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havioral and autonomic adjustments, however the in-

tegrated nature of these responses remain poorly un-
derstood. In particular, although threat has been associated
with various cardiac changes, there is no clear consensus
regarding the relevance of these changes for the integrated
defense reaction.We re-addressed this issue by delineating
a conceptual framework for defensive states based on their
associated autonomic and behavioral co-adaptations. We
first generated a large dataset of combined behavioral and
cardiac readouts in mice. To this end, we placed mice in con-
texts that elicited distinct emotional states by varying threat
intensity and acuteness.

The defense response to threat involves complex be-

We focused on the strong association between immobility
(often referred to as freezing) and a decrease in heart rate
under threat conditions, which we defined as a ‘microstate’
because of its short-lasting on/off characteristics. However,
we realized that slow latent processes were influencing this
defensive state. One such process, which we called ‘rigidity’,
was constraining the range of heart rate values. In contrast
to microstates, we defined this higher order process as a ‘ma-
crostate’. Factoring this into our analysis revealed that diffe-
rent behaviors, regardless of their physical demands, were
associated with different average heart rate levels, such as
a time-locked decrease or increase in heart rate or a gene-
ral stabilization around a given average. The influence of the
context proved to be decisive, in that higher contextual threat
level led to more constrained heart rate changes.

We then used optogenetics to characterize a crucial circuit
element, Chx10-expressing neurons in the midbrain peria-
queductal gray region that mediate the freezing-bradycardia
microstate. Strikingly, the evoked cardiac response was simi-
larly influenced by rigidity, as observed during spontaneous
defensive states. This showcased the usefulness of our in-
tegrated cardio-behavioral approach for characterization of
multimodal states and their neural substrates.

The reconciliation of threat-induced cardiac dynamics re-
stores heart rate as a valuable tool in systems neuroscience
and shows how it can reveal otherwise hidden, latent ma-

crostates. Similar to how integrating state phenomena such
as rigidity unravelled some unforeseen cardio-behavioral re-
lations, other macrostates have yet to be uncovered. These
include so called “pathostates”, caused by neurodegenerati-
ve processes in the course of PD, which encompass behavio-
ral and autonomic dysfunction among many other symptoms.
Through characterization of the interrelationship of motor
and non-motor state components, our work presents a new
angle for a better understanding of highly dynamic neural net-
work diseases. 1
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