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1. The reduction in vascular resistance which accompanies acute dynamic exercise does not
subside immediately during recovery, resulting in a post-exercise hypotension. This sustained
vasodilatation suggests that sympathetic vascular regulation is altered after exercise.

2. Therefore, we assessed the baroreflex control of sympathetic outflow in response to arterial
pressure changes, and transduction of sympathetic activity into vascular resistance during a

sympatho-excitatory stimulus (isometric handgrip exercise) after either exercise (60 min
cycling at 60% peak aerobic power (V02 peak)) or sham treatment (60 min seated rest) in nine
healthy subjects.

3. Both muscle sympathetic nerve activity and calf vascular resistance were reduced after
exercise (-29-7 + 8-8 and -25-3 + 91 %, both P < 0 05). The baroreflex relation between
diastolic pressure and sympathetic outflow was shifted downward after exercise (post-
exercise intercept, 218 + 38 total integrated activity (heartbeat)-'; post-sham intercept,
318 + 51 total integrated activity (heartbeat)-', P< 0 05), indicating less sympathetic
outflow across all diastolic pressures. Further, the relation between sympathetic activity and
vascular resistance was attenuated after exercise (post-exercise slope, 0 0031 + 0 0007 units
(total integrated activity)-' min; post-sham slope, 0 0100 + 0 0033 units (total integrated
activity)-' min, P< 0 05), indicating less vasoconstriction with any increase in sympathetic
activity.

4. Thus, both baroreflex control of sympathetic outflow and the transduction of sympathetic
activity into vascular resistance are altered after dynamic exercise. We conclude that the
vasodilatation which underlies post-exercise
vascular phenomena.

The haemodynamic response to large-muscle, dynamic
exercise is characterized by an increased mean arterial
pressure, despite a profoundly reduced systemic vascular
resistance. Although arterial pressure declines quickly after
an acute bout of exercise, systemic resistance does not
completely recover, resulting in a post-exercise hypotension
(Coats, Conway, Isea, Pannarale, Sleight & Somers, 1989;
Cleroux, Kouame, Nadeau, Coulombe & Lacourciere,
1992a; Isea, Piepoli, Adamopoulos, Pannarale, Sleight &
Coats, 1994) that lasts nearly 2 h in healthy individuals
(Halliwill, Taylor, Hartwig & Eckberg, 1996). This
sustained vasodilatation indicates that sympathetic vascular
regulation may be altered after exercise. There are two
possible sources for an alteration in sympathetic vascular
regulation: arterial baroreflex control of sympathetic outflow
and vascular responsiveness to sympathetic stimulation.

hvpotension results from both neural and

The arterial baroreflex exerts exquisite control over arterial
pressure and should respond to the hypotension by
increasing symnpathetic outflow. HowNTever, despite the
reduction in arterial pressure, sympathetic outflow to the
vasculature is either unchanged or reduced compared with
pre-exercise levels (Floras, Sinkey, A.l)ward, Seals, Thoren &
M\ark, 1989; Hara & Floras, 1992). Thus, baroreflex control
of sympathetic outflow may be altered by prior exercise;
however, it is unclear whether it is changes in gain and/or
resetting of the reflex that are responsible. Further, data
from animals suggest that vascular responsiveness to
adrenergic stimulation is attenuated after exercise (Howard,
DiCarlo & Stallone, 1992; Howard & DiCarlo, 1992; Patil,
DiCarlo & Collins, 1993). If such vascular effects predominate
in humans, a dissociation of vasoconstrictor responses
from sympathetic activity could result in post-exercise
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h potension evein if sympathetic outflow,were etihan ced.
HowN-ever, there are n1o data on the transduction of
sympathetic nerve activity into vascular resistance after
exercise in hlumcans.

Changes in l)aroreflex control of syimpathetic outflowr acnd
chanues in the trcansdluction of sympatlhetic outflow into
vasoconstriction are not mutually exclusive; therefore, we
investigated both b)aroreflex control of sympathetic nervous
outflow and the transduction of sympathetic outflow into
vascular resistance following moderate-intensity dynamnic
exercise in healthv lhumans. We have found previously that
the baroreflex control of heart rate was augmented after
exercise (Halliwill et al. 1996) and, therefore, hypothesized
that alterations in sympathetic transduction to vascular
resistance would be the predominant factor in generating
post-exercise hypotension. Howev-er, our results indicate that
alterations in both the l)aroreflex control of sympatlhetic
nervous outflowv anid transduction of sympathetic outflow\
into vascular resistance contribute to post-exercise vaso-
dilatation; thus, lost-exercise hypotension appears to result
from 0both neural and vascular nmechanisms.

METHODS
This study was approvedlby the Humiiian Research Committees of
the Aleclical College of Virginia ancl the Hunter Holmes AlcC;uire
Department of Veterans Affaiirs Medical Center. Each sul)ject gave
his or her informeled written consent pIrior to participation.

Subjects
Nine healthy, non-smnoking, normnotensive sul)jects participated in
this study (five imeni and fouir womnen, aged 22-27 years). TI'he
sul)jects' average daily l)hysical activity levels were within tlhe
normal range for a sedentary to moderately active population
(Stanford Physical Activity Questionnaire (Sallis et al. 1985):
365-502 keal day' kgM'). Peak aerol)ic powver (1'°2 peak) was
determiined with a uraded I maxi;imal cNcle ergometer test comprising
2 min workload incremients sifficient to achieve exhaustion within
13 mmin, and V w,,peak-as within the normllal range for this
population (36 5-51 (0 ml min-' kg-'). Thwis test was usecl to
determine the exercise workloads used in the following protocol.

Experimental protocol
Subjects underwent l)arallel experiments on two separate days. The
order of the experiments was randomnized )between shani, a 60 min
period of seated upriglht rest: ancl exercise, a 60 min periocl of
seatecl uprighit cycling at 60% 1°2i)eak (Collins 1edalmate,
WV. E. Collins Inc., B3raintree, AIA, USA). We lhave previously
shown that exer;cise of thi.s intensity ancl dluration produces a
sustained (-2 h) post-exercise hlypotension (Halliwill et al. 1996).
During exercise and slian, subjects were allowed to drink water ad
libi/amo. Ambient temper-atuLe ranged fiomn 22 to 24 C. During
eachi experimiient, hieart rcate, arteriial preisure ancd cardiac output
wele measULiedl in the supine position before and at 60 min post-
slhamii or -exercise. Heart rate and arterial pressu e were also
recordcled every 1O nin d(uring shalmn or exercise. The haroreflex
Control of syml)pathfetic outfloW was assessed 60 min post-shaim or
-exercise andl svympatlhetic control of vascular resistance was
assessed approximnately 90 mi n post-sham orI -exercise.

Baroreflex responsiveness. 'T'o assess the baroreflex control of
sympathetic outflow, InLIscle syml)athetic nierve activity was

m-neasured during arterial pressure changes indlucedl bw nitroprussicle
andl phenvlephrine (Ebert & Cowley, 1992). After a 5 min baseline
periodl, 100,ug socdium nitroprusside was given intravenously as a
olus, followed 1 min later bi 1,50ug p)lenylephrine HCI. This

piotocol decreases arterial l)ressuLe -15 mmlilHg below baseline
levels and then increases it - 1 5 mmnHg above baseline levels, over a
sihort timne course.

Vascular responsiveness. To assess the transduction of the
sympathetic activity into vascular resistance, calf bloo1l flow ancl
muscle srympathetic nerve activity were mneasure(d during isometri
lhandgrip exeicise helcd to fatigue. Isometr-ic exercise elicits a hIighly
rieproducible pressor response mediated by progressive, pairallel
increases in muscle sympathetic nerve activity an(d ascular
resistance (Seals_ 1989) Further there is a causal relation
between muscle sympathetic nerve activ-ity and calf -ascular
resistance, providling a non-pharmacological method to quantify
the transduiction process. All subjects hacl undergone two previous
training sessions in which they leamnecl to perfoirim isomnetric
lhandgrip exercise to fatigue with either lhand. In the training
sessions, subjects were coached to avoid gasping breaths VXalsalva
manoeuvers (forceful breath holding), and contraction of other
limnbs. During the experiments, the maximum v\oluntary contriaction
was determined fiom the best of thIee attemnpts after the subject
had coompleted slhaIm oIr exercise. After recovery fiom the baroreflex
testing and a 5 mmin baseline period, the subject miaintainecl an
isiometric forearmln contraction at 35% of maximnumn voluntary
contraction to the poinit of fatigue. Force fiomi a clynamomiieter
(Carolina Biological Suppl- Co., Burlington, NC, USA) was
displayed to the subject on an oscilloscope withi the target force.
The encl-point of fatigue was identified lw an-i inability to maintain
hlanclgrip force witlhin 10% of the target level for greater than 2 s
and pronouncement of a maximal perceived exertion irating (Borg,
1970).

Measurements
Heart rate was determ miiledl froim an electrocardiogram recolding,
beat-bl-beat arterial pressure was measurecl in a finger tusilng a
Finapres)blood pressure monitor (AMoclel 2300, Ohmeda, Englewood,
CO, USA), and standard arterial pressure was measured in ani arin
using a Dinamap 1)lood0 pressure monitor (MAlodel 1846SX, Critikon
Inc., Tampa, FL, USA). Respiration was monitored continuously
using a bellows placed across the subject's abdomlien andl linked to a

piessure transducer.

Cardiac output. Cardliac oUttput w\as estimllatedI bw the indiIect
Fick imiethod of carbon dlioxidle (CD2) rebreathiing to equilibrium, as
described previously (Collier, 1956; Halliwill ci al. 1996).

Muscle sympathetic nerve activity. Aluscle symnipafltetic nerve
activ'it\y was recorded via micrdoneurogra)hiv, as described b1
Sundl6f & WVallin (1977). Briefly, miiultiunit, postganglionic mlluscle
sympatlhetic nerve acti-itv was recoidcled firomn the peroneal nerve
posterior to the fibtular hlead. Recordings were made withi a

tungsten miuicrIoelectr'ocde (0-2 ilI diamiueter' insullatedI slhaft, tapered
to an unlinsulatecd tip of -1-5 j/imi) inserted inlto the nerNve blundle
andcl an uninsulatecl reference electrode insertecl near the fibular
hiead (-2-3 cm fiom the recording electrocde). The nerve was
locatedl bwtusing the microelectrodle first as a stimuitilatino electrode
to initiate muscle twitches, and then as a iecording electrode to
identify a fascicle which contained imiu.scle svnil)athetic activity.
Alusele sympathetic nerve activity was distinguishled fiom aother
sources of nerve activity bw the following criteria: (1) presence of
sl)ontaneouS pulse svnchronous bursts, (2) increased activity
(dturing Valsalva straining, (3) muscle afferenit activity with iliusele
stretch, ancd (4) no chantge of activity during lighlt stroking of the
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Post-exercise vasodilatation

Table 1. Systemic and regional haemodynamics and sympathetic outflow

Post-sham Post-exercise

SYstolic aiterial pressure (mmifHg) 131 + 3 123 + 5*
Diastolic pressure (mmHg) 71 + 2 65 + 3
Alean arter ial pressure (inm Hg) 91 + 2 84 + 3*
Cardiac output (I mint) 5-9 + 0 4 7 0 + 0-6*
Total peripheral resistance (units) 16-3 + 1-5 12-8 + 1.5*
Calf blood flowr (ml min-1 (100 ml)F1) 2-20 + 0 34 2-86 + 0-36
Calf -asculair resistance (units) 47-4 + 5-4 34-2 + 4-9*
MIuscle sy unpathetic nerve activity

(bursts min1) 15-7 + 2-7 8-9 + 1-5*
(total integrated activity (min)') 2290 + 340 1600 + 300*
(bur'sts (100 heartbeats)-) 274 + 5 0 14-8 + 2-8*
(total integrated activity (100 heartbeats)F') 4000 + 620 2660 + 530 *

Values are means + S.E.M. * indicates deviations from post-sham (P < 0 05).

skin or with startling the subject with loud noises, indicating lack
of skin nerve activity. The recordecd signal was amplified 70000-
fold, bandpass filterecl (700-2000 Hz), rectified, and integrated
(resistance-capacitanice integrator circuit, time constant 0 1 s) b)y a
nerve traffic analyser (Model 662C3, Biomnedical Engineering,
University of Iow-a, Iow-a City, IA, USA). The resulting signal was
miionitored on an oscilloscope and loudspeaker througlhout the
experiment. Sympathetic activity was recorded in the leg ipsilatei-al
to the arm pertform)iing lhandgrip exercise and contralateral to tlle
leg used for calf blood-flow measurements. The set-up was reversecl
on the second day of tle experiment.

Calf blood flow. Calf blood flox- was estimnated bsy venous occlusion
plethysmography, as described bY Siggaard-Andersen (19570). An
air-filled, latex plethlnsmographic cuff was placed mid-calf and
connected to a voltumetr'ic pressure transducer (M\odel PT5, Grass
Instrument Co., Quincy, AIA, USA) for recording changes in calf
volume. An arter ial occlusion cuff around the ankle was
continuously inflate(d to suprasystolic pressures (250 mmHg)
during mneasuremenits, wh-lile a veenous occlusion cuff around tlle
thigh was inflated to 60 mmnHg for 715 s out of every 15 s,
p)roviding one calf blood-flow- measurement every 15 s. Calf blood
flow was caliblrate(d at the encl of every experiiment b)y a(dcling
known volumnes of air to the pletlhysm-nographic cuff still in place on
the sulbject. Thiis 1)1ood flow was expressed as millilitres per imiinute
pel one hundclrecl miillilitres of tissue.

Data analysis
t)ata were recorded b)y electrostatic (Gould ES 1000, Gould Inc.,
(Greenbelt, MD, USA) ancl FAI tal)e (Model 3968A, Hewlett
Pacl,kard) recorders. D)ata were ancaly-sed off-line with signal
p)rocessing software (WinDaq, Dataq Instruments, Akron, OH,
LTSA). The electrocardiogran,m beat -lw-b)eat arterial pressure, calf
plethysmogram, i ntegr atecl muscle symlpathetic nerve activity, ancl
respiration signal (bellows) were cligitized at 250 Hz. AMuscle
sympathetic nerve activity was quantifiedI as both the numbll)er of
boursts ancl as total initeg-ratecl activity, (lefinied as the summned area
of bursts. Data foti derivation of venitilation volumnes anid(CO2
concentrations were (ligitized at 100 Hz. 'I'otal periplheral resistance
was calculated 1 w dividing mean arterial pressure by cardiac
outpLut, andl calf \vasCular resistance was calculatecl by lividling

mnean arterial pressure by calf blood flow; both resistances were
expressed as units. Since i-esistance values derived from Finapres
and Dinamap pressures provided analogous results, only those
based on Finapres pressures are presented.

A measure of baroreflex control of sympathetic outflow was

proxvided byr the relation between muscle sympathetic nerve
activity and diastolic pressure during vasoactive drug boluses
(Ebert & CowAley, 1992). We used diastolic pressure because muscle
sympathetic nerve actixvity correlates closely wvith diastolic pressure
but not with systolic pressure (Sundl6f & Wallin, 1978). Beat-by-
beat values for nerve activity were averagedlover 3 mmHg diastolic
pressure ranges and a weighted linear regression betwN-een nerve
activity and pressure was performed. This pooling procedure
reduces the statistical impact of the inherent beat-by-beat
variability in nerve activity due to non-baroreflex influences
(e.g. respiration; Ebert & Cow-ley, 1992). The mean nerve activity
ancl pressure during the 5 mnin baseline that precedecd nitroprusside
adlministration was included in the regression.

An index of the transdduction of sympathetic activity into -ascular
resistance was derived fiomn the r-elationship between calf vascular
resistance and muscle sympathetic nerve activity. This was
calculated fiom a weiglhted linear regression of 30 s values foi calf
vascutlar resistance and nerve activity (i.e. the mean of two calf
blood-flow measurieinents were usecl fir each point in the
regression). The reaniesistance ancl nerve activity durinn the
5 mmin baseline that preceded handgrip exercise were included in the
regression.

Since regressions based on total integmatecl activity and burst
niuml)e providlec identical results, only those baseed on total
integrated activitV aie plesented.
Statistics. VTariables which were measured after shamn or exercise
were compared using a paired Student's t test. All variables
measutred during sham ovr exer-cise wrere averaged for the entire
60 itwin period andl comiipared with l)pe-exelcise values by a

repeatedl-measures anialysis of v-ariarnce. The baroreflex ancd
trans(luction relations were analyNsedl b)y multivariate linear
regression modlels witlh rmepeate(d meastures. All values ame repolrtedl
as iimeanls + SE.N1.
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Figure 1. Representative vascular baroreflex data
Representative data from one subject showing beat-by-beat arterial pressure, electrocardiogram, beat-by-
beat R-R interval, and integrated muscle sympathetic nerve activity during nitroprusside and
phenylephrine baroreflex testing.

RESULTS
Exercise
The mean exercise workload was 130 + 10 W. During this
time heart rate increased from 62X0 + 2-2 beats min-' at
rest to 138-2 + 3-1 beats min-' during exercise (mean for
entire 60 min of exercise, P< 0 05). This represented, on

average, 63-0 + 1P9% of heart rate reserve (heart rate
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reserve is defined as resting supine heart rate minus
maximum heart rate achieved during Vo, peak test),
indicating the targeted relative workload had been reached.
Systolic pressure increased 34 + 4 mmHg (P < 0 05), while
diastolic pressure was unchanged (0 + 4 mmHg) during
exercise. As a result, mean arterial pressure increased with
exercise (+11 + 3 mmHg, P < 0 05). Neither heart rate nor

arterial pressure changed with sham.

.

Figure 2. Representative vascular baroreflex relation
Representative baroreflex relation derived from data in Fig. 1.
0, 5 min baseline that preceded nitroprusside administration.
*, the mean nerve activity across a 3 mmHg range of pressure.

Regression: muscle sympathetic nerve activity
(MSNTA) = 310 - 361 diastolic pressure (DBP); r, -0-88.
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Post-exercise vasodilatation

Systemic and regional haemodynamics and
sympathetic outflow
Table 1 shows systemic and regional haemodynamics and
sympathetic outflow at 1 h recovery post-sham and post-
exercise. Mean arterial and systolic pressures were less post-
exercise (both P < 0 05). Cardiac output was higher after
exercise (P < 0 05), whereas both total peripheral and calf
vascular resistances were lowrer (-21P7 + 4-9 and -25-3 +
94 %, both P < 0 05) after exercise. Concurrent -with these
haemodynamic changes, muscle sympathetic nerve activity
was lower after exercise, regardless of whether it was
assessed as burst number or total integrated activity.
Baroreflex control of sympathetic outflow
Figure 1 shows data from one subject during injections of
vasoactive drugs. Nitroprusside and phenylephrine elicit a
sequential fall and rise in pressure that provoke reflex
changes in heaIrt period (R-R interval), and muscle
sympathetic outflow. Changes in diastolic pressure were

similar after sham and exercise (mean fall: -13-2 + 1 6 vs.

-15 6 + 2 4 mmHg, P= 0 37; mean rise: 116 + 2 0 vs.
12 0 + 2-4 mmHg, P= 0 79). The relation between muscle
sympathetic nerve activity and diastolic pressure derived
from the data in Fig. 1 is shown in Fig. 2. This relation wNas
used to assess baroreflex control of sympathetic outflow. A
close relation between nerve activity and pressure was seen
in each subject (mean correlation coefficient, r = -074 +
0 08). Figure 3 shows the mean baroreflex relations.
Although the slopes of the relations were not different
(-3 96 + 0 72 vs. -3 05 + 0 70 total integrated activity
(heartbeat)-' mmHHg-, P = 0410), the intercept was less
post-exercise (318 + 51 vs. 218 + 38 total integrated
activity (heartbeat)-', P< 0 05), indicating that the entire
relation was shifted downward, and that across all diastolic
pressures, muscle sympathetic nerve activity was less. In
contrast, the relation between heart rate and arterial
pressure was unaltered, as we have found previously
(intercept: 201 + 23 vs. 174 + 17 beats min-', P= 0413;
slope: -1-05 + 0416 vs. -0-91 + 0414 beats min-' mmHg-',
P = 0-36; Halliwill et al. 1996).

Figure 3. Mean vascular baroreflex relations
Mean baroreflex relations after shain (continuous line) ancl after
exercise (dashedl linle; ii = 9). Also sho-wn are the baseline values
for post-shamn (0) and post-exercise (0), and the mean values
from each subject's lowest andc highest diastolic pressures post-
sham (0) and post-exercise (0). Error bars indicate 5.E.M.
Post-sham regression: AISNA = 318 - 396 DBP; r, -0-88;
post-exercise regression: AISNA = 218 - 305 DBP; r, -0-83.

Transduction of sympathetic activity into vascular
resistance
Figure 4 shows data from one subject during the handgrip
portion of the protocol. Isometric handgrip exercise elicits a
progressive rise in arterial pressure and parallel increases in
muscle sympathetic nerve activity and vascular resistance.
Handgrip strength and time to fatigue were consistent on
each day of the experiment (35% maximal voluntary
contraction: 12'3 + 0 9 vs. 12-0 + 1P3 kg, P = 0 70; time to
fatigue: 237 + 24 vs. 252 + 41 s, P = 0 70). The relation
between calf vascular resistance and muscle sympathetic
nerve activity derived from the data in Fig. 4 is shown in
Fig. 5. A close relation between calf vascular resistance and
nerve activity was seen in each individual (mean
r, 0 76 + 0 04). This relation was used to assess the
transduction of sympathetic activity into vascular resistance.
Figure 6 shows the mean transduction relations expressed as
total integrated activity. The slope of the relation was
greatly attenuated post-exercise (0-0100 + 0 0033 vs.
0-0031 + 0 0007 units (total integrated activitvy)-imin,
P < 0 05), but the intercept was unaltered (19 6 + 11 vs.
2641 + 4-2 units, P = 0412), indicating that with any
increase in muscle sympathetic nerve activity, there is less
of an increase in calf vascular resistance after exercise, and
that this disparity becomes more apparent with greater
sympathetic activation.

DISCUSSION
These data provide conclusive evidence for altered
sympathetic vascular regulation after acute dynamic
exercise in humans. Despite strong evidence for a persistent
post-exercise vasodilatation, there are no previous data on
baroreflex control of sympathetic outflow or sympathetic
control of vascular resistance after exercise in humans. Our
findings are schematically summarized in Fig. 7. First, we
found striking reductions in baseline muscle sy-mpathetic
nerve activity, which w\ere associated with a dowxnward shift
of the sympathetic nerve activity-arterial pressure relation.
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Figure 4. Representative handgrip data
Representative data from one subject showing electrocardiogram, arterial pressure, integrated muscle
sympathetic nerve activity, calf blood flow, and the derived calf vascular resistance during the handgrip
part of the protocol.

This indicates that an alteration in baroreflex control of
sympathetic outflow does contribute to post-exercise vaso-
dilatation. Second, we found a dramatic attenuation of the
vascular resistance-sympathetic nerve activity relation.
This indicates that an impairment in the transduction of
nerve activity into vascular resistance also contributes to
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post-exercise vasodilatation. Thus, the reduced vascular
resistance which underlies post-exercise hypotension results
from both neural and vascular phenomena.

Although we document changes in sympathetic vascular
regulation only to skeletal muscle, these alterations have an
important functional impact on systemic haemodynamics.

0

0. 0

0*
*0

Figure 5. Representative handgrip transduction relation
Representativ,e transduction relation derived from data in Fig. 4.
0, 5 min baseline that preceded handgrip exercise. 0, the mean nerve

activity and vascular resistance during a 30 s period. Regression: calf
vascular resistance (CVR) = 27-4 + 0 0033 MSNA; r, 078.

82-12

0 4000 8000 12000 16000

Muscle sympathetic nerve activity
(total integrated activity (min)-')

J. Physiol.495.1284



Post-exercise vasodilatation

70 -

Figure 6. Mean transduction relations
Mean transduction relations after sham (continuous line) and after exercise
(dashed line; ii = 9). Also shown are the baseline values for post-sham (0)
and post-exercise (@), and the mean values from each maximal nerve
activity post-shain (0) and post-exercise (0). Post-sham
regression: CVR = 19-6 + 00100 MSNA; r, 0 93; post-
exercise regression: CVR = 26 1 + 0-0031 MSNA; r, 0 93.
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Skeletal muscle can receive up to 88% of systemic blood
flow during exercise (Rowell, 1993) and changes in skeletal
muscle blood flow at rest can profoundly affect systemic
arterial pressure (Rowell, Detry, Blackmon & Wyss, 1972).
Further, we found that total peripheral resistance and calf
vascular resistance changed in parallel, strongly suggesting
that what occurs in the lower leg does indeed reflect what
occurs systemically. Therefore, our findings of regional
neural and vascular changes underlying a vasodilatation
after exercise are likely to have a functional significance in
mediating post-exercise hypotension.
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Neural mechanisms
All our subjects had a decreased sympathetic nerve activity
within the 2 h immediately following acute dynamic
exercise. Previous assessments of sympathetic outflow after
exercise have yielded equivocal results (Floras et al. 1989;
Floras & Senn, 1991; Hara & Floras, 1992), perhaps because
the exercise protocols used did not consistently produce
post-exercise hypotension. In association with the reduced
nerve activity, we also found that the relation between
sympathetic activity and arterial pressure is shifted
downward after exercise. Thus, sympathetic vasoconstrictor
outflow is less at any pressure, contributing to the reduced
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Figure 7. Schematic summary of results
Mtodel of altered vascular regulation after exercise, incorporating shift in baroreflex control of sympathetic
outflow and attenuation of the transduction of sympathetic activity into vascular resistance. Sham relations
are continuous lines; exercise relations are dashed lines.
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vascular resistance after exercise. This resetting of the
arterial baroreflex to lower pressures could occur either at
the level of the baroreceptors themselves or in the central
nervous system. It is unlikely that the baroreceptors
themselves are reset, since baroreflex control of heart rate is
not altered at the time when our sympathetic recordings
were made (Halliwill et al. 1996). As afferent baroreceptor
activity does not subserve specific efferent outflows, this
excludes baroreflex resetting at the baroreceptor level and
indicates a change in the central nervous system control of
vascular sympathetic outflow. A central opioid pathway,
activated by exercise, has been suggested to mediate post-
exercise vasodilatation by inhibiting sympathetic vaso-
constrictor outflow (Thoren, Floras, Hoffman & Seals, 1990).
However, recent studies have found no role for a central
opioidergic mechanism in mediating post-exercise hypo-
tension (Hara & Floras, 1992; Sebastian, Moran & Tipton,
1995). Nonetheless, it is apparent that some central
alteration in the arterial baroreflex results in a downward
shift in the sympathetic outflow-arterial pressure relation.

It is possible that the alteration is not due to a change in the
arterial barorefl,ex per se, but is due to increased sympatho-
inhibitory input from cardiopulmonary receptors. Although
exercise usually produces hypovolaemia (sweating and
extravascularization of fluids lead to plasma volume loss),
plasma volume returns to normal and can even increase
during recovery from exercise due to changes in fluid-
regulating hormones or elevations in plasma protein
(leading to fluid shifts from the extravascular space; R6cker,
Kirsch, Heyduck & Altenkirch, 1989; Gillen, Lee, Mack,
Tomaselli, Nishiyasu & Nadel, 1991). Some volume
expansion may have occurred prior to our measurements
(we did not measure plasma volume); however, volume
expansion of greater than 11 would be required to elicit the
magnitude of symnpatho-inhibition that we found (Vissing,
Scherrer & Victor, 1989) and volume expansion of this
magnitude is unlikely to have occurred as quickly as 1-2 h
post-exercise (Rocker et al. 1989; Gillen et al. 1991).
Nonetheless, the influence of cardiopulmonary reflexes
could be enhanced by a single bout of exercise. Indeed,
Collins & DiCarlo (1993) reversed the post-exercise hypo-
tension in rats by blocking cardiopulmonary afferent nerves.
It is unclear if this mechanism is responsible in humans.
Reductions in central blood volume presumed to unload the
cardiopulmonary baroreceptors have been shown to produce
both unchanged and augmented forearm vascular resistance
responses (Bennett, Wilcox & Macdonald, 1984; Cleroux,
Kouame, Nadeau, Coulombe & Lacourciere, 1992 b).
However, these data are insufficient to derive any conclusions
concerning cardiopulmonary responses in humans due to
methodological limitations (Taylor, Halliwill, Brown,
Hayano & Eckberg, 1995) and to measurement limitations
(i.e. no information on sympathetic responses). Regardless,
it may be that increased cardiac filling pressures secondary
to modest hypervolaemia interact with augmented respons-

outflow, thus shifting the nerve activity-arterial pressure
relation in humans.

Vascular mechanisms
We found not only a clear sympatho-inhibition, but also a

striking attenuation of the relation between sympathetic
activity and vascular resistance during recovery from
exercise. Thus, even if sympathetic vasoconstrictor outflow
were unchanged, impaired vascular responsiveness would
result in reduced vascular resistance after exercise.
Ineffective transduction of nerve activity into vaso-

constriction could result from less neurotransmitter release.
For example, circulating opioids may be increased after a

single bout of exercise (Schwarz & Kindermann, 1992).
Sympathetic nerve terminals possess presynaptic inhibitory
opioid receptors (Wong-Dusting & Rand, 1989) that may be
occupied after exercise, effectively reducing noradrenaline
release. Although systemic opioid blockade with naloxone
has been shown to reverse post-exercise hypotension in
animals (Shyu & Thoren, 1976; Devine, Sebastian, Monnin
& Tipton, 1991; Sebastian et al. 1995), it has had mixed
results in humans (Boone, Levine, Flynn, Pizza, Kubitz &
Andres, 1992; Hara & Floras, 1992), and the role of opioids
remains controversial (Sebastian et al. 1995). Presynaptic
inhibition can also be caused by neuropeptide Y (Lundberg
& Stjarne, 1984), which is co-released with noradrenaline
during exercise (Pernow et al. 1986). After exercise,
neuropeptide Y may remain bound to presynaptic receptors,
reducing noradrenaline release (Pernow et al. 1986).

The most likely site for ineffective transduction of
sympathetic outflow into vascular resistance is arterial
smooth muscle, through receptor downregulation or local
vasodilatator substances. Post-exercise reductions in
vascular responsiveness to adrenergic stimulation have been
shown in isolated aortic strips (Howard et al. 1992) and in
conscious rabbits (Howard & DiCarlo, 1992) and rats (Patil et
al. 1993). Using nitric oxide synthetase blockade in rats,
Patil et al. (1993) were partially able to reverse the
attenuated adrenergic responsiveness of smooth muscle
after exercise, strongly supporting a role for enhanced nitric
oxide activity in post-exercise vasodilatation. While there
are no analogous data from humans, the strongest effect on
vascular responsiveness may be that of nitric oxide.

In conclusion, we found that persistent vasodilatation
following a single bout of moderate-intensity dynamic
exercise is mediated in two ways. First, baroreflex control of
sympathetic outflow is altered, such that sympathetic
outflow at any given pressure is less. Second, transduction
of sympathetic activity into vascular resistance is also
altered, such that vascular resistance is even further
reduced. Thus, post-exercise hypotension appears to result
from both neural and vascular mechanisms.

iveness of cardiopulmonary reflexes to inhibit sympathetic
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