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Physical activity (PA) is emerging as a safe and effective tool in the prevention and treatment of psychi-
atric disorders. PA subtypes include aerobic, resistance, flexibility, neuromotor (involving balance, agility
and co-ordination), mind–body (e.g. tai chi, qi gong and yoga) and mixed type trainings. Evidence from
clinical trials suggests that PA subtypes can have positive clinical effects, however the effects on the
symptomatology may vary according to the PA subtype. It therefore stands to reason that various PA sub-
types may modulate the immune system and neuroplastic processes differently. This systematic review
aims to assess the immunomodulatory and neuroplastic profiles of various PA subtypes, particularly in
unipolar depression and age-related cognitive decline (ARCD). The literature suggests several unique
immunomodulatory and neuroplastic profiles for PA subtypes (i.e. resistance, aerobic and mind–body)
in depression and ARCD. In depression, levels of various cytokines at baseline may predict treatment
response to subtypes of PA and pharmacological agents. The pro-neuroplastic effects of resistance and
aerobic PA in ARCD may differ due to variances in neurotrophin profiles. At this stage of literature in
the field, it is difficult to draw firm conclusions on the specific immunomodulatory and neuroplastic
pathways involved in these PA subtypes given of the small number of comparative studies and method-
ological heterogeneity between studies (e.g. study population age and illness severity, as well as duration
and intensity of PA intervention). This important field requires well-designed, high-quality comparative
studies to better describe unique immunomodulatory and neuroplastic profiles.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Debate is ongoing regarding the differing clinical effects of sub-
types of PA in the treatment of psychiatric disorders (Cooney et al.,
2013; Hotting and Roder, 2013; Rethorst and Trivedi, 2013; Schuch
and de Almeida Fleck, 2013; Voelcker-Rehage and Niemann, 2013).
Understanding the neurobiological effects of various PA subtypes
may assist in understanding target populations, differences and
similarities in clinical efficacy, as well as providing biomarkers to
enhance the clinical utility of PA in unipolar depression and ARCD
(i.e. across the spectrum of cognitive aging, to Mild Cognitive
Impairment (MCI) and Alzheimer’s dementia (AD). A comprehen-
sive assessment of the field pertaining to the neuroimmune and
neuroplastic effects of PA subtypes has not been published to date.

A significant amount of literature is emerging allowing for a
comparison of PA subtypes in unipolar depression and ARCD, how-
ever a thorough analyzis of this literature is outside of the scope of
this review. A number of studies have examined the effect of
various types of PA in ARCD (see Balsamo et al., 2013; Brown
et al., 2012; Cassilhas et al., 2007; Davis et al., 2013; Hotting and
Roder, 2013; Kramer et al., 1999; Liu-Ambrose et al., 2010; Nagam-
atsu et al., 2012, 2013; Pitkala et al., 2013; Roig et al., 2013). A
number of primary research, meta-analyzes and systematic re-
views provide a comparison between subtypes of PA in depression
(see Bridle et al., 2012; Chi et al., 2013; Erickson et al., 2013; Krogh
et al., 2009, 2011, 2012; Lavretsky et al., 2011; Oh et al., 2013; Pen-
ninx et al., 2002; Ravindran and da Silva, 2013; Rimer et al., 2012;
Wang et al., 2013).

From a neuroplasticity perspective, data has emerged suggest-
ing aerobic and resistance PA have a more potent neuroplastic ef-
fect than other PA subtypes (Voelcker-Rehage and Niemann, 2013).
A recent review by Voelcker-Rehage and Niemann (Erickson et al.,
2013; Voelcker-Rehage and Niemann, 2013) compares the clinical
effect of ‘metabolic exercise’ (i.e. cardiovascular and resistance
training) and co-ordinative PA (i.e. motor fitness, co-ordination
and flexibility) on cognitive function and markers of neuroplastic-
ity. The authors present evidence arguing pure metabolic PA has
greater effects on brain volume and functional activity, particularly
in the prefrontal and hippocampal (HC) areas, as compared to
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stretching, toning or relaxation interventions (for primary evidence
see Erickson et al., 2011; Ruscheweyh et al., 2011; Voelcker-Rehage
et al., 2011); they contribute this effect to differing metabolic
demands (Voelcker-Rehage and Niemann, 2013). The recent RCT
by Nagamatsu et al. (2012) noted differing neuroplastic effects of
resistance PA vs. balance and toning (BAT) PA. Over 6 months,
the study examined 86 community-dwelling women aged
70–80 years with probable MCI. Resistance training improved
selective attention/conflict resolution, associated memory and
regional patterns of functional brain plasticity (right lingual gyrus
under functional MRI analysis) compared with BAT. A recent ro-
dent study suggests aerobic and resistance PA have divergent
pro-neuroplastic effects (Cassilhas et al., 2012). This study found
both types of PA improved learning and spatial memory, resistance
PA induced central and peripheral insulin-like growth factor-1
(IGF-1) and AKT in the hippocampus (HC), whereas aerobic PA
showed an increase in IGF-1, brain-derived neurotrophic factor
(BDNF), TrkB and b-CaMKII (calcium-dependent kinase II) in the
HC.

Understanding the immunomodulatory effects of PA subtypes
may provide insight into the similarities and differences between
neuroplastic and clinical effects (Baune and Eyre, 2012). This is rel-
evant given the positive and negative effects of immune factors
(e.g. cytokines and microglia) on neuroplasticity processes and
markers (i.e. volumetric analysis, neurogenesis, synaptic plasticity,
long-term potentiation/depression (LTP/D)) and symptomatology
in unipolar depression and ARCD (for reviews see Eyre and Baune,
2012a; McAfoose and Baune, 2009; Wyss-Coray and Rogers, 2012).
A number of examples of comparative studies assessing the immu-
nomodulatory profiles of PA are offered in the literature, and will
be reviewed in this paper.

This paper will initially outline the involvement of the immune
system in unipolar depression and ARCD. Following this, the sys-
tematic review aims to assess the immunomodulatory and neuro-
plastic profiles of various PA subtypes, particularly in clinical
populations with unipolar depression and ARCD.
Fig. 1. Study inclus
2. Methods

The literature search for this review was carried out according
to the PRISMA (preferred reporting items for systematic reviews
and meta-analyses) guidelines as they apply to systematic reviews
(Moher et al., 2009). An electronic search of reputable databases
including PubMed, PsychoInfo, OvidSP and ScienceDirect were uti-
lized in the creation of this systematic review. An initial search was
conducted using the following keywords: (Immune OR cytokine OR
inflammatory OR microglia) OR (neuroplastic⁄ OR neurogenesis OR
synap⁄ OR volume) AND (aging brain OR cognition OR Alzheimer’s
OR cognitive decline OR cognitive dysfunction) OR (depression OR
depressive OR stress OR mood disorder). A second search was con-
ducted as above, but with the addition of the following: AND (exer-
cise OR physical activity OR strength OR aerobic OR flexibility OR
mind–body). Articles were also obtained by reviewing reference
lists of review and research articles. A total of 680 studies were
found using these search terms. A total of 316 articles remained
after assessment of abstracts for relevance to the aims of this re-
view. Abstracts were also selected based on the year of publication
(between 1969 and October 2013), publication in the English lan-
guage and of peer-reviewed type. Of these, 201 studies were ex-
cluded after review of the full text if they did not either directly
compare between subtypes of PA or provide data on the neuroplas-
tic/neuroimmune effects of PA subtypes, if they included anecdotal
evidence or did not include measurement of clinical information or
relevant biomarkers. Where possible, risks of bias across studies
has been reported. Finally, 115 articles were utilized in the making
of this literature review (Fig. 1 depicts this strategy).

3. Results

3.1. The involvement of the immune system in psychiatric disorders

Prior to investigating clinical and immunological effects of PA
subtypes, we will first frame the most up-to-date understanding
ion flowchart.
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of immune-related pathophysiology in depression and ARCD.
These fields have been extensively reviewed in recent times (Dant-
zer et al., 2008; Eikelenboom et al., 2012; McAfoose and Baune,
2009; Miller et al., 2009; Tanzi and Bertram, 2005; Wyss-Coray
and Rogers, 2012), and will therefore be summarized below.

3.1.1. Depression and the immune system
The most established immune-based model of depression is the

inflammatory or cytokine model of depression (Dantzer et al.,
2008; McAfoose and Baune, 2009; Miller et al., 2009). This model
postulates that a pro-inflammatory state characterized by eleva-
tions in pro-inflammatory cytokines (PICs) and reductions in
anti-inflammatory cytokines (AIC) are involved in the development
of depression-like behavior in animals and clinical depression in
humans. In addition, the resulting net pro-inflammatory state,
mediated via elevations in tumor necrosis factor (TNF)-a, interleu-
kin (IL)-6, interferon (IFN)-c and IL-1b, is found to impair HC neu-
roplasticity (e.g. neurogenesis, synaptic plasticity, LTP), induce
glucocorticoid insensitivity of the hypothalamo–pituitary–adrenal
(HPA) axis, increase oxidative stress in the HC, reduce serotonin
levels and create neurotoxic serotonergic metabolites (i.e. 3-
hydroxykynurenine (3-HK) and quinolinic acid (QA)) (Dantzer
et al., 2008; Eyre and Baune, 2012b; Leonard and Maes, 2012; Mill-
er et al., 2009; Moylan et al., 2012). From a clinical perspective, a
meta-analysis by Dowlati et al. (2010) concludes that the pro-
inflammatory state is associated with clinical depression. This
study pooled 24 studies involving unstimulated measurements of
cytokines in patients meeting DSM criteria for major depression
and found significantly higher concentrations of TNF-a and IL-6
in depressed subjects compared with control subjects. These find-
ings were recently replicated for IL-6 (Hiles et al., 2012). Prospec-
tive studies have found associations between PIC levels
(specifically IL-6, IL-8 and CRP) and incident depressive symptoms
(Baune et al., 2012; Rohleder and Miller, 2008; Vogelzangs et al.,
2012).

3.1.2. Age-related cognitive decline and the immune system
Elevated PICs (i.e. TNF-a, IL-6, IL-1b and IFN-c) have been impli-

cated in impaired cognitive function in clinical and pre-clinical
studies (Eikelenboom et al., 2012; McAfoose and Baune, 2009; Tan-
zi and Bertram, 2005; Wyss-Coray and Rogers, 2012). To this effect,
an amyloid-neuroinflammation hypothesis has been recently sug-
gested stating that neurodegenerative changes in LOAD are the re-
sult of an uncontrolled, chronic intra-cerebral inflammatory
reaction triggered by the accumulation/aggregation of Ab protein
in plaques (Eikelenboom et al., 2012; Tanzi and Bertram, 2005;
Wyss-Coray and Rogers, 2012). PICs have been found to enhance
the accumulation of Ab protein plaques, which in turn promote
further neuroinflammation leading to progressive neurodegenera-
tion (Eikelenboom et al., 2012; Tanzi and Bertram, 2005; Wyss-
Coray and Rogers, 2012). Additional to effects on Ab proteins,
neuroinflammation is found to induce tau protein-based pathology
(i.e. neurofibrillary tangles (NFTs)) (Krstic and Knuesel, 2013;
Wyss-Coray and Rogers, 2012) and can lead to increases in reactive
oxygen species (ROS) (Gavillet et al., 2008; Li et al., 2008; Miller
et al., 2009; Salminen et al., 2011; Steele and Robinson, 2012;
Tilleux and Hermans, 2007). Neuroinflammation is found to
be associated with neurotransmitter dysfunction (i.e. reduced
acetylcholine production/function, glutamate-induced excitotoxic-
ity and increased QA production) (Beattie et al., 2002; Butterfield
et al., 2007; Guillemin et al., 2005; Hofer et al., 2008;
Pavlov et al., 2009; Pickering et al., 2005; Rahman et al., 2009;
Reale et al., 2004). Neuroinflammation also enhances neuronal
apoptosis and impairs neuroplasticity (i.e. neurogenesis, synaptic
function, and LTP) (Baune and Eyre, 2012; McAfoose and Baune,
2009; Yirmiya and Goshen, 2011).
A meta-analysis of 40 studies comparing peripheral blood cyto-
kine concentrations between AD and healthy control subjects
found higher levels of IL-6, TNF-a, IL-1b, TGF-b, IL-12 and IL-18
in AD subjects (Swardfager et al., 2010). There was no difference
for IL-2, IL-4, IL8 or IFN-c. A recent study has examined peripheral
inflammatory and neuroimaging biomarkers in a cohort 350 of
subjects with AD, MCI and elderly normal controls (Leung et al.,
2013). After analyzing a panel of 27 cytokines and MRI measures
of brain volume, this study found IL-6, TNF-a, IL-1ra, IL-10 and
IL-13 inversely correlated with ventricular volume, whole brain
volume or entorhinal cortex in AD. An analysis of rate of cognitive
decline found increased IL-10 levels associated with Alzheimer’s
Disease Assessment Scale (ADAS)-cog fast decliners compared with
slow decliners, and an increased level of IFN-c was observed in
ADAS-cog intermediate compared to slow decliners. Another re-
cent meta-analysis of 14 studies measuring cerebrospinal fluid
cytokine concentrations in AD and healthy control subjects found
significantly higher concentrations of TGF-b in AD subjects com-
pared with control subjects (Swardfager et al., 2010). There was
no difference between groups for IL-6, TNF-a and IL-1b. A number
of prospective studies have found higher levels of PICs (specifically
IL-6, CRP and TNF-a) are associated with increase risk of cognitive
decline in aging populations (Dik et al., 2005; Engelhart et al.,
2004; Koyama et al., 2013; Nilsson et al., 2011; Schmidt et al.,
2002; Sundelof et al., 2009; van Himbergen et al., 2012; Yaffe
et al., 2004).
4. Immunomodulatory effects of physical activity subtypes

The following sections will examine the immunomodulatory
profiles of various subtypes of PA in depression and ARCD. An
emphasis will be given to comparative studies, where available.
Tables 1 and 2, examine the immune effects of PA subtypes in
depression and ARCD, respectively.

4.1. Immunomodulatory effects of physical activity in depression

4.1.1. Comparative studies
There is only one study directly comparing the immunomodu-

latory and anti-depressive effects of PA subtypes. This clinical trial
by Kohut et al. (2006) randomized 87 healthy older adults (64–
87 years) to either aerobic (CARDIO) or strength and flexibility
(FLEX) training 3 days/week, 45 min/day for 10 months. A sub-
group of subjects treated with non-selective b1b2 adrenergic antag-
onists were included to evaluate the potential role of b-adrenergic
receptor adaptations as mediators of PA-induced change in inflam-
mation. The study found CARDIO treatment resulted in significant
reductions in serum CRP, IL-6 and IL-18 compared to FLEX treat-
ment, whereas TNF-a declined in both groups. Both groups had
similar improvements with depressive symptoms (measured by
the Geriatric Depression Scale (GDS)) (F(1,86) = 5.943, p = .017).
CARDIO group depressive symptoms changed from 2.5 ± 0.3 at
baseline to 1.8 ± 0.7 at end of trial; FLEX depressive symptoms
changed from 3.2 ± 0.4 at baseline to 2.8 ± 0.4 at end of trial. Sev-
eral psychosocial measures (i.e. depression, optimism, and sense
of coherence) improved in both groups suggesting that the reduc-
tion of CRP, IL-6, and IL-18 in the CARDIO group was not mediated
by improvements in psychosocial scores.

4.1.2. Aerobic physical activity studies
To our knowledge, there are two studies examining the effect of

aerobic PA (Rethorst et al., 2011, 2012). A recent study by Rethorst
et al. (2012) investigated the extent to which inflammatory mark-
ers can be used to predict response to exercise treatment after an
incomplete response to a selective serotonin reuptake inhibitor
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(SSRI). This neuroimmune investigation was conducted with the
cohort from the Treatment with Exercise Augmentation for
Depression (TREAD) study, a randomized, parallel dose comparison
trial (Trivedi et al., 2011). Incomplete response was qualified as
having at least moderate residual depressive symptomatology,
quantified by a 17-item Hamilton Depression Rating Scale score
P14. This study randomized 73 participants aged 18–70 years to
12 weeks of either 4 or 16 kilocalories per kilogram of body weight
per week (KWW), via aerobic PA. The study examined serum IFN-c,
IL-1b, IL-6, TNF-a and made a number of interesting findings. From
a clinical perspective, both doses of exercise showed significant
improvements over time (F1,121 = 39.9, p < .0001). Adjusted remis-
sion rates at week 12 were 28.3% versus 15.5% for the 16-KKW
and 4-KKW groups, respectively. There was a trend for higher
remission rates in the higher-dose exercise group (p < .06). High
baseline TNF-a (>5.493 pg/ml) was associated with a greater
reduction in depressive symptoms (measured by Inventory for
Depressive Symptomatology Clinical (IDS-C)). There was also a sig-
nificant correlation between reductions of IL-1b and depressive
symptoms in the 16 KWW group, but not the 4 KWW group. Other-
wise, there was no significant change in cytokine levels following
the 12 week PA intervention, and a non-significant association be-
tween PA dose and change in cytokine levels. A cross-sectional
study by the same authors, Rethorst et al. (2011), examined the
Table 1
Immunomodulatory effects of various subtypes of physical activity in depression.

Authors Objective Study design &
demographics

Physical a
details

Comparative exercise studies
Kohut et al. (2006) To determine if a

long-term exercise
intervention
among older
adults would
reduce serum
inflammatory
cytokines, and if
this reduction
would be
mediated, in part,
by improvements
in psychosocial
factors and/or by
b-adrenergic
receptor
mechanisms

Adults P64 years.
Community-based.
Randomised to aerobic
or flexibility/strength
EXC. 10 months.
A subgroup of patients
on non-selective b1b2-
adrenergic antagonists
were included

Aerobic (C
or flexibil
strength E
(FLEX).
3 day/wee
45 min/da
10 month

Aerobic exercise studies
Rethorst et al.

(2012)
To examine the
extent to which
inflammatory
markers can be
used to predict
response to
exercise treatment
after an
incomplete
response to an
SSRI. To examine
how the
inflammatory
markers change
with exercise and
if those changes
are associated
with dose of
exercise or
changes in
symptom severity

Prospective.
Randomised. TREAD
study.
Participants had MDD
and were partial
responders to an SSRI
(i.e. P14 HRSD-17
following >6 weeks but
<6 months of
treatment). Excluded if
regularly engaging in
PA Age 18–70 years
73 participants
12-week

Randomiz
either 16
KWW Aer
(treadmil
ergomete
Combinat
supervise
home-bas
sessions
relationship between IL-6 and depressive symptoms by participa-
tion in moderate-intensity PA in a sample of 97 primary care
patients aged >40 years. The patients had a Center for Epidemio-
logical Studies Depression (CES-D) scale of >15 and PA was deter-
mined by a questionnaire. In this study, there was no correlation
between IL-6 and depressive symptoms and no effect for PA on
IL-6 levels (r = .086, p = .40); however, the association between
IL-6 and depressive symptoms was moderated by PA (p = .02). In
physically inactive subjects, higher depressive symptoms were
associated with higher IL-6 levels (r = .28, p = .05).

4.1.3. Other physical activity studies
A total of five studies have been found investigating the effects

of mind–body therapies on the immune system and depressive
symptoms, one study examining tai chi (Irwin and Olmstead,
2012) and the others examining an 8-week Mindfulness-Based
Stress Reduction course (MBSR) (Carlson et al., 2003, 2007; Fang
et al., 2010; Gallegos et al., 2013). An RCT by Irwin and Olmstead
(2012) investigated the effects of tai chi chih (TCC) on depressive
symptoms and inflammatory markers (IL-6, CRP, sIL-1ra, sIL-6,
sICAM, IL-18), as compared to control (health education (HE)). This
study involved 83 healthy, non-depressed older adults (aged
59–86) in a 16 week intervention with 9 week follow up. Depres-
sive symptoms were measured by the Beck Depression Inventory.
ctivity Depression
measures

Immune measures Results

ARDIO)
ity/
XC

k,
y,
s

GDS, PSS, CS, SPS,
LOT

ELISA of plasma:
CRP, IL-6, TNF-a,
IL-18

EXC = ; depressive
symptoms, "
optimism
(CARDIO = FLEX)
CARDIO EXC = ;IL-
6, IL-18, CRP, TNF-
a vs. FLEX FLEX
EXC = ; TNF-a, no
change in IL-6, IL-
18, CRP vs.
CARDIO. ; CRP a ;
depressive
symptoms. No
effect for non-
selective b1b2-
adrenergic
antagonists

ed to
or 4
obic EXC

l or cycle
rs).
ion of
d and
ed

Clinician: IDS-C30
Self-rated: IDS-
SR30 and HRSD17

ELISA of serum at
baseline and
12 weeks. IFN-c,
IL-1b, IL-6, TNF-a

High baseline
TNF-a
(>5.493 pg ml) a
greater ; in
depression sxs
(IDS-C) over
12 weeks
(P < 0.0001)
Sig pos a between
D IL-1b and D
depression sxs
(p = 0.04). For
16KKW not 4
KKW.
NS change in
cytokine levels
following
12 weeks of EXC.
NS relationship
between EXC dose
and change in

(continued on next page)



Table 1 (continued)

Authors Objective Study design &
demographics

Physical activity
details

Depression
measures

Immune measures Results

cytokine levels.
High TNF-a may
predict better
outcomes with
EXC vs. SSRI
; IL-1b a positive
depression
treatment
outcomes

Rethorst et al.
(2011)

To determine
whether the
relationship
between IL-6 and
depressive
symptoms is
moderated by
participation in
moderate-
intensity physical
activity in a
sample of primary
care patients

Cross-sectional 97
participants. Family
medicine clinic
P40 years CES-D >15

Moderate-
intensity PA.
Measured using
modified
Community
Health Activities
Model program for
Seniors Activity
Questionnaire for
Older Adults

CES-D ELISA of serum. IL-
6

Correlation
between IL-6 and
depressive
sxs = NS.
Association
between IL-6 and
depressive
symptoms was
moderated by PA.
Among those who
did not engage in
mod PA, higher
depressive sxs a "
IL-6. Association
was NS for
moderate PA

Neuromotor/flexibility/contemplative exercise studies
Irwin and

Olmstead
(2012)

To evaluate the
effects of a
behavioral
intervention, TCC
on circulating
markers of
inflammation in
older adults

83 healthy older adults
(59–86 years) RCT. 2
arms – TCC, HE.
16 weeks intervention
+9 weeks follow up

TCC and HE.
Groups of 7–10.
TCC 20 min, 3/
week

BDI PSQI ELISA of plasma
for IL-6, CRP, sIL-
1ra, sIL-6, sICAM,
IL-18 ⁄high IL-
6>2.46 pg/ml

- High IL-6 at
entry: TCC ;
IL-6 compara-
ble to those in
TCC and HE
who had low
IL-6 at entry.
IL-6 in HE
remained
higher than
TCC and HE
with low entry
IL-6

- TCC ns D cel-
lular markers
of
inflammation

- TCC = ;
depressive sxs
a ; IL-6

Carlson et al.
(2007)

This study
investigated the
ongoing effects of
participation in a
MBSR program on
QOL, symptoms of
stress, mood and
endocrine,
immune and
autonomic
parameters in
early stage breast
and prostate
cancer patients

49 patients with breast
cancer and 10 with
prostate cancer.
Enrolled in 8-week
MBSR program. Mean
of 54.5 years, SD
10.9 years

MBSR program
(relaxation,
meditation, gentle
yoga, daily home
practice)

QL (EORTC QLQ-
C30) Mood and
stress scales
(POMS, SOSI) (all
assessed post-
intervention, and
at 6 and
12 months follow
up)

Salivary cortisol
levels Immune cell
counts
Intracellular
cytokine
production (all
assessed post-
intervention, and
at 6 and
12 months follow
up)

Numbers: 59, 51,
47, 41 were
assessed pre- and
post-intervention
and at 6- and 12-
month follow-up,
respectively
Stress: significant

improvements
over follow-up
Cortisol:

decreased over
follow-up
Immune patterns:

reduction in Th1
cytokines over the
year. Reduced T
cell production of
PICs

Carlson et al.
(2003)

This study
investigated the
relationships
between a MBSR
meditation
program for early
stage breast and
prostate cancer
patients and

49 patients with breast
cancer and 10 with
prostate cancer.
50 years of age or older
(mean ± SD,
54.5 ± 10.9 years)

8-week MBSR
program
(relaxation,
meditation, gentle
yoga and daily
home practice)

QL (EORTC QLQ C-
30), mood (POMS),
stress (SOSI)

Counts of NK, NKT,
B, T total, T helper,
and T cytotoxic
cells, as well as NK
and T cell
production of TNF,
IFN-c , IL-4, and
IL-10 were
assessed pre- and

Numbers: 59 and
42 patients were
assessed pre- and
post-intervention,
respectively
Stress: significant

improvements
Immune patterns:
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Table 1 (continued)

Authors Objective Study design &
demographics

Physical activity
details

Depression
measures

Immune measures Results

quality of life,
mood states,
stress symptoms,
lymphocyte
counts, and
cytokine
production

post-intervention � No D in num-
ber of lympho-
cytes or cell
subsets.
� T cell produc-

tion of IL-4 ",
IFN-c ;.
� NK cell pro-

duction of IL-
10 decreased

Fang et al. (2010) The objectives of
this study were to
examine changes
in psychosocial
and immunologic
measures in a
heterogeneous
patient sample
following
participation in a
MBSR program

A single-group,
pretest = post-test
design was utilized.
This pilot study
involved 24
participants (aged 28–
72 years)

8-week MBSR
program.

Distress and QOL
measures included
the Brief Symptom
Inventory-18 and
the Medical
Outcomes Survey
Short-Form Health
Survey,
respectively

Immunologic
measures included
NK cell cytolytic
activity and CRP.
Pre-MBSR and
within 2-weeks
post-MBSR

Significant
improvements in
anxiety and
overall distress as
well as across
multiple domains
of QOL were
observed from
baseline to post-
MBSR
Reductions in

anxiety and
overall distress
were associated
with reductions in
CRP
Patients who

reported
improvement in
overall mental
well-being also
showed increased
NK cytolytic
activity from pre-
to post-MBSR,
whereas patients
who reported no
improvement in
mental well-being
showed no change
in NK cytolytic
activity

Gallegos et al.
(2013)

The objectives of
this study were to
examine the
effects of specific
MBSR activities
(yoga, sitting and
informal
meditation, body
scan) on immune
function,
circulating IGF-1
concentrations,
and positive affect
among older
adults

Longitudinal analyses
of data from subjects in
an 8-week MBSR
program
100 community-

dwelling older adults.
P65 years of age

8-week MBSR
program

Participants
completed a 10-
item measure of
positive affect at
study entry and
post-intervention.
PANAS, PAS

IL-6 and IGF-1
levels were
assayed from
blood collected at
post-intervention
assessments.
Participants were
immunized post-
intervention with
keyhole limpet
hemocyanin
(KLH), and IgM
and IgG KLH-
specific antibody
responses were
measured prior to
immunization as
well as 3 weeks
and 24 weeks
post-intervention

Affect: greater
improvement in
positive affect
from study entry
to post-
intervention.IGF-
1:� higher post-

treatment IGF-
1 levels from
study entry to
post-
intervention
� Sitting medita-

tion was posi-
tively associ-
ated with
post-treat-
ment IGF-1
� Greater use of

body scanning
was associated
with reduced
antigen-spe-
cific IgM and
IgG 3 weeks
post-interven-
tion but not
24 weeks. No
associations
were found
betweenNo
associations

(continued on next page)
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Table 1 (continued)

Authors Objective Study design &
demographics

Physical activity
details

Depression
measures

Immune measures Results

were found
between MBSR
activities and
IL-6 levels

Abbreviations: PA, physical activity; EXC, exercise; GDS, geriatric depression scale; PSS, perceived stress scale; SPS, Stanford Presenteeism scale: LOT, life orientation test:
ELISA, enzyme-linked immunosorbent assay; CRP, c-reactive protein; IL, interleukin; TNF, tumor necrosis factor; SSRI, selective serotonin reuptake inhibitor; TREAD,
TReatment with Exercise Augmentation for Depression; MDD, major depressive disorder; HRSD, Hamilton Rating Scale for Depression; KWW, kilocalories per kilogram of
body weight per week; IFN, interferon; IDS-C, inventory of depressive symptomatology; NS, non-significant; CES-D, center for epidemiological studies – depression scale;
TCC, tai chi chih; HE, health education; ICAM, intercellular adhesion molecule; QOL, quality of life; MBSR, mindfulness-based stress reduction; SD, standard deviation; EORTC
QLQ-30, European Organisation for Research and Treatment for Cancer QLQ-C30; POMS, profile of mood states; SOSI, symptoms of stress inventory; PIC, pro-inflammatory
cytokine; NK, natural killer; IGF-1, insulin-like growth factor-1; PANAS, positive and negative affect schedule.
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TCC lasted 40 min and were given 3 times per week for a total
120 min of weekly instruction. HE was also allocated over a 120-
min period of instruction per week; hence, an identical amount
of instructor time was provided to both intervention groups. This
study found subjects with high IL-6 at entry (>2.46 pg/ml) had
TCC-induced reductions in IL-6 to levels comparable to those found
in TCC and HE subgroups who have low levels of IL-6 at baseline
(t’s(72) = 0.80, 1.63, p’s > 0.01), whereas IL-6 levels in HE remained
higher than the TCC and HE subgroups with low baseline IL-6
(t(72) = 2.47, p = 0.02; t(72) = 1.71, p = 0.09). Reductions in depres-
sive symptoms in the two groups correlated with decreases of IL-6
(r = .28, p < .05). TCC did not affect other inflammatory markers.

The studies investigating immune effects of MBSR included
varying populations including subjects with breast and prostate
cancer (Carlson et al., 2003, 2007) as well as community-dwelling
mid and old-age adults (Fang et al., 2010; Gallegos et al., 2013).
MBSR is an 8-week secular, multi-faceted stress reduction course
which has been extensively published in international scientific lit-
erature (Bohlmeijer et al., 2010; Grossman et al., 2004). The MBSR
course involves yoga, meditation, body scan and progressive relax-
ation techniques. A meta-analysis from 2010 (Hofmann et al.,
2010) noted 19 studies employing MBSR reported data from mea-
sures of depressive symptoms severity, and the ES for the pooled
data was Hedges’ g = 0.49 (95% CI: 0.42–0.56, p < .01). A pilot study
has examined the immune effects of MBSR in a heterogeneous pop-
ulation, i.e. 24 participants aged between 28 and 72 (Fang et al.,
2010). The study utilized the Brief Symptom Inventory 18 and
the Medical Outcomes Survey Short-Form and found reductions
in anxiety and overall distress were associated with reductions in
CRP. A clinical trial comparing specific components of the MBSR
program examined a range of immune markers in 100 non-de-
pressed community-dwelling old adults aged >65 years (Gallegos
et al., 2013). MBSR had beneficial effects on positive affect
(p < .05) (measured by the Positive and Negative Affect Schedule).
This study failed to find associations between MBSR activities
and IL-6 levels, however the study did find higher post-treatment
IGF-1 levels than at baseline. Interestingly, IGF-1 has been found
to have anti-inflammatory effects when administered intra-cere-
bral in rodents (Park et al., 2011). In brief, studies in non-depressed
subjects with prostate or breast cancer found MBSR did increase T
cell production of IL-4 and reduce IL-10 levels while reducing Th1
cytokines (Carlson et al., 2003, 2007).

4.1.4. Additional considerations
Research is suggestive of unique immunomodulatory profiles

according to PA subtypes (i.e. resistance, aerobic and mind–body).
For example, the RCT by Kohut et al. (2006) suggests aerobic treat-
ment resulted in significant reductions in serum CRP, IL-6 and
IL-18 compared to strength and flexibility treatment, whereas
TNF-a declined in both groups. Another study compared resistance
and aerobic exercise in sedentary, non-depressed adults and found
resistance PA produced a greater reduction in CRP than aerobic PA,
32.8% vs. 16.1%, respectively (Donges et al., 2010). Levels of various
cytokines at baseline may predict unique treatment response to
subtypes of PA. For example, aerobic PA is shown to be more effi-
cacious with subjects (partial responders to SSRIs) who have a
higher baseline TNF-a (>5.493 pg/ml) (Rethorst et al., 2012). Given
Eller et al. (Eller et al., 2008) found high baseline TNF-a associated
with non-response to an SSRI, the finding by Rethorst et al. (2012)
suggests TNF-a as a moderator between SSRI and exercise treat-
ment, and TNF-a levels could be used to recommend exercise
rather than medication as part of a personalized treatment
algorithm.

4.2. Immunomodulatory effects of physical activity in age-related
cognitive decline

4.2.1. Comparative studies
While there are a significant number of clinical studies compar-

ing the efficacy of PA subtypes in ARCD, particularly from the
Liu-Ambrose group who compared aerobic, resistance and BAT
subtypes (Liu-Ambrose et al., 2010, 2012; Nagamatsu et al.,
2012), to our knowledge there are no studies comparing immuno-
modulatory profiles in this field.

4.2.2. Aerobic physical activity studies
Three studies have been found examining the effects of aerobic

PA on immune factors in ARCD (Baker et al., 2012; Pedersen et al.,
2012; Swardfager et al., 2011). A study by Baker et al. (2012) aimed
to determine whether aerobic PA modulates dietary effects on CSF
Ab, IL-8 and tau levels. This study involved 41 adults with an aver-
age age of 68, 18 with normal cognition and 23 with aMCI. The study
provided a 4-week dietary intervention of either low saturated fat
and GI diet or high saturated fat and GI diet, as well as assessing
self-reported PA each week. At baseline, high intensity PA in sub-
jects with normal cognition predicted lower levels of cerebro-spinal
fluid (CSF) tau (r = �0.54, p = 0.020) and IL-8 (r = �0.70, p = 0.025).
High intensity PA in subjects with MCI did not affect IL-8 levels.
Diet-induced effects on CSF Ab(42) during the study were modu-
lated by high intensity PA, and this effect differed between normal
cognitive subjects and those with MCI (ANOVA, p = 0.039). For nor-
mal adults, increased high intensity PA attenuated the effects of the
high fat and GI diet on Ab(42) whereas in MCI, increased high inten-
sity PA potentiated the effects of the low fat and GI diet. This study
suggests that PA may interact with diet to alter pathological pro-
cesses that modify risk of AD. In a cross-sectional study from
Swardfager et al. (2011) 88 non-demented, aged subjects with cor-
onary artery disease entering cardiac rehabilitation, aged approx.
62.8 years, were assessed for serum brain-derived neurotrophic fac-
tor (BDNF), IL-6 and TNF-a and cardiopulmonary fitness. In this
sample, 26 subjects (29.5%) had a depressive episode as determined
by a Structured Clinical Interview. Greater cardiopulmonary fitness



Table 2
Immunomodulatory effects of various subtypes of physical activity in age-related cognitive decline.

Authors Objective Study design &
demographics

Physical activity details Depression measures Immune
measures

Resuilts

Aerobic exercise studies
Baker et al.

(2012)
To determine whether
high intensity physical
activity modulates
dietary effects on CSF
Amyloid Beta levels and
other markers of
Alzheimers pathology

Interventional study. 41
adults (normal cognition
n = 18, amnestic MCI
n = 23) Age approx 68
Low saturated fat/low GI
diet (LOW) vs high
saturated fat/high GI diet
(HIGH), 4 weeks

Self-report 7-d
questionnaire Low
intensity (HR not
increase, breathing light)
High intensity (HR
increased, breathing
moderate/heavy)

Visual memory: brief
Visuospatial Memory
Test @ baseline and
4 weeks

Lumbar
puncture
@baseline and
4 weeks (ELISA)
Ab42, total tau
protein, p181-
tau, IL-8

High PA modulated diet-
induced change in Ab42
Normal- non-significant
attenuation of effects of
HIGH diet
MCI-potentiated effects
of LOW diet
NORMAL: high PA = ;tau,
;IL-8 no sig D in p181-
tau
MCI: high PA = NS D in
total tau or IL-8
No change in visual
memory

Swardfager
et al.
(2011)

To assess serum BDNF
concentrations as a
correlate of
cardiopulmonary fitness
and as a predictor of
cognitive performance in
people with coronary
artery disease

Cross-sectional study: 88
men and women with
coronary artery disease
(age
n = 62.8 ± 10.5 years)

Cardiopulmonary fitness
assessed by cycle
ergometer to obtain VO2-
peak (divided by
expected VO2-peak for
age)

Processing speed: Digit-
symbol coding test
Executive function: Trail
making test B, Stroop test
Memory: Immediate,
short and delayed recall
(CVLT) Global cognition:
MMSE

Serum of IL-6,
TNF-a, BDNF
(ELISA)

Greater cardiopulmonary
fitness associated with "
serum BDNF
" BDNF assoc with "
MMSE (p < 0.005) &
"Digit-Symbol Coding
scores (p = 0.003)
"BDNF not sig assoc with
"TMT-B, Stroop test or
CVLT ;IL-6 assoc with ;
BDNF (p = 0.02)

Pedersen
et al.
(2012)

To investigate the
relationship between
cognitive impairment,
metabolic deteriorations,
low physical fitness, low-
grade inflammation and
abdominal obesity in
middle-aged individuals

Cross-sectional study.
184 community-dwelling
individuals (40–
65 years). type 2 diabetes
and limited co morbidity
(n = 56), age-matched
individuals with
impaired glucose
tolerance (n = 56) as well
as age-matched controls
with normal glucose
tolerance (n = 72)

Single-stage, submaximal
test of physical fitness
(6 min on ergometer
bike, workload
equivalent to HR 110–
150).
VO2 max calculated. DXA
also performed to assess
whole-body fat
composition

Memory (RAVLT),
processing speed (SDMT,
Trail making test A),
attention, executive
function (Trail making
test B, Category Fluency)

Plasma IL-6,
TNF-a, CRP

Low scores in processing
speed (SDMT and Trail
Making A) were
associated with high
fasting C-peptide, low
insulin sensitivity and
low fitness level. Low
scores in executive
functions (Trail Making B
and word mobilization)
were associated with
high levels of C-peptide,
decreased beta cell
function and low fitness
level. Low cognitive
function NS assoc with
low IL-6

Flexibility/contemplative exercise studies
Oh et al.

(2012)
To examine the effects of
Medical Qigong on
cognitive function,
quality of life and
inflammation in cancer
patients

Randomised, controlled
trial. 81 cancer patients.
Standard health care
(CONTROL) n = 44 vs
standard care and
medical Qigong (MQ)
n = 37, 10 weeks (34–
86 years)

2 � 90 min sessions/
week, 10 weeks 15 min
discussion of health
issues, 30 min gentle
stretching & body
movement in standing
posture, 15 min
movement in seated
posture, 30 min
meditation and breathing
exercises

Self-reported with 2-item
cognitive subscale of
EORTC-QLQC30 & FACT-
Cog @baseline and
10 weeks

Blood CRP:
particle-
enhanced
immunological
agglutination

MQ = ;CRP
Increased self-reported
cognitive function
Improved EORTC QLQC30
scores
Improved FACT-Cog
scores

Combination exercise studies
Lin et al.

(2012)
To determine whether
leisure activities modify
the effect of CVDRFs on
inflammatory markers on
cognition in middle and
old age

Secondary-data analysis
study from survey of
MIDUS
405 middle-aged (40–59)
and 342 old-age (60–84)
participants

Self-report based on
checklist for frequency of
social, physical and
mental. Physical items
included tennis,
swimming, golf, mowing
etc

BTACT
- -episodic verbal

memory (Immedi-
ate-Delayed Word
List)

- Working memory
span (Digits
backward)

- Verbal fluency (Cate-
gory fluency)

- Inductive reasoning
(Number series)

- Processing speed
(Backward counting)

Serum IL-6, CRP
via ELISA

"CVDRFs a ;executive
function
"physical activity a ;IL-

6, ;CRP
Older people –
"PA = attenuated effect of
CDRFs on episodic
memory

Abbreviations: CSF, cerebrospinal fluid; MCI, mild cognitive impairment; HR, heart rate; BDNF, brain-derived neurotrophic factor; CRP, c-reactive protein; IL, interleukin; TNF,
tumor necrosis factor; MMSE, mini mental state examination; CVLT, California Verbal Learning Test; SDMT, Symbol Digit Modalities Test; RAVLT, Rey Auditory Verbal
Learning Test; MQ, medical qi gong; EORTC QLQ-30, European Organisation for Research and Treatment for Cancer QLQ-C30; FACT-Cog, Functional Assessment of Cancer
Therapy-Cognitive Function; CVDRFs, cardiovascular disease risk factors; MIDUS, Midlife Development in the US; BTACT, Brief test of Adult Cognition by telephone.
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was associated with increased BDNF (b = .305, p = .013) and higher
serum BDNF was associated with higher MMSE scores
(F(1,87) = 15.406, p < .0005) and better performance on the Digit
Symbol-Coding Task (F(1,87) = 9.620, p = .003). Cytokine levels did
not influence these results. A recent study by Pedersen et al.
(2012) has examined cross-sectional associations between cogni-
tive impairment, cardiovascular fitness, plasma IL-6 and TNF-a
and abdominal obesity in middle-aged individuals. The study exam-
ined 184 community-dwelling individuals with type 2 diabetes
mellitus and limited co-morbidity, impaired glucose tolerance and
subjects with normal glucose tolerance, aged 40–65 years in a
cross-sectional setting. Cardiovascular fitness was determined by
a sub-maximal test to determine a VO2max measure. In this study,
low aerobic capacity was associated with decreased overall cogni-
tive scores (a composite score of verbal memory, processing speed
and executive functions) and increased CRP; there was no associa-
tion for IL-6 or TNF-a. Furthermore, a low score in processing speed,
executive functions and overall cognitive function were related to
high fasting C-peptide, as well as low insulin sensitivity, beta-cell
function and VO2max.

4.2.3. Resistance physical activity studies
As outlined in the introduction, there are a number of studies

comparing the clinical and neuroplastic effects of aerobic, resis-
tance and BAT PA types. However, to our knowledge there are no
studies examining the immunomodulatory effect of resistance PA
in ARCD. This field would therefore benefit from clinical trials also
analysing immune biomarkers.

4.2.4. Other physical activity studies
There is one study which assesses the effects of mind–body PA

on cognitive function in ARCD. This RCT by Oh et al. (2012) was
conducted on 81 cancer patients and compared medical qi gong
with standard health care for 10 weeks. Subjects had cancer and
an expected survival >12 months, were aged 34–86 years and
self-reported cognitive function was measured by the Functional
Assessment of Cancer Therapy-Cognitive Function (FACT-Cog).
The medical qi gong program involved a group class, conducted
over 10 weeks with two identical supervised 90-min session per
week. Over 10 weeks, subjects who partook in the active group
showed increases in self-reported cognitive function (mean differ-
ence (MD) = 4.70, t(43) = �2.254, p = 0.029),as well as reductions in
CRP levels (MD = �0.72, t(45) = 2.092, p = 0.042). Beavers et al.
(2010) provides an analysis of the immunomodulatory effects of
exercise interventions in aging and general medical conditions
(i.e. heart disease, diabetes, metabolic syndrome, obesity). This re-
view finds large population-based cohort studies consistently
show an inverse association between markers of systemic inflam-
mation and physical activity or fitness status, and data from sev-
eral small-scale intervention studies support that exercise
training diminishes inflammation. However, data from large, RCTs
designed to definitively test the effects of exercise training on
inflammation are limited, and results are inconclusive.
5. Neuroplastic effects of subtypes of physical activity

The following sections will examine the neuroplastic profiles of
various subtypes of PA in depression and ARCD. An emphasis will
be given to comparative studies, where available.

5.1. Neuroplastic effects of physical activity in depression

5.1.1. Comparative studies
To our knowledge only one study compares markers of neuro-

plasticity between PA subtypes in depression (Pereira et al.,
2013). An RCT study by Pereira et al. (2013) has examined the ef-
fect of 3 weeks of aerobic and resistance PA on plasma BDNF levels
in 451 inactive, community-dwelling older women (65–89 years).
Both protocols lasted 10 weeks, and 30 sessions (1-h sessions) in
total were performed 3 times a week under the direct supervision
of physical therapists. Both groups had significant pre- and post-
intervention GDS improvements (p = .001). Pre-post changes in
the aerobic group were 3.21 ± 2.71 and 2.67 ± 2.4, respectively;
pre-post changes in the resistance group were 3.76 ± 3.04 and
2.91 ± 2.56, respectively. BDNF level reductions were only signifi-
cant for resistance PA subjects and there was a difference between
BDNF plasma levels between groups (p = .009).

5.1.2. Studies applying other physical activity modes
There is an emerging literature outlining differing neural effects

of mind–body therapies in adult populations, and these popula-
tions may suggest a utility in depression. Use of diffusion tensor
imaging reveals short-term meditation (4-weeks of integrative
body-mind training) enhances white matter neuroplasticity in
the anterior cingulate cortex, a part of the brain network related
to self-regulation, versus relaxation training controls (Tang et al.,
2012). Additionally, long-term meditators have also been observed
to have larger HC than controls (Luders et al., 2013); short-term
meditation tasks are associated with reducing automatic emo-
tional responding via the insula (Paul et al., 2013). A recent study
of TCC practitioners (Wei et al., 2013) has found, compared with
controls, significantly thicker cortex in precentral gyrus, insula sul-
cus and middle frontal sulcus in the right hemisphere and superior
temporal gyrus and medial occipito-temporal sulcus and lingual
sulcus in the left hemisphere. Moreover, thicker cortex in left med-
ial occipito-temporal sulcus and lingual sulcus was associated with
greater intensity of TCC practice.

An emerging literature comparing MBSR vs. aerobic PA in social
anxiety disorder reveals distinct neural effects of MBSR (Goldin
et al., 2012, 2013). Such studies are outside the score of this review,
and require translation to the depression field.

5.2. Neuroplastic effects of physical activity in age-related cognitive
decline

5.2.1. Comparative studies
To our knowledge there are two studies investigating neuro-

plasticity markers between PA subtypes in ARCD. The recent RCT
by Nagamatsu et al. (2012) noted differing neuroplastic effects of
resistance PA vs. BAT. In this six-month randomized trial (EXercise
for Cognition and Everyday Living; EXCEL), 86 community-dwell-
ing women aged 70–80 years old were randomly allocated to
twice-weekly resistance training (RT), twice-weekly aerobic train-
ing (AT), or twice-weekly balance and tone training (i.e. control
group) (BAT). Participants were classified as having probable MCI
if they scored <26/30 on the Montreal Cognitive Assessment and
had subjective memory complaints. Compared with the BAT group,
the RT group significantly improved performance on the Stroop
Test (p = 0.04) and the associative memory task (p = 0.03). Com-
pared with the BAT group, resistance training also led to functional
changes in three regions of cortex – the right lingual (p = 0.03) and
occipital-fusiform (p = 0.02) gyri, and the right frontal pole
(p = 0.03) – during the encoding and recall of associations. As out-
lined previously, a recent rodent study suggests aerobic and resis-
tance PA have divergent pro-neuroplastic effects (Cassilhas et al.,
2012). This study found both types of PA improved learning and
spatial memory, resistance PA induced central and peripheral insu-
lin-like growth factor-1 (IGF-1) and AKT in the hippocampus (HC),
whereas aerobic PA showed an increase in IGF-1, brain-derived
neurotrophic factor (BDNF), TrkB and b-CaMKII (calcium-depen-
dent kinase II) in the HC.
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5.2.2. Physical activity studies of resistance training
An RCT by Liu-Ambrose et al. (2012) examined the effect of 12-

months of resistance training (once- or twice-weekly) vs. BAT on
fMRI-based neuroplasticity measures in 52 community-dwelling
senior women, with a baseline Mini Mental State Examination
(MMSE) score of P24. Investigators found twice-weekly resistance
training led to functional changes in 2 regions of cortex previously
associated with response inhibition processes (assessed via flanker
tast) – the anterior portion of the left middle temporal gyrus and the
left anterior insula extending into lateral orbital frontal cortex.
These hemodynamic effects co-occurred with improved task perfor-
mance. The data suggest that RT improved flanker task performance
via an increased engagement of response inhibition processes when
needed; and a decreased tendency to prepare response inhibition as
a default state. This effect of RT was only observed among those who
trained twice weekly; participants of the once-weekly RT did not
demonstrate comparable response profiles, both in behavioral per-
formance and hemodynamic activity in cortex.

5.2.3. Aerobic physical activity studies
Reviews by Erickson et al. (2013) and Hayes et al. (2013) sum-

marize data from cross-sectional, longitudinal, observational stud-
ies and RCTs consistently show higher fitness levels are associated
with larger brain volumes, and participation in only modest among
of physical activity are sufficient for increasing gray matter vol-
umes in select brain regions (e.g. HC).

5.2.4. Other physical activity studies
A recent small, cross-sectional study by Froeliger et al. (2012)

examined gray matter volume (GMV) differences and cognitive
failures between hatha yoga meditation practitioners and control
subjects. The study involved 7 healthy hatha yoga meditation prac-
titioners, 7 healthy hatha yoga and meditation-naïve controls be-
tween the ages of 18 and 55 years. Practitioners reported
maintaining an active and ongoing modern hatha yoga practice
(>45-min/day, 3–4 times/week, >3 years (M = 9.4; SD = 2.4)) and
engaging in mindfulness meditation on average 7 days per week
(0) over the course of the previous 5.6 years (4.2). The matched
control group reported no current or past dedicated meditation
or yoga practice. This study found practitioners exhibited greater
GMVin frontal, limbic, temporal, occipital, and cerebellar regions;
whereas the CG had no greater regional greater GMV. In addition,
the yoga group reported significantly fewer cognitive failures on
the Cognitive Failures Questionnaire, the magnitude of which
was positively correlated with GMV in numerous regions identified
Fig. 2. Assessing for unique immunomodulatory and neuroplastic profiles of various ty
hypothetical biological factors to be considered when investigating the immunomodulat
uniquely upon adipose, muscle and vascular biology, as well as vagal tone, and these ef
in the primary analysis. Finally, GMV was positively correlated
with the duration of yoga practice.

6. Discussion

PA is emerging as an important intervention in the prevention
and treatment of common psychiatric disorders, including depres-
sion and ARCD (Eyre et al., 2013). Emerging evidence suggests
there may be unique biological profiles of PA subtypes, and a great-
er understanding of these profiles may assist in increasing PA effi-
cacy by personalizing treatment approaches. With this in mind,
this systematic review aims to assess the immunomodulatory
and neuroplastic profiles of various PA subtypes, particularly in
unipolar depression and ARCD. As outlined in a previous review,
it is likely the immune effects of PA have a significant impact upon
neuroplastic changes from PA (Baune and Eyre, 2012).

6.1. Biological factors underlying possible immunomodulatory and
neuroplastic profiles of physical activity

Biological factors which may underlie immunomodulatory and
neuroplastic profiles of PA subtypes include specific effects on
adipose tissue, muscle, blood vessels, vagal tone and the brain as
discussed below. Fig. 2 outlines these dynamic interactions.

PA subtypes appear to have differing effects on adipose tissue
deposits, and this may in turn affect immunomodulatory profiles.
A study comparing 10 weeks of aerobic and resistance PA with
control in 103 sedentary adults has found resistance training re-
duces CRP to a greater extent than aerobic training (Donges
et al., 2010). The resistance group significantly improved total-
body fat mass as compared with the aerobic group, measured by
dual-energy X-ray absorptiometry (DEXA) scanning. The aerobic
group exhibited greater reductions in intra-abdominal fat mass
and total body mass as compared to the resistance group. A rodent
study (Cohen et al., 2013) has found differing leukocyte and mac-
rophage phenotype compositions between white subcutaneous
and various types of white visceral fat (i.e. peritoneal serous fluid,
parametrial, retroperitoneal and omental). Serous visceral fluid
was comprised almost entirely of CD45(+) leukocytes (>99%), while
omental fat contained less, but still almost twofold more leuko-
cytes than para-metrial and retroperitoneal (75%, 38% and 38%
respectively; p < 0.01). Parametrial fat was composed primarily of
macrophages, whereas retroperitoneal fat more closely resembled
omental fat, denoted by high levels of B1 B-cell and monocyte
populations. Further, omental fat harbored significantly higher
pes of physical activity: a focus on psychiatric disorders This figure illustrates the
ory and neuroplastic profiles of PA subtypes. The differing PA subtypes may impact
fects may in turn affect immune factors which may affect neuroplasticity.
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proportions of T-cells than the other tissues, consistent with its
role as a secondary lymphoid organ. In another rodent study (Kaw-
anishi et al., 2010), aerobic exercise was shown to inhibit M1 mac-
rophage infiltration into adipose tissue as well as inducing
macrophage phenotype switching from M1 to M2.

Changes in muscle physiology may belie the unique immuno-
modulatory profiles of PA subtypes. In 14, young untrained health
male subjects, skeletal muscle biopsies were analyzed prior to,
immediately after, and in the recovery period following resistance
PA, aerobic PA and control intervention (Moller et al., 2013). Resis-
tance exercise, but not aerobic exercise, increased inhibitory jB
protein kinase complex (Ijj)b phosphorylation (a key regulator
of NF-jB), possibly suggesting Ijjb can influence activation of
mammalian target of rapamycin complex 1 (mTORC1). mTORC1
is considered a principal mediator of muscular adaptations to exer-
cise and integrates signals from mitogenic growth factors, cellular
stressors, and/or nutrients to regulate protein synthesis (Ma and
Blenis, 2009).

A differential effect of PA subtypes on acute, neuroprotective
myokine release is unclear. A rodent study by Funk et al. (2011)
demonstrates that PA can offer significant protection to the HC in
a chemical-induced injury model (via trimethyltin (TMT)) that in-
volves TNF receptor signaling. PA attenuated TMT-induced changes
such as loss of DG neurons and microglial activation. Furthermore,
PA was accompanied by a significant elevation in IL-6 and IL-1ra
mRNA levels and repressed elevations in PICs and chemokines
(CCL2 and CCL3). Interestingly, the investigators identified a func-
tional role for IL-6 in neuroprotection given mice deficient in IL-6
(IL-6 knock-out) were not responsive to the neuroprotective effects
of PA on the HC. The effects of PA and TMT on IL-6 downstream sig-
nal events differed at the level of STAT3 activation. The beneficial
effects of acute spikes in IL-6 with PA is clearly a significant factor
in the anti-inflammatory effect of PA. In a human study by Starkie
et al. (2003), 3 h of cycling blunted the endotoxin-induced increase
in circulating TNF-a levels, and this effect was mimicked by an IL-6
infusion.

Vagal tone may be differentially regulated by PA subtypes, and
this may impact upon the anti-inflammatory effects of PA (Lujan
and DiCarlo, 2013). Baroreceptor sensitivity, a marker of vagal
tone, was found to be affected more by 6 weeks of yoga than
6 weeks of aerobic exercise (Bowman et al., 1997). Yoga affected
only a-index at high frequency, but not mid frequency while aero-
bic PA did not affect either frequency.

A recent review by Roque et al. (2013) outlines evidence to sug-
gest PA minimizes vascular damage produced by obesity, hyper-
tension, diabetes, dyslipidemia and metabolic syndrome. PA
training reduces endothelial dysfunction, altered vascular struc-
ture and/or increased vascular stiffness. Mechanisms underlying
these changes include reduced inflammation and pro-inflamma-
tory adipokines, improved nitric oxide availability, increased anti-
oxidant production. Further research is required to understand
unique vascular modifying profiles of PA subtypes.

6.2. Methodological limitations

In the unipolar depression literature, although the collated
studies are suggestive of PA subtype-specific immunological and
neuroplastic changes, it is not possible to draw firm conclusions
on the neurobiological profiles. This is given the small number of
comparative studies and methodological heterogeneity between
studies (e.g. study population age and illness severity, as well as
duration and intensity of PA intervention). Furthermore, as stated
in the most recent Cochrane review assessing the clinical effects
of Exercise in Depression, by Cooney et al. (2013), measures need
to be taken to enhance the methodological robust nature of this
field. Cooney et al. (2013) suggests clinical evidence is of moderate
quality. They suggest significant study bias, heterogeneity and
outcome reporting bias. They also suggest additional large-scale
high-quality studies where all participants at the time of recruit-
ment were diagnosed through clinical interview as having depres-
sion, adhered closely to an exercise regimen as a sole intervention
and were further assessed through diagnostic clinical interview
post intervention. Further work is required to improve the under-
standing of the biology of such PA related immunomodulatory
profiles.

There are no studies examining the immunomodulatory effects
of PA subtypes in this area. Additionally, there is no prospective
data on the immunomodulatory effects of aerobic and resistance
PA. Given this, in addition to the heterogeneity of study partici-
pants it is not possible to draw firm conclusions as to the immuno-
modulatory effects of PA subtypes in ARCD. Current literature
suggests unique neuroplastic profiles for PA subtypes in ARCD.
Again, further comparative studies and less methodological heter-
ogeneity is required in future research to reach more definite con-
clusions. While aerobic, resistance and mind–body interventions
(e.g. yoga) enhance neuroplasticity, as shown in neuroimaging
studies investigating the HC, it is unclear if the magnitude of this
effect is similar across the PA subtypes.

This review does not include the substantial literature arising
from rodent studies. Relating to this current paper which compares
the neuroplastic and neuroimmune effects PA subtypes, there is
only one rodent study comparing aerobic and resistance training
(see Cassilhas et al., 2012). Therefore, more comparative studies
are required in the rodent literature. We recommend rodent stud-
ies to be considered in the future given the relatively high-
throughput of these studies and the ability to more readily access
brain tissue. Studies in the rodent literature have recently been
reviewed by our group (Eyre et al., 2013).
6.3. Future directions

A number of future directions should be considered in order to
advance this field of research. These include a need to develop
comparative studies examining aerobic, resistance, neuromotor
and mind–body exercise from clinical, neuroplasticity and immune
perspectives in depression and ARCD. Creating such comparative
studies will also assist in minimizing methodological heterogene-
ity by standardizing PA interventions, duration, intensities and
study populations. Moreover, rodent models can be utilized to as-
sist in understanding the immunomodulatory differences between
aerobic and resistance training – the study by Cassilhas et al.
(2012) provides a useful model for such a study. The age of subjects
is important to consider in PA interventions examining immuno-
modulatory, neuroplastic and clinical effects in depression. The im-
mune profiles seen in adolescent, adult and late-life depression
may differ across age groups and need further attention (see for re-
view Mills et al., 2013; Taylor et al., 2013). Clinical trials examining
neuropsychological effects of PA should include concurrent im-
mune biomarkers analysis. Other immune markers and investiga-
tive methodologies should be utilized in future comparative
studies. For example, a recent RCT of omega-3 polyunsaturated
fatty acids revealed effects on leukocyte phenotype (Rizzo et al.,
2012). Further, in vivo microglial imaging techniques utilizing pos-
itron emission tomography are available and have been utilized in
ARCD and depression (see primary studies Hannestad et al., 2013;
Kreisl et al., 2013). Finally, given the pro- and anti-neuroplastic ef-
fects of cellular and humoral immune factors (Eyre and Baune,
2012b), efforts should be made to understand how possible immu-
nomodulatory profiles of PA subtypes may be involved in unique
neuroplastic profiles.
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7. Conclusion

While PA subtypes appear to have unique immunomodulatory
and neuroplastic profiles in depression and ARCD, the current
paucity of comparative studies and methodological heterogeneity
between studies make the exact nature of these profiles unclear.
This field requires high quality comparative studies to better iden-
tify unique immunomodulatory and neuroplastic profiles.
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