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Abstract Pituitary adenylate cyclase activating polypeptide
(PACAP) is a neuropeptide with highly potent neurotrophic
and neuroprotective effects. PACAP and its receptors occur in
the retina and PACAP has been applied in animal models of
metabolic retinal disorders to reduce structural and functional
damage. Furthermore, PACAP has been implicated as a potential anti-diabetic peptide. Our aim has been to investigate,
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by using a complex morphological, immunochemical and
molecular biological approach, whether PACAP attenuates
diabetic retinopathy. Diabetes was induced in rats with a
single streptozotocin injection. PACAP was injected intravitreally into one eye (100 pmol) three times during the last
week of a 3-week survival period. Retinas were processed for
the following procedures: routine histology, immunohistochemistry (single and double labeling, whole-mount), quantitative reverse transcription with the polymerase chain reaction
and Western blotting. Cone photoreceptors and dopaminergic
amacrine and ganglion cells degenerated in diabetic retinas
and glial fibrillary acidic protein were upregulated in Müller
glial cells. The number of cones, the length of their outer
segments and the cell number in the ganglion cell layer were
decreased. PACAP ameliorated these structural changes.
Moreover, PACAP increased the levels of PAC1-receptor
and tyrosine-hydroxylase as detected by molecular biological
methods. Thus, PACAP has significant protective effects in
the diabetic retina. PACAP treatment attenuates neuronal cell
loss in diabetic retinopathy, the protective effects of PACAP
probably being mediated through the activation of PAC1receptor. These results suggest that PACAP has a therapeutic
potential in diabetic retinopathy.
Keywords Retina . Diabetic retinopathy . PACAP .
Neuroprotection . PAC1-R . Rat (adult male Wistar)

Introduction
Sight-threatening neurodegenerative diseases of the retina
such as glaucoma, ischemia, retinitis pigmentosa and diabetic
retinopathy involve the progressive loss of retinal neurons.
Diabetic retinopathy develops in patients with both type 1 and
2 diabetes, progressing to blindness in about 5% of cases
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(Engerman and Kern 1995; Kempen et al. 2004). As the
worldwide prevalence of diabetes continues to increase, diabetic retinopathy is a leading cause of vision loss in developed
countries (Fong et al. 2004). The inability of the retina to adapt
to metabolic stress leads to a glucose-mediated microvascular
disease together with chronic inflammation, finally causing
degeneration and dysfunction in the retina (Liu et al. 2008).
Diabetes induces neurodegeneration and dysfunction as
evidenced by several studies demonstrating decreases in enzyme activities and declining levels of growth and transcription factors in retinal neurons (Seki et al. 2004; Park et al.
2006). The rate of neuronal loss is slow, leading to a gradual
cumulative reduction mostly in amacrine and ganglion cells
(Barber et al. 1998; Gastinger et al. 2006, 2008). Functional
deficits can be found in both rod and cone responses related to
the loss of outer segment membranes and/or shortened outer
segments (Holopigian et al. 1997).
The functional loss of photoreceptors in diabetes is coupled
with the failure of color vision and contrast sensitivity (Alvarez
et al. 2010). In animal models of diabetes, losses in the function
of rod photoreceptors and the inner retina can be seen as early
as 2 days after the induction of diabetes. As a consequence,
some inner retinal responses and the cone response and oscillatory potentials remain consistently depressed (Phipps et al.
2004). Hyperglycemia disrupts cone photoreceptors as
evidenced by prominent pathological features at light and
electron microscopic levels and dysfunctional cone-mediated
electroretinograms. Kurtenbach et al. (2006) have reported that
cone metabolism in hyperglycemia is significantly enhanced
compared with rod metabolism. The photoreceptor functions
are strongly supported by inner retinal neuromodulators, such
as dopamine.
In the retina, dopamine plays a central role in the adaptation
to light. Dopamine is synthesized and released by a sparse
population of amacrine cells, composing less then 1% of amacrines in mammals (Witkovsky and Schutte 1991; Gustincich
et al. 1997; Jeon et al. 1998). These cells can be labeled by
tyrosine-hydroxylase (TH) immunohistochemistry and are located in the innermost sublayer of the inner nuclear layer in the
rat retina (Witkovsky and Schutte 1991). Alterations in
the dopaminergic system are thought to be among the first
significant events in the development of diabetic retinopathy
(Nishimura and Kuriyama 1985; Northington et al. 1985;
Fernstrom et al. 1986). Such alterations include the degeneration of some dopaminergic amacrine cells during the early stage
of diabetes (Seki et al. 2004). In early stages of diabetes, loss of
oscillatory potentials are thought to be a sign of degeneration of
dopaminergic amacrine cells (Shirao and Kawasaki 1998). The
increase of glial fibrillary acidic protein (GFAP) expression in
Müller glial cells has been reported to be another early histological change in diabetic rats (Lieth et al. 1998).
Several animal models of diabetes have been established,
with streptozotocin being widely used to induce experimental
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type I diabetes. It selectively destroys pancreatic beta cells and
thus is suitable for studying the short- and long-term consequences of diabetes and protective strategies (Portha et al.
1974; Szkudelski 2001). Several protective agents have been
examined in the hope of providing a cure for diabetic retinopathy (Mohamed et al. 2007). Among the numerous potential
therapeutic agents in diabetic retinopathy, growth factors are
promising tools against various pathological components. For
example, ciliary neurotrophic factor, pigment epithelium derived factor and nerve growth factor have all been shown to be
protective in animal models of diabetic retinopathy (Tao 2006;
Steinle 2010; Shen et al. 2010). Pituitary adenylate cyclase
activating polypeptide (PACAP), a neurotrophic member
of the vasoactive intestinal peptide/secretin/glucagon
peptide superfamily, is a neuropeptide with highly potent neuroprotective and general cytoprotective effects. PACAP and its
receptors (PAC1-R, VPAC1 and VPAC2) occur in the retina
and PACAP treatment has been demonstrated to be protective
in several retinal pathologies. PACAP has been shown to
attenuate retinal damage in excitotoxic, ischemic, traumatic
and UV-light-induced retinal degeneration (Atlasz et al.
2010). Several lines of evidence suggest that PACAP might
be of therapeutic potential in diabetes (Yamamoto et al. 2003).
First, PACAP stimulates insulin secretion from beta cells in a
glucose-dependent manner. Second, PACAP protects beta cell
damage induced by various insults such as oxidative stress,
cytokines and gluco- and lipotoxicity. In addition to the effects
in pancreas islets, a few studies have indicated that PACAP
also attenuates diabetes-related pathologies. Systemic PACAP
treatment decreases streptozotocin-induced nephropathy in
rats, as shown by laboratory and histological parameters
(Li et al. 2008). PACAP also attenuates experimental
neuropathy (Dickinson et al. 1999). Finally, a recent study
has revealed that hyperglycemia-induced microvascular endothelial cell growth can be inhibited by PACAP treatment in
vitro (Castorina et al. 2010).
Based on the potency of PACAP in diabetes and related
conditions in addition to its retinoprotective actions, our aim
has been to investigate whether PACAP could attenuate
diabetic retinopathy, one of the most devastating consequences of diabetes. With this aim, we have used a complex
morphological, immunohistochemical and molecular biological approach.

Materials and methods
Animals
Experimental procedures were carried out in accordance
with approved protocols (University of Pecs; BA02/200024/2011). Adult male Wistar rats (n053) were housed under
light/dark cycles of 12:12 h. For the induction of diabetes,
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After removal, eyes (n03 per group) were immediately dissected in ice-cold phosphate-buffered saline (PBS; Spektrum3D,
Hungary) and fixed in 4% paraformaldehyde (PFA; Merck,
Hungary) dissolved in 0.1 M phosphate buffer (PB; Spektrum3D). Retina histology was performed as previously described (Atlasz et al. 2010). Embedded tissues were cut at a
thickness of 2 μm, stained with 1% toluidine blue (Sigma) and
examined in a Nikon Eclipse 80i microscope. Measurements
were taken with the SPOT Basic program. Six tissue blocks
from at least three animals were prepared from each group.
Central retinal areas within 1 and 2 mm from the optic disc
were used for measurements (n02-5 measurements from one
tissue block). Sections in which the inner nuclear layer (INL)
was thicker than four rows of cells or in which the ganglion cell
layer (GCL) appeared to be thicker than a single cell row were
excluded from evaluation. The following parameters were
measured: (1) cross section of the retina from the outer limiting
membrane to the inner limiting membrane; (2) the width of
individual retinal layers; (3) the number of cells/100 μm section
length in the GCL. Statistical comparisons were made by using
an analysis of variance (ANOVA) followed by Tukey-B post
hoc analysis (P<0.05). Data are presented as means ± SEM.

Supplier

Histology

Primary antibodies

70 mg/kg streptozotocin (Sigma, Hungary) was injected
intravenously (n038). Blood glucose concentration was
measured weekly, before and after diabetes induction, for
3 weeks (Glucotrend Accu-Check, Roche, Hungary). Rats
with glucose levels higher than 11 mmol/l were classified as
diabetic; others that recovered with normalized glucose levels
were excluded from our study. Most animals, however, developed massive diabetes with classical symptoms such as polyuria, polydipsia and excessive weight loss.
PACAP (100 pmol/5 μl saline solution; 20 μM) was injected
(n038) into the vitreous body of the right eye with a Hamilton
syringe under isoflurane anesthesia. Animals received PACAP
treatment three times during the last week of survival: 7, 4 and
1 day before being killed. The same volume of saline was
injected into the other eye to serve as untreated diabetic control
(n038). The dose of PACAP was based on previous observations where this dose was effective (Tamas et al. 2004). A
separate group of animals without induced diabetes served as
controls injected with saline (n015), including animals with
PACAP injected into the vitreous of the right eye (n015). Three
weeks after diabetes induction and 1 day after the last PACAP
treatment, animals were killed with an overdose of anesthetic
and eyes were processed for further examination.

39
Table 1 Antibodies used in immunohistochemical and Western blotting experiments (TH tyrosine-hydroxylase, PAC1-R PACAP1-receptor, GFAP glial fibrillary acidic protein, GAPDH
glyceraldehyde 3-phosphate dehydrogenase)
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for 2 h at room temperature (n06 in control group, n09 in
diabetic group). Tissues were then washed in PBS and cryoprotected in 20% sucrose (Sigma) at 4°C. For cryostat sectioning, retinas were embedded in tissue-freezing medium (TissueTek, Sakura Finetech, The Netherlands), cut in a cryostat
(Leica, Germany) at a thickness of 10 μm radially. Sections
were mounted on subbed slides. At least 48 sections/eye were
examined. Antibody details are presented in Table 1. Anti-TH,
anti-PACAP1-receptor (PAC1-R), anti-GFAP antibodies and
fluorescein-isothiocyanate-conjugated peanut agglutinin
(PNA, Vector) were used overnight at room temperature. Next
day, the sections were incubated for 2 h at room temperature
with the corresponding secondary fluorescent antibodies,
namely, Alexa Fluor 488 and 568, in the dark (Table 1) and
then coverslipped by using Fluoromount-G (Southern Biotech,
USA). For control experiments, primary antibodies were

omitted. Cross-reactivity of the non-corresponding secondary
antibodies with the primary antibodies was also checked.
Micrographs were taken via a Fluoview FV-1000 Laser Confocal Scanning Microscope (Olympus, Japan) and further processed with Adobe Photoshop 7.0 program. Images were
adjusted for contrast only; they were aligned, arranged and
labeled by using the functions of the above program. Images
were evaluated by an examiner blinded to the treatment.
For whole-mounts (n04 in control groups; n010 in
diabetic and in diabetes + PACAP-treated groups), we
removed the lens and the vitreous body and post-fixed
the retinas in PFA for 12 h at 4°C. After pre-incubation
with normal goat serum (Southern Biotech) for 1 h,
whole-mounts were incubated with primary antibody against
TH for 72 h and visualized with Alexa Fluor 488. Images from
whole-mounts were used for counting TH-positive cells.

Fig. 1 Representative sections of control (a), diabetic (b, c) and
diabetes + 3×PACAP-treated (d) rat retinas stained with toluidine blue
for light microscopy. Morphological differences were not found between the examined groups, except for some non-typical components
in diabetic retinas (arrowheads granulocytes). Bar 20 μm. Significant
differences could not be observed in the retinal layers between the three
groups (e) in cross-sections of the retina (OLM-ILM) and widths of the
individual layers (ONL, OPL, INL, IPL). The number of cells per

100 μm GCL length decreased in induced diabetes but this was
attenuated by PACAP treatment (f). *P<0.05 compared with control
retinas; #P<0.05 compared with diabetic retinas (RBC red blood cells,
PE pigment epithelium, PL photoreceptor layer, OLM outer limiting
membrane, ONL outer nuclear layer, OPL outer plexiform layer, INL
inner nuclear layer, IPL inner plexiform layer, GCL ganglion cell layer,
ILM inner limiting membrane)
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PNA-labeling was quantified from cryosections, by
counting cone terminals/100 μm retina and measuring
the length of their outer segments. Data are presented as
mean ± SEM (ANOVA, Tukey-B post hoc analysis; P<0.05;
P<0.01).
Analysis by quantitative polymerase chain reaction
Retinas from nine animals in each group were removed
for quantitative polymerase chain reaction (qRT-PCR)
analysis. Total RNA was extracted from the samples by
using TRI Reagent (Applied Biosystems, USA) according
to the manufacturer’s instructions. RNA was quantified
Fig. 2 Glial fibrillary acidic
protein (GFAP) labeling of
Müller glial cells and peanut
agglutinin (PNA) labeling of
cone photoreceptors. GFAP
immunostaining was observed in
the endfeet of Müller glial cells in
the control condition (a). In
diabetic retinas, GFAP
immunoreactivity was strong in
the processes of Müller cells and,
spanning from the inner (ILM) to
the outer (OLM) limiting
membrane, within their endfeet at
the vitreoretinal border (b).
Reduced GFAP
immunopositivity was detected
in the processes of Müller glial
cells in the whole retina of
diabetes + PACAP-treated
animals (c). Both the outer segments of photoreceptors (OS) and
the terminals showed PNA binding in the control condition (d). In
diabetic retinas, a damaged
shorter OS and a decreased
number of terminals were observed (e, g, h). The preserved
structure of cones in
diabetes + PACAP-treated retinas
was observed and the number
of cone terminals and the thickness of the OS layer were also
significantly increased by
PACAP treatment (f, g, h)
compared with diabetic
retinas. *P<0.01, **P<0.001
compared with control
retinas; #P<0.01 compared
with diabetic retinas (ONL outer
nuclear layer, OPL outer
plexiform layer). Bar 20 μm
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by the NanoDrop quantification system (Thermo Scientific, USA). Reverse transcription was performed by
using a First Strand cDNA Synthesis Kit (Fermentas,
USA) with oligodT(18) primer. qRT-PCR was performed
by using the Step One Real-Time PCR System (Applied
Biosystems). Reaction mixtures consisted in: 10 μl
Maxima SYBR Green 2× mix including ROX (Fermentas), 0.6 μl each of two primers (at 10 pmol/μl), 2 μl
cDNA samples in a 20-μl final volume. Relative product
quantities were determined by using Step One software
and the ΔΔCt analysis method. β-Actin was used as
endogenous control. Relative expression data are presented (± SEM; Welch’s test; P<0.05).
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Western blot analysis
A separate group of retinas (n06 in control groups; n07 in
diabetes and in diabetes + PACAP-treated groups) was removed 24 h after the last PACAP treatment. Samples were
processed for Western blot analysis as described earlier (Racz
et al. 2006). Membranes were probed overnight at 4°C with
anti-TH, anti-PAC1-R and anti-GAPDH antibodies (Table 1).
Membranes were washed six times for 5 min in TRIS-buffered
saline (pH 7.5) containing 0.2% Tween prior to the addition of
goat anti-rabbit or anti-mouse horseradish-peroxidaseconjugated secondary antibody. The antibody-antigen complexes were visualized by chemiluminescence. After the scanning step, results were quantified by the NIH ImageJ program.
The retina from each rat was analyzed twice in two separate
experiments. Data are represented by pixel density in arbitrary
units (± SEM; ANOVA, Tukey-B post hoc analysis; P<0.05;
P<0.001).

Results
Histology
The characteristic layers of the mammalian retina were readily
visible in normal control preparations: the photoreceptor layer
(PL), outer nuclear layer (ONL), outer plexiform layer (OPL),
inner nuclear layer (INL), inner plexiform layer (IPL) and
GCL (Fig. 1a). PACAP treatment caused no alterations in
control retinas (Atlasz et al. 2010; data not shown). Light
microscopic examination did not reveal gross histological
differences between the four examined groups (control; control + PACAP; diabetes; diabetes + PACAP; Fig. 1a-d). Some
non-typical components such as granulocytes (Fig. 1b) and
precipitated red blood cells (Fig. 1c) were found in diabetic
retinas. Among the examined morphometric parameters, a
significant decrease was observed only in the cell number of
the GCL in diabetic retinas (Fig. 1f); this was attenuated by
PACAP treatment (Fig. 1f). No significant difference was seen
in the other morphometric parameters.
Analysis of Müller glial cells and cone photoreceptors
GFAP positivity was selectively localized to the endfeet of
Müller cells in control retinas (Fig. 2a). Increased GFAP immunoreactivity was observed in the entire diabetic retina
(Fig. 2b), whereas in diabetes + PACAP-treated retinas, a slight
decrease in the number of GFAP-positive processes of Müller
glial cells was detected (Fig. 2c).
PNA was used to label the cone photoreceptors. Staining
extended up to the outer segments and down to the terminals of
the cones in the OPL in control conditions (Fig. 2d). In diabetic
retinas, the outer segments were degenerated (Fig. 2e); the

Fig. 3 Representative fields of whole-mount preparations of control,
diabetic and diabetes + PACAP-treated retinas with tyrosinehydroxylase (TH)-immunoreactive cell bodies and dendrites. The cells
were at higher density in the control retinas (a, b) compared with diabetic
samples in which the arborization of the TH-positive cells was also
reduced (c, d). Large numbers of TH-positive neurons were present in
PACAP-treated retinas than in diabetic retinas. The dendritic tree was also
retained (e, f). Bars 200 μm (a, c, e), 40 μm (b, d, f). The decrease in cell
number in diabetes was significant and was attenuated by PACA treatments (g). *P<0.05 compared with control retinas; #P<0.05 compared
with diabetic retinas

number of cone terminals and the thickness of the outer segment layer were also significantly decreased compared with the
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control retinas (Fig. 2g, h). In PACAP-treated retinas, terminals
of the cone photoreceptors were better preserved (Fig. 2f) and a
significant elevation of the outer segments length and also of
their number was observed (Fig. 2g, h).
Immunohistochemical analysis of dopaminergic
and PAC1-R-containing elements
Alterations of the retinal dopaminergic system with the loss
of dopaminergic amacrine cells are among the first detectable signs in diabetic retinopathy (Nishimura and Kuriyama
1985; Northington et al. 1985; Fernstrom et al. 1986). TH is
the rate-limiting enzyme for dopamine synthesis and allows
the direct visualization of dopaminergic amacrine cells in the
retina by means of immunohistochemistry (Brecha et al.
1984). To examine the effect of diabetes and the protective
action of PACAP, TH immunolabeling was used in wholemount preparations and cross cryosections.
We discerned changes in the number and the anatomy of
cells, such as in soma shape and the arborization pattern
(Fig. 3a-f). Not only were the dendrites fewer but also their
appearance was varicose and sometimes segmented in diabetic
retinas. Loss of arborization in surviving cells was also observed in diabetes (Fig. 3c, d) compared with control retinas
(Fig. 3a, b). The trophic action of PACAP could also be
detected in the retained structure of the processes (Fig. 3e, f).
In addition, alterations in their density as induced by diabetes

Fig. 4 Retinal cross sections from the three different groups of animals.
Localization of dopaminergic amacrine cell with anti-TH (green) and
anti-PACAP1-receptor (PAC1-R; red) antibodies. TH immunoreactivity
was seen in the cell bodies and in the arborization of the dopaminergic
amacrine cells (a1, b1, c1). PAC1-R-positive cells and their processes
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and by diabetes + PACAP treatment were also analyzed. The
density of TH-positive cells was significantly reduced in diabetes compared with controls and an increase in the cell
numbers could be detected after PACAP treatment (Fig. 3g).
In cross sections, dopaminergic amacrine cells and their
processes were observed at the border of INL and IPL, the
somas being present in the innermost part of the INL
(Fig. 4a1). The processes of the cells were thinner in diabetic
animals (Fig. 4b1). After PACAP treatment, we observed a
labeling pattern according to which most of the features of the
control preparations were preserved. However, TH immunolabeling seemed to be stronger in the proximal sublaminas of
the IPL in these sections (Fig. 4c1).
To analyze whether PACAP could protect dopaminergic
amacrine cells involving the upregulation of its main receptor,
PAC1-R, we use double-immunofluorescent staining. In normal retinal sections, PAC1-Rs were found mostly in the inner
retinal layers, on the cell bodies of INL and GCL and some
processes showed an intense signal in distal sublaminas of the
IPL (Fig. 4a2). Both the diabetic and the diabetes + PACAPtreated retinas showed PAC1-R immunoreactivity (Fig. 4b2,
c2), with less intense staining in the diabetic retinas (Fig. 4b2).
Dopaminergic amacrine cells did not express PAC1-R under
normal or diabetic conditions (Fig. 4a3, b3). However, in
diabetes + PACAP-treated retinas, a few double-labeled cells
were found (Fig. 4c3), with the majority of TH-positive cells
still not showing PAC1-R immunoreactivity (not shown).

were localized in the inner retinal layers (INL, IPL; a2, b2, c2). Colocalization was not found in the control and diabetic retinas (a3, b3) but a
few TH/PAC1-R double-labeled cells were detected in the PACAPtreated diabetic retinas (c3, yellow cell body). Bars 20 μm
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Examination of TH and PAC1-R at a molecular level
The relative expression of TH and PAC1-R mRNA levels for
the whole retina were measured by qRT-PCR (Fig. 5a). The
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relative expression values were standardized to β-actin
mRNA levels in the same mRNA samples. We observed a
significant reduction in the expression levels of TH and
PAC1-R mRNA in diabetic retinas compared with control
samples (P<0.05). In diabetic retinas, the TH transcript level
was 35% of control levels, whereas PAC1-R mRNA was 76%
of control levels. In whole retina samples from diabetes +
PACAP-treated animals, mRNA levels for TH and PAC1-R
were significantly increased compared with those of the diabetic retinas (Fig. 5a).
TH and PAC1-R proteins (Fig. 5b) were determined in the
retinas by Western blotting. The band intensities were normalized to GAPDH levels. TH and PAC1-R protein levels in the
retinas of diabetic animals were significantly lower than those
in the control groups. Higher TH and PAC1-R protein levels
were observed in diabetes + PACAP-treated retinas compared
with diabetic animals (Fig. 5b).

Discussion

Fig. 5 Molecular biological analyses of control, of control + 3×PACAP, of
diabetic and of diabetes + 3×PACAP treated retinas. mRNA levels of TH
and PAC1-R (a) were determined by qRT-PCR and their values were
standardized to β-actin levels in the same RNA samples. Levels of TH
and PAC1-R mRNAs were significantly decreased in diabetic retinas,
compared with control retinas. mRNAs from diabetes + PACAP-treated
retinas showed a significant increase compared with diabetic retinas (a).
Western blotting for the protein levels of TH and PAC1-R (b) in the retinas.
GAPDH served as normalization control. Retinal TH and PAC1-R in the
PACAP-treated diabetic eyes were significantly higher than those in
vehicle-treated diabetic eyes. Data are presented as mean ± SEM
values. *P<0.05, **P<0.001 compared with control; #P<0.05, ##P<0.001
compared with diabetic retinas (ANOVA with Tukey-B post hoc analysis
or Welsch’s t-tests for Western blot and qRT-PCR, respectively)

PACAP is suggested to have therapeutic potential in diabetes
and related conditions. In addition, PACAP is protective in
ischemic, excitotoxic and UV-A light-induced retinal degeneration. PACAP is therefore expected, at least partially, to
counteract diabetes-induced structural changes in the retina.
Indeed, our present findings confirm that intravitreal administration of PACAP has significant protective effects in the
retina of streptozotocin-induced diabetic rats.
Standard histological examination revealed a lower cell
number in the GCL in the diabetic group than in the controls.
This observation confirmed the results of others (Zeng et al.
2000) demonstrating a similar reduction in the number of
retinal ganglion cells in short-term (4 weeks) diabetes. The
significant decrease of the cell number in the GCL was attenuated by PACAP treatment. Studies in streptozotocin-induced
diabetic rats have now identified neurochemical and molecular
changes of neural and glial elements in early stages. The inner
two-thirds of the retina, in which the retinal capillaries reside,
host close to 50 different cell types (MacNeil and Masland
1998) that are intimately interdependent in physiology and
influence one another in pathophysiological circumstances.
Retinal Müller glial cells are activated in diabetes as marked
by the elevated expression of GFAP seen in our experiments.
This stress response is reduced after PACAP treatment.
Dominant photoreceptor degeneration occurs in
streptozotocin-treated rats (Park et al. 2003). Pathological
features such as morphologically abnormal cones are related
to diabetes and such dysfunctional photoreceptors result in
attenuated electroretinogram responses (Alvarez et al.
2010). The observed cone degeneration is attenuated by
PACAP. Both the cone terminal number and shape of the
cone outer segments remain close to normal.
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Changes in the dopaminergic system are among the first
significant events in the development of diabetic retinopathy
(Nishimura and Kuriyama 1985; Northington et al. 1985;
Fernstrom et al. 1986). These findings are in accord with our
observations, where both morphological deterioration of
dopaminergic cells and a loss in their number have been
seen. The loss of these neurons might play a critical role in
the progress of visual deficits in diabetes (Gastinger et al.
2006). PACAP administration leads to a nearly normal
dopaminergic amacrine cell number and preserves the dendritic arbor. These findings corroborate recent results obtained
in ischemic and excitotoxic retinal degeneration, where cytoprotective effects of PACAP have also been established
(Atlasz et al. 2010).
Mapping the dopaminergic system by TH staining in visual
pathologies has demonstrated the pivotal role of this system in
mediating visual function. Dopamine has multiple, important
and complex roles in retinal function (light/dark adaptation,
retina development, etc.), not only as a neurotransmitter but
also as a neuromodulator and neurotrophic factor (Brandies
and Yehuda 2008). Retinal dopaminergic amacrine cells play
a central part in reconfiguring retinal function according to
prevailing illumination conditions. The light-dependent release of dopamine in the retina is an important component of
light-adaptation mechanisms. Dopaminergic amacrine cells
can activate cones through type D2 dopamine receptors. They
have also been implicated in the regulation of the local retinal
environment (Cameron et al. 2009). The degeneration of
dopaminergic amacrine cells disables the cross-talk between
scotopic and photopic signaling pathways in photoreceptor
cells and in the whole retinal circuity. Together with the loss of
dopaminergic cells, a decrease in the protein and mRNA
levels of TH has been found, similar to the findings by Seki
and coworkers (2004). Overall TH protein levels are reduced
reflecting the decrease in the cell density of dopaminergic
amacrine cells. A decline in PAC1-R levels has also been
observed in the diabetic retinas. PACAP application upregulates PAC1-R expression in our experiments. The results of
our double-immunolabeling study suggest that there is a correlation between TH and PAC1-R upregulation: PAC1-R immunoreactivity appears in some dopaminergic cells in
diabetes + PACAP-treated retinas. PACAP might help to
preserve the adequate dopamine concentration in the retina
essential for retaining function and structure. Our goal in the
near future is to correlate these changes with the activity of the
apoptotic pathways and the functional viability of the retina
under these conditions.
In conclusion, we have shown, for the first time, that
PACAP treatment attenuates neuronal cell loss, especially of
cones, dopaminergic amacrine and ganglion cells, in experimental diabetic retinopathy. Evidence has also been provided
for general structural protection. Thus, our results suggest that
PACAP has therapeutic potential in diabetic retinopathy.
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