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ABSTRACT Synaptic cargo transport by kinesin and dynein in hippocampal neurons was investigated by noninvasively
measuring the transport force based on nonequilibrium statistical mechanics. Although direct physical measurements such
as force measurement using optical tweezers are difficult in an intracellular environment, the noninvasive estimations enabled
enumerating force-producing units (FPUs) carrying a cargo comprising the motor proteins generating force. The number of
FPUs served as a barometer for stable and long-distance transport by multiple motors, which was then used to quantify the
extent of damage to axonal transport by dynarrestin, a dynein inhibitor. We found that dynarrestin decreased the FPU for retro-
grade transport more than for anterograde transport. This result indicates the applicability of the noninvasive force measure-
ments. In the future, these measurements may be used to quantify damage to axonal transport resulting from neuronal
diseases, including Alzheimer’s, Parkinson’s, and Huntington’s diseases.
SIGNIFICANCE Kinesin and dynein transport biomaterial as cargos along microtubules throughout eukaryotic cells. The
in vivo mechanisms such as force-velocity curves of cargo transport remain unclear because measuring force in vivo is
challenging. In this study, we applied a noninvasive force measurement method to synaptic cargo transport in mouse
hippocampal neurons. We identified six force-producing units (FPUs) carrying a cargo comprising the motor proteins
generating force for anterograde and retrograde transport. We further found that retrograde FPUs were decreased more
than anterograde FPUs in the presence of the dynein inhibitor dynarrestin. These results indicate the applicability of the
noninvasive force measurements.
INTRODUCTION

Kinesin and dynein transport biomaterial, packaged in
membrane-bound vesicles as ‘‘cargo,’’ along microtubules
throughout eukaryotic cells (1–3). These motor proteins
produce their driving force by hydrolyzing ATP. Physical
measurements of this movement, such as force-velocity
curves, have been studied in single-molecule experiments
(4–9); however, in vivo mechanisms are still unclear
because measuring force in vivo is challenging. Stokes’
law can be used to estimate in vivo driving force from the
velocity v of moving cargo as the drag force through the
relationship F ¼ 6phrv, but cargo viscosity h and the size
r are difficult to measure in an intracellular environment.
Optical tweezers have been used to measure force exerted
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on lipid droplets in cells (10–12), but their application to
submicron cargo is limited.

The in vivo driving force produced by motor proteins
acting on intracellular cargo was recently investigated
through noninvasive force measurements based on nonequi-
librium statistical mechanics (13–17). Using the reported
method, by inferring the driving force from the fluctuating
motion of transported cargo, the number of force-producing
units (FPUs) compromising motor proteins carrying a single
cargo was estimated as one to three anterograde FPUs for
synaptic vesicle precursor transport in motor neurons of
Caenorhabditis elegans (13), one to four anterograde and
one to three retrograde FPUs for endosome transport in
mice dorsal ganglion neurons (14), and one to five retro-
grade FPUs for melanosome transport in zebrafish melano-
phores. Such multiple motor transport of cargos has been
observed in force measurement experiments using optical
tweezers (10,11,18), biochemical measurements (19), and
analyses of transport velocity (20–23), and is essential for
understanding in vivo transport mechanisms.
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Because multimotor cooperativity contributes to the sta-
ble and long-distance transport of materials along axons to
maintain neuronal activity, the number of FPUs hauling a
cargo may be a reasonable indicator of healthy neuronal ac-
tivity. There are many dysfunctions in cargo transport with
which abnormal changes of the number of motors is accom-
panied. For example, mislocation of synapses in a motor
neuron of Caenorhabditis elegans worms caused by a lack
of the accessory protein ARL-8 for synaptic vesicle precur-
sors transport (24) was related to a decreased number of
active kinesin motors transporting the cargo vesicles (13).
The lack of adaptor proteins interacting with cargo and mo-
tors also weakened amyloid precursor protein transport, re-
sulting in a decreased transport velocity (25). Furthermore,
the number of motors is strictly regulated in healthy neu-
rons; misregulation of motors in human neurons leads to
neuronal diseases. Such an example is the overtransport of
synaptic materials by mutant kinesins, which causes hered-
itary spastic paralysis; the autoinhibition mechanism of the
mutant kinesin was dysfunctional, resulting in an increase in
active kinesin (26). The excessive transport of dynein-
dependent retrograde transport caused by mutations in
BICD2, an adaptor for dynein-cargo interaction, is also
known to result in spinal muscular atrophy (27). Addition-
ally, the number of motors may be important in mitochon-
drial arrest regarding the mitophagy of damaged
mitochondria by releasing kinesin motors via the adaptor
proteins Parkin and PINK1 (28). As numerous dysfunctions
can occur when the number of motors transporting cargos is
altered, the noninvasive force measurement method enumer-
ating the number of motors can lead to a qualitative under-
standing of dysfunction of in vivo cargo transport resulting
from neuronal diseases. Thus, applications of the noninva-
sive force measurement are considered to be significant.

In this study, we applied the noninvasive force measure-
ment method to synaptic cargo transport in mouse hippo-
campal neurons. This study is the first application of the
method to cargo transport in mammalian hippocampal neu-
rons. Synaptic proteins are produced and packed in cargo
vesicles in the cell body of neurons, after which the cargo
vesicles are transported in an anterograde manner to the
axon terminus by KIF1A and KIF1Bb, which are members
of the kinesin-3 family, and in a retrograde manner by cyto-
plasmic dynein in mammalian neurons (1). Particularly, we
investigated the number of FPUs carrying synaptic cargos to
determine the extent of damage caused by treatment with
dynarrestin, a specific small-molecule antagonist of cyto-
plasmic dynein (29). Artificially controlling the number of
motors by using the drug is a useful simulation experiment
for investigating dysfunctions in cargo transport. The results
obtained from noninvasive force measurements showed that
retrograde FPUs were decreased more than anterograde
FPUs in the presence of dynarrestin, as expected. The effec-
tiveness of the noninvasive force measurement was demon-
strated. Considering the difficulties associated with direct
1606 Biophysical Journal 120, 1605–1614, May 4, 2021
physical measurements in live nonequilibrium neurons, we
anticipate that noninvasive force measurement will aid in
the determination of physical aspects of synaptic cargo
transport mechanisms.
MATERIALS AND METHODS

Primary culture of neurons and transfection

Primary culture of hippocampal neurons was performed as previously

described with some modifications (25,30). The hippocampus of wild-

type C57BL/6 mice (Japan SLC, Hamamatsu, Japan) at embryonic day

17 was dissected, and neurons were cultured in glass-bottom dishes (Mat-

Tek, Ashland, MA) in culture medium (NbActiv4; BrainBits, Springfield,

MA), as described previously (25). After culture for 4–7 days, the neurons

were transfected with the plasmid vector for green-fluorescence-protein-

fused synaptotagmin (31) using the calcium phosphate method (Takara

Bio, Shiga, Japan). All animal experiments complied with a protocol

approved by the Institutional Animal Care and Use Committee, Tohoku

University (2016EgA-003, 2019EgA-001).
Dynarrestin treatment and fluorescence
microscopy

Dynarrestin (Tocris Bioscience, Bristol, UK) was added to a culture dish

containing neurons at 1 day posttransfection (final concentration of dynar-

restin was 100 or 200 mM), and the dish was incubated for 30 min before

fluorescence observation and then washed with Hank balanced salt solution

(Thermo Fisher Scientific, Waltham, MA) containing 100 or 200 mM

dynarrestin.

Cargo movement was observed with a fluorescence microscope (IX83;

Olympus, Tokyo, Japan) equipped with a heating plate (CU-201; Live

Cell Instrument, Seoul, Korea) maintained at 37�C for 45 min. For this

observation, B27-supplement (Thermo Fisher Scientific) and 150 mM 2-

mercaptoethanol (Wako Chemical Company, Osaka, Japan) were added

to the medium. Images were obtained with a 150� objective lens (UApoN

150�/1.45; Olympus) and an sCMOS camera (OLCA-Flash4.0 v.2.0; Ha-

mamatsu Photonics, Hamamatsu, Japan) at 100 frames/s. The center posi-

tion of each cargo vesicle was determined from the recorded images

using custom software written in LabVIEW 2013 (National Instruments,

Austin, TX), as described previously (13).

The primary culture of neurons was repeated 10 times, and data were

collected from six to eight preparations for each dynarrestin concentration.

To examine anterograde and retrograde transport, we investigated 131 and

116 cargos from 50 to 39 different cells, respectively, for untreated cells; 92

and 102 cargos from 35 to 37 different cells, respectively, treated with 100

mM dynarrestin; and 119 and 123 cargos from 43 to 41 different cells,

respectively, treated with 200 mM dynarrestin. Additionally, from six prep-

arations, we investigated 122 and 127 cargos from 25 to 27 different cells,

respectively, for anterograde and retrograde transport at a recording rate of

200 frames/s (Fig. S1); from four preparations, we investigated 40 and 74

cargos from 19 to 26 different cells, respectively, treated with 50 mM dynar-

restin (Fig. S2). The cells used for observation were chosen randomly after

visual inspection.

The precision of the positional measurements was verified with beads

(300-nm latex beads; Polyscience, Niles, IL) that were similar in size to

the synaptic cargos. The standard deviation of the bead position tightly

attached to the glass surface was 8.3 5 1.2 nm (n ¼ 4 different beads).
Calculation of c

The force index c introduced in our previous studies (13–15) was originally

defined using the idea of the fluctuation theorem as follows:



FIGURE 1 Synaptic cargo transport in the axon of a hippocampal

neuron. Synaptic cargos (pink circles) labeled with GFP (green stars) un-

dergo anterograde transport by kinesin and retrograde transport by dynein

along microtubules (green cylinder). White dots in the fluorescence micro-

graphs represent synaptic cargo. The force (F) is generated by the motor

proteins and equivalent to the drag force, Gv, at a CVS, where v and G repre-

sent the velocity and friction coefficient of moving cargo, respectively. A

single cargo transported by multiple FPUs is shown(bottom). To see this

figure in color, go online.
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c ¼ ln½PðDXÞ = Pð�DXÞ�=DX; (1)

from the distribution P(DX) of the displacement DX ¼ XðtþDtÞ� XðtÞ
(Fig. 2 B). P(DX) was fitted to a Gaussian function (Fig. 2 C):

PðDXÞ ¼ exp
�� ðDX � bÞ2 � 2a��ð2paÞ0:5; (2)

where the fitting parameters a and b correspond to the variance and mean of

the distribution, respectively. By inserting Eq. 2 into Eq. 1, we obtain:

c ¼ 2b=a (3)

Equation 3 is equivalent to the equation c ¼ v=Dwhen the diffusion coef-

ficient D is defined as D ¼ a=2Dt. The error of c was estimated at 10%
based on the bootstrapping method (13,15), and c calculated from different

partial segments (n ¼ 10) cut from the original constant velocity segments

(CVS) is depicted in Fig. 2 A, whose length was 50% of the original

segment (Fig. 2 D, thin curves). CVS were chosen so that DX calculated

from the CVS belonged to the same statistics population (Fig. S3).

A smoothing filter was applied to the values of c to reduce variation in

the raw data for c as a function of Dt. We used the following simple aver-

aging filter:

cfðDtÞ ¼ ðcðDt--10 msÞþcðDtÞþcðDtþ 10 msÞÞ=3 (4)

Note that cfðDtÞ ¼ ðcðDtÞþcðDtþ10 msÞÞ=2 for Dt ¼ 10 ms and

cfðDtÞ ¼ ðcðDt�10 msÞþcðDtÞÞ=2 for Dt ¼ 150 ms. The software used

to calculate c is available from a website (https://github.com/

kumikohayashia2/mmc).
Classification of c-Dt plots

Affinity propagation (32,33), an exemplar-based clustering method that

does not require the number of clusters, was adopted to cluster the two-

dimensional data ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cfðDt ¼ 130 msÞp

;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cfðDt ¼ 150 msÞp Þ. The square

root of cwas used to apply the cluster method to make the distance between

adjoining clusters constant, because the value of c was observed to expo-

nentially increase as the number of FPUs increased, although the reason

for this is unclear. Two-dimensional dataðcfðDt ¼ 130 msÞ; cfðDt ¼
150 msÞÞ were also available for the clustering, although these data were

less stable (retrograde c was decreased in the presence of dynarrestin

(Fig. 6 B), making clustering analysis difficult).

The clustering method was applied using the ‘‘APCluster’’ package in R

(34). Clustering was stable for the wide range of values for the sole param-

eter (q) of affinity propagation analysis. Because the result of clustering

may depend on the sample size, the stability of the cluster number against

the sample sizes was checked in a bootstrapping manner; cluster analysis

was performed 20 times for half of the samples which were chosen

randomly among the original samples (see Fig. S4).
Statistical test

Students t-test was applied by using the function (t.test()) in R software (34)

to the data in Fig. 5, B–C and 6. The p-values are as follows: **p< 0.01 and

***p < 0.001.
RESULTS

Fluctuation of CVSs of moving cargo

The motion of synaptic cargo, including synaptotagmin
labeled with (GFP) (31), along the axon of mouse hippo-
campal neurons was observed by fluorescence microscopy
(Fig. 1). Although the axons were crowded with cargos,
we were able to track a few individually. The center position
(X) of each cargo was obtained from fluorescence images
(Materials and methods). Fig. 2 A shows a typical example
time course of the cargo position (see Fig. S5 A and S6 A for
other examples). We observed that cargo velocities changed
over the course of several seconds. Particularly, the CVSs of
the time courses (Fig. 2 A, square) with velocities greater
than 100 nm/s and lasting for more than 0.5 s were used
for the following analyses on driving force (Fig. 1),
assuming that the CVS fluctuation (Fig. 2 B) in one direction
Biophysical Journal 120, 1605–1614, May 4, 2021 1607
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FIGURE 2 Fluctuation of position of a trans-

ported cargo. (A) Typical example of cargo posi-

tion (X) over time. The boxed time interval is

aCVS. (B) Magnified view of the time course

(Fig. 2 A) at a CVS. DX ¼ Xðt þ DtÞ� XðtÞ.
(C) Distribution PðDXÞ of DX for the cases in

which Dt ¼ 10 ms (left), 50 ms (middle), and

100 ms (right). PðDXÞ fit a Gaussian distribution

(black curve). (D) Example of c (n ¼ 1) for the

CVS (Fig. 2 A) calculated using Eq. 3 plotted as

a function of Dt (the thick curve). The thin curves

represent c calculated from different partial seg-

ments cut from the original CVS to estimate the er-

ror of c in a bootstrapping manner (Materials and

methods). After relaxation time (�100 ms), c

reached a constant value. (E and F) Noting that

c ¼ v=D (Eq. 3), where D and v are the diffusion

coefficient and velocity of a cargo, respectively,

Dt dependence of D and v were also shown. To

see this figure in color, go online.
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was affected minimally by other motors (the assumption is
discussed in the Conclusion and discussion).

The fluctuation of a CVS is represented by the distribu-
tion PðDXÞ, where DX ¼ XðtþDtÞ � XðtÞ (Fig. 2 B).
PðDXÞ is plotted when Dt ¼ 10, 50, and 100 ms (Fig. 2
C). The peak of PðDXÞ shifts to the right because of the
directional motion of transported cargo, and variance in-
creases because of the diffusional effect as Dt becomes
larger. PðDXÞ was well-described by a Gaussian function
similar to those measured for other intracellular cargos
(13–15). Note that the abnormal diffusion property (i.e.,
PðDXÞ is not a Gaussian function) often reported for inter-
cellular cargo transport (35–38) appeared upon analysis of
the whole trajectory without dividing it into CVSs (39).
One reason for this abnormality may be that the trajectory
includes multiple velocity values.
Force index (c) and quantification of FPUs
transporting a cargo

Using PðDXÞ calculated in Fig. 2 C, an example force index
c (Eq. 3) for the CVS was calculated as a function of Dt as
described in Materials and methods (Fig. 2 D, thick curve).
Over time, the index converged to a constant value (Dt >
100 ms). Noting that c can be rewritten as v=D(Eq. 3), the
relaxation time was found to result from that of D (Fig. 2
1608 Biophysical Journal 120, 1605–1614, May 4, 2021
E) rather than that of v (Fig. 2 F), which is characteristic
for microscopic interactions, such as tethering interactions
between cargo and microtubules, collisions with other or-
ganelles and cytoskeletons, and ATP hydrolysis by motors
(14). SuchDt-dependence ofD caused by microscopic inter-
actions was studied theoretically (40). Whereas D for a
smallDt was considered to be dominated by microscopic in-
teractions and experimental noise, D for a large Dt was
considered to represent a fluctuating property of synaptic
cargos because D was negatively correlated with their sizes
(r ¼ �0.47), whose size dependence was similar to that of v
(Fig. S7). On the other hand, D was not strongly dependent
on motors because it was almost constant when the number
of motors was changed (Fig. S8).

Next, we plotted c for �100 anterograde (Fig. 3 A, left)-
and retrograde (Fig. 4A, left)-moving cargos. Note that the di-
rection in motion was set as positive when c was calculated.
The discreteness ofcwas foundwith synaptic cargo transport
and was observed previously for other cargo transports (13–
15).After applying a classificationmethod,we found six clus-
ters for both anterograde (Fig. 3 A) and retrograde (Fig. 4 A)
transport. This indicates that we identified six FPUs when
the discreteness of the force index c represented the discrete-
ness of the transport force. Note that two trajectories of c
(�2 nm�1)were excluded from cluster analysis for retrograde
transport because this analysis became difficult when a small



FIGURE 3 Force index c for anterograde transport. Shown here isc as a function ofDt for n different cargos in cells treated with (A) 0 mMdynarrestin (n¼
131), (B) 100 mM dynarrestin (n ¼ 92), and (C) 200 mM dynarrestin (n ¼ 119) (left panels). Each color denotes a cluster (i.e., FPU). The number of clusters

was determined by clustering analysis (described in Materials and methods) (middle panels). The number of clusters are displayed as a function of q, which is

the sole parameter of the cluster analysis (right panels). The most probable cluster number was decided as the number valid for the wide range of q. To see this

figure in color, go online.
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number of trajectories of cwere included (see Fig. S9 for the
trajectories). The stability of six clusters against sample sizes
was checked using a bootstrapping method (Fig. S4). In addi-
tion, six clusters were observed when we recorded at a rate of
200 frames/s (Fig. S1), indicating that the results did not
strongly depend on the recording rate.

One candidate FPU is thought to be composed of a kine-
sin dimer for anterograde transport, and four monomers of
dynein have been implicated for retrograde transport ac-
cording to cryoelectron microscopy analysis (41). However,
the constitution of one FPU has not been determined, as
described in the Conclusion and discussion.
Addition of dynein inhibitor

We investigated the effect of the drug dynarrestin on synap-
tic cargo transport to determine whether c can detect the
motor number change caused by the inhibitor. Dynarrestin
inhibits ATPase activity of members of the AAA þ
ATPase superfamily, including dynein (29). We treated neu-
rons with 100 and 200 mM dynarrestin and plotted antero-
grade (Fig. 3, B and C) and retrograde (Fig. 4, B and C)
transport. Although the changes in anterograde FPUs were
small, the fraction of cargos with one FPU increased in
the presence of 200 mM dynarrestin (Fig. 5 A, black arrow),
and retrograde FPUs showed larger decreases following dy-
narrestin treatment (Fig. 5 B).

Compared with the large decrease in the number of retro-
grade FPUs (Fig. 5 B), the decrease in velocity (v) in the
presence of dynarrestin was small (Fig. 5 C). As v depends
on the cargo size (Fig. S7, right) and number of FPUs, this
small change in velocity is explained by the relationship be-
tween c and v (Fig. 5 D). Cargo with large FPUs did not al-
ways move with the greatest velocity because the
Biophysical Journal 120, 1605–1614, May 4, 2021 1609



FIGURE 4 Force index c for retrograde transport. Shown here isc as a function of Dt for n different cargos in cells treated with (A) 0 mM dynarrestin (n ¼
116), (B) 100 mM dynarrestin (n¼ 102), and (C) 200 mM dynarrestin (n¼ 123) (left panels). Each color denotes a cluster (i.e., FPU). The number of clusters

was decided by clustering analysis (described in Materials and methods) (middle panels). The right panels show the number of clusters as a function of q,

which is the sole parameter of the cluster analysis. The most probable cluster number was decided as the number valid for the wide range of q. To see this

figure in color, go online.
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fluorescence intensities of cargo, which represent the sizes
of cargos, with six FPUs were greater than for other cargos
(Fig. 5 E). This indicates that the lack of large FPUs caused
by dynarrestin treatment only slightly decreased the
velocity.

The trajectories of c for each FPU were compared among
different dynarrestin concentrations in terms of anterograde
(Fig. 6 A) and retrograde (Fig. 6 B) transport. A systematic
decrease in c was observed only for retrograde transport,
whereas anterograde transport only slightly changed upon
dynarrestin treatment. This trend may have resulted from
damage caused by the inhibitors to some multiple dynein
monomers constituting one retrograde FPU. Then, to inves-
tigate the constitution of one retrograde FPU, we plotted the
convergent values of c, regarded as cðDt ¼ 150msÞ, as a
function of the dynarrestin concentration (Fig. 7). The quan-
tity converged and decreased by approximately half as the
1610 Biophysical Journal 120, 1605–1614, May 4, 2021
concentration became large. This indicates that one retro-
grade FPU may comprise multiple monomers of dynein,
and that the minimal unit to generate force may be a half
of one FPU. Further studies are needed to resolve this
important question.
DISCUSSION

We performed fluorescence microscopy to observe synaptic
cargo in the axons of mouse hippocampal neurons, in which
cargo undergo anterograde transport by KIF1A and KIF1b
and retrograde transport by cytoplasmic dynein (Fig. 1).
Given that cooperative activity by multiple motors contrib-
utes to stable and long-distance transport, and that FPU
number represents an index of healthy axonal transport,
we measured the force index c (Eq. 3) and identified six
FPUs used for anterograde (Fig. 3 A) and retrograde



FIGURE 5 Relationship between c, velocity, and fluorescence intensity. (A) Number of the elements for each FPU, calculated from the results in Fig. 3 and

4, representing as probability density. (B) Mean values of c as a function of dynarrestin concentration for anterograde (left) and retrograde (right) transport.

Error bars represent standard error (SE). (C) Mean velocity (v) at the CVSs as a function of dynarrestin concentration for anterograde (left) and retrograde

(right) transport. Error bars represent SE. (D) Relationship between c in the case Dt ¼ 150 ms and v in the absence of dynarrestin for the case of anterograde

(left) and retrograde (right) transport. Each color of the dots denotes each cluster shown in Fig. 3 A and 4 A, respectively. (E) Comparison among fluorescence

intensities of all cargos observed, anterograde cargos belonging to six FPUs, and retrograde cargos belonging to six FPUs, respectively. To see this figure in

color, go online.
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(Fig. 4 A) transport. We then quantified the effect of the
dynein inhibitor dynarrestin (29) on cargo transport
(Fig. 5, A and B). Given the difficulty of direct physical mea-
surement in cells, application of this technique will improve
the understanding of the mechanisms of intracellular cargo
transport, including the roles of adaptor proteins connecting
cargos and motors (25).

Synaptic vesicle precursor transport by UNC-104 kinesin
in the motor neuron of C. elegans worms was investigated
previously by the noninvasive force measurement method,
and the maximal number of FPUs hauling an synaptic
vesicle precursor was found to be four (13). We found in
present study that the maximal number of FPUs on synaptic
vesicle precursor is six in mouse neurons. One possibility is
that the number of FPUs is related to the size of cargo ves-
icles. Consistent with this idea, the size of synaptic vesicle
precursors visualized by GFP in mammalian neurons is
larger than worm neurons (Fig. S10). Although the standard
deviations were estimated to be larger than the actual cargo
sizes because of limited spatial resolution, the cargo sizes
were likely larger in the case of mammalian neurons.
Note that our estimated cargo sizes were similar to those
Biophysical Journal 120, 1605–1614, May 4, 2021 1611



FIGURE 6 The trajectories of c for each FPU in

the cases of anterograde (A) and retrograde (B)

transport. The colored, black, and gray trajectories

represent the cases of 0, 100, and 200 mM dynarres-

tin, respectively. The statistical analysis was per-

formed between the sets of c (Dt¼10–150 ms) for

the case of 0 mM dynarrestin and those for the

case of 100 or 200 mM dynarrestin. To see this

figure in color, go online.
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previously reported (42). These results suggest that the
maximal number of FPUs transporting a single cargo de-
pends on the cargo size, which seemed to be consistent
with the results shown in Fig. 5 E that the sizes of cargos
for six FPUs were greater than for other cargos.

Next, we consider the assumption that the CVS fluctua-
tion (Fig. 2 B) in one direction was minimally affected by
motors that transport or move in the opposite direction.
This assumption is not trivial because the tug-of-war motion
between two motors (43–46), which could be an origin of
this fluctuation, occurs during changes in direction. Because
the mean value of the anterograde force index c for each
FPU changed minimally (Fig. 6 A) along with decrease of
the retrograde FPUs caused by the inhibitor (Fig. 5 B),
this indicated that CVS fluctuation in one direction was
not sensitive to the number of other motors. Thus, CVSs
were considered separately from tug-of-war segments (44).
1612 Biophysical Journal 120, 1605–1614, May 4, 2021
Thirdly, the constitution of one retrograde FPU should be
discussed. The graph in Fig. 7 shows that the force index c

for one retrograde FPU was convergent and decreased
approximately by half as the concentration of dynarrestin
increased. This indicates that one retrograde FPU may
comprise multiple monomers of dynein, and that the mini-
mal unit to generate force may be a half of one FPU. These
conjectures were in accordance with the facts that dynein
functions as two dynein dimers based on the observations
of cryoelectron microscopy (41) and single-molecule exper-
iment (47).

Finally, the physical aspect of the conversion constant
from c (Eq. 2) to F was discussed. Based on the fluctuation
theorem (48,49), the relationship between c and the driving
force (F) is represented as follows,

F ¼ c kBTeff ; (5)



FIGURE 7 hcDt¼150 msi in the case of one retrograde FPU as a function of

dynarrestin concentration. Error bars represent standard error (SE). The

black fitting curve represents 0:071expð� ½concentration� =70Þþ 0:12.

The data for 50 mM dynarrestin are shown in Fig. S2. To see this figure

in color, go online.
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where kB is the Boltzmann constant and Teff is an effective
temperature (14,15), which is a generalized temperature in a
nonequilibrium system (40,50,51). In our previous studies
on intracellular cargo transport (13–15), Teff was not equal
to the temperature of the environment (T) because of
nonequilibrium effects. When one anterograde FPU corre-
sponded to a kinesin dimer (which has a stall force of �5
pN), kBTeff was estimated to be �10 times kBT for synaptic
cargo transport. Note that when Teff takes a different value
for each moving cargo, the discreteness of the force index
c disappears. Indeed, the constancy of Teff was cross-
checked with the relationship cfv derived from Eq. 1 and
the Stokes relationship F ¼ Gv (Gsymbolizing the friction
coefficient) for the long time courses of the same cargos,
in which G of the same cargo was considered constant dur-
ing the time courses (Fig. S5–S6, S8).
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.

2021.02.018.
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