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Depressed perivascular sensory innervation of mouse
mesenteric arteries with advanced age

Erika M. Boerman! and Steven S. Segal'-
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Key points

e The dilatory role for sensory innervation of mesenteric arteries (MAs) is impaired in Old
(~24 months) versus Young (~4 months) mice. We investigated the nature of this impairment
in isolated pressurized MAs.

e With perivascular sensory nerve stimulation, dilatation and inhibition of sympathetic vaso-
constriction observed in Young MAs were lost in Old MAs along with impaired dilatation to
calcitonin gene-related peptide (CGRP).

e Inhibiting NO and prostaglandin synthesis increased CGRP ECs; in Young and Old MAs.
Endothelial denudation attenuated dilatation to CGRP in Old MAs yet enhanced dilatation to
CGRP in Young MAs while abolishing all dilatations to ACh.

e In Old MAs, sensory nerve density was reduced and RAMP1 (CGRP receptor component)
associated with nuclear regions of endothelial cells in a manner not seen in Young MAs or in
smooth muscle cells of either age.

e With advanced age, loss of dilatory signalling mediated through perivascular sensory nerves
may compromise perfusion of visceral organs.

Abstract Vascular dysfunction and sympathetic nerve activity increase with advancing age. In
the gut, blood flow is governed by perivascular sensory and sympathetic nerves but little is known
of how their functional role is affected by advanced age. We tested the hypothesis that functional
sensory innervation of mesenteric arteries (MAs) is impaired for Old (24 months) versus
Young (4 months) C57BL/6 male mice. In cannulated pressurized MAs preconstricted 50% with
noradrenaline and treated with guanethidine (to inhibit sympathetic neurotransmission), peri-
vascular nerve stimulation (PNS) evoked dilatation in Young but not Old MAs while dilatations to
ACh were not different between age groups. In Young MAs, capsaicin (to inhibit sensory neuro-
transmission) blocked dilatation and increased constriction during PNS. With no difference
in efficacy, the ECsy of CGRP as a vasodilator was ~6-fold greater in Old versus Young MAs.
Inhibiting nitric oxide (L-NAME) and prostaglandin (indomethacin) synthesis increased CGRP
ECs5 in both age groups. Endothelial denudation reduced the efficacy of dilatation to CGRP by
~30% in Old MAs yet increased this efficacy ~15% in Young MAs while all dilatations to ACh were
abolished. Immunolabelling revealed reduced density of sensory (CGRP) but not sympathetic
(tyrosine hydroxylase) innervation for Old versus Young MAs. Whereas the distribution of CGRP
receptor proteins was similar in SMCs, RAMP1 associated with nuclear regions of endothelial
cells of Old but not Young MAs. With advanced age, the loss of sensory nerve function and
diminished effectiveness of CGRP as a vasodilator is multifaceted and may adversely affect
splanchnic perfusion.
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ACh, acetylcholine; CGRP, calcitonin gene-related peptide; CRLR, calcitonin receptor-like receptor;

EC, endothelial cell; EDH, endothelial dependent hyperpolarization; ID, internal diameter; MA, mesenteric artery; NA,
noradrenaline; NO, nitric oxide; OD, outer diameter; PKA, protein kinase A; PNS, perivascular nerve stimulation;
PSS, physiological salt solution; PVN, perivascular nerve; RAMP1, receptor activity modifying protein 1; ROI, region
of interest; SMC, smooth muscle cell; SNP, sodium nitroprusside; TH, tyrosine hydroxylase; TRP, transient receptor
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potential; TTX, tetrodotoxin.
Introduction

Ageing leads to changes in physiological regulation
throughout the body. Cardiovascular ageing is of para-
mount concern as > 70% of people older than ~60 years
have cardiovascular disease with a corresponding number
of deaths in people older than 75 years (Go et al. 2013).
Within the vasculature, advancing age is associated with
arterial stiffening (Lakatta & Levy, 2003; Izzo & Mitchell,
2007) and endothelial dysfunction (Gates et al. 2009; Seals
et al. 2011; Behringer et al. 2013), which both contribute
to impaired vasomotor function.

Perivascular nerves (PVNs) are integral to blood flow
control in healthy individuals as well as during age-
related changes in vascular function. Arteries of all sizes
across vascular beds and species are enmeshed by PVNs
(reviewed in Westcott & Segal, 2013b). Activation of
sympathetic PVNs typically produces vasoconstriction
with a reduction in tissue blood flow while activation
of sensory PVNs evokes vasodilatation with an increase
in tissue perfusion (Westcott & Segal, 2013b). Sensory
PVNs are capable of both orthodromic and antidromic
signalling, thereby mediating vasodilatation in response
to a range of physiological stimuli including changes
in temperature, acid-base status, chemical irritation,
mechanical stimulation and vasoactive agents (reviewed
in Burnstock & Ralevic, 1994). In addition to their effects
on vessel diameter and tissue blood flow, PVNs may
exert reciprocal negative feedback, with stimulation of
either sympathetic or sensory nerves inhibiting neuro-
transmitter release from the other (Kawasaki et al. 1990;
Coffa & Kotecha, 1999; Kawasaki, 2002). Thus age-related
decline in PVN function may be manifested through
alterations in the activation of vascular smooth muscle
cells (SMCs) and endothelial cells (ECs) and through
impaired neuromodulation. Increased sympathetic nerve
activity with advancing age is well-documented (Dinenno
et al. 1999; Esler et al. 2002; Seals & Dinenno, 2004). The
consequences include greater noradrenaline (NA) release,
restricted tissue blood flow and desensitized adreno-
receptors (Buchholz et al. 1998; Dinenno & Joyner, 2006;
Proctor & Parker, 2006; Jackson et al. 2010), which may in
turn affect the activation of sensory PVNs. However, the
effects of ageing on sensory PVNs are poorly understood
and are the focus of the present study.

Calcitonin gene-related peptide (CGRP) is the primary
neurotransmitter released from sensory nerves and is
a potent vasodilator when activating its receptors on
either SMCs or ECs (Brain et al. 1985). The functional
CGRP receptor requires three subunits: (1) calcitonin
receptor-like receptor (CRLR) protein, (2) a chaperone
known as receptor activity modifying protein (RAMP1)
and (3) receptor component protein (McLatchie et al.
1998). Age-related changes in any of these components
may impair sensory nerve function mediated through
the actions of CGRP. In SMCs from mesenteric (Nelson
et al. 1990), renal (Reslerova & Loutzenhiser, 1998) and
other arteries (Brain & Cox, 2006), CGRP promotes
relaxation via increasing cAMP, leading to protein
kinase A (PKA)-mediated activation of K* channels. In
turn, endothelium-dependent dilatation to CGRP has
been demonstrated in aorta (Gray & Marshall, 1992),
coronary and mammary arteries (Raddino et al. 1997),
and pulmonary arteries (Wisskirchen et al. 1998), with
SMC relaxation typically resulting from the actions of
nitric oxide (NO) via cAMP and PKA. Endothelial NO
production contributes further to SMC relaxation via
cGMP leading to decreased SMC [Ca’"]; (Brain & Grant,
2004). In a complementary role, prostaglandins released
through EC cyclooxygenase activity also contribute to
vasodilatation through increased production of NO,
cAMP and cGMP (Armstead, 1995). With ageing, a decline
in dilatation to CGRP occursin the aorta, where CGRP acts
through endothelial production of NO (Gray & Marshall,
1992; Lu et al. 2002). However, the signalling events
underlying CGRP-mediated vasodilatation may vary with
the vascular bed, as the vasomotor response can reflect
simultaneous activation of multiple signalling pathways
in SMCs and ECs.

In mesenteric arteries (MAs) of the anaesthetized
mouse, advanced age (e.g. ~24 wversus 4 months;
corresponding to mid-60 s and mid-20 s, respectively,
in humans; Flurkey et al. 2007) was found to enhance
sympathetic vasoconstriction in association with a
diminished role for sensory nerves (Westcott & Segal,
2013a). However, the mechanism underlying such
changes is unknown. The goal of the present study was
to resolve the basis of ageing-related dysfunction in
perivascular sensory nerves. We tested the hypothesis
that advanced age leads to changes in both the functional

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society



J Physiol 594.8

anatomy of sensory nerves (i.e. innervation density) and
their downstream actions on receptor activation and vaso-
motor function. Our new findings illustrate that advanced
age is associated with both structural and functional
changes in perivascular sensory nerves of MAs. In contrast
to Young mice, MAs from Old mice failed to dilate in
response to electrical stimulation of sensory PVNs and
were desensitized to exogenous CGRP. Optimal dilatation
to CGRP in MAs from Old (but not Young) mice relied
on the endothelium irrespective of NO and prostaglandin
production. Immunolabelling revealed that relative to
Young mice, MAs from Old mice have diminished sensory
(but not sympathetic) innervation along with altered
RAMP1 localisation within ECs but not SMCs. We suggest
that multiple mechanisms contribute to dysfunctional
sensory innervation of MAs with advanced age.

Methods
Ethical approval and animal use

All procedures were approved by the Animal Care
and Use Committee of the University of Missouri and
performed in accord with the Guide for the Care and
Use of Laboratory Animals (National Research Council;
8th edn, 2011). Experiments were performed on Young
(3—6 months) and Old (24-28 months) C57BL/6 mice
bred at colonies maintained by the National Institute on
Aging at Charles River Laboratories (Wilmington, MA,
USA). Each experimental protocol included MAs from
three to seven mice of respective age groups, with most
experiments utilizing at least two vessel segments (studied
independently on the same day) per mouse. Experiments
on Young and Old mice were randomized across days
to avoid any order effect. Mice were anaesthetized
using pentobarbital sodium (60 mg kg™!, intraperitoneal
injection) and abdominal fur was removed by shaving.
Following surgical procedures, the anaesthetized mouse
was killed with an overdose of pentobarbital via intra-
cardiac injection followed by cervical dislocation or by
exsanguination.

Tissue preparation and vessel dissection

The intact mesentery and small intestine were carefully
excised and placed in a dissection chamber maintained at
4°C filled with Ca*-free physiological salt solution (PSS)
comprised of (inmm): 140 NaCl, 5 KCI, 1 MgCl,, 10 Hepes,
10 glucose (pH 7.4). A loop of intestine was gently spread
and pinned onto a block of transparent silicone rubber
(Sylgard 184, Dow Corning; Midland, MI, USA) to isolate a
mesenteric arterial network. An unbranched second-order
MA was dissected free from surrounding tissue and trans-
ferred to a tissue chamber (RC-27 N; Warner Instruments;
Hamden, CT, USA) using a Wiretrol pipette (Drummond
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Scientific; Broomall, PA, USA). The tissue chamber was
at room temperature (~23°C) and secured within a
stage platform containing a heated chamber (PH-6) and
in-line heater (SH-27B) controlled by a dual temperature
controller (TC-344B, Warner Instruments). A three-axis
micromanipulator (DT3-100; Siskiyou Design; Grants
Pass, OR, USA) positioned at each end of the platform
secured micropipettes for vessel cannulation.

Vessel cannulation

The intact MA was cannulated onto micropipettes
pulled (P-97; Sutter Instruments; Novato, CA, USA)
from borosilicate glass capillaries (Warner Instruments;
internal diameter (ID) = 0.94 mm; outer diameter
(OD) = 1.2 mm) with heat-polished tips (OD, ~100 pem)
and secured at each end by tying with a single strand iso-
lated from braided 10-0 silk suture. The stage platform
with the cannulated MA was mounted on a microscope
(Olympus BX51W1; Olympus America Inc.; Center Valley,
PA, USA). Duringa 30 min equilibration period, the vessel
was warmed to 37°C and pressurized to 100 cmH,0
(~75 mmHg). For all functional studies, vessels were
superfused continuously at ~5ml min ! with PSS (above)
that contained 2 mm CaCl,.

Diameter measurements

For the initial nerve stimulation experiments and
CGRP concentration—response curves, vessel images
were acquired using a 20x water immersion objective
(NA = 0.5) and a charge-coupled device camera (PTI
IC-100; Photon Technology International; Edison, NJ,
USA) coupled to a digital monitor. Internal diameter of
each vessel was measured using a video calliper calibrated
against a stage micrometer (100 x 0.01 = 1 mm; Graticules
Ltd.; Tonbridge, UK). Final magnification on the monitor
face was 1300x with spatial resolution of ~1 um. For
all further experiments, vessel images were acquired
using a 10x water immersion objective (NA = 0.3) and
a Firewire camera (DMK 21AF04; ThelmagingSource;
Charlotte, NC, USA) interfaced with a personal computer
to measure IDs using custom edge-tracking software
(LabView 2009; National Instruments, Austin, TX, USA)
graciously provided by Dr Michael J. Davis at the
University of Missouri.

Perivascular nerve stimulation (PNS)

Perivascular nerves were stimulated in an electrical field
between two wire electrodes (90% platinum—10% iridium;
diameter, 250 um) connected to a stimulation isolation
unit (SIU5, Grass; Quincy, MA, USA) driven by a square
wave stimulator (548, Grass). An electrode was positioned
on either side of the cannulated MA and ID was measured
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> 100 pm away from the site of stimulation. In accord with
experiments performed in anaesthetized mice (Westcott &
Segal, 2013a), electrical pulses (30 V, 2 ms) were delivered
at 8 Hz to activate PVNs until a stable response diameter
was achieved (10-15 s). PNS was repeated in the pre-
sence of guanethidine (10 uM) to block sympathetic
neurotransmission by depleting NA from synaptic vesicles
(Kadzielawa, 1962) and/or capsaicin (10 uM) to block
sensory neurotransmission via transmitter depletion (Eid
& Cortright, 2009). To confirm that the evoked vasomotor
responses were secondary to evoking action potentials
along nerve fibres, PNS was also performed in the presence
of tetrodotoxin (TTX, 1 um). Guanethidine, capsaicin
and/or TTX were included in the superfusion solution
for 20 min prior to evaluating their effects on vasomotor
responses to PNS.

Concentration-response curves

All concentration—response experiments were cumulative,
with appropriate volumes of concentrated drug solutions
added to the 25 ml reservoir of superfusion solution.
Final drug concentrations are given as those to which
vessels were exposed and were 10 nM to 10 uMm for NA,
1 nM to 10 uM for ACh and 0.1 nm to 1 uM for CGRP.
A vessel was exposed to each concentration for at least
5 min before recording stable response IDs. For evaluating
responses to ACh and CGRP, MAs were first preconstricted
using the appropriate ECs5y concentration of NA that we
determined for Young and Old MAs. To determine the
role of endothelium-derived autacoids in dilatations to
CGRP, after the initial concentration—response curve was
determined, superfusion with control PSS was resumed
until the initial level of tone (in the presence of ECsg
NA) was restored, then the CGRP concentration—response
relationship was re-evaluated in the presence of L-NAME
(100 uM) + indomethacin (1 pMm) to inhibit nitric oxide
(NO) and prostaglandin synthesis, respectively. Vaso-
motor responses to NA, ACh and CGRP were each studied
in separate MAs. Maximum ID for each MA was obtained
at the end of every experiment during superfusion with
Ca’*-free PSS containing sodium nitroprusside (SNP,
10 uMm).

Endothelial denudation

Second-order MAs were isolated and positioned onto a
tungsten wire (OD, 50 um; Goodfellow; Huntington,
UK). To denude the endothelium, an MA was pulled
slowly over the wire three times. The denuded vessel was
cannulated and used for evaluating responses to CGRP
only if it constricted ~50% to an ECs, concentration of
NA (confirming SMC integrity) and failed to dilate to
1 uM ACh (confirming EC ablation). Constrictions to NA
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were verified following CGRP exposure to confirm SMC
viability throughout the experimental protocol.

Immunofluorescence

Second-order MAs were isolated as above then trans-
ferred to a 12-well plate coated with Sylgard. For
immunolabelling of PVNs and of RAMPI1/CRLR in
SMCs, MAs were pinned intact. For immunolabelling of
RAMP1/CRLR in ECs, MAs were opened longitudinally
and secured with the endothelium exposed (i.e. en
face) using fine tungsten wire pins (OD = 25 um;
Goodfellow). Respective preparations were fixed in
4% paraformaldehyde for 20 min and washed in
phosphate-buffered saline (PBS, Sigma, cat. no. P5368)
Subsequent incubations were performed at 4°C with
primary and secondary antibodies diluted in PBS + 0.2%
Triton X-100.

Preparations were incubated for 60 min in PBS with
10% normal goat serum and 0.2% Triton X-100, then
placed overnight in solutions containing the primary anti-
body against tyrosine hydroxylase (TH; 1:250; cat. no.
T2928, Sigma), CGRP (1:250, cat. no. PC205L, EMD
Millipore), CRLR (V-20, 1:250 for ECs and 1:100: for
SMCs; cat. no. sc-18007, Santa Cruz Biotechnology), or
RAMPI1 (1:250 for ECs and 1:100: for SMCs; cat. no.
sc-11379, Santa Cruz Biotechnology; generated using the
full-length amino acid sequence of the protein to exclude
RAMP2/3 isoforms). Preparations were then placed into
PBS with 0.2% Triton X-100 + 10% normal goat serum
for 60 min and incubated for 90 min in the respective
secondary antibody (Alexa Fluor-488 or -546; Molecular
Probes/Life Technologies; Carlsbad, CA, USA) each at
1:500 dilution. After a final wash in PBS, preparations were
mounted on slides using ProLong Gold (Invitrogen) and a
coverslip. Each experiment included controls that omitted
the primary antibody and these consistently demonstrated
a lack of non-specific binding or fluorescence.

Slides were imaged using a Leica SP5 confocal
laser-scanning microscope (Leica Microsystems; Buffalo
Grove, IL, USA). Staining for TH and CGRP was visualized
using an HCX PL APO 40x oil immersion objective
(NA = 1.25; Leica) with a 2x optical zoom and 1 um
Z-slices. Staining for CRLR and RAMP1 was visualized
using an HCX PL APO 60x glycerol immersion objective
(NA = 1.3; Leica), a 4x optical zoom in ECs, a 6 x optical
zoom in SMCs, and 0.5 pum Z-slices. For all slide sets,
Young and Old MAs were imaged using similar laser power
and gain settings.

The density of PVNs was determined by quantifying
the fluorescence area of TH and CGRP staining on
intact MA segments using ImageJ (Abramoff, 2004). To
analyse the fluorescence of each antibody, a maximum
Z-stack projection was created in Image] through the
uppermost half of the vessel wall. This was done by
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taking the maximum intensity value of each pixel through
the series of confocal slices and combining these pixel
values into a single image. A region of interest (ROI)
was then placed around the entire projection, background
fluorescence (from a region located between nerve fibres)
was subtracted and the remaining fluorescent pixels were
quantified (irrespective of intensity) relative to the total
number of pixels in the ROIL This analysis yielded the
percent fluorescence area within the ROI for each anti-
body. Controls confirmed lack of imaging bleed-through
between respective secondary antibodies.

Chemicals and reagents

CGRP was purchased from AnaSpec (Fremont, CA,
USA). Guanethidine was purchased from BOC Sciences
(New York). All other reagents were purchased from
Sigma-Aldrich (St Louis, MO, USA) unless otherwise
stated. Solutions were prepared fresh for each day’s
experiments. Indomethacin was dissolved in DMSO and
diluted to its final concentration in PSS with <0.1%
DMSO. All solutions were used at pH 7.4.

Data presentation and statistical analysis

Data for PNS experiments and agonist concentration—
response curves are presented as percent constriction
or dilatation from baseline ID, calculated as follows:
% Constriction = [(IDpge — IDresp) / IDpase] x 100
(thus 100% indicates closure of the vessel lumen); %Max
(maximal) Dilatation = [(IDep — IDpase) / (IDpax —
IDpase] X 100, where 1Dy, = baseline ID under control
conditions, ID, = response ID in the presence of
a given agonist concentration, and ID,,x = maximal
ID in Ca*"-free PSS + 10 um SNP. Vasomotor tone
(in PSS containing 2 mm Ca’") was calculated as the
percentage difference between IDp,e and IDp,,, and
thus % tone = [(IDmax — IDpase) / IDmax] x 100, and
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= — © 60
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was evaluated before (i.e. ‘spontaneous’) and during
preconstruction with NA. Data were analysed using
Student’s #-test or analysis of variance, with repeated
measures when appropriate (Prism 5, GraphPad Software;
La Jolla, CA, USA). When significant F-ratios were
obtained with analysis of variance, post hoc comparisons
were made using Bonferroni tests. Summary data are
mean values & SE. Differences were considered statistically
significant with P < 0.05.

Results

Loss of vasodilatation to perivascular nerve
stimulation with advanced age

Across all experiments, the IDs of Young MAs (n=23) and
Old MAs (n = 24) were not significantly different at rest
under control conditions (198 & 5 versus 189 £ 5 um,
respectively). Respective maximal IDs (214 £ 6 versus
201 £ 6 wm) were also not different between age groups,
nor was the level of spontaneous vasomotor tone (8 £ 1
versus 6 + 1%).

Perivascular nerve stimulation produced similar
levels of MA constriction (~50%) for both age groups
(Fig. 1A). To resolve the vasodilator effect of sensory nerve
activation, PNS was repeated for MAs preconstricted
~50% with phenylephrine (1 uM) and exposed to
guanethidine (10 uM). From similar preconstricted base-
line IDs (Fig. 1, legend), PNS dilated MAs from Young but
not Old mice (Fig. 1B, P < 0.05). During preconstriction
with phenylephrine, repeating PNS in the presence of
capsaicin (10 uM) in addition to guanethidine inhibited
vasomotor responses of MAs from both Young and
Old mice (Fig. 1C). Neither guanethidine nor capsaicin
treatment altered preconstricted baseline vessel diameters.
With capsaicin treatment alone, vasoconstriction to PNS
was enhanced in MAs from Young mice but not in MAs
from Old mice (Fig. 2A). Treatment with TTX (1 uM)

O

80

(o]
o

% Max Dilatation
NS
o o

o

Guanethidine + Capsaicin

Figure 1. Impaired dilatation of MAs to sensory nerve stimulation with advanced age

A, from resting control IDs (Young, 208 + 12 um; Old, 172 £ 20 um), constriction during PNS (8 Hz @ 30 V, 2 ms)
was not different between MAs from Young versus Old mice (IDs decreased to 110 + 11 um and 89 + 13 um,
respectively). B, for MAs preconstricted with phenylephrine (1 um), IDs were 96 + 4 um (Young) and 87 & 10 um
(Old). Following treatment with guanethidine (10 um), PNS dilated MAs of Young (to 156 + 20 pum) but not Old
mice (86 & 11 um). C, in MAs preconstricted as in B, treatment with capsaicin (10 M) in addition to guanethidine
prevented dilatation to PNS (Young, 103 & 11 um; Old, 78 £ 10 um). n = 4-5 MAs per age group. % Constriction
or % Max Dilatation calculated as described in Methods. *P < 0.05 compared to Young.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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blocked PNS-induced constrictions across age groups
(Fig. 2B). Collectively, these data indicate a loss in the
ability of perivascular sensory nerves to dilate MAs or
to attenuate sympathetic vasoconstriction with advanced
age.

Increased ECsp for NA with no change for ACh

To determine whether MAs of Young and Old
mice have the same ability to constrict and relax
during activation of smooth muscle and endothelium,
concentration—response curves were evaluated for NA and
ACH, respectively. For NA, ECs increased with advanced
age with no change in efficacy (Fig. 3A and Table 1). For
ACh, dilatations were not different between MAs from
Young versus Old mice at any concentration (Fig. 3B),
nor were respective ECsy values (Table 1). Thus, despite
reduced ECs;, of NA as a vasoconstrictor during advanced
age, diminished dilatations of MAs to PNS (Fig. 1 B) cannot
be attributed to differences in vasomotor tone or impaired
endothelium-dependent vasodilatation.

Increased ECso for CGRP

To determine whether the decrease in perivascular sensory
nerve function reflects diminished responses to the
sensory neurotransmitter CGRP, concentration—response
curves were evaluated for Young and Old MAs pre-
constricted with NA. Because the ECs, was greater with
advanced age (Table 1, Fig. 34, P < 0.05), respective ECsg
values for NA were used to obtain equivalent functional
baselines of preconstriction from which to evaluate CGRP.
Exogenous CGRP produced concentration-dependent
vasodilatation with similar efficacy in MAs from both
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Young and Old mice (Fig. 4A). However, as illustrated
by the shift to the right for Old MAs, the ECsy of CGRP
increased significantly when compared to Young MAs
(Fig. 4A; Table 1). Vasodilatations to CGRP were also more
variable for Old versus Young MAs.

Role of endothelium in responses to CGRP

To determine the role of endothelium-derived autacoids
(NO and prostaglandins) in CGRP-mediated vaso-
dilatation, concentration—response curves to CGRP
were performed before and during treatment with
the nitric oxide synthase inhibitor .-NAME (100 uM)
in combination with the cyclooxygenase inhibitor
indomethacin (10 pMm). For Young MAs, autacoid
inhibition shifted the CGRP response curve to the right
(Table 1, Fig. 4B, n = 5, P < 0.05) such that it was
nearly superimposed on the control curve for Old MAs.
Treatment with L-NAME + indomethacin also shifted the
CGRP response curve to the right for Old MAs (Table 1,
Fig. 4B). As there were no differences in efficacy between
experimental conditions or age groups, these data indicate
that autacoid production lowers the ECs, of dilatation to
CGRP but is not essential for its efficacy as a vasodilator
in either age group.

To further explore the role of the endothelium in
CGRP-mediated dilatation in Young and Old MAs,
concentration—response curves to CGRP were repeated
in MAs following endothelial denudation. Resting and
maximum diameters were not different between age
groups (Fig. 4C). The viability of denuded MAs was
confirmed by the maintenance of vasoconstriction to
respective ECsy concentrations of NA while the success of
denudation was verified by the absence of vasodilatation

H Young

80+ O oid
C
2 60 -
o
B 40
@]
< 20 *
2 i

*
0- | |_T_|
Control TTX

Figure 2. Sensory nerves limit constriction to perivascular nerve stimulation for Young but not Old MAs
A, under control conditions, PNS caused similar constrictions in Young MAs (ID rest, 199 + 6 um; ID response,
120 £+ 10 um) and Old MAs (ID rest, 183 & 14 um; ID response, 113 & 13 um). Repeating PNS during capsaicin
treatment (10 uM) increased constriction in Young (ID rest, 200 & 7 um; ID response, 97 4 10 um) but not Old
MAs (ID rest, 182 + 17 um; ID response, 110 £ 12 um). B, tetrodotoxin (TTX, 1 uMm) blocked constriction to PNS in
Young (ID rest, 201 =+ 6; ID response, 193 & 8 um) and Old MAs (ID rest, 188 £ 17; ID response, 180 & 15 um).
% Constriction calculated as described in Methods. n = 4 MAs per age group in A and n = 3 MAs per age group

in B. *P < 0.05 compared to Control in same age group.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society



J Physiol 594.8

Depressed sensory innervation with advanced age

2329

Table 1. Mesenteric artery ECso values and peak responses to vasoactive agents

ECso ECso Peak response Peak response
Compound Young (nm) Old (nwv) Young (%) Old (%)
NA 167 + 7 600 + 87* 62 + 3 57 £ 2
ACh 370 + 120 360 + 91 64 + 2 65 & 2
CGRP 8 4+ 2 52 4+ 19% 75 £ 2 70 £ 5
CGRP + L.-NAME/Indo 48 + 15 160 + 37* 62 + 3 62 + 8
CGRP (denuded) 10 + 3 18 + 13 90 =+ 3f 48 + 7+1

ECsp values are in nanomolar; peak response values to NA are % constrictions from resting baseline; all other peak response values
are % maximum dilatations from preconstriction with NA, calculated as described in Methods. Peak response values for NA and ACh
are from Fig. 3 and those for CGRP are from Fig. 4. Summary data are means = SE. *P < 0.05 compared to Young. fP < 0.05 compared

to intact MAs of the same age group. n = 4-11 per age group.

to 1 uM ACh (Fig. 4C). When compared to intact vessels,
endothelial denudation increased the efficacy of dilatation
to CGRP by ~15% in Young MAs (P < 0.05; Fig. 4D
and Table 1). In striking contrast, the efficacy of CGRP to
dilate Old MAs was reduced by ~30% (Fig. 4D and Table
1). Thus, following endothelial denudation, the efficacy of
dilatation to CGRP in Old MAs was ~50% ofthat in Young
MAs. Confirming the integrity of SMCs in denuded MAs,
constrictions to NA were maintained after evaluating the
responses to CGRP (Fig. 4C).

Density of sympathetic and sensory nerves

Immunofluorescence labelling was performed to
determine whether advanced age is associated with
changes in the density of either sympathetic or sensory
PVNs. The density of sensory nerves was significantly
lower in Old MAs compared to Young MAs (Figs. 5 and
6A). In contrast, the density of sympathetic nerves was not
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different between MAs of respective age groups (Figs 5 and
6B). Thus functional impairments in vasomotor responses
to sensory nerve stimulation with advanced age (Fig. 1B)
are associated with diminished sensory innervation.

Localisation of CGRP receptor proteins
Immunofluorescence labelling was performed to
determine whether age-related differences in CGRP-
mediated vasodilatation are associated with changes in
functional expression of CGRP receptors. In MAs from
both age groups, ECs exhibited punctate fluorescence for
RAMPI and CRLR with considerable overlap in apparent
localisation. However, only ECs of MAs from Old mice
exhibited accumulation of RAMP1 in the nuclear region
(Fig. 7). In contrast, both age groups exhibited similar
punctuate staining for RAMP1 and CRLR throughout
SMCs, with a high degree of overlap between respective
proteins (Fig. 8).
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Figure 3. Increased ECsp of constriction to NA but not dilatation to ACh

A, concentration-dependent constriction to NA is shifted to the right in Old MAs compared to Young MAs. Initial
resting IDs were 199 + 12 for Young MAs and 187 4 10 um for Old MAs; respective IDs were 76 4 7 and
80 + 6 um during peak constriction to NA and were 217 £+ 12 and 206 £ 11 um during maximal dilatation.
B, concentration-dependent dilatation to ACh is similar in Old and Young MAs. Initial baseline IDs during pre-
constriction with NA (1 um) were not different between age groups (Young, 107 £ 7 um; Old, 101 & 9 um). Peak
IDs during vasodilatation to ACh were 174 + 2 and 166 + 12 um, respectively; corresponding maximal IDs were
211 £ 3 umand 201 + 12 um. % Constriction and % Max dilatation calculated as described in Methods. n = 5
MAs per age group. *P < 0.05, Young versus Old MAs at same NA concentration.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society



2330

Discussion

Advanced age decreases perivascular sensory nerve
function of MAs controlling blood flow to the small
intestine of mice (Westcott & Segal, 20134a). The pre-
sent study used isolated MAs to gain insight into the
mechanisms underlying this functional deficit. Our new
findings highlight the loss of vasodilatation in response
to sensory nerve stimulation with advanced age and
have identified multiple adaptations that contribute to
this decline in function. In cannulated pressurized MAs,
the EC5y of CGRP as a dilator increased with advanced
age, requiring a higher concentration of CGRP to evoke
a given level of dilatation when compared to MAs of
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Young mice. Nevertheless, endothelium-derived autacoids
lower the ECsy of CGRP as a dilator of MAs in both
age groups. Remarkably, endothelial denudation had
opposite effects on the efficacy of CGRP as a vaso-
dilator in MAs of respective age groups, reducing peak
dilatation in Old MAs while enhancing peak dilatation
in Young MAs. Fluorescence immunolabelling revealed
that, compared to Young MAs, Old MAs have diminished
perivascular density of sensory nerves containing CGRP
but not of sympathetic nerves containing TH. Further, an
integral CGRP receptor protein (RAMP1) was found to
be associated with the nuclear region of ECs in Old MAs
but not Young MAs. As the expression of these proteins
was similar in SMCs of MAs from both age groups,
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Figure 4. Impaired dilatation to CGRP despite greater dependence on endothelium

A, concentration-dependent dilatation to CGRP is shifted to the right for Old MAs compared to Young MAs.
Intact MAs were preconstricted with NA using ECsg values determined for respective age groups (Table 1). From
preconstricted baseline IDs of 111 & 8 um (Young) and 108 + 2 um (Old), CGRP evoked peak IDs of 193 £+ 11 um
and 184 + 9 um, respectively; n = 11 per age group. *P < 0.05, Young vs. Old MAs at same CGRP concentration.
B, inhibiting endothelium-derived autacoids with L-NAME (100 M) 4+ indomethacin (Indo, 10 wm) shifted response
curves to the right for intact MAs of both age groups (dashed lines); n = 6 per age group. Control data (continuous
lines) are a subset of values shown in A with same statistical differences.™P < 0.05, Control versus I-NAME/Indo.
C, sequence of evaluations following endothelial denudation. IDs were not different between Young versus Old
MAs with control PSS, during ECsg constrictions with NA before and after evaluating responses to CGRP (arrow)
during exposure to ACh (1 um added during preconstriction with ECso NA; note loss of endothelium-dependent
dilatation), or during maximal dilatation with 0 Ca?* 4 10 um SNP (0Ca/SNP). n = 6 per age group; *P < 0.05
versus resting control diameter within same age group. D, the efficacy of dilatation to CGRP is decreased in Old
MAs and increased in Young MAs. Control (intact) data re-plotted from A for reference. n = 6 (denuded) or 11
(intact) per age group. *P < 0.05, Young denuded versus Young intact. #P < 0.05, Old denuded versus Old intact.
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the assembly of functional CGRP receptors may thus
be compromised in ECs with advanced age. Collectively,
the present findings illustrate that multiple components
mediating the ability of sensory nerves to promote blood
flow through the splanchnic circulation are altered during
advanced age.

Loss of vasodilatation to sensory nerve activation

Under control conditions, Young and Old MAs had
similar diameters, spontaneous vasomotor tone and
constrictions to PNS (Fig. 1A). To study vasodilatation
as a response to PNS, we elevated the level of vasomotor
tone from < 10% (spontaneous) to ~50% by applying
the «j-adrenoreceptor agonist phenylephrine, with
guanethidine added to inhibit sympathetic neuro-
transmission. Under these conditions, Young MAs dilated

CGRP

o
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by ~30% during PNS, while Old MAs did not (Fig. 1B).
In turn, the dilatation observed in Young MAs was
blocked by capsaicin (Fig. 1C), confirming that SMC
relaxation induced by PNS resulted from the activation of
sensory nerves. With sympathetic nerves intact, capsaicin
treatment alone increased vasoconstriction to PNS in
Young but not Old MAs (Fig. 2A). Our finding of impaired
sensory nerve function in MAs of Old mice is consistent
with diminished dilatation of MAs from Old (25 months)
rats during electrical field stimulation (Sullivan &
Davison, 2001) and loss of the ability of sensory nerves to
inhibit sympathetic vasoconstriction of MAs controlling
blood flow to the intestine in Old (24 months) mice
(Westcott & Segal, 2013a). We confirmed that the effects
of PNS do not reflect direct activation of SMCs, as
treatment with TTX prevented vasomotor responses
to PNS (Fig. 2B). Nor did the loss of PNS-induced
vasodilatation of MAs from Old mice reflect the inherent

Overlay

Figure 5. Immunofluorescence of perivascular nerves

Images are representative maximum Z-projections of MAs double-stained for both sensory nerves (left panels,
labelled for CGRP) and sympathetic nerves (centre panels, labelled for tyrosine hydroxylase, TH) from Young (top
row) and Old MAs (bottom row). Right panels are overlays of the fluorescence from respective images. Scale
bar = 100 um and applies to all panels. Images are representative of n = 9—16 MAs from 4-5 mice per age group.

Figure 6. Decreased perivascular sensory but not
sympathetic nerve density

A, quantifying CGRP fluorescence following immunolabelling
indicates a significant reduction in the density of sensory
nerves surrounding Old versus Young MAs. *P < 0.05 versus
Young. B, quantifying TH fluorescence following
immunolabelling indicates no difference in the density of
sympathetic nerves surrounding Old versus Young MASs.

n = 9-16 MAs from 4-5 mice per age group.
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loss of endothelium-dependent dilatation because ACh
dilated MAs from both age groups with similar EC5, and
efficacy (Table 1 and Fig. 3B) and dilatation to ACh was
lost following endothelial denudation.

The effect of ageing on ACh-mediated vasodilatation
in resistance arteries is variable between studies and
vascular beds. While our laboratory (Bearden ef al.
2004; Sinkler & Segal, 2014) and others (Barton et al.
1997; Sullivan et al. 2004; Kinzenbaw et al. 2013) have
found that ACh-mediated vasodilatation is preserved in
advanced age, impaired vasodilatations to ACh during
ageing have been reported in rodents (Yang et al. 2009;
Zhou et al. 2010) as well as humans (Taddei et al
1995). Nevertheless, our finding that dilatations to ACh
were not different between MAs from Young and Old
mice (Fig. 3B) and that these responses were abolished
following endothelial denudation (Fig. 4C) confirms that
endothelium-dependent vasodilatation persists during
advanced age. We therefore conclude that the vasodilator
role of sensory nerves in MAs is compromised selectively
in Old versus Young mice.

Increased ECsy of sympathetic and sensory
neurotransmitters

The maintenance of vasoconstriction and loss of vaso-
dilatation in response to PNS led us to evaluate

RAMP1
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respective receptor-mediated events. We first tested
whether the response to activation of a-adrenoreceptors
was affected by ageing. Concentration—response curves to
the sympathetic neurotransmitter NA (which acts on both
a;- and o -adrenoreceptors to produce vasoconstriction)
revealed an increase in ECs, implying a loss of sensitivity
with advanced age (Fig. 3A) in accord with earlier findings
in vivo (Westcott & Segal, 2013a). Based upon these
results, additional experiments were performed in which
MAs from Young and Old mice were preconstricted
to the same functional baseline using respective ECs
concentrations of NA (Table 1). Under these conditions,
the ECsy for CGRP as a dilator was significantly greater
with advanced age (Table 1) implying a loss of sensitivity
(Fig. 4A).

Few studies have examined how ageing may affect the
vasoactive properties of CGRP in MAs, and the effect
of ageing on CGRP responses has been controversial.
In rats, for example, dilatation of MAs to exogenous
CGRP was reduced at 18 versus 3 months (Amerini et al.
1994). In contrast, using transmural nerve stimulation,
CGRP-mediated dilatation of MAs was not different
between rats at 6 and 27 months (Li & Duckles, 1993).
However, in the perfused rat mesentery, a decline in
capsaicin-induced CGRP release was found at 18 versus
2 months (Sun ef al. 1998). Such variability across earlier
studies may reflect differences in the age groups being
compared as well as the experimental approach. The age

Overlay

Figure 7. Nuclear association of RAMP1 with endothelial cell nuclei of Old but not Young MAs

Images are maximum Z-projections double-stained for RAMP1 and CRLR. Panels at right are overlays; yellow
indicates correspondence in localisation of respective CGRP receptor proteins and is most consistent in endothelium
of Young MAs. Staining for RAMP1 is associated with endothelial cell nuclei of Old MAs that is not present in
Young MAs (arrows). Scale bar = 20 um and applies to all panels. Representative of n = 9-12 MAs from 3 mice

per age group.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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groups evaluated in the present study are based upon
previous studies of advanced age from our laboratory
(Behringer et al. 2013; Sinkler & Segal, 2014; Socha et al.
2015) and the functional experiments performed here
encompassed both nerve stimulation and the application
of exogenous CGRP. With both approaches, the pre-
sent findings confirm dysfunctional sensory neuroeffector
signalling for MAs of Old mice when compared to MAs
of Young mice. It is reassuring to note that the pre-
sent results are consistent with studies of rat thoracic
aorta preconstricted with PE, where CGRP-mediated
dilatation was lower in vessels from 24-month-old animals
compared to those 6 months of age (Lu et al. 2002).
Ageing-related decreases in CGRP-mediated dilatation
have also been demonstrated in rat caudal arteries (Chan
& Fiscus, 2002), rabbit coronary arteries (Corr et al.
1991) and rabbit basilar arteries (Brizzolara et al. 1994).
In light of reduced CGRP immunolabelling (Figs. 5
and 6) and altered RAMP1 distribution in ECs of MAs
from Old versus Young mice (Fig. 7), the impaired
functional role for perivascular sensory nerves in the
intact system (Westcott & Segal, 2013a) further reflects a
decrease in neuropeptide availability and altered receptor
function. Thus, ageing exerts a multifaceted effect on
suppressing the role of sensory nerves in mediating vaso-
dilatation along with their ability to attenuate sympathetic
vasoconstriction.

RAMP1

Young

kel
]

Depressed sensory innervation with advanced age

CRLR

2333

Altered dependence on endothelium for
vasodilatation to CGRP

A decline in CGRP-mediated vasodilatation with ageing
has been suggested to be specific to vessels in
which CGRP effects are endothelium (and particularly
eNOS) dependent (Lu et al. 2002). Therefore, we
performed concentration—response curves to exogenous
CGRP in MAs before and during treatment with
L-NAME + indomethacin to inhibit production of
endothelium-derived NO and prostaglandins. Inhibition
of these vasodilator autacoids resulted in a significant shift
to the right in responses to CGRP of MAs from both Young
and Old mice (see Table 1 of EC5, values). Thus the higher
ECs0 of CGRP in Old versus Young MAs persisted during
autacoid inhibition (Table 1 and Fig. 4B). Our finding that
the dilatory response to CGRP at least partially reflects
the production of endothelium-derived autacoids contra-
sts with previous studies in MAs (Li & Duckles, 1992;
Sullivan & Davison, 2001; Ralevic, 2002); however these
earlier experiments were all performed with rat models
under experimental conditions different from those used
here in mice. Nevertheless, the present data indicate that
irrespective of age, the sensitivity to CGRP as a vasodilator
is enhanced by the production of endothelium-derived
autacoids (Fig. 4B).

The role of the endothelium in CGRP-mediated vaso-
dilatation varies between vascular beds and animal species.

Overlay

Figure 8. Similar expression of RAMP1 and CRLR proteins in smooth muscle cells of Young and Old MAs
Images are maximum Z-projections double-stained for RAMP1 and CRLR. Panels at right are overlays; yellow
indicates correspondence in localisation of respective CGRP receptor proteins. Scale bar = 20 um and applies to
all panels. Representative of n = 8-10 MAs from 4 mice per age group.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Thus, coronary arteries of pigs and humans (Gupta et al.
2006), rat thoracic aorta (Wisskirchen et al. 1999) and
equine colonic arteries (Moore et al. 2005) exhibited
endothelium-dependent dilatation to CGRP. In contrast,
CGRP dilatation was independent of the endothelium
in human subcutaneous arteries (Edvinsson et al. 2014),
porcine coronary arteries (Wisskirchen e al. 1999) and
guinea pig basilar arties (Jansen-Olesen ef al. 2001). Vaso-
dilatation during the inhibition of NO and prostaglandin
synthesis is taken to reflect endothelium-derived hyper-
polarization (EDH), with activation of K™ channels in ECs
leading to relaxation of SMCs (Garland et al. 2011). The
specific K* channels involved may vary with vascular bed
and/or vessel size. Large- and intermediate-conductance
Ca’*-activated K* channels (BKc, and IKc,, respectively)
were involved in CGRP-mediated dilatation of rat
coronary arteries (Sheykhzade & Berg Nyborg, 2001)
but not in human subcutaneous arteries (Edvinsson
et al. 2014). In rabbit MAs, Kxrp channels were integral
to dilatation in response to CGRP (Standen et al
1989). While further studies are needed to characterize
autacoid-independent dilatations to CGRP in MAs of both
Young and Old mice, several possibilities are suggested by
the present findings as considered below.

A key goal of the present study was to elucidate the
respective roles for SMCs and ECs in CGRP-mediated
vasodilatation. A striking difference between age groups
emerged following endothelial denudation. For MAs from
Young mice, dilatation to CGRP was enhanced by ~15%
at the highest concentrations whereas dilatation of MAs
from Old mice was attenuated by ~30% compared to
respective intact vessels (Fig. 4D). Thus, removing the
endothelium resulted in a 2-fold greater efficacy of CGRP
as a vasodilator in Young versus Old MAs. Our finding
that dilatation to CGRP prevails following endothelial
denudation in both age groups indicates a direct effect
of CGRP in promoting SMC relaxation via receptor
activation and downstream signalling (Brain & Grant,
2004). This differential effect of ablating the endothelium
on respective age groups may in turn reflect modification
of common signalling pathways and our studies point
to the endothelium as the primary source of age-related
changes.

The efficacy of dilatation to CGRP persisted during
autacoid inhibition yet CGRP remained less potent in
MAs from Old versus Young mice (Fig. 4B). In turn, we
suggest that adaptations in CGRP signalling through
EDH may underlie the age-related differences observed
in the role of endothelium in CGRP dilatation. Thus,
activation of PKA by CGRP may lead to phosphorylation
of ion channels in ECs, altering their activity and
thereby affecting vasomotor control. For example, in
MAs stimulated with ACh, increased adenylyl cyclase
activity was found to reduce EDH via PKA-mediated
inhibition of IK¢, (Dora et al. 2008). This finding is
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consistent with studies of neurons showing decreased
IKc, activity following phosphorylation by PKA (Vogalis
et al. 2003). In such manner, PKA activity may thereby
limit EDH-mediated dilatation to CGRP in Young
MAs, as suggested by enhanced vasodilatation following
endothelial denudation (Fig. 4D). In the absence of
the endothelium, enhanced vasodilatation in Young
MAs may in turn be explained by the activation of K*
channels on SMCs (Nelson et al. 1990), which may be
down-regulated (Marijic et al. 2001; Kang et al. 2009)
with advanced age. Additional studies will be required to
resolve these functional interactions alluded to from our
present findings.

In contrast to diminished 1K, activity resulting from
PKA stimulation, endothelial transient receptor potential
(TRP) channel activity may increase with ageing due
to phosphorylation by PKA in response to CGRP.
For example, TRPV4 channel activity was increased
by phosphorylation in HEK293 cells (Fan et al. 2009)
and recent studies have demonstrated that activation
of only a few TRPV4 channels in myoendothelial
projections can produce near-maximal vasodilatation of
MAs (Sonkusare et al. 2012). TRPAI channels in myo-
endothelial projections can produce similarly potent vaso-
dilatations (Earley et al. 2009) and demonstrate increased
activity following phosphorylation (Lapointe & Altier,
2011). In light of these studies, changes in endothelial
ion channel function (and therefore EDH of SMCs) may
underlie both the functional deficits in CGRP responses
and the greater dependence upon the endothelium for
dilatation in response to CGRP with advanced age. Thus,
defining the role(s) and regulation of respective ion
channels in ECs and SMCs represents another key area
for future studies aimed at determining how advanced
age affects vasodilatation in response to CGRP and the
activation of perivascular sensory nerves.

Differential effects of advanced age on perivascular
sympathetic and sensory nerve density

Immunofluorescence studies of MAs from Young and
Old mice showed that advanced age was associated with
a ~25% decrease in the density of perivascular sensory
nerves. This loss with ageing appears specific for sensory
innervation, as sympathetic nerve density of MAs was
not different between age groups (Figs 5 and 6). These
data suggest that the decrease in sensory nerve function
(Fig. 1B) (Westcott & Segal, 2013a) is due, at least in
part, to the loss of sensory innervation and imply that the
remaining sensory nerves do not release a compensatory
amount of CGRP at a given level of PNS. The maintenance
of sympathetic nerve density during advanced age found
here is consistent with data from mouse mesenteric,
femoral, gracilis and carotid arteries (Long & Segal, 2009)
as well as guinea pig mesenteric and carotid arteries (Dhall
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et al. 1986). In turn, the decrease in sensory (CGRP-ergic)
nerve density with advanced age is consistent with studies
of guinea pig renal and femoral arteries (Dhall et al.
1986) and MAs from spontaneously hypertensive rats
(Hobara et al. 2005). A reduction in sensory nerve density
with advanced age may have important consequences
on integrated vasomotor control. Because perivascular
sympathetic and sensory nerves exert reciprocal inhibition
(Kawasaki et al. 1990; Coffa & Kotecha, 1999; Kawasaki,
2002), the specific decline in sensory nerve density (Figs
5 and 6) may contribute to ageing-related increases in
systemic sympathetic nerve activity (Dinenno et al. 1999;
Seals & Dinenno, 2004) including elevated blood pressure
as shown in mice (Gros et al. 2002) as well as humans
(Lakatta & Levy, 2003). This interpretation is consistent
with finding that deletion of the CGRP gene leads to hyper-
tension in mice (Gangula ef al. 2000).

Altered localisation of CGRP receptor proteins in
endothelial cells

In light of a greater role for the endothelium and the
diminished vasodilatation in response to exogenous CGRP
in Old versus Young MAs (Fig. 4), ECs of MAs from both
age groups were labelled for the CRLR and RAMP1 protein
components of functional CGRP receptors. Confocal
imaging revealed association of RAMP1 with the nuclear
region of ECs in Old MAs that was not present in ECs
of Young MAs (Fig. 7). In contrast, labelling of CRLR
and RAMP1 had similar punctate appearance throughout
SMCs of both age groups (Fig. 8), suggesting that
age-related changes in RAMPI localization are specific to
ECs. Nuclear association of RAMP1 in ECs with advanced
age is of particular significance because this protein
serves as a chaperone to route CRLR to the cell surface,
which thereby creates the functional receptor for CGRP
(McLatchie et al. 1998). Thus, reduced functional CGRP
receptors may contribute to the greater ECsy of CGRP
with advanced age observed here (Fig. 4A). Consistent
with this hypothesis, dilatation of carotid arteries to
exogenous CGRP was enhanced for mice in which RAMP1
was globally overexpressed (Chrissobolis et al. 2010).
Conversely, deletion of RAMP1 reduced dilatation of the
aorta to CGRP (Tsujikawa et al. 2007). The present data
are also consistent with a reduction in RAMP1 (but not
CRLR) immunofluorescence in MAs of 12-month- versus
3-month-old-rats (Gangula et al. 2009) and are the first
to resolve nuclear association of RAMP1 in ECs with
advanced age.

Summary and perspective

We have investigated the effect of advanced age on peri-
vascular nerve function and density in second-order MAs

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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of the male C57BL/6 mouse in light of endothelial and
smooth muscle signalling pathways. Our findings suggest
that ageing leads to a significant decline in sensory nerve
function through complementary mechanisms. Thus,
compared to Young mice, MAs from Old mice lose the
ability to dilate in response to the activation of peri-
vascular sensory nerves, exhibit greater ECs values (i.e.
reduced sensitivity) to exogenous CGRP and rely upon
ECs to a greater extent for CGRP-mediated vasodilatation
through a mechanism that is largely independent
of endothelium-derived autacoids. Denuding the end-
othelium had opposite effects on MA responses to CGRP
in respective age groups, attenuating dilatation in Old
MAs while enhancing dilatation in Young MAs. These
functional changes with advanced age occur in association
with loss of perivascular sensory nerve density despite
no concurrent change in sympathetic nerve density.
Finding that the CGRP receptor protein RAMP1 associates
with nuclear regions of ECs (but not SMCs) of MAs
from Old but not Young mice suggests a deficiency in
functional CGRP receptors at the cell surface in the end-
othelium of Old MAs. We thereby identify complementary
mechanisms that help to explain how blood flow to visceral
organs can be diminished with advanced age.
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