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Abstract
Pituitary adenylate cyclase activating polypeptide (PACAP) and vasoactive intestinal peptide (VIP)
are neuroprotective in numerous models. Impairment of cerebrovascular reactivity (CR) contributes
to ischemia/reperfusion (I/R)-induced neuronal damage. We tested whether PACAP and/or VIP
preserve CR to I/R-sensitive dilator responses dependent on endothelial and/or neuronal function.
Accordingly, changes in pial arteriolar diameters in response to hypercapnia (5–10% CO2
ventilation) or topical N-methyl-D-aspartate (NMDA, 10–4 M) were determined before and after I/R
via intravital microscopy in anesthetized/ventilated piglets. Local pretreatment with non-vasoactive
doses of PACAP (10–8 M) and VIP (10–9 M) prevented the attenuation of postischemic CR to
hypercapnia; to 10% CO2, the CR values were 27±8% vs 92±5%* vs 88±13%* (vehicle vs PACAP38
vs VIP, CR expressed as a percentage of the response before I/R, mean±SEM, n=8–8, *p<0.05).
PACAP, but not VIP, preserved CR to NMDA after I/R, with CR values of 31±10% vs 87±8%* vs
35±12% (vehicle vs PACAP38 vs VIP, n=6–6). Unlike PACAP, VIP-induced vasodilation has not
yet been investigated in the piglet. We tested whether VIP-induced arteriolar dilation was sensitive
to inhibitors of cyclooxygenase (COX)-1 (SC-560, 1 mg/kg), COX-2 (NS-398, 1 mg/kg),
indomethacin (5 mg/kg), and nitric oxide synthase (L-NAME, 15 mg/kg). VIP (10–8–10–7–10–6 M,
n=8) induced reproducible, dose-dependent vasodilation of 16±3%, 33±6%*, and 70±8%*. The
response was unaffected by all drugs, except that the vasodilation to 10–8 M VIP was abolished by
SC-560 and indomethacin. In conclusion, PACAP and VIP differentially preserve postischemic CR;
independent of their vasodilatory effect.
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1. Introduction
Pituitary adenylate cyclase activating polypeptide (PACAP) and vasoactive intestinal peptide
(VIP) are structurally related neuropeptides. PACAP has two naturally occurring isoforms;
PACAP38, a basic, amidated 38-residue peptide, and PACAP27, the N-terminal portion
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consisting of 27 amino acids (Miyata et al. 1989; Miyata et al. 1990). PACAP possesses specific
receptors (8 subtypes of PAC1), but also shares common receptors with VIP (VPAC1, VPAC2)
(Harmar et al. 1998; Vaudry et al. 2000). Thus, despite the high sequence homology, these
peptides are expected to activate multiple pathways resulting in distinct biological actions.

In the cerebral circulation of the newborn pig, PACAP27 and PACAP38 have been reported
to induce prominent pial arteriolar dilation (Tong et al. 1993; Lenti et al. 2007). We found that
PACAP38-induced vasodilation was abolished by a cyclooxygenase (COX)-1-inhibitor, while
PACAP27-induced vasodilation was insensitive to either COX-1 or COX-2 blockade (Lenti
et al. 2007). Ischemia/reperfusion (I/R), which frequently occurs in the perinatal period (Berger
et al. 2002), has been shown to impair several cerebrovascular regulatory mechanisms of the
neurovascular axis in piglets (Leffler et al. 1989a; Leffler et al. 1989b; Busija et al. 1996).
Impaired cerebrovascular reactivity (CR) probably contributes to and aggravates neuronal cell
death following hypoxic/ischemic brain injury. Previous studies identified N-methyl-D-
aspartate (NMDA)- and CO2-induced vasodilatory responses as prototypes of such I/R-
sensitive mechanisms. However, these stimuli dilate cerebral arterioles by completely different
mechanisms. NMDA-induced pial arteriolar dilation is a neuronal-triggered multi-step process
involving the activation of neuronal nitric oxide (NO) synthase (NOS) (Meng et al. 1995;
Domoki et al. 2002), while CO2 induces vasodilation via an endothelium-dependent,
indomethacin-sensitive process in the newborn pig (Leffler et al. 1993; Leffler et al. 1994b).

PACAP and VIP are considered as endogenous neuroprotective mediators that may be released
from neural and vascular cells during I/R and could possibly reduce neuronal injury
(Brenneman 2007; Stumm et al. 2007). Conceivably, these neuroprotective peptides may
protect CR after I/R as well. Therefore, the major goal of our study was to determine whether
PACAP27, PACAP38 and/or VIP preserves CR to NMDA and/or hypercapnia after I/R, and
whether the protective effects of the neuropeptides are dependent on their vasoactivity. Since
the pial arteriolar response to VIP has not yet been described in the piglet, we also characterized
VIP-induced vasodilation using peptide antagonists (PACAP6-38 and PACAP6-27), COX-
and NOS inhibitors.

2. Results
2.1. Effects of PACAP/VIP pretreatment on pial arteriolar responsiveness to CO2 after I/R

Graded hypercapnia (5–10% CO2 ventilation) resulted in large, dose-dependent, reversible
increases in pial arteriolar diameters. In the vehicle-treated animals (group 1), I/R (10 min of
ischemia and 1 h of reperfusion) severely attenuated the hypercapnia-induced arteriolar
vasodilation (Fig. 1A, left). Incubation of the brain surface with PACAP27 (10–8 M),
PACAP38 (10–8 M) or VIP (10–9 M) for 30 min did not affect the pial arterioles significantly
(2±1%, 2±1%, and 3±1% maximal dilation in response to PACAP27, PACAP38, and VIP,
respectively); however, they efficiently preserved CR to both levels of hypercapnia after I/R
(groups 3, 5, and 7; Figs. 1B–D, left).

2.2. Effects of PACAP/VIP pretreatment on pial arteriolar responsiveness to NMDA after I/R
Topical application of NMDA (10–4 M) induced a marked vasodilation that was also sensitive
to I/R (group 2, Fig. 1A, right). PACAP27 (10–8 M) or PACAP38 (10–8 M) pretreatment of
the brain surface protected the NMDA-evoked pial arteriolar dilation after I/R, whereas
incubation of the brain surface with 10–9 M VIP was not effective (groups 4, 6, and 8; Figs.
1B–D, right). Furthermore, a higher dose of VIP (10–8 M, group 8b) was still unable to preserve
CR to 10–4 M NMDA reduced by I/R. CR values were 36±12% vs 51±6% (vehicle vs VIP,
CR expressed as a percentage of the preischemic response). In group 8c, lower, 10–5 M and
5×10–5 M concentrations of NMDA also dilated the pial arterioles with 4.4±0.2% and 12.6
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±0.4%*, respectively (*p<0.05). I/R reduced these vascular reactions significantly, and
moreover, a tendency towards vasoconstriction was observed after I/R (–2±3% and –3±4%
changes in diameter to 10–5 M and 5×10–5 M NMDA), irrespectively of the VIP (10–8 M)
treatment.

2.3. Effects of PACAP/VIP treatment on CO2- and NMDA-induced pial arteriolar dilation
Topical PACAP27 (10–8 M), PACAP38 (10–8 M) or VIP (10–9 M) treatment alone did not
affect the vasodilation induced by either hypercapnia or NMDA. Vascular responses to 10%
CO2 were 50±2% and 57±7% before and after PACAP27 (group 9), and 63±5% and 64±6%
before and after PACAP38 incubation (group 11). Topical NMDA (10–4 M) evoked 36±7%
and 33±5% vasodilation before and after PACAP27, and 37±5% and 43±7% vasodilation
before and after PACAP38 application (groups 10 and 12). Responses to 10% CO2 were 60
±9% and 56±11% (group 13), and to 10–4 M NMDA were 49±7% and 48±7% (group 14),
before and after VIP treatment. Accordingly, the protective effects of these neuropeptides are
not caused by direct facilitation of the vascular reactivity to hypercapnia or to NMDA.

2.4. Effects of different enzyme inhibitors on VIP-induced pial arteriolar vasodilation
VIP induced dose-dependent, reproducible pial arteriolar vasodilation at 10–8–10–6 M
concentrations (Fig. 2A). The VIP-induced vasodilation was partially indomethacin-sensitive
(Fig. 2B), since administration (5 mg/kg iv) of this non-selective COX inhibitor significantly
blocked the vasodilation evoked by the lowest (10–8 M) dose of VIP. Indomethacin was not
effective when 10–7 or 10–6 M VIP was applied. Selective inhibition of COX-1 by SC-560 (1
mg/kg iv) produced a very similar outcome (Fig. 2C), but the COX-2 inhibitor NS-398 (1 mg/
kg iv) failed to exert any inhibitory effect (Fig. 2D). Nitric oxide synthase (NOS) blockade had
also no influence on the VIP-induced vasodilation; application of 10–8–10–6 M VIP onto the
brain surface resulted in significant, 15±3–61±10% and 17±7–62±9% caliber changes before
and after intravenous N-ω-nitro-L-arginine methyl ester (L-NAME, 15 mg/kg) administration.

2.5. Effects of PACAP receptor antagonists on VIP-induced pial arteriolar vasodilation
PACAP6-38 (10–5 M, group 20) pretreatment effectively diminished the VIP-induced
vasodilation (62±10% and 33±6%* vasodilation in response to 10–6 M VIP, before and after
PACAP6-38, *p<0.05); however, in group 21, PACAP6-27 (10–5 M) failed to exhibit any
inhibitory effect on the VIP-related pial arteriolar dilation (61±12% and 66±11% changes in
diameter before and after topical PACAP6-27 treatment).

2.6. Physiological variables
Graded (5 and 10%) hypercapnia significantly elevated the arterial pCO2 levels in all
experimental groups where CR to hypercapnia was tested. The pCO2 changes were similar
before and after I/R and between groups. For instance, in group 7, 5 and 10% CO2 elevated
pCO2 from 34±2.5 to 52±2.1 and 79±5 mm Hg and from 37±2.7 to 56±2.7 and 84±5.9 mm Hg
before and after I/R, respectively. The respective pO2 levels were 90±5.9–94±6.4–94±7.4 and
90±7.6–89±5.8–88±4.2 mm Hg in this group and were similar in all groups. Otherwise, body
temperature, arterial pH, and blood gases were kept in the normal ranges and did not vary
significantly among the different groups throughout the experiments. In group 1, for instance,
the baseline values were as follows: core temperature= 37±0.2 °C, pH=7.43±0.03, pCO2=38
±2 mm Hg, pO2=91±5 mm Hg. Similarly, the mean arterial blood pressure (MABP) values
were always within the range characteristic for anesthetized newborn pigs and did not differ
significantly between groups (e.g. 70±3 mm Hg and 69±3 mm Hg in groups 1 and 2,
respectively). Furthermore, in each animal, care was taken to avoid any fluctuation in MABP
during recordings so as to prevent effects of short-term changes in arterial pressure on vascular
diameters. There were no significant differences between the baseline diameters in the groups;
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for example, in group 15 the values were 92±3 μm and 95±5 μm before the first and the second
VIP application, respectively.

3. Discussion
The major findings of the present study: (1) PACAP27, PACAP38, and VIP prevent the
attenuation of hypercapnia-induced vasodilation caused by I/R; (2) PACAP27 and PACAP38,
but not VIP preserves NMDA-induced vasodilation; (3) VIP evokes concentration-dependent,
reproducible pial arteriolar dilation that is independent of NOS activity, and essentially
unaffected by COX inhibitors. Finally, (4) VIP-induced vasodilation is attenuated by
PACAP6-38, but not by PACAP6-27.

PACAP and VIP are widely distributed throughout the central and peripheral nervous system,
and they have been identified in nerve endings innervating pial and intraparenchymal vessels
of the cerebral cortex (Fahrenkrug et al. 2000). These perivascular nerve fibers are of either
parasympathetic, trigeminal sensory or cortical neuronal origin (Edvinsson and Krause
2002). Our results indicate that PACAP and VIP are markedly different in their respective
protective and vasodilator actions also indicating that these neuropeptides may activate only
partially overlapping mechanisms.

In porcine cerebral vessels, hypercapnia evokes vasodilation not only in vivo (Leffler et al.
1989a), but also in isolated, denervated vessels (Kokubun et al. 2009) suggesting that neuronal/
glial factors are not essential for the hypercapnia-induced vasodilation. In the piglet,
hypercapnia-induced vasodilation requires intact endothelium (Leffler et al. 1994b); more
specifically, the endothelium appears to serve as a source of prostanoids for the vascular smooth
muscle to permit the relaxation (Leffler et al. 1994a). Prostanoid synthesis increases in newborn
pig brain microvascular endothelial cells in response to hypercapnia, but high CO2 level does
not increase prostanoid production by cerebral microvascular smooth muscle or glial cells
(Hsu et al. 1993). Hypercapnia-induced vasodilation is vulnerable to I/R; however,
supplementation of arachidonic acid restores this vasodilation and hypercapnia-related
increases in the cerebrospinal fluid 6-keto-prostaglandinF1α levels (Leffler et al. 1992). Based
on these findings, I/R seems to reduce hypercapnia-induced dilation of pial arterioles through
endothelial damage in piglets. Therefore, the present data indicate decreased/shortened
postischemic endothelial dysfunction by PACAP or VIP pretreatment, as suggested by the
preserved hypercapnia-induced vasodilation. We are not aware of any studies in which similar
protective effects of PACAP and VIP have been demonstrated on the cerebrovascular
endothelium. Our findings are in agreement with the findings of Lange et al., who demonstrated
both the synthesis of VIP and the expression of VIP receptor associated protein in
microvascular endothelial cells of pial vessels in piglets (Lange et al. 1999), allowing a direct
protective effect of both VIP and PACAP. The function of endothelial VIP production/effects
is unclear, but an autocrine growth factor role involved in postnatal endothelial cell
differentiation has been suggested. The exact mechanism of endothelial protection by these
neuropeptides is unclear and its exploration demands further experiments. Although most data
suggest the principal involvement of endothelium, the role of other cell types cannot be
excluded, since neuronal/glial components also contribute to hypercapnia-induced
cerebrovascular dilation in other experimental models (Wang et al. 1999; Xu et al. 2004).

Our present study clearly demonstrates that PACAP27 and PACAP38, but not VIP preserves
CR to NMDA after I/R. The mechanisms of NMDA-induced pial arteriolar dilation and the
attenuation of this response after hypoxic/ischemic stress in piglets has been recently reviewed
(Busija et al. 2007). Briefly, the activation of neuronal NMDA receptors leads to the subsequent
activation of a specific population of neuronal NOS positive neurons via local neuronal
connections (Faraci and Breese 1993; Bari et al. 1996b). The released NO then diffuses to and
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acts on the vascular smooth muscle, resulting in dilation of the pial arterioles (Meng et al.
1995; Domoki et al. 2002). The response is unaffected by damage to the vascular endothelium
(Domoki et al. 2002), but have been shown to be vulnerable to even short periods of hypoxic
stress (Bari et al. 1996a; Busija et al. 1996). In contrast, the pial arteriolar response to NO itself
is unaffected by I/R (Busija et al. 1996). All available evidence strongly suggests the causative
role of reactive oxygen species (ROS) in the attenuation of NMDA-induced vasodilation after
I/R. In piglets, topical application of ROS scavengers preserves cerebral arteriolar dilator
responses to NMDA after I/R (Bari et al. 1996a). The primary site of ROS action appears to
be at the level of the NMDA receptor (Choi et al. 2000; Guerguerian et al. 2002). Alternatively,
the functional coupling between NMDA receptor and nNOS expressing neuronal populations
may be disrupted after I/R.

Although PACAP and VIP display neuroprotective properties against a wide range of
pathological conditions, PACAP is generally more potent than VIP and its function has been
more widely investigated (Tamas et al. 2002). Vasodilatory, antioxidant, anti-apoptotic,
neurotrophic, and anti-inflammatory effects have been promoted as the putative mechanisms
of neuroprotection in various experimental models. Our present results suggest that
preservation of CR to NMDA after I/R is independent of the increase in cerebral blood flow
mediated by vasodilation to PACAP. In fact, PACAP effectively preserved NMDA-induced
vasodilation in a non-vasoactive dose, whereas VIP was ineffective in an equimolar, vasoactive
dose. However, the reported antioxidant property of PACAP can be an important factor in the
preservation of the NMDA receptor function, especially that an analogous antioxidant capacity
of VIP is absent (Reglodi et al. 2004). The PACAP-induced initiation of anti-apoptotic and
anti-inflammatory mechanisms may also lead to increased general viability of the neurons.
More specifically, PAC1 receptor stimulation leads to activation of Bcl-2/inhibition of Bad
resulting in enhanced mitochondrial integrity/decreased release of apoptotic cytochrome c.
Conceivably, preservation of mitochondrial function fastens the restoration of cellular ATP
levels and also reduces postischemic ROS production. PACAP binding sites in the rat cerebral
cortex are ten times more numerous as compared to VIP; this difference may also explain the
higher general neuroprotective potency of PACAP (Masuo et al. 1991). Alternatively, PACAP
isoforms may act on PAC1 receptors expressed on a specific population of cortical neurons
critically involved in NMDA-induced vasodilation. Furthermore, the differences observed
between PACAP and VIP can be due to different signal transduction mechanisms coupled to
PACAP and/or VIP-stimulated receptors in these cells.

Vasodilator neuropeptides such as PACAP and VIP have substantial roles in cerebrovascular
control mechanisms (Edvinsson and Krause 2002). In our previous study indomethacin and
the selective COX-1 inhibitor SC-560 abolished PACAP38-induced vasodilation to all
concentrations used (10–8–10–6 M); however, the vascular action of PACAP27 was completely
independent of COX activity (Lenti et al. 2007). Our present results show that vasodilation to
10–8 M VIP resembles the vasodilator effect of PACAP38 characterized by indomethacin- and
SC-560-sensitivity. In contrast, at 10–7–10–6 M VIP concentrations the response is unaffected
by COX-1 inhibition similar to PACAP27. Since NOS inhibition has also no effect on VIP-
induced vasodilation, VIP probably exerts a robust direct effect on vascular smooth muscle
cells at these doses. Similarly, VIP dilates the isolated porcine ophthalmic artery via COX-
mediated mechanisms only at lower (10–10–10–9 M) VIP concentrations (Vincent 1992). VIP-
induced pial arteriolar vasodilation is also indomethacin-sensitive in cats (Wei et al. 1980),
whereas involvement of NOS activity in VIP-induced vasodilation was also reported in other,
adult animal models (Gaw et al. 1991; Grant et al. 2006). The presumed activation of COX-1
by VIP and PACAP38 is unique, since COX-2 is known to be the predominant COX isoform
in the newborn central nervous system (Peri et al. 1995; Parfenova et al. 1997), and SC-560
did not affect the vasodilation in response to any other COX-dependent stimuli studied
(Domoki et al. 2005b).
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The VIP/PACAP receptor antagonist PACAP fragments (PACAP6-38 and PACAP6-27)
inhibited both PACAP27- and PACAP38-induced vasodilation in our previous study (Lenti et
al. 2007). PACAP6-38, unlike PACAP6-27, is often reported to be a selective blocker of the
PAC1 receptor group (Edvinsson and Krause 2002); however, in the present study, only
PACAP6-38 but not PACAP6-27 attenuates VIP-induced vasodilation. This finding is in
accordance with studies identifying PACAP6-38 as a nonspecific VIP/PACAP antagonist
(Harmar et al. 1998). Possibly, PACAP6-38 simply is a more potent inhibitor than PACAP6-27
on the VIP/PACAP receptors involved in VIP-induced vasodilation. Unfortunately, we are
unaware of the existence of any widely accepted, subtype-selective VIP/PACAP receptor
blockers that would be required to unveil the functional relevance of each receptor subtype in
cerebrovascular and neuroprotective effects of these neuropeptides (Edvinsson and Krause
2002).

In conclusion, PACAP27, PACAP38, and VIP all protect postischemic vascular reactivity to
CO2, an ischemia-sensitive indicator of endothelial function in the newborn pig. However,
PACAP isoforms but not VIP preserves the NMDA-induced neuron-dependent vasodilation.
Although PACAP27, PACAP38, and VIP all induce dose-dependent pial arteriolar dilation by
activating partially overlapping mechanisms, the protective effect of these neuropeptides is
independent of their vasoactivity. This neurovascular protection probably supports the
restoration of adequate perfusion of the brain tissue after I/R likely enhancing the direct
neuroprotective effects of VIP and PACAP.

4. Experimental procedures
4.1. Animals

Newborn piglets of either sex (1–2 days old, body weight 1–3 kg, n=138) were used. All
protocols were approved by the Institutional Animal Care and Use Committee of the University
of Szeged.

Anesthesia was initiated with thiopental sodium (40 mg/kg ip.; Biochemie, Vienna, Austria)
and a bolus injection of α-chloralose (40 mg/kg iv.; Sigma, St. Louis, MO, USA). Additional
doses of α-chloralose (3–7 mg/kg/h iv.) were given to maintain a constant level of anesthesia.
A catheter was inserted into the right femoral artery to monitor blood pressure and to sample
blood for determination of blood gas tensions and pH. Fluid and drugs were administered
through a second catheter placed in the right femoral vein. The animals were intubated via
tracheotomy and mechanically ventilated with room air. The ventilation rate (~30 breaths/min)
and tidal volume (~20 ml) were adjusted to maintain arterial blood gas values and pH in the
physiological range. A water-circulating heating pad was used to maintain the body
temperature at ~37°C. Core temperature was monitored with a rectal probe. The animals were
equipped with a closed cranial window as previously described (Domoki et al. 2005b).

Following surgery, the closed window was filled with artificial cerebrospinal fluid (aCSF)
which was similar to the endogenous CSF (aCSF composition: KCl 220, MgCl2 132, CaCl2
221, NaCl 7710, urea 402, dextrose 665, and NaHCO3 2066, in mg/l), warmed to 37 °C and
equilibrated with a gas mixture containing 6% O2, 6.5% CO2 and 87.5% N2 to obtain pH 7.33,
pCO2=46 mm Hg and pO2=43 mm Hg. Pial arterial vessels were observed with an operating
microscope (Wild, Switzerland) equipped with a video camera (Sanyo digital color CCD
camera, Japan), and a video monitor (Panasonic, Japan). Vascular diameters were measured
with a video microscaler. In each experiment, a ~100-μm-diameter (range 76–114 μm) pial
arteriole was selected. We chose this vessel size because this is the level of the first-order pial
arterioles and the primary site of vascular resistance. After a stable baseline diameter was
reached, the window was flushed with aCSF as control. Topical stimuli were applied to the
pial surface through one of the injectable ports of the cranial window. The pial arterioles were
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exposed to each vasodilator stimulus for 5 min, while arteriolar diameters were measured
continuously. After completion of a stimulus, the cranial window was flushed with aCSF and
the vessel diameter was allowed to return to the baseline level.

To induce global cerebral ischemia, a 3-mm hole was made with an electric drill in the left
frontal cranium rostral to the cranial window and the dura was exposed. A hollow brass bolt
was inserted and secured in place with dental acrylic. Cerebral ischemia was induced by the
infusion of aCSF so as to raise the intracranial pressure above the arterial pressure. Ischemia
was verified by the cessation of blood flow in the vessels observed through the cranial window.
Venous blood was withdrawn as necessary to keep MABP near the normal values. At the end
of the ischemic period, the infusion tube was clamped and the intracranial pressure returned
to the preischemic levels. The withdrawn and heparinized blood was reinfused (Domoki et al.
2005a).

At the end of the experiments, the animals were euthanized with an iv. injection of saturated
KCl solution.

4.2. Drugs
VIP (Sigma Chemical Co.), PACAP38, PACAP27, PACAP6-27, and PACAP6-38
(Department of Medical Chemistry, University of Szeged, Hungary) were prepared as stock
solutions in saline (10–4 M) and, before use, were diluted with aCSF (10–9–10–5 M).
Indomethacin (Merck & Co, Whitehouse Station, NJ) and L-NAME (Sigma Chemical Co.)
were dissolved in saline (30 mg/ml and 10 mg/ml, respectively). NS-398 (Sigma Chemical
Co.) and SC-560 (Sigma Chemical Co.) were dissolved in dimethyl sulfoxide (DMSO, 5 mg/
ml) and further diluted with saline to 1 ml. NMDA (Sigma Chemical Co.) was dissolved in
aCSF. Selection of enzyme inhibitor doses was based on previous results in this experimental
model (Bari et al. 1996b; Domoki et al. 2005b; Lenti et al. 2007).

4.3. Protocol
In the first series of experiments, the effect of global cerebral I/R (10 min of ischemia and 1 h
of reperfusion) was tested on CO2- and NMDA-induced vasodilation, with or without PACAP
or VIP treatment. Prior to the induction of ischemia, the brain surface was incubated for 30
min with vehicle (aCSF, groups 1–2, n=6–6), 10–8 M PACAP27 (groups 3–4, n=6–6), 10–8 M
PACAP38 (groups 5–6, n=6–6), or 10–9 M VIP (groups 7–8, n=8–6). Pial arteriolar caliber
changes to 5 and 10% CO2 ventilation (groups 1, 3, 5, and 7), or to topical, 10–4 M NMDA
(groups 2, 4, 6, and 8) were measured before the pretreatments and after 1 h of reperfusion.
We performed additional experiments on 4–4 animals in groups 8b and 8c to test whether a
higher (10–8 M) dose of VIP can protect NMDA-induced vasodilation after I/R. In group 8b
we used the NMDA at 10–4 M concentration similar to the original experiments, while in group
8c we tested if the vascular response to a lower, 10–5 M and 5×10–5 M concentration of NMDA
can be protected by VIP (10–8 M) after I/R. The effects of the same PACAP27, PACAP38 or
VIP pretreatments in the absence of I/R were also tested on the vasodilation evoked by
hypercapnia (groups 9, 11, and 13, n=6–5–6) or by NMDA (groups 10, 12, and 14, n=5–7–5),
respectively.

In the second series of experiments, the brain surface was exposed to VIP before and after the
intravenous administration of different enzyme inhibitors or topical application of different
PACAP fragments. VIP application (10–8–10–6 M cumulatively) was repeated 20 min after
the intravenous administration of vehicle (group 15, saline in 5, and diluted DMSO in 3
animals), indomethacin (group 16, n=7, 5 mg/kg), SC-560 (group 17, n=6, 1 mg/kg), NS-398
(group 18, n=7, 1 mg/kg) or L-NAME (group 19, n=8, 15 mg/kg). Pial arteriolar dilation to
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10–6 M VIP was determined before and after 20 min topical application of PACAP6-38 (group
20, n=6, 10–5 M) or PACAP6-27 (group 21, n=7, 10–5 M).

4.4. Statistical analysis
The pial artery diameter data (absolute diameters or maximal percentage changes from the
baseline values) were analyzed by one-way repeated measures ANOVA. For post hoc analysis,
Tukey's test was performed where appropriate. Values of p<0.05 were considered significant.
Data are reported as mean±SEM.
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Abbreviations

PACAP pituitary adenylate cyclase activating polypeptide

VIP vasoactive intestinal peptide

NMDA N-methyl-d-aspartate

COX cyclooxygenase

NOS nitric oxide synthase

NO nitric oxide

L-NAME N-ω-nitro-l-arginine methyl ester

DMSO dimethyl sulfoxide

aCSF artificial cerebrospinal fluid

ROS reactive oxygen species

CR cerebrovascular reactivity

I/R ischemia/reperfusion

MABP mean arterial blood pressure

ANOVA analysis of variance

SEM standard error of the mean
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Fig. 1.
Effects of ischemia/reperfusion (I/R) on hypercapnia- or NMDA-induced pial arteriolar
vasodilation. Arteriolar responses to 5–10% CO2 ventilation and topical NMDA were recorded
before and after 10 min of global cerebral ischemia followed by 1 h of reperfusion. Hypercapnia
elicited concentration-dependent pial arteriolar vasodilation, which was markedly attenuated
after I/R in vehicle-treated piglets (A, left). PACAP isoforms and VIP preserved the vascular
responsiveness to CO2 (B–D, left). Vasodilation in response to 10–4 M NMDA was also
deteriorated after I/R (A, right). PACAP27 and PACAP38 (B–C, right), but not VIP (D, right),
protected the vasodilator effect of NMDA. (Data are mean±SEM, n=6–8, *p<0.05.)
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Fig. 2.
Characterization of VIP-induced pial arteriolar vasodilation. VIP elicited significant, dose-
dependent, reproducible increases in pial arteriolar diameters, while artificial cerebrospinal
fluid (aCSF) did not evoke vasodilation (A). The non-selective cyclooxygenase (COX)
inhibitor indomethacin abolished the pial arteriolar dilation in response to 10–8 M VIP, whereas
it left the vasodilation to higher concentrations (10–7–10–6 M) of VIP essentially intact (B).
The pial arteriolar response to VIP was differentially affected by selective COX inhibitors; the
COX-1 inhibitor SC-560 abolished the arteriolar responses to 10–8 M VIP (C), whereas the
COX-2 inhibitor NS-398 was ineffective (D). (Data are mean±SEM, n=6–8, *p<0.05:
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significantly higher than vasodilation to all smaller VIP concentrations, †p<0.05: significantly
less than the corresponding value before treatment.)
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