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Biology is the ultimate example of emergence

McGuffee SR, Elcock AH (2010) Berg lab



Biology is the ultimate example of emergence
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Questions for Physics of Living Systems: 

•How does comprehensible function emerge 
from many noisy molecular machines?
•What are the functions of Living Systems and 
what constraints limit them?
•How do living systems gather and process 
information distributed among many noisy 
components?



Tools for Physics of Living Systems: 

•Statistical Physics, phase transitions, soft-
matter / materials science 
•Non-equilibrium thermodynamics
• Information theory
•Control theory, optimization, reverse 
engineering



In this talk

• Overview of recent directions in my group
• Main: extreme thermal sensitivity in the pit 

organ
• Physiology/ecology of pit organ, neurons, TRP 

family ion channels
• Frame sensing problem pit organ must solve
• Proposed mechanism – dynamical bifurcation in 

electrical activity
• Further Directions / Conclusions
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Emergent simplicity in complex models

?

BBM, Chachra, Transtrum, Sethna. Parameter Space Compression 
Underlies Emergent Theories and Predictive Models. Science (2013)
Mattingly, Transtrum, Abbott and BBM, Maximizing the information 
learned from finite data selects a simple model. PNAS, 2018
Abbott, BBM, A scaling law from discrete to continuous solutions of 
channel capacity problems in the low-noise limit, J Stat Phys 2019

Henry MattinglyMichael Abbott



Seara, BBM, Murrell Energy Dissipation Irriversibility in 
Dynamical Phases and Trtansitions. Nat Comm, 2020

Time asymmetric data implies 
entropy production

Michael MurrellDanny Seara

Energetic bounds

Sam Bryant

Bryant and BBM, Energy Dissipation Bounds for Autonomous 
thermodynamic Cycles. PNAS, 2020

Moving a thermodynamic system 
requires sub-extensive energy



Energetic costs of sending information

Sam Bryant



E. coli Chemotaxis is information limited

Thierry Emonet
Keita 
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Information limited. Nat Phys. (2021)

Henry Mattingly



Membrane criticality

• Vesicles isolated from cells are complex 2D liquids
• Tuned near to an Ising critical point
• What does this critical point mean for function?
• How are these critical points tuned?



Membrane criticality sensitively modulates 
protein interactions

Taylor Schaffner



Tri-critical points in asymmetric membranes

6 

 
Fig. 1. Asymmetry in the bilayer system. (a) A sketch of the plasma membrane with two leaflets containing different 

lipids, cholesterol and protein. Different colors of the heads (disks) indicate different lipid types. Small yellow particles 

represent cholesterols. A protein molecule resides across the bilayer. (b) A two-layer Ising model. The model is 

composed of two Ising lattices with up spins (red) or down spins (blue) on the grid. The spins couple to their closest 

neighbors with coupling !!! and !"". The two layers interact with each other with both the coupling between layers 

!" and an asymmetric field ℎ. (c) Phase diagram for a system with a tricritical point. There are three regions (separated 

by the dashed lines) where the phenomenological Landau energy ℒ(%) has either one, two or three minima. On the 

right side of the tricritical point, there is a phase transition between the regions of one and of two minimal. This 

transition (red dashed line) is continuous as the order parameter changes continuously. On the left side, since the order 

parameter changes abruptly as the state of the system jumps between the middle minimum of the Landau energy and 

the minimum on one side, there is a curve of first order transition (blue line) within the region with three minima. The 

tricritical point sits between the two transition curves. 

 
 
 
 

2.3 Mean Field Landau Approach 
 
Landau theory postulates that we can write down a phenomenological expression ℒ  as a 

function (functional) of the order parameter 5 [16]. If the system is analytic and obeys the symmetry 
of the Hamiltonian, the Landau energy ℒ  can be expressed as a Taylor expansion of the order 
parameter in the vicinity of the critical temperature (6():  

																																																																													ℒ = '7)5)	.
*

)+,
																																																																											(3) 

Landau energy can be viewed as an empirical expression that is related to, but not identical to, the 
Gibbs free energy. The state of the system is specified by the global minimum of ℒ with respect to 5. 
By differentiating ℒ, the thermodynamics functions of different states can be computed. 

For a system with symmetry about 5 = 0, ℒ(5) = ℒ(−5), the coefficients of the odd terms 
should be 0, 7& = 7- = 7. = 7/ = ⋯ = 0. Thus, we are left with expression with only even order 
terms: 
																																																													ℒ = 7, + 7'5' + 7050 + 7151 +⋯	.																																																		(4) 
There can be a truncation of the power series based on the dimensionality and codimension of the 
singular point of interest. 

For a two-dimensional Ising model, the critical behavior can be described by the Landau free 
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Prewetting proteins to critical membranes

Brangwynne et al. Science (2009)

Mason Rouches

Article

Phase Transition in Postsynaptic Densities Underlies
Formation of Synaptic Complexes and Synaptic
Plasticity

Graphical Abstract

Highlights
d SynGAP forms a coiled-coil trimer, and each binds to two

molecules of PSD-95

d SynGAP/PSD-95 complex undergoes liquid-liquid-phase

separation

d SynGAP/PSD-95 phase separation suggests a possible PSD

formation mechanism

d Phase-separation-mediated SynGAP PSD enrichment is

correlated with synaptic activity

Authors
Menglong Zeng, Yuan Shang,

Yoichi Araki, Tingfeng Guo,

Richard L. Huganir, Mingjie Zhang

Correspondence
mzhang@ust.hk

In Brief
The interaction between two major

components of postsynaptic densities

induces phase separation of the newly

formed complex into liquid-like droplets,

suggesting a mechanism for the

formation and activity-dependent

modulation of synaptic complexes.

Data Resources
5JXB

5JXC

Zeng et al., 2016, Cell 166, 1163–1175
August 25, 2016 ª 2016 Elsevier Inc.
http://dx.doi.org/10.1016/j.cell.2016.07.008

Zeng et al, Cell 2016
Mason Rouches, Sarah L. Veatch, BBM. Surface Densities are 
pre-wetting to a nearly critical membrane, PNAS. 2021



Pit organs are infrared imagers

• Pit Vipers have pit organs.
• Pits are thermal imaging 

organs
• For hunting small mammals
• pit opening a pinhole camera 
• Heat absorbed on thin 

membrane
• ~10k myelinated nerve fibers 

with 10um sensory endings
• low resolution thermal image

Goris, Journal of Herpetology, 2010
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 Fig. 1. Typical snakes possessing pit organs. (A) Python molurus, albino (Pythonidae). (B) Corallus caninus (Boidae). (C) Gloydius hlomhoffii
 (Crotalinae, terrestrial). (D) Trimeresurus stejnegeri (Crotalinae, arboreal). The arrows in С and D point to the pit. Modified from Goris et al., 2010.
 Color reproduction supported by the Thomas Beauvais Fund.

 temperature differentials; and (4) after the lateral eyes, the pits
 are the snakes' most important sense for acquiring prey.
 Fifteen years after Noble and Schmidt, T. H. Bullock of the
 University of California, with coworker R. B. Cowles, pub-
 lished the results of multiunit recordings from one of the
 trigeminal branches innervating the pits of several species of
 rattlesnakes (Bullock and Cowles, 1952). They concluded that
 the pit organs respond primarily to radiant heat and rejected

 the hypothesis that the response was caused by a photochem-
 ical reaction as occurs in the lateral eyes. However, they were
 unable to observe the responses of individual neurons. Several
 years later, following the guidance of Y. Katsuki of Tokyo
 Medical and Dental University, who demonstrated to Bullock
 and Bullock's students the technique of splitting a nerve
 bundle into individual fibers, Bullock succeeded in recording
 action potentials from individual infrared neurons and

 Fig. 2. Diagrammatic cross-sectional morphology of snake infrared receptor organs. Hatching indicates the location of the receptor terminals. (A)
 A boid without pits (e.g., Boa constrictor). The receptors are located on the proximal and distal edges of the labial scales. (B) A boid with pits (e.g.,
 Corallus caninus). The receptors are found in essentially the same locations as in boids without pits, but the scales with receptors are separated by a
 deep invagination. (C) A pythonid (e.g., Python molurus). The receptors are located in the pit fundus, which acts as a retina, such that the
 overhanging mouth of the pit is able to act as the aperture of a pinhole camera. (D) A crotaline (e.g., Gloydius blomhoffii). The receptors are suspended
 away from the body in a membrane that acts as a retina. The mouth of the pit is proportionately narrower than in the pythonids, acting as a better
 pinhole aperture. Being suspended away from the body, the receptors have a lower heat capacity and, thus, greater sensitivity than those of the
 pythonids. The pore serves to equalize the atmospheric pressure on both sides of the membrane, as does the eustachian canal in the mammalian ear.
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 Oriental pit vipers, and my greatest concern was keeping them
 alive and feeding, which was a serious matter back in those
 days before the concept of diel temperature cycles and
 temperature gradients in the cage environment had taken
 hold. Klauber's account of recent research on the pits as sense
 organs impressed me greatly. I felt challenged by the fact that
 here was a sense organ not possessed by humans and,
 therefore, that it was impossible to imagine what kind of
 sensation the pits were producing in the brain of the snakes.

 I approached Yasuji Katsuki, who was Theodore Bullock's
 mentor in this research (see above), for permission to work in
 his laboratory. The answer was an immediate, "No way." My
 only academic qualification was a B.A. in English literature; I
 would just be a burden on the lab. "But let's have a cup of tea
 before you go."

 Over tea it transpired that I had a good knowledge of
 electronics, to the extent of building my own tape recorders
 and audio amplifiers. Hearing this, Katsuki suddenly beamed.
 Perhaps he saw hovering over my head the icon symbolic of all
 electrophysiologists of the time - the soldering iron. Whatever
 it was that gave him a change of heart, he suddenly said, very
 kindly, "Come back tomorrow, and I'll assign a postgraduate
 student to teach you." The following day, I showed up with a
 dead American Copperhead (A. contortrix) and began my
 career by dissecting out the trigeminal nerves leading to the pit.

 Morphology of the Infrared Nerve Terminals

 Once the electrophysiological properties of the pit receptors
 had been successfully recorded (Bullock and Diecke, 1956),
 workers turned their attention to the morphology of the
 receptors. T. Bullock and W. Fox were the pioneers in this
 field (Bullock and Fox, 1957). Using the Golgi staining method,
 they reported "palmate configurations" of the nerve terminals
 and believed that these were the origin of the pit action
 potentials. According to their work, A-delta nerve fibers
 entered the membrane, lost their myelin sheath at a certain
 point, and branched out in a pattern reminiscent of the palm of
 a hand. Other workers using other stains with the light
 microscope disputed the existence and the significance of the
 palmate structures, but with the advent of the electron
 microscope a consensus was soon reached. The free nerve
 branches of each A-delta fiber form a mass of fibrils packed
 with mitochondria entwined around several Schwann cells

 (Bleichmar and De Robertis, 1962; Terashima et al., 1970;
 Hirosawa, 1980). Terashima et al. named these aggregations
 "terminal nerve masses (TNMs)" (Terashima et al., 1970;
 Amemiya et al., 1996b; Fig. 4). TNMs densely packed with
 mitochondria and entwined around Schwann cells are also

 present in the supralabial scales of boas (e.g., B. constrictor , von
 Düring, 1974; von Düring and Miller, 1979) and in the pit
 fundus of pythons (Amemiya et al., 1996c). Also, boa and
 python TNMs differ from those of pit vipers in being mostly in
 the epidermis rather than in the dermis (von Düring, 1974; von
 Düring and Miller, 1979; Amemiya et al., 1996c; Ebert, 2008).
 Electron microscopy has shown that the TNMs in the
 epidermis of the pit fundus of pythons (Amemiya et al.,
 1996c) and in the epidermis of boids (Ebert, 2008) are shed and
 renewed with each shedding cycle. Generally speaking,
 sensory receptors of all kinds contain a more-or-less large
 number of mitochondria, but the mitochondria in the snake
 TNMs surpass by far the numbers in other known sensory
 organs. It may be that these massed mitochondria form part of
 the mechanism, whereby the pit receptors respond extremely
 rapidly to minute temperature changes, but this has yet to be
 proven. However, various changes in the configuration of the
 mitochondria before and after stimulation have been observed

 and reported: "energized," "discharged," and connected by
 "ladder junctions" (Meszler, 1970; von Düring, 1974; Amemiya

 Fig. 4. A scanning electron micrograph of a single TNM viewed
 from the inner chamber. The pit membrane contains several thousands
 of these arrayed in a single layer just beneath the outer epidermis of the
 membrane. Lower arrow indicates the single myelinated nerve fiber
 that terminates in the TNM. Upper arrow shows the point where the
 nerve loses its myelin sheath and branches out to form the nerve mass.
 Bar = 10 |im. From Goris et al., 2010.

 et al., 1996c). For further discussion, refer to the section on
 blood flow below.

 Firing Patterns of Infrared Neurons

 The firing patterns of neurons associated with pits at all
 levels of the nervous system (peripheral nerves, medulla
 oblongata, optic tectum, nucleus rotundus of the thalamus,
 anterior dorsal ventricular ridge of the telencephalon; for
 details, see below) have three common characteristics (Goris
 and Nomoto, 1967; Goris and Terashima, 1973; Kishida et al.,
 1980; Berson and Hartline, 1988). First, the neurons fire
 continuously (Fig. 5A). In the absence of appropriate stimuli,
 the neurons of other sensory modes (e.g., lateral eye vision) are
 silent. In contrast, infrared neurons fire constantly at irregular
 intervals (Bullock and Dieke, 1956; Goris and Nomoto, 1967;
 Barrett, 1969; Terashima and Liang, 1991; Liang et al., 1995).
 This is because all objects, including those within the receptive
 field of the pits, constantly give off infrared radiation. This
 constant firing is termed "spontaneous discharge" or "back-
 ground discharge." At a body temperature of 25 °C, the
 frequency of discharge is from 10-30 spikes /sec, but this
 varies with species, body temperature, and individual neurons
 (for boas and pythons, Warren and Proske, 1968; Hensel, 1975;
 Hensel and Schafer, 1981; for pit vipers, de Cock Buning et al.,
 1981a). Further, ascending from periphery to telencephalon,
 the frequency of spontaneous discharge gradually decreases.
 This is thought to be because the central nervous system (CNS)
 gradually filters out extraneous background information, to the
 point where it responds only to motion or transient stimuli
 (Terashima and Goris, 1979).

 Second, firing increases in response to any stimulus of higher
 temperature (or stronger radiation in the infrared spectrum)
 than the background (e.g., Bullock and Diecke, 1956; Goris and
 Nomoto, 1967; Fig. 5B). Response discharge varies in frequency
 with individual neurons or their location in the information

 pathway, but measured at the periphery, responses to
 temperature changes as minute as 0.001 °C can be measured
 (Ebert and Westhoff, 2006). Neurons with directional sensitiv-
 ity (i.e., firing frequency changes according to the direction of
 the stimulus motion) have also been recorded (Barrett, 1969;
 Terashima and Goris, 1979). Also, firing frequency changes
 according to the wavelength of the stimulus, response being
 strongest at 8,000-12,000 nm (Grace et al., 1999; Moiseenkova
 et al., 2002). This corresponds to the wavelength normally
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Neurons have active electrical dynamics

• Neuronal membrane a capacitor
• Chemical pumps maintain voltage 

chemical gradients
• Na+,Ca2+  are high extracellularly
• K+ is high intracellularly
• ‘resting’ voltage of around -70mV

• Membrane is excitable
• Na+ current will depolarize
• K+ will hyperpolarize the cell



Ion channel proteins mediate currents

• Ion channels mediate currents
• Specificity to particular ions
• Respond to chemical signals, 

voltage
• Open and close stochastically
• Currents ~pA
• Correlation time ~5ms

• Voltage sensitivity leads to 
dramatic fast dynamics
• Collective action potentials trigger 

cells to signal

t, msI, 
pA



Molecular sensors are thermo-TRP channels
• Neurons that innervate 

the pit organ are dense 
with TRPA1, a thermo-
TRP channel (2010)
• TRP family of ion channels 

are often thermally 
sensitive

• True infrared detection -
not photochemical like 
vision

ARTICLES

Molecular basis of infrared detection by
snakes
Elena O. Gracheva1*, Nicholas T. Ingolia2,3,4*, Yvonne M. Kelly1, Julio F. Cordero-Morales1, Gunther Hollopeter1{,
Alexander T. Chesler1, Elda E. Sánchez5, John C. Perez5, Jonathan S. Weissman2,3,4 & David Julius1,2

Snakes possess a unique sensory system for detecting infrared radiation, enabling them to generate a ‘thermal image’ of
predators or prey. Infrared signals are initially received by the pit organ, a highly specialized facial structure that is
innervated by nerve fibres of the somatosensory system. How this organ detects and transduces infrared signals into nerve
impulses is not known. Here we use an unbiased transcriptional profiling approach to identify TRPA1 channels as infrared
receptors on sensory nerve fibres that innervate the pit organ. TRPA1 orthologues from pit-bearing snakes (vipers, pythons
and boas) are the most heat-sensitive vertebrate ion channels thus far identified, consistent with their role as primary
transducers of infrared stimuli. Thus, snakes detect infrared signals through amechanism involving radiant heating of the pit
organ, rather than photochemical transduction. These findings illustrate the broad evolutionary tuning of transient receptor
potential (TRP) channels as thermosensors in the vertebrate nervous system.

Venomous pit vipers detect warm-blooded prey through their ability
to sense infrared (750 nm–1mm wavelength) radiation. Super-
imposition of thermal and visual images within the snake’s brain
enables it to track animals with great precision and speed.
Biophysical studies suggest that this system is exquisitely sensitive,
such that vipers can detect prey at distances of up to 1m. Infrared
sensationmay also be important for predator avoidance and thermo-
regulatory behaviour1–3.

The western diamondback rattlesnake (Crotalus atrox) is a highly
evolved viper whose ability to detect infrared radiation is unmatched
by other snakes. Infrared detection ismediated by specialized loreal pit
organs located between the eye and nostril on either side of the viper’s
face (Fig. 1a)4. Suspended within each of these hollow chambers is
a thin membrane that serves as an infrared antenna (Fig. 1b). The
membrane is rich in mitochondria, highly vascularized, and densely
innervated by primary afferent nerve fibres from the trigeminal
branch of the somatosensory system (Supplementary Fig. 1a)5–8.
These fibres convey infrared signals from the pit organ to the optic
tectum of the brain, where they converge with input from other
sensory modalities9–11. Some members of the non-venomous
Pythonidae and Boidae families (pythons and boas, respectively) also
detect infrared radiation, albeit with 5–10-fold lower sensitivity than
Crotalinae vipers3,12,13. Pythons and boas possess labial pit organs,
which are distributedover the snout and lack the complex architecture
seen in loreal pits of vipers (Supplementary Fig. 1b). Nonetheless,
they are similarly vascularized and innervated by trigeminal fibres,
but at lower density5,14–16. Thus, relative sensitivities of these snake
species to infrared radiation probably reflect molecular and anato-
mical differences of this specialized sensory system. Although the role
of the pit organ as an infrared sensor is well established, fundamental
questions remain about its mechanism of stimulus detection. For
example, it is unclear whether the membrane itself contains the infra-
red sensor, or whether the sensor is expressed by the closely apposed
nerve fibres.Moreover, themolecular identity of the infrared sensor is

unknown, and thus how its intrinsic biophysical characteristics
account for the physiological properties of the pit organ has yet to

*These authors contributed equally to this work.

1Department of Physiology, 2Department of Cellular andMolecular Pharmacology, 3Howard Hughes Medical Institute, 4California Institute for Quantitative Biosciences, University of
California, San Francisco, California 94158-2517, USA. 5Natural Toxins Research Center, Texas A&M University- Kingsville, Texas 78363, USA. {Present address: Department of
Biology, University of Utah, 257 South 1400 East, Salt Lake City, Utah 84112-0840, USA.

TRPV1

TRPA1

Other TRPs

Rattlesnake DRG (reads)
R

at
tle

sn
ak

e 
TG

 (r
ea

ds
)

101

101

102

102

103

103

104

104

105

105

1

1

0

0 101 102 103 104 10510

101

102

103

104

105

1
0

N
on

-p
it 

sn
ak

e 
TG

 (r
ea

ds
)

Non-pit snake DRG (reads)

TRPV1

TRPA1

Others TRPs

c d

a b

Outer cavity

Inner cavity

TG fibres

Pit membrane

Figure 1 | Anatomy of the pit organ and comparison of gene expression in
snake sensory ganglia. a, Rattlesnake head showing location of nostril and
loreal pit organ (black and red arrows, respectively) (from Wikimedia
Commons). b, Schematic of pit organ structure showing innervation of pit
membrane suspended within hollow cavity. c, d, Number of mRNA-Seq
reads from snake ganglia that align to the chicken proteome. TRPA1 and
TRPV1 are highlighted, as are other TRP channels. Blue line indicates
expected number of sequencing reads for genes with similar expression
levels in the two samples based on the total number of aligned reads from
each. Signals ,20 reads are within statistical noise and therefore scored as
non-expressed sequences. Rattlesnake refers toC. atrox (c), non-pit refers to
a combination of Texas rat (Elaphe obsoleta lindheimeri) and western
coachwhip (Masticophis flagellum testaceus) snakes (d).
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What are thermo-TRP channels?

• TRP channels are most thermally 
sensitive single molecules in biology 
• Nobel prize in physiology in 2021
• Q10 values in the range of 10-100 
• TRPV1 opens over a few K heat
• TRPM8 similar for cold
• All TRPs are cation channels mediating + 

current

• Sensitive to voltage, calcium, pip lipids, …
• Mechanism of thermal sensitivity 

debated (not here)

Patapoutian et al, Nat. Rev. Neuroscience, 2003



TRPA1 in pit-vipers is especially sensitive

• TRPA1 is a cold sensor in mammals

• TRPA1 in snakes is a hot sensor

• Rattlesnake TRPA1 Maximal Q10 of 5*10
4

• Corresponds to 3x increase in activity for 

1K change in temperature

• 3-5x more sensitive than TRPV1

• Here, assume sigmoidal activation with 

width 1K

Kang, BBA Biomembranes, 2016

species for functional studies. Anatomically, python TG resemble
those of rattlesnakes, consisting primarily of large and medium
diameter neurons, most of which (73.16 7.8%) express TRPA1
(Fig. 5a and Supplementary Fig. 7a, b). Consistent with this, most
(78.26 14.0%) neurons from python TG were heat-sensitive and
exhibited a threshold of 28.06 2.2 uC (Fig. 5b). Moreover, all heat-
sensitive neurons responded to 500mMAITC (not shown), confirm-
ing expression of functional TRPA1 channels in these cells. No
capsaicin-sensitive neurons were observed in python TG cultures,
consistent with our bioinformatics profile showing lack of TRPV1
in these ganglia.

TG from control rat snake more closely resembled those of mam-
mals in the relative proportion of small, medium and large diameter
neurons. Compared to pit-bearing species, TRPA1was expressed by a
restricted cohort (13.36 5.7%) of rat snake TG neurons that
included mostly small and medium diameter cells (Fig. 5a and Sup-
plementary Fig. 7a). Unlike pythons, rat snake TG contained a con-
siderable proportion (27.36 4.4%) of TRPV1-positive neurons
(Supplementary Fig. 7a), suggesting that both TRPA1 and TRPV1
contribute to heat sensation in this species. Neurons from rat snake
TG also showed a lower prevalence (,20%) of heat- and AITC-
sensitivity compared to pythons, and responders were confined to
themedium/small diameter subpopulation (Supplementary Fig. 7b).
Notably, rat snake neurons responded at higher temperatures, bin-
ning into two distinct populations with thresholds of 36.26 1.8 uC
and 38.76 1.4 uC (P, 0.025), the former being AITC-sensitive and
the latter being capsaicin-sensitive (Fig. 5b and Supplementary
Fig. 7c). Taken together, our results indicate that TRPA1 underlies
infrared and somatic heat sensation in pit-bearing snakes, whereas
TRPA1 and TRPV1 contribute to somatic thermosensation in rat
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Figure 5 | Functional analysis of snake sensory neurons. a, Expression of
TRPA1 or TRPV1 transcripts in python and rat snake TG. Scale bar, 40mm.
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suppressed by cold (left) and blocked by ruthenium red (RR, 10mM) (centre)
(n. 45).Aminorityofneuronswas insensitive toheatandAITC(right) (n. 8).
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Behavioral response requires a very sensitive 
detector
• Pit organ can detect a small mammal at 1m distance

• Back of the envelope calculation suggests ~1mK sensitivity 
required

• Careful experiments suggest a single neuron has 
robust neural response to heating of 1mK

Spontaneous 
action potentials

Goris, R. C., & Nomoto, M. (1967). Comparative Biochemistry And Physiology, 23(3).

With warm object 
in field of view:

Gracheva



A mismatch

• Individual channels sense ~1K

• The pit organ must be ~1000x more sensitive.

• Cell senses Δ" that changes the likelihood of 
opening by < .1%

species for functional studies. Anatomically, python TG resemble
those of rattlesnakes, consisting primarily of large and medium
diameter neurons, most of which (73.16 7.8%) express TRPA1
(Fig. 5a and Supplementary Fig. 7a, b). Consistent with this, most
(78.26 14.0%) neurons from python TG were heat-sensitive and
exhibited a threshold of 28.06 2.2 uC (Fig. 5b). Moreover, all heat-
sensitive neurons responded to 500mMAITC (not shown), confirm-
ing expression of functional TRPA1 channels in these cells. No
capsaicin-sensitive neurons were observed in python TG cultures,
consistent with our bioinformatics profile showing lack of TRPV1
in these ganglia.

TG from control rat snake more closely resembled those of mam-
mals in the relative proportion of small, medium and large diameter
neurons. Compared to pit-bearing species, TRPA1was expressed by a
restricted cohort (13.36 5.7%) of rat snake TG neurons that
included mostly small and medium diameter cells (Fig. 5a and Sup-
plementary Fig. 7a). Unlike pythons, rat snake TG contained a con-
siderable proportion (27.36 4.4%) of TRPV1-positive neurons
(Supplementary Fig. 7a), suggesting that both TRPA1 and TRPV1
contribute to heat sensation in this species. Neurons from rat snake
TG also showed a lower prevalence (,20%) of heat- and AITC-
sensitivity compared to pythons, and responders were confined to
themedium/small diameter subpopulation (Supplementary Fig. 7b).
Notably, rat snake neurons responded at higher temperatures, bin-
ning into two distinct populations with thresholds of 36.26 1.8 uC
and 38.76 1.4 uC (P, 0.025), the former being AITC-sensitive and
the latter being capsaicin-sensitive (Fig. 5b and Supplementary
Fig. 7c). Taken together, our results indicate that TRPA1 underlies
infrared and somatic heat sensation in pit-bearing snakes, whereas
TRPA1 and TRPV1 contribute to somatic thermosensation in rat
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temperature-response profiles are shown at the right (n55 and 26 neurons,

respectively). Thresholds (28.060.7 and 36.26 0.6; P,0.0001) were
determined from an average of 43 and 89 neurons from python and rat snake,
respectively (10 independent fields each). c, Patch-clamp recordings from
python neurons showing robust heat- and AITC-evoked currents that were
suppressed by cold (left) and blocked by ruthenium red (RR, 10mM) (centre)
(n. 45).Aminorityofneuronswas insensitive toheatandAITC(right) (n. 8).
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Information is in principle contained in many 
channels…
• A single channel can detect the temperature with accuracy !",$ ∼ 1'

…
1 2 3 4 5 6 N

• N (independent) channels would give an estimate with error equal to
• !",() = !",$) /N,
• !",( = $-

(
• ~N = 100 channels required to accurately measure Δ2 ∼ 1mK



Information could also be read out from a 
single channel read out for finite time
• A single channel event can record with accuracy !",$ ∼ 1'

1

• Observing for a time ( > () yields **+ ind. measurements
• !",$, ( = *.

* !",$,



Number of receptors and int. time bounds 
accuracy of a temperature measurement
• Perfectly observing for time ! with N receptors yields an error 

estimate of 
• "#,%& ! = ()*+,

%( "#,-& , "#,% ! = ()*+,
%( "#,-

• ‘Rate of information’ G (1/K2s), G<Gb:  Gb= .
.(

-
/0,12

= 3
/0,42 ()*+,

• Note: this absolute bound is not discouraging: in 100ms neuron 
would need just N=105 channels.
• Still, by what mechanism could this be read out?
• Spike timing must contain information from ~106 channels
• How is this information integrated and amplified into a collective response?



How is collective response so much sharper 
than individual channels?
• Hypothesis:  TRPA1 channels are 

embedded in a dynamical system 
tuned close to a bifurcation
• Diverging susceptibility found near 

bifurcation amplifies the effect a tiny 
change in temperature makes to 
single channel properties
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Example:  Nuclear criticality in a reactor

• R0 the reproduction number: # of decays each 
decay triggers
• R0<1 and the reactor will fizzle
• R0>1 and the reactor will meltdown
• Effective timescale is ms

• An operating Nuclear plant averages an R0=1 with 
tiny fluctuations
• Control rods (s timescale) adjust the third digit of R0 with 

real time feedback
• Could very sensitively detect a change in R0

• Feedback signal is easy to come by:
• Small change in R0 quickly amplified



A Qualitative overview of our model

• In nuclear decay, each decay 
triggers R0 additional decays

• Model: TRP channels activate 
other TRP channels

U

Fast

neutrons

HEAT

Slow
Control rods

TRP

Fast

Voltage

APs

Slow
? Ca2+ mediated
Pip metabolism 



A mechanism for fast positive feedback

• TRPs are voltage gated channels with a Temperature dependent V1/2
• TRP channels activate other TRP channels electrically

J Physiol 567.1 Voltage dependence of TRP channels 37

Figure 2. Examples of voltage shifts of activations curves of different TRP channels by various gating
modifiers
A, voltage dependence of the open probability of TRPV1 channels at 17◦C (△) and 42◦C ( ❡). The inset shows
the respective current families for a voltage step programme (holding potential 0 mV, test steps from −120 to
+160 mV, increment 40 mV), back step to +60 mV. Note the dramatic shift towards negative potentials from
+198 to −33 mV. B, same protocol as in A, but for TRPM8 at 37◦C (△) and 15◦C ( ❡). Note the leftward shift of
the activation curve. V1/2

changed from +203 to 53 mV. C, same voltage protocol as in A. TRPV1 is activated by
100 nM capsaicin ( ❡) causing a leftward voltage shift of from +95 to −22 mV. Temperature was 24◦C. D, 30 µM

menthol ( ❡) induced a leftward shift from 203 to 74 mV of the TRPM8 activation curve at 34◦C (circles are controls,
same protocol as in A). E, TRPM4 was activated in inside-out patches by different [Ca2+]i. Voltage protocol consists
of steps from −100 to +160 mV (increment 40 mV) from a holding potential of 0 mV. A change from 10 µM

[Ca2+]i (△) to 1000 µM [Ca2+]i ( ❡) induced a leftward shift of the activation curve from 162 to 68 mV. F, TRPM4
activation in the presence of 300 µM [Ca2+]i. Neutralizing the positive charge K919 caused a shift of V1/2

from
+60 (wild type TRPM4) to +192 mV (K919A mutant). Holding potential was 0 mV, steps from −25 to 250 (mV).
(Calibration bars in the insets are identical for examples shown in each panel). (A–D are adapted from Voets et al.
(2004) with permission from Nature, http://www.nature.com/; E is adapted from Nilius et al. (2004).)

C⃝ The Physiological Society 2005

Mammalian Heat sensitive TRP Mammalian cold sensitive TRP

Nilius et al, J Physiology, 2005



A mode detailed model

when voltage reaches a threshold an action potential is fired
Signal is read out by timing of action potentials

Int. elect. dynamics TRP signal Single (TRP) channel noise



TRP signal is sigmoidal in voltage, 
temperature

Δ"~30&", 
"'/) dependent on T, feedback (unspecified)
"*+, = Ni012/3 is steady state w/ all open 

Int. elect. dynamics TRP signal Single (TRP) channel noise
J Physiol 567.1 Voltage dependence of TRP channels 37

Figure 2. Examples of voltage shifts of activations curves of different TRP channels by various gating
modifiers
A, voltage dependence of the open probability of TRPV1 channels at 17◦C (△) and 42◦C ( ❡). The inset shows
the respective current families for a voltage step programme (holding potential 0 mV, test steps from −120 to
+160 mV, increment 40 mV), back step to +60 mV. Note the dramatic shift towards negative potentials from
+198 to −33 mV. B, same protocol as in A, but for TRPM8 at 37◦C (△) and 15◦C ( ❡). Note the leftward shift of
the activation curve. V1/2

changed from +203 to 53 mV. C, same voltage protocol as in A. TRPV1 is activated by
100 nM capsaicin ( ❡) causing a leftward voltage shift of from +95 to −22 mV. Temperature was 24◦C. D, 30 µM

menthol ( ❡) induced a leftward shift from 203 to 74 mV of the TRPM8 activation curve at 34◦C (circles are controls,
same protocol as in A). E, TRPM4 was activated in inside-out patches by different [Ca2+]i. Voltage protocol consists
of steps from −100 to +160 mV (increment 40 mV) from a holding potential of 0 mV. A change from 10 µM

[Ca2+]i (△) to 1000 µM [Ca2+]i ( ❡) induced a leftward shift of the activation curve from 162 to 68 mV. F, TRPM4
activation in the presence of 300 µM [Ca2+]i. Neutralizing the positive charge K919 caused a shift of V1/2

from
+60 (wild type TRPM4) to +192 mV (K919A mutant). Holding potential was 0 mV, steps from −25 to 250 (mV).
(Calibration bars in the insets are identical for examples shown in each panel). (A–D are adapted from Voets et al.
(2004) with permission from Nature, http://www.nature.com/; E is adapted from Nilius et al. (2004).)

C⃝ The Physiological Society 2005
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TRP noise decreases with !/#$

Scale of noise decreases with increasing number of channels
Assumes channels act independently – conditioned on voltage and 
temperature 
We neglect noise from other sources, most prominently other channels

Int. elect. dynamics TRP signal Single (TRP) channel noise



Qualitative dynamics 1
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Qualitative dynamics 2: feedback
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Response to a small temperature

• Before change in 
temperature:
• Stochastic spikes
• Tuned near the 

bifurcation
• Change in T
• Bifurcation crossed
• Burst of spikes
• Slow adaptation

!0

!0 + 1mK  



Analyzing the proximity of the bifurcation

• For every value of ΔV/$%&' ≤ )
* there 

is a critical point for $)/+ = $-, 
defining  Δ$)/+ = −$)/+ + $- is the 
distance to the bifurcation

stable fixed point instable fixed point

V-Veq

po(V)
Bistable/stochastic regime: 

! < 0

V-Veq

po(V)
Monostable/deterministic regime: 

! > 0

long inter-spike time
large variance

short inter-spike time
small variance

V1/2-Veq V1/2-Veq

Self-tuning feedback:

During spike:
V1/2 decreases at constant rate

During resetting:
V1/2 increases by constant amount

interspike time 
too long

interspike time 
too short



slowing of spike rate near the bifurcation

• Away from bifurcation, spike 
timescale is near 1/#$
(~100Hz)
• Below the transition ΔV'/(<0, 

spikes are sparse
• Near but above the transition, 

timescale has steep ΔV'/(
dependence
• Steepness ~ ΔV'/(

)'/(

Barrier crossing Results modified from Hatchock and Sethna, Phys. Rev. Research, 2021
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Understanding finite N

• Near the bifurcation noise 
becomes important

Scaling: noise dominates when
N < ΔV#/%/Δ&

'(/%

Barrier crossing Results modified from Hatchock and Sethna, Phys. Rev. Research, 2021
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Noise and finite N

• Near the bifurcation noise 
becomes important

Scaling: noise dominates when

N < ΔV#/%/Δ&
'/%

Max slope scales as N1/3

Amplification: log slope at 
bifurcation scales as N2/3

Barrier crossing Results modified from Hatchock and Sethna, Phys. Rev. Research, 2021
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Information rate from spiking?

• By looking at a spike train, how well could you infer temperature?
• Recall: absolute bound on information rate Gb from single channel noise.

• Here: measure G, rate of information from spike rate
• Need <te> and Var(te):
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Information is (mostly) preserved in the 
deterministic regime
• We can define the Information 

fidelity 
• Fraction of information in single 

channels contained in spike train

• Order 1 fraction preserved in 
deterministic regime!
• BUT: away from bifurcation 

information is contained in tiny
changes in spike timing 
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Information is accessible near the bifurcation

• Away from bifurcation information 
is contained in tiny and likely 
unmeasurable changes in spike 
timing 

• We can put this in information 
theory terms by adding extra 
stochasticity to the spiking

• Close proximity to the bifurcation 
is essential for making information 
accessible
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Parallels with cutting edge bolometry

• Transition Edge Sensors are state of the art 
for detecting heat
• Idea: sensor is superconducting element 

near its superconducting transition upon 
which incident radiation is focused
• Critical point amplifies a weak signal

• Circuit is voltage biased: 
• Temperature too (high) low, current. (de) 

increases (heating) cooling thermistor
• Self tunes to (superconducting) critical point

• Current through detector reads out 
temperature

From Zakosarenko et al (Casual chat with Laura Newburgh)



Recap of the pit organ

• Critical point / Bifurcation integrates information

• Nature of the bifurcation:

• TRP ion channels are coupled electrically

• Saddle Node bifurcation separates quiet from firing

• Functional role
• Information distributed in many (~106) receptors 

• AP rate Amplification near bifurcation

• Tuning

• Feedback from AP rate onto V1/2 naturally tunes to bifurcation

• Further directions

• Other systems?

• Chemoreception

• Hearing

• Reverse engineering design principles
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E. Coli chemoreceptor arrays amplify signals 
from many receptors
• To climb gradients E. coli must 

sense ~1% changes in 
concentration
• Time derivative of concentration 

behaviorally relevant
• System must operate over 104 

changes in background
• Response is strongly amplified
• Response perfectly adapts
• Individual cells are noisy

Sourjik and Berg PNAS 2002c
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Mattingly et al, Nat Phys 2021



Chemoreceptors are arranged in a lattice with 
signaling enzymes

Cassidy et al. Communications Biology. 2020



Reinterpreting biochemistry as self-tuning to 
an active percolation-like critical point
• (in)activity spreads through 

(un)bound receptors
• Feedback tunes to a bifurcation

• Large amplification
• Large noise (critical fluctuations)
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Hair cells are poised near a Hopf bifurcation

(Reichenbach and Hudspeth, 2014)

• We can hear over >100dB
• 10 orders of magnitude in incident 

power
• Hair cells detect sound

• ‘compressive nonlinearity’, hair cell 
displacement ~1/3 power of 
pressure amplitude

• In silence hair cells spontaneously 
vibrate, emitting auto-acoustic 
emissions

• implies active process
• ~2000, Magnasco, Hudspeth and 

Julicher: Hopf bifurcation
• Confirmed in experiments with 

bullfrog hair cells (10Hz)



Hair cells and basilar membrane that detect 
sound are poised near a Hopf bifurcation

• ! = #$%&' − )*+ + -.(0)*
= stiffness − mass + friction
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Reverse Engineering I: Are these systems near 
physical limits?
• Chemo-sensing:
• Accuracy of a concentration measurement bounded by shot noise of 

single particle diffusion to the cell surface (Berg and Purcell 1977)
• Behaviorally relevant for E. coli: measuring concentration change driven 

by their own motion.
• In progress: What Is this bound and how close do E. coli get? 

• Pit Organs: 
• Thermal fluctuations in heat bound accuracy of thermal imaging
• In addition to G<Gb must also have G<Gp with Gp related to the heat 

capacity and thermal diffusion time of the neurons
• What is this bound and how close are pit nerves to it?



Reverse Engineering II: Do these systems 
efficiently use energy?
• Chemo-sensing
• Individual chemoreceptors must communicate with each other
• Sensory information must be sent to the motor
• Sensory apparatus burns ~105KBT/s
• Can we account for this?

• Pit Organs:
• Single TRP channels must communicate their local information 

to the ensemble, fighting against thermal noise in the local 
voltage
• Every opening of a TRP channel dissipates ~105kBT of free energy 

(around 1011KBT/s per neuron)
• Can we understand these numbers?



Conclusions

• Information can be integrated from many 
receptors through the sensitivity of transitions

• Thermosensation in the pit organ

• Information from ~106 channel events into APs

• Amplification by proximity to bifurcation 

• Tuning by feedback from AP rate onto TRP V1/2

• Other systems likely use bifurcations and critical 
points for broadly similar functions

• Lots of work for physicists in reverse 
engineering these systems
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