The role of the periaqueductal gray in escape behavior
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ABSTRACT

Escape behavior is a defensive action deployed by animals in response to imminent threats. In
mammalian species, a variety of different brain circuits are known to participate in this critical
survival behavior. One of these circuits is the periaqueductal gray, a midbrain structure that can
command a variety of instinctive behaviors. Recent experiments using modern systems
neuroscience techniques have begun to elucidate the specific role of the periaqueductal gray in
controlling escape. These have shown that periaqueductal gray neurons are critical units for
gating and commanding the initiation of escape, specifically activated in situations of imminent,
escapable threat. In addition, it is becoming clear that the periaqueductal gray integrates brain-

wide information that can modulate escape initiation to generate flexible defensive behaviors.

INTRODUCTION

When faced with a predator, animals adjust their defensive actions according to the perceived
imminence of a potential attack. Threats that are distant are met with risk assessment and
freezing behaviors, whereas those that are very close or approaching fast elicit escape behaviors
such as running or jumping [1,2]. This hierarchical mapping of threat imminence to defensive
behaviors implies that the brain has neural circuits for determining the threat level and linking it
to the generation of specific actions. Accordingly, many brain regions have been associated with
different aspects and levels of the entire action spectrum of defensive behavior. These include
cortical, hypothalamic, midbrain and brainstem circuits, which together implement functions
such as detecting and remembering threats, executing specific defensive actions and generating
fear states [3,4]. For escape behavior, which is predominantly deployed in response to imminent

threats, the periaqueductal gray (PAG) has long been known to be a key driving neural circuit.



Seminal studies in the 1950s using electrical and chemical stimulation techniques revealed a
functional topography of defensive actions within the PAG [5]. Stimulation of the dorsomedial
and dorsolateral part of the PAG (dPAG)" generated active defensive actions such as jumping
and running, while stimulation of the ventrolateral PAG (VIPAG) caused freezing and immobility
[6,7]. Together with dPAG chemical inactivation and lesion experiments showing impairment of
escape responses [5], these early studies placed the dPAG as a critical node for escape and
opened the question of what its computational role is in generating escape during natural

behavior.

Here we review recent studies in rodents and humans that have started to answer this question.
Recordings from single dPAG neurons and optogenetic experiments in molecularly defined cell
populations show high temporal correlation between the start of dPAG activity and escape onset,
suggesting that the dPAG is responsible for commanding the initiation of escape behavior.
Human fMRI studies substantiate this view by consistently showing PAG activation for threat
stimuli that are imminent, suggesting that the PAG is specifically engaged to link immediate
threat to escape actions. In addition, previous anatomical and histological work has shown that
the dPAG receives afferents from many brain regions and contains receptors for a variety of
neuromodulators [5,8]. Recent work has moved the field forward by manipulating specific

pathways and neuromodulators to demonstrate their functional impact on escape behavior.

! While different functions have been attributed to dorsomedial, dorsolateral and lateral PAG [5], all these
subdivisions have been implicated in escape behavior, and throughout this review we refer to them collectively as
dPAG for simplicity.



IMMINENT THREAT AND ESCAPE INITIATION

The dPAG is one of many neural circuits that participate in defensive behavior, and therefore a
key question is what its role is in generating escape within this distributed network. From the
outset, the dPAG seems well positioned to have a privileged role in linking imminent threat to
escape initiation, as it receives input from sensory and limbic areas, and projects to centers that
control locomotive movements, including the mesencephalic locomotor region [8,9]. Recent
studies recording and manipulating activity of dPAG neurons seem to support this view. Work
from our laboratory using calcium imaging in mice has shown that the activity of excitatory
VGIuT2+ dPAG neurons increases selectively during escape initiation [10]. Calcium signals in
this neuronal population do not change during innately threatening stimuli that do not cause
escape, and instead encode exclusively the choice to initiate escape (Figure 1A). This work
further showed that information about threat is transmitted to the dPAG from the deep layers of
the medial superior colliculus (dmSC) via weak and unreliable synapses, suggesting that only
very salient and imminent threats generate enough synaptic activity to evoke action potentials in
dPAG neurons. These data are compatible with a model where a population of dPAG excitatory
neurons command the initiation of escape by thresholding threat evidence using a synaptic
mechanism. In further support, electrophysiological recordings of single dPAG units in mice
exposed to predators (rats) showed activity locked to the onset of instinctive flight in a subset of
neurons [11,12]. Also, a large fraction of dPAG units in rats responded exclusively upon

initiation of defensive movements in a fear conditioning paradigm [13].

Recent studies in humans also indicate that the PAG is predominantly activated in situations of
imminent threats, especially when they are escapable. Building on previous fMRI work showing

that the PAG is preferentially active during reactive fear - conditions of imminent danger that



elicit fast reactions [14,15], Qi et al. [16] investigated fMRI signals while humans engaged in a
computer-based task where they faced virtual predators that differed in the speed at which they
attacked. The goal of the task was to minimize the loss of reward incurred from escaping, by
fleeing as late as possible (Figure 1B — top panel). The authors found that while slow attacking
predators activated mainly the hippocampus, posterior cingulate cortex, and prefrontal cortex, the
decisions to escape from fast looming predators were correlated with activation of the PAG
(Figure 1B — bottom panel) and midcingulate cortex. In agreement with these results, humans
exposed to a paradigm where an approaching object signaled the timing of an electric shock
showed increased PAG activity when the threat of shock was imminent [17]. PAG activation was
greater when the shock was avoidable [17], and similar observations were made in a related
threat escape task paradigm [18]. Further support for a PAG role in reacting to imminent threat
comes from fMRI studies showing increased activation in situations where the threat is explicitly
visible [19] and when threatening images loom fast in the direction of the participant [20].
Overall, the results from these human experiments argue for a conserved role of the PAG in
processing imminent threat and initiating reactive escape actions. Future work using 7 tesla fMRI
promises to take the field further by mapping defensive actions onto specific subdivisions of the

human PAG [21].

Experiments manipulating the activity of PAG neurons have also substantiated their role in
escape initiation. Optogenetic activation of excitatory dPAG neurons in mice causes flight
responses with short latency [10,11,22], and the speed of escape scales positively with
stimulation intensity, suggestive of a close interaction with the locomotor circuits that generate
flight actions. This close link between dPAG population activity and the flight action is also

supported by single unit recordings showing that dPAG activity correlates with, and precedes



peak escape velocity [11,12]. One important observation arising from optogenetic activation of
VGIuT2+ dPAG neurons is that gradually increasing stimulation intensity causes an all-or-none
increase in the probability of escape behavior [10]. This indicates that this population of
excitatory VGIuT2+ dPAG neurons initiates escape behavior but no other defensive actions.
Accordingly, presenting imminent threats while optogenetically inhibiting these neurons causes
freezing behavior [10]. This suggests a model where threat information is passed to both escape
and freezing initiation centers, with escape being triggered specifically by the dPAG while
inhibiting freezing initiation. When dPAG VGIuT2+ neurons are inhibited, freezing can be
expressed. It is important to note, however, that single unit recordings in the dPAG also reveal
neurons that fire exclusively during risk assessment behavior [11,12]. As the neurons recorded
are of unknown molecular identity, it is possible that dPAG cell populations other than VGIuT2+
neurons integrate information about threats that are not imminent and that lead to behaviors
lower in the defense hierarchy. These neurons could either participate in driving the behaviors
themselves or help bring the dPAG population to the threshold for initiating escape as the threat
becomes closer. In support of a wider role for dPAG neurons in generating defensive behavior,
chemical and optogenetic stimulation experiments in rats could elicit not only active defense
responses such as running and jumping, but also a progression from increased alertness and
freezing with increasing stimulation intensity or frequency [23-25]. Similar to the single unit
recording studies mentioned above, these stimulation experiments were done in molecularly
undefined neurons, and therefore future experiments are needed to better dissect the wider role of
multiple dPAG populations in controlling defensive behavior. Nevertheless, recent data are in
support of a clear role of the dPAG in commanding the initiation of escape behavior in response

to imminent threats, through a population of excitatory cells.



INTEGRATING BRAIN-WIDE INFORMATION TO MODULATE ESCAPE

The PAG receives efferents not only from areas conveying information about imminent threats,
such as the SC, but also from a vast array of cortical and subcortical circuits that potentially carry
other types of information [26]. In addition, past work has demonstrated expression of receptors
for a variety of neuromodulators across the PAG [5], which can modulate PAG-controlled
behaviors, including active defense [27]. The key question is what information is transmitted by
these circuit and neuromodulators to the escape PAG circuit, and what their role is in controlling
escape behavior through their dPAG-projecting afferents. The most recent work in this area
shows that many different PAG input pathways can act to positively or negatively modulate
escape behavior, and thus confer a high degree of flexibility to escape, allowing it to adapt to a

variety of internal and external states.

One of the major anatomical input pathways to the PAG is the hypothalamus [28]. The
ventromedial hypothalamus (VMH) in particular, through its dorsomedial subdivision
(dmVMH), has been shown to be a key structure for regulating defensive behavior, and receives
information about predator cues from the medial amygdala, mostly pheromonal and olfactory
[4]. The dmVMH projects directly to the dPAG [28], and its chemogenetic inactivation decreases
the expression of defensive behaviors [29]. However, in contrast with the dPAG, gradually
increasing the strength of optogenetic stimulation of dmMVMH excitatory cells in mice causes a
gradual progression of behavior along the defensive hierarchy, with latencies in the order of
seconds [30,31]. Recent single unit recordings in mice also suggest that VMH neurons gradually
increase their firing rate during risk assessment as the distance to a predator decreases, while the
activity profile of dPAG neurons resembles a thresholded version of VMH activity, showing

firing rate increases only for proximal distances [12]. Together with more recent work showing



persistent activation of dmVVMH cells after threat exposure [32], these data suggest a model
where the dmVMH integrates threat to generate a persistent state of fear or anxiety, which
through dPAG projections can increase the drive to escape. While there is currently very limited
information about the synaptic properties of the dmVMH-dPAG connection, the observation that
dmVMH input to the dPAG does not seem to be enough to cause short latency escape on its own
[30] suggests that this pathway might not be a driver connection for escape. Instead, dmVMH-
recipient cells in the dPAG might integrate synaptic input from multiple sources, and thus the
dmVMH may act mostly as a modulatory signal that requires additional coincident input to
initiate escape (Figure 2A and B). Other hypothalamic inputs might serve similar functions, as
indicated by recent work showing that inhibition of lateral hypothalamus neurons projecting to
the PAG reduces the flight initiation distance, in agreement with an increase in the threshold for
initiating escape [33]. A similar view is emerging for other PAG-projecting subcortical areas,
such as the Zona Incerta, which is an inhibitory nucleus that can bi-directionally modulate the

vigor of active defensive behavior [34].

Cortical projections to PAG provide a potential means for adding a layer of cognitive control to
escape. A key candidate cortical area to serve this role is the medial prefrontal cortex (mPFC),
which has been shown to project to dPAG and mediate the behavioral expression of social defeat
through decreasing dPAG activity [35]. Recent work recording from mPFC units shows
responses selective for active avoidance [13], with the authors proposing that mPFC might
contribute to regulate defensive strategies through PAG projections. In agreement with a role for
mPFC in mediating behavior selection via PAG circuits, calcium imaging of mPFC-dPAG
projecting neurons shows that activity increases in response to electric shocks, and decreases in

response to reward [36]. In humans, the mPFC is active predominantly when the threat is distant



and there is time for cognitive processing of the escape action, a period during which the PAG is
silent [15,16]. More work is needed to understand how mPFC inputs act on the dPAG network to
control escape behavior, and determine how they might contribute to behavioral selection.
Another PAG-projecting cortical circuit with a role in arbitrating between defensive behaviors is
the central amygdala (CeA, Figure 2C). Inhibitory CeA neurons can switch between active and
passive conditioned defensive behaviors, through a projection to the VIPAG [22,37], a pathway
that might be exploited by other circuits, such as the ventral tegmental area [38] and the pulvinar
[39,40]. An interesting finding of this recent work is that the selection of freezing over escape
behavior is implemented at the PAG level through disinhibition of the freezing pathway, and
likely through simultaneous inhibition of the escape pathway [22]. This functional organization
might well be an important principle of PAG function, whereby external input promotes a
specific behavioral module, while intra-PAG connectivity implements a form of lateral inhibition
to achieve clean selection. Beyond behavioral selection, cortical circuits are also well positioned
to transmit to the dPAG sensory information important for escape behavior. The auditory cortex
in particular has recently been shown to form a monosynaptic pathway with excitatory dPAG
neurons, and modulating its activity has the ability to enhance and decrease sound-evoked escape
behavior [41]. This pathway might be useful for complex or ambiguous sounds that may require
cortical processing to establish stimulus identity, such as vocalizations, and future studies could
test this hypothesis directly. An additional means of achieving flexibility of escape behavior
through regulation of dPAG activity is neuromodulatory input [42-45]. Serotoninergic neurons
in the dorsal raphe are a particularly interesting source of PAG modulation, as they are known to
regulate avoidance behaviors [27,46], and have been recently found to be specifically active in

situations of high threat levels, during which they promote escape behavior [47].



CONCLUSION AND FUTURE DIRECTIONS

An emerging model for the role of dPAG in escape behavior is that a population of dPAG
neurons commands the initiation of escape actions in response to imminent threat. This has now
been shown consistently by several studies through activity recordings and manipulations, and it
seems to be a conserved property, from rodents to humans. One intriguing aspect of escape
behavior is that it is specific for escapable threats and that the flight action can vary significantly
depending on the threat context. An exciting future direction is to understand the mechanisms for
linking dPAG activity selectively to escapable situations and to the optimal escape actions for
each context. Possible models include the dPAG being selected by upstream contextual signals to
provide a generic escape trigger, which is then refined into specific actions by additional
contextual information. Alternatively, there could be several subpopulations of dPAG neurons
capable of initiating different escape actions that are selected directly by contextual signals. A
related and important aspect of dPAG function that should be addressed in future research is the
role of dPAG neurons in other defensive behaviors, such as risk assessment. Are risk assessment
dPAG neurons molecularly distinct from the ones that drive escape? Do they drive risk

assessment behavior, or do they feed into escape cells to contribute to escape initiation?

One fundamental feature of the PAG is that it is a convergence point for a large array of neural
circuits. Activity manipulations experiments show that cortical and subcortical inputs can act to
modulate the initiation and vigor of escape to increase or decrease sensitivity to threatening
stimuli. This provides a flexible link between threat and escape that can be adjusted to either veto
or allow the expression of other behaviors depending on factors such as motivational states and
experience. A key avenue of research will be to determine the mechanisms that control the

selection of escape behavior over alternative defensive or appetitive actions. As new tools for
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imaging neuromodulator release become available [48], it will be particularly exciting to use
them for understanding how different neuromodulatory states interact with the dPAG circuit to

modulate escape behavior.

As an increasing number of brain circuits become linked to dPAG function and escape behavior,
one of the most important challenges ahead is to understand how they work together during
natural behavior to sculpt the expression of escape. In our opinion, the field should resist the
temptation of being satisfied with the demonstration of necessity and sufficiency of particular
circuit nodes, and instead should work towards understanding their specific contributions to the
computation of escape. We believe that there is already enough knowledge about escape
behavior and the underlying neural circuits to build possible models of how threat and
experience generate escape. These models and the predictions they make should guide the design

of future experiments.
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Figure 1. PAG neurons are active during escape initiation from imminent threats in
rodents and humans.

(A) Activation of mouse dPAG during initiation of escape behavior. Schematic
representation of a mouse responding to innately aversive overhead expanding spots of different
contrasts (top). High contrast spots elicit escape and increase the activity of a population of
excitatory dPAG neurons (bottom), whereas low contrast spots fail to cause escape and dPAG
activity. Dotted lines illustrate mouse trajectory from stimulation onset, and dPAG activity
profiles are from calcium imaging data. Adapted from [10]. Source of mouse silhouette:
https://scidraw.io/.

(B) Selective activation of human PAG in response to imminent threat. Schematic of a
behavioral assay for studying escape behavior in humans (top). Subjects are presented with the
image of a virtual predator that moves toward the subject (represented by a triangle), and the
predator color signal how fast it attacks. The subject can escape by pressing a button before the
predator attacks and is given a reward if it succeeds, or an aversive electric shock is it fails. Only
escape from fast attacking predators causes activation of the PAG during fMRI (bottom). The
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right panel shows the evolution of the beta parameter predicting the hemodynamic signal in the
PAG from trial type (fast or slow attack). Adapted from [16]. Brain schematics have been
adapted from Allen Mouse Brain Atlas and Allen Human Brain Atlas.
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Figure 2. Cortical and subcortical projections to PAG modulate escape behavior.

(A) Animals adjust their defensive strategy to the perceived threat imminence. Mice faced
with a predator in their immediate proximity initiate fast escape behaviors, such as running (left),
whereas the perception of a distant predator triggers more passive defensive behaviors, such as
risk assessment (right).

(B) PAG-projecting VMH neurons modulate escape behavior by integrating pheromonal
and olfactory cues. Risk assessment behavior in response to distant threats (top) can be
converted into escape by integration of additional cues (bottom), such as predator odors (e.g.: fox
urine). Activation of PAG-projecting VMH neurons (blue) promotes a gradual progression of
behavior along the defensive hierarchy and increases the flight initiation distance.
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(C) PAG-projecting CeA neurons can switch between active and passive defensive
behaviors. Proximal encounters with a predator can lead to an aversive memory associated with
predator cues. Subsequent exposure to these conditioned cues can lead to freezing behavior, even
in the absence of the predator itself, which is gated by PAG-projecting CeA neurons (bottom,
blue).
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