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64 Abstract Vasoactiv e intestinal peptide (VIP) is a pleiotropic neuropeptide, acting as a

neuromodulator and neuroprotectiv e peptide in the CNS af ter injuries. We

hav e prev iously  described that pituitary  adeny late cy clase-activ ating

poly peptide, another member of  the same peptide f amily , is

retinoprotectiv e in ischemic lesions. The aim of  this study  was to

inv estigate the protectiv e potential of  VIP in bilateral common carotid artery

occlusion (BCCAO)-induced ischemic retinal lesion. Two-month-old rats were

subjected to BCCAO and treated with intrav itreal VIP injection. Their retinas

were processed f or histology  af ter 2 weeks of  surv iv al. We measured the

number of  the cells/100 μm of  the ganglion cell lay er and the thickness of

each lay er such as the outer nuclear, outer plexif orm, inner nuclear, and

inner plexif orm lay ers as well as that of  the whole retina. We f ound that

treatment with 1,000 pmol VIP, but not 100 pmol VIP, had signif icant

protectiv e ef f ects in BCCAO-injured retina, as shown by  the morphometric

analy sis. Comparing the neuroprotectiv e ef f ects of  VIP and pituitary

adeny late cy clase-activ ating poly peptide (PACAP) in BCCAO-operated

retinas, PACAP was more ef f ectiv e, already  protectiv e at 100-pmol doses.

Similar to other studies, we f ound that VIP must be giv en at least in 10

times more concentration than PACAP to achiev e a similar degree of

neuroprotection in the retina.
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11 Abstract Vasoactive intestinal peptide (VIP) is a pleiotro-
12 pic neuropeptide, acting as a neuromodulator and neuro-
13 protective peptide in the CNS after injuries. We have
14 previously described that pituitary adenylate cyclase-
15 activating polypeptide, another member of the same pep-
16 tide family, is retinoprotective in ischemic lesions. The
17 aim of this study was to investigate the protective poten-
18 tial of VIP in bilateral common carotid artery occlusion
19 (BCCAO)-induced ischemic retinal lesion. Two-month-
20 old rats were subjected to BCCAO and treated with
21 intravitreal VIP injection. Their retinas were processed
22 for histology after 2 weeks of survival. We measured
23 the number of the cells/100 μm of the ganglion cell
24 layer and the thickness of each layer such as the outer
25 nuclear, outer plexiform, inner nuclear, and inner plexiform
26 layers as well as that of the whole retina. We found that
27 treatment with 1,000 pmol VIP, but not 100 pmol VIP, had
28 significant protective effects in BCCAO-injured retina, as
29 shown by the morphometric analysisQ2 . Comparing the
30 neuroprotective effects of VIP and pituitary adenylate
31 cyclase-activating polypeptide (PACAP) in BCCAO-operated
32 retinas, PACAP was more effective, already protective at 100-
33 pmol doses. Similar to other studies, we found that VIP must
34 be given at least in 10 times more concentration than PACAP
35 to achieve a similar degree of neuroprotection in the retina.

36Keywords Retina . Ischemia . VIP . PACAP . Protection

37Introduction

38Vasoactive intestinal peptide (VIP) is a member of the
39secretin/glucagon/VIP superfamily. VIP is a pleiotropic neu-
40ropeptide, with various effects in the central and peripheral
41nervous system. VIP acts on 3 receptors, the VPAC1 and
42VPAC2, which bind VIP and pituitary adenylate cyclase-
43activating polypeptide (PACAP) with similar affinity, and
44PAC1 which binds PACAP with higher affinity. VIP is a
45multifunctional peptide, exerting vasoactive, immune,
46behavioral, and anti-inflammatory effects (Ganea and
47Delgado 2002; Laburthe et al. 2007; Masmoudi-Kouki et al.
482007). VIP has also been shown to exert neuroprotective
49effects in various in vitro and in vivo injury models (Gozes
50et al. 2003; Dejda et al. 2005; Pilzer and Gozes 2006).
51Chronic cerebral ischemic hypoperfusion injury can be
52mimicked by permanent bilateral carotid artery occlusion in
53rats, producing white matter lesion in the brain along with
54ischemic lesion of the retina (Farkas et al. 2007). Previously,
55we have provided evidence for the efficacy of various
56putative protective agents in this model, including PARP
57inhibitors (Mester et al. 2009), the mitochondrial ATP-
58sensitive K+ channel opener diazoxide Q3( =Q4Atlasz et al.
592007a), and urocortin 2 (Szabadfi et al. 2009). More
60importantly, PACAP, which belongs to the same peptide
61family as VIP and shares receptors with VIP, has also been
62shown to have retinoprotective effects in various retinal
63lesions. The protective effects of PACAP in the retina have
64been proven in excitotoxicity-induced retinal degeneration
65(Tamas et al. 2004; Babai et al. 2006; Seki et al. 2006;
66Atlasz et al. 2008; Endo et al. 2011), optic nerve transection
67(Seki et al. 2008), UV-induced retinal damage (Atlasz et al.
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68 2011), and diabetic retinopathy (Szabadfi et al. 2012a).
69 Regarding ischemic lesions, PACAP has been proven
70 to provide protection in hypoperfusion induced by high
71 intraocular pressure (Seki et al. 2011) and bilateral
72 carotic artery occlusion (Atlasz et al. 2007b; Szabadfi
73 et al. 2012b). Based on these studies, the retinoprotective
74 effects of PACAP are well established (Q6 Atlasz et al. 2010a).
75 Less is known about the retinoprotective effects of VIP.
76 Considering ischemic lesions, the protective effects of VIP
77 have been shown in focal ischemia of the brain (Yang et al.
78 2011). In the retina, it has been demonstrated that VIP protects
79 against lipid peroxidation following ligation of ophthalmic
80 vessels (Tuncel et al. 1996).
81 However, it is not known whether VIP has protective
82 effects on the retinal morphology in ischemic lesion induced
83 by permanent bilateral carotid artery occlusion. Therefore,
84 the aim of the present study was to provide detailed retinal
85 morphometric analysis following VIP treatment in a rat
86 model of chronic retinal hypoperfusion.

87 Materials and Methods

88 Bilateral Common Carotid Artery Occlusion and VIP
89 Treatment

90 Adult male Wistar rats (n017) weighing 250–300 g were
91 subjected to permanent bilateral common carotid artery
92 occlusion (BCCAO). Animal housing and care and applica-
93 tion of experimental procedures were in accordance with
94 institutional guidelines under approved protocols (no BA02/
95 2000-24/2011, University of Pecs). Animals were main-
96 tained under 12-h light/dark cycle with free access to food
97 and water.
98 Under isoflurane anesthesia, both common carotid
99 arteries were ligated with a 3.0 filament through a
100 midline cervical incision. Immediately following the
101 BCCAO operation, VIP (100 pmol, n05 or 1,000 pmol, n0
102 6/5 μl saline) was injected into the vitreous body of the right
103 eye with a Hamilton syringe. The left eye received the same
104 volume of vehicle treatment, serving as the control bilateral
105 carotid-occluded eyes. A group of animals underwent
106 anesthesia and all steps of the surgical procedure, except
107 ligation of the carotid arteries, with saline or VIP treatment
108 (100 or 1,000 pmol). These animals served as sham-operated
109 animals (n06).

110 Histological Analysis

111 Two weeks after the carotid occlusion, rats were sacrificed
112 under isoflurane anesthesia. The eyes were immediately
113 dissected in ice-cold phosphate buffered saline and fixed
114 in 4 % paraformaldehyde dissolved in 0.1 M phosphate

115buffer (Sigma, Hungary). Tissues were embedded in
116Durcupan ACM resin (Fluka, Switzerland), cut at 2 μm,
117and stained with toluidine blue (Sigma, Hungary). Sections
118were mounted in DPX medium (Sigma, Hungary) and
119examined in a Nikon Eclipse 80i microscope. Photographs
120were taken with a digital CCD camera using the Spot pro-
121gram, from central retinal areas of nearly same eccentricities
122between 1–2 mm from the optic nerve head. Files were then
123further processed with Adobe Photoshop 7.0 program.
124Samples for measurements were derived from at least six
125tissue blocks (n04–5 measurements from one tissue block).
126The following parameters were measured: (1) cross section of
127the retina from the outer limiting membrane to the inner
128limiting membrane, (2) the width of the outer and inner
129nuclear and outer and inner plexiform layers (ONL,
130INL, OPL, IPL, respectively), (3) the number of cells/
131100-μm section length in the ganglion cell layer (GCL).
132Results are presented as mean±standard error of the
133mean Q7(SEM). Statistical comparisons were made using
134the ANOVA test followed by Tukey’s B post hoc analysis
135(GraphPad Prism5.01).

136Results

137In sham-operated control preparations, all rat retinal
138layers were visible. Under the pigment epithelium, sev-
139eral rows of photoreceptors with a thin OPL as well as
140the cell rows of the INL followed by the thick IPL were
141each present (Figs. 1a and 2a). VIP (100 or 1,000 pmol)
142treatment in sham-operated animals did not cause any
143morphological alteration in retinal structure (Figs. 1b
144and 2b).
145BCCAO resulted in severely reduced thickness of retinal
146layers compared to sham-operated controls (Figs. 1c and
1472c). All retinal layers bore the marks of severe degeneration
148and were significantly thinner than sham-operated prep-
149arations. The distance between OLM and ILM was
150significantly decreased. Most marked reduction in thick-
151ness was found in the OPL and IPL, and a subtle but
152significant change was observed in the cellular layers
153ONL and INL (Figs. 1e and 2e). Several empty cell
154body-shaped spaces were seen in the ONL and INL
155which layers intermingled with the OPL (Figs. 1c and
1562c). Numerous cells in the GCL displayed severe degenera-
157tion, which was well reflected in the reduced number of cells
158in the GCL (Figs. 1f, 2f).
159Intravitreal treatment with 100 pmol VIP following
160BCCAO caused no visible improvement in the degenerated
161retina structure (Fig. 1c, d). Significant differences could
162not be observed between the BCCAO and BCCAO+100
163pmol VIP groups by morphometrical analysis (Fig. 1e).
164Quantitative analysis demonstrated that 100 pmol VIP
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165 administration could not protect the cells in the GCL
166 (Fig. 1f). However, 1,000 pmol VIP treatment after
167 BCCAO led to a nearly intact appearance of the retinal
168 layers. Intravitreal administration of VIP led to the
169 preservation of the retinal structure, with well-visible
170 OPL and INL with three cell rows (Fig. 2d). However,
171 the differences between BCCAO- and BCCAO+1,000
172 pmol VIP-treated retinas were statistically significant in
173 almost all retinal layers, except for the OPL (Fig. 2e).
174 The number of cells in the GCL was higher in the
175 BCCAO+1,000 pmol VIP-treated group compared to
176 the BCCAO group (Fig. 2f).

177Based on our previous data on the protective potential of
178PACAP in BCCAO-induced injury ( Q8Atlasz et al. 2007a;
179Q92010b; Szabadfi et al. 2010), we compared the protective
180potential of PACAP and VIP. PACAP was more effective,
181already protective at 100-pmol doses. VIP, in contrast, was
182only effective in higher doses. Differences could not be
183observed in the thickness of the whole retina and the indi-
184vidual layers between 1,000 pmol VIP and 100 pmol
185PACAP treatment (Fig. 3a). However, PACAP was more
186effective in preserving cells in the GCL where significant
187differences could be observed between the protective poten-
188tial of 1,000 pmol VIP and 100 pmol PACAP (Fig. 3b).

Fig. 1 Light microphotographs of representative retinal sections: sham-
operated (a), sham+100 pmol VIP-treated (b), BCCAO-damaged (c),
and BCCAO+100 pmol VIP-treated retina (d). Morphometric analysis of
the whole retina and thickness of individual retinal layers (e). Cell number
in 100-μm GCL length (f) in each treated group. Retinal tissue from
BCCAO shows severe degeneration compared to retinas of sham-
operated animals. The total thickness and the thickness of individual
layers are significantly reduced. The degeneration is not ameliorated by

the intravitreal 100 pmol VIP treatment. Scale bar, 20 μm. OLM-ILM,
cross section of the retina from the outer limiting membrane to the inner
limiting membrane; PL, photoreceptor layer; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer. Data are expressed as mean±
SEM. *p<0.001, compared to sham-operated retinas; #p<0.001,
compared to BCCAO-damaged retinas

J Mol Neurosci
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189 Discussion

190 In the present study, we showed that intravitreal VIP exerted
191 neuroprotective effects in the retina in ischemic retinal le-
192 sion, given at 1,000-pmol (1 nmol) dose. However, it was
193 not effective at lower doses.
194 The mechanism of the neuroprotective effects of VIP is
195 not fully understood. It is suggested that VIP has a complex
196 action, including antiapoptotic, anti-inflammatory, and anti-
197 oxidant effects. VIP shares receptors with PACAP, namely
198 the VPAC1 and VPAC2 receptors, to which the two peptides
199 show similar affinity and PAC1, which bind PACAP with
200 higher affinity than VIP. Not surprisingly, VIP and PACAP

201also share common actions in various systems, while they
202have different actions in others. The neuroprotective effects
203of both peptides are widely accepted. A novel neuroprotection
204target has been described by VIP acting through specific
205splice variant of the PACAP receptor providing cellular
206protection (Pilzer and Gozes 2006). The main mechanisms
207involved in their neuroprotective effects are antiapoptotic,
208anti-inflammatory, and antioxidant properties. PACAP is
209shown to have stronger antiapoptotic effects in most studies,
210while VIP has better known anti-inflammatory actions
211(Somogyvari-Vigh and Reglodi 2004; Vaudry et al. 2009). A
212recent study showing that VIP protected the ischemic brain in
213focal cerebral ischemia found decreased number of apoptotic

Fig. 2 Representative retinal cross sections stained with toluidine
blue: sham-operated (a), sham+1,000 pmol VIP-treated (b),
BCCAO-injured (c), and BCCAO+1,000 pmol VIP-treated (d) retinal
sections. Comparison of the whole retinal thickness and thickness of
each retinal layer (e). Number of cells/100-μm GCL length (f) in
different groups. Retinas undergoing hypoperfusion induced by
BCCAO show severe damage compared to the retinas of sham-
operated animals. BCCAO-induced retinal degeneration is ameliorated

with 1,000 pmol VIP. The retinal structure is retained, showing simi-
larity to that of the sham-operated retina. Scale bar, 20 μm. OLM-ILM,
cross section of the retina from the outer limiting membrane to the
inner limiting membrane; PL, photoreceptor layer; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. Data are expressed as mean
±SEM. *p<0.001, compared to sham-operated retinas; #p<0.001,
compared to BCCAO-induced ischemic retinas
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214 cells and attenuated S100B (a glial derived calcium-
215 binding protein) immunoreactivity after VIP treatment.
216 VIP also acts indirectly, by inducing the synthesis and
217 secretion of neuroprotective proteins from astrocytes
218 (Gozes and Brenneman 2000; Gozes et al. 2003).
219 Activity-dependent neuroprotective protein (ADNP) and
220 its smallest active element NAP have been discovered
221 as a glial mediator of VIP-induced neuroprotection. Both
222 ADNP and NAP have been shown to have strong neuropro-
223 tective effects in various systems, including retinal cells
224 (Gozes et al. 2003; Lagreze et al. 2005).

225In the retina, both PACAP and VIP have neuroprotective
226effects. It has been shown in several studies using similar
227models. For example, PACAP is highly effective against
228glutamate-induced excitotoxicity in vitro and in vivo
229(Shoge et al. 1999; Atlasz et al. 2009; Q112010a), and the same
230has been shown for VIP in vitro (Shoge et al. 1998).
231Similarly, both PACAP and VIP have been documented to
232be effective in light-induced damage: we have shown that
233PACAP protects against UV light-induced retinal lesion
234(Atlasz et al. 2011), while the VIP-mediator NAP protects
235against laser-induced retinal damage as reported by others
236(Belokopytov et al. 2011). The putative protective effects of
237VIP have been proposed also in streptozotocin-induced
238diabetic retinopathy, due to the significant reduction in the
239endogenous VIP levels in the retina (Troger et al. 2001).
240Recently, we have shown that PACAP effectively prevents
241several morphological changes in the same model ( Q12Szabadfi
242et al. 2012a).
243Regarding hypoxic/ischemic retinal lesions, it has been
244shown that PACAP protects against permanent carotid
245occlusion-induced retinal degeneration and injury induced
246by high intraocular pressure ( Q13Atlasz et al. 2007b; Seki et al.
2472011). Similarly, intraperitoneal injection of NAP protects
248retinal ganglion cells in high intraocular pressure-induced
249retinal ischemia (Jehle et al. 2008). Another study has dem-
250onstrated that NAP in retinal Muller glial cells prevents
251hypoxia-induced injury and promotes neuron growth
252(Zheng et al. 2010). An earlier study reported that VIP
253protected the retina against ischemia/reperfusion injury in-
254duced by ligation of ophthalmic vessels (Tuncel et al. 1996). Q14

255The authors showed that both systemic and intravitreal VIP
256significantly decreased malondialdehyde levels, indicating
257decreased oxidative stress. Lipid peroxidation is a charac-
258teristic for the reperfusion period of this type of injury. VIP
259administration also prevented histological alterations of the
260retina analyzed after a 90-min ischemia and 3-h reperfusion.
261Our present results are in accordance with these previous
262observations. However, we showed that the protection by
263VIP is not only observed shortly after the injury, but it is
264long lasting: VIP-treated retinas which were analyzed
2652 weeks after ischemia were well preserved in contrast to
266control retinas. Also, the dose was much lower in our
267present study than the dose used in the above-mentioned
268earlier study (Tuncel et al. 1996). One nanomole VIP pre-
269served the retinal structure in our present hypoperfusion
270model. However, similar to other studies, we found that
271VIP must be given at least in 10 times higher dose than
272PACAP to achieve a similar degree of neuroprotection in the
273retina. This 10- to 100-fold difference in the neuroprotective
274efficacy between the two related peptides has been reported
275in several other systems (Somogyvari-Vigh and Reglodi
2762004; Vaudry et al. 2009). However, opposite effects have
277also been reported: while neonatal white matter lesion is

Q10 Fig. 3 Comparison of the protective potential of 1,000 pmol VIP and
100 pmol PACAP in BCCAO-operated retinas. The thickness of the
whole retina and each retinal layer (a); cell number in GCL/100-μm
retina length (b). Protection of the individual layers is not significantly
different between VIP- and PACAP-treated retinas, but the neuronal
cell number is significantly higher after PACAP treatment. Note that
the bars showing the effect of 1,000 pmol VIP treatment are identical
to those in Fig. 2. OLM-ILM, cross section of the retina from the outer
limiting membrane to the inner limiting membrane; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. Data are expressed as mean
±SEM. *p<0.001, compared to sham-operated retinas; #p<0.001,
compared to BCCAO-induced ischemic retinas
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278 reduced by VIP, PACAP was not found to be effective
279 (Rangon et al. 2005). Based on currently available informa-
280 tion, higher efficacy of PACAP can be observed in systems
281 where apoptosis is the main reason for cellular loss. In
282 models, where inflammation is responsible for damage,
283 VIP seems to be as effective as PACAP or even more
284 effective. In the present study, we hypothesize that the
285 higher efficacy of PACAP could be due to apoptotic pro-
286 cesses as principal causes of cell death in retinal ischemia
287 and that the PACAP-specific PAC1 receptor plays a major
288 role in retinal protection. However, other reasons could also
289 be responsible for this difference in potency between the
290 two peptides. In summary, the present results provide
291 detailed morphometric analysis for VIP-induced retinoprotec-
292 tive effects in chronic hypoperfusion injury of the retina.
293
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AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES.

Q1. Szabadfi K. has been set as the corresponding author. Please check and advise if correct.
Q2. The sentence “We found that treatment with 100 pmol VIP did not, but 1000 pmol had

significant protective effects in BCCAO–injured retina, as shown by the morphometric
analysis.” was modified to “We found that treatment with 1,000 pmol VIP, but not 100 pmol
VIP, had significant protective effects in BCCAO–injured retina, as shown by the
morphometric analysis.” for clarity. Please check if its intended meaning has been retained.

Q3. “mitochondrial ATP–sensitive K+ channel opener diazoxid” was changed to “mitochondrial
ATP–sensitive K+ channel opener diazoxide.” Please check if this is appropriate.

Q4. The citation “Atlasz et al. 2007” (original) has been changed to “Atlasz et al. 2007a”. Please
check if appropriate.

Q5. The citation “Atlasz et al. 2007” (original) has been changed to “Atlasz et al. 2007b”. Please
check if appropriate.

Q6. The citation “Atlasz et al. 2010” (original) has been changed to “Atlasz et al. 2010a”. Please
check if appropriate.

Q7. Please check if the expnaded form, “standard error of the mean,” provided for SEM is correct.
Q8. The citation “Atlasz et al. 2007” (original) has been changed to “Atlasz et al. 2007a”. Please

check if appropriate.
Q9. The citation “Atlasz et al. 2010” (original) has been changed to “Atlasz et al. 2010b”. Please

check if appropriate.
Q10. Figure 3 contains poor quality text. Please provide replacement otherwise, please advise if we

can proceed with the figure as is.
Q11. The citation “Atlasz et al. 2010” (original) has been changed to “Atlasz et al. 2010a”. Please

check if appropriate.
Q12. The citation “Szabadfi et al. 2012” (original) has been changed to “Szabadfi et al. 2012a”.

Please check if appropriate.
Q13. The citation “Atlasz et al. 2007” (original) has been changed to “Atlasz et al. 2007b”. Please

check if appropriate.
Q14. The sentence “An earlier study reported that VIP protected against ischemia/reperfusion injury

induced by ligation of ophthalmic vessels (Tuncel et al., 1996).” was modified to “An earlier
study reported that VIP protected the retina against ischemia/reperfusion injury induced by
ligation of ophthalmic vessels (Tuncel et al. 1996).” for clarity. Please check if its intended
meaning has been retained.




