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SUMMARY

Long-term memory (LTM) can be induced by repeated spaced training trials. Us-
ing the weak inhibitory avoidance (wlA) task, we showed that one wlA session
does not lead to a 24-h LTM, whereas two identical wlA sessions spaced by
15 min to 6 hinduce a 24-h LTM. This LTM promotion depends both on hippocam-
pal protein synthesis and the activity of several kinases. In agreement with the
behavioral tagging (BT) hypothesis, our results suggest that the two training ses-
sions induce transient learning tags and lead, via a cooperative effect, to the syn-
thesis of plasticity-related proteins (PRPs) that become available and captured by
the tag from the second session. Although ERKs1/2 are needed for PRPs synthe-
sis and CaMKs are required for tag setting, PKA participates in both processes.
We conclude that the BT mechanism accounts for the molecular constraints under-
lying the classic effect of spaced learning on LTM formation.

INTRODUCTION

Strong, unique experiences can generate lasting memories that may persist for a lifetime. On the con-
trary, weak experiences need to be repeated to induce durable memories. The time lapse between ex-
periences is known to be crucial for the formation of a long-term memory (LTM). More than a century of
memory research has led to the conclusion that spaced training sessions are more efficient than massed
training sessions to generate LTM." Several theories have been proposed to explain this phenomenon
based on the mechanisms triggered by spaced training and their effects on memory formation (see Smo-
len et al.?).

The storage of an LTM goes through a period of consolidation dependent on protein synthesis triggered
by learning.” Synaptic plasticity models indicate that the storage of information is a site-specific process.”
Among these models, the synaptic-tagging and capture hypothesis (STC) postulates that plasticity-related
proteins (PRPs) are captured and used specifically at neural sites tagged by stimulation to induce long-last-
ing plasticity phenomena.” For instance, a weak tetanic stimulation may tag activated neural sites without
inducing protein synthesis whereas a further strong stimulation may result in the synthesis of PRPs that can
be captured/used by the tag induced by the weak stimulation. This association is possible if both phenom-
ena, tagging and PRP synthesis, occur within the same temporal window and share a common neural sub-
strate. Through this process, a weak stimulation may achieve a stabilized long-term plasticity.

In analogy to synaptic plasticity models, the behavioral tagging (BT) model proposed that learning session
induces tags in specific activated sites where PRPs can be captured to consolidate memory into LTM.%’
PRPs can be induced by the learning itself, if it is sufficiently relevant, or by another event temporarily asso-
ciated. A key feature of this process is that the learning tags are transient and have a short half-life. There-
fore, to promote LTM, PRPs must be available at tagged sites while tags are still functional ®7

The BT mechanism has been demonstrated for a broad spectrum of memory types, animal species, and
ages of individuals.®'%"? PRPs can be provided by either novel events,®'/:?-?*
sessions,”””° rewarding events,”’ exposure to acute stress,”®”” memory expression of enough similar ex-
periences’ or retraining sessions.”' To what extent BT provides a valid framework to understand LTM for-
mation on repeated aversive spaced training trials remains unexplored.
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Here, we used the inhibitory avoidance (IA) aversive task to study the classic “lag effect” defined as the ten-
dency for longer intervals between learning sessions to produce better memory than shorter intervals (see
Carpenter™). In this task, which is commonly used to study learning and memory processes in rodents,*”
animals typically receive a single aversive foot shock after stepping down from a little platform to the floor.
Retention is tested later by measuring the rats’ latency to step down to the floor when placed again on the
platform. Our previous work showed that a weak IA training session results in IA-LTM if coupled with a
contiguous open field (OF) session via the molecular mechanisms underlying the BT process. In this sce-
nario, the weak |A training sets a learning tag, which is transient and lasts less than 2 h, and the OF exposure
provides the PRPs captured by the tag to stabilize the memory.° It is, therefore, important to ask if the same
mechanisms underlie LTM formation on retraining. Given that a single weak |A session does not establish
LTM, we hypothesized that cooperation between two successive weak sessions via a BT mechanism is
required to establish IA-LTM, which would explain the advantage of spaced training to induce LTM. In
particular, we suggest that the retraining session would mainly retag the sites initially labeled by the prior
training session. PRPs required for memory consolidation would be synthesized as a result of the sum or
synergy of two consecutive weak training sessions when they are spaced by an appropriate inter-trial inter-
val (ITl) and rendered available for capture at the tag from the second session. Using a pharmacological
approach, we investigated the role of extracellular regulated kinases 1/2 (ERKs1/2), protein kinase A
(PKA) and calcium/calmodulin-dependent protein family kinases (CaMKs) on tag setting and/or PRPs syn-
thesis as these molecules are required for IA memory formation.** Blockade of these kinases during specific
times of the training sessions allowed us to determine their participation and the necessity for the pro-
cesses of protein synthesis and/or tag-setting.

We show that two weak IA training sessions spaced by a temporal window varying between 15 min and 6 h
promote IA-LTM formation and that this phenomenon requires protein synthesis and the activation of
ERKs1/2, CaMKs and PKA in the dorsal hippocampus. Our data indicate that CaMKs contribute to tag-
setting, ERKs1/2 to PRPs synthesis and PKA to both processes. Finally, we show that the combination of
two weak sessions of different hippocampal-dependent memory tasks does not promote LTM for either
task, which suggests that overlap of the neuronal populations activated by each training session is required
to promote the interaction between cellular resources at specific learning sites. Overall, our results suggest
that the BT mechanism provides a valid account of IA-LTM formation via retraining and that the processes
of tag setting and PRP synthesis may explain the molecular constraints of the classic effect of spaced
learning on memory formation.

RESULTS

Two consecutive weak IA training sessions induce LTM when spaced by an interval between
15 minand 6 h

In the IA task used in our work, rats placed on an elevated platform learned to inhibit stepping down onto
the floor of the conditioning apparatus as they received a foot shock on descent. In the one-trial protocol
(Ctrl), a weak shock (0.3 mA, 2 s) does notinduce LTM 24 h after training as the step-down latency in the test
session is short and similar to that in the training session (Figure 1, p > 0.05 versus Training) (see also Mon-
cada and Viola®).

To study the temporal limits of LTM formation induced by weak spaced training in this task, we performed
two weak IA training sessions separated by different ITls varying from 5 min to 24 h in eight independent
groups of animals (5min, 15min, 1h,2h,4h,6h,9h, and 24 h; Figure 1). A control group was trained with a
single weak IA training session. Control and experimental groups were tested for LTM 24 h after training.
Step-down latency results in seconds by group were presented as median [interquartile range] in Figure 1
(Training, 7.95[6.45/22.15]; Ctrl, 17.00 [9.25/39.22]; 5min, 21.55 [14.55/42.52]; 15min, 118.40 [40.61/167.70];
1h, 170.70 [23.34/300]; 2h, 166.40 [27.05/300]; 4h, 184.50 [59.45/300]; 6h, 91.47 [47.60/144.60]; 9h, 48.15
[18.46/89.66]; 24h, 13.18 [10.36/25.23]). IA-LTM was present in groups that experienced a second weak
IA training session spaced from the first session by an [Tl ranging from 15 min to 6 h (Figure 1,
p < 0.0001 versus Training). These animals increased their latency to step down from the platform
compared to the control group (Figure 1, p < 0.05-0.001 versus Ctrl). On the contrary, training sessions
spaced by 5 min or by ITls longer than 6 h (9 and 24 h) did not induce IA-LTM (Figure 1, p > 0.05 versus
Ctrl and Training). Taken together, our results confirm, on the one hand, that a single weak training session
is unable to promote 24-h LTM show, on the other hand, that two spaced weak training sessions can pro-
mote LTM if the ITI separating them is between 15 min and 6 h.
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Figure 1. Two consecutive weak IA training sessions induce LTM when spaced by an interval between 15 min and 6 h

(Left) Diagram illustrating the experimental protocol. A total of 145 rats were randomly assigned to the control group or to an experimental group. The
control group (Ctrl 1-Trial, n = 17) received a weak foot-shock in a single weak IA training. The groups trained with two weak IA sessions differed in the ITI,
which varied from5minto 24 h (5min,n=17;15min,n=18;1h,n=18;2h,n=19;4h,n=17;6h,n=17;9h,n =14; 24 h, n = 8). The step-down latency was
registered during a test session 24 h after the training. (Right) Latency results in seconds are expressed as median + IQR. ‘Training’ indicates the latency
recorded during a representative first training session (n = 18). Comparisons were done by means of a Kruskal-Wallis test with p < 0.0001 and Dunn’s multiple
comparisons between groups (***p < 0.001 and *p < 0.05 versus Ctrl 1-Trial; groups 15min to 6h are p < 0.0001 versus Training).

Combining a weak IA session with a weak SOR does not result in IA-LTM formation

To evaluate if LTM promotion by two consecutive training sessions is task specific, we used two weak,
different hippocampal-dependent tasks spaced by an ITl of 4 h. In addition to train rats with a weak A ses-
sion, we also trained them with a weak Spatial Object Recognition (SOR) session. In this session, animals
explored during 4 min two identical objects placed in adjacent corners of an arena. This exposure time
does not lead to a 24-h LTM (SOR-LTM), because animals replaced in the arena in which one of the objects
was displaced to a novel location do not allocate more time exploring the displaced object,'%?" as they
typically do when SOR-LTM is present.”

One group of rats received a weak |A training session followed by a weak SOR training session (IA + SOR)
whereas another group experienced the reversed sequence of tasks (SOR+IA). Two further control groups
were included, one trained with a single weak IA session (Ctrl) and another trained with two weak |A ses-
sions also spaced by 4 h (IA + IA). All four groups were tested for IA-LTM 24 h after the end of training.
Step-down latency results by group in seconds were presented as median [interquartile range] in Figure 2
(Training, 11.43[8.14/16.56]; Ctrl, 23.80 [11.14/32.64]; IA + 1A, 115.10[65.65/174.10]; IA + SOR, 20.70[13.06/
36.25]; SOR+IA, 28.62 [11.71/52.55]).

Figure 2 shows that only the group trained with two consecutive weak IA sessions exhibited a significant
24-h IA-LTM reflected in their longer latency to step down from the platform (Figure 2, p < 0.0001 versus
Training and p < 0.05 versus all other groups). IA-LTM was neither observed in the control group trained
with a single weak |A session, nor in the groups having experienced combined weak IA and weak SOR ses-
sions (Figure 2, p > 0.05 versus Training).

These results indicate that the process of LTM formation is task specific. Only two spaced sessions of the
same task led to a 24-h IA-LTM, which suggests that common substrates and neuronal populations need to
be activated by each training session to promote the interaction of cellular resources at the specific
learning sites that lead to LTM.

Protein-synthesis inhibition in the dorsal hippocampus impairs IA-LTM formation after spaced
training - A novel open field (OF) task prevents this effect

After showing that rats trained with two weak IA sessions spaced by 4 h form an IA-LTM observable 24 h
after training, we assessed if this memory requires the synthesis of proteins. We thus performed hippocam-
pal infusions of the protein-synthesis inhibitor emetine (EME) either before the first (Figure 3A) or the
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Figure 2. Combining wlA and wSOR does not result in IA-LTM formation

2-Trials

(Left) Diagram illustrating the experimental protocol. A total of 44 rats were randomly assigned to the control group or to an experimental group. Control
group rats (Ctrl 1-Trial, n = 12) were trained with a single weak |A task, whereas the IA + |A group (n = 9) received 2 identical weak IA sessions (wlA) separated

by 4 h. Other two groups were submitted to different tasks, a weak IA session 4 h before a weak SOR session (IA + SOR, n = 10) or a weak SOR session
followed 4 h later by a weak IA session (SOR+IA, n = 13). The step-down latency was recorded during a test session 24 h after training. (Right) Latency results

arerepresented as median + IQR. ‘Training’ indicates the latency recorded during a representative first training session (n = 12). Comparisons were done by
means of a Kruskal-Wallis test with p < 0.001 and Dunn'’s multiple comparisons between groups (*p < 0.05 versus Ctrl 1-Trial, IA + SOR and SOR+IA;

p < 0.0001 IA + IA versus Training).

second weak |A training session (Figure 3B) to determine in a test performed 24 h after training if this in-
hibition affected IA-LTM formation. Control animals were injected with vehicle in parallel to experimental
groups. An additional control group was trained with a single weak IA session and infused with vehicle
before the session. Step-down latency results by group in seconds were presented as median [interquartile
range] in Figure 3A (Ctrl, 21.01 [14.42/34.51]; Veh, 220.70 [144.30/293.70]; EME, 37.87 [26.57/47 .42]; EME+
OF, 225.00 [93.33/300]), and Figure 3B (Ctrl, 26.38 [19.87/35.84]; Veh, 205.60 [158.80/280.80]; EME, 55.99
[35.65/67.25]; EME+OF, 219.00 [156.00/300]). As expected, animals in the control group did not form 1A-
LTM 24 h after training (Figures 3A and 3B, Ctrl 1-Trial).

Rats trained with two weak A sessions and infused with vehicle before the first session, expressed IA-LTM
(Figure 3A, p < 0.0001 Veh versus Ctrl); on the contrary, animals infused with EME did not exhibit LTM (Fig-
ure 3A, p > 0.05 EME versus Ctrl), thus showing a dependency of IA-LTM on protein synthesis. Similar
results were observed when rats received the infusions before the second weak IA session. In this case, an-
imals infused with vehicle showed again a significant IA-LTM 24 h after training (Figure 3B, p < 0.001 Veh
versus Ctrl) whereas animals infused with EME did not exhibit IA-LTM (Figure 3B, p > 0.05 EME versus Ctrl).
These results indicate that the formation of IA-LTM induced by retraining requires protein synthesis in the
dorsal hippocampus.

In a previous study, we showed that a weak IA training session results in IA-LTM if coupled to a contiguous
OF session via the molecular mechanisms underlying the BT process, namely the setting of a learning tag
by the weak A training and the provision of PRPs by the OF exposure.® We thus reasoned that the amnesic
effect of EME in |A retraining could be counteracted by OF exposure 1h before the second weak I1A session.
During this OF session, animals having experienced the first weak IA training session were allowed to
explore the novel spatial context of a square arena during 5 min. Figures 3A and 3B show that in animals
infused with EME either before the first or the second weak IA session, OF exploration restored IA-LTM
(Figures 3A and 3B, p < 0.05 EME+OF versus EME). These results suggest that EME did not affect the
setting of the weak |A learning tag and that the OF experience supplied the necessary resources to consol-
idate IA-LTM.

Inhibition of ERKs1/2 activation in the dorsal hippocampus impairs IA-LTM formation after
spaced training - A novel open field (OF) task prevents this effect

Our previous work showed that a weak IA training session induces a transient learning-tag that lasts less
than 2 h and that is independent of ERKs1/2 activation in the dorsal hippocampus.®* We thus aimed at

4 iScience 26, 107278, August 18, 2023
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Figure 3. Protein-synthesis inhibition in the dorsal hippocampus impairs IA-LTM formation after spaced training - A novel Open Field (OF) task
prevents this effect

(Top) Diagrams illustrating the experimental protocols. A total of 48 rats in (A) and 35 rats in (B) were randomly assigned to the control group or to an
experimental group.

(A) Control-group rats (Ctrl 1-Trial, n = 14) received an intra-dorsal hippocampal infusion of vehicle (Veh) 15 min before a single weak IA training session.
Experimental animals received intra-dorsal hippocampal infusions of vehicle (Veh 2-Trials, n = 14) or emetine (EME 2-Trials, n = 11) 15 min before the first
weak IA session. Another group injected with emetine was also exposed to a novel OF session 1h before the second weak |A session, which was performed
4 h after the first one (EME+OF 2-Trials, n = 9). All groups were tested for IA-LTM 24 h |ater. Latency is represented as median & IQR. Comparisons were done
by means of a Kruskal-Wallis test with p < 0.0001 and Dunn'’s multiple comparisons between groups (****p < 0.0001 and ***p < 0.001 versus Ctrl

1-Trial; ++p < 0.01 versus Veh 2-Trials; Ap < 0.05 versus EME+OF 2-Trials).

(B) Control-group rats (Ctrl 1-Trial, n = 9) received an intra-dorsal hippocampal infusion of vehicle (Veh) 15 min before a single weak IA training session.
Experimental animals trained with a second weak |A session were injected with vehicle (Veh 2-Trials, n = 8) or emetine (EME 2-Trials, n = 10) 15 min before the
second session, which was performed 4 h after the first one. Another group injected with emetine was also exposed to a novel OF session 1h before the
second weak |A session (EME+OF 2-Trials, n = 8). All groups were tested for IA-LTM 24 h later. Latency is represented as median + IQR. Comparisons were
done by means of a Kruskal-Wallis test with p < 0.0001 and Dunn’s multiple comparisons between groups (****p < 0.0001 and ***p < 0.001 versus Ctrl
1-Trial; +p < 0.05 versus Veh 2-Trials; Ap < 0.05 versus EME+QOF 2-Trials).

studying if ERKs1/2 activation is required during the formation of IA-LTM following two weak IA training
sessions. We used an experimental design similar to that of the previous section, infusing animals either
with vehicle or with the specific MEK inhibitor U0126 before the first (Figure 4A) or the second weak 1A
training session (Figure 4B). An additional control group not forming IA-LTM was trained with a single
weak |A session and infused with vehicle before this session. Step-down latency results by group in seconds
were presented as median [interquartile range] in Figure 4A (Ctrl, 14.94 [10.89/38.00]; Veh, 145.50 [60.56/
240.10]; U0126, 29.45[14.04/68.01]; U0126+0OF, 190.10[152.50/300]), and Figure 4B (Ctrl, 14.00 [5.90/21.40];
Veh, 92.75 [58.65/263.40]; U0126, 29.74 [18.94/33.39]; U0126+OF, 181.60 [80.41/283.00]).

Figure 4A shows that retrained experimental rats infused with vehicle before the first weak A session ex-
hibited significant IA-LTM (p < 0.001 Veh versus Ctrl) whereas rats infused with U0126 had no LTM
(p > 0.05 U0126 versus Ctrl). A similar result was observed when rats were infused before the second
weak |A session (Figure 4B): vehicle-infused animals exhibited significant IA-LTM (p < 0.001 Veh versus

iScience 26, 107278, August 18, 2023 5
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Figure 4. Inhibition of ERKs1/2 activation in the dorsal hippocampus impairs IA-LTM formation induced by retraining - A novel OF exposure
prevents this effect
(Top) Diagrams illustrating the experimental protocols. A total of 61 rats in (A) and 45 rats in (B) were randomly assigned to the control group or to an

experimental group.

(A) Control-group rats (Ctrl 1-Trial, n = 16) received an intra-dorsal hippocampal infusion of vehicle (Veh) 15 min before a single weak IA training session.
Experimental, retrained animals received intra-dorsal hippocampal infusions of either vehicle (Veh 2-Trials, n = 16) or U0126 (U0126 2-Trials, n = 14) 15 min
before the first weak |A session. Another group was injected with the MEK inhibitor U0126 and was exposed to a novel OF session 1h before the second weak
IA session (U0126+OF 2-Trials, n = 15). All groups were tested for IA-LTM 24 h later. Latency is represented as median + IQR. Comparisons were done by
means of a Kruskal-Wallis test with p < 0.0001 and Dunn'’s multiple comparisons between groups (****p < 0.0001 and ***p < 0.001 versus Ctrl 1-

Trial; +p < 0.05 versus Veh 2-Trials; A A Ap < 0.001 versus U0O126+OF 2-Trials).

(B) Similar to (A), control group rats (Ctrl 1-Trial, n = 11) received an intra-dorsal hippocampal infusion of vehicle (Veh) 15 min before a single weak IA training
session. Experimental, retrained animals subjected to a second weak |A session were injected with either vehicle (Veh 2-Trials, n = 12) or U0126 (U0126 2-
Trials, n = 14) 15 min before the second weak IA session, performed 4 h after the first one. Another retrained group injected with U0126 was also exposed to a
novel OF session 1h before the second weak IA session (U0126+OF 2-Trials, n = 8). All groups were tested for IA-LTM 24 h later. Latency is represented as
median + IQR. Comparisons were done by means of a Kruskal-Wallis test with p < 0.0001 and Dunn’s multiple comparisons between groups (****p < 0.0001
and ***p < 0.001 versus Ctrl 1-Trial; +p < 0.05 versus Veh 2-Trials; A Ap < 0.01 versus U0126+OF 2-Trials).

Ctrl) whereas U0126-infused animals did not exhibit IA-LTM (p > 0.05 U0126 versus Ctrl). Overall, these re-
sults indicate that the formation of IA-LTM induced by retraining requires the activation of ERKs1/2 in the
dorsal hippocampus. However, they do not allow to determine if ERKs 1/2 had a selective role for tag
setting and/or PRP synthesis.

To determine if ERKs1/2 participated in one of these processes, we included an additional group experi-
encing two weak IA training sessions spaced by an [Tl of 4 h and an interspersed OF session occurring 1 h
before the second weak IA session. Infusion of U0126 was performed either before the first (Figure 4A) or
the second weak IA session (Figure 4B). If the infusion of U0126 impaired the synthesis of PRPs, OF expo-
sure before the second weak IA session would contribute the PRPs restoring IA-LTM.

Our results show that irrespective of the timing of U0126 infusion, the OF session restored the IA-LTM that
was suppressed by the MEK inhibitor (Figures 4A and 4B, p < 0.01-0.001 U0126+OF versus U0126). These
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Figure 5. CaMKs inhibition in the dorsal hippocampus prior retraining impairs IA-LTM formation - A novel Open Field (OF) task does not prevent
this effect

(Top) Diagrams illustrating the experimental protocols. A total of 65 rats in (A) and 54 rats in (B) were randomly assigned to the control group or to an
experimental group.

(A) Control-group rats (Ctrl 1-Trial, n = 17) received an intra-dorsal hippocampal infusion of vehicle (Veh) 15 min before a single weak IA training session.
Experimental retrained animals received intra-dorsal hippocampal infusions of either vehicle (Veh 2-Trials, n = 16) or KN62 (KNé2 2-Trials, n = 16) 15 min
before the first weak |A session. Another group injected with KN62 was also exposed to a novel OF session 1h before the second weak IA session (KN62+OF
2-Trials, n = 16). All groups were tested for IA-LTM 24 h later. Latency is represented as median & |IQR. Comparisons were done by means of a Kruskal-Wallis
test with p < 0.0001 and Dunn'’s multiple comparisons between groups (****p < 0.0001 and ***p < 0.001 versus Ctrl 1-Trial).

(B) Similar to (A), control-group rats (Ctrl 1-Trial, n = 15) received an intra-dorsal hippocampal infusion of vehicle (Veh) 15 min before a single weak A training
session. Experimental, retrained animals subjected to a second weak |A session were injected with either vehicle (Veh 2-Trials, n = 13) or KN62 (KN62 2-Trials,
n = 14) 15 min before the second weak IA session. Another group injected with KN62 was exposed in addition to a novel OF session 1h before the second
weak |A session (KN62+OF 2-Trials, n = 12). All groups were tested for IA-LTM 24 h |ater. Latency is represented as median + IQR. Comparisons were done
by means of a Kruskal-Wallis test with p < 0.0001 and Dunn'’s multiple comparisons between groups (****p < 0.0001 versus Ctrl 1-Trial; ++p < 0.01 versus Veh
2-Trials).

results indicate that ERK1/2 activation is necessary during both training sessions to induce the synthesis of
proteins. Moreover, the fact that OF exposure prevented amnesia induced by the infusion of U0126 before
the second weak IA training session suggests that ERKs1/2 activation was not involved in the setting of the
learning tag induced by the weak IA sessions.

CaMKs inhibition in the dorsal hippocampus prior retraining impairs IA-LTM formation - A
novel open field (OF) task does not prevent this effect

To study the role of CaMKs in IA-LTM formation after spaced aversive training, we infused rats with either
vehicle or the CaMKs inhibitor KNé2 before the first (Figure S5A) or the second weak A training session (Fig-
ure 5B). An additional control group not forming IA-LTM was trained with a single weak IA session and
infused with vehicle before this session. Step-down latency results by group in seconds are shown as me-
dian [interquartile range] in Figure 5A (Ctrl, 16.38 [13.72/29.98]; Veh, 256.80 [163.50/300]; KNé2, 157.50
[115.90/203.80]; KN62+OF, 189.90 [77.61/300]), and Figure 5B (Ctrl, 21.75 [11.48/47.40]; Veh, 233.80
[147.80/300]; KN62, 40.43 [17.88/60.43]; KN62+OF, 37.57 [18.06/68.77]).
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Rats infused with either vehicle or KN62 before the first weak |1A session exhibited a significant IA-LTM 24 h
after training (Figure 5A, p < 0.0001 Veh versus Ctrl; p < 0.001 KN62 versus Ctrl). On the contrary, when
KN62 was delivered before the second weak IA session, IA-LTM was impaired (Figure 5B, p > 0.05 KN62
versus Ctrl; p < 0.01 KN62 versus Veh). Infusion of vehicle before this session preserved IA-LTM as expected
(p < 0.0001 Veh versus Ctrl).

To determine if activity of the CaMK-family kinases was involved in tag setting and/or PRP synthesis, we
included additional groups that experienced two weak IA training sessions spaced by an ITl of 4 h and
had an interspersed OF session occurring 1 h before the second weak A session. KN62 was infused either
before the first (Figure 5A) or the second weak IA session (Figure 5B). Of interest, OF exposure had a
different effect on IA-LTM formation depending on the timing of KNé2 infusion. When KNé2 was infused
before the first weak |A session, exploration of the OF did not change the results observed in the absence of
OF experience (Figure 5A, p > 0.05 KN62-OF versus KN62), i.e., IA-LTM was observed in both cases
(Figure 5A, p < 0.001 KNé62 versus Ctrl; p < 0.0001 KN62-OF versus Ctrl). This result indicates that protein
resources contributed by the OF event were redundant with available ones, i.e., that KN62 did not affect
protein synthesis. Yet, when KN62 was infused before the second weak |A session, exploration of the OF
did not restore IA-LTM (Figure 5B, p > 0.05 KN62-OF versus KN62). In other words, as the OF experience
is known to induce PRP synthesis, what would be missing is the tag capturing them.

Besides acting on CaMK-family kinases, KN62 has been shown to antagonize the P2X7 purinergic recep-
tor.>>3¢ This effect is consistent for human P2X7 receptors but less significant for rat P2X7 receptors,’’
even if hippocampal administration of a P2X7 selective antagonist (A-740003) before fear conditioning
slightly impaired memory formation. Despite this difference, we aimed nevertheless at verifying if the
impairment of IA-LTM observed when KN62 was delivered before the second weak IA session (Figure 5B)
was because of an off-target effect of KN62 on P2X7 receptors rather than on CaMK family kinases.

We thus administered locally A-740003 before the second weak IA session and determined the effects of
this treatment on IA- LTM. Inhibiting the P2X7 receptors had no effect on IA-LTM (see Figure S1), thus ruling
out the participation of P2X7 receptors in the amnesia induced by the administration of KNé2 before |1A
training. Overall, these results support a critical role of CaMKs for tag setting -but probably not for PRP syn-
thesis-in the dorsal hippocampus during the learning protocol used in our work.

PKA inhibition impairs IA-LTM formation induced by retraining - A novel Open Field (OF)
prevents or not this effect depending on the timing of inhibition

Finally, we studied the role of PKA on IA-LTM formation after spaced training with two weak |A sessions. To
this end, we infused rats with either vehicle or the PKA inhibitor Rp-cAMP before the first (Figure 6A) or the
second weak |A training session (Figure 6B). As in the previous experiments, an additional control group
not forming IA-LTM was trained with a single weak A session and infused with vehicle before this session.
Step-down latency results by group in seconds were presented as median [interquartile range] in Figure 6A
(Ctrl, 30.24 [18.24/43.07]; Veh, 192.60[111.30/300]; RP, 41.82 [17.10/63.47]; RP + OF, 199.60 [96.59/267.50]),
and Figure 6B (Ctrl, 24.71 [21.84/31.55]; Veh, 76.45 [58.02/216.10]; RP, 19.90 [14.45/67.52]; RP + OF, 24.20
[15.39/37.56)).

Vehicle-infused retrained groups exhibited significant IA-LTM 24 h after training, irrespective of the timing
of the vehicle infusion (Figure 6A, p < 0.01 Veh versus Ctrl; Figure 6B, p < 0.05 Veh versus Ctrl). On the con-
trary, IA-LTM was absent in Rp-cAMP-infused animals irrespective of the timing of infusion (Figures 6A and
6B, p > 0.05 RP versus Ctrl), thus showing the involvement of PKA activity in IA-LTM formation following
spaced training with two weak A sessions.

Including a session of OF exploration in additional groups infused with Rp-cAMP yielded results, which
differed according to the infusion time. When OF exploration preceded Rp-cAMP infusion, i.e., when infu-
sion occurred before the second weak IA session, LTM was not restored despite the potential contribution
of PRPs by OF exploration (Figure 6B, p > 0.05, RP + OF versus RP). These results suggest that PKA activity
participates in the setting of the learning tag by the second IA session as no LTM was formed even in the
presence of PRP supply by the OF event. On the contrary, when OF exploration followed Rp-cAMP infusion,
i.e., when infusion occurred before the first weak |A session, LTM was restored (Figure 6A, p <0.05, RP + OF
versus RP). This result indicates on the one hand that Rp-cAMP infusion before the first weak IA session did
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Figure 6. PKA inhibition impairs IA-LTM formation induced by retraining - A novel Open Field (OF) prevents or not this effect depending on the
timing of inhibition

(Top) Diagrams illustrating the experimental protocols. A total of 26 rats in (A) and 27 rats in (B) were randomly assigned to the control group or to an
experimental group.

(A) Control-group rats (Ctrl 1-Trial, n = 7) received an intra-dorsal hippocampal infusion of vehicle (Veh) 15 min before a single weak IA training session.
Experimental groups received intra-dorsal hippocampal infusions of either vehicle (Veh 2-Trials, n = 6) or Rp-cAMP (RP 2-Trials, n = 6) 15 min before the first
weak IA session. Another group also injected with Rp-cAMP before the first IA session was exposed in addition to a novel OF session 1h before the second
weak |A session (RP + OF 2-Trials, n = 7). All groups were tested for IA-LTM 24 h later. Latency is represented as median + IQR. Comparisons were done by
means of a Kruskal-Wallis test with p < 0.001 and Dunn’s multiple comparisons between groups (**p < 0.01 versus Ctrl 1-Trial; +p < 0.05 versus Veh 2-Trials;
A p <0.05 versus RP + OF 2-Trials).

(B) Similar to (A), control-group rats (Ctrl 1-Trial, n = 7) received an intra-dorsal hippocampal infusion of vehicle (Veh) 15 min before a single weak IA training
session. Experimental, retrained animals subjected to a second weak |A session were injected with either vehicle (Veh 2-Trials, n = 7) or Rp-cAMP (RP 2-Trials,
n = 6) 15 min before the second weak IA session. An additional group similarly injected with Rp-cAMP was also exposed to a novel OF session 1h before the
second weak |A session (RP + OF 2-Trials, n = 7). All groups were tested for IA-LTM 24 h later. Latency is represented as median + IQR. Comparisons were
done by means of a Kruskal-Wallis test with p < 0.01 and Dunn'’s multiple comparisons between groups (*p < 0.05 versus Ctrl 1-Trial; +p < 0.05 versus Veh 2-
Trials).

not affect tag setting induced by the second IA session 4 h later as otherwise LTM would not be observable.
It shows, on the other hand, that amnesia induced on injection of Rp-cAMP before the first IA session in the
group that did not experience the OF event was because of an effect of the inhibitor on protein synthesis.
Hence, when the OF experience was added to an equivalent group, LTM was restored. Overall, these re-
sults suggest a critical double role of PKA signaling in LTM formation following training with two spaced
weak |A sessions: it is required for tag setting induced by weak |A sessions and for protein synthesis neces-
sary to stabilize memory into an LTM form.

DISCUSSION

Our goal was to determine if the BT framework accounts for aversive LTM formation during spaced training
trials in rats, and the possible role of different kinases in this process. We showed that two identical weak 1A
sessions spaced from 15 min to 6 h induce a 24-h LTM and that this process can be explained by a BT
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mechanism, where ERKs are involved in PRP synthesis but not in tag setting, CaMKs is only needed for tag
setting, and PKA is required for both processes. We thus extend the broad spectrum of learning and mem-
ory phenomena for which BT provides a valid mechanistic explanation to the case of aversive spaced
learning.

Spaced training, neural assembly specificity and protein synthesis during memory
consolidation

A recurrent feature of the process of memory formation in multiple species is that learning sessions spaced by
long ITI (spaced training) lead to more robust memories than training sessions with little or no resting interval
(massed training).” Our results show that while a single weak IA training session does not lead to IA-LTM, add-
ing a retraining session within a time window in the range of 15 min to é h (Figure 1) induces LTM formation. In
contrast, if a weak IA session is combined with a weak SOR session, no IA-LTM is formed (Figure 2) even if both
learning forms depend on the dorsal hippocampus.®**® During the weak SOR session, animals briefly
explored objects in a context to which they had been previously familiarized by two prior sessions of habitu-
ation. Thus, the SOR session did not meet the necessary condition of novelty required to promote PRP syn-
thesis and IA LTM.® We thus suggest that the different nature of the tasks, and their weakness, may result
in the activation of neural substrates with scarce overlap, leading to suboptimal sharing of cellular mechanisms
and an insufficient induction of PRPs synthesis. In this sense, neuronal ensembles activated by initial learning
are necessary for relearning and strengthening memories. For instance, when specific subset of neurons acti-
vated by initial fear conditioning are inhibited, relearning is impaired, thus suggesting that the activity of the
initial ensemble is dedicated to the same learning and is not substitutable.*”

We also observed that if the ITI between two weak IA session is shorter than 15 min or longer than 6 h, pro-
motion of IA-LTM did not occur as the response observed in the 24-h test did not differ from that induced
by training with a single weak |A session (Figure 1). Importantly, spaced training affects the specificity of the
neural assemblies engaged in learning. In mice trained on an appetitive delayed matching-to-place task,
which depends on the dorsomedial prefrontal cortex, calcium-imaging recordings of excitatory neurons in
this brain region revealed that longer trial spacing increased the similarity of the population activity pattern
on subsequent encoding trials and on retrieval.*° Thus, spaced learning promotes reactivation of prefrontal
neuronal ensembles and facilitates, therefore, sharing and cooperation between molecular processes at
identical neural sites engaged in retraining.

Besides promoting neural specificity, spaced learning trials consolidate information acquired into LTM via
the process of protein synthesis.>"" Therefore, it was important to verify that our conditioning protocol
leading to a 24-h IA-LTM also induced protein synthesis. Our results showed that protein synthesis was
indeed necessary for the formation of IA-LTM following two weak spaced training sessions as injection
of the protein synthesis inhibitor EME in the dorsal hippocampus either before the initial training session
or before the retraining session 4 h later, resulted in amnesia (Figures 3A and 3B). Thus, the lack of effec-
tiveness of shorter ITls (e.g., 5 min) to promote IA-LTM could be because of the inability of the second weak
|A session to induce the synthesis of PRPs. Possibly, the interaction of intracellular signals triggered by each
training session is required and needs to exceed a minimum IT| for this process to be operational at the
time of the second session. In the case of ITls longer that 6 h, which also failed to induce IA-LTM, molecular
changes triggered by the first weak IA session would fade out before the second weak IA session, thus pre-
cluding any interaction or cooperation needed for LTM.

A BT account of LTM formation on aversive spaced training

The BT hypothesis postulates that learning induces tags in specific neural sites, which allow capturing PRPs
to consolidate memory traces.®’ Both processes, tag setting and PRP synthesis, are necessary to consol-
idate LTM because the absence of any of them impairs memory formation.* For instance, training rats
with a single weak IA session (the Ctrl group used in the present experiments) leads to tag setting.®
Coupling this training with a relevant event such as a novel OF exploration, which supplies PRPs, induced
a robust IA-LTM, which would not be observed in the absence of the OF experience.® The learning tag
induced by the weak |A training session is short-lived and lasts less than 2 h. In consequence, OF exposure
after this period fails to induce IA-LTM as the PRPs supplied cannot be longer captured by an absent tag.®

The time window between two weak |A training sessions required to promote IA-LTM (15 min-6 h) is wider
than that separating a novel OF exposure as a provider of PRPs from the second IA session (1 h).° In the
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framework of the BT hypothesis, we suggest that retraining will mainly retag the sites initially labeled by the
prior training session and that PRPs required for memory consolidation will be synthesized as a result of the
sum or synergy of the activation of intracellular signaling cascades induced by each weak training session.
Our results suggest that these processes operate within a time window that extends up to 6 h between both
weak IA sessions (Figure 1). Similar results have been recently reported for the SOR task.' Using two weak
SOR sessions, each of which is unable to promote LTM on its own, SOR-LTM was promoted when the two
sessions were spaced by an ITl ranging from 15 min to 7 h.?" This ITl is 1 h longer than that found in the
present work, thus suggesting that the molecular processes triggered by a first SOR session are more
persistent in time.

ERKs1/2 activation is required to induce IA-LTM on spaced training: A role in protein
synthesis

Studies focusing on aversive olfactory learning in flies, conditioning of the tail-elicited siphon withdrawal
reflex in Aplysia or object location memory in mice found that changes in ERKs1/2 activities are required
to promote or improve memories by retraining.'**~*¢ Previous works have also demonstrated the activa-
tion of ERKs1/2 in the dorsal hippocampus during IA-LTM formation.”’*® Here, we studied the role of
ERKs1/2 activity for the processes of tag setting and PRP synthesis during retraining (Figure 4). As retraining
with the second weak IA session would mainly retag the sites labeled by the first training session, we used
an ITl of 4 h to ensure that the transient learning-tag induced by the first weak IA session had already
declined.® We found that the MEK inhibitor U0126, which blocks ERKs1/2 activation, impaired the forma-
tion of IA-LTM when injected both before the first weak IA session (Figure 4A) and before the second weak
IA session (Figure 4B). However, exploration of a novel OF 1 h before retraining with the second |A session
prevented this amnesia. As the OF event is known to provide PRPs,'” LTM rescue would be achieved via this
supply of PRPs. This result confirms previous findings indicating that ERKs1/2 activity was not required for
the setting of the IA learning tag and indicates that the PRPs induced by the novel OF exposure are used in
the process of IA-LTM formation.** Our data suggest that ERKs1/2 are key molecules involved in the pro-
cess leading to PRP synthesis. Thus, ERKs1/2 blockade before the first or the second session would be
responsible for the amnesia observed on injection with U0126. We propose that PRPs required for memory
consolidation are synthesized as the consequence of summation or synergistic effect between the two
consecutive, weak A sessions experienced within an appropriate temporal window.

CaMKs activation is required to induce IA-LTM on spaced training: A role in tag setting

Kinases of the CaMK family are involved in the early phase of IA-LTM formation. In this task, training induces
arapidincrease of aCaMKll activity in the dorsal hippocampus.*? At the synaptic level, training results in the
translocation of «CaMKIl to the post-synaptic density, a dense lamina just beneath the postsynaptic mem-
brane,”® where it shapes activity-induced changes in the spine.”’ In addition, blocking CaMKs activity in the
hippocampus after training induces amnesia for associative aversive and non-associative spatial tasks.”*>*
Consistently, complete loss of «CaMKII activity in a knock-in mouse model resulted in severe impairment of

IA learning.”®

Despite the well-studied role of CaMKll as an essential mediator of activity-dependent synaptic plasticity,”
the participation of this kinase in learning protocols based on multiple trials has been less characterized. In
infant mice trained to learn the nest location using olfactory cues during four learning sessions separated
by minutes, genetical overexpression of this kinase in the hippocampus induces impaired olfactory-based
spatial learning.”” Conversely, an increase of CaMKIl phosphorylation is observed in protein-phosphatase-
1 genetically inhibited mice, which exhibit enhanced object recognition learning when trained with five tri-
als separated by short ITls.”® Here, we inhibited CaMKs activity in the dorsal hippocampus before the first
or the second weak IA session when these were separated by an ITl of 4 h. We found that CaMKs blockade
via infusion of KN62 before the second weak IA session (but not before the first session) impairs the forma-
tion of IA-LTM, which, unlike the blockade of ERKs1/2, cannot be prevented by a novel OF exposure (Fig-
ure 5B). This result agrees with findings of Barros et al.>” showing that the amnesic effect of KN62 injected in
the hippocampus after IA training could not be reversed by the administration of drugs with known prom-
nesic action. These data are compatible with the requirement of CaMKs activity for the establishment of the
IA learning tag, as described by Moncada et al.>* They are also in accordance with the role of CaMKIl for
synaptic tag setting induced by a tetanic stimulation capable of inducing LTP,°° a model of synaptic plas-
ticity associated with IA learning.®’ Using hippocampal slices tetanically stimulated, Redondo et al.%” as-
signed a specific role to CaMKIl for the setting of the synaptic tag and to the CaMKK/CaMKIV pathway
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for the synthesis of PRPs. We showed that inhibiting the activity of CaMK-family kinases before the first
weak |A session did not induce amnesia, suggesting that the participation of these kinases in protein syn-
thesis, which depends on the contribution of both training sessions, is not crucial.

Importantly, in concluding this, we excluded a possible off-target effect of KN62 at the level of P2X7 recep-
tors, which are also antagonized by KN62, besides the known action of this drug on CaMK-family kinases.
Indeed, the delivery of the specific P2X7-receptor antagonist A-740003 before the second weak A session
did not affect memory, contrary to the impairment induced by KNé2 delivery under similar conditions. The
absence of effect observed on specific blockade of P2X7 receptors indicates that signaling through P2X7
receptors is not involved in the formation of IA-LTM and that the effect induced by KN62 was exclusive of
the CaMK-family kinases. Moreover, the administration of P2X7 antagonists or the inhibition of the expres-
sion of this receptor in various rat studies led to an effect opposite to the one observed in our work on KN62
delivery, namely a prevention of memory deficits.*>° The results obtained on specific blockade of P2X7
receptors thus confirmed the validity of our conclusions on the participation of CaMKs activity in the estab-
lishment of the learning tag required for IA-LTM.

PKA activation is required for IA-LTM formation on spaced aversive learning: A double role in
tag setting and protein supply

The activation of PKA constitutes an essential component of IA-LTM formation. The administration of spe-
cific PKA inhibitors to the hippocampus after |A training prevents the expression of both STM and LTM in
rats.’’~’ Also, pharmacological inhibition of PKA impairs memory formation in day-old chicks trained on a
single-trial passive avoidance task,”’ and several studies revealed that changes in the cAMP/PKA-signaling
pathway influence rodent memory in the passive avoidance task.”*”’* Parsons and Davis’® showed that PKA
activity is also involved in the promnesic effects of spaced learning in a task in which animals learn to asso-
ciate a light stimulus with a shock. In this case, a single learning trial is insufficient to induce LTM whilst two
learning trials separated by an ITl ranging between 45 min and 7 days induced LTM. This phenomenon re-
quires that both trials are equal and signaled by the same cue. The single training, which does not support
formation of fear memory on its own, results in the phosphorylation of several PKA targets in the amygdala.
Accordingly, blocking PKA activity in the amygdala before the first trial prevents memory formation when
the second trial is delivered 24 h later.””

Ourresults indicate that PKA has a fundamental role in spaced training with two weak |1A sessions. Inhibiting
PKA activity in the dorsal hippocampus via infusion of Rp-cAMP before both the first and the second weak
IA sessions impaired the formation of IA-LTM, yet possibly via two different pathways. In the first case (in-
jection before the first weak |A session; Figure 6A), adding an OF session before the second weak IA session
restored IA-LTM because Rp-cAMP did not affected tag setting by the distant second session and PRPs
were delivered by the OF event. In the absence of OF, tag setting by the second |A session was still possible
so that the observed amnesia may have been because of a blockade of PRP synthesis on Rp-cAMP injection.

In the second case (injection before the second weak IA session; Figure 6B), OF exposure was unable to
prevent amnesia, which suggests that blockade of PKA activity affected also tag setting. This explains
the ineffectiveness of the OF session to restore LTM. When Rp-cAMP was injected before the second ses-
sion (Figure 6B), not only tag setting would be impaired but, in addition, the tag induced by the first weak IA
session would have already declined. In consequence, PRPs supplied by the OF would lack a capture site,
thus leading to amnesia.

Conclusions

Overall, our results are consistent with previous findings highlighting the importance of the activity of
several kinases as molecular determinants of the spacing effect leading to LTM. One proposal is that
they contribute to increase CREB activity and thus to gene transcription,’® which is associated with the for-
mation or enhancement of LTM after spaced training in fear conditioning learning.”’-’® Alternatively, these
kinases could contribute to protein translation at synaptic terminals, affecting thereby memory consolida-
tion.””%” However, the signaling routes induced by each of the two training sessions may differ. In Aplysia,
the study of trial spacing on the induction of LTM for sensitization of the tail-elicited siphon withdrawal re-
flex showed that LTM could be induced with only two spaced training trials spaced by 45 min*?; this effect
depended on the delayed nuclear MAPK activity induced 45 min after the first trial (tail shock) plus the acti-
vation of PKA induced by the second stimulation. In our work, the activities of ERKs1/2 and PKA induced by
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Table 1. Summary of the contribution of different kinases to the processes of learning-tag setting and/or protein synthesis proposed by the
behavioral tagging model of LTM formation

Time of Drug DH infusion Drug DH infusion Drug DH infusion Test 24 h
procedure pre 1st wlA session pre 2nd wlA session pre 1st or 2nd wlA sessions after TR

Impairment of learning Impairment of learning Impairment of PRPs synthesis resultant

Target of tag induced by 1st tag induced by of cooperation between 1st
Drug action (inhibition) wlA session® 2nd wlA session and 2nd wlA sessions IA-LTM
Veh - No No No Yes
Emetine Protein synthesis No No Yes No
uo126 ERKs 1/2 No No Yes No
KN-62 CaMKs Yes Yes No No
Rp-cAMP  PKA Yes Yes Yes No

The table focuses on the main molecular actors targeted, specifies the effect of each drug on the first and second training sessions and on protein synthesis
(PRPs), and indicates whether treatments led to IA-LTM. Drugs were infused into the dorsal hippocampus (DH) previous to the 1st or the 2nd weak IA training
sessions (TR) spaced by 4h.

Data was from Moncada et al.,** using a single wlA session.

both weak IA sessions are required to form IA-LTM. Thus, removing any of these components impaired LTM
formation after spaced training.

The BT hypothesis postulates that at least two processes are required to form LTM, namely the establish-
ment of a transient and specific learning tag and the synthesis of PRPs captured by the tag. Our results show
that these processes are also required to promote the formation of IA-LTM after spaced training. Our re-
sults suggest that tagging and re-tagging induced by the first and the second weak IA sessions, respec-
tively, depend on the activity of CaMKs and PKA. Moreover, our data suggest that the process of protein
synthesis requires the activity of ERKs1/2 and PKA in both training sessions. Their activity would overlast the
half-life of the tag and it would be summed or synergized to induce the synthesis of PRPs in the second
training session. Table 1 summarizes the contribution of these kinases to the processes of tag setting
and/or protein synthesis contemplated in the BT model for LTM formation.

The temporal dynamics of kinase activation would be fundamental to promote a cooperative and/or syn-
ergic phenomenon that cannot be achieved at very short or widely separated ITls. Also, the local distribu-
tion of kinase activity, i.e., the specificity of the neural substrates engaged by each training session, would
be a constraint for IA-LTM promotion after retraining. In other words, when two different, weak tasks are
used consecutively, LTM is not observed probably because of the lower overlapping of neurons activated
by each session. The learning tag and the PRPs necessary for memory consolidation must share both space
and time (here an ITl ranging from 15 min to é h) to be effective. Overall, our findings suggest that the BT
hypothesis provides a valid account for the well-known effect of spaced training on the promotion of LTM in
IA learning in rodents. Further studies should show if this account is also valid for other forms of spaced
learning in different animal species.

Limitations of the study

Our work presents some limitations inherent to the use of a behavioral pharmacological approach, such as
the possible effect of drugs on other molecular targets. For instance, KN62 potently inhibits CaMKIl but
also antagonizes CaMKI and CaMKIV at similar concentrations.®’ We thus extended our conclusions on
learning tag setting related to the use of KN62 to the CaMK family. Furthermore, as Epac (exchange protein
activated by cAMP) is an alternative cAMP effector,®” Rp-cAMP could also act via Epac inhibition in addition
to its effect on PKA. Yet, there is little evidence for an effect of Epac on memory processes and existing
findings do not support its participation in the effects observed in our paper.®*** Rp-cAMP could also
act on cyclic nucleotide channels (HCN). Impairments in spatial learning and memory have been associated
with an increase in HCN2 in cell membranes of hippocampal CA1 area.®>?° However, septal infusion of a
selective HCN channel blocker did not affect the acquisition or retention of a continuous multiple inhibitory
avoidance task.?” Other works obtained contradictory results concerning the involvement of the HCN in
very short-term memories.?®®” Overall, these findings do not support the involvement of HCN in the clear
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strong amnestic effect on IA-LTM induced by the administration of Rp-cAMP before IA training sessions
(Figures 6A and 6B).

Our behavioral approach has the limitation of not enabling a direct visualization of learning tag and pro-
tein synthesis. Using in vivo imaging of structural and functional changes at the level of individual spines
during retraining would allow overcoming this limitation. Also, an essential aspect of our BT account in
the case of retraining is that the same neural populations are engaged on each weak IA session. Yet, we
did not dispose of the methodology to demonstrate this neural coincidence along retraining. Using a
cellular compartment analysis of temporal activity by fluorescent in situ hybridization (catFISH) for spe-
cific IEGs, it would be, in principle, possible to determine the activity history of neurons during the
consecutive training sessions and estimate possible coincidence in the numbers of active neurons.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experimental animals

550 Male adult Wistar rats between 2 and 3 months of age (weight, 250-400 g) obtained from the Faculty
of Exact and Natural Sciences and the Faculty of Medicine of the University of Buenos Aires (Buenos
Aires, Argentina) were used in this study. Animals were housed in groups of three per cage, with water
and food ad libitum under a 12 h light/dark cycle with lights-on at 07:00 A.M. and a controlled temper-
ature of 21°-23°C. Behavioral procedures took place during the light phase of the cycle. To avoid
emotional stress, all animals were handled during 2 min for two consecutive days before each experi-
ment. During behavioral procedures, the rats were individually moved from their housing cages to the
arena and returned immediately after each trial session. All procedures were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, USA) and
were approved by the Animal Care and Use Committee of the University of Buenos Aires (CICUAL), Bue-
nos Aires, Argentina.
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METHOD DETAILS
Surgery and drug infusion

For hippocampal administration of drugs or vehicle during the experimental procedures, a cranial cannulae
implantation was performed. For this surgery procedure, the rats were deeply anesthetized (70 mg/kg ke-
tamine and 7 mg/kg xylazine) and received a subdermal application of analgesic (meloxicam, 0.2 mg/kg)
and antibiotic (gentamicin, 3 mg/kg). Then, bilateral 22-G cannulae were stereotaxically aimed at the
CA1 region of the dorsal hippocampus at coordinates from Bregma A: —=3.9 mm, L: £3.0 mm, and D:
—3.0 mm (Paxinos and Watson’) and cemented to the skull with dental acrylic. Finally, a short removable
needle was attached at the open end of implanted cannulae to prevent clogging. Then, the animals were
returned to the housing cages to recover from surgery procedures for at least four days. During the exper-
iments, drugs or vehicle, were infused using a 30-G needle with tip protruding 1.0 mm beyond the guide.
The infusion needles were linked by an acrylic tube to a Hamilton microsyringe, and the entire bilateral infu-
sion procedure lasted about 3 min. Infusion needles were left in place for one additional minute after
administration to minimize backflow. Histological examination of cannulae placement was performed after
the end of the behavioral procedures by the infusion of 0.8 pl of 4% methylene blue in saline solution. An-
imals were decapitated 15 min after the hippocampal infusion of methylene blue and their brains were
sliced to verify the infusion area.”’ Only data from rats with correct cannulae implants (95%) were included
in statistical analyses.

Drugs

Emetine (EME, 50 png in 1 pl saline solution per side) was used as protein synthesis inhibitor. U0126 (0.4 ng
diluted in 10% DMSQ in saline and infused in a volume of 0.8 pl per side) was used as an ERKs1/2 inhibitor
given that it blocks the kinase activity of MEK1/2, thus preventing the activation of ERKs1/2. KN62 (3.4 pgin
0.8 ul 20% DMSO-saline/side) was used as inhibitor of kinases of the CaMK family. Rp-cAMP (0.5 pg in 0.8 pl
saline per side) was infused to inhibit PKA. A-740003 10 uM (4.7 ngin 1 ul 10% DMSO-saline/side) was used
to block selectively P2X7 purinergic receptors. We used this dose because it was the only one which had
some incidence on fear conditioning-memory when administered prior to training.”” The doses chosen
for the other different antagonists were based on our previously published studies®'~**
those used by other research groups that performed learning and memory experiments with local admin-
istration of clrugs.é’&()3 7 Drugs were purchased from Sigma (St. Louis, MO, USA) and MedChemTronica
(MedChemExpress Europe, Sweden).

and are similar to

Behavioral procedures

The experiments were carried out following the sequence exposed in the results section. Experimental de-
signs, groups and treatments are presented as schematic diagrams in the figures. The sample size calcu-
lation was based on previously published work using 1A, SOR and novel OF tasks.'%** In all experiments,
rats were randomly assigned to the control group or to an experimental group and a randomized order
of examination was performed. All test sessions were performed in a blind manner with respect to the
experimental groups, including the number of training sessions (one or two), task type (weak 1A, weak
SOR, novel OF) or task combination, different inter-trial intervals or pharmacological treatments (drug or
vehicle).

Inhibitory avoidance task

To evaluate the memory performance of animals, we use the inhibitory avoidance (IA) task in all experi-
mental groups. The |A protocol is based on aversive learning as animals learn to not step-down from a little
platform to the apparatus floor (thus inhibiting their natural tendency to explore) as it is associated with the
delivery of a mild electric shock during training sessions.®® The IA apparatus consists of a 60 X 25 x 30 cm
boxwith a 10 x 25 x 5 cm platform on the left end of a series of conductive metal bars, which constitute the
floor of the box. In the training session, a rat was placed on the box platform, and once it descended to the
floor and put its four paws on the bars, it received a foot shock with an intensity of 0.3 mA for 2 s. This mild
shock is characteristic of weak IA training sessions and is unable to induce LTM per se if experienced once.
Depending on the experiment, animals were exposed to a single or double weak IA training sessions
spaced by different inter-trial intervals (ITls). After each training session, animals returned to their home
cage and, depending on the experimental design to which they were assigned, they were submitted or
not to another identical session. They were tested 24 h after training for LTM. During the memory test,
each animal was placed again on the platform and was free to explore the IA apparatus; no foot shock
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was delivered when the animal stepped-down from platform. A test latency time longer than that recorded
during the training indicates the presence of memory.® In all cases, the latency to step-down from the plat-
form was measured considering a ceiling time of 5 min.

Spatial Object Recognition task

To evaluate the effects of different, consecutive learning tasks on memory formation, a weak training ses-
sion of the Spatial Object Recognition task (SOR) was included before or after a weak IA training session.
Importantly, a single weak SOR session does not induce SOR-LTM on its own.'%?" The SOR arena was a
60 cm wide 40 cm long 50 cm high acrylic box displaying different visual clues on its lateral white walls.
The floor was white, the front wall was transparent, and the back wall was hatched. For habituation to
the SOR context, all subjects were allowed to explore daily the arena without objects during 20 min for
two consecutive days before training. In the weak SOR training session, two identical plastic or glass ob-
jects were placed in two adjacent corners of the arena and the animals were free to explore them during
4 min. The exploration time for each object, defined as sniffing or contacts with the nose or forepaws,
was measured using a hand stopwatch. Rats were excluded from the analysis when they explored one of
the two objects for more than 65% of the total object-exploration time in a training session.

Open field task

To study the mechanisms underlying retraining with weak |A spaced sessions, a novel Open Field session
(OF) was included 1 h before retraining session in the experiments in which kinases or protein synthesis
were pharmacologically inhibited. The exposure to the OF was used as a novel event able to induce the
synthesis of PRPs. In the OF session, the animal was allowed to explore the novel spatial context of the
arena during 5 min. The arena was a 50 cm wide 50 cm long 39 cm high square box, with black plywood
walls and floor divided into nine squares by white lines. The number of rearings and floor line crossings
was recorded in 1-min blocks during 5 min under attenuated room lighting conditions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of behavioral data was performed using GraphPad Prism software (GraphPad Software,
Inc.). Differences between groups were assessed using non-parametric Kruskal-Wallis tests followed by
post-hoc Dunn’s multiple comparisons given that the step-down latency was measured considering a ceil-
ing time of 5 min (see above, ‘inhibitory avoidance task’). Effects were considered statistically significant
when p < 0.05. Step-down latency results are expressed as median + IQR (interquartile range).
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