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Article

GSK3a, not GSK3b, drives hippocampal
NMDAR-dependent LTD via tau-mediated spine
anchoring
Jonathan E Draffin1 , Carla Sánchez-Castillo1, Alba Fernández-Rodrigo1, Xavier Sánchez-Sáez1,†,

Jesús Ávila1 , Florence F Wagner2 & José A Esteban1,*

Abstract

Glycogen synthase kinase-3 (GSK3) is an important signalling
protein in the brain and modulates different forms of synaptic
plasticity. Neuronal functions of GSK3 are typically attributed to
one of its two isoforms, GSK3b, simply because of its prevalent
expression in the brain. Consequently, the importance of isoform-
specific functions of GSK3 in synaptic plasticity has not been fully
explored. We now directly address this question for NMDA recep-
tor-dependent long-term depression (LTD) in the hippocampus.
Here, we specifically target the GSK3 isoforms with shRNA knock-
down in mouse hippocampus and with novel isoform-selective
drugs to dissect their roles in LTD. Using electrophysiological and
live imaging approaches, we find that GSK3a, but not GSK3b, is
required for LTD. The specific engagement of GSK3a occurs via its
transient anchoring in dendritic spines during LTD induction. We
find that the major GSK3 substrate, the microtubule-binding
protein tau, is required for this spine anchoring of GSK3a and
mediates GSK3a-induced LTD. These results link GSK3a and tau in a
common mechanism for synaptic depression and rule out a major
role for GSK3b in this process.
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Introduction

Processes of synaptic plasticity are fundamental mechanisms by

which neurons alter the strength of their connections in an activity-

dependent manner. Long-lasting forms of synaptic plasticity, such

as long-term potentiation (LTP) and long-term depression (LTD),

are likely to be both necessary and sufficient for learning and

memory (Bliss & Collingridge, 1993; Takeuchi et al, 2014). The

serine/threonine kinase glycogen synthase kinase 3 (GSK3) is

perhaps the most prolific kinase in the central nervous system

(Linding et al, 2007; Sutherland, 2011). GSK3 is centrally involved

in the regulation of multiple cellular functions (Grimes & Jope,

2001), and it has been linked to several prevalent diseases, such as

Alzheimer’s disease, particularly through its role as a tau kinase

(Ishiguro et al, 1993; Hernandez et al, 2013). In the context of

synaptic plasticity, GSK3 has been proposed to act as a molecular

switch between LTP and LTD in the hippocampus (Peineau et al,

2007). Mechanistically, GSK3 in CA1 pyramidal cells undergoes

inhibitory serine phosphorylation during the induction of LTP,

which must occur for the expression of LTP (Hooper et al, 2007;

Zhu et al, 2007; Peineau et al, 2007; Dewachter et al, 2009). Conver-

sely, GSK3 must be active for NMDA receptor-dependent LTD to be

induced (Peineau et al, 2007). At the level of plasticity, these mecha-

nisms mean that LTP inhibits LTD (Peineau et al, 2007). Indirectly,

GSK3 has been linked to LTD by studies showing the requirement

for phosphorylation of its substrates at GSK3 sites. A peptide that

interferes specifically with GSK3-mediated phosphorylation of

KLC2, for example, blocked LTD (Du et al, 2010). Along analogous

lines, neuronal overexpression of a phospho-null form of PSD-95

that is unable to be phosphorylated at its GSK3 site also blocked

LTD (Nelson et al, 2013).

GSK3 exists as two paralogs, commonly referred to as isoforms:

GSK3a and GSK3b (Woodgett, 1990). The catalytic (kinase) domains

of GSK3a and GSK3b share 90% sequence identity, which has

presented an obstacle to the development of selective pharmacological

inhibitors. On the other hand, their C-terminal sequences show greater

divergence, and GSK3a contains a ~60 amino acid glycine-rich region

at its N-terminus that is absent in GSK3b (Kaidanovich-Beilin & Wood-

gett, 2011). The GSK3 isoforms share activity towards some

substrates, including b-catenin (Doble et al, 2007) and glycogen

synthase (MacAulay et al, 2007; Patel et al, 2008). Similarly, GSK3b
has long been recognised as an effective tau kinase (Ishiguro et al,

1993; Sperber et al, 1995; Spittaels et al, 2000; Terwel et al, 2008), but

GSK3a also phosphorylates tau in vivo, albeit less effectively (Maurin
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et al, 2013). Nevertheless, a number of other substrates display some

degree of isoform specificity (Soutar et al, 2010).

Neuronal functions of GSK3, including those in synaptic plastic-

ity, have typically been attributed to GSK3b, with few exceptions

(Maurin et al, 2013). In fact, in most of the aforementioned studies

on GSK3 in synaptic plasticity, the role of GSK3a was either not

investigated, or the tools used were incapable of distinguishing

between the two isoforms. This longstanding bias towards GSK3b is

probably due to the prevalent expression of this isoform in the brain

(Yao et al, 2002). However, both GSK3a and GSK3b are highly

expressed in the nervous system (Woodgett, 1990), and mouse

models deficient in GSK3a or GSK3b display different behavioural

abnormalities (Kaidanovich-Beilin et al, 2009). In fact, recent stud-

ies have hinted at the importance of the a isoform in synaptic plas-

ticity. For example, inhibition of GSK3a, but not GSK3b, was

required for LTP (Shahab et al, 2014). GSK3a also controls struc-

tural plasticity of dendritic spines. Specifically, spine shrinkage

induced by NMDA (cLTD) requires only GSK3a (Cymerman et al,

2015). Despite these advances, the isoform responsible for NMDA

receptor-dependent functional LTD is still not known.

In this work, we specifically targeted the GSK3 isoforms with

shRNA knock-down and novel isoform-selective drugs to dissect

their roles in LTD. Using electrophysiological and live imaging

approaches, we find that GSK3a, but not GSK3b, is required for LTD

and is transiently anchored in dendritic spines during LTD induc-

tion. Interestingly, we also find that the microtubule-binding protein

tau, which plays key roles in Alzheimer’s disease, is required for

this spine anchoring of GSK3a, and for GSK3a-induced LTD. There-

fore, these results lead us to challenge the longstanding notion that

GSK3b mediates LTD. Instead, we conclude that this role is played

by GSK3a, via its activity-dependent spine recruitment through tau.

Results

shRNA knock-down of GSK3a, but not GSK3b, blocks
NMDAR-dependent LTD

GSK3 activity is known to be required for NMDAR-dependent LTD

(Peineau et al, 2007). However, the specific isoform requirements in

this process are unknown. To test the requirement for the different

GSK3 isoforms in LTD, we used an shRNA approach to specifically

and independently ablate the activity of GSK3 isoforms. We took

advantage of previously published shRNA designs for these experi-

ments (Cymerman et al, 2015). We tested their effectiveness in our

experimental setup by using a lentiviral vector to express the

shRNAs in mouse primary hippocampal neurons and monitoring

levels of GSK3a or GSK3b by Western blot (Fig EV1A). After 7–

10 days of infection, shRNA against GSK3a produced a knock-down

of GSK3a of 69 � 8% (Fig EV1B) without effecting significant

changes in GSK3b levels (82 � 20%). Similarly, shRNA against

GSK3b produced a knock-down of GSK3b of 57 � 10% after 10–

15 days of infection, without changing levels of GSK3a (95 � 29%).

As a basis for evaluating isoform-specific roles of GSK3 in LTD,

we first looked at the effect of GSK3 knock-down on basal synaptic

transmission. To this end, we expressed shRNAs in CA1 of organ-

otypic slice cultures prepared from rat hippocampus and performed

paired whole-cell recordings of AMPA and NMDA receptor-mediated

currents (Fig 1A). This experimental set-up allows us to examine

the exclusive contribution of postsynaptic GSK3 towards the control

of basal transmission. GSK3a shRNA had no significant effect on

AMPA receptor-mediated EPSCs (93 � 9% of uninfected currents;

Fig 1B and C), while GSK3b knock-down produced a small but

significant depression of transmission (80 � 7% of uninfected

EPSCs; Fig 1B and F). Neither GSK3a (136 � 35% of uninfected)

nor GSK3b (95 � 23% of uninfected) shRNA significantly affected

NMDA receptor-mediated EPSCs (Fig 1D and G, respectively).

Accordingly, neither GSK3a nor GSK3b shRNAs produced a signifi-

cant change in the ratio of AMPAR- to NMDAR-dependent synaptic

responses (AMPA/NMDA; Fig 1E and H). In addition, these manip-

ulations did not alter passive membrane properties of the neuron,

such as input resistance, capacitance or holding current under volt-

age-clamp (Fig EV1C–H). Therefore, over the timescales tested,

postsynaptic GSK3b knock-down leads to a modest depression of

synaptic AMPA receptor-mediated currents, whereas GSK3a knock-

down has no significant effect.

We then evaluated the contribution of GSK3a and GSK3b to LTD.

NMDAR-dependent LTD is elicited under whole-cell patch-clamp

recording with a low-frequency stimulation protocol (LFS, 300

pulses at 1 Hz to Schaffer collateral fibres) coupled to moderate

depolarisation (–40 mV) of the postsynaptic CA1 cell. In our experi-

mental set-up, this form of LTD was independent of metabotropic

glutamate receptors (mGluRs), as similar synaptic depression was

obtained in both control slices (to 46 � 8% of baseline) and in

slices pretreated with the non-selective group I/group II mGluR

antagonist MCPG (to 42 � 8% of baseline; Fig EV2). In addition,

LTD induction by LFS has previously been shown to be blocked by

the NMDA receptor antagonist APV (Mulkey & Malenka, 1992;

Dudek & Bear, 1992). Therefore, this form of LTD depends on

NMDA, but not mGlu receptors for its induction. To test the require-

ment for the different GSK3 isoforms in LTD, we expressed shRNAs

against either GSK3a or GSK3b in CA1 of organotypic slice cultures

prepared from rat hippocampus (Fig 2A). We then recorded from

infected and uninfected CA1 pyramidal neurons while inducing

NMDAR-dependent LTD in the slices. In slices injected with GSK3

shRNA viral vectors, a robust LTD was observed in uninfected cells

(to 32 � 5% of baseline; representative traces in Fig 2B, quan-

tification in Fig 2C and D) and in neurons expressing shRNA against

GSK3b (32 � 7% of baseline). However, LTD was completely

blocked in neurons expressing shRNA against GSK3a (99 � 31% of

baseline; Fig 2C and D). In this blockade, the whole population of

endpoint values for depression was shifted, indicating a general

reduction across recordings (Fig 2E). Thus, GSK3a, but not GSK3b,
is required for NMDAR-dependent LTD.

Pharmacological inhibition of GSK3a, but not GSK3b, blocks
NMDAR-dependent LTD

Protein knock-down using shRNAs permits ablation of the activity

of specific GSK3 isoforms to be confined to the postsynaptic cell.

However, shRNA-mediated knock-down is intrinsically a chronic

manipulation, since lentiviral-mediated expression of the corre-

sponding shRNA is maintained for 7–15 days to ensure efficient

protein knock-down. To employ a complementary approach and

evaluate the relative contributions of GSK3 isoforms to synaptic

function in an acute manner, we turned to recently developed
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isoform-selective GSK3 inhibitors. Historically, inhibitors of GSK3

have not distinguished between the two isoforms because of high

similarity between their respective catalytic domains, especially in

the ATP-binding pocket. Recently, however, a single amino acid dif-

ference in these domains was exploited to design selective inhibitors

of each GSK3 isoform (Wagner et al, 2018). These compounds,

named BRD-0705 and BRD-3731, show 8–14 fold selectivity for

GSK3a and GSK3b, respectively, in a cell-based BRET assay. As

control, we employed an enantiomeric inactive compound, BRD-

5648 (Wagner et al, 2018). For simplicity, these compounds will

henceforth be referred to as inhibitors of GSK3a or GSK3b, or inac-
tive control.

We first tested the effect of these inhibitors, along with the struc-

turally similar but inactive control compound, on basal synaptic

transmission. After incubating organotypic hippocampal slices for

1 h with selective inhibitors of GSK3a or GSK3b, or inactive control,

we performed whole-cell recordings of AMPA and NMDA receptor-

mediated EPSCs. Surprisingly, GSK3a inhibition dramatically

decreased AMPA/NMDA ratios compared with inactive control

ratios (mean of 1.05 � 0.11 vs. 2.46 � 0.18; Fig 3A and B),

whereas GSK3b inhibition had no significant effect (mean of

2.60 � 0.24). The population of AMPA/NMDA ratios is shifted

uniformly with respect to inactive control ratios (Fig 3C), suggesting

that inhibition of this isoform has a homogeneous effect throughout

A B

C D E

F G H

Figure 1. Effect of GSK3 isoform knock-down on basal synaptic transmission.

A Experimental scheme for (B–H). Whole-cell patch-clamp recordings were made from nearby pairs of uninfected and infected neurons in CA1 of organotypic
hippocampal slices infected with lentivirus carrying shRNAs against GSK3a or GSK3b. EPSCs were elicited with CA3 Schaffer collateral stimulation.

B Representative traces for (C–H), showing evoked AMPAR- and NMDAR-mediated EPSCs (collected at �60 mV and +40 mV, respectively) in paired uninfected (black
traces) and shRNA-expressing neurons (green traces).

C, D Scatter plots showing individual recordings of pairs of uninfected and infected neurons in slices expressing shRNA against GSK3a at �60 mV (AMPAR-mediated
EPSCs; C) or at +40 mV (NMDAR-mediated EPSCs; D). Error bars represent SEM. Statistical significance was calculated according to the Wilcoxon signed-rank test.

E Quantification of individual (open circles) and average (grey bars) AMPA/NMDA ratios of neurons from uninfected and GSK3a shRNA lentivirus infected slices, where
AMPAR-mediated current is taken as the peak response at �60 mV, and NMDAR-mediated current is measured at +40 mV at a latency of 60 ms following
stimulation. Error bars represent SEM. Statistical significance was calculated according to the Mann–Whitney U test.

F, G As (C, D), for GSK3b. Error bars represent SEM. Statistical significance was calculated according to the Wilcoxon signed-rank test.
H As (E), for GSK3b. Error bars represent SEM. Statistical significance was calculated according to the Mann–Whitney U test.

Data information: Red circles represent the averages of all pairs in a given plot, and n denotes the number of cell pairs (panels C, D, F, G).
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the synaptic responses we recorded. To confirm whether this effect

was truly due to GSK3 inhibition, we carried out similar experi-

ments with the general GSK3 inhibitors AR-A014418 (AR-18) and

CHIR-99021 (CHIR). These two inhibitors do not distinguish

between GSK3a and GSK3b isoforms, but they are highly specific for

GSK3 versus closely related kinases, such as cdk2 or cdk5 (Bennett

et al, 2002; Bhat et al, 2003). As shown in Fig 3D and E, these two

inhibitors significantly decreased AMPA/NMDA ratios compared

with their vehicle control (DMSO), and this effect was observed

across the whole distribution of responses (Fig 3F). To note, it has

been previously reported that another broad GSK3 inhibitor,

SB415286, does not alter basal synaptic transmission (Peineau et al,

2007). However, this inhibitor may be less specific with respect to

cyclin-dependent kinases (Chin et al, 2005).

Finally, as a complementary approach to assess the synaptic

effects on GSK3 inhibition, we drove GSK3 phosphorylation at the

inactivation sites (Ser21/9, for GSK3a and b, respectively) by phar-

macological activation of Akt with the SC79. This is a small mole-

cule activator that binds the PH domain of Akt and leads to its

activation independently from phosphoinositide binding (Jo et al,

2012). As shown in Fig EV3, incubation with SC79 produced a

strong increase in phosphorylation of Akt at the activating site

(Thr308) and of GSK3 at the inhibitory sites (Ser9/21). These

biochemical changes were accompanied by a significant decrease in

AMPA/NMDA ratio, similar to the one observed by pharmacological

inhibition of GSK3 (Fig 3D–F). This effect is consistent with a previ-

ous report of acute depression of synaptic transmission in

hippocampal slices treated with SC79 (Pen et al, 2016). Therefore,

all these results combined indicate that GSK3 activity (and particu-

larly that of GSK3a) is required for the maintenance of synaptic

transmission.

It is unclear why the GSK3a-selective inhibitor and the GSK3a
shRNA produced different effects on basal synaptic transmission.

It is possible that the effect of the inhibitor is only transient, and

it disappears after the semi-chronic knock-down required for the

shRNA experiments. Alternatively, it is also important to keep in

mind that the inhibitor has access to the whole hippocampal

slice, including presynaptic and postsynaptic compartments, as

well as glial cells. In contrast, the shRNA knock-down is only

expressed in the postsynaptic CA1 neuron. In any case, we

decided to go forward and test these inhibitors on LTD, since we

could always compare their effects with those of the isoform-

specific shRNAs.

As described above, NMDAR-dependent LTD was induced in

organotypic slices by LFS to Schaffer collaterals and monitored by

whole-cell recording of CA1 pyramidal neurons (Fig 4A). In slices

treated with the control compound, LTD could be reliably

induced (35 � 6% of baseline; Fig 4B–D) and no effect of the

GSK3b inhibitor was observed compared to the inactive control

(39 � 10% of baseline). In contrast, LTD was blocked in slices

A

C D E

B

Figure 2. shRNA knock-down of GSK3a, but not GSK3b, blocks NMDAR-dependent LTD.

A Experimental scheme for (B–E). Whole-cell patch-clamp recordings were made from nearby pairs of uninfected and infected neurons in CA1 of organotypic
hippocampal slices infected with lentivirus carrying shRNAs against GSK3a or GSK3b. EPSCs were elicited with CA3 Schaffer collateral stimulation, and low-frequency
stimulation (LFS) was used to induce LTD.

B Representative traces for (C), where baseline responses (dark trace) are taken between 10 and 0 min before LTD induction, and responses after LTD induction (light
trace) are taken between 40 and 45 min after the end of LTD induction.

C Time course of the peak AMPAR-mediated synaptic response to Schaffer collateral stimulation before, during, and after the induction of LTD by LFS (300 pulses at
1 Hz), in control (uninfected) and GSK3a (blue) or GSK3b (orange) shRNA-expressing neurons. Error bars represent SEM.

D Quantification of average synaptic depression from the last 5 min of the time course shown in (C). Error bars represent SEM. Statistical significance was calculated
according to the Mann–Whitney U test.

E Cumulative frequency distribution of the ESPC values plotted in (D). Statistical significance was calculated according to the Kolmogorov–Smirnov test.
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treated with GSK3a inhibitor (95 � 7% of baseline; Fig 4B–D). As

a control, LTD was also fully blocked in slices treated with the

inhibitor AR-18, which does not distinguish between GSK3a and

GSK3b (87 � 6% of baseline; Fig 4B–D). Thus, an alternative,

pharmacological approach to selectively reducing GSK3 isoform

activity also reveals GSK3a, but not GSK3b, to be the isoform

required for NMDAR-dependent LTD.

Given the decrease in AMPA/NMDA ratio produced by the

GSK3a inhibitor (and AR-18), we also tested whether the failure to

express LTD could be due to a flooring effect on synaptic transmis-

sion. To this end, we evaluated the effect of the GSK3a inhibitor on

metabotropic glutamate receptor (mGluR)-dependent LTD, which

relies on separate signalling cascades from those of NMDAR-depen-

dent LTD, but also results in AMPAR synaptic removal (Snyder

et al, 2001). As shown in Fig 4E–G, mGluR LTD was preserved in

hippocampal slices treated with the GSK3a inhibitor and was

comparable to slices treated with the inactive control. These results

strengthen the interpretation that NMDAR-dependent LTD relies

specifically on GSK3a. Incidentally, these data also indicate that

GSK3a is not required for mGluR LTD (but see also McCamphill

et al, 2020).

Increased GSK3 activity induces synaptic depression

The previous experiments (described in Figs 2 and 4) demonstrate

that activity of GSK3a, but not GSK3b, is necessary for the induction

of NMDAR-dependent LTD. To test whether an increase in GSK3

activity is also sufficient to induce synaptic depression, we overex-

pressed recombinant EGFP-tagged versions of each isoform over-

night in CA1 of organotypic slice cultures prepared from rat

hippocampus. Both recombinant isoforms distributed throughout

dendrites and dendritic spines (Fig EV4A) and were overexpressed

with respect to the corresponding endogenous protein (EGFP-

GSK3a; 220 � 100% and EGFP-GSK3b: 150 � 34% of endogenous;

Fig EV4B and C). In addition, both recombinant proteins were less

phosphorylated (relative to their total expression) than the

A

D E F

B C

Figure 3. Effect of acute pharmacological inhibition of GSK3 on basal synaptic transmission.

A Representative traces for (B, C), showing evoked AMPAR- and NMDAR-mediated EPSCs (collected at �60 mV and +40 mV, respectively) in neurons from inactive
control-, GSK3a or GSK3b inhibitor-treated slices (all at 10 µM). Slices were incubated with each compound for 1 h before recording, and during whole-cell
recording itself. Compounds were also included in the internal solution of the recording pipette (all at 10 µM).

B Quantification of individual (open circles) and average (grey bars) AMPA/NMDA ratios of neurons from inactive control, GSK3a or GSK3b inhibitor-treated slices,
where AMPAR-mediated current is taken as the peak response at �60 mV, and NMDAR-mediated current is measured at +40 mV at a latency of 60 ms following
stimulation. Error bars represent SEM. Statistical significance was calculated according to the Mann–Whitney U test.

C Cumulative frequency distribution of the AMPA/NMDA ratios plotted in (B). Statistical significance was calculated using the Kolmogorov–Smirnov test.
D Representative traces for (E, F), showing evoked AMPAR- and NMDAR-mediated EPSCs (collected at �60 mV and +40 mV, respectively) in neurons from

hippocampal slices treated with DMSO (vehicle control), AR-18 (10 µM), CHIR (1 µM) or SC79 (20 µM).
E, F As (B, C), for DMSO, AR-18, CHIR and SC79. Error bars represent SEM. Statistical significance was calculated according to the Mann–Whitney U test.
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endogenous GSK3 isoforms (EGFP-GSK3a; 45 � 34% and EGFP-

GSK3b: 72 � 17% of endogenous; Fig EV4B and D). Because of

their higher expression and reduced phosphorylation, both overex-

pressed recombinant proteins are expected to increase net GSK3

activity in the infected cell.

To test whether an increase in the activity of either GSK3 isoform

was able to induce LTD-like synaptic depression, we performed

paired whole-cell patch-clamp recordings from infected and unin-

fected CA1 pyramidal neurons (Fig 5A). Indeed, evoked AMPAR-

mediated currents were depressed by both EGFP-GSK3a (79 � 13%

of uninfected; Fig 5B and C) and EGFP-GSK3b (83 � 11% of unin-

fected; Fig 5B and D) overexpression, while NMDAR-mediated

currents were unaffected (EGFP-GSK3a: 105 � 12% of uninfected,

Fig 5B and E; EGFP-GSK3b: 110 � 18% of uninfected; Fig 5B and

A

C

E F G

D

B

Figure 4. Pharmacological inhibition of GSK3a, but not GSK3b, blocks NMDAR-dependent LTD.

A Experimental scheme for (B–G). Whole-cell patch-clamp recordings were made from neurons in CA1 of organotypic hippocampal slices treated with inactive control,
GSK3a or GSK3b inhibitor, or AR-18 (all at 10 µM). EPSCs were elicited with CA3 Schaffer collateral stimulation, and low-frequency stimulation (LFS) was used to
induce LTD. For inactive control, GSK3a and GSK3b inhibitor compounds, the experiment was performed blind with respect to treatment group.

B Representative traces for (C, D), where baseline responses (dark trace) are taken between 10 and 0 min before LTD induction, and responses after LTD induction (light
trace) are taken between 40 and 45 min after the end of LTD induction.

C Time course of the peak AMPAR-mediated synaptic response to Schaffer collateral stimulation before, during and after the induction of LTD by LFS (300 pulses at
1 Hz), in control (inactive control), GSK3a (blue) and GSK3b (orange) inhibitor, and AR-18-treated neurons (yellow). Drug treatment was for 1 h before recording at
10 µM for all compounds. Error bars represent SEM.

D Quantification of average synaptic depression from the last 5 min of the time course shown in (C). Error bars represent SEM and statistical significance was
calculated according to the Mann–Whitney U test.

E As (B), for (F, G).
F Time course of the peak AMPAR-mediated synaptic response to Schaffer collateral stimulation before, during and after the induction of mGluR-dependent LTD by PP-

LFS (900 paired pulses, separated by 50 ms, at 1 Hz), in control (inactive control) and GSK3a inhibitor-treated neurons (blue). Drug treatment was for 1 h before
recording at 10 µM for all compounds. Representative traces for synaptic responses before (dark trace) and after (light trace) LTD induction are shown above the time
course. Error bars represent SEM.

G Quantification of average synaptic depression from the last 5 min of the time course shown in (F). Error bars represent SEM. No statistically significant difference was
found, according to the Mann–Whitney U test.
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F). Thus, an increase in neuronal GSK3 activity, of either isoform, is

sufficient to mimic LTD. Importantly, GSK3 overexpression did not

alter passive membrane properties of the neuron, such as input

resistance, membrane capacitance or holding current under voltage-

clamp (Fig EV4E–J).

The fact that isoform specificity is lost with protein overexpres-

sion may be due to a saturation effect, as discussed below.

GSK3a, but not GSK3b, is transiently anchored in dendritic spines
during LTD

Since we saw a specific requirement for GSK3a in the expression of

LTD, we sought to identify a cellular or molecular mechanism that

explains this isoform specificity. Since this form of LTD has been

shown to rely on the removal of AMPARs from the postsynaptic

membrane (Beattie et al, 2000), we first looked at whether GSK3a and

GSK3b were present in spines to different extents as compared to

levels in adjacent dendrites. To this end, we co-expressed EGFP-

GSK3a, EGFP-GSK3b or EGFP (as control), together with mCherry as

a volume marker, in CA1 of rat organotypic hippocampal slices using

biolistic methods (gene gun). As shown in Fig EV5A and B, spine/den-

drite ratios were similar between EGFP-GSK3a, EGFP-GSK3b and

EGFP, suggesting that there is no specific mechanism for spine recruit-

ment of these proteins (at least for their recombinant form). In addi-

tion, spine volume, assessed from the spine/dendrite ratio of the

mCherry volume marker, was also similar between neurons overex-

pressing EGFP-tagged GSK3 isoforms and plain EGFP (Fig EV5A and

C). Therefore, even though GSK3 overexpression produced depression

of AMPAR-mediated synaptic transmission (Fig 5B–D), this was not

translated into changes in dendritic spine size.

To check whether there were isoform-specific differences at the

level of protein dynamics with LTD, we used fluorescence recovery

after photobleaching (FRAP). EGFP-tagged GSK3a or GSK3b was

expressed in CA1 of rat organotypic hippocampal slices, in which

“chemical” LTD (cLTD; 20 lM NMDA for 5 min) was then induced

under live imaging conditions. Spines expressing EGFP-tagged GSK3

were photobleached, and the extent of fluorescence recovery was

measured before (baseline), immediately after (cLTD), and 10 min

subsequent to NMDAR activation (washout; Fig 6A and C). Approx-

imately 85% of both the EGFP-GSK3a (Fig 6B and E) and EGFP-

GSK3b (Fig 6D and E) fluorescence signal was recovered after 90 s

post-bleaching, suggesting that over this period of time, only some

15% of GSK3, of either isoform, is stable in dendritic spines under

basal conditions. In contrast, only 45% of EGFP-tagged GSK3a fluo-

rescence was recovered immediately after cLTD induction, and this

decrease in mobility disappeared after washout (85% recovery;

Fig 6B and E). These results suggest that GSK3a is transiently

anchored at spines during LTD induction. Strikingly, this anchoring

was not observed for EGFP-GSK3b, which recovered to similar

extents in baseline, cLTD and washout conditions (Fig 6D and E).

Importantly, neither isoform changed its relative spine localisation

as a result of cLTD (Fig 6F), and the extent of fluorescence recovery

was independent of the initial accumulation of EGFP-GSK3 in the

spine (Fig EV5D–G). Taken together, these observations suggest

that GSK3a and GSK3b do not have intrinsic differences for their

basal accumulation at spines, but GSK3a undergoes a specific

anchoring/immobilisation within the spine in response to NMDA

receptor activation during cLTD.

To check the effectiveness of our cLTD protocol, we tested

biochemical markers typically associated with this form of synaptic

depression. NMDA treatment per sewas effective in inducing a classic

marker of cLTD: GluA1 was dephosphorylated at its serine 845 site

(Lee et al, 1998, 2000; He et al, 2011) following induction of cLTD

A B

C D

E F

Figure 5. Increased GSK3 activity induces synaptic depression.

A Experimental scheme for (B–F). Whole-cell patch-clamp recordings were
made from nearby pairs of uninfected and infected neurons in CA1 of
organotypic hippocampal slices expressing EGFP-GSK3a or EGFP-GSK3b
fusion proteins. EPSCs were elicited with CA3 Schaffer collateral
stimulation.

B Representative traces for (C–F), showing evoked AMPAR- and NMDAR-
mediated EPSCs (collected at �60 mV and +40 mV, respectively) in
paired uninfected (black traces) and EGFP-GSK3a- or EGFP-GSK3b-
expressing neurons (green traces).

C, D Scatter plots showing individual recordings of pairs of uninfected and
infected neurons at �60 mV (AMPAR-mediated EPSCs) in slices
expressing EGFP-GSK3a (C) or EGFP-GSK3b (D). Error bars represent SEM.
Statistical significance was calculated according to the Wilcoxon signed-
rank test.

E, F Scatter plots showing individual recordings of pairs of uninfected and
infected neurons at +40 mV (NMDAR-mediated EPSCs) in slices
expressing EGFP-GSK3a (E) or EGFP-GSK3b (F). Error bars represent SEM.
Statistical significance was calculated according to the Wilcoxon signed-
rank test.

Data information: Red circles represent the averages of all pairs in a given plot,
and n denotes the number of cell pairs.
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with NMDA (Fig 6G and H). Furthermore, cLTD induction produced

robust dephosphorylation of both GSK3a and GSK3b at their inhibi-

tory serine residues (Ser21/9, respectively; Fig 6G and H), as

expected (Peineau et al, 2007). This effect had returned to baseline

levels during washout of NMDA. This result suggests that both

isoforms were transiently activated during cLTD induction. Neverthe-

less, only GSK3a, but not GSK3b, underwent transient anchoring in

dendritic spines in response to NMDA treatment to induce cLTD.

GSK3a spine anchoring requires the microtubule-associated
protein tau

Although tau is most often thought of as an axonal protein, it is

present in dendrites and spines and binds to microtubules in

these compartments (Frandemiche et al, 2014). In fact, tau’s

function in dendritic spines has been proposed as a mechanism

for beta-amyloid synaptic toxicity (Ittner et al, 2010). Given the

capacity of tau to serve as a linker to structural scaffolding

molecules, and its involvement in LTD (Kimura et al, 2014;

Regan et al, 2015), we hypothesised that tau might serve as a

binding target for GSK3a for its transient anchoring during LTD.

Accordingly, we repeated the FRAP experiment in wild-type and

tau knockout (de Barreda et al, 2010) mouse slices expressing

EGFP-tagged GSK3a (see representative images in Fig 7A and C).

Similar to the result in rat slices, approximately 85% of EGFP-

tagged GSK3a was mobile under basal conditions in both wild-

type and tau knockout slices (Fig 7B, D, and E). Following

cLTD, however, GSK3a was anchored in wild-type (55%

A

C

E

G H

F

D

B

Figure 6.
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recovery after 90 s; Fig 7B and E) but not in tau knockout slices

(86% recovery after 90 s; Fig 7D and E). Therefore, these results

suggest that GSK3a requires tau for transient anchoring in the

spine during LTD.

Crucially, EGFP-GSK3a was basally present in spines to similar

extents in wild-type and tau knockout neurons as compared to

levels in adjacent dendrite and showed no changes its relative

spine localisation as a result of cLTD in either genetic context

(Fig 7F). Therefore, blockade of GSK3a anchoring following cLTD

in tau knockout neurons is not due to a difference in initial

enrichment or a net alteration in trafficking between the spine

and dendrite with cLTD. We therefore conclude that the presence

of tau is required for the regulated anchoring of GSK3a during

cLTD induction.

Synaptic depression induced by GSK3a activity requires tau

Tau is a prominent player in Alzheimer’s disease pathology, but

also has a number of roles in synaptic function under physio-

logical conditions (reviewed in Ittner & Ittner, 2018). Since

phosphorylation of tau at the Ser396 GSK3 site is required for

NMDAR-dependent LTD (Regan et al, 2015), and we had observed

that LTD-induced GSK3a anchoring in the spine requires tau

(Fig 7), we reasoned that the LTD-like synaptic depression

induced by overexpression of GSK3a might be dependent on tau.

To test this hypothesis, we prepared organotypic slices from tau

knockout mice and overexpressed EGFP-tagged GSK3a in CA1

pyramidal neurons (Fig 8A). While GSK3a overexpression

produced a similar synaptic depression in wild-type mouse slices

(68 � 11% of uninfected; representative traces in Fig 8B, quan-

tification in Fig 8C) as in rat slices (Fig 5C), this depression was

completely blocked in tau knockout slices (118 � 14% of unin-

fected; Fig 8D). Importantly, given that the most prominent form

of synaptic depression depends on the activation of NMDA recep-

tors, the lack of effect of GSK3a overexpression on NMDA recep-

tor function was preserved in tau knockout neurons (124 � 25%

of uninfected in wt [Fig 8E] versus 113 � 16% of uninfected in

tau knockout [Fig 8F]). Thus, the LTD-like synaptic depression

induced by GSK3a overexpression requires the presence of tau,

suggesting that tau is an intrinsic component of the mechanism by

which GSK3a induces synaptic depression.

Discussion

In this work, we have shown that the kinase GSK3a (but not GSK3b)
and tau cooperate in choreographing the expression of NMDA

receptor-dependent LTD. This conclusion is based on two main lines

of evidence: (i) reduction of GSK3a (but not GSK3b) activity by

novel pharmacological means or RNA interference blocks the

expression of LTD and an increase in its activity induces LTD-like

synaptic depression; and (ii) GSK3a (but not GSK3b) is transiently

anchored in the spine in a tau-dependent manner during LTD. These

lines of evidence indicate, respectively, that (i) postsynaptic GSK3a
is necessary and sufficient for the expression of LTD; and (ii) that

tau is a critical factor for stabilising GSK3a in spines and mediating

its synaptic actions during LTD.

The notion of differential regulation and actions of GSK3a and

GSK3b is becoming an emerging topic. This possibility arose with

the different phenotypes of the GSK3a and GSK3b knockout mice

(Hoeflich et al, 2000; MacAulay et al, 2007; Kaidanovich-Beilin &

Woodgett, 2011). Both GSK3a knockout mice and heterozygous

mice deficient in GSK3b display reduced exploratory activity and

increased anxiety-associated behaviour (O’Brien et al, 2004; Bersud-

sky et al, 2008; Kaidanovich-Beilin et al, 2009). On the other hand,

impaired sociability has only been reported for GSK3a knockout

animals (Kaidanovich-Beilin et al, 2009), whereas memory deficits

have been linked to GSK3b deficiency (Kimura et al, 2008).

Impaired late-LTP and presynaptic function have also been reported

for a neuron-specific GSK3a knockout (Maurin et al, 2013). In addi-

tion, it was recently reported that the pathophysiology of a mouse

model of fragile X syndrome (Fmr1�/y) can be corrected by specific

◀ Figure 6. GSK3a, but not GSK3b, is transiently anchored in dendritic spines during LTD.

A Representative confocal images from EGFP-GSK3a FRAP experiments. Upper left panel (“Baseline”) shows EGFP-GSK3a expression in a dendrite and dendritic spine
of organotypic slices cultured from rat hippocampus. The spine was bleached (“Bleach”; yellow dashed circle) and its fluorescence partially recovered 90 s later
(“Recovery”). Single dendritic spines were imaged once per second for 10 s prior to, and for 90 s following, spine photobleaching. Such single FRAP experiments
were performed on different spines during basal conditions (“basal”; upper panels), immediately after cLTD induction with 20 µM NMDA for 5 min (“cLTD”; middle
panels), and immediately following 10 min of washout (“washout”; lower panels). Scale bars = 1 µm.

B Time course of fluorescence recovery during FRAP experiments described in A. White circles (“basal”) show the average spine/dendrite fluorescence of FRAP on
EGFP-GSK3a-expressing spines in slices prior to cLTD induction. Pink circles (“cLTD”) show fluorescence in spines in which cLTD had been induced using 20 µM
NMDA. Green circles (“washout”) represent the average of spine fluorescence after NMDA washout for 10 min. Recovery trajectories for the three conditions are
fitted with two-phase exponential curves (red lines).

C, D As (A, B) but for spines expressing EGFP-GSK3b. Scale bars = 1 µm.
E Quantification of last 10 s of fluorescence recovery (90–100 s) in (B, D). Bars represent mean � SEM. Statistical significance was calculated according to the

Mann–Whitney U test. N = 12, 11 and 11 spines for EGFP-GSK3a baseline, cLTD and washout groups and 20, 11 and 9 spines for EGFP-GSK3b baseline, cLTD and
washout groups, respectively.

F Spine/dendrite ratios showing enrichment of EGFP-GSK3a or EGFP-GSK3b in “baseline”, “cLTD” or “recovery” conditions. Bars represent mean � SEM. Statistical
significance was calculated according to the Mann–Whitney U test.

G Representative Western blots from whole extracts of organotypic slices incubated in ACSF (untreated; “baseline”), treated with 20 µM NMDA for 5 min (“cLTD”) or
treated with 20 µM NMDA for 5 min and allowed to recover in plain ACSF for 10 min (“washout”). Blots were probed for pSer21/9 GSK3a/b, total GSK3a/b, pSer845
GluA1 and total GluA1.

H Quantification of experiments as those shown in (G). Error bars represent SEM and statistical significance was calculated according to the Mann–Whitney U test.
N = 4 independent experiments for all conditions. Asterisks (**) denote P < 0.01.

Source data are available online for this figure.

ª 2020 The Authors The EMBO Journal e105513 | 2020 9 of 16

Jonathan E Draffin et al The EMBO Journal



inhibition of GSK3a (McCamphill et al, 2020). Incidentally, this

study also showed that synaptic depression induced by mGluR acti-

vation was blocked by the GSK3a-selective inhibitor, in contrast

with our results on mGluR LTD. We are not sure of the reason of

this discrepancy, but it may be related to differences in the protocol

for mGluR activation: application of the group I agonist DHPG ((S)-

3,5-Dihydroxyphenylglycine; McCamphill et al, 2020) versus synap-

tic paired-pulse low-frequency stimulation (our study). In any case,

these published results using animal models strongly suggest the

direct participation of GSK3a and/or GSK3b in synaptic plasticity

processes. Nevertheless, mechanistic explanations for differential

functions at the level of neuronal physiology are, at best, scarce.

This is also complicated by the fact that both GSK3a and GSK3b
may play specific functions in neuronal development and prolifera-

tion of neuronal progenitors (Spittaels et al, 2002; Kim et al, 2006;

Kim et al, 2009; Eom & Jope, 2009b). In the case of the neuronal

A B

C

E F

D

Figure 7. GSK3a spine anchoring requires tau.

A Representative confocal images from EGFP-GSK3a FRAP experiments in organotypic slices cultured from C57 wild-type mice. Upper left panel (“Baseline”) shows
EGFP-GSK3a expression in a dendrite and dendritic spine. The spine was bleached (“Bleach”; yellow dashed circle) and its fluorescence partially recovered 90 s later
(“Recovery”). Single dendritic spines were imaged once per second for 10 s prior to, and for 90 s following, spine photobleaching. Such single FRAP experiments
were performed on different spines during basal conditions (“basal”; upper panels), immediately after cLTD induction with 20 µM NMDA for 5 min (“cLTD”; middle
panels), and immediately following 10 min of washout (“washout”; lower panels). Scale bars = 1 µm.

B Time course of fluorescence recovery during FRAP experiments described in (A). White circles (“basal”) show the average spine/dendrite fluorescence of FRAP on
EGFP-GSK3a-expressing spines in wild-type mouse slices prior to cLTD induction. Pink circles (“cLTD”) show fluorescence in spines in which cLTD had been induced
using 20 µM NMDA. Green circles (“washout”) represent the average of spine fluorescence after NMDA washout for 10 min. Recovery trajectories for the three
conditions are fitted with two-phase exponential curves (red lines).

C, D As (A, B) but in slices cultured from C57 tauKO mice. Scale bars = 1 µm.
E Quantification of last 10 s of fluorescence recovery (90–100 s) in (B, D). Error bars represent SEM and statistical significance was calculated according to the

Mann–Whitney U test. N = 13, 11 and 12 spines for wt baseline, cLTD and recovery and 9, 7 and 5 spines for tauKO baseline, cLTD and recovery groups,
respectively.

F Spine/dendrite ratios showing enrichment of EGFP-GSK3a in wild-type or tauKO slices in “baseline”, “cLTD” or “recovery” conditions. Error bars represent SEM and
statistical significance was calculated according to the Mann–Whitney U test.
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GSK3a knockout, this is reflected in neuroanatomical changes in the

hippocampus (Maurin et al, 2013).

In this study, using acute manipulations and differentiated

neurons, we now show that GSK3 performs an isoform-specific

function during NMDAR-LTD that relies on the anchoring of GSK3a
(and not GSK3b) within dendritic spines. Subcellular targeting

appears, therefore, as the main regulatory factor for the participa-

tion of GSK3 in this form of synaptic plasticity. Interestingly, the

catalytic activity of both isoforms is presumably enhanced during

LTD induction, as the phosphorylation of both isoforms is decreased

after NMDAR activation. Nevertheless, only the activity of GSK3a

becomes relevant for LTD expression. This interpretation strongly

suggests that it is the subcellular colocalisation of GSK3a and its

relevant substrate(s) that determines the functional outcome for

synaptic strength. To note, this scenario is also compatible with our

observation that overexpression of either GSK3a or GSK3b produces

synaptic depression. Presumably, protein overexpression saturates

the targeting mechanism, and both GSK3a and GSK3b will likely be

competent to phosphorylate the relevant substrates. Interestingly,

we observe that synaptic depression driven by GSK3 overexpression

(in the absence of LTD induction) was not accompanied by a reduc-

tion in spine size. This result suggests that GSK3 activity is not suffi-

cient to drive structural plasticity, even though GSK3a has been

shown to be required for spine shrinkage during cLTD (Cymerman

et al, 2015). To note, the dissociation between structural and func-

tional aspects of synaptic depression has already been reported for

other signalling molecules (Zhou et al, 2004; Thomazeau et al,

2020).

What are the potential substrates of GSK3 for synaptic depres-

sion? Several candidates have already been proposed. PSD-95 phos-

phorylation at threonine 19 by GSK3 leads to PSD-95 synaptic

detachment and has been shown to be necessary for LTD expression

(Nelson et al, 2013; this mechanism was shown for GSK3b but

never tested for GSK3a). In addition, PICK1 (protein interacting with

C kinase 1) is a synaptic protein that interacts with AMPARs and

has also been shown to be phosphorylated by GSK3 (Yagishita et al,

2015; again, the effect was attributed to GSK3b, although isoform

specificity was not tested). In this case, PICK1 phosphorylation

enhances its interactions with AMPARs and therefore may fit with

the proposed role of PICK1 in retaining internalised AMPARs during

LTD (Daw et al, 2000; Kim et al, 2001).

Finally, a chief candidate for the specific actions of GSK3a in

LTD is tau. We have shown that the anchoring of GSK3a in spines

requires tau presence. GSK3a has been found to associate with tau

in brain extracts (Sun et al, 2002), and this interaction may occur

through 14-3-3 protein (Yuan et al, 2004). On the other hand, tau

may be responsible for the delivery or spine localisation of the

GSK3a binding partner, rather than acting as the partner per se.

Conversely, since tau phosphorylation at Ser396 (a GSK3 site) is

required for LTD (Regan et al, 2015), tau phosphorylation by GSK3a
in the dendritic spine is a strong candidate to be the event required

for LTD expression. Nevertheless, it is likely that the connections

between GSK3 and tau for LTD are multiple and complex. For exam-

ple, we are showing that synaptic depression induced by GSK3 over-

expression does not occur in the absence of tau, arguing that tau is

required downstream from GSK3 action, perhaps as a GSK3

substrate for LTD expression. On the other hand, tau is required for

GSK3a anchoring in the spine in response to NMDAR activation. In

this sense, tau may also be an upstream factor required for LTD

induction (and consequently for GSK3 engagement). For example,

we have recently described that CA1 pyramidal neurons lack

extrasynaptic NMDAR currents in the tau knockout (Pallas-Bazarra

et al, 2019). Extrasynaptic NMDARs have previously been linked to

efficient LTD expression (Massey et al, 2004; Kollen et al, 2008;

Papouin et al, 2012). Therefore, in this scenario, LTD may not be

efficiently induced in the tau knockout because of the lack of

extrasynaptic NMDARs, which in turn will fail to trigger GSK3’s

action in the spine. Therefore, we should be open to a multiplicity

of mechanisms potentially linking tau, GSK3 and LTD.

A B

C D

E F

Figure 8. Synaptic depression induced by GSK3a activity requires tau.

A Experimental scheme for (B–F). Whole-cell patch-clamp recordings were
made from nearby pairs of uninfected and infected neurons expressing
EGFP-GSK3a in CA1 of organotypic hippocampal slices from C57 wt and
tauKO mice. EPSCs were elicited with CA3 Schaffer collateral stimulation.

B Representative traces for (C–F), showing evoked AMPAR- and NMDAR-
mediated EPSCs (collected at �60 mV and +40 mV, respectively) in
paired uninfected (black traces) and EGFP-GSK3a-expressing neurons
(green traces) in C57 wt or tauKO slices.

C–F Scatter plots showing individual recordings of pairs of uninfected and
infected neurons at �60 mV (AMPAR-mediated EPSCs) in C57 wt (C) or
tauKO slices (D), or at +40 mV (NMDAR-mediated EPSCs) in wt (E) or
tauKO slices (F). Red circles represent the averages of all pairs in a given
plot, and n denotes the number of cell pairs. In all cases, error bars
represent SEM and statistical significance was calculated according to
the Mann–Whitney U test.
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Even though tau may participate in LTD at different levels, it is

intriguing that its involvement with GSK3 is specific for GSK3a.
Both GSK3a and GSK3b are capable of phosphorylating tau in vivo

(Maurin et al, 2013). Nevertheless, cellular and molecular mecha-

nisms may exist to implement specificity for GSK3a in binding to its

target and in phosphorylating tau in the context of synaptic plastic-

ity induction. That is, distinct regions of GSK3a, different from the

equivalent regions of GSK3b, may serve as the locus for this anchor-

ing specificity. Structural differences between the isoforms have

been linked to functional differences in some cases. For example,

GSK3b contains a nuclear localisation sequence that directs a sub-

portion of it to the nucleus (Meares & Jope, 2007), whereas the N-

terminal region of GSK3a results in its nuclear exclusion (where this

latter effect may be overcome by calcium signalling; Azoulay-Alfa-

guter et al, 2011). However, in most cases in which a differential

role for one isoform or the other has been identified, no structural

basis is known. Neither GSK3 isoform contains a canonical binding

domain, implying that the loci of covalent interactions are likely to

vary according to the binding target. For example, studies of dele-

tion and point mutants suggest the requirement of an N-terminal

region (common to both isoforms) for binding of GSK3 to p53 (Eom

& Jope, 2009a), but for sites on the C-terminal lobe for binding to

GSK3 binding protein (GBP) and Axin (Ferkey & Kimelman, 2002).

Although the N- and C-terminal domains are those that differ most

between GSK3a and GSK3b and therefore would be good bets for

harbouring the relevant difference for isoform-specific anchoring

during LTD, the two isoforms nevertheless differ at 10% of sites in

their large catalytic domains. Since single amino acid differences

(many of them in the catalytic domain) have been shown to dif-

ferentially (and dramatically) affect GSK3b binding to the Wnt

signalling proteins Axin and Frat (Fraser et al, 2002), the possibility

that isolated differences in the kinase domain might be responsible

for conferring isoform specificity towards the binding target of

GSK3a during LTD should not be overlooked.

Lastly, our results may also bear implications for the role of

GSK3 in Alzheimer’s disease. A mechanistic parallel has previ-

ously been noted between LTD and Alzheimer’s disease pathol-

ogy, particularly with respect to beta-amyloid synaptic toxicity

(Hsieh et al, 2006; Shankar et al, 2008; Li et al, 2009; Alfonso

et al, 2014; Knafo et al, 2016). Therefore, even if outside of the

scope of this work, these new data suggest that the role of GSK3a
in synaptic depression associated with Alzheimer’s disease may

have been overlooked.

Materials and Methods

Ethics statement

All procedures were approved by the bioethics committee of the

Consejo Superior de Investigaciones Cientı́ficas (CSIC) and adhered

to the guidelines set out in the European Community Council Direc-

tives (86/609/EEC).

Primary hippocampal neuron culture

Primary hippocampal neurons for the biochemical evaluation of

shRNA effectiveness were cultured from postnatal day 0–1 CD1

mice essentially as described previously (Beaudoin et al, 2012).

Briefly, hippocampi were dissected from P0–P1 mice and the

tissue disaggregated by trypsinisation. Cells were washed,

counted and plated on poly-L-lysine-treated multi-well plates (Fal-

con) at a density of 25,000 cells/cm2 in Neurobasal medium

(Gibco) with B27 supplement (Invitrogen). Medium was changed

at weekly intervals. Neurons were infected at 7 days in vitro for

7–15 days.

Organotypic hippocampal slice cultures

Organotypic hippocampal slices were prepared from postnatal day

5–7 Wistar rats and CD1 mice essentially as described previously

(Stoppini et al, 1991). Briefly, hippocampi were dissected from the

brain in partially frozen dissection medium gassed with carbogen

(5% CO2/95% O2) and 400 µm-thick slices prepared with a tissue

chopper (Stoelting) in sterile conditions. Individual slices were

placed on permeable membrane (Merck-Millipore) kept moist by

slice culture medium. Slices were maintained at 35.5°C in a 5% CO2

environment until use.

Acute slice preparation

Acute whole-brain slices for biochemical and electrophysiological

studies were prepared from 2- to 4-week-old Wistar rats using a

Leica VT1200S vibratome (Leica). The rat was briefly anaesthetised

using dry ice sublimated with water, and the brain removed and

placed in partially frozen Ca2+-free dissection medium saturated

with 5% CO2/95% O2. After 1 min of cooling, the brain was placed

on filter paper and a single cut made coronally so as to remove

tissue rostral to the hippocampus. Another cut was made to

remove the cerebellum, and the brain was glued (Loctite Super

Glue-3) to the vibratome platform against a block of agarose (3%

in water) such that the path of the blade would produce approxi-

mately coronal slices, dorsal to ventral, terminating at the agarose

block. The cut at the base of the cerebellum and the angle of the

base of the agarose block deviated from the coronal plane by

approximately 10 degrees (Bischofberger et al, 2006). Such a slicing

angle is more precisely orthogonal than the coronal plane to the

direction of fibre alignment from CA3 to CA1 in the hippocampus

and therefore improves synaptic responses and slice health. The

mounted brain was covered with partially frozen Ca2+-free dissec-

tion medium and the medium was gassed with 5% CO2/95% O2

during slicing. Slices were cut with a thickness of 300 µm, with a

blade speed of 0.05–0.10 mm/s and a vibration amplitude of

0.60 mm. Freshly cut slices were placed in ACSF gassed with 5%

CO2/95% O2, in a submersion-type chamber at 32°C. After 1 h, the

incubator was brought to 25°C and the ACSF allowed to cool for

15 min, at which point the slices were considered ready for experi-

mental manipulation.

Primary antibodies

Antibodies used for western blotting were phospho GSK3a/b
[Ser21/9] (Cell Signalling; #9331), GSK3a/b (Invitrogen; #44610),

phospho-Akt [Thr308] (Cell Signalling; #9275), Akt (Cell Signalling;

#9272), phospho-GluA1 [Ser845] (Thermo Fisher; OPA1-04118) and

GluA1 (Millipore; #AB1504).
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Drugs

Pharmacological compounds used were as follows: AR-A014418

(AR-18; Sigma Aldrich); CHIR-99021 (CHIR; Tocris); SC79 (Tocris);

BRD-5648, BRD-0705, BRD-3731, (inactive control, GSK3a inhibitor

and GSK3b inhibitor, respectively; property of Broad Institute of

MIT/Harvard, Mass. USA); RS-MCPG (MCPG; Tocris). Other

compounds were purchased from Sigma and Merck-Millipore.

DNA constructs

EGFP-tagged rat wild-type GSK3a and GSK3b constructs were gener-

ated by reverse transcription of total RNA extracted from rat fore-

brain, and PCR amplification of the resulting cDNA. Primers for PCR

were as follows: GSK3a; 5’-CAGGACAGATCTATGAGCGGCGGC

GGGCCTTC-3’ (forward); 5’-CATCACGGTACCTCAGGAAGAGTTAG

TGAGGGTAGGTGTGGC-3’ (reverse); GSK3b: 5’-CAGGACAGATCTA
TGTCGGGGCGACCGAGAACC-3’ (forward); 5’-CATCACGGTACCTC

AGGTAGAGTTGGAGGCTGATGC-3’ (reverse). The resulting DNA

was purified (PCR Clean-up kit; Macherey-Nagel) and digested with

restriction enzymes (New England Biolabs) for ligation (Takara

DNA Ligation Kit, Clontech) into pEGFP-C1 vector. All constructs

were cloned into pSinRep5 for expression using Sindbis virus. For

shRNA knock-down of mouse GSK3 isoforms, lentiviral vectors

were developed according to the target sequences defined in the

laboratory of Jacek Jaworski (Cymerman et al, 2015). pCI-mCherry

was used for mCherry expression.

Expression of recombinant proteins

For the expression of recombinant proteins and shRNAs in

hippocampal CA1 pyramidal neurons in organotypic slice cultures,

slices were prepared from postnatal day 5–7 rats and mice and

cultured for 5–14 days, as described above. Sindbis virus- and

biolistic-mediated expression of recombinant proteins was for 15–

20 h, and lentiviral delivery of shRNAs for 7–15 days with infection

the day after slice preparation. For lentivirus-mediated expression of

shRNAs in primary hippocampal neurons, concentrated virus was

added directly to the cell culture medium.

Electrophysiology

Voltage-clamp whole-cell recordings were obtained from pyramidal

cells in CA1 organotypic hippocampal slices, with the aid of trans-

mitted light illumination. The recording chamber was perfused with

ACSF containing 0.1 mM picrotoxin, 4 lM 2-chloroadenosine, and

gassed with 5% CO2/95% O2. Patch recording pipettes (3–6 MO)
were filled with internal solution (115 mM CsMeSO4, 20 mM CaCl,

10 mM HEPES, 2.5 mM MgCl2, 4 mM Na2-ATP, 0.4 mM Na-GTP,

10 mM sodium phosphocreatine, 0.6 mM EGTA and 10 mM lido-

caine n-ethyl bromide). Synaptic responses were evoked with bipolar

electrodes using single-voltage pulses (200 ls, up to 20 V). Stimulat-

ing electrodes were placed among Schaffer collateral fibres approxi-

mately 300 lm from the recorded cells. A cut was made between

CA3 and CA1 regions to isolate CA3 soma from back-propagated

action potentials during Schaffer collateral stimulation. For paired

recordings, infected and uninfected (control) cells within 50 µm of

one another were identified using fluorescence illumination, and

patched and recorded from simultaneously. Such a configuration

ensures that (i) manipulations induced by viral infection occur exclu-

sively in the postsynaptic cell, since only CA1 (and not CA3) cells

are infected, and that (ii) gross regional variations in slice connectiv-

ity are controlled for, since patched cells are at a similar distance

from stimulated afferent (Schaffer collateral) fibres. Synaptic

AMPAR-mediated responses are measured as the peak of responses

at �60 mV, and NMDA receptor (NMDAR)-mediated responses at

+40 mV, at a latency when AMPAR responses have fully decayed

(105 ms). For the recording of AMPA/NMDA ratios, average

responses are first collected at �60 mV, then at +40 mV, after any

post-transition increase in holding current has stabilised, and finally

at 0 mV, to control for clamp quality. For paired recordings and

AMPA/NMDA ratios, synaptic responses were averaged over 50–100

trials. NMDAR-dependent LTD was induced by pairing low-

frequency Schaffer collateral stimulation (300 pulses at 1 Hz) with

mild depolarisation of the postsynaptic cell (to �40 mV). mGluR-

dependent LTD was induced by low-frequency Schaffer collateral

stimulation with 900 paired pulses separated by 50 ms and delivered

at 1 Hz. Time courses before and after LTD induction were collected

at 0.2 Hz. Response measurements were averaged such that 12 trials

contributed to each graphed data point. All electrophysiological

recordings were carried out with Multiclamp 700A/B amplifiers

(Axon Instruments) in conjunction with pCLAMP9/10 software.

Live confocal fluorescence imaging

Confocal fluorescence images were acquired with a Zeiss LSM710

microscope with 63X NA 1.2 water C-Apochromat objective and a

488 nm laser, in conjunction with Zeiss Zen2010B SP1 software.

Imaging of organotypic slices was performed in a chamber continu-

ously perfused with ACSF gassed with carbogen (5% CO2/95% O2)

at 29°C. For FRAP experiments with cLTD induction, spine-dendrite

pairs were identified and EGFP signal in the spine was photo-

bleached with high laser intensity for 5 s. Recovery of fluorescence

following photobleaching was measured at 1-s intervals for 90 s.

Multiple spines in the same field of view were bleached and imaged

in some cases, provided they belonged to dendrites projecting from

different cells. For each experimental condition (baseline, cLTD and

recovery), FRAP was performed on a different spine. Image analysis

was carried out with ImageJ 1.51p software. For each time point in

an individual FRAP experiment, the following operations were

performed: (i) spine/dendrite ratios of EGFP signal were calculated

by drawing circular ROIs around spine heads and adjacent dendritic

shafts; (ii) spine/dendrite ratios of integrated density were gener-

ated therefrom. Since spine/dendrite ratios are collected in local

pairs, this method controls for local variation in overexpression

intensity; (iii) residual fluorescence at the point of maximum photo-

bleaching was subtracted; (iv) background was subtracted, and (v)

all points were normalised to the baseline average.

Western blotting

Whole-cell extracts were prepared from organotypic or acute

hippocampal slices and primary neuronal cultures by homogenising

with a yellow-tipped pipette in 100 µl RIPA buffer (50 mM Tris–HCl

pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,

0.1% SDS) per mg of tissue or 5 cm2 of cultured cells and incubating

ª 2020 The Authors The EMBO Journal e105513 | 2020 13 of 16

Jonathan E Draffin et al The EMBO Journal



on ice for 15 min. Cell debris was removed by centrifugation at

14,000 × g for 10 min at 4°C. Extracts were quantified using a bicin-

choninic acid (BCA)-based kit (Thermo Fisher; standard microplate

procedure) in combination with a FLUOStar OPTIMA plate reader

(BMG Labtech; 560 nm absorption), and analysed by SDS–PAGE and

Western blotting, with the primary antibodies described above.

Labelled membranes were incubated with undiluted enhanced

chemiluminescent HRP substrate (Millipore) for 5 min and photo-

graphed using an ImageQuant LAS 4000 Mini biomolecular imager

(GE Healthcare). Signal intensities were quantified under linear

conditions using ImageJ 1.51p (public domain software developed at

the US National Institutes of Health) after background subtraction.

Statistical analysis

Statistical significance was calculated with a Mann–Whitney U test

for unpaired data, unless stated otherwise; with ANOVA when

comparing multiple groups; with a Wilcoxon signed-rank test for

normalised paired data; and with a Kolmogorov–Smirnov test to

compare cumulative distributions.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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