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Genetically eliminating Purkinje neuron GABAergic
neurotransmission increases their response gain to

vestibular motion
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Purkinje neurons in the caudal cerebellar vermis combine semicircular
canal and otolith signals to segregate linear and gravitational acceler-
ation, evidence for how the cerebellum creates internal models of body
motion. However, it is not known which cerebellar circuit connections
are necessary to perform this computation. We first showed that this
computation is evolutionarily conserved and represented across multi-
ple lobules of the rodent vermis. Then we tested whether Purkinje
neuron GABAergic output is required for accurately differentiating
linear and gravitational movements through a conditional ge-
netic silencing approach. By using extracellular recordings from
lobules VI through X in awake mice, we show that silencing
Purkinje neuron output significantly alters their baseline simple
spike variability. Moreover, the cerebellum of genetically manip-
ulated mice continues to distinguish linear from gravitational
acceleration, suggesting that the underlying computations remain
intact. However, response gain is significantly increased in the
mutant mice over littermate controls. Altogether, these data argue
that Purkinje neuron feedback regulates gain control within the
cerebellar circuit.

cerebellum | vestibular | electrophysiology | internal model |
transgenic mice

Determining one’s position and movement in the world is a
ubiquitous task for living organisms. For vertebrates, several
senses are available to detect self-motion, notably vestibular and
visual systems (1). The vestibular system faces a unique challenge
in distinguishing different types of motion: changes in head
orientation relative to gravity activate otolith hair cells in exactly
the same way as linear translations. The parsimonious solution to
this ambiguity is to combine information from the otoliths and
semicircular canals to create dynamic internal estimates of the
two distinct components of movement (2-7). In concept, a change
in head tilt relative to gravity (or equivalently, the gravity vector
on the head) is the cross product of the angular velocity sensed by
the canals and the gravity vector. Integrating these changes over
time and incorporating correction feedback to slowly align gravity
toward the otolith net acceleration signal provides an accurate
model of head tilt relative to gravity (7) (“tilt,” Fig. 14). This
internal representation of gravitational acceleration can then be
subtracted from the otolith net acceleration information to esti-
mate translational acceleration (“translation,” Fig. 1B).

The caudal cerebellar vermis, an important component of the
vestibulo-cerebellum which receives direct afferents from the
vestibular organs (8-13), is a likely candidate region for carrying
out this multistage computation. Indeed, Purkinje neurons in
these lobules (caudal IX and all of X, the uvula-nodulus) have
been shown in macaques to respond selectively to linear trans-
lation or gravitational tilt changes (14-17). However, it has not
been tested whether this selectivity requires feedback from the
cerebellar cortex, as might be postulated based on the tight re-
lationship between Purkinje neurons, target nuclei, and cere-
bellar inputs (18), particularly with dense Purkinje neuron

Www.pnas.org/cgi/doi/10.1073/pnas. 1818819116

collaterals specifically in lobules IX and X (19, 20). Furthermore,
it is unclear whether these properties extend outside the vestibulo-
cerebellum.

The mouse is an unsurpassed mammalian model system for
performing precise genetic manipulations to target individual
circuit elements that mediate evolutionarily conserved behaviors.
We performed a conditional genetic mouse cross to generate
L7°;Vgat™"°* mice, in which Purkinje neuron GABAergic
output is specifically blocked (21). These mice retain morpho-
logically intact cerebellar cell types, including the Purkinje neu-
rons themselves, but show severe behavioral abnormalities on
rotarod performance and footprinting assays. Anesthetized re-
cordings show changes in the variability of firing of both Purkinje
and cerebellar nuclear neurons, consistent with the blockage of
normal Purkinje neuron output. We utilized this model line to
probe whether Purkinje neuron output is necessary to perform
the network computations that differentiate gravitational and
inertial acceleration (Fig. 1C). Macaque monkeys and mice have
homologous vestibular organs and cerebellar microcircuitry, but
differ in the range of head movements (22). Thus, we first ex-
amined whether this computation is evolutionarily conserved and
shared by the mouse cerebellum. Furthermore, we also tested
whether these signals are carried by cells in vermal transverse
zones other than the vestibulo-cerebellum. Determining the role
of cerebellar cortical signaling in this fundamental self-motion
computation tests one of the most prominent theories of cere-
bellar function: how it generates internal models for sensori-
motor planning and timing.

Significance

One theory of cerebellar function proposes that it creates in-
ternal models for action planning, timing, and sensory pro-
cessing. Purkinje neurons in the caudal vermis of macaques
carry a model of gravitational and linear acceleration, and here
we show that this computation is evolutionarily conserved and
represented across multiple lobules of the rodent vermis. Fur-
ther, we show that genetically blocking Purkinje neuron
GABAergic output leaves this computational ability intact,
but leads to increased response modulation amplitude. We
conclude that Purkinje neuron feedback regulates gain con-
trol within the cerebellar circuit.
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We found neurons whose responses to vestibular motion were
identical to what was previously reported in macaque uvula-
nodulus (Fig. 2 C-L; see also refs. 16 and 17). Some cells
responded to the net gravito-inertial acceleration (GIA, Fig.
2D). Similar to vestibular afferent mossy fibers, GIA-selective
neurons modulated during both tilt and translation stimuli,
with “matched” modulation amplitude, preferred direction and
phase, such that their responses could be best modeled as the
total sum of gravitational (tilt) and inertial (linear translation)
components. Tilt-selective cells responded to tilt motion, irre-
spective of translation (Fig. 2F). We also identified translation-
selective neurons, which responded solely to translation and not
to tilt (Fig. 2H). Finally, other neurons modulated during both
tilt and translation stimuli, but with “unmatched” modulation
amplitude, preferred direction and phase (Composite neurons,
Fig. 2J). These findings indicate that afferent vestibular in-
formation is transformed in mice in a manner similar to that
reported in macaque monkeys (14-17).

Once signal quality showed signs of deteriorating in a mouse,
the next motion-responsive cell recorded was electrolytically
lesioned (SI Appendix, Extended Materials and Methods),
allowing us to reconstruct the lobule(s) that neurons were
recorded from (post hoc). Motion-selective neurons were
found in all lobules VI-X (Fig. 2 C-L and SI Appendix, Table

S1). For example, the highlighted GIA-responsive neuron was
recorded from lobule VI (Fig. 2C), an example tilt cell from
lobule VII (Fig. 2E), and an example translation cell from
lobule IX (Fig. 2G). Motion-selective cells were found in both
wild-type C57BIl/6] mice and littermates to the genetic mouse

Fig. 1. Computation of self-motion components and genetic experimental
design. (A and B) Schematic of simplified cerebellar circuit and conceptual
theory of tilt-translation computation. (A) Head tilt relative to gravity (or
gravitational acceleration vector, green) can be computed by integrating
rotational velocity Q from the semicircular canals, with canal signal decay
time constant t. Note that this integration can be implemented through a
network of several cells and cell types rather than the individual cells A

depicted. (B) Translational acceleration (“Trans,” magenta) can be calculated

by removing the gravity signal from the net GIA acceleration communicated Stimuli

by the otoliths. (C) Genetically eliminating Purkinje neuron GABA signaling — — 00
provides the ability to test whether Purkinje neuron signaling is necessary to // ! . /\‘a“s\a :
distinguish tilt from translation within the cerebellar cortex. Some connec- [/ FB Axis <\ ;'{‘\ ;'ﬂ\ Ff\ﬁ
tions left off for visual simplicity, e.g., vestibular and inferior olive afferents SV
in L7Cre,.vgatﬂox/ﬂox mice.

Condition 1 Condition 2Condition 3 Condition 4
“Tilt alone” “Trans alone"“Tilt-trans” “Tilt+trans”

A

IA Axisy’  Platform

Motion-Selective Purkinje Neurons Are Found Throughout
the Posterior Half of the Mouse Cerebellum

We assessed cerebellar motion response selectivity in adult
mice by recording during precisely controlled, multidirectional,
acceleration-matched sinusoidal translation and tilt test stimuli
(Fig. 24). A total of 653 cells in 33 mice (22 male, 11 female)
were given at least one test stimulus. Of these, we present
quantitative analyses from 172 cells, which had apparent audible
vestibular modulation, stable isolation through full testing along
at least two stimulus directions (see below), and audible and/or
visual evidence of complex spikes, signatures of putative Pur-
kinje neurons (see Materials and Methods and SI Appendix). We
focus on response properties of simple spikes, except for one
analysis in section II below.

Motion stimuli (14-17) (see refs. 23 and 24 for more details)
consisted of either linear (translation) motion alone, gravity-
reorienting (tilt) motion alone, a cancellative condition (“tilt-
translation”), where the net acceleration in the horizontal plane  Fig.2. Individual mouse Purkinje neurons in both central and caudal vermal
was zero, or an additive condition (“tilt+translation”), where the  lobules are selectively responsive to precise forms of self-motion. (A) Sche-
two types of motion summed together to double the net accel-  matic of recording platform and linear acceleration or gravity-reorienting
eration on the head (Fig. 2B). Using these four stimuli, in at least tilt stimuli. (B) Four stimuli of tilt alone, translation alone, tilt-translation, or
two orthogonal directions (typically more, when good isolation t||t+tra.nslat|on_ motion were given along two or more directions. Net ac-
was maintained), allowed us to characterize each cell’s vestibular ~ celeration depicted on bottom row. (C-J) Recorded neurons marked by le-

. . . . . . . . sions in lobules VI, VII, IX, and X (arrows). (C and D) A gravito-inertial
prop?rtles,_ 1nclud1ng preferred flrlng dll‘eCthI.l and phase, mn t.he acceleration (GlA)-responsive neuron responded to tilt and translation but
heaq s horizontal plane. ln. the presen'g experiments, we also in- not to tilt-translation. (€ and F) A tilt-selective neuron only responded dur-
vestigated Whther Purk!n]e ncurons 1n lOb_UIeS _VI'VHI. could ing tilt. (G and H) A translation-selective neuron only responded during
also be responsive to vestibular motion, despite being outside the  translation. (/ and J) A composite neuron had intermediate responses to all
area traditionally considered vestibulo-cerebellum (caudal lobule four stimulus conditions; thus, it did not fit into one of the three motion-
IX and lobule X). selective categories. (Scale bars in C, E, G, and I: Left, 500 um, Right, 200 pm.)
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cross; no differences were observed in firing properties be-
tween these mice (SI Appendix, Fig. S2 and subsequent sections
below), so they are grouped together as “controls” henceforth.

To quantify neural response properties, we fitted each cell’s
firing rate with a “composite model” where the cell’s response is
modeled as a linear combination of tilt and translation, with
different gain and phase along each axis of motion. We also
examined the fit of each cell’s response to three simple models:
Tilt (including only tilt components), Translation (translation-
only components), and GIA (where tilt and translation re-
sponse components are matched; see SI Appendix, Extended
Materials and Methods and refs. 16, 17, and 24). Cells were
classified as tilt, translation, or GIA-selective if one of the three
simple model categories provided a better fit than the other two
simple models in more than 95% of bootstrapped resamples;
otherwise, the cell was classified as composite (see SI Appendix,
Extended Materials and Methods and ref. 24 for details).

The composite model provided a good fit to neuronal re-
sponses. Across the populatlon of 128 neurons recorded in
control mice, the median R* value was 0.57 (SI Appendix, Fig.
S1). Since R” values are typically low in weakly or nonresponsive
neurons, and our study aimed to examine the specific role of
Purkm]e neuron output on vestlbular processing (rather than
other functions), neurons with R* < 0.25 (n = 15) were excluded
from quantitative analysis (as in ref. 17). Out of the 113
remaining neurons, 28 (25%) were “translation-selective,” 31
(27%) were “tilt-selective,” and 25 (22%) were “GIA-selective”
(81 Appendix, Table S1). The remaining 30 cells (26%) were not
significantly fit by any one of these three models and were
classified as composite.

We used the composite model fits to compute response mag-
nitude across the population. When tilt galn (expressed relative
to grav1tat10nal acceleration G = 9.81 m/s? ) is plotted versus
translation gain on a cell-by-cell basis, tilt- and translation-
selective cells lie above and below the diagonal (Fig. 34, green vs.
magenta, respectively), whereas GIA and composite cells tend to
lie close to the diagonal (Fig. 34, black and gray). Tilt-selective cells
were generally less responsive overall than translation-selective cells
(Fig. 34 boxplots show mean gain [line], 95% confidence intervals
[CI, boxes], and SDs [SD, whiskers]). Translation response gains
averaged 127 (94-173 CI) spikes/s/G (translation cells), 20 (15-26
CI) spikes/s/G (tilt cells), 56 (42-76 CI) spikes/s/G (GIA cells),
and 45 (35-59 CI) spikes/s/G (composite cells). Tilt response gains
averaged 41 (31-54 CI) spikes/s/G (translation cells), 61 (51-73
CI) spikes/s/G (tilt cells), 58 (44-77 CI) spikes/s/G (GIA cells),
and 57 (44-74 CI) spikes/s/G (composite cells). These values were
remarkably similar to response gains measured in macaques (17):
all cell types had approximately similar response gains during tilt,
but widely different gains during translation. Note that although
all recordings were made from the Purkinje neuron layer, only 31/
128 (24%) could be definitively identified as Purkinje neurons
based on their characteristic complex spike-triggered silencing of
single spikes. Nevertheless, response properties were similar for
putative and physiologically identified Purkinje neurons (SI Ap-
pendix, Fig. S2B).

Despite distinct modulation patterns, the population tilt/
translation ratios did not differ from a unimodal distribution
(Fig. 3B, Hartigan’s dip test, P = 0.96). To test for clustering of
cells into specific locations, we grouped cells according to their
transverse zones (25, 26). Transverse zones differ in develop-
mental origins, susceptibility to neurological defects, and gene
expression patterns, making them a natural framework for ex-
amining potential functional differences. We analyzed cells in
the central zone (lobules VI-VII), posterior zone (due to elec-
trode penetration angles starting from lobule VI, the majority of
these were the anterior transition area from caudal lobule VIII
to rostral IX), and nodular zone (caudal lobule IX and lobule X).
Similar-responding motion-selective neurons were found in all
examined zones (Fig. 3 and ST Appendix, Table S1), without clear
differences in distribution, though there appeared to be a trend
toward more tilt cells in the central zone and more translation

Stay et al.
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Fig. 3. The population of Purkinje neuron responses to tilt and translation
motion does not differ from a unimodal distribution. (A) Each Purkinje neu-
ron’s (n = 128) response to translation plotted versus its response to tilt, with
color and symbol indicating category and zonal classification. Green, gray,
black, and magenta colors represent tilt-selective, composite, GIA-responsive,
and translation-selective cells, respectively. Squares, diamonds, and stars
represent central, posterior, and nodular zones, respectively. Yellow symbols
indicate example cells from Fig. 2 C, E, and /. Ellipses indicate population
means + one standard deviation. Boxplots indicate mean, 95% confidence
intervals (boxes) and SDs (whiskers) for composite (gray), GIA (black), trans-
lation (magenta), and tilt (green) cells. (B) Histogram of tilt/translation gain
ratios, with colors indicating neurons sorted into classes, as described above.

cells in the nodular zone (x> test, P = 0.036). Neural responses
were not significantly dlfferent in their fits to the linear models
based on zone (mean R? values, central: 0.51 + 0.4, posterior:
0.58 + 0.03, nodular: 0.59 + 0.02; one-way ANOVA, P = 0.10).

Cells classified as tilt-, translation-, or GIA-selective were
encountered in all 21 control mice, suggesting that these results
are robust to any potential effects of sample size. Due to the
relatively large size of our electrolytic lesions and the mechanical
limitations of the mediolateral spacing between electrodes, we
were not able to reconstruct recording locations in the narrow,
few-hundred-pm-wide parasagittal planes that organize the cer-
ebellar cortex into zones. We conclude that Purkinje neurons
throughout the posterior half of the cerebellar cortex encode tilt
and translation self-motion, without an obvious relationship to
transverse topography but with a potentially broader lobule
distribution than previously appreciated (14-17).

L7°"¢;Vgat™®/flox pyrkinje Neurons Have Significantly

Altered Spontaneous Firing Properties Compared with
Control Purkinje Neurons, Including Higher Spiking
Variability

Recognizing that Purkinje neurons represent the sole output of
the cerebellar cortex, we focused on manipulating their output to
test whether perturbing the vestibulo-cerebellar circuit as a
whole would affect selective encoding of tilt and translation. We
hypothesized this to have a major impact on vestibular processing,
due to feedback projections from Purkinje neurons and vestibular
nuclear cells (19, 20, 27). We utilized an L7 Vgat"™"* condi-
tional mouse line prev10usly developed in our laboratory to spa-
tially target the elimination of vesicular GABA transporter (Vgar)
gene expression in Purkinje neurons (21). The cerebellum in this
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mouse line can fire normal action potentials in Purkinje neurons,
but because of the necessity of VGAT protein for loading GABA
into synaptic vesicles (28-31), no GABA is released onto Purkinje
neuron targets, leading to severe ataxia and disequilibrium.

We previously reported that L7 Vgat™"* mice have sig-
nificantly higher spiking variability in Purkinje neurons than lit-
termate controls during anesthesia (21); therefore, we tested
whether this difference in spontaneous physiology persists in
awake mice. We examined median firing rates and median co-
efficients of variation 2 (CV2; see SI Appendix, Extended Mate-
rials and Methods) during rest periods absent of any stimuli in
cells from 12 different L7<";Vgat""* mice (Fig. 44). One-way
multivariate analysis of variance (MANOVA) analysis indicated
a significant main effect of genotype on rate or CV2 together: P =
0.0046 (SI Appendix, Table S2). Consistent with what we found
previously, variability in firing (CV2) was higher overall for L7<";
Vgat™"* Purkinje neurons than controls (Fig. 4B; L7 Vgat™"*
median CV2 = 0.56 + 0.02, control CV2 = 0.49 + 0.01, Wilcoxon
rank sum test, P = 0.0024), while no significant difference was de-
tected in the overall firing rate (L7°";Vgat™"" firing rate = 56.6 +
3.4 Hz, control firing rate = 62.5 + 2.4 Hz, P = 0.21). This suggests
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Fig. 4. L7°¢;Vgat™fox purkinje neuron firing properties. (A) Examples of
spontaneous raw firing traces from control and L7<"¢;Vgat™°* purkinje
neurons demonstrating higher firing variability in the latter. (B) Spontaneous
median firing rate for each control (n = 128) and L7°";Vgat™* (n = 43)
Purkinje neuron plotted vs. median CV2, with shape, color, and fill indicating
zone, functional classification, and genotype. Shape and color scheme iden-
tical to Fig. 3. Filled symbols represent controls, while open symbols indicate
L7°":Vgat™/flex pyrkinje neurons. Histogram summaries show CV2 and rate,
with genotype means indicated by filled or open arrows, respectively. Sig-
nificant difference in median CV2 between L7C’e,'Vgatf’°"’ﬂ°" neurons (hatched
bars) and controls (open bars) indicated by asterisk (P = 0.0012), while no
difference was seen in median firing rate (P = 0.077, Wilcoxon rank sum tests).
No_significant differences were observed between zones within either ge-
notype. (C) Example of L7<;Vgat ¥ purkinje neuron response to applied
vestibular stimuli. (Scale bar, L: 500 um; R: 200 pm.)
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that Purkinje neuron feedback is involved in regulating variability
of firing in the cerebellar cortex in awake mice.

As noted, our analyses focused on Purkinje neuron simple
spikes (SS), in line with previous studies on motion selectivity in
the vestibulo-cerebellum (15-17). Although SS responses were
the primary aim of the study, we also examined spontaneous
complex spike properties for potential differences between
control and L7 Vgat"™"* Purkinje neurons, as complex spikes
are believed to be a key component of cerebellar learning and
function. One-way MANOVA testing failed to show a significant
difference between genotypes for median firing rate or CV2 (P =
0.15). Median complex spike firing rates in controls averaged
1.31 + 0.16 Hz, versus 1.45 + 0.25 Hz in L7 Vga™fx Purkinje
neurons. Median complex spike CV2 values in controls averaged
0.90 + 0.04 and in L7 Vga"""* Purkinje neurons 0.79 + 0.02.
Together, these data do not indicate any clear difference in spon-
taneous complex spike firing properties. We continued by exam-
ining other factors that could potentially influence SS firing.

Within each genotype, there were no significant differences in
median simple spike firing rate between neurons recorded from
different zones (Fig. 4B; central zone = 67.1 + 8.4 Hz, posterior =
63.0 + 3.6 Hz, nodular = 59.6 + 2.9 Hz; L7 Veat™ % central =
56.1 = 5.7 Hz, posterior = 52.1 + 4.1 Hz, nodular = 51.6 + 8.3 Hz),
nor in CV2 (control central zone = 0.50 + 0.03, posterior = 0.50 +
0.02, nodular = 0.48 + 0.02; L7"%;Vgaf™"* central = 0.46 + 0.02,
posterior = 0.44 + 0.04, nodular = 0.53 + 0.04; one-way
MANOVAs, control mice: P = 0.26; L7C’e;Vgatﬂ"X/ﬂ"X mice:
P = 0.30). Additionally, we did not observe any difference in
these spike statistics based on gender (female Hz = 63.7 + 3.4,
male Hz = 59.2 + 2.4, Wilcoxon rank sum test, P = 0.31; female
CV2 =0.51 + 0.02, male CV2 = 0.50 + 0.01, P = 0.80) or age of
the mice (age binned into “young,” <120 d old, or “ma-
ture,” >120 d old; young Hz = 60.2 + 3.0, mature Hz = 61.2 +
2.6, Wilcoxon rank sum test, P = 0.84; young CV2 = 0.50 £+ 0.02,
mature CV2 = 0.51 + 0.02, P = 0.86). These properties were
similar for putative and physiologically confirmed Purkinje
neurons (SI Appendix, Fig. S24). They did not differ in firing
rate (confirmed Hz = 63.3 + 3.5, putative Hz = 60.0 + 2.4,
Wilcoxon rank sum test, P = 0.42) or variability (confirmed
CV2 =0.47 + 0.03, putative CV2 = 0.52 + 0.01; P = 0.04). This
similarity across Purkinje neurons allowed us to use population
means to compare our conditional genetic mice with controls
during vestibular stimuli (Fig. 5).

Genetically Eliminating GABAergic Neurotransmission from
Purkinje Neurons Increases Their Modulation Response to
Self-Motion

Despite altered spontaneous firing properties, cerebellar neu-
rons in L7 Vgat™M°* mice retained their selective response
to tilt or translation motion (Fig. 4C). L7<";Vgat*""** Purkinje
neurons classified as tilt-, translation-, or GIA-selective were
found in all recorded lobules VI-IX (SI Appendix, Table S1). The
small sample of neurons in each area limits the statistical power
of any direct comparison of the zonal composition of each cell
type between control and mutant mice, but there was a potential
indication of a higher proportion of translation cells and fewer
GIA cells in L7 Vgat™ """ mice (SI Appendix, Table S1). When the
population responses to translation and tilt were plotted, the L7
Vgat™* mice showed a similar wide distribution of response se-
lectivity as controls (Fig. 5 A4 and B). However, the response am-
plitude of these cells was much larger than in controls (Fig. 54
confidence intervals): the tilt response gain of tilt-selective cells in-
creased from 61 spikes/s/G (spk/s/G) in controls to 216 spk/s/G in
L7 Vgat""* mice (Wilcoxon rank sum test, P = 5.2e-05) whereas
the translation response gain of translation cells increased from
127 spk/s/G to 287 spk/s/G (P = 0.0015). Likewise, both the tilt
and translation gain of composite cells increased (tilt: from 57 to
115 spk/s/G; translation: 45-144 spk/s/G; P = 1.9e-4 and 2.3e-05).
Tilt gain and translation gain did not significantly differ between
male and female mice (Wilcoxon rank sum test, tilt gain P = 0.34,
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Fig. 5. Genetically eliminating Purkinje neuron Vgat expression increases their
modulation response amplitude to self-motion. (A) Individual Purkinje neuron
(n = 43) response to translation and tilt plotted as in Fig. 3, with color and
symbol indicating classification type and transverse zone. Filled colored ellipses
indicate group means for control cells as in Fig. 3, while unfilled ellipses and
boxplots indicate group means for L7 Vgat™#°* purkinje neurons. Yellow
symbol indicates translation cell from anterior lobule IX shown in Fig. 4C. (B)
Tilt/translation histogram for all L7°"¢;Vgat™f°* pyrkinje neurons, as in Fig. 3.

trans gain P = 0.22). We conclude that inhibitory Purkinje neuron
output, including its primary or secondary feedback onto the
cerebellar cortex, is necessary for setting appropriate response
levels for vestibular processing.

As secondary analyses, we also examined the preferred firing
direction and phase of each cell in both L7";Vgat*** mice
and controls (S Appendix, Fig. S3). The preferred firing directions
for preferred stimuli for tilt-, translation-, and GIA-responsive
cells in controls were uniformly distributed (Rayleigh uniformity
test, P = 0.97 [GIA], P = 0.36 [translation], P = 0.97 [tilt]). In L7,
Vgat™"* mice, translation- and GIA-responsive cells’ preferred
directions appeared uniformly distributed, while tilt cells’ peak
responses appeared to cluster along the forward-back axis (see
legend of SI Appendix, Fig. S3), but a larger sample size of each
functional group would provide the means to fully delineate
functional compartmentalization. For response phase, Purkinje
neurons in both L7C“’;Vgatﬂ‘”‘/ﬂ”" mice and controls clustered
around specific components of movement, similar to what had
been reported in macaque (17). Control tilt-, translation-, and
GIA-selective cell peak responses tended to cluster around an
average of —10 + 11° relative to angular velocity, 0 + 15° relative
to linear velocity, and 10 + 17° relative to linear acceleration,
respectively (P < 0.02 for all types, Rayleigh uniformity test). L7
Vgat™""* translation-selective cell peak responses clustered close
to linear acceleration (average phase = —61 + 15° relative to linear
velocity, P = 7.3e-04), while tilt- and GIA-selective cell peak re-
sponses were not significantly clustered (P = 0.06, P = 0.22, re-
spectively). While these analyses are constrained by the small sample
size from each zone, they suggest that response phase to vestibular
motion may also be affected in L7C“’;Vgat}%"/ﬂ‘”‘ Purkinje neurons.

Discussion

The existence of net tilt and translation-selective signals in cere-
bellar Purkinje neurons, originally identified in macaque monkeys
(14-17), has been interpreted as evidence that the brain processes

Stay et al.

vestibular signals through an internal model of head movement.
Here, we have shown that the mouse cerebellum performs similar
computations. Although mice and macaques experience different
head accelerations (22), their vestibular system shows similar
properties (12, 13, 32, 33). Previous studies have identified motion
responsiveness in lobules IX-X of mice (34-37), but none have
employed controlled testing paradigms required to determine if
cells were selectively responding to linear or gravity-reorienting
motion. Our recordings have identified Purkinje neurons in mice,
which display selective responses to tilt or translation (Fig. 3).
Further, we found that the range of responsiveness of tilt- and
translation-selective cells is largely similar to what was observed in
macaques (17). These results suggest that the differentiation of tilt
and translation is a fundamental computation across vertebrates
that is likely resolved at early stages of vestibular processing.

Primary vestibular afferents have been reported to terminate in
lobules IX-X in the mouse (12, 13). These studies have been sup-
ported with findings showing that lesions to the uvula-nodulus
cause postural instability and imbalance (38), as well as erroneous
gravity perceptions (39). Notably, we found motion-selective neu-
rons in both lobules IX-X, as previously reported in macaques, as
well as lobules VI-VIII (Fig. 2), which are not typically considered
as vestibulo-cerebellum compartments. How these selective re-
sponses develop is not currently understood, but one possibility
involves secondary vestibular projections ascending from the ves-
tibular nuclei (27, 40, 41). Of note, the central and caudal trans-
verse zones have tied developmental lineage (25, 42), suggesting
that some aspects of their functions, e.g., appropriate circuit wiring,
may be established early in embryogenesis. It would be interesting
to examine whether motion responsiveness is also represented in
the more anterior lobules, which were not sampled in this study.

The cerebellum is organized into a patterned array of modules
that are defined by neuronal birth dates, developmental lineage,
gene expression, afferent termination patterns and firing char-
acteristics (43). We did not observe evidence for module-specific
clusters of tilt- or translation-selective Purkinje neurons, and the
tilt/translation sensitivity ratio did not differ from a unimodal
distribution (Fig. 3). However, the module pattern in the caudal
cerebellum is composed of very wide stripes that are interrupted
by narrow ones (26). Our recordings were likely biased toward one
class of Purkinje neurons. Future work would require more closely
spaced electrodes to fully disentangle if there is a mediolateral
organization of cell responses to tilt and translation.

We chose to silence Purkinje neurons chronically rather than
with acute optogenetics, in part because of potential differences
in chronic vs. acute silencing (44) and because previous work
described how adaptation after changes in gravity progresses on
the order of days rather than seconds (45, 46). We found that
chronically inactivating Purkinje neuron GABA output has a
significant effect on both spontaneous spiking variability (Fig. 4)
as well as response magnitude to vestibular motion (Fig. 5).
Purkinje neuron feedback is central to the control of various cell
types within the cerebellar cortex. For the vestibular system, this
involves secondary projections from Purkinje neurons to vestib-
ular nuclear neurons, then back into the granule cell layer as
mossy fibers (27). Additionally, Purkinje neurons project primary
feedback collaterals that are especially pronounced in lobules
IX-X (19, 20). Both of these projection types could contribute to
the altered gain, either through disinhibition of excitatory vestib-
ular nuclear neurons or of other Purkinje neurons. Moreover,
vestibulo-cerebellar Purkinje neurons project to motion-responsive
brainstem nuclei, which then project to the inferior olive (47). The
inferior olive in turn has profound effects on Purkinje neuron
firing. We did not observe differences in adult L7 Vgar™*
spontaneous complex spike firing, but it remains possible that the
cortico-nucleo-olivary loop is affected by the loss of Purkinje
neuron signaling throughout development, potentially leading
to “learning” an incorrect model of self-motion. We also found
potential differences in phase of response to vestibular motion after
blocking Purkinje neuron output. It would be informative in future
work to use nonsinusoidal stimuli to determine whether these phase
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clustering differences persist after genetic circuit manipulation.
Overall, the striking increase in response gain to self-motion fol-
lowing Purkinje neuron output blockade suggests that they may play
a key role in regulating appropriate vestibular activity levels, similar
to gain control seen in other sensory systems (48-50).

In summary, the present results demonstrate that the process
by which vermal Purkinje neurons carry a model of gravitational
and linear acceleration is evolutionarily conserved and wide-
spread across multiple lobules of the rodent vermis. Further, we
show that genetic silencing of Purkinje neuron GABAergic
output leaves this computational ability intact, but leads to in-
creased response modulation amplitude. These findings suggest
that the output of the cerebellar cortex, carried through both
Purkinje neuron projections and collaterals, is critical in main-
taining circuit firing at appropriate levels. These results highlight
the highly conserved nature of vestibular processing, and suggest
at least one function of Purkinje neuron signaling back to the
cerebellar cortex: Purkinje neuron feedback may regulate gain
control within the cerebellar circuit.

Materials and Methods

Detailed descriptions of methods are presented in S/ Appendix.
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Recordings. All experiments were approved by the Institutional Animal Care
and Use Committee at Baylor College of Medicine. C57BI/6) and L7°";
Vgat™fox mice colonies were maintained in our facility. Acute in vivo re-
cordings were performed on restrained adult mice with surgically implanted
head plates and craniotomy chambers. All data were collected by the same
experimenter. Motion stimuli followed published protocols (14-17).

Analysis. Spiking activity across all stimuli trials for a cell was analyzed via linear
regression for gain and phase response to tilt and translation motion, following
published procedures (17, 24). Briefly, neuronal activity was converted into a spike
density function, then each cycle was fit with a cosine function, with a complex
number representing gain and phase. This complex number was regressed on the
independent stimuli components. Spontaneous statistics were calculated from
rest periods between stimuli. Reconstruction of recording sites was done post hoc
via stereotaxic recording coordinates in reference to electrolytic lesions.
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