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Reference memory characterizes the long-term storage of information acquired through numerous trials. In contrast, working memory
represents the short-term acquisition of trial-unique information. A number of studies in the rodent hippocampus have focused on the
contribution of long-term synaptic potentiation (LTP) to long-term reference memory. In contrast, little is known about the synaptic
plasticity correlates of hippocampal-based components of working memory. Here, we described a mouse with selective expression of a
dominant-negative mutant of the regulatory subunit of protein kinase A (PKA) only in two regions of the hippocampus, the dentate gyrus
and area CAl. This mouse showed a deficit in several forms of LTP in both hippocampal subregions and a lowered threshold for the
consolidation of long-term synaptic depression (LTD). When trained with one trial per day in a water maze task, mutant mice displayed
a deficit in consolidation of long-term memory. In contrast, these mice proved to be more flexible after a transfer test and also showed a
delay-dependent increased performance in working memory, when repetitive information (proactive interference) was presented. We
suggest that through its bidirectional control over synaptic plasticity PKA can regulate opposing forms of memory. The defect in L-LTP
disrupts long-term memory consolidation. The persistence of LTD may allow acquisition of new information by restricting the body of

previously stored information and suppressing interference.

Introduction
Reference memory corresponds to the long-term storage of in-
formation acquired through numerous trials. In contrast, work-
ing memory represents the short-term acquisition of trial-unique
information (Baddeley, 1981; Cowan et al., 2008). It has been
proposed that working memory is thought to be a short-term form
of memory that, once used, is forgotten or ignored (Dudchenko,
2004; Delaney and Sahakyan, 2007). A consequence of this view is
that forgetting would be deleterious to RM, but is required for work-
ing memory. However, unlike memory, forgetting processes and
their biological bases are poorly understood.

Hippocampal-based memory formation is thought to require
changes in synaptic efficacy (Bliss and Lomo, 1973; Bliss and
Collingridge, 1993; Kandel, 2001). The two major kinds of
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hippocampal-based synaptic plasticity are long-term synaptic
potentiation (LTP) and long-term synaptic depression (LTD)
(Bear and Malenka, 1994; Bear and Abraham, 1996). Whereas
studies of hippocampus-dependent memory suggest that the
long-term storage of information requires LTP-like mechanisms
(Kandel, 2001; Malleret et al., 2001; Martin and Morris, 2002),
the role of LTD is less clear (Braunewell and Manahan-Vaughan,
2001; Malenka and Bear, 2004; Etkin et al., 2006). Novel envi-
ronment exploration facilitates stimulus-induced LTD and re-
verses previously elicited potentiation (Manahan-Vaughan
and Braunewell, 1999; Kemp and Manahan-Vaughan, 2004). In
contrast, blockade of NMDA receptor-dependent forms of plas-
ticity (which include LTD) preserves preinduced in vivo LTP and
increases retention of spatial memory (Villarreal et al., 2002). It
therefore has been proposed that LTD could increase the signal-
to-noise ratio of a memory trace. In agreement with this notion,
we recently found, using transgenic mice in which we inhibited a
specific form of LTD, that LTD could function to weaken previ-
ous memory traces, thereby preventing those traces from inter-
fering with newly encoded information when the demands of a
task change as it is the case in a working memory experiment
(Nicholls et al., 2008).

Here, we describe a transgenic mouse with the inverse pheno-
type. This mouse expresses a dominant-negative form of the PKA
regulatory subunit, R(AB), known to decrease both the late phase
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of hippocampal LTP (L-LTP) and hippo-
campus-dependent long-term memory
(Abel et al., 1997). We were able to limit
R(AB) expression to only two areas of the
brain, the hippocampus and the second
and third layer of the cortex. In the hip-
pocampus, the expression was restricted
to granule cells of the dentate gyrus (DG)
and pyramidal neurons of the CAl area.
The transgenic mice had deficits in the
consolidation of long-lasting forms of
LTP in the CA1 and dentate gyrus areas of
the hippocampus, in which the transgene
was expressed, but not in the CA3 area, in

A

which the transgene was not expressed. In S =
contrast, we found that LTD expression

was enhanced in the dentate gyrus and

CAL1 hippocampal areas of the transgenic

mice. This may be caused by attenuation  sregmats0mm Bragma 108

of a negative constraint imposed by PKA
activity over threshold mechanisms for
LTD maintenance. Importantly, these
physiological changes were associated with a
deficit in long-term reference memory, but
improved working memory abilities in the
transgenic mice. However, the enhance-
ment in working memory was observed
only when repetitive information was pre-
sented across trials. This work thus provides
genetic evidence that antagonistic forms of memory depend on the
bidirectional regulation of synaptic plasticity, and suggests that the
maintenance of the proper balance between LTP and LTD is neces-
sary for normal cognitive processes.

Figure1.

Materials and Methods

Expression vector

MT-REVAB plasmid, encoding R(AB) cDNA, an inhibitory mutant of
PKA Rla regulatory subunit, was generously provided by Dr. Stanley
McKnight, University of Washington (Clegg et al., 1987). R(AB) cDNA
was cloned into the EcoRV site of pNN265 vector containing 5" and 3’
exon/intron splicing boundaries and a polyadenylation signal (Abel et al.,
1997). The resulting Notl fragment with R(AB) and simian virus 40
(SV40) sequences was cut out from the pNN265 and ligated into the Srfl
site of pGP103 vector containing 12 kb of the grp gene promoter and
three copies of the neuron-restrictive silencer element (NRSE) inserted
into the BstXI site (Fig. 1 A).

Transgenic mice

The 13.5 kb Notl fragment from pGP103R(AB) plasmid was isolated
using Elutrap (Schleicher and Shuell) and injected into the pronuclear of
BL6CBAF2/] zygotes. For genotyping, tail DNA was analyzed by South-
ern blotting using transgene-specific probes. Founders were backcrossed
to C57BL/6] strain to more than N5 generations for electrophysiological
and behavioral experiments. Mice were maintained under standard con-
ditions, consistent with the NIH guidelines and approved by the IACUC.
All animals used in our experiments were between 3 and 4 months of age.

In situ hybridization

For RNA in situ hybridization, cryostat-cut mouse coronal brain sections
(20 um thickness) were hybridized with digoxigenin-labeled RNA probes as
described previously (Schaeren-Wiemers and Gerfin-Moser, 1993).

P-CREB detection

Surgery. Mice were implanted under general anesthesia (avertin, 300
mg/kg i.p.) with two guide cannulae (0.4 mm diameter, 8 mm long)
aimed vertically toward the dorsal hippocampus. Stereotaxic coordinates

5 end grp gene sequence I

9grp-R(AB) transgene
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R(AB) transgene expression in the mouse brain. 4, Top, Schematic representation of the 5" end grp gene promoter sequences
in front of the translation initiation site ATG, which were used to generate grp-R(AB) transgene shown in the bottom. The grp-R(AB)
transgene includes 12 kb of the grp promoter, three copies of the neuron-restrictive silencer element (NRSE), an SV40-derived hybrid
exon/intron splicing sequences (closed boxes) and a 5" untranslated leader, R(AB) (DNA, and an SV40-derived 3" exon/intron splicing
sequences and a polyadenylation signal. B, RNA in situ hybridization shows expression of the R(AB) transgene in the brain. Coronal brain
sections from grp-R(AB) transgenic mice were hybridized with a digoxigenin-labeled RNA probe specific to the 3" end SV40 sequences
present in the transgene. Transgene expression is limited to CAT, dentate gyrus (DG) and cortex on the brain sections corresponding to the
area ranging from the dorsal to ventral hippocampus. PFC, Medial prefrontal cortex.

were 2.0 mm posterior to the bregma, 1.3 mm each side of the sagittal
suture, 0.9 mm ventral from the skull surface (Fig. 2A). Following sur-
gery, the mice recovered for 10 d.

Drug injections. Bilateral intrahippocampal injections of 7b-diacetyl-
7b-(g-N-methylpiperazino)-butyril, dihydrochloride (forskolin, Calbio-
chem) were performed at the dose of 0.3 g in 0.2 ul (2.4 mm) based on
previous studies (Wong et al., 1999) in freely moving mice.

One hour after injection, an animal was deeply anesthetized with 300
mg/kg avertin and immediately perfused transcardially with ice-cold so-
lutions of 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). The
delay of 1 h after the forskolin injection was chosen based on our previous
study that showed that it produces strong induction (Martel et al., 2006).
After postfixation overnight in the same fixative at 4°C, coronal sections
(40 wm) were cut on a vibratome and collected in Tris buffer (0.1 M, pH
7.4). After elimination of endogenous peroxidase activity and a blocking
step, sections were incubated for 48 h with rabbit anti-phospho-CREB
(Ser133) antibody (1:3000; Cat # 06-519; Millipore). Subsequently, sec-
tions were incubated with biotinylated goat anti-rabbit antibody (1:600;
ABC kit; Vector) and with the ABC complex and antibody binding was
visualized with diaminobenzidine (DAB, Sigma). Sections were mounted
on gelatin-coated slides, air-dried, dehydrated, covered with a coverslip
with mounting media, and examined using light microscopy.

The number of P-CREB-positive cells was counted in the hippocam-
pus (CA1) using Image] software. Counting was performed at 63 X mag-
nification. The anteroposterior (AP) coordinates relative to bregma of
the areas included for detailed analyses were AP —1.7 to —2.5 mm (Paxinos
and Franklin, 2001). Nuclei were counted and expressed as the number of
P-CREB-positive nuclei per square mm. Statistical analysis of the immuno-
histochemical data was performed using ANOVA.

Electrophysiology

Preparation and stimulation protocols. Transverse hippocampal slices
(400 mm) from control and mutant mice were incubated in an interface
chamber at 28 * 1°C, subfused with oxygenated artificial CSF (ACSF)
containing the following (in mm): 119 NaCl, 4.0 KCl, 1.5 MgSO,, 2.5
CaCl,, 26.2 NaHCO;, 1 NaH,PO,, and 11 glucose), and allowed to equil-
ibrate for at least 90 min. Field EPSPs (fEPSPs) were recorded at either
CA3/Schaffer collateral-CA1 synapses, CA3/commissural-CA3 synapses
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Figure 2.

) (mutant mice, n = 8; control mice, n = 7). *Significantly different ( p < 0.05).

or perforant pathway-dentate gyrus synapses. The stimulation intensity
(square pulse, 50 ms duration) was adjusted to give fEPSP slopes of
~40% of maximum. Baseline and after stimuli responses were sampled
once per minute at this intensity.

Statistical analysis. Data analysis consisted in Student’s ¢ test for two
independent populations between series of control and transgenic traces
at specific data periods (i.e., 60—90 min) using the Microcal Origin sta-
tistical tool (Microcal Software). Data in the figures represent mean = SE
and in the text mean * SD.

Drugs. KT5720 (Calbiochem) was used to block PKA activity.

Behavioral experiments

The water maze was a white circular swimming pool (120 cm in diame-
ter) and its condition of use has been described previously (Malleret et al.,
1999, 2001). The radial maze apparatus was an automated, elevated,
eight-arm radial maze (Marighetto et al., 1993; Saxe et al., 2007). The
movement of each door, located at the entrance to each arm, was con-
trolled by the experimenter from an adjacent room who also tracked
continuously the position of the subject within the maze. This enabled a
real-time control of the accessibility to the maze arm(s) according to a
predetermined test schedule. Food-deprived male mice (85% ad libitum
weight) were habituated to retrieve 20 mg food pellets (Bioserv) from
three specific baited arms of eight. On day 1, only the three baited arms
were opened and food was retrieved. From day 2 to day 5, all eight arms
were opened and number of errors (visit to unbaited arm) was recorded
(one trial per day). On day 6, working memory tasks begun (see Fig. 8
legend and Results). Statistical analysis: The effect of genotype (control vs
mutant) on path length (water maze), number of errors and score (radial
maze) was evaluated by using two-way ANOVAs (Statview) when anal-
yses across daily (or block) sessions (within-subject factors) were re-
quired (repeated measures). The effect of genotype on time spent in
quadrant, number of platform crossings (water maze), score (radial
maze) was evaluated by using one-way ANOVAs whenever more com-
plex analyses were not necessary (nonrepeated measures such as quad-
rant type, platform type in the water maze, or delays in the radial maze).

B FsKinjected

Forskolin-induced phosphorylation of CREB is reduced in the CA7/DG-R(AB) transgenic mice in the CA1 area of the
hippocampus. A, Scheme of injection sites of forskolin (FSK) in the CA1 area. B, Representative sections illustrating P-CREB
immunoreactivity in the dorsal hippocampus of naive mice (B7 and B2) and mice injected with FSK (B3 and B4) for control mice
(B7 and B2) and mutant mice (B3 and B4). C, Bar graphs represent means (== SEM) of the number of pCREB-positive neurons/
mm2 in the CA1 for naive mice (n = 5 for both genotypes) and 1h after bilateral intrahippocampal injections of FSK (0.3 1.gin 0.2

J. Neurosci., March 10, 2010 - 30(10):3813-3825 * 3815

Results

The R(AB) transgene expression is
limited to the CA1 and dentate gyrus
areas in the hippocampus

Earlier work has provided initial pharma-
cological and genetic evidence for the
PKA role in long-term forms of synaptic
plasticity and memory in Aplysia and
Drosophila as well as in the late-phase of
hippocampal LTP and long-term spatial
memory in the mammalian brain (Frey et
al., 1993; Abel et al., 1997; Bourtchouladze
et al., 1998; Abel and Nguyen, 2008). In
the mouse transgenic approach used in
some of these earlier studies, the R(AB)
inhibitory mutant, shown to inhibit PKA
function in a dominant-negative manner
both in cell culture and transgenic mice
(Brandon et al., 1995; Abel et al., 1997),
was driven by the CaMKIla promoter,
with transgene expression distributed
throughout the forebrain. In the present
study, we attempted to limit regional ex-
pression of the PKA inhibitor. To this end,
we have generated a transgenic mouse line
that expresses the PKA mutant (R(AB)) in
two specific areas of the hippocampus,
the dentate gyrus and the CAl region. In
the DG/CAI-R(AB) transgenic mice, the
R(AB) transgene is driven by the 12 kb-
long of the upstream sequences of the
gastrin-releasing-peptide ( grp) gene pro-
moter (Fig. 1A). The 3’ end of the grp promoter includes parts of
the first exon and terminates immediately before the ATG trans-
lation initiation site corresponding to the GRP protein. Three
copies of the neuron-restrictive silencer element (NRSE) se-
quences were inserted upstream of the R(AB) cDNA to increase
the strength and neuron specificity of the grp promoter (Bessis et
al., 1997). RNA in situ hybridization on coronal slices of the
transgenic mice showed that the R(AB) transgene is limited to the
dentate gyrus and the CA1 region of the hippocampus and no
expression in the CA3 area (Fig. 1 B). Except for the superficial
layers II and III of the cerebral cortex (Fig. 1 B), no other brain
area expresses the transgene.

Phosphorylation of CREB is reduced in the CA1 area of the
transgenic mice

To examine whether PKA activity is decreased in the mutant mice
we analyzed the level of phosphorylation of one of the PKA sub-
strates, cAMP-responsive element binding protein (CREB).
Free-moving mutant mice and control littermates were in-
jected into the CA1 area of the hippocampus with the adenyl-
ate cyclase activator forskolin (Fig. 2A), which normally leads to
CREB phosphorylation (Huang et al., 2000). Using an antibody
that recognizes the phosphorylated form of CREB (P-CREB), we
found a significant increase of P-CREB staining in the CA1 area of
control mice following the forskolin injection (Fig. 2B,C). In
forskolin-injected control mice, the amount of the P-CREB-
positive cells was fivefold higher than that in naive control mice
(F1.10) = 18.91, p = 0.014). In contrast, mutant mice showed a
significant deficit in forskolin-induced phosphorylation of CREB
and no difference was detected between naive and forskolin-
injected mutant animals (p > 0.1). Moreover, ANOVAs con-
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significant group effect (F(, ,,, = 6.01,p =
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tant mice (p < 0.011). This result was 8 ’ ,(\:,lzgﬁl
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et al.,, 2006). This result suggested that
PKA- and CREB-dependent transcription
may be downregulated in mutant mice 0 SC-CA1

which in turn may lead to changes in synap-
tic plasticity in the CAl and dentate gyrus
areas as well as in hippocampus-dependent
long-term memory.

Deficits in L-LTP correlate with R(AB)
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transgene expression in the CA1 and
dentate gyrus areas

To determine the electrophysiological
consequences of R(AB) transgene expres-
sion, we studied LTP in the Schaffer collat-
eral to CAl pyramidal neuron (SC-CA1)
pathway. We induced protein synthesis-
dependent L-LTP in mutant mice and
control littermates by four trains of HES
(four trains of 1 s train at 100 Hz, 5 min
intertrain interval). As described previ-
ously for mice that express R(AB) under
the control of the CaMKIla promoter
(Abel et al., 1997), this stimulation proto-
col reliably induced L-LTP in control
mice but failed to do so in mutant mice
(Fig. 3A) (60-90 min: Ctr, 174 = 10%;
Mut, 141 = 26%, p = 0.02). Furthermore,
since transgene expression in these ani-
mals was restricted to the postsynaptic
side at this synapse, our finding supports
the existence of a postsynaptic role for
PKA in L-LTP (Duffy and Nguyen, 2003).
However, this impairment is not as strong
as in the study by Abel et al. Since the
transgene is also expressed in the dentate
gyrus (DG), we examined L-LTP at per-
forant pathway to granule cell synapses (PP-DG). Similar to our
findings in the CA1 area, L-LTP in the mutant mice was signifi-
cantly reduced (Fig. 3B) (60—90 min: Ctr, 171 * 24%; Mut,
135 = 12%, p = 0.01). Finally, we also examined L-LTP in the
CA3 to CA3 commissural pathway (CP-CA3), in which R(AB)
was not expressed, and found that L-LTP at this synapse was
spared in the mutant mice (Fig. 3C) (60-90 min: Ctr, 192 * 32%;
Mut, 174 * 14%, p = 0.4). The differences we observed in L-LTP
at Schaffer collateral and perforant pathway synapses were not
due to changes in basal synaptic transmission as shown by similar
input-output relationships of fEPSP slope at these synapses for
mutant and control mice ( p = 0.4, data not shown).

Since high-frequency stimulation (HES) and theta burst stim-
ulation (TBS) have been shown to evoke L-LTP by activating
distinct molecular pathways (Arai et al., 1994; Huang and Kandel,
1994; Nguyen et al., 1994; Staubli and Otaky, 1994; Castro-
Alamancos et al., 1995; Moody et al., 1998; Patterson et al., 2001),
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Deficit in the late phase of LTP correlates with R(AB) expression. A—C, Four trains of HFS (1 s train at 100 Hz, 5 min
intertrain interval) produced the long-lasting L-LTP in control mice that was abolished only in SC-CA1 (A) and PP-DG (B), but not
(P-CA3 (€), pathways in mutant mice (n = 5/5 for each experiment). D—F, Similarly, four trains of theta bursts stimulation (TBS,
5minintertrain interval) produced L-LTP in control mice that was also abolished in SC-CA1 (D) and PP-DG (E), but not CP-CA3 (F),
pathways in mutant mice (n = 5/5 for each experiment). The early phase of LTP is unaffected in mutant mice G, H, The transient
early phase of LTP (E-LTP) induced by one train of HFS (1 s train at 100 Hz) was unaffected in the SC-CA1 (G) or the PP-DG (H)
pathways in mutant mice (n = 5/5 for each experiment). /, J, Whereas one train of TBS produced normal LTP in the SC-CA1
pathway (/), a deficient LTP was observed in the PP-DG pathway (/) (n = 5/5 for each experiment).

we next examined L-LTP induced by four trains of TBS (nine
bursts of four pulses at 100 Hz, 200 ms interburst interval, 5 min
intertrain interval). As with the HFS protocol, we found that
repeated trains of TBS elicited impaired L-LTP in the mutant
mice in both the SC-CA1 and the PP-DG pathways (Fig. 3D)
(60-90 min: Ctr, 182 = 10%; Mut, 148 * 17%, p = 0.01) (Fig.
3E) (60—90 min: Ctr, 185 * 10%; Mut, 144 * 13%, p = 0.006),
but not in the CP-CA3 pathway (Fig. 3F) (60—-90 min: Ctr, 161 =
26%; Mut, 171 = 21%, p = 0.56). These findings suggest that
postsynaptic PKA activity may be generally required for the ex-
pression of the late phase of LTP independent of the induction
mechanism.

We next asked whether R(AB) expression might also affect the
early, protein synthesis independent, phase of LTP (E-LTP).
Consistent with the early findings of Abel et al. (1997), we found
that one train of HFS induced similar E-LTP in both control and
mutant mice in SC-CA1 synapses (Fig. 3G) (30—60 min: Ctr,
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Figure 4.  Enhanced LTD in DG/CA1-R(AB) transgenic mice. A, B, Transient LTD induced by 15 min of 1 Hz stimulation was
transformed into a long-lasting LTD in mutant mice in the SC-CA1 (A) and in the PP-DG (B) pathways (n = 7/7 for each experi-
ment). Insets, Effect of the PKA inhibitor KT5720 (1microM) on the expression of LTD in the SC-CA1 (4) and the PP-DG (B) pathways.
€, D, Synaptic potentiation induced in response to one train of TBS was successfully depotentiated by 5 Hz stimulation for 3 minin
both the SC-CA1 (€) and in the PP-DG (D) pathways in each group of mice (n = 5/5 for each experiment). Metaplastic shift in the
PP-DG pathway. E, F, LTP induced by 90 s of 10 Hz stimulation (900 pulses) produces a long-lasting and a transient form of LTP in
the SC-CA1 (E) and in the PP-DG (F) pathways respectively in control mice. Transgene expression differentially affected each
pathway in mutant mice (n = 5/5 for each experiment). G, H, Three minutes of 5 Hz stimulation (900 pulses) produced no
long-term plasticity change in control mice in either the SC-CA1 (G) or the PP-DG (H) pathways. However, a modest LTD was
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114 = 8%;Mut, 109 = 10%, p = 0.46) and
PP-DG synapses (Fig. 3H) (30—60 min:
Ctr, 128 * 21%; Mut, 121 £ 16%, p =
0.63). Consistent with findings by Woo et
al. (2000), this was also the case for LTP
induced by a single train of TBS in the
SC-CA1 pathway (SC-CA1 pathway) (Fig.
3]) (60-90 min: Ctr, 162 = 15%; Mut,
152 = 22%, p = 0.56). However, we found
that a single TBS led to deficient LTP in
PP-DG synapses (Fig. 3]) (60—90 min:
Ctr, 153 = 12%; Mut, 123 = 7%, p =
0.01), and the early onset of this deficit
(~10 min) suggests a deficit in LTP in-
duction rather than expression.

In summary, we found that postsynap-
tic PKA activity is crucial for the consoli-
dation of L-LTP induced by repeated and
spaced trains of HES or TBS (e.g., 4XHFS
or 4XTBS), with no noticeable contribu-
tion to E-LTP induced by a single train of
HEFS. LTP induced by single train of TBS
stimulation was normal in the CAl area,
but impaired in the dentate gyrus area.
Thus, one can speculate that the specific
sensitivity to repeated and spaced patterns
of stimulation, places postsynaptic PKA
activity (at least in the CA1 area) as part of
a molecular threshold that preferentially
associates this kind of input streams of ac-
tivity in a neuron.

Mutant mice show enduring LTD

Compared with an extensive literature on
the role of PKA in LTP (for review, see
Nguyen and Woo, 2003), relatively fewer
studies have examined its function in LTD
(Brandon et al., 1995; Kameyama et al.,
1998; Lee et al., 1998, 2000; Santschi et al.,
2006; Smith et al., 2006). We thus studied
the expression of LTD in transgenic mice
in the SC-CA1 and PP-DG pathways of
the hippocampus. We tested LTD in-
duced by a long train of low-frequency
stimulation (15 min at 1 Hz, 900 pulses)
(Dudek and Bear, 1992; Malenka and
Bear, 2004). This stimulation results in a
robust early phase of synaptic depression
in the CA1 area of adult mice that decays
slowly back to baseline in ~90 min (Alarcén
et al., 2004; Etkin et al., 2006). We found
that this 1 Hz stimulation protocol evoked
transient LTD in the SC-CAl (Fig. 4A)
(90-120 min: 95 = 8%, vs 100% p = 0.17)
and the PP-DG pathways (Fig. 4B) (90—

<«

observed in the PP-DG pathway, but not in the SC-CA1 path-
way, of mutant mice in response to this stimulation (n = 5/5
for each experiment). Frequency—response curves (1, 5, and
10 Hz) from SC-CAT (/) and PP-DG (J) pathways. Mutant mice
show a mild but significant metaplastic shift toward the LTD
portion of the curve at the PP-DG but not the SC-CA1 pathway.
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120 min: 90 = 8%, vs 100% p = 0.45) in control mice. However,
in R(AB)-expressing animals, this same protocol produced an
enduring or prolonged LTD in both the SC-CA1 (Fig. 4A) (90—
120 min: Mut, 81 = 9%, p = 0.007) and the PP-DG pathways
(Fig. 4B) (90—120 min: Mut, 73 * 11%, p = 0.006). In the SC-
CA1 pathway this effect was not due to enhanced LTD amplitude
as the early expression of LTD was similar in control and mutant
mice (Fig. 4A) (SC-CA1 10-15 min: Ctr, 63 = 15%, Mut, 67 *
18%, p = 0.7; SC-CA1 pathway 60-90 min: Ctr, 92 = 10%; Mut,
83 = 7%, p = 0.07). However, this was not the case for the PP-DG
pathway, in which we did observe an enhancement in the mag-
nitude of LTD during induction (Fig. 4B) (PP-DG 10-15 min:
Ctr, 59 * 9%; Mut, 41 * 17%, p = 0.04) (Fig. 4B) (60—90 min:
Ctr, 89 = 8%; Mut, 77 = 11%, p = 0.06). Interestingly, bath
application of the PKA inhibitor KT5720 transitory enhanced
LTD expression in the SC-CA1 pathway (Fig. 44, inset) (10-15
min: Ctr 72 £ 9%, KT 81 = 4%, p = 0.06; 60—90 min: Ctr 95 *
4%, KT 78 = 6%, p = 0.0004; 120—150 min: Ctr 96 = 3%, KT
88 = 16%, p = 0.33). However, that was not the case for the
PP-DG pathway (Fig. 4 B, inset) (10—15 min: Ctr 59 * 4%, KT
81 = 9%, p = 0.01; 60-90 min: Ctr 87 £ 9%, KT 85 £ 17%,
p =10.79;120-150 min: Ctr 91 £ 6%, KT 79 % 18%, p = 0.22).
It is important to exert caution at the interpretation of this
pharmacological results as this approach is different that a
restricted expression of R(AB) transgene only at the postsyn-
aptic cells.

We next investigated depotentiation, a form of synaptic plas-
ticity that produces a reduction in synaptic efficacy. However
unlike LTD, depotentiation only reverses the earlier effects of
potentiation, and does so through molecular mechanisms that
are distinct from LTD (Barrionuevo et al., 1980; Wagner and
Alger, 1996; Lee et al., 2000). Consistent with earlier studies of the
role of PKA on depotentiation (Otmakhova and Lisman, 1998),
we found that depotentiation of LTP by a 3 min train of 5 Hz
stimulation was unaffected in mutant mice (Fig. 4C) (SC-CAl
pathway 60—-90 min: Ctr, 104 * 6%; Mut, 103 = 11%, p = 0.83)
(Fig. 4D) (PP-DG pathway 60—90 min: Ctr, 113 * 18%; Mut,
103 = 10%, p = 0.32).

A shift in the frequency-response curve is observed in the
PP-DG pathway in mutant mice

The prolonged LTD expression observed in mutant mice could
be explained by a metaplastic shift toward LTD, that is a shift in
the LTP/LTD induction threshold favoring LTD expression. To
examine this possibility we generated frequency-response curves
(Bienenstock et al., 1982) from the synaptic responses elicited by
900 pulses at 1, 5, and 10 Hz in both the SC-CA1 and the PP-DG
pathways. The effect of 10 Hz is shown in Figure 4, E and F. This
stimulation induced a prolonged form of LTP in the SC-CA1
pathway (Fig. 4 E), but only a transient form of LTP in the PP-DG
pathway (Fig. 4 F) in control mice. In mutant mice, LTP expres-
sion induced by 10 Hz stimulation was dramatically impaired in
the SC-CA1 pathway (Fig. 4E) (90-120 min: Ctr, 141 * 5%;
Mut, 103 £ 8%, p = 0.00003), but only modestly affected in the
PP-DG pathway (Fig. 4F) (90—120 min: Ctr, 113 * 8%; Mut,
99 * 9%, p = 0.04). Next, we tested the response of these path-
ways to 5 Hz stimulation (Fig. 4G,H ). Whereas 5 Hz stimulation
produced no long-term (>60 min) changes in synaptic efficacy in
either synaptic pathway in control mice or in the SC-CA1 path-
way in mutant mice (Fig. 4G) (90—120 min: Ctr, 102 * 5%; Mut,
104 = 4%, p = 0.55), it did produce a modest but significant LTD
in the PP-DG pathway in mutant mice (Fig. 4 H) (90-120 min:
Ctr, 101 = 2%; Mut, 90 = 6%, p = 0.036).
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Figure 5.  NMDA receptor function in mutant mice. A, NMDA receptor component is increased in

mutant mice. Top traces, Depolarization envelope during 15 at 100 Hz 1in normal ACSF solution in
slices from control (black) and mutant (gray) mice. Middle traces, Same condition but in slices treated
with the NMDA receptor blocker APV (100 um). Bottom traces, Arithmetic subtraction between the
ACSF (top) and APV (middle) traces reveals the NMDA receptor activation-dependent component of
the depolarization envelope. Each trace corresponds to the mean of six independent observations.
B, Analysis of the first 50 ms of 1 s tetanic stimulation (bottom). The amplitude of synaptic decrease
during tetanus is similar in control (black) and mutant (gray) mice (top left); however, mutant mice
show larger depolarization (cumulative area under each trace) compared with control mice (top
right). Each trace corresponds to the mean of eight independent observations. ¢, NMDA-LTD is en-
hanced in mutant mice. Addition of NMDA (30 M, 10 min) induces long-lasting synaptic depression
with larger amplitude in mutant mice.

By plotting the responses we observed in the PP-DG pathway
to 1, 5, and 10 Hz stimulation, we find that R(AB) expression in
this pathway causes a mild shift in favor of LTD suggesting the
enhanced LTD and deficient LTP we observe may result from this
shift (Fig. 4]). In contrast, a similar analysis of the SC-CA1 path-
way responses to 1, 5, and 10 Hz suggest that the enhanced LTD
and impaired LTP we observe in this pathway in the R(AB) mice
are not the result of a simple metaplastic shift (Fig. 41; see also
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material).

Because of PKA function has been shown to regulate LTP and
LTD induction (Kameyama et al., 1998; Lee et al., 2000; Skeberdis
et al., 2006), we investigated whether the expression of R(AB)
transgene could have an impact on the extend of the depolariza-
tion envelope during the 1 s 100 Hz tetanic stimulation. Our data
show that transgene expression increased the overall depolariza-
tion envelope (Fig. 54, top traces, ACSF), with significant contri-
bution of NMDA receptor-dependent activation (Fig. 5A,
bottom traces, ACSF-APV) (cumulative area in mV/msec: Ctr:
—784,088 v/s Mut: —1,030,668). The NMDA receptor-depen-
dent increase in transgenic mice is mainly detectable during the
first 300 ms and an analysis of the first 50 ms is shown in Figure
5B. This increase was not due to changes in fast inhibition as the
same results were observed in the presence of the GABA, recep-
tor blocker picrotoxin (data not shown).

Mutant yielded LTP deficit and LTD enhancement, two phe-
notypes that could go along with diminished NMDA receptor
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activity. Hence, we would have expected mutants with a smaller
depolarization envelope. Our analysis demonstrates that the ef-
fect of the transgene largely affects the late, but not the early,
phases of LTP and LTD. These data do not rule out a potential
effect of the transgene on induction mechanisms that could con-
tribute to the late changes in LTP or LTD maintenance or the
LTP/LTD shift observed here. It is possible that the increased
NMDA receptor component selectively activates or facilitates
mechanisms for LTD expression but no for LTP expression (Xu
et al., 2009). To further explore the role of NMDA receptor
activation on the plastic properties of mutant mice, we elicited
chemical-LTD by addition of NMDA. Mutant mice showed an
enduring enhancement in LTD amplitude compared with
control mice (Fig. 5C) (60-90 min, Ctr: 47 = 2.16; Mut: 30 *
3%, p < 0.05). These data suggest a connection between
NMDA receptor activation and enhanced late-phase LTD in
mutant mice.

In summary, we found that R(AB)-expressing animals show
altered LTD. Although postsynaptic PKA could be part of the
mechanism of LTD expression (Huang et al., 1999a,b), the im-
pingement of PKA activity over LTD is thought to be indirect
(Kameyama et al., 1998; Lee et al., 2000). That is, the PKA influ-
ence over LTD results from its opposing effect on phosphatase
activity that leads to the induction and consolidation of LTD.
Diminishing activity of this negative constraint, would therefore
lower the threshold for LTD. Our data show that although the
threshold for LTD induction is changed in the PP-DG pathway of
mutant mice, the effect of R(AB) is general to the regulation of the
threshold for LTD consolidation (i.e., prolonged LTD).

Mutant mice show normal acquisition and memory when
trained with four trials per day in the classical Morris water
maze task

To assess possible behavioral phenotypes that can be ascribed to
the long-term synaptic changes observed in these mice, we stud-
ied a variety of memory processes using different behavioral
tasks. We tested the mice in a water maze task (Morris et al., 1982)
with four trials per day as previously described (Nolan et al.,
2004). During the cued version of the experiment (visible plat-
form; 2 d; hippocampal independent), or the spatial training
(hidden platform; acquisition; hippocampal dependent), no sig-
nificant difference in path length, latency, swimming speed, time
spent floating, and thigmotaxis (time spent swimming at the pe-
riphery—like floating, thigmotaxis is an index of anxiety) was
observed between mutant and controls mice indicating that the
expression of the transgene did not lead to any profound behav-
ioral deficit (Fig. 6). In fact, mutant and control mice acquired
the task rather rapidly. At day 8, the average path length to reach
the platform was minimal for all mice (~200 c¢m; or latency
~10 s). In addition, when tested during probe trials (performed
ondays7,12,and 19, 1 week after training) (Fig. 6C), both groups
of mice spend approximately the same amount of time in the
quadrant that harbored the platform, and crossed the same
amount of time in this virtual location (no significant difference).

Mutant mice display increased forgetting

To further investigate long-term memory abilities in these mice,
we trained a second group of mice in a new water maze task using
a weak training of one trial per day (Fig. 7A). At the end of
training, we observed that, even though the time spent searching
in the target quadrant was equivalent in both groups of subjects
(Fig. 7B), mutant mice were less accurate than their controls in
locating the exact platform position, as indicated by a signifi-
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cantly decreased number of crossings in the target platform area
(Fig. 7B, inset). More importantly, a week after training, mutant
mice were not able to locate the target quadrant/platform area,
suggesting they had forgotten its location (Fig. 7C). This may
indicate weakened consolidation of spatial information due to
hippocampal PKA inhibition that is reminiscent of the lack of
consolidation of L-LTP.

Improved cognitive flexibility in mutant mice

To further evaluate the behavioral phenotype of the mutant mice,
we next tested cognitive flexibility, an adaptive form of behavior
that requires that an animal does not perseverate in choosing a
wrong solution (i.e., the one that was previously correct but is no
longer appropriate). To do so, we relocated the platform to a new
quadrant (in the same experimental context) after the initial
training phase (seen previously in Fig. 6A—C). Both groups of
mice learned to locate the new position of the platform as sug-
gested by the decrease in path length observed over days of trans-
fer training (Fig. 7D). However, when tested during probe trials,
mutant subjects spent more time searching for this platform in
the new quadrant/platform area (Fig. 7 E, F), suggesting that they
were more flexible and adapted their search pattern to the new
platform position more accurately than controls.

Intact working memory in the radial maze when submitted to
one daily trial

To investigate the consequence of increased cognitive flexibility,
we next tested working memory in a radial maze apparatus. This
form of memory heavily relies on the short-term storage of infor-
mation and the forgetting of previously learned information
(Dudchenko, 2004) that is no longer relevant (proactive interfer-
ence). In a first experiment (Floresco et al., 1997), the mice were
submitted to one trial per day (limited number of interference
LI). During a sample phase, they first had to explore four arms
randomly chosen to obtain food rewards. After a short delay (5s),
in a subsequent choice phase, they were allowed to explore all
eight arms, but only the four arms not explored previously during
the sample phase were baited. Entry into an already visited arm
was counted as a working memory error. The ANOVA revealed a
significant session effect (F4 308 = 2.966; p = 0.0003), indicat-
ing that all mice improved their performance over days and ac-
quired the rule necessary to execute the task (Fig. 8 A). However,
no significant difference in weight, food-deprivation regimen,
latency to visit the first arm, time to perform the task or number
of errors were found between mutant and control mice. This
suggests that the mutant and control mice were equivalent in
motivation, locomotion, and even cognitive abilities to remem-
ber once-a-day multiple information. Thus, in a high memory
load task (HML—four arms to be remembered among eight),
control and mutant mice were indistinguishable.

Mutant mice exhibit improved performance in a working
memory task when submitted to multiple trials per day and
long intratrial delays

By using a different protocol (low memory load; LML; working
memory task), we then tested the mutant mice in a multiple-
trials/2-choices/radial-maze task. The mice were given four trials
per day with an intertrial (ITI) delay of 50 min. During a sample
phase (Fig. 8 B, inset), they were presented one randomly chosen
arm among a pair of baited arms (pair #1). After this first re-
warded visit, they came back to the central platform and were
allowed to visit a second arm (randomly chosen—pair of arms
#2). After a variable delay (intratrial delay), the mice were then
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Figure6.

Mutant mice showed normal acquisition and memory when trained with four trials per day in the water maze. Performance (path length: each point represents the average of 4 trials/d)

of mutant and control (n = 15/15) mice in the water maze task. 4, B, Visible platform nonspatial/hippocampal (4) and hidden platform spatial/hippocampal (B) versions of the task (no significant
effect of genotype in both cases). ¢, Memory of the platform location was tested with a probe trial realized 1 week after training, on day 19. No significant difference in the amount spent in the target
quadrant (TQ: where the platform was located during training) was found between groups (AQ: average of the two adjacent quadrants; 0Q: opposite quadrant). Inset shows the amount of crossings
in each virtual platform location in the corresponding quadrants. D-F, No difference was found in swim speed (D), percentage of time spent floating (E), or thigmotaxis (percentage of time spent

in periphery; F), indicating that transgene expression did not lead to major behavioral deficit.

submitted to the choice phase were they were allowed to enter
one arm only of pair #1 (both arms of the pair now being opened)
and then of pair #2. A run into an arm not previously visited, and
still baited, was scored as a correct choice. The maximum score
for a daily session was therefore eight (four trials X two correct
choices/trial). Both groups of mice quickly learned this new rule
when the delay used between sample and choice phase was short
(<5 s). However, with a delay equal or >1 min, controls showed
a dramatic decrease in performance compared with mutant mice
which strikingly seemed not to be affected by the increasing delay
(Fig. 8 B) (delay 5 s: cont = 5.25 = 0.24, mut = 5.38 = 0.24; 1
min: cont = 4.45 £ 0.15, mut = 5.33 = 0.27; 2 min: cont =
4.53 = 0.15, mut = 5.28 = 0.28; chance = 4).

The improvement in working memory is specifically observed
in task requiring the manipulation of repetitive information

To elucidate the nature of such working memory enhancement in
mutant mice, we decided to perform an additional LML working
memory experiment. We used a modified version of the protocol
described above with the only difference being that only one pair
of arms is visited during each trial (Lee and Kesner, 2003). To
avoid postural mediation strategy (Dudchenko, 2004), the mice
were removed from the maze during the delay period, and were

submitted to 6-trials per day (ITT = 5 min). During stage 1 (Fig.
8C), each trial (sample phase followed by choice phase) consisted
of the visit into a different pair of adjacent arms (limited number
of proactive interference LI). During stage 2 (Fig. 8 D), the same
pair of arms was used every day, for every trial. This procedure
allowed us to assess the influence of an increasing number of
interference on the performance of the animals, with stage 2 (re-
petitive presentation of the same pair of arms) representing the
higher level (HI) of conflicting information. Two weeks of train-
ing were required for all mice to reach an acceptable level of
performance when confronted with the LI/LML task (stage 1)
with a 15 s delay. No difference between groups was observed.
When confronted with increasing delay, both groups exhibited
decreased performance in a similar way. Two weeks were also
necessary to acquire the stage 2 HI/LML task. However, when
confronted with a 55” delay, once again, mutant mice showed
better performance than their controls. This significant effect was
not due to any experimental artifact as we replicated this result
over two additional blocks of trials (4 d—significant effect of
genotype; p = 0.016). In addition, there were no contributions
from any aging or building effect during the experimental proce-
dure because mutant animals returned to controls level when
they were submitted for a second time to the LI/LML task (data
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Figure7. Mutant mice showed increased forgetting and cognitive flexibility. A—C, Performance (A) and probe (B) trials performed at the end of training (probe 1) and 1 week after (probe 2) (€)

of a second group of naive mice when trained with a one-trial-per-day regimen. Even though no difference was initially seen between groups during training (), the statistical analysis realized on
probe trial (B) showed that mutant mice were not able to locate as accurately as controls the target platform location (significant genotype effect: PTQ p = 0.042). A week later (C), they also show
a total loss of memory for this position as they were not even able to preferentially swim in the target quadrant as controls did (TQ p = 0.001; P TQ p = 0.015) suggesting impaired ability to
consolidate information in long-term memory. We thus observed a decrease in the time spent searching the TQ (percentage of time spent in TQ during probe 2 — percentage of time spent during
probe 1) in mutant, but not control mice (genotype effect; p = 0.008), indicating forgetting of the platform location. D, Path length (same group of mice as in Fig. 6) during a transfer task (platform
placedin the opposite quadrant) plotted against day (one trial per day); no significant difference between groups. E, F, Statistical analysis of the probe trials realized on day 9 (F) and a week later
on day 16 (F) revealed that mutant mice were able to flexibly learn the new platform position more efficiently than controls [Significant genotype effect for probe (F) p = 0.017, and probe
(F) p = 0.004] as they spent more time in the new TQ (TQ: new target quadrant; 0Q: old target quadrant). Mutant mice were also crossing significantly more than controls in the platform target

location on day 16 ( p = 0.003) but not on day 9 (insets E and F).

not shown). Transgenic mice are therefore more apt at manipu-
lating repetitive information over an intermediate delay, suggest-
ing they are less sensitive to proactive interference than their
control littermates.

Discussion

We find that the DG/CAI-R(AB) mutant mice have opposite
changes in long-term synaptic plasticity. Whereas consolidation
of LTP is impaired, consolidation of LTD is facilitated. Behavior-
ally, these mice are more flexible in memory tasks, which ac-
counts for a delay-dependent improvement of working memory
when repetitive information is presented. This improvement
may be due to increased forgetting, since the mutant mice also
exhibit a deficit in consolidation of long-term memory.

There is now clear evidence that PKA signaling has a key role
in a variety of implicit and explicit memory processes in both
invertebrate and in mammals (Ghirardi et al., 1992; Kandel and
Squire, 2000; Schafe and LeDoux, 2000; Kaplan and Abel, 2003).
For example, PKA activation is crucial for the consolidation of
long-term memories in both the hippocampus and amygdala.

While PKA activation enhances LTP in the hippocampus and
long-term memory consolidation, its inhibition disrupts LTP
and memory consolidation (Frey et al., 1993; Huang and Kandel,
1994; Abel et al., 1997; Lee et al., 2000; Arnsten et al., 2005). Our
results provide further evidence for the role of PKA in long-term
memory processes. While training the mice with 4 trials/d in the
water maze did not impair the performance of mutant mice, a
more difficult training using only 1 trial per day caused a deficit in
the long-term storage of spatial information. This indicates a role
for PKA in reference memory that can be compensated with in-
tense training.

At the biochemical level, PKA is crucial for the dynamic bal-
ance between protein kinases and phosphatases which regulates
the consolidation of LTP and LTD. Previous genetic and phar-
macological studies show that changes in PKA function differen-
tially affect expression of LTP and LTD (Brandon et al., 1995;
Abel et al., 1997; Hensch et al., 1998; Rao et al., 2004). Because
reducing kinase activity results in decreased phosphorylation of
AMPA receptors (Lee et al., 1998, 2000), thereby sustaining LTD
(Kameyama et al., 1998), changes in PKA function can have an
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Figure 8. Mutant mice showed enhanced delay-dependent working memory when manipulating a limited number of items presented repetitively. A, Number of errors in a LI/HML working

memory task (limited interference/high memory load). Inset shows an example for three trials (1 per day) composed of a sample phase (4 arms, randomly chosen every day, are opened; dark blue),
followed by a delay phase (mouse restrained on the central platform for 5 5), followed by the test phase [all 8 arms are opened; number of errors (runs in an already visited/nonbaited arm) is scored].
No significant effect of genotype was observed. B, Score (same group of mice; n = 12/12) in a LML working memory task (LML low memory load; 1 arm to remember among 2). Inset shows an
example for three trials (4 per day) composed of asample phase (one arm and then another opposite arm, randomly chosen, are opened), followed by a delay phase (mouse restrained on the platform
for 55 (training), 1or 2 min), followed by the test phase (two pairs of arms are opened; the same two pairs for every trials; the pairs of arms is composed by an arm already visited during the sample
phase and an adjacent baited arm) in which the number of correct choices is scored (runs in an arm not visited during the sample phase). The bar graph represents the average score for 1 week of
experiment at each delay. No difference was found between groups during training (5 s delay), but mutant mice showed enhanced performance when the delay increased to 1and 2 min ( p = 0.008
and 0.028 respectively) compared with control subjects. C, Score (new group: control n = 14; mutant n = 12) in a LI/LML working memory task. Only one pair (pseudorandomly determined;
different pair for every trial among 8 possible pair arrangements) is now presented by trial; six trials/d; score plotted against blocks (one block = two daily sessions of 6 trials each = 12 trials). During
both training (block B1to B5; delay phase = 15 s) and testing (increased delay phase; 2075 s), no difference was observed between groups. D, Same task as in €. However, the same

pair of arms is now used for every trial (increased proactive interference; HI/LML protocol). Using this procedure, mutant mice showed enhanced performance for a delay of 55 s compared
with controls ( p = 0.027).

effect not only on LTP but also on LTD. Our study in mutant
mice provides independent genetic support for this idea. We
found that restricted expression of a dominant-negative mutant
of the PKA regulatory subunit produces bidirectional changes in
hippocampal synaptic plasticity, impaired LTP and facilitated
LTD consolidation that affect not only reference memory but
also working memory.

Working memory is trial-unique-specific (Baddeley, 1981)
and is particularly sensitive to interference (Dudchenko, 2004). If

pus in working memory has been underestimated. While the
hippocampus has been thought to have a restrictive, but none-
theless significant role in reference long-term memory (Scoville
and Milner, 1957), the prefrontal cortex was thought to be in-
volved exclusively in cognitive flexibility, action planning, and in
working memory functions (Fuster, 2000). Activation of PKA in
prefrontal cortex was found to have a deleterious effect on work-
ing memory as assessed in a delayed alternation task (Taylor etal.,
1999). Interestingly, inhibition of PKA activity by prefrontal in-

the interferences are of similar nature as the information to be
remembered, or represent previously stored information that has
to be discarded (proactive interference), the interference may
cause a disruption during a working memory task (e.g., calcula-
tion, word processing). Until recently, the role of the hippocam-

jection of Rp-cAMPS led to working memory impairment in a
delayed spatial win-shift task in the radial maze (Aujla and
Beninger, 2001). These studies are in agreement with earlier stud-
ies showing that too much or too little activation of the prefrontal
dopamine D1 receptor pathway (which regulates PKA activity)
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can lead to prefrontal-dependent cognitive functions (Seamans
and Yang, 2004). Thus, we cannot rule out the possibility that the
improved performance in working memory task observed in our
mutant mice can be affected by the limited cortical expression of
the R(AB) transgene.

Recently however, the hippocampus has gained recognition as
an anatomical site for information storage during working mem-
ory tasks. To begin with, there is now good evidence for parallel
processing of information between the prefrontal cortex and the
hippocampus in the storage of a multiple number of trial-unique
items during a working memory task (Floresco et al., 1997). For
example, Lee and Kesner have documented this point using single
and double inactivation of the prefrontal cortex and the hip-
pocampus in a delayed nonmatch to place task (Lee and Kesner,
2003). When the working memory rule is applied to a small num-
ber of trial-unique items, these authors found that double inac-
tivation provoked a deficit in such task, but single inactivation
has no impact on the performance of pretrained animals for de-
lays up to 10 s, indicating that the inactivation of one structure
can be compensated by the activity of the other. However, when
the delay exceeded 10 s, single inactivation of the hippocampus,
but not of the prefrontal cortex, was sufficient to impair working
memory. Together, these results indicate that for short-term de-
lays the hippocampus and the prefrontal cortex might process
working memory information in parallel; but as soon as the sys-
tem detects a longer delay, hippocampal memory may become
essential, demonstrating more persistence than the prefrontal
cortex. Our findings are consistent with this view. We find that
our mutant mice display an improvement of performance
specifically when the delay used was 55 s and therefore was
hippocampus-dependent. Interestingly, we recently found that
manipulation specifically restricted to the hippocampus (abla-
tion of adult hippocampal neurogenesis in the dentate gyrus)
yields the same delay-dependent phenotype (Saxe et al., 2007).
Therefore, although we cannot rule out a prefrontal cortex influ-
ence, we favor the hippocampal interpretation for the enhanced
working memory performance in our mice.

Previous genetic manipulations in animals have focused on
either increased LTP and improved long-term memory (Tang et
al., 1999; Malleret et al., 2001) or diminished LTD and impaired
working memory (Zeng et al., 2001). Here, we have here tried to
examine both LTP and LTD concomitantly. This allowed us to
investigate the cooperative relationship between these processes
and different forms of learning and memory. While hippocampal
LTP is largely correlated with long-term reference memory, little
is known about the memory correlates of hippocampal LTD
(Kemp and Manahan-Vaughan, 2004; Etkin et al., 2006). Re-
cently, Nakao and colleagues found that performance of rats in a
spatial working memory task tightly correlates with the magni-
tude of LTD observed in the dentate gyrus (Nakao et al., 2002).
Similarly, inhibition of protein phosphatase calcineurin in the
forebrain causes both impairment in a spatial working memory
task and a decrease in hippocampal LTD (Zeng et al., 2001).
These results suggest that LTD has a positive role in working
memory. Our results support this idea and provide an explana-
tion to this role of LTD in working memory. In our working
memory task, the high degree of interference from previous trials
requires the subject to dampen or inhibit the memory formed
during the preceding trials. Mechanisms associated to the facili-
tated persistence of LTD may improve the ability of the animal to
forget what occurred during previous trials (proactive interfer-
ence), thus enabling it to commit fewer errors. Although the
interplay between LTP and LTD may well take place during the
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manifestation of each memory process, the association between
LTD and improvement in working memory performance in these
specific conditions defines one role of LTD-like mechanisms as
an essential process to remove or inhibit extraneous information
and thus improve the processing of relevant information. In
agreement with this view, we recently showed that forebrain
inhibition of the phosphatase PP2A impaired an NMDA-depen-
dent form of LTD, reversal learning in the water maze (transfer),
and working memory performance by inhibiting forgetting pro-
cesses (Nicholls et al., 2008). We here show that inhibiting PKA
and protein-phosphorylation has the opposite effect.

Whereas the “remembering” aspect of memory has been well
studied, mechanisms involved in forgetting are far less explored
(Markowitch and Scott, 1988; Wixted, 2004). Here, we report an
antagonism between forms of memory that require (working
memory), or are impaired by (long-term/reference memory),
forgetting of previously encoded information. Interestingly, we
showed that ablation of hippocampal neurogenesis yields a sim-
ilar outcome-deficient long-term memory and enhanced work-
ing memory performance (Saxe et al., 2006, 2007). These results
are in agreement with studies that find rich contextual encoding
can be an impediment to working memory (Delaney and
Sahakyan, 2007; Cowan et al., 2008). Forgetting is thought to
occur as a result of low-frequency stimulation of synapses in the
theta or delta range (Staubli and Lynch, 1990), which are firing
frequencies that are naturally observed in sleep or restful states in
neuronal networks (Buzsdki and Draguhn, 2004; Wolansky et al.,
2006). It was recently suggested that the role of slow-wave sleep is
to downscale synaptic strength to a baseline level that is beneficial
for learning and memory, and that downscaling is likely to use
many of the same molecular mechanisms involved in LTD
(Tononi and Cirelli, 2006). Sleep-induced synaptic depression
could thus promote some sort of reset of neuronal network nec-
essary for working memory and high cognitive functions in gen-
eral. Our data allow exploration of the causal relationship
between bidirectional synaptic plasticity and two antagonistic
types of memory that might differentially rely on these processes.
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