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SUMMARY
Genetic perturbances in translational regulation result in defects in cerebellar motor learning; however, little
is known about the role of translational mechanisms in the regulation of cerebellar plasticity. We show that
genetic removal of 4E-BP, a translational suppressor and target of mammalian target of rapamycin complex
1, results in a striking change in cerebellar synaptic plasticity. We find that cerebellar long-term depression
(LTD) at parallel fiber-Purkinje cell synapses is converted to long-term potentiation in 4E-BP knockout mice.
Biochemical and pharmacological experiments suggest that increased phosphatase activity largely ac-
counts for the defects in LTD. Our results point to amodel in which translational regulation through the action
of 4E-BP plays a critical role in establishing the appropriate kinase/phosphatase balance required for normal
synaptic plasticity in the cerebellum.
INTRODUCTION

While mounting evidence points to a prominent role for mamma-

lian target of rapamycin complex 1 (mTORC1)-dependent trans-

lational mechanisms in the regulation of cerebellar-dependent

motor learning (Banko et al., 2007; Cupolillo et al., 2016; Kloth

et al., 2015; Tsai et al., 2012), little is known about how these

translational pathways influence long-term synaptic plasticity

in the cerebellum. Rapid cerebellar-dependent motor learning

correlates positively with the induction of long-term synaptic

plasticity of parallel fiber (PF)-Purkinje cell (PC) synapses in the

cerebellar cortex (Aiba et al., 1994; De Zeeuw et al., 1998; Feil

et al., 2003; Hansel et al., 2006; Kakegawa et al., 2008; Kashiwa-

buchi et al., 1995; Miyata et al., 2001; Yuzaki, 2013). Moreover,

pharmacological inhibition of protein synthesis andmRNA trans-

lation prevents long-term depression (LTD) of glutamatergic cur-

rents on isolated Purkinje neurons (Linden, 1996) and PF-PC

synapses in acute cerebellar slices (Karachot et al., 2001); this

suggests there is a link between regulation of mRNA translation

and the kinase/phosphatase processes involved in the induction

of synaptic plasticity at PF-PC synapses.

Currentmodels propose that the induction of long-term poten-

tiation (LTP) and LTD at PF-PC synapses occurs through inde-

pendent, competing processes driven by increased kinase or

enhanced phosphatase activity, respectively, with each being

regulated by a distinct sensitivity for calcium (Kawaguchi and

Hirano, 2013). LTD occurs at PF-PC synapses when parallel syn-
This is an open access article under the CC BY-N
apses are co-activated with climbing fiber (CF) synapses and re-

quires the activation of PKC (Leitges et al., 2004; Linden and

Connor, 1991), cGKI (Feil et al., 2003), alpha CaMKII (Hansel

et al., 2006), and beta CaMKII (van Woerden et al., 2009). On

the other hand, LTP occurs at PF-PC synapses when PFs are

activated at low frequency without co-activation of CF synapses

(Lev-Ram et al., 2002). The kinases involved in LTD are not

required to induce LTP (Belmeguenai and Hansel, 2005; Hansel

et al., 2006; Kakegawa and Yuzaki, 2005); instead, the induction

of LTP requires the activation of PP1, PP2A, and calcineurin

(PP2B) (Belmeguenai and Hansel, 2005). The selective deletion

of PP2B abolishes LTP at PF-PC synapses (Schonewille et al.,

2010), whereas the induction of LTD is unaffected.

While the critical importance of the kinase/phosphatase bal-

ance for long-term plasticity at PF-PC synapses is well estab-

lished, the way translational mechanisms establish and maintain

this balance at PF synapses is not known. Cap-dependent trans-

lation initiation depends critically on the formation of the cap-

binding complex that includes three eukaryotic initiation factors,

eIF4E, eIF4G, and eIF4A (Sonenberg et al., 1979). 4E-BPs

compete with eIF4G for binding to eIF4E and thereby impair

eIF4F formation and translation initiation. The inhibitory action

of 4E-BP is regulated through phosphorylation by mTORC1,

which leads to dissociation of 4E-BP from eIF4E (Gingras et al.,

1999; Richter andSonenberg, 2005). Interestingly, 4E-BPmutant

mice are homozygous viable and thus havebeen usedas amodel

for investigating the role of mTORC1-dependent translational
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Figure 1. Genetic deletion of 4E-BP1/2 re-

verses the polarity of PF-PC LTD

(A) In WT cerebellar slices, PF stimulation alone at

1 Hz for 5 min, without conjunctive depolarization,

potentiates PF-EPSCs (124.30% ± 2.61%, t = 25–

30 min, n = 5, paired Student’s t test p = 0.00043).

(B) InWT cerebellar slices, pairing PF stimulation at

1 Hz for 5 min with a depolarizing voltage step to

the Purkinje cell body to �30 mV for 30 ms de-

presses PF-EPSCs to�80%of baseline (79.09% ±

3.76%, t = 25–30 min, n = 4, paired Student’s t test

p = 0.007).

(C) In cerebella from 4E-BP-KO mice, PF stimula-

tion alone potentiated PF-EPSCs (125.24% ±

4.78%, t = 25–30 min, n = 4, paired Student’s t test

p = 0.012), comparably to WTs (Mann-Whitney U

test p = 0.39).

(D) In acute cerebellar slices from 4E-BP-KO mice,

the LTD induction protocol (pairing PF stimulation

at 1 Hz for 5 min with a depolarizing voltage

step to the Purkinje cell body to �30 mV for

30 ms depresses) potentiates PF-PC synapses

to approximately 120% of baseline (121.52% ±

2.98%, t = 25–30 min, n = 5, paired Student’s t test

p = 0.00075), significantly different from WTs

(Mann-Whitney U test p < 0.00001). All error bars

are standard error of the mean.
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mechanisms that participate in the regulation of different aspects

of synaptic growth, function, and plasticity (Aguilar-Valles et al.,

2015; Banko et al., 2005, 2007; Chong et al., 2018; Ran et al.,

2009, 2013). We, therefore, asked whether genetic removal of

4E-BP (4E-BP1 and 4E-BP2) would interfere with cerebellar syn-

aptic plasticity.

Our electrophysiological examination demonstrates that loss

of 4E-BP leads to a severe impairment of postsynaptic LTD at

PF-PC synapses without any effect on LTP. Our pharmacolog-

ical and biochemical analysis suggests that increased PP2A ac-

tivity underlies the defect in LTD in 4E-BP KOmice. These results

provide mechanistic insight into the regulation of cerebellar syn-

aptic plasticity by demonstrating a critical role for 4E-BP in the

phosphatase/kinase balance needed for appropriate induction

of LTD in the cerebellum.

RESULTS

Cerebellar LTD at PF-PC synapses is impaired in 4E-
BP1/2-KO mice
In acute cerebellar slices from P21-30 wild-type (WT) mice, stim-

ulation of PFs at 1 Hz for 5 min led to potentiation of excitatory

postsynaptic currents (EPSCs) recorded from PCs (124.30% ±

2.61%, t = 25–30 min, n = 5), indicating the induction of postsyn-
2 Cell Reports 39, 110911, June 7, 2022
aptic LTP (Figure 1A). On the other hand,

pairing the same stimulation protocol

together with a 30-ms step depolarization

of thepostsynapticPCs to�30mV repeat-

edly at 1 Hz for 5 min depressed EPSCs

(79.09% ± 3.76%, t = 25–30 min, n = 4 ),

indicating the induction of LTD (Figure 1B).

In order to interrogate the role of
mTORC1-dependent mechanisms in the regulation of cerebellar

long-term plasticity, we investigated mice with deletions in both

4E-BP1 and 4E-BP2 genes; while 4E-BP2 is the primary 4E-BP

isoform in the central nervous system (Bidinosti et al., 2010; Tsu-

kiyama-Kohara et al., 2001), we previously found that mRNA and

protein for 4E-BP1 could be detected in cerebellar cortex (Chong

et al., 2018) (also see Figure 4 in this manuscript). Here onward,

we will refer to these mice as 4E-BP-KO. Using cerebellar slices

from 4E-BP-KO mice at P21-30, we found that LTP at PF-PC

synapses is intact (125.24% ± 4.78%, t = 25–30 min, n = 4, Fig-

ure 1C). Strikingly, however, we found that pairing PF stimulation

with PC depolarization led to LTP instead of LTD at PF-PC syn-

apses (121.52% ± 2.98%, t = 25–30 min, n = 5, Figure 1D).

We next investigated whether this unexpected change in plas-

ticity gain was associated with detectable changes in gross

cerebellar cortex morphology or basic electrophysiological

properties at CF-PC or PF-PC synapses. In 4E-BP-KO mice,

the size and density of PCs in the cerebellar cortex remained

indistinguishable from those in WT mice (Figures S1A–S1C).

We did not detect any significant differences in the intrinsic

firing frequency of PCs in acute slices (Figure S1D), nor in the

refinement of CF axons innervating PCs (Figure S1E). Moreover,

CF-PC EPSCs and paired-pulse ratios in 4E-BP KO mice were

indistinguishable from those in WT mice (Figures S1F and 1G).
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Furthermore, there was no statistical difference in paired-pulse

ratios at PF-PC synapses betweenWT and 4E-BP-KOmice (Fig-

ure S1H), ruling out a change in PF release probability in 4E-BP-

KO mice. In addition, we compared PF-PC EPSPs paired-pulse

ratio before and after applying the LTD-inducing protocol and did

not detect any difference in slices fromWT and 4E-BPmice (Fig-

ure S1I); this suggests that the LTD induction protocol did not

differentially affected PF release probability in 4E-BP-KOs.

Based on these results, it is unlikely that gross changes in the

development of the cerebellar cortex, defects in basic firing

properties of PCs, or defects in electrophysiological properties

of PF-PC and CF-PC synapses are responsible for the conver-

sion of LTD to LTP in 4E-BP KO mice.

Deletion of 4E-BP does not affect calcium influx in PCs
Our electrophysiological analysis demonstrates that a stimula-

tion protocol that produces LTD inWT cerebellar slices produces

LTP at PF-PC synapses in 4E-BP-KO mice. Induction of PF-PC

LTD requires large calcium elevations in PCs. Conversely, PF-PC

LTP is induced with lower levels of intracellular calcium (Coes-

mans et al., 2004), and consequently, in the absence of conjunc-

tive depolarization, PF-PC synapses undergo LTP. This raises

the possibility that if calcium influx were impaired during

conjunctive stimulation in 4E-BP-KOs, PF-PC synapses would

undergo LTP instead of LTD. To test this possibility, we

measured depolarization-induced rise in intracellular calcium

with the calcium indicator Oregon-Green-BAPTA-1 following

standard protocols. We did not find any differences in the

average size of calcium transients in PCs in WT and 4E-BP-KO

mice, indicating that deletion of 4E-BP did not affect calcium

influx through voltage-gated calcium channels (Figure 2A).

In addition, to test further the possibility that conjunctive depo-

larization in 4E-BP-KO cerebellar slices was somehow ineffec-

tive, we used an alternative protocol that does not induce LTP

in the absence of the paired conjunctive stimulation (Shin and

Linden, 2005). In this LTD-inducing protocol, PFs are stimulated

with 5 trains at 100 Hz accompanied by 100-ms-long depolariza-

tion of thePC to 0mV, repeated 30 times at 2-s intervals (Shin and

Linden, 2005). In WT cerebellar slices, this protocol depressed

PF-PC EPSCs (79.05% ± 2.72%, t = 21–25 min, n = 6) and pro-

duced LTD (Figure 2A). In contrast, in 4E-BP-KOs, this protocol

potentiated PF-EPSCs (119.442% ± 5.73%, t = 21–25 min, n =

6) and produced LTP (Figure 2B). In both WT and 4E-BP-KO sli-

ces, omitting the conjunctive depolarization did not induce any

significant change in EPSCs from baseline (Figures S2A and

S2B), precluding the possibility that any LTD stimulation protocol

without PC depolarization would trigger LTP.

The switch in PF-PC synaptic plasticity from LTD to LTP
in 4E-BP-KO depends on mRNA translation
A rate-limiting step in translation initiation is the binding of the eu-

karyotic initiation factor 4E (eIF4E) to the 50 cap structure of the

mRNA (Gingras et al., 1999; Sonenberg and Hinnebusch,

2009). Availability of eIF4E is largely regulated through the inhib-

itory action of 4E-BP; mTORC1 promotes translation initiation in

part by phosphorylating 4E-BP and preventing it from binding to

and inhibiting eIF4E (Haghighat et al., 1995; Mader et al., 1995;

Marcotrigiano et al., 1999; Pause et al., 1994). If the change in
plasticity gain at PF-PC synapses in 4E-BPmutant cerebellar sli-

ces is due to unregulated cap-dependent translation, it should

be possible to suppress it through pharmacological inhibition

of translation initiation. To test this idea, we perfused 4EGI-1, a

potent inhibitor that specifically blocks eIF4E/eIF4G interaction

and translation initiation, into the bath for 10 min prior to the

induction of LTD (Gkogkas et al., 2013). 4EGI-1 prevented LTD

induction at PF-PC synapses (98.03% ± 5.38%, t = 26–30 min,

n = 5, p = 0.2675) in WT mice (Figure 3A). Similarly, in 4E-BP-

KO cerebellar slices treated with 4EGI-1, LTD-inducing stimuli

did not produce any significant potentiation or depression

of EPSCs at PF-PC synapses (97.73% ± 3.50%, t = 26–30 min,

n = 6, p = 0.46) (Figure 3B). These results demonstrate that

despite the change in the plasticity gain in 4E-BP-KO mice, syn-

aptic plasticity at PF-PC synapses remains dependent on acute

eIF4F formation.

Inhibition of PP2A restores normal LTD in 4E-BP-KO
cerebellar slices
Serine/threonine kinase/phosphatase activity downstream of

calcium influx plays a critical role in determining whether

repeated stimuli will produce LTP as opposed to LTD (Jorntell

and Hansel, 2006; Kawaguchi and Hirano, 2013). In response to

a large rise in calcium influx, kinase activity gains the upper

hand, phosphorylating and internalizing AMPARs, leading to

LTD, whereas a small rise in calcium influx shifts the balance to-

ward phosphatase activity, resulting in dephosphorylation, rein-

sertion, and stabilization of AMPARs, thereby giving rise to LTP.

As such, it is conceivable that in cerebella from 4E-BP KO

mice, abnormally high phosphatase activity caused LTD stimula-

tion protocols to induce LTP instead of LTD. To test this, we used

okadaic acid (1 mM), which inhibits protein phosphatase 1 (PP1)

and protein phosphatase 2A (PP2A), two phosphatases that are

known to be involved in LTP at PF-PC synapses (Belmeguenai

and Hansel, 2005). Previous work showed that phosphatase in-

hibitors do not block LTD at PF-PC synapses in cerebellar slices

from WT mice (Belmeguenai and Hansel, 2005). We observed a

robust inhibition of LTP induction in WT slices treated with oka-

daic acid (86.91% ± 5.99%, t = 26–30 min, n = 4, Figure S3A).

Strikingly, after treating cerebellar slices from 4E-BP-KO mice

with okadaic acid and stimulating PF with LTD-inducing proto-

cols, EPSCs at PF-PC synapses underwent LTD to �85% of

baseline (84.01% ± 7.67%, t = 26–30min, n = 6, Figure 4A), com-

parable to LTD in WTs (p = 0.77).

Next, we investigated the involvement of each of these phos-

phatases, as well as protein phosphatase 2B (PP2B), separately

using specific inhibitors: PP1 inhibitory peptide inhibitor-2 (I-2)

(100 nM), PP2B-selective inhibitor cyclosporin A (100 mm), and

PP2A inhibitor fostriecin (50 nM). All three inhibitors blocked

LTP induction in cerebellar slices from both WT and 4E-BP-KO

(Figures S3B–S3G). Importantly, however, only inhibition of

PP2A was effective in restoring LTD in 4E-BP-KO cerebellar sli-

ces with LTD-inducing stimuli (Figures 4B–4D). In WT slices, fos-

triecin (50 nM) or okadaic acid (1 mM) did not affect LTD expres-

sion (Figures S3H and S3I). Together, these data indicate that

aberrant activity of PP2A, but not PP1 or PP2B, is largely respon-

sible for the conversion of LTD to LTP at PF-PC synapses in 4E-

BP-KO cerebellar slices.
Cell Reports 39, 110911, June 7, 2022 3



Figure 2. Conversion of PF-PC LTD to LTD in 4E-BP-KO mice is not due to a change in calcium influx and persists using an alternative

stimulation protocol

(A) Left to right: representative images of a PC filled with Alexa Fluor 568 (red), the corresponding OGB-1 signal (green), and the change in fluorescent intensity in

response to a depolarizing voltage step. Scanned areas were selected using the Alexa Fluor 568 signal; example areas are labeled in the first inset as 2, 3, and 4.

Calcium levels were measured in these areas of interest over time by measuring the OGB-1 fluorescent signal. To induce calcium influx, a 100-ms depolarizing

voltage step was delivered to the PC cell body through a patch electrode. The bar graph shows normalized average change in fluorescence inWT and 4E-BP-KO

cerebellar slices (n = 4).

(B) In WT mice, an alternate LTD protocol consisting of parallel fibers trains of five pulses at 100 Hz accompanied by 100-ms-long depolarization of the Purkinje

cell to 0 mV repeated 30 times at 2-s intervals depresses PF-EPSCs (79.05% ± 2.72%, t = 25–30 min, n = 6, paired Student’s t test p = 0.00041).

(C) In 4E-BP-KO mice, this protocol potentiates PF-EPSCs (119.442% ± 5.73%, t = 21–25 min, n = 6, paired Student’s t test p = 0.0047), significantly different

from WTs (Mann-Whitney U test p < 0.00001). All error bars are standard error of the mean.
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These experiments raise the possibility that genetic removal of

4E-BP has led to an enhancement of PP2A activity, shifting the

balance of kinase/phosphatase in the cerebellum. To test this

idea further, we examined protein extracts from WT and 4E-

BP-KO cerebellar slices with western blot analysis. PP2A is a

multi-protein complex composed of regulatory and catalytic

subunits, as well as proteins that influence PP2A activity:

the PP2A inhibitor, protein phosphatase methylesterase-1

(PPME1), and the PP2A activator, protein phosphatase 2A phos-

phatase activator (PTPA) (Kaur and Westermarck, 2016). We did

not find any significant differences in the level of expression of

PP2A catalytic subunit, Ca/b, structural subunit, Aa/b, or any

of the regulatory subunits 55b, 55a, 56ε, or 56d (Figure 5). Strik-

ingly, we found an average 40% increase in PTPA levels
4 Cell Reports 39, 110911, June 7, 2022
(p < 0.01, n= 3) in 4E-BP-deficient cerebella compared with

those in WT mice (Figure 5B). The increase in PTPA protein

expression is consistent with increased PP2A activity in the cere-

bella from 4E-BP KO mice. To verify whether PPTA activity is

enhanced in 4E-BPmutant mice, we conducted an in vitro phos-

phatase assay using PP2A extracted fromwitherWT or KOmice.

We used in-vitro-translated 4E-BP1 as a substrate for PP2A

function (Kolupaeva, 2019). We assessed the phosphorylation

state of 4E-BP1 at three sites, pS65, pT70, and pT37/T46,

following treatment with PP2A-C (catalytic subunit) extracted

from either WT or 4E-BP-KO cerebella. This assessment re-

vealed that PP2A-C extracted from 4E-BP-KO mice was signifi-

cantly more effective than that extracted from WT mice in

dephosphorylation of 4E-BP1 (Figure 5B). At higher amounts



Figure 3. PF-PC LTD inWT and the converted

LTP in 4E-BP-KOmice are equally dependent

on cap-dependent translation

(A) In WTs, applying 4EGI-1 (50 mM) to cerebellar sli-

ces before inducing PF-PC LTD with the burst stim-

ulation and conjunctive depolarization protocol

blocks LTD (98.03% ± 5.38%, t = 26–30 min, n =

5, paired Student’s t test p = 0.81).

(B) In slices from 4E-BP-KO cerebella, 4EGI-1 pre-

vented the LTD-inducing stimuli from producing a

change from baseline (97.73% ± 3.50%, t = 26–

30min, n = 6, paired Student’s t test p = 0.37). All er-

ror bars are standard error of the mean.
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the difference in effectiveness of PP2A-C was more clearly de-

tected at all phosphorylation sites (Figures 5B, 5C, and S4).

These results, together with our pharmacological evidence, indi-

cate that the conversion of LTD to LTP at PF-PC synapses in 4E-

BP-KO cerebellar slices is associated with an upregulation of

PP2A activity. This increase shifts the cellular phosphorylation

balance toward net dephosphorylation, thereby altering the plas-

ticity gain from LTD to LTP.

DISCUSSION

We demonstrate that genetic removal of 4E-BP1/2 affects syn-

aptic plasticity in the cerebellum by fundamentally changing

the ability of the PF-PC synapses to undergo LTD. Surprisingly,

we find that not only do these synapses fail to show depression,

but rather they undergo potentiation. We show that this defect

could not be attributed to any detectable changes in the cere-

bellar electrophysiological properties at PF-PC and CF-PC syn-

apses; therefore, it most likely stemmed from a change in the

basal phosphatase activity. Many lines of evidence suggest

that long-term plasticity at PF-PC synapses in the cerebellar cor-

tex is governed by a tight equilibrium between opposing forces

exerted by kinases and phosphatases. Our detailed pharmaco-

logical and biochemical interrogation indicates that increased

PP2A activity accounts for the striking defect in cerebellar syn-

aptic plasticity in 4E-BP mutant mice. We propose a model in

which appropriate kinase activity required for triggering LTD at

PF-PC synapses is ensured by the inhibitory action of 4E-BP

on phosphatase function. In the absence of 4E-BP, this inhibitory

action is removed, which then gives rise to an increase in basal

PP2A activity in PCs, reroutingmolecular cascades that normally

produce LTD to trigger LTP.

The kinase and phosphatase pathways overlap considerably

(Kawaguchi and Hirano, 2013), and interestingly, the plasticity

curve in 4E-BP mice induced with the LTD protocols shows an

induced initial depression followed by a potentiation. These dy-

namics suggest that initially the kinases act sooner than the

phosphatases and dominate the initial response, but at later

times, it is the phosphatase pathways that dominate. Interest-

ingly, when applying the LTP protocol to PF-PC synapses in

cerebellar slices from 4E-BP KO mice, the magnitude of poten-
tiation was not statistically different than

that in WT, presumably because the LTP

reaches a maximum.
Loss of 4E-BP-2 leads to an enhancement of both LTP and

LTD in the hippocampus (Banko et al., 2005); this enhancement

was interpreted to be the result of higher availability of eIF4E and

the subsequent increase in protein synthesis (Banko et al., 2005,

2007). Consistent with this interpretation, we found that the

translation inhibitor, 4EGI-1, blocked the induction of LTP and

LTD at PF-PC synapses in cerebellar slices from 4E-BP-KO

mice. Therefore, in spite of the removal of a major regulator of

translation, long-term synaptic plasticity remained fundamen-

tally dependent on de novo protein synthesis, as shown previ-

ously with the general translation inhibitor M7GpppG (Karachot

et al., 2001). On the other hand, the loss of 4E-BP did not

enhance LTD at PF-PC synapses, but instead converted it to

LTP, indicating important differences in regulating synaptic plas-

ticity at hippocampal and cerebellar PF-PC synapses.

The conversion of LTD to LTP at PF-PC synapse in cerebella

from 4E-BP-KO mice led us to hypothesize that the loss of 4E-

BP altered the balance between kinase and phosphatase activ-

ity. It is well accepted that this balance is critical for determining

the gain of cerebellar plasticity (Ito, 2002); in particular, increased

phosphatase activity promotes the expression of LTP at PF-PC

synapses (Belmeguenai and Hansel, 2005). Initial support for

our hypothesis came from our pharmacological experiments

with the pan phosphatase inhibitor, okadaic acid: okadaic acid

prevented the conversion to LTP in 4E-BP cerebella and

conjunctive PF stimulation with PC depolarization-induced

LTD, as in cerebella from WT mice. Further pharmacological ex-

periments implicate PP2A in PCs as the relevant phosphatase in

this conversion of LTD to LTP, while ruling out a direct role for

PP2B or PP1. Strong support for PP2A’s involvement comes

from our biochemical experiments. Our western blot analysis

shows that while the expression of regulatory or catalytic sub-

units of PP2A were unaffected, the expression of the activator

of PP2A, a subunit that regulates the activity of PP2A, was

increased in 4E-BP-KO cerebella. We further measured an in-

crease in PP2A activity from cerebellar extracts obtained from

4E-BP-KOmice compared with those fromWTmice. These find-

ings together provide a mechanistic insight into how 4E-BP nor-

mally ensures the integrity of cerebellar synaptic plasticity. While

specific phosphatases have been shown to exert cell-autono-

mous actions on cerebellar plasticity (Schonewille et al., 2010),
Cell Reports 39, 110911, June 7, 2022 5



Figure 4. Inhibiting PP2A phosphatase ac-

tivity in 4E-BP-KO cerebellar slices restores

LTD

(A) In 4E-BP-KO cerebellar slices, LTD stimulation

in the presence of okadaic acid restores LTD,

depressing PF-EPSCs to �85% of baseline

(84.01% ± 7.67%, t = 26–30 min, n = 6, paired

Student’s t test p = 0.0405), comparable to LTD in

WTs (Mann-Whitney U test p = 0.77).

(B) Pharmacological inhibition of PP1 with I-2

(100 nM) has no effect on the potentiation induced

with the LTD protocol in 4E-BP-KO mice

(124.29% ± 6.14%, t = 26–30 min, n = 9, paired

Student’s t test p = 0.0044).

(C) Pharmacological inhibition of PP2B with the

antagonist cyclosporin A (100 mM) has no effect

on the potentiation induced by the LTD protocol

(129.55% ± 8.68%, t = 26–30 min, n = 5, paired

Student’s t test p = 0.025).

(D) Blocking PP2A using the pharmacological in-

hibitor fostriecin (50 nm) during LTD induction

blocks the potentiation and depresses synapses

to �85% of baseline (86.04% ± 2.29%, t = 26–

30 min, n = 8, paired Student’s t test p =

0.00013), restoring LTD in 4E-BP-KO cerebellar

slices. All error bars are standard error of themean.
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it remains to be tested whether the action of PP2A specifically in

PCs is critical for the conversion of LTD to LTP in 4E-BP mutant

mice.

Our electrophysiological experiments focused on postsyn-

aptic plasticity at PF-PC synapses, but thesewestern blot exper-

iments are not restricted to PCs, and consequently, these

changes in PP2A activity likely occur in other cerebellar cell

types. And, while our experiments do not directly examine trans-

lational regulation of a particular target, we favor the idea that 4E-

BP-dependent translational regulation is responsible for setting

the basal activity of PP2A and therefore the critical balance be-

tween kinases and phosphatases required for normal synaptic

plasticity in the cerebellum. Interestingly, we find an enhance-

ment in protein levels of PTPA, only one of the several relevant

PP2A protein complexes. It is possible that regulatory features

of the 50-UTR of PP2A mRNA renders it particularly sensitive to

the availability of the cap-binding complex for its translation

and hence more sensitive to 4E-BP loss of function. Additional

experiments are needed to test this idea using both polysome

profiling analysis as well as in vitro translation assays.

It is particularly interesting that 4E-BP is itself a target of PP2A

phosphatase activity (Kolupaeva, 2019) (Nho and Peterson,

2011). Our discovery that 4E-BPnegatively regulates PP2Aactiv-

ity points to a potential equilibrium between these two proteins:

as 4E-BP is phosphorylated and deactivated, PP2A activity is

enhanced, leading to dephosphorylation and activation of 4E-

BP. In the absence of 4E-BP, this equilibrium is disrupted and
6 Cell Reports 39, 110911, June 7, 2022
leads to higher PP2A activity. Finally, as

the mice used in our study were deficient

of 4E-BP1 and 4E-BP2 throughout devel-

opment, we cannot rule out the possibility

that a compensatory change in the state of
translational regulation has taken place to balance the loss 4E-

BPs (Yanagiya et al., 2012).

Previous work showed that mice with a deletion in the gene for

4E-BP2 have autistic-like behaviors (Gkogkas et al., 2013).

Recently, however, it has been reported that selective deletion

of the 4E-BP in postnatal mouse PCs resulted in impairment in

spatial memory but not in social interaction nor in repetitive

behavior (Hooshmandi et al., 2021). In addition, these authors

did not detect deficits in LTD at PF-PC synapses, although, given

the postnatal expression of the Pcp-2 (L7) promoter used for the

condition gene deletion, it is uncertain how much 4E-BP protein

had been diminished at the time the synaptic plasticity experi-

ments were conducted compared to the case of constitutive

loss of 4E-BP1/4E-BP2 in our study.

Limitations of the study
Our findings suggest that the abnormal enhancement of PP2A

activity is responsible for the abnormal expression of LTD at

PF-PC synapses in the cerebella of 4E-BP KO mice. In support

of this hypothesis, we show that PTPA, an activator of PP2A, is

abnormally upregulated in the cerebella of 4E-BP1/2 mice and

demonstrate that pharmacological inhibition of PP2A restores

normal LTD in 4E-BP1/2 mice. In spite of these findings, our da-

taset does not provide sufficient evidence that either 4E-BP or

PP2A function cell autonomously in PCs. In addition, while we

favor the idea that PTPA is under the translational control of

4E-BP, our dataset does not directly verify this relationship. It



Figure 5. PP2A activity is increased in 4E-BP-KO cerebella likely due to an increase in the expression of PP2A regulator PPTA

(A) Western blot of 4E-BP1/2-KO andWT cerebella, staining for PP2A subunits and its regulators. Regulatory subunit B56d and B56a are from the same samples

but ran on another membrane. Please also see Figure S5 for additional western blots.

(B) Quantification of signals in (A). Threemicewere used per genotype; thewestern analysis was repeated three times similarly to (A), and all threewere included in

our quantification. **p < 0.01.

(C)Western blot of 4E-BP1/2-KO andWT cerebella, staining for PP2A extracted from corresponding cerebella, and 4E-BP1 protein generated fromHEK293 cells.

Decrease in phosphorylation states of 4E-BP1, as a known substrate of PP2A, were used as an indication of PP2A phosphatase activity.

(D) Quantification of signals in (C). pS65 antibody recognizes the upper band of 4E-BP1 gel isoforms. pT70 antibody recognizes the lowest two bands of 4E-BP1

gel isoforms. pT37/T46 antibody recognizes all gel isoforms of 4E-BP1. All error bars are standard error of the mean.
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is likely that another intermediate translational target of 4E-BP is

responsible for the stability of PTPA protein.
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4E-BP1 Cell Signaling #9644; RRID: AB_2097841

4E-BP2 Cell Signaling #2845; RRID: AB_10699019)

Regulatory subunit B56d ThermoFisher A301-100A; RRID: AB_2168123

Regulatory subunit B55a ThermoFisher MA5-15007; RRID: AB_10978041

Monoclonal anti Calbindin D-28k Swant C9638;RRID: AB_2314070

Alexa 488-conjugated anti-mouse Jackson Immunoresearch code: 115-545-205; RRID: AB_2338854

Chemicals, peptides, and recombinant proteins

Bicuculline Tocris Cat# 0130; CAS: 485-49-4

4EGI-1 Sigma-Aldrich Cat# 324517; CAS: 315706-13-9

Okadaic Acid, Ammonium Salt Sigma-Aldrich Cat# 459616; CAS: 155716-06-6

inhibitory peptide inhibitor-2 (I-2) New England BioLabs NEB #P0754

Cyclosporin A Tocris Cat# 1101; CAS: 59865-13-3

Fostriecin Sigma-Aldrich F4425; CAS: 87860-39-7

Oregon Green BAPTA-1 hexapotassium salt Invitrogen O6806

Alexa Fluor 568 hydrazide Invitrogen A10437

Experimental models: Organisms/strains

Mouse: C57BL/6 Eif4ebp1; Eif4ebp2 DKO Gift from Dr. N. Sonenberg N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Pejmun

Haghighi (PHaghighi@buckinstitute.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Upon request, any data reported in this paper will be shared by the lead contact.

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 SUBJECT DETAILS

Mice
A colony of C57BL/6 Eif4ebp1; Eif4ebp2 DKO mice (gift from Dr. N. Sonenberg) were maintained by breeding homozygous animals

(Banko et al., 2005; Tsukiyama-Kohara et al., 2001). Double 4E-BP1/BP2 KOmice on a C57BL/6 background breed normally. There-

fore, for our experiments we used progenies from these matings, and progenies from age-matched wild-type C57BL/6 mice, housed

in the same colony, as controls. The genotype of mice used for electrophysiological experiments were known to the investigator prior

to the experiment.
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All mice weremaintained under pathogen-free conditions, and cages weremaintained in ventilated racks in temperature (20–21�C)
and humidity (�55%) controlled rooms on a 12 h light/dark cycle. Standard bedding was used for housing with the addition of Enviro-

Dri (Shepherd Specialty Paper). Food and water were provided ad libitum. Pups were kept with their dams until weaning. After wean-

ing, mice were group housed (maximum of 6 per cage) by sex. All experiments involved mice 18–25 days old of both sexes.

All procedures were in compliance with the Canadian Council on Animal Care guidelines and were approved by McGill University

Animal Care Committees.

METHOD DETAILS

Cerebellar slice preparation
Mice were sacrificed with CO2 and trans-cardially perfused with 20mL of ice-cold (0�C) HEPES ACSF solution containing (in mM): 92

NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSO4,

0.5CaCl2 adjusted to pH 7.4 with NaOH or HCl, and bubbled for at least 30 min prior to use with 95% O2/5% CO2. The cerebella

were dissected out into HEPES ACSF (0�C), glued to the vibratome cutting platform (Compresstome VF-200, Precisionary Instru-

ments) with cyanoacrylate adhesive and embedded in 2% agar (Sigma). Sagittal slices (250 mm thick) were cut from the cerebellum

vermis using a zirconium ceramic blade (EF-INZ10, Cadence) and transferred for recovery into oxygenated standard ACSF consist-

ing of (in mM): 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 24 NaHCO3, 5 HEPES, 12.5 glucose, 2MgSO4, 2CaCl2 (pH adjusted to 7.4 with

NaOH or HCl) until required for recording. All solutions were oxygenated for at least 30 min prior to use (Ting et al., 2014).

ForWT LTD recordings quantified in Figures S3H and S3I a fewmodifications weremade: P21-P25micewere sacrificed by decap-

itation. Then the cerebellum was extracted within 1 min and submerged into the cutting solution (0�C) consisting of (in mM): 2.5 KCl,

1.25 NaH2PO4, 28 NaHCO3, 0.5 CaCl2, 7 MgCl2, 7 D-glucose, 1 ascorbic acid, 3 sodium pyruvate, 233.7 sucrose for later slicing. The

cerebella were glued to the vibratome cutting platform (Compresstome VF-200, Precisionary Instruments) with superglue. Sagittal

slices (300 mm thick) were cut from the cerebellum vermis using a zirconium ceramic blade (EF-INZ10, Cadence) and transferred

for recovery into oxygenated standard ACSF consisting of (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 25 glucose,

2 CaCl2, 1 MgCl2 until required for recording. 95% O2/5% CO2 was bubbled all the time during the slicing.

Electrophysiological recordings in the cerebellum
Whole-cell recordings were obtained from visually identified PCs under a confocal microscope (FV-1000, Olympus) using a 403wa-

ter-immersion objective and IR900nm DIC optics. To patch PCs, 2.5–4 MU glass electrodes were used, filled with intracellular solu-

tion containing (in mM): 60 CsCl, 40 Cs D-gluconate, 20 TEA-Cl, 1 EGTA, 4MgCl2, 4 ATP, 0.4 GTP, and 30 HEPES, adjusted to pH 7.3

with CsOH. In the recording chamber, the slice was perfused with standard ACSF (4 mL min-1) at room temperature. Bicuculline

(10 mM, Tocris) was always added to block IPSPs. To stimulate PFs and CFs, a glass electrode (3–6 mm tip diameter) filled with stan-

dard ACSFwas used. Focal stimulation of PFs was achieved by applying a square pulses (0.1ms in duration, 100V in amplitude) using

a stimulator (World Precision Instruments) in the molecular layer one-third from the pial surface and focal stimulation of CFs was

achieved by applying a square pulses (0.1ms in duration, 100V in amplitude) in the granule layer. Ionic currents from PCs were re-

corded with a VE-2 amplifier (Alembic Software, Montreal, QC, Canada). Series resistance was compensated for (�40–60%), and

changes in series resistance and input resistance were monitored by delivering a 50ms long, �5 mV hyperpolarizing voltage step.

If series resistance or input resistance changed more than 20%, data was discarded. Stimulation and acquisition were performed

with IGOR Pro (WaveMetrics, Lake Oswego, OR), and the data were analyzed offline. The signals were filtered at 3 Hz and digitized

at 20 kHz. PF-EPSCs were recorded at a holding potential of�80 mV, and CF-EPSCs at a holding potential of�20 mV. Paired pulse

to CFs and PFs were delivered at a 50ms interval. The intrinsic firing frequency of PCs was recorded in a cell-attached configuration.

LTD protocols
LTD was induced using one of two stimulation protocols. The first, by conjunctive stimulation (CJS) (PF stimuli concomitant with

30 ms depolarization of the PC to �30 mV at 1Hz, 300s) after the acquisition of a stable baseline response for 20 min at 0.1 Hz

(Uemura et al., 2007). Following the CJS, we recorded the PF-EPSC at a rate of 0.1 Hz for up to 40min. The amplitude of the baseline

PF-EPSCs and the PF-EPSCs following CJS were averaged every 60 s, and the PF-EPSCs following CJS were normalized to the

baseline PF-EPSCs for each PC.

The second LTD inducing protocol consists of parallel fibers trains of five pulses at 100 Hz accompanied by 100-ms-long depo-

larization of the Purkinje cell to 0 mV repeated 30 times at 2-s intervals (Shin and Linden, 2005).

LTP protocol
LTP was induced by stimulating PFs at 1Hz for 300s after the acquisition of a stable baseline response for 20 min at 0.1 Hz. Following

the stimulation, we recorded the PF-EPSC at a rate of 0.1 Hz for up to 40 min (Lev-Ram et al., 2002).

Pharmacological inhibitors
To assess the role of individual molecules in the LTD and/or LTP pathway, specific pharmacological inhibitors were either perfused in

the extracellular solution or included in the pipette saline.
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To block cap-dependent translation initiation during LTD induction, the translation inhibitor 4EGI-1 (50 mm, Calbiochem), which

selectively blocks the eIF4E-eIF4G interaction, was perfused in the recording chamber 10 min prior to starting the LTD stimulation

until 10 min after the LTD stimulation ended (Gkogkas et al., 2013).

Several pharmacological inhibitors were used to understand the molecular mechanisms involved in PF-PC LTD in the cerebellum

on 4E-BP-KOs. To block phosphatase activity in cerebellar slices, the general phosphatase inhibitor Okadaic Acid (1uM, Sigma,

St. Louis, MO) was added to the extracellular solution and perfused into the recording chamber 30 min prior to inducing LTD until

the end of the recording. To block PP1, inhibitory peptide inhibitor-2 (I-2; 100 nM, New England BioLabs, Beverly, MA) was added

to the pipette solution and allowed to perfuse into the PC for 20min after whole-cell configuration was achieved before recording was

started. PP2B was blocked using Cyclosporin A (100uM, Tocris, Ellisville, MO) added to the extracellular solution and perfused into

the recording chamber 30min prior to inducing LTD until the end of the recording. PP2Awas inhibited using Fostriecin (50 nm; Sigma,

St. Louis, MO) added to the pipette saline (Belmeguenai and Hansel, 2005).

Calcium imaging
Calcium imaging of Purkinje cells was performed on an upright confocal microscope. The intracellular solution contained (in mM)

135 Cs-methanesulfonate, 10 CsCl, 10 HEPES, 4 Na2ATP, 0.4 Na3GTP, and 0.15 Oregon Green BAPTA-1 hexapotassium salt

(Invitrogen, Carlsbad, CA) and 0.1 Alexa Fluor 568 (Invitrogen, Carlsbad, CA) (pH 7.25). We started imaging 20 min after the estab-

lishment of whole-cell configuration to allow for dendritic perfusion of the intracellular solution. Using the Alexa Fluor 568 signal, a

region of interest approximately half-way between the cell body and the pial surface was selected. Using a 488 laser, the region

of interest was sampled at 10Hz while we delivered a depolarizing voltage step to 0mV for 100ms to the PC cell body at 1Hz. The

data was acquired with FluoView and the image data were analyzed with ImageJ.

Western blot analysis
For the cerebellum, mice were sacrificed using CO2, transcardially perfused with standard aCSF, and the cerebella rapidly removed

and flash-frozen in liquid nitrogen. Western blot analysis was performed according to manufacturer’s protocols using the following

primary antibodies against: PPP2B4 (PTPA), PPME1, regulatory subunit B56ε, Regulatory subunit B55b, Structure subunit Aa/b,

Catalytic subunit Ca/b, 4E-BP1, 4E-BP2, Regulatory subunit B56d, Regulatory subunit B55a.

Protein bands were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). The gel images were

scanned, and band intensities were quantified using Image Lab 6.1(Bio-Rad).

Phosphatase assay
Cerebella fromWT or DKOmouse were crushed in RIPA buffer and incubated at 4⁰C on wheel for 10 min. After 10mins centrifugation

at 15000rpm, the supernatant (cerebella lysate) containing 2mg total protein was transferred into a new Eppendorf tube. 2ug PP2A-C

antibody (Santa Cruz sc-80665) was added, then the sample was incubated at 4⁰C on wheel overnight. The next day, 50ul pre-

washed protein G agarose (Millipore 16–266) was added into the tube following incubation at 4⁰C on wheel for 1 h. After 2 min centri-

fugation at 2000 rpm at 4⁰C, the supernatant was removed and fresh RIPA buffer was added for washing. After 3 washes, purified

PP2A-C on protein G agarose was resuspended in 60ul phosphatase buffer described by Deanna G. Adams and Brian E. Wadzinski

(Adams andWadzinski, 2007) and kept at�80⁰C. In addition, HA-4E-BP1 was expressed in HEK293H cells and purified with Anti-HA

magnetic beads (PierceTM 88836), then eluted with HA synthetic peptide (Sino Biological PP100028). 100ng HA-4E-BP1 was mixed

with 200–400ng PP2Ac in the phosphatase buffer with final volume 50ul. Then the sample was maintained at 30⁰C, 1000rpm for

30mins in Eppendorf thermomixer. The reaction was stopped by adding laemmlie buffer. 10ul of each reaction was loaded on

SDS-PAGE gel for WB analysis.

Calbindin staining in the cerebellum
For calbindin immunostaining, mice (P21-P30) were deeply anesthetized by CO2, cervically dislocated and intracardially perfused

with ice-cold HEPES ACSF followed by 4% paraformaldehyde. Brains were postfixed for 2–16 h and equilibrated with 30% sucrose

overnight. Sagittal sections (50 mm) were permeabilized in PBSwith Triton X-0.25% (Tx-PBS) and treated as follows in Tx-PBS based

solutions: they were preincubated with 10% normal donkey serum solution (Jackson Immunoresearch USA, West Grove, PA, USA)

for 1 h at room temperature (RT) and incubated with mouse anti-Cb (1:1,000; Swant, Marly, Switzerland; code 300) overnight at 4�C,
then incubated with secondary antibody (Alexa 488-conjugated anti-mouse, 1:200; Jackson Immunoresearch) for 2 h at room tem-

perature and rinsed.

For the quantification of Purkinje cell density, images were acquired with a confocal microscope (FV-1000, Olympus) with a 60X,

NA 1.42 PlanApo N oil-immersion objective. The data was acquired with FluoView and the image data was analyzed with ImageJ.

Calbindin-positive Purkinje cells were counted in random fields (5–10/animal), and their number was normalized by the length of

the Purkinje cell PC layer section that was analyzed and averaged within each animal.

QUANTIFICATION AND STATISTICAL ANALYSIS

Values of n and p values are reported in the figure legends. In all figures, error bars represent ±SEM, *p < 0.05, ***p < 0.001.
e3 Cell Reports 39, 110911, June 7, 2022
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To test for statistical differences between the baseline EPSCs and the EPSC amplitude post-stimulation, used a paired Student’s

t-test and compared the values for the last 5min of the baseline recording to those for the last 5min of the post-stimulation recording.

To test for statistical difference between the change in gain post-stimulation between WT and 4E-BP-KOs, we used a two-

tailed Mann–Whitney U-test with a significance set at p = 0.05. To conduct the statistical calculations, we used the Mann-Whitney

U calculator at https://www.socscistatistics.com/tests/mannwhitney/default2.aspx and compared the values for the last 5min of the

recording for WTs and 4E-BP-KOs.

For calcium imaging, cerebellar morphological analysis and physiological innervation of excitatory inputs onto Purkinje cells, com-

parisons were made using two-tailed Student’s t-test with equal variance.
Cell Reports 39, 110911, June 7, 2022 e4
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Figure S1 The cerebellar anatomy and excitatory synaptic transmission is normal in 4E-BP-KO mice. Related 
to Figure 1.
A) The gross anatomical structure of cerebella, assessed by staining transverse slices for calbindin 28K (red), is 
comparable between wild-type mice (top) and in 4E-BP-KO mice (bottom). Scale bar: 500µM, 20µM.

B) There were no statistical differences between WT and 4E-BP-KO cerebella in PC cell density.

C) PCs from WT and 4E-BP-KO cerebella had comparable soma size.

D) Intrinsic firing frequency of PCs in acute slices from 4E-BP-KOs (24.32hz ± 5.09, n=5) compared to WTs (34.10hz 
± 6.67 n=4) (two-tailed Student t-test P=0.29)

E) At P21, PCs in both WT (n=9) and 4E-BP-KO (n=10) mice are innervated by a single CF.

F) The amplitude of CF-EPSCs is comparable between WTs (-924.31pA ± 90.01, n= 7) and 4E-BP-KOs (-1011.86pA 
± 101.98, n=9) (two-tailed Student t-test P=0.54).

G) CF paired-pulse ratio, measured by giving two pulses 50 ms apart, is not statistically different between WTs (0.70 
± 0.01, n= 9) and 4E-BP-KOs (0.65 ± 0.02, n=10) (two-tailed Student t-test P=0.11).

H) Paired pulse facilitation, measured by giving two pulses 50 ms apart, is comparable between WT (2.09 ± 0.02, 
n=18) and 4E-BP-KO (2.10 ± 0.02, n=17) mice (two-tailed Student t-test P=0.93).

I) PF paired-pulse ratio before and after applying the LTD inducing protocol is not statistically different in neither 
WTs (n= 5) nor 4E-BP-KO cerebella (n= 5) (two-tailed Student t-test P=0.42).
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Figure S2. The burst stimulation protocol alone does not cause LTP. Related to Figure 2.

A) In WTs, delivering parallel fibers trains of five pulses at 100 Hz only, leaving out the conjunctive 
depolarization, resulted in no significant change from baseline (97.17 ± 4.92%, t= 7-11 min, n=4, paired 
Student t-test P=0.33).

B) in 4E-BP-KOs, delivering parallel fibers trains of five pulses at 100 Hz accompanied without conjunctive 
depolarization, resulted in no significant change from baseline (96.79 ± 3.82%, t= 7-11 min, n=8, paired 
Student t-test P=0.36).
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Figure S3. Phosphatase inhibition prevents LTP in WTs and 4E-BP-KO mice. Related to Figure 4.

A) In WTs, pharmacological inhibition of phosphatase activity with the antagonist Okadaic Acid (1mM) blocks 
LTP induction (n=4).

B) In WTs, pharmacological inhibition of PP1 with I-2 (100 nM) blocks LTP induction (n=4).

C) PP1 inhibition effectively prevents LTP in 4E-BP-KOs (n=3).

D) Pharmacological inhibition of PP2B with the antagonist Cyclosporin A (100mM) completely blocks LTP in 
WTs and instead induces LTD (n=6).

E) Blocking PP2B in 4E-BP-KOs during LTP induction prevents potentiation (n=5).

F) In WTs, PP2A inhibition using the pharmacological inhibitor Fostriecin (50 nm) blocks LTP (n=5).

G) PP2A inhibitor Fostriecin (50 nm) blocks LTP in 4E-BP-KO slices (n=4).

H) In WTs, LTD remains intact  when slices are treated with Okadaic Acid (1mM) (n=4) or (I) with specific 
PP2A inhibitor Fostriecin (50 nm) (n=6).
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Figure S4. PPME1 is not changed in 4E-BP mutant mice. Related to Figure 5 

(A)&(B) Additional western blots used for quantifications in Figure 5B in addition to that shown in Figure 
5A.
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