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Neuroscience: A sensory circuit for absolute coldness
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Abstract

To overwinter, animals must detect constant cold temperatures before adapting their behavior
accordingly. A new study in Drosophila describes a circuit mechanism — from sensory neurons to
higher brain centers — that encodes and relays persistent, absolute cold stimuli to modulate sleep.

Animals reach and maintain their body temperatures via different means: endotherms rely on
metabolic heat for warming, while ectotherms draw instead on environmental heat [1].
Regardless of their thermoregulatory mechanisms, most animals adapt physiologically and
behaviorally to the prolonged cold temperatures encountered during seasonal shifts to
winter. For endotherms, many species of birds and mammals reduce energy expenditure by
entering hypometabolic states of cold-lethargy, or torpor [2]. Consecutive torpor bouts
lasting up to weeks characterizes hibernation, a form a seasonal dormancy related to higher
rates of overwinter survival for mammals [3]. Even non-hibernating endotherms may still
modify sleep patterns in the cold, and readers might personally relate to a harder time
waking on darker and colder winter mornings.

In contrast, most insects are ectothermic poikilotherms which conform their temperature to
ambient environments [1], and whose small body sizes render them especially sensitive to
persistent cold. By adopting seasonal lifestyles, insects generally avoid or resist cold thermal
extremes through regulating their behaviors and the timing of development: specifically, they
may reduce their overall activity, migrate to warmer areas, or rely on diapause to overwinter
[4]. Diapause is a hormonally programmed suppression of development which conserves
energy through low metabolic activity and initiates dormancy that subsequently confers
resistance to severe cold [4]. Temperature, along with daylength, are reliable indicators of
seasonal changes, and both are highly influential cues for the onset of diapause [5]. For
example, female Drosophila melanogaster undergoes ovarian diapause; the expression of
this reproductive dormancy is induced by short daylength and low temperature [6].

While overwintering strategies have been broadly observed, it is less clear how animals
actively sense the persistent cold temperatures which signify the seasonal onset of winter.
Despite the remarkable advances in recent decades regarding how mammalian and insect
primary sensory neurons detect temperature cues [7,8], stimulus paradigms relying on slow
cooling ramps or fluctuating temperature cycles have not identified thermosensory neurons
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that are tuned to absolute cold. Therefore, it remains an open question how long-term,
seasonal cold temperatures are coded into neural signals.

In this issue of Current Biology, Alpert and colleagues [9] implemented elegant genetic,
functional, and behavioral approaches to describe a complete neural circuit linking
thermosensory input to central circadian neurons in the fruitfly Drosophila melanogaster.
Specifically, the authors characterized key nodes, from peripheral sensory neurons to higher
brain centers, which encode persistent cold stimuli into prolonged neural signaling. To
distinguish whether sensory neurons respond to cooling or absolute cold temperatures, they
employed a stimulation protocol with extended stable cold conditions flanked by rapid
temperature drops and rises. At the sensory periphery, the authors identified a novel
population of thermosensory receptor neurons (TRNSs), located in the first chamber of the
antenna’s sacculus structure, which shows persistent activation to temperatures lower than
the fruitfly’s preferred 25°C (Figure 1, bottom panel).

This and two other types of TRNSs project to the cold glomerulus of the posterior antennal
lobe (PAL) and synapse onto previously identified second-order TPN-I1 thermosensory
projection neurons [10]. Strikingly, TPN-IIs exhibit little adaptation, with persistent
responses to continuous cold stimuli (Figure 1, middle panel). Furthermore, this sustained
activation is dosage-dependent and only observed at stable temperatures below 25°C,
indicating that TPN-II activity levels reflect the degree of absolute coldness.

What are the targets of TPN-1Is? These projection neurons form GABAergic inhibitory
synapses with the 1a cluster of “Dorsal Neurons” (DN1a), which are parts of a circadian
clock network implicated in sleep regulation [11]. The authors found that constant cold
stimulation silences DN1a spike activity in a sustained manner, mirroring the tonic
activation of TPN-1Is (Figure 1, top panel).

Given that cold temperatures reduce DN1a activity, might the TPN-11/DN1a circuit also link
temperature with sleep? In agreement with this notion, cold temperature was found to reduce
overall activity, increase morning sleep, and restructure both afternoon and evening sleep.
Importantly, DN1a silencing mimics the cold condition, resulting in increased morning sleep
even when the temperature is kept at 25°C. Consistent with this effect, TPN-11 silencing
occludes the restructuring of afternoon and evening sleep in response to cold stimuli. These
observations indicate a modulatory role of the TPN-11/DN1a circuit in the structuring of
sleep.

The authors further showed that in the absence of light, cold temperature prevents flies from
waking from night sleep, while genetic silencing of DN1a is able to mimic this effect.
Interestingly, they found that DN1as can be activated by light through input from small
ventral lateral neurons (SLNVSs), which were previously identified as regulators of morning
activity [12]. In colder temperatures, light-activation of DN1a can therefore compensate for
and override its cold-inhibition, allowing flies to still wake up with morning light. Overall,
DN1a activity is modulated by both light and persistent cold, allowing for the integration of
these two key sensory cues to regulate sleep and waking.
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Notably, DN1a silencing does not completely abolish the impact of cold on sleep regulation,
suggesting that other circadian components are also involved. Consistent with this notion, a
different subset of DN1 neurons, named DN1p, is reported to exhibit sensitivity to
temperature cycles and is likely involved in thermo-entrainment of the circadian clock [13].
Moreover, other DN1 subgroups are activated at the opposite temperature extreme (30°C),
which in turn promotes sleep in response to warmth above the preferred 25°C temperature
[11]. Therefore, it appears that distinct DN1 neuronal subtypes are sensitive to different
aspects of thermosensory input to modulate circadian rhythm and sleep. The current study
by Alpert et al. has thus furthered the understanding of this complex neuronal population.

The question of how persistent, low temperature is detected has now been answered by the
identification of sacculus TRNs which exclusively sense absolute cold with sustained
responses. Intriguingly, these tonically-responding TRNs are not the only presynaptic
partners of TPN-IIs: two other types of TRNs — activated by cooling with distinct kinetics
— also form connections (Figure 1, bottom panel). Why then do the non-adapting TPN-IIs
receive input from both tonic and phasic peripheral thermosensory neurons? Are the
sacculus TRNs required for all aspects of absolute cold sensing? Can the sacculus input be
routed to other nodes of the circadian circuit? Furthermore, what could be the receptor of the
novel sacculus TRNs? Previously identified cold-sensing receptors include the thermoTRP
channels [7,8,14,15], and the kainate-type glutamate receptors [16]. Members of the insect
lonotropic Receptor (IR) family have also been implicated in sensing temperatures [17,18].
Future work should aim to address whether the receptors from the newly identified sacculus
TRNs belong to these identified receptor classes, or to a novel receptor family. These are just
a few of the many interesting questions and research directions stimulated by the current
study.

It will also be important to examine whether sustained TPN-I1I activation contributes to other
physiological adaptations that comprise the fruitfly’s overwintering strategies. For example,
might tonic TPN-II input contribute to the onset of females’ ovarian diapause? Beyond
fruitflies, whether the TPN-1I/DN1a circuit is conserved across diapausing insect species
awaits future research; this line of investigation is expected to provide insights into how
sensory circuits are functionally adapted in species which occupy different temperature
niches. Finally, it will be interesting to determine whether endotherms employ a similar
circuit logic that allows absolute cold temperatures to regulate circadian neurophysiology.
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Figure 1. Neural circuit linking cold thermosensory inputsto circadian regulation.
Bottom panel: The Anterior Cold cells (ACc, left), aristal cooling neurons (center), and

sacculus chamber I thermosensory receptor neurons (TRNSs, right) all project to the cold
glomerulus of the posterior antennal lobe. The sacculus TRNs show sustained response to
persistent cold stimulation below 25°C.

Middle panel: TPN-II thermosensory projection neurons receive input from the three
peripheral TRN populations, and also show sustained activation to persistent cold.

Top panel: DN1a circadian neurons are inhibited by TPN-IIs, and show sustained
inactivation to persistent cold. DN1a activity modulates the patterns and structure of sleep.
Illustration by Cora Xing.
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