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SKILL DEVELOPMENT

Motor skill learning requires active
central myelination

Ian A. McKenzie,'* David Ohayon,'* Huiliang Li," Joana Paes de Faria,"t Ben Emery,>
Koujiro Tohyama,? William D. Richardson't

Myelin-forming oligodendrocytes (OLs) are formed continuously in the healthy adult brain.
In this work, we study the function of these late-forming cells and the myelin they produce.
Learning a new motor skill (such as juggling) alters the structure of the brain’s white
matter, which contains many OLs, suggesting that late-born OLs might contribute to motor
learning. Consistent with this idea, we show that production of newly formed OLs is briefly
accelerated in mice that learn a new skill (running on a “complex wheel” with irregularly

spaced rungs). By genetically manipulating the transcription factor myelin regulatory
factor in OL precursors, we blocked production of new OLs during adulthood without
affecting preexisting OLs or myelin. This prevented the mice from mastering the complex
wheel. Thus, generation of new OLs and myelin is important for learning motor skills.

yelin is the spirally wrapped cell mem-

brane that surrounds and insulates axons

in the central and peripheral nervous sys-

tems (CNS and PNS, respectively). Myelin

greatly increases the speed of electrical
communication among neurons and, hence, the
brain’s computational power. CNS myelin is syn-
thesized by oligodendrocytes (OLs), the majority
of which develop in the first 6 postnatal weeks in
rodents, from proliferating OL precursors [(OPs),
also known as NG2 glia] (7, 2). However, many
OPs persist in the adult mouse CNS (~5% of all
neural cells) and continue to divide and differen-
tiate into myelinating OLs throughout life (7-3).
For example, nearly 30% of OLs in the 8-month-
old corpus callosum are formed after 8 weeks of
age (2). What is the function of adult-born OLs
and myelin? Magnetic resonance imaging (MRI)
has detected changes in the structure of white
matter in people trained in complex sensorimotor
tasks such as playing the piano, juggling, or aba-
cus use (4-6). Analogous MRI changes are ob-
served in rats during motor training (7). The
histological basis of the MRI change is not known,
but one possibility is that newly generated myelin
is laid down preferentially in circuits that are en-
gaged during motor learning. Here we show that
active myelination during adulthood is required
for motor skill learning and that motor learning
increases OL production.
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Preventing adult myelination by
conditional deletion of myelin

regulatory factor

Myelin regulatory factor (MyRF) is a transcrip-
tion factor required in OLs to initiate and main-
tain their myelination program (8-10). It is not

Fig. 1. Deleting Myrf in OPs
prevents new myelination.
(A) Many YFP™ (newly
formed) cells accumulated
1 month after tamoxifen
treatment in the P-Myrf®~
corpus callosum, including
Pdgfra®,CC1~ OPs
(arrowheads) and CC1",
Pdgfra™ OLs (arrows). In
contrast, the P-Myrf™™

expressed in OPs, in other CNS cells, or in Schwann
cells, which myelinate PNS axons. We have a
mouse line that carries a “floxed” allele of Myrf
(10). By breeding (see supplementary mate-
rials and methods), we obtained Myrf™%® and
Myrf Ao¥0%) Yittermates on a Pdgfra-CreER™:
Rosa-YFP background (2, 11); we refer to these as
P-Myrf 7% and P-Myrf %% respectively.
Administering tamoxifen induces Cre-mediated
recombination, inactivating one or both alleles
of Myrfin Pdgfra-expressing OPs while simul-
taneously labeling the OPs with yellow fluores-
cent protein (YFP) (see supplementary materials
and methods). We refer to the tamoxifen-treated
mice as P-Myrf ~ and P-Myrf /7. Recom-
bination at the Myrf locus was confirmed by
reverse transcription polymerase chain reaction
(fig. S1).

We inactivated Myrf in OPs by tamoxifen ad-
ministration on postnatal day 60 (P60) or P90.
Subsequently, we identified YFP™ OPs and newly
differentiated YFP* OLs by triple-immunolabeling
with anti-YFP, anti-Pdgfra (for OPs), and the CC1
monoclonal antibody (for OLs). In P-Myrf ¢/~
mice, YFP*,CC1* Pdgfra” OLs accumulated in the
anterior corpus callosum (beneath the motor cor-
tex) after the administration of tamoxifen (post-
tamoxifen) (arrows in Fig. 1A). In P-Myrf ™~ mice,
production of YFP*,CC1" OLs was decreased
to ~10% of control (Fig. 1, A and B); at 1 month
post-tamoxifen, we counted 301 + 59 YFP*,CC1*
cells/mm? in 20-um sections of P-Myrf /=) corpus

Pdgfra

merge

corpus callosum contained B D «~ 4000/

Le(;/vaFf’g;ellsS, mainly . Newly-generated OLs  + 53000 %
gfra® OPs. Some i O

YFP*,CC1* cells appeared 2400 - i i 05'200()} all OLs

fragmented, presumably 4300 1000+ . . .

because they are apoptotic o all OPs

(yellow arrow). (B) Numbers §200’ — PMyrf () T““é 2001

of YFP*,CC1* OLs in the | — P-Myrf(#) %g 150

P-Myrf™ versus P-Myrf*”? g 100 S® 100 — P-Myrf(+/)

corpus callosum (¥***P < i o ———— O 5 = f’-Myrf(:/')

0.0001). Error bars indicate ISL- 0 1 2 3 0 1 2 3

SEM. (C) Very few GFP*
(newly formed) myelin
sheaths are present in the
P-Myrf 2 Tau-mGFP
corpus callosum 1 month
post-tamoxifen relative to
P-Myrf @7 siblings. Asterisk
indicates third ventricle.

(D) The number densities of
Pdgfra® OPs or CC1"YFP~

P-Myrf(*-) -Tau-mGFP

months post-tamoxifen
C —

w *

P-Myrf(--) :Tau-mGFP

(preexisting) OLs did not change between P60 and P150. Error bars indicate SEM. Scale bars: 50 um,

(A) and (C).
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callosum but only 33 + 7 cells/mm? in P-Myrf =
(means + SEM,; six fields of view in three sec-
tions of three mice of each genotype). There
was a comparable reduction in other regions
of the P—Myrf(’/ ~ brain, including the cere-
bral cortex, striatum, midbrain, and cerebellum.
In the motor cortex, for example, we counted
123 + 15 YFP*,CC1* cells/mm? in P-Myrf ™/~
and 10 + 3 cells/mm? in P-Myrf/~. There
was no recovery of OL production over at least
3 months (Fig. 1B). Loss of newly formed OLs
was confirmed visually using a different reporter

P-Myrf ()

P-Myrf (+/-)

line, Tau-mGFP (GFP, green fluorescent protein),
that expresses a membrane-bound green fluo-
rescent protein, revealing whole-cell morphol-
ogy including the myelin sheaths (3, 12). One
month post-tamoxifen, P-Myrf” ~:Tau-mGFP
corpus callosum was almost devoid of GFP-
positive myelin sheaths, in contrast to their
Muyrf™/ littermates, which had many (Fig. 1C).

To quantify new OL production in P-Myrf” -
versus P-Myrf *~ mice, we administered 5-ethynyl-
2'-deoxyuridine (EAU) to P60 mice for 1 week,
after tamoxifen treatment. One month later, 5.7% +

S10-Myrf (")

rotarod

e 300, Pdgfra-CreERT2 200, S0x10-CreERT?2
—~ * Kk
)
‘5_=“ 200 200
e
o 100 100
E — Myrf(+/) — Myrf(*/)

— Myrf(-/) oL — Myrf(")

1 2 3 4 5 6 7 8 1 2 3 45 6 7 8

weeks post-tamoxifen

weeks post-tamoxifen

Fig. 2. Deleting Myrf in OPs does not trigger demyelination. Tamoxifen was administered to P60 mice
and, 5 weeks later, their brains were examined by Eri-C histochemistry (A to F) or electron microscopy
(G to M). There was no visible loss of myelin in P-Myrf <2 [(A), (B), (G), and (H)] or P-Myrf /= [(C),
(D), (1), and (J)] brains, but there was marked demyelination in S10-Myrf ™= [(E), (F), (K), and (L)]. In
S10-Myrf = white matter, phagocytic cells containing membrane debris were present (M). Performance
on an accelerating rotarod was not impaired in P-Myrf "™ mice for at least 8 weeks post-tamoxifen
compared with their P-Myrf 7 littermates (N), whereas S10-Myrf "~ mice were seriously impaired after
4to 5 weeks (0). Error bars indicate SEM. *P < 0.05; ***P < 0.001; ****P < 0.0001. Scale bars: 2 mm, (A),
(C), and (E); 1 mm, (B), (D), and (F); 5um, (G), (1), and (K); 1 um, (H), (J), and (L); and 2 um (M).
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0.7% of CC1* OLs in P-Myrf ™~ corpus callosum
were positive for EAU (i.e., recently formed from
cycling OPs), compared with only 0.20% + 0.07%
in P-Myrf 7 littermates (means + SEM; six fields,
>250 OLs per field in three sections of three mice
of each genotype) (fig. S2). Therefore, Myrf was
deleted in >90% of all OPs, whether or not they
recombined the Rosa-YFP reporter. Over the same
period, we detected no significant changes in the
number density of Pdgfra® OPs or CC1*,YFP™ (i.e.,
preexisting) OLs in P-Myrf~ versus P-Myrf™~
corpus callosum (Fig. 1D). Therefore, our strategy
prevents the formation of new OLs without af-
fecting preexisting OLs.

Preventing new OL production does not
trigger demyelination

Myelin histochemistry with Eriochrome cyanine
(Life Technologies) showed that P-Myf™~ mice had
normal-appearing white matter (Fig. 2, A and B),
indistinguishable from their P-Myzf™~ littermates
(Fig. 2, C and D). In contrast, when Myrf (flow/flox)
was deleted conditionally in both OLs and OPs
using SoxI0-CreER™ mice [S10-Myrf ] (see
supplementary materials and methods and fig.
S3), there was dramatic loss of myelin (Fig. 2, E
and F). Electron microscopy (EM) revealed com-
pact myelin sheaths in P-Myrf ~ mice (Fig. 2,
G and H) that were indistinguishable from
P-Myrf /=) controls (Fig. 2, I and J), whereas
SI0-Myrf~ mice were severely demyelinated
(Fig. 2, K and L). Phagocytic cells (macrophages
or activated microglia) containing cell debris
were observed by EM in S]O-Myrf(’/ ) corpus
callosum (34 cells counted in four fields from
two P90 mice 5 weeks post-tamoxifen; mean cell
density ~220 cells/mm?) (Fig. 2M); such cells
were much less frequent in P-Myrf ™ (7 cells;
~44 cells/mm?) or in P-Myrf™'~ controls (10 cells;
~55 cells/mm?). For comparison, the density of
OPs in the healthy CNS is ~150 cells/mm?>. There
was no evidence of inflammation or blood-brain
barrier breakdown marked by invasion of im-
mune cells (e.g., neutrophils or T cells), loss of
tight junctions between endothelial cells, or re-
traction of astrocyte processes from blood vessels,
even in the severely demyelinated SI10-Myrf<™”~
brain.

Consistent with the myelin histology, P-Myrf ™~
mice showed no outward signs of demyelination
(e.g., tremors) and were indistinguishable from
their P-Myrf /7 littermates on an accelerating
rotarod, a test for motor coordination and ba-
lance (Fig. 2N). In contrast, SIO-Myrf </~ mice
developed severe tremors around 1 month post-
tamoxifen (movie S1), and their performance on
the rotarod was seriously impaired (Fig. 20),
similar to when Myrf deletion was targeted to
mature OLs using Plp-CreER (9).

The complex running wheel

We assessed motor learning ability using a run-
ning wheel with irregularly spaced rungs (“com-
plex wheel”) (Fig. 3) (13, 14). Mice run on the wheel
spontaneously and, when skilled, can run the
equivalent of 5 to 7 km per night. When wild-
type (WT) (C57B6/CBA hybrid) mice accustomed
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to a regular wheel with equally spaced rungs are
switched to the complex wheel, they experience
great difficulty at first but persevere and after
about a week can run as fast on the complex
wheel as they can on the regular wheel (movies
S2 and S3). High-speed filming reveals that on
the regular wheel mice adopt a symmetrical
“running walk” with an eight-gap stride, out of
phase by four gaps left to right (15) (Fig. 3A). They

bring their hindpaws up to the rung immediately
behind their forepaws. On the complex wheel,
they break step, adopting an asymmetrical gait
with six- to nine-gap strides out of phase by two
to six gaps between sides. A critical adaptation is
that the mice bring their hindpaws forward to
grasp the same rung as their forepaws (Fig. 3, B
to E). Thus, their hindpaws always find a rung,
whatever the pattern of gaps. They also prefer

Fig. 3. Mice learn general strategies for coping with even rung spacing. (A) On the regular running
wheel, WT mice place fore- and hindpaws on consecutive rungs while reaching forward with the con-
tralateral forepaw. (B to E) On the complex wheel, they grasp the same rung with fore- and hindpaws (red
dots), selecting rungs preceded by a one- or two-rung gap [e.g., (B) and (D)]. These strategies are trans-
ferable to other rung patterns. (B) and (C) and (D) and (E) are consecutive video frames (240 frames/s).

Fig. 4. Active CNS
myelination is required
for motor skill learning.
(A) The complex wheel
pattern. (B) Experimental
design. P-Myrf? and

&% *,

v tam

é’cw§
. w %w

rungs preceded by a one- or two-rung gap (Fig. 3,
B to D); presumably, they reach forward into a
gap and “pull back” to grasp the nearest rung, a
second adaptation that is transferable to other
rung patterns. Therefore, mice do not memorize
specific stepping patterns but develop general
strategies for running on wheels with unequal
gaps; mastering one rung pattern primes them
to master a different pattern more easily (fig. S4).

Active myelination is required for
motor skill learning

Learning to run on the complex wheel presum-
ably engages motor control circuits in addition
to those required for normal symmetrical gait,
involving the basal ganglia, cerebellum, motor
cortex, and connecting pathways including the
corpus callosum, but independent of the hippo-
campus (16-18). We introduced P-Myrf”~ and
P-Myrf™/~ littermates (mixed C57B6/CBA/129
background, predominantly C57B6; see supple-
mentary materials and methods) to the complex
wheel 3 weeks after tamoxifen treatment beginning
on P60 (four experiments) or P90 (one experi-
ment) (Fig. 4, A and B). The P90 experiment is

P-Myrf &7 mice were P60-64 85 93
housed singly, and Complex Wheel rung pattern P90-94 115 123
tamoxien vas 11
administered from P60 or
P90. Three weeks later, C D E F
they were introduced to _ 20 g;/:;:g:;peed cw 30 T:r:gml:g speed CW 600 time on CW E 40, individual runs CW
the complex wheel (CW). £ 15 5 7 cohort ‘HE' 2 30 cohort HES
* 3 S a00l L. - 2 Y pmyre(+- P-Myrf
(C and D) On the wheel, = E20 + £ 400 2 % Pyt )
P-Myrf "7 mice were E10 E H £ 5 20 &
el (9] i e
impaired relative to 35 — P-Myrf () § i — P-Myrf () £ . g 10 N\
P-Myrf /7 [tamoxifenon & 8 —P-Myrf(*?) & " — P-Myrf (/) 0 § 0 B——
P90; means + SEM (error 12 3 4 d5 6 7 8 1234567 8 PMyf+) (A 5 2days(i- 8 c—ed:ysz
bars), n =7 and 5, ays days
respectively]. (E) Time on G H o
: s average speed distributions
wheel at >1 m/min was 20 al\llerahgi spead CVY € 50 individual runs CW 10, aﬁi;,%ﬂsp SR I(;,W 0 maximum speed distributions
not different between £ 15 L CONaNS o 0 all cohorts c 8 o all cohorts C
: £ — Pyt )
cohorts. Error bars E —weer— 2 P-Myrf(*7) PMyf() & 6 —gxﬁrw 2
woxe XXX x 30 Y V! [} > /-
denote SEM. (F) Individ- E10 S0 ™ 2 & 210 e
ual performances, dis- § 5 — P-Myrf (/) @ £ 2 £ 5
tance versus time. & 5 =Pafyt é 10 — 0 0
(G to J) Five pooled 12345678 2 0724 676 &4 2 379N A7 21 25 610 14 T8 22 26 30 34
experiments confirm days days — -—days Sk s
divergence between
P-Myrf &= and P-Myrf = K L 20, average speed
mice [P = 0.0063 for Kk pe & | CMOtOY e
accumulated distances, fow, Al CW 3 €15 1
P = 0.0003 for average ‘o of ‘v’ £10
K _ —_— —_— ~
speeds; K-S test, n = 36 § 5 — PoMyrf ()
(20 males) and 32 (17 P60 69 73 94 101 a —P-Myrf (")
males), respectively]. Error 0 2468 246
bars in (G) denote SEM. days

(K and L) P-Myrf /100

and P-Myrf x99 mice were introduced to the complex wheel before tamoxifen exposure and reintroduced 3 weeks after treatment. Both before and
after, there was no difference between cohorts (n = 7 and 8, respectively). Error bars in (L) denote SEM. *P < 0.05; **P < 0.01; ***P < 1073; ****p < 1074,

Also see fig. S6.
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shown (Fig. 4, C to F). Both cohorts improved
their performance during the first week on the
complex wheel, but the daily average and max-
imum speeds attained by the P-Myrf~ group
were always less than their P-Myrf™/ E siblings
(Fig. 4, C and D). Time spent turning the wheel
>1 m/min was the same for both genotypes,
arguing against a difference in motivation (Fig.
4F). Individual performances varied widely, and
there was substantial overlap between geno-
types (Fig. 4F). Pooled data for all five experi-
ments confirmed significant differences in the
average speeds attained by P-Myrf~ versus
P-Myrf®™~ animals (Fig. 4G), as well as their
individual performances (Fig. 4H) [P = 0.0063,
Kolgomorov-Smirnov (K-S) nonparametric test;
n = 32 and 36 mice, respectively]. One-third (12
of 36) of P-Myrf ™/~ mice ran further in 1 week
than the best-performing of their P-Myrf<~
counterparts (Fig. 4H). High-speed filming showed
that P-Myrf~ mice ran less rhythmically and
sometimes appeared to propel the wheel with
their rear ankle or lower leg rather than their
hindpaw (movies S4 and S5). The average speeds
of P-Myrf '~ mice (on the seventh day) had an
approximately normal distribution (P = 0.2, K-S
test), whereas the average speeds of P-Myrf”~
mice were bimodal and skewed toward lower
speeds (different distributions, P = 0.007) (Fig. 4I),
possibly reflecting multistage learning (Fig. 3).
The maximum speed distribution of P-Myzf '~
mice was also shifted to lower speeds (P < 0.0001)
(Fig. 4J). When retested 1 month later, the dif-

Fig. 5. Running stimulates A
OP proliferation and OL =
production. Running on the E\_,100
complex wheel (CW) caused (A) £ 80
a transient increase in the EdU =4
labeling index of Pdgfra® OPs in +E 60
the corpus callosum after 2 days, 2 40
(B) an increase in the number :“
density of OPs at 6 days, and (C) s 20
increased production of OLs ng_) 0

(EdU™,Pdgfra™) by 11 days. The 02
latter were a mixture of mature

4 6 8 1012

ference between P—Mym‘{’/ ~ and P-Myrf /)
animals persisted (fig. S4). There were no sig-
nificant differences between males and females
(fig. S5).

Active myelination is not required to
recall a prelearned skill

Despite the lack of a general locomotor defect on
the rotarod, Myrf deletion could have caused
some subtle neural or physical impairment un-
related to learning. To control for this, we in-
troduced P60 P-Myrf P*®) and P-Mysrf /o0
littermates to the complex wheel before tamox-
ifen treatment (Fig. 4K). As expected, the two
cohorts were indistinguishable before tamoxifen
(Fig. 4L and fig. S6). We administered tamoxifen,
housed the mice singly for 3 weeks without a
wheel, and then reintroduced them to the
complex wheel (Fig. 4K). Both P-Myrf '~ and
P-Myrf~ groups were immediately able to run
at speed (Fig. 4L and fig. S6). We conclude that
@) P-Myrf /2 mice are inherently able to run at
speed on the complex wheel (i.e., they are phys-
ically capable) and (ii) myelin formation is not
required to perform a prelearned skill.

Running stimulates OP proliferation
and OL production

To relate motor learning to cell dynamics, we
introduced P60 WT mice to the complex wheel
while administering EAQU via their drinking
water, and we counted EAU™ cells in the corpus
callosum after various periods. At 4 days, there

G1—8
——non-runners
—runners

EdU ——>

o

0 24 6 81012

days running days running

CC1* and immature CC1~ OLs. C D

The numbers of both cell types ‘\,lE p=0003

were greater in runners than £ 600 n=3 E

nonrunners at 11 days, although % 2

individually the increases did not & 400 new ) 3

reach significance (P = 0.15 and % OLs/mm 3

0.06, respectively). (D) After lL“ 200 ‘E 0

3 weeks running, there were ~50% 8 0 o no wheel gnwm?ﬁggl
more EdU*,CC1* OLs in runners 3 0 24 6 81012

than nonrunners. (E) Experimental o days running

design. EAU was administered in E . Q F p=003 0005
the drinking water for 4 days g’c‘;j; < 50 * *
during running, as indicated o 0 5 60

(arrows 1 and 2). (F) The EdU —1> b

labeling index was increased by P60 67 74 78 g 40

the first but not the second —_— —3;» g 20

encounter with the wheel. Each ;cv\;% QDCW%% o

data point represents multiple e o e o "_g» Wi:le)e| it
fields from at least three sections o

from three or more mice. Error

4 days on CW

bars in (A) to (D) and (F) represent SEM. Also see fig. S7.
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was a transient increase (~40%, P = 0.006, = 4)
in the fraction of Pdgfra* OPs that was EAU-
labeled (“labeling index”) in runners relative to
control mice housed without a wheel, indicating
that running had accelerated the G;-to-S transi-
tion (Fig. 5A). This was followed 2 days later by
a spike in the absolute number of Pdgfra* OPs
as they completed the cell cycle (~40% increase,
P = 0.04, n = 3) (Fig. 5B), then 5 days after that
(11 days running) by an increase (~40%, P = 0.003,
n = 3) in the number of EAU*,Pdgfra” cells—a
mixture of CC1" and CC1™ OLs (Fig. 5C). At 11 days,
almost all (94% + 4%) EAU™ cells were Sox10*
OL lineage cells. After 3 weeks, there were many
newly formed EAU,CC1" OLs in control animals
housed without a wheel, as expected (2, 3), but
a ~50% greater number of those cells in run-
ners (Fig. 5D).

The transient increase in EAU labeling index
was not observed a second time when the com-
plex wheel was removed from the cage and rein-
troduced 1week later (Fig. 5, E and F), suggesting
that it was triggered by novel experience (e.g.,
learning), not exercise per se. OP division and
differentiation was increased by running on the
regular wheel (fig. S7) as well as the complex
wheel, suggesting that the region of corpus
callosum we examined is involved in skills com-
mon to both (e.g., grasping or general bilateral
coordination).

The cellular events described above occurred
on a similar time scale as the improvement in
running performance and, together with our data
from Myrf knockout mice, support an impor-
tant role for newly formed OLs in motor skill
acquisition. How might new myelinating cells
contribute to skill learning? It is likely that new
neuronal connections are formed, or existing
connections strengthened, in response to repet-
itive firing of neural circuits that elicit a partic-
ular sequence of movements (18). The increased
activity in these circuits might then stimulate
myelination of their axons, or myelin remodeling,
making the circuit more efficient. There might
even be a reserve of preformed, parallel circuits
in the brain, and motor training selects the best
of these by stimulating myelination in the most
active circuits. The fact that most axons in the
mouse corpus callosum and cerebral cortex re-
main incompletely myelinated into adulthood
could be consistent with this idea (19, 20). The
existence of an activity-driven myelination mech-
anism has been postulated, based on the fact that
OPs express various neurotransmitter receptors,
form synapses with naked axons, and display
transmembrane ion currents in response to ac-
tion potentials in the axons that they contact
(21-25). There is evidence that activity or expe-
rience can regulate OP division and differentia-
tion in vivo [(26-32) and this paper] and also MRI
evidence of structural changes in the white matter
of individuals learning sensorimotor skills (4¢-7),
undertaking working memory training (33), or
learning a second language (34). We have now
provided experimental evidence that OL genesis
and myelin formation are important for motor
learning and, therefore, are likely to contribute
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to the changes observed by MRI. Future exper-
iments can assess whether new myelinating cells
are required for other types of learning as well.
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PLANETARY GEOLOGY

Constraints on Mimas’ interior from
Cassini ISS libration measurements

R. Tajeddine,“??* N. Rambaux,> V. Lainey,> S. Charnoz,* A. Richard,?

A. Rivoldini,” B. Noyelles®

Like our Moon, the majority of the solar system’s satellites are locked in a 1:1 spin-orbit
resonance; on average, these satellites show the same face toward the planet at a

constant rotation rate equal to the satellite’s orbital rate. In addition to the uniform rotational
motion, physical librations (oscillations about an equilibrium) also occur. The librations may
contain signatures of the satellite’s internal properties. Using stereophotogrammetry on
Cassini Image Science Subsystem (ISS) images, we measured longitudinal physical forced
librations of Saturn’s moon Mimas. Our measurements confirm all the libration amplitudes
calculated from the orbital dynamics, with one exception. This amplitude depends mainly on
Mimas’ internal structure and has an observed value of twice the predicted one, assuming
hydrostatic equilibrium. After considering various possible interior models of Mimas, we argue
that the satellite has either a large nonhydrostatic interior, or a hydrostatic one with an

internal ocean beneath a thick icy shell.

mong Saturn’s inner main moons, Mimas

is the smallest (radius ~198 km) and closest

to the planet (semimajor axis ~189,000 km).

Along with Enceladus, Tethys, Dione, and

Rhea, it is classified as a mid-sized icy moon;
the origin of these moons is still being debated.
The classical model describes their formation by
accretion in the protoplanetary subnebula (7-6)
or by collision between two large satellites and
reaccretion of the impact ejecta (7, 8), but does
not explain the satellites’ masses, sizes, and ra-
dial locations. A new model reconciles these pa-
rameters by forming the satellites in the rings
(9-11). However, this model assumes that the
primordial rings were massive and contained
silicate; furthermore, Saturn must have been
tidally very dissipative (12) to move all the mid-
sized moons to their current locations.

We measured Mimas’ forced librations using
Cassini’s ISS Narrow Angle Camera (NAC) im-
ages, using methods previously applied to Phobos
(13, 14), to gain insights into Mimas’ interior. The
measurements of rotational parameters have been
proven to be a powerful tool to investigate the
interior state of celestial bodies (15). The absence
of evident geological activity on Mimas’ surface
(16) suggests that it may have a cold interior that
may have helped in conserving a “fossil” record
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of structures within its interior. This encouraged
us to investigate Mimas’ rotational variations,
which are directly linked to its internal structure
and may inform us about its origin.

First, we developed a control point network
across Mimas’ surface by applying the method of
stereophotogrammetry, where (X, Y, Z) coordi-
nates of a surface point in the satellite’s frame are
projected in an image as sample (x) and line (y)
coordinates in pixels. For the 3D reconstruction,
each point has been observed at least twice and
from two different viewing angles (17). After se-
lecting recognizable landmarks from Mimas’ map
(18), a least-squares method was applied compar-
ing the (X, Y, Z) coordinates of each projected
point in the image to the observed ones. From
this, a topographic map of 260 surface points
was built (Fig. 1A), based on 2135 point measure-
ments from 40 Cassini images with resolutions
ranging from 360 to 1450 m per pixel (see table
S2 for a full list of images). The mean uncertain-
ties on a point’s coordinates are estimated as
+599 m, +731 m, and 395 m on X, Y, and Z co-
ordinates, respectively. To test our method, we
rebuilt and confirmed the satellite’s triaxial shape
using these points (17, 19).

In the photogrammetric reconstruction meth-
od described above, a rotational model of Mimas
is used (17). The better this model describes
Mimas’ rotation, the smaller the x? errors from
the topographic reconstruction. Hence, we re-
peatedly built Mimas’ control point network by
varying its forced libration amplitudes and phases
until the total value of x* was minimized. The
measurements (Table 1) (17) confirm all the theo-
retical values (20) except for the amplitude cor-
responding to the 0.945-day period, which is
almost twice the predicted one (Fig. 1B). The
uncertainty on this libration amplitude has been
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