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NOTCH IN MEMORY FORMATION

Notch is a cell surface receptor that mediates intercellular commu-
nications through physical contact. It is well known for its roles
in the regulation of a wide array of biological processes, in ani-
mals from hydra to humans. Much data in the field relates to its
roles in development and cell differentiation but there is signif-
icant evidence that Notch also plays critical roles in numerous
adult processes (Ables etal., 2011). Here we focus on its role in
long-term memory (LTM) formation.

The initial study that reported a role for Notch in LTM exam-
ined mice using the water maze paradigm and found memory
deficits in the heterozygous NotchI*/~ and the RBP-j*/~ mice
(Costa etal., 2003). RBP-j gene is a critical component of the
canonical Notch signaling pathway. A caveat with this study is
that developmental effects of heterozygosity were not controlled.
Another study that used a conditional system found that postna-
tal knockout of RBP-j in the excitatory neurons did not impair
memory formation (Sato etal., 2012). This result raises ques-
tions about the role of canonical Notch signaling in the process.
Canonical Notch signaling is activated upon ligand binding and
results in the Notch intracellular domain being released from the
plasma membrane (NICD). NICD is transported to the nucleus
where it associates with RBP-j (the DNA binding factor) and up-
regulates transcription of target genes. Since NICD requires RBP-j
to bind DNA, the RBP-j conditional knock out data appears to
rule out the involvement of canonical Notch signaling in LTM
formation. It could also rule out any Notch-independent RBP-j
activity. Of course, it will not rule out these possibilities, if an
unknown paralog fills in to perform the role of RBP-j. How-
ever, this study does not rule out the involvement of Notch.
Although there is a reduction in Notchl protein level in RBP-j
knockout tissues, a significant amount persists. It raises the
possibility that Notch function in memory formation involves
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one of the non-canonical signaling mechanisms (Heitzler, 2010;
Guruharsha et al., 2012).

Two studies in Drosophila adults that used conditional Notch
mutants and inducible transgenes clearly demonstrate a role for
Notch in memory formation (Ge et al., 2004; Presente et al., 2004).
These studies used the olfaction-based, Pavlovian paradigm and
showed that Notch is required for LTM but not learning. Amaz-
ingly, when the full length Notch protein (NFull) was expressed
before training, a single training was sufficient to form signif-
icant memory instead of 10 required in control flies (Ge etal,,
2004). Similar experiments with Suppressor of Hairless [Su(H)],
the Drosophila homolog of RBP-j, show that it is also impor-
tant for LTM (Song etal., 2009). This report shows that LTM
is specifically blocked in Su(H) mutants and the expression of
the wild-type Su(H) protein in mushroom bodies, the key brain
region for Drosophila LTM, is sufficient to rescue the memory
defect. Interestingly, the study also showed that over-expression of
Su(H) protein in the wild-type background caused LTM defects
(Songetal.,2009). Another study has identified the homotypic cell
adhesion molecule Klingon as functioning downstream of Notch
in LTM (Matsuno etal., 2009), but it’s not clear whether it is reg-
ulated by NICD. Thus, data from both mice and Drosophila raise
doubts about the involvement of canonical Notch signaling in
LTM. The confounding data relate to RBP-j/Su(H) knockout and
over-expression.

The relationship between Notch and RBP-j/Su(H) is not sim-
ple. Su(H) knockout in Drosophila results in the loss of not only
NICD but also NFull expression (Kidd etal., 1998; Lecourtois and
Schweisguth, 1998; Wesley and Mok, 2003). The Notch receptors
that are stable in the absence of Su(H) are the naturally produced,
truncated Notch receptors lacking the carboxyl terminal ubiqui-
tination, transcription activation domain, and PEST sequences
(Wesley and Mok, 2003). On the other hand, over-expression of
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Su(H) results in increased nuclear localization of NICD that is in
the background (Kidd etal., 1998). Similar relationships between
RBP-j and the full length Notch1 protein and NICD can be found
in mammals as well (Schroeter etal., 1998; Sato etal., 2012). In
addition, Notch and Su(H) display a stoichiometric relationship
that appears to determine whether Su(H), NICD, or both are
retained in the cytoplasm or translocated to the nucleus (Gho
etal., 1996; Kidd et al., 1998). A further complicating matter is that
NICD expression from a transgene in the wild-type background
suppresses the cell surface expression of NFull produced from
the endogenous Notch gene, possibly due to titration of Su(H)
(Bardot etal., 2005). Incidentally, this observation also implies
that transgenic expression of NICD in the wild-type background
while reproducing bona fide functions of endogenously produced
NICD could also manifest additional effects linked to the loss of
non-canonical NFull functions at the cell surface. Thus, manip-
ulation of RBP-j/Su(H) may not be the best way to determine
whether the canonical or a non-canonical Notch signaling activity
is involved in a process. Since a vast amount of data from worms
to humans indicates that transgenic expression of NICD repro-
duces functions that are based on canonical Notch signaling, the
best approach could be to use NICD for determining if canoni-
cal signaling is involved and explore other non-canonical Notch
mechanisms if it is not.

NON-CANONICAL NOTCH SIGNALING MECHANISMS IN
Drosophila DEVELOPMENT

Since much information on Notch function in LTM forma-
tion is from Drosophila, we will restrict ourselves to this model
organism.

A non-canonical Notch mechanism is known to function dur-
ing the development of a class of adult sensory bristles called
microchaetae. The development of these bristles is suppressed by a
collection of Notch alleles (called micd alleles) with mutations that
delete the carboxy-terminal portion of the Notch protein (thereby
the transcriptional activation domain and the PEST sequences).
mecd alleles signal through a poorly understood signaling mech-
anism that interfaces with the Wingless/Wnt pathway (Ramain
etal., 2001). However, as this signaling persists in the Su(H) knock
out background it is not clear whether it is based on NFull or the
naturally produced truncated Notch receptors lacking the carboxyl
terminus (that would be stable in the absence of Su(H)). Regard-
less, this non-canonical signaling is closely linked to another
non-canonical Notch activity reported, one that is independent
of Delta or Serrate ligands and degrades Armadillo/p-Catenin that
is a critical component of the Wingless/Wnt pathway (Hayward
etal., 2008). As Armadillo/B-Catenin degradation would suppress
LTM formation (Tan etal., 2013), it is unlikely that either of these
two non-canonical mechanisms is involved in the Notch-mediated
enhancement of LTM formation.

A non-canonical Notch activity involving Abl kinase regu-
lates Axon pathfinding during embryogenesis. This activity is also
shown to persist in the Su(H) knock out background (Le Gall
etal.,, 2008). Furthermore, the developing neurons of the central
nervous system in the embryos express very high levels of a nat-
urally produced truncated Notch molecule that lacks most of the
Notch intracellular domain (LeComte et al., 2006). Thus, it is not

clear whether this non-canonical Notch activity is based on NFull
or a naturally produced truncated Notch receptor. However, as
there is very little evidence that Abl kinase promotes LTM, we do
not discuss this Notch activity any further.

We recently discovered another non-canonical Notch func-
tion that is involved in dorsal closure and dorso-ventral axis
formation in embryos. Dorsal closure is a zipper-like process
driven by F-actin dynamics that remodels and mobilizes lateral
epithelial cells to close the dorsal “hole” being created by the
apoptosing extra-embryonic amnioserosal cells (Harden, 2002).
Notch involvement in dorsal closure was reported previously but
the underlying signaling mechanism and its target were obscure
(Zecchini etal., 1999). The dorso-ventral axis is established by
the opposing gradients of Toll/Dorsal and Dpp signaling. Dorsal
is the Drosophila homolog of NFkB and Dpp is the Drosophila
homolog of TGFB/Bone Morphogenetic Protein. The newly dis-
covered non-canonical Notch activity was found to up-regulate
the level of F-actin and promote the formation of the longitudinal
F-actin cables during dorsal closure (Wesley etal., 2011). During
dorso-ventral axis formation, it was found to up-regulate the level
of a phosphorylated form of Cactus, the Drosophila homolog of
IkB, that is a negative regulator of Toll/Dorsal (NFkB) signaling
(Tremmel etal., 2013).

Some important features of the new non-canonical Notch sig-
naling are identified (Wesley etal., 2011; Tremmel etal., 2013).
This signaling is based on NFull, is activated soon after lig-
and binding, and involves the activity of Pkc98E, a Drosophila
homolog of the novel isoform of protein kinase C (PKC). Treat-
ment of Notch expressing cells with diacyl glycerol (DAG) analog
elicits the same response as ligand treatment. DAG analog treat-
ment is known to result in plasma membrane localization and
activation of PKC (Akiba etal., 2002). As activated NFull, PKC,
Cactus, and F-actin exhibit significant overlap in their expres-
sion at the cell surface (Wesley etal., 2011; Tremmel etal., 2013),
it is possible that NFull activation promotes interactions among
these proteins. This possibility is supported by the information
that (1) Cactus was initially isolated in a yeast two-hybrid sys-
tem screen using the Notch ankyrin repeats as the bait (Kidd,
1992), (2) a mammalian homolog of Drosophila Pkc98E asso-
ciates with F-actin during neuronal differentiation (Prekeris et al.,
1998; Zeidman et al., 2002), and Pkc98E contains a domain similar
to the Notch ankyrin repeats (Tremmel etal., 2013). Apparently,
the non-canonical NFull-PKC signaling competes with canoni-
cal Notch signaling for NFull: suppression of Pkc98E expression
while reproducing mutant phenotypes related to the loss of
NFull-PKC activity also results in mutant phenotypes related to
increased canonical Notch signaling. Finally, our studies show
that the Drosophila embryo can be divided into distinct zones
based on whether the canonical Notch signaling is up-regulated
(e.g., ventral region) or the non-canonical NFull-PKC signal-
ing is up-regulated (e.g., lateral regions; Wesley etal., 2011;
Tremmel etal., 2013). Since Notch activities are importantly
regulated at the levels of trafficking and recycling to the cell
surface (Reichardt and Knoblich, 2013), it is possible that some
of these regulations are involved in modulating the relative lev-
els of Notch signaling activities at the cell surface and in the
nucleus.
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NFULL-PKC ACTIVITY IN MEMORY FORMATION IN
Drosophila ADULTS

Cyclic-AMP response element binding protein (CREB) is a tran-
scriptional factor that plays pivotal roles in intrinsic and synaptic
plasticity during LTM formation (Yin etal., 1995; Benito and
Barco, 2010; Chen etal., 2012; Hirano etal., 2013). CREB over-
expression prior to olfaction-based training was also found to
reduce from 10 to 1 the number of training required for form-
ing LTM (Yin etal., 1995; Tubon etal., 2013). We studied Notch
and CREB together in memory formation in adult flies using
temperature-sensitive conditional and inducible alleles and trans-
genes. We found that NFull-PKC activity up-regulates the level
of a hyper-phosphorylated form of CREB (hyper-PO4 CREB;
Zhang etal., 2013). Remarkably, the experimental details either
in adult flies or in cultured cells were similar to the regulation of
P-Cactus. Incidentally, Cactus and CREB share functionally related
phosphorylation sites (Taylor etal., 2000). Hyper-PO4 CREB is
cytoplasmic (just as P-Cactus) and one of the residues phospho-
rylated is Serine 231. This Serine is equivalent to Serine 133 in
mammalian CREB, the phosphorylation of which is shown to be
important for LM in mammals (Gonzalez and Montminy, 1989;
Silva etal., 1998).

We also found an intriguing feature: a single pulse of Notch
activity triggers an ultradian oscillation of hyper-PO4 CREB level
that is linked to accumulation of nuclear CREB isoform. Wild-
type flies also show robust hyper-PO4 CREB oscillation during
daytime and after olfaction-based training for memory formation.
These observations raise the possibility that the frequency and
the amplitude of hyper-PO4 CREB ultradian oscillation are used
for repeating the strength of the initial LTM-forming stimulus.
Such repetition might be useful for memory consolidation and for
identifying the LTM-forming stimulus. It could be also used to
store information as wave tracks in the brain that differ in their
ability for persistance or reactivation, akin to the way amplitude
and frequency of electromagnetic waves are used to convey, store,
and retrieve information.

NFull-PKC activity up-regulates not only hyper-PO4 CREB but
also F-actin in the adult brains, with a much higher level accumu-
lating in the mushroom bodies and antennal lobes (Figure 1).
Mushroom bodies are the primary centers for LTM formation and
Notch and CREB functions are required there (Presente et al., 2004;
Yu etal., 2006; Hirano etal., 2013). Antennal lobe is also shown
to require Notch function, in olfaction stimulation (Lieber etal.,
2011). An increase in F-actin level has been reported in associa-
tion with forgetting in Drosophila (Davis, 2010; Shuai et al., 2010).
However, the forgetting mechanism appears to be independent
of cyclic-AMP and CREB pathways. Thus, the Notch-mediated
up-regulation of F-actin might be involved in a different F-actin
process that promotes LTM formation. That a single pathway
could regulate CREB and F-actin could be significant since F-actin
dynamics are known to play diverse roles in neuronal functions,
from modification of synapses to molecular transport.

POTENTIAL FOR CROSSTALK WITH WINGLESS/Wnt
SIGNALING

The Wingless/Wnt pathway and the Notch pathway often func-
tion in the same contexts, in development (Andersen etal., 2012)

mushroom bodies

/ \

5
antennal
lobe

Wild type (2U) Notch GOF Nnd3

FIGURE 1 | F-actin is enriched in specific regions of the fly brain
immediately after Notch activation. Mushroom bodies and antennal
lobes where Notch is known to function are labeled. N"d3 is the same
temperature-sensitive Notch GOF allele used in Zhang etal. (2013). The
wildtype (2U) and N"93 flies were incubated at 30°C for 30 min to activate
Notch and the brains were dissected and fixed immediately (see Zhang
etal., 2013 for details). Dissected brains were processed identically and
F-actin detected using Alexa 568-Phalloidin.

and adults (Inestrosa and Arenas, 2010; Niehrs, 2012). The
target of Wingless/Wnt signaling is the transcriptional activity
of Armadillo/B-Catenin in the nucleus. In the absence of this
signaling, Armadillo/B-Catenin is targeted for degradation by
Shaggy/GSK3 kinase. When Wingless/Wnt binds its receptor com-
plex composed of Frizzled and Lrp/Arrow, the intracellular protein
Disheveled is activated, which in turn blocks the Shaggy/GSK3
activity. As a consequence, Armadillo/B-Catenin is stabilized and
translocated to the nucleus for activation of target genes. A few
weeks ago, an exciting finding was reported: suppression of Wing-
less, Armadillo/B-Catenin, or Arrow expression in the mushroom
bodies suppresses LTM formation in adult flies (Tan etal., 2013).
An earlier study has shown that Disheveled can bind to the
Notch intracellular domain and inhibit canonical Notch signal-
ing (Axelrod et al., 1996). Taken together, an interesting possibility
arises. A stimulus for LTM formation results in the activation of
Wingless/Wnt and Delta ligands. These ligands activate Frizzled-
Arrow and NFull-PKC activities, respectively, that synergistically
block Shaggy/GSK3 kinase and NICD activities to promote the
LTM-related nuclear activities of Armadillo/f-Catenin and CREB
(Figure 2). Blocking NICD activity might be important as our
data from embryos suggest that this activity would suppress the
expression of genes whose functions are promoted by NFull-
PKC activity (Wesley etal., 2011). The Wingless/Wnt pathway
is known to regulate many cytoskeletal remodeling processes
during development (Payre et al., 1999; Delon et al., 2003; Chanut-
Delalande et al., 2006). Thus, the simultaneous activation of this
pathway and the Notch-PKC activity might be important for inte-
grating signaling with F-actin-based processes during memory
formation.

FUTURE DIRECTIONS

One of the challenging questions is determining the cellular
contexts for NFull-PKC and Wingless/Wnt activities in LTM
formation. Do they function in response to neuron-neuron com-
munication or neuron-glia communication? Do they function in
the same cells? If not, how do they both promote LTM formation?
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FIGURE 2 | A model for how the non-canonical NFull-PKC activity,
canonical Notch signaling, and Wingless/Wnt signaling might funtion
during LTM formation. (A) LTM forming stimulus activates Delta and
Wingless that in turn activate NFull and Dfrizzled/Arrow receptors,
respectively, and result in nuclear activities of Armadillo and CREB.
Wingless/Wnt signaling might also block NICD activity, which might be
important for modulating the frequency of hyperP04 CREB oscillation.

(B) Ultradian oscillation of hyperP04 CREB might be genereted by the
periodic fluctuation in the ratio of NFull and NICD levels.

This information would provide clues to the spatio-temporal con-
figurations underlying LTM formation, as the two activities could
regulate F-actin, hyper-PO4 CREB, and Armadillo/B-Catenin both
spatially and temporally.

The more challenging question is how the ultradian oscillation
of hyper-PO4 CREB is generated. We have some evidence from
embryos and cultured cells that suggest the involvement of a self-
sustaining mechanism. Immediately following NFull activation,
when the PKC-dependent activity is high, P-Cactus and F-actin
levels are high. These levels diminish over time, coincident with
the accumulation of NICD (Wesley etal., 2011; Tremmel etal.,
2013). Thus, it is possible that a single pulse of Notch activation
generates the two Notch activities in a time sequence that leads
to ultradian oscillation of hyper-PO4 CREB (Figure 2B). During
vertebrate somitogenesis, both Notch and Wingless/Wnt activities
are reported to manifest ultradian oscillation (Jensen etal., 2010;
Kageyama etal., 2010). It would be fascinating to find out if Wing-
less/Wnt activity also oscillates during LTM formation. If it does,
finding out whether it is in phase or out of phase with hypr-PO4
CREB oscillation would provide important clues for identify-
ing the parameters controlling the oscillations. A mathematical
analyzes of memory formation may become possible.

IMPLICATIONS FOR DEMENTIA

The functions of the Notch, PKC, and CREB genes are disrupted
in many neurodegenerative diseases, including Alzheimer’s dis-
ease (AD; Wang etal., 1994; Pakaski etal., 2002; Costa et al., 2003;

Selkoe and Kopan, 2003; Pugazhenthi etal., 2011). One study has
reported that NICD production is dramatically increased in the
brains of AD patients (Berezovska et al., 1998). Furthermore, PKC
and CREB activities are down regulated in AD animal models and
the activation of a novel isoform of PKC or an increase in CREB
phosphorylation is shown to significantly improve their cognitive
function (Gong etal., 2004; Hongpaisan etal., 2011). Thus, there
is a good chance that a disruption of mammalian non-canonical
Notch-PKC-like activity is involved in dementia. That such an
activity could also regulate F-actin is significant because studies in
mice show that F-actin up regulation is important for memory for-
mation and triggers the translocation of cytoskeleton-associated
protein Arc/Arg3.1 into synapses (Lamprecht, 2011; Liu etal,
2012). Interestingly, Arc/Arg3.1 is required for proteolytic pro-
cessing of Notch and synaptic plasticity (Alberi et al., 2011), which
is consistent with our perspective that the sequence of activation of
non-canonical and canonical Notch signaling might be important
for LTM formation. Constitutive over-expression of either one of
these activities might interfere with LTM formation. Since there is
also evidence suggesting that the loss of Wingless/Wnt signaling is
involved in AD (Boonen etal., 2009; Lucas etal., 2001; Jackson
etal., 2002; Sofola etal.,, 2010), understanding how the non-
canonical NFull-PKC signaling, the canonical Notch signaling,
and Wingless/Wnt signaling function together in LTM formation
might help us understand memory formation and memory loss
upon neurodegeneration. It might also help us understand mem-
ory decline with age. One interesting possibility could be that
the ultradian oscillation of hyper-PO4 CREB becomes more vari-
able, due to either loss of synchrony between the oscillations in
different cell types or deterioration in the coupling between the
mechanisms controlling the frequency and the periodicity of the
oscillation.

ACKNOWLEDGMENTS
This work was supported by NIH grant 1 R21 HD062928 (to CSW)
and R01 N'S063245-01 (to JCY).

REFERENCES

Ables, J. L., Breunig, J. J., Eisch, A. J., and Rakic, P. (2011). Not(ch) just develop-
ment: notch signalling in the adult brain. Nat. Rev. Neurosci. 12, 269-283. doi:
10.1038/nrn3024

Akiba, Y., Suzuki, R., Saito-Saino, S., Owada, Y., Sakagami, H., Watanabe, M., etal.
(2002). Localization of mRNAs for phosphatidylinositol phosphate kinases in the
mouse brain during development. Brain Res. Gene Expr. Patterns 1,123-133. doi:
10.1016/S1567-133X(01)00023-0

Alberi, L., Liu, S., Wang, Y., Badie, R., Smith-Hicks, C., Wu, J., etal. (2011).
Activity-induced Notch signaling in neurons requires Arc/Arg3.1 and is essen-
tial for synaptic plasticity in hippocampal networks. Neuron 69, 437-444.. doi:
10.1016/j.neuron.2011.01.004

Andersen, P., Uosaki, H., Shenje, L. T., and Kwon, C. (2012). Non-canonical notch
signaling: emerging role and mechanism. Trends Cell. Biol. 22, 257-265. doi:
10.1016/j.tcb.2012.02.003

Axelrod, J. D., Matsuno, K., Artavanis-Tsakonas, S., and Perrimon, N.
(1996). Interaction between Wingless and Notch signaling pathways medi-
ated by dishevelled. Science 271, 1826-1832. doi: 10.1126/science.271.
5257.1826

Bardot, B.,, Mok, L. P, Thayer, T., Ahimou, E, and Wesley, C. (2005).
The Notch amino terminus regulates protein levels and Delta-induced clus-
tering of Drosophila Notch receptors. Exp. Cell Res. 304, 202-223. doi:
10.1016/j.yexcr.2004.10.030

Frontiers in Cellular Neuroscience

www.frontiersin.org

November 2013 | Volume 7 | Article 222 | 4


http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

Zhang etal.

Notch signaling in memory formation

Benito, E., and Barco, A. (2010). CREB’s control of intrinsic and synaptic plasticity:
implications for CREB-dependent memory models. Trends Neurosci. 33, 230-240.
doi: 10.1016/j.tins.2010.02.001

Berezovska, O., Xia, M. Q., and Hyman, B. T. (1998). Notch is expressed in adult
brain, is coexpressed with presenilin-1, and is altered in Alzheimer disease.
J. Neuropathol. Exp. Neurol. 57, 738-745. doi: 10.1097/00005072-199808000-
00003

Boonen, R. A., Van Tijn, P., and Zivkovic, D. (2009). Wnt signaling in Alzheimer’s
disease: up or down, that is the question. Ageing Res. Rev. 8, 71-82. doi:
10.1016/j.arr.2008.11.003

Chanut-Delalande, H., Fernandes, I., Roch, E, Payre, F, and Plaza, S. (2006).
Shavenbaby couples patterning to epidermal cell shape control. PLoS Biol. 4:¢290.
doi: 10.1371/journal.pbio.0040290

Chen, C. C, Wu, J. K, Lin, H. W,, Pai, T. P, Fu, T. E, Wu, C. L., etal. (2012).
Visualizing long-term memory formation in two neurons of the Drosophila brain.
Science 335, 678-685. doi: 10.1126/science.1212735

Costa, R. M., Honjo, T., and Silva, A. J. (2003). Learning and memory deficits
in Notch mutant mice. Curr. Biol. 13, 1348-1354. doi: 10.1016/S0960-
9822(03)00492-5

Davis, R. L. (2010). Rac in the act of forgetting. Cell 140, 456—458. doi:
10.1016/j.cell.2010.02.004

Delon, I., Chanut-Delalande, H., and Payre, E (2003). The Ovo/Shavenbaby
transcription factor specifies actin remodelling during epidermal differentia-
tion in Drosophila. Mech. Dev. 120, 747-758. doi: 10.1016/S0925-4773(03)
00081-9

Ge, X., Hannan, E, Xie, Z., Feng, C., Tully, T., Zhou, H., etal. (2004). Notch
signaling in Drosophila long-term memory formation. Proc. Natl. Acad. Sci. USA
101, 10172-10176. doi: 10.1073/pnas.0403497101

Gho, M., Lecourtois, M., Geraud, G., Posakony, J. W., and Schweisguth, E (1996).
Subcellular localization of Suppressor of Hairless in Drosophila sense organ cells
during Notch signalling. Development 122, 1673-1682.

Gong, B., Vitolo, O. V., Trinchese, E, Liu, S., Shelanski, M., and Arancio, O. (2004).
Persistent improvement in synaptic and cognitive functions in an Alzheimer
mouse model after rolipram treatment. J. Clin. Invest. 114, 1624—1634.

Gonzalez, G. A., and Montminy, M. R. (1989). Cyclic AMP stimulates somatostatin
gene transcription by phosphorylation of CREB at serine 133. Cell 59, 675-680.
doi: 10.1016/0092-8674(89)90013-5

Guruharsha, K. G., Kankel, M. W., and Artavanis-Tsakonas, S. (2012). The Notch
signalling system: recent insights into the complexity of a conserved pathway.
Nat. Rev. Genet. 13, 654—666. doi: 10.1038/nrg3272

Harden, N. (2002). Signaling pathways directing the movement and fusion of epithe-
lial sheets: lessons from dorsal closure in Drosophila. Differentiation 70, 181-203.
doi: 10.1046/j.1432-0436.2002.700408.x

Hayward, P, Kalmar, T., and Arias, A. M. (2008). Wnt/Notch signalling and
information processing during development. Development 135, 411-424. doi:
10.1242/dev.000505

Heitzler, P. (2010). Biodiversity and noncanonical Notch signaling. Curr. Top. Dev.
Biol 92, 457-481. doi: 10.1016/S0070-2153(10)92014-0

Hirano, Y., Masuda, T., Naganos, S., Matsuno, M., Ueno, K., Miyashita, T., etal.
(2013). Fasting launches CRTC to facilitate long-term memory formation in
Drosophila. Science 339, 443-446. doi: 10.1126/science.1227170

Hongpaisan, J., Sun, M. K., and Alkon, D. L. (2011). PKC epsilon activation prevents
synaptic loss, Abeta elevation, and cognitive deficits in Alzheimer’s disease trans-
genic mice. J. Neurosci. 31, 630—643. doi: 10.1523/JNEUROSCI.5209-10.2011

Inestrosa, N. C., and Arenas, E. (2010). Emerging roles of Wnts in the adult nervous
system. Nat. Rev. Neurosci. 11, 77-86. doi: 10.1038/nrn2755

Jackson, G. R., Wiedau-Pazos, M., Sang, T. K., Wagle, N., Brown, C. A., Massachi, S.,
etal. (2002). Human wild-type tau interacts with wingless pathway components
and produces neurofibrillary pathology in Drosophila. Neuron 34, 509-519. doi:
10.1016/S0896-6273(02)00706-7

Jensen, P. B., Pedersen, L., Krishna, S., and Jensen, M. H. (2010). A Wnt oscillator
model for somitogenesis. Biophys. J. 98, 943—-950. doi: 10.1016/j.bp;j.2009.11.039

Kageyama, R., Niwa, Y., Shimojo, H., Kobayashi, T., and Ohtsuka, T. (2010). Ultra-
dian oscillations in Notch signaling regulate dynamic biological events. Curr. Top.
Dev. Biol 92, 311-331. doi: 10.1016/S0070-2153(10)92010-92013

Kidd, S. (1992). Characterization of the Drosophila cactus locus and analysis
of interactions between cactus and dorsal proteins. Cell 71, 623-635. doi:
10.1016/0092-8674(92)90596-5

Kidd, S., Lieber, T., and Young, M. W. (1998). Ligand-induced cleavage and regula-
tion of nuclear entry of Notch in Drosophila melanogaster embryos. Genes Dev.
12, 3728-3740. doi: 10.1101/gad.12.23.3728

Lamprecht, R. (2011). The roles of the actin cytoskeleton in fear memory formation.
Front. Behav. Neurosci. 5:39. doi: 10.3389/fnbeh.2011.00039

LeComte, M., Wesley, U. V., Mok, L. P, Shepherd, A., and Wesley, C. (2006). Evidence
for the involvement of dominant-negative Notch molecules in the normal course
of Drosophila development. Dev. Dyn. 235, 411-426. doi: 10.1002/dvdy.20650

Le Gall, M., De Mattei, C., and Giniger, E. (2008). Molecular separation of
two signaling pathways for the receptor, Notch. Dev. Biol. 313, 556-567. doi:
10.1016/j.ydbio.2007.10.030

Lecourtois, M., and Schweisguth, F. (1998). Indirect evidence for Delta-dependent
intracellular processing of notch in Drosophila embryos. Curr. Biol. 8, 771-774.
doi: 10.1016/S0960-9822(98)70300-8

Lieber, T., Kidd, S., and Struhl, G. (2011). DSL-Notch signaling in the
Drosophila brain in response to olfactory stimulation. Neuron 69, 468—481. doi:
10.1016/j.neuron.2010.12.015

Liu, Y., Zhou, Q. X,, Hou, Y. Y,, Lu, B, Yu, C., Chen, J., etal. (2012). Actin
polymerization-dependent increase in synaptic Arc/Arg3.1 expression in the
amygdala is crucial for the expression of aversive memory associated with
drug withdrawal. J. Neurosci. 32, 12005-12017. doi: 10.1523/JNEUROSCI.0871-
12.2012

Lucas, J. J., Hernandez, E,, Gomez-Ramos, P., Moran, M. A., Hen, R., and Avila, J.
(2001). Decreased nuclear beta-catenin, tau hyperphosphorylation and neurode-
generation in GSK-3beta conditional transgenic mice. EMBO J. 20, 27-39. doi:
10.1093/emboj/20.1.27

Matsuno, M., Horiuchi, J., Tully, T., and Saitoe, M. (2009). The Drosophila
cell adhesion molecule klingon is required for long-term memory formation
and is regulated by Notch. Proc. Natl. Acad. Sci. USA. 106, 310-315. doi:
10.1073/pnas.0807665106

Niehrs, C. (2012). The complex world of WNT receptor signalling. Nat. Rev. Mol.
Cell Biol. 13,767-779. doi: 10.1038/nrm3470

Pakaski, M., Balaspiri, L., Checler, E, and Kasa, P. (2002). Human amyloid-beta
causes changes in the levels of endothelial protein kinase C and its alpha isoform
in vitro. Neurochem. Int. 41, 409-414. doi: 10.1016/S0197-0186(02)00026-8

Payre, F, Vincent, A., and Carreno, S. (1999). ovo/svb integrates Wingless and
DER pathways to control epidermis differentiation. Nature 400, 271-275. doi:
10.1038/22330

Prekeris, R., Hernandez, R. M., Mayhew, M. W., White, M. K., and Ter-
rian, D. M. (1998). Molecular analysis of the interactions between protein
kinase C-epsilon and filamentous actin. J. Biol. Chem. 273, 26790-26798. doi:
10.1074/jbc.273.41.26790

Presente, A., Boyles, R. S., Serway, C. N., De Belle, J. S., and Andres, A. J. (2004).
Notch is required for long-term memory in Drosophila. Proc. Natl. Acad. Sci.
USA. 101, 1764-1768. doi: 10.1073/pnas.0308259100

Pugazhenthi, S., Wang, M., Pham, S, Sze, C. I, and Eckman, C. B. (2011). Down-
regulation of CREB expression in Alzheimer’s brain and in Abeta-treated rat
hippocampal neurons. Mol. Neurodegener. 6, 60. doi: 10.1186/1750-1326-6-60

Ramain, P., Khechumian, K., Seugnet, L., Arbogast, N., Ackermann, C., and Heit-
zler, P. (2001). Novel Notch alleles reveal a Deltex-dependent pathway repressing
neural fate. Curr. Biol. 11, 1729-1738. doi: 10.1016/S0960-9822(01)00562-0

Reichardst, I, and Knoblich, J. A. (2013). Cell biology: Notch recycling is numbed.
Curr. Biol. 23, R270-R272. doi: 10.1016/j.cub.2013.03.013

Sato, C., Turkoz, M., Dearborn, J. T., Wozniak, D. E, Kopan, R., and Hass, M.
R. (2012). Loss of RBPj in postnatal excitatory neurons does not cause neu-
rodegeneration or memory impairments in aged mice. PLoS ONE 7:48180. doi:
10.1371/journal.pone.0048180

Schroeter, E. H., Kisslinger, J. A., and Kopan, R. (1998). Notch-1 signalling requires
ligand-induced proteolytic release of intracellular domain. Nature 393, 382-386.
doi: 10.1038/30756

Selkoe, D., and Kopan, R. (2003). Notch and Presenilin: regulated intramembrane
proteolysis links development and degeneration. Annu. Rev. Neurosci. 26, 565—
597. doi: 10.1146/annurev.neuro.26.041002.131334

Shuai, Y., Lu, B., Hu, Y., Wang, L., Sun, K., and Zhong, Y. (2010). Forget-
ting is regulated through Rac activity in Drosophila. Cell 140, 579-589. doi:
10.1016/j.cell.2009.12.044

Silva, A. J., Kogan, J. H., Frankland, P. W,, and Kida, S. (1998). CREB and memory.
Annu. Rev. Neurosci. 21, 127-148. doi: 10.1146/annurev.neuro.21.1.127

Frontiers in Cellular Neuroscience

www.frontiersin.org

November 2013 | Volume 7 | Article 222 | 5


http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

Zhang etal.

Notch signaling in memory formation

Sofola, O., Kerr, E, Rogers, I, Killick, R., Augustin, H., Gandy, C., etal. (2010).
Inhibition of GSK-3 ameliorates Abeta pathology in an adult-onset Drosophila
model of Alzheimer’s disease. PLoS Genet. 6:¢1001087. doi: 10.1371/jour-
nal.pgen.1001087

Song, Q., Sun, K., Shuai, Y,, Lin, R., You, W., Wang, L., etal. (2009). Suppressor of
Hairless is required for long-term memory formation in Drosophila. . Neurogenet.
23, 405-411. doi: 10.3109/01677060903096133

Tan, Y., Yu, D., Busto, G. U.,, Wilson, C., and Davis, R. L. (2013). Wnt signal-
ing is required for long-term memory formation. Cell Rep. 4, 1082-1089. doi:
10.1016/j.celrep.2013.08.007

Taylor, C. T., Furuta, G. T., Synnestvedt, K., and Colgan, S. P. (2000).
Phosphorylation-dependent targeting of cAMP response element binding pro-
tein to the ubiquitin/proteasome pathway in hypoxia. Proc. Natl. Acad. Sci. USA
97, 12091-12096. doi: 10.1073/pnas.220211797

Tremmel, D. M., Resad, S., Little, C. J., and Wesley, C. S. (2013). Notch and PKC are
involved in formation of the lateral region of the dorso-ventral axis in Drosophila
embryos. PLoS ONE 8:¢67789. doi: 10.1371/journal.pone.0067789

Tubon, T. C. Jr., Zhang, J., Friedman, E. L., Jin, H., Gonzales, E. D., etal. (2013).
dCREB2-mediated enhancement of memory formation. J. Neurosci. 33, 7475—
7487. doi: 10.1523/JNEUROSCI.4387-12.2013

Wang, H. Y., Pisano, M. R., and Friedman, E. (1994). Attenuated protein kinase
C activity and translocation in Alzheimer’s disease brain. Neurobiol. Aging 15,
293-298. doi: 10.1016/0197-4580(94)90023-X

Wesley, C. S., Guo, H., Chaudhry, K. A., Thali, M. J., Yin, J. C., Clason, T., et al. (2011).
Loss of PTB or negative regulation of Notch mRNA reveals distinct zones of Notch
and actin protein accumulation in Drosophila embryo. PLoS ONE 6:€21876. doi:
10.1371/journal.pone.0021876

Wesley, C. S., and Mok, L. P. (2003). Regulation of Notch signaling by a novel mech-
anism involving suppressor of hairless stability and carboxyl terminus-truncated
notch. Mol. Cell. Biol. 23, 5581-5593. doi: 10.1128/MCB.23.16.5581-5593.2003

Yin, J. C., Del Vecchio, M., Zhou, H., and Tully, T. (1995). CREB as a
memory modulator: induced expression of a dCREB2 activator isoform enhances

long-term memory in Drosophila. Cell 81, 107-115. doi: 10.1016/0092-8674(95)
90375-5

Yu, D., Akalal, D. B., and Davis, R. L. (2006). Drosophila alpha/beta mushroom body
neurons form a branch-specific, long-term cellular memory trace after spaced
olfactory conditioning. Neuron 52, 845-855. doi: 10.1016/j.neuron.2006.10.030

Zecchini, V., Brennan, K., and Martinez-Arias, A. (1999). An activity of Notch
regulates JNK signalling and affects dorsal closure in Drosophila. Curr. Biol. 9,
460—469. doi: 10.1016/S0960-9822(99)80211-5

Zeidman, R., Troller, U., Raghunath, A., Pahlman, S., and Larsson, C. (2002). Protein
kinase Cepsilon actin-binding site is important for neurite outgrowth during
neuronal differentiation. Mol. Biol. Cell 13, 12-24. doi: 10.1091/mbc.01-04-0210

Zhang, J., Little, C. J, Tremmel, D. M, Yin, J. C, and Wesley, C. S.
(2013). Notch-Inducible hyperphosphorylated CREB and Its Ultradian Oscil-
lation in long-term Memory Formation. J. Neurosci. 33, 12825-12834. doi:
10.1523/JNEUROSCI.0783-13.2013

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 05 August 2013; accepted: 03 November 2013; published online: 21 November
2013.

Citation: Zhang ], Yin JCP and Wesley CS (2013) From Drosophila development to
adult: clues to Notch function in long-term memory. Front. Cell. Neurosci. 7:222. doi:
10.3389/fncel.2013.00222

This article was submitted to the journal Frontiers in Cellular Neuroscience.
Copyright © 2013 Zhang, Yin and Wesley. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience

www.frontiersin.org

November 2013 | Volume 7 | Article 222 | 6


http://dx.doi.org/10.3389/fncel.2013.00222
http://dx.doi.org/10.3389/fncel.2013.00222
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

	From Drosophila development to adult: clues to notch function in long-term memory
	Notch in memory formation
	Non-canonical notch signaling mechanisms in Drosophila development
	Nfull-pkc activity in memory formation in drosophila adults
	Potential for crosstalk with wingless/wnt signaling
	Future directions
	Implications for dementia
	References


