
Astronauts experience symptoms suggestive of autonomic

dysfunction, including nausea, vomiting and dizziness,

during the earliest days of space missions (Young et al.
1993), and subsequently develop mild anaemia (Alfrey et
al. 1996) and hypovolaemia (Johnson et al. 1977). Despite

these changes, astronauts adapt remarkably well to

microgravity, and their cardiovascular function remains

normal (Rummel et al. 1976). However, upon return to

Earth and its gravitational forces, harmful consequences

of this adaptation emerge, with orthostatic presyncope

occurring in up to 64 % of astronauts (Buckey et al. 1996b).

The orthostatic changes observed in astronauts on

return from space travel resemble the clinical syndrome

of orthostatic intolerance. The latter is encountered

among otherwise healthy young adults, who experience

inordinate tachycardia on standing, associated with

unusually augmented sympathetic activity. Although

genetic (Shannon et al. 2000) and acquired (Jacob et al.
2000) etiologies of orthostatic intolerance have recently

been elucidated, most patients’ pathophysiology remains

poorly understood. A major rationale for the autonomic

studies conducted during the Neurolab mission was that a
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Astronauts returning from space have reduced red blood cell masses, hypovolaemia and orthostatic

intolerance, marked by greater cardio-acceleration during standing than before spaceflight, and in

some, orthostatic hypotension and presyncope. Adaptation of the sympathetic nervous system

occurring during spaceflight may be responsible for these postflight alterations. We tested the

hypotheses that exposure to microgravity reduces sympathetic neural outflow and impairs

sympathetic neural responses to orthostatic stress. We measured heart rate, photoplethysmographic

finger arterial pressure, peroneal nerve muscle sympathetic activity and plasma noradrenaline

spillover and clearance, in male astronauts before, during (flight day 12 or 13) and after the 16 day

Neurolab space shuttle mission. Measurements were made during supine rest and orthostatic stress,

as simulated on Earth and in space by 7 min periods of 15 and 30 mmHg lower body suction. Mean

(± ...) heart rates before lower body suction were similar pre-flight and in flight. Heart rate

responses to _30 mmHg were greater in flight (from 56 ± 4 to 72 ± 4 beats min_1) than pre-flight

(from 56 ± 4 at rest to 62 ± 4 beats min–1, P < 0.05). Noradrenaline spillover and clearance were

increased from pre-flight levels during baseline periods and during lower body suction, both in

flight (n = 3) and on post-flight days 1 or 2 (n = 5, P < 0.05). In-flight baseline sympathetic nerve

activity was increased above pre-flight levels (by 10–33 %) in the same three subjects in whom

noradrenaline spillover and clearance were increased. The sympathetic response to 30 mmHg

lower body suction was at pre-flight levels or higher in each subject (35 pre-flight vs.

40 bursts min–1 in flight). No astronaut experienced presyncope during lower body suction in

space (or during upright tilt following the Neurolab mission). We conclude that in space, baseline

sympathetic neural outflow is increased moderately and sympathetic responses to lower body

suction are exaggerated. Therefore, notwithstanding hypovolaemia, astronauts respond normally

to simulated orthostatic stress and are able to maintain their arterial pressures at normal levels.

(Received 11 April 2001; accepted after revision 12 September 2001)

Corresponding author D. Robertson: Center for Space Physiology and Medicine, Vanderbilt University, AA-3228 MCN,
Nashville, TN 37232-2195, USA.   Email: david.robertson@mcmail.vanderbilt.edu

Journal of Physiology (2002), 538.1, pp. 321–329 DOI: 10.1013/jphysiol.2001.012576

© The Physiological Society 2002 www.jphysiol.org



better understanding of the altered physiology that leads to

postflight orthostatic symptoms in astronauts might help

elucidate pathophysiology in patients with orthostatic

intolerance.

Ours is one of three articles (Cox et al. 2002; Levine et al.
2002) reporting autonomic studies performed on astronauts

who participated in the Neurolab space shuttle mission.

We conducted this research because prior studies of

sympathetic nervous system function in space yielded

conflicting results. Although postflight plasma nor-

adrenaline levels in astronauts are consistently elevated in

supine and upright tilt positions (Whitson et al. 1995;

Fritsch-Yelle et al. 1996), in-flight catecholamine levels

(compared with pre-flight levels in the supine position)

have been shown to be decreased (Leach et al. 1983),

unchanged (Leach et al. 1996), or increased (Kvetn̆ansk ‚y et
al. 1991; Norsk et al. 1995).

We report the first comprehensive measurements of

human sympathetic nervous system function in space,

comprising plasma noradrenaline concentrations, nor-

adrenaline spillover and clearance and directly recorded

muscle sympathetic nerve activity, during supine rest and

orthostatic stress, simulated on Earth and in space by

lower body negative pressure. We tested the hypotheses

that microgravity exposure reduces sympathetic neural

outflow and impairs sympathetic neural responses to

orthostatic stress. Some of these results have been

published in abstract form (Ertl & Neurolab Autonomic

Team Investigators, 1998).

METHODS
Subjects
This study was performed as part of the integrated series of the
human autonomic investigations of the Neurolab space shuttle
mission, as described in detail by Cox et al. (2002). We studied six
male astronauts whose mean (± ...) age was 40 ± 2 years, height
187 ± 2 cm and weight 89.3 ± 3.7 kg. This study conformed with
the Declaration of Helsinki, and all subjects signed consent forms
approved by the National Aeronautics and Space Administration
(NASA) Human Subjects Review Committee and the institutional
review boards of the principal investigators’ institutions. Four
subjects participated in all pre-flight, in-flight and postflight
sessions. One additional subject participated in pre-flight sessions
and sessions 1 and 5 days after landing, with measurements of
noradrenaline kinetics. A sixth subject participated in pre- and
postflight sessions, but without measurements of sympathetic
nerve activity or noradrenaline kinetics. We indicate the number
of subjects for each measurement; because of NASA restrictions
and technical difficulties, not all astronauts were studied in all
protocols.

Heart rate and arterial pressure
Heart rate was derived from a surface electrocardiogram. Finger
arterial pressure was measured by finger photoplethysmography
(on Earth, Finapres, Ohmeda, Englewood, CO, USA; in space,
Finapres, as modified by TNO  TPD Biomedical Instrumentation

(BMI) Academic Medical Center, Amsterdam, The Netherlands,
for the European Space Agency). 

Noradrenaline spillover and clearance
Left and right antecubital veins were cannulated for tritiated
noradrenaline ([3H]NA) infusion and blood drawing. One-hundred
microcuries of [3H]NA (L-[ring 2,5,6-3H] noradrenlaline, Du Pont-
NEN, Boston, MA, USA) in 1 ml of ethanol was stored at –20 °C, and
then mixed with 55 ml normal saline just prior to performance of
the protocols. The infusion syringe contained approximately
13.5 ng ml_1 of tracer noradrenaline. The infusion was initiated
with a 13.5 ml (24.0 mCi) loading dose given over 1.5 min.
The steady-state maintenance infusion rate was 0.45 ml min_1

(0.81 mCi min_1), delivered with a Baxter INFUSO.R infusion
pump (Baxter Healthcare Corp., Deerfield, IL, USA). The
infusion was begun at least 30 min prior to the first blood
sampling, during baseline recordings prior to lower body suction.

With each blood sampling, two 5 ml samples were drawn into
vacuum gel separator tubes containing 1.8 mg ml_1 EGTA and
1.2 mg ml_1 glutathione (Boomsma et al. 1993). Samples were
placed on ice on Earth, or in a _4 °C methocel gel pack in space
and centrifuged within 30 min, at 1295 g for 15 min. The samples
were then placed in a _70 °C freezer on Earth, or in a _20 °C
freezer in space until landing, when they were transferred to a
_70 °C freezer. Samples were analysed for noradrenaline by high
precision liquid chromatography with electrochemical detection
(HPLC). The 3H activity in samples was assayed by liquid
scintillation counting (LS 6000IC, Beckman Instruments,
Fullerton, CA, USA). 

Whole-body noradrenaline clearance, expressed in litres per
minute, was calculated as [3H]NA infusion rate/plasma [3H]NA
specific activity.

Whole-body noradrenaline spillover, expressed in micrograms
per minute, was calculated as whole-body noradrenaline
clearance w plasma noradrenaline concentration.

Muscle sympathetic nerve activity
Peroneal nerve muscle sympathetic activity was recorded as
described previously (Wallin & Eckberg, 1982). Briefly, the nerve
was located with cutaneous electrical stimulation (H-Reflex
Stimulator, Canadian Space Agency). A tungsten reference electrode
(FHC, Bowdoinham, MA, USA) was inserted subcutaneously,
~2 cm from the nerve, and a tungsten recording electrode with an
uninsulated tip diameter of ~2 mm was inserted through the skin
near the nerve. Adjustments of the recording electrode position
were made according to auditory signals generated by impaled
nerves. Both electrodes were connected in series to a differential
preamplifier and an amplifier (NASA, Houston, TX, USA),
isolated by two 100 mA current limiters. The nerve signal was
amplified (total gain 70 000 to 160 000), rectified, band-pass
filtered (700–2000 Hz) and integrated (time constant 0.1 s) to
obtain mean voltage neurograms. Satisfactory recordings of muscle
sympathetic nerve activity were defined by pulse-synchronous
bursts that increased during end-expiratory apnoea or Valsalva
straining and did not change during tactile or auditory
stimulation.

Sympathetic bursts were identified initially by software written by
A. Diedrich, Vanderbilt University, in PV Wave (Visual Numerics
Inc., Houston, TX, USA). An automated detection algorithm
included artefact elimination, dynamic noise level detection and
signal-to-noise estimation. Bursts were selected if the signal-to-
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noise ratio was greater than 2:1, and bursts occurred about 1.3 s
after the previous (one removed) electrocardiographic R wave.
The computer selection of sympathetic bursts was overseen and
corrected by two experienced microneurographers. Muscle
sympathetic nerve activity is expressed in bursts per minute and
burst height (each burst recorded during lower body suction was
normalized by dividing it by the average burst height prior to the
beginning of suction).

Lower body negative pressure
Suction was applied with subjects supine in lower body chambers
sealed at the iliac crests. The chamber used on Earth was made of
rigid plastic, and the chamber used in space, developed by the
Deutsche Agentur Raumfahrtagelegenheiten (DARA), was made
of collapsible fabric. Both chambers had windows to allow leg
access for microneurography. After 7 min of baseline recording,
steady pressure was applied at _15 and _30 mmHg, in fixed order,
for 7 min each. Data were analysed during the third to fifth minute
of each 7 min period, and blood was drawn at the end of each
segment.

Physiological signals were digitized on-line during pre- and
postflight sessions with Windaq hardware and software (DA-220,
DATAQ Instruments, Akron OH, USA) and during in-flight
sessions, with data acquisition programs developed by NASA. In-
flight signals were down-linked to Earth to allow investigators to
monitor cardiovascular parameters and assist astronauts to
evaluate the quality of sympathetic nerve recordings.

Statistical analyses
Statistical comparisons were made with a repeated measures
analysis of variance (SigmaStat, SPSS, Chicago, IL, USA). For
these analyses, the time factor was the level of lower body pressure
(0 (baseline), _15, and _30 mmHg), and the treatment factor was
the experimental day. When post hoc analysis was appropriate,
multiple comparisons were made with Tukey’s honestly significant
difference test. If the analysis resulted in unequal variance,
Friedman’s repeated measures analysis of variance on ranks and
Dunnett’s method of post hoc multiple comparisons were used.
Significance was set at P < 0.05 to accept or reject our null
hypotheses.

RESULTS
Heart rate and arterial pressure
Haemodynamic measurements before and during lower

body suction in pre- and in-flight sessions are depicted in

Fig. 1. Baseline heart rate was similar pre- and in-flight. As

expected, heart rate increased during 15 and 30 mmHg of

lower body suction in all sessions (P < 0 05). This cardio-

acceleration was greater during in-flight than during pre-

or postflight sessions (P < 0 05). Arterial pressure changes

are given in Table 1. Systolic and diastolic pressures did not

change significantly during lower body suction in any

session. Diastolic pressure increased significantly more

during lower body suction in flight (Fig. 1, middle panel)

and 1 day after landing, compared with pre-flight changes

(both P < 0 05) .

Muscle sympathetic nerve activity
Figure 2 depicts muscle sympathetic nerve activity in one

astronaut, recorded 73 days pre-flight and 13 days in

flight. This subject’s muscle sympathetic nerve activity prior

to lower body suction increased from 15 bursts min_1 pre-

flight, to 20 bursts min_1 in flight. His muscle sympathetic

nerve activity increased further during _15 and _30 mmHg

lower body pressure, and these increases also were greater

during in- than pre-flight sessions (19 vs. 32 and 39 vs.
48 bursts min_1). Average muscle sympathetic nerve activity
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Table 1.  Arterial pressure responses to lower body negative pressure (n = 4)

Level _15 mmHg _30 mmHg
—————————————— —————————————

Session Systolic Diastolic Mean Systolic Diastolic Mean

Pre-flight _1 ± 2 _1 ± 1 _1 ± 1 0 ± 2 1 ± 1 1 ± 1

In-flight, day 12 or 13 2 ± 3 5 ± 2* 4 ± 2 0 ± 2 7 ± 3* 3 ± 2

Day after landing 10 ± 4* 6 ± 2* 7 ± 3* 11 ± 5* 9 ± 2* 10 ± 3*

5 days after landing 0 ± 3 2 ± 2 1  ± 2 4 ± 4 7 ± 2 6 ± 3

Values are means ± ... *P < 0.05 for variable on test day relative to pre-flight and 5 days after landing.

Figure 1. Haemodymic responses to lower body suction
Although average baseline heart rates and diastolic pressures were
similar during pre- and in-flight sessions, increments during
graded lower body suction were greater in space. All three
astronauts had more muscle sympathetic bursts per minute before
and during lower body suction in space than on Earth.



before and during spaceflight for all three astronauts is

depicted in Fig. 1 (bottom panel). Table 2 lists all

sympathetic nerve measurements.

Plasma noradrenaline and noradrenaline kinetics 
Table 3 lists all measurements of muscle sympathetic nerve

activity, plasma noradrenaline, and plasma noradrenaline

spillover and clearance for all astronauts, for all sessions. In

the same three astronauts who underwent sympathetic

microneurography, baseline plasma noradrenaline concen-

trations were higher in flight than pre-flight (range of

increases 35–169 %, Fig. 3). In these three astronauts,

adrenaline levels at 0 (baseline), 15 and 30 mmHg lower

body suction were slightly higher during pre- than in-

flight sessions (49, 45 and 58 vs. 38, 43 and 55 pg ml–1). In

five astronauts, plasma noradrenaline concentrations and

whole body noradrenaline spillover and clearance were

significantly higher (P < 0.05) 1 day after landing than

~72 days pre-flight.

DISCUSSION
We report the first comprehensive analysis of human

sympathetic nervous system function in the microgravity of

space. We measured plasma noradrenaline concentrations,

whole-body noradrenaline spillover and clearance, and

peroneal nerve muscle sympathetic activity in astronauts

before, during and after the Neurolab space shuttle mission,
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Figure 2. Recordings before and during 30 mmHg lower
body suction from one astronaut
All three astronauts had greater sympathetic responses to lower
body suction in space than on Earth.

Figure 3. Average noradrenaline data from three
astronauts
These data are from the same three subjects whose
microneurography responses are depicted in Fig. 1, bottom panel.

Table 2. Muscle sympathetic responses to lower body suction

~72 days pre-flight Mission day 12 or 13
—————————————— —————————————

Measurement Astronaut Baseline 15 mmHg 30 mmHg Baseline 15 mmHg 30 mmHg

Normalized average sympathetic burst area 2 1 1·2 1·4 1 0·9 1·0

3 1 1·0 1·0 1 0·8 0·4

4 1 1·6 1·7 1 1·8 2·1

Mean ± .. 1·3 1·4 1·2 1·2

Integrated sympathetic burst area (15 s)_1 2 5·7 8·4 12·5 6·4 7·1 10·1

3 5·2 7·8 8·3 5·7 5·2 3·4

4 3·7 7·4 16·2 5·0 14·7 25·2

Mean ± .. 4·9 7·9 12·4 5·7 9·0 12·9

Percentage of heart beats with a sympathetic burst 2 50·3 60·1 68·0 48·2 48·7 56·1

3 35·4 57·0 50·5 45·4 48·2 48·9

4 24·5 28·9 54·7 31·6 48·6 64·0

Mean ± .. 36·7 48·6 57·8 41·7 48·5 56·3



during supine rest and graded lower body suction. Our

findings are remarkably concordant: in space, baseline

sympathetic neural outflow (however measured) is

increased moderately and sympathetic responses to lower

body suction are exaggerated. Therefore, notwithstanding

hypovolaemia, astronauts respond normally to simulated

orthostatic stress and are able to maintain their arterial

pressures at normal levels.

Spaceflight provides a unique opportunity to examine

mechanisms involved in cardiovascular responses to

changes in gravitational forces. Two earlier observations

led us to study the possibility that sympathetic adaptation

during spaceflight adversely affects astronauts’ orthostatic

tolerance on Earth after spaceflight. Astronauts with

orthostatic intolerance appear to have less augmentation

of plasma noradrenaline levels (Fritsch-Yelle et al. 1996)

and smaller increases of systemic vascular resistance

(Buckey et al. 1996b) during standing, than astronauts

with preserved orthostatic responses.

Prior studies of sympathetic function during
simulated or actual microgravity
Although the basic question ‘Does microgravity reduce or

increase sympathetic nervous activity?’ had not been

answered prior to this study, cogent arguments were made

in support of both possibilities (Robertson et al. 1994;

Goldstein et al. 1995; Norsk et al. 1995; Convertino et al.
1998). There are several reasons why microgravity might

reduce sympathetic neural outflow in space. First,
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Table 3. Baseline sympathetic function and sympathetic responses to lower body negative
pressure

Session Astronaut Baseline 15 mmHg 30 mmHg
————————————— ————————————— ——————————————
MSNA NA NAspill NAclear MSNA NA NAspill NAclear MSNA NA NAspill NAclear

75 days pre-flight 1 — 110 297 2.8 — 138 519 3.8 — 215 602 2.8

2 23 223 435 2.0 27 211 506 2.4 36 299 705 2.4

3 21 282 849 3.0 31 267 786 3.0 30 431 1016 2.4

4 15 95 244 2.6 19 120 304 2.5 39 272 524 1.9

5 — 137 413 3.0 — 159 598 3.8 — 203 596 2.9

Mean 20 169 448 2.7 26 179 543 3.1 35 284* 689* 2.5

± ... ± 36 ± 106 ± 0.2 ± 27 ± 78 ± 0.3 ± 41 ± 87 ± 0.2

In-flight,

day 12 or 13 1 — — — — — — — — — — — —

2 26 419 901 2.4 30 576 1734 3.0 41 457 1019 2.2

3 23 283 770 2.8 28 361 1303 3.6 32 439 1433 3.3

4 20 163 1054 6.6 32 162 1069 6.7 48 207 1219 5.9

5 — — — — — — — — — — — —

Mean 23 288 908 3.9 30 366 1369 4.4 40 368 1224 3.8

Day after landing 1 — 164 645 3.9 — 185 756 4.1 — 222 1035 4.7

2 — 419 1007 2.4 — 576 1734 6.7 — 457 1019 2.2

3 — 283 770 2.8 — 361 1303 2.7 — 439 1433 3.3

4 — 163 1054 6.6 — 162 1069 3.0 — 207 1219 5.9

5 — 124 473 3.8 — 183 489 3.6 — 230 467 2.0

Mean — 231 790† 3.9† — 293 1070 4.0† — 311* 1035† 3.6†

± ... ± 54 ± 109 ± 0.7 ± 79 ± 216 ± 0.7 ± 56 ± 160 ± 0.7

5 days after landing 1 — 125 481 3.8 — 168 704 4.4 — 215 816 3.8

2 — 230 616 2.7 — 316 554 1.8 — 344 475 1.4

3 — 233 484 2.1 — 257 653 2.5 — 247 481 2.0

4 — 203 676 3.4 — 185 441 2.4 — 282 535 1.9

5 — 120 433 3.6 — 120 428 3.6 — 180 564 3.1

Mean — 182 538 3.1 — 209 556 2.9 — 254 574 2.4*

± ... ± 25 ± 46 ± 0.3 ± 35 ± 55 ± 0.5 ± 28 ± 63 ± 0.5

Mean ± ... data from five astronauts. NA, noradrenaline (pg ml_1); MSNA, muscle sympathetic nerve
activity (bursts min_1); NAspill, noradrenaline spillover (µg ml_1); Naclear, noradrenaline clearance (l min_1).
No statistical analyses were performed for in-flight measurements (n = 3). *P < 0.05 and † P < 0.01 for
variables on test day, ~75 days pre-flight and 1 or 5 days after landing (one-way repeated measures analysis
of variance with lower body pressure phase and experimental day as time and treatment factors).



cephalad movement of fluids no longer pulled by gravity

(Watenpaugh & Hargens, 1995) might inhibit sympathetic

activity by stretching cardiac chambers (Buckey et al.
1996a) and arterial baroreceptive arteries. Second,

hypovolaemia might reduce entry of noradrenaline into

the circulation, and thereby lead to underestimation of the

degree of sympathoinhibition (Goldstein et al. 1995).

Finally, absence of the episodic baroreflex-mediated

sympathetic stimulation that occurs on Earth with

frequent orthostatic fluid shifts might lead to transient

baroreflex dysfunction in space, and exaggerated but

insufficient sympathetic orthostatic responses when

astronauts are re-exposed to Earth’s gravitational forces

(Fritsch-Yelle et al. 1996; Vernikos et al. 1996).

Actual data on sympathetic nervous system function in

space are indirect, scarce and contradictory. Plasma

noradrenaline levels in microgravity have been reported as

decreased (Leach et al. 1983), unchanged (Leach et al.
1996) or increased (Kvetn̆ansk ‚y et al. 1991; Norsk et al.
1995). Plasma catecholamine levels are useful indicators of

overall sympathetic nervous activity (Robertson et al. 1979)

and correlate well with muscle sympathetic nerve activity

(Wallin, 1988). However, circulating noradrenaline levels

reflect not only noradrenaline release from nerve endings,

but also its removal from the circulation (Esler, 1993).

Therefore, plasma noradrenaline concentrations may

under- or over-represent sympathetic nerve activity,

depending upon noradrenaline clearance. One example of

such a confound is the reduction of noradrenaline

clearance (and consequent augmentation of plasma

noradrenaline levels) that occurs when autonomic failure

patients and healthy subjects stand (Meredith et al. 1992;

Jacob et al. 1998). Noradrenaline spillover measurements

provide a more direct indicator of sympathetic nerve

activity than plasma noradrenaline levels (Esler, 1993).

However, prior to the Neurolab mission, noradrenaline

spillover had not been measured in space.

Sympathetic microneurography enables direct on-line

monitoring of sympathetic nervous system function, is

remarkably stable in individual subjects over time (Fagius

& Wallin, 1993) and yields measurements that correlate

well with noradrenaline spillover (Wallin et al. 1992).

Several groups used sympathetic microneurography to

study the effects of microgravity, as simulated on Earth
by 6 deg head-down bed rest (Vernikos et al. 1996).

Shoemaker et al. (1998) reported reduced baseline muscle

sympathetic nerve traffic after 14 days of bed rest. This

result was surprising, because the reductions of central

blood volume and cardiac filling pressures that occur

during prolonged head-down bed rest (Beck et al. 1992;

Convertino et al. 1994; Levine et al. 1997) should increase,

not decrease sympathetic nerve activity. More recent

studies documented increases of sympathetic nerve

activity during 6 deg head-down bed rest (Mano et al.
1998; Shoemaker et al. 1999; Kamiya et al. 2000; Pawelczyk

et al. 2001). 

Neurolab results
Baseline sympathetic outflow. In three astronauts,

microgravity moderately increased the number of

sympathetic bursts per minute in baseline sympathetic

nerve recordings. These limited data are consistent with

most studies employing sympathetic microneurography

during simulated microgravity on Earth and lead us to

reject the first hypothesis we tested, that exposure to

microgravity reduces sympathetic neural outflow. The

finding of increased levels of muscle sympathetic nerve

activity during the Neurolab mission suggests that the

significantly increased levels of sympathetic nerve activity

recorded in five astronauts after the Neurolab mission

(Levine et al. 2002) are not artefacts resulting from

uncontrollable stresses on landing day. 

Although the number of astronauts who underwent

sympathetic microneurography was very small, changes of

sympathetic nerve activity were mirrored by catecholamine

data. The same three astronauts had elevated plasma

noradrenaline levels, compared with values obtained with

subjects in the supine position on Earth (Fig. 3 and Table

3), an observation that confirms the earlier findings of

Kvetn̆ansk ‚y (1991) and Norsk et al. (1995) and their

coworkers. However, as mentioned, elevations of plasma

noradrenaline concentrations may reflect reduced clearance,

as well as increased spillover. We found that noradrenaline

clearance is increased in space, a change that should

reduce, not increase plasma noradrenaline levels. One

implication of increased noradrenaline clearance is that

plasma noradrenaline levels in space underestimate

increases in sympathetic nervous activity. In Neurolab

astronauts, plasma noradrenaline spillover was increased

more than noradrenaline clearance and therefore plasma

noradrenaline levels were higher (Fig. 3 and Table 3), not

lower in space.

Thus, all of our measurements – muscle sympathetic nerve

activity, plasma noradrenaline concentrations and nor-

adrenaline spillover – indicate that exposure to microgravity

increases baseline sympathetic neural outflow. This finding

may explain increases in calf vascular resistance documented

in astronauts during brief space missions (Watenpaugh et
al. 2001). Following the Neurolab mission, we continued

studies of noradrenaline kinetics in five astronauts

(Table 3) and found that noradrenaline spillover remains

elevated for at least 1–2 days after spaceflight. We were

reassured by the agreement between noradrenaline spillover

measurements made 5 days post flight and those made

during ~72 days pre-flight.
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Lower body suction. Lower body suction in space further

augmented muscle sympathetic nerve activity, and these

exaggerated increases in muscle sympathetic nerve activity

were paralleled by exaggerated increases in noradrenaline

spillover. The greater sympathetic responses to lower body

suction in space than on Earth (where recordings also were

made in the supine position) compensated for the further

reduction of the already subnormal effective blood

volume, induced by lower body suction, and contributed

to maintenance of arterial pressure at pre-flight levels.

Thus, we found no support for our second hypothesis, that

sympathetic responses to simulated orthostatic stress in

space are impaired. The finding of normal sympathetic

responses to steady-state lower body suction is consistent

with the findings of other Neurolab protocols, which

documented normal sympathetic responses to abrupt

reductions of baroreceptor input during Valsalva straining

in space (Cox et al. 2002), and normal sympathetic and

haemodynamic responses to upright tilt after spaceflight

(Levine et al. 2002).

Autonomic mechanisms in space
Our haemodynamic measurements confirmed results

from earlier studies conducted during simulated or actual

microgravity. We found exaggerated cardioacceleration

and arterial pressure increases during lower body suction,

as did Beck et al. (1992) and Baisch & Petrat (1993).

Johnson et al. (1977) reported that such large responses to

lower body suction begin after only 2 days of spaceflight,

by which time, intravascular volume has declined by

14–17 % (Leach et al. 1996). Greater cardio-acceleration

may reflect increased sympathetic stimulation of the

sinoatrial node (this study), increased withdrawal of vagal

restraint (Cox et al. 2002), or a combination of these

factors. Exaggerated responses to lower body suction

might also be mediated by cardiac atrophy (Levine et al.
1997). In such a circumstance, the reduction of central

blood volume caused by lower body suction would shift

the operating position of the already small (because of

hypovolaemia) left ventricle to a steeper portion of the

Frank-Starling pressure–volume relationship and further

diminish stroke volume.

Several mechanisms might explain increased noradrenaline

clearance in space. Flow in the pulmonary vascular bed is

altered by microgravity (Prisk et al. 1993), and the lung is

importantly involved in noradrenaline spillover and

clearance (Esler et al. 1990). Cephalad redistribution of

fluid might also alter blood flow, capillary exchange and

noradrenaline disposition in other vascular beds (Esler et
al. 1990). However, if such gravitational shifts alter

noradrenaline kinetics in space, it is unclear what

mechanism sustains the changes during postflight

measurements.

Limitations
The principal limitations of our study are shared by most

research conducted in humans in space: the small numbers

of subjects, and limited time available for individual

research protocols. We were able to record muscle

sympathetic nerve activity in only three astronauts.

However, we also characterized sympathetic activity with

plasma noradrenaline concentrations and noradrenaline

spillover in the same astronauts. All indices of sympathetic

function changed in parallel. Moreover, we were able to

obtain complete sets of noradrenaline kinetic data in five

subjects before the Neurolab mission and 1 day after

landing. These measurements documented elevations of

plasma noradrenaline concentrations and noradrenaline

spillover 1 day after landing that were similar to those

measured about 4 days earlier in space in three of the five

astronauts (Table 3).

There were severe time constraints for all Neurolab

protocols, including ours. Nonetheless, we believe that we

allowed sufficient time for tritiated noradrenaline to reach

a steady-state level for baseline measurements and that the

7 min stages of lower body suction also were adequate for

our purposes. In a ground-based study, Baily et al. (1990)

obtained comparable noradrenaline kinetic measurements

after 5–10 and after 25–30 min of 15 mmHg lower body

suction. The diet and fluid intakes of Neurolab astronauts

were similar to those of astronauts on earlier NASA

missions and were not controlled. We studied short

duration spaceflight and therefore do not know if

sympathetic mechanisms would have undergone further

adaptation, had spaceflight been extended. As detailed in

the Appendix of Cox et al. (2002) our studies followed

other protocols. We doubt that preceding off-axis rotation

influenced our results; although vestibular stimulation

increases human muscle sympathetic nerve activity, such

influences dissipate within minutes of the end of

stimulation (Shortt & Ray, 1997).

In conclusion, we studied the influence of microgravity on

sympathetic control mechanisms, with measurements of

plasma noradrenaline concentrations, whole-body nor-

adrenaline spillover and clearance and peroneal nerve

muscle sympathetic activity on Earth and in space. In

space, baseline sympathetic neural outflow (however

measured) is increased moderately, and sympathetic

responses to lower body suction are exaggerated. The

consequence of these changes is that, notwithstanding

hypovolaemia, the astronauts we studied responded

normally to simulated orthostatic stress (and upright tilt

on landing day) and were able to maintain their arterial

pressures at normal levels.
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