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a  b  s  t  r  a  c  t

The  impact  of stress  on health  varies  across  the  different  stages  of  human  life.  Aging  is  associated  with
psychobiological  changes  that could  limit  our  ability  to cope  with  stressors.  Therefore,  it is  crucial  to
clarify  the  physiological  mechanisms  that  underlie  the  stress  response  and  the changes  that  occur  in
them  as  we  age.  Our  aim was  to investigate  age  differences  in  the  salivary  alpha  amylase  (sAA)  response
to stress,  and  its relationship  with  other  typical  stress  biomarkers  such  as cortisol  and  heart  rate  (HR).
Sixty-two  participants  divided  into  two age  groups  (younger  group:  N  = 31, age  range:  18–35  years;  older
group:  N  =  31,  age  range:  54–71  years)  were  exposed  to the  Trier  Social  Stress  Test  and  a  control  condition
in  a crossover  design.  No  age  differences  were  found  in the sAA  or  HR  responses  to  stress.  However,  the
sAA global  output  was  higher  in older  than  younger  adults.  Additionally,  in  the  stress  condition,  the  total
amount  of  cortisol  released  was positively  related  to  the  total  sAA  released,  while  the  HR increase  was
positively  related  to the  sAA  increase.  Our  results  do not  support  the existence  of  an  attenuated  autonomic
nervous  system  response  to  stress  in older  adults,  but rather  a  heightened  sympathetic  tone.  Furthermore,
we  found  further  evidence  of the coordination  between  the  hypothalamus–pituitary–adrenal  system  and
the autonomic  nervous  system  in their response  to acute  psychosocial  stress.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lifetime exposure to stress can have important consequences
for health. Stress has been related to a large number of pathologies
that have a higher incidence in old age, such as cardiovascular dis-
ease, atherosclerosis, cancer or Type 2 diabetes (Chrousos and Kino,
2007; Steptoe, 1991). Aging is associated with several psychobio-
logical changes, such as increased vulnerability to oxidative stress,
imbalances in central neurotransmitter pathways, and changes in
emotional regulation (Alameida et al., 2011; Ferrari and Magri,
2008; Salmon et al., 2010), which could limit our ability to cope
with stressors (Pardon, 2007). Therefore, it is important to clarify
the physiological mechanisms that underlie the stress response, as
well as the changes that occur in them as we age.

Two main body systems are involved in the stress response,
the autonomic nervous system (ANS) and the hypothalamus–
pituitary–adrenal axis (HPA-axis). Recently, salivary alpha amy-
lase (sAA), an oral cavity enzyme, has been identified as a possible
biomarker of ANS reactivity to stress (for reviews see: Nater and

∗ Corresponding author at: Department of Psychobiology, University of Valencia,
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Rohleder, 2009; Rohleder and Nater, 2009). This enzyme increases
rapidly in response to physiological and psychosocial stress con-
ditions, such as exercise and written examinations (Chatterton
et al., 1996), the cold pressor stress test (van Stegeren et al., 2008),
and the Trier Social Stress Test (Nater et al., 2005, 2006; Rohleder
et al., 2004). Several studies have been performed to profile the
sAA response to stress mainly in children (Granger et al., 2006;
Räikkönen et al., 2010; Spinrad et al., 2009), adolescents (Gordis
et al., 2006; Sumter et al., 2010; Susman et al., 2010) and young
adults (Nater et al., 2005, 2006; Rohleder et al., 2006; Schoofs et al.,
2008). However, data available on older people are very sparse and
the results are mixed. Previous studies have suggested that old age
has no effect on basal sAA levels (Aguirre et al., 1987; Pajukoski et
al., 1997; Salvolini et al., 1999), although a more recent study has
shown that older adults have higher overall sAA output through-
out the day (Strahler et al., 2010a). To our knowledge, only one
published study investigated the effect of old age on the acute sAA
response to stress, finding an attenuated response in older adults
(59–61 years) compared to young adults (20–31 years) (Strahler
et al., 2010b).

More studies have been performed to examine the impact
of aging on other ANS biomarker responses to stress, such as
heart rate, heart rate variability or plasma epinephrine and nore-
pinephrine. According to an exhaustive review by Seals and
Dinenno (2004), it appears that the primary effect of aging on
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the human ANS is an elevation in the tonic sympathetic activity.
However, the influence of aging on the ANS response to stress
remains controversial. For example, several studies have reported
no changes (Esler et al., 1995; Wood et al., 2002), a decreased
response (Kudielka et al., 2004a; Strahler et al., 2010b),  or even an
enhanced response to stress with older age (Pascualy et al., 1999;
Uchino et al., 1999).

In contrast to sAA, the impact of aging on the end product of
HPA-axis activation, cortisol, has been investigated more exten-
sively (for reviews and a meta-analysis see: Kudielka et al., 2009;
Otte et al., 2005; Seeman and Robbins, 1994). Studies using phar-
macological stimulation of the HPA-axis have consistently shown
that older adults have an elevated HPA-axis response compared to
young adults (e.g. Born et al., 1995; Heuser et al., 1994; Kudielka
et al., 1999; Luisi et al., 1998). Nevertheless, results are mixed when
studying the effects of aging on the cortisol response to different
kinds of stressors (Kudielka et al., 2009). While several studies did
not find any effect of aging on the cortisol response to psychosocial
stressors (Kudielka et al., 1999, 2000; Nicolson et al., 1997; Rohleder
et al., 2002), others found a higher cortisol response with increas-
ing age (Gotthardt et al., 1995; Kudielka et al., 2004b; Seeman et al.,
2001; Strahler et al., 2010b; Traustadóttir et al., 2005).

In the current study, we subjected a group of young and older
participants to both a psychosocial stressor (TSST, Kirschbaum et al.,
1993) and a control situation in a crossover design. Although no
sex differences have been found in basal sAA levels (Nater et al.,
2007; Rantonen and Meurman, 2000), or in the acute sAA response
to stressors (Kivlighan and Granger, 2006; Takai et al., 2007), the
HPA-axis shows sexual dimorphism. In fact, the cortisol response
to stress is up to twice as high in men  as it is in women, regard-
less of age (Kudielka et al., 2009). Furthermore, this response is
dependent on the phase of women’s menstrual cycle (Kirschbaum
et al., 1999). For these reasons, the current study included men  and
women in equal numbers in each age group. Additionally, as it has
been shown that taking oral contraceptives does not alter basal sAA
levels or sAA responses to stress (Laine et al., 1991; Schoofs et al.,
2008), and in order to avoid the effect of menstrual cycle phase on
cortisol concentrations, we decided to select only young women
taking oral contraceptives. Before, during and after the stress task,
we measured cortisol and sAA concentrations and, as a comple-
mentary measure of the ANS, heart rate (HR). Following the only
study that has assessed the effect of aging on the sAA response
to stress (Strahler et al., 2010b), we expected attenuated sAA and
HR responses to stress in the older group. Furthermore, due to the
mixed results regarding the effect of older age on basal sAA lev-
els and cortisol reactivity to stress, we investigated whether the
sAA overall output and the stress-induced cortisol response were
different between age groups.

2. Methods

2.1. Participants

The sample was composed of sixty-two participants divided into two  age
groups: older adults (N = 31; 16 men  and 15 women; age range: 54–71 years) and
young adults (N = 31; 16 men  and 15 women; age range: 18–35 years). Within both

age groups, there were no sex differences in age, body mass index (BMI), subjective
socioeconomic status (subjective SES scale: Adler et al., 2000) or education level (for
all  p > 0.11) (see Table 1).

Most of the young participants (90%) were university students from a wide range
of  college studies, such as Psychology, Medicine, History, and unemployed (90%).
Most of the older participants were retired (90%) and belonged to a study program
at  the University of Valencia for people over 50 years of age (84%). For subject recruit-
ment, announcements were posted and informative talks were held in the various
departments of the University campus. Volunteers were interviewed by trained psy-
chologists and completed an extensive questionnaire to check whether they met the
study prerequisites. Ninety-two volunteers were excluded from participation. The
criteria for exclusion were: alcohol or other drug abuse, dental, visual or hearing
problems, presence of cardiovascular, endocrine, neurological or psychiatric dis-
ease, and the presence of a stressful life event during the last year. Participants were
excluded if they were using any medication directly related to emotional or cognitive
function, or one that was  able to influence hormonal and sAA levels, such as glucocor-
ticoids, �-blockers, antidepressants, benzodiazepines, asthma medication, thyroid
therapies, and psychotropic substances. Vitamins, sporadic use of painkillers, and
natural therapies were allowed. All the older women were postmenopausal, having
had  their last menstrual period at least four years before, and none of them were
receiving estrogen replacement therapy. All the young women were taking oral
contraceptives (monophasic formulas). The use of contraceptives is widespread in
Western society; therefore, women using this medication constitute an interesting
research group in itself. None of the participants were habitual smokers, although in
each age group two  participants reported sporadic smoking (less than 10 cigarettes
a  week).

Participants meeting the criteria were contacted by telephone and asked to
attend two sessions that took place in a laboratory at the Faculty of Psychology.
Before each session, participants were asked to maintain their general habits, sleep
as  long as usual, refrain from heavy physical activity the day before the session,
and  not consume alcohol since the night before the session. Additionally, they were
instructed to drink only water, not eat, smoke or take any stimulants, such as coffee,
cola, caffeine, tea or chocolate, 2 h prior to the session, and not brush their teeth
at  least 1 h prior to the session. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol and conduct were approved by the Ethics
Research Committee of the University of Valencia. All the participants received
verbal and written information about the study and signed an informed consent
form.

2.2. Procedure

This study employed a within-subject design with two completely randomized
and counterbalanced conditions in two separate sessions: a stress condition and a
control condition, with about two weeks between sessions. The sessions consisted
of  several phases of equal duration for both conditions. Each session took 1 h and
15  min  to complete, and they were always held between 16.00 and 20.00 h. Each
participant started his or her two  sessions at the same hour. Upon arrival at the
laboratory, the weight and height of the participants were measured, and the exper-
imenter checked to see whether they had followed the instructions given previously
(see Section 2.1).

2.2.1. Stress condition
To produce stress, we subjected the participants to the Trier Social Stress Test

(TSST). The stress task consisted of 5 min  of free speech (job interview) and a 5 min
arithmetic task, performed in front of a committee composed of a man  and a woman.
The participants remained standing at a distance of 1.5 m from the committee. Addi-
tionally, a video camera and a microphone were clearly visible. Both the speech and
arithmetic tasks were filmed.

The protocol started with a habituation phase of 15 min to allow the partici-
pants to adapt to the laboratory setting. During this phase, the participants remained
seated. Five minutes after the start of this phase, they completed the mood question-
naire (PANAS Pre-task). After the habituation phase, the introduction phase started
(duration 5 min). In this phase the participants were informed about the procedure
for the stress task. They received the instructions in front of the committee in the
same room where the task took place. Next, the participants had 10 min  to prepare
for  the speech at hand. Following the preparation phase, the stress task was car-

Table  1
Descriptive statistics (mean ± SEM) of younger (N = 31) and older groups (N = 31).

Younger group Older group

Total Men  Women Total Men  Women

Age (years) 22.4 (0.8) 22.1(1.4) 22.7(0.8) 61.8 (0.8) 60.5 (1.2) 63.1 (1.0)
BMI  (kg/m2) 23.4 (0.5) 24.1 (0.8) 22.7 (0.5) 26.6 (0.5) 27.0 (0.5) 26.1 (1.0)
SESa 6.5 (0.2) 6.4 (0.2) 6.6 (0.2) 6.1 (0.2) 6.1 (0.3) 6.1 (0.3)
Education levelb 2.5 (0.1) 2.4 (0.2) 2.5 (0.2) 2.9 (0.2) 2.7 (0.3) 3.0 (0.3)

a SES: Subjective Socio-Economic Status scale, ranging from 1 (lowest SES) to 10 (highest SES) (Adler et al., 2000).
b Range: 0 = no studies, 1 = primary school, 2 = secondary education, 3 = university and higher education, 4 = postgraduate (Master, PhD). Values are means (±SEM).
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ried out. Subjects had 35 min  to recover afterwards, during which they answered
some questionnaires, including the mood questionnaire (PANAS Post-task). Partic-
ipants were not allowed to distract themselves during this period, and when they
had  completed the questionnaires they waited alone for the remainder of the time.

The  timing of the saliva sampling was different for the cortisol and sAA samples
according to the time course of their responses to stress induction. The cortisol
response to stress, as a reflection of HPA-axis activation, is slower than that of sAA,
which reflects ANS activation (see Granger et al., 2007). Therefore, the first saliva
sample employed to measure cortisol was taken 25 min  after the participant’s arrival
at the laboratory (0 min  Pre-task). The second cortisol sample was collected 20 min
after the onset of the stress task, and the third one 45 min  after. To measure sAA the
first saliva sample was  collected 10 min  before the onset of the stress task (−10 min),
with the second one taken immediately before the speech (0 min), followed by one
sample every 5 min  after the onset of the task (5 min, 10 min  and 15 min).

2.2.2. Control condition
The control condition was similar to the experimental condition, except that the

stressful task was replaced by a control task. The control task was  designed to be
similar to the stress task in mental workload and global physical activity, but without
the main components capable of provoking stress, such as evaluative threat and
uncontrollability (Dickerson and Kemeny, 2004). The control task was  composed of
5  min  of reading aloud and 5 min  of counting without being in front of an audience.
In  the preparation phase, the participants read a book with a neutral content. To
provoke the same orthostatic stress as in the stress condition, participants had to
stand  and walk at the same time points and for the same amount of time as in the
stress condition. The timing of the saliva samples, the questionnaires used, and the
phase durations were the same for the two  conditions.

2.3. Affect questionnaire

Affect was  evaluated by the Spanish version (Sandín et al., 1999) of the PANAS
(Positive and Negative Affect Schedule, Watson et al., 1988). This 20-item question-
naire assesses affect according to two dimensions: positive affect (PA: interested,
excited,  strong,  enthusiastic, etc.) and negative affect (NA: distressed, upset, guilty,
scared,  etc.), with 10 items measuring each state. Participants were asked to com-
plete the questionnaire twice, immediately before (Pre-task) and immediately after
the stress/control task (Post-task). They gave their answers based on how they felt at
that  particular moment. They responded using a 5-point Likert scale ranging from 1
(not  at all) to 5 (extremely). Sandín et al. (1999) reported a high internal consistency
for the Spanish version, with a Cronbach’s alpha for PA ranging from 0.87 to 0.89
and for NA from 0.89 to 0.91.

2.4. Heart rate

Heart rate was measured using an HR monitor (Suunto, model T6, Suunto Oy,
Vantaa, Finlandia), which consists of a chest belt for detection and transmission
of  the heartbeats and a “watch” for collection and storage of the data. The heart-
beat detection is performed with an accuracy of 1 ms,  and these types of monitors
have shown good validity (Radespiel-Troger et al., 2003; Roy et al., 2009). Every
heartbeat is transmitted and stored in the flash memory of the watch. HR was mon-
itored continuously during the entire session, but the recorded periods when the
participants were changing their positions (sitting/standing up) and walking were
removed. After eliminating the artifacts, the HR mean for each phase was computed.
The HR monitor failed to register the heart rate of one participant in the older group.

2.5.  Biochemical analyses

2.5.1. Cortisol
Participants provided three saliva samples by depositing 3 ml  of saliva in plas-

tic  vials. They took approximately 5 min  to fill the vial. The samples were frozen at
−80 ◦C until the analyses were done. The samples were analyzed by a competitive
solid phase radioimmunoassay (tube coated) using the commercial kit Coat-A-Count
Cortisol (DPC, Siemens Medical Solutions Diagnostics). For each subject, all the sam-

ples were analyzed in the same trial. The within and inter assay variation coefficients
were all below 8%.

2.5.2. Alpha-amylase
Saliva was collected using salivettes (Sarstedt, Nümbrecht, Germany). Partici-

pants were instructed to introduce the cotton swab into their mouths for exactly
1  min, not chew the cotton, and move the swab around in a circular pattern to col-
lect saliva from all the salivary glands (Rohleder and Nater, 2009). The samples were
frozen at −20 ◦C from the completion of the session until the analyses took place.
The samples were shipped to Dresden and analyzed at the Kirschbaum lab, Technical
University of Dresden. Concentration of alpha-amylase in saliva was measured by an
enzyme kinetic method according to the protocol specified in Rohleder et al. (2006).
Inter- and intra-assay variation was  below 10%. Analyses of sAA failed to detect
the sAA concentrations in the samples of one young woman, one older woman and
one  older man; therefore, these people were excluded from the statistical analyses
regarding sAA.

2.6. Statistical analyses

Data were tested for normal distribution and homogeneity of variance using
Kolmogorov–Smirnov and Levene’s tests before statistical procedures were applied.
These analyses revealed significant deviations of some sAA and cortisol values;
therefore, they were square root transformed. We analyzed whether the application
of  the TSST in the first or second session had an effect on all the variables measured,
by conducting repeated-measures ANOVAs with Order as a within-subject factor.
Only in cortisol analysis did Order have a significant effect (p < 0.05); therefore, we
included Order as a covariate in all the statistical analyses involving the cortisol
variables.

Student’s t-tests were used to investigate age and sex differences in the demo-
graphic variables. We used repeated-measures ANOVAs with Condition (stress vs.
control) as a within-subject factor to evaluate baseline differences between the
stress and control conditions in all the variables measured.

For sAA, cortisol and HR we calculated the areas under the total response curve
with respect to the ground (AUCg) and with respect to the increase (AUCi), using the
trapezoid formula specified in Pruessner et al. (2003). We also computed the delta
change in PANAS positive and negative affect scores (PostTask–PreTask).

Repeated-measures ANOVAs were used to investigate the effect of the TSST on
positive and negative affect, HR and the summary indices (i.e. AUCg, AUCi) of sAA and
cortisol. We used condition (stress vs. control) and time (positive and negative affect:
Pre  vs. Post-task; HR: each phase of the stress and control condition) as within-
subject factors and age and sex as between-subject factors.

We  investigated whether sAA indices (AUCg and AUCi) were related to cortisol
and HR indices, using hierarchical regression and controlling for age, sex, BMI, order
and  delta change in negative affect.

We  used the Greenhouse–Geisser procedure when the requirement of sphericity
in the ANOVA for repeated measures was violated. Post hoc planned comparisons
were performed using the Bonferroni adjustments for the p-values. All p-values
reported are two-tailed, and the level of significance was  marked at <0.05. For sig-
nificant results, partial eta squared is reported as a measure for effect size. When
not  otherwise specified, results shown are means ± standard error of means (SEM).
We  used SPSS 17.0 to perform the statistical analyses.

3. Results

3.1. Positive and negative affect

The participants’ positive affect was  not influenced by the
experimental procedure (all p > 0.17) (see Fig. 1A). However, the
stress induction had an effect on their negative affect (NA) (con-
dition: F (1,58) = 32.595 p < 0.001, �2

p = 0.360; Condition × Time:
F (1,58) = 30.890 p < 0.001, �2

p = 0.348). Baseline NA was  similar

Fig. 1. Means of (A) positive and negative affect (B) scores (PANAS) (±SEM) before and after the TSST and the control task in the age groups (younger: N = 31; older: N = 31).
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Fig. 2. Means of salivary alpha amylase concentrations (±SEM) in the stress (left)
and control (right) conditions in the age groups (younger: N = 30; older: N = 29).

between conditions (p = 0.745). The TSST provoked an increase in
NA (p = 0.001, �2

p = 0.183), while after the control task the NA scores
decreased, p < 0.001, �2

p = 0.357. Consequently, the NA scores were
higher after the stress than after the control task, p < 0.001, �2

p =
0.493.

A main effect of age was found for NA scores (F (1,58) = 5.892
p = 0.018, �2

p = 0.092), showing that the younger group had higher
NA scores than the older group across both conditions (see
Fig. 1B). However, the stress-induced NA increase was  not different
between the two age groups (p > 0.3). The factor sex was not signif-
icant, nor were there any interactions between sex and the other
factors, for all p > 0.5.

3.2. Salivary alpha-amylase

Fig. 2 shows the means of sAA concentrations (±SEM) for both
age groups in the stress and control conditions. Baseline sAA con-
centrations did not differ between conditions, p > 0.5. The total sAA
increase (AUCi) and the overall sAA output (AUCg) were higher
in the stress than in the control condition (AUCi: F (1,55) = 17.084
p < 0.001, �2

p = 0.237, AUCg: F (1,55) = 21.512 p < 0.001, �2
p = 0.281).

A main effect of age was found for both AUCi and AUCg (F
(1,55) = 4.620 p = 0.036, �2

p = 0.077; and F (1,55) = 4.374 p = 0.041,

Fig. 3. Means of salivary alpha amylase AUCg and AUCi in the stress and control
conditions in (A) the total sample (N = 59) and (B) the age groups (younger: N = 30;
older: N = 29).

�2
p = 0.074, respectively). Regardless of the condition, the older

participants increased their sAA concentrations more, and their
overall sAA output was  higher, than the younger participants (see
Fig. 3). The interaction between Condition and Age was not signif-
icant, p > 0.2. The factor Sex was  not significant nor were there any
interactions between sex and the other factors, for all p > 0.2.

3.3. Salivary cortisol

Fig. 4A shows the means (±SEM) of cortisol released by men  and
women from both age groups in the stress and control conditions.
Baseline cortisol concentrations did not differ between conditions,
p > 0.6. The cortisol concentrations increased in the stress condi-
tion but decreased in the control condition (AUCi: F (1,54) = 12.501
p = 0.001, �2

p = 0.188). Consequently, the overall cortisol output

Fig. 4. Means of (A) salivary cortisol concentrations (±SEM) and cortisol AUCg and AUCi in the stress and control conditions, in the younger men (N = 14), younger women
(N  = 15), older men (N = 15) and older women (N = 15).
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(AUCg) was higher in the stress condition than in the control con-
dition, F (1,54) = 13.122 p = 0.001, �2

p = 0.195.
A main effect of age was found for cortisol AUCi (F (1,54) = 4.537

p = 0.038, �2
p = 0.077), showing that regardless of the condition the

older group had higher cortisol AUCi than the younger group (see
Fig. 4B). The interaction between Condition and Age was  not sig-
nificant, p > 0.2.

An interaction between Condition and Sex was found for
both AUCi and AUCg (F (1,54) = 4.336 p = 0.042, �2

p = 0.074 and F
(1,54) = 6.038 p = 0.017, �2

p = 0.101, respectively). Men  had higher
overall cortisol output in the stress condition than women
(p = 0.010, �2

p = 0.117), but not in the control condition, p = 0.290.
Furthermore, although non significant, on average the stress-
induced cortisol increase was higher in men  than in women
(p = 0.091), and men  had a larger decrease in their cortisol concen-
trations in the control condition than women did, p = 0.064.

For the above analysis the cortisol data of 3 participants (2
young men  and 1 older man) were removed, as their concentra-
tions differed by more than 3 standard deviations from the rest of
the sample. However, including them did not change the statistical
conclusions in any way.

3.4. Heart rate

Fig. 5 shows the means of HR (±SEM) in the stress and
control conditions for both age groups. The repeated-measures
ANOVA with HR as a dependent variable showed the main effects
of Condition (F (1,57) = 36.882, p < 0.001, �2

p = 0.393), Time (F
(2.76,157.63) = 162.116, p < 0.001, �2

p = 0.740), and the interaction
between the two factors, F (2.62,149.27) = 32.175, p < 0.001, �2

p =
0.361. Baseline HR did not differ between conditions, p = 0.519. In
the stress condition, HR progressively increased from baseline to
the speech phase (for all p < 0.001), and steadily decreased from
the speech phase to baseline levels at the recovery phase, p > 0.99.
Although the control task provoked a HR increase, HR was  lower in
the control condition than in the stress condition in all phases (for
all p < 0.001), except the habituation phase.

The following interactions were also significant: Condi-
tion × Time × Sex (F (2.62,149.27) = 3.427, p = 0.024, �2

p = 0.057),
Condition × Time × Age (F (2.62,149.27) = 3.846, p = 0.015, �2

p =
0.063), Time × Age × Sex (F (2.76,157.63) = 3.000, p = 0.036, �2

p =
0.050), and Age × Sex, F (1,57) = 4.332, p = 0.042, �2

p = 0.071. HR
of men  and women did not differ in the stress condition (for all
p > 0.12), but in the control condition women had higher HR than
men  in all phases (for all p < 0.03), except the preparation phase.
Exploring the interaction between Condition, Time and Age, we

Fig. 5. Means of heart rate (±SEM) in the stress (left) and control (right) conditions
in  the age groups (younger: N = 31; older: N = 30).

found that older participants had higher HR than younger partici-
pants in the recovery phase of the stress condition, p = 0.038.

3.5. Relationships between sAA and the other physiological
indices

We computed hierarchical linear regression analyses to test
whether the sAA summary indices were related to HR and corti-
sol indices. For each analysis, in Step 1 we  controlled for age, sex,
BMI, delta change of negative mood, and order (whether the stress
or control condition was performed first).

In the regression analysis with AUCgsAA as a dependent vari-
able, entering AUCgHR in Step 2 did not increase the amount of
variance explained, �F  (1,49) = 2.397, p = 0.128. However, entering
AUCgCortisol in Step 3 increased the amount of variance explained,
�F (1,48) = 8.425, p = 0.006, adjusted R2 = 15.5%, �R2 = 12.9%. In
this model, only AUCgCortisol was  significantly related to AUCgsAA,

 ̌ = 0.423, p = 0.006.
In the regression analysis with AUCisAA as a dependent

variable, entering AUCiHR in Step 2 increased the amount of vari-
ance explained, �F  (1,49) = 5.595, p = 0.022, adjusted R2 = 2.2%,
�R2 = 9.9%. In this model, only AUCiHR was  significantly related
to AUCisAA,  ̌ = 0.324, p = 0.022. Entering AUCiCortisol in Step 3 did
not increase the amount of variance explained in AUCisAA, �F
(1,48) = 0.074, p = 0.787.

4. Discussion

In the current study, a group of young and older adults was
exposed to psychosocial stress and a control situation in a crossover
design. The experimental procedure was  indeed able to induce
stress, since the exposure to the TSST produced an increase in
negative mood, cortisol, sAA and HR. We  did not find evidence
of an attenuated ANS response to stress in older adults in either
sAA or HR. However, regardless of the condition, the older group
had a higher sAA global output and increased their sAA concen-
trations more than the younger group. Finally, we found that in
the stress condition, the total amount of cortisol released was  pos-
itively related to the total sAA released, and, interestingly, the HR
increase was  positively related to the sAA increase.

In contrast with our hypothesis, we did not find age differences
in HR and sAA reactivity to stress. Our results coincide with other
studies that did not find age differences in HR reactivity to psy-
chosocial stress (Esler et al., 1995; Uchino et al., 1999). However,
using the same procedure to provoke stress (i.e. TSST), but with-
out a control condition, it has been shown that HR  (Kudielka et al.,
2004a) and sAA (Strahler et al., 2010b)  responses to stress were
attenuated in elderly people. Although the TSST is a standardized
procedure to provoke stress, small modifications in this procedure
could partially explain this discrepancy. We  employed a prepara-
tion period of 10 min, while this period in the other studies lasted
only 3 min. It is possible that having more time to prepare and think
about the speech could be more stressful and provoke a higher ANS
response in the older participants. The time of sAA sampling was
also different. Strahler et al. (2010b) took one saliva sample 1 min
after the arithmetic task and, therefore, measured sAA reactivity of
both the speech and arithmetic tasks combined. However, in our
study we  took one sample immediately after the speech task and
another one immediately after the arithmetic task, while both of
these saliva samples were provided in front of the committee. It
is likely that we more accurately captured the individual profile
of sAA secretion. In fact, 24 participants (41% of the current sam-
ple) had their maximum sAA concentration after the speech task;
therefore, these participants started to recover to baseline sAA lev-
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els in subsequent samples, including the sample taken after the
arithmetic task.

Moreover, age differences in the relevance of laboratory-based
stressors may  affect physiological reactivity (Uchino et al., 2010).
For this reason, we tried to maximize the stressfulness of the TSST
by making the committee up of university professors older than
50 years of age. In addition, the interaction between the commit-
tee and the participant was always performed by the committee
member of the opposite sex. Unfortunately, information about the
composition of the committee in other studies (Kudielka et al.,
2004a; Strahler et al., 2010b)  is not available, and, therefore, we
are hesitant to draw any conclusions.

Although we did not find age differences in the stress-induced
sAA increase, overall older adults had higher sAA global output
(AUCg) irrespective of psychosocial stress. It has been well estab-
lished that age increases basal sympathoneural activity, while
sympathoadrenomedullary activity appears to decrease or remain
unchanged (Seals and Dinenno, 2004). In our opinion, the observed
higher sAA concentrations among the older participants across
both conditions could reflect this increased basal sympathoneu-
ral activity. This finding reinforces the suggestion made by Ehlert
et al. (2006) that sAA secretion reflects central norepinephrine
release instead of peripheral norepinephrine secretion. They con-
clude this after showing that the increase in sAA after yohimbine
infusion (an alpha-2 adrenoreceptor antagonist) was not related
to plasma levels of cathecolamines. Furthermore, concentrations
of cerebrospinal fluid norepinephrine are higher in older people
(Elrod et al., 1997; Raskind et al., 1988), and older people react
with greater increases in cerebrospinal fluid norepinephrine after
yohimbine challenge than younger people (Peskind et al., 1995;
Raskind et al., 1999). Research in the future should help clarify
this matter by studying whether sAA is more reactive to yohimbine
challenge in older people than in younger people.

Our findings regarding the increase in sAA (AUCi) were similar
to the results regarding sAA global output. Irrespective of psychoso-
cial stress, the older group increased their sAA levels more than the
younger one. This difference was more evident when looking at the
control condition (see Fig. 3). In this condition, the total amount of
sAA secreted was higher in the older group than in the younger one,
and while the younger participants hardly changed their sAA lev-
els, among the older participants the sAA concentrations increased.
Since negative affect and cortisol declined in the older group after
the control task, it is not likely that this increase in sAA concen-
trations was provoked by stress. Moreover, the control task also
provoked an increase in HR that was similar in both age groups.
Another possible explanation for these changes in sAA and HR dur-
ing the control condition could be related to orthostatic challenge.
During the control condition, the participants were asked to stand
up and walk at the same moments and for the same length of time as
in the stress condition. In line with our results, Nater et al. (2006),
using a similar experimental design that emulated a comparable
orthostatic challenge in the control and stress conditions, found
that the sAA of a young sample was not affected by the control con-
dition, but plasma norepinephrine release was. The results of our
study suggest that aging increases the sensitivity of sAA to postural
and small changes in global physical activity.

Regarding HPA-axis activity, age was related to a higher increase
in cortisol (AUCi) across both conditions. In the stress condition cor-
tisol levels increased, but in the control condition they decreased
following the natural cortisol circadian rhythm. In this particular
case, the AUCi is an index of decrease (Pruessner et al., 2003, p. 921).
Therefore, in our study, the older group increased their cortisol lev-
els more in the stress condition, but at the same time they decreased
them less in the control condition than the younger group (see
Fig. 4B). Previous studies have related increasing age with both
increased stress-induced cortisol responses and decreased cortisol

variability in the late afternoon (van Cauter et al., 1996; Deuschle
et al., 1997; Gotthardt et al., 1995; Kudielka et al., 2004b; Seeman
et al., 2001; Strahler et al., 2010b; Traustadóttir et al., 2005). Both
effects are consistent with the loss of HPA-axis feedback sensitiv-
ity that has been hypothesized to occur with aging (Seeman and
Robbins, 1994). In addition to the effects of age on cortisol release,
we found sex differences in the cortisol response to stress. Men
responded to stress with a higher increase in cortisol concentra-
tions than women, as has been shown consistently in the literature
(Kudielka et al., 2009). Several attempts to explain these sex dif-
ferences have pointed to sexual dimorphisms in brain structures
and functioning, but they have also pointed to the circulating lev-
els of corticosteroid binding globulin protein (CBG) (Kudielka and
Kirschbaum, 2005). The use of oral contraceptives has been shown
to produce an increase in CBG release (Wiegratz et al., 2003), and
in the same way, Kudielka et al. (2004b) found higher CBG levels
in older women compared to older men. As the cortisol concen-
trations measured in saliva reflect the free portion of cortisol (not
bound with CBG), the blunted cortisol response observed in women
can partly be explained by higher concentrations of CBG, leading to
a greater percentage of secreted cortisol bound with it (Kajantie
and Phillips, 2006; Kumsta et al., 2007).

The overall stress-induced cortisol output (AUCgCortisol) was
associated with more overall sAA release (AUCgsAA), but it was not
related to the overall sAA increase (AUCisAA). However, the overall
sAA increase (AUCisAA) was  associated with a higher HR increase
(AUCiHR). Previously, correlations between stress-induced sAA and
cortisol responses had rarely been reported (Gordis et al., 2006), and
the majority of studies did not find any correlation between sAA and
cortisol responses to stress (Nater et al., 2005, 2006; Strahler et al.,
2010b). The relationship observed between the HR increase and the
sAA increase in response to stress is in some way not surprising,
as both are biomarkers of the ANS. Associations between sAA and
HR or other cardiovascular indices have been reported previously.
For example, sAA reactivity to stress has been positively related
to HR reactivity and the low frequency/high frequency ratio (an
index of sympathetic tone), and negatively with the left ventricular
ejection time and the RMSSD (root mean square of successive differ-
ences of normal-to-normal intervals, an index of parasympathetic
tone) (Bosch et al., 2003; Nater et al., 2006). Some studies have also
found positive relationships between sAA and other ANS biomark-
ers, such as plasma norepinephrine and epinephrine (Chatterton
et al., 1996; Rohleder et al., 2004), although others failed to find
such associations (Nater et al., 2006).

The positive relationship found between the cortisol and sAA
total output reflects the coordination between the two  main phys-
iological stress systems. As Chrousos and Gold (1992) discuss, the
HPA-axis and ANS could interact at many potential central sites
to coordinate the stress response, leading the activation of one sys-
tem to produce the activation of the other as well. The neurons that
release corticotropin releasing factor (CRF) project from the lateral
paraventricular nuclei (PVN) in the hypothalamus to sympathetic
hindbrain regions (Nauta and Feirtag, 1986; Saper et al., 1976),
and, conversely, catecholaminergic fibers from the locus coeruleus
(LC)–noradrenergic system project to the PVN (Cunningham and
Sawchenko, 1988; Cunningham et al., 1990; Saper and Loewy,
1980). Furthermore, the administration of CRF onto LC neurons
increases the LC firing rate (Dunn and Berridge, 1990; Jedema and
Grace, 2004), while norepinephrine is a potent stimulus for the
release of CRF (Calogero et al., 1988; Cunningham et al., 1990).
Our findings support the coordination of both the HPA-axis and
the ANS in generating the physiological stress response (Granger
et al., 2007).

Some limitations have to be considered in order to interpret
the results of the current study. The use of sAA as a biomarker of
ANS activation is relatively novel, and the biochemical and physio-
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logical properties of this enzyme are still under investigation. The
saliva in this study was collected using salivettes, and recently it
has been shown that unstimulated and stimulated saliva collec-
tion yield different sAA concentrations (DeCaro, 2008). Although
we did not instruct the participants to chew the cotton roll, we did
ask them to move it around in their mouths in order to collect saliva
from all the salivary glands (Rohleder and Nater, 2009). It has been
shown that sAA stress-induced increases are independent of sali-
vary flow rate (Rohleder et al., 2006); however, the results observed
in the current study cannot be compared with studies that have col-
lected saliva using non stimulating methods. In addition, age could
affect salivary gland physiology and, therefore, saliva composition,
since the parenchyma of the salivary glands is gradually replaced by
fat, connective tissue and oncocytes with age (Nagler, 2004). How-
ever, until now, there has been no evidence that aging per se leads
to a reduction in the capacity of salivary glands to produce saliva
(Dobrosielski-Vergona, 1993) or produce changes in the saliva com-
position in healthy subjects (Aguirre et al., 1987; Fox et al., 1987).
Moreover, it is important to note that all the young women  in this
study were taking oral contraceptives. Although these pills have
not been reported to affect sAA release, they do have an effect
on salivary free cortisol. The use of oral contraceptives is very
widespread, and, thus, the women using this medication constitute
an interesting research group in itself. However, our results can-
not be generalized to premenopausal women with natural cycles,
and it would, therefore, be interesting to include them in future
research. Finally, we used a stressor (TSST) that is mainly based
on social-evaluative threat, and it is plausible that previous expe-
riences with social evaluative challenges moderated the observed
stress response. However, it seems unlikely that previous experi-
ences with social stress influenced our main findings since our age
groups were quite homogenous. For example, participants were
all recruited within university programs, and for all participants it
was their first exposure to a standardized lab stressor. Neverthe-
less, future research should control for previous experiences with
social evaluative challenges, and investigate whether it affects age
differences in the psycho-physiological response to lab stressors.

Taken together, our results add new knowledge about the effect
of age on stress-induced sAA release. Our results do not support
the existence of an attenuated ANS response to psychosocial stress
in older adults, but rather a heightened sympathetic tone. Further-
more, our findings give support to the coordination between the
two main stress systems, the HPA-axis and ANS, beyond kinetic
differences in their responses to psychosocial stress.
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