucagon-
expressing amacrine cells (Fig. 7a—c). In addition, we found im-
munoreactivity for the glucagon receptors in the outer segments
of photoreceptors, the outer plexiform layer (OPL), somata of
amacrine cells, ganglion cells, and the nerve fiber layer (Fig. 7a—
¢). These findings are consistent with a previous report that used
in situ hybridization to localize the mRNA for the glucagon re-
ceptor (Feldkaemper et al., 2004). At the retinal margin, immu-
noreactivity for the glucagon receptor was concentrated in the
CMZ, where glucagon-immunoreactive neurites are densely
clustered (Fig. 7d—h). In addition, immunoreactivity for the glu-
cagon receptor was present in the OPL, somata of amacrine cells,
and ganglion cells (Fig. 7¢g,h). Western blot analysis revealed a
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band at ~45 kDa, the predicted molecular
weight of the chick glucagon receptor, and
asecond band at ~30 kDa, which may rep-
resent a cleavage product of the glucagon
receptor or cross-reactivity with an
epitope sharing homology with the gluca-
gon receptor (Fig. 71). To further confirm
that the glucagon receptor is expressed in
the retina, we used RT-PCR. We detected
mRNA for the glucagon propeptide, glu-
cagon receptor, and GLP1 receptor in cen-
tral and peripheral regions of the retina
(Fig. 7j).

Discussion

We report here that neurites immunoreac-
tive for glucagon and GLP1 are heavily
clustered within the zone of progenitors at
the retinal margin. This finding suggests
that the release of glucagon and/or GLP1
at the retinal margin may influence the
proliferation and/or differentiation of
progenitor cells in the CMZ. The distribu-
tion of glucagon-containing processes

within the progenitor zone at the retinal i “afina
margin is reminiscent of the distribution kDa

of glucagon-containing process in periph- 75—

eral regions of the turtle retina (Wetzel and el

Eldred, 1997). However, it remains un-
known whether the eyes of turtles contain
azone of progenitors at the retinal margin.
There have been reports that there are
glucagon-immunoreactive “fascicles” in
the ora serrata of the pigeon retina (Karten
and Brecha, 1983). It is possible that, like
the chicken retina, the pigeon retina con-
tains a CMZ, and the fascicles of glucagon-
immunoreactive neurites are gathered
within the CMZ. In the chicken retina,
Kiyama et al. (1985) have described a
dense fiber plexus in the peripheral margin
of the retina that is immunoreactive for
glucagon. Data provided here indicate that the dense fiber plexus
described 20 years ago by Kiyama and colleagues is ramified
among neural progenitors in the CMZ.

The distribution of neurites from LGENs and mini-LGENs
cells may be unique among retinal neurons. For example, dopa-
minergic amacrine cells, with large dendritic fields similar to
those of the glucagonergic cells, do not concentrate processes
within the CMZ at the retinal margin (data not shown). In addi-
tion, neurites immunoreactive for neurofilament or calretinin
are not concentrated within the CMZ of the postnatal chicks
(Fischer and Reh, 2000; Fischer et al., 2002b). These findings
suggest that the clustering of glucagon-containing neurites is not
caused by a general cue for the accumulation of neuronal pro-
cesses in the CMZ.

The glucagon/GLP1-immunoreactive neurites in the CMZ
appear to arise from unipolar axon-forming neurons that we
termed LGENs and mini-LGENs. The LGENs have not been de-
scribed thoroughly by previous studies. The LGENs may have
gone essentially unstudied because of their low abundance,
unique compliment of markers, and restricted location within
the retina. In the classical studies by Ramon y Cajal, no reference
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is made to cells that share morphological similarities with the
LGENSs. Although Ramon y Cajal (1972) elegantly described the
efferent target cells of the avian retina, which share some similar-
ities with the LGENS, these cell types are distinctly different based
on their abundance and morphology (Uchiyama and Ito, 1993;
Uchiyama et al., 1995, 2004; Fischer and Stell, 1999). There are
brief descriptions in the literature of the LGEN-like cells in the
chicken retina. Several studies >20 years ago briefly mention
large (10-15 um) glucagon-immunoreactive cells in peripheral
regions of the retina but fail to provide images or describe the
morphological features of these cells (Kuwayama et al., 1982;
Kiyama et al., 1985). Cell types similar to LGENs and mini-
LGENSs have been described in the pigeon retina and are men-
tioned briefly in a review by Karten and Brecha (1983). In the
pigeon retina, glucagon immunoreactivity was observed in large
(~12 wm) neurons in the dorsal retina, which form two or three
primary neurites, and in very large (~18 wm) neurons in the
ventral retina, which form a thick primary neurite. Both of these
cell types form lengthy processes that project into “fascicles
within the ora serrata” (Karten and Brecha, 1983). Unfortu-
nately, images of these cells are available only in difficult-to-find
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books that are not referenced by PubMed (Brecha, 1983; Brecha
and Karten, 1983). Nevertheless, the cells described by Karten
and Brecha in the pigeon retina are likely to be equivalent to the
LGENs and mini-LGENs that we describe in the chick retina.

We found that the number and proliferation of progenitors in
the CMZ can be suppressed by exogenous glucagon and GLP1
and stimulated by insulin and glucagon antagonist. There are
scattered reports that VIP—secretin—glucagon-like peptides can
influence the proliferation of neural progenitors. There has been
a report that GLP2 influences the proliferation of astrocytes in
culture (Velazquez et al., 2003). Similarly, pituitary adenylate
cyclase activating peptide (PACAP), a member of the VIP—secret-
in—glucagon family of peptides, is known to suppress prolifera-
tion and antagonize the actions of Shh in the developing neural
tube (Waschek et al., 2000; Nicot et al., 2002). Interestingly, Shh
has been reported recently to stimulate the proliferation of CMZ
progenitors in the chick retina (Moshiri et al., 2005). In addition,
PACAP has been shown to influence the proliferation, survival,
differentiation, and neurite outgrowth of a variety of neuronal
cell lines and primary cultures (Waschek et al., 2000). These find-
ings indicate that VIP—secretin—glucagon-like peptides can play a
role in neural development and are consistent with our current
findings that glucagon and GLP1 suppress the proliferation of
retinal progenitors. Our findings indicated that glucagon and
GLP1 can be added to the long list of secreted factors that influ-
ence neural progenitors.

We found that glucagon and GLP1 decreased the number of
transitin-positive progenitors in the CMZ, whereas insulin and a
glucagon antagonist increased the number of these cells. These
findings suggest that glucagon and GLP1 may decrease the num-
ber of progenitors in the CMZ. Alternatively, these findings may
indicate that glucagon and GLP1 suppress the expression of tran-
sitin without affecting numbers of progenitors in the CMZ. An-
other possibility is that glucagon/GLP1 stimulates retinal progen-
itors in the CMZ to undergo terminal differentiation. We found
that the application of glucagon before insulin reduced the num-
ber of transitin-expressing progenitors in the CMZ and moder-
ately reduced the addition of new cells to the edge of the retina
that is otherwise induced by insulin alone (Fig. 6). This finding is
consistent with the hypothesis that glucagon reduces the number
of retinal progenitors in the CMZ and that the decrease in tran-
sitin expression may represent a loss of progenitors that can be
reactivated by insulin. Together, our findings suggest that post-
natal retinal neurogenesis is regulated in a “push—pull” manner
by glucagon/GLP1 and insulin.

In addition to the CMZ of the postnatal chicken eye, the NPE
of the ciliary body is capable of producing neurons in vivo. Pro-
liferation and neurogenesis can be induced by insulin, EGF, and
FGF2 in a sizeable area of NPE cells (20 mm? per eye) (Fischer
and Reh, 2003). The NPE normally does not contain any neurons
and is anterior to and contiguous with the CMZ (Fischer and
Reh, 2003). The retina and NPE of the ciliary body are derived
from the ventral diencephalon during development, but the
mechanisms that control the formation of the CMZ and the
mechanisms that prevent the NPE from becoming neural retina
remain unknown. It is possible that the build-up of glucagon-
positive neurites contributes to the formation of the CMZ and the
transition of neural retina into the pseudo-stratified columnar
NPE. Additional studies are required to study this possibility.

The CGACs and glucagon peptide in the avian eye have been
shown to participate in vision-guided ocular growth, which oc-
curs during postnatal development (Fischer et al., 1999b; Bitzer
and Schaeffel, 2002; Feldkaemper and Schaeffel, 2002; Feldkaem-
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per et al., 2004). We have reported previously that the glucagon-
containing amacrine cells in the chicken retina respond to lens-
imposed hyperopia (which stimulates ocular growth) by
decreasing expression levels of the immediate-early gene early
growth response gene 1 (Egrl), whereas levels of Egrl are in-
creased in response to lens-imposed myopia (Fischer et al.,
1999b). Furthermore, levels of retinal glucagon are increased
transiently by lens-imposed myopia and reduced transiently by
lens-imposed hyperopia (Feldkaemper et al., 2000; Buck et al.,
2004). Recent studies have indicated that glucagon and oxynto-
modulin inhibit form-deprivation myopia, and glucagon antag-
onist prevents lens-induced hyperopia (Vessy et al., 2005a,b).
However, the glucagon-expressing cells that ramify neurites
within the CMZ are distinctly different from the CGACs that may
participate in visually guided ocular growth. This does not ex-
clude the possibility that LGENs and mini-LGENs respond to
visual cues that regulate ocular growth and somehow contribute
to the retinal mechanisms that influence the growth of the eye.

Conclusions

We conclude that glucagon/GLP1-containing neurites are
heavily clustered within the progenitor zone at the peripheral
edge of the avian retina. These neurites in the CMZ appear to
arise from retinal neurons, which we have termed LGENs and
mini-LGENs. The LGENs and mini-LGENS are relatively large,
unipolar neurons that form axon-like processes and are found in
peripheral and ventral or dorsal retinal regions, respectively. Sim-
ilar to the physiological antagonism of glucagon and insulin in
regulating blood glucose homeostasis, we found that glucagon/
GLP1 and insulin act antagonistically to regulate the proliferation
of retinal progenitors in the CMZ. We propose that the LGENSs
receive visual cues and relay these cues to the CMZ to regulate the
proliferation of progenitors and the addition of new cells to the
edge of the retina.
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