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Periaqueductal gray
An interface for behavioral control

Eduardo E. Benarroch,
MD

The periaqueductal gray (PAG) is an anatomic and
functional interface between the forebrain and the
lower brainstem and has a major role in integrated
behavioral responses to internal (e.g., pain) or exter-
nal (e.g., threat) stressors. The PAG consists of dis-
tinct columns that receive selective inputs from the
prefrontal cortex, amygdala, hypothalamus, and no-
ciceptive pathways. Via its connections with different
brainstem nuclei, the PAG coordinates specific pat-
terns of cardiovascular, respiratory, motor, and pain
modulatory responses. These responses vary accord-
ing to the type of stress and the subject’s perception
of the threatening stimulus. The PAG is also in-
volved in vocalization, micturition, and thermoregu-
lation, and contributes to mechanisms of arousal and
control of REM sleep. The PAG is affected in neuro-
degenerative disorders, such as Alzheimer disease
(AD) and multiple system atrophy. Stimulation of
the PAG has been utilized for management of
chronic neuropathic pain and recent evidence sug-
gests that it may also be used to relieve refractory
hypertension. The organization of the PAG and its
multiple functions have been the subjects of several
reviews.1–11

FUNCTIONAL ORGANIZATION OF THE PAG
Anatomic subdivisions and neurochemistry. The PAG
is continuous with the periventricular gray matter
(PVG) and surrounds the midbrain aqueduct except
for ventral part, which contains oculomotor-related
nuclei rostrally and the dorsal raphe nucleus caudally
(figure). Based on cytoarchitecture, chemoarchitec-
ture, and connectivity patterns, the PAG has been
subdivided into 4 columns: dorsomedial, dorsolat-
eral, lateral, and ventrolateral.2–5 The PAG contains
different types of neurons that utilize L-glutamate,
�-aminobutyric acid (GABA), opioids (particularly
enkephalin), substance P, neurotensin, and other
neurotransmitters. The dorsolateral PAG also con-

tains neurons that express NADPH-diaphorase
and synthesize nitric oxide (NO)12; the ventrolat-
eral PAG contains a group of dopaminergic neu-
rons.13 There is also abundant expression of
NMDA,14 GABAA,15 �-opioid,16 neurokinin-1,17

and transient receptor potential vanilloid type 1
(TRPV1) receptors18 in the PAG.

Inputs and outputs of the PAG. The PAG is a critical
component of the so-called “emotional motor sys-
tem.”19 This distributed network receives input from
the medial prefrontal and anterior cingulate cortices
and projects to brainstem areas that control
behavior-specific patterns of motor and autonomic
responses and modulate both dorsal horn excitability
to nociceptive inputs and gain of spinal reflexes (fig-
ure).19 The PAG receives afferents from the fore-
brain, brainstem, and sensory neurons of the dorsal
horn and trigeminal nucleus; these inputs have a dis-
tinct pattern of termination in the different PAG col-
umns (table 1). The prefrontal cortex provides the
major forebrain input to the PAG. The medial wall
of the prefrontal cortex targets the dorsolateral col-
umn; the anterior cingulate gyrus targets the lateral,
ventrolateral, and dorsomedial columns; and the pos-
terior orbitofrontal and anterior insular cortices tar-
get the ventrolateral column.20 The inputs from the
amygdala originate in the central nucleus and ventro-
lateral portion of the basal nucleus; the input from
the hypothalamus originates primarily from the me-
dial preoptic, anterior, periventricular, ventromedial,
posterior, and supramammillary nuclei and lateral
hypothalamic areas.20 The PAG receives a dense net-
work of noradrenergic and adrenergic fibers originat-
ing in the ventrolateral (A1 and C1 groups) and
dorsomedial (A2 and C3 groups) medulla.21 Neurons
of lamina I of the superficial dorsal horn and caudal
trigeminal nucleus provide nociceptive information
to the contralateral PAG. These projections target
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the lateral and ventrolateral PAG columns and are
somatotopically organized; trigeminal projections
terminate in the rostral PAG, and cervical and lum-
bar spinal projections at progressively more caudal
levels.22

The PAG provides efferents to the forebrain,
brainstem, and spinal cord (figure, table 1). Fore-
brain projections target the thalamus and hypothala-
mus.21,22 The PAG projection to the intralaminar
and midline nuclei of the thalamus serves as a gate-
way to the prefrontal cortex, amygdala, and basal
ganglia.23 The PAG projects heavily to the anterior,
medial, and posterior hypothalamus and substantia
innominata; the main route for PAG-diencephalic

projections is through the periventricular bundle.24

With the exception of the dorsolateral column, all
PAG columns project to the lower brainstem. The
PAG projects densely to the nucleus cuneiformis; lo-
cus ceruleus; Barrington nucleus (pontine micturi-
tion center); motor nuclei of the pontomedullary
reticular formation; parabrachial nucleus; nucleus
ambiguus and retroambiguus, rostral and caudal ven-
trolateral medulla (VLM); rostral ventromedial me-
dulla (RVM), including the nucleus raphe magnus;
and nucleus raphe pallidus.25 Most of these targets of
PAG inputs are premotor centers that in turn project
to sensory, motor, or autonomic nuclei of the brain-
stem and spinal cord.19

Figure Main connections of the periaqueductal gray (PAG)

The PAG is subdivided into 4 functional columns: dorsomedial (DM), dorsolateral (DL), lateral (L), and ventrolateral (VL), which have distinct connections
with the forebrain, brainstem, and nociceptive neurons of lamina I of the spinal cord and trigeminal nucleus. The main forebrain sources of input to the PAG
are the medial prefrontal cortex, anterior cingulate, and the posterior orbitofrontal/anterior insular cortex; the central nucleus of the amygdala; and
essentially all regions of the hypothalamus. Brainstem input includes vagal inputs relayed via the nucleus of the solitary tract (NTS) and catecholaminergic
noradrenergic and adrenergic fibers originating in the A1/C1 groups of the ventrolateral medulla. Neurons of lamina I of the superficial dorsal horn and
caudal trigeminal nucleus (TNC) provide nociceptive information to the contralateral PAG. Forebrain projections target the intralaminar and midline nuclei
of the thalamus, which serve as a gateway to the prefrontal cortex, amygdala, and basal ganglia, and several regions of the hypothalamus. Most brainstem
targets of the PAG projections are premotor centers that in turn project to sensory, motor, or autonomic nuclei of the brainstem and spinal cord. These include the
nucleus cuneiformis (not shown), locus ceruleus and periceruleus regions, Barrington nucleus (pontine micturition center), parabrachial nucleus, rostral ventrome-
dial medulla (including the nucleus raphe magnus), rostral and caudal ventrolateral medulla, and nucleus ambiguus and retroambiguus. Via these projections, the
PAG participates in micturition, regulation of REM sleep switch, pain modulation, cardiovascular responses to stress, and vocalization.
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The connections of the PAG in humans have
been studied using diffusion fractography.26–28 A re-
cent study in patients undergoing PAG deep brain
stimulation (DBS) for neuropathic pain showed as-
cending connections of the dorsal PAG with the ven-
tral posterior thalamus and primary somatosensory
cortex and connections of the ventral PAG with the
ventromedial prefrontal and anterior cingulate corti-
ces, amygdala, and nucleus accumbens; the dorsal
and ventral PAG also showed different connections
with the ipsilateral dorsomedial medulla and the cer-
ebellum.26 These findings confirm the different con-
nectivity of the different regions of the PAG but do

not fully correlate with anatomic tracing studies in
experimental animals.

PAG AND RESPONSES TO STRESS The PAG is
a critical component of a network that is activated in
response to internal stressors, such as pain, or exter-
nal threats, such as the presence of a predator. This
network includes different areas of the prefrontal cor-
tex, anterior cingulate cortex, amygdala, and hypo-
thalamus that connect with specific columns of the
PAG. These connections form parallel circuits that
are activated according to the characteristics of the stim-
ulus and initiate different pain modulatory, autonomic,
and motor responses3–5 (table 2). Humans, like other
animals, react with distinct emotional coping strategies
to “escapable” or “inescapable” stressors.29 Active strate-
gies, such as fight-or-flight responses, occur in the pres-
ence of short lasting, cutaneous pain and other types of
escapable stress and are associated with motor and sym-
pathetic activation. Passive emotional coping strategies
such as quiescence and vasodepression occur in response
to inescapable stress, including deep somatic or visceral
pain.3–5

PAG activation by threat. The responses to threaten-
ing stimuli have been subdivided into defensive
avoidance (associated with fear) or defensive ap-
proach (associated with anxiety) and vary with the
proximity of the stressor.29–32 Functional magnetic
resonance studies show differential activation of
components of the fear system according to the
threatening stimulus in humans.33,34 Awareness of a
threatening stimulus (i.e., a predator) resulted in ac-
tivation of the ventromedial prefrontal and anterior
cingulate cortices; close proximity of a predator elic-
ited activation of the central amygdala and PAG.33,34

These findings are consistent with evidence that elec-

Table 1 Main connections of the periaqueductal gray

Inputs Outputs

Medial prefrontal cortex Thalamus (intralaminar, midline, and reticular nuclei)

Posterior orbitofrontal cortex Hypothalamus (anterior, dorsomedial, posterior, and
lateral regions)

Anterior insular cortex Superior colliculus

Anterior cingulate Nucleus cuneiformis

Amygdala (central nucleus) Locus ceruleus

Hypothalamus (preoptic, anterior,
periventricular, ventromedial,
posterior, and lateral)

Barrington nucleus (pontine micturition center)

Superior and inferior colliculi Parabrachial nucleus

Mesencephalic reticular formation Pontomedullary reticulospinal nuclei; nucleus
ambiguus

Cuneiform nucleus Nucleus retroambiguus

Locus ceruleus Periambigual region

Parabrachial nucleus Rostral and caudal ventrolateral medulla

Ventromedial medulla Rostral ventromedial medulla (including the nucleus
raphe magnus)

Ventrolateral medulla Caudal ventromedial medulla

A1/C1 and A2/C3 groups Nucleus raphe pallidus

Spinal and trigeminal dorsal horn
(lamina I)

Table 2 Active and passive coping strategies orchestrated by the periaqueductal gray

Stimulus Escapable (e.g., superficial pain)
Inescapable (e.g., deep somatic or
visceral pain)

Coping strategy Active (fight-or-flight) Passive (hyperactive immobility)

Periaqueductal gray
column involved

Dorsolateral and lateral Ventrolateral

Prefrontal input Medial prefrontal and anterior cingulate Posterior orbital/rostral insular

Nociceptive input A�-skin nociceptors, somatotopic C-skin, deep somatic, and visceral
nociceptors

Autonomic response Sympathoexcitation (hypertension, tachycardia) Sympathoinhibition and vagal activation
(hypotension, bradycardia)

Respiratory response Hyperventilation Hypoventilation, apnea

Analgesia Short-lasting, non-opioid-mediated Long-lasting, opioid-mediated

Effector mechanisms Dorsomedial nucleus of the hypothalamus Rostral and caudal ventromedial
medulla

Rostral ventrolateral medulla Nucleus retroambiguus

Nucleus retroambiguus Nucleus ambiguus
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trical stimulation of the human PAG can result in
fear and anxiety.35

PAG activation by pain. The different PAG columns
receive functionally segregated input from nocicep-
tive pathways.4,5,36 –38 The lateral and dorsolateral
PAG columns receive somatotopically organized in-
puts from superficial nociceptors (primarily A�

type), relayed by the superficial lamina of the spinal
and spinal trigeminal nucleus. In contrast, the ven-
trolateral PAG column receives convergent input
from both the superficial and deep dorsal horn relay-
ing nociceptive afferent information from visceral,
muscle, and C-fiber skin nociceptors, as well as vis-
ceral inputs from the nucleus of the solitary tract and
sacral spinal cord.4,5,36–38 Functional neuroimaging
studies in humans indicate that PAG activation by
nociceptive inputs is modulated by attention, emo-
tion, expectation of pain, and expectation-related
placebo analgesia.38–45

Segregated PAG pathways for active vs passive coping
strategies. Experimental studies using chemical mi-
crostimulation indicate that the different columns of
the PAG organize different copying strategies to pain
and other stressors.2–6,35,36,46 The lateral and dorsolat-
eral PAG initiate fight-or-flight responses associated
with tachycardia, hypertension, and redistribution of
blood flow. The sympathoexcitatory responses elic-
ited by the lateral and dorsolateral PAG are mediated
by neurons of the rostral VLM, which activate sym-
pathetic preganglionic neurons controlling cardio-
vascular effectors.36,46–48 In contrast, neurons of the
ventrolateral PAG column initiate sympathoinhibi-
tory responses (hypotension and bradycardia) that
are associated with immobility and hyporeactivity to
the environment. These vasodepressor responses are
mediated by neurons of the ventromedial medulla
and nucleus raphe pallidus,49 which inhibit the sym-
pathoexcitatory neurons of the rostral VLM.

The different portions of the PAG also elicit site-
specific changes in respiratory patterns.50 Stimulation
of the dorsolateral PAG elicits tachypnea, which is
associated with sympathoexcitation; stimulation of
the ventrolateral PAG elicits respiratory depression.
The effects of the PAG on respiration are mediated
by projections to premotor interneurons in the
brainstem respiratory network, including the nucleus
retroambiguus in the ventrolateral medulla.50

PAG AND PAIN MODULATION PAG as a critical
component of the pain modulation network. The
PAG is a critical component of a descending pain
modulatory network that exerts a dual control, in-
hibitory or excitatory, on nociceptive transmission in
the dorsal horn and trigeminal nucleus. This net-

work also includes the prefrontal and anterior cingu-
late cortex, hypothalamus, amygdala, dorsolateral
pontine reticular formation, RVM, and caudal
VLM.6,16,51 Neurons of this network express opioid16

and TRPV118 receptors and mediate opioid-,
placebo- and acupuncture-triggered analge-
sia.6,16,38,40,45 The balance between inhibition and fa-
cilitation of nociception is dynamic, and can be
altered in different behavioral, emotional, and patho-
logic states.5,6 Stimulation of the PAG typically elicits
analgesia, as first shown by Reynolds52 in the rat and
later confirmed in different species, including hu-
mans.35,53,54 Experimental studies show that PAG
stimulation strongly inhibits the activity of superfi-
cial dorsal horn neurons that relay information car-
ried by C-fibers but does not affect or may even
enhance A� fiber–mediated nociception.6,55

The inhibitory effects of the PAG on nociceptive
transmission are a component of the coordinated
coping strategies orchestrated by the different col-
umns of the PAG.2–4,35,36,46 In experimental animals,
short-lasting noxious stimulation of the skin activates
the lateral and dorsolateral PAG and triggers not
only sympathoexcitation but also short-duration,
non-opioid-mediated analgesia.36,37,46 In contrast,
deep somatic, visceral, or repetitive superficial pain
activates the ventrolateral PAG and elicits long dura-
tion, opioid-dependent analgesia associated with va-
sodepression and immobility.36,46

Neurochemical mechanisms of PAG-mediated analgesia.
The primary neurotransmitter of afferents and
projection neurons of the PAG is L-glutamate; local
GABAergic neurons elicit tonic inhibition of these pro-
jection neurons.1 Neuronal activity within the PAG is
affected by several neurochemical signals including opi-
oids, endocannabinoids, and neurotensin. [Mu]-opioid
agonists produce analgesia by acting via pre- and post-
synaptic mechanisms15; opioid-induced analgesia is
largely due to �-receptor–mediated inhibition of lo-
cal GABAergic interneurons.1,16 In humans, the
�-opioid antagonist naloxone enhances postopera-
tive pain.56 Endocannabinoids such as anandamide
may tonically control nociception via activation of
TRPV1 receptors expressed in the ventrolateral
PAG; this effect requires glutamate release and acti-
vation of NMDA receptors,18 and may be in part
mediated by NO.57 Neurotensin inhibits GABAergic
transmission within the PAG indirectly, via the re-
lease of glutamate leading to production of endocan-
nabinoids that activate presynaptic CB1 receptors in
GABAergic terminals.58

Effector mechanisms for pain modulation by the PAG.
The PAG exerts its pain modulatory effects primarily
via its descending projection to the RVM, including the
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nucleus raphe magnus, and in part via noradrenergic
nuclei of the dorsolateral pontine tegmentum.1,6,16 The
RVM exerts a bidirectional control on spinal nocicep-
tive processing via 2 types of cells, off-cells and on-cells:
off-cells are activated by opioids and inhibit nocicep-
tion; on-cells are inhibited by opioids and promote no-
ciceptive responses.16 Thus, the balance of activity
between these 2 neuronal populations determines the
threshold for nociception in the dorsal horn. Descend-
ing facilitation of spinal (and trigeminal) nociceptive
transmission is a major contributor to central sensitiza-
tion and development of secondary hyperalgesia. Since
C-fiber inputs have a major role in sensitization of dor-
sal horn neurons, descending inhibitory control of those
inputs via the PAG-RVM pathway may limit develop-
ment of a central sensitized state.6

OTHER FUNCTIONS OF THE PAG Vocalization.

The PAG has a critical role in vocalization in response
to painful stimulus or other stressors.9 Stimulation stud-
ies indicate that the lateral and ventrolateral PAG inte-
grate the expiratory and laryngeal activity required for
the generation of vocalization.50 Voluntary control of
vocalization involves the anterior cingulate cortex,
which projects to the PAG. The PAG has direct con-
nections with the medullary reticular formation sur-
rounding the nucleus ambiguus; this periambigual
region projects to motoneurons in the ventral horn
(controlling expiration), nucleus ambiguus (controlling
phonation), and trigeminal, facial, and hypoglossal nu-
clei (controlling articulation). Lesions of the PAG pro-
duce mutism both in experimental animals9 and
humans.59

Micturition. The PAG acts as an interface between
bladder afferent input and forebrain modulatory in-
fluences controlling micturition. Normal bladder
voiding involves a spinobulbospinal reflex coordi-
nated by the pontine micturition center.60 The ven-
trolateral PAG receives A� afferents from the bladder
and relays this information to the pontine micturi-
tion center to trigger micturition.61 In vivo record-
ings in experimental animals62 and functional
neuroimaging studies in humans63 show that the
PAG is activated both in response to bladder filling
and during micturition. Meta-analysis of functional
neuroimaging studies emphasizes the central role of
the PAG in normal micturition and leads to a model
of possible functional connectivity between the PAG
and forebrain areas controlling bladder function.63

According to this model, the medial prefrontal cortex
would exert a tonic inhibition on the PAG during
urine storage; withdrawal of this inhibitory control
would allow PAG to activate the pontine micturition
center when the subject decides to void.60

Sleep. The ventrolateral PAG participates in mecha-
nisms of arousal13 and switch between non-REM and
REM sleep.64,65 Lu et al.13 identified a group of dopa-
minergic neurons in the ventrolateral PAG that were
active during wakefulness and inactive during sleep
and had extensive reciprocal connections with other
sleep-wake regulatory neurons in the brainstem and
hypothalamus. Fuller et al.64 described a GABA-
mediated REM switching circuitry model; GABAer-
gic REM-off neurons located in the ventrolateral
PAG (and lateral pontine tegmentum) inhibit
GABAergic REM-on neurons located in the sublat-
erodorsal tegmental nucleus and are reciprocally
inhibited by these REM-on neurons.

CLINICAL CORRELATIONS PAG stimulation for
management of neuropathic pain. Stimulation of the
PAG and adjacent periventricular regions (PVG/
PAG) in patients with intractable pain produces pain
relief that is associated with release of opioids66 and is
blocked by naloxone.53 PAG stimulation may pro-
vide long-term effective pain relief in selected pa-
tients.67,68 A recent study showed that DBS of the
PVG/PAG alone was associated with at least 50%
reduction of pain in 66% of patients; the best effects
were for phantom limb syndromes, head pain, and
anesthesia dolorosa.68 A study correlating the clinical
results of chronic PVG/PAG stimulation with the
anatomic site of electrode placement as determined
at autopsy indicates that the ventrolateral PAG at the
level of the posterior commissure is the optimal site
for therapeutic electrical brain stimulation for opiate-
responsive pain in humans.54 Placebo-induced anal-
gesia involves the PAG and is reversed by opioid
antagonists. A PET study using [(11)C]carfentanil,
which measures regional �-opioid receptor availabil-
ity in vivo, showed that placebo treatment affected
endogenous opioid activity in the PAG and nearby
dorsal raphe and nucleus cuneiformis, amygdala, or-
bitofrontal cortex, insula, rostral anterior cingulate,
and lateral prefrontal cortex.45

Cardiovascular effects of PAG stimulation in humans.
Stimulation of PAG in humans elicits changes in
blood pressure and heart rate that are consistent with
those observed in experimental animals.69,70 Dorsal
PAG stimulation may elicit increases in sympathetic
activity and baroreflex sensitivity and may reduce the
severity of orthostatic hypotension in some pa-
tients.71 Stimulation of the ventrolateral PAG, which
is the most effective site to induce analgesia, is associ-
ated with a decrease in arterial pressure.70 A recent
study showed that ventral PAG stimulation elicited a
relative predominance of vagal over sympathetic
modulation of the heart rate, which correlated with
subjective reporting of analgesic efficacy.27 Stimula-
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tion of the ventrolateral PAG may produce long-
standing decrease in blood pressure in patients with
refractory hypertension.72

Involvement of the PAG in neurodegenerative dis-
eases. The PAG is affected in neurodegenerative dis-
orders such as Alzheimer disease,73 Parkinson
disease,74 and multiple system atrophy.75 However,
the clinical correlations of PAG involvement in these
disorders remain to be established. Parvizi et al.73

showed the presence of �-amyloid peptide and ab-
normally phosphorylated tau protein in the PAG; the
type and density of pathologic changes were ex-
pressed differently in different PAG regions and cor-
related with gender and the duration of dementia.
Presumably, PAG involvement may contribute to
behavioral manifestations in AD and autonomic
manifestations in multiple system atrophy. Loss of
dopaminergic neurons in the ventral PAG in both
multiple system atrophy and in dementia with Lewy
bodies may contribute to excessive daytime sleepiness
in these disorders.76

PERSPECTIVE The PAG is a nodal structure
within a distributed CNS network that controls and
integrates autonomic, motor, and pain modulatory
responses to relevant environmental stimuli. Via the
PAG, attention and emotion modulate behavior and
survival strategies. Functional neuroimaging studies
and results of electrical microstimulation have pro-
vided further insight into the participation of the
PAG in pain modulation and autonomic control in
humans. The potential clinical applications of PAG
stimulation have been extended from the alleviation
of specific subtypes of neuropathic pain to the possi-
ble adjuvant management of refractory hypertension.
It could be speculated that PAG stimulation may also
be used for treatment of hyperactive bladder and,
perhaps, some cases of recurrent reflex (neurally me-
diated) syncope triggered by emotion.

REFERENCES
1. Behbehani MM. Functional characteristics of the mid-

brain periaqueductal gray. Prog Neurobiol 1995;46:575–
605.

2. Carrive P. The periaqueductal gray and defensive behavior:
functional representation and neuronal organization. Be-
hav Brain Res 1993;58:27–47.

3. Bandler R, Shipley MT. Columnar organization in the
midbrain periaqueductal gray: modules for emotional ex-
pression? Trends Neurosci 1994;17:379–389.

4. Bandler R, Keay KA, Floyd N, Price J. Central circuits
mediating patterned autonomic activity during active vs.
passive emotional coping. Brain Res Bull 2000;53:95–104.

5. Keay KA, Bandler R. Distinct central representations of
inescapable and escapable pain: observations and specula-
tion. Exp Physiol 2002;87:275–279.

6. Heinricher MM, Tavares I, Leith JL, Lumb BM. Descend-
ing control of nociception: specificity, recruitment and
plasticity. Brain Res Rev 2009;60:214–225.

7. Zhang W, Hayward LF, Davenport PW. Respiratory re-
sponses elicited by rostral versus caudal dorsal periaque-
ductal gray stimulation in rats. Auton Neurosci Basic Clin
2007;134:45–54.

8. Haxhiu MA, Yamamoto BK, Dreshaj IA, Ferguson DG.
Activation of the midbrain periaqueductal gray induces
airway smooth muscle relaxation. J Appl Physiol 2002;93:
440–449.

9. Jurgens U. The neural control of vocalization in mammals:
a review. J Voice 2009;23:1–10.

10. Holstege G. Micturition and the soul. J Comp Neurol
2005;493:15–20.

11. Kavia RB, Dasgupta R, Fowler CJ. Functional imaging
and the central control of the bladder. J Comp Neurol
2005;493:27–32.

12. Onstott D, Mayer B, Beitz AJ. Nitric oxide synthase im-
munoreactive neurons anatomically define a longitudinal
dorsolateral column within the midbrain periaqueductal
gray of the rat: analysis using laser confocal microscopy.
Brain Res 1993;610:317–324.

13. Lu J, Jhou TC, Saper CB. Identification of wake-active
dopaminergic neurons in the ventral periaqueductal gray
matter. J Neurosci 2006;26:193–202.

14. Siegfried B, de Souza RL. NMDA receptor blockade in the
periaqueductal grey prevents stress-induced analgesia in at-
tacked mice. Eur J Pharmacol 1989;168:239–242.

15. Behbehani MM, Jiang MR, Chandler SD, Ennis M. The
effect of GABA and its antagonists on midbrain periaque-
ductal gray neurons in the rat. Pain 1990;40:195–204.

16. Fields H. State-dependent opioid control of pain. Nat Rev
Neurosci 2004;5:565–575.

17. Gregg TR, Siegel A. Differential effects of NK1 receptors in
the midbrain periaqueductal gray upon defensive rage and
predatory attack in the cat. Brain Res 2003;994:55–66.

18. Palazzo E, Luongo L, de Novellis V, Berrino L, Rossi F,
Maione S. Moving towards supraspinal TRPV1 receptors
for chronic pain relief. Mol Pain 2010;6:66.

19. Holstege G, Bandler R, Saper CB. The emotional motor
system. Prog Brain Res 1996;107:3–6.

20. An X, Bandler R, Ongur D, Price JL. Prefrontal cortical
projections to longitudinal columns in the midbrain peri-
aqueductal gray in macaque monkeys. J Comp Neurol
1998;401:455–479.

21. Herbert H, Saper CB. Organization of medullary adrener-
gic and noradrenergic projections to the periaqueductal
gray matter in the rat. J Comp Neurol 1992;315:34–52.

22. Yezierski RP. Spinomesencephalic tract: projections from
the lumbosacral spinal cord of the rat, cat, and monkey.
J Comp Neurol 1988;267:131–146.

23. Krout KE, Loewy AD. Periaqueductal gray matter projec-
tions to midline and intralaminar thalamic nuclei of the
rat. J Comp Neurol 2000;424:111–141.

24. Mantyh PW. Connections of midbrain periaqueductal
gray in the monkey: I: ascending efferent projections.
J Neurophysiol 1983;49:567–581.

25. Mantyh PW. Connections of midbrain periaqueductal
gray in the monkey: II: descending efferent projections.
J Neurophysiol 1983;49:582–594.

26. Sillery E, Bittar RG, Robson MD, et al. Connectivity of
the human periventricular-periaqueductal gray region.
J Neurosurg 2005;103:1030–1034.

Neurology 78 January 17, 2012 215



27. Pereira EA, Lu G, Wang S, et al. Ventral periaqueductal

grey stimulation alters heart rate variability in humans with

chronic pain. Exp Neurol 2010;223:574–581.

28. Hadjipavlou G, Dunckley P, Behrens TE, Tracey I. Deter-

mining anatomical connectivities between cortical and

brainstem pain processing regions in humans: a diffusion

tensor imaging study in healthy controls. Pain 2006;123:

169–178.

29. McNaughton N, Corr PJ. A two-dimensional neuropsy-

chology of defense: fear/anxiety and defensive distance.

Neurosci Biobehav Rev 2004;28:285–305.

30. De Oca BM, DeCola JP, Maren S, Fanselow MS. Distinct

regions of the periaqueductal gray are involved in the ac-

quisition and expression of defensive responses. J Neurosci

1998;18:3426–3432.

31. Maren S. Neuroscience: the threatened brain. Science

2007;317:1043–1044.

32. Bouton ME, Mineka S, Barlow DH. A modern learning

theory perspective on the etiology of panic disorder. Psy-

chol Rev 2001;108:4–32.

33. Mobbs D, Petrovic P, Marchant JL, et al. When fear is

near: threat imminence elicits prefrontal-periaqueductal

gray shifts in humans. Science 2007;317:1079–1083.

34. Mobbs D, Marchant JL, Hassabis D, et al. From threat to

fear: the neural organization of defensive fear systems in

humans. J Neurosci 2009;29:12236–12243.

35. Nashold BS Jr, Wilson WP, Slaughter DG. Sensations

evoked by stimulation in the midbrain of man. J Neuro-

surg 1969;30:14–24.

36. Keay KA, Bandler R. Parallel circuits mediating distinct

emotional coping reactions to different types of stress.

Neurosci Biobehav Rev 2001;25:669–678.

37. Lumb BM. Hypothalamic and midbrain circuitry that dis-

tinguishes between escapable and inescapable pain. News

Physiol Sci 2004;19:22–26.

38. Parry DM, Macmillan FM, Koutsikou S, McMullan S,

Lumb BM. Separation of A- versus C-nociceptive inputs

into spinal-brainstem circuits. Neuroscience 2008;152:

1076–1085.

39. Tracey I, Ploghaus A, Gati JS, et al. Imaging attentional

modulation of pain in the periaqueductal gray in humans.

J Neurosci 2002;22:2748–2752.

40. Valet M, Sprenger T, Boecker H, et al. Distraction modu-

lates connectivity of the cingulo-frontal cortex and the

midbrain during pain: an fMRI analysis. Pain 2004;109:

399–408.

41. Wiech K, Tracey I. The influence of negative emotions on

pain: behavioral effects and neural mechanisms. Neuroim-

age 2009;47:987–994.

42. Ploner M, Lee MC, Wiech K, Bingel U, Tracey I. Pre-

stimulus functional connectivity determines pain per-

ception in humans. Proc Natl Acad Sci USA 2010;107:

355–360.

43. Villemure C, Bushnell MC. Mood influences supraspinal

pain processing separately from attention. J Neurosci

2009;29:705–715.

44. Fairhurst M, Wiech K, Dunckley P, Tracey I. Anticipatory

brainstem activity predicts neural processing of pain in hu-

mans. Pain 2007;128:101–110.

45. Wager TD, Scott DJ, Zubieta JK. Placebo effects on hu-

man mu-opioid activity during pain. Proc Natl Acad Sci

USA 2007;104:11056–11061.

46. Bandler R, Keay KA, Floyd N, Price J. Central circuits
mediating patterned autonomic activity during active vs.
passive emotional coping. Brain Res Bull 2000;53:95–104.

47. de Menezes RC, Zaretsky DV, Fontes MA, DiMicco JA.
Cardiovascular and thermal responses evoked from the
periaqueductal grey require neuronal activity in the hypo-
thalamus. J Physiol 2009;587:1201–1215.

48. Hayward LF. Midbrain modulation of the cardiac barore-
flex involves excitation of lateral parabrachial neurons in
the rat. Brain Res 2007;1145:117–127.

49. Vagg DJ, Bandler R, Keay KA. Hypovolemic shock: criti-
cal involvement of a projection from the ventrolateral peri-
aqueductal gray to the caudal midline medulla.
Neuroscience 2008;152:1099–1109.

50. Subramanian HH, Balnave RJ, Holstege G. The midbrain
periaqueductal gray control of respiration. J Neurosci
2008;28:12274–12283.

51. Tavares I, Lima D. From neuroanatomy to gene therapy:
searching for new ways to manipulate the supraspinal endog-
enous pain modulatory system. J Anat 2007;211:261–268.

52. Reynolds DV. Surgery in the rat during electrical analgesia in-
duced by focal brain stimulation. Science 1969;164:444–445.

53. Hosobuchi Y, Adams JE, Linchitz R. Pain relief by electri-
cal stimulation of the central gray matter in humans and its
reversal by naloxone. Science 1977;197:183–186.

54. Baskin DS, Mehler WR, Hosobuchi Y, Richardson DE,
Adams JE, Flitter MA. Autopsy analysis of the safety, effi-
cacy and cartography of electrical stimulation of the central
gray in humans. Brain Res 1986;371:231–236.

55. Simpson DA, Headley PM, Lumb BM. Selective inhibi-
tion from the anterior hypothalamus of C- versus A-fibre
mediated spinal nociception. Pain 2008;136:305–312.

56. Levine JD, Gordon NC, Jones RT, Fields HL. The nar-
cotic antagonist naloxone enhances clinical pain. Nature
1978;272:826–827.

57. Miguel TT, Nunes-de-Souza RL. Defensive-like behaviors
and antinociception induced by NMDA injection into the
periaqueductal gray of mice depend on nitric oxide synthe-
sis. Brain Res 2006;1076:42–48.

58. Mitchell VA, Kawahara H, Vaughan CW. Neurotensin
inhibition of GABAergic transmission via mGluR-induced
endocannabinoid signalling in rat periaqueductal grey.
J Physiol 2009;587:2511–2520.

59. Esposito A, Demeurisse G, Alberti B, Fabbro F. Complete
mutism after midbrain periaqueductal gray lesion. Neu-
roreport 1999;10:681–685.

60. Fowler CJ, Griffiths D, de Groat WC. The neural control
of micturition. Nat Rev Neurosci 2008;9:453–466.

61. Holstege G. The emotional motor system and micturition
control. Neurourol Urodyn 2010;29:42–48.

62. Liu Z, Sakakibara R, Nakazawa K, et al. Micturition-
related neuronal firing in the periaqueductal gray area in
cats. Neuroscience 2004;126:1075–1082.

63. Fowler CJ, Griffiths DJ. A decade of functional brain im-
aging applied to bladder control. Neurourol Urodyn 2010;
29:49–55.

64. Fuller PM, Saper CB, Lu J. The pontine REM switch: past
and present. J Physiol 2007;584:735–741.

65. Hsieh KC, Gvilia I, Kumar S, et al. c-Fos expression in
neurons projecting from the preoptic and lateral hypotha-
lamic areas to the ventrolateral periaqueductal gray in rela-
tion to sleep states. Neuroscience 2011;188:55–67.

66. Akil H, Richardson DE, Hughes J, Barchas JD.
Enkephalin-like material elevated in ventricular cerebro-

216 Neurology 78 January 17, 2012



spinal fluid of pain patients after analgetic focal stimula-
tion. Science 1978;201:463–465.

67. Pereira EA, Green AL, Nandi D, Aziz TZ. Deep brain
stimulation: indications and evidence. Expert Rev Med
Devices 2007;4:591–603.

68. Owen SL, Green AL, Nandi DD, Bittar RG, Wang S, Aziz
TZ. Deep brain stimulation for neuropathic pain. Acta
Neurochir Suppl 2007;97:111–116.

69. Green AL, Wang S, Owen SL, et al. Deep brain stimula-
tion can regulate arterial blood pressure in awake humans.
Neuroreport 2005;16:1741–1745.

70. Green AL, Wang S, Owen SL, et al. Stimulating the hu-
man midbrain to reveal the link between pain and blood
pressure. Pain 2006;124:349–359.

71. Green AL, Wang S, Owen SL, Paterson DJ, Stein JF, Aziz
TZ. Controlling the heart via the brain: a potential new
therapy for orthostatic hypotension. Neurosurgery 2006;
58:1176–1183.

72. Patel NK, Javed S, Khan S, et al. Deep brain stimulation
relieves refractory hypertension. Neurology 2011;76:405–
407.

73. Parvizi J, Van Hoesen GW, Damasio A. Selective patho-
logical changes of the periaqueductal gray matter in Alzhei-
mer’s disease. Ann Neurol 2000;48:344–353.

74. Braak H, Rub U, Sandmann-Keil D, et al. Parkinson’s
disease: affection of brain stem nuclei controlling premotor
and motor neurons of the somatomotor system. Acta Neu-
ropathol 2000;99:489–495.

75. Benarroch EE, Schmeichel AM, Low PA, Parisi JE.
Differential involvement of the periaqueductal gray in
multiple system atrophy. Auton Neurosci 2010;158:
111–117.

76. Benarroch EE, Schmeichel AM, Dugger BN, Sandroni P,
Parisi JE, Low PA. Dopamine cell loss in the periaqueduc-
tal gray in multiple system atrophy and Lewy body demen-
tia. Neurology 2009;73:106–112.

Neurology 78 January 17, 2012 217



DOI 10.1212/WNL.0b013e31823fcdee
 2012;78;210Neurology

Eduardo E. Benarroch
Periaqueductal gray : An interface for behavioral control

 
August 1, 2012This information is current as of 

 

 Services
Updated Information &

 http://www.neurology.org/content/78/3/210.full.html
including high resolution figures, can be found at:

References

 http://www.neurology.org/content/78/3/210.full.html#ref-list-1
at:
This article cites 76 articles, 23 of which can be accessed free

Permissions & Licensing

 http://www.neurology.org/misc/about.xhtml#permissions
tables) or in its entirety can be found online at: 
Information about reproducing this article in parts (figures,

 Reprints
 http://www.neurology.org/misc/addir.xhtml#reprintsus

Information about ordering reprints can be found online:

http://www.neurology.org/content/78/3/210.full.html
http://www.neurology.org/content/78/3/210.full.html#ref-list-1
http://www.neurology.org/misc/about.xhtml#permissions
http://www.neurology.org/misc/addir.xhtml#reprintsus

