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The bHLH transcription factors SHARP1 and SHARP2 are partially
redundant modulators of the circadian system. SHARP1/DEC2 has
been shown to control sleep length in humans and sleep architec-
ture is also altered in double mutant mice (57/2~"7). Because of the
importance of sleep for memory consolidation, we investigated the
role of SHARP1 and SHARP2 in cognitive processing. S1/2~~ mice
show enhanced cortex (Cx)-dependent remote fear memory forma-
tion as well as improved reversal learning, but do not display alter-
ations in hippocampus (Hi)-dependent recent fear memory
formation. SHARP1 and SHARP2 single null mutants do not display
any cognitive phenotype supporting functional redundancy of both
factors. Molecular and biochemical analyses revealed elevated
insulin-related growth factor 2 (IGF2) signaling and increased phos-
phorylation of MAPK and S6 in the Cx but not the Hi of $1/2~~ mice.
No changes were detected in single mutants. Moreover, adeno-
associated virus type 2-mediated IGF2 overexpression in the anterior
cingulate cortex enhanced remote fear memory formation and the
analysis of forebrain-specific double null mutants of the Insulin and
IGF1 receptors revealed their essential function for memory forma-
tion. Impaired fear memory formation in aged $7/2~~ mice indicates
that elevated IGF2 signaling in the long term, however, has a nega-
tive impact on cognitive processing. In summary, we conclude that
the bHLH transcription factors SHARP1 and SHARP2 are involved in
cognitive processing by controlling Igf2 expression and associated
signaling cascades. Our analyses provide evidence that the control
of sleep and memory consolidation may share common molecular
mechanisms.
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he hippocampus (Hi) and anterior cortex (ACx) have been

associated with different aspects of cognitive processes con-
trolling, for example, recent and remote long-term fear memory
formation, respectively (1). Current concepts suggest that long-
term fear memory consolidation involves a gradual transfer of
memory traces from hippocampal networks into stable cortical
modules integrated by the anterior cingulate cortex (ACC) (2).
Long-term memory consolidation is considered a highly dynamic
process involving different cortical areas and is thought to be
shaped already during encoding, storage, but also reconsolida-
tion processes (3, 4). The gradual transfer of memory traces from
the Hi to cortical structures is thought to be dependent on dif-
ferent aspects of sleep (5) such as the sleep-dependent memory
replay between the Hi and the cortex (6). Thus, the controls of
sleep and memory consolidation appear to be interconnected
processes. It is well known that many aspects of sleep—wake-
related behavior are controlled by clock genes and emerging evi-
dence suggests an involvement of the circadian system in cognitive
processes (7). Several signaling pathways have been studied in the
context of hippocampal learning (8-14), among those, the circa-
dian timing of mitogen-activated protein kinase (MAPK) activity
might be important for proper memory consolidation in the hip-
pocampus (15). Moreover, MAPK is involved in processes of long-
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term potentiation and memory formation (12, 16, 17). In parallel,
the forebrain expressed core clock transcription factor neuronal
PAS domain protein 2 (NPAS2) has been implicated in the
control of nonrapid eye movement (NREM) sleep, and Npas2-
deficient mice display deficits in hippocampus-dependent cog-
nitive processing (18, 19). The basic loop helix (bHLH) tran-
scription factors SHARP1 (DEC2/BHLHE41) and SHARP2
(DEC1/BHLHEA40) are modulators of the circadian system and
of the core clock factors circadian locomotor output cycles kaput
(CLOCK) and NPAS2 and have been implicated in the control
of homeostatic sleep, neuronal plasticity, and working memory
(20-24). In this study, we analyzed wild type (WT), Sharp! and -2
single (S7~'~ and $27/7) and double knockout mice and observed
exclusively in double mutants strongly enhanced cognitive per-
formance in remote fear memory and reversal learning tasks that
have been associated with the ACC and the orbitofrontal cortex
as parts of the prefrontal cortex in rodents (1, 25, 26). In parallel,
insulin-related growth factor 2 (IGF2) and MAPK signaling was
elevated in the ACx of S1/27/~ mice and adeno-associated virus
type 2 (AAV2)-mediated expression of Igf2 and IGF binding
protein 5 (Igfbp5) in the ACC caused improved and impaired
remote fear memory formation in wild-type mice, respectively.
Moreover, the analysis of forebrain-specific neuronal insulin re-
ceptor (InsR) and Igfl receptor (IgfIR) double null mutant mice
implicates these IGF2 responsive and MAPK signaling coupled
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Fig. 1. Increased remote fear memory formation and improved reversal learning in S7/2~~ mice. (A-E) Experimental procedure of recent and remote
memory testing upon contextual fear conditioning. (C) Freezing behavior of mice tested 1 d after training. No significant difference between genotypes was
observed for recent fear memory. (D) Remote fear memory was elevated in $7/2~'~ mice (P < 0.05) when tested 28 d postshock. (E) Hot plate experiment did
not reveal any differences in nociception between the genotypes. (F-/) Water maze shows no difference between genotypes in the initial learning phase
(F) but significantly increased spatial memory formation of $7/27/~ mice in the probe trial when monitoring the time spent in the target quadrant (G). The
number of exact crossings of the platform location and the swim speed remained unaltered (H and /). (J~N) In the reversal water maze experiment (upon
exchanging the position of the platform), $7/2~~ mice relearn to find the new platform position significantly faster compared with WT mice (J). The time
spent in the target quadrant and the numbers of crossings of the platform location (L and M) were significantly increased in $7/27/~ mice compared with WT
controls, indicating improved memory consolidation. Speed of swimming remained unaltered (N). Data shown are means + SEM (error bars), n = 10 (C), n =
12-16 (D and E), n = 8 (F-N). Statistical significance (*P < 0.05, **P < 0.01) was assessed by two-tailed Mann-Whitney u test (G-/ and L-N) and two-way

ANOVA followed by Bonferroni’s post hoc test (F, J, and K). Effect of genotype is shown as F,14) = 5.76; P = 0.0309 (J).

receptors in hippocampus- and cortex-dependent memory for-
mation. We conclude that the circadian factors SHARP1 and -2
control aspects of cortex-dependent memory consolidation by
modulating IGF2 signaling.

Results

Improved Long-Term Memory and Flexibility Learning in $1/2~'~ Mice.
To address the function of SHARP1 and SHARP?2 in the context
of learning and memory formation, we analyzed wild type, Sharp!
and Sharp?2 single and double null mutants (24) in the contextual
fear conditioning paradigm (27). Because of the prominent ex-
pression of Sharpl and -2 in hippocampal and cortical regions and
their coupling to physiologically and pathologically altered neu-
ronal activity in the cortex (23, 28, 29), we tested recent fear
memory formation (1 d after shock) to study hippocampal as well
as remote fear memory (28 d after shock) to also assess cortical
functions (Fig. 1 4 and B). ACx regions such as the ACC appear
to be critically involved in remote fear memory formation (1).
S17'~ and §27~ single mutants performed under all tested con-
dition as WT animals (Fig. S1 A and B). §1/27/~ double mutants
were also indistinguishable from WTs in the recent test but
displayed significantly increased numbers of freezing rates in
the remote test, indicating enhanced anterior cortex-dependent
memory consolidation in §7/27~ mice (Fig. 1 C and D). Freezing
was not compromised by sensory perception as assessed by the
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hot plate assay where no differences between the genotypes were
detected (Fig. 1E).

To further substantiate these findings, we applied a modified
water maze task including a reversal test that monitors learning
flexibility, which is also dependent on the anterior cortex (30).
In the initial learning phase, performance remained unaltered
during 6 d of training (Fig. 1F), whereas in the probe trial per-
formed at day 7, S$1/27~ mice stayed significantly longer in the
target quadrant but did not display increased numbers of cross-
ings of the exact platform position, and swimming speed was
unaltered between genotypes (Fig. 1 G-I). In contrast, after
changing the platform to a new position (“reversal test”) $1/27/~
mice relearned the task significantly faster compared with WT
controls, which was already apparent on the first day of training
(Fig. 1J and K). In the reversal probe trial performed at day 14,
S§1/27'~ mice stayed significantly longer in the target quadrant
and crossed the exact platform position more often (Fig. 1 L and
M). Swimming speed was unaltered between genotypes (Fig.
1N). This observation supports the Acx-specific phenotype in
§1/27'~ mice and indicates that improved learning and not im-
paired forgetting underlies the enhanced memory consolidation
seen in the remote fear conditioning (Fig. 1D). The absence of
respective phenotypes in SI~/~ and S27/~ single mutants in the
water maze supported the functional redundancy of both genes
in cognitive processing (Fig. S1 C-E).
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Enhanced MAPK and S6 Activity in the Anterior Cortex of S1/2~/~
Mice. To further characterize the Acx-specific phenotype in
$1/27'~ mice, we analyzed a set of surrogate markers of several
signaling pathways (i.e., phosphorylation/activation states of p44/
42-MAPK, S6, PI3K, mTOR, AMPK, GSK3p, and AKT) im-
plicated in neuronal plasticity and hippocampal learning (8-14).
We speculated that activated pathways selectively operating in
the ACx and not the Hi might be among the underlying processes
of the cortex-selective enhancement of learning and memory
formation in S7/27/~ mice. We observed that phosphorylation of
p44/42-MAPK as well as S6 in S1/27~ mice was higher in the ACx
and reduced in the Hi compared with WT controls (Fig. 1 A-D).
This deregulation of p44/42-MAPK activity was not observed in
S17~ and $27/~ single mutants (Fig. S2). In parallel, GSK3p
phosphorylation was increased in the ACx and Hi, both at a
similar 1.5-fold level and we observed elevated AKT phos-
phorylation only in the Hi of double mutants (Fig. S3). All other
signaling markers remained unaltered between the genotypes and
brain regions (Fig. S3). Thus, only increased phospho-MAPK and
-S6 were selectively elevated in the ACx but not the Hi of $7/27/~.
We previously observed that $7/27'~ mice displayed an attenuated
sleep—wake amplitude in accordance with an altered 24 activity
profile by monitoring voluntary wheel running (20). Therefore, to
rule out that differential physical activities and/or sleep—wake
profiles might have caused differential MAPK signaling, we de-
termined phospho-MAPK levels in 4-h bins over the complete
24-h period in the ACx and Hi of $7/27~ and WT controls that
were housed in cages equipped with running wheels. We again
observed elevated phospho-MAPK levels in the ACx of S1/27/~
mice throughout the complete circadian cycle (Fig. 2 E and F),
whereas genotype differences were not detectable in the Hi under
these conditions (Fig. 2 G and H). We further analyzed signaling
in the ACC of §1/27~ mice by applying immunohistochemical
(IHC) staining with antibodies directed against phospho-S6 be-
fore fear conditioning and directly after remote fear memory test.
In agreement with published observations (31), the number of
phospho-S6 positive cells increased in the ACC of WT mice upon
neuronal activity, but were constitutively elevated in S1/27~ mice
(Fig. 2I and Fig. S4 A and B). We did not detect genotype dif-
ferences in the CAl region of the Hi (Fig. 2/ and Fig. S4 4 and C).

Elevated /gf2 Expression in the Anterior Cortex of $1/2~~ Mice. Thus
far, we observed an elevated level of phospho-MAPK and -S6
in the ACx that correlated with the improved anterior cortex-
dependent learning performance in S1/2”~ mice. Because
MAPK and S6K/S6 signaling have been shown to be coordinately
activated upon growth factor and insulin signaling, we scanned
available microarray data (20) at lowered significance thresholds
for growth factor candidates with a differential expression in the
cortex of $1/2~'~ versus WT mice. The only relevant candidates
identified were Igf2 and Igfbp5 as up- and down-regulated in
§1/27'~ mice (Fig. S5). We used qRT-PCR to analyze differential
mRNA expression in the ACx of §1/2~~ and WT mice over the
complete circadian cycle (see above) and validated the up- and
down-regulation of Igf2 and Igfbp5 expression, respectively, in
comparison with two housekeeping genes that did not display
genotype or time-dependent changes (Rpl3a and Atp5b) (Fig. 3
A-D). Moreover, we also validated increased Igf2 and decreased
Igfbp5 expression in the ACx of S1/27~ versus WT mice, nor-
malized to the housekeeping genes (Rpl13a and Cycl), which
were unregulated (Fig. 3 E and F). No differences of genotype or
time-dependent changes of Igf2 and Igfbp5 mRNA expression
were detected in the Hi (Fig. 3F). Plotting the 24-h kinetics of
Igf2 expression and phospho-MAPK levels obtained from WT
animals only revealed their circadian profile in the ACx whereby
the increase of Igf2 expression precedes the peak of MAPK ac-
tivation (Fig. S6). Finally, we detected significantly elevated IGF2
protein levels in the ACx of S1/27~ versus WT mice (Fig. 3G).
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Fig. 2. Increased phosphorylation of p44/42-MAPK and S6 in the ACx of
$1/27~ mice. (A and B) Western blot analysis of ACx and Hi tissue samples
obtained from WT and $7/27"~ mice. (C and D) Quantification of p44/42
MAPK and S6 phosphorylation showing an increase in MAPK and S6 phos-
phorylation in the ACx of $1/27"~ mice and decreased MAPK and S6 phos-
phorylation in the Hi compared with WT mice. (E and F) Western blot of ACx
and (G and H) Hi tissue samples prepared from $7/2~~ mice housed with
running wheel access showing an increase of p44/42 MAPK phosphorylation
at all six time points of Zeitgeber time (ZT) over a 24-h period in the ACx (F),
but not in the Hi (H). (/ and J) Quantification of phospho-S6 immunohisto-
chemistry performed with samples before fear conditioning (base) and im-
mediately after remote memory test reveals constitutively increased number
of phospho-S6 positive cells in the ACx of $7/2~~ mice independent of fear
conditioning, which causes increase of phospho-S6 positive cells in WT ani-
mals. Data shown are means + SEM (error bars), n =4 (B and D), n = 3-5
(1 and J). Statistical significance (*P < 0.05) was assessed by two-tailed Mann-
Whitney u test and two-way ANOVA followed by Bonferroni’s post hoc test
(F and H). Effect of genotype is shown as F(; 5y = 47.83; P = 0.001 (F).

In consequence, we hypothesized that elevating or reducing
IGF?2 signaling in the ACC of WT mice should enhance and
inhibit remote fear memory formation, respectively. Therefore,
we generated AAV?2 constructs expressing Igf2 and Igfbp5 under
the control of the CAG promoter (32) and injected corre-
sponding viruses including an empty control virus bilaterally into
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Fig. 3. Increased expression of Igf2 and decreased Igfbp5 expression in the ACx of $§1/2~~ mice and altered remote fear memory formation by virus-mediated
modulation of Igf2 signaling in the ACC of WT mice. (A-D) mRNA expression of ACx samples obtained at six Zeitgeber time points during 24 h from WT and
$1/27"~ mice housed with access to running wheels. (A and B) Housekeeping genes Rp/13a and Atp5b do not display genotype or time-dependent changes.
(C) Igf2 mRNA expression is significantly elevated in the ACx of 57/27/~ mice compared with WT mice throughout all time points except ZT20. (D) The level of
Igfbp5 MRNA expression is reduced in the ACx of $1/27~ mice compared with WT mice throughout all time points except ZT4. (E and F) RNA expression
analysis in tissue samples obtained from the ACx and Hi of standard housed mice. (E) No genotype-dependent changes in Rp/13a and CycT mRNA expression
in ACx and Hi of individual $7/2~"~ mice compared with WT. (F) Increased and decreased /gf2 and Igfbp5 mRNA expression was detected, however, in ACx of
individual $7/27'~ mice compared with WTs. No differences were observed in the Hi. (G) Enzyme immunoassay shows increased IGF2 protein levels in the ACx
of $1/27'~ mice. Data represent normalized IGF2 levels with the average of WT values set to 1. (H) IGF2 and IGFBP5 encoding AAV2 viruses were introduced via
stereotactic injection bilaterally into the ACC of wild-type mice 28 d prior to the fear conditioning test. Recent and remote memory was assessed 1 and 42 d
after fear conditioning, respectively. (/) No changes in recent fear memory formation were observed 1 d after fear conditioning. In contrast, remote fear
memory formation (after 42 d) was significantly enhanced and reduced by viral expression of Igf2 and Igfbp5, respectively. (J) A pool of AAV2 viruses
encoding IGF2 and expressing shRNAs targeting /gfbp5 were introduced via bilateral stereotactic injection into the ACC of WT mice 14 d prior to the fear
conditioning test. Remote memory was assessed 42 d after fear conditioning. Recent and remote memory was assessed 1 and 42 d after fear conditioning,
respectively. Recent memory remained unchanged, whereas remote fear memory was significantly elevated upon coexpression of Igf2- and Igfbp5-directed
shRNAs. Data shown are means + SEM (error bars), n =5 (E and F), n = 4 (G), n = 7-19 (I), n = 15-16 (J). Statistical significance (*P < 0.05, **P < 0.01) was
assessed by two-tailed Mann-Whitney u (F, /, and J), two-way ANOVA followed by Bonferroni’s post hoc test (A-D), and unpaired t test (G). Effect of genotype

is shown as F(,5) = 18.47; P = 0.0077 (C) and Fy,5y = 12.07; P = 0.0178 (D).

the ACC of WT mice (Fig. 3H). Four weeks after injection and
recovery, animals were subjected to fear conditioning and were
analyzed for recent and remote memory formation. Mice with
virus-mediated overexpression of Igf2 in the ACC displayed
a slight yet significant improvement of remote fear memory
formation (P < 0.05) (Fig. 37). In contrast, animals that were
injected with an Igfbp5-encoding virus showed a significantly
impaired remote fear memory formation compared with the
control (P < 0.05) and to Igf2 injections (P < 0.01) (Fig. 3I). To
better reflect the situation in S1/2~~ mice, where Igf2 expression
is elevated and Igfbp5 expression is reduced in the ACx (Fig. 2
A-G), we coinjected a pool of AAV2 constructs coding both for
IGF2 and those expressing shRNAs directed against Igfbp5 bi-
laterally into the ACC and assessed recent and remote fear
memory. The simultaneous increase of IGF2 and decrease of the
insulin-signaling inhibitor IGFBPS resulted in a highly significant
enhancement of remote fear memory (P < 0.001) (Fig. 3J).
Modulation of IGF2 signaling by virus-mediated Igf2/Igfbp5 ex-
pression in the ACC did not affect hippocampus-dependent re-
cent fear memory (Fig. 3 I and J).

Redundant Function of INSR and IGF1R in the Forebrain Is Associated
with Reduced MAPK Signaling in the ACx but Not the Hi. The ca-
nonical receptors that are known to bind insulin-like peptides
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including IGF2 are the INSR and IGF1R, which both mediate
downstream signaling via the ERK/MAPK pathway (33). When
inactivated individually, however, deficits in learning and mem-
ory formation have not been described so far (34, 35). There-
fore, we generated forebrain-specific neuronal InsR and IgfIR
double null mutant mice by crossing IgfIR/InsR™" mice (36, 37)
with CaMKII-cre—expressing mice (38) to study consequences on
MAPK signaling and fear memory formation. As expected by the
expression pattern of CaMKII, INSR and IGF1R protein levels
were highly reduced in the ACx (Fig. 4 4 and B) and Hi (Fig. 4 D
and E) in IgfIR/InsR“MX!- compared with IgfIR/InsR™" mice.
Phosphorylation levels of p44/42-MAPK were, however, signifi-
cantly reduced only in the ACx (Fig. 4C) but not in the Hi (Fig.
4D) of the double mutants. We subsequently subjected IgfIR/
InsR™" and IgfIR/InsR““MX!"* mice to a series of standard be-
havioral tests and did not observe any altered behavior among
both groups (Fig. S7). Thus, forebrain restricted deletion of the
INSR and IGFIR in CaMKII positive neurons does not alter
basic behavior. We next used the contextual fear conditioning
paradigm and analyzed recent and remote memory formation
(Fig. 4G). IgfIR/InsR““MX!"* mice displayed a highly significant
impaired recent and remote fear memory performance com-
pared with the controls (Fig. 4H). As it was shown before for
neuronal InsR knockout mice under high fat diet, the double
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Fig. 4. Neuronal knockout of InsR and Igf1R in the cortex and hippocampus
impairs fear learning and MAPK signaling in the ACx. (A and D) Western
blots of samples obtained from the ACx and Hi of Igf1R/InsR™ and Igf1R/
InsRE@MKIcre mice. (B, C, E, and F) Quantification of Western blot data
showing reduced phosphorylation of MAPK in the ACx but not the Hi.
(G and H) Igf1R/InsR<®MKI<re display highly significantly reduced fear learn-
ing compared with Igf1R/InsR™" control mice 1 d and 28 d after condition-
ing. Data shown are means + SEM (error bars), n = 4 (A-F), n = 13-17 (G and
H). Statistical significance (*P < 0.05, **P < 0.01, ***P < 0.005) was assessed
by two-tailed Mann-Whitney u test.

knockout mice displayed a significant gain of weight already
under standard diet (Fig. S8), which has been attributed to re-
duced insulin signaling (39). These data reveal that INSR and
IGFIR are at least partially redundant in the forebrain and the
loss of both receptors impairs MAPK signaling in the ACx but
not the Hi. In addition, our observations indirectly support the
implication of the IGF2-IGF1R/INSR-MAPK signaling axis
for memory consolidation in the cortex.

Impaired Fear Memory Formation in Aged $7/2~~ Mutant Mice. To
understand the long-term effects of SHARP1 and SHARP2
deficiency caused by enhanced Igf2 signaling, we studied aging
$1/27/~ mice and observed an age-dependent weight loss and
increased mortality rate in aged S1/27~ mice (Fig. 5 A and B).
Whereas Igf2 expression remained elevated in the ACx and un-
changed in the Hi, expression levels of Igfbp5 were similar in the
ACx and Hi of aged §1/27~ and WT mice (Fig. 5D). The phos-
phorylation of p44/42-MAPK in the ACx of $1/27~ mice was re-
duced to WT levels (Fig. 5 F and G) and remained reduced in the
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Hi of $1/27~ mice (Fig. 5 H and I). In parallel, the overall per-
formance of S1/27~ mice in contextual fear conditioning was
significantly reduced in the recent and reduced to wild-type levels
in the remote task (Fig. 5 J and K).

Discussion

Long-term memory consolidation such as remote fear memory
formation is thought to depend on the gradual transfer of memory
traces from hippocampal to cortical structures in a periodic and
sleep-dependent process, which may involve the function of clock
genes (40). In this study, we analyzed cognitive processing in single
and double null mouse mutants of the clock modulators SHARP1
and -2. We discovered that §1/27'~ mice display enhanced per-
formance in cortex-dependent learning tasks, which is paralleled
by elevated Igf2 expression and MAPK signaling in the ACx but
not the Hi. Moreover, virally modulated IGF2 signaling in the
ACC altered remote fear memory formation in WT mice. We
conclude that elevated IGF2 expression in the ACx might acti-
vate MAPK signaling to enhance memory consolidation in cor-
tex-dependent learning tasks in S7/27/~ mice. MAPK signaling
has already been reported to be important for hippocampal
memory formation in mice (12) and in long-term memory con-
solidation in Aplysia californica (17, 41) and the crab Chasmag-
nathus (42). Moreover, MAPK signaling has been associated with
circadian aspects of hippocampal memory formation, although
the upstream mechanisms have not yet been identified so far
(15). In addition, IGF2 signaling has been associated with
memory consolidation and extinction of fear memory in the
hippocampus (34, 43, 44). Our analysis reveals an additional role
for IGF2/MAPK signaling in cortex-dependent cognitive pro-
cessing. MAPK as well as S6 signaling are known to be targeted
by Igf2 and insulin signaling through the insulin and Igf1 receptor
(45, 46). Inactivation of the INSR does not exhibit a substantial
change in learning or memory abilities of mice (34, 35), and in-
hibition of the IGF1R has no impact on fear memory (34), which
might be explained by a functional redundancy among these
structurally highly related receptors. We proved this hypothesis in
mice with conditional forebrain-specific double InsR and IgfIR
null mutants that exhibited a highly reduced memory formation.
An associated reduction of MAPK activity in Igf1R/InsRC“MKiTcre
compared with Igf]R/InsRﬂ/ﬂ mice, however, was restricted to the
ACx and could not be observed in the Hi. Therefore, it seems
likely that IGF2 signaling uses regionally different modes of ac-
tion using both the IGF1R/INSR and IGF2R to activate MAPK
in a context-dependent way (34, 43, 44, 47). The significance of
MAPK activity for the timing of memory formation in the hip-
pocampus has been addressed already in a circadian context (15,
17, 41) and the disruption of clock genes leads to a memory
impairment (48-51). Because circadian and activity-coupled
mRNA expression of Sharpl/2 is restricted to the cortex (23, 28),
it appears likely that in the corresponding mouse mutant cortex-
selective processes are affected. We could show that Igf2 ex-
pression and MAPK activation display a circadian regulation in
the cortex of WT mice that appears to be uncoupled upon loss
of the negative clock modulators SHARP1/2. Our study thus
paves the way to investigate circadian and sleep-associated as-
pects of cortex-dependent memory consolidation in more depth
in the future. Moreover, our analysis supports the hypothesis that
the control of sleep and memory consolidation may be controlled
by similar mechanisms including IGF2-dependent signaling. IGF2
seems to be a potent memory enhancer in the hippocampus (34,
43, 52) as well as in the cortex (our study) and factors of insulin-
like signaling are under investigation as putative therapeutical
agents to overcome cognitive decline upon aging and in neuro-
degenerative and psychiatric disease conditions (53-57). Recently,
we could show that S1/27/~ mice display an impaired working
memory (20), whereas long-term memory consolidation is en-
hanced (this study), which may be explained by the fact that the
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Fig. 5. Reduced life span and cognitive decline of aged 57/27~ mice. (A and

B) Weight analyses and survival curve showing reduced weight (A) and de-
creased life span (B) of aged $7/2~~ double knockout mice compared with
wild-type mice. (C-E) RNA expression analyses showing increased /gf2 RNA
expression in the ACC, but not Hi, and unaltered Igfbp5 expression in both
regions. (F and H) Western blot analyses of ACx and Hi samples from aged
$1/27"~ and WT mice. (G and /) Quantification of Western blot data, showing
unaltered MAPK phosphorylation in the ACx and decreased MAPK phos-
phorylation in the Hi of $7/27/~ mice compared with WT mice. (J and K) Fear
conditioning experiment with memory test 1 d and 28 d after conditioning,
showing reduced recent memory of $7/27/~ compared with WT mice at day 1
after conditioning and remote fear memory (day 28) reduced to levels of WT
animals in contrast to young adult mice (Fig. 1D). Data shown are means +
SEM (error bars), n=13-14 (A), n=26-30(B), n=5(C-E),n=4(Fand l), n =
10-12 (J and K). Statistical significance (*P < 0.05) was assessed by two-tailed
Mann-Whitney u test, Gehan-Breslow-Wilcoxon test (B), and two-way
ANOVA followed by Bonferroni's post hoc test (A). Effect of genotype is
shown as F(1,25 = 3.51; P = 0.0729 (A).

underlying principles of both systems are fundamentally different
and are most likely differentially affected in $1/27~ mice. In ad-
dition, aged S1/27~ mice, however, display a strong decline in
memory performance. Although it is not clear whether this effect
is mediated by the lack of additional functions of SHARP1/2 or
continuously increased levels of Igf2 expression, it seems impera-
tive to better understand the long-term consequences of elevated
IGF2 on the neuronal metabolism and aging-related processes
that may not only provide beneficial effects as memory enhancer.

Materials and Methods

Animal Experiments. All animal experiments were performed in accordance
with Regierungsprasidium Braunschweig institutional guidelines and were
approved by the government of Lower Saxony, Germany.
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Mice were housed at a 12-h light/12-h dark cycle and received food and
water available ad libitum. All experiments were performed with cohorts of
adult male mice at the same age between 4-5 mo and 12-16 mo for aging
studies. 17, 27, Igf1R™, and InsR™" single knockout mice as well as
CaMKil-cre heterozygous mice were backcrossed to C57BL/6J for more than 10
generations as described previously (24, 36-38). WT and Sharp1 and -2 double
mutant mice (S7/27"") were obtained from double heterozygous breeding pairs
(24, 58). Igf1R/INSR™" and Igf1R/INsR<MK!-r¢ mice were obtained from Igf1R/
InsR™" homozygous and CaMKIl-cre heterozygous breeding pairs. Igf1R/InsR™"
homozygous mice were obtained from Igf1R/InsR™* heterozygous breeding
pairs. Igf1R/InsR™* heterozygous mice were obtained from Igf1R™" and InsR™"
breeding pairs. All experiments were performed blinded to genotypes.

Stereotactic Injections. Surgery was performed under intraperitoneal anes-
thesia with ketamine/xylazine (100 mg/kg; 10 mg/kg). Viral vectors (AAV2,
AAV2-Igf2, AAV2-Igfbp5, or a pool of AAV2-Igf2/lgfbp5shRNAT-3) were
injected into the anterior cingulate cortex (1 mm anterior to bregma,
0.5 mm lateral to midline, 1.5 mm ventral to surface). One microliter was
administered at each injection site using a 10-uL Hamilton syringe at a rate
of 0.5 u/min with a total of 2-4 x 10" virus particles per injection site.
Immediately after surgery, mice were given buprenorphine (0.2 mg/kg, s.c.)
for analgesia.

Western Blot Analyses. Brain tissues (ACx bregma 1-3 mm and Hi bregma —1
to —3 mm) were isolated using a “rodent brain matrix” 1 mm coronal slicer
(ASI Instruments) from adult WT and S1/27/~ mice harvested at indicated
time points. ACx and Hi samples were frozen on dry ice and lysed with a
Polytron PT 2000 homogenizer in sucrose buffer. Samples obtained at de-
fined Zeitgeber time points were collected as described above and pooled
(n = 3). For preservation of proteins as well as of protein phosphorylation
cOmplete (Roche) and PhosSTOP tablets were freshly added to the buffer.
After lysis of the tissue, a fraction of the lysate was removed and added to
an appropriate volume of RNA lysis buffer (Qiagen) for further RNA ex-
traction. Protein lysates were quantified with a Lowry-based DC Protein
Assay Kit Il (Bio-Rad) and added to a final concentration of 1 mM DTT and 1x
NuUPAGE lithium dodecyl sulfate (LDS) sample buffer. Samples were heated
for 10 min at 70 °C and separated in 4-12% NuPAGE Bis-Tris gel/1x Mes
buffer (Invitrogen). Protein was transferred to a 0.2-um PVDF membrane
(Roche) and blocked overnight in 5% milk in 1x TBS with 0.05% Tween 20.
Immunoblots were visualized with HRP-coupled secondary antibodies and
an INTAS ECL Imager.

Enzyme Immunoassay. Detection of IGF2 protein levels in ACx homogenates
from S$7/27"~ and WT mice was essentially performed as described (59) with
minor modifications. Protein extracts were concentrated using Amicon Ultra
filter units (Millipore) and IGF2 levels were determined following the in-
structions provided by the manufacturer’s protocol (Abcam) and absorbance
was measured using a 96-well microtiter plate reader (Berthold) against a
standard curve obtained from serial dilutions of recombinant human IGF2
(R&D Systems).

Plasmids. ORF-containing expression cassettes encoding mouse IGF2 and
IGFBP5 were synthesized using gene blocks (Integrated DNA Systems) and
subcloned into an AAV2 plasmid backbone containing a CAG promoter
(obtained from M. Klugmann, University of New South Wales, Australia)
Three hairpin shRNAs constructs targeting Igfbp5 mRNA (NM_010518.2) were
designed using an online tool available at cancan.cshl.edu/RNAi_central us-
ing standard settings, synthesized as oligonucleotides, and subcloned into
the same AAV2-CAG backbone as follows: shRNA1: TGCTGTTGACAGTGAGCG-
CAGACTTTATAGGCATATAAAT TAGTGAAGCCACAGATGTAATTTATATGCCTAT-
AAAGTCTATGCCTACTGCCTCGGA; shRNA2: TGCTGTTGACAGTGAGCGATCTCT-
TGATGGCATGGCATAG TAGTGAAGCCACAGATGTACTATGCCATGCCATCAAGA-
GAGTGCCTACTGCCTCGGA; and shRNA3: TGCTGTTGACAGTGAGCGCCCTCTGG-
CTTTCAAGAGAAAG TAGTGAAGCCACAGATGTACTTTCTCTTGAAAGCCAGAGGA-
TGCCTACTGCCTCGGA.

The Igfbp5 targeting sequence is underlined.

Quantification of shRNA constructs was performed with qRT-PCR on cDNA
obtained from mouse NIH 3T3 cells nucleofected with AAV2, AAV2-Igfbp2-
shRNA1, AAV2-Igfbp2-shRNA2, AAV2-Igfbp2-shRNA3, and a pool of AAV2-
Igfbp2-shRNA1-3 plasmid constructs performed in triplicates. Transfection
efficiency was determined to be higher than 70%. Knockdown efficiency in
reference to the AAV2 control was 32 + 6% for shRNA1, 43 + 9% for
shRNA2, 39 + 4% for shRNA2, and 65 + 7% for a pool of shRNAs1-3.
Therefore, a mix of AAV2-Igfbp5-shRNA1-3 plasmids was used for virus
generation and injection in a pool with AAV2-/gf2.
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Antibodies. The following antibodies were used in our experiments: AKT
(1:2,000; Cell Signaling), phospho-AKT (1:2,000; Cell Signaling), AMPK (1:1,000;
Cell Signaling), phospho-AMPK (1:1,000; Cell Signaling), GAPDH (1:500;
Stressgen), GSK3p (1:2,000; Cell Signaling), phospho-GSK3 (1:2,000; Cell
Signaling), IGF1R (1:1,000; Cell Signaling), INSR (1:1,000; Cell Signaling), p44/
42-MAPK (1:2,000; Cell Signaling), phospho-p44/42-MAPK (1:2,000; Cell Sig-
naling), mTOR(1:1,000; Cell Signaling), phospho-mTOR (1:1,000; Cell Signal-
ing), PI3K (1:1,000; Cell Signaling), phospho-PI3K (1:1,000; Cell Signaling), S6
(1:1,000; Cell Signaling), phospho-S6 (1:1,000; Cell Signaling), and o-tubulin
(1:10,000; Sigma).

RNA Expression Analyses. RNA was isolated according to the manufacturer’s
manual using RNeasy columns (Qiagen). All isolated RNA samples were
tested for quality and quantity with the Bioanalyzer (Agilent Technologies).
RNA-integrity (RIN) values were higher than 8. SYBRgreen real-time PCR
experiment was performed with a LC480 detection system (Roche). All pri-
mers were designed online at the assay design center of the Roche Universal
Probe Library: Atp5b (S:GGATCTGCTGGCCCCATAC, AS:CTTTCCAACGCCAG-
CACCT), Cycl (S:CAGAGCATGACCATCGAAAA, AS:CACTTATGCCGCTTCATGG),
1gf2 (S:CGCTTCAGTTTGTCTGTTCG, AS:GCAGCACTCTTCCACGATG), Igfbp5 (S:
CTACCGCGAGCAAGTCAAG, AS:GTCTCCTCGGCCATCTCA), and Rpl13a (S:ATC-
CCTCCACCCTATGACAA, AS:GCCCCAGGTAAGCAAACTT).

Immunostainings. Mice were anesthetized with avertin and perfused with
gassed ACSF following 4% (wt/vol) PFA in PBS. Then, brains were treated
overnight in 4% PFA at 4 °C and embedded in paraffin. Immunohisto-
chemical analysis was performed on 10-um-thick coronal brain sections.
Hematoxylin-eosin (H&E) stain as well as a DAB-based immunostaining
Dako-LSAB2 kit was used according to the manufacturer’s manual. Primary
antibody was used against phospho-S6 (1:100; Cell Signaling). For quantifi-
cation, cells were counted within a defined identical square, whereas only
cells were counted that were completely in the square.

Behavioral Analyses. Behavioral tests were performed as described (60) with
minor modifications. In short, to test anxiety behavior, the light-dark pref-
erence test was performed in a box consisting of two equal parts, a dark and
a transparent compartment connected by a door. Within 5 min, time spent
in the dark was analyzed. The spontaneous locomotor activity of mice was
tested in the open field test. Test time for each animal was 10 min. In this
time, the total time active, the number of rearing, the total time of rearing,
traveled distance, time at the center and the periphery, and corner visits
were analyzed. The setup was modified for the hole board test by changing
the floor to a plastic plate with 16 symmetrical holes. Within 10 min, the
traveled distance, the number of visits at the holes, the total exploration
time, as well as the time spent for one exploration was measured and an-
alyzed. To test the pain threshold with the hot plate test, each mouse was
placed on a 52 °C metal plate, and the time until the mice licked the hind

. Frankland PW, Bontempi B, Talton LE, Kaczmarek L, Silva AJ (2004) The involvement
of the anterior cingulate cortex in remote contextual fear memory. Science 304(5672):
881-883.

. Frankland PW, Bontempi B (2005) The organization of recent and remote memories.
Nat Rev Neurosci 6(2):119-130.

. Dudai Y, Morris RGM (2013) Memorable trends. Neuron 80(3):742-750.

4. Wang S-H, Morris RGM (2010) Hippocampal-neocortical interactions in memory for-
mation, consolidation, and reconsolidation. Annu Rev Psychol 61:49-79, C1-4.

. Diekelmann S, Born J (2010) The memory function of sleep. Nat Rev Neurosci 11(2):
114-126.

6. Ji D, Wilson MA (2007) Coordinated memory replay in the visual cortex and hippo-
campus during sleep. Nat Neurosci 10(1):100-107.

. Eckel-Mahan KL, Storm DR (2009) Circadian rhythms and memory: Not so simple as
cogs and gears. EMBO Rep 10(6):584-591.

. Bekinschtein P, et al. (2007) mTOR signaling in the hippocampus is necessary for
memory formation. Neurobiol Learn Mem 87(2):303-307.

9. Chen X, et al. (2005) PI3 kinase signaling is required for retrieval and extinction of
contextual memory. Nat Neurosci 8(7):925-931.

10. Enriquez-Barreto L, et al. (2014) Learning improvement after PI3K activation corre-
lates with de novo formation of functional small spines. Front Mol Neurosci 6.

11. Fortress AM, Schram SL, Tuscher JJ, Frick KM (2013) Canonical Wnt signaling
is necessary for object recognition memory consolidation. J Neurosci 33(31):
12619-12626.

12. Kelleher RJ, 3rd, Govindarajan A, Jung H-Y, Kang H, Tonegawa S (2004) Translational
control by MAPK signaling in long-term synaptic plasticity and memory. Cell 116(3):
467-479.

13. Man H-Y, et al. (2003) Activation of PI3-kinase is required for AMPA receptor insertion

during LTP of mEPSCs in cultured hippocampal neurons. Neuron 38(4):611-624.

N

w

4]

~

oo

E3588 | www.pnas.org/cgi/doi/10.1073/pnas.1423989112

paw was measured. To test the overall motivation behavior of mice, a tail
suspension test was performed. For this purpose, mice hung on their tails for
6 min and the time of struggling to get free was measured. To test the
anxiety behavior, mice were tested in an elevated plus maze test. The test
setup has two open arms and two closed arms, and preference of mice was
tested. Test duration was 5 min, during which total distance traveled, dis-
tance traveled in closed arms, time spent in center, running speed, and
relative time in closed arms were analyzed. Spatial learning and memory
were analyzed in the Morris water maze test. The test started with a 2-d
visible platform task to allow the mice to learn the platform position. For
initial and reversal learning the flag was removed from the platform. During
the following 6 d of spatial learning (initial learning) each mouse was re-
leased in the tank four times per day and allowed to swim until it found the
hidden platform. After 6 d, a probe trial was performed to access the
memory of the mice by removing the platform and measuring the time
spent in the target quadrant, number of crossings of the platform position,
and swim speed. After a 7-d break, the reversal learning test was performed.
The hidden platform was placed in the opposite quadrant and learning was
assessed for 6 d. Finally, the reversal probe trial was performed to assess
memory formation. Contextual fear memory was assessed in fear condi-
tioning paradigm with several cohorts of mice. All cohorts were tested with
TSE Systems equipment, with 0.4-mA shock intensity and 2-s duration. AAV2-
injected mice were tested with a Ugo Basile system. Parameters for shock
intensity and duration (0.4 mA, 2 s) were identical for AAV2, AAV2-IGF2, and
AAV2-IGFBP5 injections. Duration was reduced to 1 s for AAV2 and AAV2-
IGF2/IGFBP5-shRNA coinjections to avoid ceiling effects. The freezing rate of
the AAV-injected mice was analyzed automatically by Any Maze software
(Stoelting). Animals for immunohistochemical analyses were killed before
conditioning (baseline) and 28 d after conditioning, respectively. More specific
information on behavioral experiments was described previously (60).

Aging Cohort. Weight was noted every month from 6 to 15 mo of age. Ge-
notype differences in the survival curve until the age of 80 wk were analyzed
statistically with the Gehan-Breslow-Wilcoxon test.

Protein and RNA Quantification. Western blot signal intensities were quan-
tified with ImageJ software. Phosphorylation-specific antibodies were nor-
malized with respective pan antibodies to the total amount of the studied
protein. Other protein signals were quantified to tubulin. Real-time PCR
signals were normalized to two housekeeping genes out of Atp5b, Cyc1, and
Rpl13a, respectively.
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