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Transmembrane AMPA receptor regulatory proteins (TARPs) play
an essential role in excitatory synaptic transmission throughout
the central nervous system (CNS) and exhibit subtype-specific
effects on AMPA receptor (AMPAR) trafficking, gating, and
pharmacology. The function of TARPs has largely been determined
through work on canonical type I TARPs such as stargazin (TARP
γ-2), absent in the ataxic stargazer mouse. Little is known about
the function of atypical type II TARPs, such as TARP γ-7, which
exhibits variable effects on AMPAR function. Because γ-2 and γ-7
are both strongly expressed in multiple cell types in the cerebellum,
we examined the relative contribution of γ-2 and γ-7 to both syn-
aptic transmission in the cerebellum and motor behavior by using
both the stargazer mouse and a γ-7 knockout (KO) mouse. We
found that the loss of γ-7 alone had little effect on climbing fiber
(cf) responses in Purkinje neurons (PCs), yet the additional loss of
γ-2 all but abolished cf responses. In contrast, γ-7 failed to make
a significant contribution to excitatory transmission in stellate cells
and granule cells. In addition, we generated a PC-specific deletion
of γ-2, with and without γ-7 KO background, to examine the rel-
ative contribution of γ-2 and γ-7 to PC-dependent motor behavior.
Selective deletion of γ-2 in PCs had little effect on motor behavior,
yet the additional loss of γ-7 resulted in a severe disruption in
motor behavior. Thus, γ-7 is capable of supporting a component
of excitatory transmission in PCs, sufficient to maintain essentially
normal motor behavior, in the absence of γ-2.
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Neuronal excitability is controlled by two broad classes of ion
channels: voltage-gated and ligand-gated. It is well estab-

lished that voltage-gated channels are not only composed of
pore-forming subunits but auxiliary subunits as well, which are
not part of the pore, but control many important aspects of
channel function, such as trafficking and gating (1, 2). In contrast,
ligand-gated ion channels were thought to function independently
of auxiliary subunits. The discovery of the tetraspanning mem-
brane protein stargazin, also referred to as γ-2, which is mutated
in the ataxic stargazer (stg) mouse, changed this view. Cerebellar
granule neurons (CGNs), which express high levels of stargazin,
were found to lack surface AMPA-type glutamate receptors
(AMPARs) in the stg mouse (3, 4). Stargazin not only controls
the trafficking of AMPARs, but also controls AMPAR gating (5–
10), indicating that it satisfies all of the criteria of auxiliary
subunits. Stargazin is a member of a family of proteins referred
to as transmembrane AMPAR regulatory proteins (TARPs) and
consists of the following members: canonical type I TARPs (γ-2,
γ-3, γ-4, and γ-8) and atypical type II TARPs (γ-5 and γ-7), which
differ in their amino acid sequence and uniquely regulate AMPAR
trafficking, gating, and neuropharmacology (7).
Of particular interest is TARP γ-7, which is expressed through-

out the brain but exhibits high levels of expression, along with γ-2,
in cerebellar Purkinje cells (PCs) (11–14). Deleting γ-2 on its own

causes a ∼60% reduction in AMPAR-mediated synaptic currents
in PCs (14, 15). Widespread genetic deletion of γ-7 in the brain
was shown to have a negligible effect on climbing fiber (cf) re-
sponses in cerebellar PCs. However, deleting γ-7 together with
γ-2 (i.e., double knockout; dKO) all but abolishes cf responses,
indicating that γ-7 may have a role in mediating a component of
excitatory synaptic transmission in PCs. In addition, these dKO
mice exhibit an ataxic gait that was more severe than the γ-2
knockout (KO) alone, whereas the γ-7 KO exhibited no detect-
able behavioral deficits (14). Whether the behavioral deficits seen
in the dKO could be specifically attributed to the loss of excitatory
synaptic transmission in PCs remains unclear.
In addition, the possible role of TARP γ-7 in mediating fea-

tures of excitatory synaptic transmission in other cell types in the
cerebellar cortex is unresolved. On the basis of in situ hybrid-
ization and immunohistochemistry, γ-7 is expressed in other
cerebellar neuronal cell types including stellate cells (SCs) and
granule neurons (CGNs) (11, 12, 14). Biochemical and heterol-
ogous expression studies have shown that γ-7 is capable of
binding to AMPARs and enhancing AMPAR trafficking and
gating in stg CGNs, albeit less effectively than γ-2 (12, 16).
Furthermore, it has been proposed that γ-7 specifically associates
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with extrasynaptic, but not synaptic, GluA2-lacking AMPARs
in stg SCs (17). Furthermore, recent work in CGNs compared
the effect of shRNA-mediated knockdown of γ-7 to the over-
expression of γ-7 in stg CGNs. Remarkably both manipulations
caused a large increase in AMPAR currents, but their subunit
composition differed. With knockdown, the additional receptors
contained GluA2, whereas with overexpression, the additional
receptors lacked GluA2 (18). Overall, these results suggest an
intriguing interplay between γ-7 and γ-2 among neuronal cell
types in the cerebellar cortex that may exhibit cell-type speci-
ficity. However, the role for γ-7 in cell type-specific AMPAR
regulation remains obscure.
In the present study, we use a germ-line γ-7 KO mouse to

investigate the relative contribution of γ-2 and γ-7 to excitatory
synaptic transmission in cerebellar PCs, SCs, and CGNs. We
found little to no contribution of γ-7 to excitatory transmission in
SCs or CGNs, evidenced by the absence of a defect above and
beyond that seen in stg alone. We confirmed that deleting γ-7
alone has no effect on PC AMPAR responses, but γ-7 deletion
on the stg background resulted in the near-abolishment of
AMPAR-mediated responses, leaving a small kainate receptor-
mediated component intact. We further investigated the behav-
ioral consequences of selectively silencing all excitatory inputs
onto PCs. To this end, we crossed γ-7 KO mice, which have no
behavioral phenotype, with a mouse in which γ-2 had been se-
lectively deleted in PCs. The PCs in this mouse lack fast excit-
atory synaptic transmission and the mice exhibited severe motor
deficits, most consistent with cerebellar abnormalities. These
data suggest that γ-7 in PCs may have a role in supporting ex-
citatory synaptic transmission in the absence of γ-2.

Results
Climbing Fiber-to-Purkinje Cell Excitatory Transmission Is Severely
Impaired in stg/γ-7 Double KO Mouse Relative to stg Alone. We
first addressed the role that TARP γ-7 plays, relative to TARP
γ-2, in excitatory synaptic transmission in three distinct neuronal
cell types in the cerebellar cortex: PCs, SCs, and CGNs in the
germ-line γ-7 KO mouse, the stg mouse (19), which lacks TARP
γ-2, and a stg/γ-7 dKO mouse. We generated a γ-7 KO line by
replacing the γ-7 gene with LacZ-Neo cassette (Fig. S1). Western
blot analysis confirmed that γ-7 protein was absent in γ-7 KO
brain homogenate (Figs. S1C and S3). As reported (12), we
detected two bands in WT mouse brain by using a γ-7–specific
antibody. The main band was of the molecular mass (31 kDa)
predicted from the γ-7 amino acid sequence (20), and the other was
slightly larger, indicating a posttranslational modification such as
phosphorylation or glycosylation. For the characterization of PCs,
we prepared acute cerebellar slices and used the cf-mediated
excitatory postsynaptic current (EPSC) as the primary metric
for the strength of excitatory synaptic transmission. We found
that cf-EPSCs in γ-7 KO mice were not significantly different
from WT mice, but were reduced by ∼60% in the stg mouse
(WT, 2.11 ± 0.29 nA, n = 8; γ-7-KO, 2.26 ± 0.21 nA, n = 10; stg,
0.90 ± 0.1 nA, n = 14) (Fig. 1 A and B) as reported (15) and
consistent with results from the widespread conditional deletion
of γ-2 or γ-7 (14). Deleting both γ-7 and γ-2 caused a 90% re-
duction in cf-EPSCs (dKO, 0.21 ± 0.02 nA, n = 13) (Fig. 1 A and
B), also consistent with the widespread conditional deletion of
both γ-7 and γ-2 (14). Because the hallmark of cf-EPSCs is their
large, all-or-none current, we confirmed that the small remain-
ing currents seen in the dKO were, in fact, mediated by cfs by
satisfying two criteria: first, the remaining current had to be all-
or-none; and second, the response had to exhibit paired-pulse
depression. Furthermore, we found that the remaining current in
the dKO is resistant to the AMPAR selective antagonist GYKI
53655 (100 μM) and is mediated by kainate receptors (KARs)
(15, 21). Thus, in the dKO, cf-EPSCs are largely mediated by
current through KARs. The amplitude of the cf-evoked, KAR-

mediated current was similar among three genotypes (WT,
232.46 ± 25.23 pA, n = 8; γ-7-KO, 163.11 ± 14.6 pA, n = 7; stg,
204.47 ± 24.21 pA, n = 7) (Fig. 1 C and D), suggesting that the
number of cf synaptic contacts onto PCs was unaffected in these
groups. However, KAR-mediated cf-EPSCs are decreased at
dKO cf-PC synapses (dKO, 131.02 ± 19.57 pA, n = 7) (Fig. 1 C
and D), suggesting that excitatory input onto dKO PCs is re-
duced overall. Thus, stg PCs exhibit a significant reduction in
synaptic AMPARs, with dKO PCs exhibiting a virtual abolish-
ment of excitatory input.

Excitatory Transmission in Cerebellar Stellate Cells Is Not Further
Diminished in stg/γ-7 Double KO Mouse Relative to stg Alone. We
next examined the possible role that γ-7 may play in excitatory
transmission in SCs, which express both γ-2 and γ-7 (11, 13). In
the characterization of excitatory synaptic and extrasynaptic trans-
mission in the stg mouse, AMPAR-mediated synaptic responses
were found to be substantially diminished (17, 22). In our pre-
vious work, we showed that in the stg mouse, the average
frequency of AMPAR-mediated miniature EPSCs (mEPSCs),
arising from parallel fiber input from CGNs, was reduced by
∼85% and the average amplitude by ∼33% relative to WT (22).
Using mEPSCs as the primary metric for excitatory input onto
SCs, we asked whether the remaining synaptic AMPARs in stg
SCs are accounted for by the presence of γ-7. Both the frequency
and amplitude (Fig. 2 A and C) of mEPSCs in dKO SCs were not
significantly different from our previously published values from
stg SCs (22), suggesting that γ-7 does not play a clear role in
AMPAR trafficking in SCs, in the absence of γ-2. Furthermore,
our previous data showed that extrasynaptic AMPARs are ca-
pable of cell-surface trafficking and are likely TARP-associated
in stg SCs (22). Subsequent work confirmed that extrasynaptic
AMPARs in stg SCs are TARP-associated and went on to show
that they are specifically associated with γ-7 (17). We examined the
possibility that γ-7 may be mediating the trafficking of extrasynaptic
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Fig. 1. AMPA receptor-mediated synaptic currents of Purkinje cells in
stg/γ-7 double KO cerebella were significantly reduced. (A) Representative
traces of climbing fiber-mediated EPSCs from WT, γ-7-KO, stargazer (stg),
and stg/γ-7KO (dKO). Climbing fibers (cfs) were stimulated in the granule
cell layer at 0.1 Hz. Holding potential was −20 mV. (B) Summary bar graph
showing peak amplitudes of cf-EPSCs recorded from P31 to P58 mice. (C )
Representative traces of kainate receptor (KAR)-mediated currents recorded
in the presence of 100 μM GYKI 53655 at −70 mV. (D) Summary bar graph
showing peak amplitudes of KAR-mediated cf-EPSCs. Bar graphs summarized
average amplitudes ± SEM. Open circles represent values from individual cells.
Asterisks indicate significance, *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001.
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AMPARs by recording from nucleated outside-out patches
pulled from the somata of dKO SCs. We found that glutamate-
evoked currents can be elicited from dKO nucleated patches
with amplitudes that are not significantly different from pub-
lished values of stg SCs (22) (Fig. 2 B and D). Furthermore, the
ratio between kainate (KA) and glutamate (Glu)-evoked cur-
rents (KA/Glu ratio), a metric for TARP association (10, 23),
was not significantly different from published values from stg SCs
(22) (Fig. 2 B and D). These data suggest that, contrary to the
predictions of recent studies, TARP γ-7 does not appear to have a
significant role to play in AMPAR function in cerebellar SCs.

Excitatory Transmission in Cultured Cerebellar Granule Cells Is
Unaffected by γ-7 KO and Unchanged in stg/γ-7 Double KO Mouse
Relative to stg Alone. We went on to examine CGNs, which ex-
press γ-7, in addition to γ-2 (11, 12, 14). We examined the effect
of deleting γ-7 alone and in combination with the deletion of γ-2
(stg) by using cultured CGNs. We found no significant difference
in either the amplitude of spontaneous EPSCs (sEPSCs) or de-
cay kinetics calculated from averaged waveforms in the γ-7 KO
mouse compared with WT (Fig. 3 A and B). To control for other
possible changes in excitatory synaptic transmission, we exam-
ined spontaneous NMDAR-mediated events (Fig. 3C) and whole-
cell glutamate-evoked currents (Fig. 3 D and E) and found no
difference from WT. However, as reported (3), AMPAR-mediated
sEPSCs were absent in stg CGNs (Fig. 3A), whereas NMDA
sEPSCs remained intact (Fig. 3C). The whole-cell currents were
also greatly reduced in stg CGNs (Fig. 3 D and E). Examination
of the dKO mouse demonstrates a phenotype indistinguishable
from stg (Fig. 3). These results appear to differ substantially from
previous results in which shRNA of γ-7 in stg CGNs resulted in

a rescue of synaptic and whole-cell currents (17, 18). What might
account for the difference? One possibility is the germ-line KO
of γ-7 may lead to a compensatory or developmental down-
regulation of synaptic transmission. To address this possibility,
we used the same shRNA constructs to knock down γ-7 in cul-
tured stg CGNs. In our hands, the fluorescence of the γ-7–
shRNA–mCherry constructs reported (17, 18) was quite weak in
CGNs. However, in stg CGNs expressing the shRNA-mCherry
constructs, we failed to see any rescue of sEPSCs in contrast with
previous reports. Concerned with the weak expression of this
transfected construct, we used an alternative lentiviral expression
approach, which strongly expressed the γ-7–shRNA–GFP con-
structs in the majority of CGNs (Fig. S2A). We recorded from
a total of nine stg CGNs expressing shRNA-GFP and still failed
to observe any rescue of sEPSCs (Fig. S2B). The shRNA target
sequences we used were identical to those used in previous
reports and were effective at greatly reducing the γ-7 protein
level in dissociated CGNs (Fig. S2 C and D). Thus, we have no
obvious explanation for the difference in our results compared
with previous reports.

Impaired Excitatory Transmission in a Purkinje Cell-Specific Conditional
Deletion of γ-2 With and Without a γ-7 KO Background. Widespread
genetic deletion of both γ-2 and γ-7 in the brain has been shown to
result in severe deficits in motor behavior, evident as ataxic gait
(14). Given that germ-line deletion of γ-2 (stg) and γ-7 not only
abolishes AMPAR-mediated synaptic transmission in PCs, but
also severely impairs that of other cerebellar neurons and likely
many other cell types throughout the CNS, it is not possible to
identify the specific cellular defect that accounts for the motor
defects observed in the intact animal. We therefore investigated
the electrophysiological and behavioral consequences of specifi-
cally deleting AMPAR-mediated transmission in PCs. We crossed
the germ-line γ-7 KO mouse, which has no obvious behavioral
abnormalities (14), to a conditional γ-2 KO mouse in which Cre
recombinase is selectively expressed in PCs under the control of
the L7 promoter (Pcp2-cre) (24). In this case, any physiological
deficits should arise specifically from the synaptic impairments in
the PCs lacking γ-2, with and without a germ-line γ-7 KO back-
ground. This strategy would allow us to determine whether there
are specific consequences of deleting γ-2 only in PCs and if ad-
ditional loss of γ-7 reveals further deficits.
Here we define a simplified nomenclature for each of four

genotype groups subsequently tested as follows: (i) γ-2 PC WT:
γ-7 WT, mice with intact γ-2 and γ-7 expression whose genotype
was L7Cre−; γ-2loxP/loxP; γ-7+/+; (ii) γ-2 PC WT: γ-7 KO, mice
with intact γ-2 expression and lacking γ-7 whose genotype was
L7Cre−; γ-2loxP/loxP; γ-7−/− mice; (iii) γ-2 PC KO: γ-7 WT, mice
with γ-2 excised in PCs only, and intact γ-7 expression, whose
genotype was L7Cre+; γ-2loxP/loxP; γ-7+/+; and (iv) γ-2 PC KO:
γ-7 KO, mice with γ-2 excised in PCs only, and lacking γ-7, whose
genotype was L7Cre+; γ-2loxP/loxP; γ-7−/−.
To confirm the specificity of L7Cre recombinase activity to

cerebellar Purkinje neurons, we crossed the L7Cre mouse to a
ROSA26-tdTomato transgenic reporter mouse and found that
tdTomato fluorescence in the 2-mo-old brain appeared to be
confined to cerebellar Purkinje neuron dendrites and axons (Fig.
4A), consistent with the original description of the mouse (24).
To evaluate the specificity of L7Cre-mediated recombination of
the γ-2 gene, we performed Western blot by using homogenates
from each genotype group and confirmed that γ-2 protein level
in the forebrain was consistent between all groups, whereas
cerebellar homogenates in both the γ-2 PC KO; γ-7 WT and γ-2
PC KO; γ-7 KO showed reduced γ-2 protein levels compared
with both L7Cre-negative control groups (Fig. S3). We then
recorded cf-EPSCs from mice in each of the four groups (aged
3–4 mo). Cf responses were of normal size when recorded from
either γ-2 PC WT; γ-7 WT (1.78 ± 0.17 nA; n = 9) or γ-2 PC

A B
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Fig. 2. Synaptic and extrasynaptic AMPARs in stellate cells from stg/γ-7
double KO mice are not significantly reduced in comparison with stargazer
mice alone. (A) Representative mEPSC traces (15 s long) from WT (Top), stg
(Middle), and dKO (Bottom) cerebellar stellate cells (SCs) at a holding po-
tential of −60 mV. (B) Representative traces of currents evoked by 500 μM
kainate (black bars) and 500 μM glutamate (gray bars) in a nucleated
outside-out patch from a dKO SC soma at a holding potential of −60 mV.
Cyclothiazide (CTZ) is present in all solutions and is represented by a white
bar. (C) Bar plots showing the average mEPSC frequency (Left) and amplitude
(Right) of dKO SCs with individual values (open circles), represented as mean ±
SEM (mEPSC frequency, n = 10; mEPSC amplitude, n = 10). Neither frequency
nor amplitude was significantly different from published values of stg SCs
(P > 0.20) (22). (D) Bar plot showing the average amplitude of glutamate-
evoked currents (Left) and kainate/glutamate (KA/Glu) ratio (Right) from
dKO SC nucleated patches with individual values (amplitude, n = 6; KA/Glu
ratio, n = 6). Neither current amplitude nor KA/Glu ratio was significantly
different from previously published values (22) of stg SCs (P > 0.10).
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WT; γ-7 KO mice (1.86 ± 0.18 nA; n = 8) (Fig. 4 B and C).
However, in γ-2 PC KO; γ-7 WT mice, the amplitude of cf-PC
EPSCs was halved (1.05 ± 0.13 nA; n = 9) compared with control
groups. This observation is consistent with the recent report of
Kawata et al (25). Moreover, in γ-2 PC KO; γ-7 KO mice, the cf
responses were greatly diminished (0.22 ± 0.03 nA; n = 14) (Fig.
4 B and C) similar to those recorded in the global γ-2 and γ-7
dKO (14) and stg/γ-7 dKO (Fig. 1A).
Interestingly, the deficits in PC-specific conditional KO mice

(γ-2 PC KO; γ-7 WT and γ-2 PC KO; γ-7 KO mice) were not as
dramatic in younger animals [postnatal day (P)17–P24] (Fig. S4
B and D), suggesting the phenotype may take some time to
develop because of a delay in cre recombinase expression in
the L7Cre mouse (24), or another TARP may be expressed in
early postnatal developmental stages to maintain normal synapse
activity. However, a strong reduction of the cf-PC synaptic re-
sponse was seen in the global γ-2 and γ-7 dKO through early
developmental stages (Fig. S4 A and C). This result suggests that
γ-2 and γ-7 are expressed at an early developmental stage and
are essential for cf-PC EPSCs. Although PCs in the γ-2 PC KO;
γ-7 WT exhibit impaired synaptic transmission, and γ-2 PC KO;
γ-7 KO PCs are essentially devoid of excitatory synaptic trans-

mission, we did not detect a difference in overall cerebellar size
and any overt abnormalities in the lamination or foliation of each
cerebellum (up to 4 mo old). Instead, the KAR-mediated re-
sponses, which were resistant to 100 μM GYKI 53655, were
enhanced in γ-2 PC KO; γ-7 KO PCs (Fig. 4 D and E). This
enhancement was not observed in global stg/γ-7 dKO (Fig. 1D).
These results suggest that the potentiation of KAR channels may
represent a homeostatic mechanism (26) to maintain synaptic
activity and anatomical structure in γ-2 PC KO; γ-7 KO PCs.

Impaired Motor Behavior in a Purkinje Cell-Specific Conditional Deletion
of γ-2 with a γ-7 KO Background. We next carried out a battery of
behavioral tests to provide a detailed characterization of any
motor deficits exhibited by the Purkinje cell-specific deletion of
γ-2 with and without a γ-7 KO background. The four previously
defined genotype groups were tested (Fig. 4). Each genotype
group was comprised of a mixture of males and females aged
between 5 and 12 mo (see further details in Table S1).
The first test was a simple observational score of whether each

mouse displayed an ataxic gait. The γ-2 PC KO; γ-7 KO mice
were all ataxic, whereas none of the mice from the other three
groups displayed ataxia (Table S2). The ataxic mice could move

A

D E

B C

Fig. 3. TARP γ-7 has no apparent effect on AMPAR currents in dissociated cerebellar granule cells. (A) Spontaneous AMPA EPSCs recorded from WT, γ-7 KO,
stg, and stg/γ-7 double mutant (dKO) cerebellar granule cells. Bar graph summarizes average amplitudes ± SEM. WT, n = 6; γ-7-KO, n = 11; stg, n = 12; dKO,
n = 11. N.D., not detected. (B) Average miniature EPSCs fromWT and γ-7 KO are normalized and aligned to the peak. Average mEPSC from individual neurons
are displayed in gray, and averages of all experiments for both genotypes are shown in color. Weighted time constant values calculated from area under the
peak-normalized current are displayed as mean ± SEM. WT, n = 10; γ-7-KO, n = 18. (C) Spontaneous NMDA EPSCs were normal in granule cells from all
genotype. Bar graph summarized average amplitudes ± SEM. WT, n = 13; γ-7-KO, n = 15; stg, n = 14; dKO, n = 12. No significant difference was found among
all genotype. (D) Typical current traces recorded from cerebellar granule cells in response to 1 mM glutamate plus 100 μM CTZ and 100 μM PEPA. Black bars
represent the duration of agonist application. (E) Bar graph summarizes average amplitudes ± SEM.WT, n = 15; γ-7-KO, n = 18; stg, n = 12; dKO, n = 13. ****P ≤
0.0001. N.S., not significant. Open circles represent values from individual cells.
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around, but their gait was shaky and their stride was shorter,
evident in footprint patterns (Fig. 5D compared with Fig. 5
A–C). Examples of the ataxia can be observed in Movies S1 and
S2. Body weights of the γ-2 PC KO; γ-7 KO mice were within
a healthy range and were statistically no different from the other
genotype groups (Fig. S5A). The abnormal locomotion of these
mice was obviously noticeable at 3 mo of age, with a progressive
worsening of the ataxic gait with further aging (e.g., 5 mo vs.
3 mo; Fig. 5). Perhaps unexpectedly, mice lacking only γ-2 in PCs
(γ-2 PC-KO; γ-7 WT) had an apparently normal gait, at least by
this simple qualitative scoring (Fig. 5C).
Next, mice were trained on the rotarod (Fig. 6B). When the

genotypes were unblinded, all of the γ-2 PC KO; γ-7 KO mice
had been excluded from the training sessions because of severe
impairment and one γ-2 PC WT; γ-7 KO mouse that was obese
(50.3 g at time of training). Taking into account only the first

session trials (S1T1–S1T4), a repeated measures two-way ANOVA
with γ-2 PC and γ-7 genotypes as factors showed a significant
main effect of the γ-2 PC genotype only (P = 0.0057). Pairwise
comparisons for individual trials showed significant differ-
ences between γ-2 PC KO; γ-7 KO mice (red) and both γ-2 PC
WT; γ-7 KO (gray) as well as γ-2 PC WT; γ-7 WT (black) mice
for S1T2, S1T3, and S1T4 (Fig. 6B; *P ≤ 0.0166, Student’s t test).
Comparing the three genotype groups that could successfully
be trained across all trials, in a repeated measures two-way
ANOVA, there was no significant difference between groups.
However, in sessions 1 and 2, there was a trend that γ-2 PC
KO; γ-7 WT mice (blue), lacking γ-2 in PCs but with intact γ-7,
were slower to learn the task. They caught up to the performance
level of γ-2 PC WT mice by the third training session (S3T1–
S3T4). Furthermore, there were no differences among these three
groups in the final rotarod assessment that followed the training
sessions (Fig. S5B). The complete inability of γ-2 PC KO; γ-7 KO
mice to learn to walk on the rotarod indicates a motor deficit most
consistent with cerebellar dysfunction.
In the open field, both for total ambulation (Fig. 6C) and

rearing behavior (Fig. 6D), two-way ANOVA analysis showed
significant main effects of both the γ-2 PC genotype (P ≤ 0.0181)
and the γ-7 genotype (P ≤ 0.0087), as well as an interaction
between the two (P ≤ 0.0233). Post hoc comparisons showed that
γ-2 PC KO; γ-7 KO mice ambulated significantly less than the
three other groups for the first two trials (Fig. 6C; *P < 0.0001,
Student’s t test pairwise comparisons) and also reared less during
these trials (Fig. 6D; *P ≤ 0.002, Student’s t test pairwise com-
parisons). By the third trial, because all mice habituate to the
open field chamber, the differences were less pronounced, al-
though the γ-2 PC KO; γ-7 KO mice were still significantly dif-
ferent from the γ-2 PC WT; γ-7 WT and γ-2 PC WT; γ-7 KO
mice for both ambulation (Fig. 6C, #) and rears (Fig. 6D, #).
Interestingly, in the first and third trials, the γ-2 PC WT; γ-7 WT
mice (black) ambulated significantly more than the γ-2 PC WT;
γ-7 KO mice (gray) (Fig. 5C, )̂. However, this effect was driven
in part by obese mice (>35 g) in the γ-2 PC WT; γ-7 KO group
(gray; when excluded, the significance for OF3 disappears, and
the significance for OF1 is greatly diminished, from P = 0.0061
to P = 0.0385), and furthermore, there were no other differences
between these two groups. Overall, the open field data showed
that mice on the γ-7 KO background, also lacking γ-2 in PCs,
locomoted less overall and were less able to rear up on their hind
legs to explore the chamber.
The wire hang test is an assessment of neuromuscular function

and motor coordination. Two-way ANOVA analysis revealed a
significant main effect of the γ-2 PC genotype (P < 0.0001) and
also the γ-7 genotype (P = 0.0104), but no interaction between
the two. In this test as well, γ-2 PC KO; γ-7 KO mice were sig-
nificantly impaired compared with the other three genotype
groups because they were only able to hang for an average of
10 s, whereas the other groups could remain hanging for at least
an average of 34 s (Fig. 6E; P ≤ 0.0056, Student’s t test pairwise
comparisons). There is a known body weight confound to this
test, in that overweight mice will tend to perform more poorly.
Wire hang latency plotted versus body weight (Fig. 6F) shows
that several of the mice (e.g., >35 g) were likely impaired be-
cause of body weight rather than a true motor defect. Of note,
the great majority of γ-2 PC KO; γ-7 KO mice were under 30 g in
body weight and, thus, their deficits in this test were not attrib-
utable to high body weight but rather to a functional conse-
quence of lacking both γ-2 and γ-7 in PCs.
Finally, all mice were assessed for both forelimb and hindlimb

grip strength (Fig. 6 G and H). Here again, by two-way ANOVA,
there were significant main effects of both the γ-2 PC genotype
(P < 0.0001 for forelimb; P = 0.0046 for hindlimb) and the γ-7
genotype (P = 0.0237 for forelimb; P = 0.0112 for hindlimb) as
well as an interaction between the two (P = 0.0011 for forelimb;

A1 A2

B C

D E

Fig. 4. AMPA receptor-mediated synaptic currents were significantly re-
duced in Purkinje cell-specific γ-2/γ-7-double KO mice. (A) Fluorescent mi-
crograph of cerebellum prepared from L7Cre; ROSA26-tdTomato mice. L7Cre
mouse was crossed with ROSA26-tdTomato reporter line and analyzed at
2 mo old. White box in Left indicates brain region shown in Right. (Scale
bars: Left, 1 mm; Right, 100 μm.) (B) Representative traces of cf-EPSCs
recorded from γ-2 PC WT; γ-7 WT (L7Cre−; γ-2flox; γ-7 WT, black), γ-2 PC
WT; γ-7 KO (L7Cre−; γ-2flox; γ-7 KO, gray), γ-2 PC KO; γ-7 WT (L7Cre+;
γ-2flox; γ-7 WT, blue), and γ-2 PC KO; γ-7 KO (L7Cre+; γ-2flox; γ-7 KO, red)
mice. (C ) Summary bar graph showing peak amplitudes of cf-EPSCs
recorded from P63 to 4-mo-old mice at the holding potential of −20 mV.
(D) Representative traces of KAR-mediated currents recorded from γ-2 PC
WT; γ-7 WT (black), γ-2 PC WT; γ-7 KO (gray), γ-2 PC KO; γ-7 WT (blue), and
γ-2 PC KO; γ-7 KO (red) mice in the presence of 100 μM GYKI 53655 at −70
mV. (E ) Summary bar graph showing the KAR EPSCs. Open circles repre-
sent values from individual cells. Asterisks indicate significance, *P ≤ 0.05,
**P ≤ 0.01, ****P ≤ 0.0001.
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P = 0.0138 for hindlimb). Individual pairwise comparisons showed
that γ-2 PC KO; γ-7 KO mice were signficantly different from
all other genotype groups, with weaker force measurements
for both forelimbs (P ≤ 0.0006) and hindlimbs (P ≤ 0.0024) (Fig.
6 G and H; *, Student’s t test), indicating that the lack of both
γ-2 and γ-7 in PCs cells is relevant to the ability to coordinate a
strong grip.
In summary, all behaviors tested in the four genotype groups

revealed motor impairments in the γ-2 PC KO; γ-7 KO mice,
whereas the γ-2 PC KO; γ-7 WT mice were comparable to γ-2
PC WT; γ-7 WT and γ-2 PC WT; γ-7 KO mice. As noted, germ-
line γ-7 knockouts appeared no different from WT mice (14).
Overall, these data suggest that at the level of behavioral out-
put, γ-7 can compensate for the loss of γ-2 in PCs, whereas the
loss of both subunits has extremely severe consequences on
motor function.

Discussion
Members of the TARP family of AMPAR auxiliary subunits play
critical roles in the function of all known excitatory synapses in
the cerebellum. TARP γ-2, which is expressed in all neuronal
types in the cerebellum, has been shown to determine the num-
ber of synaptic AMPARs at mossy fiber-to-CGN synapses (3, 4,
14), parallel fiber-to-PC synapses and climbing fiber-to-PC syn-
apses (14, 15), parallel fiber-to-SC synapses (17, 22), and parallel
fiber-to-Golgi cell synapses (15). Less clear is the role of the type
II TARP γ-7, which is expressed, along with γ-2 and often other
TARP family members, in CGNs, PCs, and SCs (11, 16). In this
study, we undertook an examination of the specific roles that this
TARP family member may play in excitatory synaptic trans-
mission among these cerebellar cell types and their role in motor
behavior. Using the stg mouse, our germ-line γ-7 KO mouse, and
a stg/γ-7 dKO mouse, we failed to detect any clear contribution
of γ-7 to excitatory transmission in SCs or CGNs but did observe
a contribution of γ-7 to cf input onto PCs, suggesting a unique
role for γ-7 in regulating synaptic transmission in PCs. At the
behavioral level, we found that γ-7 in PCs may be capable of
maintaining essentially normal motor behavior in the absence of
γ-2, thus revealing a role for γ-7 in cerebellar PC-dependent
motor behavior.
In principle, γ-7 seems well-positioned to contribute to AMPAR

trafficking and gating in multiple neuronal cell types in the cere-
bellum, where it is enriched relative to other brain regions (12).
TARP γ-7 is expressed ubiquitously in the cerebellum, from the
abundant CGNs to cerebellar interneurons (such as SCs) and in
the only output neurons of the cerebellum, the PCs (11, 12, 14).
In addition, recent work suggests that γ-7 has specialized roles to

play in compartment- and subunit-specific AMPAR trafficking in
SCs and CGNs (17, 18).
With regard to cerebellar SCs, we examined the possibility that

γ-7 may account for the remaining AMPAR-mediated trans-
mission left at both parallel fiber-to-SC excitatory synapses and
at extrasynaptic sites in the absence of γ-2 (17, 22). In particular,
the amplitude of glutamate-evoked currents from nucleated
outside-out patches is unchanged in stg SCs relative to WT (22),
and several lines of evidence suggest that these extrasynaptic/
somatic AMPARs are in fact TARP-associated (17, 22). Bats
et al. (17) confirmed that extrasynaptic AMPARs in stg SCs are
TARP-associated and suggested that they are specifically asso-
ciated with γ-7. They went on to use cultured granule cells as
a proxy for a population of γ-2/γ-7–expressing neurons, knocked
down γ-7 in stg cultures by using an shRNA approach and par-
adoxically found that AMPAR-mediated mEPSCs are robustly
rescued. Their interpretation is that γ-7 somehow impedes the
synaptic targeting of TARPless AMPARs to synapses in the
absence of γ-2 (17). Based on these data, a prediction would be
that stg SCs, with a γ-7 KO background, would exhibit an en-
hancement in synaptic AMPARs (if γ-7 indeed interrupts syn-
aptic targeting of TARPless AMPARs) and an abolishment of
extrasynaptic AMPARs (if γ-7 is indeed mediating trafficking to
extrasynaptic sites). Surprisingly, our recordings fulfill neither of
these predictions: mEPSCs from stg/γ-7 dKO mice are not sig-
nificantly different from stg and extrasynaptic AMPARs are
largely preserved. Furthermore, the KA/Glu ratio is unaffected,
suggesting that extrasynaptic AMPARs in stg/γ-7 dKO mice are
unlikely to be TARPless. These data would suggest, contrary to
the predictions of previous work, that γ-7 is unlikely to play
a significant role in either synaptic or extrasynaptic AMPAR
function in cerebellar SCs.
In γ-7 germ-line KO mice, we were unable to detect any

impairment in either surface or synaptic AMPAR function in
CGNs and the stg/γ-7 dKO phenotype was indistinguishable
from stg. These data are in contrast to recent work showing
that shRNA knockdown of γ-7 caused dramatic changes in
synaptic and extrasynaptic AMPAR responses of CGNs (17,
18). One possibility is that the effect of acutely removing γ-7
differs from germ-line deletion, which may lead to develop-
mental changes or compensation. We addressed this possibility
by using the identical shRNA construct used in the previous
studies and found no effect of knocking down γ-7. To address
the possibility that the knockdown was inadequate in CGNs,
we turned to a lentiviral system for the shRNA expression.
This construct was expressed in the large majority of CGNs
and severely reduced the expression of γ-7 protein (Fig. S2).

5-mo3-mo

γ-2 PC WT; γ-7 WT

A

 γ-2 PC WT; γ-7 KO

5-mo3-mo

B

γ-2 PC KO; γ-7 WT

5-mo3-mo

C

γ-2 PC KO; γ-7 KO

3-mo 5-mo

D

Fig. 5. Abnormal gait was observed in γ-2 PC KO; γ-7 KO mice. Examples of footprint patterns from γ-2 PC WT; γ-7 WT (A), γ-2 PC WT; γ-7 KO (B), γ-2 PC KO;
γ-7 WT (C), and γ-2 PC KO; γ-7 KO (D) mice at 3 (3-mo) and 5 (5-mo) month old are shown. γ-2 PC KO; γ-7 KO mouse showed the most severely ataxic gait. Their
steps appear to be progressively shorter than other genotypes.

E376 | www.pnas.org/cgi/doi/10.1073/pnas.1423670112 Yamazaki et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423670112/-/DCSupplemental/pnas.201423670SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1423670112


Again, we could find no effect of knocking down γ-7 in CGNs.
In conclusion, our results suggest that γ-7 does not play a role
in either synaptic or extrasynaptic AMPAR function in SCs
and CGNs. We have no clear explanation for the difference
between our results and previous results (17, 18). However, in
agreement with previous results (14), we found that deletion of
both TARPs γ-2 and γ-7 in PCs resulted in almost complete
loss of cf-mediated AMPA EPSCs (Fig. 1), indicating a critical
role for γ-7 in PCs.
Cerebellar PCs are the sole output neurons of the cerebellar

cortex and project to the deep cerebellar nuclei and vestibular
nuclei neurons, which are involved in motor control in animals
through their communication with the nuclei of the thalamus
and brainstem (27). In stg mutant mice, γ-2 gene expression is
disrupted at the genomic level and excitatory transmission is
affected to varying degrees at all excitatory synapses in the
cerebellum (and anywhere in brain where γ-2 is expressed), pre-
sumably accounting for the ataxic phenotype. To limit the phe-
notype to PCs, we crossed a γ-2–floxed mouse with an L7Cre
mouse resulting in the γ-2 gene being specifically knocked out in
PCs (γ-2 PC KO). These mice were, in turn, bred with (γ-2 PC
KO; γ-7 KO) and without (γ-2 PC KO; γ-7 WT) the germ-line γ-7
KO background, which alone exhibited no clear electrophysio-
logical or behavioral phenotype. We showed that cf-EPSCs were
essentially abolished in γ-2 PC KO; γ-7 KO mice after 3 mo of
age, whereas those in γ-2 PC KO; γ-7 WT mice remained with
only half the amplitude of control cf-EPSCs (Fig. 4 B and C).
Recently, it has been reported that the late phase of cf elimi-
nation was impaired in PC-selective γ-2 KO mice, with the ab-
solute strengths of cf inputs scaled down and cf-induced Ca2+

transients significantly reduced (25). Because excitatory synaptic
transmission to PCs is primarily mediated by AMPARs after the
third postnatal week (28, 29), the smaller amplitude of AMPAR-
mediated EPSCs, and reduced activation of P/Q-type voltage-
dependent calcium channels, resulted in multiple cf innervation
of PCs (25). We have not examined whether synapse elimination
is impaired in our γ-2 PC KOmutant, but this recent data suggest
that our γ-2 PC KO; γ-7 WT and γ-2 PC KO; γ-7 KO mutants
likely exhibit multiple cf innervation, although we included
responses in our study that were all or none. It would be of
considerable interest to examine both multiple climbing fiber
innervation and changes in intrinsic excitability in the γ-2 PC
KO; γ-7 WT and γ-2 PC KO; γ-7 KO mutants generated in the
current study. In addition, it would be of interest to determine
the mechanism underlying the role of TARPs in the apparent
age-dependent decline in motor function (Fig. 5 and Fig. S4) and
the possibility of late-stage cerebellar dysfunction or degenera-
tion. Finally, we found that KA receptor-mediated responses
were enhanced in γ-2 PC KO; γ-7 KO mice (Fig. 4 D and E).
Because global stg/γ-7 dKO mice did not exhibit such enhance-
ment, rather a decrease relative to WT (Fig. 1 C and D), it is
possible that this enhancement reflects a homeostatic effect of
the late-onset loss of cf-EPSC responses as a way of maintaining
synaptic activity, previously reported in stg CGNs (26). However,
γ-2 PC KO; γ-7 WT mice showed no reduction in KA responses,
indicating that approximately half of control levels of excitatory cf
input onto PCs is sufficient to maintain essentially normal cere-
bellar function.
The battery of motor tests performed points to several consistent

results: (i) the γ-2 PC WT; γ-7 KO mouse group is no different
from the wild type group (γ-2 PC WT; γ-7 WT), corroborating

A B

C D

E F

G H

Fig. 6. Motor behaviors are impaired in γ-7 KO mice also lacking γ-2 in
Purkinje cells. (A) Genotype legend. Black, γ-2 PC WT; γ-7 WT. Gray, γ-2 PC
WT; γ-7 KO. Blue, γ-2 PC KO; γ-7 WT. Red, γ-2 PC KO; γ-7 KO. Data repre-
sented in B–D are mean ± SEM. (B) Rotarod training. γ-2 PC KO; γ-7 KO mice
(red) performed significantly worse than γ-2 PC WT; γ-7 WT (black) and γ-2
PC WT; γ-7 KO (gray) controls. Red asterisk denotes that training sessions
were discontinued for γ-2 PC KO; γ-7 KO mice (red) because they could not
learn the task. Significant differences in pairwise comparisons for individual
trials: in S1T2, *P = 0.0169 for red vs. black, and P = 0.0086 for red vs. gray; in
S1T3, *P = 0.0112 for red vs. black, and P = 0.0107 for red vs. gray; in S1T4
*P = 0.0016 for red vs. black, and P = 0.0063 for red vs. gray. (C) Open field
total horizontal ambulation during three trials OF1, OF2, and OF3. γ-2 PC
KO; γ-7 KO mice (red) locomoted significantly less than mice from control
groups. Individual pairwise comparisons: *P < 0.0001, γ-2 PC KO; γ-7 KO mice
(red) moved less than all three control groups for OF1 and OF2; #P ≤ 0.0235,
red vs. black and gray in OF3; ^P ≤ 0.0166, black vs. gray in OF1 and OF3. (D)
Open field rearing behavior during three trials OF1, OF2, and OF3. γ-2 PC KO;
γ-7 KO mice (red) reared significantly less than mice from control groups.
Individual pairwise comparisons: *, γ-2 PC KO; γ-7 KO mice (red) significantly
different from all three control groups, P ≤ 0.0001 (OF1), P ≤ 0.002 (OF2);
#P ≤ 0.0111, red vs. black and gray (OF3). (E) Maximum latency (best of three
trials) in the wire hang test. γ-2 PC KO; γ-7 KO mice (red) were significantly
impaired compared with all control groups: vs. black and gray, P < 0.0001; vs.
blue, P = 0.0056). *, at least P ≤ 0.0056. (F) Maximum wire hang latency data
(as shown in E) plotted versus body weight, showing that some mice that
could not perform the task properly were overweight (e.g., >35 g). (G) Av-
erage of three measurements of forelimb strength. γ-2 PC KO; γ-7 KO mice
(red) were significantly impaired compared with all other control groups.
Pairwise comparisons: *P ≤ 0.0006 (P < 0.0001 for red vs. both black and

gray; P = 0.0006 for red vs. blue). (H) Average of three measurements of
hindlimb strength. γ-2 PC KO; γ-7 KO mice (red) were significantly impaired
compared with all other control groups. Pairwise comparisons: *P ≤ 0.0024
(P < 0.0001 for red vs. black and gray; P = 0.0024 for red vs. blue). All P values
for pairwise comparisons calculated with a two-way Student’s t test.
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previous findings that global deletion of γ-7 has no observable
phenotype (14); (ii) the γ-2 PC KO; γ-7 WT mouse group is, for
the most part, unimpaired despite an ∼50% reduction in excitatory
synaptic input onto PCs, although it may exhibit slower learning in
the rotarod, and (iii) γ-2 PC KO; γ-7 KO mice are severely im-
paired, therefore the combinatorial deletion of γ-2 and γ-7 in PCs
has dramatic and deleterious consequences on motor behavior.
The wide-ranging motor deficits detected in these mice include
ataxic gait, severely reduced ambulation and rearing in the open
field, impaired performance in the wire hang test, and reduced
forelimb and hindlimb grip strength. The battery of tests is more
confirmatory than any single stand-alone test, and the consistency
of results between the different tests gives us more confidence that
the observed effects are real and robust.
These data suggest that both γ-2 and γ-7 TARP subunits have

a role to play in excitatory transmission in PCs in contrast to the
other cerebellar cell types that we studied. In PCs, the loss of γ-7
can clearly be compensated for by γ-2 and, most interestingly, the
loss of γ-2 can largely be compensated for by γ-7, despite a dra-
matic loss in excitatory transmission, to maintain essentially
normal cerebellar function and motor coordination. It has been
reported that γ-7 is enriched in the postsynaptic density (PSD)
(12, 14) and associated with PSD-95, although it lacks a typical
PDZ binding motif on its C-tail (12). Our results suggested that
γ-7 presumably interacts with PSD proteins, and the mainte-
nance of intact cf fiber input through multiple mechanisms may
represent an important compensatory strategy for preserving a key
instructive signal in motor learning (30, 31). Together, our results
show that γ-2 and γ-7 TARP subunits are required for AMPAR-
mediated cf input onto PCs and that this excitatory input is nec-
essary for the proper control of motor function and coordination
involved in the behaviors examined. Although there are multiple
prior examples of global deletions causing cerebellar synaptic
abnormalities and impaired motor coordination (32–35), to our
knowledge, this is the first example of abolishment of excitatory
input specifically onto Purkinje cells, which provides us with ad-
ditional insight into the relationship between Purkinje cell func-
tion and control of motor coordination.

Materials and Methods
Animals. All experiments were carried out in accordance with animal welfare
regulations set out by the University of California, San Francisco Institutional
Animal Care and Use Committee. Protocols for mouse behavior experiments
were approved by the Genentech Animal Care and Use Committee, and these

experiments were conducted at Genentech according to NIH guidelines for
the humane care and treatment of laboratory animals. Stargazer mutant
mice and TARP γ-2–floxed mice (14) have been described. TARP γ-7 KO mice
were generated by Deltagen (see SI Materials and Methods). Stargazer mice
were bred to γ-7 KO mice to generate homozygous γ-7KO/stargazer double
KO mice. WT mice were acquired from WT breeding pairs derived from the
stargazer background. L7-Cre mice (stock no. 010536; B6.Cg-Tg(Pcp2-cre)
3555Jdhu/J; The Jackson Laboratory) (24) were used for cerebellar Purkinje
cell-specific deletion of floxed TARP γ-2 gene. ROSA26-tdTomato reporter
line (stock no. 007909; B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, The Allen
Institute for Brain Science and The Jackson Laboratory) (36) was used for
characterization of Cre-mediated recombination.

Brain Slice Preparation and Electrophysiology. Mice were anesthetized with
isoflurane, decapitated, and their brains were rapidly removed and placed in
an ice-cold, high-sucrose cutting solution. Parasaggital cerebellar slices
(250 μm thick) and transverse cerebellar slices (250 μm thick) were prepared,
and whole-cell recordings from visually identified Purkinje cells and stellate
cells were obtained at room temperature (21–22 °C). Compositions of the
external and internal solution, and protocols of recording, are described in SI
Materials and Methods.

Dissociated Cerebellar Granule Neuron Culture and Electrophysiology. The
dissociation and culture of cerebellar granule neurons were performed fol-
lowing the protocol provided in previous work (12, 37). Whole-cell patch-
clamp recordings were made 8–10 d in vitro (DIV) as described in previous
reports (12, 37, 38). SI Materials and Methods provides more details.

Statistical Analysis of Slice Electrophysiology Data. Data are presented as
mean ± SEM. For Fig. 2, statistical significance, defined as P < 0.05, was cal-
culated with unpaired nonparametric Wilcoxon rank sum test as appropriate
by using KaleidaGraph (Synergy Software). For Figs. 1, 3, and 4, and Fig. S4,
statistical analysis was performed by using GraphPad Prism 5 (GraphPad
Software) by one-way ANOVA, followed by Bonferroni’s post hoc tests.

Motor Behavior. All behavioral observations and measurements were per-
formed blind to genotype. Footprint assay, neurological examination, rotarod,
open field, wire hang, and grip strength tests were performed as described
in SI Materials and Methods.
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