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HIGHLIGHTS

The mechanism underpinning the

heat vision of pit-bearing snakes is

introduced

Snake pit membrane cells are

responsible for converting heat

into electrical signals

Our model shows thermoelectric

transduction and captures key

elements of the phenomenon

The model shows excellent

qualitative and quantitative

comparison with known

experiments
Elucidation of the mechanism underpinning the infrared vision of the pit-bearing

snakes (vipers, pythons, and boas) has remained an open problem. In this paper,

we propose that the cells in the snakes’ pit membrane organ behave like an

apparent pyroelectric material to allow transduction of heat radiation into

electricity. Our model is able to explain most of the quantitative and qualitative

experimental observations.
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Progress and Potential

Certain animals, such as pit-

bearing snakes, are able to form a

thermal image of heat-generating

prey in complete darkness,

analogous to infrared night

goggles. What is the biophysical

mechanism that permits such an

extraordinary ability? In this work,

we seek to provide an answer to

this enduring mystery. We show

that biological cells universally

behave as pyroelectric materials

and thus can convert heat into

electrical signals. The

‘‘apparently’’ pyroelectric cells,

coupled with the pit organ

apparatus of snakes and other

physiological features, endow

these animals with the ability to

detect heat radiation.
SUMMARY

Pit-bearing snakes (vipers, pythons, and boas) have the extraordi-
nary ability to ‘‘see’’ and accurately locate their prey and predators
in total darkness. These animals use the infrared radiation
emanating from objects that are warmer relative to the background
environment to form a thermal image. Although enormous progress
has beenmade to identify the key physiological features that enable
the infrared vision of these snakes and a few other animals, the pre-
cise thermoelectric transduction mechanism that mediates the con-
version of infrared heat to processable electrical signals has re-
mained elusive. In this work, we quantitatively outline how cells in
the snake’s pit membrane organ act as apparent pyroelectric mate-
rials and convert infrared radiation into electrical signals. Despite
the exceptional simplicity of our proposed mechanism and model,
we are able to explain many central experimental results pertaining
to the transduction process.

INTRODUCTION

All mammals have warmth receptors. This is a necessary evolutionary ability that per-

mits us (and other animals) to differentiate hot from cold. However, reminiscent of

the extraterrestrial from the iconic movie Predator, certain animals, such as pit vipers

(Crotalinae), Pythoninae, Boinae of the Boidae, vampire bats, some species of in-

sects, and others, can generate a thermal image of entities that are warmer than

the ambient medium and, in coordination with their optical apparatus, possess

vision of unnerving accuracy even in total darkness (Figure 1A).1–4 The sensitivity

of snakes’ heat vision is extraordinarily precise (on the order of milli-Kelvin temper-

ature difference) and surpasses the responsiveness of the best human-made sen-

sors. As an example, an animal warmer by 10�C compared with the ambient temper-

ature that makes only a fleeting appearance (a mere half a second) at a distance of

40 cm can be detected by pit vipers.5

Decades of experiments and analysis have implicated the pit organs in the heat-

vision-capable snakes as playing a central role in infrared (IR) radiation detection.

The pit organ is a hollow chamber enclosed by a thin membrane and is purported

to act as an ‘‘antenna’’ for IR light7 (Figure 1B). It is located between the eye and

the nostril on both sides of the face of Crotalinae (Figure 1A) and is distributed

over the snout of pythons and boas.8,7 The mechanistic explanation for the IR vision

has been sought from various viewpoints: the geometry and morphology of the pit

organ structure, neural processing, and proteins such as TRPA1, among others. The

IR vision in snakes exhibits several idiosyncratic features, of which two of the notable

ones are (1) an acute sensitivity to rapid temperature changes and a virtual unrespon-

siveness to steady-state temperature and (2) heightened response upon initial con-

tact and rapid dissipation of the response upon prolonged interaction.5,9,10
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Figure 1. Pit Viper and a Schematic of the Pit Organ of a Rattlesnake

(A) Pit viper: a schematic picture of an infrared image of prey formed in its brain. (B) Rattlesnake’s pit

organ. The rattlesnake’s pit organ is a thin membrane stretched between the inner and the outer

cavities that is responsible for intercepting infrared radiation.6
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In typical electrophysiological studies, the electric current from the heat-activated pit

membrane is monitored under various conditions of radiation stimuli, and the functional

properties of the organs have been characterized.7,11 Significant progress was made

when an analysis of pit-bearing snakes revealed that the pit organs of these vertebrates

have nerve fibers richer in TRPA1 protein than the other non-pit snakes. In this study, the

TRPA1 channels were identified as the potential reason for IR radiation sensation.12,13

The rich literature on this topic points to a rather complex phenomenology underpinning

IR vision, and a multitude of physiological features no doubt conspire together to

achieve such an ability. For example, regarding the pit organ structure, having a thin

membrane in between two cavities that has a very low thermal conductance14 (as a result

of its porous structure)15 results in enhanced conservation of heat and rapid warming.

The energy does not easily dissipate to other parts. Germane to the TRPA1 channels,

they are voltage-gated ion channels and even a small temperature change leads to an

increased opening rate and an increased current carried by Ca2+ ions.16 However, in

all such studies, whether they are concerned with the morphology of the pit organ or

the surface structure of the IR receptors, the neural pathways of IR perception or the

role of protein channels such as TRPA1, an explanation for the central transduction

mechanism permitting the conversion of the IR signature into processable electrical sig-

nals is missing.

The presence of a so-called pyroelectricmaterial would explain the transduction exper-

iments.Notably, human-made IRdetectors indeedemploypyroelectricmaterials. In such

materials, a temperature variation can cause anelectrical polarization.However, this phe-

nomenon is observed only in certain classes of hard, low-symmetry crystalline materials,

and no such material has ever been found in any of the IR-receptive animals.5,9,17

In this work, we theoretically prove that a biological membrane with a pre-existing

electrical field (or frozen/stabilized charges) behaves like a pyroelectric material

whose strength mainly depends on its thermal expansion property and the amount

of pre-existing electric field/charge density (Figure 2). Our model provides the

missing link to explain the conversion of IR radiation into electricity for the specific

case of pit-bearing snakes. The developed model is qualitatively and quantitatively

able to explain nearly all the key experimental results on IR reception.

PHYSICAL AND MATHEMATICAL MODEL

In this section, we briefly summarize the mathematical model and the pertinent gov-

erning equations. We specialize our equations to a simplified 1D model for the cell

membrane, since the key physics is readily captured by this approximation.
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Figure 2. Schematic Illustration of a 2D Membrane Subjected to Heat Radiation and the

Consequent Change in Electrical Field across Its Thickness
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Governing Equations

The details of the derivation are recorded in the Supplemental Information. We

sketch out only the key elements in what follows. The position of the material point

in the reference ðURÞ and spatial ðUtÞ configurations is specified by Lagrangian co-

ordinates X˛UR and Eulerian coordinates x˛Ut , respectively. Operators V and V∙
(resp. Vx and Vx,) are the gradient and divergence taken with respect to the

Lagrangian coordinates X (resp. Eulerian coordinates x) accordingly. We denote

by F=Vx the deformation gradient, by C=FTF the right Cauchy-Green tensor,

and by J =detF the Jacobian of the deformation gradient. With the assumption of

thermoelastic incompressibility (as we made in our prior work),18 we have:

J = 1+ 3aDT ; (Equation 1)

where a is the linear thermal expansion coefficient and DT =T � T0 is the tempera-

ture change of the system from the reference temperature, T0. Defining d as the elec-

tric displacement in the current configuration, the Maxwell equations of electro-

statics are:

Vx ,d=
re

J
in UR ; (Equation 2)

where re is the external charge density. Setting ε as the electric permittivity of the

material, we have d = εe. In the absence of body force we have:

V,s= 0 in UR ;
s,n=~t

e
on vUR ;

(Equation 3)

where ~t
e
is the surface traction, n is the unit outward vector, and s is the total me-

chanical and electrical stress in the system (Supplemental Information):

s=mF�PJF�T � ε

2
J
��F�TVx

��2F�T

+ εJ
�
F�TVx

�
5
�
C�1Vx

�
;

(Equation 4)

where m is the shear modulus,P is the Lagrangemultiplier to conserve thermoelastic

incompressibility, and x is the electric potential. The temperature evolution obeys

the following equation (Supplemental Information):

C _T + 3aT _P= re +V,ðkVTÞ; (Equation 5)
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Figure 3. Schematic of the Simplified One-Dimensional Model of the Neuronal Cell Membrane in

the Snake Pit Organ

Here qrad is the heat radiation, A is the area of the thermal detector, L and l respectively denote the

initial (before consideration of voltage difference and radiation heat) and final thickness, and T0 and

T are their corresponding temperatures. The voltage difference along the thickness of the cell

membrane is assumed to be a constant, V, and the consequent electric field, e, varies with the

change in membrane thickness.
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where _�= d
dt denotes the time derivative, and C, k, and re are, respectively, the spe-

cific heat capacity per unit volume, the thermal conductivity, and the radiation power

per unit area of radiating surface, per unit wavelength.
One-Dimensional Electret Model for Cells in the Pit Organ and Their

Pyroelectric Behavior

We assume that the neuronal cell membrane in the pit organ can be treated as a thin

film (Figure 3) and can be treated as a 1D electret or equivalently a thin film with a

pre-existing voltage. Within this assumption, qrad is the heat radiation emanating

from the prey (or a relevant object), A is the area of the thermal detector (area of

membrane facing the IR radiation), L and l denote the electret initial (before applying

voltage difference and radiation heat) and final thickness, and T0 and T are their cor-

responding temperatures. Voltage difference across the membrane thickness is

assumed to be constant and denoted by V, and consequently the current electric

field, e, just varies with the change in thickness of the membrane.

The mechanical and electrostatic boundary conditions on the upper, Su, and lower,

Sl, surfaces are set as:

~t
e
= 0; xðX; tÞ= xbðX; tÞ on SuWSl: (Equation 6)

Here, the prescribed voltages are xb =V on the upper surface Su and xb = 0 on the

lower surface Sl. For the traction-free system illustrated in Figure 3, Equation 4 re-

sults in:

sxx =mL�P
J

L
+
ε

2

J

L
e2 = 0;

syy = szz =m

ffiffiffiffi
J

L

r
�P

ffiffiffiffiffiffiffi
JL

p
� ε

2
e2

ffiffiffiffiffiffiffi
JL

p
= 0;

(Equation 7)

where sxx (resp. syy and szz ) is the normal stress in the X (resp. Y and Z) direction,L= l
L

is the stretch of electret along the thickness direction, and e is the magnitude of
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electric field shown in Figure 3. (Here, we consider that we have equal dimensions in

the Y and Z directions for a 1D electret.) Zero traction in the plane directions (syy =

szz = 0) yields the Lagrange multiplier asP = m
L� ε

2e
2. SubstitutingP, J, and e in sxx

gives:

sxx = m

�
L�ð1+ 3aDTÞ

L2

�
+
εð1+ 3aDTÞ

L

�
V

LL

�2

= 0: (Equation 8)

Before applying radiation heat, we have sxx = m

 
L0 � 1

L2
0

!
+ ε

L0

�
V

L0L

�2

= 0. Here L0

is the stretch caused by applied voltage andL=L0ð1 +aDTÞ is the final stretch of the
electret as a result of both radiation heat and applied voltage. Substituting L in P,

considering constant prescribed voltages, and differentiating with respect to time,

we obtain:

_P =
�ma _T

L0ð1+aDTÞ2 +
V2

L2
εa _T

L2
0ð1+aDTÞ3: (Equation 9)

Equation 5 for the 1D structure illustrated in Figure 3, with re = eqrad, with e being the

emissivity of the material (the ratio of energy radiated by the material to energy

radiated by a blackbody at the same temperature) and qrad the radiation heat

glowing the pit membrane, becomes:

C� _T � kV2T = eqrad; (Equation 10)

where

C� = C � 3ma2T

L0ð1+aDTÞ2 +
3εa2V2T

ðL0LÞ2ð1+aDTÞ3; (Equation 11)

is the effective heat capacity of the system.

Considering q as the induced electric charge density (electric charge per unit area) at

the upper surface of the electret and d as the electric displacement inside the elec-

tret, the Maxwell equation, Equation 2, implies that 0� d = q. From the definition of

electric displacement, d = εe, with ε and e being the material’s electric permittivity

and the magnitude of electric field inside the membrane, we obtain q = � εe. The

pyroelectric coefficient can also be defined as p = dq=dT , which yields p = � ε
de
dT.

Substituting e= V
l for constant electric potential and variable length, l = LL, we

obtain:

p =
εV

L2L

dL

dT
;

and substituting L = L0ð1 +aDTÞ, we obtain:

p =
εaV

L0Lð1+aDTÞ2: (Equation 12)

Infrared Detection

When IR radiation is detected, the pit organ mediates the transmittal of the heat to

the neuronal membrane that will change to a temperature of T0 +DT . This change in

temperature for the 1D system shown in Figure 3 can be found by solving the heat-

balance equation, Equation 10. If we assume that the incident thermal flux is a peri-

odic function, then:

qrad = r0e
iut ; (Equation 13)
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Figure 4. Responsivity Plot versus Heat Signal Frequency
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where r0 is the amplitude of the incident sinusoidal flux and u is the frequency of the

signal. The simplified solution of Equation 10, by assuming V2T = DT=L2, may be

easily obtained by removing the transient part:19

DT =
er0L2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 +
�
uC�L2

�2q : (Equation 14)

The change in temperature, DT , can also be manipulated into a more useful term

called electric responsivity, RI, which is the electrical output of the detector divided

by the incident thermal flux:20

RI =
I

r0
: (Equation 15)

We define the thermal response time as:

tth =
C�L2

k
: (Equation 16)

From the definition of the pyroelectric coefficient and thermal response time we

obtain:

I=puADT =
peur0AL2

k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+u2t2th

q : (Equation 17)

And from Equations 15 and 17, the responsivity plot versus heat signal frequency can

be schematically depicted by Figure 4.

Evidently, if u> 1
tth
, the responsivity does not change significantly, and at low fre-

quencies the electric current generated is insignificant. From Planck’s law, the inci-

dent flux per unit area, characterized by the wavelength l that emanates from a

hot body at temperature T with area Ah, inclined by receptor with angle b,20 located

at a distance of R, is:

r0 =
2hc2Ahcosb

l5ðehc=lkBT � 1ÞR2
; (Equation 18)

where h is Planck’s constant (6:6263 10�34½J:s�), c is the speed of light in the medium

(2:9983 108½m =s�), and kB is the Boltzmann constant (1:3813 10�23½J =K �). Substitut-
ing incident flux, Equation 18, in electric current, Equation 17, for the case in which

u[ 1
tth

and b= 0 simplifies to:
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I=
2hc2peAAhL2

tthkR2l5ðehc=lkBT � 1Þ: (Equation 19)

RESULTS AND DISCUSSION

In this section, to the extent possible, we attempt to reconcile experimental obser-

vations with our model.

Material Properties and Extraction of Model Parameters from

Phenomenological Observations

Our model requires several inputs primarily related to the material properties of the

cellular structure in the pit organ. Like most biophysical problems, we face uncer-

tainty in the precise values of the model parameters. However, taking cognizance

of the phenomenological observations, we can certainly make estimates of the

range of these parameters, which we proceed to do in this section.

Venomous pit vipers detect warm-blooded prey through their ability to sense IR ra-

diation in the range of 50 nm to 1mmwavelength3 and this translates to a detectable

frequency range of 1.8 THz to 2.5 PHz.3 The whole pit organ thickness is reported to

vary from 10 to 15 mm, with an area of about 30 mm2. Substituting typical values rele-

vant for a boa constrictor into Equation 18, we obtain 7:073 10�6<Ahcosb
R2 <1:243

10�5. This means that if a prey faces a boa (b = 0) at a distance of 40 cm,5 then

1.13 mm2 < Ah < 1.98 mm2, which is in the range of the typical area of a boa’s pit

opening and also yields the limit of the area of the heat source area facing the

prey that can be detected.

For rattlesnakes and pythons, considering l = 10 mm (since the black-body radiation

from a typical prey mammal or bird for most of these snakes occurs at this wave-

length)21 and using Equation 18, we estimate Ahcosb
R2 � 2:88310�9 for a diamondback

rattlesnake and Ahcosb
R2 � 3:3310�8 for a ball python. This implies that such snakes, at

the corresponding distance (of 100 cm for rattlesnakes and 30 cm for pythons), are

able to detect prey facing the snake with Ah � 0.003 mm2. This is consistent with

physiological measurements.

The temperature change, DT , which is sufficient to raise the firing rate of the trigem-

inal nerve, has been estimated to be 0.002�C and 0.003�C for boas and rattlesnakes,

respectively.5,6,9 The density of a cell membrane is about 1300 kg/m3,22 and its heat

capacity, varying by temperature change, is in the range of 600 J/kg�C <C < 2250 J/

kg�C.23,24 Neglecting the temperature dependence of the heat capacity, we assume

C = 1050 J/kg�C. The thermal conductivity of pit organ is quite low, k = 0.11W/m�C,
which results in a significant local temperature gradient around the receptor areas.

From a mechanical viewpoint, the cell membrane elastic modulus in its thickness di-

rection is estimated to be 40 MPa.25 Although we are not aware of precise measure-

ments of cellular thermal expansion for the neuronal cells in the pit organ, we esti-

mate the areal thermal expansion coefficient at room temperature to be 10:63

10�3=�C,26 whereas its linear thermal expansion coefficient likely falls in the order

of 33 10�3=�C.27

Experiments on boa constrictors have shown that they can detect power densities

from 8 to 14 mW/cm2 from a CO2 laser with 10.6 mm wavelength emanating from

a distance of about 40 cm.5,17 Diamondback rattlesnakes and ball pythons can

respectively detect preys up to 100 and 30 cm away, with irradiance contrast of

3.35 3 10�6 and 3.83 3 10�5 W/cm2, respectively.3 (Irradiance is the radiant flux

received by a surface or the flux that is incident on the surface. The irradiance unit
Matter 4, 241–252, January 6, 2021 247



Figure 5. Variation in Pyroelectric Coefficient and Electric Current in the Pit Cell Membrane with Respect to the Electric Field along the Thickness

Variation in (A) pyroelectric coefficient and (B) electric current in the pit cell membrane with respect to the electric field along the thickness. The electric

field varies from 0 to the maximum value reported for rattlesnakes (V = 80 mV7 and L = 5 nm). Graphs were generated for maximum and minimum values

of thermal expansion coefficient and dielectric constant, and shear modulus of membrane was set to be 13.3 MPa.14,26–28 For plotting (B), temperature

change was set to be 0.003�C according to Newman and Hartline,6 and right and left y axes denote the value of electric current for minimum and

maximum of heat radiation wavelength sensible by pit vipers.3
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is determined as power per unit area. There is a clear relationship between irradi-

ance and distance. As the distance between the radiation source increases, the irra-

diance decreases.) Finally, the voltage difference across the pit organ of the rattle-

snake and the rat snake is about 80 mV,7 and in subsequent calculations, we will

take the relative dielectric constant of membranes to vary from 2 to 3.2.28
Typical Values for the Pyroelectric Coefficient of Cells in the Pit Organ and

Generated Electric Current

Prior to comparison with experiments, it is instructive to examine the range of values our

model predicts for some key quantities such as the apparent pyroelectric coefficient,

membrane stretch, and generated electric current for a typical thermal stimulus. Under

Material Properties and Extraction ofModel Parameters from Phenomenological Obser-

vations, we used the following estimates for the parameters of cell membrane of pit or-

gan: relative dielectric constant, 2<ε=ε0<3:2; shearmodulus, mz 13.3MPa; and thermal

expansion coefficient, 23 10�3=�C<a<5:33 10�3=�C. Using a transmembrane voltage

difference of V = 80 mV, and its thickness as L = 5 nm, the electric field along the cell

membrane thickness can be estimated to go as high as 16MV/m. Substituting the high-

est and lowest values of the aforementioned parameters in Equation 8 we obtain the

membrane’s stretch, and from Equation 12, the calculated pyroelectric coefficient is

plotted in Figure 5A. Consistent with our proposed mechanism based on the notion

of electrets, the pyroelectric coefficient depends on the pre-existing transmembrane

voltage. Setting A = 30 mm2 and DT = 0.003�C from Newman and Hartline6 and

substituting it together with highest and lowest wavelengths reported in Equation 17,

we obtain Figure 5B. As evident from Figure 5A, the pyroelectric coefficient can be as

high as 2.5 mAs/m2�C. From Figure 5B, especially for low radiation wavelengths, a snake

can generate significant electric current as a result of the pyroelectric effect, the values

for which fall within the range of the electrophysiological measurements (see next

section).
Comparison of Model with Experimental Electric Current Measurements

In Figure 6B we plot the normalized electric current (the normalization is with respect to

the value of current at T = 45�C) versus heat source temperature. The gray lines indicate

the theoretical results, i.e., Equation 19, for different wavelengths that were reported to

be detected by the snakes,3 and the colored lines are from experiments performed on
248 Matter 4, 241–252, January 6, 2021



Figure 6. Normalized Electric Current with Respect to the Current at T = 45�C versus

Temperature

The experimental results from Gracheva et al.7 are compared with theory (Equation 19) for different

wavelengths of infrared heat radiation. Our theoretical results are in gray and the experimental

results are solid colored lines.
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the four snakes.7 As evident from our model and in agreement with the experi-

ments,7,9,17 snakes can detect only prey whose body temperature is above a specific

threshold. Themodel also captureswell the qualitative variation of themeasured electric

current with respect to the heat source temperature.

Figure 7 compares our theoretical and experimental results for rattlesnake and rat

snake. Blue solid lines in Figures 7A and 7B are the experimental results for variation

in electric current in rattlesnake and rat snake, with respect to the prey’s body

temperature.7 Green and pink dashed lines in Figure 7 correspond to our model,

Equation 19, for l = 1.4 mm and l = 750 nm. As evident, the model’s quantitative

agreement with the experiments on rat snakes is stronger and arguably not so

much for rattlesnakes. On this note, we simply point out that our agreement is

reasonable qualitatively (for both), but there are many experimental details that

we do not know and arguably several details that our model probably does not ac-

count for. This accounts for the less than perfect quantitative comparison in certain

cases.

Responsivity

The idiosyncratic responsivity of snakes’ detection of thermal stimuli is an important

aspect for any model to capture. To that end, we calculate the value for thermal

response time, tth, and compare 1=tth with frequencies detectable by snakes.

Substituting material properties from Material Properties and Extraction of Model

Parameters from Phenomenological Observations into Equation 16 yields the mini-

mum value of thermal response time as tth = 3:13 10�10s, which gives the maximum

inverse as 1=tth = 3:23 109=s, which is much lower than the minimum frequency

detectable by pit-bearing snakes, 1.8 THz. Hereby the responsivity for the snake

may be approximated by RI = peAL2=ðktthÞ. As indicated earlier, this is consistent

with the observations that snakes cannot detect low-frequency heat signals.

Figure 8 illustrates the variation in responsivity with respect to the frequency of the

heat signal for rattlesnake (with material properties highlighted under Material
Matter 4, 241–252, January 6, 2021 249



Figure 7. Variation in Electric Current with Respect to Temperature for Two Different Heat

Radiation Wavelengths

(A) is compared with experimental results for rattlesnake and (B) is compared with rat snake results.7
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Properties and Extraction of Model Parameters from Phenomenological

Observations).
CONCLUDING REMARKS

Themechanistic underpinnings of the heat vision of animals like snakes requires account-

ing for several aspects, such as the morphology and thermal behavior of the pit organ;

the surface structure of the IR receptors; the neural pathways of the IR perception, espe-

cially its link to how visual stimuli are employed, and the role of protein channels such as

TRPA1. Our work, however, goes to the heart of what has endured as a key question:

what is the mechanism that leads to the conversion of IR signature into an electrical

signal? It has been speculated that the presence of a pyroelectric material would explain

the thermoelectrical transduction mechanism; however, no such material has ever been

discovered.We show, however, that a biological cell with a pre-existing transmembrane
Figure 8. Variation in Responsivity of Pit Membrane with Respect to the Signal Frequency for

Rattlesnake

The electric field was set to be 16 MV/m (since V = 80 mV7 and L = 5 nm). Graphs were generated for

maximum and minimum values of thermal expansion coefficient and dielectric constant and shear

modulus of 13.3 MPa.14,26–28 We assumed black-body radiation e = 1, and we used heat capacity of

C = 1050 J/kg�C23,24 and membrane density of 1300 kg/m3.22

250 Matter 4, 241–252, January 6, 2021
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electrical potential acts as a pyroelectricmaterial. Coupled thenwith the other attributes

of the heat-vision-possessing animals (e.g., the design of a pit organ, TRPA1 channels),

this extraordinary sense is readily explained.

EXPERIMENTAL PROCEDURES

Resource Availability
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Pradeep Sharma (email: psharma@uh.edu).

Materials Availability

No new unique materials were generated in this study.

Data and Code Availability

All the necessary data for reproduction of the results have been provided in the main

text. Additional data related to this paper can be obtained from the lead contact

upon request.
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