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Background: Spaceflight poses a unique stress to humans that can impair
cellular immune responses and reactivate latent herpes viruses. Notably,
prior studies have suggested that mission length may be an important factor
in the variability of immune alterations observed after spaceflight. In this
study, adrenocortical responses and circulating leukocytes were compared
between astronauts who participated in either 9- or 16-d missions. Hypoth-
esis: Mission duration will differentially affect neuroimmune responses after
spaceflight. Methods: Blood and urine samples, collected from 28 crew-
members who flew on 5 Space Shuttle missions, were analyzed for levels of
plasma and urinary cortisol, urinary catecholamines, leukocyte and lym-
phocyte subsets, and total IgE. Results: After spaceflight, plasma cortisol
was significantly decreased after the 9-d missions but increased after the
16-d missions. In contrast, urinary epinephrine and norepinephrine levels
were greater after the 9-d missions than the 16-d missions. Total IgE was
significantly increased after the 16-d missions and correlated with urinary
cortisol. The number of white blood cells, polymorphonuclear leukocytes,
and CD4� T cells were significantly increased postflight. After the 9-d
missions, monocytes were increased while natural killer cells were de-
creased. However, monocytes were decreased after the 16-d missions; no
change occurred in natural killer cells. Conclusions: These results suggest
that sympathetic nervous system responses predominate after shorter space-
flights, while longer flights are characterized by glucocorticoid-mediated
changes at landing that may result from the accumulative effects of micro-
gravity (i.e., physiological deconditioning) over time.
Keywords: spaceflight, microgravity, neuroimmunity, catecholamines,
adrenocortical response, glucocorticoids, leucocytes, lymphocytes.

AN UNDERSTANDING OF the mechanisms under-
lying immune alterations in astronauts is vital to the

development of effective countermeasures for long-dura-
tion spaceflight. A body of literature now exists which
shows that cellular immune responses are reduced during
and after spaceflight in which multiple stressors (e.g.,
launch and landing stresses, microgravity, confinement,
separation from family, sleep deprivation, etc.) are
thought to be involved (12,18,20,23). As previously
pointed out (18,24), this may result in opportunistic infec-
tions developing within a crewmember, transfer of poten-
tial pathogens between crewmembers, and/or increased
risk of infection on return to Earth.

Alterations in neuroendocrine hormones such as cor-
tisol and catecholamines have been implicated as causal
factors in immune changes in astronauts (8,13,22,25).
Glucocorticoids affect the immune system by altering
leukocyte trafficking and migration to areas of inflam-
mation as well as directly inhibiting individual cellular
functions. Corticosteroid administration rapidly in-

duces neutrophilia as a result of demargination and
early release from the bone marrow (6,7). Lymphocyte
number in peripheral blood decreases owing to reten-
tion of recirculating lymphocytes within the bone mar-
row, spleen, and lymph nodes; a transient monocyto-
penia with kinetics similar to those of lymphocytes
have been reported after corticosteroid administration
(6,7). Catecholamines, in contrast, induce a short-lived
lymphocytosis [predominantly natural killer (NK) cells]
followed by mobilization of granulocytes from the mar-
ginated pool; T and B cells do not change appreciably
after epinephrine administration (2).

While it is generally agreed that spaceflight results in
increased white blood cell counts and elevated neutro-
phils (10,13,22,25), there are conflicting data regarding
other circulating leukocytes subsets. For instance, a de-
crease in monocytes was found postflight in one study
(25), whereas another study reported an increase after
spaceflight (13). Subsequently, this discrepancy was at-
tributed to varying mission lengths, which may have
differentially affected levels of neuroendocrine hor-
mones (12,23). Unfortunately, many parameters includ-
ing mission duration cannot be controlled for in space-
flight experiments. Published studies often group
results from multiple missions that vary in duration,
which may mask significant findings.

In light of data from studies comprised of different
mission lengths, we analyzed plasma and urinary cortisol
and urinary catecholamines in samples from 28 astronauts
who flew on either three 9-d missions or two 16-d mis-
sions in order to better understand the effects of mission
duration on neuroendocrine responses. In addition, we
measured leukocyte subsets and IgE levels to correlate
with the changes in neuroendocrine hormones.
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METHODS

Subjects: The Johnson Space Center Institutional Re-
view Board approved this investigation, and informed
consent was obtained from all participants. There were
3 separate samples of peripheral blood collected from
each of 28 astronauts who flew aboard 5 U.S. space
shuttle flights. The mission lengths were 9 d (n � 16)
and 16 d (n � 12). Peripheral blood was collected 10 d
before launch (L-10), within 4 h after return (R � 0), and
3 d after return (R � 3); these collections coincided with
the Medical Operations physicals that occurred before
and after spaceflight.

Preflight blood draws were typically performed early
in the morning (around 7:30 a.m.) and processed at the
Johnson Space Center, Houston, TX. Blood was col-
lected within 2–4 h of landing (R � 0) at the Kennedy
Space Center, Cape Canaveral, FL. Plasma was ob-
tained after centrifuging and was stored at �70°C until
testing. Urine voids were collected from crewmembers
before (L-10) and after (R � 0) spaceflight; aliquots of
24 h pools were stored at �20°C until analysis.

Neuroendocrine hormones and total IgE: The measure-
ment of hormones has been previously described in detail
(22). Plasma adrenocorticotropic hormone (ACTH) and
plasma and urinary cortisol were measured by radioim-
munoassay. Urinary catecholamines (epinephrine, norepi-
nephrine) were measured by high-performance liquid
chromatography. IgE was measured by microparticle en-
zyme immunoassay (22). Samples were batch analyzed to
minimize interassay variation.

Leukocyte subset analysis: Absolute numbers of leuko-
cytes per milliliter of blood were determined by a
Coulter blood cell analyzer (Coulter Electronics, Hi-
aleah, FL). Relative numbers of lymphocytes, mono-
cytes, and granulocytes were determined in Wright-
stained blood smears by standard techniques. These
data were used to calculate the absolute numbers and
percent of circulating leukocytes.

Immunofluorescent staining: Phenotypic analysis of
whole blood was performed by flow cytometry as pre-
viously described (20). Fluorescent antibodies conju-
gated to various fluorochromes (obtained from Becton-
Dickinson, Mountain View, CA) were added to whole
blood (100 �l) and incubated at room temperature for
30 min. Red blood cells were lysed using FACSLyse
(Becton-Dickinson). The cells were then washed once,
resuspended in paraformaldhyde, and analyzed on a
FACSCalibular flow cytometer (20). A minimum of
20,000 events was collected for each sample.

Statistical analysis: Normality was assessed using the
Kolmogorov-Smirnov normality test. Data not normally
distributed were subjected to natural log transformations
to normalize the distributions prior to analyses. Statistical
analysis was performed using the Student’s t-test for
paired (intragroup) data. Data from multiple timepoints
were analyzed by ANOVA followed by multiple-compar-
ison procedures (Tukey’s test). Correlation between vari-
ables was described by Pearson’s product moment test.
The percent change in each hormone for each subject was
calculated as follows: (R � 0 level � L-10 level)/L-10
level � 100. Results are expressed as mean values � SE,
and p � 0.05 was considered significant.

RESULTS

In order to investigate the effects of mission duration
on adrenocortical responses, data were stratified into
9-d (n � 16) and 16-d (n � 12) spaceflights. Fig. 1 shows
the percent changes in neuroendocrine hormone levels
at R � 0 as compared with L-10 values for both the 9-d
and 16-d missions. A significant decrease was observed
in plasma cortisol after the 9-d missions (18.4 � 2 �g �
dl�1 preflight vs. 11.8 � 2 �g � dl�1 postflight). There
were no significant changes in plasma ACTH or urinary
cortisol after spaceflight. In contrast to the 9-d missions,
there was a statistically significant increase in plasma
cortisol after the 16-d missions (16.4 � 1 �g � dl�1

preflight vs. 21.3 � 3 �g � dl�1 postflight); plasma
cortisol then returned to preflight levels at R � 3 (data
not shown). A significant increase in urinary cortisol
was also observed after the 16-d missions (80.3 � 12 �g
� 24 h�1 preflight vs. 121.9 � 17 �g � 24 h�1 postflight).
No significant change was observed in plasma ACTH,
although two crewmembers on the 16-d mission had
large increases (128% and 345%) (Fig. 1).

When combining astronauts in both groups, urinary
epinephrine and norepinephrine were significantly ele-
vated at R � 0 (data not shown). However, since a prior
study showed that mission duration affected catechol-
amine levels (15), we grouped the data according to
mission length. Urinary norepinephrine levels were sig-
nificantly elevated on the 9-d missions (82.2 � 7 �g � 24
h�1 preflight vs. 110.2 � 11 �g � 24 h�1 postflight);
urinary epinephrine was increased but not significantly
(14.0 � 2 �g � 24 h�1 preflight vs. 18.6 � 3 �g � 24 h�1

postflight). For the 16-d missions, marginal increases
were found for urinary epinephrine and norepineph-
rine (21% and 26%, respectively).

The percent change in total IgE for the 9- and 16-d
missions is shown in Fig. 2. IgE was not significantly
increased in the 9-d group, but IgE was significantly
increased after the 16-d missions (p � 0.01). Notably,
one astronaut had over a 100% increase in total IgE.
However, excluding this individual did not change the
significance of the analysis (p � 0.014). Overall, a sig-
nificant correlation was found between urinary cortisol
and total IgE in the 16-d flights (r � 0.82, p � 0.01).

Fig. 1. Changes in plasma ACTH and plasma and urinary cortisol after
9- and 16-d spaceflights. Percent change in stress hormones at landing
(R � 0) is expressed as the difference compared with individual preflight
(L-10) values. * indicates p � 0.05.
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As shown in Table I, significant changes in specific
leukocyte and lymphocyte subsets were observed after
flight in the 9- and 16-d missions alike. In both groups,
significant increases were observed for white blood cells
(WBCs) and neutrophils. The increase in neutrophils for
the 9-d missions was significantly greater than the in-
crease observed in the 16-d missions (p � 0.05). A non-
significant increase was found in circulating lymphocytes
in the 16-d missions, whereas a significant postflight de-
crease (p � 0.05) occurred in the monocyte number. Phe-
notypic analysis of lymphocytes was performed on six
crewmembers from a 16-d mission and five crewmembers
from a 9-d mission. When all 11 astronauts were included
in the analysis, a significant increase was found in the
CD4� T cell population (data not shown). Further analysis
revealed that significant increases in CD4� T cells only
occurred in the 9-d mission (p � 0.05). A significant de-
crease was observed in NK cells after the 9-d mission (p �
0.05), whereas no change occurred in the 16-d mission. No

significant change was found in any of the other lympho-
cyte subsets.

DISCUSSION

In our previous studies of spaceflight (grouped mis-
sions of 14 d or less), plasma cortisol was decreased
after spaceflight but 24-h urinary cortisol was signifi-
cantly increased (14,22). These seemingly contradictory
findings can be explained by the fact that cortisol has a
short half-life (approximately 30 min) in the circulation
(9), and most landing day blood samples were taken
2–4 h after landing. Thus, our prior findings underscore
the importance of measuring 24-h urinary cortisol lev-
els, especially in the context of interpreting postflight
immunological data. Notably, complete measurements
of neuroendocrine hormones (i.e., both plasma and uri-
nary values) have not been included in most immuno-
logical studies to date.

In the present study, we were fortunate enough to have
multiple missions of either 9- or 16-d flights that allowed
a better examination of the effects of flight duration on
adrenocortical responses. In agreement with prior studies
(10,14,22), plasma cortisol was decreased after the 9-d
missions. Urinary cortisol was not significantly elevated in
this group, although we found increased catecholamines
at landing. These results closely mirror those from the 9-d
Spacelab Life Science-1 mission (11) and suggest that sym-
pathetic nervous system responses predominate after
shorter spaceflights.

Contrary to the results from the 9-d missions, plasma
cortisol was significantly increased after the 16-d flights.
Urinary cortisol was also significantly increased, whereas
urinary catecholamines were not significantly increased.
The biological relevance of increased glucocorticoids was
underscored by the changes in circulating monocytes and
total IgE. Monocytes are particularly sensitive to the ef-
fects of glucocorticoids, and a marked monocytopenia
occurs after glucocorticoid administration (4). Likewise,
we also found a decrease in circulating monocytes after
the 16-d flights. Importantly, glucocorticoids inhibit IL-12
production in monocytes but increase production of IL-10
(3,5). Notably, IL-10 levels were elevated in the first few
days of the SLS-1 and SLS-2 missions (19). Furthermore,
glucocorticoids enhance IL-4 and IL-10 synthesis in T cells
resulting in increased circulating IgE levels in vivo
(1,17,26). Consistent with these studies, total IgE was sig-

Fig. 2. Percent change in total IgE at landing according to mission
duration. Data from 28 astronauts were grouped into 9-d (n � 16) and
16-d (n � 12) flights. * p � 0.05.

TABLE 1. LEUKOCYTEa AND LYMPHOCYTEb SUBSETS AFTER 9- AND 16-D SPACEFLIGHTS.

L�10 R�0 R�3

9d 16d 9d 16d 9d 16d

WBCs 5335 � 347 5185 � 284 8300 � 491* 7242 � 565* 4900 � 262 5392 � 348
Neutrophils 3145 � 348 2858 � 210 6186 � 405* 4917 � 523* 2585 � 242 3878 � 268
Lymphocytes 1533 � 101 1648 � 141 1536 � 159 2123 � 343 1625 � 77 1597 � 124
Monocytes 450 � 42 429 � 32 498 � 59 382 � 64* 459 � 23 488 � 37
CD3�CD4� 31 � 6 46 � 4 42 � 6* 49 � 4 29 � 4 40 � 5
CD3�CD8� 13 � 2 25 � 3 14 � 2 23 � 4 14 � 2 23 � 4
CD19� 8 � 1 12 � 2 9 � 1 13 � 2 9 � 1 13 � 2
CD3� CD16�56� 10 � 2 10 � 2 5 � 1* 10 � 3 7 � 1 10 � 2

aWhite blood cell counts and differentials were performed on 28 crewmembers and grouped according to missions length (n � 16 for 9-d
missions, n � 12 for 16-d missions). Values are mean � SE (cells/mm3). bPhenotypic analysis of lymphocyte subsets was performed on one 9-d
flight (n � 5 crewmembers) and one 16-d flight (n � 6 crewmembers). Values are percentage � SE of total cells analyzed. * indicates p � 0.05.
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nificantly increased after the 16-d flights. Overall, these
results indicate that glucocorticoid-mediated changes pre-
dominate in longer missions, and these changes may
modulate cytokine production in favor of Th2-type cyto-
kines.

Interestingly, a recent study (15) reported an association
between mission length, catecholamine levels, and leuko-
cyte subsets. The authors found greater increases in the
number of WBCs and CD4� T cells after missions of 4–7
d duration than in missions of 11–16 d duration; these
increases were associated with higher catecholamine lev-
els. In our study, which included a larger subject number,
we also found larger increases in catecholamines, WBCs,
neutrophils, and CD4� T cells in the shorter 9-d missions.
Notably, the percentage of NK cells were decreased after
the 9-d flights but showed no change after the 16-d mis-
sions. Although epinephrine administration results in an
increase in NK cells, we speculate that the decreased NK
cells after the 9-d mission may have reflected a “rebound”
effect since the blood was drawn 2–4 h after the stressor
(i.e., reentry and landing). This interpretation is supported
by lack of change in both urinary catecholamine levels
and NK cells after the 16-d flights. Overall, these findings
support those of Mills and coworkers (15) and suggests
that in shorter missions (i.e., less than 11 d), activation of
the sympathetic nervous system and subsequent eleva-
tions of catecholamines may be primary mediators in the
postflight changes in leukocytes.

In summary, these results support the role of both cat-
echolamines and glucocorticoids in mediating immune
changes in astronauts. We propose that the accumulative
effects of microgravity (i.e., muscle loss and generalized
physiological deconditioning) associated with longer du-
ration missions may have resulted in diminished sympa-
thetic nervous system activation and increased hypotha-
lamic pituitary adrenal axis activation at landing. These
results may have important health implications for crew-
members on exploration-class missions, in which the
landing site (i.e., lunar or Mars surface) is characterized by
lack of accessibility to specialized medical facilities in case
of injury or illness. This data also further supports our
hypothesis that a Th1-to-Th2 shift in cytokine production
may be partially responsible for many of the immune
alterations in astronauts (20). To determine the clinical
relevance of these findings, we are investigating latent
herpes virus reactivation as an in vivo marker of de-
creased immunity in astronauts (14,16,20,21). Our current
study, which includes both Shuttle and International
Space Station crewmembers, will allow us to further as-
sess the effects of mission duration on neuroendocrine
responses, immune alterations, and latent herpes virus
reactivation.
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