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Mass Spectrometry of Intact V-Type
ATPases Reveals Bound Lipids and the
Effects of Nucleotide Binding

Min Zhou,** Nina Morgner,* Nelson P. Barrera,>* Argyris Politis,> Shoshanna C Isaacson,*
Dijana Matak-Vinkovié,? Takeshi Murata,* Ricardo A. Bernal,® Daniela Stock,®” Carol V. Robinson’t

The ability of electrospray to propel large viruses into a mass spectrometer is established and is
rationalized by analogy to the atmospheric transmission of the common cold. Much less clear is the
fate of membrane-embedded molecular machines in the gas phase. Here we show that rotary
adenosine triphosphatases (ATPases)/synthases from Thermus thermophilus and Enterococcus hirae
can be maintained intact with membrane and soluble subunit interactions preserved in vacuum.
Mass spectra reveal subunit stoichiometries and the identity of tightly bound lipids within the
membrane rotors. Moreover, subcomplexes formed in solution and gas phases reveal the regulatory
effects of nucleotide binding on both ATP hydrolysis and proton translocation. Consequently, we
can link specific lipid and nucleotide binding with distinct regulatory roles.

otary ATPases/synthases are membrane-
R&flssociated molecular machines that per-

orm biological energy conversion. Both
V-type and F-type complexes consist of two re-
versible motors: the ion pump/turbine in Vo/Fg
and the chemical motor/generator in V,/F,. The
mode of operation is influenced by the ratio of
the two fuels (protons:ATP) that drive the two
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motors. (/—3). The membrane-embedded Vo /Fgo
domain mediates the movement of Na* or pro-
tons across the membrane, whereas V,/F, do-
mains interact with nucleotides and inorganic
phosphate either to produce or consume ATP in
the case of the eukaryotic F- and V-type families,
respectively. Eubacteria and archaea typically
have only one type of rotary ATPase/synthase
for both functions. Most bacteria have complexes
of the F-type, but some bacteria and all known
archaea have complexes closely related to eu-
karyotic V-type ATPases [also known as A-type
ATPases/synthases (4)]. Whether of F- or V-type,
the physiological function of most prokaryotic
complexes is ATP synthesis; however, many have
evolved regulatory functions that allow reversal
into ATP-driven proton pumps if required.
Fy-Fo, and V-V, are mechanically coupled
by a central rotating shaft and held together by
peripheral stalks (Fig. 1). Structural details derive
from isolated subcomplexes of F; and V; (5—7)
and from membrane embedded proteolipid rings

of various species (8—11). Despite this wealth of
structural information, no high-resolution struc-
tures of any intact rotary ATPases/synthases have
been reported. Thus, regulatory allosteric changes
that involve both the soluble head and the mem-
brane sector are lost. In addition heterogeneous
interactions with lipids and nucleotides are dif-
ficult to observe with existing structural biology
approaches.

We show using electrospray mass spectrom-
etry (MS) that rotary ATPases/synthases from
Thermus thermophilus (TtATPase) and Entero-
coccus hirae (EhATPase) can remain intact in the
gas phase. Previously, composite models were as-
sembled of the intact 7tATPase by low-resolution
electron microscopy (EM) data in combination
with high-resolution x-ray structures of subunits
(12), whereas the first cryo-EM data revealed
views of the entire membrane-embedded region
(13). We compared the MS of the two complexes,
the 7tATPase with that of the less well charac-
terized EhATPase. Current models suggest that
the EhATPase has only one peripheral stalk (/4),
and the stoichiometry of the K subunits in the
membrane ring was determined as seven from
EM (15) and 10 from x-ray analysis (8).

TtATPase was purified as described (/6) with
dodecyl maltoside (DDM) for solubilization, be-
cause under these conditions the complex is most
stable and does not form aggregates. The complex
was introduced into a mass spectrometer modified
for high-mass complexes (/7). Well-resolved charge
states were assigned to the intact particle consist-
ing of 26 subunits and nine different proteins
(Fig. 1A). An experimentally determined mass of
659,202 (£131) dalton corresponds to that calcu-
lated for the intact complex, on the basis of subunit
masses determined by MS (table S1), plus addition-
al mass due to incomplete desolvation, and lipid
and nucleotide binding (fig. S1). Gas-phase ac-
tivation is necessary to release the complex from
its detergent micelle (18, 19), giving rise to peaks
at higher mass/charge ratio (m/z) than the intact
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complex, formed by unfolding and dissociation
of highly charged subunits, predominantly sub-
units E, G, and 1 (20) (fig. S2). At lower m/z,
charge states are assigned to the membranous
subcomplex Vo (ICL)5), their bimodal distribu-
tion implying that they are formed both in solu-
tion and gas phases. The corresponding soluble
V complex is also observed, confirming that un-

A

100y

relative intensity (%)

der these solution conditions a proportion of the
complex dissociates spontaneously (27) (fig. S3).

Using similar experimental parameters, we
recorded a spectrum for the £2ATPase isolated in
DDM, where its functional activity has been es-
tablished previously (22, 23). The membrane-
embedded rotor for this complex is larger because
each K subunit contains four transmembrane heli-

relative intensity (%)

7800

7000

10000 " 15000

" 20000

" 25000 m/z

Fig. 1. Mass spectra of the intact rotary ATPases from T. thermophilus and E. hirae. (A) Peaks are assigned
to the intact TtATPase complex (stars), loss of the membrane subcomplex (ICLy,) in solution and gas phases
(dark green and green hexagons, respectively), and dissociation of subunits E and G from the peripheral
stalk (blue circles and squares respectively). (B) For EhATPase, the membrane subcomplex is observed in
contact with the soluble head (green squares). (Inset) Mass spectra of the K ring in aqueous solution.
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ces as compared with two for the corresponding
L subunits from 7¢tATPase. Under conditions in
which the complex emerges from the micelle
surviving intact, the spectrum is not well resolved
(fig. S4). Increases in activation energy lead to
better desolvation and also appearance of sub-
complexes in which either the membrane ring
remains but the peripheral stalks and subunit I
have dissociated, or the stalk subunits are attached
but the membrane region is disrupted (Fig. 1B
and fig. S5). The number of peripheral stalks was
determined as two and the stoichiometry in the
K ring as 10 (175 kD) (fig. S6).

The lipid components in the Ky, ring were
identified as a series of negatively charged cardio-
lipins (figs. S2 and S7 and table S2). The stoi-
chiometry of lipid binding was determined as 10
from the mass of the membrane ring. We iden-
tified six cardiolipin isomers and, from quanti-
tative analysis and measurement of the protein
concentration, deduce specific binding of one
lipid per subunit [£/ K subunit 1: 1.2 + 0.1 cardio-
lipins (fig. S8)]. Previously, the lipids were lo-
cated based on the atomic structure of the isolated
Ko ring, in which peaks of positive density were
attributed to 20 bifurcated phosphatidylglycerol
lipids (8). We docked 10 negatively charged sym-
metric cardiolipins inside the K, ring, proximal
to the conserved Lys*>. The four hydrophobic
chains are positioned with two chains emanating
from both sides of the polar head, thus providing a
hydrophobic lining to the inside of the ring (Fig. 2A).

For the TtATPase L, ring, we identified the
bound lipid as phosphatidylethanolamine (PE)
(Fig. 2 and fig. S9). Unexpectedly, dissociated
L subunits were observed either with bound PE
lipid (holo) or without lipid (apo) after tandem
MS of a subcomplex containing the membrane
subunits and peripheral stalks (Fig. 2). Before
disruption, the mass of the subcomplex is con-
sistent with binding of six lipids. This means that
apo and holo subunits coexist within the same
complex. We confirmed this observation by quan-
tifying the protein:lipid ratio as one L subunit:
0.55 £ 0.1 PE (i.e., one PE lipid per L subunit
dimer) (fig. S10). Six equivalent binding sites for
lipids in protein dimers in a 12-membered ring
imply a sixfold symmetrical state. Previously, EM
studies of the same preparation of the 7tATPase
revealed a sixfold symmetric membrane-embedded
ring (Fig. 2 and fig. S11) (/6). Both sets of data
are consistent with close packing of two neigh-
boring subunits, forming six dimers each with
four transmembrane helices (TMHs), thus emu-
lating the arrangement of C subunits in eukary-
otic V-ATPases in which gene duplication has led
to four TMHs per subunit (24, 25). From model-
ing, we find that a rotation of the dimers by
about 60° relative to their original orientation
in the ring effectively locks six Glu®® residues
in an occluded position, preserving lipid binding
at the dimer interface. Proton transfer can occur at
the remaining six active glutamates [Fig. 2, (i) to
(ii)]; consequently, the proton:ATP ratio for the
rotary enzyme is effectively halved.
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In contrast to E. hirae, which has both F- and
V-type ATPases, T. thermophilus has only one
type of rotary ATPase that operates in both pro-
ton pumping and ATP synthesis modes in vitro
(26). Given that each of the 12 L subunits in the
TtATPase membrane ring contains only two
TMHs, alternating between synthesis and pumping
would involve switching the 12-membered ring
from a high proton:ATP ratio, primed for syn-
thesis (27), into a lower one biased for pumping
(16). This latter scenario thus mimics the eu-
karyotic V-type enzyme where gene duplication
has provided four TMHs each with one active
glutamate. Consequently, this mechanism for

HaC
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/\/\/\/\/\/\/\J\O/\C o0~ f “~OH
N o
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switching between ATP synthesis and ion-pumping
modes is likely assisted by specific lipid binding
for this dual-function rotary ATPase.

These different lipid-binding patterns in the
two rotary ATPases studied here were found to
be invariant between repeat preparations and
different detergent concentrations. Together, they
provide an explanation as to how the disparate
membrane rings L, and K (93.6 and 160 kD)
can interact with their respective C subunits (35.8
and 38.2 kD), which are likely conserved. Lining
with cardiolipin, bound specifically to the inside
of the Ky ring, reduces the orifice from 54 to
38 A (Fig. 2A and fig. S12). Similarly, converting

R
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m/z 16000

/\/\/\/\/\/\/\/ﬁ\ i

18000

iii
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a 12- to a 6-membered ring for 7tATPase reduces
the orifice from 47 to 39 A, creating two very
similar inner diameters (38 and 39 A) (Fig. 2B).

To assess the role of nucleotides in changing
subunit interactions, we compared spectra for the
TtATPase, with and without addition of 50 uM
ATP. In the presence of ATP, the intact complex
and membrane-embedded subcomplex ICL;,
are the predominant species formed in solution
(Fig. 3A and fig. S13). When ATP is depleted,
loss of subunit B leads to extensive dissociation
of the soluble head. In addition, tandem MS of
V| in the presence of ATP leads predominantly to
loss of subunit F, with subsequent loss of subunit

O/ _\O
o;) NS

3

Fig. 2. Lipid binding and its effect on the membrane rings. (Upper panel)
Predominant lipid molecules, one of the six cardioplipins (left) and phos-
phatidylethanolamine (PE, right), found in intact EhATPase and TtATPase,
respectively. (Central panel) Tandem MS of a subcomplex from TtATPase
[ICL1,E,G,F (282 740 daltons)] leads to disruption of the Ly, ring, releasing
proteolipids L + PE (red/green circle, 8539 daltons; red circles, 7849 daltons)
and a stripped-complex ICE,G,F (blue squares, 184 242 daltons). Atomic
structure of the Ky ring (8) of EhATPase with docking of 10 cardioplipins to

21 OCTOBER 2011

show reduction in the inner diameter (A) and after docking subunit C (B).
Models for sixfold symmetry of the L, ring with six PE molecules (green)
(€) and with subunit C (42) (blue) docked into the ring (D). (Lower panel)
schematics of the rotor ring with 12 L subunits each having two TMHs (red
cylinders) and one conserved Glu®® (yellow) as seen in EM of two-dimensional
crystals of isolated L ring (27) (). Transformation into a sixfold symmetric ring
[(ii) and (iii)]. (iv) Comparison of the sixfold symmetrical model with EM data
reported previously for the intact TtATPase (iv) (16).
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D (Fig. 3B). When ATP is depleted, however,
loss of subunit D before subunit F becomes pos-
sible, leaving a subcomplex with F interacting
directly with the A3B; hexamer. Extension of
F toward the soluble head has been proposed
previously as a “braking” mechanism to prevent
unregulated consumption of ATP after in vivo
dissociation of the head from the base in yeast
V-ATPase (28). In line with this proposal, an x-ray
structure and cryo-EM reconstruction of the iso-
lated A3B3;DF complex from 7¢tATPase and yeast
V-ATPase respectively, also reveal interactions
of subunit F with the A;B; hexamer (7, 29). An
x-ray structure of the auto-inhibited F; head of
the Escherichia coli F-ATPase showed interac-
tions between the subunits analogous to F; €
and P in the soluble head (30). Subjecting the
E. coli Fy complex to the same tandem MS pro-
cedure outlined above showed that subunit &

makes direct interactions with the soluble head
(fig. S14). The similar MS dissociation patterns
observed in E. coli F-ATPase, in which the braking
mechanism is well established, and in 7tATPase
suggest an analogous mechanism to prevent
ATP hydrolysis in the uncoupled V; complex of
TtATPase.

We observed further sensitivity of 7tATPase
to low ATP concentrations, notably loss of sub-
unit I from ICL,, to form CL, (Fig. 3A). Expan-
sion of the peaks assigned to ICL,, is consistent
with binding of up to six lipids and up to two
nucleotides (ATP or ADP) (fig. S15). This agrees
with proposals that a eukaryotic functional equiv-
alent of subunit I senses cellular nucleotide levels
by binding selectively to ADP and undergoing
conformational change (37). To investigate this
conformational change, we applied ion mobility
MS (IM-MS) (32) to the intact 7tATPase, ICL»,

ADP
—_—
e ——

ATP
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o
19+ '
ADP -
[
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E| ATP
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56+

—

:
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and CL,, subcomplexes. Because ions with mul-
tiple conformations result in broad arrival-time
distributions (ATDs), we conclude that the rela-
tively compact ATDs for both the intact ATPase
and CL, are consistent with one predominant
conformation (fig. S16 and tables S3 and S4). By
contrast, the ATDs for the ICL,, complex are
much broader than those of the intact 7tATPase
and CL,, consistent with multiple conformations
of subunit I in the isolated Vo complex (Fig. 4
and table S4). The lack of conformational het-
erogeneity in the intact complex is rationalized
by the “tethering” of subunit I by forces exerted
by the peripheral stalks (subunits E and G), as
suggested recently (/3). Once released from the
intact complex, subunit I in Vg is not constrained,
and flexibility of the hinge domain, located
between the soluble and transmembrane domains,
likely leads to its conformational heterogeneity.

6000 8000 10000

T T
12000 10000

m/z

T T T
14000 18000 22000

Fig. 3. Nucleotide binding and its effects on intact TtATPase and the
membrane-embedded and soluble head complexes. (A) Depletion of ATP
leads to dissociation of the B subunit from the head and subunit I from ICL;,.
(B) Tandem MS of the soluble head (AsBsDF) reveals sequential loss of sub-
units F and D in the presence of 50 uM ATP. In TtATPase solutions containing
50 uM ADP, two conformations of subunit F are evident from the bimodal

distribution of charge states formed for the V; stripped of F (A7+ and A12+)
together with a direct loss of subunit D. The A7+ series is similar to that
formed from the ATP-bound complex. The A12+ series is consistent with an
extended conformation of subunit F. (Inset) Schematic representation of ef-
fects of ATP/ADP on the membrane ICL;, complex and the movement of an
extended subunit F in the A;B3DF complex.
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Fig. 4. Conformational heterogeneity and dissociation of subunit | from ICL;,
implies a mechanism for closing the H™ channel. (A) IM-MS of the trans-
membrane ICL;, and CL;, complexes formed in solution from intact TtATPase.
Charge states used for IM measurement are labeled gray and red (B and C).
Broader arrival-time distributions for ICL;, than for CL;, are consistent with
conformational heterogenity in subunit I. (D) Possible mechanism to “close”
the H* channel after lateral movement of subunit | within the membrane.

Surrounding lipids effectively block the channel. The direction of proton
pumping (green) and rotation of the ring (yellow) for ATP hydrolysis, as seen
from the top (site of interaction with V). (E) Coarse-grained and atomic model
of the ICL;, complex generated according to IM restraints and homology
modeling (see supplementary methods). The groposed nucleotide binding
area in the hinge region of | (orange) and Glu®:Arg>®* from subunits L and |
are shown in yellow and green, respectively.

The soluble domain of I in EM density maps
of the intact TtATPase is at 90° to the proton
channel (12, 13). Our IM data for the V5 complex,
based on modeling of the ICL;, and CL,, com-
plexes (fig. S17), are consistent with a range of
conformational states with angles from 90° to
135° (fig. S18). We propose, therefore, that the
conformational dynamics demonstrated here, to-
gether with preferential binding of ADP to the
proposed site near the hinge region (37), destabi-
lize interactions between I and CL, as evidenced
by the facile loss of subunit I under low-ATP
conditions.

Given that cellular nucleotide levels likely
affect proton translocation in the isolated Vo
complex, it might also be anticipated that changes
in the proton gradient would induce similar reg-
ulatory effects. To test this hypothesis, we in-
creased the pH of the ATPase-containing solution
to mimic reduction of the proton concentration.
Mass spectra of the 7tATPase incubated at pH
9.0 led to subcomplexes formed by loss of IGE
(fig. S19). This observation, together with the
dissociation of subunit I from Vo, suggests a reg-
ulatory role for subunit I, sensing both proton
and ATP concentrations. Previous proposals in-
voked a locking together of the membrane por-
tion of subunit I with the CL |, membrane ring,

21 OCTOBER 2011

preventing relative movement and hence explain-
ing the absence of passive H' translocation in
isolated Vg (33, 34). Because we observe facile
loss of subunit I under both low—H" concentra-
tion ([H']) and low-[ATP] conditions, and given
the lack of extensive interactions between I and
the membrane ring observed in cryo-EM data
(13), our results point to a mechanism in which
subunit [ moves away from the ring, and the re-
sulting gap could then be sealed with membrane
lipids (Fig. 4D).

Our results show that lipids with two and four
hydrophobic chains associate with subunits with
two and four TMHs—subunits L and K, respec-
tively. In both ATPases, the lipids identified in
situ are not the most prevalent ones in the cell
(35, 36), implying that lipids are selected from
the available pool for specific structural roles
and metabolic regulation. This further supports
the proposal that membrane proteins possess
specific lipid binding sites (37) and demon-
strates the ability of lipids to fine tune subunit
interactions by defining the conformations and
inner dimensions of the membrane rings. Our
nucleotide-binding experiments show that a de-
crease in cellular ATP concentrations is sensed
by Vi, not only with the movement of subunit
F but also with changes in interactions at the A:B

interface. Unexpectedly, Vo is also sensitive to
low [ATP] and [H'], both of which promote dis-
placement of subunit I. We suggest that membrane
lipids subsequently seal the proton-conducting
channel. Consequently, both ATP and proton/ion
gradients are conserved when reversible disso-
ciation takes place in vivo.

The existence of intact rotary ATPases/
synthases in vacuum has been demonstrated
previously with LILBID MS (38, 39). At its cur-
rent resolution, however, it is not possible to
identify bound lipids or nucleotides or to probe
their effects on subunit interactions. Moreover,
previous ES-MS experiments produced well-
resolved mass spectra for the V; domain (40, 41),
but lack of an intact V5 domain, or any interactions
between V, and V, is attributed to dissociation
of the complex in the absence of the protective
micelle (18, 19). By contrast, the ES approach
used here enables interrogation of subunit inter-
actions within intact rotary ATPase/synthases
and allows us to probe the synergistic effects of
lipid and nucleotide binding.
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Cerebellum Shapes Hippocampal

Spatial Code

Christelle Rochefort,™* Arnaud Arabo,**t Marion André,?f Bruno Poucet,’

Etienne Save,?* Laure Rondi-Reig"*§

Spatial representation is an active process that requires complex multimodal integration from a
large interacting network of cortical and subcortical structures. We sought to determine the role
of cerebellar protein kinase C (PKC)—dependent plasticity in spatial navigation by recording the
activity of hippocampal place cells in transgenic L7PKCI mice with selective disruption of
PKC-dependent plasticity at parallel fiber—Purkinje cell synapses. Place cell properties were
exclusively impaired when L7PKCI mice had to rely on self-motion cues. The behavioral
consequence of such a deficit is evidenced here by selectively impaired navigation capabilities
during a path integration task. Together, these results suggest that cerebellar PKC-dependent
mechanisms are involved in processing self-motion signals essential to the shaping of hippocampal

spatial representation.

internal cognitive map to navigate in their en-
vironment. A key neural substrate enabling
such representation is the hippocampus, which
contains CA1 and CA3 pyramidal cells described
as place cells. Each place cell fires for a restricted

It is well established that rodents build an
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region (the place field) of the environment (Z, 2).
Both external cues and self-motion cues (i.e.,
vestibular, proprioceptive, and optic flow cues)
control place cell firing (3, 4), which suggests the
involvement of a large network of cortical and
subcortical structures interacting with the hippo-
campus for navigation. Determining the function-
al architecture of such a network is thus essential
to our understanding of how the hippocampal
place cell code is generated. The medial ento-
rhinal cortex, a key relay structure between neo-
cortical areas and the hippocampus, contains grid
cells with regularly spaced multiple firing fields
(5), which integrate self-motion information and
participate in path integration (4, 6, 7).

The cerebellum has also been shown to be
essential to the processing of self-motion infor-
mation: Cerebellar Purkinje cells respond to vestib-
ular signals by transforming head-centered vestibular
afferent information into Earth-reference self-
motion and spatial orientation signals (8, 9), and

electrophysiological investigations suggest that
the cerebellum and the hippocampus can be func-
tionally connected during eyeblink conditioning
(10, 11). However, it is still unknown whether
such an interaction is functionally relevant in nav-
igation, and a mechanism that might underlie
such a process has not been identified.

In the transgenic mouse strain L7PKCI, the
pseudosubstrate protein kinase C inhibitor (PKCI)
is selectively expressed in Purkinje cells under
the control of the pcp-2 (L7) gene promoter (/2).
This results in an impaired long-term depression
(LTD) at cerebellar parallel fiber—Purkinje cell
synapses. Such a plasticity mechanism has been
proposed to work as an error-based (anti-Hebbian)
learning process (/3, 14) during conditioning
tasks (/5) and in optimization of motor response
during navigation (/6).

A total of 506 dorsal CA1 hippocampal cells
were recorded. A subset of 150 place cells was
further analyzed in six L7PKCI mice and five
wild-type littermate control mice. Relative to wild-
type mice, L7PKCI mice had a significantly lower
proportion of place cells [L7PKCI, n = 53/218
(24.3%); wild type, n =97/288 (33.7%); x> = 5.2,
df =1, P <0.025]. Neural activity was sampled
as the mice freely explored a circular arena con-
taining a salient cue (a card with a bottle attached
to it), in standard sessions (S1 and S2) and in-
volving cue manipulation in subsequent sessions
(S3 and S4). A last session (S5) similar to ses-
sions S1 and S2 was run to determine whether
we could restore the initial firing pattern irre-
spective of the changes in cell firing observed
during the cue manipulation sessions (Fig. 1A) (17).

After recording in the standard sessions, we
used two distinct environmental manipulations,
cue removal and cue conflict, in which mice are
forced to use self-motion cues. In the cue removal
condition, the arena was in the dark and the cue
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