Coordinated heat-shock response in C. elegans
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Exposure to high temperatures has an adverse effect on
cellular processes and results in activation of the cellular heat
shock response (HSR), a highly conserved program of inducible
genes to maintain protein homeostasis. Quantitative studies of
the HSR in singe cell organisms have been instrumental to our
understanding of the principles of control and adaptation, and
exemplify the utility of tools from control theory, dynamical
systems, and formal models in molecular systems biology. HSR
in multicellular organisms, however, adds another layer of
complexity: while different cells may be exposed to different
environmental cues and different stability requirements,
organismic adaptation requires coordination and corporation
among cells and tissues. Here we use time-resolved longitudinal
imaging of HSR in C. elegans to study its dynamics and
coordination. By applying precise spatiotemporal perturbation
we show that somatic cells integrate local sensation with
systemic signals to control the time and level of response. We
describe a robust dynamical pattern of activation and
deactivation, and implicate sensory neurons in initiating these
dynamics. A distributed modeling approach assigns distinct
functionalities to the presumed coupling modes in driving
specialized but coordinated response.
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HE heat-shock response is a highly conserved molecular

response to environmental conditions that disrupt
protein homeostasis [1,2]. Its major role is to prevent
protein misfolding and aggregation, both under normal
conditions and under stress. In a multi-cellular organism,
this is a major challenge, as the proteome of different cells
can be markedly different [3]. Heat-shock response (HSR)
therefore provides an opportunity to address a fundamental
question about signals and regulation in a multi-cellular
organism: How does a regulatory network control a
coordinated response while at the same time allowing for
different levels of activation which meet the specific needs
of individual cells?

The control of HSR at the cellular level is highly similar
across organisms, from bacteria to human. Multiple control
loops link temperature and load of misfolded proteins with
activation of HSR and synthesis of protein chaperones that
stabilize the proteome. The impacts of these regulatory
modules on the robustness of the HSR and on its dynamics
have been studied theoretically in multiple organisms,
including bacteria [4], fungi [5] and mammalian cells [6],
using tools e.g. from control theory and dynamical systems.
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Recent results demonstrate that in C. elegans activation of
HSR is not cell-autonomous, and involves both local
interactions and systemic activation [7,8]. Here we study the
activation of the insulin/IGF-1 pathway in C. elegans as part
of HSR [9,10]. Upon activation, the central regulator of this
pathway, the FOXO transcription factor DAF-16, is
translocated to cell nuclei. A functional DAF-16::GFP
fusion allows us to track this HSR in real time at the single
cell level. This is done in a custom microfluidic device [11],
which permits durable longitudinal imaging of up to 64
worms at a time as well as precise control of the
spatiotemporal temperature profile.

By measuring the dynamics of response to spatiotemporal
perturbations we show that information on the overall
temperature load across the organism is integrated and
transmitted systemically. This signal is necessary but not
sufficient for cellular activation of HSR, which required in
addition local sensation of heat stress. We find a robust
dynamical pattern of activation and deactivation of HSR,
and implicate sensory neurons in initiating these dynamics.
Together, the integration of systemic and local signals
balances between the need for coordination and for fine-
tuning the response to the needs of individual cells.

Building on established models of single-cell HSR, we
investigate the impact of multiple layers of couplings among
cells. We characterize the multi-cellular HSR as a network-
of-networks, where cellular HSR networks are coupled at
different hierarchical levels to form the organismic network.
Our results suggest that different forms of coupling serve
different functional role, from synchronization and
coordination to local fine-tuning. These results can be used
to interpret our recent data, delineating the activation pattern
of heat-shock proteins.
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