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Phosphorylation of CaMKII and AMPA receptor GluA1 subunit has been shown to play a major role in hippocampal-de-

pendent long-term/reference memory (RM) and in the expression of long-term synaptic potentiation (LTP). In contrast, it

has been proposed that dephosphorylation of these proteins could be involved in the opposite phenomenon of hippocam-

pal long-term synaptic depression (LTD) and in adaptive forgetting. Adaptive forgetting allows interfering old memories to

be forgotten to give new ones the opportunity to be stored in memory, and in particular in short-term/working memory

(WM) that was shown to be very sensitive to proactive interference. To determine the role of CaMKII and GluA1 in adaptive

forgetting, we adopted a comparative approach to assess the relative quantity and phosphorylation state of these proteins in

the brain of rats trained in one of three radial maze paradigms: a RM task, a WM task involving a high level of adaptive

forgetting, or a WM involving a low level of adaptive forgetting. Surprisingly, Western blot analyses revealed that training

in a WM task involving a high level of adaptive forgetting specifically increased the expression of AMPA receptor GluA1

subunit and the activity of CaMKII in the dentate gyrus. These results highlight that WM with proactive interference in-

volves mechanisms of synaptic plasticity selectively in the dentate gyrus.

[Supplemental material is available for this article.]

Hippocampal-dependent memory formation is thought to re-
quire changes in synaptic efficacy (Bliss and Lomo 1973; Bliss
and Collingridge 1993; Kandel 2001). The two major kinds of
hippocampal-based synaptic plasticity are long-term potentiation
(LTP) and long-term depression (LTD) (Bear and Malenka 1994;
Bear and Abraham 1996). LTP can be artificially induced by appli-
cation of brief trains of high-frequency stimulation and corre-
sponds to an increase in synaptic transmission dependent on
the phosphorylation state of key proteins such as glutamatergic
N-methyl-D-aspartate (NMDA) receptors and a-amino-3-hy-
droxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors sub-
units. NMDA receptors are ionotropic Na+/Ca2+ channels that
have the property of being activated by glutamate release only if
the postsynaptic membrane is depolarized (Elgersma and Silva
1999). Under these conditions, the Mg2+ ion that blocks the
NMDA receptor channel when the membrane is at resting poten-
tial is released, liberating the channel and promoting a flux of
Ca2+ through it (Herron et al. 1986). Consequently, during the in-
duction of LTP, a rapid rise in postsynaptic intracellular Ca2+ con-
centration occurs in the postsynaptic compartment. This increase
in Ca2+ leads to the activation of Ca2+/calmodulin-dependent
protein kinase II (CaMKII). Once activated, CaMKII that is local-

ized predominantly in the postsynaptic density (PSD) can become
autonomously and persistently active by autophosphorylation,
thus acting as a synaptic tag driving new proteins to the activated
synapse and contributing to a local and lasting increase in synap-
tic transmission. CaMKII autophosphorylation occurs at the
Thr286 site of the a subunit (Fukunaga et al. 1995; Barria et al.
1997a). Once this site phosphorylated, the enzyme can phosphor-
ylate itself even in the absence of Ca2+ (Miller and Kennedy 1986).
Consistent with this hypothesis, genetic deletion of Thr286 has
been shown to block LTP and memory (Giese et al. 1998) and non-
competitive inhibition of CaMKII during the maintenance phase
of LTP has been shown to reverse LTP (Sanhueza et al. 2007). There
is thus considerable evidence demonstrating that CaMKII is criti-
cal for LTP. Once activated, CaMKII phosphorylates AMPA recep-
tors GluA1 subunits at their Ser831 sites. Such phosphorylation
allows the integration of new AMPA receptors at the PSD (Barria
et al. 1997b), further potentiating synaptic transmission.
Recently however, CaMKII was also shown to interact with Arc/
Arg3.1 gene product to produce “inverse” synaptic tagging of inac-
tive synapse (Okuno et al. 2012). By this process, CaMKII could
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lead to LTD by promoting AMPA receptors endocytosis, thus pre-
venting undesired enhancement of weak synapse in potentiated
neurons.

Unlike LTP, LTD corresponds to a prolonged decrease in
synaptic transmission. LTD is generally induced by low-frequency
stimulation protocols and involves protein phosphatase-
dependent dephosphorylation processes of AMPA receptors
(Dudek and Bear 1992; Lee et al. 2000). Whereas hippocampal-
dependent memory studies suggest that the long-term storage of
information requires LTP-like mechanisms (Kandel 2001;
Malleret et al. 2001; Martin and Morris 2002), the role of LTD is
less clear (Bear and Malenka 1994; Braunewell and Manahan-
Vaughan 2001; Etkin et al. 2006). It has been proposed that LTD
could increase the signal-to-noise ratio of a memory trace. In
agreement with this notion, we found that LTD could function
to weaken previous memory traces. We showed that inhibiting
the expression of the protein phosphatase PP2A (Nicholls et al.
2008) in transgenic mice prevented the dephosphorylation and
internalization of AMPA receptors, and in consequence the re-
stricted expression of a NMDA-dependent form of LTD (while
leaving intact other classical forms of synaptic plasticity such as
LTP or depotentiation). This mouse model was therefore particu-
larly suited to study the role of LTD. We found that these mice
had profound impairment at forgetting previously stored infor-
mation suggesting that LTD could function to weaken previous
memory traces, thereby preventing those traces from interfering
with newly encoded information when new conditions demand
it as it is the case in a working memory (WM) task (Nicholls
et al. 2008).

Memory is not unitary and a distinction is often made be-
tween long-term/reference memory (RM) and short-term/WM.
Unlike the well-known long-term memory, WM represents the
short-term acquisition of trial-unique information (Baddeley
1981; Cowan 2008). It has been proposed that WM is thought
to be a short-term form of a memory that, once used, is better to
be forgotten or ignored in order not to interfere with later learning
(Dudchenko 2004; Delaney and Sahakyan 2007). A consequence
of this view is that forgetting would be required for WM.
However, unlike memory, forgetting processes and their biologi-
cal bases are poorly understood, probably because forgetting has
often been seen as simply a lack of memory, a failed process that
happens to us involuntarily (Levy et al. 2010; Sala 2010).
Human studies, using directed forgetting, suggest just the oppo-
site and propose that forgetting is equally important to memory
and that some forms of forgetting are adaptive and essential to se-
cure optimal storage of information (Rauchs et al. 2011). For in-
stance, a waiter taking many similar orders during a shift would
find forgetting of previous orders essential for the storage of rele-
vant (e.g., new orders) information (Roberts and Dale 1981;
Anderson et al. 1996; Rosenzweig et al. 2002; Dudchenko 2004).
Examples of this adaptive role of forgetting such as these are nu-
merous, but surprisingly we hardly know anything of its cellular
or molecular underpinnings. In an attempt to determine the bio-
logical bases of such forgetting, we recently tested different groups
of rats in an eight-arm radial maze in tasks involving reference
memory (RM) or the processing of different levels of proactive in-
terference (PI) (i.e., requiring different levels of adaptive forget-
ting of previous information) in WM (Joseph et al. 2015). Using
the Immediate Early Genes zif268 and c-Fos as markers of neuro-
nal activity, we found that many brain structures are activated by
RM or WM processes involving or not forgetting, except the den-
tate gyrus (DG) of the dorsal hippocampus that remains silent
when forgetting is needed. Conversely, we showed that inactivat-
ing the DG promotes forgetting. We therefore wanted to deter-
mine whether different plasticity changes were at work in the
dorsal hippocampus, and in particular in the DG, after training

in RM or WM tasks involving, or not involving adaptive forget-
ting. To answer this question, we tested a new group of rats in
the same behavioral tasks and assessed the expression and phos-
phorylation state of molecular markers of synaptic plasticity
such as CaMKII (P-CaMKII) and glutamate AMPA receptor subunit
GluA1 in the DG as well as in the CA1 and CA3 region of the dorsal
hippocampus, but also the prefrontal cortex (PFC), another region
greatly involved in memory processing (Botreau et al. 2004;
Maviel et al. 2004; Kesner and Churchwell 2011). The results of
this study are described below.

Results

Behavior
Rats were trained as previously described (Joseph et al. 2015) (see
also Materials and Methods and Fig. 1A–E). The performance of
rats trained in the three different tasks (RM, LIWM, and HIWM),
are represented in Figure 1F. ANOVAs revealed a significant
Group effect [F(2,30) ¼ 57.472; P , 0.0001], a significant Block ef-
fect [F(4,120) ¼ 9.317 P , 0.0001], as well as a significant Group ×
Block interaction [F(8,120) ¼ 13.762 P , 0.0001]. Post hoc analyses
revealed that RM rats significantly improved their performance
over time [F(9,36) ¼ 18.413; P , 0.0001] and reached 85% correct
choices on the last block of days, indicating a learning of the gene-
ral rules and strategies required to solve the task. In WM groups,
we confirmed earlier findings showing that proactive interference
(PI) affect WM performance (Joseph et al. 2015). At the beginning
of training, both LIWM and HIWM groups started at almost 90%
of correct choices. LIWM rats kept high scores throughout the en-
tire experiment, slightly increasing with time and reaching 100%
on Block 5 (no significant Block effect). On the contrary, rats
trained in the HIWM task showed a decrease in performance
over days indicating that accumulation of PI critically distorts
WM performance with time (significant difference in score was
shown on the last two blocks of days between LIWM and HIWM
P ¼ 0.0055 for block 4 and P ¼ 0.0005 for block 5) (Fig. 1F).

Western blot assays
After 10 d of training, rats were sacrificed and we carried out
Western blot assays of the molecular markers of synaptic plasticity
CaMKII and AMPA receptor GluA1 subunit. We also quantified
the level of NMDA receptor subunits GluN1, GluN2A, and
GluN2B. The Western blot analysis was carried out in the CA1
and CA3 region of the dorsal hippocampus as well as in the DG
and the PFC.

GluA1 phosphorylation ratio is modulated in the DG after HIWM training

First, we quantified the total form of different subunits constitut-
ing AMPA and NMDA receptors within both the PFC and the dor-
sal hippocampus. No changes in the overall expression of NMDA
receptors subunits were observed when compared with control
rats after training in any of the three behavioral tasks and whatev-
er the studied brain structure (Fig. 2A–C; Supplemental Tables 1–
5). Our results revealed no changes in GluA1 expression in any of
the groups and/or studied structures (see Fig. 2D; Supplemental
Tables 1–5), except for a 30% increase observed specifically in
the DG after HIWM training when compared with the control
group (P ¼ 0.0005). We also assessed the phosphorylation state
of GluA1. We showed that the phosphorylation ratio of the
GluA1 subunits at the ser831 (ratio ser831/total GluA1) and
ser845 (ratio ser845/total GluA1) sites did not differ from the con-
trol group after training in anyone of the behavioral conditions in
CA1, CA3, or the PFC (Supplemental Fig. S1; Supplemental Tables
1–5). In the DG and after RM training, we did not observe any
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Figure 1. Proactive interference impairs the performance of rats trained in the HIWM task. (A,B) schematic representations of the maze with the arms’
attributed numbers and legends. (C–E) Behavioral paradigms (see Materials and Methods for details) and schematic representation of one training day for
each of the experimental groups. (C) Reference memory (RM) training. The same two arms (here #1 and #4, (B)) are baited every day for each trial. Each
daily session consisted of eight trials (T1–T8). (D) Low interference working memory (LIWM) training. Each day consisted of four trials (T1–T4) of two
phases each. (E) High interference working memory (HIWM) training. Same as D except that the same pair of arms is used every day for each trial.
Consequently, the trials are very similar to each other and it is therefore necessary to ignore and forget previous trials to complete an ongoing trial.
(F) Behavioral performances of each group of rats. Percentage of correct choices+S.E.M per Block (each Block ¼ 2 d of training) in RM, LIWM, and
HIWM tasks. Black line represents the chance level for both WM tasks. ∗ indicates significant difference between HIWM and LIWM groups (P , 0.05—
ANOVA), # indicates a significant block effect for the RM group (P , 0.0001).
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change in the phosphorylation ratio at either phosphorylation
site (for ser831 site P ¼ 0.3953; for ser845 site P ¼ 0.7807).
However, we observed a significant decrease in the DG of the
ser845 phosphorylation ratio after LIWM training when com-
pared with controls (P ¼ 0.0072), RM (P ¼ 0.0039), and HIWM
(P ¼ 0.0015) trained rats (Fig. 3; Supplemental Tables 1, 4). No oth-
er significant differences between groups were observed although
a nonsignificant increase in the phosphorylation ratio of both
ser831 and ser845 could be seen after HIWM training when com-
pared with RM training (Fig. 3; Supplemental Tables 1, 4).

HIWM training induces an increase in CaMKII activation

We also assessed the total quantity of CaMKII after training in the
radial maze. We failed to observe significant changes after any of
the training conditions when compared with the control group
(Supplemental Fig. S2; Supplemental Tables 1–5). We then
assessed the level of CaMKII activated form by quantifying the
phosphorylation ratio of CaMKII (P-CaMKII/total-CaMKII) and
observed, in the DG, a large increase of 160% (when compared
with controls) of CaMKII activated form after HIWM training
(P ¼ 0.0046). A nonsignificant decrease may also be observed after
RM training when compared with controls (Fig. 4; Supplemental
Tables 1, 4), even if this decrease was found significant when com-
pared with HIWM trained rats (P ¼ 0.0092). In contrast, in CA1,

we observed a nonsignificant increase of CaMKII activated form
when compared with controls after RM training, but also a trend
(not significant) toward a decrease of CaMKII activity after LIWM
training. We did not observe any other changes in P-CaMKII in
any other group or for any other structure.

CaMKII activation in the DG is correlated with GluA1 phosphorylation

We wanted to confirm that the large increase in CaMKII activity
observed in the DG after HIWM training might be indeed related
to synaptic plastic changes. We thus assessed for each subject, and
in the DG, the correlation between the phosphorylation ratio of
GluA1 (ser831 and ser845) and the phosphorylation of CaMKII.
We found a positive correlation between Ser831 phosphorylation
and CaMKII activity specifically after HIWM training (P ¼
0.0209—see Fig. 4C) confirming the key role of CaMKII in the
phosphorylation of GluA1 at the ser831 site. No other significant
correlation was observed between GluA1 phosphorylation and
CaMKII activity (after RM training, for ser831 phosphorylation
versus CaMKII activity: P ¼ 0.7528, for ser845 phosphorylation
versus CaMKII activity: P ¼ 0.7414. After LIWM training, for
ser831 phosphorylation versus CaMKII activity: P ¼ 0.0965, for
ser845 phosphorylation versus CaMKII activation: P ¼ 0.2554.
After HIWM training, for ser845 phosphorylation versus CaMKII
activity: P ¼ 0.2568).

Figure 2. Western blot quantification of overall GluN2A, GluN2B, GluN1, and GluA1 expression. No change was observed in the overall expression of
GluN (NMDA receptors) subunits (A–C), but a significant increase in the overall GluA1 expression was observed after HIWM training and when compared
with controls and LIWM and RM trained rats (D). Data are expressed as mean+S.E.M.—Experimental group values are expressed as 100%+S.E.M. of
average control group (black line). Multiple comparisons with Holm–Bonferroni’s correction. ∗ indicates difference with the control group, # indicates
difference between groups (∗,#)P , 0.01.
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Discussion

With this study, we showed that behavioral training involving the
long-term or short-term storage of information and/or different
levels of adaptive forgetting differentially affect the expression
and phosphorylation state of biological markers of synaptic plas-
ticity in the three main areas of the dorsal hippocampus. Our
Western blot analysis revealed that the processing of interference
in WM might involve specific synaptic plasticity changes in the
DG. These changes involve an increase in the expression of
AMPA receptor GluA1 subunit and in the phosphorylated/active
state of CaMKII at the Thr286 site of the a subunit.

Different studies have suggested that hippocampal LTP—that
underlies the long-term storage of information in RM—requires a
sustained increase in the number of AMPA receptors at the synap-
tic level (Nayak et al. 1998; Shi et al. 1999; Dong et al. 2015).
Consequently, our finding that RM training does not induce
any change in GluA1 expression may seem surprising. This may
be due to the fact that we did not isolate membranous (postsynap-
tic) fraction from our hippocampal lysates. Changes in the
number of receptors at the PSD are an important mechanism un-
derlying LTP and long-term memory (Whitlock et al. 2006). Such
changes may occur at the postsynaptic sites after RM training but
may be invisible in our total hippocampal lysates. However, to iso-
late membranous fraction requires an important quantity of bio-
logical sample. The fact that we were particularly interested in
changes at play in the DG based on our earlier findings (Joseph
et al. 2015) led us to micro-punch our samples to isolate the three
different hippocampal subregions. Unfortunately, this manipula-
tion greatly reduced the quantity of available biological material
and thus prevented the isolation of the synaptic fraction from

our hippocampal lysates. In consequence, we cannot rule out
the hypothesis that a GluA1 increase might have been observed
in membranous fractions of our samples after RM training.
However, the fact that RM training does not induce any change
in GluA1 expression may not be surprising as some studies have
shown that GluA1 knockout mice displayed a specific and restric-
tive deficit in WM but not RM (Reisel et al. 2002; Schmitt et al.
2003; Sanderson et al. 2009). In fact, some authors have shown
that this genetic deletion of GluA1 may even increase RM
(Schmitt et al. 2003) by reducing the detrimental effects of short-
term memory on subsequent long-term learning (Sanderson et al.
2009). Alternatively, the absence of GluA1 expression in our hip-
pocampal lysates after RM training may also be due to the fact that
rats have been sacrificed after 10 d of training, a time when the ac-
quisition of the RM task rules has already been achieved (as shown
by the plateaued performance). This may explain why no change
in GluA1 expression has been observed after 10 d of RM training.

Unlike the RM task, the LIWM task always (up to the last days
of training) requires the short-term storage of information. In this
delayed-non-match-to-place task, different pairs of arms are used
for each trial. The deleterious action of PI is thus negligible in this
paradigm (as reflected by the behavioral performance superior
on the last days of LIWM training when compared with HIWM
training). We found that LIWM training induces a decrease
in GluA1 phosphorylation at the ser845 site in the DG. Dephos-
phorylation of ser845 has been described as a signal for GluA1 in-
ternalization and lysosomal degradation of AMPA receptors
leading to LTD (Fernandez-Monreal et al. 2012). Our results thus
suggest that when the interference load is not strong enough to
induce a drop in behavioral performances (as it is the case in
HIWM), LTD processes may occur to erase memories of the trials
that have been performed in the past and that are no longer use-
ful. After HIWM training on the other hand, when the load of in-
terference is too high to be dealt with efficiently (and when a
decrease in performance is observed), the level of phosphoryla-
tion of these GluA1 subunits in the DG of HIWM trained rats
was found to be unchanged when compared with controls level.
We may thus hypothesize that the increase in GluA1 expression
that we observed after HIWM training reflects changes in cytosolic
stores of AMPA receptors, but may not be a sign of an increased in-
tegration of new AMPA receptors at the synaptic level. These re-
ceptors may just be massively available in the DG granule cells
of animals trained to be extremely flexible in their information
processing as this HIWM task requires both the short-term storage
of information, but also forgetting of previous trials to counteract
the deleterious impact of PI on the storage of newer information.
This extreme cognitive flexibility could require fast relocation of
these receptors from the cytosol to the PSD for rapid memory stor-
age, and from the PSD to the cytosol for fast forgetting once this
information becomes irrelevant. HIWM training could thus re-
quire both the recruitment and internalization of functional
AMPA receptors at the PSD level. It has been shown that blocking
hippocampal AMPA receptors-dependent LTP could impair WM
(Reisel et al. 2002; Schmitt et al. 2005). In contrast, our previous
work showed that the inhibition of dephosphorylation and LTD
processes impaired the processing of interference in WM (Nicholls
et al. 2008). Altogether, these results suggest that WM may rely on
both hippocampal synaptic potentiation and depression. Indeed,
it is worth noting that the level of phosphorylation of GluA1 sub-
units (ser845), even if not increased when compared with the
yoked control group, was in fact increased in the DG of HIWM
rats when compared with rats trained in the LIWM tasks suggest-
ing that the processing of PI could in fact require the phosphory-
lation of AMPA receptors, and therefore synaptic potentiation.
This increase in the phosphorylation of GluA1 in the DG was
also correlated to CaMKII activity. In fact, CaMKII activity was

Figure 3. Western blot quantification of the phosphorylation ratio of
GluA1 in the DG. (A) After LIWM training, Ser845 phosphorylation ratio
is decreased when compared with controls and when compared with
the HIWM group. Ser831 phosphorylation seems to be increased in the
HIWM group when compared with the LIWM group but no significant dif-
ferences by Mann–Whitney U-tests were observed after Holm–
Bonferroni’s corrections for multiple comparisons. Data are expressed as
mean+S.E.M.—Experimental group values are expressed as 100%+
S.E.M. of average control group (black line). Multiple comparisons with
Holm–Bonferroni’s correction. ∗ indicates significant difference compared
with the control group: P , 0.01. # indicates significant differences
between experimental groups: P , 0.01. (B) Representative immunoblots
of the gels are shown.
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massively increased in the DG of rats trained in the HIWM task. As
mentioned above, CaMKII has long been shown to be involved in
LTP and long-term memory storage (for review, see Lisman et al.
2012), and we here showed that rats trained in the long-term/
RM paradigm did express an elevated, albeit not significant,
amount of activated (phosphorylated) CaMKII in the CA1 area
of the dorsal hippocampus. However, studies on transgenic mice
have also shown that excessive CaMKII activity can bidirectional-
ly alter synaptic plasticity, facilitating LTP in response to 10 or 100
Hz stimulation but also increasing LTD in response to 3 Hz stimu-
lation (Wang et al. 2003). It has been suggested that such abnor-
mal LTD could be responsible for the aberrant and selective
degradation of memory traces seen in these mice (Cao et al.
2008). The increase of CaMKII activity that we observed in the
DG could thus reflect two processes. The first one implies that
HIWM training could activate CaMKII-dependent phosphoryla-
tion mechanisms leading to LTP and consolidation of irrelevant
information into long-term memory that may potentially be det-
rimental to the flexible use of memory in the HIWM task. This in-
crease in synaptic potentiation and phosphorylation of CaMKII
(but also GluA1) could thus be the cause of the decreased perfor-
mance seen in this task at the end of training. One could postulate
that this increase in phosphorylation of CaMKII (but also GluA1)
could also be short-lived (Whitlock et al. 2006) and that, for for-
getting purposes, synaptic potentiation and phosphorylation lev-
els could go back to controls’ level after training, possibly during
sleep, a period favorable for synaptic downscaling (Tononi and
Cirelli 2003). The other hypothesis implies that CaMKII increased
activity could be beneficial to LTD, and therefore to the degrada-
tion (and thus adaptive forgetting) of irrelevant memory traces
previously stored in memory during the HIWM task.

Further work should determine which of these two possible
processes is involved in forgetting and the processing of PI.
However, we here confirmed that the DG of the dorsal hippocam-
pus is a crucial area involved in these processes. Our most signifi-
cant results were found in this brain region for rats trained in the
HIWM paradigm. This result is concordant with our previous
study (Joseph et al. 2015) showing that (1) HIWM training was re-
sponsible for a very restricted and specific inactivation of Zif268
and c-Fos expression in the DG, and that (2) inactivating this struc-
ture was beneficial to the processing of interference. It is therefore
not surprising to see important changes in the expression of syn-
aptic plasticity markers in the DG after HIWM training. Our results
can thus be explained as followed: the reduction of proactive in-
terference could involve and require the inactivation of the DG
and its pattern separation function, a result in agreement with pre-
vious findings showing that ablation of hippocampal neurogene-
sis (occurring in the DG) lead to improved processing of proactive
interference (Saxe et al. 2007). However, a potential high degree of
activation of a small neuronal population in the DG (as shown by
a decreased Zif268 and c-Fos expression) in the HIWM task could
also result in a maintained increase in synaptic plasticity (LTP)
and in the storage of irrelevant information detrimental to
HIWM training. Alternatively, the increase of synaptic plasticity
in the DG could involve not synaptic potentiation, but synaptic
depression that could participate to the inactivation of the DG re-
quired for forgetting and the processing of interference.

Our study also highlights interesting aspects on hippocampal
function and physiology. It has been shown that CA3 may support
the process by which a complete memory can be retrieved from
only partial or degraded cues represented in this memory, a func-
tion called “pattern completion” (Gold and Kesner 2005) or

Figure 4. CaMKII is strongly activated after HIWM training. (A) Western blot quantification of the phosphorylation ratio of CaMKII (P-CaMKII/CaMKII).
After RM training, phosphorylation of CaMKII seems to be increased in CA1, but decreased in the DG when compared with controls. However, no signifi-
cant differences by Mann–Whitney U-tests were observed after Holm–Bonferroni’s corrections for multiple comparisons in this structure. In contrast, after
HIWM training, CaMKII phosphorylation is strongly increased in the DG. Data are expressed as mean+S.E.M., experimental group values are expressed as
100%+S.E.M. of average Control group (black line). Multiple comparisons with Holm–Bonferroni’s correction. ∗ Indicates significant difference com-
pared to the control group: P , 0.01. # indicates significant differences between experimental groups: P , 0.01. (B) Representative immunoblots and
quantification of the gels are shown. (C,D) correlation between CaMKII activity (phosphorylation ratio) and GluA1 phosphorylation at the ser831 (C)
and the ser845 (D) sites in the DG. Data are expressed as normalized ratio (percentage of control) (∗) P , 0.05; (Spearman’s correlation test).
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auto-associative memory (Kesner and Rolls 2015). Altogether, our
present and previous studies (Joseph et al. 2015) indicate that CA3
is activated during HIWM but that this activation does not require
long-term form of plasticity, although synaptic plasticity changes
seem to occur in CA3’s afferent region (i.e., DG). It is thus possible
that HIWM training could require plasticity changes in the DG to
maintain the firing of CA3 neurons in a recurrent network that is
termed an attractor state (Kesner and Rolls 2001). Interestingly,
our results tend to show that a form of memory (i.e., RM) induces
opposite changes in CaMKII activity in two different areas of the
hippocampus (i.e., CA1 and DG) even if these changes could not
be considered significant after correction for multiple compari-
sons. CA1 has long been shown to be implicated in the retrieval
of spatial memory (Dillon et al. 2008). In line with these findings,
CaMKII seems to be activated after RM training in CA1. In con-
trast, CaMKII seems to be inactivated in the DG after training in
this task. Although these results are only correlational, one may
hypothesize that the different substructures of the hippocampus
could have antagonistic roles in memory processing.

Materials and Methods

Subjects
A total of 66 three-month-old Dark Agouti rats initially weighing
200–250 g at the beginning of the experiment were purchased
from Harlan France. They were kept in a 12/12h light–dark cycle
with ad libitum access to food and water but were subsequently
food deprived and maintained at 85% of their free-feeding weight
throughout the experiment. Rats were housed in cohorts of two
such that each rat that was to acquire a high interference, low in-
terference WM or RM task was housed with its yoked control.
Therefore, three groups learned a radial maze task (high interfer-
ence working memory (HIWM), low interference working memo-
ry (LIWM), and reference memory (RM) tasks), and three groups
served as their respective controls (Yoked HIWM or YHIWM,
Yoked LIWM or YLIWM, and Yoked RM or YRM). This study was
carried out in strict accordance with the recommendations of
the Lyon1 University ethical committee for the use of experimen-
tal animals and of the European committee (2010/63/EU). The
protocol was approved by the Lyon1 University ethical committee
for the use of experimental animals (Permit Number: CE2A-UCBL
55). All efforts were made to minimize suffering.

Behavioral apparatus
An eight-arm radial maze requiring the use of spatial orientation
and memory was used throughout the entire experiment for all
tasks. This maze consisted of eight arms (87 cm long × 12 cm
wide) radiating from an octagonal central platform (34 cm diam-
eter). The entrance of each arm was blocked by opaque Perspex
doors that could be automatically lowered (pneumatic system)
by the experimenter located in a room directly adjacent to the
testing room. Squared food wells of 2 cm and 0.5 cm deep were
fixed at 0.5 cm beyond the end of maze arms. Food rewards
(Dustless Precision Pellets; Bioserve) could be placed in these
food wells. The maze was located in a room with a number of
extramaze cues (e.g., poster, door, furniture). A video camera, con-
nected to a video recorder and a monitor, was fixed above the
maze. Behavior of the rats in the maze was videotaped for later
examination.

Behavioral protocol
Food-deprived rats had to retrieve food rewards (sugar pellets,
Bioserv) at the end of the maze’s arms using spatial navigation
and distal visual cues surrounding the maze. Rats underwent a
6-d habituation period during which they became accustomed
to the radial maze environment and learned to find rewards in
the arm wells. After habituation, they were pseudorandomly as-
signed to one of the following groups (see below and Joseph

et al. 2015); whatever their group assignment, they were able to
complete eight runs to an arm per day, making the three tasks
strictly comparable in terms of motivational, emotional, and mo-
tor processes.

Reference memory task

Rats trained in the RM task (n ¼ 11) had to retrieve food pellets in
two arms of the maze. These two arms remain constant and were
the same every day for the entire 10 d (¼5 Blocks of two daily ses-
sions) of training (Bontempi et al. 1999). Rats were initially placed
in a pseudorandomly chosen starting arm (gray arms, Fig. 1C) at
which point all arms of the maze were opened (white arms, Fig.
1A). A transparent blocker prevented rats from going backward
to the food well of the starting arm. Once a rat chose one of the
arms (an arm selection was defined when the animal reached
the arm’s half way), the door to that arm was closed. After con-
suming the food reward in the case of a correct choice, or not in
the case of an incorrect choice, rats were returned to a transfer
cage adjacent to the maze for a short delay of 15 sec. The doors
to previously chosen arms remained closed until both food reward
were retrieved to prevent the rat to return into such arms (com-
mitting WM errors). After both food pellets were retrieved (for in-
stance, on trial T5 in the example given in Fig. 1C), the two
previously baited arms were rebaited and all arms were reopened
(e.g., T6) (Fig. 1C). Rats underwent eight trials per day and the
maximum score per day was fixed at eight pellets eaten. The laten-
cy to choose an arm as well as the number of correct choices was
scored. Each experimental RM rat was paired with a YRM rat that
performed the same amount of motor activity and ate the same
number of pellets. These yoked controls (n ¼ 11) were forced to
enter into pseudorandomly chosen arms and were either rein-
forced or not depending on the performance of their experimen-
tal matched rat. The starting and destination arms varied between
trials in such a way that yoked controls could not use motor mem-
ory to predict which direction they had to go. The use of yoked
controls allows the experimenter to conclude that all differences
seen between groups after Western blot analysis are inherent to
learning processes during the task and not due to motivational,
sensory, or locomotor aspects of the task (Bontempi et al. 1999;
Poirier et al. 2008). These yoked controls provide more specific
controls than traditional home-cage controls that are left un-
touched in their cage. Yoked controls do learn about their spatial
environment, but their special training (they are not exposed to a
choice and are forced to enter an arm, matching or not a previous
visit) makes rule learning irrelevant for them.

Low interference working memory (LIWM) task

Rats trained in the LIWM task (n ¼ 10) were submitted to four tri-
als per day, each consisting of a sample and a choice phase (match-
ing the eight runs performed by the RM group—see Fig. 1D). In
the sample phase, rats were first allowed to enter from a starting
arm one randomly chosen baited arm while all other arms re-
mained closed. Rats were then returned to the transfer cage for a
short delay of 15 sec (identical delay and procedure than in the
RM task). During the subsequent choice phase, rats were present-
ed with two adjacent arms, the familiar arm that had just been vis-
ited and empty of food, and an adjacent arm containing a second
food reward. Rats had to choose the novel arm to be positively re-
inforced (classical delayed-non-match-to-place task). Different
pairs of arms were used for each trial. Like for RM rats, each exper-
imental LIWM rat was paired with a yoked control (YLIWM) that
was exposed to the same radial maze arms to make sure that the
two groups (LIWM and YLIWM) were exposed to the same spatial
information. Whereas LIWM rats had to learn a delayed-non-
match-to-place task rule to successfully complete the task,
YLIWM rats (n ¼ 10) were exposed to an equal number of non-
match and match trials in a pseudorandom fashion to prevent
YLIWM rats to predict the outcome of a trial. However, like YRM
rats, YLIWM rats were forced to visit only one arm during each
run and in consequence were not exposed to any cognitive choice
when compared with LIWM rats.
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High interference working memory (HIWM) task

HIWM rats (n ¼ 12) were exposed to an experimental procedure
similar to the one used in the LIWM task, except that the same
pair of arms was used every day for each trial. This procedure pro-
moted high level of interference and repetition to make forgetting
of previous trials necessary to complete an ongoing trial (Fig. 1C;
Roberts and Dale 1981; Saxe et al. 2007; Malleret et al. 2010). Each
experimental HIWM rat was paired with a yoked control (YHIWM;
n ¼ 12) that performed the same amount of motor activity and ate
the same number of pellets as already described for the YLIWM
group.

Western blot
After the last trial on the last day of training, rats were immediate-
ly decapitated and their brains were rapidly removed on a bed of
dry ice. Brains were immediately plunged into isopentane at
250˚C and were soaked for 10–15 min. All brains were stored at
280˚C. Each brain was individually dissected with a Cryostat
(Microm HM550) kept at 214˚C. Of note, 300-mm thick sections
containing the medial Prefrontal Cortex (mainly prelimbic area),
and the dorsal hippocampus (dCA1, dCA3, and the DG) were
sliced and structures were micropunched under microscope guid-
ance by using small trocars adapted to the size of these structures.
Overall protein concentrations were obtained using the Bradford
method (Bradford 1976). Briefly, using precise concentrations of
bovine serum albumin (BSA), samples with known protein
concentrations were prepared and scanned using a spectropho-
tometer (l ¼ 595 nm) to establish a standard curve. A given sam-
ple was combined with homogenization buffer and Bradford
Reagent (4.5% Coomassie Blue G250, 10% orthophosphoric
acid). Samples were scanned using the spectrophotometer and
protein concentration readings were recorded. Samples were
then individually diluted with homogenization buffer and were
denatured at 65˚C during 5 min in denaturation buffer (125
mM Tris pH 6.8, 50 mM dithiothreitol (DTT), 1% sodium dodecyl-
sulfate (SDS), 0.005% bromophenol blue, 8% glycerol) to contain
a final protein concentration of 10 mg/10 mL. Denatured samples
were aliquoted and stored at 280˚C until further analysis. Each
sample was then deposited on an electrophoresis precast gel
(4%–12% tris-bis-SDS PAGE Bio-Rad). Gels were run at constant
voltage 80 V for 15 min to compress the bands of protein and
then run at 110 V for 90 min to separate the proteins according
to their size. Gels were then cut into three bands each containing
a group of relevant protein (250–150 kDa for the NMDAR; 150–80
kDa for the AMPAR; and 80–30 kDa for b-Tubulin and CaMKII) as
described in Kiyatkin and Aksamitiene (2009). These bands were
then deposited on a nitrocellulose membrane (Whatman) and
transferred (Criterion Blotter, Bio-Rad) at 100 V for 40 min at
4˚C. Once the transfer was completed, membranes were soaked
in Red Ponceau to verify the good transfer of protein from the
gel to the membrane. Membranes were blocked in TBS (Tris buffer
saline) +5% milk for at least 1 h under agitation before exposure
to antibodies. Membranes were then cut and incubated in primary
antibodies anti-phosphorylated a-CAMKII at the tyrosine 286 site
(tebu-bio, 1:100), anti-CaMKII (Abcam, 1:6000), anti-glutamate
AMPA receptor 1 phosphorylated at the serine 831 (ser831)
site (Millipore, 1:500), anti-glutamate AMPA receptor 1 phosphor-
ylated at the serine 845 (ser845) site (Millipore, 1:500), anti-
glutamate AMPA receptor 1 (Millipore, 1:10,000), anti-glutamate
NMDA receptor 1 (Millipore, 1:500), anti-glutamate NMDA recep-
tor 2A (Millipore, 1:4000), anti-glutamate NMDA receptor 2B
(Millipore, 1:1000) or anti-b-Tubulin III (Sigma-Aldrich, 1:2000),
in TBS-T (Tris-buffered saline–0.1% Tween 20) +3% milk over-
night at 4˚C under agitation. The next morning membranes
were removed from the primary antibody solution and were
washed for 3 × 10 min (2× TBS-T 1× TBS) before incubation for
120 min in secondary antibody (in TBS + 3% milk) all at 4˚C
and under agitation. Following secondary antibody incubation,
membranes were washed for 3 × 10 min (2× TBS-T 1× TBS) under
agitation and were then exposed to fluorescent ECL substrate
(Epirubicin–Cisplatin–5-Fluoro-uracile) to cause a fluorescent re-
action between the secondary antibody and the ECL. Band fluo-

rescence was captured by a FluorImager (Molecular Dynamics).
After revelation, membranes were reused using a stripping solu-
tion for 90 min and washed for 3 × 10 min (2× TBS-T 1× TBS) be-
fore blocking and antibodies exposure.

Statistical analysis

Behavior

After checking for normality and homogeneity of variances,
behavioral data were analyzed using two-way ANOVAs (analysis
of variance) for repeated measures with Block (corresponding
to two consecutive days of training) and Group (RM, LIWM,
HIWM) as main factors (Statview 5.0.). Further comparisons
were performed by post hoc (Scheffe and split-by Group) analyses
for particular within-group comparisons. Data are expressed as
means of performances+ S.E.M.

Western blot

Western blot analysis was done with ImageJ (NIH) using the gel
analysis plug-in. Each band was normalized to its corresponding
loading control band: the housekeeping protein b-Tubulin. As
no significant statistical difference in any proteins expression
and in any of the structures was found between the three control
groups (YLIWM, YHIWM, and YRM), they were pooled as one sin-
gle control group. The ratio protein of interest/b-tubulin was cal-
culated for each duplicate and for each protein of interest. The
quality of each step was controlled by running each experiment
twice. When values for the two duplicates varied for .25%, the
sample was not taken into account into the statistical analysis
(see final number of validated samples for each group and protein
in Supplemental Table 1). Each animal average value for the two
duplicates was then expressed as a percentage of the control
group mean. Statistical results were obtained using StatView 5.0.
After checking for normality and homogeneity of variances, non-
parametric Kruskal–Wallis tests were performed to analyze
Western blot results. Post hoc Mann–Whitney U-tests combined
with Holm–Bonferroni’s corrections for multiple comparisons
were used to identify significant differences between groups.
Data are expressed as mean of normalized ratio (percentage of
control)+ S.E.M.

Correlations

Linear regression analysis was performed to assess correlation be-
tween CaMKII phosphorylation ratio and GluA1 phosphoryla-
tion. We used the Spearman’s rank correlation coefficient, a
measure of statistical dependencies between nonparametric vari-
ables. A positive correlation coefficient between two phosphoryla-
tion states indicates that an increase in phosphorylation of one
protein (i.e., PCaMKII/CaMKII) results in a proportional increase
in the phosphorylation of the other protein (i.e., Ser831/GluA1).
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