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ABSTRACT: We have discovered an unexpected correlation between the operational
temperature of the brain and cognitive abilities across a wide variety of animal species. This
correlation is extracted from available data in the literature of the temperature range AT at
which an animal’s brain can operate and its encephalization quotient EQ, which can be
used as a proxy for cognitive ability. In particular, we found a power-law dependence
between AT and EQ. These data support the theory that the brain behaves as a critical
system where temperature is one of the critical parameters, tuning the performance of the

neural network.
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ne of the biggest challenges for the 21st century is the

development of a theory of the way the brain works. A
longstanding issue has been the determination of the
responsible factors for the brain’s cognitive capacity. Neuro-
scientists often resort to the study of animal brains for their
simpler structure. However, despite several decades of research,
even a simple cognitive capacity theory for animals remains
elusive. Efforts dedicated to quantitatively estimate an animal’s
cognitive ability have been mostly directed toward problem-
solving exercises” ' along with the extension of cognitive
constructs like the general factor g.”

Another route explored for quantifying cognitive capacity are
physiological proportions. Brain size alone does not correlate
well with a higher cognitive capacity, given the examples of
elephants and whales. Also, absolute and relative cerebral cortex
volume suffer from the same disproportion in elephants and
large cetaceans.' Recently, it was found that brain size corrected
for body mass is a good predictor of cognitive abilities in
carnivores.” Another physiological proportion, the encephaliza-
tion quotient EQ, is thought to correlate with intelligence"’
and has been used in studies of cognitive capacity.”® Initially
advanced in 1973 by Jerison,” the encephalization quotient
determines the deviation of an animal’s brain weight from what
would be expected for an animal of its mass. It uses an
allometric relation between brain and body weight to account
for the empirical fact that a bigger body size does not produce a
linearly proportional bi§ger brain. This has been thoroughly
applied to mammals,”'” with extensive efforts to apply it to
other taxa such as fish,'' birds,'* and insects."® The ready
availability of extensive literature data on animal brain and body
weights makes the encephalization quotient a useful, albeit not
perfect, tool for comparison of the cognitive capacity across
species.

From the computational point of view, the brain is
considered the ultimate parallel-computing paradigm. Its
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capacity stems from a massive interconnected network of
neurons and synapses capable of information processing and
learning. Information in the brain travels from neuron to
neuron in the form of action potentials. These provoke a
transient reversal in the polarity of the neuron’s electrical
membrane potential. Each neuron receives inputs from multiple
neurons and delivers its output to multiple others. When the
accumulation of inputs in a neuron reaches a certain threshold,
action potentials are generated as the result of the voltage-gated
opening of Na* channels."* Synapses play a key role in brain
computation and memory, and are also affected by action
potentials. Upon the arrival of an action potential to the
synapse, a Ca*"-mediated release of neurotransmitters occurs
that triggers a postsynaptic action potential.'> If the
postsynaptic neuron is active at the same time, there will be
a high concentration of calcium ions in the postsynaptic side.
This concurrence leads to a strengthening of the neural
pathway (“long term potentiation”), a fundamental process
responsible for learning and memory.'®

All of these complex physicochemical mechanisms need to be
delicately controlled for a correct operation of the brain. One of
the factors that heavily influences these mechanisms is
temperature. Changes in extraneuronal temperature lead to a
change in membrane resting potential. This, in turn, provokes a
change in the action potential amplitude and duration, and
neurons firing rate. Furthermore, temperature can modify the
ion channel diffusion rate and the biochemical reactions rate.'”
It is clear then that the relation between the brain’s temperature
and its overall cognitive capability becomes an important and
intriguing issue to be elucidated.

Received: December 18, 2017
Accepted: March 29, 2018
Published: March 29, 2018

DOI: 10.1021/acschemneuro.7b00507
ACS Chem. Neurosci. 2018, 9, 1254—1258


pubs.acs.org/chemneuro
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acschemneuro.7b00507
http://dx.doi.org/10.1021/acschemneuro.7b00507

ACS Chemical Neuroscience

Another reason why this issue is relevant is the fact that a lot
of attention has been directed toward a new form of
computation, which resembles the processes occurring in the
brain: neuromorphic computing. From the condensed matter
perspective, this has led to the search of solid-state devices that
mimic the functionalities of neurons and synapses. It is not
clear, however, how all these devices should work together in
an optimal way to learn and process information, and this is the
main motivation of this work.

In this paper, we use the encephalization quotient EQ of
several animal species as a proxy for cognitive ability, and we
study its relation to the temperature range AT in which each
brain can operate. As we discuss below, our results show that
AT behaves as a critical parameter in the brain, which suggests
it could indeed be a factor influencing cognitive capacity. This
may indicate that the development of a highly functioning brain
requires operation in a narrow temperature range, supporting
the theory of criticality in the brain.

We have compiled a comprehensive list of brain and body
masses from the literature for several species belonging to
different taxonomic groups and calculated the associated EQ.
The EQ relates an animal’s brain and body masses in an
allometric fashion: EQ = M,/ Mi,E,,, where the expected brain

mass M{%, = A(Myoq,)”. B is the allometric exponent, and A is

brain
a normalization constant. In general, for a wide variety of taxa,
the allometric exponent B lies between 0.5 and 0.8. LIS 1y

this paper, we have used B = 0.66 as the allometric exponent.’
We have also searched the literature for the temperature range
AT at which each animal’s brain (or in the absence of brain
data, its body) can operate. In some cases, AT is under-
estimated due to the fact that no experiments were found where
body temperature is pushed to the limit.

Table 1 shows the values obtained for each species as well as
the associated literature references. An asterisk indicates the
cases in which brain temperature data was not found.

In Figure 1, we have plotted the temperature range AT as a
function of the encephalization quotient EQ on a broad
parameter range of more than 2 orders of magnitude for both
parameters. The result is astonishing. In a log—log scale, a
straight line is obtained, which implies a power-law relation
between AT and the encephalization quotient. A linear fit of

Table 1. Values for brain mass (My,,;,), body mass (M),
encephalization quotient (EQ), temperature range (AT) and
the references from where the values where extracted

AT mass/temp
Animal Miin (8)  Miogy (8)  EQ  (°C) ref

Human 1350 70 000 8.562 2.1 18/19
Elephant* 5220 321 600 2.648 2.7 20/21
Penguin* 17.3 3300 0.824 3 22/23
Seal 297 102414 1.465 3.5 24/25
Raven 154 1200 1.430 S 26/27
Wildebeest 363 158 489 1.342 52 28/29
Parrot* 5.7 330 1.241 5.8 30/23
Manta ray 58.8 61760 0.405 6 31/32-34
Rat 2 300 0.464 7 1/35
Dogfish shark  3.87 4200 0.157 11 31/32
Lizard 0.07 8 0.177 17 36/37
Crocodile* 7.886 70 000 0.050 17 38/39
Frog* 0.1 53 0.073 29 40/41
Octopus™ 1.15 3292 0.055 31.8 42/43
Wolf spider 0.000237 0.0152 0.038 38 44/45
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Figure 1. Temperature range AT as a function of the encephalization
quotient EQ for several species. The red line represents the linear fit to
the equation log(AT) = a + blog(EQ). Inset: same data represented
in linear scale to highlight the criticality.

the data (red line) to the equation log(AT) = a + blog(EQ)
gives an adjusted r* of 0.9 and a slope b = —0.54 + 0.0S.

The large adjusted r* implies a high degree of correlation
between the encephalization quotient and the temperature
range at which the brain operates. However, as imperfect a
measurement of cognitive capacity the EQ_is, it seems that AT
and cognitive ability are strongly correlated. Intuitively, we can
understand this power-law dependence from the inset in Figure
1, where the same data is represented in a linear scale. Here we
can see that AT is behaving as a critical parameter, ie., EQ
seems to diverge at AT = 0. In other words, a small deviation
from the optimal value AT = 0 provokes a sharp degradation in
EQ. This is the hallmark of a parameter that can critically tune
the performance of a system.

It has been proposed that neuronal networks are critical
systems,*™* in which there is a balance between excitation and
inhibition of neuron spiking rates. Criticality is a characteristic
found in numerous solid state critical systems.”” > In these
systems, there is a parameter (usually temperature) or set of
parameters that has a critical point in which a property of the
system changes radically. For example, water has a liquid—vapor
critical point where liquid water suddenly becomes compres-
sible, a poor dielectric and a bad solvent.’* Systems at the
critical point also show power-law behaviors, fractality and
avalanches.

All of these critical characteristics have been observed in the
brain. Several studies of the brain have measured spike
avalanches and found their sizes to follow power laws.”>™>*
Moreover, there is evidence showing a disappearance of these
power laws when synaptic transmissions are dampened, i.e., the
system is tuned out of the critical point.>® Several neuronal
computation models have also shown that at the critical point
network characteristics such as communication,” information
storage,”’ computational power®’ and dynamic range’ are
optimally enhanced. Crucially, these works show that a
neuronal network would be less capable when operating away
from its critical point. This seems to be the same behavior
observed in our data.

Temperature greatly influences neuronal-function character-
istics including the activation of ion channels, neuronal
membranes resting potential, pre- and postsynaptic transmitter
release and conduction velocity of action potentials.”>** In this
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sense, temperature could be considered a parameter of the
neuronal network determining its criticality. Therefore, at
temperatures far from the critical temperature, the brain’s
operational capacity would be decreased. This hypothesis
would explain the critical behavior of AT seen in Figure 1.

There are other biological variables that show a critical
behavior in the brain. For instance, tight regulation of glucose
metabolism is critical for brain physiology.”® Since the
mammalian brain depends upon glucose as its main source of
energy, it is not inconceivable that thermoregulation (i.e., AT)
could be related to this.*°® An alternate explanation based on
the parallel but independent evolutionary improvement of the
cognitive capacity and temperature regulation for unknown
reasons at this stage, may lead to a similar behavior. However, it
is not clear how that would result in the critical behavior
observed for AT. A straightforward way to verify our
hypothesis of temperature being a critical parameter would be
to undertake experiments where animals are required to solve
cognitive tasks while controlling the temperature of the brain. A
lower performance in the cognitive tasks should be observed for
bigger brain temperature deviations. Also, we could think of
ways to impair the thermal regulatory system through drugs or
DNA editing and study the impact on the performance on
cognitive tasks.

Such verification would have deep implications for areas like
neuroscience or psychology. The data seem to support the
theory of criticality as an explanation of how the brain works.
The brain’s level of cognitive capacity would be directly linked
to the body’s ability to maintain the neural network near the
critical point, may it be through temperature, supply of ions for
action potential transmission, a correct regulation of the
excitatory and inhibitory chemical agents or all of these
parameters together. A brain incapable of achieving this
equilibrium would be a pathological one. In fact, it has been
observed that characteristics of criticality disappear on patients
sufferin_g epileptic episodes recorded using invasive encephalog-
raphy.®” Therefore, the perturbation of the critical state in the
brain could be indicative of a disease, which would imply the
need for new therapies that address said imbalance.

In the same way, these results are relevant for the
development of neuromorphic computing. In order to achieve
maximum processing power and efficiency, the network has to
be tuned to stay as close as possible to the critical point. It is no
longer enough to just consume higher power. The choice of
materials, density, distribution and interconnection of compo-
nents (e.g, oscillators, memristors), their nonlinear I-V
characteristics, operational temperature, and so forth will be
of critical importance.

In summary, we have discovered a correlation between the
temperature range AT at which an animal’s brain can operate
and its encephalization quotient EQ. We find a clear power-law
dependence between AT and the EQ across many animal
species. The exact physical mechanism driving this is not clear
at present time. Insofar the EQ is a proxy for cognitive ability,
this implies that a narrow AT is favorable for high cognitive
ability. These results seem to weigh in support of the theory of
criticality in the brain and have important implications for the
neuroscience and psychology community, in particular the
potential development of new neurological disorder treatments.
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