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a b s t r a c t

A theory is proposed to explain the benefits of yoga practices in diverse, frequently comorbid medical
conditions based on the concept that yoga practices reduce allostatic load in stress response systems such
that optimal homeostasis is restored. It is hypothesized that stress induces (1) imbalance of the auto-
nomic nervous system (ANS) with decreased parasympathetic nervous system (PNS) and increased sym-
pathetic nervous system (SNS) activity, (2) underactivity of the gamma amino-butyric acid (GABA)
system, the primary inhibitory neurotransmitter system, and (3) increased allostatic load. It is further
hypothesized that yoga-based practices (4) correct underactivity of the PNS and GABA systems in part
through stimulation of the vagus nerves, the main peripheral pathway of the PNS, and (5) reduce allostat-
ic load. Depression, epilepsy, post traumatic stress disorder (PTSD), and chronic pain exemplify medical
conditions that are exacerbated by stress, have low heart rate variability (HRV) and low GABAergic activ-
ity, respond to pharmacologic agents that increase activity of the GABA system, and show symptom
improvement in response to yoga-based interventions. The observation that treatment resistant cases
of epilepsy and depression respond to vagal nerve stimulation corroborates the need to correct PNS
underactivity as part of a successful treatment plan in some cases. According to the proposed theory,
the decreased PNS and GABAergic activity that underlies stress-related disorders can be corrected by
yoga practices resulting in amelioration of disease symptoms. This has far-reaching implications for
the integration of yoga-based practices in the treatment of a broad array of disorders exacerbated by
stress.

� 2012 Elsevier Ltd. All rights reserved.
Introduction

Proposed theory

A unifying theory is proposed to explain the effects of yoga in
medical conditions with overlapping pathophysiologies based on
the principle that yoga practices reduce allostatic load in stress re-
sponse systems and restore optimal homeostasis. It is hypothe-
sized that stress induces: (1) imbalance of the autonomic
nervous system (ANS) with decreased parasympathetic nervous
system (PNS) increased sympathetic nervous system (SNS) activity,
(2) underactivity of the inhibitory neurotransmitter, gamma ami-
no-butyric acid (GABA) and (3) increased allostatic load. It is fur-
ther hypothesized that yoga practices (4) correct underactivity of
the PNS and GABA system in part through stimulation of the vagal
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nerves and (5) reduce allostatic load resulting in symptom relief.
Depression, epilepsy, post traumatic stress disorder (PTSD), and
chronic pain exemplify conditions that are exacerbated by stress,
have low PNS and low GABA system activity, respond to pharmaco-
logic agents that increase activity of the GABA system, and improve
in response to yoga-based interventions. It is proposed that as
yoga-based interventions support the return towards optimal bal-
ance in the PNS and GABA system, function improves in regions of
the brain that regulate response to threat, such as threat percep-
tion, interoception, fear processing, emotion regulation, and defen-
sive reactions. As central regulatory systems become more
balanced and flexible, allostatic load is reduced leading to health
improvements.
Neurophysiological foundations and evidence

Allostatic load

The brain determines what is threatening and therefore stress-
ful. Stress response involves two-way communication between the
mic nervous system, gamma-aminobutyric-acid, and allostasis in epilepsy,
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brain and the cardiovascular, immune, metabolic and other sys-
tems via the nervous system, endocrine system and hypotha-
lamic–pituitary–adrenal (HPA) axis [1]. Homeostasis refers to the
mechanisms that keep the parameters of an organism’s internal
milieu within the ranges necessary for survival [2]. In this discus-
sion, optimal homeostasis is considered to be the state in which
meeting the immediate needs of the organism incurs the least pos-
sible long-term costs. McEwen (2007) proposes that allostasis is
the adaptive process of maintaining stability during conditions
that are outside of the usual homeostatic range [1]. Allostatic load
is the cost to the body for maintaining this stability during devia-
tions from the usual homeostatic range, often reflected in patho-
physiological conditions and disease progression [1]. Physiologic
systems activated by stress can both protect the body in the short
term and damage the body in the long term [1], especially when
stress becomes chronic and an allostatic load is incurred. For exam-
ple, increased SNS activity with elevated blood pressure and heart
rate in response to real or perceived threat is beneficial in the short
term for survival, but sustained high SNS activity incurs harmful
long term effects such as hypertension, atherosclerotic disease
and cardiac morbidity [3].

Stress activated systems and disorders

The proposed theory states that stress from psychological,
physically external and physically internal sources results in allo-
static load, which can be reduced by yoga-based practices that shift
regulatory systems towards optimal homeostasis. This theory can
encompass allostatic load on the following stress activated sys-
tems: ANS, neuroendocrine, HPA axis, cardiovascular, metabolic
and immune [4]. Overactivity or underactivity of stress responsive
systems is associated with increased symptoms in a wide range of
disorders including: psychiatric disorders such as depression, anx-
iety, PTSD [5,6], alcohol and other substance dependence [7]; neu-
rologic disorders such as epilepsy [8] and chronic pain [9];
cardiovascular disorders such as hypertension, vascular disease
and myocardial infarction [10,11]; metabolic disorders such as
metabolic syndrome, diabetes, and obesity [12]; and immune dis-
orders such as infection, cancer and asthma [13]. These stress-
exacerbated disorders include four of the major causes of mortality
in the U.S., heart disease, cancer, stroke and diabetes [14], plus
three major causes of morbidity, depression, anxiety disorders,
and chronic pain [15]. The above disorders improve in response
to yoga-based therapies underscoring the far-reaching implica-
tions of the proposed theory [16].

Exemplary disorders

The rationale for the proposed theory will be developed by
focusing on the effects of stress-induced allostatic load on the
autonomic and GABA systems and the reduction of allostatic load
by yoga-based practices in the treatment of epilepsy, major
depressive disorder (MDD), PTSD, and chronic pain. These four se-
lected disorders have the following common characteristics: exac-
erbation by stress; low parasympathetic tone as measured by low
heart rate variability (HRV); low GABAergic activity; improvement
when treated with pharmacologic agents that increase activity of
the GABA system; and improvement in response to yoga based
therapies [8,17–35]. According to the proposed theory ANS imbal-
ance with decreased PNS activity and increased SNS activity is
important in the pathogenesis of epilepsy, MDD, PTSD, and chronic
pain. This ANS imbalance is also associated with underactivity in
the GABA system. Furthermore, stimulation of the vagus nerves
by yoga-based practices corrects PNS underactivity leading to cor-
rection of GABA underactivity. Although reduction of overactivity
of the SNS by yoga contributes to balancing the stress response
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systems, this discussion will focus on the PNS. The term ‘GABAer-
gic’ indicates activity of the GABA system detectable by various
methods of measurement. For the purpose of this paper the term
‘yoga’ is used to encompass ancient and modern mind–body tech-
niques, including all forms of yoga and other traditions that incor-
porate postures, meditation, chanting or breathing techniques.

Anatomy of the autonomic nervous system

The ANS is comprised of the SNS and the PNS. The main periph-
eral pathways of the PNS are within the vagus nerves [36]. Each va-
gus is bidirectional containing two efferent fiber groups
(transmitting signals from the central nervous system (CNS) to
the body) and three afferent fiber groups (transmitting information
from the body to the CNS). The first group of vagal efferents, unmy-
elinated General Visceral Efferent (GVE) fibers, originates in the
dorsal motor nucleus (DMN) and predominately innervates tho-
racic and abdominal viscera. DMN fibers regulate subdiaphrag-
matic organs, but do not play a significant role in cardiac
function [37]. The second group of vagal efferents, myelinated Spe-
cial Visceral Efferent (SVE) fibers originating in the nucleus ambig-
uous (NA) innervate the pharynx, larynx, lungs, heart, and other
viscera [37]. SVE fibers deliver inhibitory input to the sinoatrial
node, slowing the heart rate [37].

The majority of afferent vagal fibers are General Visceral Affer-
ents (GVA) that carry information from the pharynx, larynx, tra-
chea, and viscera of the thorax and abdomen to the nucleus
tractus solitarius (NTS) [38]. The second group of afferent fibers,
General Somatic Afferents (GSA), carries sensations from the skin
in the auditory meatus and taste receptors to synapse in the spinal
trigeminal tract [36]. The third group of afferent fibers, Special Vis-
ceral Afferents (SVA), carries sensory taste information to the NTS
[38]. As the main terminus for GVA fibers, the NTS is an important
relay station providing the brain with information about the body’s
internal milieu [37,39]. The NTS has connections to autonomic,
reticular and limbic structures via projections to the parabrachial
nucleus (PBN), periacqueductal grey, central nucleus of the amyg-
dala (CEA), hippocampus, hypothalamus, and thalamus [36]. The
PBN sends projections to the thalamus, CEA, basolateral nucleus
of the amygdala (BLA), hypothalamus, anterior insula, and prefron-
tal cortex [40]. Craig describes these neural connections as convey-
ing information from the vagus nerves to the structures that
mediate interoceptions (perceptions of the internal state of the
body), threat perceptions and affective states [119]. Through this
network, vagal activity influences emotional states and thought
processes as well as their somatic expression (See Fig. 1).

Polyvagal theory and heart rate variability (HRV)

The polyvagal theory described by Porges identifies three phy-
logenetic developments in neural regulation of the ANS [37]. The
oldest part, the unmyelinated visceral vagus, responds to threat
by depressing metabolic activity. The next developmental stage,
the SNS, is capable of increasing metabolic output and mobilization
behaviors necessary for ‘fight or flight’. The third and most ad-
vanced pathway, the myelinated vagus, promotes calm states con-
sistent with the metabolic demands of growth, repair, and
restoration. The myelinated vagus, found only in mammals, sup-
ports social engagement and engenders feelings of safety. Myelin-
ated vagal efferent fibers from the NA serve as the vagal brake,
which enables rapid control of heart rate (HR) by increasing vagal
tone to reduce HR and blood pressure or decreasing vagal tone to
accelerate heart rate [41]. Heart rate variability (HRV) refers to
changes in the heart’s beat-to-beat intervals. Vagal control allows
more rapid adjustments in HR and thus greater HRV than does
SNS control, which takes longer to turn on and longer to turn off
mic nervous system, gamma-aminobutyric-acid, and allostasis in epilepsy,
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Fig. 1. Neuroanatomic Connections of Parasympathetic Nervous System with GABA System.
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[42]. Accordingly, high HRV implies vagal dominance and is a sign
that the stress response system has greater flexibility to respond to
challenges [2]. Conversely, low HRV, indicating more restricted
responsiveness, is associated with increased risk of all-causes of
mortality related to cardiac disease [43]. An organism’s response
to internal and external challenges is limited by the need to main-
tain stability. When stability is maintained through allostasis, flex-
ibility of the system declines and leads to pathological states and
damage to the organism.

It is advantageous for an organism to use the most advanced level
of the ANS, which affords the greatest flexibility of response. When
the myelinated vagal brake fails, the phylogenetically older SNS is re-
cruited to regulate metabolic output in response to stress [37]. This
reduces the flexibility of response to threat and delays the return to a
calm, resting, reparative, anti-inflammatory state when the threat
has ceased [42]. Thus underactivity of the PNS, manifested by de-
creased HRV and reduced control by the vagal break, leads to greater
dependence on sympathetic excitation of the cardiovascular and
other systems, with negative health consequences such as hyperten-
sion, hyperarousal, and over reactivity [3].

Neurovisceral integration

The role of the vagus in social interactions in polyvagal theory is
extended in the neurovisceral integration model of affect regula-
tion described by Thayer, which proposes that dysfunctional psy-
chological states are rooted in an impaired vagal inhibitory
mechanism associated with low HRV [44,45]. Neurovisceral inte-
gration suggests that ANS imbalance, particularly with underactiv-
ity of the PNS, may be the final common pathway between
negative emotions and poor health [10].

How yoga increases PNS activity

Although there are many kinds of yoga practices, the relation-
ship between yoga and PNS activity is most easily demonstrated
by yogic breathing. Emotional states affect respiratory rate, depth
Please cite this article in press as: Streeter CC et al. Effects of yoga on the autono
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and pattern. Conversely, voluntary changes in the pattern of breath
can account for 40% of the variance in feelings of anger, fear, joy
and sadness [46]. Breathing is controlled by voluntary and involun-
tary mechanisms. Voluntarily controlled breathing patterns can af-
fect the ANS and HRV [47,48].

The neurophysiologic model for the effects of yoga breathing

Brown and Gerbarg describe a neurophysiologic model for the
effects of yoga breathing in which stretch receptors in the alveoli,
baroreceptors, chemoreceptors, and sensors throughout the respi-
ratory structures send information about the state and activity of
the respiratory system through vagal afferents and brainstem relay
stations to other CNS structures where they influence perception,
cognition, emotion regulation, somatic expression, and behavior
[49–52]. The fact that breathing is the only autonomic function
that can easily be voluntarily controlled provides a portal through
which specific selected breathing patterns can be used to send
messages through PNS, SNS and interoceptive systems to affect
how the brain perceives, interprets, and responds to stress or
threat. Because breathing is vital to survival, information from
the respiratory system must be noticed and attended to immedi-
ately. Therefore, their model suggests that signals from vagal affer-
ents carrying information about changes in the rate, depth, or
pattern of breathing receive the highest priority and have rapid,
widespread effects on brain functions. Brown and Gerbarg have re-
viewed the evidence that yoga-breathing interventions increase
HRV, improve sympatho-vagal balance, and promote stress resil-
ience [49–51]. For example, Coherent Breathing and Resonant
Breathing, using a fixed rate of three and a half to six breaths per
minute (bpm), increase HRV and PNS activity [53–55]. Ujjayi
(Ocean Breath) is one form of resistance breathing that uses laryn-
geal contracture and partial closure of the glottis to impede the
flow of air. Resistance breathing techniques increase intrathoracic
pressure, baroreceptor stimulation, respiratory sinus arrhythmia
(RSA), and HRV [56]. Using breath-holds with Ujjayi further in-
crease PNS activity [57]. The ancient ‘Om’ chant involves slow
mic nervous system, gamma-aminobutyric-acid, and allostasis in epilepsy,
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Fig. 2. Mean thalamic GABA levels in subjects with Major Depressive Disorder
(MDD) and low back pain (LBP) (n = 2) compared to normal subjects (n = 19) before
(Scan 1) and after (Scan 2) a 12-week yoga intervention.
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breathing, airway resistance (contracting the vocal cords to gener-
ate sound), which increase vagal tone and physiologic relaxation
[58]. Using fMRI, Kalyani, Gangadhar, and colleagues showed sig-
nificant limbic system deactivation with ‘OM’ chanting [121].
Experienced Qigong trainees have higher HRV than age-matched
sedentary controls [59]. Increases in HRV have been documented
with an Iyengar yoga intervention compared to a walking control
[60]. The pattern of slow resistance breathing with longer periods
of exhalation than inhalation occurs during chanting, singing, and
mind–body practices in many traditions. Bernardi suggested that a
respiratory rate of 6 bpm augments 10-s (6/min) Mayer waves and
increases the effect of respiratory sinus arrhythmia (RSA), a mea-
surement correlated with HRV [61]. Bernardi also found that reci-
tation of the rosary prayer in Latin at 6 bpm increased HRV and
baroreflex sensitivity [61]. The appearance of similar respiratory
rates in breathing, chanting, and meditative practices across cul-
tures supports the theory that these techniques reduce imbalances
in the ANS leading to improved mood, decreased anxiety and im-
proved health [49–51].
Yoga practices associated with decreased cortisol

Cortisol levels and brain GABA levels are biologic markers of
stress [62,63]. Elevated corticotrophin releasing factor and cortisol
levels found in depression, PTSD and epilepsy indicate increased
HPA axis activity [5,6,64]. These three disorders also show evi-
dence for decreased activity in the GABA system [23–25]. De-
creased cortisol levels have been reported after interventions
using yoga postures and meditation [65–68]. In a study of Tran-
scendental Meditation (TM), participants with 3–5 years of experi-
ence had significantly greater decreases in cortisol levels than
novices with 3–4 months of TM experience [65]. Symptoms of epi-
lepsy and depression can be ameliorated with either yoga inter-
ventions or pharmacologic agents that increase activity of the
GABA system directly (e.g. anti-epileptic drugs) or indirectly (e.g.
Selective Serotonin Reuptake Inhibitors—SSRIs) [27,31–35,69,70].
The proposed theory that stress-induced allostatic load is associ-
ated with increased symptoms in depression, PTSD, and epilepsy
is buttressed by evidence of increased HPA axis activity and de-
creased GABAergic activity. Studies also suggest that yoga practices
reduce stress-induced allostatic load in three stress reactive sys-
tems: the ANS, the HPA axis, and the GABAergic system (see Fig. 3).
Vagal nerve stimulation (VNS) addresses low PNS and GABA activity

VNS has been approved by the Federal Drug Administration for
treatment resistant epilepsy and depression [36,71]. VNS provides
Please cite this article in press as: Streeter CC et al. Effects of yoga on the autono
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an evidential link between peripheral stimulation of the vagus
nerve and activation of brain regions that are modulated by GABA.
Functional imaging studies show that VNS activates brain regions
involved in cognition, emotion and affect. In epileptic and normal
subjects respectively, VNS and transcutaneous vagal nerve stimu-
lation (t-VNS) via GSA fibers in the auditory meatus were associ-
ated with functional changes in the thalamus, amygdala, insula,
hippocampus, parahippocampal gyrus and prefrontal regions
[40,72,73]. It is plausible that the beneficial effects of VNS in treat-
ment resistant epilepsy and depression are mediated in part by
normalization of an ANS imbalance that was not corrected by prior
pharmacotherapy.

Vagal nerve stimulation (VNS) and neurotransmitters

VNS increases neurotransmitter levels in systems implicated in
the treatment of epilepsy and depression: GABA, norepinephrine
(NE), and serotonin [36]. Vagal afferents influence the noradrener-
gic locus ceruleus (LC), the serotonergic dorsal raphe nuclei, and
GABA release via the NTS [36,74]. The antiepileptic effect of VNS
is thought to be in part due to widespread release of GABA in the
brainstem and cortex [74]. Gamma-vinyl-gamma-aminobutyric
acid (GVG), an irreversible inhibitor of GABA transaminase, in-
creases GABA levels by reducing the metabolism of GABA. The
injection of GVG into the thalamus, hypothalamus and bulbar re-
gions blocks pentylenetetrazol (PTZ) induced seizures [74]. PTZ in-
duced seizures are also blocked by VNS [74]. Yoga-based therapies
have been associated with increased PNS activity, increased GABA
levels, and reduced symptoms in epilepsy and MDD [31,32,75].
These observations are consistent with the theory that VNS and
yoga-based therapies could decrease seizures and depressive
symptoms by increasing PNS activity that in turn increases GABA
levels.

Stress, medial temporal lobe, GABA and hypothalamic–pituitary–
adrenal axis (HPA)

Neural circuits that mediate effects of the ANS and HPA axis
converge in the hippocampus, a component of the limbic system.
Vagal nerve projections to the NTS are relayed to the amygdala di-
rectly as well as indirectly via the PBN [36]. Through connections in
the LC, PBN input reaches the hippocampus [76]. Embedded in the
medial temporal lobe, the amygdala and hippocampus are vital for
memory function, emotion processing, mediation of psychological
stress, and modulation of HPA response to stress [1,38,77]. The hip-
pocampus is essential for declarative memory while the amygdala
is essential for threat perception and emotional memory [78]. To-
gether they contribute to the retention and influence of significant
memories [79]. The hippocampus plays a major role in the percep-
tion of threat, the experience of stress, and memory functions via
its interactions with the PNS, HPA axis and GABA systems. Individ-
uals with PTSD have been shown to have impaired declarative
memory and reduced hippocampal volume [79]. Within the hippo-
campus the presence of high concentrations of both mineralocorti-
coid and glucocorticoid receptors is indicative of its role in stress
experience and threat perception [1]. The HPA axis response to
stress begins when the paraventricular nucleus (PVN) of the hypo-
thalamus secretes corticotrophin-releasing hormone (CRH) carried
via the portal system to the anterior pituitary lobe where it binds
to CRH receptors and stimulates secretion of adrenocorticotrophic
hormone (ACTH), which induces the adrenal glands to release min-
eralocorticoids and glucocorticoids [7]. CRH receptors are also
found in the hypothalamus, amygdala, hippocampus, basal nucleus
of the striatum (BNST), central gray area, locus ceruleus (LC), par-
abrachial nucleus (PBN), dorsal vagal nucleus, prefrontal cortex
and anterior cingulate gyrus [5,80]. Chronic stress results in
mic nervous system, gamma-aminobutyric-acid, and allostasis in epilepsy,
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Fig. 3. Stress related imbalance corrected by yoga-based practices.
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prolonged increases in glucocorticoid levels [1]. High levels of cir-
culating glucocorticoids provide negative feedback that reduces
PVN synthesis of CRH, but activates CRH release in the central nu-
cleus of the amygdala (CEA) [7]. The action of CRH in the amygdala
constitutes an additional mechanism for mediating autonomic and
behavioral responses to stress including the promotion of anxiety,
fear-based behaviors, and defensive reactions [5,7]. Stress is asso-
ciated with neuronal pruning and volume reduction in the hippo-
campus, which results in prolongation of HPA axis response to
stress [1,79]. In contrast, stress leads to increased dendritic branch-
ing in the amygdala [81]. In summary, lesions of the hippocampus
increase HPA axis response, whereas lesions in the medial amyg-
dala decrease HPA axis response. Accordingly, there is a reduction
in hippocampal function, reflected in decreased declarative mem-
ory, and an amplification in amygdala activity evidenced by in-
creased fear response to behavioral stress [78].

Stress is associated with decreased hippocampal GABA levels
[82]. Used as a model for depression, inescapable shock is associ-
ated with decreased hippocampal GABA levels [83]. The same
behavior seen after inescapable shock can be produced by injec-
tions of the GABAA antagonist, bicuculline [83]. As cortisol levels
rise, the frequency of GABA receptor mediated synaptic events de-
clines [1]. In contrast GABAA agonists, such as benzodiazepines,
that increase GABAergic activity, are used to reduce anxiety. The
benzodiazepine, alprazolam, inhibits the activity of the HPA by
blunting increases in CRH, ACTH and cortisol [84,85]. A cholecysto-
kinin-tetrapeptide (CCK-4) challenge induces panic attacks in pa-
tients with panic disorder and in healthy volunteers [86]. CCK-4
panic attacks are associated with increased ACTH and cortisol lev-
els. Subjects pre-treated with the GABA agonists, alprazolam and
vigabatrin, before a CCK-4 challenge showed decreased symptoms
of panic and blunted response of ACTH and cortisol [86,87]. These
studies are consistent with the proposed theory, that increased
activity in the GABA system associated with yoga-based practices
would decrease anxiety and stress reactivity.

HPA axis abnormalities, as indicated by higher CRH levels in
cerebrospinal fluid (CSF), have been found in PTSD subjects [79].
Compared to normal controls, individuals with PTSD can have low-
er PNS tone, higher cardiac SNS activity, and decreased activity in
the GABA system [19–21]. In humans low plasma GABA levels after
a traumatic event predict the development of PTSD [88]. Trans-
magnetic stimulation studies of individuals with PTSD revealed
bilateral decreases in the GABAA system activity [89]. Functional
imaging studies of PTSD subjects have documented decreased ben-
zodiazepine-GABAA receptor binding in the prefrontal cortex (PFC),
hippocampus, amygdala, and thalamus, the same regions that are
affected by VNS, suggesting an association between the GABA
and ANS systems [25,40,72,73,90].

Decreases in benzodiazepine binding in regions of the brain
known to support emotions and affect are consistent with abnor-
malities seen in imaging studies of individuals with PTSD. Positron
Emission Tomography (PET) studies of PTSD subjects show de-
creased activation of the medial PFC and increased activation of
the amygdala in response to the reading of trauma related scripts
and threatening faces [91]. A similar pattern is seen in individuals
with a genetic predisposition to depression, who show increased
left amygdala activation in response to threatening faces [92].
Please cite this article in press as: Streeter CC et al. Effects of yoga on the autono
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Exemplary disorders

Yoga treatment for epilepsy

Stress is associated with increased seizure frequency [93]. Most
adults with poorly controlled seizures have complex partial sei-
zures with a temporal lobe focus [17]. As part of the limbic system,
medial temporal lobe structures including the amygdala, hippo-
campus and entorhinal cortex are considered to be an anatomical
link between emotional stress and its neurophysiological conse-
quences [10,94]. Eggers theorized that resonator neurons, which
process information from sensory stimuli and other neurons, are
at increased risk for epileptogenic discharge during psychological
stress due to inputs from the circuit of emotion which includes
the hippocampus, amygdala, entorhinal cortex and dorsal raphe
nucleus [17]. Evidence that stress can increase seizure frequency
is consistent with the hypotheses that stress-induced allostatic
load leads to pathological conditions such as increased seizure
activity. According to the neurovisceral integration theory, stress
is associated with impaired vagal tone, decreased HRV, and poor
health. Furthermore, studies show that individuals with epilepsy
have low HRV, greater risk of sudden death, and increased morbid-
ity [8]. Therefore, the reduction of seizure frequency by yoga prac-
tices may be attributable to increased vagal tone and GABA
activity, reduced stress reactivity, and diminished allostatic load.

A search of the literature between 1994 and 2009 through Pub
Med using the words ‘yoga’ and ‘epilepsy’ identified five controlled
studies in adults who had continued to have seizures despite treat-
ment with antiepileptic drugs [27,32–35]. All five studies reported
significant decreases in seizure frequency in groups treated with
yoga. In addition, one study documented concurrent decreases in
biological markers of stress: galvanic skin response, blood lactate,
and urinary vinyl mandelic acid [35,95]. In normal subjects, the
practice of Iyengar yoga is associated with increased PNS activity,
improved mood, decreased anxiety and increased thalamic GABA
levels, all of which could contribute to decreased seizure frequency
[60,75]. Thus reduction in stress, increased PNS activity and in-
creased brain GABA levels associated with yoga-based interven-
tions would all contribute to improved seizure control.
Yoga treatment for depression

Controlled studies have found yoga-based interventions to be
effective in treating depression ranging from mild depressive
symptoms to major depressive disorder (MDD) [31]. The yoga-
based interventions have included Sudarshan Kriya Yoga (empha-
sizing breath practices), Iyengar Yoga, and Resonance Breathing
[54,96,97]. Iyengar yoga has been shown to decreased depressive
symptoms in subjects with depression [97]. Iyengar yoga is associ-
ated with increased HRV, supporting the hypothesis that yoga
breathing and postures work in part by increasing PNS tone [60].
The success of yoga-based therapies in alleviating depressive
symptoms is consistent with the proposed neurophysiological
mechanisms: yoga breathing induces increased parasympathetic
tone which increases GABAergic activity associated with improved
mood and anxiety reduction.
mic nervous system, gamma-aminobutyric-acid, and allostasis in epilepsy,
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Yoga treatment for stress, anxiety disorders, and PTSD

Controlled studies have demonstrated that yoga practices de-
creased symptoms in PSTD, Obsessive Compulsive Disorder, Gener-
alized Anxiety Disorder, Panic Disorder, and anxiety after natural
disasters [29,30,98–100]. For example, a controlled study of 183
survivors of the 2004 Southeast Asia tsunami found that within
one week, an eight-hour yoga breathing intervention resulted in
a 60% decline in scores on the Post-traumatic Stress Disorders
Checklist (PCL-17) and a 90% drop in scores on the Beck Depression
Inventory (BDI). These improvements were sustained at 6-week
and 6-month follow-up. In comparison, no significant change oc-
curred in PCL-17 or BDI scores between baseline and 6-weeks in
the wait-list control group [30]. These findings indicate that co-
morbid symptoms of depression and PTSD were decreased by a
yoga breath-based intervention. Yoga practices also reduce stress
and anxiety in subjects without a psychiatric diagnosis, suggesting
that the beneficial effects of yoga are generalizable to larger popu-
lations [101,102]. Evidence that yoga-responsive anxiety disorders,
including PTSD, Generalized Anxiety Disorder, and Panic Disorder,
have low HRV and low GABA activity is in accord with the theory
that imbalances in the ANS and GABA systems constitute an allo-
static load that can be reduced by yoga-based therapies [19–
21,89,103–106].

Correcting ANS and GABA abnormalities decreases PTSD symp-
toms. The interactions of the prefrontal cortex (PFC), hippocampus
and amygdala in conjunction with inputs from the ANS and GABA
system provide a network through which yoga-based practices
may decrease symptoms. In response to stressful tests, for exam-
ple, subjects with PTSD show a pattern of decreased PFC activation
and increased amygdala activation consistent with failure of the
PFC to inhibit the amygdala [2]. In response to emotionally laden
cues, PFC activity decreases in PTSD subjects, a group known to
have reduced PNS activity, as opposed to the increased PFC activa-
tion seen in subjects with higher PNS activity [107]. Compared to
subjects with low HRV, subjects with high HRV had faster reaction
time and fewer errors on a continuous performance task that re-
quires the support of the PFC [108]. In addition, subjects with high
HRV had lower cortisol levels after a cognitive test compared to
subjects with low HRV, implying that high HRV is associated with
a decrease in perceived stress [109]. To summarize, subjects with
PTSD have low HRV, decreased activation of the prefrontal cortex,
and increased activation of the amygdala.

The PFC exerts tonic inhibitory control over the amygdala via
GABA projections [2]. Under conditions of uncertainty and threat,
the PFC can become hypoactive [2] leading to a failure to inhibit
overactivity of the amygdala with emergence of PTSD symptoms
such as hyperarousal and re-experiencing. This could represent a
neural correlate of the failure of extinction of fear reactions over
time as seen in PTSD [79]. PFC activation associated with increased
PNS activity could improve inhibitory control over the amygdala
via PFC GABA projections, decreasing amygdala overactivity and
reducing PTSD symptoms.

The insular cortex also sends inhibitory GABAergic projections
to the Central Extended Amygdala (CEA) [110]. From the CEA, GAB-
Aergic neurons project to the PBN and dorsal vagal complex [110].
The insular cortex is located deep in the Sylvian fissure between
the temporal and frontal lobes. Sensory information from the envi-
ronment and interoceptive information about the internal homeo-
static condition of the body are conveyed by the PNS via the NTS to
the insular cortex where, according to Craig’s neuroanatomical
theory, a map of the internal state of the body is maintained
[111]. While activation of the amygdala is necessary for energy
mobilization, over activation of the amygdala as seen in PTSD re-
flects allostatic load associated with the hypervigilant condition
(excess arousal) [91]. According to our proposed theory,
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restoration of strong tonic GABAergic inhibition of the amygdala
would result in decreased output from the CEA to the hypothala-
mus and brainstem nuclei, reducing symptoms of hyperarousal,
over reactivity, and re-experiencing in PTSD [112]. Psychological
states such as anxiety, depression, and PTSD, associated with PFC
hypoactivity and lack of inhibitory control, are characterized by
poor habituation to novel neutral stimuli, pre-attentive bias for
threat information, deficits in working memory and executive
function, and poor affective information processing and regulation
[10]. The presence of GABA neurons in the thalamus, insular cortex,
amygdala, and hippocampus as well as GABA projections from
both the insular cortex and the PFC to the amygdala completes
the pathways that would constitute an anatomical substrate for
the effects of ANS balance and imbalance on emotion regulation
and cognitive function (see Fig. 1).

Empirical data-yoga treatment for chronic pain and depression

Chronic pain is associated with ANS abnormalities [113]. In hu-
mans, the antinociceptive effect of VNS may rely on central inhibi-
tion rather than alterations of peripheral nociceptive mechanisms
[114]. The NTS sends projections to the periacqueductal grey
(PAG), a pontine structure containing GABA neurons which is
important in behavioral responses to threat, stress and pain
[115]. Stimulation of the PAG increases HRV and decreases pain
[116]. GABA receptors in the thalamus are implicated in pain con-
trol [117]. Following a 60-min yoga posture session, a 34% increase
in thalamic GABA levels has been shown in experienced yoga prac-
titioners and a 15% increase in novices with 12 weeks of yoga pos-
ture training [75,118]. Back pain and depression are frequently
comorbid and have both been successfully treated with yoga-based
interventions in randomized controlled studies [31,119,120]. Two
studies are discussed in detail as a foundation for empirical data
not presented elsewhere on the effects of a 12-week yoga interven-
tion in two depression subjects with chronic low back pain.

Yoga and walking (YW) study

Normal subjects with no prior yoga experience were random-
ized to either a 12-week Iyengar yoga intervention (n = 19) or a
12-week metabolically matched walking intervention (n = 15).
Both groups were scanned by magnetic resonance spectroscopy
(MRS) before (Scan 1) and after (Scan 2) the 12-week interventions.
After completing Scan 2, the yoga subjects performed a 60-min
yoga session followed immediately by Scan 3. After completing
Scan 2, the walking group subjects performed a 60-min walking
session followed immediately by Scan 3. In both groups of normal
subjects there were no significant increases in tonic GABA levels
(Scan 2–Scan 1) over the 12-week study. However, there was an
acute increase in thalamic GABA levels immediately after the 60-
min yoga session (Scan 3–Scan 2). These increases in thalamic
GABA levels in the yoga group were positively correlated with im-
proved mood and decreased anxiety. There were no significant
changes in GABA levels in the walking group. The yoga group also
showed a significant improvement in mood and decreased anxiety
during the 12-week intervention compared to the walking group.
Such observations support the hypothesis that part of the effect
of yoga is vagal afferent activation by slower breath rates often
used during yoga posture techniques, but not during walking.

Chronic low back pain (CLBP) study

In a randomized controlled trial, a 12-week Hatha yoga inter-
vention designed for treatment of chronic low back pain was com-
pared to usual care [121]. Subjects in the yoga intervention showed
significantly greater reduction in pain scores compared to subjects
mic nervous system, gamma-aminobutyric-acid, and allostasis in epilepsy,
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receiving standard care. Two subjects with comorbid chronic low
back pain and MDD were recruited from the CLBP Study so that
GABA levels before and after the 12-week Hatha yoga intervention
could be obtained using the same acquisition sequence used in the
YW Study.

Iyengar yoga is a branch of Hatha yoga. Review of the two
manualized 12-week interventions, Iyengar yoga from the YW
study and Hatha yoga from the LBP study showed that the two
12-week interventions were comparable, thus allowing compari-
son of MRS data from subjects from the LBP study with the normal
subjects from the YW study [75,121]. The depression module of the
Patient Health Questionnaire 9 (PHQ-9) was used to measure
depressive symptoms [122]. PHQ-9 scores P 10 have 88% specific-
ity and 88% sensitivity for the diagnosis of MDD [123]. Subjects had
PHQ-9 scores of 22 (severe depression) and 20 (moderately severe
depression) at the beginning of the yoga intervention and scores of
7 (mild depression) and 4 (not depressed enough to be considered
MDD) respectively at the end of the study. The depressed subjects
with chronic low back pain had mean thalamic GABA levels of
0.039 ± 0.004 GABA/Creatine ratios (GABA levels) before the 12-
week yoga intervention (Scan 1) and mean GABA levels of
0.049 ± 0.010 after the intervention (Scan 2) for a change of
0.014 ± 0.006. The normal subjects had mean GABA levels of
0.065 ± 0.021 for Scan 1, and 0.061 ± 0.021 for Scan 2, for a change
of �0.004 ± 0.017 (see Fig. 2). There were no significant changes in
tonic GABA levels over the 12-week intervention in the normal
subjects (t = �1.01, df = 18, p = 0.33), presumably because they
had been screened to not to have any disorders associated with
low GABA levels such as depression, anxiety or chronic pain. In
contrast the chronic low back pain group showed a greater in-
crease in GABA levels over the course of the study. Although the
small number of low back subjects (n = 2) precludes statistical
analysis, their lower GABA levels at baseline increased after the
yoga intervention towards the level seen in the normal group. Both
subjects had been unresponsive to pharmacologic treatments with
agents known to increase the activity of the GABA system. Subject
#1 was taking duloxetine, atomoxetine, clonazepam and eszopi-
clone; Subject #2 was taking fluoxetine. Medications were taken
at the same time prior to each scan to reduce any acute effect of
the medications on GABA levels. The results from these two sub-
jects are consistent with the proposed theory that predicts (1)
the lower GABA levels found in subjects with depression or low
back pain, (2) an increase in GABA levels towards those of normal
subjects after a 12-week yoga intervention, (3) improved mood in
association with increased GABA levels, (4) subjects remained
symptomatic with low GABA levels until they received the yoga
intervention that presumably corrected their PNS imbalance, after
which GABA levels increased and depressive symptoms decreased,
(5) the comorbidity frequently seen in depression and chronic pain
can be explained by imbalances in the PNS and GABA systems seen
in both disorders.
Discussion

The autonomic nervous system plays a central role in the re-
sponse to stress. The imbalances that develop under conditions
of stress can be traced to decreased PNS activity and increased
SNS activity. Stress exacerbates symptoms in disorders associated
with low GABA activity, such as epilepsy, depression, PTSD, and
chronic pain. These stress exacerbated disorders are marked by
PNS underactivity as indicated by low HRV, increased HPA Axis
activity as indicated by increased cortisol, and reduced GABAergic
activity in the CNS (see Fig. 3).

Stress and its consequence, allostatic load, exacerbate
symptoms of epilepsy, depression, PTSD, chronic pain and other
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disorders that are impacted by stress reactive systems. The thera-
peutic effects of yoga can be understood in part through its direct
effects on the autonomic nervous system and indirect effects on
the GABA system. Evidence suggests that interventions such as
VNS and yoga, which increase PNS and GABA activity, may be
effective in treatment resistant subjects who failed to respond to
pharmacologic agents that increase activity in the GABA system
[71]. Accordingly in some cases, correction of ANS imbalance
may be a necessary factor that allows for the improvement of
GABA function, and possibly in other systems as well.

The components of the proposed theory will need further test-
ing and refinement using controlled studies, larger sample sizes,
brain imaging, and other emerging technologies. The model pre-
sented may be of heuristic value as a framework for the integration
of new research information about the pathophysiology and inno-
vative treatment of conditions with significant morbidity and
mortality.

Summary and future implications

An explanatory framework is presented that attributes the ben-
efits of yoga to the reduction of allostatic load in frequently comor-
bid conditions. Neurophysiological, neuroanatomical, and clinical
evidence converge in support of the proposed theory of shared
pathogenesis and responsiveness to treatments, such as yoga, that
stimulate an under active parasympathetic nervous system and in-
crease the inhibitory action of a hypoactive GABA system in brain
pathways and structures that are critical for threat perception,
emotion regulation, and stress reactivity. Furthermore, yoga prac-
tices can be used as non-invasive probes to explore dynamically
the body’s stress response and regulatory systems. The insights
gained from such studies could be utilized to develop a lexicon
of specific mind–body practices for prevention and treatment of
a wide range of neuropsychiatric and stress-related medical
conditions.
Conflict of interest

C.C. Streeter reports no conflicts of interest. P.L. Gerbarg reports
no conflicts of interest. D.A Ciraulo reports no conflicts of interest.
R.B. Saper reports no conflicts. R.P. Brown reports a possible con-
flict with a pending patent, Confirmation No. 9891, using 7-keto
DHEA for the treatment of Post Traumatic Stress Disorder.

Acknowledgements

This paper was supported, in part, by Grants from the National
Institute of Complementary and Alternative Medicine (R21
AT004015 to C.C.S., and K07 AT002915 to R.B.S.), the National Insti-
tute of Drug Abuse (DA50038 to D.A.C.), the National Institute on
Alcohol Abuse and Alcoholism (K23AA13149 to C.C.S., and
AA013727 to D.A.C), the National Center for Research Resources
(M01RR0533) and the Gennaro Acampora Charity Trust to the Divi-
sion of Psychiatry, Boston Medical Center. We would like to thank
Stephen W. Porges, Ph.D. for his assistance with the development
of this manuscript.

References

[1] McEwen BS. Physiology and neurobiology of stress and adaptation: central
role of the brain. Physiol Rev 2007;87:873–904.

[2] Thayer JF, Sternberg E. Beyond heart rate variability: vagal regulation of
allostatic systems. Ann N Y Acad Sci 2006;1088:361–72.

[3] Thayer JF, Lane RD. A model of neurovisceral integration in emotion
regulation and dysregulation. J Affect Disord 2000;61:201–16.

[4] McEwen BS. Protective and damaging effects of stress mediators. N Engl J Med
1998;338:171–9.
mic nervous system, gamma-aminobutyric-acid, and allostasis in epilepsy,
0.1016/j.mehy.2012.01.021

http://dx.doi.org/10.1016/j.mehy.2012.01.021


8 C.C. Streeter et al. / Medical Hypotheses xxx (2012) xxx–xxx
[5] Bremner JD, Licinio J, Darnell A, Krystal JH, Owens MJ, Southwick SM, et al.
Elevated CSF corticotropin-releasing factor concentrations in posttraumatic
stress disorder. Am J Psychiatry 1997;154:624–9.

[6] von Bardeleben U, Holsboer F. Human corticotropin releasing hormone:
clinical studies in patients with affective disorders, alcoholism, panic disorder
and in normal controls. Prog Neuropsychopharmacol Biol Psychiatry
1988;12(Suppl):S165–87.

[7] Koob G, Moal M. Drug addiction, dysregulation of reward and allostasis.
Neuropsychopharmacology 2001;24:97–129.

[8] Ansakorpi H, Korpelainen JT, Huikuri HV, Tolonen U, Myllyla VV, Isojarvi JI.
Heart rate dynamics in refractory and well controlled temporal lobe epilepsy.
J Neurol Neurosurg Psychiatry 2002;72:26–30.

[9] Chen Q, Pan HL. Signaling mechanisms of angiotensin II-induced attenuation
of GABAergic input to hypothalamic presympathetic neurons. J Neurophysiol
2007;97:3279–87.

[10] Thayer JF, Brosschot JF. Psychosomatics and psychopathology: looking up and
down from the brain. Psychoneuroendocrinology 2005;30:1050–8.

[11] Beauchaine T. Vagal tone, development, and Gray’s motivational theory:
toward an integrated model of autonomic nervous system functioning in
psychopathology. Dev Psychopathol 2001;13:183–214.

[12] Innes KE, Vincent HK, Taylor AG. Chronic stress and insulin resistance-related
indices of cardiovascular disease risk, part 2: a potential role for mind-body
therapies. Altern Ther Health Med 2007;13:44–51.

[13] Andersen BL, Kiecolt-Glaser JK, Glaser R. A biobehavioral model of cancer
stress and disease course. Am Psychol 1994;49:389–404.

[14] Heron M. Death: Leading Causes for 2006. National Vital Statistics Reports
2010;58:1–100.

[15] Mental Health: A report of the Surgeon General – Executive Summary, U.S.
Department of Health and Human Serviece, Substance Abuse and Mental
Health Services Adminstration, Center for Mental Health Services, National
Institute of Health, National Institute of Mental Health, Rockville, MD (1999),
pp. 405–433.

[16] Khalsa S. Yoga as a therapeutic intervention: a bibliometric analysis of
published research studies. Indian J Physiol Pharmacol 2004;48:269–85.

[17] Eggers AE. Temporal lobe epilepsy is a disease of faulty neuronal resonators
rather than oscillators, and all seizures are provoked, usually by stress. Med
Hypotheses 2007;69:1284–9.

[18] Drugan RC, Morrow AL, Weizman R, Weizman A, Deutsch SI, Crawley JN, et al.
Stress-induced behavioral depression in the rat is associated with a decrease
in GABA receptor-mediated chloride ion flux and brain benzodiazepine
receptor occupancy. Brain Res 1989;487:45–51.

[19] Cohen H, Benjamin J, Geva AB, Matar MA, Kaplan Z, Kotler M. Autonomic
dysregulation in panic disorder and in post-traumatic stress disorder:
application of power spectrum analysis of heart rate variability at rest and
in response to recollection of trauma or panic attacks. Psychiatry Res
2000;96:1–13.

[20] Mitani S, Fujita M, Sakamoto S, Shirakawa T. Effect of autogenic training on
cardiac autonomic nervous activity in high-risk fire service workers for
posttraumatic stress disorder. J Psychosom Res 2006;60:439–44.

[21] Sack M, Hopper JW, Lamprecht F. Low respiratory sinus arrhythmia and
prolonged psychophysiological arousal in posttraumatic stress disorder:
heart rate dynamics and individual differences in arousal regulation. Biol
Psychiatry 2004;55:284–90.

[22] Thayer JF, Smith M, Rossy LA, Sollers JJ, Friedman BH. Heart period variability
and depressive symptoms: gender differences. Biol Psychiatry
1998;44:304–6.

[23] Sanacora G, Mason GF, Rothman DL, Behar KL, Hyder F, Petroff OA, et al.
Reduced cortical gamma-aminobutyric acid levels in depressed patients
determined by proton magnetic resonance spectroscopy. Arch Gen Psychiatry
1999;56:1043–7.

[24] Meldrum S. GABAergic mechanisms in the pathogenesis and treatment of
epilepsy. Br J Clin Pharmacol 1989;27:3S–11S.

[25] Geuze E, van Berckel BN, Lammertsma AA, Boellaard R, de Kloet CS,
Vermetten E, et al. Reduced GABAA benzodiazepine receptor binding in
veterans with post-traumatic stress disorder. Mol Psychiatry
2008;13:74–83.

[26] Brambilla P, Perez J, Barale F, Schettini G, Soares JC. GABAergic dysfunction in
mood disorders. Mol Psychiatry 2003;8:721–37.

[27] Lundgren T, Dahl J, Yardi N, Melin L. Acceptance and commitment therapy
and yoga for drug-refractory epilepsy: a randomized controlled trial. Epilepsy
Behav 2008;13:102–8.

[28] Petroff OA, Behar KL, Mattson RH, Rothman DL. Human brain gamma-
aminobutyric acid levels and seizure control following initiation of vigabatrin
therapy. J Neurochem 1996;67:2399–404.

[29] Gerbarg P, Brown R. Yoga: a breath of relief for Hurrican Katrina refugees.
Current Psychiatry 2005;4:55–67.

[30] Descilo T., Vedamurtachar A., Gerbarg P.L., Nagaraja D., Gangadhar B.N.,
amodaran B.D, et al., Effects of a yoga breath intervention alone and in
combination with an exposure therapy for post-traumatic stress disorder and
depression in survivors of the 2004 South-East Asia tsunami, Acta Psychiatr
Scand 2009.

[31] Pilkington K, Kirkwood G, Rampes H, Richardson J. Yoga for depression: the
research evidence. J Affect Disord 2005;89:13–24.

[32] Sathyaprabha TN, Satishchandra P, Pradhan C, Sinha S, Kaveri B, Thennarasu
K, et al. Modulation of cardiac autonomic balance with adjuvant yoga therapy
in patients with refractory epilepsy. Epilepsy Behav 2008;12:245–52.
Please cite this article in press as: Streeter CC et al. Effects of yoga on the autono
depression, and post-traumatic stress disorder. Med Hypotheses (2012), doi:1
[33] Deepak KK, Manchanda SK, Maheshwari MC. Meditation improves
clinicoelectroencephalographic measures in drug-resistant epileptics.
Biofeedback Self Regul 1994;19:25–40.

[34] Rajesh B, Jayachandran D, Mohandas G, Radhakrishnan K. A pilot study of a
yoga meditation protocol for patients with medically refractory epilepsy. J
Altern Complement Med 2006;12:367–71.

[35] Panjwani U, Selvamurthy W, Singh SH, Gupta HL, Thakur L, Rai UC. Effect of
Sahaja yoga practice on seizure control & EEG changes in patients of epilepsy.
Indian J Med Res 1996;103:165–72.

[36] Henry TR. Therapeutic mechanisms of vagus nerve stimulation. Neurology
2002;59:S3–S14.

[37] Porges SW. The polyvagal theory: phylogenetic substrates of a social nervous
system. Int J Psychophysiol 2001;42:123–46.

[38] Carpenter MB. Core Text of Neuroanatomy. Baltimore, MD: Williams and
Wilkins; 1985.

[39] Gozal D, Aljadeff G, Carroll JL, Rector DM, Harper RM. Afferent contributions
to intermediate area of the cat ventral medullary surface during mild
hypoxia. Neurosci Lett 1994;178:73–6.

[40] Henry TR, Bakay RA, Pennell PB, Epstein CM, Votaw JR. Brain blood-flow
alterations induced by therapeutic vagus nerve stimulation in partial
epilepsy: II. Prolonged effects at high and low levels of stimulation.
Epilepsia 2004;45:1064–70.

[41] Porges SW. The Polyvagal Theory: phylogenetic contributions to social
behavior. Physiol Behav 2003;79:503–13.

[42] Thayer JF. Vagal tone and the inflammatory reflex. Cleve Clin J Med
2009;76(Suppl. 2):S23–6.

[43] Camm AJ, Malik M, Bigger JT, Breithardt G, Cerutti S, Cohen RJ, et al. Heart rate
variability. Standards of measurement, physiological interpretation, and
clinical use. European Heart Journal 1996;17:354–81.

[44] Ingjaldsson JT, Laberg JC, Thayer JF. Reduced heart rate variability in chronic
alcohol abuse: relationship with negative mood, chronic thought
suppression, and compulsive drinking. Biol Psychiatry 2003;54:1427–36.

[45] Thayer JF, Lane RD. Claude Bernard and the heart-brain connection: further
elaboration of a model of neurovisceral integration. Neurosci Biobehav Rev
2009;33:81–8.

[46] Philippot P, Chapelle G, Blairy S. Respiratory feedback in the generation of
emotion. Cognition & Emotion 2002;16:605–27.

[47] Lehrer P, Sasaki Y, Saito Y. Zazen and cardiac variability. Psychosom Med
1999;61:812–21.

[48] Fokkema D. The psychobiology of strained breathing and its cardiovascular
implications: a functional system review. Psychophysiology 1999;36:164–75.

[49] Brown RP, Gerbarg PL. Sudarshan Kriya yogic breathing in the treatment of
stress, anxiety, and depression: Part II-Clinical applications and guidelines. J
Altern Complement Med 2005;11:711–7.

[50] Brown RP, Gerbarg PL. Sudarshan Kriya yogic breathing in the treatment of
stress, anxiety, and depression: part I-neurophysiologic model. J Altern
Complement Med 2005;11:189–201.

[51] Brown RP, Gerbarg PL. Yoga breathing, meditation and longevity. Annals New
York Academy of Science 2009;1172:54–62.

[52] Bernardi L, Gabutti A, Porta C, Spicuzza L. Slow breathing reduces
chemoreflex response to hypoxia and hypercapnia, and increases baroreflex
sensitivity. J Hypertens 2001;19:2221–9.

[53] Cappo B, Holmes D. The utility of prolonged respiratory exhalation for
reducing physiological and psychological arousal in non-threatening and
threatening situations. J Psychosom Res 1984;28:265–73.

[54] Karavidas MK, Lehrer PM, Vaschillo E, Vaschillo B, Marin H, Buyske S, et al.
Preliminary results of an open label study of heart rate variability
biofeedback for the treatment of major depression. Appl Psychophysiol
Biofeedback 2007;32:19–30.

[55] Elliot S, Edmonson D. The new science of breath. Allen, TX: Coherence Press;
2006.

[56] Calabrese P, Perrault H, Dihn TP, Eberhard H, Benchetrit G. Cardiorespiratory
interactions during resistive load breathing. Am J Physiol Regul Integr Comp
Physiol 2000;279:R2208–13.

[57] Telles S, Desiraju T. Heart rate and respiratory changes accompanying yogic
conditions of single thought and thoughtless states. Indian J Physiol
Pharmacol 1992;36:293–4.

[58] Telles S, Nagarathna R, Nagendra HR. Autonomic changes during ‘‘OM’’
meditation. Indian J Physiol Pharmacol 1995;39:418–20.

[59] Lee MS, Huh HJ, Kim BG, Ryu H, Lee HS, Kim JM, et al. Effects of Qi-training on
heart rate variability. Am J Chin Med 2002;30:463–70.

[60] Khattab K, Khattab AA, Ortak J, Richardt G, Bonnemeier H. Iyengar yoga
increases cardiac parasympathetic nervous modulation among healthy yoga
practitioners. Evid Based Complement Alternat Med 2007;4:511–7.

[61] Bernardi L, Sleight P, Bandinelli G, Cencetti S, Fattorini L, Wdowczyc-Szulc J,
et al. Effect of rosary prayer and yoga mantras on autonomic cardiovascular
rhythms: comparative study. BMJ 2001;323:1446–9.

[62] Streeter CC, Whitfield TH, Saper RB, Owen E, Gensler M, Turnquist N, et al. The
effect of yoga and walking on brain GABA levels. San Francisco, CA: American
Psychiatric Association Annual Meeting; 2009.

[63] Pike JL, Smith TL, Hauger RL, Nicassio PM, Patterson TL, McClintick J, et al.
Chronic life stress alters sympathetic, neuroendocrine, and immune
responsivity to an acute psychological stressor in humans. Psychosom Med
1997;59:447–57.

[64] Majole HJ, Rijkers K, Berfelo MW, Hiulsman JA, Myint A, Schwarz M, et al.
Vagus nerve stimulation in refractory epilepsy: effects of pro- and anti-
mic nervous system, gamma-aminobutyric-acid, and allostasis in epilepsy,
0.1016/j.mehy.2012.01.021

http://dx.doi.org/10.1016/j.mehy.2012.01.021


C.C. Streeter et al. / Medical Hypotheses xxx (2012) xxx–xxx 9
inflammatory cytokines in peripheral blood. Neuroimmunomodulation
2011;18:52–6.

[65] Jevning R, Wilson AF, Davidson JM. Adrenocortical activity during meditation.
Horm Behav 1978;10:54–60.

[66] Sudsuang R, Chentanez V, Veluvan K. Effect of Buddhist meditation on serum
cortisol and total protein levels, blood pressure, pulse rate, lung volume and
reaction time. Physiol Behav 1991;50:543–8.

[67] MacLean CR, Walton KG, Wenneberg SR, Levitsky DK, Mandarino JP, Waziri R,
et al. Effects of the transcendental meditation program on adaptive
mechanisms: changes in hormone levels and responses to stress after 4
months of practice. Psychoneuroendocrinology 1997;22:277–95.

[68] Kamei T, Toriumi Y, Kimura H, Ohno S, Kumano H, Kimura K. Decrease in
serum cortisol during yoga exercise is correlated with alpha wave activation.
Percept Mot Skills 2000;90:1027–32.

[69] Petroff OA, Rothman DL, Behar KL, Mattson RH. Human brain GABA levels rise
after initiation of vigabatrin therapy but fail to rise further with increasing
dose. Neurology 1996;46:1459–63.

[70] Sanacora G, Mason GF, Rothman DL, Krystal JH. Increased occipital cortex
GABA concentrations in depressed patients after therapy with selective
serotonin reuptake inhibitors. Am J Psychiatry 2002;159:663–5.

[71] Nemeroff CB, Mayberg HS, Krahl SE, McNamara J, Frazer A, Henry TR, et al. VNS
therapy in treatment-resistant depression: clinical evidence and putative
neurobiological mechanisms. Neuropsychopharmacology 2006;31:1345–55.

[72] Kraus T, Hosl K, Kiess O, Schanze A, Kornhuber J, Forster C. BOLD fMRI
deactivation of limbic and temporal brain structures and mood enhancing
effect by transcutaneous vagus nerve stimulation. J Neural Transm
2007;114:1485–93.

[73] Barnes A, Duncan R, Chisholm JA, Lindsay K, Patterson J, Wyper D.
Investigation into the mechanisms of vagus nerve stimulation for the
treatment of intractable epilepsy, using 99mTc-HMPAO SPET brain images.
Eur J Nucl Med Mol Imaging 2003;30:301–5.

[74] Woodbury DM, Woodbury JW. Effects of vagal stimulation on experimentally
induced seizures in rats. Epilepsia 1990;31(Suppl. 2):S7–19.

[75] Streeter CC, Whitfield TH, Owen L, Rein T, Karri SK, Yakhkind A, et al. Effects of
yoga versus walking on mood, anxiety, and brain GABA Levels: a randomized
controlled MRS study. J Altern Complement Med 2010;16:1145–52.

[76] Castle M, Comoli E, Loewy A. Autonomic brainstem nuclei are linked to
hippocampus. Neuroscience 2005;134:657–69.

[77] Yang TT, Simmons AN, Matthews SC, Tapert SF, Bischoff-Grethe A, Frank GK,
et al. Increased amygdala activation is related to heart rate during emotion
processing in adolescent subjects. Neurosci Lett 2007;428:109–14.

[78] Akirav I, Richter-Levin G. Biphasic modulation of hippocampal plasticity by
behavioral stress and basolateral amygdala stimulation in the rat. J Neurosci
1999;19:10530–5.

[79] Bremner JD, Elzinga B, Schmahl C, Vermetten E. Structural and functional
plasticity of the human brain in posttraumatic stress disorder. Prog Brain Res
2008;167:171–86.

[80] Coplan JD, Lydiard RB. Brain circuits in panic disorder. Biol Psychiatry
1998;12:1264–76.

[81] Wood GE, Young LT, Reagan LP, McEwen BS. Acute and chronic restraint
stress alter the incidence of social conflict in male rats. Horm Behav
2003;43:205–13.

[82] Harvey BH, Oosthuizen F, Brand L, Wegener G, Stein DJ. Stress-restress evokes
sustained iNOS activity and altered GABA levels and NMDA receptors in rat
hippocampus. Psychopharmacology (Berl) 2004;175:494–502.

[83] Petty F, Sherman AD. GABAergic modulation of learned helplessness.
Pharmacol Biochem Behav 1981;15:567–70.

[84] Torpy DJ, Grice JE, Hockings GI, Walters MM, Crosbie GV, Jackson RV.
Alprazolam attenuates vasopressin-stimulated adrenocorticotropin and
cortisol release: evidence for synergy between vasopressin and corticotropin-
releasing hormone in humans. J Clin Endocrinol Metab 1994;79:140–4.

[85] Lydiard RB. The role of GABA in anxiety disorders. J Clin Psychiatry
2003;64:21–7.

[86] Zwanzger P, Baghai TC, Schuele C, Strohle A, Padberg F, Kathmann N, et al.
Vigabatrin decreases cholecystokinin-tetrapeptide (CCK-4) induced panic in
healthy volunteers. Neuropsychopharmacology 2001;25:699–703.

[87] Zwanzger P, Eser D, Aicher S, Schule C, Baghai TC, Padberg F, et al. Effects of
alprazolam on cholecystokinin-tetrapeptide-induced panic and
hypothalamic–pituitary–adrenal-axis activity: a placebo-controlled study.
Neuropsychopharmacology 2003;28:979–84.

[88] Vaiva G, Thomas P, Ducrocq F, Fontaine M, Boss V, Devos P, et al. Low
posttrauma GABA plasma levels as a predictive factor in the development of
acute posttraumatic stress disorder. Biol Psychiatry 2004;55:250–4.

[89] Rossi S, De Capua A, Tavanti M, Calossi S, Polizzotto NR, Mantovani A, et al.
Dysfunctions of cortical excitability in drug-naive posttraumatic stress
disorder patients. Biol Psychiatry 2009;66:54–61.

[90] Bremner JD, Innis RB, Southwick SM, Staib L, Zoghbi S, Charney DS. Decreased
benzodiazepine receptor binding in prefrontal cortex in combat-related
posttraumatic stress disorder. Am J Psychiatry 2000;157:1120–6.

[91] Shin LM, Orr SP, Carson MA, Rauch SL, Macklin ML, Lasko NB, et al. Regional
cerebral blood flow in the amygdala and medial prefrontal cortex during
traumatic imagery in male and female Vietnam veterans with PTSD. Arch Gen
Psychiatry 2004;61:168–76.

[92] Hariri AR, Drabant EM, Munoz KE, Kolachana BS, Mattay VS, Egan MF, et al. A
susceptibility gene for affective disorders and the response of the human
amygdala. Arch Gen Psychiatry 2005;62:146–52.
Please cite this article in press as: Streeter CC et al. Effects of yoga on the autono
depression, and post-traumatic stress disorder. Med Hypotheses (2012), doi:1
[93] Mattson RH. Emotional effects on seizure occurrence. Adv Neurol
1991;55:453–60.

[94] Eggers AE. Redrawing Papez’ circuit: a theory about how acute stress
becomes chronic and causes disease. Med Hypotheses 2007;69:852–7.

[95] Panjwani U, Gupta HL, Singh SH, Selvamurthy W, Rai UC. Effect of Sahaja yoga
practice on stress management in patients of epilepsy. Indian J Physiol
Pharmacol 1995;39:111–6.

[96] Janakiramaiah N, Gangadhar BN, Naga Venkatesha Murthy PJ, Harish MG,
Subbakrishna DK, Vedamurthachar A. Antidepressant efficacy of Sudarshan
Kriya Yoga (SKY) in melancholia: a randomized comparison with
electroconvulsive therapy (ECT) and imipramine. J Affect Disord 2000;57:255–9.

[97] Woolery A, Myers H, Sternlieb B, Zeltzer L. A yoga intervention for young
adults with elevated symptoms of depression. Altern Ther Health Med
2004;10:60–3.

[98] Shannahoff-Khalsa D, Ray D, Levine S, Gallen C, Schwartz B. Randomized
controlled trial of yogic meditation techniques for patients with obsessive
compulsive disorders. CNS Spectrums 1999;4:34–46.

[99] Miller J, Fletcher K, Kabat-Zinn J. Three-year follow-up and clinical
implications of a mindfulness meditation-based stress reduction
intervention in the treatment of anxiety disorders. Gen Hosp Psychiatry
1995;17:192–200.

[100] Telles S, Singh N, Joshi M, Balkrishna A. Post traumatic stress symptoms and
heart rate variability in Bihar flood survivors following yoga: a randomized
controlled study. BMC Psychiatry 2010;1:18.

[101] West J, Otte C, Geher K, Johnson J, Mohr DC. Effects of Hatha yoga and African
dance on perceived stress, affect, and salivary cortisol. Ann Behav Med
2004;28:114–8.

[102] Granath J, Ingvarsson S, von Thiele U, Lundberg U. Stress management: a
randomized study of cognitive behavioural therapy and yoga. Cogn Behav
Ther 2006;35:3–10.

[103] Vaiva G, Boss V, Ducrocq F, Fontaine M, Devos P, Brunet A, et al. Relationship
between posttrauma GABA plasma levels and PTSD at 1-year follow-up. Am J
Psychiatry 2006;163:1446–8.

[104] Thayer JF, Friedman BH, Borkovec TD. Autonomic characteristics of
generalized anxiety disorder and worry. Biol Psychiatry 1996;39:255–66.

[105] Bremner JD, Innis RB, White T, Fujita M, Silbersweig D, Goddard AW, et al.
SPECT [I-123]iomazenil measurement of the benzodiazepine receptor in
panic disorder. Biol Psychiatry 2000;47:96–106.

[106] Friedman BH, Thayer JF. Autonomic balance revisited: panic anxiety and
heart rate variability. J Psychosom Res 1998;44:133–51.

[107] Lane RD, McRae K, Reiman EM, Chen K, Ahern GL, Thayer JF. Neural correlates
of heart rate variability during emotion. Neuroimage 2009;44:213–22.

[108] Hansen AL, Johnsen BH, Thayer JF. Vagal influence on working memory and
attention. Int J Psychophysiol 2003;48:263–74.

[109] Johnson B, Sollers Jr H AL, Murison R, JF T. Heart rate variability is inversely
related to cortisol reactivity during cognitive stress. Psychosomatic Med
2002;64:289.

[110] Sun N, Yi H, Cassell MD. Evidence for a GABAergic interface between cortical
afferents and brainstem projection neurons in the rat central extended
amygdala. J Comp Neurol 1994;340:43–64.

[111] Craig AD. Interoception and Emotion. In: Lewis M, Haviland-Jones JM, Barrett LF,
editors. Handbook of Emotions. ThirdEdition:TheGuilford Press; 2008. p. 272–88.

[112] Koob G, Volkow N. Neurocircuitry of Addition. Neuropsychopharmacology
2010;35:217–38.

[113] Hallman DM, Olsson EM, von Scheele B, Melin L, Lyskow E. Effects of heart
rate variability biofeedback in subjects with stress-related chronic neck pain:
a pilot study. Appl Psychophysiol Biofeedback 2011;36:71–80.

[114] Kirchner A, Birklein F, Stefan H, Handwerker HO. Left vagus nerve stimulation
suppresses experimentally induced pain. Neurology 2000;55:1167–71.

[115] Drew GM, Mitchell VA, Vaughan CW. Glutamate spillover modulates
GABAergic synaptic transmission in the rat midbrain periaqueductal grey
via metabotropic glutamate receptors and endocannabinoid signaling. J
Neurosci 2008;28:808–15.

[116] Pereira EU, Lu G, Wang S, Schweder PM, Hyam JA, Stein JF, et al. Ventral
periacqueductal grey stimulation alters heart rate variability in humans with
chronic pain. Exp Neurol 2010;223:574–81.

[117] Neto FL, Ferreira-Gomes J, Castro-Lopes JM. Distribution of GABA receptors in
the thalamus and their involvement in nociception. Adv Pharmacol
2006;54:29–51.

[118] Streeter CC, Jensen JE, Perlmutter RM, Cabral HJ, Tian H, Terhune DB, et al.
Yoga Asana sessions increase brain GABA levels: a pilot study. J Altern
Complement Med 2007;13:419–26.

[119] Williams K, Abildso C, Steinberg L, Doyle E, Epstein B, Smith D, et al.
Evaluation of the effectiveness and efficacy of Iyengar yoga therapy on
chronic low back pain. Spine 2009;34:2066–76 (Phila Pa 1976).

[120] Sherman KJ, Cherkin DC, Erro J, Miglioretti DL, Deyo RA. Comparing yoga,
exercise, and a self-care book for chronic low back pain: a randomized,
controlled trial. Ann Intern Med 2005;143:849–56.

[121] Saper RB, Sherman KJ, Cullum-Dugan D, Davis RB, Phillips RS, Culpepper L.
Yoga for chronic low back pain in a predominantly minority population: a
pilot randomized controlled trial. Altern Ther Health Med 2009;15:18–27.

[122] Kroenke K, Spitzer RL, Williams JB. The PHQ-9: validity of a brief depression
severity measure. J Gen Intern Med 2001;16:606–13.

[123] Arnau RC, Meagher MW, Norris MP, Bramson R. Psychometric evaluation of
the Beck depression Inventory-II with primary care medical patients. Health
Psychol 2001;20:112–9.
mic nervous system, gamma-aminobutyric-acid, and allostasis in epilepsy,
0.1016/j.mehy.2012.01.021

http://dx.doi.org/10.1016/j.mehy.2012.01.021

	Effects of yoga on the autonomic nervous system, gamma-aminobutyric-acid, and  allostasis in epilepsy, depression, and post-traumatic stress disorder
	Introduction
	Proposed theory

	Neurophysiological foundations and evidence
	Allostatic load
	Stress activated systems and disorders
	Exemplary disorders
	Anatomy of the autonomic nervous system
	Polyvagal theory and heart rate variability (HRV)
	Neurovisceral integration
	How yoga increases PNS activity
	The neurophysiologic model for the effects of yoga breathing
	Yoga practices associated with decreased cortisol
	Vagal nerve stimulation (VNS) addresses low PNS and GABA activity
	Vagal nerve stimulation (VNS) and neurotransmitters
	Stress, medial temporal lobe, GABA and hypothalamic–pituitary–adrenal axis (HPA)

	Exemplary disorders
	Yoga treatment for epilepsy
	Yoga treatment for depression
	Yoga treatment for stress, anxiety disorders, and PTSD
	Empirical data-yoga treatment for chronic pain and depression
	Yoga and walking (YW) study
	Chronic low back pain (CLBP) study

	Discussion
	Summary and future implications

	Conflict of interest
	Acknowledgements
	References


