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Synaptic plasticity requires remodeling of the actin cytoskeleton. Although two actin isoforms, β- and γ-actin, are expressed in dendritic spines, the specific contribution of γ-actin in the expression of synaptic plasticity is unknown. We show
that synaptic γ-actin levels are regulated by the E3 ubiquitin ligase TRIM3. TRIM3 protein and Actg1 transcript are colocalized in messenger ribonucleoprotein granules responsible for the dendritic targeting of messenger RNAs. TRIM3 polyubiquitylates γ-actin, most likely cotranslationally at synaptic sites. Trim3−/− mice consequently have increased levels of
γ-actin at hippocampal synapses, resulting in higher spine densities, increased long-term potentiation, and enhanced
short-term contextual fear memory consolidation. Interestingly, hippocampal deletion of Actg1 caused an increase in longterm fear memory. Collectively, our findings suggest that temporal control of γ-actin levels by TRIM3 is required to regulate
the timing of hippocampal plasticity. We propose a model in which TRIM3 regulates synaptic γ-actin turnover and actin
filament stability and thus forms a transient inhibitory constraint on the expression of hippocampal synaptic plasticity.

Introduction
Plasticity of synapses depends to a large extent on rapid changes
in shape and composition of the actin cytoskeleton (Cingolani
and Goda, 2008). Both filamentous actin (F-actin) and globular
actin (G-actin) are highly enriched at dendritic spines (Matus,
2000; Okamoto et al., 2004; Yuste and Bonhoeffer, 2004). Dynamic actin remodeling contributes to the structural changes
observed during synaptic plasticity (Matsuzaki et al., 2004; Okamoto et al., 2007) and plays a key role in membrane insertion,
clustering, and internalization of postsynaptic receptors (Allison et al., 1998; Charrier et al., 2006), all of which are essential
to the expression of functional plasticity, i.e., long-term potentiation (LTP) or long-term depression (Malinow and Malenka,
2002; Choquet and Triller, 2003; Shepherd and Huganir, 2007).
Calcium entry into dendritic spines triggers intracellular signaling mechanisms that favor F-actin over G-actin, including
direct calcium-dependent changes in actin polymerization and
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depolarization rates (Bergeron et al., 2010), local translation of
actin (Tiruchinapalli et al., 2003), posttranslational modification of actin (Karakozova et al., 2006), and recruitment of regulatory actin-binding proteins (Schubert et al., 2006).
Two isoforms of actin are constitutively expressed in neurons: β-actin and γ-actin (Rubenstein, 1990). Both isoforms are
almost identical, differing only at four amino acid positions in
the N terminus. Synaptic actin regulatory mechanisms are often
ascribed to β-actin, but recent studies indicate that γ-actin can
contribute synaptic plasticity in a very specific manner. First,
it has been suggested that high γ-/β-actin ratios stabilize actin
filaments, whereas filaments with low γ-/β-actin ratios are more
dynamic (Belyantseva et al., 2009; Bergeron et al., 2010). Moreover, γ-actin is translated at a much slower rate than β-actin,
allowing a hidden lysine residue in the N-terminal part of the
protein to become uniquely polyubiquitylated and targeted for
proteasomal degradation (Zhang et al., 2010). The regulatory
mechanisms of γ-actin ubiquitylation, as well as its role in synaptic plasticity, are still unknown.

Abbreviations used in this paper: aCSF, artificial cerebrospinal fluid; cKO, conditional knockout; EPSC, excitatory postsynaptic current; FDR, false discovery
rate; IPSC, inhibitory postsynaptic current; LC, liquid chromatography; LTP, longterm potentiation; mRNP, messenger RNP; MS/MS, tandem mass spectrometry;
TFA, trifluoroacetic acid; TPA, 12-O-tetradecanoylphorbol 13-acetate; TUBE,
tandem ubiquitin-binding entity.
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Results
TRIM3 is a dendritically localized ubiquitin
ligase in the hippocampus

Full-length TRIM3 and mutant TRIM3 lacking the RING/Bbox/coiled-coil domain (ΔRB
CC-TRIM3; Fig. 1 A) were
expressed in HEK293 cells. Immunoblots of the cell lysates
showed a strong increase in high-molecular-weight ubiquitin
staining specifically in TRIM3-expressing cells (Fig. 1 B), indicating that TRIM3, but not ΔRBCC-TRIM3, has ubiquitin ligase
activity in vitro. Biochemical enrichment analysis of TRIM3 in
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different fractions of hippocampal tissue revealed relatively high
TRIM3 protein levels in microsomes and in the postsynaptic
density (Fig. 1 C). Immunohistochemical staining of hippocampal sections subsequently showed high expression of TRIM3
throughout the CA1-3 regions of the hippocampus (Fig. 1 D).
CA pyramidal cells showed a particular strong expression of
TRIM3 also at the dendrite level (Fig. 1 E; for negative control
staining of Trim3−/− sections, see Fig. 1, D′ and E′). Staining
cultured hippocampal neurons revealed a punctate labeling
for TRIM3 in MAP2-positive dendrites (Fig. 1, F–H), consistent with microsomal and/or synaptic localization. Together,
these findings establish that TRIM3 is a ubiquitin ligase that
is localized to dendritic compartments, including postsynaptic
sites, as previously shown by Hung et al. (2010).
Trim3−/− mice show enhanced hippocampal
memory consolidation

Behavioral analysis of 3-mo-old Trim3−/− mice (Labonté et al.,
2013) did not reveal important alterations in anxiety and locomotor behavior using open field, dark-light box, and elevated
plus maze tests (Table 1). However, in a hippocampus-dependent
contextual fear memory task, Trim3−/− mice showed enhanced
memory acquisition. Freezing was measured independently at
2 h (short-term memory) and 24 h (long-term memory) after
the shock using different cohorts of animals (Fig. 2 A). Importantly, none of the animals showed baseline freezing before the
shock. At 24 h, Trim3−/− mice and wild-type littermates showed
a similar increase in freezing behavior (wild type: 27.6% ±
4.4% freezing; Trim3−/−: 32.4% ± 4.3% freezing; Fig. 2 B),
indicating that long-term memory consolidation had occurred
in both genotypes. However, at 2 h after the shock, Trim3−/−
mice showed significantly higher freezing levels compared with
wild-type controls (wild type: 16.6% ± 2.8% freezing; Trim3−/−:
28.4% ± 5.1% freezing; P < 0.05; Fig. 2 B). Notably, the level of
freezing in Trim3−/− mice was already at the level observed for
both genotypes at 24 h after the shock.
Because Trim2−/− mice show a progressive age-dependent
neurological phenotype (Balastik et al., 2008), behavioral analyses of Trim3−/− mice were also performed in an independent
cohort of 8-mo-old animals. Anxiety and locomotor behavior
were unaffected in Trim3−/− mice at this age (Table S1), and
enhanced consolidation of contextual fear memory was still observed (Fig. 2 C). Freezing levels were slightly higher than in
3-mo-old mice at 24 h after the shock (wild type: 40.7% ± 7.4%
freezing; Trim3−/−: 39.4% ± 6.7% freezing) but did not differ
between genotypes. At 2 h after the shock, however, significantly higher freezing levels were observed again in Trim3−/−
mice (wild type: 13.9% ± 6.1% freezing; Trim3−/−: 33.8% ±
5.1% freezing). Collectively, these findings show that Trim3−/−
mice show enhanced hippocampal memory consolidation and
that this is a robust and specific behavioral phenotype and not
the result of age-dependent neurological alterations.
TRIM3 is present in messenger RNP
(mRNP) particles but is not essential
for mRNP particle trafficking

Previous studies suggested that TRIM3 functions in dendritic
trafficking, which would be consistent with its dendritic and microsomal localization (Fig. 1). Specifically, TRIM3 interacts with
the tubulin-based motor KIF21B (Labonté et al., 2013) and the
actin-based motor myosin V (El-Husseini and Vincent, 1999; Yan
et al., 2005). Myosin V regulates dendritic trafficking of mRNP
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Ubiquitin-mediated protein degradation plays an important
role in the regulation of synaptic plasticity, learning, and memory (Ehlers, 2003; Tai and Schuman, 2008; Mabb and Ehlers,
2010). It involves, in addition to an E1 ubiquitin-activating
enzyme and an E2 ubiquitin-conjugating enzyme, an E3 ubiquitin-protein ligase that transfers activated ubiquitin to one or
more specific substrate proteins. Polyubiquitylated protein substrates are then recognized and degraded by the proteasome.
Several synaptic E3 ubiquitin ligases have been identified that
regulate the levels of synaptic proteins, including scaffold
proteins (Colledge et al., 2003), neurotransmitter receptors
(Schwarz et al., 2010), and signaling molecules (Mabb et al.,
2014). However, no E3 ligases have been identified that directly
target neuronal actins for proteasomal degradation.
TRIM (tripartite motif) proteins are a large family of
structurally related proteins sharing an N-terminal RBCC
(RING finger/B-box/coiled coil) region with E3 ubiquitin ligase
activity (Reymond et al., 2001). TRIM2, TRIM3, and TRIM32
belong to a subfamily of TRIM proteins sharing a C-terminal
ABP280 domain followed by six NHL repeat domains (Short
and Cox, 2006). Whereas TRIM2 polyubiquitylates neurofilament light chain in cerebellar Purkinje cells (Balastik et al.,
2008), and TRIM32 polyubiquitylates muscle actin (Kudryashova et al., 2005) and c-Myc in neuronal progenitors (Schwamborn et al., 2009), the substrate and function of TRIM3 are still
unclear. Various functions have been proposed. First, TRIM3
may be part of the CART (cytoskeleton-associated recycling or
transport) complex that regulates rapid recycling of membrane
receptors (Yan et al., 2005). Second, TRIM3 may control GABA-A receptor trafficking and inhibitory synaptic transmission
in cortical neurons (Cheung et al., 2010). Finally, TRIM3 was
shown to reduce the levels of postsynaptic scaffold proteins
GKAP and SHANK1 and alter spine morphology in hippocampal neurons in vitro (Hung et al., 2010); however, activity-dependent removal of GKAP from synapses in vivo does not
appear to depend on TRIM3 (Shin et al., 2012). Importantly,
none of these studies investigated the direct effects of TRIM3
deficiency on synaptic protein levels, synaptic plasticity, or
learning and memory in vivo.
Here, we show that Trim3−/− mice have enhanced contextual fear memory acquisition and increased LTP and spine densities in the hippocampus. We demonstrate that neither GKAP
nor SHANK1 but instead γ-actin protein levels are increased in
hippocampal neurons of Trim3−/− mice. Furthermore, γ-actin is
polyubiquitylated by TRIM3 in response to plasticity-inducing
stimulation. Our findings thus identify the E3 ubiquitin ligase
TRIM3 as a regulator of the synaptic actin cytoskeleton and propose that the temporal control of synaptic γ-actin levels by TRIM3
is a critical setscrew in neuronal plasticity, learning, and memory.
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Figure 1. TRIM3 is a dendritically localized ubiquitin ligase in the hippocampus. (A) Schematic diagram of full-length TRIM3 and ΔRBCC-TRIM3 constructs.
R, RING; B, B-box; CC, coiled-coil; ABP280, actin-binding protein 280 repeat; NHL repeat, NCL-1/HT2A/LIN-41 repeat. (B) TRIM3, but not ΔRBCCTRIM3, induces polyubiquitylation in HEK293 cells. HEK293 cell lysates were subjected to immunoblot (IB) analysis using an anti-ubiquitin (Ub) antibody.
Increased polyubiquitylation is indicated by a strong increase in high-molecular-weight ubiquitin staining. Actin staining is shown as loading control.
(C) Biochemical fractionation of hippocampal tissue followed by immunoblot analysis shows that TRIM3 protein is enriched in the postsynaptic density
fraction and in microsomes. Synaptic enrichment is shown by PSD-95 staining of the same protein samples. (D and E) Immunohistochemistry shows that
TRIM3 protein is expressed throughout the CA regions of the hippocampus, but less in the dentate gyrus (DG; D). TRIM3 protein was primarily detected in
CA pyramidal cell bodies, but also in dendrites (arrows in E). Staining of hippocampal sections from Trim3−/− animals confirmed the specificity of the TRIM3
labeling (D′ and E′). Bars: (D) 400 µm; (E) 50 µm. (F–H) Immunocytochemistry revealed a punctuate staining of TRIM3 in dendrites of cultured primary
hippocampal neurons. Neurons were labeled with antibodies against MAP2 (green; F) and TRIM3 (red; G). TRIM3-positive puncta are observed inside
MAP2-positive dendrites (H). Bars: 25 µm; (insets) 2.5 µm.

particles that transport mRNAs to synapses (Ohashi et al., 2002;
Yoshimura et al., 2006), and both TRIM2 and TRIM3 are among
the most abundant protein constituents of RNase-sensitive
mRNP particles in neurons (Kanai et al., 2004). Immunoprecipitation of TRIM3 from hippocampal synapse-enriched fractions
revealed that TRIM3 and PUR-α (PURA), one of the most abundant proteins in mRNP particles (Ohashi et al., 2002; Kanai et al.,
2004; Elvira et al., 2006), interact in an RNase-sensitive manner
(Fig. 3 A), confirming that they coexist in mRNP particles and

that their interaction depends on the presence of RNA. When
coexpressing TRIM3 and PURA in HEK293 cells, PURA did not
coimmunoprecipitate TRIM3 and vice versa (Fig. 3 B), indicating that they do not interact directly. We then investigated whether
PURA levels are regulated by TRIM3 and found no difference in
PURA levels in Trim3−/− mice compared with wild-type controls
in hippocampal synapse-enriched fractions, neither under basal
conditions nor 2 h after fear conditioning when enhanced memory consolidation is observed (wild-type home cage: 1 ± 0.08;
TRIM3 regulates synaptic γ-actin levels • Schreiber et al.
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(wild type: 13.15 ± 0.86 µm, Trim3−/−: 15.77 ± 1.57 µm; Fig. 3 J)
and a small but significant increase in the maximum velocity
of clusters in Trim3−/− neurons (wild type: 0.72 ± 0.04 µm/s,
Trim3−/−: 0.91 ± 0.09 µm/s; P < 0.05; Fig. 3 K) and the maximum
distance traveled (wild type: 8.15 ± 0.43 µm, Trim3−/−: 10.39 ±
1.16 µm; P < 0.05; Fig. 3 L). In contrast, for short-distance moving clusters none of these parameters was significantly affected
in Trim3−/− neurons (total distance moved, wild type: 9.34 ± 0.53
µm, Trim3−/−: 9.62 ± 0.58 µm; maximum velocity, wild type:
0.4 ± 0.03 µm/s, Trim3−/−: 0.4 ± 0.03 µm/s; maximum distance
to origin, wild type: 3.17 ± 0.11 µm, Trim3−/−: 3.12 ± 0.11 µm;
Fig. 3, M–O). Thus, although TRIM3 is present in mRNP particles and may affect some kinetic parameters of a subpopulation
of particles, it is not essential for mRNP trafficking.
ACTG1 is a potential synaptic
substrate of TRIM3

Previous studies suggested that the postsynaptic scaffold proteins GKAP and SHANK1 are TRIM3 substrates in vivo
(Hung et al., 2010). We quantified GKAP and SHANK1 levels
in hippocampal synapse-enriched fractions, both under basal
conditions and 2 h after fear conditioning, and observed no increase in Trim3−/− mice as would be expected if they undergo

Table 1. Behavioral analysis of Trim3−/− mice at 3 mo of age
Test/test measure

Unit

Wild type (n = 12)

Knockout (n = 12)

P-value

Open field/Ethovision
Number of entries into the center area

84.83 ± 4.07

91.67 ± 6.36

0.375

s

314.5 ± 18.0

308.0 ± 18.4

0.803

cm

5,602 ± 264

5,819 ± 345

0.622

Lingering progression threshold speed

cm/s

12.05 ± 0.61

12.89 ± 0.83

0.418

Median of move segment maximum speed

cm/s

24.03 ± 0.69

25.01 ± 1.00

0.425

Quantile 95 of move segment maximum speed

cm/s

35.80 ± 0.89

35.54 ± 1.03

0.850

Lingering mean speed

cm/s

1.65 ± 0.10

1.66 ± 0.10

0.988

Median of lingering segment maximum speed

cm/s

3.17 ± 0.40

2.28 ± 0.60

0.231

Time spent in the center area
Total distance traveled
Open field/SEE analysis/velocity

Open field/SEE analysis/acceleration
Latency to maximum half speed

s

8.65 ± 3.84

5.88 ± 1.62

0.513

cm/s2

15.77 ± 0.69

15.44 ± 0.57

0.715

segments

143.3 ± 10.7

142.0 ± 10.2

0.934

cm

24.73 ± 0.96

28.40 ± 2.08

0.123

Median duration of progression segments

s

1.55 ± 0.05

1.63 ± 0.07

0.369

Quantile 5 of duration of progression segments

s

0.55 ± 0.03

0.57 ± 0.04

0.755

Quantile 95 of duration of progression segments

s

3.38 ± 0.10

3.62 ± 0.14

0.172

segments/cm

0.03 ± 0.00

0.03 ± 0.00

0.386

0.59 ± 0.03

0.58 ± 0.03

0.651

cm

77.69 ± 3.74

81.05 ± 3.41

0.513

degrees/s

14.06 ± 0.58

13.83 ± 0.48

0.761

29.50 ± 3.30

38.00 ± 3.67

0.099

301.1 ± 17.2

305.2 ± 16.7

0.863

Number of entries into the closed arms

22.00 ± 1.93

23.50 ± 1.81

0.576

Number of entries into the open arms

28.42 ± 2.94

32.75 ± 2.66

0.287

Number of entries into the middle

25.92 ± 2.53

29.58 ± 2.18

0.284

Median segment acceleration to maximum speed
Open field/SEE analysis/other
Number of progression segments
Median length of progression segments

Number of stops per distance
Time proportion of lingering episodes
Median radius of turn
Median turn rate
Light-dark box
Number of entries into the light compartment
Time spent in the light compartment

s

Elevated plus maze

Time spent in the closed arms

s

419.8 ± 15.0

395.7 ± 7.9

0.171

Time spent in the open arms

s

159.7 ± 12.6

175.2 ± 8.3

0.315

Time spent in the middle

s

84.64 ± 7.37

110.07 ± 7.87

0.028

cm

1,552 ± 86

1,608 ± 76

0.632

Total distance moved
Entries show mean ± SEM values unless otherwise indicated.
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Trim3−/− home cage: 0.99 ± 0.11; wild-type shock: 1 ± 0.14;
Trim3−/− shock: 1.15 ± 0.25; Fig. 3, C and D). When TRIM3 and
PURA were coexpressed in HEK293, we observed a stable expression of PURA over time, independent of whether full-length
TRIM3 or ΔRBCC-TRIM3 was expressed. Collectively, these
data demonstrate that PURA levels are not regulated by TRIM3.
We next expressed GFP-tagged PURA in cultured hippocampal neurons derived from Trim3−/− mice or wild-type
controls and quantified the mobility of GFP-positive PURA-containing mRNP particles (Fig. 3 F). The total number of particles
observed was not different between genotypes (wild type: 0.173
± 0.01 clusters/µm, Trim3−/−: 0.155 ± 0.01 clusters/µm; Fig. 3 G),
nor was the percentage of mobile clusters (wild type: 9.76% ±
1.37%, Trim3−/−: 10.01% ± 1.27%; Fig. 3 H). Clusters were then
separated on the basis of their mobility into those that moved
>5 µm over the 5-min imaging period (long-distance clusters)
and those that moved <5 µm (short-distance clusters). No difference was observed in the percentage of long- and short-distance
moving clusters between genotypes (long-distance, wild type:
29.56% ± 5.83%, Trim3−/−: 26.09% ± 5.8%; short-distance, wild
type: 70.44% ± 5.83%, Trim3−/−: 73.91% ± 5.8%; Fig. 3 I). When
we analyzed the kinetics of long-distance moving clusters separately, we observed no difference in the total distance moved
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Figure 2. Short-term contextual fear memory is enhanced in Trim3−/−
mice. (A) Animals received a foot shock (unconditioned stimulus; US) in
a novel context (conditioned stimulus; CS). Memory retrieval was tested
either 2 h (short-term memory; STM) or 24 h (long-term memory; LTM)
after conditioning in two independent cohorts of mice. (B) Freezing behavior was significantly increased in 3-mo-old Trim3−/− mice compared
with wild-type littermates when reexposed to the conditioned context 2h
after receiving the shock (STM), but not at 24 h (LTM), indicating enhanced
consolidation of fear memory (means ± SEM, two-tailed t test, *, P < 0.05,
n = 8/10 per genotype). (C) A similar increase in freezing behavior at 2 h,
but not at 24 h, after the shock was observed in 8-mo-old Trim3−/− mice
(means ± SEM, two-tailed t test, *, P < 0.05, n = 5/7 per genotype).

whereas mock-transfected cells did not show coimmunoprecipitation (Fig. 5 A). Similarly, immunoprecipitating TRIM3 from
wild-type hippocampal synapse-enriched fractions, but not from
Trim3−/− fractions, resulted in coimmunoprecipitation of ACTG1
and vice versa (Fig. 5 B). Importantly, the two antibodies that we
used against ACTG1 are highly specific (see Fig. 9). Cellular
fractionation of hippocampal tissue followed by immunoblotting for TRIM3, ACTG1, and markers for pre- and postsynaptic structures showed that TRIM3 and ACTG1 colocalize in all
fractions, including postsynaptic structures (Fig. 5 C). Thus,
TRIM3 and ACTG1 physically interact, both in HEK293 cells
and in hippocampal synaptic protein fractions, and both proteins
are localized at synaptic sites. We then asked whether TRIM3
also regulates ACTG1 protein levels. HEK293 cells that expressed TRIM3 showed a significant downregulation of ACTG1
protein levels compared with ΔRBCC-TRIM3-expressing cells
(ΔRBCC-TRIM3: 1 ± 0.11, TRIM3: 0.57 ± 0.05; P < 0.01;
Fig. 5 D). We also observed a significant reduction in β-actin
(ACTB) levels (ΔRBCC-TRIM3: 1 ± 0.08, TRIM3: 0.67 ± 0.05;
P < 0.01; Fig. 5 E), indicating that TRIM3-dependent protein
degradation is not specific for ACTG1 when TRIM3 is overexpressed in HEK293 cells. However, in hippocampal neurons, a
specific increase was observed in ACTG1 levels in Trim3−/− neurons compared with wild-type control neurons (wild type: 1 ±
0.07, Trim3−/−: 1.26 ± 0.10; P < 0.05; Fig. 5 F), whereas ACTB
levels were not affected (wild type: 1 ± 0.16, Trim3−/−: 1.06 ±
0.10; Fig. 5 G). These data show that ACTG1 protein levels are
specifically downregulated in the presence of TRIM3.
TRIM3 polyubiquitylates ACTG1

TRIM3-dependent proteasomal degradation (Fig. S1). We then
reasoned that a bona fide substrate should (a) physically interact
with TRIM3, at least transiently, and (b) be less polyubiquitylated in Trim3−/− mice. We designed a substrate identification
strategy (Fig. 4 A) in which we immunoprecipitated TRIM3
from hippocampal synapse-enriched fractions using three different antibodies and using Trim3−/− hippocampal fractions as
negative control. In parallel, we performed affinity purification of polyubiquitylated proteins from Trim3−/− and wild-type
hippocampal synapse-enriched fractions using tandem ubiquitin-binding entities (TUBEs) in triplicate. The efficacy of the
TUBEs approach was confirmed by showing that TUBEs pulldown, but not a pull-down with empty agarose beads, resulted
in a strong enrichment of polyubiquitylated proteins detected
by immunoblotting (Fig. 4 B). Moreover, the Coomassiestained gel revealed that the TUBEs-enriched protein fraction
contained many individual proteins that were not detected in the
control pull-down samples (Fig. 4 C). Using mass spectrometry,
110 candidate TRIM3-interacting proteins were identified that
immunoprecipitated specifically from wild-type samples and
not from Trim3−/− samples, and 144 candidate TRIM3 substrate
proteins were identified that were TUBEs-enriched in wild-type
samples compared with Trim3−/− samples (Table S2). Only two
proteins were identified in both experiments, of which γ-actin
(ACTG1) ranked as the second most abundant candidate interactor and the first most abundant candidate substrate (Fig. 4 D).
TRIM3 interacts with ACTG1 and
regulates ACTG1 levels

Expression of TRIM3 in HEK293 cells and immunoprecipitation
of either TRIM3 or endogenously expressed ACTG1 resulted in
coimmunoprecipitation of ACTG1 and TRIM3, respectively,

Full-length TRIM3 or ΔRB
CC-TRIM3 was expressed in
HEK293 cells. 2 d later, proteasomal degradation was blocked
by adding MG132 for 4 h, cell lysates were harvested, and
ACTG1 was immunoprecipitated. The immunoprecipitates
were subsequently immunoblotted for ubiquitin and ACTG1.
Unmodified ACTG1 was detected at the expected molecular weight of 42 kD, and we did not detect any increase in
high-molecular-weight ubiquitin (Fig. 6 A) or high-molecular-weight ACTG1 species (Fig. 6 B) as a result of TRIM3
expression. However, when blocking proteasomal degradation
and at the same time stimulating cells with the phorbol ester
12-O-tetradecanoylphorbol 13-acetate (TPA; also known as
phorbol 12-myristate 13-acetate, or PMA), a PKC activator that
induces protein synthesis and synaptic plasticity (Herbert et al.,
2000; Carriere et al., 2011; Kim et al., 2013), a strong increase
was observed in high molecular weight ubiquitin staining after
immunoprecipitation of ACTG1 (Fig. 6 C). ACTG1 staining
confirmed the presence of 50–100-kD modified ACTG1 species (Fig. 6 D) specific for TRIM3-expressing cells, whereas it
was absent in ΔRBCC-TRIM3– or mock-transfected cells. The
increase in ACTG1-specific ubiquitin staining in TRIM3-expressing cells was reproducible and statistically significant
(mock: 1 ± 0.14, ΔRBCC-TRIM3: 0.90 ± 0.14, TRIM3: 4.76
± 0.76; P < 0.05; Fig. 6 E). In cultured hippocampal wild type,
but not Trim3−/−, neurons treated with TPA and MG132 for 4 h,
a similar increase was observed in 50–100 kD modified ACTG1
species (Fig. 6 F). The discrete banding pattern of these high
molecular weight ACTG1 species is consistent with ubiquitin
modifications consisting of one or more ubiquitin moieties.
It was previously reported that polyubiquitylation of
ACTG1 occurs cotranslationally at Lys-18, which becomes inaccessible for modification once the protein is fully synthesized
TRIM3 regulates synaptic γ-actin levels • Schreiber et al.
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Figure 3. TRIM3 is present in mRNP particles but is not essential for mRNP particle trafficking. (A) TRIM3 interacts with PURA in an RNA-dependent
manner. TRIM3 was immunoprecipitated from hippocampal synapse-enriched fractions and samples were immunoblotted (IB) and stained for TRIM3 and
PURA. PURA was detected in RNase inhibitor–treated samples, but not in RNase-treated samples. Samples prepared from Trim3−/− mice served as negative control for the immunoprecipitation. (B) TRIM3 and PURA do not interact when expressed in HEK293 cells. HEK293 cells were cotransfected with
full-length TRIM3 and GFP-PURA. TRIM3 and PURA were immunoprecipitated from lysates, immunoblotted and stained for TRIM3 and GFP (PURA). PURA
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JCB • Volume 211 • Number 3 • 2015

Published November 2, 2015

Trim3−/− mice show increased hippocampal
LTP and spine densities

Spontaneous synaptic activity measurements in hippocampal slice preparations did not reveal significant differences
between Trim3−/− mice and wild-type controls in either excitatory postsynaptic current (EPSC; Fig. 7 A) or inhibitory
postsynaptic current (IPSC; Fig. 7 B) amplitude (EPSC, wild
type: 12.11 ± 0.55 pA, Trim3−/−: 13.13 ± 1.01 pA; IPSC, wild
type: 40.6 ± 5.1 pA, Trim3−/−: 33.71 ± 3.99 pA), frequency
(EPSC, wild type: 3.34 ± 0.95 Hz, Trim3−/−: 1.98 ± 0.83 Hz;
IPSC, wild type: 12.37 ± 1.81 Hz, Trim3−/−: 9.52 ± 2.14 Hz),
rise time (EPSC, wild type: 1.82 ± 0.14 ms, Trim3−/−: 1.96
± 0.15 ms; IPSC, wild type: 1.50 ± 0.06 ms, Trim3−/−: 1.42
± 0.05 ms) or decay time (EPSC, wild type: 6.52 ± 0.47 ms,
Trim3−/−: 6.85 ± 0.43 ms; IPSC, wild type: 16.26 ± 0.97 ms,
Trim3−/−: 14.84 ± 1.12 ms). However, hippocampal LTP was
significantly enhanced in slices from Trim3−/− mice. LTP was
induced in acute hippocampal slices by theta burst stimulation
of the Schaffer collateral pathway using a single stimulation
electrode and recorded in CA1 using an 8 × 8 multielectrode
array (Fig. 7 C). Potentiation was readily detected in slices
from both genotypes (Fig. 7 D), with Trim3−/− slices showing
on average a stronger potentiation (Fig. 7 E). This increase in
LTP was significant at 10–20 min after induction (wild type:
144% ± 4.8%, Trim3−/−: 171.2% ± 9.6%; P < 0.05) as well
as 20–30 min after induction (wild type: 146.1% ± 4.6%,
Trim3−/−: 171.7% ± 10.4%; P < 0.05; Fig. 7 F).
Histochemical analysis revealed no differences between
Trim3−/− mice and wild-type controls at the anatomical level

(Fig. S2). We next filled hippocampal CA1 neurons in slices
with biocytin and collected high-resolution confocal images
of the first basal and oblique dendrite of each neuron (Fig. 8,
A–C). Quantification of spine densities revealed that Trim3−/−
dendrites on average have a higher spine density (wild type:
1.76 ± 0.05 spines/µm, Trim3−/−: 1.99 ± 0.10 spines/µm; P <
0.05; Fig. 8, D and E). Together, these data show that increased
synaptic ACTG1 levels in Trim3−/− mice correlate with increased LTP and spine densities in the hippocampus.
ACTG1 regulates memory formation

We generated Actg1 conditional knockout (cKO) mice by crossing Actg1lox/lox mice (Perrin et al., 2010) with mice that express
Cre-recombinase under control of the Camk2a promoter, which
is activated in hippocampal neurons from the first postnatal
week on (Mantamadiotis et al., 2002). Actg1 cKO mice showed
significantly reduced levels of ACTG1 in the hippocampus
(Fig. 9 A and B). We also observed a compensatory increase
in ACTB expression, which is in accordance with previously
published literature (Belyantseva et al., 2009). No changes were
observed in the expression of TUBB3, GAPDH, or TRIM3
(Fig. 9 A). We next tested these mice in a contextual fear conditioning paradigm. We reasoned that if increased ACTG1 levels
caused by TRIM3 deletion would result in faster consolidation
of contextual fear memory (Fig. 2), deletion of ACTG1 might
delay or extend the contextual fear memory response. Freezing
was therefore measured at 24 and 72 h after the shock. At both
time points, Actg1 cKO mice showed significantly higher levels
of freezing compared with wild-type controls (24 h, wild type:
35.7% ± 10.3% freezing, Actg1 cKO: 61.2% ± 3.8% freezing;
72 h, wild type: 31.1% ± 9.0% freezing, Actg1 cKO: 60.6% ±
6.7% freezing; P < 0.05; Fig. 9 C).
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(Zhang et al., 2010). In that respect, it is interesting to reiterate
that TRIM3 is found in mRNP particles (Fig. 3), as these might
codeliver TRIM3 and Actg1 mRNA to synaptic sites, allowing
TRIM3 to polyubiquitylate ACTG1 during local translation. In
contrast to Actb mRNA, Actg1 mRNA was not previously reported to be present at synapses. To test whether Actg1 mRNA
is available for local translation, mRNP particles were immunoprecipitated from hippocampal synapse-enriched fractions using
antibodies against TRIM3 or PURA and the levels of different
mRNAs quantified using quantitative real-time PCR. We found
that Actg1 and Actb mRNAs were present in all immunoprecipitates at similar levels, whereas a negative control transcript
(Slc1a3) was detected at ∼10 times lower levels (Fig. 6 G). The
same results were obtained when mRNP particles were immunoprecipitated from Trim3−/− protein fractions using the PURA
antibody, suggesting that TRIM3 is not required for the incorporation of Actg1 mRNA into mRNP particles. Thus, these data
show that TRIM3 can polyubiquitylate ACTG1 and that it probably does so cotranslationally at synaptic sites.

Discussion
In this study, we identified TRIM3 as a ubiquitin ligase that
targets ACTG1 for proteasomal degradation. Trim3−/− mice
have increased levels of ACTG1 at hippocampal synaptic sites,
higher spine densities in the hippocampus, increased hippocampal LTP, and enhanced short-term contextual fear memory. Interestingly, mice with a hippocampal deletion of Actg1 showed
increased long-term fear memory. Our data thus support the
hypothesis that temporal control of ACTG1 levels by TRIM3
is required to regulate the timing of hippocampal plasticity and
constrain plasticity within physiological boundaries.
Studies in heterologous cells demonstrated that ACTG1
is polyubiquitylated cotranslationally (Zhang et al., 2010).
Noncoding sequences in the Actg1 mRNA cause ACTG1 to be

did not coimmunoprecipitate with TRIM3, and TRIM3 did not coimmunoprecipiate with PURA. (C and D) PURA levels are not altered in Trim3−/− mice.
Hippocampal synapse-enriched fractions were prepared from wild-type and Trim3−/− mice under control conditions (home cage) and 2 h after contextual
fear conditioning (shock). Samples were immunoblotted and stained for PURA. Normalized PURA levels did not differ between conditions (means ± SEM,
n = 4 per genotype). (E) TRIM3 does not alter PURA levels in HEK293 cells. HEK293 cells were cotransfected with PURA and TRIM3, PURA and ΔRBCCTRIM3, or PURA alone. No differences in PURA levels were observed at any time point after transfection. (F) TRIM3 is not essential for PURA trafficking.
Example time-lapse images of a mobile GFP-PURA cluster (red arrow) over a timespan of 90 s are shown. Bars, 2 µm. (G and H) Trim3−/− neurons and
wild-type control neurons expressed equal amounts of PURA clusters (G) and had equal fractions of mobile clusters (H). (I) Trim3−/− neurons and wild-type
control neurons expressed equal amounts of short-distance and long-distance clusters. (J and K) Long-distance PURA clusters show slightly increased kinetics
in Trim3−/− neurons. The total distance moved (J) did not change, but the maximum velocity (K) and the maximum distance reached from origin (L) were
significantly increased in Trim3−/− neurons (means ± SEM, two-tailed t test, *, P < 0.05, n = 27/40 clusters per genotype). (M–O) Short-distance PURA
clusters show unaltered kinetics in Trim3−/− neurons. The total distance moved (M), the maximum velocity (N), and the maximum distance reached from
origin (O) did not differ significantly in Trim3−/− neurons compared with wild-type neurons (means ± SEM, n = 76/80 clusters per genotype).
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synthesized at a much slower rate than ACTB, allowing a hidden lysine residue in the N terminus to be exposed long enough
to be ubiquitylated. For TRIM3 to be responsible for cotranslational ACTG1 ubiquitylation, TRIM3 protein and Actg1 mRNA
should be in close proximity. Moreover, because polyubiquitylated ACTG1 is rapidly degraded (Zhang et al., 2010), translation should occur close to the site of action for ACTG1 to
be functionally incorporated into F-actin. In this respect, it is
interesting to note that Kanai et al. (2004) found TRIM3 among
a core set of 42 proteins that constitute a detergent-resistant,
RNase-sensitive neuronal transport granule that associates
with KIF5. These so-called mRNP granules transport mRNAs
toward synapses (Buchan, 2014). We confirmed the presence
of TRIM3 in mRNP granules by showing that TRIM3 coimmunoprecipitates with PURA, the major component of mRNP
granules (Elvira et al., 2006), in an RNase-sensitive manner. We
also established that Actg1 mRNA is present in mRNP granules that are immunoprecipitated with antibodies against either
TRIM3 or PURA. Actg1 mRNA lacks the zip code sequence
that is known to target Actb mRNA to dendrites (Eom et al.,
2003; Poon et al., 2006). However, a recent deep sequencing
study showed that both Actg1 and Actb transcript are identified with high confidence as dendritic/axonal transcripts in
the hippocampal neuropil (Cajigas et al., 2012). Our findings
confirm that Actg1 mRNA levels in TRIM3- or PURA-positive
immunoprecipitates are comparable with those of Actb. Thus,
TRIM3 and Actg1 mRNA colocalize in mRNP granules that target mRNAs to dendritic spines for local translation, suggesting
that TRIM3-mediated cotranslational ubiquitylation of ACTG1
occurs at synaptic sites.
Consistent with our finding that TRIM3 protein and Actg1
mRNA colocalize in mRNP granules trafficking to synaptic
576
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sites, proteomics screens identified ACTG1 as a high-confidence
TRIM3 substrate in hippocampal synapse-enriched fractions.
Moreover, TRIM3-dependent polyubiquitylated forms of
ACTG1 are detected in hippocampal neurons after stimulation
with TPA, a PKC activator that induces protein synthesis and
synaptic plasticity (Herbert et al., 2000; Carriere et al., 2011;
Kim et al., 2013), and ACTG1 levels are significantly increased
in Trim3−/− neurons. Together, these findings demonstrate that
TRIM3 regulates synaptic ACTG1 levels in an activity-dependent manner, most likely via ubiquitin-dependent proteasomal
degradation. It is unlikely that ACTG1 is locally synthesized
only to be immediately broken down. We propose that polyubiquitylated ACTG1 can be incorporated transiently into F-actin.
Possibly, TRIM3 plays an active role in this, as TRIM3 interacts with several actin-binding proteins, including myosin V
(El-Husseini and Vincent, 1999) and α-actinin-4 (El-Husseini et
al., 2000), and is involved in actin-based transport (Yan et al.,
2005). TRIM3 may thus facilitate incorporation of ACTG1 into
F-actin while at the same time controlling ACTG1 degradation.
Although actin filament turnover in dendritic spines is too fast to
be determined by local translation only (Star et al., 2002), a transient increase in ACTG1 levels caused by local translation and
degradation might create a window of opportunity for ACTG1 to
contribute to activity-induced synaptic plasticity. Interestingly,
enhanced LTP in Trim3−/− mice is confined to the early phase of
LTP (i.e., the first 30 min after induction), which was previously
demonstrated to also depend on protein synthesis (Fonseca et
al., 2006). LTP maintenance is normal, suggesting that ACTG1
turnover may not be abolished completely in the absence of
TRIM3 or that compensatory mechanisms that depend on gene
expression and global protein synthesis (Kelleher et al., 2004)
normalize plasticity at later time points.
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Figure 4. Identification of potential TRIM3
substrate proteins. (A) Strategy for identifying TRIM3 substrates. Hippocampal synapseenriched protein fractions were used as input
for both immunoprecipitation (left) and polyubiquitin affinity pull-down (right). Samples
from Trim3−/− mice served as controls. All
samples were analyzed by quantitative mass
spectrometry and potential TRIM3 substrates
were identified by ranking and comparing results from all six samples. (B) Validation of the
TUBEs pull-down approach. Input, unbound,
TUBEs pull-down (50%) and control pull-down
(agarose beads only) fractions were resolved
on SDS-PAGE and immunoblotted for polyubiquitin. A strong enrichment for polyubiquitylated proteins (50–250 kD) was observed in
the TUBEs pull-down fraction (left), but not in
the control pull-down fraction (right). (C) TUBEs
pull-down samples were highly enriched in
proteins compared with control pull-down samples. (D) Venn diagram indicating the proteins
that were identified as potential TRIM3 substrates. Coimmunoprecipitation identified 110
TRIM3-interacting proteins, whereas TUBEs
pull-down identified 144 proteins that were
more polyubiquitylated in wild-type mice compered to Trim3−/− mice (Table S2). Only two
proteins were identified in both experiments:
γ-actin (ACTG1) and DNA helicase INO80.
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Figure 5. TRIM3 interacts with ACTG1 and regulates ACTG1 levels. (A) HEK293 cells were transfected with TRIM3 or mock transfected. TRIM3 and
ACTG1 were immunoprecipitated (IP) from the lysates, immunoblotted and stained for TRIM3 and ACTG1. TRIM3 can be observed in the ACTG1 IP and
ACTG1 in the TRIM3 IP. No or significantly less TRIM3 or ACTG1 protein was detected in IPs on the mock-transfected cell lysate. (B) TRIM3 and ACTG1
were immunoprecipitated from hippocampal synapse-enriched fractions, immunoblotted, and stained for TRIM3 and ACTG1. TRIM3 can be observed
the ACTG1 IP and ACTG1 in the TRIM3 IP. No or significantly less TRIM3 or ACTG1 protein was detected in the TRIM3 IP on the Trim3−/− tissue sample.
(C) ACTG1 and TRIM3 are colocalized in hippocampal synapses. Biochemical fractionation of hippocampal tissue followed by immunoblot analysis
showed that ACTG1 and TRIM3 are both detected in synaptic fractions. Enrichment of synapses is indicated by PSD-95 and SYP staining. (D and E) TRIM3
regulates actin levels in HEK293 cells. HEK293 cells were transfected with TRIM3 or ΔRBCC-TRIM3. Lysates were immunoblotted and stained for TRIM3 and
ACTG1 (D) or TRIM3 and ACTB (E). Normalized protein levels of both ACTG1 and ACTB were significantly reduced in TRIM3-expressing cells compared
with cells expressing ΔRBCC-TRIM3 (means ± SEM, two-tailed t test, **, P < 0.01, n = 8 cultures per condition. (F and G) TRIM3 regulates ACTG1 levels,
but not ACTB levels, in hippocampal neurons. Cultured hippocampal neurons were lysed, immunoblotted, and stained for TRIM3 and ACTG1 (F) or TRIM3
and ACTB (G). Normalized protein levels of ACTG1, but not ACTB, were significantly higher in neurons from Trim3−/− mice compared with wild-type
control neurons (means ± SEM, two-tailed t test, *, P < 0.05, n = 8 cultures per genotype).

What might be the specific contribution of ACTG1 to actin
dynamics in dendritic spines in relation to synaptic plasticity?
Our findings show that increased synaptic ACTG1 protein levels
correlate with an increase in spine density, LTP, and short-term
contextual fear memory. Moreover, we demonstrate that postnatal deletion in hippocampal neurons of Actg1 itself causes an

increase in long-term fear memory. Although these findings do
not provide definite proof that the plasticity and memory phenotypes in Trim3−/− mice are caused by increased ACTG1 levels
only, they do indicate that ACTG1 contributes to hippocampal
plasticity and that TRIM3 is involved as an upstream regulator,
controlling the timing of the plasticity response. In contrast to
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ACTB (Cheever et al., 2012), CNS-specific deletion of ACTG1
does not result in detectable morphological or histological abnormalities (Cheever and Ervasti, 2013), indicating that ACTG1
has no major role in gross brain development. Several studies
have hinted toward specific and unique roles for ACTG1 in
adulthood. For instance, whereas ACTG1 and ACTB are each
dispensable for the normal development of auditory hair cells
in the cochlea (Perrin et al., 2010), ACTG1-deficient mice cannot properly maintain hair cell stereocilia actin cores and suffer
from progressive age-dependent hearing loss (Belyantseva et
al., 2009). The authors observed that ACTG1 accumulates at
sites of stereocilia core disruptions and conclude that ACTG1 is
required for the reinforcement of long-term stability of actin filaments and the remodeling and repair of stereocilia cores after
mechanical stress-induced damage. One possible explanation
for these findings is that ACTG1-containing filaments have different biochemical and biophysical properties than filaments that
lack ACTG1. Recent studies seem to confirm that ACTG1 may
indeed contribute to more stable actin filaments (Bergeron et
al., 2010). Although polymerization rates of ACTB and ACTG1
were indistinguishable in the Mg2+-bound state, which is con578
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sidered to be the physiologically relevant state in most cells,
turnover rates of ACTB in its Ca2+-bound state were considerably faster than those of ACTG1. These findings indicate that
under high-Ca2+ conditions, e.g., in activated spines, ACTG1 is
more stable than ACTB. Moreover, because ACTB and ACTG1
readily copolymerized, it probably is the ACTB/ACTG1 ratio in
actin filaments that determines their stability in the presence of
Ca2+ (Bergeron et al., 2010). By regulating local ACTG1 levels,
TRIM3 may thus play a crucial role in controlling actin stability during synaptic plasticity. Changes in actin stability would
directly affect spine morphogenesis (Sekino et al., 2007) and
synaptic AMPA receptor recycling (Zhou et al., 2001; Osterweil et al., 2005) and anchoring (Allison et al., 1998; Kuriu et
al., 2006), thus explaining the spine density, LTP, and memory
phenotypes observed in Trim3−/− mice.
In conclusion, we identified a novel mechanism by which
TRIM3 and ACTG1 together control synaptic plasticity. Our
data are consistent with a model in which TRIM3 provides an
inhibitory constraint on the expression of synaptic plasticity by
regulating the availability of ACTG1 to transiently alter actin
dynamics in dendritic spines.
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Figure 6. TRIM3 polyubiquitylates ACTG1.
(A–D) TPA stimulation induces ACTG1 polyubiquitylation by TRIM3 in HEK293 cells.
HEK293 cells were transfected with TRIM3
or ΔRB
CC-TRIM3. After incubation for 4 h
in the presence of MG132, cells were lysed
and ACTG1 was immunoprecipitated from the
lysates, resolved on SDS-PAGE, and immunoblotted. Blots were first stained for polyubiquitin (A) and then stripped and restained for
ACTG1 (B). Under these basal conditions, only
unmodified ACTG1 was detected. However,
when cells were incubated in the presence
of MG132 and TPA, a significant increase in
high-molecular-weight polyubiquitylated forms
of ACTG1 (indicated with *) was observed
specifically in TRIM3-transfected cells (C–E;
means ± SEM, two-tailed t test, *, P < 0.05,
n = 3 cultures per condition). (F) TPA induces
ACTG1 polyubiquitylation by TRIM3 in hippocampal neurons. Cultured hippocampal neurons from wild-type and Trim3−/− mice were
treated with MG132 and TPA for 4 h. Lysates
were immunoblotted and stained for ACTG1.
TPA induced the appearance of multiple high
molecular weight (50–100 kD) bands (indicated with *) consistent with polyubiquitylation and specifically in neurons from wild-type
mice and not from Trim3−/− mice. (G) Actg1
mRNA is present in TRIM3/PURA containing
mRNP granules. mRNP granules were immunoprecipitated from hippocampal lysates with
antibodies against TRIM3 or PURA. mRNA
was isolated from immunoprecipitates, reverse
transcribed into cDNA, and used for real-time
quantitative PCR. Actg1 and Actb mRNA was
detected at equal levels in all precipitates,
whereas the negative control mRNA Slc1a3
was ∼10-fold lower detected (means ± SEM,
n = 3 immunoprecipitations per condition).
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Figure 7. Hippocampal LTP is increased in Trim3−/− mice. (A and B) Spontaneous excitatory (A) and inhibitory (B) synaptic transmission are unaffected
in Trim3−/− mice. Excitatory synaptic currents (mEPSC) and inhibitory synaptic currents (mIPSCs) were recorded from hippocampal slices. Frequency, amplitude, rise time, and decay time of both excitatory and inhibitory currents were unaffected in Trim3−/− mice compared with wild-type controls (means ±
SEM, n = 6–8 for EPSCs, n = 10 for IPSCs). (C) LTP was induced in acute hippocampal slices using a single stimulation electrode in the Schaffer collateral
pathway, and field excitatory postsynaptic potentials (fEPSPs) were recorded using an 8 × 8 multielectrode array (black dots) in the CA1 area. Bar, 400 µm.
(D) Example field EPSP traces from a Trim3−/− mice and a wild-type control before (gray) and after (black) tetanus stimulation indicate stronger potentiation in Trim3−/− mice. (E) Averaged fEPSP data show enhanced LTP in Trim3−/− animals, in particular in the first 30 min after theta burst stimulation (TBS).
(F) Quantification of the mean amount of potentiation at 10–20 min and 20–30 min after TBS show a significant increase in Trim3−/− mice (means ± SEM,
two-tailed t test, *, P < 0.05, n = 15/16 slices obtained from 9/10 animals per genotype).
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Figure 8. Hippocampal spine densities
are increased in Trim3−/− mice. (A) Example
image of a hippocampal CA1 pyramidal cell
filled with biocytin and imaged using confocal
microscopy. Bar, 200 µm. (B and C) The first
basal and the first oblique dendrite of each cell
were selected for spine density measurements.
Bars, 100 µm (B) and 10 µm (C). (D) Representative images of dendrite segments from
Trim3−/− mice and wild-type controls. Bars,
10 µm (overview) and 2 µm (enlargement).
(E) Mean spine density was significantly higher
in Trim3−/− mice compared with wild-type controls (means ± SEM, two-tailed t test, *, P <
0.05, n = 6/11 cells per genotype).

Animals

The generation of Trim3−/− mice was described previously (Labonté et
al., 2013). Actg1lox/lox mice (Perrin et al., 2010; gift of J. Ervasti, University of Minnesota, Minneapolis, MN) were crossed with Camk2a-Cre
mice (Mantamadiotis et al., 2002) to generate Actg1 cKO mice. All
mice were maintained on a C57BL/6J background. In all experiments,
wild-type littermates were used as controls. Mice were individually
housed on sawdust in standard Makrolon type II cages (26.5 cm long,
20.5 cm wide, and 14.5 cm high) enriched with cardboard nesting material under 12 h/12 h dark/light cycle with access to water and food ad
libitum. All animal experiments were approved by the animal ethics
committee of the VU University Amsterdam.
Expression constructs

Constructs expressing myc-tagged or EGFP-tagged full-length TRIM3
and ΔRBCC-TRIM3 (amino acids 283–744) were generated in pCDNA3.1-Myc (Invitrogen) and pEGFP-N1 (Clontech), respectively. The
EGFP-PURA construct was a gift of J.L. Napoli (University of California, Berkeley, Berkeley, CA; Chen et al., 2008).

anti-ACTB (clone AC-15, Sigma-Aldrich; 1:10,000), mouse antiACTG1 (clone 2–4, Santa Cruz Biotechnology; 1:200), mouse antiACTG1 (clone 2A3, Abcam; 1:10,000), rabbit anti-GAP
DH
(AB9485, Abcam; 1:500), mouse anti-GFP (clone N86/8; Neuromab; 1:2,000), mouse anti-GKAP (clone N238/31, Neuromab;
1:1,000), mouse anti–PSD-95 (clone K28/43, Neuromab; 1:10), rabbit anti-PURA (AB79936, Abcam; 1:2,000), mouse anti-SHANK1
(clone N22/21, Neuromab; 1:1,000), rabbit anti-SYP (H-93, Santa
Cruz Biotechnology; 1:2,000), mouse anti-TRIM3/BERP (clone 27,
BD Biosciences; 1:250), rabbit anti-TRIM3 (custom-made epitope
CLR
PGDLP
PSPDD
VK; GenScript; 1:1,000), rabbit anti-TRIM3
(custom-made epitope QAPEGAHDPEDPHPC, GenScript; 1:500),
mouse anti-TUBB3 (clone SDL.3D10, Sigma-Aldrich; 1:2,000),
mouse antiubiquitin (clone FK2, Enzo Life Sciences; 1:100), and
mouse antipolyubiquitin (clone FK1, Enzo Life Sciences; 1:1,000).
The following antibodies were used for immunoprecipitation:
mouse anti-ACTG1 (clone 2–4, Santa Cruz Biotechnology; 10 µg),
mouse anti-ACTG1 (clone 2A3, Abcam; 25 µg), mouse anti-PURA
(clone 2B7, Millipore; 10 µg), goat anti-TRIM3/RNF22 (AB4215,
Abcam; 10 µg), rabbit anti-TRIM3 (epitope CLRPGDLPPSPDDVK,
GenScript; 10 µg), and rabbit anti-TRIM3 (epitope QAPEGAHD
PEDPHPC, GenScript; 10 µg).

Antibodies

The following antibodies were used for immunohistochemistry/immunofluorescence: chicken anti-MAP2 (AB5543, Abcam; 1:5,000)
and mouse anti-TRIM3/BERP (clone 27, BD Biosciences; 1:1,000).
The following antibodies were used for immunoblotting: mouse
580
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Immunohistochemistry

Mice were intracardially perfused with ice-cold PFA (4% in PBS, pH
7.4). Brains were removed, postfixed, embedded in gelatin (Mallinckrodt Baker), and cryostat-sectioned at 40 µm. Sections were stained with
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B-27, 1.8% Hepes, 1% glutamax, 1% penicillin/streptomycin (all
from Life Technologies), and 0.2% 14.3 mM β-mercapto-ethanol. Cultures were plated on glass coverslips coated in poly-d-lysine (SigmaAldrich) and treated with 5% heat-inactivated horse serum (Life Technologies). Neurons were plated at a seeding density of 250 cells/mm2.
Half of the medium was replaced with fresh medium every week. After
14 d in culture, neurons were either lysed in SDS loading buffer directly or first incubated with 20 µM MG132 (Tocris Bioscience) and
500 nM TPA (Sigma-Aldrich) for 4 h and then lysed.
Immunofluorescence

Primary hippocampal neurons were fixed after 14 d in culture using
4% PFA and 10% saccharose in PBS, pH 7.4. Neurons were stained
with anti-TRIM3/BERP (BD Biosciences) and anti-MAP2 (Abcam).
Antigens were visualized using Alexa Fluor 488 and 568 (Molecular Probes; 1:400). Confocal microscopy was performed using
an LSM 510 (Carl Zeiss).
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Time-lapse imaging

Hippocampal primary neurons were cultured in glass-bottom dishes
and transfected with GFP-PURA at day 8–10 in culture using calcium
phosphate as previously described (Labonté et al., 2013). After 15–24 h
of GFP-PURA expression, cells were imaged in prewarmed Hepes buffer using an inverse fluorescence microscope (Axiovert 200M; Carl
Zeiss) in an incubation chamber (Harnischmacher-Labortechnik) at
37°C. MetaVue software (v6.2r6; Molecular Devices) was used to record cells for 5 min at 3–5-s intervals. Analyses were done with the
Metamorph software (v6.3r7; Molecular Devices). Significance was
determined using a two-tailed t test.
Figure 9. Fear memory consolidation is increased in Actg1 cKO mice. (A)
Actg1 was conditionally deleted in forebrain regions by crossing Actg1lox/
lox mice. Immunoblotting of total protein lysates confirmed a reduction of
ACTG1 protein levels and a compensatory upregulation of ACTB levels in
hippocampus, frontal cortex, and olfactory bulb of Actg1 cKO mice. No
changes were observed in the levels of TUBB3, GAPDH, or TRIM3, and
no reduction in ACTG1 protein levels was observed in brainstem or cerebellum. (B) ACTG1 protein levels in forebrain areas (hippocampus, frontal
cortex, and olfactory bulb) of Actg1 cKO mice were reduced 70–90% relative to wild-type control tissue, whereas ACTB levels were 60% increased
(means ± SEM, two-tailed t test, **, P < 0.01). (C) Hippocampal memory
performance was tested at 3 mo of age in a contextual fear memory task.
Freezing behavior was significantly increased in Actg1 cKO mice compared with wild-type littermates when reexposed to the conditioned context
24 h or 72 h after receiving the shock (means ± SEM, two-tailed t test,
*, P < 0.05, n = 5/6 per genotype).

anti-TRIM3/BERP (BD Biosciences), and staining was visualized using
VECTASTAIN ABC standard kit (Vector Laboratories). Nissl staining
was used for gross morphological characterization of brain slices.
Golgi-cox staining

Golgi-cox staining was performed using the FD Rapid GolgiStain
kit (FD NeuroTechnologies). After staining, brains were microtome-sectioned at 100 µm. Neurons were photographed at 100×
magnification, and Z stacks were generated using Image Pro Plus 6.2
software (Media Cybernetics).
Primary neuron cultures

Hippocampi were dissected from E18 wild-type mice, collected in
HBSS (Sigma-Aldrich) buffered with 7 mM Hepes and incubated for
30 min in HBBS containing 0.25% trypsin (Invitrogen) at 37°C. After
washing, neurons were triturated with fire-polished Pasteur pipettes,
counted, and plated in Neurobasal medium supplemented with 2%

Human embryonic kidney cell cultures

Human embryonic kidney 293 (HEK293) cells were maintained in
DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (all from Life Technologies) at 37°C and 5% CO2.
Cells were transfected at 60–80% confluence using polyethylenimine.
At 48 h after transfection, cells were washed with ice-cold PBS and
lysed in SDS loading buffer for subsequent immunoblot analysis or in
extraction buffer (1% Triton X-100, 150 mM NaCl, and 25 mM Hepes,
pH 7.4) for subsequent immunoprecipitation. For ubiquitylation assays, cells were first incubated with 20 µM MG132 (Tocris Bioscience)
and 500 nM TPA (Sigma-Aldrich) for 4 h and then lysed.
Cellular fractionation

Hippocampi were collected and cellular fractionation was performed
as previously described (Klemmer et al., 2009). In brief, hippocampi were homogenized in a glass Potter homogenizer containing 5 ml ice-cold homogenization buffer (320 mM sucrose in 5 mM
Hepes, pH 7.4) at 900 rpm. Cell debris and nuclei were removed
by centrifugation at 1,000 g for 10 min. The supernatant (S1) was
centrifuged at 16,000 g for 30 min to obtain crude synaptosomes (P2
fractions) or at 100,000 g for 2 h to obtain crude synaptosomes plus
microsomes (P2+M fractions). For synaptosome and synaptic membrane isolations, S1 supernatant was loaded on a 0.85–1.2 M sucrose gradient. After ultracentrifugation at 100,000 g at 4°C for 2 h,
the synaptosome fraction was recovered at the 0.85/1.2 M sucrose
interface. Synaptosomes were then diluted with an equal volume of
5 mM Hepes, pH 7.4, adjusted to 15 ml with homogenization buffer,
and centrifuged at 25,000 g for 30 min. The pellet was resuspended
in Hepes buffer and osmotically shocked while stirring slowly on
ice for 15 min. The resulting synaptic membrane fraction was recovered using 0.85–1.2 M sucrose gradient ultracentrifugation at
100,000 g at 4°C for 2 h.
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Immunoprecipitation

TUBEs affinity purification

TUBEs immobilized to agarose beads were purchased from LifeSensors. For each affinity purification experiment, 20 mg hippocampal
P2+M protein fraction was added to 100 µl TUBEs slurry. Purification
of bound proteins was performed according to the manufacturer’s protocol with minor modifications. Not NP-40 but a combination of 0.5%
Na-deoxycholate and 1% n-dodecyl-β-d-maltoside in 25 mM Hepes
and 150 mM NaCl, pH 7.2, was used as solubilizing detergent. Deubiquitylation and proteasomal degradation were minimized by adding
10 mM N-ethylmaleimide, 20 µM MG132 (Tocris Bioscience), and
protease inhibitors (Roche) to all extraction buffers. Tris was replaced
by Hepes as the buffering agent. Purified proteins were washed three
times in extraction buffer, once in high salt buffer (500 mM NaCl), and
once in no salt buffer. Proteins were then eluted in 0.15% trifluoroacetic
acid (TFA) and lyophilized for further analysis.
Immunoblotting

Protein samples were loaded on a 4–20% gradient SDS-PAGE gel
(Criterion TGX Stain-Free Gel; Bio-Rad Laboratories). Total protein amounts were imaged after electrophoresis using Criterion Stain
Free Imager (Bio-Rad Laboratories). Proteins were then transferred
to polyvinylidene difluoride membranes (Immun-Blot, Bio-Rad Laboratories), which were subsequently blocked by immersion for 1 h in
TBS containing 0.025% Tween and 5% nonfat dry milk. For ubiquitin
staining, membranes were blocked with 0.5% BSA instead of nonfat
dry milk. Blots were then incubated with primary antibody for 1 h at
RT, followed by a 1-h incubation with a secondary antibody conjugated to HRP. Proteins were visualized using the SuperSignal West
Femto Chemiluminescent Substrate kit (Thermo Fisher Scientific)
and scanned using an Odyssey Fc imager (Li-Cor). Protein quantities
were calculated by dividing background-corrected signal intensity
of each protein band (ImageStudio Software v2.0.38; Li-Cor) by the
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background-corrected signal intensity of the corresponding lane on
the stain-free gel (Image Lab v3.0; Bio-Rad). Significance was tested
using a two-tailed t test.
Trypsin digestion

Immunoprecipitated protein samples were separated on SDS-PAGE
and in-gel trypsin-digested as previously described (Chen et al.,
2011). TUBEs-purified proteins were trypsin-digested in solution. Purified proteins were resolubilized in 50 mM NH4HCO3/10% acetonitrile, brought to 2 mM DTT and heated to 60°C for 20 min. Proteins
were then alkylated with 8 mM iodoacetamide for 1 h. Alkylation
was stopped by bringing samples to 8 mM DTT. Samples were then
brought to a final concentration of 25 mM NH4HCO3, 8% acetonitrile,
and 2 mM DTT and digested with trypsin (mass spectrometry grade;
Promega) overnight at RT. Digestion was stopped by adding 1% TFA.
Peptides were purified over a C18 column and lyophilized.
Nano-LC MS/MS

Peptides were redissolved in 20 µl 0.1% TFA and subjected to nano-liquid chromatography (nano-LC) tandem mass spectrometry (MS/MS).
Peptides were delivered with a FAMOS autosampler at 30 µl/min to
a Pepmap C18 trap column (5 mm × 300 µm i.d.; Dionex) and separated on an Alltima analytical capillary C18 column (150 mm × 100 µm
i.d.) at 400 nl/min using the LCPacking Ultimate system. The peptides
were separated using a linearly increasing concentration of acetonitrile from 5–35% in 80 min, from 35–45% in 7 min, from 45–90% in
2 min, and then held at 90% for an additional 11 min. The eluent was
mixed with matrix (7 mg α-cyano-hydroxycinnaminic acid in 1 ml 70%
acetonitrile, 0.1% trifluoroacetic acid, 10 mM ammonium monobasic
phosphate) delivered at a flow rate of 1.5 µl/min and deposited offline
to the Applied Biosystems metal target every 15 s for a total of 384
spots, using an automatic robot (Probot; Dionex). A 5800 proteomics
analyzer (Applied Biosystems) was used for peptide analysis. CID was
performed at 2 kV (the collision gas was nitrogen). MS/MS spectra
were collected from 2,500 laser shots. The peptides with signal to noise
ratio above 50 at the MS mode were selected for the MS/MS experiment; a maximum of 25 MS/MS were allowed per spot. The precursor
mass window was 200 relative resolution (FWHM).
Protein identification, quantification, and selection strategy

MS/MS spectra were annotated against a concatenated target-decoy database of Uniprot mouse reference proteome sequences (version 02/2012)
by ProteinPilot software (v3.0; Applied Biosystems) using the Paragon
algorithm (v3.0.0.0; Shilov et al., 2007). Database searches were performed with trypsin-specificity and alkylation of cysteine residues by iodoacetamide. For each spectrum, the best-scoring peptide sequence was
selected as spectrum annotation. Protein inference was performed using
IsoformResolver software (Meyer-Arendt et al., 2011) aiming for consistent protein assignment of peptides across experiments. False discovery
rates (FDRs) for peptide and protein identification were established using
Mayu (Reiter et al., 2009). Peptide-spectrum matches were truncated at
5% FDR and protein identifications were truncated at 1% FDR. Proteins
were quantified according to their normalized spectral intensity value
(Griffin et al., 2010). Spectral intensity values contributed by peptides
shared by different proteins were apportioned according to the spectral
intensity values obtained from unique peptides of the respective proteins.
Apportioned spectral intensity values were then transformed as follows:
all values were divided by the lowest value in the sample, one was added
to each value to allow log transformation, and all resulting values were
log2 transformed. Candidate TRIM3 interactors were defined as all proteins that were immunoprecipitated with at least two out of three antibodies from wild-type tissue and not detected in immunoprecipitates from
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For hippocampal tissue, 10 mg P2+M was extracted in an equal volume
of 2% Triton X-100, 150 mM NaCl, and 25 mM Hepes, pH 7.4. For
HEK293 cells, the extraction buffer contained 1% Triton X-100. Protein extracts were supplemented with complete protease inhibitor
cocktail (Roche Diagnostics) on a rotator at for 1 h at 4°C. Insoluble
material was pelleted at 20,000 g for 20 min at 4°C. For hippocampal
extracts, the pellet was reextracted in 1% Triton X-100, 150 mM NaCl,
and 25 mM Hepes, pH 7.4, supplemented with protease inhibitors for
1 h. Insoluble material was again pelleted at 20,000 g for 20 min. Supernatants from the first and second extraction were then pooled and
centrifuged at 20,000 g for 20 min, and the final supernatant served
as input for immunoprecipitation. For demonstrating polyubiquitylation of ACTG1, samples were boiled for 10 min in 2% SDS, 150 mM
NaCl, 2 mM DTT, and 25 mM Hepes, pH 7.4, before ACTG1 immunoprecipitation to ensure that polyubiquitin signals are actually derived
from ACTG1 itself. For HEK293 cells, a single round of extraction
was used. In some experiments, input samples were split in half, and
one half was treated with RNase inhibitors (40 U/ml; Thermo Fisher
Scientific) and the other half with RNase A (∼0.2 µg/µl; Sigma-Aldrich). After 24 h, 10–25 µg antibody was added to each sample and
incubated overnight on a rotator at 4°C. Next day, 30 µl of protein A/G
beads (Santa Cruz Biotechnology) was washed three times in washing
buffer (0.1% Triton X-100, 150 mM NaCl, and 25 mM Hepes, pH 7.4)
and added to each immunoprecipitation. Beads were incubated for 120
min on a rotator at 4°C, pelleted at 2,500 g, and washed four times in
ice-cold washing buffer. Proteins were eluted-off the beads by adding
SDS loading buffer and boiling for 5 min. Samples were then separated
on SDS-PAGE and immunoblotted.
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Trim3−/− tissue by the same antibodies. For candidate TRIM3 substrates,
we selected all proteins that were identified in at least two out three
TUBEs affinity purification replicates from wild-type tissue, and had a
mean enrichment of at least twofold (log2) compared with samples obtained from Trim3−/− tissue. Candidate TRIM3 interactors and substrates
were then ranked based on mean protein intensities in wild-type samples.
Quantitative real-time PCR

Open field test

Mice were introduced into a corner of the white square open field (50
× 50 cm, walls 35 cm high) illuminated with a single white fluorescent light bulb from above (1,30l×), and exploration was tracked for 10
min (12.5 frames/s; EthoVision 3.0, Noldus Information Technology).
EthoVision was used to calculate the total distance traveled as well as
the time spent and the number of entries into the center square area (20
× 20 cm). SEE (Software for the Exploration of Exploration; Kafkafi
et al., 2003) was used to smooth path shape and calculate specific measures of locomotor behavior. SEE uses the distribution of speed peaks
to parse the locomotor data slow local movements (so-called lingering
episodes) and progression segments.
Dark-light box

Mice were introduced into the dark compartment (<10 lux; 25 × 25 ×
30 cm, length × width × height) of a dark-light box and the lid was
closed. After 1 min, the bright light was switched on, and the door to
the brightly lit compartment (320 lux; same dimensions) was opened.
Exploratory behavior of eight mice was video tracked simultaneously
for 10 min (12.5 frames/s; EthoVision 3.0; Noldus Information Technology). The number of transitions into and the total time spent in the
light compartment were calculated using the hidden zone feature in
EthoVision with the border of crossing into the light compartment defined 2 cm away from the door in the light compartment.
Elevated plus maze

Mice were introduced into the closed arm of an elevated plus maze (arms
30 × 6 cm, walls 35 cm high, elevated 50 cm above the ground), all facing
the same closed end of the arm. The maze was illuminated with a single
white fluorescent light bulb from above (130 lux), and exploratory behavior was video tracked for 5 min (12.5 frames/s, EthoVision 3.0; Noldus Information Technology). The border between center and arm entries
was defined at 2 cm into each arm, producing the number of entries and
total duration in the open arms, closed arms and the center platform.
Fear conditioning

Fear conditioning experiments were performed as described previously (Stiedl et al., 2000; Misane et al., 2005) using a computerized
fear conditioning system (TSE, 303410). In brief, mice were placed

Spontaneous synaptic transmission

Mice were decapitated and brains rapidly removed and dissected in icecold carbogenated (95% O2/5% CO2) slicing solution (containing in
mM: 110 choline chloride, 26 NaHCO3, 10 d-glucose, 11.6 Na-ascorbate, 7 MgCl2, 3.1 Na-pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5
CaCl2). Horizontal hippocampal slices (300 µm) were prepared as previously described (Dawitz et al., 2011). Slices were stored for at least
1 h in a submerged-style holding chamber containing carbogenated
artificial cerebrospinal fluid (aCSF; in mM: 125 NaCl, 26 NaHCO3, 10
d-glucose, 3 KCl, 2.5 MgCl2, 1.6 CaCl2, 1.25 NaH2PO4). Slices were
then transferred to a recording chamber and perfused continuously
with carbogenated aCSF (as in the holding chamber, but with 1.5 mM
MgCl2). CA1 pyramidal neurons were identified on the basis of cell
soma location and basic firing properties recorded using the wholecell patch-clamp technique. For recording excitatory synaptic currents,
patch pipettes (borosilicate glass, 3–5 MΩ resistance) were filled with
intracellular solution (containing in mM: 148 K-gluconate, 1 KCl, 10
Hepes, 4 Mg-ATP, 4 K2-phosphocreatine, 0.4 GTP, and 0.2% biocytin, adjusted with KOH to pH 7.3). For inhibitory currents, intracellular solution contained (in mM) 70 K-gluconate, 70 KCl, 10 Hepes,
4 Mg-ATP, 4 K2phosphocreatine, 0.4 GTP, and 0.2% biocytin, adjusted
with KOH to pH 7.3. Neurons were allowed to stabilize for at least
5 min after a whole-cell configuration was achieved. For all measurements, 8-min gap-free recordings were made at −70 mV holding potential in voltage-clamp mode. Spontaneous EPSCs were measured in
the presence of the GABAa receptor blocker gabazine (10 µM), and
spontaneous IPSCs were measured in the presence of glutamate receptor blockers DAPV (50 µM) and CNQX (10 µM). EPSCs and IPSCs
were detected using Minianalysis software (Synaptosoft). Amplitude, frequency, and rise and decay times of excitatory and inhibitory
currents were measured and statistical significance was determined
using a two-tailed t test.
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Immunoprecipitations were performed using antibodies against TRIM3
or PURA in the presence of RNase inhibitors (40 U/ml; Thermo Fisher
Scientific). RNA was extracted from immunoprecipitated complexes
using TRIzol reagent (Life Technologies), DNase treated, and reverse
transcribed to cDNA using random hexanucleotide primers. Quantitative PCR was performed using an ABI PRISM 7700 Sequence Detection System (Life Technologies) with SYBR green as the reporter dye.
The following primers were used: Actg1 (forward: 5′-ACCAACAG
CAGACTTCCAGGAT-3′, reverse: 5′-AGACTGGCAAGAAGGAGT
GGTAA-3′), Actb (forward: 5′-AAGATCAAGATCATTGCTCCTCC
TG-3′, reverse 5′-AGCTCAGTAACAGTCCGCCT-3′) and Slc1a3
(forward: 5′-GTGGACTGGTTTCTGGACCG-3′, reverse: 5′-TCA
TGTCGGGACAAGTGCTC-3′). Relative mRNA expression levels
were calculated using the ΔΔCτ method (Livak and Schmittgen, 2001).

in an acrylic cage mounted into a constant illuminated (450 lux) fear
conditioning box. After a 180-s exploration period, mice received a 2-s
foot shock (0.7 mA) delivered through a metal floor grid. Mice were
returned to their home cages 30 s after termination of the shock. Activity, exploration and freezing (lack of movement aside from respiration
and heartbeat) were measured automatically via infrared lasers before,
during, and after the shock. Contextual fear memory was measured as
the time spent freezing after reexposure of the animals to the conditioned context at various time points after receiving the shock.

Spine analysis

Hippocampal slices were prepared from 8–10-wk-old mice, and CA1
neurons were recorded as described in the previous section. Cells were
kept in whole-cell configuration for 10–15 min to fill with biocytin,
after which a Giga-seal was obtained when retracting the pipette. After
retraction of the pipette, slices were immediately fixed in 4% PFA in
PBS for 1–2 d at 4°C. Slices were then washed four times for >10 min
in PBS and incubated with 0.5% Triton X-100 in PBS, after which they
were incubated for 2 d with 1:500 streptavidin–Alexa Fluor 488 conjugate (Life Technologies) and 0.1% Triton X-100 in PBS. To-Pro-3 (Life
Technologies) was added at 1:10,000 for the last 10 min of incubation to counterstain for nuclei. Slices were then washed four times for
>15 min in PBS and mounted in Mowiol on glass slides. Labeled cells
were imaged using a Nikon Ti-E A1R (Nikon) confocal microscope
using a 10× 0.45 NA air objective to check the position of the cell in
CA1. Spines were imaged using a 100× 1.49 NA oil immersion objective at a resolution of 80 (x) × 80 (y) × 125 (z) nm/px. Approximately
80 µm of the first oblique dendrite and 80 µm of the first basal dendrite
(either clockwise or counter clockwise from the apical dendrite) were
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imaged. For each labeled neuron, one oblique and one apical dendrite
were analyzed using NeuronStudio software (v0.9.92; Rodriguez et al.,
2008). Automatic dendrite tracing and spine recognition were used, and
spine densities were calculated. Statistical significance was determined
using a two-tailed t test.
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A planar multielectrode recording setup (MED64 system; Alpha Med
Sciences) was used to record field EPSP (fEPSP) and elicit LTP as
previously described (Shimono et al., 2002). Animals were decapitated
and brains were rapidly removed and placed in ice-cold slice buffer
containing (in mM) 124 NaCl, 3.3 KCl, 1.2 KH2PO4, 7 MgSO4, 0.5
CaCl2, 20 NaHCO3 and 10 glucose), which was constantly gassed with
95% O2/5% CO2. Coronal hippocampal slices were prepared using a vibrating microtome at 400 µm and then placed in a chamber containing
aCSF (in mM: 124 NaCl, 3.3 KCl, 1.2 KH2PO4, 1.3 MgSO4, 2.5 CaCl2,
20 NaHCO3, and 10 glucose; constantly gassed with 95% O2/5% CO2).
Slices were allowed to recover for 1 h and then placed on 8 × 8 multielectrode arrays containing P5155 probes (Alpha Med Sciences;
interelectrode distance, 150 µm) precoated with polyethylenimine
(Sigma-Aldrich). After addition of 500 µl aCSF, the array was placed
in a moist chamber that was constantly gassed with 95% O2/5% CO2
for at least 1 h before recording. Correct placement of the electrodes at
the CA3–CA1 region was done manually, monitored by a microscope
(SZ61; Olympus). During recording, slices were constantly perfused
with oxygenated aCSF containing 10 µM glycine at a flow rate of 2 ml/
min at RT. fEPSPs were recorded from multiple electrodes in the stratum radiatum of CA1. An external concentric bipolar electrode (CBC
BG75; FH-Company) in the Schaffer collateral pathway was used as
the stimulating electrode using a homemade model 440b isolated Bipolar Current Stimulator. Based on the stimulus–response curve, a stimulation intensity was used that evoked fEPSPs with a magnitude of 50%
of the maximum response (usually ∼100 µA). After allowing a stable
baseline of 10 min, LTP was evoked by a 2× 100 Hz stimulus of 1 s
each with a 15-s interval and fEPSP responses were recorded for 1 h
after the tetanus. LTP was expressed as the change in the slope of the
fEPSP relative to baseline and averaged for multiple electrodes (usually
five) located in the stratum radiatum. Statistical significance was determined using a two-tailed t test on the fEPSP change from 10–20 min or
20–30 after LTP induction.
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