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SUMMARY
Patients with Rett syndrome suffer from a loss-of-function mutation of the Mecp2 gene, which results in
various symptoms including autistic traits and motor deficits. Deletion of Mecp2 in the brain mimics part
of these symptoms, but the specific function of methyl-CpG-binding protein 2 (MeCP2) in the cerebellum re-
mains to be elucidated. Here, we demonstrate that Mecp2 deletion in Purkinje cells (PCs) reduces their
intrinsic excitability through a signaling pathway comprising the small-conductance calcium-activated po-
tassium channel PTP1B and TrkB, the receptor of brain-derived neurotrophic factor. Aberration of this
cascade, in turn, leads to autistic-like behaviors as well as reduced vestibulocerebellar motor learning. Inter-
estingly, increasing activity of TrkB in PCs is sufficient to rescue PC dysfunction and abnormal motor and
non-motor behaviors caused byMecp2deficiency. Our findings highlight howPCdysfunctionmay contribute
to Rett syndrome, providing insight into the underlying mechanism and paving the way for rational therapeu-
tic designs.
INTRODUCTION

Over the past decades, the relevance of the ‘‘cerebellar connec-

tome’’ has been emerging.1 The cerebellum is heavily connected

with other brain regions, including the thalamus and cerebral

cortex,2,3 subserving not only motor but also non-motor func-

tions.4,5 Genetic mutations leading to aberrations in cerebello-

cerebral connectivity result in diseases with mental dysfunction,

such as autism spectrum disorder (ASD),6 in which develop-

mental and functional disruptions in the cerebellar connectome

can affect social interactions and experiences of reward.7–13

Rett syndrome patients suffer from loss-of-function mutations

of the Mecp2 gene encoding methyl-CpG-binding protein 2

(MeCP2).14 Loss of Mecp2 function causes not only typical

ASD features, such as deficits in social interaction and repetitive

behavior, but also motor symptoms, such as ataxia and

tremors.15,16 Inmice, global loss ofMecp2 causes deficits inmo-

tor performance, including hindlimb clasping, hypoactivity, and

tremors.17 To date, many Rett syndrome symptoms have been

attributed to cellular deficits in various brain regions, such as
C
This is an open access article und
the cerebral cortex and basal ganglia,18–22 but surprisingly, the

impact of Mecp2 mutation in the main output neurons of the

cerebellar cortex, Purkinje cells (PCs), has been relatively ne-

glected. Moreover, the pathological consequences of MeCP2

mutation at the molecular and cellular levels that ultimately

lead to changes in behavior have yet to be fully established.

Utilizing a mouse model with PC-specific deletion of Mecp2,

we here shed light on the impact of loss of function of MeCP2

at both the cellular and behavioral levels. Our results demon-

strate that deletion of Mecp2 reduces the excitability of PCs

through a signaling pathway, which entails the PTP1B-TrkB

(the receptor of brain-derived neurotrophic factor [BDNF])

cascade. These PC-specific cellular changes, in turn, lead to ab-

errations in both motor and non-motor behaviors. Moreover,

increasing the activity of TrkB in PCs at the adult stage is suffi-

cient to rescue PC dysfunction and defective behaviors caused

by Mecp2 deficiency. In short, our findings elucidate part of the

pathogenetic mechanisms underlying Rett syndrome and high-

light how PC dysfunction may contribute to symptoms associ-

ated with ASD.
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Figure 1. Impaired motor learning in pCre;Mecp2f/y mice (P90)
(A) MeCP2 was expressed in PCs (arrows). Scale bar, 20 mm calb, calbindin; ML, molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer.

(B) Footprints of Mecp2f/y and pCre;Mecp2f/y mice at P90 (n = 13 for each group). ISL, left step width; rSL, right step width; SW, stance width.

(C) Time spent on the rotarod (n = 13 for each group).

(D) Gains and phases in OKR.

(E) Gains and phases in VOR.

(legend continued on next page)
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RESULTS

Mecp2 deletion in PCs impairs motor learning
Consistentwithpreviouswork,23we found thatMeCP2 is robustly

expressed in PCs of post-natal mice (post-natal day 2 [P2]–P90)

(Figure 1A). To determine the role of MeCP2 in PCs, mice with a

Mecp2 deletion specifically in PCs (pCre;Mecp2f/f and pCre;

Mecp2f/y) were generated by crossing pCP2-Cre with Mecp2f/f

(female) orMecp2f/y (male) mice.Mecp2 deletion was confirmed

by assessing its mRNA in PCs (Figure S1A). Body weight and

cerebellar size of Mecp2 conditional knockout (cKO) mice ap-

peared normal at both P30 and P90 (Figures S1B and S1C).

We asked whether PC deletion of Mecp2 leads to motor defi-

cits. During the footprint test, cKO mice exhibited normal gait

(Figure 1B). In the rotarod test, cKO mice showed limited

improvement and learning over 8 sessions; their latency to fall

was shorter than that of control mice at late stages (Figure 1C).

Next, we examined compensatory eye movements, which are

more specific to the function of the cerebellum. We found that

the amplitude (gain) and timing (phase) of the baseline optoki-

netic reflex (OKR), vestibulo-ocular reflex (VOR), and visually

enhanced VOR (VVOR) did not differ between control and cKO

mice (Figures 1D–1F), supporting the hypothesis that PC dele-

tion of Mecp2 does not alter basic motor performance. We

continued to test a phase-reversal VOR adaptation protocol, a

more sensitive test for cerebellar learning.10,24While both control

and cKO mice did not differ in VOR gain decrease, this training

resulted in an increase in VOR phase in control mice that could

not be matched by cKO mice (day 3, p = 0.02; day 4, p =

0.002; day 5, p < 0.001; n = 12/group; ANOVA repeated mea-

sures) (Figure 1G). Together, these results indicate that PC dele-

tion of Mecp2 impairs motor learning.

Abnormal social and repetitive behaviors in cKO mice
Mutant mice with PC-specific deletion of autism-related genes

exhibit autistic-like behaviors.7–10,13 Thus, we examinedpsychiat-

ric behaviors in female (pCre;Mecp2f/f) and male (pCre;Mecp2f/y)

mice because functional magnetic resonance imaging (fMRI)

scanning in ASD patients shows sex-dependent differences in

cortico-cerebellar organization.25 In the three-chamber interac-

tion task, pCre;Mecp2f/y and pCre;Mecp2f/f mice displayed a

preference for a stranger mouse (S1), similar to Mecp2f/y and

Mecp2f/f mice (Figure 2A). Moreover, there was no difference in

the sniffing timebetweenMecp2f/y and pCre;Mecp2f/y mice or be-

tweenMecp2f/f and pCre;Mecp2f/f mice (Figure 2A). These results

indicate that mutant mice have no deficit in social ability. We next

tested social novelty by introducing a second stranger mouse

(S2). Both Mecp2f/y and Mecp2f/f mice demonstrated an

increased preference for S2, whereas neither pCre;Mecp2f/y

nor pCre;Mecp2f/f mice showed a particular preference for S2

(Figure 2A).

These observations were further examined by performing the

resident-intruder test.26 In trial 1, a subject mouse was exposed
(F) Gains and phases in VVOR.

(G) Training sessions for motor learning (cartoons) consisted of in-phase rotation o

training day and increasing amplitude of visual input afterward. This training ind

Table S1 for statistics. *p < 0.05, ***p < 0.001.
to an unfamiliar mouse for an interaction of 5 min. After a 1-h in-

ter-trial interval, either the previous familiar mouse or a second

novel mouse was introduced to the subject mouse in trial 2

(Figures S2A and S2B). We found a significant reduction in the

exploration time for control mice, but not cKO mice, in trial 2.

In comparison, both control and cKO mice showed no differ-

ences in exploring the novel mouse (Figures S2A andS2B). Com-

bined with the three-chamber test, these results suggested that

cKO mice may have impaired social memory.

Repetitive behavior was examined using the grooming, marble

burying, and T maze tasks. Water spray10 induced grooming be-

haviors in pCre;Mecp2f/y and pCre;Mecp2f/f mice, as shown by

more interrupted bouts and time spent self-grooming (Figure 2B).

In contrast, no difference was observed in the number of buried

marbles between control and cKO mice (Figure 2C). Moreover,

cKO mice showed no difference in the T maze task test

compared with controls (Figure 2D).

Last, we investigated whether the deficit in social functionmay

be due to impaired ability to recognize odorants. Thus, we per-

formed odorant cue recognition experiments and found that

cKO mice displayed reduced interest when exposed repeatedly

to the same odorant (Figures S2C and S2D). In this test, cKO

mice behaved in a manner similar to control mice, suggesting

that cKO mice retained normal olfactory discrimination ability.

Together, our results indicate that both male and female mice

with a PC-specific deletion of Mecp2 exhibit a social novelty

defect.

Mecp2 deficiency in PCs does not affect cyto-
architecture and neurotransmission
As for cerebellar development, Mecp2 deletion did not interrupt

the formation of cerebellar lobules at P30 (Figure S3A). More-

over, the PC layer appeared normal in cKO mice (Figure S3B).

Finally, Golgi apparatus staining and Sholl analysis showed

that both the intersection number (Figures S3C and S3D) and

spine formation were normal in cKO PCs (Figures S3E and

S3F). In summary, no evidence supports the hypothesis that

Mecp2 deficiency influences PC morphology.

Previous work suggests that synaptic efficacy and excitatory-

inhibitory input balance are affected in mice with Mecp2 muta-

tions.22,27 Hence, we investigated whether excitatory and/or

inhibitory transmissions of PCs are influenced by Mecp2 dele-

tion. Using whole-cell patch recordings in cerebellar slices,

excitatory and inhibitory inputs of PCs were examined (Fig-

ure S4A). First, neither frequency nor amplitude of miniature

excitatory postsynaptic currents (mEPSCs) was altered in cKO

mice (Figure S4B). Second, neither amplitude nor paired-pulse

facilitation (PPF) of evoked (parallel fiber) PF-EPSCs was

different between control and cKO mice (Figure S4C). Third, no

difference in the amplitude or paired-pulse depression (PPD) of

climbing fiber (CF)-EPSCs was found between control and

cKO mice (Figure S4D). With applying sub- or suprathreshold

stimuli, CF-EPSCs were elicited in an all-or-none fashion in
f the vestibular and visual input with the same amplitude (5�, 0.6 Hz) on the first

uced a reversal of VOR phase. Gray dots indicate individual data points. See
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Figure 2. Social impairment and repetitive behaviors in cKO mice (P90)

(A) Social ability evaluated by time spent in each chamber and sniffing time (n = 11 for each group). Bar graphs: time spent in S1, middle (mid), and object (obj)

chambers and sniffing time of control and cKO mice at P90.

(A0) Social novelty test following the introduction of S2.

(B) Cumulative time spent and number of bouts engaged in water spray-induced grooming behavior were scored over a 10-min session (Mecp2f/y, n = 14;

pCre:Mecp2f/y, n = 13; Mecp2f/f, n = 12; pCre:Mecp2f/f, n = 12).

(C) No difference between cKO mice and controls in the marble-burying task (Mecp2f/y, n = 17; pCre:Mecp2f/y, n = 15; Mecp2f/f, n = 16; pCre:Mecp2f/f, n = 14).

(D) No difference between cKO mice and controls in the T maze paradigm (Mecp2f/y, n = 13; pCre:Mecp2f/y, n = 14; Mecp2f/f, n = 12; pCre:Mecp2f/f, n = 11). See

Table S2 for statistics. *p < 0.05, **p < 0.01, ***p < 0.001.
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both control and cKO mice (Figure S4E), suggesting that CF

elimination develops normally in cKO mice.

PCsalsoreceive inhibitory inputsfrominterneurons(FigureS4A).

Thus, we measured miniature and evoked inhibitory postsynaptic

currents (mIPSCsandeIPSCs, respectively).Neither the frequency

nor amplitude of mIPSCs was affected by Mecp2 deletion (Fig-

ure S4F).MeaneIPSCamplitudes at various stimulation intensities

were comparable between two groups (Figure S4G). These re-

cordings suggest that GABAergic transmission onto PCs is not

affected by Mecp2 deletion. To examine the excitatory-inhibitory

input ratio in PCs, constant stimulation was applied to PFs, and

eIPSCs or eEPSCs were recorded sequentially from the same

PC. Nodifference in excitatory-inhibitory input ratio was found be-

tween control and cKO PCs (Figure S4H).

In addition, we examined whether metabotropic glutamate re-

ceptor 1 (mGluR1) is affected in cKOmice. Western blots showed

that synaptic expression of mGluR1, GluA2, and excitatory amino

acid exchanger 4 (EAAT4) was unaltered in cKOmice (Figure S4I).

We found that the peak amplitude ofmGluR1-EPSCswas compa-

rable between control and cKOmice (Figure S4J), suggesting that

mGluR1 is not affected by PC deletion of Mecp2.

Reduced intrinsic excitability in late adolescent cKO
mice
What is the mechanism causing abnormal behaviors of cKO

mice? Intrinsic excitability may be a candidate because it is
4 Cell Reports 42, 113559, December 26, 2023
altered in mouse models of ASD and Rett syndrome.7,10,22,28

Moreover, PC excitability is critical for the output of the cere-

bellar cortex, which further regulates cerebello-cerebral loops

that give rise to the profile of psychiatric deficits.6 Hence, we

examined intrinsic excitability of PCs in mice at P30. Action po-

tentials (APs) of PCs, referred to as simple spikes in vivo,29 were

recorded following a rheobase current (Figure 3A). AP parame-

ters, including threshold, amplitude, half-width, and afterhyper-

polarization potential (AHP), were measured (Figure 3B). We

found that control and cKO PCs had a similar AP pattern (Fig-

ure 3C). In addition, APs of control and cKO PCs showed a com-

parable threshold, amplitude, half-width and AHP (Figure 3D).

Intrinsic excitability was assessed by injecting stepped currents

of increasing amplitude on PCs. Our results showed a linear cur-

rent-to-firing frequency relationship with similar slopes in both

groups (Figure 3E). These findings indicate that PC intrinsic

excitability is normal in cKO mice at P30.

The examination of the excitability of PCs acquired different

results at P90. First, AHP amplitude increased in cKO PCs

(Figures 3F and 3G). Second, current injection evoked fewer

spikes in cKO PCs compared with control PCs (Figure 3H),

demonstrating that PC excitability is reduced in cKO mice at

P90. Next, we investigated whether synaptic transmission is

affected by MeCP2 deficit at P90. In summary, our results argue

against this possibility. First, neither the frequency nor amplitude

of mEPSCs was altered in cKO mice (Figure S5A). Second,



Figure 3. Reduced intrinsic excitability of PCs in adolescent cKO mice
(A) A diagram of whole-cell recording with current injection in PCs from the cerebellar vermis, which is applicable to the experiments shown in (B)–(H).

(B) Representative APs obtained by injecting a depolarizing current (50 ms; range 0.1–0.3 nA) in PCs. Arrowheads indicate the measurement of threshold,

amplitude, half-width, and AHP.

(C) Representative APs induced by a depolarizing current in control and cKO mice (P30). Note that AHP was blocked by apamin (100 nM), a specific inhibitor of

SK2 (n = 5). Right: phase-plane plots (Vm vs. dV/dt) (Vm, membrane potential; dV, delta change of voltage; dt, delta change of time) for APs on the left.

(D) No difference was found in threshold, amplitude, half-width, or AHP between control and cKO mice (P30) (n = 20 for each group).

(E) Example traces of current pulse-evoked spikes of PCs from control and cKO mice (P30) in response to a 200-ms/200-pA current injection. Bottom: input-

output curves for injected currents and firing frequency. Input resistance (Rinput) was monitored during the course of the experiment, and the percentages of

changes are shown after normalization to the first point.

(F) Representative APs of PCs in mice (P90). Right: phase-plane plots for APs.

(G) Averages of threshold, amplitude, half-width, and AHP (control, n = 13; cKO, n = 11).

(legend continued on next page)
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neither the amplitude nor PPF of PF-EPSCs was different be-

tween control and cKO mice (Figure S5B). Third, no difference

in the amplitude or PPD of CF-EPSCs was found between con-

trol and cKO mice (Figure S5C). Fourth, all CF-EPSCs were eli-

cited in an all-or-none fashion in both control and cKOmice (Fig-

ure S5D). Fifth, neither the frequency nor amplitude of mIPSCs

was affected by Mecp2 deletion (Figure S5E). Finally, mean

eIPSCs in response to different stimulation intensities were com-

parable between control and cKO groups (Figure S5F).

Previous work has shown that the inhibition of PC activity in

the Crus1/2 area generates ASD-related behaviors.11 Thus, we

investigated whether Mecp2 deletion affects the excitability of

Crus PCs at P90. Indeed, Crus1/2 PCs in cKO mice fired fewer

spikes as well (Figure 3I), indicating thatMecp2 deletion reduces

the excitability of Crus1/2 PCs. As a control, we also examined

APs and intrinsic excitability of Crus1/2 PCs at P30. Our results

showed that AP parameters, including threshold, amplitude,

half-width, and AHP, were not affected byMeCP2 deficit in these

PCs at this stage (Figure S6A), which is in line with the results ob-

tained from vermal PCs (Figure 3D). We also injected current

steps in Crus 1/2 PCs at P30 and examined their intrinsic excit-

ability. Our results indicated similar linear current-to-firing fre-

quency relationships between control and cKO Crus1/2 PCs

(Figure S6B). These findings indicate that Crus1/2 cKO PCs

also have normal intrinsic excitability at P30.

Small-conductance calcium-activated K+ (SK) channels
are upregulated in cKO mice
Next, we investigated which molecular event might influence PC

excitability. We focused on SK channels because both pharma-

cological blockade of SK and deletion of Kcnn2, the gene that

encodes SK2, can enhance PC excitability.24 Total and surface

expression of SK2 was unchanged in cKO mice at P30 (Fig-

ure 4A), but surface SK2 was increased significantly in cKO

mice at P90 (Figure 4A). Furthermore, we found that SK2 cur-

rents obtained at each holding potential were larger in cKO

PCs than those in control PCs, which was also shown by the cur-

rent-voltage (I-V) relationship plots (Figure 4B). In addition, we

found that Mecp2 deletion did not affect SK2 currents at P30,

as shown by an unchanged I-V relationship (Figure 4B).

We recorded SK2-mediated tail currents,30–32 which are eli-

cited by a transient Ca2+ influx responding to a depolarizing

voltage step and shown as a resurgent current immediately after

returning to the holding voltage.30 For a series of voltage steps

from �40 to +30 mV before jumping back to a holding current

of �50 mV, SK2-mediated tail currents were markedly larger in

cKO PCs at potentials more positive than �20 mV (Figure 4C).

Moreover, tail currents were recorded in Crus1/2 PCs, and

they were also augmented (Figure 4D). Collectively, our results

suggest that Mecp2 deletion enhances SK2 currents.

In addition, we asked whether Mecp2 deletion affects hyper-

polarization-activated cyclic nucleotide-gated 1 (HCN1) and
(H) Example traces of current pulse (250ms/250 pA)-induced spontaneous spikes

For the imitation, y0 values were �15.3 (control) and �12.2 (cKO); slope (a) value

(I) Schematic showing whole-cell recording of PCs in Crus1/2 of mice (P90). Righ

Bottom: input-output curves for injected currents and firing frequency. For the im

0.23 (control) and 0.20 (cKO) (n = 10 for each group). Gray dots indicate individu
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HCN2 channels, the major isoforms of the HCN family in PCs33

that contribute to the hyperpolarization-activated current (Ih)

and regulate motor learning.34 Our results indicated that neither

HCN1 and HCN2 expression nor Ih was affected by PC deletion

of Mecp2 (Figure S7).

MeCP2 regulates SK2 through BDNF-TrkB signaling and
PTP1B
We continued to investigate the underlyingmolecular events that

linkMecp2 deletion to SK2 up-regulation. Among a large number

of molecular signatures driven byMecp2mutation, BDNF and its

receptor, tyrosine kinase receptor B (TrkB), are regulated by

Mecp2.35,36 Moreover, BDNF signaling is considered one of

therapeutic targets for treating Rett syndrome.37 Inspired by

these findings, we asked whether BDNF signaling participates

in the regulation of SK2 by Mecp2 deletion. BDNF (50 ng/mL)

was applied to cerebellar slices of control mice for 30 min, and

SK2 and TrkB were evaluated immediately. Administering

BDNF enhanced the tyrosine phosphorylation of TrkB at 706,

and it also significantly decreased surface SK2 (Figure 5A). Sub-

sequently, SK2 currents were recorded in control or BDNF-con-

taining solution, and they were reduced by BDNF application.

These results show that BDNF/TrkB signaling negatively regu-

lates SK2 (Figure 5B).

A parallel question was whether Mecp2 deletion affects the

phosphorylation of TrkB.Wemeasured the tyrosine phosphoryla-

tion of TrkB-Y706, which is essential for the activity of TrkB.38

Interestingly, western blots revealed an age-dependent action

of Mecp2 deletion; the phosphorylation of TrkB-Y706 was intact

at P30 but inhibited at P90 (Figure 5C). Meanwhile, total TrkB

was unaffected at both ages (Figure 5C). These results suggest

that Mecp2 deletion reduces TrkB activity and downregulates

surface SK2. The effect of BDNF was verified by recording SK2

currents in cKO slices. Our results showed that SK currents

decreasedwith BDNF application (Figure 5D), and the attenuation

of SK currents was more pronounced in cKO mice (Figures 5B

and 5D), suggesting that BDNF-TrkB signaling and MeCP2

work through same pathway to control SK2 expression.

However, the question remained howMecp2 deletion regulates

the phosphorylation of TrkB in an age-dependent manner. It has

been reported that the expression of PTP1B, a protein tyrosine

phosphatase, increases due toMecp2 disruption and that this in-

crease is sufficient to downregulate tyrosine phosphorylation of

TrkB.39 Likewise, we found that there was a development-depen-

dent regulation of Mecp2 on PTP1B expression; PTP1B was un-

changed in cKO mice at P30 but increased at P90 (Figure 5E).

Furthermore, a series of experiments was conducted to confirm

the roles of PTP1B on TrkB signaling and PC excitability. First,

an antagonist of PTP1B,39,40 CPT-157633 (1 mM), was applied to

cerebellar slices (P90) of cKO mice for 30 min, and the phosphor-

ylation of TrkB was evaluated. We found that the application of

CPT-157633 significantly increased the phosphorylation level of
of PCs. Bottom: input-output curves for injected currents and firing frequency.

s were 0.23 (control) and 0.18 (cKO) (control, n = 13; cKO, n = 12).

t: example traces from Crus1/2 PCs in response to a 300-ms current injection.

itation, y0 values were �17.3 (control) and �14.4 (cKO); slope (a) values were

al data points. See Table S3 for statistics. *p < 0.05, ***p < 0.001.



Figure 4. Increased SK2 currents in adolescent cKO mice

(A) Total and surface SK2 in the cerebellum. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and flotillin were internal controls of total and surface protein,

respectively. Histograms show percentage changes of SK2 in cKO mice relative to control.

(B) Left: representative SK2 currents induced by voltage steps in control (black) and cKO (red) mice at P90. Right: current-voltage (I-V) curves derived from P30

and P90 mice, with current amplitudes normalized to the maximal value. Recording site: cerebellar vermis. P30: control, n = 8; cKO, n = 7. P90: control, n = 9;

cKO, n = 8.

(C) Left: stimulation paradigm and a representative current trace with two regions, where #1 represents an inward Ca2+ current complex, and #2 represents an

outward tail current. Center: representative tail currents evoked by the step to �30 mV. Scale bars in the inset, 50 ms/100 pA. Right: peak tail currents were

plotted against step potentials. Recording site: cerebellar vermis. Control, n = 9; cKO, n = 8.

(D) Tail currents evoked by the step to�30mV in Crus1/2 PCs from control (black) and cKO (red) mice (P90). They gray trace is the copy of control for comparison.

Scale bars in the inset, 50 ms/100 pA. Right: I-V relationship of tail currents. Gray dots indicate individual data points. Recording site: cerebellar vermis. n = 9 for

each group. See Table S4 for statistics. *p < 0.05, **p < 0.01, ***p < 0.001.
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TrkB-Y706 in control slices without changing total TrkB (Fig-

ure S8A). Furthermore, CPT-157633 also reversed the phosphor-

ylation of TrkB-Y706 in cKO slices, approximating it to a similar

level to PTP1B inhibition on control slices (Figure S8A). Second,

we examined the effect of CPT-157633 on APs of control and

cKO PCs (P90) by measuring threshold, amplitude, half-width,
and AHP. Our results showed that CPT-157633 did not alter the

threshold, amplitude, or half-width in control or cKO PCs but

reduced AHP in both control and cKO PCs (Figure S8B). Third,

intrinsic excitability was assessed by injecting stepped currents

on control and cKO PCs (P90) with or without CPT-157633. We

found that CPT-157633 increased PC excitability in both control
Cell Reports 42, 113559, December 26, 2023 7



Figure 5. Effect of BDNF-TrkB signaling on

SK2

(A) Surface SK2, phosphorylated TrkBY706 (pY706),

and total TrkB in the cerebellum of WT mice (P90)

treated with saline (sal) or BDNF. GAPDH and flotillin

were internal controls. n = 6 for each group.

(B) Left: representative SK2 currents recorded

from PCs treated with sal and BDNF, respectively.

Right: I-V curves of sal- and BDNF-treated PCs.

Recording site: cerebellar vermis. Control+sal: n =

8; cKO+sal: n = 7.

(C) Phosphorylated TrkBY706 and total TrkB in the

cerebellum. n = 6 for each group.

(D) Left: representative SK2 currents from cKO PCs

treated with sal and BDNF. Right: I-V curves. Cur-

rent amplitudes were normalized to the maximal

value; thus, the y axis indicates normalized currents.

Recording site: cerebellar vermis. n = 7 for each

group.

(E) PTP1B expression in the cerebellum. Gray dots

indicate individual data points. n = 6 for each group.

See Table S5 for statistics. *p < 0.05, **p < 0.01,

***p < 0.001.
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and cKO PCs (Figure S8C). Finally, SK2 currents were recorded in

control PCs and cKO PCs with or without CPT-157633. The I-V

curves demonstrate that inhibiting PTP1B could reduce SK2 cur-

rents under the conditions of both control and MeCP2 deficit

(Figure S8D).

Taken together, our results reveal unrecognized PTP1B-TrkB-

SK2 signaling in PCs that is independent of MeCP2 deficit.

Through this mechanism, PC deletion of Mecp2 can cause a

late adolescent elevation in PTP1B expression, which further

down-regulates TrkB phosphorylation and enhances membrane

expression of SK2.
8 Cell Reports 42, 113559, December 26, 2023
TrkBY706E expression in PCs
recovers SK currents and intrinsic
excitability in pCre;Mecp2f/y mice
Given thatMecp2 controls TrkB and SK2, a

critical question was whether rescuing the

TrkB level was enough to recover SK2upre-

gulation caused by Mecp2 deletion. Con-

firming this hypothesis would strengthen

thecausal link fromTrkB toSK2. Toaddress

this question, an adeno-associated virus

serotype 9 (AAV9)-based double-floxed in-

verse orientation (DIO)-GFP-TrkB-Y706E-

FLAG (TrkBY706E) vector was constructed,

and an AAV9-based GFP vector acted as

the naive control (NC) (Figure 6A), because

TrkB-Y706E increases the phosphorylation

andactivityof TrkB.38The viruswas injected

into the middle cerebellar lobules of pCre;-

Mecp2f/y mice (P30). TrkBY706E was ex-

pressed in PCs due to the presence of

Cre, shown by a GFP signal abundantly ex-

pressed in PCs (Figure 6A). Viral expression

was also confirmed by expression of the

FLAG tag (Figure 6B). Moreover, both total
TrkB and TrkBY706E were elevated after injection with GFP-

TrkBY706E (Figure 6C), indicating the efficiency of viral infection.

SK2 expression and currents were examined in PCs trans-

duced with NC and TrkBY706E vectors. TrkBY706E expression

significantly decreased surface SK2 without affecting total

expression (Figure 6D). SK2 currents were reduced in PCs trans-

duced with GFP-TrkBY706E compared with NC (Figures 7A and

7B). Moreover, SK2-mediated tail currents markedly decreased

in TrkBY706E-transduced cells compared with NC (Figure 7C).

Collectively, these results indicate that Y706E expression atten-

uates SK2 currents in cKO PCs.



Figure 6. Viral expression of TrkBY706E in

pCre;Mecp2f/y mice

(A) Schematic of the AAV9 vector encoding EGFP-

TrkB-Y706E-FLAG driven by the synapsin promoter

and induced by DIO with pCP2-Cre recombinase.

Bottom: anatomical targeting with stereotactic viral

infusion.

(A0) Sagittal section of the cerebellum (scale bar,

500 mm) containing EGFP-labeled PCs.

(B) FLAG expression in pCre;Mecp2f/y mice treated

with AAV9-EGFP (NC, n = 5) or AAV9-EGFP-TrkB-

Y706E-FLAG (TrkBY706E, n = 5). GAPDH and flotillin

were internal controls.

(C) Phosphorylated TrkBY706 (pY706) and total TrkB

in pCre;Mecp2f/y mice treated with AAV9-EGFP or

AAV9-EGFP-TrkB-Y706E-FLAG. n = 6 for each

group.

(D) Total and surface SK2 in pCre;Mecp2f/y mice

treated with AAV9-EGFP or AAV9-EGFP-TrkB-

Y706E-FLAG. n = 6 for each group. Gray dots

indicate individual data points. See Table S6 for

statistics. ***p < 0.001.
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Finally, APs and intrinsic excitability of cKO PCs were exam-

ined. TrkBY706E expression did not change thresholds but

significantly decreased AHP of cKO PCs (Figure 7D), making

it similar to control levels (control, 6.1 ± 0.2 mV; TrkBY706E,

5.9 ± 0.3 mV; p = 0.26). Current injection evoked more spikes

in TrkBY706E cKO PCs than NC PCs, and the plot of firing fre-

quency vs. injected current showed that TrkBY706E cKO PCs

were more excitable than NC (Figure 7E). Moreover, PC excit-

ability was compared between control PCs and PCs receiving

TrkBY706E infection. Again, TrkBY706E significantly decreased

AHP (Figure S9A). Current injection evoked more spikes in

TrkBY706E-expressing control PCs than NC PCs (Figure S9B).

Taken together, transducing phosphorylated TrkB can reduce
Ce
SK2 currents and increase excitability in

either control PCs or PCs with Mecp2

deletion.

TrkBY706E expression in PCs rescues
motor and non-motor behaviors
Given the results above, we asked

whether transducing TrkBY706E could

rescue impaired behaviors of pCre;

Mecp2f/y mice. To this end, we injected

AAV9 containing GFP-tagged TrkBY706E

or GFP vehicle into contiguous vermal

lobules, the flocculus, and Crus1/2 of

pCre;Mecp2f/y mice at P30 and per-

formed behavioral tests 2 months later.

First, we examined locomotion after NC

and TrkBY706E expression in the middle

lobules of the vermal cerebellum and the

flocculus (Figures S10A and S10B).

Compared with NC, TrkBY706E-treated

cKO mice exhibited longer latency to fall

from the rotarod after 5 sessions (Fig-

ure 7F). In the compensatory eye move-
ment test, TrkBY706E did not change the gain or phase of the

OKR (Figure S11A), VOR (Figure S11B), or VVOR (Figure S11C).

During the phase-reversal VOR adaptation test, NC or

TrkBY706E-treated pCre;Mecp2f/y mice exhibited a similar in-

crease in VOR gain on all days (Figure 7G). However,

TrkBY706E-transduced mice displayed a significant increase in

VOR phase compared with NC mice (day 4, p < 0.001; day 5,

p < 0.001; ANOVA repeatedmeasures) (Figure 7G). These results

reveal that TrkBY706E expression is sufficient to rescue the

impaired motor learning of pCre;Mecp2f/y mice.

Second, we evaluated whether TrkBY706E expression in PCs of

lobules IV, V, and VI and Crus1/2 could rescue autistic-like behav-

iors in pCre;Mecp2f/y mice (Figure S10C). In the social approach
ll Reports 42, 113559, December 26, 2023 9



Figure 7. PC Excitability and impaired behaviors are rescued by TrkBY706E in pCre;Mecp2f/y PCs

(A) Green and blue traces show representative SK2 currents from pCre;Mecp2f/y PCs treated with AAV9-EGFP (NC) or AAV9-EGFP-TrkB-Y706E-FLAG

(TrkBY706E), respectively. Recording site: cerebellar vermis.

(B) I-V curves of NC and TrkBY706E PCs. Current amplitudes were normalized to the maximal value; thus, the y axis indicates normalized currents. 0 mV: 0.48 ±

0.04 (NC, n = 7) and 0.31 ± 0.03 (TrkBY706E, n = 6), p = 0.0025. 10 mV: 0.66 ± 0.05 (NC, n = 7) and 0.43 ± 0.03 (TrkBY706E, n = 6), p = 0.0024. Unpaired t test.

(legend continued on next page)
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test, the mice transduced with NC and TrkBY706E vectors did not

differ in the preference to S1 (Figure 7H). In the social novelty test,

GFP-transduced pCre;Mecp2f/y mice demonstrated impaired so-

cial interaction similar to untreated pCre;Mecp2f/y mice, as shown

by low preference to S2 and short sniffing time to S2 (Figure 7H).

Interestingly, introducing TrkBY706E in cKO PCs recovered the

response of the mouse to social novelty, as shown by increased

preference and sniffing time to S2 (Figure 7H). These findings

were further corroborated by the resident-intruder test, in which

TrkBY706E expression successfully rescued the social memory

defect of cKO mice, when they interacted with the familiar mice

(Figures S2E and S2F). We further evaluated whether TrkBY706E

expression in PCs impacts repetitive behaviors and open field

performance of pCre;Mecp2f/y mice. We found that TrkBY706E

expression ameliorated grooming time, though the number of

grooming bouts was unaltered (Figure 7I). Taken together, our re-

sults suggest that the introduction of TrkB in PCsmight ameliorate

part of the autistic-like behaviors in pCre;Mecp2f/y mice.

DISCUSSION

In the present work, we show that (1) PC deletion of Mecp2

impairs motor learning and causes autistic-like behaviors, (2)

Mecp2 deletion in PCs does not change glutamatergic or

GABAergic transmission and instead promotes surface expres-

sion and currents of SK2 channels and affects the intrinsic excit-

ability, (3) Mecp2 deletion gradually increases PTP1B and ulti-

mately attenuates TrkB activity, (4) BDNF/TrkB signaling

regulates the surface expression of SK2, and (5) the expression

of TrkBY706E in adult Mecp2-null PCs is sufficient to restore PC

function and rescue both motor and non-motor behavioral defi-

cits. In short, we show a MeCP2 signaling pathway that controls

PCexcitability by regulating TrkBactivity throughPTP1B. Accord-

ingly,MeCP2deficiency augmentsSK2 currents, reduces intrinsic

excitability, and distorts motor and non-motor behaviors. Previ-

ous work claims that Mecp2 deletion from the cerebellum, hind-

brain, and/or spinal cord causes limited motor deficits.23 Here

we expanded on that work through more in-depth experiments

and analyses and revealed that MeCP2 in PCs is indeed relevant

to a variety of motor and non-motor behaviors.

Distinct functions of MeCP2 in neurons
MeCP2 is widely expressed in neurons and glial cells and regu-

lates their development and function.41 In the cerebral cortex,
(C) Tail currents evoked by voltage step to �30 mV in pCre;Mecp2f/y PCs tre

respectively. Scale bars in the inset, 50 ms/100 pA. Recording site: cerebellar ve

(D) Representative APs of PCs in NC (n = 16) and TrkBY706E (n = 17) groups. B

Recording site: cerebellar vermis.

(E) Example traces of PCs in response to a 250-ms/250-pA current injection. R

imitation, y0 values were �12.8 (NC) and �12.0 (TrkBY706E); slope (a) values were

TrkBY706E, n = 9.

(F) Time spent on the rotarod for pCre;Mecp2f/y male mice treated with AAV9-EGF

line is copied from Figure 1C, showing control data.

(G) Phase-reversal VOR adaptation test in male mice. The black points are copie

(H) Social interaction tests inmalemice evaluated by time spent in each chamber a

data.

(I) Number of bouts and time spent engaged in the grooming test for male mice. T

indicate individual data points. See Table S7 for statistics. *p < 0.05, **p < 0.01,
MeCP2 regulates the strength of excitatory synaptic transmis-

sion of pyramidal cells,42 while its loss in inhibitory neurons re-

duces GABAergic transmission.22 Here, we show that MeCP2

in PCs affects surface SK2 and intrinsic excitability rather than

EPSCs and IPSCs. It is a long-standing question to what extent

loss ofMeCP2 is involved in neurogenesis and synaptic develop-

ment.43 Hippocampal pyramidal cells of Rett syndrome mouse

models exhibit reductions in neuronal soma size, dendritic

arborization, spine density, PSD95 expression, and synaptic

scaling.44–46 While these findings show the participation of

MeCP2 in neuronal maturation, our work indicates that MeCP2

does not exert an effect on the development of PCs. Thus,

MeCP2 may have different molecular actions in different cell

types. These heterogeneous effects are in line with the great

variety in the methylation landscape across cell types in

Mecp2T158 M/y and Mecp2R106 W/y mice.47

MeCP2 activity, BDNF-TrkB signaling, and SK2
MeCP2 not only represses48,49 but also promotes50,51 the expres-

sion of BDNF, depending on its phosphorylation status.52 In fact,

MeCP2 has versatile roles in transcription, microRNA expression,

and RNA splicing35,41 and dually regulates gene expression by

combining repressor and activator effects.53,54 The present

work links BDNF/TrkB signaling with upstream PTP1B and down-

stream SK2, strengthening the notion that BDNF/TrkB signaling is

an essential effector of MeCP2 in Rett syndrome. While our result

showing that Ih is not affected byMecp2 deletion strengthens the

notion that SK2 is the target of TrkB, it cannot be excluded that

other channels are also involved in TrkB signaling with Mecp2

deletion. Our data align well with the study by Krishnan et al.39

demonstrating that disruption of MeCP2 function increases

PTP1B levels and thereby decreases the tyrosine phosphorylation

of TrkB. Moreover, our observation that increasing TrkB activity is

sufficient to rescue PC dysfunction raises a possibility to design

therapies for Rett syndrome. A previous study has shown that pro-

tein kinase A can regulate surface SK2 through direct phosphory-

lation.55 Thus, it is possible that TrkB regulates the phosphoryla-

tion sites of SK2, leading to the reorganization of SK2 surface

expression in response to the condition of either reduced TrkB

or TrkB-Y706E expression.

ASD genes and their impacts on cerebellar physiology
More than 1,000 risk genes have been found for ASD, and the

number of genes with de novo mutations is still growing. While
ated with AAV9-EGFP (n = 12) or AAV9-EGFP-TrkB-Y706E-FLAG (n = 10),

rmis.

ar graphs show the statistics of threshold, amplitude, half-width, and AHP.

ight: input-output curves for injected currents and firing frequency. For the

0.19 (NC) and 0.24 (TrkBY706E). Recording site: cerebellar vermis. NC, n = 11;

P (NC, n = 6) and AAV9-EGFP-TrkB-Y706E-FLAG (TrkBY706E, n = 8). The black

d from Figure 1G, showing control data.

nd sniffing time. The black columns are copied fromFigure 2A, showing control

he black columns are copied from Figure 2B, showing control data. Gray dots

***p < 0.001.
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ASD can be linked to defective development of the cerebellum,

relatively many of these genes, including Tsc1/2, Nlgn3, Fmr1,

Pten, and Shank2, cause PC dysfunction with changes in elec-

trophysiological properties.7,8,10,56–59 For example, PCs of

Tsc1PC and PtenPC mice show a reduced excitatory/inhibitory

input ratio and simple spike firing,9,10 whereas PC deletion of

Shank2 increases inhibitory currents and inhibits intrinsic plas-

ticity.10 We show here that loss of MeCP2 attenuates PC firing

frequency through regulating SK2. Thus, Tsc1, Shank2, and

Mecp2 may share a common role in stabilizing intrinsic excit-

ability of PCs. Other examples corroborate the concept that

altered synaptic plasticity and intrinsic excitability in PCs in gen-

eral lead to aberrations in social or cognitive behavior.60,61 Thus,

altered excitability of PCs together with abnormal cerebellar

development may be the key factors for autistic behaviors.

Deterioration and rescue of cerebello-cerebral
connectivity
We demonstrate that expressing TrkBY706E restores the intrinsic

excitability of PCs as well as behavioral phenotypes in Mecp2

cKO mice. Similarly, re-expressing fragile X mental retardation

protein (FMRP) in young adult mice with fragile X syndrome

has been shown to rescue synaptic organization and visual per-

formance.62 However, restoring the function of a gene may not

only act on the pre- and/or post-synaptic sites of dendrites

and cell bodies, but in young adult mammals, it might, in princi-

ple, also rescue aberrations in the related axonal outputs, espe-

cially when the rescuing endeavor takes place close to the crit-

ical developmental period. Accordingly, it will be interesting to

find out to what extent abnormalities in the cerebello-cerebral

pathways in Mecp2 cKO mice can also be rescued by overex-

pressing TrkBY706E. Indeed, such an approach might eventually

offer an attractive general strategy for treating genetic disorders,

in which cerebello-cerebral connectivity is impaired from early

on. An interesting comparable example in this respect might

be tuberous sclerosis (Tsc1), in which the cerebello-cerebral

pathway from cerebellar Crus1 to the ventromedial thalamus

and medial prefrontal cortex is also affected from early on and

in which the genetic defects also lead to social deficits and repet-

itive behaviors.11,63 Importantly, not only the cerebello-cerebral

pathways linked to Crus1 may be subject to ASD pathogenesis

but also those comprising other lobules in the anterior and me-

dian cerebellar cortex.64,65 We therefore propose that dysfunc-

tion of PC excitability and aberrations in the development of cer-

ebello-cerebral connectivity may both contribute to ASD and

that both phenomena may have to be rescued to obtain optimal

therapeutic effects.

Limitations of the study
While our study sheds light on the underlying cellular mecha-

nisms of PC dysfunctions caused by MeCP2 deficiency, the ab-

normalities in the cerebello-cerebral pathways in Mecp2 cKO

mice remain unclear. We emphasize the roles of PTP1B-TrkB-

SK signaling in PC excitability as well as motor and non-motor

behaviors, but the evidence linking these events needs to be

further strengthened. It should be noted that this signaling may

be a parallel mechanistic pathway that improves the disrupted

functionality but not necessarily the mechanism driving dysfunc-
12 Cell Reports 42, 113559, December 26, 2023
tion in Mecp2 mutants. The use of specific and development-

dependent PTP1B KO animals may reveal a more complete pic-

ture of how this signaling modulates cerebellar development and

animal behaviors. In addition, our present work does not answer

whether other channels are involved in TrkB signaling and how

SK2 is regulated by TrkB, which remains to be uncovered using

more techniques.
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Antibodies

Rabbit polyclonal, anti-mGluR1 BD Biosciences Cat# 610965, RRID: AB_398278

Rabbit polyclonal, anti-flotillin BD Biosciences Cat# 610820, RRID: AB_398139

Rabbit polyclonal, anti-PSD95 Millipore Cat# MAB1598, RRID: AB_94278

Rabbit polyclonal, anti-GAPDH Millipore Cat# MAB374, RRID: AB_2107445

Rabbit polyclonal, anti-GluA2 Millipore Cat# MAB397, RRID: AB_2113875

Rabbit polyclonal, anti-MeCP2 Abcam Cat# ab2828, RRID: AB_2143853

Rabbit polyclonal, anti-EAAT4 Alpha Diagnostics Cat# EAAT41-A, RRID: AB_1622384

Rabbit polyclonal, anti-Flag Abmart Cat# M20018, RRID: AB_2936247

Rabbit polyclonal, anti-TrkB Cell Signaling Cat# 4603, RRID: AB_2155125

Rabbit polyclonal, anti-TrkB-pY706 Affinity Biosciences Cat# AF3461, RRID: AB_2834899

Rabbit polyclonal, anti-SK2 Alomone Cat# APC-028, RRID: AB_2040126

Goat anti-Mouse IgG (H + L) Secondary Antibody, HRP Thermo Fisher Cat# 31430, RRID:AB_228307

Goat anti-Rabbit IgG (H + L) Secondary Antibody, HRP Thermo Fisher Cat# 31460, RRID:AB_228341

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 488

Invitrogen Cat# A-11008, RRID:AB_143165

Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 488

Invitrogen Cat# A-11001, RRID:AB_2534069

Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 594

Invitrogen Cat# A-11005, RRID:AB_2534073

Bacterial and virus strains

AAV9-DIO-eGFP-TrkB-Y706E-Flag Shengbo, Shanghai N/A

Chemicals, peptides, and recombinat proteins

Nissl Beyotime, Shanghai Cat# C0117

Protease inhibitor cocktail Merck Chemicals Cat# 4693132001

ProLongTM Gold Antifade Mountant with DAPI Invitrogen Cat# P36941

EZ-link-sulfo-NHS-SS-Biotin Thermo Fisher Cat# 21331

SDS Sigma-Merck Cat# 28365

Triton X-100 Sigma-Merck Cat# 85111

CPT-157633 MedChemExpress Cat# HY111469

Streptavidin agarose Thermo Fisher Cat# 20349

NBQX Tocris Bioscience Cat# 0373/10

Apamin MCE Cat# HY-P0256

TEA Tocris Bioscience Cat# 3068/50

Gabazine Tocris Bioscience Cat# 1262/10

Adhesive 3M Cat# 41453

TTX Abcam Cat# ab120055

Critical commercial assays

BCA protein assay kit Tiangen Cat# PA115

OneStep Kit Qiagen Cat# 210212

PVDF membrane Sigma-Merck Cat# IPVH00010

enhanced chemiluminescence Pierce Biotechnology Cat# 32106

Rapid Golgi Stain kit FD Neuro Tech Inc. Cat# PK401

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mecp2f/+ mice Dr. Zi-Long Qiu from Chinese Academy

of Sciences, Shanghai

N/A

Pcp2-Cre mice Jackson Laboratory Cat# 006207, RRID:IMSR_JAX:006209

Oligonucleotides

Mecp2 forward primer: CAGGCAAAGCAGAGACATCA Thermo Fisher N/A

Mecp2 reverse primer: GCTTAAGCTTCCGTGTCCAG Thermo Fisher N/A

Calbindin forward primer: GGCTTCATTTCGACGCTGAC Thermo Fisher N/A

Calbindin reverse primer: ACGTGAGCCAACTCTACAATTC Thermo Fisher N/A

Gapdh forward primer: GGTGAAGGTCGGTGTGAACG Thermo Fisher N/A

Gapdh reverse primer: CTCGCTCCTGGAAGATGGTG Thermo Fisher N/A

Software and algorithms

Igor Pro 6.0 Wavemetrics RRID:SCR_000325

Graphpad Prism Graphpad software RRID:SCR_002798

SPSS 16.0 IBM RRID:SCR_002865

ImageJ 1.42q NIH RRID:SCR_003070

NeuroLucida software MBF Bioscience RRID:SCR_001775

ANY-maze video tracking Stoelting Co. RRID:SCR_014289

MATLAB analysis Mathwork RRID:SCR_001622

Eye-tracking software ISCAN systems ETL-200
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Ying Shen

(yshen@zju.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Electrophysiology and behavior data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse
All animal experiments were carried out in a strict compliance with protocols approved by the Animal Care and Use Committee at

Zhejiang University School of Medicine. Mice were kept under temperature-controlled conditions on a 12:12 h light/dark cycle

with food and water ad libitum. Original Mecp2f/+ mice were kindly provided by Zi-Long Qiu. Conditioned knockout mice were ob-

tained by crossing Mecp2f/+ mice with Pcp2-Cre mice obtained from Jackson Laboratory (#006207).66,67 To determine the role of

MeCP2, mice with Mecp2 deletion specifically in PCs (pCre;Mecp2f/f and pCre;Mecp2f/y) were generated by crossing Pcp2-Cre

with Mecp2f/f (female) or Mecp2f/y (male) mice, respectively. The resulting offspring were genotyped by PCR assays using their

tail DNA.

METHOD DETAILS

RT-PCR
The contents of 10 PCs were harvested as described in previous work.67,68 The harvested contents were subjected to RT-PCR using

OneStep Kit (Qiagen, Germantown, MD). Forward (F) and reverse (R) primers used for amplification were: Mecp2, F:50- CAG GCA

AAG CAG AGA CAT CA -3’; R:50- GCT TAA GCT TCC GTG TCC AG -3’; Calbindin, F:50-GGC TTC ATT TCG ACG CTG AC-3’;
Cell Reports 42, 113559, December 26, 2023 17
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R:50-ACG TGAGCCAAC TCT ACAATTC-3’;Gapdh, F:50-GGTGAAGGTCGG TGTGAACG -3’; R:50-CTCGCTCCTGGAAGA TGG

TG-3’.

Surface biotinylation
Acute slices were incubated in aCSF with 0.5 mg/mL EZ-link-sulfo-NHS-SS-Biotin (21331; Thermo Fisher, Waltham, MA) for 30 min,

and then washed with ice-cold PBS and lysed with a radioimmunoprecipitation assay buffer [1% Triton X-100, 0.5% deoxycholate,

0.2% SDS, 100 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl (pH 7.4)] supplemented with protease inhibitors. Biotinylated proteins were

separated using streptavidin agarose (20349; Thermo Fisher) overnight at 4�C. The beads were washed three times with immuno-

precipitation assay buffer, and the biotinylated proteins were eluted with 23 SDS sample buffer.

Western blotting
Cerebellar tissues were rinsed with PBS and diluted in 1% SDS containing protease inhibitors. After determining protein concentra-

tion with BCA protein assay (Bio-Rad, Hercules, CA), equal quantities of proteins were loaded and fractionated on SDS-PAGE and

transferred to PVDF membrane (Immobilon-P, Sigma-Merck), immunoblotted with antibodies, and visualized by enhanced chemilu-

minescence (Pierce Biotechnology). Primary antibody dilutions were mGluR1 (1:5,000), GluA2 (1:2,000), EAAT4 (1:5,000), PSD95

(1:10,000), calbindin (1:10,000), Flag (1:10,000), SK2 (1:1,000), TrkB (1:1,000), TrkB-pY706 (1:1,000), flotillin (1:2,000), GAPDH

(1:40,000), and secondary antibodies (1:10,000). Film signals were digitally scanned and quantitated using ImageJ 1.42q.

Immunohistochemistry
20-mmsagittal sections frommice were prepared and placed in blocking solution for 1 h at room temperature (RT). After washing with

PBS, sections were incubated with primary antibodies overnight at 4�C and incubated with secondary antibodies for 1 h at RT. Pri-

mary antibody dilutions used for immunohistochemistry were Mecp2 (1:200), and calbindin (1:1,000), and secondary antibodies

(1:1,000). Immunohistochemical images were obtained with a confocal microscope (Olympus, Tokyo) and the parameters used in

microscopy were consistent in all experiments.

Nissl staining
Sagittal cerebellar slices (30 mm) were immersed in Nissl staining solution (Beyotime, Shanghai) for 5 min, rinsed with distilled water,

dehydrated in ethanol, and cleared in xylene. Images of cerebellar cortex were captured using a light microscope.

Golgi staining and sholl analysis
Golgi staining was performed using Rapid Golgi Stain Kit (FD NeuroTech Inc., Ellicott City, MD) according to the standard procedure.

PCs at the apical region were imaged using a bright field microscope (Zeiss, Germany). NeuroLucida software (MBF Bioscience, Wil-

liston, VT) was used to plot the soma and dendrites of the PCs under a manually assisted mode. Sholl analysis was adopted accord-

ing to previous work.69 A series of concentric circles (10 mm interval) were plotted around the soma. The number of intersections of

dendrites for each circle and the dendrite length within each 10 mm segment were quantified using NeuroLucida software.

Recombinant virus and in vivo injection
To express TrkBY706E in PCs, recombinant AAV9 was constructed in combination with enhanced GFP (eGFP) and Flag. Under deep

anesthesia with an intraperitoneal injection of 0.7% pentobarbital sodium (10 mL/g), a viral solution (300 nL) containing recombinant

AAV9 (2.3E12 FFU/ml) was injected into lobules V-VI of cerebellar vermis of pCre;Mecp2f/y mice (P30) at a rate of 30 nL/min using a

glass pipette (30 mm in diameter) and a microinjector (World Precision Instruments, Sarasota, FL). The injected animals were decap-

itated 2 months later and eGFP signals were observed in affected lobules.

Electrophysiology
Sagittal slices of cerebellar vermis (250 mm) were prepared from anesthetized mice using a vibrating tissue slicer (Leica VT1000S,

Germany) and ice-cold aCSF containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 26 NaHCO3 and 25

D-glucose, bubbled with 95% O2/5% CO2. After recovery for 30 min at 35�C, slices were placed in a submerged chamber that

was perfused at 2 mL/min with aCSF.

Patch clamp electrodes (3–5 MU) were filled with an intracellular solution composed of either (in mM) 135 Cs-methanesulfonate,

10 CsCl, 10 HEPES, 0.2 EGTA, 4 Na2ATP, and 0.4 Na3GTP (pH 7.3, OSM 290) for voltage-clamp recording; or (in mM) 134

K-gluconate, 6 KCl, 4 NaCl, 10 HEPES, 0.2 EGTA, 4 Na2ATP, 0.3 Na3GTP, and 14 Na2phosphocreatine (pH 7.3, OSM 290) for cur-

rent-clamp recording; or (in mM): 150 Cs-methanesulfonate, 5 KCl, 0.1 EGTA, 5 HEPES, 3 MgATP, and 0.4 Na3GTP (pH 7.3, OSM

290) for recording IPSCs (5–7); or (in mM) 135 K-gluconate, 10 KCl, 1 MgCl2, 2 Na2-ATP, 0.4 Na3-GTP, 10 HEPES (pH 7.3, OSM 290)

for recording SK and tail currents.

PCs were visualized under an upright microscope (BX51, Olympus, Tokyo, Japan) with a 403 water-immersion objective and

equipped with infrared differential interference contrast enhancement. Whole-cell recordings were obtained with an Axon

MultiClamp 700B amplifier (Molecular Devices, Foster City, CA). Currents were digitized at 10 kHz and low-pass filtered at 3 kHz.

To acquire PF-EPSCs, standard patch pipettes were filled with aCSF and placed in the middle third of molecular layer with aCSF
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containing Gabazine (10 mM). PF-EPSCs were evoked using �4 mA pulses (100 ms). To acquire eIPSCs, stimulation electrodes were

placed in the inner fourth of molecular layer with aCSF containing NBQX (5 mM). To record CF-EPSCs, a constant current step

(3–30 mA) was applied to a patch pipette that was positioned in granule cell layer close to the vicinity of recorded neuron. The

recording was performed at a holding potential of �10 mV, while stimulus intensity and electrode position were adjusted so that

an all-or-none response was elicited70.71. Recordings were excluded from analysis if the series or input resistance varied

by > 15% over the course of an experiment. EPSCs and IPSCs were measured with equal driving force, excitatory/inhibitory input

ratio was calculated from EPSCs and IPSCs as E/(E + I).

mEPSCs and mIPSCs were recorded in whole-cell configuration in the presence of 0.5 mM tetrodotoxin (TTX) plus Gabazine

(10 mM) or NBQX, respectively. The offline analysis of mEPSCs and mIPSCs was conducted using a sliding template algorithm

(ClampFit 10, Molecular Device). The criteria for inclusion were 1) an amplitude larger than 6 pA and 2) a rise time (10–90%) longer

than 1 ms. Overlapping events were rejected. mGluR1 currents were recorded by driving PCs using a burst PF stimulation (100 Hz)

under a holding voltage of �70 mV in aCSF plus NBQX.72

To record input-output curves, themembrane voltage of clamped cells was set at approximately�70mV. A series of current steps

was delivered to PCs with an interval of 30 s. AP amplitude was measured from the threshold to the peak. AP width was measured at

half amplitude. AHP was measured from AP threshold to the negative peak. AP threshold was measured in the first derivative of ac-

tion potential (dV/dt) where the velocity was close to 50 mV/ms.

SK2 and tail currents were recorded using a protocol according to previous work.73 To record SK currents, slices were perfused

with aCSF supplemented with 1 mM TTX, 1 mM TEA, and/or apamin (100 nM) in the bath perfusion, and PCs were held at �80 mV

before stepping to potentials. The steady currents within the duration of 2ms before the end of steps weremeasured (gray column) as

SK2 currents. To record tail currents, slices were perfused with aCSF containing 1 mM TTX and 1 mM TEA and PCs were held at

�50 mV for 50 ms before stepping to potentials between �40 mV and 30 mV (10 mV/step, 100-ms duration, 30-s interval).

Footprint test
Walking gait was tested according to previous work.67,68 With hind paws painted with ink, mice were allowed to freely traverse a clear

plexiglass tunnel (100 cm3 10 cm3 10 cm, length3width3 height), with a sheet of white absorbent paper (100 cm3 10 cm, length3

width) placed on the ground. A darkened cage was placed at the end of the tunnel, encouraging mice to run toward the safe environ-

ment. The resulting tracks provided a spatial relationship of consecutive foot prints, from which stride length and stance width were

measured. Three step cycles were averaged, with each cycle considered as the distance from one pair of prints to the next.

Rotarod test
After habituation at 5 rpm to the rotarod, control and cKOmice were tested for eight consecutive days. In each session, the velocity of

the rotation increased with a constant acceleration of 9 rpm/min2 from 5 rpm to 50 rpm. Only male offspring were used in rotarod and

compensatory eye movement tests, because the performance of female mice depends on the phase of estrous cycle, which may

affect chronic motor training and confound the results.74

Three chamber test
The apparatus consisted of a rectangular plexiglas box (60 cm 3 35 cm 3 3 cm, length 3 width 3 height) evenly divided into three

chambers. Age- and gender-matchedWT target subjects (S1 andS2) were habituated for 5 consecutive days before the test by being

placed inside metal-wired cages. On the test day, test mice were placed in the central chamber for 10-min habituation. S1 was intro-

duced into a wire cage in one chamber and the empty chamber served as an inanimate object with no social valence. The dividers

were then raised to allow test mice to freely explore all three chambers over a 10-min session. The time spent in each chamber was

recorded and the ratio of (S1-E) to (S1+E) was calculated as the preference index (S1-E). Subsequently, S2 was immediately intro-

duced to the other chamber. Again, test mice spent another 10 min in exploring the entire apparatus. Total time spent in each

chamber was recorded and the ratio of (S2-S1) to (S2+S1) was measured as the preference index (S2-S1). Behavioral videos

were recorded using ANY-maze video tracking system (Stoelting Co.).

Grooming test
Spray-induced grooming was performed according to previous work.75 Each mouse was placed individually into a standard cage

(45 3 45 3 50 cm), which was empty to eliminate digging, for a 5 min habituation and then misted from above with water (23�C)
for one time using a manual spraying device. The spray adequately coated the dorsal surface of mouse with mist. The activity of

mouse was then recorded for 10 min with a high-speed camera (30 Hz frame rate) and analyzed by a trained observer. Cumulative

time and bouts of grooming were scored from the videos as previously described.76

Marble burying test
A clean cage (503 263 18 cm) was filled with 4-cm-depth bedding material and 20 glass marbles. The marbles were arranged in an

equidistant 4 3 5 grid. Animals were given access to the marbles for 30 min. After 30 min, the burying of marbles was scored. The

score was 1 when a marble was 100% covered or 0.5 when it was just partially covered. All scores were assessed by two indepen-

dent researchers.
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T-maze test
Micewere placed in a T-maze with two arms (50 cm length) and allowed to freely explore either arm for 10 consecutive trials. A choice

was counted when themouse stepped into one armwith four paws. The gate to that armwas immediately closed and themouse was

allowed to explore there for 5 s. Themouse was then gently placed back to the base for next trial. If the mouse selected the same arm

in two consecutive trials, this was scored as one repeat.

Resident-intruder test
Male mice (4 weeks old) were used as stimulus mice. The test was performed in a home cage of a test mouse and began when a

stimulus mouse was introduced to the cage. The test mouse was allowed to explore stimulus mouse for 5 min (trial 1), then the stim-

ulus mouse was removed. After an inter-trial interval of 1 h, the test mouse was re-exposed original (the stimulus mouse in trial 1) or a

novel stimulus mouse for another 5 min (trial 2). All social behaviors (body sniffing, anogenital and nose-to-nose sniffing, following,

and allogrooming) initiated by test subject in the first 1 min in trial 1 and trial 2 was measured. The difference score was calculated by

subtracting the time spent in social interaction during trial 2 from the social interaction time during trial 1. The behavioral were re-

corded using ANY-maze.

Olfactory habituation test
This test consists of sequential presentations of two odors using the cotton swabs: banana and almond. Each odor was presented

three times for a duration of 2 min with an inter-trial interval being 1 min. The investigation of swabs was recorded using a stopwatch.

Compensatory eye movement
A small immobilizing construct (pedestal) was attached to mouse’s skull using an adhesive (Kerr, Bioggio, Switzerland). The pedestal

consisted of a brass holder with a neodymium magnet and a screw hole for fixation. After recovery, mice were head-restrained by

fixation using the pedestal. A round screenwith a randomdotted pattern (‘drum’) surrounded themouse during the experiment. OKR,

VOR and VVOR were induced using a sinusoidal rotation of the drum in light (OKR), rotation of the table in the dark (VOR) or the rota-

tion of the table (VVOR) in the light. Motor behavior was assessed by rotating the table and/or drum at various oscillation frequencies,

ranging from 0.1 to 1.0 Hz with a fixed 5� amplitude. To evaluate motor learning, a mismatch between visual and vestibular input was

created. Rotating both visual and vestibular stimuli in phase (at the same amplitude of 5�, at 0.6 Hz) induced a decrease of gain

(day 1). Subsequently, rotating the drum at greater amplitude relative to the table induced phase reversal of VOR (all days table rota-

tion 5�; day 2, drum amplitude 7.5�; day 3–5, drum amplitude 10�). For eye illumination during the experiments, two table-fixed

infrared emitters (output 600 mW, dispersion angle 7�, peak wavelength 880 nm) and a third emitter, which produced the tracked

corneal reflection and was aligned horizontally with the optical axis of the camera, were mounted to the camera. Eye movements

were recorded with eye-tracking software (ETL-200, ISCAN systems, Burlington, NA). Gain and phase values of eye movements

were calculated using custom made MATLAB analysis routines.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimenters who performed experiments and analyses were blinded to the genotypes until all data were integrated. Data were

analyzed using Igor Pro 6.0 (Wavemetrics, Lake Oswego, OR), Graphpad Prism (San Diego, CA) and SPSS 16.0 (IBM, Chicago,

IL). No statistical methods were used to pre-determine sample sizes, which were based on our previous studies. All datasets

were tested for the assumptions of normality of distribution. Statistical differences were determined using unpaired two-sided Stu-

dent’s t-test for two-group comparison, or one-way ANOVA followed by LSD’s post hoc test for multiple comparisons, or repeated

measures ANOVA for repeatedmeasures. The level for significancewas set at p < 0.05. ‘‘n’’ represents the number of animals, cells or

batches depending on experiments. Data in the text and figures are presented as themean ±SD ormean ± SEM. For correlation test,

linear regression lines were created using Excel algorithm. SPSSwas used to analyze the covariant correlation between the slopes of

two regression lines, for which the univariate-dependent general linear model was selected and current injection was set as the fixed

factor.
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