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Subcellular organelle dynamics are strongly influenced by inter-
actions with cytoskeletal filaments and their associated motor
proteins, and lead to complex multiexponential relaxations that
occur over a wide range of spatial and temporal scales. Here we
report spatio-temporal measurements of the fluctuations of the
mitochondrial reticulum in osteosarcoma cells by using Fourier
imaging correlation spectroscopy, over time and distance scales of
10-2 to 103 s and 0.5-2.5 um. We show that the method allows a
more complete description of mitochondrial dynamics, through the
time- and length-scale-dependent collective diffusion coefficient
D(k,7), than available by other means. Addition of either nocoda-
zole to disrupt microtubules or cytochalasin D to disassemble
microfilaments simplifies the intermediate scattering function.
When both drugs are used, the reticulum morphology of mito-
chondria is retained even though the cytoskeletal elements have
been de-polymerized. The dynamics of the organelle are then
primarily diffusive and can be modeled as a collection of friction
points interconnected by elastic springs. This study quantitatively
characterizes organelle dynamics in terms of collective cytoskeletal
interactions in living cells.

he movement and redistribution of mitochondria is an

essential part of normal cell function, important to mito-
chondrial inheritance in the cell cycle (1, 2), transient clustering
and morphogenesis in response to changing physiological con-
ditions (3, 4), and coordinated mitochondrial behavior during
key events in cell development (5, 2). Such gross, long-
range movements occur over the course of minutes to days
(107 to 10° s), yet the molecular basis of mitochondrial redistri-
bution must rely on protein conformation changes that operate
on relatively fast (subsecond) time scales. In most eukaryotic
cells, different organelle types display unique “patterns” of
motion; some fluctuate continuously over a broad range of time
scales (1073 to 107 s), whereas others exhibit so-called “saltatory
motion”; rapid bursts of directed movements interrupted by
pauses of variable duration (6). Mitochondria are a known cargo
of microfilament (actin/myosin-based) and microtubule (tubu-
lin/dynein/kinesin-based) cytoskeletal tracks (5, 7). They exhibit
complex motility patterns that likely reflect the molecular details
of a complicated regulatory system designed to rearrange mito-
chondria within the cytoplasmic compartment. The importance
of cytoskeletal proteins as modulators of cell morphology and
signaling has inspired speculation that mitochondrial dynamics
and function, the aerobic production of ATP and the regulation
of intracellular calcium levels, are closely related (6, 8).

An important aspect of mitochondrial dynamics is its mor-
phology. Microscopy studies of various types now suggest that
the organelle’s structure can appear in one of two very different
morphological states (9) at different points in the cell cycle (10).
At “inter-phase” stages, mitochondria often appear as a con-
tinuously branched reticulum of connected tube-like filaments,
with an approximate tube diameter of ~0.5 um (11). During cell
division, mitochondria are partially fragmented into hundreds of
ellipsoid shaped vesicles (12), thus allowing the partitioning of
mitochondrial fragments (and mtDNA) into the two daughter
cells. It is possible to observe intermediate morphologies be-
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tween these two states. The effect of morphology on mitochon-
drial dynamics is significant because even in the absence of
complicating factors such as crowding or the directional forces
imposed on the organelle by motor proteins, the dynamics of the
reticulum morphology should reflect its chain-like connectivity.
In this study, we focus on the dynamics of the reticulum state.

As noted above, mitochondrial motion is complicated by the
activity of motor proteins working in conjunction with cytoskel-
etal tracks. As a whole, the system can be viewed as a multi-
component suspension of network structures that interact
through associated cytoskeletal proteins, some of which are
force-generating motor proteins (8). Microtubules, microfila-
ments, and intermediate filaments form a gel-like entanglement
network of rod-like polymers (13) that extends throughout the
perinuclear region of the cytosol compartment and has a mesh
size of ~50 nm (14). Microtubules have a persistence length of
~6 mm, whereas actin microfilaments have a persistence length
of ~15 uwm (13). An unknown combination of thermal forces and
those caused by motor protein cross-link junctions mediate the
interactions between these filaments and the mitochondrial
reticulum. Particle tracking measurements by Elbaum and co-
workers (15) suggest that the effective viscosity experienced by
micrometer-scale mitochondrial filaments is large enough, ng >
0.25 poise, to dramatically slow diffusion on long time scales.
Kinesin and cytoplasmic dynein are the motor proteins believed
to carry mitochondria along microtubules, whereas myosin is the
motor protein associated with actin-based microfilaments. Al-
though involvement of microtubules in mitochondrial motion is
well established, the roles played by microfilaments and inter-
mediate filaments are less clear (5, 8). It is generally believed that
the actin cytoskeleton plays no role in the mitochondrial trans-
port of higher eukaryotes (16).

Although analyses of mitochondrial motility patterns (record-
ed, for example, by digital video microscopy) can in principle
reveal complex heterogeneities in behavior, the complexity of
information contained in direct microscopic observations makes
straightforward interpretations difficult (17). Erratic motions
occur over a spectrum of spatial and temporal scales, often
encompassing several decades in time. The problem is greatly
simplified by framing it in terms of the dynamics of a complex
fluid. The dynamical “modes” of the system are studied through
measurements of the distribution of length- and time-dependent
fluctuations, which are quantitatively characterized by using
space—time correlation functions (18). Space—time correlation
functions describe the average regression of spontaneous mi-
croscopic density fluctuations in time (measured as a function of
spatial scale). They provide the link (through theoretical models)
between the microscopic dynamics and macroscopic parameters
(such as diffusion coefficients) that are usually measured in the
laboratory. For simple dynamical systems in which only one
process is operative, the space—time correlation functions reflect
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Fig. 1.

(A) Schematic of the FICS experimental geometry. Fluorescently labeled filaments are represented as N interconnected disks and the excitation grating as

gray-scale bars. The filament cross-sectional diameter is ~0.5 um, whereas the grating fringe spacing, dg, is adjusted between ~0.56 and 2.6 um. Signal fluctuations
occur when regions of the reticulum separated by the distance dg move relative to one another. (B) At any instant, a static particle configuration is uniquely described
by a sum of vectors in the complex plane whose superposition is € = ()2 ZN_; A, explikarn(t)] = |Clexplia] with amplitude |€| and phase a.

a single diffusion constant for all time- and length-scales. For
complex systems, such as the mitochondrial reticulum, multiple
processes give rise to the overall dynamics, which can be de-
scribed in terms of time- and length-scale-dependent diffusion
coefficients. Furthermore, correlation functions measured over
several decades contain scaling information that may reveal
situations where the dynamics are not well described by a
diffusion equation (e.g., sub- or superdiffusive behavior). In the
present analysis we focus on the effects of time and length scales
on the diffusion coefficient.

Materials and Methods

Systematic and Quantitative Characterization of Mitochondrial Dy-
namics by Fourier Imaging Correlation Spectroscopy (FICS). As an
initial step toward understanding the collective dynamics of the
mitochondrial-specific cytoskeleton, we conducted studies of
mitochondrial dynamics in live osteosarcoma cells (143B) under
various intracellular conditions, where key cytoskeletal compo-
nents were selectively removed. Our measurements span the full
range of time (1072 to 10° s) and distance (0.5-2.5 wm) scales
necessary to characterize the dynamics of this complex system.
We apply FICS, a sensitive spatially selective means to measure
mitochondrial density fluctuations (17, 19, 20). In FICS exper-
iments, modulated fluorescence signals are detected from the
intersection of an excitation fringe pattern (an optically gener-
ated holographic grating) with a time-evolving configuration of
fluorescently labeled mitochondrial filaments, denoted by the
microscopic density C(r,t) (see Fig. 14).

Fluorescence labeling was achieved by producing a stable cell
line that expresses a red fluorescent homolog of the green
fluorescent protein (DsRed) inside the mitochondrial matrix
space (21). Cells were grown in HG-DMEM + 10% FCS, and
were maintained in humidified 10% CO, atmosphere at 37°C. To
inhibit cytoskeletal components, cells were incubated for 2—-4 h
with 10 uM Nocodazole (Sigma) and/or 0.2 pug/ml Cytochalasin
D (Sigma). To visualize the mitochondrial morphology with
microfilaments or microtubules, cells were fixed for 30 min in 4%
paraformaldehyde at room temperature. After permeabilizing
with acetone for 20 min at —20°C, primary and secondary
monoclonal antibodies conjugated to Pacific Blue (Molecular
Probes) were used to label tubulin. Actin in similarly treated cells
was labeled by using Alexa488 phalloidin (Molecular Probes).
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Determination of a Time-Dependent Spatial Fourier Component of the
Labeled Mitochondrial Density. The experimental observable is the
time-dependent spatial Fourier transform of the filament den-
sity, defined at the wave-vector specified by the optical grating.
The basic principle is illustrated in Fig. 1. Mitochondrial fila-
ments are uniformly labeled by the matrix-targeted DsRed,
indicated in Fig. 1A by interconnected white disks of diameter o.
The N disks are illuminated by an excitation grating having a
fringe spacing dg (adjustable between 0.25 and 4 pum).

Two crossed laser beams with parallel polarizations create the
excitation grating. The intensity of the electric field in the grating
changes along each fringe, whereas its polarization is fixed in the
j direction (22). The grating is characterized by a wave vector, kg
= (27/dg)i, directed along the x axis. The time-dependent
microscopic density is C(r, t) = SN_; A,8[r — ry(¢)], where r, is
the center-of-mass position of the nth particle, and A, is pro-
portional to that particle’s excitation/emission efficiency. The
phase of the grating is modulated at the angular frequency wg
(=50,000 rad/s) so that its position is swept across the sample at
a velocity, vg = wg/Kkg, much greater than the average speed of
filament motion. The resulting fluorescence intensity has the
form (19, 20)

16(t) = Io{C(0) + |Clkg, 1)|cos[wat + alks, N}, (1]

where « is a proportionality factor accounting for the absorption
cross-section, quantum yield, and light collection efficiency of
the experimental setup, and I is a constant intensity level.
According to Eq. 1, the signal consists of two parts; a stationary
(or dc) component representing the zero-kg background
fluorescence level, and a modulated (or ac) component
whose amplitude, |C|, and phase, a, depend on the particle
configuration

12 N

Clkg, 1) = (ﬁ) E Aexplikgry(®)] = |Clexplia).  [2]
n=1

The amplitude of the signal modulation reflects the extent to
which the structure of the N-body system contains spatial
periodicity matching the spatial frequency of the excitation
grating (kg = |kg| = 2m/dg). The phase of the modulation
reflects the relative position (or phase) of the spatial periodicity
at wave number kg of the filament configuration with respect to
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the phase of the excitation grating. Because filament motion
occurs on a much slower time scale than the inverse modulation
frequency, a lock-in detection method (20) can be used to
demodulate the signal into slowly varying complex components,
ReC = |C|cosa and ImC = |Clsina. As shown in Fig. 1B, at any
instant in time the experimentally detected Fourier component,
C, is a vector sum of N single-particle terms. Each particle
contributes an amplitude, 4,, and a phase, an = kg'Tn = Karxn,
to the detected value of C. Because kg points in the direction of
the x axis, only the x component of r, contributes to the phase.

The vector C fluctuates because of collective fluctuations of
the filaments. Analysis of the time-dependent trajectory of C
allows quantitative characterization of the motion. The trajec-
tory of C can be used to construct any of its time-correlation
functions. Here we focus on temporal and spatial two-point
correlation functions (23),

N N
= [NAYT™" D) D {AuAm explikara(0) — vt + 1))

n=1m=1

[3]

In Eq. 3, the angle brackets indicate an average over all
starting times, ¢, and 7 is the time interval between which
successive membrane configurations are correlated. The pref-
actor term NA? is the average fluorescence efficiency. The
intermediate scattering function, F(kg,7), is a fundamental
quantity for the quantitative descriptions of liquid dynamics (24).
The fluid structure is characterized by the zero-time limit,
F(kg,m = 0) = S(kg). Time- and wave-vector-dependent diffu-
sion coefficients D(kg,) can be defined (25) in terms of the
normalized correlation functions by D(kg,7) = —(1/kg?)
d{In[f(kg,7)]}/dr, where f(kg,7) = F(kg,7)/S(kg). The diffusion
coefficient for spherical particles in a sample at infinite dilution
is given by the Stokes—Einstein formula Dy = kgT/67moa, where
7o is the viscosity of the solvent and a is the particle radius. For
a simple fluid of non-interacting Brownian particles, f(kg,7) =
exp[—7/7], where 79 = [Dokg?] ! is the time required for an
unhindered particle to diffuse (with diffusion coefficient Do) a
distance 27 kg~!. For the mitochondrial system, interactions
between membrane sites and their time-evolving local environ-
ments (which depend on the structural and dynamical properties
of the cytoskeleton), are expected to lead to deviations of Eq. 3
from diffusive behavior. Regions of membrane sites will collec-
tively experience varying effective mobilities [characterized by
D(kg,T)] that reflect the relevant spatial and temporal scales
involved in cytoskeletal structural relaxation. Thus, we expect
the deviations of f(kg,7) from diffusive behavior to sensitively
indicate the degree of complexity of the multicomponent mito-
chondrial dynamics.

Phase-Stabilized FICS Measurements Are Sensitive to Nanometer
Scale Mitochondrial Displacements. In Fig. 2 we show a schematic
diagram of the FICS apparatus. The instrumentation is de-
scribed in detail by Grassman et al. (20), but some modifications
were made for the experiments presented below. The precision
of our fluctuation measurements is limited by mechanical in-
stabilities of the interferometer, which introduces noise in the
interference pattern at the sample. To reduce mechanical noise
over the time scales of interest (1072 to 103 s), we use an active
feedback system, locking the phase of the optical grating in the
sample (relative to that of the reference waveform) to within
~1/100 of the fringe spacing. As shown in Fig. 24, the excitation
beams are separated from the fluorescence signal by a dichroic
beam-splitter, and the excitation pattern is magnified and im-
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Fig. 2. (A) Schematic of the actively stabilized FICS apparatus. An interfer-
ence fringe pattern is produced in the sample plane of a fluorescence micro-
scope by two coincident laser beams. One beam passes through an electro-
optics phase modulator (Conoptics, Danbury, CT). A frequency generator
(Keithley) is used to modulate the phase of the excitation grating from 0 to 27
at the angular frequency wg (=50,000 rad/s). Both the modulated fluores-
cence and transmitted excitation signal are collected with a fused-silica oil-
immersion objective (Leica, Plan Fluotar, X100, numerical aperture = 1.3). A
dichroic beam-splitter (Chroma Technology, Brattleboro, VT) reflects the ex-
citation (532 nm) and transmits the emission (583 nm; transmission efficiency
93%). The emission is passed through a long-pass interference filter (Omega,
cutoff wavelength 570 nm, transmission efficiency 80% at 583 nm) and an
excitation barrier filter. The filtered signal isimaged onto a thermoelectrically
cooled photomultiplier tube (PMT, Hamamatsu, R1527) operating in current
mode. The PMT output is detected by using a digital dual-phase lock-in
amplifier (Stanford Research Systems, SR830) that is referenced to the RF-
generator used to drive the phase-modulator. A computer, which controls an
analog-to-digital data acquisition board (National Instruments), records sep-
arately the average background fluorescence intensity, k/oC(0), the complex
components of the demodulated signal, ReC and ImC, and the RPE. The image
of the excitation grating is passed through a Ronche-ruling, and tightly
focused onto a small-area avalanche photo-diode (APD, Pacific Silicon Sensor,
Westlake Village, CA). The APD output is measured by using a phase-sensitive
detector referenced to the RF-generator. A type | servo is used to generate a
feedback signal (delivered to a Piezo-mounted mirror) to minimize the RPE
between the excitation grating and the reference waveform. (B) Typical time
course for the RPE with feedback engaged (red, rms phase-error = 3.9 nm) or
disengaged (black, rms phase-error = 288 nm).

aged onto a Ronche ruling. As the optical grating is swept across
the ruling, the spatially modulated signal is converted into a
temporal signal that is measured by an amplified photodiode. A
feedback signal generated by comparing the phase of the mod-
ulated excitation intensity (¢g) to that of the reference waveform
(¢r) is used (by means of a Piezo-mounted optical mirror) to
minimize the relative phase error (RPE = ¢ — ¢r). In Fig. 2B,

Knowles et al.



T e

T
o :
o2
e

o
=
S 0'6
s

limit

ot o o e

3.9
2.6

0.0L
0.0001

1.0 10.0

0.001 001 04
T/ T

Fig. 3.

T T T T

o . diffusive limit
' Kg(um 1)—_
6.3

T rrr [ rrr[rrr[rrr

0.2 diffusive R\
limit z‘\ i
010 A 1 L A
0.0001 0.001  0.01 0.1 1.0 100
T/7To

Intermediate scattering functions, f(kg,7), for mitochondria in live osteosarcoma cells under different cytoskeletal conditions. The time-axis is plotted

in reduced time units, 1o = [kg2Do] ™" where Dy = 1.8 X 1074 um2s~'. The Insets show typical specimens on which FICS experiments were conducted. (A) Control
physiological conditions. (B) Depolymerization of microtubules using Nocodazole. (C) Depolymerization of microfilaments using Cytochalasin D. (D) Depoly-
merization of both microtubules and microfilaments. In all panels, the dotted curves show the expected decay of a purely diffusive system with f(kg,7) =
exp[—kg?Do7]. The symbols (x = kg = 7.8 um~', & = kg = 3.9 um~") indicate the Rouse fit with N = 100, b = 5.4 um, and Ry = b(N/6)"2 = 22 pm.

we show typical time courses of the RPE for dg = 1.0 um in the
situations where the feedback signal is absent (black curve), and
engaged (red curve). In passive operation, the RPE fluctuates on
a range of time scales 1072 to 10! s with root-mean-square
variation, (RPE2)2 ~ 288 nm. When the feedback circuit is
engaged, the RPE continues to fluctuate on the same time scales,
but in this case (RPE?)!? ~ 3.9 nm. Thus, (3.9 nm/dg)-27 defines
the precision to which our phase measurements are sensitive.

Results and Discussion

Isolation of Mitochondrial-Specific Cytoskeletal Dynamics. In Fig. 3,
we present FICS data from live cells with DsRed labeling the
mitochondrial matrix space. For all of our measurements, the
laser excitation intensity at the sample is ~13 nW um~2. Eq. 3
is used to determine the intermediate scattering function from
measurements of C(kg,t). Each curve represents an average of
~10 individual measurements. For each experiment, ~8.2 X 10°
data points were collected at an acquisition frequency of ~4.1
kHz. The minor influence of photo-degradation was corrected
by normalizing the signal by the average background fluores-
cence. Additional details of our data analysis protocol are
described elsewhere (17). Plots of f(kg,T) versus Dokg?t = /79
(with Dy = 1.8 X 107% um?s~!, see below) characterize the
time-evolution of the collective membrane-cytoskeletal interac-
tions over various spatial scales. This is a convenient way to plot
the results because the normalized k- and 7-dependent diffu-
sion coefficient D(kg,7)/Dy is equal to the inverse time constant
of the correlation function. A diffusive system with D(kg,7)/Do
independent of ks and 7 exhibits exponential decays that fall on
a single curve for all values of ki. Four different situations are
examined; control physiological conditions (Fig. 34), incubation
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of cells with the microtubule-inhibiting reagent Nocodazole (Fig.
3B), treatment with the microfilament-inhibiting reagent Cy-
tochalasin D (Fig. 3C), and simultaneous treatment with No-
codazole and Cytochalasin D. The insets show fluorescence
micrographs of corresponding specimens that have been fixed
and treated with antibody or phalloidin labels (green). The insets
emphasize the relationship between the mitochondrial reticulum
(red) and the microtubules and/or microfilaments. We report
results only for cells exhibiting the reticulum morphology.

Mitochondrial Dynamics Exhibit a Characteristic Nondiffusive Pattern
That Simplifies to a Diffusive One Upon Depletion of Microtubules and
Microfilaments. The control data presented in Fig. 34 show that
mitochondrial dynamics in native cells sensitively depend on
spatial and temporal scales. In Fig. 34, the dotted curve is a
single exponential decay that represents the expected behavior
for a freely diffusing system with Dy = 1.8 X 10~% um?s~!. This
value for the diffusion coefficient corresponds to the best fit of
our data to the equation f(kg,7) = exp[—kg?Do7] when cells are
incubated with Nocadazole and Cytochalasin D, so that both
microtubules and microfilaments are depleted (Fig. 3D). Under
the latter circumstances, the data fall approximately onto one
universal curve for all values of kg, strongly suggesting diffusive
behavior. Relative to this (diffusive) limit, the control system
exhibits enhanced short- and long-time mobility that increases
with increasing spatial scale. This observation supports the
picture of a highly cooperative mechanism for the structural
relaxation of the local environments surrounding mitochondrial
filaments, which likely involves motor protein-assisted active
transport.

Although the decays in Fig. 34 are generally multiexponential,
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Table 1. Short time (7 = 1 s) and long time (7 = 100 s) reduced diffusion constants calculated from the decays of f(kg, 7) =

exp[—kZD(kg, 7)'7] shown in Fig. 3
Control cells (Fig. 3A)

Nocodazole (Fig. 3B)

Cytochalasin (Fig. 3C) Both drugs (Fig. 3D)

kg, pm~1 dg, um To, S€C Ds/Do Dy /Do Ds/Do Dy/Do Ds/Do Dy/Do Ds/Do Dy /Do
11.2 0.56 44.3 2.8 0.6 4.2 0.8 1.7 0.3 1.9 0.4
7.8 0.8 91.3 2.8 1.7 4.2 0.7 2.5 0.8 1.9 0.7
6.3 1.0 140 5.6 1.7 3.3 0.6 3.0 1.1 1.9 0.7
3.9 1.6 365 5.6 7.2 5.0 2.0 25 1.1 3.9 1.0
2.6 2.4 822 9.4 7.2 7.2 2.5 4.4 1.9 3.3 1.0

The associated relaxation time constants (in reduced units) are mx/7o = Do/Dx where X = Sor L, 1o = [k&Do] =1, and Dy = 1.8 X 10~ 4 um2s~. Error bars are

+0.3. The relationship between wave number and fringe spacing is k¢ = 27/dg.

they can be described from a phenomenological point of view as
reporting on a system undergoing kg-dependent kinetic transi-
tions from short- to long-time regimes. Densely crowded systems
of Brownian (colloidal) particles are known to exhibit similar
behavior where the transitions from short- to long-time dynamics
are associated with the details of particle-particle interactions,
usually mediated by long range hydrodynamic forces (23). As
noted above, the complex interactions that dictate the dynamics
of the mitochondrion have been thus far left uncharacterized. In
Table 1, we list the short-time reduced diffusion constants,
Ds/Dy (established before ~1 s) and the long-time reduced
diffusion constants, Dy /Dy (established ~100 s) for each mea-
surement of the four situations examined. These limiting values
represent the diffusion coefficients before and after they are
modified by the intermediate time scale relaxations. The curves
appear to follow a distinct pattern, crossing over from one to
another in their respective short- and long-time regimes. The
curve with kg = 7.8 um ™! is coincident with kg = 11.2 um™" at
short time, but crosses over to the kg = 6.3 um™! curve on the
time scale ~0.4 7. Similarly, the curve with kg = 3.9 um~! has
the same short-time diffusion coefficient as the curve with kg =
6.3 wm™!, but crosses over to the kg = 2.6 um™! curve on the
time scale ~0.2 .

The spatial and temporal scales associated with the kinetic
transitions observed in the control cells are consistent with a
transport mechanism involving an ATP-dependent “hopping”
process, previously seen in similarly treated osteosarcoma cells
labeled with mitochondrial-specific dyes (17). In those studies,
local mitochondrial displacements occurred with an average
hopping distance ~0.8 um, corresponding to kg = 7.8 um™1.
Successive displacements of this magnitude became de-
correlated over the same time scales (tens of seconds) as found
for the control data here. The large dispersion of mobilities
observed in Fig. 34 suggests that additional interactions are
likely to be operative over the larger range of spatial scales
studied here.

Depletion of Microtubules or Microfilaments Alone Leads to Partial,
but Unique, Simplification of the Mitochondrial Dynamics. In Fig. 3B,
we show the effects of removing the microtubule components of
the cytoskeleton by incubation of cells with Nocodazole. Al-
though all of the curves still exhibit enhanced mobilities relative
to the diffusive limit, their kg-dependences no longer follow a
monotonic pattern. The short- and long-time mobilities are
ordered (from smallest to largest) according to kg = 6.3, 7.8,
11.2, 3.9, and 2.6 wm™!, possibly indicating a significant struc-
tural rearrangement of the remaining intact cytoskeletal com-
ponents. In comparison to the control case, the removal of
microtubules has decreased the mobility on the large length
scales (kg = 3.9,2.6 um™'). On the short length scales (e.g., kg =
11.2 um™1) the mobility is slightly enhanced, whereas on the long
length scales (e.g., kg = 2.6 um™1!) the long-time mobility is
decreased by a factor of ~3. Interestingly, for kg = 7.8 um™!, a

14776 | www.pnas.org/cgi/doi/10.1073/pnas.232346999

“cross-over” still occurs from short-time (coincident with the
higher mobility curve with kg = 11.2 um™!) to long-time
(coincident with the lower mobility curve with kg = 6.3 um™1!),
similar to the behavior observed in the control data but in the
opposite absolute direction (see Fig. 34). It is clear from these
data that, whereas the spectrum of dynamical modes has been
changed, removal of microtubules alone is not sufficient to
simplify the intermediate scattering function to the diffusive
limit.

The effects of removing microfilaments by incubation of cells
with Cytochalasin D is shown in Fig. 3C. Relative to the control,
mitochondrial short- and long-time mobility in actin-depleted
cells is decreased on all length scales. The smallest mobility
corresponds to the shortest length scale (kg = 11.2 pm™1). In
particular, the long-time mobility at this wave number is signif-
icantly decreased in comparison to the diffusive limit, possibly
indicating a loss of motor-protein function and local stiffness of
the membrane on this length scale. For kg = 7.8, 6.3 and 3.9
wm™! all curves roughly superimpose, suggesting a simplified
diffusive behavior in this regime that is similar to the diffusive
limit. For the largest length scale investigated (kg = 2.6 um™1)
the short- and long-time mobilities are greater than those on
smaller scales and the diffusive limit, although they are de-
creased (by a factor of ~2 and 4, respectively) relative to the
control situation. The greater mobility on the large length scale
could be due to the activity (or partial activity) of intact
microtubules.

In the Absence of Microtubules and Microfilaments, the Mitochondrial
Reticulum Exhibits Rouse Dynamics. As stated above, the behavior
of f(kg,7) when both microtubules and microfilaments are de-
pleted is adequately described as diffusive on all of the time and
length scales examined (Fig. 3D). Nevertheless, equivalently
good agreement is obtained by modeling the mitochondrial
reticulum as an interconnected chain of beads that experience a
combination of forces caused by thermal fluctuations, hydrody-
namic drag, and chain connectivity. The Rouse model precisely
describes this situation, and provides an analytical expression for
f(kg,7) (26). The input parameters in the Rouse model are the
number of beads in the chain, N, the effective bond-length
(inter-bead spacing), b, the bead radius, a, and the viscosity of
the medium, mo. In our fit, we have set a = 0.25 um (consistent
with the mitochondrial filament cross-section), my = kgT/
6mDoa = 45.3 poise (consistent with the experimentally deter-
mined value Dy = 1.8 X 10~* um?s~1), b = 5.4 um (adjustable),
and N = 100 (adjustable). The fit corresponds to a chain radius
of gyration R, = b(N/6)'? = 22 um, which is a typical size for
the perinuclear region of an average osteosarcoma cell. This fit
is in excellent agreement with the experimental data shown in
Fig. 3D. The fit is shown for two wave numbers (kg = 7.8, 3.9
pm™1) and does not significantly deviate from the diffusive limit
for the range of kg investigated. This finding is consistent with
observations performed in the high-kg limit (kgb = 2m), in
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which only the diffusive motions of local subunits are observed
regardless of the nature and extent of chain connectivity (27).

Concluding Remarks. We have shown that it is possible to fully
characterize the dynamics of the mitochondrial reticulum by
determining the effects of collective interactions through the
normalized intermediate scattering function f(kg,7). The infor-
mation contained by f(kg,T) serves to quantify the interactions
between the cytoskeletal components and the organelle, which
occur over a broad range of temporal and spatial scales. The data
clearly show that, under control physiological conditions, mito-
chondrial displacements exhibit both large and small amplitude
fluctuations that occur on time scales faster than the measured
diffusive limit. In the absence of microtubules, the frequency of
large amplitude fluctuations is significantly decreased, whereas
small amplitude displacements occur more frequently. This
finding is in contrast to the situation when microfilaments are
removed; then the frequencies of occurrences of both large and
small amplitude displacements are significantly decreased.
These results show that actin filaments and their associated
myosin motors are an essential component of the mitochondrial-
specific transport system, although they contribute to the overall
dynamics on somewhat shorter time and distance scales than do
the microtubules and their associated kinesin motors.

Part of the significance of determining f(kg,) for mitochon-
dria subject to successive removal of internal constraints (i.e.,
individual cytoskeletal components) is that it opens the possi-
bility of analyzing and reconstructing its complex motion in
terms of well-defined theoretical models. Until now, there has
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been a lack of experimental data that can distinguish between
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Fig. 34 and remains consistent with the changes observed in Fig.
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cytoskeleton serves as a scaffold to which microfilaments are
attached at certain “junction points” that evolve on a time scale
comparable (but not identical) to the structural changes of
mitochondria because of its contacts with the actin cytoskeleton.
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