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Abstract Memory capacity (MC) refers to the number of
elements one can maintain for a short retention interval.
The molecular mechanisms underlying MC are unexplored.
We have recently reported that mice as well as humans
have a limited MC, which is reduced by hippocampal
lesions. Here, we addressed the molecular mechanisms
supporting MC. GIluAl AMPA-receptors (AMPA-R)
mediate the majority of fast excitatory synaptic transmis-
sion in the brain and are critically involved in memory.
Phosphorylation of GluAl at serine residues S831 and
S845 is promoted by CaMKII and PKA, respectively, and
regulates AMPA-R function in memory duration. We
hypothesized that AMPA-R phosphorylation may also be a
key plastic process for supporting MC because it occurs in
a few minutes, and potentiates AMPA-R ion channel
function. Here, we show that knock-in mutant mice that
specifically lack both of S845 and S831 phosphorylation
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sites on the GluAl subunit had reduced MC in two dif-
ferent behavioral tasks specifically designed to assess MC
in mice. This demonstrated a causal link between AMPA-
R phosphorylation and MC. We then showed that infor-
mation load regulates AMPA-R phosphorylation within the
hippocampus, and that an overload condition associated
with impaired memory is paralleled by a lack of AMPA-R
phosphorylation. Accordingly, we showed that in condi-
tions of high load, but not of low load, the pharmacological
inhibition of the NMDA-CaMKII-PKA pathways within
the hippocampus prevents memory as well as associated
AMPA-R phosphorylation. These data provide the first
identified molecular mechanism that regulates MC.

Keywords AMPA-receptors phosphorylation -
Hippocampus - Working memory capacity - Long-term
memory - Protein kinases

Introduction

Memory capacity (MC) refers to the limited capacity of
working memory (WM). George Miller suggested that
humans are capable of holding seven, plus or minus two
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digits, of information in a short-retention time interval
(RTI); this limit is called memory span. MC is necessary
for complex reasoning and multitasking in humans (Engle
et al. 1999). MC deficits have been shown to predict the
severity of dementia in Alzheimer’ disease and are a core
symptom of schizophrenia (Saunders and Summers 2010).
Nevertheless, there are few studies about the neurobiology
of MC.

MC has been generally associated with frontostriatal
dopamine (DA) activity in humans (Klostermann et al.
2012; Cools et al. 2008), and with acetylcholine receptors
activation in rodents (Tarantino et al. 2011; Young et al.
2011). Recently, the attention has shifted to the role of the
hippocampus in mediating MC. Patients and monkeys with
hippocampal damage and amnesic patients have reduced
item, digit or spatial memory at short RTI (Shrager et al.
2008; Beason-Held et al. 1999; Levy et al. 2004). We have
recently confirmed these results through a novel behavioral
procedure, the Different-Objects-Task/Identical-Object-
Task (DOT-IOT), developed to study MC in rodents
(Sannino et al. 2012). Using the DOT-IOT we showed that
outbred CD1 mice, as well as humans, have limited object
MC at short RTI (1 min), as they can discriminate up to 6,
but not 9, different objects. Dorsal hippocampal lesions
reduced object MC from 6 to 4 (Sannino et al. 2012). These
results suggest that the hippocampus might be a possible
neural substrate that is activated fo process high informa-
tion load.

The observed role of the hippocampus in MC raises an
interesting issue regarding the molecular mechanisms
required to process high information load, which has never
been explored before. Glutamate gated ion channels
including N-methyl-p-aspartate receptor (NMDA-R) and
GluA1l a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA-R) are crucial for synaptic plasticity and
memory formation. Memory at short RTI involves a rapid,
albeit transient, induction of post-translational modifica-
tions of substrate proteins (Dash et al. 2007), such as
protein phosphorylation. AMPA-Rs mediate excitatory
synaptic transmission, synaptic plasticity and memory
(Zamanillo et al. 1999; Reisel et al. 2002; Sanderson et al.
2009). Phosphorylation of GluAl at serine residues S831
and S845 regulates AMPA-R function through two mech-
anisms: modulation of ion channel properties and regula-
tion of the synaptic targeting of the receptor (Benke et al.
1998; Hayashi et al. 2000; Shi et al. 1999, 2001). There-
fore, these phosphorylation events are interesting because
they can occur at short RTI and potentiate AMPA receptor
ion channel function (Barria et al. 1997a, b; Derkach et al.
1999; Banke et al. 2000). These sites may also be a key
process for regulating MC. A specific role of AMPA-R
phosphorylation in the stabilization of LTM has been
previously demonstrated (Ferretti et al. 2014; Lee et al.
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2003); however, their role in WM has been never proved
before.

In this study, by modulating the memory load in two
different behavioral tasks for mice, the radial maze and the
DOT/IOT, we demonstrate that AMPA-R phosphorylation
regulates and is regulated by memory load capacity.

Materials and methods
Subjects

All the biochemical and pharmacological experiments
were performed in outbred CD1 adult (10-16 weeks) male
mice (Charles River, Italy, RRID: rid_000091), because
the DOT-IOT task was originally set up for this strain
(Sannino et al. 2012). Then we switched to mice with
serine-to-alanine mutations of GluAl S831 and S845
phosphorylation sites (referred here-after as phospho-free
mice), which were generated and genotyped after birth as
previously described (Lee et al. 2003). Mutation sites
were verified using phosphorylation-selective antibodies
against GluAl. Wild type (WT) and homozygous (phos-
pho-free) male mice, aged 14-21 weeks, with C57BL/6J
hybrid genetic background were used for all experiments
with phosphomutant mice. For reason of clarity in the
manuscript we report first the experiments on phosp-
homutant and then those on CD1 outbred mice. All of the
experiments were performed blinded to the genotype and/
or the treatment. All procedures related to animal care and
treatments conformed to the guidelines and policies of the
European Communities Council, and the Animal Care and
Use Committee of John Hopkins University, and were
approved by the Italian Ministry of Health. Mice were
housed in groups of 3—5 subjects, except during the food
deprivation procedure when they were individually
housed.

Behavioral procedures
Radial maze task

Phospho-free and WT littermates were subjected to the
radial maze task, between 15 and 30 days after being
subjected to the DOT-IOT (see below). The apparatus
consisted of eight equally spaced arms (Med Associates
Inc.) radiating from a small circular, central platform,
which were baited at the end with food pellets. The central
hub (MED Associates, ENV-338V) consisted of a white
polypropylene octagonal base (21 cm in diameter, 7 cm
sides). The arms radiated from the center hub with equal
spacing between each arm. Each arm was 37 cm long and
7 cm wide with clear polycarbonate walls (13 cm high),
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Fig. 1 AMPA receptor phosphorylation mediates spatial working
memory capacity. a—¢ Schematic representation of the radial maze
procedure used to assess spatial working memory load capacity, and
reference memory. a The habituation phase lasts 10 min each day for
3 days and allows the animals to explore the apparatus. a, b During
the pre-training and the working memory (WM) training phases only
baited arms are open. Baited arms were in random position across
trials, and never systematically in adjacent positions. In the pre-
training phase only two arms are baited/open, the other 6 are closed
(a). In the WM training phase we modified the memory load by
increasing the number of open/baited arms, randomly switching
between 3, 6 and 8 open arms within session (b). ¢ The last 2 days a

and covered with strips of polycarbonate of the same
length. The central hub was equipped with eight guillotine
doors (MED Associates, ENV-339U). A food trough
(ENV-303W) was placed at the end of each arm. A filled
20-mg pellet dispenser (ENV-203-20) was placed behind
each food trough. The entire maze was elevated 37 cm
above the floor and placed in a well-lit room. During the
test period, the body weight of each animal was maintained
between 83 and 85 % of the original weight. The 4-phased
procedures are reported in Fig. la—c. During the habitua-
tion phase (Day 1-3) the animals were allowed to explore
the apparatus for a 10-min trial each day for 3 days
(Fig. 1a). The pre-training phase (Day 4-5) consisted of 10

reference memory (RM) training phases was performed, in which all
arms were open, but only 3 of them were baited. The 3 baited arms
remained constant between trials and days. d, e Phospho-free (blue
lines) mice made the same % of correct responses as WT in trials with
only 2 open arms during pre-training (d) or 3 open arms during
training (squares) (e). In contrast, they were impaired when they had
to retrieve food from 6 or 8 open arms (circles and triangles) (e). f, f’
Phospho-free mice showed lower % of correct responses (f), higher
mean number of RM (f') and WM (f”') errors compared to WT (black
lines) during the reference memory phase. *p < 0.05 day 16 vs. day
15 within genotype; *p < 0.05 phospho-free vs. WT, within day,
Duncan post hoc tests

training trials per day for 2 days with only two baited open
arms; the other 6 arms were closed (Fig. 1a). Baited arms
were different between trials within the same day, and also
within trials between days, and between trials they gener-
ated different configurations with adjacent or non/adjacent
baited arms to avoid the systematic use of egocentric
strategies. The WM load was then manipulated by modi-
fying the number of baited/open arms. The WM training
phase (Day 6-14) consisted of 10 training trials per day for
9 days. The procedure was basically the same as the one
used in the pre-training phase except that the trials varied
from 3, 6 and 8 baited/open arms: 3—4 trials with 3 baited
arms (the other 5 closed), 3—4 trials with 6 baited arms (the
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other 2 closed), and 3—4 trials with 8 baited arms (Fig. 1b).
The order of the trials and the choice of the baited arms
were random within day and between days. The number of
entries and order of entrance was recorded. A WM error
was codified as re-entering in an open arm already visited
previously. We did not limit the use of the sequential
strategy (entering arms in a sequential order), but we
evaluated whether the animals relied on it, by counting the
number of consecutive arms entered each trial. Data were
analyzed by calculating the percentage of sequential
(sequential/total x 100). The last phase, called reference
memory training (Day 15-16), consisted of 10 training
trials for two additional consecutive days (Fig. 1c). This
phase differed from the WM training phase in two aspects:
all eight arms were always open and the baited arms were
kept constant across trials and across days, so that animals
could rely on reference memory (RM) to select them. We
recorded the number of entries and order of entrance. An
RM error was codified as entering in an unbaited arm. The
WM errors (number of re-entries in an already visited arm)
were calculated, and then divided into RM errors and WM
erTors.

Different object task/identical object task (DOT-10T)

The complete standard procedure of the different object
task/identical object task (DOT-IOT) was thoroughly
described in a previous study (Sannino et al. 2012). The
DOT-IOT enables the study of MC in rodents by modi-
fying the classical version of the object recognition task
(ORT) (Sannino et al. 2012). In the ORT, rodents are firstly
exposed to two identical objects and subsequently tested on
their ability to discriminate between a familiar and a new
object. Since the memory load of this task is very low (1
object), it was augmented by increasing the stimulus set
size, i.e., the number of different objects (DOT) (3, 4, etc.)
(Fig. 2a). In the control task, the Identical-Objects-Task
(I0T), the number of identical objects was increased,
without increasing the amount of information to be pro-
cessed (Fig. 2a). On the testing day, animals were isolated
for 15 min in a waiting cage, and then subjected to the
habituation trial (10 min) in the empty test cage
(35 x 47 x 60 cm); after 1 min inter-trial interval (ITI)
animals were submitted to the study phase, during which
they were allowed to explore the objects until they had
accumulated 35 s of total objects exploration for the
identical object task (IOT), or when 5 min elapsed. The
maximal area occupied by each object was about 49 cm?.
For the different objects task (DOT), the study phase was
terminated when the animals had accumulated 105, 210,
315 s of total objects exploration for the 3, 6 and 9 dif-
ferent objects tasks, respectively. A maximum of 10 or
15 min was given in the 3, 6 and 9 different objects,
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respectively, to collect the mentioned exploration times. If
the animals did not explore for more than 5 s they were
excluded from the test. After an RTI of 1 min for the short-
term memory test, and 24-h RTI for the long-term memory
test, animals were exposed to identical copies of the
familiar objects and one novel object, randomly replacing
one of the familiar objects. Animals’ behavior was recor-
ded for 5 min by a video- tracking system (Any-maze,
Stoelting, USA) and analyzed by trained observers. This
procedure initially developed for CD1 outbred mice was
slightly adapted for the C57BL/6J background (that of the
phospho-free mice), which needed a week of pre-test
habituation (Online Resource 1, Supplementary methods).
At the end of the DOT-IOT, a sub-group of these animals
(11 WT and 9 phospho-free) was used for the radial maze.

AMPA receptors phosphorylation at S845 and S831

Mice were killed 1 min after being subjected to the study
phase, by cervical dislocation and their whole brains were
rapidly removed. The dorsal hippocampus was punched
out. The samples were homogenized in RB buffer (in mM):
10 Na phosphate, pH 7.0, 100 NaCl, 10 Na pyrophosphate,
50 NaF, 1 Na orthovanadate, 5 EDTA, 5 EGTA, 1 uM
okadaic acid, and 10 U/ml aprotinin. The homogenates
were then centrifuged at 12,000 RCF at 4 °C for 5 min, and
the crude membrane pellets were re-suspended in RB
buffer. Protein concentration was determined by the BCA
protein assay (Pierce, Rockford, IL); about 30 pg of pro-
teins per lane were loaded onto a pre-cast SDS-polyacryl-
amide gel and analyzed by western blotting with antibodies
specific for GluAl S831 (Upstate Biotechnology, Lake
Placid, NY, #PC246, RRID: AB_564636) or S845 (Invit-
rogen, Italy, #368300, RRID: AB_431401), and actin
(Sigma, Italy, #A1978, RRID: AB_476692) (protein load-
ing control). Immunoreactivity was detected by chemilu-
minescence. Specific bands on chemiluminescence films
were quantified by densitometry using the Image] gel
Software (RRDI: nif-0000-30467). Data are expressed as
percentage from naive (l-week handled mice) or from
vehicle-injected animals.

Surgery

Cannula implantation and injection procedures were iden-
tical to that previously described (De Leonibus et al. 2005).
The stereotaxic coordinates used were AP = —1.9 mm;
L=—-15mm, DV = —-0.8 mm relative to bregma,
according to the atlas of Franklin and Paxinos (1997). Only
animals with correct injector placements, verified under a
light microscope by analyzing consecutive coronal brain
sections (50 pm) stained with Cresyl Violet, were included
in the statistical analysis.
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Fig. 2 AMPA receptor phosphorylation mediates object memory
capacity. a Schematic representation of the study and test phase of the
object memory span task at 1-min RTI. b—e Performance of phospho-
free and WT mice in the DOT-IOT task at 1-min RTI. Phospho-free
mice, as well as WT animals, explored the new object () significantly
more than all familiar objects (F) in low memory load condition (6-
10T and 3-DOT) (b, ¢). In high memory load condition (6-DOT)
different from WT, they did not prefer the new object (d). Both WT
and phospho-free mice did not prefer the new object in the 9-DOT (e).
f Histograms report percentage increase (above the naive group) of

Drugs

0.1 mg/ml autocamtide-2-related inhibitory peptide (AIP),
and 0.05 pg/0.3 ul Rp-adenosine 3',5'-cyclic monopho-
sphorothioatetriethylammonium salt hydrate (Rpc) were
dissolved in PBS; 8 mg/ml anisomycin (Aniso) was dis-
solved in 60 % distilled water and 40 % DMSO (dimethyl
sulfoxide); 2.5 mg/ml pL-2-amino-5-phosphonovaleric acid
(AP-5), 2 mg/ml [2.3-dihydroxy-6-nitro-7-sulfamoyl-
benzo (F) quinoxaline] (NBQX) were dissolved in distilled
water; Avertin solution: 2,2,2-tribromoethanol was dis-
solved in 5 mL 2-methyl-2-butanol and 200 mL distilled
water. All drugs were purchased from Sigma (Italy) and
injected in a quantity of 0.3 pl/side. All drug doses were
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GluA1l AMPA-R phosphorylation at S831 and S845, measured by
western blot, in naive animals and animals exposed to 6 identical (6-
10T), 9 identical (9-I0T), 3 different (3-DOT), 6 different (6-DOT) or
9 different (9-DOT) objects. The results show that AMPA-R
phosphorylation was significantly increased at both serine sites after
the exposure to 6 different objects (6-DOT), and at S845 after the
3-DOT. *p < 0.05 new (N) vs. all the other familiar (F) objects,
Duncan post hoc tests. #p < 0.05 different vs. naive group, Student’s
t test

chosen on the basis of the current literature (Tinsley et al.
2009; Vianna et al. 2003). Pre-training and post-training
injection protocols were used to analyze the effects of the
drugs on WM and LTM, respectively (see Supplementary
methods reported in Online Resource 1 for a detailed
description of the procedure).

Statistical analysis

All data are expressed as mean + SEM. Radial maze: two-
way ANOVA (genotype: WT and phospho-free) for repe-
ated measures was used to analyze the % correct response
(number of correct arm entries/number of total
entries x 100) during pre-training (2 days). During
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training a three-way ANOVA (genotype: WT and phospho-
free) for repeated measures was used to analyze the %
correct response during the 9 training days, considering
trials with 3, 6 and 8 arms. We further compared the two
groups by comparing only trials with 6 and 8 arms, because
the lack of error in the 3 arms precluded this analysis.
Statistical significance was set at p < 0.05. DOT-IOT:
ANOVA for repeated measures was used to test the effects
of treatments (ex. drug effects, or genotype) as between
group variables and objects (different levels: 3, 6, 9). Novel
object discrimination, independently on the number of
familiar objects, was defined as: the new object was
explored significantly more than all the other familiar
objects based on results of the Duncan post hoc test (for
details see (Sannino et al. 2012). Only this within-group
criterion allows to detect novel object discrimination and to
compare the results of experiments using different numbers
of objects we performed. Statistical significance was set at
p < 0.05; only significant p values were reported.

Results

GluA1 AMPA receptor phosphorylation mediates
memory load capacity

We tested the hypothesis that hippocampal GluA1 AMPA-
R phosphorylation regulates MC.

To this aim we utilized the knock-in mutant mice that
specifically lack both of S845 and S831 phosphorylation
sites on the GluAl subunit (“phospho-free mice”) (Lee
et al. 2003). Phospho-free and WT mice were subjected to
a radial arm maze procedure designed to assess the con-
tribution of the information load on spatial memory. The
WM load (0 RTI) was increased by increasing the number
of open/baited arms (Fig. la—c). Phospho-free mice made
the same percentage of correct response as controls during
the pre-training phase, when they had to retrieve food from
only two open arms (Fig. 1d). During training, they were
subjected to 10 different trials each day, with a random
number of open/baited arms (3, 6 or 8 open) (Fig. 1b).
During this phase, several variables had a significant effect
on the percentage of correct responses, specifically: geno-
type  (F1/18 =45.618; p < 0.0001), days (F8/
144 = 16.967; p < 0.0001), number of open arms (F2/
36 = 545.493; p < 0.0001), the interaction between
days x number of open arms (F16/288 = 4.951;
p < 0.0001) and the genotype x number of open arms (F2/
36 = 20.060; p < 0.0001) (Fig. le). This analysis clearly
shows, first of all, that there was a drop of the performance
of both groups when 6 or 8 arms were open as compared to
only 3 arms. A direct statistical comparison between 6 and
8 arms showed a significant effect of the variables
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genotype (F1/18 = 40.318; p < 0.0001), days (F8/
144 = 15.556; p < 0.0001), number of open arms (F1/
18 = 27.836; p < 0.0001), and interaction between
days x number of open arms x genotype (F8/
144 = 2.354; p < 0.02). These results indicate that by
increasing the number of open arms from 6 to 8, we further
increased the memory load and that phospho-free mice
were selectively impaired compared to WT littermates
when they had to retrieve food from 6 and 8 open arms, but
not from 3 open arms (Fig. le). Post hoc analysis (not
reported in the figure) showed a significant improvement in
performance across training days (from day 6 to day 14)
only in the WT group in the 6 open arms condition
(p = 0.01). This improvement in the WT group might be
due to processes not related to WM. Indeed, repeating the
task across days might have reduced the WM load by
favoring long-term storage of novel spatial information
constant across the task, such as the identity of the spatial
cues and their spatial configuration. This might have also
favored GluAl protein synthesis in both genotypes, com-
pensating for the phosphorylation defect. Furthermore,
overtraining across days might have promoted the acqui-
sition of non-spatial strategies to solve the task, as sug-
gested by the significant increase in the use of sequential
strategy (Fig. S1 reported in Online Resource 1). Never-
theless, differently from the 3-arm version of the task,
performance never reached 100 % correct in the 6- and
8-arm versions. This suggests that all the mentioned factors
are not sufficient to eliminate: (1) the WM component of
the task and (2) the memory load difference between the
different conditions (3, 6, and 8 open arms). Moreover,
these factors do not seem to account for the different per-
formance between WT and phospho-free mice. Indeed, the
two genotypes did not differ in the acquisition of the
sequential strategy (Fig. S1 reported in Online Resource 1),
or in the time to complete the test [(F8/144 = 37.292;
p < 0.0001), arms (F2/144 = 495.148; p < 0.0001); day-
s x arms (D16/288 = 11.282; p < 0.0001)] (data not
shown). Nevertheless, their performance (% correct) was
significantly different all over the training period: on days
8, 10, 12, 13 (p < 0.0001; p = 0.004; p = 0.01; p = 0.01,
respectively) with 6 open arms, and on all training days,
except day 7 (p < 0.02; p = 0.006; p = 0.04; p = 0.005;
p < 0.0001; p = 0.02; p = 0.008; p = 0.02) with 8 open
arms, suggesting that there was a further WM load-
dependent defect between 6 and 8 arms in the phospho-free
group.

Interestingly, when tested in the spatial version of the
water maze task, phospho-free mice have been shown to
perform normally at O, but not at 24-h RTI (Lee et al.
2003), as compared to WT control animals, which sug-
gested that AMPA-R phosphorylation is necessary only for
LTM and not for acquisition in this task. Therefore, we
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subjected the same mice to an additional radial maze
procedure requiring a combination of both reference (at
24-h RTI) and WM. In this aim, all eight arms were
opened, but only 3 of them were baited. In this way, mice
were required to rely on both RM, as the position of baited
arms was kept constant between trials and on WM for
remembering which of the arms was already visited within
the same trial. To confirm that phospho-free mice are also
impaired in reference memory we baited 3 out of 8 arms, as
we showed that they were not impaired when retrieving
food from 3 baited arms in the WM version of the task
(Fig. le). Phospho-free mice as compared to WT animals,
not only showed lower percentage of correct responses, on
the second training day [genotype (F1/18 = 3.89;
p = 0.06); Days (F1/18 = 23.743; p = 0.0001); geno-
type x day (F1/18 = 23.743; p = 0.0001)] (Fig. 1f), but
they also showed higher number of RM errors [days (F1/
18 = 28.828; p < 0.0001);  genotype x day  (Fl/
18 = 5.22; p = 0.03)] (Fig. 1f’). Furthermore, although we
did not find a significant effect of the variable genotype or
of the interaction between genotype and days, but only a
significant effect of the latter [days (F1/18 = 9.012;
p = 0.007)], a deeper inspection of the data suggested that
phospho-free mice made significantly higher number of
WM errors as compared to WT on the second testing day
(Fig. 1f"). The fact that phospho-free mice were impaired
in retrieving food from 3 baited arms only when they had to
be selected among 8 open arms further confirms that their
behavior is sensitive to the memory load and that the defect
observed in the different memory load conditions is not due
to the differing amount of reward gained when 3, 6 or 8
arms are open. All together these findings suggest that
AMPA-R phosphorylation is necessary for both spatial
WM and LTM in conditions of high load.

Spatial memory by definition is based on the formation
of associative memory; this makes it extremely difficult to
manipulate the information load in spatial memory tasks,
as it is difficult to control the number of multiple associ-
ations the subject relies on. Therefore, we subjected
phospho-free and WT mice to the DOT-IOT (see Online
Resource 1, Supplementary methods), in which we mod-
ulated the memory load by increasing the number of dif-
ferent objects during the study phase (Fig. 2a). At 1-min
RTI, phospho-free mice, as well as controls, performed
normally in the 6-IOT (Fig.2b) (low memory load),
showing no significant impairment in the 3-DOT (inter-
mediate memory load) (Fig. 2¢). In the 6-DOT (Fig. 2d)
(high memory load), the post hoc analysis clearly demon-
strated that they did not discriminate the new as compared
to the entire familiar ones. In the 9-DOT, as expected based
on our previous findings (Sannino et al. 2012), both WT
and phospho-free mice were impaired (Fig. 2e). Phospho-
free mice did not differ from WT for total object

Table 1 Object exploration during the study phase of phospho-free
mice

Experiment Genotype TMOE (s) N
3 DOT WT 32+£5 13
Phospho-free 31£7 13
6 10T WT 22 £ 4 13
Phospho-free 27+ 2 9
6 DOT WT 56 £5 11
Phospho-free 61 £9 10
9 DOT WT 61 £ 15 9
Phospho-free 57 £ 13 11

Total mean object exploration (TMOE) &+ SEM during the study
phase in the DOT-IOT of WT and phospho-free mice. The table
reports also the number (N) of subjects for each group. There are no
significant differences between WT and phospho-free

exploration time during the study phase (Table 1). All
together these data show that phospho-free mice do not
have a general impairment in object memory at short RTI,
but they do have reduced object MC.

To address whether the stimulus set size regulates
AMPA-R phosphorylation within the hippocampus differ-
ent groups of adult naive mice were exposed to an
increasing number of different objects (3, 6 and 9), or to
identical objects (6 and 9) as a control (Fig. 2a), and after
1 min they were killed for measuring tissue GluA1 AMPA-
R phosphorylation at both S845 and S831 within the hip-
pocampus by western blot analysis and compared with
naive animals. We found that AMPA-R phosphorylation
(S845: F5/67 = 2.72; p =0.02; S831: F5/67 = 4.094;
p = 0.002) is dependent on the stimulus set size (Fig. 2f;
Fig. S2 reported in Online Resource 1). We observed no
changes in AMPA-R phosphorylation in a low load condi-
tion (6-I0T), a selective increase at S845 after exposure to
an intermediate load (3-DOT), and a significant increase at
both serine sites only in a high memory load condition (6-
DOT). Interestingly, in animals exposed to the 9-DOT, the
overload condition associated with impaired discrimination
of the new object (Fig. 2e) we did not detect any change in
AMPA-R phosphorylation, as compared to the 9-10T con-
trol (Fig. 2f; Online Resource 1). Consistent with previous
findings, during the study phase of the 9-DOT mice
explored significantly more (F4/50 = 50.03; p < 0.0001)
than in all other conditions (3-DOT, 6-DOT- and 10T)
(Table 2). The lack of increased phosphorylation in the
9-DOT is not the result of a compensatory increase in total
GluAl levels (Naive = 100 + 2.16; 9-I0T = 104 £ 5;
9-DOT = 94 + 3; p = n.s.). This suggests that AMPA-R
phosphorylation is specifically correlated with the active
processing of object-related information.

All together these data clearly show that AMPA-R
phosphorylation is regulated by information load, and that
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Table 2 Object exploration during the study phase of naive CDI1
mice subjected to the DOT-IOT, and then used for western blot
experiment (referred to Fig. 2)

Task (number of subjects) CDI naive
6-I0T (N = 12) 34 +£1.2
9-I0T (N =9) 33+ 14
3-DOT (N = 10) 80 + 13*
6-DOT (N = 12) 161 + 14*
9-DOT(N = 12) 212 £+ 16*

Total mean object exploration (TMOE) £ SEM during the study
phase in the DOT-IOT of CDI mice. The table reports also the
number (N) of subjects for each group. *p < 0.05 vs. all the other
groups

this process is necessary for memory load capacity at short
RTI, providing the first identified molecular mechanism
associated with memory capacity limit.

Molecular pathways that regulate MC in high memory
load conditions within the dorsal hippocampus

AMPA-R phosphorylation at S831 and S845 is promoted by
NMDA-CaMKII and PKA, respectively. When activated,
these kinases phosphorylate not only AMPA-Rs, which we
showed to be necessary for memory at short RTI, but also
the cyclic AMP response element-binding protein phos-
phorylation (Abel et al. 1997), thereby promoting novel
protein synthesis known to be necessary for LTM. This
suggests that the activation of the NMDA/AMPA -protein
kinases might be a common pathway to support memory in
conditions of high load, independently of the RTI.

To test this hypothesis, we used a pharmacological
approach. Using bilateral cannula permanently implanted
(Fig. 3a) below the dorsal hippocampus, we focally injected
selective inhibitors. We performed pre-training injection and
testing at 1-min RTI, and post-training injection and testing
at 24-h RTI, to study the effects of memory acquisition and
consolidation, respectively. This study was performed using
the 6-DOT, as it allows pre-training and post-training phar-
macological manipulation. The results show that all vehicle-
treated groups explored the new object significantly more
than the entire set of familiar objects at both 1-min and 24-h
RTI, suggesting that in a high memory load condition they
were able to perform the task independent of the RTI. Focal
administration of the NMDA and the AMPA/kainite receptor
antagonist, AP-5 and NBQX, respectively, impaired per-
formance in the 6-DOT at both 1-min (Fig. 3b) and 24-h
(Fig. 3¢) RTI. To test whether CaMKII and PKA mediate
both the increase in AMPA-R phosphorylation and memory
maintenance in the high memory load task, we focally
injected the CaMKII inhibitor, AIP, or the PKA selective
inhibitor, Rpc. After the study phase, half of the animals were
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killed to measure AMPA-R phosphorylation at S845 and
S831, while the other half was subjected to the test phase to
assess memory. Pharmacological blockade of CaMKII
(Fig. 3d) or PKA (Fig. 3g) during the pre-study phase sig-
nificantly reduced AMPA-R phosphorylation induced by the
exposure to 6 different objects at the S831 and S845,
respectively, as compared to vehicle-treated animals. As
expected, this effect was highly specific for their respective
phosphorylation sites (Fig. 3d, g), and no effect was
observed on total GluA1 (data not shown). The blockade of
both kinases impaired new object discrimination. Indeed,
pre-training administration of AIP significantly impaired
new object discrimination as compared to 3 of the 5 familiar
objects (Fig. 3e). A complete lack of object discrimination
was observed in the group treated with the PKA inhibitor,
Rpc (Fig. 3h). No significant effects were observed on total
object exploration during the study phase (Table 3), or when
the same drugs were injected before the 6-10T (Fig. 4). In
LTM experiments, post-training CaMKII blockade slightly
impaired new object discrimination 24 h later (Fig. 3f),
since the new object was explored significantly more than all
the other 4 familiar objects (F1, F2, F4, for F5), except one
(F3). The comparison between the effect of the same dose of
AIP at 1-min (Fig. 3e) and 24-h (Fig. 4f) RTI seems to
suggest that, it was more effective on short than on long RTI.
In contrast, animals injected with the PKA inhibitor, Rpc,
were completely impaired in discriminating the new object
as compared to the familiar objects (Fig. 3i).

These results provide the first behavioral pharmacolog-
ical evidence demonstrating that both PKA and CaMKII
activity within the dorsal hippocampus can affect object
memory under high memory load conditions, and the
associated AMPA-R phosphorylation.

The activation of these kinases has been suggested to
mediate LTM by promoting the synthesis of new proteins.
We therefore tested whether memory performance under
conditions of high memory load was dependent on the
synthesis of de novo proteins. As expected, we found that
pre-study phase administration of anisomycin did not affect
object exploration during the study (Table 3) and the test
phase at short RTI (Fig. 3j). In contrast, when anisomycin
was injected immediately after the study phase, and the
animals were tested 24 h later, a clear lack of new object
discrimination was observed (Fig. 3k). This suggests that
novel protein synthesis within the dorsal hippocampus is
required in high memory load conditions, only when LTM
has to be formed.

Discussion

In this study, we provide insights into understanding of the
neurobiology of MC. We demonstrated that knock-in mice
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Fig. 3 In high memory load condition object LTM shares the same
molecular pathway as object memory at short retention interval with
the addition of novel protein synthesis. a Photos of representative
Nissl-stained coronal sections of animals bilaterally implanted with
permanent cannulae and injected within the hippocampus. b, c, e, f, h,
i, j, k Effects of hippocampus focal pre-training and post-training
administrations of inhibitors on the preference for the new object
(N) and compared to familiar objects (F) in the test phase of the
6-DOT performed at 1-min and 24-h RTI, respectively. In all cases
vehicle-injected animals explored the new object significantly more
than all the other familiar objects. Pre-study phase injection of AP-5
(b), NBQX (b), AIP (e), and Rpc (h) but not of anisomycin
(j) impaired the preference for the new object as compared to the

with prevented phosphorylation of AMPA-Rs at the two
key residues, S845 and S831, have reduced object and
spatial WM capacity, as well as reduced spatial LTM. Then
we report that memory load regulates AMPA-R phos-
phorylation within the hippocampus, and that MC limit is
paralleled by a lack of AMPA-R phosphorylation. Both
MC and AMPA-R phosphorylation are reduced by the
pharmacological inhibition of CaMKII and PKA pathways
within the hippocampus, specifically in conditions of high
load and short RTI. Even though the stabilization of this
information into LTM does activate the same pathways, it
additionally requires de novo synthesis of proteins. To our
knowledge, this is the first molecular mechanism that has
been suggested to support the processing of increasing
memory load.

familiar object at 1-min RTI. With AIP, however, this effect was
partial, as the new object was still preferred as compared to 2 of the
familiar objects. Pre-study phase injection of AIP (d) and Rpc (g), as
compared to injection of vehicle, significantly reduced the percentage
increase (above the vehicle group) of AMPA-R phosphorylation at
S831 and S845, respectively, induced 1 min after the exposure to 6
different objects. Post-study phase administration of all treatments
fully impaired performance in the 6-DOT at 24-h RTI (¢, i, k), except
for the AIP (f), where the new object was preferred against 4 (out of
5) of the familiar objects. *p < 0.05 new vs. all the other familiar
objects, within treatment. *p < 0.05 new (N) vs. all the other familiar
(F) objects; °p < 0.05 new (N) vs. each the other familiar (F) objects,
Duncan post hoc tests

Hippocampal AMPA receptor phosphorylation
mediates memory load capacity

It has been previously shown that the hippocampus is
involved in regulating memory capacity. However, to our
knowledge, no study has addressed the molecular mecha-
nisms activated within the hippocampus to process high
information load. A central role of hippocampal AMPA-R
in short-term memory has been recently suggested. Using
knock-out GluAl mice it has been shown that GluAl-
containing AMPA receptors are involved in short-term
habituation, and in modulating the intensity or perceived
salience of stimuli (ex. the novel object) (Sanderson et al.
2009, 2010). The effect of AMPA-R blockade on novel
object discrimination at short-delay we report in this study
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Table 3 Object exploration during the study phase of mice subjected
to the DOT-DOT-IOT in the behavioral pharmacological experi-
ments (referred to Fig. 3)

TR RTI Drug TMOE N
Pre-training 1 min Vehicle 108 + 13 15

AP-5 98 + 17

NBQX 84 +9

Vehicle 111 + 14 13

AIP 108 + 10

Vehicle 169 £ 12

Rpc 147 + 20

Vehicle 108 + 13 15

Aniso 128 £+ 21 7
Post-training 24 h Vehicle 132 + 13

AP-5 134 + 18

NBQX 95 £ 15

Vehicle 95 £ 7 12

AIP 91 £ 16

Vehicle 170 £ 12

Rpc 185 £ 9

Vehicle 101 + 12 12

Aniso 80 £ 12 10

Total mean object exploration (TMOE) & SEM during the study
phase in the DOT-IOT of groups treated with vehicle and inhibitors,
15 min before the habituation phase and tested at 1-min retention time
interval (RTI), and in groups treated immediately after the study
phase and tested at 24-h RTI. The table reports also the number (N) of
subjects for each group. There are no significant differences between
inhibitors and vehicle.TR: treatment protocol

6-10T (1 min)

*

20 4

Exploration(s)
> @

o

N F1F2F3 F4F5 N F1F2F3 F4 F5 NF1F2F3F4F5
Vehicle AIP Rpc

Fig. 4 Kinase inhibitors injected within the hippocampus do not
affect object memory at short retention interval in low memory load
condition. Pre-training phase administration of CaMKII (A/P) and
PKA (Rpc) inhibitors at the same dose that has been shown to affect
performance in the 6-DOT does not affect new object preference in
the 6-I0T. *p < 0.05 new (N) vs. all the other familiar (F) objects

is line with these previous findings. In this study we show,
however, that this effect is dependent on the number of
items presented to the animals. Moreover, we show that an
additional post-translational plastic mechanism of GluAl
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AMPA-R is necessary for short-term memory in conditions
of high memory load, which is AMPA-R phosphorylation
at S845 and S831. Phosphorylation at these two sites has
been observed in several brain regions, including the hip-
pocampus, immediately after exposure to a variety of
stimuli (Bevilaqua et al. 2005; Whitlock et al. 2006;
Havekes et al. 2007; Cui et al. 2012). Here, we provide the
first evidence that AMPA-R phosphorylation is specifically
regulated by information load. By showing that an over-
loaded condition (9 different objects), which is associated
with a lack of new object discrimination and a lack of
increase in AMPA-R phosphorylation, we provide the first
experimental evidence of a possible molecular mechanism
underlying MC limit.

Except for few studies (Ferretti et al. 2014, Lee et al.
2003), in the earlier published data it was generally not
demonstrated whether behavioral experience-dependent
increase in AMPA-R phosphorylation was necessary for
memory acquisition. Using mice with knock-in mutations
in the GluA1 phosphorylation sites (“phospho-free mice”)
(Lee et al. 2003), we could demonstrate that a lack of
AMPA-R phosphorylation at S845 and S831 reduced
object memory capacity from 6 to 4, establishing in this
way a causal link between AMPA-R phosphorylation and
memory load capacity. We also report here for the first
time that the spatial WM deficit in phospho-free mice is
memory load dependent. These mice are not impaired
when they have to retrieve food from 2 or 3 arms, but show
a clear impairment when 6 or 8 arms are open.

The identified role of AMPA-R phosphorylation in
supporting high memory load is consistent with electro-
physiological findings showing that AMPA-R phosphory-
lation is a rapidly induced plasticity mechanism (occurring
in a few minutes). Furthermore, this is consistent with its
role in increasing synaptic currents generated by the release
of glutamate from axon terminals in vitro (Barria et al.
1997a, b, Derkach et al. 1999, Banke et al. 2000), and in
general with its ability to potentiate AMPA function.

The CaMKII-PKA pathway within the hippocampus
controls AMPA-R phosphorylation and memory
performance in high memory load conditions

Consistently, with the well-known role of glutamate gated
ion channels, NMDA-R and AMPA-R, in hippocampal
synaptic plasticity and memory formation, here we show
that they are also involved in object memory in conditions
of high load, independent of the RTI. This result is in
apparent contradiction with findings showing that GluAl
KO mice show enhanced spatial memory at long RTI
(Sanderson et al. 2009). The different training conditions
(single trial vs. repeated), as well as the different memory
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load demand (high vs. low) of the tasks used in the two
studies can account for the different results obtained.

We also show here that at short RTI, the activation of
CaMKII and PKA is necessary for novel object discrimi-
nation in high memory load conditions, and for high
memory load-induced increase in AMPA-R phosphoryla-
tion. PKA, and to a lesser degree CaMKII, activation is
also necessary for object LTM. There is a wealth of data on
the role of CaMKII and PKA activation within the hippo-
campus, which is a crucial step for LTM formation and in
particular in spatial memory (Silva et al. 1992a, b; Abel
et al. 1997; Da Silva et al. 2013). Interestingly, in the case
of low memory load (2 equal objects task) injection of the
CaMKII inhibitor, AIP, into the perirhinal cortex does not
affect immediate memory (0 RTI), but only LTM (Tinsley
et al. 2009); our results in the 6-I0T are consistent with
these prior findings. Our findings in high memory load
conditions are consistent with the suggested crucial role of
CaMKII in short-term potentiation, and of PKA in both
short- and long-term plasticity (Xie et al. 2008; Wang et al.
2008; Silva et al. 1996; Barsegyan et al. 2010; Michel et al.
2008; Irvine et al. 2005). Interestingly, the evidenced role
of dopamine D1 receptors in modulating WM load in the
frontostriatal circuit might also be exerted through the
activation of PKA (Aultman and Moghaddam 2001;
Backman et al. 2011; Cools et al. 2008; Snyder et al. 1998).
This suggests that common molecular mechanisms might
be concurrently activated in the frontostriatal and medio-
temporal circuits in high memory load conditions.

By demonstrating that PKA in the hippocampus is
involved at both short and long RTI under certain condi-
tions we challenge the classical dualistic temporal dis-
tinction of memory (Dash et al. 2007; Shrager et al. 2008;
Sanderson et al. 2009), and demonstrate that the two pro-
cesses can share not only the same neural pathway (the
hippocampus) but also the same molecular mechanisms
(PKA and AMPA-R phosphorylation). Nevertheless, the
dissociation of the effects of anisomycin at 1-min and 24-h
RTI suggests that this common pathway dissociates into
two separate processes at the molecular level that leads to
AMPA-R phosphorylation within few minutes and to novel
protein synthesis within hours, to support memory at short-
and long-RTI, respectively.

Conclusions

The data we present in this study fill an important gap in
our knowledge on the molecular substrates of memory
capacity. Our data expand on previous findings (Wan et al.
1999; Zhu et al. 1996; Sannino et al. 2012) showing that
when the subject is confronted with one or a few objects

(low memory load: 6-I0T/3-DOT), object-related infor-
mation does not recruit the hippocampus into the task. In
contrast, being confronted with many different objects
(high memory load) might generate highly convergent
inputs that are able to recruit the hippocampus, and once
there they trigger NMDA-R activation, which leads to
postsynaptic calcium influx that in turn activates CaMKII/
PKA pathways, as previously suggested (Cammarota et al.
2004). These protein kinases once activated can exert
bidirectional control over bottom-up, such as AMPA sur-
face receptors phosphorylation, and top-down, such as
novel protein synthesis, biological processes necessary for
memory at short- and long-RTI, respectively.

This suggests the intriguing hypothesis that information
loading may drive cooperation between otherwise com-
peting or parallel processes (WM vs. LTM), representa-
tions (spatial vs. item), neural circuits (hippocampus vs.
cortex), and molecular pathways (kinase activation vs.
kinase inhibition). We speculate that AMPA-R phosphor-
vlation might be the site of this cooperation: it might
support rapid learning in conditions of high memory load
by favoring synaptic currents generated by release of glu-
tamate from axon terminals (Barria et al. 1997a, b; Derkach
et al. 1999; Banke et al. 2000),while at the same time
directly influencing long-term synaptic changes by favor-
ing the stabilization of GluAl subunit at the plasma
membrane (He et al. 2009; Ferretti et al. 2014). This latter
process has been shown to lead to an increase of calcium
permeable AMPA receptors (CP-AMPA) (He et al. 2009),
which might further promote calcium-sensitive enzyme
activation, generating a “reverberating” positive loop
favoring the transition from WM to LTM.
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