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F
rom the viewpoint of physics, temperature 
(T) is defined from several theoretical stand-
points. With respect to thermodynamics, tem-
perature is defined as the inverse of a partial 

derivative of entropy (S) with respect to internal energy 
(U) of a system (∂S/∂U). Reaching back to statistical 
mechanics, temperature then follows the canonical dis-
tribution as pc (E)=exp (-  E— kBT)/Z, where E is energy of a 
state, kB is the Boltzmann constant, and Z is the partition 
function. Application of the canonical distribution to a 
Hamiltonian particle system connected to an equilibrium 
thermostat then provides the equipartition law regarding 
the energy of motion: mv2/2 = kB T/2. Further, temper-
ature is included in the fluctuation–dissipation theorem, 
such as the Einstein relation and the Green-Kubo relation, 
in which the temperature of a system is a proportionality 
constant between the correlation and response functions. 

Thus, the temperature of equilibrium systems is perfectly 
defined by many physical laws. However, the definition is 
less straightforward when considering a non-equilibrium 
system, including living organisms.

 
Effective temperature  
under non-equilibrium conditions
A non-equilibrium state is the state of a system with en-
ergy injection, such as driving forces, thermal conduc-
tions, and chemical reactions. Thus, almost all systems we 
are exposed to are non-equilibrium systems, since living 
matter such as the cells constituting our bodies require 
continuous energy input, and are thus in non-equilib-
rium states. Given the much greater complexity of living 
matter compared to an ideal gas, the statistical properties 
cannot be well described by the existing thermodynamics 
and statistical mechanics theories described above. This 
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transported by motor proteins can be seen over sev-
eral seconds moving at a constant speed (v), while 
fluctuating due to the effective noise derived from 
collisions with other vesicles and cytoskeleton com-
ponents as well as thermal noise in the intracellular 
environment. This effective noise is considered to be 
an origin of the effective temperature. 

The existence of the effective noise arising in the intra-
cellular non-equilibrium environment causes a problem 
with respect to physical measurement such as force meas-
urement. The driving force (F) acting on cargo transport 
exerted by motor proteins, can be written as 

F = Γv, (2)  
where Γ is the friction coefficient of the cargo, how-
ever, the value of the friction coefficient (Γ) cannot be 
estimated from the diffusion coefficient (D), which is 
easily obtained from the trajectory of a cargo (Fig. 2b, 
bottom), because of the violation of the Einstein re-
lation (i.e., Γ≠kB T/D). Therefore, the measurable 
index χ  v/D was recently proposed as a substitute 
for F. Using the relation of the effective tempera-
ture, the relationship between F and χ is derived as 
F = kBTeff ∙ χ [4,5]. In Fig. 2c,d, χ for neuronal car-
gos (n = 40) (Fig. 2c) and melanin pigment cargos  
(n = 62) (Fig. 2d) is plotted as a function of ∆t [note 
that ∆t dependence comes from D (= ∆X2/2∆t)] 
[4,5]. The index χ was found to be discrete, repre-
senting the number of motor proteins carrying a sin-
gle cargo together and generating a driving force. 
Accordingly, a cargo is transported by multiple motor 
proteins, similar to the way that many ants work col-
lectively (Fig. 2e). 

Using the known force value (approximately  
5 pN) of a single motor protein and the relationship 
F = kBTeff ∙ χ, Teff was estimated to be approximately 
10 kBT for neuronal cargo transport [4] and 2 kBT 
for melanin transport in pigment cells [5]. The rea-
son for this large difference in Teff between different 
cell types has not yet been clarified; however, varia-
tions in noise properties and cell structures may af-
fect the value of Teff. Taking into consideration that 
the amount of energy provided by the hydrolysis of 

poses a challenge in defining the temperature of such 
systems that are so far from the equilibrium in which 
thermodynamics, statistical mechanics, and linear re-
sponse theories are valid. 

In the case of a simple driven system (i.e., a non-equi-
librium system), in which a Brownian particle in a peri-
odic potential in a medium at T is driven by an external 
force, it was proved that the Einstein relation,

 D = kBT/Γ, (1)  
where D is the diffusion coefficient, and Γ is the friction 
coefficient of the particle), was violated based on theoret-
ically calculating the transport coefficients D (diffusion 
coefficient) and Γ (friction coefficient) of the particle [1]. 
Then, Teff =D/ kBΓ is called the effective temperature of 
the non-equilibrium system because Teff has a dimension 
of temperature though Teff ≠ T.

 
Intracellular cargo transport
Indeed, the Einstein relation (Eq. 1) is violated in the real 
world when considering the state of living matter. Cells 
contain driven particle systems such as the above-men-
tioned driven Brownian particle, which is referred to as 
intracellular cargo transport, in which cargo particles are 
driven by motor proteins (Fig. 1). Motor proteins generate 
the transport force by a chemical reaction: hydrolysis of 
adenosine triphosphate (ATP) molecules. The violation 
of the Einstein relation (Eq. 1) was clarified experimen-
tally in the intracellular cargo transport by measuring 
the diffusion coefficient (D) and frictional coefficient (Γ) 
of cargos [2].

In eukaryotic cells, cargos—which pack biomaterials 
required for sustaining life activities—are transported by 
the motor proteins kinesin and dynein along microtu-
bules acting as the “roads” for transport spreading across 
a cell (Fig. 1) [3]. In particular, neurons, which have long 
axons (ranging from 0.1 mm to 1 m) to connect a cell 
body to the synaptic region, require fast cargo transport 
(Fig. 2a) [3]. In addition to neuronal communication, in-
tracellular cargo transport is used by fish to change the 
colour of their body surfaces (Fig. 2b). Melanin pigments 
aggregate as cargos in cells on the scale of fish by motor 
proteins to drive a colour change from dark to light de-
pending on environmental cues. Thus, intracellular cargo 
transport by motor proteins is a significant function of 
eukaryotic cells.  

 Because intracellular cargos are typically several 
hundred nanometres in size, they can be observed 
by optical microscopes with a spatial resolution of 
approximately 200 nm (Fig. 2a,b). Fluorescent pro-
teins and dyes are typically used to label cargos so 
that they can be readily distinguished in the intra-
cellular environment that is crowded with other ves-
icles, proteins, and cytoskeletons (Fig. 2a, bottom). 
By tracking the centre position of a cargo, its tra-
jectory can be obtained (Fig. 2b, bottom). A cargo 

. FIG. 1:  
Schematic of 
intracellular cargo 
transport. A motor 
protein (red) 
generates driving 
force (F) to carry a 
cargo (green) moving 
at velocity (v) along 
a microtubule. 



EPN 51/550

one ATP molecule is also of the order of 10 kBT, the 
energetic meaning of Teff is an important issue to be 
solved for realising force measurement of the intra-
cellular environment. 

Application of χ 
Although the exact value of the proportionality con-
stant kBTeff between F and χ is unknown [note that  
F = kBTeff ∙ χ], the qualitative property of χ, namely its 
discreteness (Fig. 2c,d), is significant, as the discrete-
ness implies the number of motor proteins carrying a 
cargo, which represents the stability of material trans-
port and can therefore serve as a good barometer of 
healthy transport. Indeed, a decrease in the number of 
motor proteins observed in synaptic cargo transport 
was found to result in the mislocation of synapses [4,6]. 
In neurons, deficits in axonal transport are strongly 
related to neuronal diseases, including Alzheimer’s, 
Parkinson’s, and Huntington’s diseases. Therefore, the 
measurement of χ has potential to be more widely ap-
plied in the field of neuroscience as a helpful index to 
monitor disease progression and severity.

c FIG. 2:  
(a) Synaptic vesicle 

precursor transport 
in a neuron [4]. (b) 

Melanin pigment 
transport in a 

pigment cell [5]. 
Measurement of the 

force index χ in the 
case of neuronal  

cargo transport [4] (c)  
and melanin pigment 

transport [5] (d). 
(e) A single cargo is 
carried by multiple 

motor proteins, akin 
to ant-like transport.   
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