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Deformations Within Moving
Kinetochores Reveal Different Sites
of Active and Passive Force Generation
Sophie Dumont,1*† E. D. Salmon,2 Timothy J. Mitchison1

Kinetochores mediate chromosome segregation at mitosis. They are thought to contain both
active, force-producing and passive, frictional interfaces with microtubules whose relative
locations have been unclear. We inferred mechanical deformation within single kinetochores
during metaphase oscillations by measuring average separations between fluorescently labeled
kinetochore subunits in living cells undergoing mitosis. Inter-subunit distances were shorter in
kinetochores moving toward poles than in those moving away. Inter-subunit separation decreased
abruptly when kinetochores switched to poleward movement and decreased further when
pulling force increased, suggesting that active force generation during poleward movement compresses
kinetochores. The data revealed an active force-generating interface within kinetochores and a
separate passive frictional interface located at least 20 nanometers away poleward. Together,
these interfaces allow persistent attachment with intermittent active force generation.

Kinetochores link chromosomes to micro-
tubules in the mitotic spindle and gen-
erate forces for chromosome movement

(1). Mammalian kinetochores consist of more
than 80 proteins (2), many of whose positions
have been mapped with nanometer-level pre-
cision (3–9). Kinetochores are thought to inter-
act both actively and passively with microtubules,
but the molecular identity and physical nature

of the relevant interfaces are unclear (10). Ac-
tive interfaces generate pulling force by trans-
ducing the free energy of microtubule plus-end
depolymerization into mechanical work (11, 12)
at kinetochores moving poleward (P). Passive
interfaces generate molecular friction when ki-
netochores are forced to slide over the micro-
tubule lattice toward plus-ends (13). This occurs
when kinetochores moving away from poles (AP)

are pulled by P sisters and also when poleward
flux pulls microtubules away from stationary
kinetochores in some systems (14, 15).

Mechanical compliance (deformation in re-
sponse to force) should report on the position
and direction of forces acting on kinetochores (6).
We used the separation between red and green
probes to measure kinetochore deformation in
living Ptk2 cells. The CenpC probe reported on
kinetochore subunits near the chromosome, and
Cdc20 and Hec1 probes reported on subunits near
microtubules. CenpC binds DNA (16), Cdc20
reports on microtubule-binding protein KNL1,
and Hec1 binds microtubules and is part of the
load-bearing Ndc80 complex (Fig. 1A) (17). Meta-
phase oscillations, in which kinetochores switch
fairly regularly between P and AP movement,
provided natural force fluctuations (18, 19).

A one-dimensional map of kinetochore sub-
units (Fig. 1A) was generated from light-level
measurements in fixed cells and in vitro struc-
tural work (6). We coexpressed two fluorescent
kinetochore protein pairs in Ptk2 cells, either

Fig. 1. Tracking kinetochore probe pairs. (A) Simplified one-
dimensional representation of kinetochore organization (6),
with probe positions indicated by stars. (B) Experimental sche-
matic. Kinetochore positions oscillate during metaphase. P
denotes movement toward a pole, and AP denotes movement
away. Probes are indicated as colored circles. (C) Representa-
tive images of EYFP-Cdc20 and mCherry-CenpC at one time
point. Scale bar, 5 mm. (D) Enlarged image of the single kine-
tochore pair indentified in (C). Scale bar, 500 nm. (E) Repre-
sentative tracks of a single kinetochore [circle-identified in
(C)], with direction indicated. Dashed lines indicate direction reversals. (F)
Inter-probe distance versus time from the tracks in (E). Dotted lines indicate
direction reversals. (G and H) Histograms of all CenpC(N)–Cdc20 distance
measurements during metaphase (G) and anaphase (H). The average of the
means of P and AP distributions is consistent with the reported CenpC–KNL1

N-terminal distance in fixed cells (53 to 54 nm) (6, 17). (I) Histograms of all
CenpC(N)–Hec1(C) distance measurements during metaphase. The noise in
single traces and histogram widths [(F) to (I)] stemmed from both experimental
noise (such as centroid determination and two-color registration) and
biological variation. Stars indicate histogram distribution means.
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mCherry-CenpC [N-terminal label, CenpC(N)]
and EYFP-Cdc20, or mCherry-CenpC and Hec1-
EGFP [C-terminal label, Hec1(C)]. These probes
did not perturb metaphase oscillations (17). The
Cdc20 probe was brighter than the Hec1 probe
and was used for most experiments. We imaged
red and green probes simultaneously by means
of confocal fluorescence microscopy with a di-
chroic beam splitter and a single camera. Cells
were compressed with an agarose pad so as to
keep kinetochores in focus (Fig. 1B), and com-
pression did not perturb oscillations (table S1)
(20). Occasionally, drastic compression was used
to induce unusually large forces (17). Using a
variant (3, 6) of SHREC (single-molecule high-
resolution colocalization) (21) in vivo (Fig. 1C), we
measured the distance between centroids of the
probes (Fig. 1D) every 10 s during several oscil-
lation cycles (Fig. 1E and movies S1 and S2) (17).

We first asked whether P and AP kinetochores
were on average different. Graphs of interprobe
distance over time for a single kinetochore (Fig.
1F), and a histogram of many kinetochores (Fig.
1G), revealed CenpC(N)–Cdc20 distances of
47 T 20 nm in P kinetochores (n = 525 measure-
ments), and 55 T 19 nm in AP kinetochores (n =
569 measurements). These values differ with high
significance (P=10−10) (table S2). Of kinetochores
imaged, 93% displayed a greater mean inter-probe
distance in AP than in P state (fig. S1A). The 15%
shorter CenpC(N)–Cdc20 distance in P as com-
paredwithAP kinetochores could stem from either
a mechanically compliant CenpC(N)–Cdc20 link-
age that responds to force or from biochemical
changes that relocalize a probe molecule.

To distinguish mechanical from biochemi-
cal causes of inter-probe distance change, we
first asked whether it also occurred during ana-
phase, which drastically changes kinetochore bio-
chemistry (22). Anaphase kinetochores are biased
toward P motion to segregate chromosomes, but
AP transients still occur in Ptk2 cells with sim-
ilar velocities to metaphase (18, 23), probably
because of polar ejection forces (17). Inter-probe
distances in anaphase were statistically indistin-
guishable from those at metaphase (P = 0.2 for
P, and P = 0.4 for AP). The mean CenpC(N)–
Cdc20 distance in anaphase was 49 T 22 nm
in P kinetochores (n = 204 measurements) and
57 T 20 nm in AP kinetochores (n = 89 measure-
ments) (Fig. 1H and table S2). Just as for meta-
phase, anaphase P and AP inter-probe distances
were statistically different from each other (P =
0.004), and all but one kinetochore displayed a
greater mean inter-probe distance in AP than in
P state.

Next, we measured the inter-probe distance
at metaphase between CenpC(N) and Hec1(C),
which is part of the main load-bearing complex,
Ndc80. The mean CenpC(N)–Hec1(C) distance
was 38 T 15 nm in P kinetochores (n = 564 mea-
surements) and 43 T 17 nm in AP kinetochores
(n = 487 measurements) (Fig. 1I and table S2).
These values differwith high significance (P=10−5),
and their average was consistent with the localiza-

tion of Hec1 in fixed cells (6). Here too, the mean
behavior was representative of individual kineto-
chores (fig. S1B). Observing similar changes in
distance fromCenpC to twodifferent probes report-
ing on the microtubule-binding KMN network
(2, 17) strongly argues that length changes be-
tween P andAP are due tomechanical compliance.

In a mechanical model, force changes and
deformation changes are expected to be closely
correlated in time. To test whether this require-
ment is met, we tracked sister kinetochores dur-
ing direction reversals (Fig. 2A) in which forces
change abruptly. We measured the distance with-
in one kinetochore and distance between that ki-

netochore and its sister, where the latter reports
on force between kinetochores from centromere
stretch, during 40 s of observation (five sequen-
tial images) centered on reversals, averaged over
all reversals in the data set (Fig. 2, B to D).
Kinetochore direction (Fig. 2B) (19) and inter-
kinetochore distance (Fig. 2C) both changed
abruptly at reversals. P-to-AP andAP-to-P reversals
occurred at markedly different inter-kinetochore
distances (P = 10−13) (Fig. 2C and table S3) and
times. The leading P kinetochore reversed on av-
erage 6 T 11 s (n = 133 reversals) before the
trailing AP one (and in 15% of the cases after
the AP one), whichwas illustrated by a shift on the
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Fig. 2. Distance between sister kinetochores and
between probes in one kinetochore during direction
reversals. (A) Single kinetochore position (top) and
inter-kinetochore distance (bottom) over time for a
sister kinetochore pair (that of Fig. 1C). Black stars
indicate all direction reversals, and dotted lines indicate
direction reversals for the circle-identified kinetochore.
(B) Mean kinetochore position, (C) inter-kinetochore dis-
tance, and (D) CenpC(N)–Cdc20 distance over time for
metaphase P-to-AP (n = 104 traces) and AP-to-P (n =
98 traces) reversals (P in red, AP in blue). AP-to-P rever-
sals are positioned 6 s later than P-to-AP reversals on
the time axis so as to reflect the average time between
them. Bars indicate SEM. Direction reversals cause abrupt changes in inter-probe distance within a
kinetochore, which is consistent with a mechanical response to a change in force.
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Fig. 3. Kinetochore velocity and CenpC(N)–Cdc20 distance at different inter-kinetochore distances. (A)
Kinetochore velocity as a function of inter-kinetochore distance during metaphase P (n = 104 traces)
and AP (n = 104 traces) movement before and after P-to-AP reversals, respectively, when the highest
inter-kinetochore distances are visited. P velocity decreases and AP velocity increases with inter-kinetochore
distance, as expected if P kinetochores generate force and inter-kinetochore distance is a metric for force.
We include data from drastic spindle compression to probe even higher forces (17). (B) CenpC(N)–Cdc20
distance as a function of inter-kinetochore distance during metaphase P (n = 547 measurements) and AP
(n = 529 measurements) movement. Inter-probe distance decreases with inter-kinetochore distance in P
kinetochores, which is consistent with a force-deformation relationship. Lines are best linear fits.
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time axis (Fig. 2, B to D). Inter-kinetochore dis-
tance tended to increase during coordinated move-
ment because the leading P kinetochore moved
slightly faster (on average) than did its trailing
AP sister (fig. S2, A to D). P-to-AP reversal oc-
curred on average 7 T 15 s (n = 151 reversals) after
the maximum inter-kinetochore distance had been
reached; inter-kinetochore distance was 2.7 T
1.0 mm at this reversal and decreased abruptly af-
terward as both sisters transiently moved toward
each other (Fig. 2C). AP-to-P reversal occurred
after this decrease in inter-kinetochore distance at
1.9 T 0.6 mm,which is close to the globalminimum
(Fig. 2C and fig. S2D). The above data are
consistent with a mechanical model (24) in which
high centromere stretch favors P-to-AP reversal
and low stretch favors AP-to-P reversal (14).

Within our time resolution, changes in move-
ment direction and CenpC(N)–Cdc20 distances co-
incided (17). CenpC(N)–Cdc20 distances increased
abruptly after P-to-AP reversals and decreased
abruptly after AP-to-P reversals (Fig. 2D; fig. S2,
E and F; and tables S3 and S4), which was also
true at anaphase (table S3). That change in forces
exerted by P and on AP kinetochores—measured
through inter-kinetochore stretch—coincides closely
with changes in inter-probe distances within ki-
netochores supports the mechanical interpretation
of inter-probe distances and constrains time scales
associated with force transitions.

Extent of deformation is expected to correlate
with magnitude of force in a mechanical model.
To test this, we plotted inter-probe distance against
inter-kinetochore distance. Here too, chromosome

oscillations provided natural changes in kineto-
chore forces (fig. S2); to extend the range of forces,
we included measurements from drastically com-
pressed cells in which inter-kinetochore stretch
was up to 6 mm. Force between kinetochores is
due to active force from the P kinetochore op-
posed largely by friction from the AP kinetochore
(14, 15, 24). Velocity of AP kinetochores increased
with inter-kinetochore distance, as expected if
AP movement is due to pulling by the P sister
opposed by frictional drag at the AP kinetochore
(P = 10−4) (Fig. 3A and table S5). Consistent with
this view, velocity of P kinetochores decreased
with inter-kinetochore distance (P = 0.08) (Fig.
3A and table S5) (13). Inter-probe distances in P
kinetochores decreased with inter-kinetochore
distance (P = 10−8) (Fig. 3B and table S5). This
suggests that P kinetochores that exert more force
are more compressed. No correlation between
inter-probe and inter-kinetochore distances was
detected in AP kinetochores (P = 0.6) (Fig. 3B
and table S5). When little active force was gen-
erated at low inter-kinetochore distances, both P
and AP kinetochores displayed similar inter-
probe distances (Fig. 3B).

Because P kinetochores, where active force
is generated, are internally compressed relative
to AP kinetochores and because the larger the
force generated at P kinetochores the more com-
pressed they are, we developed a simple me-
chanical model in which frictional forces are
generated at a more outward position than that
of active forces in P kinetochores, leading to
internal compression (Fig. 4A, figs. S3 and S4,

and tables S6 and S7) (17). AP kinetochores,
which lack active force generation, are extended
by pulling from centromeric chromatin balanced
by friction at the kinetochore-microtubule interface.
Kinetochore deformation need not vary linearly
with force and may either represent changes in
length of protein linkages or their reorientation
and reorganization. We extended this mechan-
ical model in light of previous mapping data
(Fig. 4B) (6). The active, force-generating inter-
face for P movement lies internal to the mean
position of the Hec1(C) probe, and the passive,
frictional interface is at least 20 nm outward of
the active interface (Fig. 3B). This makes the
microtubule-binding site at the outer end of Hec1
(Fig. 4A, 0 nm mean position) a good candidate
for passive force generation (17).

Spatially separated passive and active inter-
faces at kinetochores, whether comprising dif-
ferent molecules or different interactions of the
same molecule with microtubules in different
locations (17), may represent a design principle
with important advantages. The passive friction-
al interface binds persistently to microtubules
independently of the microtubule dynamics state
or movement direction, ensuring segregation ac-
curacy. The active interface consumes energy
to efficiently move kinetochores poleward but
can evolve without the constraint of requiring
persistent attachment. Together, both interfaces
allow the kinetochore to harness force from de-
polymerizing microtubules without losing grip.
That said, kinetochores may be able to function
using only the passive interface—for example, in
systems without anaphase A (25) or where mi-
crotubules polymerize continuously at kinetochores,
even during anaphase (26). In these systems, seg-
regation forces will be generated elsewhere in
the spindle and presumably transmitted to chro-
matin via molecular friction.
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Regional Astrocyte Allocation Regulates
CNS Synaptogenesis and Repair
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Stephen P. J. Fancy,1,2,5 Florian Merkle,4† Nicoletta Kessaris,6 Arturo Alvarez-Buylla,4,5‡
William D. Richardson,6‡ David H. Rowitch1,2,4,5‡

Astrocytes, the most abundant cell population in the central nervous system (CNS), are essential for
normal neurological function. We show that astrocytes are allocated to spatial domains in mouse
spinal cord and brain in accordance with their embryonic sites of origin in the ventricular zone. These
domains remain stable throughout life without evidence of secondary tangential migration, even
after acute CNS injury. Domain-specific depletion of astrocytes in ventral spinal cord resulted in
abnormal motor neuron synaptogenesis, which was not rescued by immigration of astrocytes
from adjoining regions. Our findings demonstrate that region-restricted astrocyte allocation is a
general CNS phenomenon and reveal intrinsic limitations of the astroglial response to injury.

Astrocytes serve roles essential for normal
neurological function such as regulation
of synapse formation, maintenance of

the blood-brain barrier (BBB), and neuronal ho-
meostasis (1, 2). Although astroglia are region-

ally heterogeneous in terms of gene expression
and their electrical and functional properties
(3–5), astrocyte diversification and migration
remain poorly understood. Two generally rec-
ognized types of astrocytes are fibrous astrocytes

(FAs) of white matter that express glial fibrillary
acidic protein (GFAP), and protoplasmic astro-
cytes (PAs) of gray matter that normally express
little or no GFAP. Aldh1L1-GFP and AldoC are
more recently described markers of both PAs
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Fig. 1. Segmental distribution of fibrous and proto-
plasmic astrocytes in spinal cord. (A)Nkx2.2-creERT2
(tamoxifen induction E10.5 to E12.5):Rosa26-YFP
fate map shows YFP+, GFAP+ cells at the ventral mid-
line at P0. YFP, yellow fluorescent protein. (B) In P2
Olig2-tva-cre:CAG-GFPmice, astrocytes remain in reg-
ister with pMN, whereas Olig2+ OPs distribute wide-
ly. (C) Ngn3-cre:Z/EG P1 cord shows intermediate
wedge of astrocytes. (D, G, G′) At P2, FAs and PAs
in Pax3-cre animals remain dorsally restricted. DAPI,
4´,6-diamidino-2-phenylindole. (E and F) Aldh1L1-
GFP coexpression with GFAP+ (FAs) and AldoC+ (FAs
and PAs) cells. (H to N) Astrocytes from Olig2cre/+
spinal cord have a restricted ventral distribution. In
Olig2cre/cre nulls, we observe significantly (*P <
0.0001) increased p2-type (GFAP+, Pax6+, AldoC+)
astrocytes (fig. S1I), which fail to migrate from the
ventral domain. Scale bars, 200 mm.
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