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Protein synthesis is involved in the consolidation of short-term memory into long-term memory. Previous electrophysio-
logical data concerning LTP in CAZ suggest that protein synthesis in that region might also be necessary for short-term
memory. We tested this hypothesis by locally injecting the protein synthesis inhibitor anisomycin in hippocampal area
CAl or CA3 immediately after contextual fear conditioning. As previously shown, injections in CAl impaired long-term
memory but spared short-term memory. Conversely, injections in CA3 impaired both long-term and short-term memories.
We conclude that early steps of experience-induced plasticity occurring in CA3 and underlying short-term memory require

protein synthesis.

Memory formation is conventionally described by the succession
of two steps. First comes a short-term memory that lasts a few
hours and is independent of de novo protein synthesis; then
comes a long-term memory, requiring the synthesis of new pro-
teins (Davis and Squire 1984). Long-term potentiation (LTP) is
a key mechanism for memory formation at the synaptic level
(Bliss et al. 2006). Strikingly, LTP also displays a short-lived phase
(termed early LTP) independent of protein synthesis, and a late
LTP requiring de novo protein synthesis that lasts for months
(Frey et al. 1993). Short-term memory is thus thought to rely on
early LTP, while long-term memory formation would stand on
late LTP (Kandel 2001). Importantly, the distinction between early
and late LTP on the basis of the requirement for protein synthesis
mainly relies on observations of LTP occurring at the Schaffer col-
lateral synapses, corresponding to the CA3 pyramidal terminals
onto area CAl of the hippocampus (Malenka and Bear 2004).
However, the mechanisms responsible for LTP can vary depend-
ing on the type of synapse considered. The properties of LTP oc-
curring at the mossy fiber synapses, which are axon terminals
given off by dentate gyrus granule cells and projecting to CA3 pyr-
amidal neurons, are very different from the canonical LTP occur-
ring at the Schaffer collaterals (Malenka and Bear 2004). In
particular, some studies claim that LTP at mossy fiber synapses
requires de novo protein synthesis from its initiation (Barea-
Rodriguez et al. 2000; Hagena and Manahan-Vaughan 2013; but
see Huang et al. 1994). Thus, protein synthesis seems to be re-
quired for LTP at the mossy fiber synapses, at least during its first
hour. Given the putative aforementioned causal relationship be-
tween early LTP establishment and short-term memory forma-
tion, these observations indicate that protein synthesis should
be required for the formation of any short-term memory relying
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on the plasticity of the mossy fibers. Thus, the inhibition of pro-
tein synthesis in CA3 should impair short-term memory.
Contextual fear conditioning is a very common learning
paradigm in which rodents have to quickly build a conjunctive
representation of a context and to associate this context with an
electric footshock. In this kind of declarative memory, the repre-
sentation of the context is processed by the hippocampus while
the amygdala is responsible for the association between the con-
text and the aversive stimulus (Selden et al. 1991; Kim and Fanse-
low 1992; Phillips and LeDoux 1992; Barrientos et al. 2002).
Hippocampal computational models and theories have empha-
sized a unique function in memory for each hippocampal subre-
gion, with the CA3 area acting as an autoassociative memory
network and the CA1l area as a critical output structure (Rolls
and Treves 1996). Using local injections of lidocaine in dorsal
CA1 or CA3, we previously showed that CA3 is necessary for the
rapid elaboration of a unified representation of the context while
CA1 is rather involved in the consolidation process of contextual
memory (Daumas et al. 2005). Contextual fear conditioning can
also be impaired by specific mutations interfering with plasticity
at the Schaffer collateral synapses on CA1 (Rampon et al. 2000)
or at the recurrent collaterals or mossy fiber synapses on CA3 pyr-
amidal neurons (Otto et al. 2001; McHugh and Tonegawa 2009).
This strongly suggests that contextual fear conditioning requires
LTP in both subregions of the hippocampus. Local injections of
protein synthesis inhibitors into the dorsal hippocampus have
been shown to induce deficits in long-term, but not short-term,
contextual fear memory (Igaz et al. 2002; Motanis and Maroun
2012). However, experiments assessing the role of the protein
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synthesis in the hippocampus mainly targeted the CA1 subregion.
To our knowledge, the requirement for protein synthesis specifi-
cally in CA3 in contextual fear conditioning has never been
assessed.

We hypothesized that, if protein synthesis is required for
the early stages of mossy fiber LTP (Barea-Rodriguez et al. 2000;
Hagena and Manahan-Vaughan 2013), then the inhibition of pro-
tein synthesis in CA3 should impair both short-term and long-
term contextual fear memory. Conversely, since protein synthesis
is not required for early LTP in CA1, its inhibition in this structure
should only impair long-term memory.

Protein synthesis inhibitor anisomycin was injected bi-
laterally in dorsal CA3 immediately after a contextual fear con-
ditioning (CFC) session, and short- or long-term memory was
measured. The same experiment was performed in another group
of mice with local injection taking place in CA1. Ten to 15 d before
the conditioning, male C57BL/6] mice (10- to 16-wk old, ob-
tained from Charles River) were implanted bilaterally with guide
cannulae above CA1l or above CA3. Surgery for cannulae im-
plantation and intracerebral anisomycin administration was per-
formed as previously described in Artinian et al. (2008). The
behavioral procedures for contextual fear conditioning and anal-
ysis of behavioral data were performed as described in Daumas
et al. (2004). Briefly, contextual fear conditioning (performed us-
ing the Panlab s.1. Startfear 1.06 system) consisted of a single train-

ing session with two trials, consisting of a tone (85 dB, 30 sec)
associated with an electric shock (0.7 mA, 2 sec), separated by
an inter-trial interval (ITI) of 120 sec. Immediately after the train-
ing session, injectors were lowered through the guide cannulae
and mice received 0.25 pL of anisomycin (100 ng/wL) per side
at arate of 0.1 pL per minute. Contextual short-term or long-term
memory was tested in different groups of mice, respectively, 1 h or
24 h after training by measuring the percentage of time spent
freezing during the exposition to the context previously associat-
ed with the shock (4 min). Two hours later, mice were placed in
a different context and the percentage of time spent freezing
was measured (2 min) in order to evaluate nonspecific freezing
and the degree of generalization of the fear to another context.
Then, in that different context, the freezing induced by the pre-
sentation of the tone (2 min) was measured in order to test for
cued fear conditioning that is supposed to depend on the amygda-
la and should not be disturbed by intra-hippocampal injections.
Animal surgery and experimentation were approved by the
French Animal Care and Use Committee (MP 02/02/02/06). All
experiments were performed in accordance with the European
Communities Council Directive (86/609/EEC). Data were ana-
lyzed using two way ANOVA (treatment: NaCl or anisomycin; test-
ing time: 1 h or 24 h after conditioning). After examination of
coronal sections, 33 mice were considered correctly injected bilat-
erally in CA1 (Fig. 1A,B). As expected, the effects of anisomycin
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Figure 1. Anisomycin injection in the CA1 region of the hippocampus impairs long-term but not short-term contextual fear memory. (A) Representative

picture showing the location of injection sites (white arrows) in CA1. (B) Injection sites in CA1 for mice tested for short-term (triangles) or long-term
(circles) memory. Open shapes correspond to saline injections while full shapes correspond to anisomycin injections. (C) One hour or 24 h after training,
the percentage of time spent freezing was measured while mice were exposed to the context associated with the shock. Anisomycin injection impaired
long-term but not short-term memory. (D) Freezing response to the exposure to a different context. All groups presented very low freezing levels to this
context. (E) Freezing response to the presentation of the tone previously associated to the shock. Anisomycin had no effect on the freezing related to the
novel environment or to the tone. Sample size: NaCl/1 h: 10 mice; anisomycin/1 h: seven mice; NaCl/24 h: eight mice; anisomycin/24 h: eight mice.
(***) P<0.001 for anisomycin vs. NaCl according to a Bonferroni post hoc test.
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injection in CA1 on the memory for the context were dependent a prominent deficit in both short-term and long-term memory
on the testing time (treatment: F 29y = 13.1, P < 0.002; testing (P<0.001 for anisomycin vs. NaCl 1 h and 24 h after condi-
time: F5,29) = 8.1, P < 0.009; interaction: F; 29y = 8.3, P < 0.008) tioning) (Fig. 2C). There was no effect of the injection of ani-

(Fig. 1C). Bonferroni post hoc tests revealed that anisomycin in- somycin in CA3 on freezing levels measured in a different
jection in CA1 impairs long-term memory (P < 0.001 for aniso- context (treatment: F(; 35y = 1.35, P = 0.25; testing time: F(y 35) =
mycin vs. NaCl 24 h after conditioning), but not short-term 1.08, P=0.31; interaction: F( 35 = 0.15, P=0.70) (Fig. 2D) or
memory (P> 0.05 for anisomycin vs. NaCl 1 h after condition- when the tone was presented (treatment: F(; 35, = 0.65, P = 0.42;
ing). There was no effect of anisomycin injection in CA1 on freez- testing time: F; 35 = 12.33, P = 0.001; interaction: F; 35y = 0.35,
ing levels measured in a different context (treatment: F(; 29) = P=0.56) (Fig. 2E), confirming a specific effect on contextual
0.27, P=0.61; testing time: F(;,29) = 0.79, P = 0.38; interaction: memory.
F,29) < 0.001, P = 0.98) (Fig. 1D) or when the tone was presented In order to confirm that anisomycin injection in CA3 was
(treatment: F(; 29y = 0.61, P = 0.44; testing time: F(; 59y = 0.39, P = able to impair short-term memory, we tested the animals at the
0.54; interaction: F(1,29) = 0.98, P = 0.33) (Fig. 1E), confirming a earliest possible time point. We ran a similar experiment in which
specific effect on contextual memory. mice were injected with anisomycin in CA3 immediately after
After examination of coronal sections, 39 mice were con- contextual fear conditioning and tested for contextual fear 30
sidered correctly injected bilaterally in CA3 (Fig. 2A,B). The min after the training session. After examination of coronal sec-
effect of anisomycin injection in CA3 on the memory for the tions, 15 mice were included in this experiment. Animals treated
context was clear and significant, but this memory deficit was with anisomycin exhibited less freezing to the context than ani-
similar when tested 1 h or 24 h after conditioning (treatment: mals treated with NaCl (t-test, P < 0.002) (Fig. 2C). No difference
Fq 35 =89.3, P < 0.0001; testing time: F; 35, = 0.0003, P = 0.99; was observed concerning freezing levels for a different context

interaction: F(j 35y = 5.42, P = 0.026) (Fig. 2C). Bonferroni post (t-test, P=0.21) (Fig. 2D) or for the associated tone (t-test, P =
hoc tests show that the injection of anisomycin in CA3 induced 0.15) (Fig. 2E) when tested 2 h later. Altogether, these data show
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Figure 2. Anisomycin injection in the CA3 region of the hippocampus impairs both long-term and short-term contextual memory but not retrieval. (A)
Representative picture showing the location of injection sites (white arrows) in CA3. (B) Injection sites in CA3 for mice tested 30 min (squares), 1 h (circles),
or 24 h (upward triangles for injection after training, downward triangles for injections 30 min before retrieval test) after training. Open shapes correspond
to saline injections while full shapes correspond to anisomycin injections. (C) Thirty minutes, 1 h, or 24 h after training, the percentage of time spent
freezing was measured while mice were exposed to the context associated with the shock. The local injection of anisomycin in CA3 immediately after
the training impaired both long-term and short-term memory but had no effect when the injection was done 30 min before the retrieval session at
24 h. (D) Freezing response to the exposure to a different context. All groups presented very low freezing levels to this context. (E) Freezing response
to the presentation of the tone previously associated to the shock. Anisomycin had no effect on the freezing related to the novel environment or to
the tone. Sample size: NaCl/30 min: six mice; anisomycin/30 min: nine mice; NaCl/1 h: 10 mice; anisomycin/1 h: nine mice; NaCl/24 h: 10 mice; ani-
somycin/24 h: 10 mice; NaCl/retrieval: seven mice; anisomycin /retrieval: seven mice. (**) P < 0.002 and (***) P < 0.001 for anisomycin vs. NaCl accord-
ing to a Bonferroni post hoc test.
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that anisomycin injection in CA3 impairs both short-term and
long-term memories.

In order to determine if the freezing impairments observed at
30 and 60 min are due to a failure to form short-term memory or
to disruption of retrieval, a separate group of mice was injected
with anisomycin in CA3 30 min before retrieval at 24 h. After ex-
amination of coronal sections, 14 mice were included in this ex-
periment (NaCl, n = 7; anisomycin, n=7). In these conditions
anisomycin did not alter the freezing (P = 0.93 for the context,
P=0.71 for the different context, P = 0.64 for the tone). Thus,
the injection of anisomycin in CA3 does not alter the retrieval
of fear conditioning.

Here we show that anisomycin local injections in CA1 or
CA3 do not affect contextual fear conditioning the same way.
Injections in CA1 impaired long-term memory but had no effect
on short-term memory. Conversely, the administration in CA3
impaired both short- and long-term memories. To our knowledge,
this is the first study reporting an effect of protein synthesis inhi-
bition in the hippocampus on short-term memory. This observa-
tion supports the idea that the early phase of synaptic plasticity
occurring at mossy fiber terminals during contextual fear condi-
tioning requires protein synthesis.

Control mice exhibited a prominent freezing behavior when
placed in the context previously paired with the shock but
not when placed in another context. Thus the freezing levels in
the paired context specifically reflect memory of the context.
Independent of the experimental conditions, the injection of ani-
somycin did not modify the freezing elicited by the tone previous-
ly paired with the shock. Similar results have been reported with
different treatments interfering with the hippocampal function.
This indicates that the hippocampus is involved in contextual
memory while the freezing induced by the tone relies exclusively
on an amygdala-dependent conditioning (Selden et al. 1991; Kim
and Fanselow 1992; Phillips and LeDoux 1992; Daumas et al.
2004, 2005, 2009; Ceccom et al. 2013). This control experiment
confirms that the local injections of anisomycin specifically
blocked contextual memory while sparing other memory or cog-
nitive systems.

Anisomycin injection in CA1 impaired long-term memory
but not short-term memory. This result is consistent with previ-
ous studies using anisomycin local injections in the hippocampus
that actually mainly targeted the CA1l area (Igaz et al. 2002;
Motanis and Maroun 2012). The usual interpretation for these re-
sults is that short-term memory is due to protein synthesis-inde-
pendent early LTP while protein synthesis-dependent late LTP
supports long-term memory (Kandel 2001). Conversely, we dem-
onstrated that anisomycin injected in the CA3 area impairs both
short-term and long-term memory. Pyramidal cells of the CA3
area receive three main inputs: recurrent collaterals intercon-
necting CA3 neurons, temporo-amonic fibers arising from the
entorhinal cortex, and mossy fibers coming from the dentate gy-
rus. Among these pathways, the mossy fibers are of particular in-
terest when considering these results. On the one hand, the
input of mossy fibers on CA3 plays a crucial role in contextual
fear conditioning and is thought to participate in rapidly creating
a conjunctive representation of a context (Otto et al. 2001;
Daumas et al. 2004, 2009). On the other hand, protein synthesis
inhibition blocks early LTP at mossy fibers while inhibiting only
the late phase of the LTP occurring at the recurrent collaterals
(Barea-Rodriguez et al. 2000; Calixto et al. 2003; Hagena and
Manahan-Vaughan 2013). Thus, the most straightforward expla-
nation for the effect of anisomycin on short-term memory is a
blockade of the first stages of LTP at mossy fibers.

It is usually thought that new proteins necessary for LTP or
memory are synthesized in the cell body of the neuron and then
shipped to the synapse. Such a process seems too slow to account
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for a role of protein synthesis in short-term memory. However, ac-
tivity dependent translation of preexisting mRNA can occur local-
ly in the dendrites (Job and Eberwine 2001; Steward and Schuman
2001) within 5 min to 30 min (Ouyang et al. 1999; Tsokas et al.
2005). This quick time course is consistent with the observed
short-term memory impairment and might explain why systemic
injections of anisomycin after the training, which might not be
quick enough to block the translation of preexisting mRNA, do
not impair short-term memory (Bourtchouladze et al. 1998).
Noticeably, the spines of the mossy fiber—CA3 hippocampal syn-
apses contain a particularly large number of polyribosomes, al-
lowing local synthesis of proteins necessary to the maintenance
of LTP (Chicurel et al. 1993) and early maintenance of LTP at
mossy fibers has been shown to rely in part on local protein syn-
thesis as well as transcription-dependent mechanism in the
soma of presynaptic neurons (Calixto et al. 2003).

Although most of the conclusions that were based on the use
of protein synthesis inhibitors have been subsequently confirmed
by molecular and genetic approaches (Hernandez and Abel 2008),
serious concerns have been raised about the side effects of aniso-
mycin. Notably, anisomycin is able to dysregulate monoamine re-
lease (Canal et al. 2007) or to inhibit the neuronal activity itself
(Namgung et al. 1995; Sharma et al. 2012). Conversely, other stud-
ies showed that anisomycin was able to specifically block synaptic
plasticity without interfering with neuronal activity (Frey and
Morris 1998; Barea-Rodriguez et al. 2000; Karpova et al. 2006;
Hagena and Manahan-Vaughan 2013). The discrepancies be-
tween these studies can be explained by the different doses
used. Sharma et al. (2012) observed a strong inhibition of neuro-
nal activity and synaptic transmission when using 50 pg of aniso-
mycin per hemisphere (or higher doses), while Barea-Rodriguez
et al. (2000) observed a complete suppression of synaptic plastic-
ity at mossy fibers without any effect on synaptic transmission per
se by injecting a lower dose (12 pg/side). In order to clarify this is-
sue, Shires et al. (2012) recently tested the effect of different doses
of anisomycin on synaptic transmission and plasticity. They
showed that low doses (12 or 25 pg/side) did not suppress neuro-
nal activity but prevented long-term potentiation while higher
doses (62-500 pg/side) clearly reduced the neuronal activity. It
thus seems clear that when used at the appropriate dose, anisomy-
cin is able to specifically block protein synthesis. Considering
these data, we cannot rule out a possible nonspecific effect of ani-
somycin. However, we used a low dose of anisomycin (25 pg/side)
and observed a differential effect depending on the injection area
(CA1 or CA3). A previous electrophysiological experiment using
similar doses showed a similar differential effect on synaptic plas-
ticity (early LTP was affected only in CA3, late LTP both in CA1l
and CA3) without any impairment of the neuronal activity per
se (Barea-Rodriguez et al. 2000; Shires et al. 2012; Hagena and
Manahan-Vaughan 2013). Thus, it seems reasonable to consider
that protein synthesis inhibition is responsible for the observed
behavioral effects of anisomycin injections.

Given the behavioral results presented in this study and giv-
en available data concerning synaptic plasticity in the hippocam-
pus (Barea-Rodriguez et al. 2000; Otto et al. 2001; Calixto et al.
2003), we propose that protein synthesis in CA3 is required for
the rapid elaboration of a unified representation of the context
which involves LTP at mossy fibers. If this unified representation
of the context is not built in CA3, it cannot be passed on to CA1l
and memory is impaired from its very first stages.

In conclusion, this study shows that the rapid elaboration of
a unified representation of a context requires protein synthesis
specifically in area CA3 of the hippocampus. To our knowledge,
it seems likely that the required protein synthesis occurs at the
mossy fiber synapse on CA3 pyramidal cells and participates in
the first molecular events underlying LTP at this peculiar synapse.
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However, we cannot completely exclude a possible nonspecific ef-
fect of anisomycin and additional work, identifying the proteins
synthesized at the mossy fibers synapse following both LTP induc-
tion and contextual fear conditioning, is needed to strengthen
this hypothesis.
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