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Abstract

Intracellular thermometry has recently demonstrated temperatures in the nucleus, mito-

chondria, and centrosome to be significantly higher than those of the cytoplasm and cell

membrane. This local thermogenesis and the resulting temperature gradient could facilitate

the development of persistent, self-organizing convection currents in the cytoplasm of large

eukaryotes. Using 3-dimensional computational simulations of intracellular fluid motion, we

quantify the convective velocities that could result from the temperature differences

observed experimentally. Based on these velocities, we identify the conditions necessary

for this temperature-driven bulk flow to dominate over random thermal diffusive motion at

the scale of a single eukaryotic cell. With temperature gradients of the order 1˚C and diffu-

sion coefficients comparable to those described in the literature, Péclet numbers� 1 are

feasible and permit comparable or greater effects of convection than diffusion in determining

intracellular mass flux. In addition to the temperature gradient, the resulting flow patterns

would also depend on the spatial localization of the heat source, the shape of the cell mem-

brane, and the complex intracellular structure including the cytoskeleton. While this intracel-

lular convection would be highly context-dependent, in certain settings, convective motion

could provide a previously unrecognized mechanism for directed, bulk transport within

eukaryotic cells.

Author summary

Individual cells are the building blocks of all living things, and a myriad of processes

occur within their walls. To facilitate the generation of energy and manufacturing of pro-

teins and other molecules critical for cell survival, work and growth, intracellular material

often must be shuttled to different locations or compartments within the cell. It is vital

that we understand this intracellular transport if we hope to fully understand cell func-

tioning. Some mechanisms of intracellular transport are well established, including ran-

dom diffusive motion and active transport by molecular motor proteins. Recently,

experimental evidence has suggested there are areas of substantial local heating within the

cell, introducing the possibility of temperature gradient-driven convective circulation.

Here, we explore the theoretical possibility of such mechanisms competing with diffusion
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to drive intracellular flows, and identify the conditions necessary for this to occur. For

intracellular material with low diffusivity and in the presence of temperature gradients

described in the recent literature, simulations suggest this mode of intracellular transport

may indeed feasible and should be further validated experimentally.

Introduction

The cytoplasm of a cell is a hive of activity, facilitating many processes crucial for cell function-

ing. While protein biosynthesis and glycolysis, transport of metabolites, and signal transduc-

tion from the cell membrane to the nucleus or organelles can occur in the cytosol [1–5], many

critical molecules (including nutrients and proteins synthesized in the ribosomes) need to be

shuttled to different locations or compartments within the cell to perform their respective

functions [6]. Thus, a detailed understanding of all influences on intracellular fluid motion

and substance transport must necessarily precede a complete understanding of cell

functioning.

Thermal diffusive motion can produce a characteristic mean squared displacement of small

molecules in the cytoplasm. This is typically assumed to be the primary source of substance

transport in prokaryotic cells lacking organelles and compartmentalization [2,7]. In eukaryotic

cells, cytoskeletal tracks (actin, kinesins, microtubules) provide direct pathways for the active

transport of relatively small packets of intracellular cargo via transport vesicles and molecular

motor proteins [3,7]. Directional flow of cytosol has also been widely observed in the cells of

plants, fungi and, more recently, animal and human cells [8–12]. This cytosolic motion, or

cytoplasmic streaming, is characterized by a circulatory pattern (cyclosis) [10], yet the mecha-

nisms driving this circulation are still a topic of debate [10,13–16]. Regardless of mechanism,

complex flow patterns in the cytoplasm are of critical importance due to their ability to redis-

tribute materials throughout the cell and enhance nutrient transport and overall cell function-

ing [16].

Temperature strongly influences biochemical reactions, gene expression, membrane ion

transport, protein-protein interactions and overall cell functioning [17–23]. While intracellu-

lar temperature is notoriously difficult to measure, recent advances in thermometry have

allowed high-resolution temperature mapping within plant and animal cells [24,25]. Results

suggest both the nucleus and specific organelles can act as local heat sources, leading to local-

ized variations in intracellular temperature [26–30]. Such variations depend on biochemical

reaction processes; excess energy can be transformed into heat and released exothermically

[29]. In the nucleus, DNA replication, transcription, and RNA processing could all be contrib-

uting to local thermogenesis [31]. In the mitochondria, local heat generation is likely a result

of active energy metabolism, with a potential contribution from proton transfer through the

mitochondrial inner membrane [28,32,33]. The potential for mitosis, hydrolysis of ATP/GTP

or phosphorylation of centrosomal proteins to induce local temperature increases at the cen-

trosome has also been discussed [34,35], and calcium pump activity may also cause local heat-

ing in the endoplasmic reticulum [36]. Cell cycle changes in the temperature difference

between the nucleus and the cytoplasm have also been observed, and are believed to be attrib-

utable to fluctuations in the temperature of the cytoplasm caused by the cell-cycle dependent

activity of ribosomal synthesis and corresponding increased biochemical activity [26].

The recently described local heat sources and proximal temperature gradients could have

significant implications for intracellular fluid motion and transport. In the presence of temper-

ature differences across the cell (e.g. between the nucleus or perinuclear mitochondria and the
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cooler cell membrane) thermal instability could result in self-organizing convective currents,

as observed in many other natural settings [37–39]. These cytoplasmic currents could contrib-

ute to the movement of macromolecules and organelles, substance transport, cytosolic mixing

and ultimately cell functioning. The possibility of intracellular buoyancy-driven convective

transport in large cells was first addressed over three decades ago [40], yet in the absence of

accurate measurements of intracellular temperature and in vivo cytoplasmic velocities, the fea-

sibility of buoyancy-driven convective motion dominating over thermal motion and fluid vis-

cosity to drive intracellular flow has not been thoroughly evaluated.

Here, we conduct three-dimensional computational simulations of cytosolic fluid motion

within biologically realistic scale cellular domains sufficiently large to experience the conven-

tional effects of gravity. We implement local temperature gradients that lie within the range of

those recently observed experimentally [26–30], allowing visualization of the resulting flow

field and estimation of the velocities characterizing the convective motion. Based on the

results, we evaluate the theoretical feasibility of this temperature-induced convective circula-

tion dominating over random diffusive motion at the scale of the single cell, and describe the

conditions necessary for this to occur. If validated experimentally, cytoplasmic convection

could be an important but previously unrecognized mechanism for intracellular transport in

certain biological settings.

Model

Computational domain

The computational domain is designed to be a simple representation of a spherical cell with

off-center nucleus (Fig 1A and 1B). The radius was arbitrarily chosen to be 10μm, with a

nuclear radius of 4.3μm defined such that the (three dimensional) volume of the nucleus is

approximately 8% of the total cellular volume, motivated by recent literature [41]. The nucleus

is defined as a hollow volume with a solid wall (no-slip) boundary. Diffusive processes through

this boundary are not incorporated in the present model. The cell membrane represented by

the outer domain boundary is also defined as a no-slip solid wall. The internal cytoskeletal

structure and corresponding motor-driven active transport are excluded for the purposes of

this exploratory study. Simulations were first conducted on a two-dimensional domain to aid

description of the resulting flow field. For clarity, all three-dimensional results are presented

on two-dimensional plane surfaces centered at the midpoint of the cell nucleus (Fig 1C and

1D). All computational domains and corresponding meshes described in this manuscript were

generated using three-dimensional finite element mesh generator Gmsh [42].

Governing equations. The governing steady-state mass and momentum conservation

equations are given by

r u � rð Þu ¼ � rpþ mr2uþ
m

3
r r � uð Þ � rgẑ

r � ðruÞ ¼ 0

r � ðuTÞ ¼ kr2T

where, velocity u = [u1, u2, u3] (m s-1), pressure p (Pa) and temperature T (K) are the variables

for which we wish to solve [43]. Velocity components u1, u2, u3 represent the velocity in a

three-dimensional Cartesian coordinate system (x1, x2, x3). As mentioned, the outer boundary

(cell membrane, w1), and inner boundary (nucleus, w2) are treated as solid walls such that

uw1
i ¼ uw2

i ¼ 0, and fixed temperatures are imposed here
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(Tw2 ¼ 310:15K;Tw1 2 ½310:15K; 323:15K�). Relevant parameters are υ (m2 s-1) the kinematic

viscosity, ρ (kg m-3) the fluid density, g (m s-2) gravity, and κ (m2 s-1) the thermal diffusivity.

Values of all parameters are provided in Table 1. The density and temperature are assumed to

be related via an equation of state ρ = ρ0(1−β(T−T0)), where β is the coefficient of thermal

expansion. The following non-dimensionalization can be applied

x ¼ L�x t ¼
L
U

�t u ¼ U�u r ¼ r0�r p ¼ r0gL�p T ¼ T0 þ y
�T

Fig 1. Two- and three-dimensional cell domains and computational grids. A. Two-dimensional domain and grid

featuring 8,640 unique element nodes for spherical cell. B. Three-dimensional domain and grid featuring 10,324 nodes

for spherical cell. Triangular grids optimized using Gmsh C Horizontal plane surface (x1-x2) used for demonstration of

three-dimensional velocity flow fields. D Vertical plane surface (x1-x3) used for demonstration of three-dimensional

velocity flow fields. All planes pass through midpoint of cell nucleus. Large arrows demonstrate the direction from

which 3D results (presented on respective plane surface) will be viewed.

https://doi.org/10.1371/journal.pcbi.1007372.g001

Table 1. Computational model parameters assuming a base temperature of cytosolic fluid of approximately 37˚C.

Parameter Notation Value/Range SI unit

Kinematic viscosity υ 0.6959 x10-6 m2 s-1

Gravity g 9.81 m s-2

Thermal diffusivity κ λ/(ρCp) m2 s-1

Thermal expansion coefficient β 0.361 x10-3 K-1

Specific heat Cp 4.178 kJ (kgK)-1

Thermal conductivity λ 0.6252 W (mK)-1

Density ρ 993.38 kg m-3

Diffusion coefficient D 1x10-14 to 1x10-10 m2 s-1

https://doi.org/10.1371/journal.pcbi.1007372.t001
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where an overbar denotes a dimensionless variable, L is the respective length scale, ρ0 and T0

are reference state static terms, θ is a typical small deviation from the reference temperature,

and U is defined as U ¼ r0gL3

m
. This non-dimensionalization, after dropping the overbar, results

in the following system of non-dimensional equations

Ga 1 � byTð Þ u � rð Þu ¼ � rpþr2uþ
1

3
r r � uð Þ � 1 � byTð Þẑ

r � ðð1 � byTÞuÞ ¼ 0

Raðu � rÞT ¼ r2T

where Ga ¼ gL3

n2
and Ra ¼ UL

k
are the Galilei and Rayleigh numbers, respectively, and the equa-

tion of state becomes ρ = 1−βθT. Note that the above system of equations could be simplified

further; the product βθ, and thus variations in density, are small, suggesting these terms can be

considered negligible unless multiplied by the acceleration due to gravity [44]. Furthermore, as

will be discussed in the Results, the Galilei and Rayleigh number may also be negligibly small

based on the parameter values described in Table 1. Despite the potential for these simplifica-

tions, no terms were excluded in the computational solver.

Numerical solution. The governing equations are solved using QuickerSim (QuickerSim

Ltd, Warsaw, Poland), a finite element-based computational fluid dynamics toolbox for resolv-

ing fluid flows in the MATLAB environment (MathWorks Inc., Natick, MA). The finite ele-

ment method (FEM) has been discussed in detail elsewhere [44]. To resolve the pressure-

velocity coupling problem inherent in incompressible flows, the toolbox implements the semi-

implicit method for pressure-linked equations (SIMPLE) [45]. The streamline upwind/Petrov-

Galerkin (SUPG) stabilization method [46] is incorporated in the computational solver to

avoid numerical instability in the form of spurious oscillations in the solution. Simulations

were run until reaching a steady state. A maximum residual value of 1E-6 was imposed to

ensure solution convergence. The complete toolbox used for all simulations in this manuscript

and detailed tutorials on modeling natural fluid phenomena including convection are available

at http://quickersim.com.

Parameter selection

While various organelles and particles are suspended within the cytosol, around 70% of the cel-

lular volume is water [47], leading us to assume certain fluid properties relating to water where

equivalent values for eukaryote cytoplasm are not readily available. Hence, we use the thermal

expansion coefficient, thermal conductivity and specific heat capacity of water as an estimate

of the bulk properties of the cytosolic fluid. The viscosity of cytoplasm is also believed to be

approximately equal to that of pure water [48], although diffusion through the cytoplasm is

speculated to be slower. Diffusion coefficients of small particles have previously been found to

range from the order of 1 μm2/s to as high as 150 μm2/s [49,50]. Several sources have suggested

that large particles in the cytoplasm can exhibit diffusion rates well below this range, closer to

0.001 μm2/s [10,47]. In fact, in [10] it is suggested that for larger vesicles in the cytoplasm,

“movement will be insignificant in the absence of active transport mechanisms” due to the par-

ticularly low diffusion rates observed here. Sub-diffusive behavior has also been observed in

the cytoplasm [51,52], resulting in a below-linear increase in the mean squared displacement

of particles over time. We thus consider a range of 0.01 to 100 μm2/s to be a fairly conservative

estimate of the realistic range of diffusion coefficients in eukaryote cytoplasm, particularly as

Cytoplasmic convection currents and intracellular temperature gradients
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we do not wish to restrict our consideration of this transport mechanism to only the smallest

proteins.

All parameters are listed in Table 1. Where necessary, these parameters are chosen to relate

to the human body temperature of 37˚C. Thermodynamic properties of water at a range of

temperatures are widely documented in the literature; a concise summary can be found in

[53]. Note that temperature will be converted to degrees Celsius for presentation of results.

The kinematic viscosity is assumed constant for the purposes of this study.

We initiated all simulations with a neutral (37˚C) temperature profile everywhere but the

nuclear wall. A range of temperatures are imposed here, with particular emphasis on the range

37.001˚C to 38˚C based on recent observations of a ~1˚C temperature differential between the

heated nucleus and the outer cell membrane [25,26,54]. Larger local temperatures (up to 50˚C

in the mitochondria) have been reported in the literature [30]. While values of this magnitude

should be further verified experimentally, we include local temperature differences up to this

recently proposed 13˚C for completeness. The maximum flow velocity will be identified for all

simulations.

The phenomena that govern fluid flow at large scales are significantly different to those act-

ing at the micro scale. Surface forces become increasingly important as volumes shrink, the rel-

ative effect of the gravity force is reduced (although note that at scales on the order of tens of

micrometers such as the ones in the present manuscript we can still assume the gravity force is

non-negligible [55]), and low Reynolds numbers typically result in laminar, creeping flows

[56]. Based on the velocities obtained from the three-dimensional simulations and the parame-

ters in Table 1, we will evaluate our theoretical flow fields by means of non-dimensional scaling

parameters including the Reynolds, Galilei, Rayleigh and Péclet numbers, with particular

emphasis on the ability of convective velocities of this magnitude to dominate over thermal

diffusion.

Complex domain examples

After validating the physical feasibility of convection-driven flow on the scale of a single cell,

we consider several more complex hypothetical cellular domains. We investigate the influence

of various biological properties including, but not limited to, the cell shape, nucleus size and

location, the orientation of the cell, the size of the temperature gradient and the distribution of

the heat source (for example the uneven spatial distribution of mitochondria around the

nucleus) on the convective flow fields. This provokes discussion of the implications of convec-

tive currents on intracellular mixing and transport in more heterogeneous and biologically

realistic cellular domains.

Results

Simulations

Preliminary simulations were conducted on the two-dimensional domain with a temperature

of 38˚C imposed at the nucleus wall, 1˚C higher than that of the cytoplasm and cell membrane

(Fig 2). Simulations were run until a steady state was reached. Fig 2A demonstrates the

imposed temperature profile within the two-dimensional domain, with a constant temperature

imposed at the nucleus. Fig 2B and 2C show the horizontal (x1) and vertical (x3) velocity pro-

files in the two-dimensional simulation. In Fig 2C, a region of strong upwelling (red; positive

vertical velocity) can be observed in the center of the domain, around the central heated

nucleus. Corresponding regions of downwelling (blue; negative vertical velocity) can be seen

towards the exterior cell walls. Note that the domain setup (with off-center nucleus) dictates

the distribution of up- and downwelling on either side of the cell; should the nucleus be

Cytoplasmic convection currents and intracellular temperature gradients
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perfectly centered, the flow would be symmetrical about a vertical axis centered in x1. To main-

tain a closed system, these regions of up- and down-welling are connected by corresponding

negative and positive horizontal velocity regions forming complete closed circulations (Fig

2C). For the remainder of the manuscript these will be referred to as convective circulations or

currents, avoiding the conventional term “convective cell” to avoid confusion with the biologi-

cal cellular domain in question.

Intuitively, this pattern of motion corresponds to warm, less dense fluid rising around the

heated nucleus, being horizontally displaced as it reaches the upper cell boundary, then cooling

and sinking to create a “fountain” effect that redistributes fluid throughout the domain. Fig

2D demonstrates this closed convective circulation using non-dimensional velocity vectors,

whose lengths are proportional to the maximum velocity observed in the whole domain such

that longer arrows represent faster flow. Comparable simulations were conducted on a three

dimensional domain to verify the convective structures. The fountain-like structure of the

Fig 2. Simulation results for two- and three-dimensional spherical cell domains. A. Temperature profile across two-dimensional domain, with heated nuclear wall

(38˚C) and neutral cell membrane (37˚C). B,C. Two-dimensional convection-induced horizontal (B; x1) and vertical (C; x2) velocity profiles demonstrating one major (left

of nucleus) and one minor (right of nucleus) convective circulation structure characterized by central upwelling (red) and fountain-like downwelling (blue) around the

outer cell wall. D. 2D velocity vectors with arrow length indicative of speed relative to maximum speed in domain. E,F. Equivalent velocity vectors on both vertical (E) and

horizontal (F) planes in three-dimensional simulations. For clarity, vectors with a positive vertical (x3) component are shown in red, while those with a negative vertical

component are shown in blue. The fountain-like structure of convective circulations is again clearly evidenced by large regions of upwelling in the center of the domain

and the corresponding downwelling around the outer cell wall.

https://doi.org/10.1371/journal.pcbi.1007372.g002
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two-dimensional convective circulations is conserved in the three-dimensional case (Fig 2E).

In Fig 2E and 2F, velocity vectors with a positive vertical (x3) component are shown in red,

while those with a negative vertical component are shown in blue. Large regions of upwelling

can be observed in the center of the domain on both vertical (E) and horizontal (F) planes,

transporting fluid from the base to the top of the cell, past the heated cell nucleus. Again, when

this warm fluid reaches the cell membrane, it is pushed outward and subsequently begins its

descent, during which cooling occurs. Comparable results in a columnar cell domain can be

found in S1 Fig. In S2 Fig, we additionally demonstrate concentration fields for an arbitrary

species within this cellular domain at a temperature difference of 1˚C and a range of diffusivi-

ties D, where concentration C satisfies

r � ðuCÞ ¼ Dr2C

The nature of convective motion is well established. A more important question in the pres-

ent setting is what rate of cytoplasmic flow could potentially be induced by convective motion

on the spatial scales of interest to cell biologists, and what temperature gradients would be

required for their occurrence? In addition to the above example (with only a 1˚C temperature

difference between the nucleus or perinuclear mitochondria and the cell membrane), simula-

tions were also run with a wide range of hypothetical nuclear temperatures ranging from 37˚C

to 50˚C. Intuitively, when the nuclear temperature is equal to the outer cell membrane temper-

ature (37˚C), the flow remains stationary. Fig 3A and 3B show the model-predicted flow

velocities in the positive vertical (upwelling, A) and negative vertical (downwelling, B) direc-

tions induced by our range of temperature gradients. With a nuclear temperature of only

37.1˚C, maximum upwelling and downwelling velocities can reach 0.003 μm/s and 0.002 μm/

s, respectively. At 38˚C these velocities become 0.03 μm/s and 0.02 μm/s. Should a local nuclear

temperature of 50˚C be biologically feasible, flow speeds up to 0.39 μm/s could be possible.

Note that upwelling regions in other natural settings including ocean and atmospheric circula-

tion also demonstrate higher velocities in the positive vertical direction, resulting from

increased fluid temperatures and typically accompanied by a narrowing of the upwelling con-

vective “limb” to ensure balancing of the respective upward and downward volume fluxes.

Dimensional analysis & scaling

Based on the parameter values in Table 1, the reference length of the domain described in the

current manuscript (L), and an arbitrary reference velocity within the range identified in our

simulations (u
�

), the Reynolds (Re ¼ u�L
n

) and Galilei (Ga ¼ gL3

n2
) numbers capturing the balance

between inertial or gravitational forces and viscous forces are both <<1 in all simulated flows,

and hence laminar flow typical of the Stokes flow regime is expected. Due to the small physical

scale of the problem, the Rayleigh number (Ra ¼ UL
k

) is also<<1. However, as we consider

fluid between two spheres (concentric or eccentric) at different temperatures, convective flow

will necessarily occur [57–59]. The important question becomes do velocities of this magni-

tude allow advection to compete with diffusion, and thus could this convective flow potentially

aid cellular transport, metabolism, and overall cell functioning. For this to occur, we typically

require a Péclet number (Pe ¼ u�L
D ) of O(1). As an example, for a length scale of 10 μm and a

flow rate of 0.01 μm/s, substances with a diffusion constant lower than 0.1 μm2/s will start to

be affected by internal circulation. Given the range of diffusion coefficients described in the lit-

erature, particularly for large particles, this suggests that active transport by convection may be

meaningful even in small cells.

Fig 4 demonstrates the Péclet number (u�L/D) as a function of the temperature difference

ΔT (Tmax−Tmin,˚C) and the diffusion coefficient D (μm2/s). A length scale L of 20μm was
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used in the calculations for consistency with the diameter of the spherical cell shown through-

out the manuscript. The velocities u
�

used in the calculation of Pe were obtained from the

results of a subset of 30 simulations with an imposed nuclear temperature ranging from

37.01˚C to 47˚C (ΔT 2 (0.01, 10)).

Fig 4 demonstrates that Péclet numbers of O(1) are feasible for many unique combinations

of diffusion coefficient and temperature gradient that lie within the ranges described in the lit-

erature. A temperature gradient of only 1˚C could theoretically permit convection-driven

motion for particles experiencing diffusion coefficients approaching 1, orders of magnitude

larger than some of the diffusion coefficients that have been described in existing studies. Note

that if we were to consider a larger eukaryote such that length scale L was>20μm, Péclet num-

bers of O(1) would be expected in an even larger proportion of the parameter combinations

considered. Similarly, if diffusion coefficients of 0.001 μm2/s are indeed possible, the number

of parameter sets meeting this criteria would increase further still. In contrast, it is also impor-

tant to note that for molecules with diffusion coefficients above 100 μm2/s, including ATP, Fig

4 suggests convective motion is likely have minimal to no impact on intracellular motion.

Given that diffusion may still influence flow patterns to some extent even when the Péclet

number is around or greater than 1, we also plot individual particle trajectories at a range of

diffusion coefficients and temperature gradients to evaluate the respective contributions of

each transport mechanism (S3 Fig). These results suggest a slightly lower diffusion coefficient

or higher temperature gradient may be required than the Peclet number alone would imply,

but support the possibility of convection-driven flow at values described in the literature cited

in this manuscript.

Complex domain examples

Should convection-driven cytoplasmic flow be feasible, the flow patterns observed and their

respective velocities would depend on many factors including, but not limited to, the nucleus

Fig 3. Maximum upwelling (A) and downwelling (B) velocities in each respective direction from three-dimensional simulations with a range of hypothetical nuclear

temperatures ranging from 37˚C to 50˚C. Intuitively, a higher temperature gradient between the local heat source and the outer cell membrane induced the largest

convective velocities, reaching approximately 0.39 μm/s in the positive vertical direction (A).

https://doi.org/10.1371/journal.pcbi.1007372.g003
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shape, size and location, the orientation of the cell, the size of the temperature gradient, and

the distribution of the heat source (for example the uneven spatial distribution of mitochon-

dria around the nucleus). Further simulations on a more complex model domain are presented

in Fig 5, demonstrating the potential influence of some of these factors on a simple flow field

in columnar and pseudo-stratified epithelial cells. Several observations can be made: increasing

the nuclear temperature can increase the proportion of the cytoplasm being entrained in the

flow (B), the location of the nucleus and distribution of heat source can have a significant effect

on flow patterns (G,H), and certain cell structures (B,F) generate the most uniform flow distri-

bution throughout the domain.

Fig 4. Péclet number (u�L/D) as a function of the temperature difference ΔT (Tmax−Tmin,˚C) and the diffusion coefficient D (μm2/s), demonstrating regions in which

Pe>1 and thus convection can theoretically dominate over diffusion.

https://doi.org/10.1371/journal.pcbi.1007372.g004
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As a further example, we analyzed a six-cell cluster of bovine pulmonary artery endothelial

cells in which histological stains permitted identification of the distribution of mitochondria

around the nucleus, position of the nucleus within the cell, the size of the cell, and the shape of

the cell membrane. By assuming a fixed orientation and imposing local heating only in the

regions of mitochondrial clustering, as opposed to imposing a fixed temperature at the nuclear

wall as in our earlier simulations, we generated model-predicted cyclosis fields on this experi-

mental domain (Fig 6). Note that this still serves as a simplified model problem: the microtu-

bules and microfilaments of the cytoskeleton would likely compartmentalize tor otherwise

influence the flow field and this will be the subject of future investigations. We also assumed

that no flow occurred between the cells. However, if contiguous cells were connected through

gap junctions, the intracellular cyclosis could significantly affect this mechanism of cell-cell

communication.

Discussion

In living cells, diffusion and directed transport by molecular motor proteins are thought to be

the primary drivers of intracellular fluid motion. Here, we test the hypothesis that temperature

gradient-induced convective flow could play a significant role in intracellular movement of

ions, molecules and organelles in certain conditions, generating intracellular mixing and serv-

ing as a complementary mechanism of transport to those already established. We consider

example geometries with the approximate scale and fluid parameters of eukaryotic cells, and

impose intracellular temperature gradients on the order of those observed experimentally.

Results suggest that while convective effects in excess of diffusive effects may be uncommon,

and only applicable to certain classes of molecule, in the setting of large cells they may indeed

be feasible. We further consider individual particle trajectories to evaluate how flow patterns

Fig 5. Simulated flow patterns within an 8-cell domain representative of a series of columnar epithelial cells, demonstrating the influence of: (A) increased nuclear heating

(B), pseudo-stratification (C-E), altered shape of nucleus (F), altered location of nucleus (G) and uneven distribution of heating (H). Overlaid schematic provides a

conceptual representation of the nuclear shape and temperature (brown ellipses), and the flow direction (black arrows).

https://doi.org/10.1371/journal.pcbi.1007372.g005
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may vary as the relative contribution of convection and diffusion varies. While this provides

additional validation that under certain conditions convection may drive particle motion, the

required temperature gradients are slightly higher than our analysis of the Péclet number

alone would suggest. Additionally, flow patterns and rates would likely depend on cell size and

shape, the location of the nucleus, and the temperature and distribution of the mitochondria

or other local heat source.

While there are many biochemical reactions within the nucleus, mitochondria and other

organelles that could be resulting in local heat production, determining the maximum temper-

ature change that could potentially be caused in vivo by these mechanisms is a difficult task. To

date, such assessments have been primarily theoretical, and have led to much debate in the

published literature [25,26,60]. A recent conclusion has been that in order to fully understand

thermal dynamics within cells, intracellular heat sources and their thermal interaction with

intracellular molecules should be chemically assessed to develop a theory for mesoscopic non-

equilibrium thermodynamics [25]. To date, this has not been achieved. Ultimately, heat trans-

fer at micro- and nano-scales is still not particularly well described by conventional thermody-

namics, and the feasibility of these temperature variations needs to be verified in future work.

Despite the controversy surrounding the theoretical underpinnings of intracellular tempera-

ture gradients, we believe the existing experimental evidence of significant temperature differ-

ences between the cytoplasm and both the nucleus and the mitochondria (25, 30, 53) is

Fig 6. A. Immunofluorescence images of Bovine Pulmonary Artery Endothelial Cells (purchased from ThermoFisher Scientific) to provide a biologically realistic

domain for application of the present model. Nuclei shown in blue are stained using DAPI, mitochondria in red (note clustering around cell nuclei) are stained using

MitoTracker Red CMKRos, and cytoskeleton in green stained with Alexa Fluor 488 Phalloidin. B. Distribution of cell nuclei, mitochondria and the shape of the cell

membranes (based on the distribution of the microtubules) extracted from the fluorescence image and used to develop a unique representative computational grid for

each cell. Simulations are conducted with heating applied only in regions of mitochondrial clustering. The resulting flow field in terms of velocity vectors is overlaid on

the original image, demonstrating the circulatory patterns hypothetically generated in this multi-cell domain. Note that the convective flows will typically be both within

the x1-x2 plane of the image and also in the perpendicular x3 direction. These models assume no inter-cellular flow. However, cyclosis could promote movement of fluid,

ions, and small molecules through gap junctions.

https://doi.org/10.1371/journal.pcbi.1007372.g006

Cytoplasmic convection currents and intracellular temperature gradients

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007372 November 4, 2019 12 / 17

https://doi.org/10.1371/journal.pcbi.1007372.g006
https://doi.org/10.1371/journal.pcbi.1007372


compelling, and sufficient to warrant theoretical investigations into the implications of such

temperature gradients for intracellular transport and function.

Several simplifications were made during model design. The current model omits cytoskel-

etal intricacies including membranous subcompartments and issues relating to cytosolic mac-

romolecular crowding, which are likely to influence the observed cytosolic flow patterns.

Actomyosin is also inherently contractile, and the resultant forces could also influence the flow

field and correspondingly the magnitude of effect of local heating-induced convection. Exten-

sion of the present work to more complex model domains including these various cytoskeletal

features is a promising area for further study. Furthermore, we primarily focus on the ability of

convection to dominate over diffusion, concluding that these mechanisms likely both contrib-

ute to intracellular mixing with the respective contribution of each mechanism being context-

dependent. Inclusion of intracellular transport via molecular motor proteins in future simula-

tions could also permit further demonstration of how these different transport mechanisms

operate in synergy. Diffusion into and out of the nucleus and the outer cell wall are also not

accounted for; the description of solid no-slip walls with fixed temperature boundary condi-

tions is clearly a simplification of a much more complex biological system. The orientation of

the cell relative to gravity would of course also influence the flow patterns described herein.

While convection has not traditionally been considered an important driver of intracellular

fluid motion, in light of recent observations of significant intracellular temperature gradients,

a more thorough evaluation of this mechanism is necessitated. Any additional understanding

of the mechanisms of intracellular motion could have wide reaching implications, beyond the

realm of basic cell biology to disease and therapy. For example, given that mitochondrial clus-

tering is associated with both increased nuclear reactive oxygen species (ROS) and the ATP-

dependent de novo protein synthesis known to occur in rapidly dividing cells [61,62], such

clustering may prove to be more common in cancer cells than previously appreciated. The

recently suggested high temperature of mitochondria coupled with the observation of cyclosis-

like patterns of cytoplasmic flow in human cancer cells suggests further investigation into the

potential evolutionary benefits of temperature-induced cytoplasmic motion.

Supporting information

S1 Fig. Simulation results for two- and three-dimensional columnar cell cases. A. Tempera-

ture profile across two-dimensional domain, with heated nuclear wall (38˚C) and neutral cell

membrane (37˚C). B,C. Two-dimensional convection-induced horizontal (B; x1) and vertical

(C; x2) velocity profiles, again demonstrating one major (left of nucleus) and one minor (right

of nucleus) convective circulation structure characterized by central upwelling (red) and foun-

tain-like downwelling (blue) around the outer cell wall. D. 2D velocity vectors with arrow

length indicative of speed relative to maximum speed in domain. E,F. Equivalent velocity vec-

tors on both vertical (E) and horizontal (F) planes in three-dimensional simulations. Again,

vectors with a positive vertical (x3) component are shown in red, while those with a negative

vertical component are shown in blue.

(PDF)

S2 Fig. Concentration fields for an arbitrary substance with diffusivity D ranging from

0.00001 μm2/s to 10 μm2/s. In column A, the flow of this arbitrary substance is from outside

the cell (high concentration imposed at outer cell wall), and in column B, the substance is orig-

inating from the nucleus (high concentration imposed at nuclear wall). At a diffusivity of 0.1

μm2/s, the concentration field begins to be influenced by convection. At a diffusivity of 0.001

μm2/s, the concentration field is clearly aligned with the flow velocity profile. At low diffusivi-

ties (0.00001 μm2/s, it can be seen that material originating at the cell membrane, and material
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originating at the nucleus, tend to cluster on opposite sides of the cell as a result of the offset

nucleus and uneven distribution of the “convective cell” structure.

(PDF)

S3 Fig. Particle tracking results. A. Zoomed-in view of start point for all simulated particle

trajectories ([-2,-2], indicated by white star). Red arrows indicate that the bulk convection-

driven flow is in the direction of the upper left corner of the panel. B. Individual particle trajec-

tories (from start point again indicated by white star) for a particle of density 1050 kg/m3 and

diameter 0.1 μm in flows governed by diffusion coefficients ranging from order 0.1 to order

0.00001 and temperature gradients ranging from 1˚C to 13˚C. Diffusion coefficients < O

(0.001) or temperature gradients > 3˚C are required for convection-dominated flow with this

specific set of parameter values.

(PDF)
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