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Chronic decentralization potentiates neurovascular
transmission in the isolated rat tail artery, mimicking
the effects of spinal transection

Melanie Yeoh1, Elspeth M. McLachlan2 and James A. Brock1

1Prince of Wales Medical Research Institute and 2the University of New South Wales, Randwick, NSW 2031, Australia

Spinal cord transection produces a marked increase in the response of the isolated rat
tail artery to sympathetic nerve stimulation, possibly as a result of a decrease in ongoing
sympathetic activity. We have tested the effects of removing ongoing nerve activity on
neurovascular transmission by cutting the preganglionic input to postganglionic neurones
supplying the tail artery (decentralization). Isometric contractions to nerve stimulation were
compared between decentralized arteries and those from age-matched and sham-operated
controls. Nerve-evoked responses of decentralized arteries were much larger than those of
control arteries at 2 and 7 weeks post operatively. The extent of blockade of nerve-evoked
contraction by α-adrenoceptor antagonists prazosin (10 nM) or idazoxan (0.1 µM) was
reduced. Decentralized arteries were transiently supersensitive to the α1-adrenoceptor agonist
phenylephrine and the α2-adrenoceptor agonist clonidine; the unchanged sensitivity to
methoxamine and phenylephrine after 2 weeks indicated no effect on the neuronal noradrenaline
uptake transporter. Decentralized arteries were hypersensitive to α,β methylene-ATP, but
the P2-purinoceptor antagonist suramin (0.1 mM) did not reduce nerve-evoked contractions.
Enlarged responses to 60 mM K+ after both 2 and 7 weeks were correlated with the response of
the arteries to nerve stimulation, suggesting that increased postjunctional reactivity contributes
to the enhanced contraction. Comparison between data from decentralized arteries and our
previous data from spinalized animals showed that the two lesions similarly potentiate
nerve-evoked contractions and have similar but not identical postjunctional effects. The
enhanced vascular responses following a reduction in tonic nerve activity may contribute to
the hypertensive episodes of autonomic dysreflexia in spinally injured patients.
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We recently demonstrated that both force and duration
of neurally evoked contractions were increased in the rat
tail artery for up to 8 weeks following spinal transection at
T7–8 (Yeoh et al. 2004). The preganglionic supply to the
tail artery arises from T13 to L2 (Rathner & McAllen, 1998;
Smith & Gilbey, 1998) so that spinal transection at T7–8
leaves both preganglionic and postganglionic pathways to
the tail artery intact, but disconnected from higher centres
and from the site of origin of sympathetic vasoconstrictor
tone in the rostral ventrolateral medulla (Guyenet et al.
1989). Silencing synaptic connections in other neural
pathways leads to enhancement of synaptic efficacy (e.g.
Gallego & Geijo, 1987; Murthy et al. 2001). This suggests
that enhanced neurovascular transmission in arteries
below a spinal lesion (‘spinalized arteries’) might be caused
by the decrease in ongoing sympathetic nerve activity

(Wallin & Stjernberg, 1984). At least part of the change
in spinalized arteries was postjunctional as contractions
evoked by exposure to 60 mm K+ were also enhanced.
Such increased vascular responses could contribute to the
episodes of autonomic dysreflexia (uncontrolled hyper-
tension triggered reflexly by bladder or colon distension or
unheeded injuries) in people with cervical or high thoracic
spinal injuries.

In sympathetically innervated smooth muscles,
silencing ongoing nerve activity by surgically removing
the preganglionic input to postganglionic sympathetic
neurones (i.e. decentralization) increases the response of
the muscle to exogenously applied noradrenaline (NA)
as well as a range of other constrictor agents (Fleming
& Westfall, 1988). The effect of decentralization on
sympathetic nerve-evoked responses of vascular smooth
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muscle has only been examined in the rabbit ear artery
(Tsuru & Bevan, 1980; Tsuru & Uematsu, 1986), where the
contractile response to nerve stimulation was increased.

In the present study we have investigated the effects of
decentralization on the mechanical responses of the rat
tail artery to nerve stimulation. In rats, the postganglionic
neurones supplying the tail artery lie in paravertebral
ganglia L6–S4 (Sittiracha et al. 1987). This means that
bilateral transection of the sympathetic chains below the
most caudal white ramus (L2) removes all preganglionic
connections to the postganglionic neurones supplying the
tail artery.

The perivascular plexus of the tail artery is
almost exclusively noradrenergic and it contains very
few peptidergic afferent axons (McLachlan, 1996);
consequently it lacks vasodilator responses to afferent
nerve activation (Li & Duckles, 1993). Neurally evoked
contractions of the tail artery are largely blocked
by α-adrenoceptor antagonists, with both α1- and
α2-adrenoceptors contributing to the postjunctional
response (Bao et al. 1993; Brock et al. 1997; Yeoh
et al. 2004). A synergistic role for both ATP and NPY
coreleased with NA, particularly during short trains of
stimuli, has also been suggested (Bradley et al. 2003).
Here, the effects of the α1-adrenoceptor antagonist
prazosin, the α2-adrenoceptor antagonist idazoxan, and
the P2-purinoceptor antagonist suramin on neurally
evoked contractions of decentralized tail arteries were
assessed. In addition, the effects of decentralization on
the sensitivity of the tail artery to the α1-adrenoceptor
agonist phenylephrine, the α2-adrenoceptor agonist
clonidine, the P2X-purinoceptor agonist α,β-methylene
ATP, and 60 mm K+ were examined. To assess the
possibility that changes in neuronal uptake affect
sensitivity to phenylephrine (Langer & Trendelenburg,
1969), sensitivity to methoxamine (which is not a
substrate for the neuronal NA uptake transporter;
Trendelenburg et al. 1970) was also determined. The
relation between the changes in sensitivity of the
vascular smooth muscle to nerve stimulation at various
time points following decentralization, and the muscle’s
responsiveness to the vasoconstrictor agents was evaluated.
The data have also been compared directly with those
previously reported following spinal transection (Yeoh
et al. 2004).

Methods

All experimental procedures conformed to the National
Health and Medical Research Council of Australia
guidelines and were approved by the University of New
South Wales Animal Care and Ethics Committee.

Surgery was performed on female inbred Wistar rats
(∼8 weeks of age) under anaesthesia with ketamine
(60 mg kg−1) and xylazine (10 mg kg−1) administered i.p.

L3 and L4 sympathetic ganglia were exposed, usually via a
midline ventral incision, and 1–3 mm of the trunk between
them was removed. Oxytetracycline powder was applied
before and after the muscle layers were sutured, and the
incision was closed with Michel clips. Oxytetracycline
(100 mg kg−1) and benzylpenicillin (90 mg kg−1) were
administered s.c. The animals recovered uneventfully and
were maintained for 2 days (n = 7), 2 weeks (17 ± 1 days,
mean ± s.d., n = 13) and 7 weeks (50 ± 2 days, n = 10)
postoperatively (p.o.). An additional group of animals
was decentralized for 10 ± 1 days (n = 8) and tested for
early hypersensitivity to phenylephrine. In sham-operated
controls, the trunks were exposed and cleared but not
cut; these animals were maintained for 2 days (n = 6)
and 2 weeks (14 ± 4 days, n = 7). All operated animals
were monitored on a daily basis to ensure their wellbeing.
Unoperated animals age-matched to the 10 day (n = 7),
2 week (n = 6) and 7 week (n = 7) decentralized animals
were also used as controls.

The animals were killed under deep anaesthesia
(pentobarbitone 100 mg kg−1, i.p.) and the proximal part
of the tail artery was dissected. Once isolated, the arteries
were maintained in physiological saline solution of the
following composition (mm): Na+, 150.6; K+, 4.7; Ca2+, 2;
Mg2+, 1.2; Cl−, 144.1; H2PO4

−, 1.3; HCO3
−, 16.3; glucose,

7.8. This solution was gassed with 95% O2/5% CO2 (to
pH 7.2) and warmed to 35–36◦C.

In all lesioned animals, the site at which the lumbar
sympathetic trunk had been divided was checked
postmortem, and the absence of detectable regeneration
was confirmed.

Mechanical responses

Arterial ring segments (∼1.5 mm long) from a region
of the artery 10–20 mm distal to the base of the
tail were mounted isometrically between stainless
steel wires (50 µm diameter) in a four-chamber
myograph (Multi Myograph Model 610 m, Danish Myo
Technology, Denmark). Each chamber of the myograph
contained 6 ml of physiological saline that was exchanged
at intervals of 8–15 min throughout the recording
period. There was some variation in the lengths
(median 1.4 mm, range 1–1.8 mm) and lumen diameters
(for the range of diameters see Results) of the
segments studied. To normalize the basal conditions
and the isometric contractions, the measured force
was converted to the effective pressure exerted on the
luminal surface of the artery using Laplace’s equation
(see Mulvany & Halpern, 1977). Initially, the effective
distending pressure under basal conditions was set at
∼12.7 × 103 N m−2 (∼95 mmHg) and left to equilibrate
for 30 min. After this, the basal effective distending
pressure stabilized at ∼10.0 × 103 N m−2 (∼75 mmHg).
Preliminary measurements had shown that at this pressure
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both control and decentralized arteries were at the peak of
their length–force relations.

Experimental protocols

In the first series of experiments, the experimental
protocols were identical to those previously described for
tail arteries from spinalized animals (Yeoh et al. 2004) and
are only summarized here.

Arterial segments mounted in two chambers of the
myograph were used to record responses elicited by
electrical stimulation of the perivascular nerves via
transmural electrodes. First, a voltage strength–response
curve was constructed for contractions evoked by trains
of 10 stimuli (1 ms pulse width, 5–30 V) at 10 Hz.
Subsequently the responses to trains of supramaximal
stimuli (25 V) at 0.1–10 Hz were assessed. In all cases,
the peak amplitude of the contractile response recorded
during the trains of stimuli was measured. For the
contractions evoked by 10 stimuli at 10 Hz, the rise
time was the interval between 10 and 90% of the peak
contraction and the half-width was the duration at 50% of
the peak amplitude.

These segments were also used to determine the
sensitivity of contractions evoked by 100 stimuli at
1 Hz to the α1-adrenoceptor antagonist prazosin (10 nm,
Sigma), and the α2-adrenoceptor antagonist idazoxan
(0.1 µm; Sigma), applied alone and in combination.
Following the combined application of prazosin and
idazoxan, the effect of the further addition of a relatively
high concentration of the nonselective α-adrenoceptor
antagonist phentolamine (1 µm; Ciba Geigy) was assessed.
The effects of all antagonists were measured 20 min
following their application.

Segments of artery in the other two chambers of the
myograph were used to construct concentration–response
curves for the α1- and α2-adrenoceptor agonists
(–)-phenylephrine (0.01–300 µm; Sigma) and clonidine
(0.001–10 µm; Sigma). Non-cumulative concentration
–response curves were determined by increasing the
concentration of each agonist by half-log increments, with
exposure to each concentration for 7 min, followed by
9 min washes before the next addition of the agonist. The
peak contraction during the period of drug application
was measured.

Following both the nerve stimulation and the
α-adrenoceptor agonist protocols, responses to 60 mm K+

(equimolar substitution of KCl for NaCl) were recorded
from all four tissues in the presence of prazosin (10 nm)
and idazoxan (0.1 µm) to prevent the excitatory actions
of NA released from the sympathetic nerves by high
[K+]. The cotransmitters ATP and neuropeptide Y do not
contribute to K+-evoked contractions of the tail artery
(Chen & Rembold, 1995). In control tissues, 60 mm K+

produces about 60% of the maximum response to raised

[K+] (Chen & Rembold, 1995). The half-decay time of
high-[K+]-induced contraction was measured as the time
from when the raised K+ solution was removed until the
amplitude of the contraction had fallen to 50% of its value
at the start of washout.

In another series of experiments, arterial segments
from 2 week decentralized or age matched unoperated
controls were mounted in two chambers of the
myograph. One arterial segment was used to construct
noncumulative concentration–response curves to the
α1-adrenoceptor agonist methoxamine (0.03–100 µm;
Sigma). The concentration of agonist was increased
by half-log increments, with washes between each
agonist application (as described previously). The peak
contraction during the period of drug application was
measured.

Following construction of the concentration–response
curves to methoxamine, this segment was also used to
assess the sensitivity to the P2X-purinoceptor agonist
α,β-methylene ATP (0.3–10 µm; Sigma). In this part
of the experiment, the concentration of agonist was
increased by half-log increments, with exposure to
α,β-methylene ATP for 3 min intervals followed by 30 min
washes before the next addition of this agent. During
each application of α,β-methylene ATP, the contraction
produced by this agent peaked and then declined. The
peak amplitude of the response to α,β-methylene ATP was
measured.

The second arterial segment was used to assess the effects
of the P2-purinoceptor antagonist suramin (0.1 mm) on
contractions evoked by 25 stimuli at 0.5 and 1 Hz. In
these experiments, the segment was stimulated alternately
with trains at 0.5 and 1 Hz at 5 min intervals, and the
effects of suramin were determined 30–40 min following
its addition to the bathing solution. Phentolamine (1 µm)
was then added, and the extent of the blockade produced
by this agent in combination with suramin was determined
30–40 min following its addition.

At the end of these experiments, the responses of both
arterial segments to 60 mm K+ were recorded in the
presence of prazosin (10 nm) and idazoxan (0.1 µm).

Statistical analysis

Unless otherwise indicated, Mann–Whitney U tests were
used for pairwise comparisons and Kruskal–Wallis tests for
multiple comparisons because the groups of raw data had
unequal variance. Within-group comparisons between
the sequential effects of the antagonists were made with
Friedman tests followed by Wilcoxon signed rank tests.
When multiple pairwise comparisons were made, the
P values were adjusted using the Dunn–Sidak method.
P < 0.05 was taken as a significant difference.

All data are presented as median and interquartile range
(IQR).
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Results

Basal conditions

In the first series of experiments, for all measured
parameters there were no differences between
arteries from 2 week sham-operated animals and
those from age-matched unoperated animals. The
effects of decentralization were assessed by comparing
data from 2 day decentralized arteries (n = 7) with
2 day sham-operated arteries (n = 6, ‘2 day control
arteries’), 2 week decentralized arteries (n = 7) with
2 week sham-operated arteries (n = 7, ‘2 week control
arteries’), and 7 week decentralized arteries (n = 10) with
unoperated age-matched control arteries (n = 7, ‘7 week
control arteries’). For most of the measured parameters
there was no difference between any of the groups of
control arteries, but where there were differences, these
are described.

Comparison between the decentralized arteries and
their respective control arteries revealed no differences
in the basal effective distending pressures (about
10 × 103 N m−2). There were also no differences between
the lumen diameters of control and decentralized arteries
after 2 days (control 839 µm, IQR 825–861; decentralized
894 µm, IQR 856–925) or 7 weeks (control 868 µm, IQR
773–878; decentralized 812 µm, IQR 749–845). However,
the lumen diameters of 2 week decentralized arteries
(730 µm, IQR 688–765) were smaller than those of 2 week
control arteries (778 µm, IQR 778–823, P < 0.05).

The lumen diameters of 2 day decentralized arteries
were larger than those of 2 week decentralized arteries
(P < 0.05). The effective distending pressure of 2 day
decentralized arteries (10.9 × 103 N m−2, IQR 10.8–11.1)
was also larger than that of 2 week decentralized arteries
(10.0 × 103 N m−2, IQR 10.0–10.3, P < 0.05). No other
differences in distending pressure or diameter were
detected between the groups of decentralized arteries.

In the second series of experiments, no significant
differences in lumen diameter or effective basal distending

Figure 1. Decentralization enhances
contractions to perivascular nerve
stimulation
A, contractions of 2 week sham-operated
(upper trace) and 2 week decentralized
arteries (lower trace) to stimulation of the
perivascular nerves with 25 pulses at 0.1,
0.3 and 0.5 Hz. B, contractions in the same
tissues evoked by 10 pulses at 1 and 10 Hz,
and 100 pulses at 1 Hz. The pressure
calibration in A applies also in B. In
comparison with the sham-operated artery,
the decentralized artery generated greater
increases in effective pressure during all
trains of stimuli. The contractions of the
decentralized artery were also prolonged in
time course.

pressure were found between 2 week decentralized arteries
(n = 6) and age-matched control arteries (n = 6).

Responses to perivascular nerve stimulation

Figure 1 shows contractile responses of a 2 week sham
operated artery and a 2 week decentralized artery to trains
of stimuli at 0.1–10 Hz. In comparison with their respective
control arteries, both 2 week and 7 week decentralized
arteries generated greater increases in effective pressure
to all the trains of stimuli (Fig. 2C–F). The responses
of 2 day decentralized arteries to 25 pulses at 0.5 Hz and
to 10 pulses at 1 Hz were not different from those of
2 day control arteries, but the responses of these arteries
to all the other trains of stimuli were enhanced (Fig. 2A
and B).

For all trains of stimuli, the peak amplitude of the
responses of 2 day decentralized arteries was smaller than
that of 2 week decentralized arteries (P < 0.01). However,
no differences were detected between the responses of
2 week and 7 week decentralized arteries although the
responses of 7 week decentralized arteries were generally
more variable. Only the responses to 10 and 100 stimuli
at 1 Hz were smaller in 2 day decentralized arteries than in
7 week decentralized arteries (P < 0.05).

At all time points, the enhancement of neurally evoked
contractions was most marked at 0.1 Hz and decreased as
the frequency of stimulation was increased (Fig. 2). For
example, the response of 2 week decentralized arteries to
long trains of stimuli (Fig. 2C) was increased 55-fold at
0.1 Hz, 16-fold at 0.3 Hz, 10-fold at 0.5 Hz and 3-fold
at 1 Hz. It was notable that the responses to trains at
low frequencies were relatively less enhanced in 7 week
decentralized arteries.

Time course of contractions to short trains of stimuli

The mechanical responses of decentralized arteries to
electrical stimulation were prolonged (Fig. 1A and B).
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To exemplify this change, contractions to trains of 10
stimuli at 10 Hz in control and decentralized arteries were
compared. Table 1 shows the rise time and the half-width
of contractions produced by these trains of stimuli. The
2 day decentralized arteries contracted with time courses
similar to their controls. In the 2 week decentralized
arteries, the half-width of the contractions was increased
about threefold whereas the rise time was increased by
∼60% (Table 1). Thus the change in time course was
due primarily to an increase in relaxation time. Although
the half-width of the contractions of 7 week decentralized
arteries was not significantly different from that of their
control arteries, their rise time was prolonged.

The rise time of the contractions was longer in 2 week
decentralized arteries than in 2 day decentralized arteries
(Table 1). In addition, the half-width of the contra-
ctions of 2 week decentralized arteries was much longer

Figure 2. Enhancement of contraction in
decentralized arteries is greatest at low frequencies
of nerve stimulation
A–F, peak increases in effective pressure evoked by
different frequencies of perivascular stimulation in
(A, B) 2 day control (n = 6) and decentralized (n = 7)
arteries, (C, D) 2 week control (n = 7) and decentralized
(n = 7) arteries, and (E, F) 7 week control (n = 7) and
decentralized (n = 10) arteries. Open and hatched
columns represent data for control and decentralized
arteries, respectively. A, C and E, responses to 25 pulses
at 0.1, 0.3 and 0.5 Hz, and 100 pulses at 1 Hz. B, D and
F, responses to 10 pulses at 1 and 10 Hz. Data are
presented as median and interquartile range, and
statistical differences are indicated (∗ P < 0.05 and
∗∗ P < 0.01). Arteries from decentralized animals had
enlarged responses to neural activation at all
postoperative (p.o.) times, and the effects were greater
at lower frequencies of stimulation.

than that of both 2 day and 7 week decentralized arteries
(Table 1).

The rise time and half-width for the contractions
of 2 day control arteries were significantly longer than
those of 2 week control arteries (Table 1), possibly
reflecting some effect of surgery. The rise time for the
contractions of 7 week control arteries was longer than
that of 2 week control arteries, but the half-width did not
differ significantly between these two groups (Table 1).

Effects of blocking α-adrenoceptors on nerve-evoked
contractions

The effects of α-adrenoceptor antagonists on contra-
ctions evoked by 100 stimuli at 1 Hz were assessed. This
pattern of stimulation produces a prolonged steady-state
contraction. In control arteries, prazosin (10 nm) and
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Table 1. Characteristics of nerve-evoked contractions evoked by
10 stimuli at 10 Hz in decentralized arteries

2 days 2 weeks 7 weeks

Rise time
Control 1.7a 1.3a,b 1.4b

(1.5–1.9) (1.2–1.3) (1.4–1.5)
n = 6 n = 7 n = 7

Decentralized 1.6c 2.1∗∗,c 1.9∗

(1.5–1.6) (2.0–2.1) (1.6–2.1)
n = 6 n = 7 n = 10

Half-width
Control 6.0d 3.7d 4.8

(5.5–6.5) (3.4–4.2) (4.7–5.2)
n = 6 n = 7 n = 7

Decentralized 4.5e 16.8∗∗,e,f 7.7f

(4.1–8.9) (14.2–18.0) (6.0–9.1)
n = 6 n = 7 n = 10

The rise time was the period between 10 and 90% of the
peak contraction, and the half-width was the duration of
the contraction at 50% of its peak. Interquartile range (IQR)
values are shown in parentheses below the median. Significant
differences between decentralized and control arteries are
indicated by ∗ P < 0.5 and ∗∗ P < 0.01. Significant differences
between groups of arteries at different time points indicated by
superscript letters a–f (a, c, e and f P < 0.05; b and d P < 0.01).

idazoxan (0.1 µm) reduced the amplitude of the
contractions by 95 and 69%, respectively (Fig. 3). The
blockade produced by the combined application of
prazosin and idazoxan was slightly greater than that of
prazosin alone (approximately 97%, Wilcoxon signed
rank test, P < 0.01) and the subsequent addition of
phentolamine (1 µm) produced a further small increase
in the blockade of contraction (to 98% blockade of the
pre-drug-treatment values, Wilcoxon signed rank test,
P < 0.01).

In comparison with control arteries, the blockade
produced by prazosin was reduced in 2 day decentralized
arteries (Fig. 3A), whereas in 2 week and 7 week
decentralized arteries, the blockades produced by prazosin
and by idazoxan were both reduced (Fig. 3B and C).
The effect of the combined application of prazosin
and idazoxan was slightly (∼10%) less in 2 week and
7 week decentralized arteries than in control arteries. For
both 2 and 7 week decentralized arteries, the subsequent
addition of phentolamine reduced the contractions by a
further ∼5% of the pre-drug-treatment values (Wilcoxon
signed rank test, P < 0.05). The combined application
of all three antagonists reduced the contraction of 2
and 7 week decentralized arteries by about 94%, but the
combined effect of these agents was significantly less than
control only for 7 week decentralized arteries (Fig. 3C).

In all tissues, the small component of contraction
resistant to α-adrenoceptor antagonists was fully blocked
by tetrodotoxin (0.5 µm), confirming that the electrically

Figure 3. Blockade of nerve-evoked transmission by
α-adrenoceptor antagonists is reduced in decentralized arteries
A–C, blockade of contractions evoked by 100 pulses at 1 Hz produced
by the α-adrenoceptor antagonists prazosin (10 nM), idazoxan
(0.1 µM) and phentolamine (1 µM) in (A) 2 day control (n = 6) and
decentralized (n = 7) arteries, (B) 2 week control (n = 7) and
decentralized (n = 7) arteries, and (C) 7 week control (n = 7) and
decentralized (n = 10) arteries. Open and hatched columns represent
data for control and decentralized arteries, respectively. Prazosin and
idazoxan were applied alone and together as indicated. The column
labelled ‘Phentolamine’ indicates the percentage blockade after
adding this agent in the presence of both prazosin and idazoxan. Data
are presented as median and interquartile range, and statistical
differences are indicated (∗P < 0.05 and ∗∗P < 0.01). In comparison
with control, the blockade of electrically evoked contractions
produced by prazosin and idazoxan was reduced in 2 week and
7 week decentralized arteries. For 2 day decentralized arteries, only
the blockade produced by prazosin was reduced.
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evoked contractions were due entirely to activation of the
perivascular nerves.

Responses to α-adrenoceptor agonists

Figure 4 shows the concentration–response curves
for the α1-adrenoceptor agonist phenylephrine, and

Figure 4. Decentralized arteries are transiently hypersensitive to clonidine
Concentration–response curves for (A–C) phenylephrine, and (D–F) clonidine, in control arteries ( �) and at 2 days
(A and D), 2 weeks (B and E), and 7 weeks (C and F) following decentralization (•). Data are presented as median
and interquartile range. The curves are the best fits to the Hill equation. The sensitivity to α-adrenoceptor agonists
was similar to control at all time points except for a transient hypersensitivity to clonidine at 2 weeks p.o. Note,
however, that arteries decentralized for only 10 days were hypersensitive to both clonidine and phenylephrine (see
text).

the α2-adrenoceptor agonist clonidine, in control and
decentralized groups of arteries.

The maximum increases in effective pressure
produced both by phenylephrine and by clonidine
did not differ significantly between decentralized
and control arteries (Fig. 4), although the maximum
contraction to clonidine was significantly smaller than
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Table 2. Effects of decentralization on EC50 values for phenylephrine and clonidine

2 days 10 days 2 weeks 7 weeks

Phenyleprine (µM)
Control 1.25 1.69 1.69 2.02

(0.90–1.47) (1.36–2.54) (1.55–2.04) (1.92–2.18)
n = 6 n = 7 n = 7 n = 7

Decentralized 0.72 0.74∗∗ 1.05 1.59
(0.61–0.75) (0.33–0.93) (0.79–1.44) (0.89–2.22)

n = 7 n = 8 n = 7 n = 10

Clonidine (nM)
Control 62 67 100 69

(32–79) (59–120) (67–112) (52–76)
n = 6 n = 7 n = 7 n = 7

Decentralized 32 32∗∗ 20∗ 49
(22–53) (27–41) (19–27) (33–79)
n = 7 n = 8 n = 7 n = 10

IQR values are shown in parentheses below the median. Significant differences
between decentralized and control arteries are indicated by ∗ P < 0.05, ∗∗ P < 0.01.

that to phenylephrine. This difference may not reflect
differences in the maximum response to α1- and
α2-adrenoceptor activation, as clonidine is a partial
agonist at α2-adrenoceptors.

The EC50 for phenylephrine in the decentralized arteries
did not differ significantly from that of the control arteries
(Fig. 4A–C, Table 2). In contrast, the EC50 for clonidine
was significantly reduced in the 2 week decentralized
arteries (Fig. 4E, Table 2). This hypersensitivity to
clonidine was transient, as it had disappeared after
7 weeks (Fig. 4F , Table 2). To test for an early trans-
ient phase of hypersensitivity to phenylephrine, one
group of animals was decentralized for only 10 days;
in this group, the EC50 for phenylephrine was reduced
(Table 2), but there was no change in the maximum
response to this agent (control 33.9 × 103 N m−2,
IQR 33.0–36.1; decentralized 36.4 × 103 N m−2, IQR
34.2–39.4). Arteries from this group of animals also
showed hypersensitivity to clonidine (Table 2).

In order to test whether the absence of hypersensitivity
to phenylephrine at 2 weeks could be explained by a
change in neuronal uptake, the sensitivity of 2 week
decentralized arteries and age-matched control arteries
to the α1-adrenoceptor agonist methoxamine, was also
assessed. As with phenlyephrine at this stage, no change in
the EC50 (control 1.20 µm, IQR 0.95–1.50; decentralized
1.01 µm, IQR 0.91–1.05) or the maximum response
(control 33.9 × 103 N m−2, IQR 33.1–36.6; decentralized
35.1 × 103 N m−2, IQR 33.0–36.4) to methoxamine was
detected between control and decentralized arteries.

Effects of suramin on nerve-evoked contractions

In the second series of experiments, the effects of
the P2-purinoceptor antagonist suramin (0.1 mm) on

responses to 25 pulses at 0.5 and 1 Hz were assessed in
control and 2 week decentralized arteries (Fig. 5Aa and
Ab). While the contractions of decentralized arteries to
stimulation at lower frequencies were the most markedly
increased, the responses of control arteries were too small
to accurately assess the effects of suramin. As in the
first series of experiments, the contractile responses of
2 week decentralized arteries (0.5 Hz, 21.3 × 103 N m−2,
IQR 16.4–24.4; 1 Hz, 23.8 × 103 N m−2, IQR 19.6–26.3)
were markedly increased in comparison with control
arteries (0.5 Hz, 3.9 × 103 N m−2, IQR 3.3–6.4, P < 0.05;
1 Hz, 8.6 × 103 N m−2, IQR 6.0–12.7, P < 0.05). In
control arteries, the effects of suramin were variable
(four segments showed increased responses and two
showed decreased responses to nerve stimulation) and no
significant change in the response to electrical stimulation
at either 0.5 Hz (Fig. 5Aa) or 1 Hz (Fig. 5Ab) was detected.
In contrast, suramin slightly increased the response of
all decentralized arteries to stimulation at 0.5 and 1 Hz
(Fig. 5Aa and Ab; Wilcoxon signed rank test P < 0.05).
The subsequent addition of phentolamine (1 µm)
abolished contractions of both control and decentralized
arteries to stimulation at 0.5 Hz, and reduced those
to stimulation at 1 Hz by 98 and 92% of the
pre-drug-treatment values, respectively (Fig. 5Aa and
Ab). The residual component of the contraction to
stimulation at 1 Hz in the presence of both antagonists
was proportionately larger in decentralized arteries
(Fig. 5Ab, P < 0.05). In all tissues, the residual response
was fully blocked by tetrodotoxin (0.5 µm).

Responses to α,β-methylene ATP

The sensitivity of control and 2 week decentralized arteries
to α,β-methylene ATP (0.3–10 µm) was determined.
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Figure 5. Lack of purinergic nerve-evoked responses in either control or decentralized tail arteries
despite hypersensitivity to α,β-methylene ATP
A, effects of suramin (0.1 mM) applied alone or together with phentolamine (1 µM) on contractions of control
arteries (open columns, n = 6) and 2 week decentralized arteries (hatched columns, n = 6) to trains of 25 stimuli at
0.5 (a) and 1 (b) Hz. B, the peak amplitude of the responses of control arteries ( �) and 2 week decentralized arteries
(•) to 0.3, 1, 3 and 10 µM α,β-methylene ATP (α,β-mATP). Data are presented as median and interquartile range,
and statistical differences are indicated (∗ P < 0.05 and ∗∗ P < 0.01). While suramin did not inhibit nerve-evoked
contractions, responses of decentralized arteries to α,β-methylene ATP were increased.

Over this range of concentrations, although the peak
amplitudes of the responses of 2 week decentralized
arteries to α,β-methylene ATP were quite variable, they
were significantly greater than those of control arteries
(Fig. 5B). The response to α,β-methylene ATP (3 µm) was
fully blocked by suramin (0.1 mm, n = 3).

Figure 6. Enhanced responses to 60 mM
K+ suggest a nonspecific increase in
reactivity in decentralized arteries
A, contractions of 2 week sham-operated
and 2 week decentralized arteries to 60 mM

K+ in the presence of α-adrenoceptor
antagonists (10 nM prazosin + 0.1 µM

idazoxan). B–D, comparison of responses to
60 mM K+ in (B) 2 day control (n = 6) and
decentralized (n = 7) arteries, (C) 2 week
control (n = 7) and decentralized (n = 7)
arteries, and (D) 7 week control (n = 7) and
decentralized (n = 10) arteries. Data are
presented as median and interquartile
range, and statistical differences are
indicated (∗∗P < 0.01). In comparison with
the arteries from control animals, the
2 week and 7 week decentralized arteries
had larger responses to 60 mM K+. In
addition, on washout, the decay of the
K+-evoked contraction was much slower in
2 week decentralized arteries (see A).

Responses to 60 mM K+ solution

Figure 6A shows the contractile response of a 2 week
sham-operated artery and a 2 week decentralized artery
to 60 mm K+. At 2 days p.o., the response of decentralized
arteries did not differ from that of control arteries (Fig. 6B).
However, the contractile responses of 2 week and 7 week
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decentralized arteries were greater in amplitude than those
of their respective control arteries (Fig. 6C and D).

The contraction of 2 day decentralized arteries to
60 mm K+ was smaller than that of 2 week and 7 week
decentralized arteries (P < 0.01). However, there was no
difference between the contractile responses of 2 week and
7 week decentralized arteries to 60 mm K+.

On returning to the normal bathing solution, the
half-decay time of the K+-evoked contraction was about
twice as long in 2 week decentralized arteries (15.9 s,
IQR 10.4–19.3) as in 2 week control arteries (7.8 s, IQR
6.4–8.4) (Fig. 6A). However, there were no differences

Figure 7. Decentralization and spinal transection produce similar changes in the reactivity of tail arteries
A–E, comparison of data obtained from decentralized arteries (2 weeks �; 7 weeks �) with those from spinalized
arteries (2 weeks • 8 weeks �) (Yeoh et al. 2004). Combined data for age-matched and sham-operated control
arteries are also shown (2 weeks � 7–8 weeks �). A, peak amplitudes of contractions to 25 pulses at 0.1 and
0.5 Hz. B, peak amplitude (Amp) and half-width (HW) of contractions to 10 pulses at 10 Hz. C, peak amplitude
(Amp) and half-decay time (HD) of contractions to 60 mM K+. D, percentage blockade of contractions evoked by
100 pulses at 1 Hz produced by prazosin (10 nM, Praz) and idazoxan (0.1 µM, Idaz) applied alone and together
as indicated. The data points labelled ‘Phent’ indicate the percentage blockade after adding phentolamine (1 µM)
in the presence of both prazosin and idazoxan. E, EC50 values for phenylephrine (PE) and clonidine (Clon). Data
are presented as median and interquartile range and, statistical differences between decentralized and spinalized
arteries are indicated (∗ P < 0.05 and ∗∗ P < 0.01). Decentralized and spinalized arteries had indistinguishable
responses at 2 weeks. After 7–8 weeks, contractions to both nerve stimulation and raised K+ were no longer
prolonged in decentralized arteries and these were less sensitive to clonidine. In contrast, the combinations of
α-adrenoceptor antagonists blocked the contractions of spinalized arteries to a lesser extent.

in the half-decay time at the other time points (2 day,
control 6.1 s, IQR 5.9–6.6, decentralized 6.5 s, IQR 5.7–9.4;
7 week, control 11.3 s, IQR 8.2–11.9, decentralized 10.6 s,
IQR 9.2–13.5).

Relation between postjunctional reactivity
and nerve-evoked responses

The degree of association between the responses of arteries
to electrical activation (100 pulses at 1 Hz) and their
sensitivity to phenylephrine, clonidine and 60 mm K+ was
assessed using Spearman’s coefficient of rank correlation.
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While there was no correlation between the EC50 for
phenylephrine and the response to electrical activation
(P = 0.10), a significant negative correlation was found
between the EC50 value for clonidine and the response to
electrical activation (ρ = –0.45, P < 0.01). In addition,
a positive correlation was found between the increase
in effective pressure produced by 60 mm K+ and that
produced by 100 stimuli at 1 Hz (ρ = 0.84, P < 0.0001).

Comparison between arteries from decentralized
and spinalized animals

Figure 7 shows the data from decentralized arteries
together with data from spinalized arteries (data from Yeoh
et al. 2004). At 2 weeks and 7–8 weeks p.o., there were no
significant differences between the contractile responses of
decentralized and spinalized arteries to nerve stimulation
(Fig. 7A and B) or to 60 mm K+ (Fig. 7C) except that, at
7–8 weeks, the half-width of the contraction to 10 stimuli
at 10 Hz (Fig. 7B) and the 50% decay of the contraction
elicited by 60 mm K+ (Fig. 7C) were longer in spinalized
arteries than in decentralized arteries.

The blockades produced by prazosin and idazoxan did
not differ between decentralized and spinalized arteries at
2 weeks and 7–8 weeks, but the blockades produced by the
combination of these agents and following the addition
of phentolamine were smaller in spinalized arteries after
8 weeks (Fig. 7D). In addition, there was no difference in
the sensitivity to phenylephrine between decentralized and
spinalized arteries at either time point, but, at 7–8 weeks,
spinalized arteries were slightly more sensitive to clonidine
than decentralized arteries.

Relative to control arteries, the changes produced in
decentralized and spinalized arteries were remarkably
similar (Fig. 7). There was a slight difference in the duration
of the transient hypersensitivity to phenylephrine (see
Yeoh et al. 2004). In addition, the spinalized arteries had
reduced sensitivity to the combination of α-adrenoceptor
antagonists at 2 weeks p.o. (see Yeoh et al. 2004), but
this was not seen in decentralized arteries until 7 weeks.
Spinalized arteries, unlike decentralized arteries, showed
a maintained supersensitivity to clonidine. Similarly, the
prolongation of the contractions to both 10 stimuli at
10 Hz and 60 mm K+ was maintained after spinalization
but transient in decentralized arteries (see Yeoh et al.
2004).

Discussion

After decentralization, responses of the isolated rat tail
artery to electrical activation of sympathetic perivascular
nerve terminals were greatly enhanced in amplitude.
This increased responsiveness was clearly evident 2 days
after decentralization, had increased further after 2 weeks,
and was maintained for 7 weeks. In addition, the

responses to nerve stimulation were prolonged. These
changes were remarkably similar in kind and extent to
those observed in tail arteries after mid-thoracic spinal
transection (Fig. 7A and B; see Yeoh et al. for details). After
both interventions, tail arteries also showed enhanced
sensitivity to the α1-adrenoceptor agonist phenylephrine,
to the α2-adrenoceptor agonist clonidine, and to raised
extracellular [K+]. In both groups of arteries, the increased
sensitivity to phenylephrine was transient but, unlike
the spinalized arteries, neither the increased sensitivity
to clonidine nor the prolongation of the nerve-evoked
contractions was maintained in the decentralized arteries.
These findings show that, despite the marked parallels
between the changes in vascular reactivity, the effects of
decentralization and spinalization are not identical.

In the rabbit ear artery, decentralization also produced
an increase in the contractile response to nerve stimulation
(Tsuru & Bevan, 1980; Tsuru & Uematsu, 1986) and the
facilitatory effect of decentralization was most marked
at low frequencies of stimulation (0.1 Hz), as in the rat
tail artery. In decentralized rabbit ear arteries, the effect
on nerve-evoked contractions developed relatively slowly,
reaching a plateau 4 weeks after the intervention (Tsuru
& Uematsu, 1986). However, in contrast to the rat tail
artery, supersensitivity to NA was fully developed after
1 week and did not change significantly over 8 weeks.
The difference between postjunctional sensitivity and
responsiveness to nerve stimulation might be explained
by the increase in stimulus-evoked release of NA from
chronically inactive nerve terminals (Tsuru et al. 1993), as
has been shown for other decentralized tissues (Brown et al.
1967; Farnebo & Hamberger, 1973). Direct measurement
of NA overflow would clarify whether decentralization
increased transmitter release in rat tail artery. However,
NA overflow experiments were not performed because
the amounts of NA in the perfusion fluid were below the
level of detection of the available techniques (combined
gas chromatography/mass spectrometry).

The sensitivity of neurally evoked contraction to
blockade both by prazosin and by idazoxan was reduced
in decentralized tail arteries after both 2 and 7 weeks.
At 7 weeks, reduced blockade by these agents was not
associated with supersensitivity to phenylephrine or
clonidine, so it is unlikely that an increase in postjunctional
receptors is the main cause of the reduced effectiveness
of the antagonists. Furthermore, as complete blockade of
α-adrenoceptors reduced neurally evoked contraction by
about 95% in both control and decentralized arteries, the
decreased effectiveness of prazosin and idazoxan cannot be
explained by an increased role for cotransmitters in neural
activation. Our data are therefore consistent with increased
release of NA from perivascular sympathetic nerves after
decentralization.

The increased sensitivity of decentralized arteries to
phenylephrine lasted less than 2 weeks, and that to
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clonidine less than 7 weeks. Increased neuronal uptake of
phenylephrine cannot explain the loss of hypersensitivity
by 2 weeks as, at this time, there was no change in
sensitivity to methoxamine, which is not a substrate for the
neuronal NA transporter. The responses of decentralized
arteries to nerve stimulation were negatively correlated
with their EC50 for clonidine but not with that for
phenylephrine. The spinalized arteries also showed only
a transient supersensitivity to phenylephrine although it
was still detectable at 2 weeks p.o. (Yeoh et al. 2004). As for
decentralized arteries, the responses to nerve stimulation
and sensitivity to clonidine (but not phenylephrine) were
correlated in the spinalized arteries. Therefore, it is likely
that changes in the sensitivity of the vascular smooth
muscle to α2-adrenoceptor activation contribute, in part,
to the increased response of both decentralized and
spinalized arteries to nerve stimulation.

The blockade produced by each of prazosin and
idazoxan was similar in decentralized and spinalized
arteries (Fig. 7D). However, by 8 weeks, the blockade
produced by the combination of prazosin and idazoxan
and by the subsequent addition of phentolamine
was less in the spinalized arteries (Fig. 7D). The
α-adrenoceptor-antagonist-resistant component of the
nerve-evoked contraction increased to about 15% of
pre-drug-treatment values. This finding may indicate an
increased role for cotransmitters in spinalized arteries that
was not evident after decentralization.

Previous studies have reported that the
P2-purinoceptor antagonist suramin inhibits the
α-adrenoceptor-antagonist-resistant component of
contraction in rat tail artery evoked by trains of stimuli
at 20 Hz (Bao & Stjärne, 1993; Fukumitsu et al. 1999;
Bradley et al. 2003). However, contractions of both control
and 2 week decentralized arteries evoked by stimulation
at 1 Hz (100 stimuli or 25 stimuli) were blocked to a
similar extent by the combination of prazosin, idazoxan
and phentolamine. and by suramin together with
phentolamine. When applied alone, suramin potentiated
contractions evoked by stimulation at 0.5 and 1 Hz in
2 week decentralized arteries and in some of the control
arteries, as previously reported (Bao & Stjärne, 1993; Bao
et al. 1993).

The concentration of suramin used in this study
markedly reduces the amplitude of purinergic excitatory
junction potentials (McLaren et al. 1995) and abolishes
contractions to α,β-methylene ATP, consistent with
blockade of P2X1-purinoceptors. It is unlikely that the
augmentation of the nerve-evoked contraction produced
by suramin is due to a nonselective action of this
agent, as similar increases in the amplitude of electrically
evoked responses are observed with the P2-purinoceptor
antagonist, PPADS (unpublished observations), and
when the P2X-purinoceptors are desensitized with
α,β-methylene ATP (Bao et al. 1993). A presynaptic site

of action of suramin is also unlikely, as this agent does
not increase the release of endogenous NA evoked by
10 or 100 stimuli at 20 Hz (Bao & Stjärne, 1993; Bao
et al. 1993). To explain the facilitatory action of suramin,
it has been proposed that neuronally released ATP has
a postjunctional inhibitory action on the NA-mediated
component of contraction (Bao & Stjärne, 1993).

The amplitudes of the responses to 60 mm K+ in
decentralized and spinalized arteries were increased to a
similar extent after 2 weeks and after 7–8 weeks (Fig. 7C).
In contrast, the prolonged relaxation following washout
of 60 mm K+ was transient in decentralized arteries
(Fig. 7C), but sustained in spinalized ones. Nevertheless,
as the amplitude of responses of both decentralized
and spinalized arteries to electrical stimulation was
positively correlated with the amplitude of their responses
to 60 mm K+, it seems likely that hyperreactivity of
these vessels to neural activation can, in part, be
attributed to a postjunctional change. While it was
not possible to demonstrate a purinergic component of
the nerve-evoked contractions, the 2 week decentralized
arteries had augmented responses to α,β-methylene
ATP, indicating that the smooth muscle had increased
sensitivity to a range of contractile agents. As contractions
of the tail artery to clonidine, α,β-methylene ATP and
high [K+] are all dependent on the influx of extracellular
Ca2+ (Abe et al. 1987; Chen & Rembold, 1995; McLaren
et al. 1998), a possible explanation for the increased
response to these agents is that the contractile mechanism
is selectively sensitized to Ca2+ entering from outside the
cell. Alternatively, as these agents depolarize the muscle,
depolarization-induced Ca2+ entry may be enhanced.

The differences between some decentralization-induced
changes and those after spinal transection may reflect
their exposure to different conditions in vivo. (a) Arterial
blood pressure in rats spinalized at T7–8 is reduced initially
but recovers to normal by 4 weeks (Krassioukov et al. 2002;
Rodenbaugh et al. 2003), whereas decentralization of the
vasculature of the tail and lower hindlimbs is unlikely to
modify blood pressure. (b) Circulating catecholamines are
reduced after spinalization, as the major preganglionic
input to the adrenal gland arises below T7 (Strack et al.
1988), but should be normal in decentralized animals.
(c) Decentralized arteries receive no centrally derived
input and denervated postganglionic neurones do not
develop spontaneous activity (McLachlan, 1974; Jänig,
1995; Ireland, 1999). In contrast, spinalized vessels are
exposed to low levels of sympathetic activity with inter-
mittent reflex bursts, e.g. during the periodic manual
expression of urine in our experiments (Yeoh et al.
2004). Reflexes caudal to an injury may be enhanced by
novel intraspinal connections (Weaver et al. 1997) and/or
inflammation (Popovich & Jones, 2003).

In conclusion, decentralization produced a marked
increase in the response of the tail artery to nerve
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stimulation. As the responses of control and decentralized
arteries to nerve stimulation were correlated with their
responses to 60 mm K+ and with their sensitivity to
clonidine, postjunctional changes probably contribute to
the hyperreactivity to neural activation. The findings
also suggest that silencing sympathetic postganglionic
axons increases neurotransmitter release from their nerve
terminals, as it does at neuronal synapses (Gallego & Geijo,
1987; Murthy et al. 2001). Responses of decentralized and
spinalized arteries to nerve stimulation, 60 mm K+ and
clonidine were all similarly augmented, suggesting that
the major factor responsible for initiating the vascular
hyperreactivity to sympathetic reflexes following spinal
transection is decreased ongoing nerve activity.
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