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Abstract
Post-trial pharmacological activation of the noradrenergic system can facilitate memory
consolidation. Because exercise activates the locus coeruleus and increases brain norepinephrine
release, we hypothesized that post-trial exercise could function as a natural stimulus to enhance
memory consolidation. We investigated this in amnestic mild cognitive impairment (aMCI) and
cognitively normal elderly individuals by examining the effects of an acute bout of post-learning,
aerobic exercise (6 minutes at 70% VO2 max on a stationary bicycle) on memory for some
emotional images. Exercise significantly elevated endogenous norepinephrine (measured via the
biomarker, salivary alpha-amylase) in both aMCI patients and controls. Additionally, exercise
retrogradely enhanced memory in both aMCI patients and controls. Acute exercise that activates
the noradrenergic system may serve as a beneficial, natural, and practical therapeutic intervention
for cognitive decline in the aging population.
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INTRODUCTION
An abundance of evidence indicates that emotional material is typically better retained than
is neutral material in healthy young animals and humans. Noradrenergic activation that
occurs during or immediately after acquisition is critically involved in modulating emotional
memory in both animals and humans. Noradrenergic-mediated memory enhancement has
been demonstrated in a variety of learning paradigms, such as contextual fear conditioning,
object recognition, and extinction of contextual fear conditioning [1–3] via both systemic
administration and direct infusions of adrenergic agonists into the basolateral amygdala. In
contrast, post-training systemic or intra-basolateral amygdala infusions of adrenergic
antagonists, such as propranolol, block memory enhancement produced by systemic
injections in a variety of animal learning tasks [3–10], or even impairs memory in animals
[11–15].

Pharmacological evidence for the involvement of norepinephrine (NE) in emotional memory
enhancement extends to humans, where systemic adrenergic agonist administration
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significantly enhances emotional memory [16, 17], whereas beta-adrenergic antagonists
block this memory enhancement [17–21].

In addition to the pharmacological evidence that the adrenergic system is involved in
memory modulation, there is a strong relationship between training-induced endogenous
noradrenergic activation and enhanced emotional memory in animals and humans [22, 23].
The amount of increase in NE measured after acquisition of stressful learning tasks strongly
correlated with memory performance for those tasks [22, 24]. These findings converge with
evidence from pharmacological studies indicating that noradrenergic activation is critically
involved in memory modulation for emotional events. Segal and Cahill [23] reported that
the amount of increase in endogenous NE (as measured via salivary alpha-amylase, sAA)
that occurs while subjects view emotional stimuli are significantly correlated with recall of
those stimuli, but not with recall of emotionally neutral stimuli. These findings converge
with evidence from pharmacological studies indicating that noradrenergic activation is
critically involved in memory modulation for emotional events. While emotional memory
enhancement appears to be at least partially preserved in older individuals [25–27], the
extent to which noradrenergic activation modulates emotional memory in healthy older men
and women has not been explored.

Since pharmacological manipulation of the noradrenergic system could be potentially
dangerous in the older population, the use of exercise is a healthy alternative. Microdialysis
experiments show that treadmill running rapidly increases NE release in the rodent brain,
with the effect sustained through the duration of running [28]. In healthy young adults,
exercise significantly enhances sAA levels, a biomarker for NE [29]. sAA significantly
increased in response to 20 min of running on a stationary treadmill in young men and
women [29, 30]. While the relationship between exercise and endogenous noradrenergic
activation has not been examined in older men and women, psychosocial stress has been
reported to increase endogenous NE release, as indicated by sAA in older individuals [31],
suggesting that sAA is also a reliable biomarker for endogenous noradrenergic activation in
older individuals.

Considerable epidemiologic data supports the concept that long-term exercise benefits
cerebral and cognitive function in healthy older individuals [32–39]. Clinical trial data are
mounting, most in normal healthy elderly (with exercise interventions ranging from 5 weeks
to 1 year), which have demonstrated improvements in executive function and memory in
response to aerobic exercise [32]. However, none of these experiments examined the
influence of an acute bout exercise on memory. Clinical evidence indicates that chronic
aerobic exercise may enhance cognition in mild cognitive impairment (MCI). For example,
a recent randomized clinical trial of a home exercise program in MCI subjects found a small
benefit of exercise on global cognition (measured by the Alzheimer’s Disease Assessment
Scale-cognitive subscale) [40]. Similarly, Baker and colleagues [33] assessed effects of 6
months vigorous aerobic exercise at 70% VO2 max (versus stretching controls), and
demonstrated cognitive improvements, particularly on measures of executive function.
However, as in the case of healthy older individuals, none of these experiments examined
the role of an acute bout of exercise on memory.

Although extensive evidence indicates that the noradrenergic system modulates emotional
memory in healthy young animals and humans, the relationship between NE and memory
modulation in healthy older humans has not, to our knowledge, been examined. In addition,
degenerative processes of the locus coeruleus (LC) have been described in patients with
MCI or early Alzheimer’s disease (AD) [41], warranting further investigation regarding the
role of NE and memory modulation in this clinical population.
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A primary goal of the present experiment was to examine the effects of a single bout of
acute exercise on the endogenous noradrenergic response (measured via sAA) in healthy
older individuals and patients with amnestic MCI (aMCI). Based on evidence that NE can
enhance memory, a second goal was to explore whether exercise-induced noradrenergic
activation could enhance memory storage in healthy older men and women. A third goal was
to determine whether potential memory-enhancing effects of noradrenergic activation were
spared in patients with memory deficit (aMCI).

METHODS
Subjects

Thirty-one healthy older adults (8 males and 23 females; 69 ± 2 y), and 23 (14 males and 9
females; 71.4 ± 2.4 y) patients with aMCI participated in this experiment. Participants were
recruited from the UCI Alzheimer’s Disease Center (ADRC) and had no clinical signs of
cardiovascular, respiratory, psychiatric, or other neurological disease. Patients were
excluded if they were taking medication that affects the adrenergic system (such as beta-
blockers). All participants were diagnosed with aMCI and no dementia by a local
neurologist prior to the start of the study. One healthy control participant was excluded from
analysis since he reported that he expected a memory test, and his performance was higher
than two standard deviations from the mean.

Study design
All participants were randomly assigned to either the Exercise condition (15 controls, 11
aMCI) or the Sedentary condition (15 controls, 12 aMCI). Participants were tested on two
subsequent days. The first day consisted of assessing VO2 max using a stationary bike, so
that on the second day we could deliver the same intensity of exercise to each subject (based
on a fixed % of their VO2 max). On the second day, after a 15-min acclimation period, a
baseline saliva sample was taken. The participant then viewed a series of 20 mild
emotionally positive images. Participants were not informed that they would be asked for
recall of the images, but in order to ensure that they would attend to the image, participants
were asked to rate the intensity of their personal emotional reaction to viewing each slide on
a 5 point scale. A second saliva sample was taken immediately after termination of the slide
show. Following the image presentation, the participant either exercised for 6 min at 70%
VO2 max, or rested quietly (sedentary group). Additional saliva samples were taken
immediately after exercise or rest, 10 min, 30 min, and 50 min later. 60 min after the
exercise bout, participants underwent a surprise free-recall test, in which they were asked to
orally describe each picture and to give as many details as possible. The descriptions were
recorded by the experimenter, and a second independent scorer blinded to the experimental
conditions determined the total number of images recalled for each participant.

VO2 max procedure
A progressive exercise test on an electronically braked cycle ergometer (Sensor Medics
Ergoline 800 S, Yorba Linda, CA) was used to measure physical/cardiorespiratory fitness.
Electrodes and a small breathing mask were placed on each participant prior to the test.
Electrodes were used to monitor the electrocardiogram response and the mask was used to
monitor the gas exchange during exercise for each participant. Each participant began the
test with no resistance on the bicycle. The work rate was increased by 10 watts per min (or
adjusted according to the subject’s age and fitness level) so that the total exercise time was
12–14 min, each participant exercising to the limit of his or her tolerance. Participants were
told prior to beginning the test that they should raise their right hand to stop the test when it
became too difficult and they wished to stop. Gas exchange was measured breath-by-breath
via Sensor Medics V Max 229 Metabolic cart. VO2 max was calculated via the Fick
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Equation: VO2 max = Q(CaO2-CvO2), when these values are obtained during an exertion at
a maximal effort where Q is the cardiac output of the heart, CaO2 is the arterial oxygen
content, and CvO2 is the venous oxygen content.

Image presentation
A set of 20 positive images taken from the International Affective Picture Set (IAPS) were
presented on a 15.6 inch monitor located approximately 28 inches in front of the participant.
The images ranged from beautiful landscapes, to sports scenes, to baby animals and
corresponded with IAPS numbers 1710, 8190, 2150, 8501, 2550, 8470, 7330, 1999, 7230,
5470, 8030, 1590, 8490, 7350, 5629, 8300, 1670, 1720, 4250, and 8033. For each slide,
participants were asked to rate how emotionally arousing they found each image, on a scale
of 1 to 5 with 1 being the lowest and 5 being the highest ratings, by pressing a button on the
keyboard between the numbers 1–5. Each slide was presented for five seconds and each
participant had as much time they needed to rate each image; the average length of time was
five seconds. As soon as the participant rated the image (by pressing a key between 1 and 5)
the slide show advanced to the next image.

Saliva sampling
sAA served as the index of central NE activation, based on the extensive pharmacological
evidence supporting sAA as a valid biomarker for NE activity in humans [20, 42]. The
enzyme sAA is released into saliva within 20 seconds after NE activation, and has been
shown to be a more accurate reflection of central noradrenergeric activation than plasma NE
[42]. Saliva was collected in sterile tubes using the “passive drool” method, in which
subjects allow saliva to drain from their mouth into the tube, without actively stimulating the
saliva [43]. All training and testing were conducted between the hours of 1300 h and 1800 h,
to reduce variation due to the circadian rhythm of alpha-amylase. Subjects fasted for one
hour prior to the first session of the experiment, and refrained from the consumption of
alcohol and caffeine, as well as any participation in cardiovascular exercise for twenty-four
hours prior to the study.

Saliva samples were immediately placed on ice and subsequently in a freezer stored at
−20°C for a minimum of 24 h to allow mucins to precipitate. They were then thawed and
centrifuged at 2,080 × g for 15 min to extract particulates from saliva. Clear supernatant was
decanted into separate sterile tubes and centrifuged for an additional 15 min, then transferred
to microtubes and stored at −20°C until assayed.

Alpha-amylase measurement
Alpha-amylase levels were measured in saliva samples via Salimetrics (State College, PA)
enzyme kinetic assay kits. Substrate was heated to 37°C in the trough provided by
Salimetrics in a preheated microtiter plate incubator for 20 min. Samples were diluted (1 :
200) with Salimetrics diluent. Eight microliters of prediluted Salimetrics controls for
calibration of the assay, as well as each diluted sample were transferred to a 96 well
microtiter plate. Three-hundred and twenty microliters of the preheated substrate were added
to each well with a multichannel pipette. The plate was then placed in a microtiter plate
mixer and mixed at 500–600 RPM for 1 min. The plate was immediately transferred to a
microplate reader and read at 450 nm. The plate was then mixed at 500–600 RPM for 2 min
and read immediately at 450 nm. The enzymatic action of alpha-amylase on the maltotriose
yields 2-chloro-p-nitrophenol, which can be spectrophototometrically measured at 405 nm.
The amount of alpha-amylase is directly proportional to the absorbance at 405 nm. Increase
in sAA was considered anything above 3 U/mL, the lowest level of detection according to
the Salimetrics assay kit protocol.
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Statistical analysis
Recall scores were assessed with analysis of variance (ANOVA) where exercise or rest
condition served as independent variables. The relationship between sAA and subsequent
memory recall was characterized using regression analysis conducted with Statview
Statistical Software (version 5.0.1).

RESULTS
Recall

Comparing the non-exercise groups, cognitively-intact aged controls overall recalled
significantly more images than did the aMCI subjects in the (p < 0.0001), as expected,
confirming that aMCI subjects possess a partially defective memory. Exercise effects were
striking for both aMCI and cognitively-intact aged control groups. Post-trial exercise
significantly enhanced recall in the aMCI participants (p < 0.001), as well as the healthy
controls (p < 0.01). Further, there appeared to be a greater effect in the aMCI group than in
controls, with a nearly 2-fold improvement over sedentary performance (versus an
approximate 1.3-fold improvement in controls), an unexpected outcome. See Fig. 1.

Salivary alpha-amylase
In parallel with enhanced memory consolidation, exercise significantly increased sAA levels
relative to baseline in both cognitively-intact aged and aMCI groups (p < 0.001) (Fig. 2). All
participants in the exercise condition displayed a significant increase in sAA immediately
after exercise. The sAA increase in the aMCI Exercise participants did not differ
significantly from the sAA increase in the controls (p ≫ 0.1). Evaluation of the relationship
between recall and sAA levels revealed a significant positive correlation in the MCI subjects
(aMCI: r = 0.716, p < 0.001). Interestingly, within the aMCI subjects, the correlation was
stronger for males (r = 0.774, p < 0.01) than females (r = 0.578, p < 0.01), although this
difference was not statistically significant. Overall, these results suggest that post-trial NE
activation may be relatively more dominant mechanisms for exercise effects in males than
females, at least for the aMCI population. Gender differences in the cognitively-intact
elderly could not be addressed because of the small sample size for males (n = 7), however,
there was a positive correlation between sAA and recall in females (r = 0.4266, p < 0.05),
supporting the concept that NE activation may be a fundamental mechanism underlying the
exercise-enhancement of consolidation.

DISCUSSION
These findings, to our knowledge, are the first to indicate that a single acute bout of post-
learning exercise both activates the NE system and retrogradely enhances memory in
cognitively healthy normal older humans. Although some prior evidence from postmortem
studies has indicated that NE concentration decreases with age in healthy older people [44],
the present study suggests that the NE system retains a considerable degree of function in
healthy older individuals, indeed sufficient to retain at least some of the memory-enhancing
qualities it possesses in healthy younger people.

The current study compared the relationship between exercise-induced noradrenergic
activation and memory in aMCI patients and healthy age-matched controls. The findings
indicate that post-learning, acute exercise both activates the NE system similarly in aMCI
patients and controls, and significantly enhances memory in both groups. Given the very
practical nature of acute exercise treatments, our findings appear to have considerable
therapeutic potential for patients diagnosed with aMCI or perhaps other cognitive disorders.
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Our findings also suggest that, while cholinergic pharmacological approaches are accepted
as effective (if modest) treatments for dementia-related amnesia, a shift towards the
adrenergic system for pharmacological targets may yield effective therapies. While loss of
cholinergic neurons is a key contributor to AD pathogenesis, LC neuron loss is prominent in
AD neuropathology and contributes to cognitive impairments [44–47]. Reduced
concentrations of NE have been reported in both the antemortem and postmortem AD brain
[48], and noradrenergic dysfunction in the cortex may be associated with neuronal loss in
the LC [49, 50]. In the temporal cortex, noradrenergic markers were significantly reduced in
patients who displayed clinical symptoms for less than two years, up to at least 47% of that
in controls, suggesting that NA dysfunction occurs early in the onset of the disease [48].
However, in these same patients the ratio of 3-methoxy-4-hydroxyphenylglycol (a potential
index of noradrenaline turnover) to NE was elevated, suggesting that there was an increase
in noradrenergic activation as a compensatory mechanism. Degeneration of LC neurons in a
small group of MCI and early AD patients has been reported in one study [41]. However, it
is unclear whether the mechanism underlying the cognitive deficits observed in AD patients
is associated with the loss of NE itself, or the loss of other LC cotransmitters, such as
galanin, brain-derived neurotrophic factor (BDNF), and other neuropeptides synthesized and
released by LC neurons.

While evidence suggests that the NE system is compromised in patients with AD, the
amount of NE dysfunction in MCI patients is less clear and warrants further investigation.
LC neuron loss has been reported in MCI patients [41], however, these findings pertained to
only four MCI patients. The present findings suggest that the NE response to acute exercise
is not severely, if at all, compromised in MCI patients, and further, that this NE response can
enhance memory storage in aMCI patients.

There are several caveats to consider when examining the current findings. The first is that
several hormones are released during and immediately after exercise. It is quite possible that
other factors may contribute to the memory enhancing effects that were observed in the
current experiment. Glucocorticoids, for example have been reported to enhance memory
consolidation in animals and humans [2, 51]. However, previous research suggests that
glucocorticoids are not released by an acute cardiovascular exercise regimen such as that
used in the current experiment [52]. A more direct test of exercise-induced NE in memory
enhancement should involve pharmacological blockade of NE (via beta-blockers such as
propranolol) prior to exercise in future studies, however, it is possible that beneficial effects
of exercise on memory engage more than one mechanism.

There are non-hormonal growth factors, such as BDNF, that have reportedly had enhancing
effects on memory [53–55] and the current study does not address to what extent BDNF
may have had an influence on memory. The shortest duration of exercise reported to have a
significant effect on increasing serum BDNF in humans was 15 minutes [56]. Further
research is needed to understand the relationship between a single bout of acute exercise and
BDNF. Furthermore, since BDNF is partially localized to noradrenergic nerve fibers and
terminals, it is synthesized and transported by noradrenergic neurons in the LC, and BDNF
levels are decreased in AD patients, future studies should examine possible interactions
between NE and BDNF in AD and MCI patients.

Since we were interested in the influence of noradrenergic activation on memory in patients
specifically with memory deficits, instead of general cognitive impairment, we confined our
participants to the subset of MCI patients diagnosed as amnestic (aMCI). However, future
experiments should address the role of NE in patients with other sub-categories of MCI, to
investigate the clinical implications of NE in terms of attention, executive function, etc.
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The present findings have practical clinical implications that warrant further investigation.
Most strikingly, they suggest that even a single bout of acute exercise can significantly
enhance memory in both healthy and clinically impaired aged participants. While long-term
exercise interventions have been suggested to improve cognitive performance in MCI
patients and older adults at risk for AD [33, 40], this is the first evidence that exercise can
act retrogradely, enhancing consolidation processes specifically.

Future studies can now better delineate the parameter space (amount and type of exercise,
duration of memory enhancement, types of memories affected) in which acute exercise
enhances memory in healthy older adults and MCI patients. For example, future studies
should examine whether increasing the duration of exercise at 70% VO2 max increases NE
significantly more than does six minutes of exercise. Greater NE increase could conceivably
increase the memory-enhancing effects of the exercise. However, as the relationship
between NE activation and memory consolidation enhancement generally follows an
“inverted-U” dose-response function, [2, 57], it may be critical for practical purposes to
identify in a given patient his/her optimal level of exercise to maximize potential memory-
strengthening effects. The current findings suggest a natural, effective, and relatively safe
alternative to pharmacological interventions in the older population, where acute exercise
results in retrograde memory enhancement.
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Fig. 1.
A single bout of post-training acute exercise significantly enhanced memory for aMCI
patients (**p < 0.001) and age-matched controls (*p < 0.01).
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Fig. 2.
Exercise significantly increased sAA in both the aMCI patients and the age-matched
controls (*p < 0.001).
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