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Abstract The oxygen-induced retinopathy (OIR) is a well-
established rodent model of retinopathy of prematurity (ROP),
which is one of the most common causes of childhood visual
impairment affecting preterm babies. Pituitary adenylate
cyclase-activating polypeptide (PACAP) is known to have neu-
roprotective effects. Several studies have revealed the presence
of PACAP and its receptors in the retina and reported its protec-
tive effects in ischemic and diabetic retinopathy. In this study, we
investigated whether PACAP administration can influence the
vascular changes in the rat OIR model. OIR was generated by
placing the animals in daily alternating 10/50 oxygen concen-
trations from postnatal day (PD) 0 to PD14 then returned them
to room air. Meanwhile, animals received PACAP or saline
intraperitoneally or intravitreally from PD1 to PD8 or on
PD11, PD14, and PD17, respectively. On PD19 ± 1, the retinas
were isolated and the vessels were visualized by isolectin stain-
ing. The percentage of avascular to whole retinal areas and the
number of branching points were measured. Change in cytokine

expression was also determined. Intravitreal treatment with
PACAP remarkably reduced the extent of avascular area com-
pared to the non- and saline-treated OIR groups. Intraperitoneal
PACAP injection did not influence the vascular extent. Retinal
images of room-air controls did not show vascular alterations.
No changes in the number of vessel branching were observed
after treatments. Alterations in cytokine profile after local
PACAP injection further supported the protective role of the
peptide. This is the first study to examine the effects of
PACAP in ROP. Although the exact mechanism is still not re-
vealed, the present results show that PACAP treatment can ame-
liorate the vascular changes in the animal model of ROP.
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Introduction

Retinopathy of prematurity (ROP) is one of the leading causes
of childhood blindness affecting babies born prematurely.
Premature birth interferes with the normal retinal vasculogenesis
leading to two pathological phases of ROP: in the first
vasoobliterative phase, the vessel formation stops, small vessels
obliterate, and retinal ischemia occurs. In the second
vasoproliferative phase, new abnormal vessels start to form at
the border of vascularized and avascular retina. These vessels
are tortuous, dilated, and incapable of autoregulation; they can
spread into the vitreous body, cause bleeding, and, in worst
cases, traction of the retina occurs leading to blindness.

Despite being an intensively researched field of neonatol-
ogy, the exact pathogenesis is still not revealed. Many causa-
tive factors have already been identified, including oxygen
therapy. The first attempt to decrease the number of patients
with ROP was to optimize the use of oxygen in neonatal care.
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Although neonatologists try to avoid the excessive use of ox-
ygen, there are other risk factors which likely add to the etiol-
ogy of the disease. Although numerous human and animal
studies have tried to find the optimal treatment for the disease,
still, no therapy has been proved to be effective without ad-
verse effects (Beharry et al. 2016).

Pituitary adenylate cyclase-activating polypeptide
(PACAP) is a neuropeptide first isolated from hypothalamic
extracts. It was later shown, together with its receptors
VPAC1, VPAC2, and PAC1, throughout the nervous system
and in the peripheral organs (Clason et al. 2016; Girard et al.
2016; Vaudry et al. 2009). PACAP is a peptide with multiple
functions; one of them is its general cytoprotective effect
(Matsumoto et al. 2016). This has been demonstrated in a
variety of systems in vitro and in vivo (Reglodi et al. 2015;
Shioda and Nakamachi 2015; Somogyvari-Vigh and Reglodi
2004). One of the most well-studied neuroprotective actions
of PACAP is its protective effect in the retina. After the dem-
onstration of PACAP and its receptors in the retina, evidence
on its retinoprotective efficacy was published in an optic nerve
injurymodel (Seki et al. 1997, 2008). Subsequent studies have
confirmed its retinoprotective efficacy in several models of
retinopathy. In the adult retina, PACAP is protective in ische-
mic retinopathies induced by different techniques, such as
ligation of the carotid arteries (Atlasz et al. 2007; Werling
et al. 2014) and high intraocular pressure (Seki et al. 2011).
PACAP has also been shown to be protective in models of
other retinal pathologies, such as UV light-induced degenera-
tion (Atlasz et al. 2011), NMDA-induced excitotoxicity
(Wada et al. 2013) and streptozotocin-induced diabetic reti-
nopathy (D’Amico et al. 2015; Szabadfi et al. 2014, 2016).

As ROP is a vasculoproliferative retinopathy, it is impor-
tant to note that PACAP has been proven to influence both
normal and pathological angiogenesis in several organs.
Among others, it has been described that PACAP affects sev-
eral angiogenetic factors in trophoblast and mammary epithe-
lial cells (Csanaky et al. 2014; Horvath et al. 2014). Diabetic
retinopathy also involves pathological vasculogenesis, which
leads to degeneration of the neuronal retinal layers. In models
of diabetic retinopathy, PACAP has been shown to ameliorate
the diabetes-induced retinal degeneration at several levels
(D’Amico et al. 2015; Szabadfi et al. 2014, 2016).
Furthermore, in other retinopathies, PACAP has been found
to counteract the injury-induced alterations in the cytokine
profile, such as in ischemic retinopathy (Szabo et al. 2012).

PACAP, as a general neurotrophic molecule, also plays a
role in the development of the retina. The necessity of a proper
PACAPergic system has been shown during retinogenesis
(Lang et al. 2010). PACAP is known to influence the pheno-
type of retinal dopaminergic cells during development (Borba
et al. 2005). Given the neurotrophic and neuroprotective ef-
fects of PACAP, it is not surprising that the peptide has strong
neuroprotective effects also in neonatal retinal injuries, such as

monosodium glutamate-induced excitotoxic injury of the
newborn retina (Babai et al. 2005; Kiss et al. 2011). Based
on the strong protective effects of PACAP in both adult and
neonatal retinas as well as its trophic effects on retinogenesis
and its influence on vasculogenesis, we hypothesized that
PACAP would be protective in a model of ROP, the most
common vision-threatening condition of the newborn.

Materials and Methods

Experiments were performed on Sprague-Dawley rat pups of
both sexes from birth to the age of 3 weeks. Animal housing
and care and application of experimental procedures were in
accordance with institutional guidelines under approved pro-
tocols (No: BA02/2000–15024/2011, University of Pecs fol-
lowing the European Community Council directive).

Oxygen-Induced Retinopathy

The oxygen-induced retinopathy (OIR) is a well-established
rodent model of ROP. There are several different versions of
this model, but the model that resembles most the human
pathogenesis is the alternating OIR, where animals are ex-
posed to daily alternating high and low oxygen concentration
(Penn et al. 1994). Animals were kept in an oxygen chamber
(Biosherix Ltd.) supplied by an oxygen sensor to monitor and
maintain gas levels (ProOx P110, BioSpherix Ltd.) continu-
ously. To induce OIR, litters of rat pups with their nursing
mothers were exposed to daily alternating high (50 % ± 2)
and low (10 % ± 2) oxygen concentration from PD1 to
PD14, then they were returned to room air until PD18–20.
Control litters were room air reared during the whole experi-
ment (Penn et al. 1994).

Administration of PACAP38

PACAP38 solution was administered via two routes.
One group received 1 mg/kg PACAP38 solution injected
into the peritoneal cavity daily on the first week of life.
In another group, as a local treatment, we injected
100 pmol/3 μl PACAP38 into the vitreous cavity of
one eye on PD11, PD14, and PD17, while the other
eye was given the same amount of vehicle. The dose
of PACAP38 was chosen based on our earlier studies
(Atlasz et al. 2010, 2016). The injections were per-
formed with a 33-gauge syringe (Hamilton Company,
USA) under anesthesia. The injection site was con-
trolled through an operating microscope. The same
treatment strategies were used on room-air control
litters.
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Immunohistochemistry

Immunohistochemistry for isolectin, a specific marker of vas-
cular endothelial cells (Ismail et al. 2003), was performed as
previously described byConnor and co-workers (Connor et al.
2009). Briefly, after anesthesia on PD19 ± 1, the eyes were
removed and immediately placed into 4 % formalin solution
for fixation at room temperature. After 1 h, the eyes were
washed three times in phosphate buffer saline (PBS) and the
retinas were isolated under dissecting microscope. To stain the
retinal vasculature, 500-μl fluoresceinated isolectin solution
(Isolectin GS-IB4 from Griffonia simpliciforia, Alexa Fluor
568 conjugate; Thermo Fischer Scientific Inc.) was added to
the isolated retinas. After an overnight rocking in isolectin
solution at room temperature, the retinas were rinsed three
times in PBS. Finally, four incisions were made to flatten the
retinas onto microscope slides and were covered with a cov-
erslip with mounting media (Fluoromount, Sigma-Aldrich
Co.). Immunohistochemistry was performed from 72 animals;
detailed numbers are given in the BResults^ section.

Assessment of Vessel Morphology

A trained observer blinded for the groups evaluated the per-
centage of avascular retinal territory, number of vessel
branching, and clock hours with neovascular tufts.
Measurements were executed by AdobePhotoshop CS6 and
ImageJ softwares. Both central vascularized and peripheral
non-vascularized areas were measured and the percentage of
avascular areas was determined. To evaluate the branching of
the vessels, the observer counted the branching points of the
widest vessels in each quadrant of each retina. Retinal pictures
were divided into 12 equal portions, the Bclock hours^ and the
number of clock hours with neovascular tufts formation were
given.

Results are represented in mean ± SEM. Statistical analysis
was performed by analysis of variance with Fisher’s post hoc
test after Bartlett’s test for equal variances using STATISTICA
software (StatSoft Inc., Hungary).

Cytokine Array Analysis

After euthanasia on PD 19 ± 1, the eyeballs were removed and
the retinas were carefully separated and quickly frozen in dry
ice. Cytokine proteins were investigated from pooled tissue
homogenates by semi-quantitative Rat Cytokine Antibody
Array Kits (R&D Systems, Biomedica, Hungary). In these
arrays, the sample proteins bind to selected captured antibod-
ies spotted on nitrocellulose membranes. The kits contain all
buffers, detection antibodies, and membranes necessary for
the measurement. The arrays were performed as described
by the manufacturer’s protocol. Briefly, after blocking the
membranes for 1 h and adding the detection antibody cocktail

for another 1 h at room temperature, the membranes were
incubated with 1.5 ml tissue homogenates at 2–8 °C overnight
on a rocking platform. After washing with buffer three times,
membranes were incubated with horseradish peroxidase-
conjugated streptavidin at room temperature and exposed to
chemiluminescence detection reagent to develop X-ray films.
The arrays were repeated four times. For data analysis, films
were scanned and pixel densities of interested cytokines, se-
lected by eye control, were measured by Protein Array
Analyzer of ImageJ software and were normalized to the ref-
erence spots. To compare the possible differences between
cytokine profiles of the different treatment groups, we deter-
mined the relative density change of the selected spots.
Cytokine array was performed from 32 animals (n = 8 in each
group).

Results

Effect of PACAP on the Vessel Extension andMorphology

We evaluated whether systemic or local PACAP38 adminis-
tration may alter the extension of vessels and cause change in
vessel morphology in rats with OIR. To investigate the angio-
genic effect of PACAP38 on retinal vascularization, we per-
formed fluorescein isolectin staining and defined the non-
perfused peripheral retinal area (Fig. 1).

Systemic, intraperitoneally (neye = 42) given PACAP38
(Fig. 1f) in a concentration of 100 μg/ml did not reveal any
differences compared to the control (neye = 47) OIR retina
(Fig. 1e) (18.08 ± 1.82 % vs 20.45 ± 1.51 %; p = 0.28)
(Fig. 2). In contrast, intravitreal (neye = 35) treatment with
PACAP injection (Fig. 1h), in a concentration of 100 pmol/
3 μl, markedly reduced the extent of nonperfused area com-
pared to that of the non-treated OIR group (13.25 ± 1.47 % vs
20.45 ± 1.51 %; p = 0.0043) and to the vehicle-injected
(neye = 19) group (Fig. 1g) (13.25 ± 1.47 % vs
20.4 ± 2.58%; p = 0.029) (Fig. 2). Retinal images of normoxia
controls did not show vascular changes (Fig. 1a–d). As intra-
peritoneal PACAP injection did not influence vessel forma-
tion, we did not operate with this group for the further
analyzes.

The neovascular phase of OIR is characterized by newly
formed wide, tortuous vessels growing from preexisting ones,
and the appearance of vascular tufts at the border of vascular
and avascular area. One method to assess neovascularization
is to give the number of clock hours containing vascular tufts.
To evaluate branching, four vessels were selected in each ret-
inal quadrant and their branching points were counted.

Control retinas did not develop abnormal vessel knots.
Although we observed tuft formation in the OIR groups at
the appropriate places, we did not find any difference between
the groups (Fig. 3a). On counting the vascular branches,
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retinopathic eyes were found to develop more vessels than the
controls, but PACAP treatment neither reduced nor increased
their number (Fig. 3b).

Cytokine Protein Analysis

We compared the cytokine expressions of injected eyes to
avoid the effect of the injection itself at the evaluation. In
OIR (n = 8), the expression of several cytokines altered in-
cluding proinflammatory, trophic, and adhesion factors: cili-
ary neurotrophic factor (CNTF), lipopolysaccharide-induced
CXC chemokine (LIX), L-selectin, macrophage inhibitory
protein (MIP-3a), tissue inhibitor of metalloproteinase
(TIMP-1), and vascular endothelial growth factor (VEGF)
showed elevation compared to the control retinas. After
PACAP injection (n = 8), we observed a decrease in the ex-
pression of all the above mentioned cytokines and an increase
in the expression of TIMP-1 (Fig. 4). Other cytokines did not
show any marked difference.

Discussion

In the present study, we provided evidence for the
retinoprotective effect of PACAP in a model of ROP in neo-
natal rats. We found that vascularized retinal area was in-
creased in OIR animals receiving three intravitreal injections
of 3 μl/100 pmol PACAP, whereas 7 days of intraperitoneal
injection did not influence the vessel formation of the OIR
retina. The cytokine expression of the OIR eyes was
counteracted by local PACAP treatment. These present find-
ings are in accordance with previous results showing
retinoprotective effects of PACAP in numerous models of
retinal degeneration (Atlasz et al. 2016). Our results further
confirm the protective nature of the peptide in the newborn
retina and they provide proof for an additional retinopathy
where PACAP effectively counteracts lesions.

The main clinical approaches, controlled oxygen adminis-
tration and laser photocoagulation, are directed towards
slowing down the disease progression. In most severe cases,
intravitreal anti-VEGF therapy is used (Hellström et al. 2013).
As ROP is a leading cause of visual impairment in children, it
is important to examine this promising retinoprotective agent
in a rat model of this disease. PACAP has several actions
during normal retinal development. It has been described that
the specific PAC1 and VPAC receptors occur in the develop-
ing mammalian retina, including the retinal progenitor cells
(Njaine et al. 2010). A shift in PAC1 receptor isoforms, null,
hip, hop1, and hiphop1, has been reported during develop-
ment. This shift may be responsible for the different roles
exerted during differentiation of retinal neural elements, as it
has been described for the development of other parts of the
central nervous system (Denes et al. 2014; Yan et al. 2013).
Also, PACAP controls the proliferation of retinal progenitor
cells via the downregulation of cyclin D1 and the transcription
factor Klf4, resulting in an anti-proliferative action during a
given phase of development (Njaine et al. 2010, 2014). Our
results show that not only during normal development does
PACAP act as a neurotrophic factor but also during
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Fig. 2 Quantification of vasoobliterated retinal area given in percentage
of total retinal area. Intravitreal PACAP treatment resulted in the reduction
of avascular retina compared to the OIR and to the vehicle-injected group.
Values are expressed in mean ± SEM, analyzed by ANOVA and Fisher’s
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intravitreal saline vs OIR + intravitreal PACAP p < 0.05. OIR oxygen-
induced retinopathy, IP intraperitoneal, IVI intravitreal

Fig. 1 Representative pictures of
isolectin GS-IB4 stained whole-
mounted retina from control
(a–d) and OIR animals (e–h) after
intraperitoneal PACAP (b, f),
intravitreal saline (c, g), or
intravitreal PACAP (d, h)
injections. Scale bar = 1 mm
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pathological development, as it is in the case of ROP, where
the peptide acts as a trophic factor providing protection against
oxygen-induced damages.

Experiments with OIR animals contribute to the better under-
standing of themechanism of the disease. In addition to thewell-
described vascular alterations, degeneration of the neural retina
hasalreadybeen identified.Moreover, currenthypothesisofROP
pathophysiology suggests that neural damage antedates the ab-
normal vessel formation (Fulton et al. 2009). The lesion in OIR
animals leading tovision impairment involve the loss of the inner
plexiform layer, increased apoptosis in the inner nuclear layer,

astrocyte degeneration in the avascular area, and gliosis of
Müller cells (Fulton et al. 2009; DeNiro et al. 2011; Coorey
et al. 2012). The protective mechanism of PACAP involves sev-
eral pathways, as shown in earlier studies on the retinoprotective
effects of PACAP (Atlasz et al. 2010, 2016; Nakamachi et al.
2012). Lesion-induced increased apoptosis has been shown to
be reduced by PACAP treatment in several models, such as in
diabetic retinopathy and MSG-induced excitotoxic injury (Racz
et al. 2006; Szabadfi et al. 2014). Inhibition of several pro-
apoptotic signaling molecules like caspases, Jun-kinase, and
apoptosis-inducing factor can be inhibited, while activation of
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anti-apoptotic factors—phosphoPKA, 14-3-3 protein, Bcl-Xl,
etc.—can be triggered by PACAP treatment (Racz et al. 2006;
Szabadfi et al. 2014). Regulation of these factors results in reduc-
tion of apoptotic neuronal cell death in the retina in several path-
ological conditions (Cheng et al. 2014; Endo et al. 2011; Wada
et al. 2013).

The retinal glial cells play an important role in maintaining
the microenvironment for retinal neurons and blood vessels.
During angiogenesis, astrocytes ensure a template for endo-
thelial cell migration, whereas Müller cells participate in the
nourishment, protection, and communication of neurons
(Fruttiger 2007). As a general response to retinal damage,
gliosis of Müller cells appears. Several OIR studies have
shown that these gliotic cells release inflammatory cytokines
and VEGF leading to neovascularization (DeNiro et al. 2011;
Coorey et al. 2012). Our previous studies have confirmed that
PACAP prevents or ameliorates pathological Müller glial re-
action in diabetic retinopathy, which is also associated with
abnormal vessel growth in the retina (Szabadfi et al. 2014,
2016). In addition to the effects on apoptosis and Müller glial
cell reaction, PACAP-induced actions on retinal inflammatory
pathways can also partially account for its beneficial effects in
OIR (Wada et al. 2013).

Whether the observed morphological amelioration is also
reflected in functional improvement after PACAP treatment
awaits further investigation, but based on our earlier studies
in excitotoxic and ischemic lesions, the morphological protec-
tive action of PACAP is accompanied by functional protec-
tion, as measured by electroretinography (Varga et al. 2011;
Danyadi et al. 2014).

In summary, our present study showed that intravitreal
PACAP treatment has retinoprotective effect in oxygen-
induced retinopathy, a rodent model of retinopathy of
prematurity.
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