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Abstract

Transmembrane signaling mechanisms are critical for regulating the plasticity of neuronal
connections underlying the establishment of long-lasting memory (e.g., Linden and Routtenberg,
1989, Brain Res Rev. 14: 279-296; Sossin, 1996, Trends Neurosci 19: 215-218; Mayr and
Montminy, 2001, Nat Rev Mol Cell Biol. 2: 599-609; Chen et al., 2011, Nature 469: 491-497).
One signaling mechanism that has received surprisingly little attention in this regard is the well-
known Wnt transmembrane signaling pathway even though this pathway in the adult plays a
significant role, for example, in postsynaptic dendritic spine morphogenesis and presynaptic
terminal neurotransmitter release (Inestrosa and Arenas, 2010, Nature Rev Neurosci 11: 77-86).

The present report now provides the first evidence of Wnt signaling in spatial information storage
processes. Importantly, this Wnt participation is specific and selective. Thus, spatial, but not cued,
learning in a water maze selectively elevates the levels in hippocampus of Wnt 7 and Wnt 5a, but
not the Wnt 3 isoform, indicating behavioral selectivity and isoform specificity. Wnt 7 elevation is
subfield-specific: granule cells show an increase with no detectable change in CA3 neurons. Wnt 7
elevation is temporally specific: increased Wnt signaling is not observed during training, but is
seen 7 days and, unexpectedly, 30 days later.

If the Wnt elevation after learning is activity-dependent, then it may be possible to model this
effect in primary hippocampal neurons in culture. Here we evaluate the consequence of potassium
or glutamate depolarization on Wnt signaling. This represents, to our knowledge, the first
demonstration of an activation-dependent elevation of Wnt levels. Additionally, the novel finding
emerged of an increased number of Wnt-stained puncta in neuritis suggestive of trafficking from
the cell body to neuronal processes, probably dendrites. It is proposed that Wnt signaling
pathways, both canonical and non-canonical, regulate long-term information storage in a
behavioral-, cellular- and isoform-specific manner.
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Introduction

The Wnt (Wingless-Int) signaling pathway is a key regulator of morphogenesis and pattern
formation during development. Winglessin Drosophila and its mammalian homologue /nt-1
were first identified and characterized as secreted proteins of importance in establishing the
pattern of development in the bodies of all multicellular organisms during embryogenesis
(Nusslein-Volhard and Wieschaus, 1980; Nusse et al., 1984). In addition to its critical role in
early development, it is now known that in the adult nervous system the signaling Wnt
proteins regulate neuronal functions such as presynaptic assembly, axon pathfinding,
dendritic arborization and synaptogenesis (Li et al., 2005; Speese and Budnik, 2007; Salinas
and Zou, 2008; Chiang et al., 2009; Korkut and Budnik, 2009; Inestrosa and Arenas, 2010).

Whnt signaling molecules belong to a family of lipid-modified secreted glycoproteins with
molecular weight ranging from 38-41 kD. N-glycosylation and palmitoylation are major
post-translational modifications necessary for Wnt maturation, sorting and secretion (Tanaka
etal., 2002; Willert et al., 2003; Coudreuse and Korswagen, 2007). Upon secretion, Wnt
proteins activate G protein coupled Frizzled (Fz) receptors that are found both pre- and
postsynaptically. Despite the absence of evidence that Wnt signaling actually plays a role in
spatial memory formation, a key malfunction in Alzheimer disease (AD), a curious
counterfactual history has developed in which disorders of memory such as AD have
nonetheless been thought to involve Wnt dysregulation (Pei et al., 1997; De Ferrari and
Inestrosa, 2000; Caruso et al., 2006; Boonen et al., 2009; He and Shen, 2009; Shruster et al.,
2010; Toledo and Inestrosa, 2010). To bridge this information gap, the present studies show
that indeed this signaling system participates in long-term spatial information storage hence
its dysfunction might well lead to devastating memory impairments.

Materials and Methods

Subjects

Fifty-day-old male Wistar rats (Charles River) weighing 250-300g at the start of the
behavioral experiments were used. Animals were housed in groups of 3 with free access to
water and rodent chow. The optimum temperature (22°C) and 12 hr light/dark cycle at the
animal facility were maintained and controlled. Animal care and their use in behavioral
procedures were in agreement with the guidelines of the National Institute of Health Guide;
animal use protocols were approved by the Northwestern University Animal Care and Usage
Committee.

Behavioral Training

Water Maze

The water maze apparatus consisted of a plastic circular container 1 m in diameter that was
placed in the middle of a test room. The container was filled with water that was dyed using
black water based nontoxic Tempera paint in order to allow the tracking of white rats. Water
temperature was kept at 22°C. A fixed platform made of plastic (5 cm diameter) was
submerged 2 cm below the water surface in the northwest quadrant of the pool. Three lamps
aimed at the ceiling illuminated the test room. The following visual cues were hung on the
walls: vertical black and white striped poster as well as white rectangle on a black
background were located on the north wall, a black asterisk on a white background on the
east wall, a black and white parallel vertical stripes and black circle on a white background
on the south wall and a black triangle on a white background on the west wall. A video
camera was mounted on the ceiling and was positioned in middle of the pool. An
experimenter sat at the desk in front of the computer and was not visible from the pool.
Performance in the water maze task was tracked and recorded using HVS software.
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Animals were brought from the animal housing facility to the test room and handled for 4
min per day on 4 consecutive days to acclimate them to being handled. On the training day,
each animal was placed in a holding cage in the testing room for 60 sec; it was then picked
up carefully and placed in the water at randomly selected starting positions. Eight trials were
conducted daily for 5 days. During each trial animals were allowed to swim for a maximum
of 60 sec. After finding the submerged platform they were left on the platform for 30 sec,
then removed and returned to a holding cage. There was a 30 sec interval between trials for
each animal. If the animal was unable to find the hidden platform during 60 sec period, it
was guided to the platform by the experimenter. In case of visible platform training, an
orange ping-pong ball was mounted directly onto the platform and was visible from any
location within the maze. In this situation the water maze was surrounded with black
curtains in order to block visual access to the wall cues.

The probe test, in which the platform was removed from the pool, was performed 7 days
after training. Animals were allowed to swim freely for 60 sec. During the probe test, time
spent in annulus (circular area surrounding the platform) and in each of the 4 quadrants was
recorded.

Immunostaining

Immunofluorescent staining for Wnt proteins was carried out according to Gogolla et al
(2006). Briefly, after animals were sacrificed brains were removed and hemisected. One
hemisphere was immediately transferred onto dry ice, frozen and later cryo-sectioned for 30
um brain sections. The sections were post-fixed first with 4% PFA for 5 min then with 20%
methanol/PBS solution for 5 min followed by permeabilization with 0.5% Triton X-100 in
PBS overnight. 24 hr later sections were rinsed briefly with PBS and blocked using
20%BSA in PBS for 4 hr at room temperature followed by incubation in primary antibody
solution (5%BSA/PBS) overnight at 4°C. The primary antibodies used were anti-Wnt 7a/b
rabbit polyclonal (recognizes both ‘a’ and ‘b’ isoforms of Wnt 7, 1:250, Santa Cruz, CA)
and anti-NeuN mouse monoclonal antibody (1:1000, Millipore, Billerica, MA). After the
primary antibody incubation step, sections were washed with 5%BSA/PBS solution 3 times
for 10 min each on a shaker at moderate speed and then incubated with secondary antibodies
for 4 hr. Goat-anti rabbit Alexa 488 (1:500, Molecular probes, Carlsbad, CA) and Goat-anti
mouse Alexa 594 (1:500, Molecular probes, Carlsbad, CA) secondary antibodies were used.
Sections were rinsed briefly and mounted using hardest mounting medium with DAPI
(Vector labs, Burlingame, CA). Wnt 7 staining was visualized with an Olympus BX61
fluorescent microscope and the images captured with an Olympus DP70 digital camera.
When measuring Wnt 7 staining intensities, within granule and CA3 pyramidal cell bodies
(30 cells per area selected), ROls (~10 pum?) were created using ImageJ software, and the
mean intensity of grey values was measured inside these ROIs. Staining within one series
was performed in parallel, and imaging settings were adjusted to be optimal for the entire set
of samples belonging to one experiment. These settings were then kept unchanged for the
acquisition of all images.

Western Blotting

Immediately after completion of behavioral training, or immediately after the 7 and 30 day
probe tests, animals were sacrificed, brains were removed and snap-frozen in ethanol/dry ice
mixture. Hippocampi were dissected from the right hemisphere on ice. The tissue was
homogenized in ice-cold buffer containing 20 mM Tris-HCI (pH 7.4), 50 mM NaF, 0.32 M
sucrose, 2 mM EDTA, 2 mM EGTA, 0.2 mM sodium orthovanadate, 1 mM PMSF, and
protein inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany). Proteins (0.1
—1ug of total protein per lane) were separated by 10 % sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Membranes
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were blocked in 5% dry fat-free milk blocking solution in T-TBS for 1 hr at room
temperature prior to application of primary antibodies. The primary antibodies employed
included rabbit polyclonal Wnt 7a/b (1:200; Santa Cruz Biotechnology, Santa Cruz, CA),
rabbit polyclonal Wnt 3 (1:300; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
polyclonal Wnt 5a (1:300; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal p-
catenin (1:1000; BD Biosciences, San Jose, CA) and mouse monoclonal GAPDH (1:5000;
Ambion, Austin, TX). After incubation with primary antibodies overnight at 4°C,
membranes were washed in TBS and T-TBS and incubated at room temperature for 1 hr
with HRP-conjugated secondary antibodies (1:20,000; goat anti-mouse 1gG; 1:20,000; goat
anti-rabbit 1gG, Pierce, Rockford, IL.). Human recombinant Wnt 7 (R&D systems,
Minneapolis, MN) was used as a positive control (PC). Immunoreactivity was visualized
using the Pico West SuperSignal chemiluminescent substrate of HRP (Pierce, Rockford, IL),
and optical densities were quantified using NIH ImageJ software. The loading control values
were obtained from the same membrane and measured optical densities of Glyceraldehyde
3-phosphate dehydrogenase (GAPDH).

Primary hippocampal cell culture

Hippocampal neuronal cultures were prepared from embryonic day 18 Sprague Dawley rats.
Embryonic hippocampi were microdissected under the microscope. Tissues were trypsinized
using 0.25% Trypsin and incubated at 37°C for 20 minutes. After trypsinization, DNA-asel
was added for 30 sec with the final concentration of 0.25mg/ml. The pellet was washed 3
times and gently triturated using fire polished glass Pasteur pipette. Dissociated cells were
re-suspended in DMEM plating media with L-Glutamine containing 10% heat-inactivated
fetal bovine serum and 1% antibiotic solution (104 U of penicillin G/ml, 10 mg
streptomycin/ml and 25 pug amphotericin B/ml). Neurons were plated at a density of 100,000
cells/ml on 18 mm diameter poly-D-lysine coated glass coverslips. Three hours after plating
the medium was replaced with serum-free Neurobasal feeding medium containing 2% B-27
supplement (Gibco) and L-Glutamine. On DIV3 Ara-C was added with the final
concentration of 1M to induce dividing cell death. The following day Ara-C containing
medium was replaced with fresh Neurobasal/B27 medium. 14-day hippocamapal cells were
used for all /n vitro studies.

Immunocytochemistry

Primary hippocampal cells were fixed at room temperature with ice-cold 4%
paraformaldehyde in PBS for 20 min. Membranes were permeabilized by incubation in
0.1% Triton X-100 in PBS for 15 min then incubated in blocking solution (3% normal goat
serum in PBS) for 1 hr. Primary antibodies included: rabbit polyclonal antibodies for Wnt
7a/b (1:500; Santa Cruz Biotechnology, Santa Cruz, CA) and a mouse monoclonal antibody
for synaptophysin (1:500; Sigma, St Louis, MO). All antibodies were added overnight at
4°C. Cells were washed with PBS and then incubated for 2 hr in the presence of appropriate
fluorescently tagged anti-mouse and anti-rabbit secondary antibodies (AlexaFluor 488 and
594, respectively; 1:500 dilution; Invitrogen/Molecular Probes, Carlsbad, CA). Coverslips
were mounted onto the microscope slides using non-hardset mounting medium with DAPI
(Vector labs, Burlingame, CA). Staining was visualized using the Olympus BX61
fluorescent microscope at 60X magnification and the images were captured with the
Olympus DP70 digital camera. For the quantification of synaptophysin clusters, ROIs (~25
um?2) were chosen using the Image J software and measurements for the number of
synaptophysin positive clusters, cluster area and intensity per ROI were taken both
proximally and distally (50-75 um) along the same axonal branch.
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Results

Are hippocampal Wnt levels selectively altered by different learning paradigms?

We compared hippocampal Wnt 7 levels in rats trained in 2 different learning paradigms in
the water maze. In one, the hidden platform test, animals used extramaze contextual cues to
learn platform location. In the other, the visible platform test, the animals used intramaze
cues; thus, no spatial or contextual cues were required to locate the clearly marked visible
platform. Apart from platform visibility, both groups were treated in the same manner;
motor and sensory performance requirements were thus essentially identical. Though the
hidden platform group (spatial learning) initially exhibited slower learning than the visible
platform group (cued learning, Figure 1A; *p<0.05, repeated measures ANOVA), both
learned to find the platform in the water maze to the same level of proficiency after 5 days
of training. In contrast to acquisition rates, in the retention probe test given 7 days later, the
hidden platform group demonstrated good recall of the platform location while visible
platform animals exhibited poor recall as shown in the occupancy plots (Figure 1B).
Quantification of time spent in the region of the platform or annulus during the probe test
(Figure 1C) also demonstrated the superior spatial memory in the hidden platform group
(**p<0.01, one-way ANOVA).

The clear distinction between retention for the hidden and visible platform location was
directly reflected in the differential elevation of hippocampal Wnt 7 levels. Thus, Wnt 7
levels measured 7 days after acquisition were elevated in the hidden platform spatial
memory group compared to not trained control group (Figure 2A, ***p<0.001, students ¢
test). In contrast, no such elevation was detected in animals 7 days after visible platform
training, as hippocampal Wnt levels were not different from not trained controls (Figure 2B,
p =0.289, students ftest).

Is the learning-induced elevation in Wnt levels isoform-specific?

It has been suggested that different Wnt isoforms perform different functions within
different compartments of the synapse (Chen et al., 2006; Cerpa et al., 2008; Gogolla et al.,
2009). We therefore evaluated the participation of two isoforms other than Wnt 7, that are
also known to be present within the hippocampus (Lie et al., 2005; Farias et al., 2009).
Using animals from the same behavioral training protocol as described in Figure 1,
hippocampal levels of Wnt 5a and Wnt 3 were measured in hidden platform trained animals
and in controls that were handled but not trained. We found that there was an increase in
Whnt 5a levels 7 days after completion of hidden platform training compared to the not
trained control group (Figure 3 A, *p<0.05, student’s #test). In contrast to Wnt 5a, there was
no detectable change in Wnt 3 levels (Figure 3B, p=0.243, student’s #test).

How long does the learning-induced elevation of Wnt 7 levels persist?

Prior evidence indicated that memaory for the hidden platform can persist for 30 days
(Ramirez-Amaya et al., 2001). We therefore asked whether the elevation of Wnt also
persists for this duration.

Wistar rats were trained in water maze on a hidden (n=4) or visible (n=4) platform for 5
consecutive days and the retention test was carried out 30 days after completion of training.
While the visible platform group again exhibited more rapid acquisition than the hidden
platform group during training (Figure 4A, *p<0.05, repeated measures ANOVA), 30 day
retention was, as before, superior in the hidden platform relative to the visible platform
group (Figure 4B and C). Animals from the hidden platform group still exhibited a strong
memory for platform location 30 days after learning, as during the probe test they spent
significantly more time swimming in the target quadrant or in the region of the annulus
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compared with the visible platform group animals (Figure 4C, **p<0.001, one-way
ANOVA). Immediately after the probe test was completed, animals were sacrificed and
western blotting was carried out on hippocampal tissue extracts.

It was found that 30 days after the 5-day training period Wnt 7 levels still remained
significantly elevated in hidden platform trained animals as compared to the not trained
control group (Figure 5A, *p<0.05 student’s #test). In the visible platform group, in contrast,
we detected no change of Wnt 7 levels at 30 days (data not shown).

In order to determine whether Wnt 7 levels were elevated during or immediately after water
maze training, animals (n=4) were trained on the hidden platform task and sacrificed
immediately after the 3" or the 5t day of training. Interestingly, there was no detectable
elevation in Wnt 7 levels compared with not trained controls in either the 3 day (Figure 5B,
p=0.204, student’s ¢test) or 5 day (data not shown) group.

Is the learning — induced elevation in Wnt 7 levels hippocampal subfield-specific?

Given that each subfield of the hippocampus can be assigned different functions in the
memory storage process (Jung and McNaughton, 1993; Bures et al., 1997; Hollup et al.,
2001; Oh et al., 2003; Hunsaker et al., 2008; Nakashiba et al., 2009), it is important to
determine whether the elevation in Wnt levels is restricted to particular cell types in
particular hippocampal subfields. To address this issue immunohistochemical analysis of
Whnt 7 was carried out in animals trained on the hidden platform test.

Immunostained representative images of granule cells and CA3 neurons shown in Figure 6A
illustrate the higher intensity of Wnt 7 in granule cells of hidden platform trained animals
sacrificed after the 7 day probe test compared with not trained controls (quantified in Figure
6B, ***p<0.001, One-way ANOVA). In contrast, in the CA3 pyramidal cells we could not
detect any change in Wnt 7 levels (p=0.831, One-way ANOVA). These results indicate a
region-selective increase of Wnt 7 restricted to hippocampal granule cells after formation of
long-term spatial memory.

Is the elevation of Wnt 7 levels an activity-dependent process?

The elevated levels of Wnt 7 observed after learning might be due to an activity-dependent
process in hippocampus. Indeed, learning of a spatial task specifically activates hippocampal
granule cells, as well as CA1 and CA3 pyramidal cells (Jung and McNaughton, 1993; Moser
etal., 2008).

To determine whether neuronal activation would elevate Wnt 7 levels, mature primary
hippocampal neurons were cultured using previously described protocols (Chen et al., 2006;
Ataman et al., 2008; Varela-Nallar et al., 2009; Singh et al., 2010) to study the activating
effects of potassium or glutamate on Wnt signaling. The cells were exposed to 50 mM KClI
for just 5 min, after which the KCI was washed out and then at different time points after the
depolarization the cells were fixed. Under resting conditions (vehicle) Wnt 7 is primarily
expressed in the cell cytoplasm and is present at low levels in processes in a diffuse form
(Figure 7A). After depolarization by KCI, there is a time-dependent increase in levels of
Whnt 7 both in the cell body and its processes. There is also a change from diffuse to punctate
Whnt 7 staining, which is apparent at 6 hr after the 5 min KCI depolarization (see Figure 7A).
Application of 200 uM glutamate for 5 min to primary hippocampal neurons produced a
similar change as observed with KCI (Figure 7B); it increased levels and redistribution of
Whnt 7 at 6 hr post-activation.

To identify the cellular compartment where the Wnt 7 puncta were localized, we double
stained neurons with Wnt 7 and synaptophysin, a presynaptic vesicle marker protein.
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Strikingly, there was no detectable co-localization between the two proteins (Figure 8)
indicating that Wnt clusters are localized in compartments within the neuron that do not
contain synaptophysin, most likely dendrites. We noticed at high magnification that Wnt 7
containing clusters were at times in close proximity to the synaptophysin -immunopositive
puncta (Figure 8, white arrowheads along the magnified branch). This suggests the
possibility that the Wnt containing puncta may be in dendritic spines that are directly
apposed to presynaptic terminals.

Does Wnt 7 treatment of primary hippocampal neurons alter distribution of the presynaptic
vesicle protein synaptophysin?

Learning as well as potassium or glutamate depolarization elevates Wnt 7 levels in neurons.
In hippocampal cells in culture there was a qualitatively detectable increase in the number of
Wnt 7 immunopositive puncta apposed to synaptophysin — positive presynaptic terminals.
Because it has been proposed that Wnt 7 molecules may be released from the post-synaptic
side and, acting retrogradely, bind to the pre-synaptic transmembrane Frizzled receptors to
regulate presynaptic functions (Cerpa et al., 2008), we determined whether exogenous Wnt 7
application would influence synaptophysin distribution. The primary hippocampal neuronal
cultures were treated with 0.5 pg/ml of human recombinant Wnt 7a for 3 hr. An increase in
synaptophysin immunopositive puncta after Wnt 7a treatment was in fact observed when
compared with vehicle treated control cells (Figure 9A). Quantification of staining (see
Methods) showed that there was a significant increase in the number, area and intensity of
synaptophysin clusters in the case of Wnt 7a treatment compared with vehicle treated
control cells (Figure 9B, *p<0.05 student’s ¢test).

Discussion

The present report revealed several new findings. First, Wnt signaling participates in long-
lasting spatial memory formation processing. Second, an activity-dependent transport of
Whnt 7 occurs from the cell body to neuronal processes, provisionally labeled as dendrites.
Third, Wnt levels remain elevated 30 days after training. While claims for persistent
biochemical change have been made based on the use of inhibitors of post-translational
modification of synaptic proteins (Shema et al., 2007; Holahan and Routtenberg, 2008), the
present findings are the first to our knowledge to actually demonstrate a persistent
biochemical alteration in synaptic protein levels. Fourth, Wnt participation appears to be
selective for particular Wnt isoforms. This is likely to confer specificity on the selection of
the Wnt signaling pathways within particular synaptic compartments of identified brain
regions set into motion by the particular learning process.

Here we consider 3 major intracellular Wnt signal transduction pathways that may be
triggered by learning. In the classic canonical pathway, binding of secreted Wnt to its
Frizzled receptor causes the activation of a downstream cascade that inhibits glycogen
synthase kinase 3 beta (GSK3p) mediated phosphorylation of B-catenin. This prevents
proteasomal degradation of B-catenin, facilitating its translocation to the nucleus and
transcriptional activation of Wnt target genes (Salinas, 2005; Gao and Chen, 2010). In the
present study we found a persistent elevation in Wnt 7 levels after spatial learning. In this
scenario if Wnt 7 engages the classic canonical Wnt signaling pathway, then inactivation of
GSK3p via its enhanced phosphorylation and increase in p-catenin levels are predicted. The
absence of a change in B-catenin levels in the present study at 7 days after water maze
training in the hidden platform group (Figure 10), while, at the same time, Wnt levels are
increasing, suggests that this pathway may not be engaged during the development of long-
lasting spatial memory.
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In a recent report by Maguschak and Ressler (2011) that appeared after our paper was
submitted for publication, B-catenin participation in regulation of fear memory is described.
The authors found that while Wnt 1 mRNA levels are decreasing initially after fear-
conditioning there is no change in total p-catenin levels nor in phosphorylated form of
GSK3p (Maguschak and Ressler, 2008) that points to the fact that the classic canonical
pathway does not participate in post-learning information processing, consistent with our
results.

Even though they did not find change in total B-catenin levels the authors did see a time-
dependent increase in the phosphorylated form of f-catenin at Tyr-654 residue. This
phosphorylation of Tyr-654 residue placed in the last armadillo repeat of p-catenin is not
mediated by the serine/threonine GSK3p and decreases its binding to E-cadherin.

There are, however, some essential issues with the findings of Maguschak and Ressler
(2011) that warrant concern. First, these authors studied the role of Wnt 1 mRNA in
basolateral amygdala (BLA) in contextual fear conditioning. One major issue is the use of
Wnt mRNA to assess dynamic changes of Wnt levels in Wnt 1 signaling. mMRNA levels do
not correspond in a 1:1 fashion with protein levels so the actual amount of change in Wnt
signaling protein molecules cannot be estimated. Because of this limitation it is not possible
to directly compare their results with the present findings.

Further caution is also appropriate when considering the impairment in 48 hr fear memory
after their BLA injection of DKK-1. This protein is a non-specific Wnt signaling inhibitor
and will thus block Wnt signaling for all Wnt isoforms. The potential role of a particular
isoform cannot be inferred from any blockade effects observed with DKK-1. The role of
other Wnt isoforms, including Wnt 7, in fear memory formation will require consideration.
Nonetheless, given the isoform specificity of the present results and the approach used
herein it would suggest the possibility that Wnt signaling, if monitored directly in the
amygdala, might also participate in contextual fear memory. This then would point to the
importance of this signaling mechanism in different memory systems regulated by different
brain structures.

In the divergent Wnt canonical pathway Wnt-Fz interaction and inhibition of the GSK-3p
activity blocks phosphorylation of MAP-1B, a major phosphoprotein component of the
neuronal cytoskeleton involved in axonal extension (DiTella et al., 1996; Edelmann et al.,
1996; Lucas et al., 1998). This pathway does not engage p-catenin stabilization or the
regulation of gene transcription. Decreased phosphorylation of MAP-1B leads to
destabilization of microtubules and subsequent remodeling of axonal terminals
(Vandecandelaere et al., 1996; Gonzalez-Billault et al., 2004). If elevated levels of
hippocampal Wnt 7 seen in the present study are important for long-lasting memory then the
role of Wnt signaling in structural remodeling previously associated with long-term memory
would therefore be pivotal.

Specific support for this remodeling hypothesis comes from two different lines of research.
In one, Gogolla et al., (2009) showed that Wnt signaling can regulate hippocampal mossy
fiber (MF) terminal remodeling in the CA3 subfield after exposure of mice to prolonged
environmental enrichment. But this study, in contrast to the present one, does not speak to
the issue of learning nor to the role of Wnt signaling in memory, even though it links Wnt
signaling to MF remodeling.

In the other line of research a selective increase in presynaptic structural remodeling of the
MFs was seen after hidden but not visible, platform training (Rekart et al., 2007). The MF
growth only occurs days after acquisition and not during or immediately after learning of the
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spatial task. This post-learning hippocampal mossy fiber remodeling therefore parallels in
both space and time the elevated Wnt levels observed here.

It is interesting that in the present study Wnt 7 increases in granule cells but not in CA3
pyramidal neurons. These findings are open to different interpretations but the one that we
favor assumes that elevated levels of Wnt 7 in granule cells and presumably their dendrites
strengthens connectivity of granule cell/perforant path synapses leading to further
enhancement of granule cell activity that promotes activity-dependent growth of their axons
in CA3 (Adams et al., 1997; Escobar et al., 1997).

A third signaling pathway, the non-conventional Wnt canonical pathway (Inestrosa and
Arenas, 2010), regulates exocytotic processes at the synapses but does not regulate gene
transcription or structural presynaptic remodeling. It has been suggested that Wnts released
from the postsynaptic compartment regulate vesicle recycling and neurotransmitter release
from presynaptic nerve terminals in a retrograde manner (Ahmad-Annuar et al., 2006). Our
studies on Wnt distribution in hippocampal primary cell cultures and earlier findings (Chen
et al., 2006; Ataman et al., 2008; Varela-Nallar et al., 2010) on acute brain slices and
Drosophila neuromuscular junction preparations, provide new evidence consistent with Wnt
regulation of pre- and post-synaptic plasticity (Tang, 2007).

Indeed, several lines of evidence support the idea that Wnt signaling could regulate long-
lasting memory by its control of specific synaptic functions. First, Wnt 7 function has been
associated with the regulation of large MF presynaptic terminal remodeling in hippocampus
as well as in cerebellum, possibly through microtubule destabilization (Hall et al., 2000;
Gogolla et al., 2009).

Second, Wnt 7 regulates the trafficking of the a7 nicotinic acetylcholine receptors to
presynaptic terminals in hippocampal neurons (Farias et al., 2007).

Third, Wnt 7 increases the clustering of synapsin 1 in cerebellar neurons. Clustering of
synapsin 1 after Wnt 7 application is particularly prominent at areas of the axon that
probably represent future synapses (Lucas and Salinas, 1997; Hall et al., 2000).

Fourth, Wnt 7 increases the number of clusters of presynaptic proteins in addition to
synaptophysin such as synaptotagmin and SV-2 with the maximal effect after 1 hr
incubation of hippocampal neurons with the Wnt-conditioned medium (Cerpa et al., 2008).
In the present study we found that primary hippocampal neurons treated for 3 hr with
recombinant Wnt 7a protein show an increase in the number, area and intensity of
synaptophysin positive clusters mimicking effects of secreted Wnt. These results suggest
that Wnt 7 regulates presynaptic function in primary hippocampal neurons.

Fifth, double-mutant mice lacking Wnt-7a and Dishevelled 1, an important Wnt signaling
phosphoprotein downstream from Wnt, showed impaired neurotransmitter release
suggesting a role for Wnt 7 in synaptic transmission (Ahmad-Annuar et al., 2006).

Sixth, neuronal activation with KCI or glutamate induces a translocation of Wnt 7 leading to
an increase in distinct Wnt 7 labeled puncta in the neurites of hippocampal cells. Because
the Wnt 7 clusters occur in neuronal processes that do not stain for synaptophysin but are
located in processes subjacent to the presynaptic structures, we suppose that the Wnt 7 is
within dendrites. Recent data from our laboratory using viral-mediated labeling of neurons
confirms this hypothesis (unpublished observations). If so, this newly described movement
of Wnt 7 may parallel other somato-dendritic trafficking such as seen with Arc after LTP or
learning (Steward et al., 1998; Huang et al., 2007; Miyashita et al., 2009).
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Seventh, while Wnt 7 has been associated with the regulation of pre-synaptic function, Wnt
5a in contrast promotes clustering of postsynaptic plasticity-related proteins, induces de
novo dendritic spine formation and increases the size of preexisting spines (Farias et al.,
2009). A brief application of Wnt 5a to primary hippocampal cell cultures also increases the
amplitude of fEPSPs (Varela-Nallar et al., 2010). Based on these findings it is tempting to
think that elevated levels of Wnt 5a in hippocampus seen here 7 days after training could
contribute to the storage and perpetuation of spatial memories via regulation of postsynaptic
processes, thereby complementing the presynaptic role of Wnt 7.

Eighth, it has been demonstrated that inhibition of endogenous hippocampal Wnt 3 strongly
attenuates both hippocampal LTP and adult granule cell neurogenesis (Lie et al., 2005; Chen
et al., 2006). The effect of spatial learning in the present study points to roles of Wnt 7 and
Whnt 5a but not, however, Wnt 3 in spatial information storage processes within
hippocampus, indicating the selective participation of Wnt isoforms in different aspects of
synaptic function.

The persistence of a biochemical change in brain 30 days after completion of training, as
seen here in elevated Wnt 7 levels was surprising. Earlier studies on Wnt signaling showed
that blockade of Wnt reduced the magnitude of late- but not early LTP phase. Conversely,
pre-incubation of hippocampal slices in presence of Wnt, potentiated LTP (Chen et al.,
2006; Speese and Budnik, 2007). However, the time frame for these findings was only
measured in hours.

A number of studies have reported, however, on the persistent role of kinases in the
maintenance and retrieval of stored information (Lovinger et al., 1987; Matthies and
Reymann, 1993; Pastalkova et al., 2006; Holahan and Routtenberg, 2008). Recently,
significant attention has been paid to the role of PKMzeta in memory persistence, which is
present in dendrites (product of an alternative transcription of PKCzeta gene lacking
regulatory subunit). Several forms of long-term memory are blocked when locally inhibiting
PKMzeta with the inhibitory peptide ZIP in different brain regions weeks after training
(Sacktor et al., 1993; Serrano et al., 2008; Kwapis et al., 2009; Hardt et al., 2010; von Kraus
et al., 2010). However, even though suggestive, no direct measurements have been made of
either its presumed elevated activity levels weeks after training or its inhibition at that time
by ZIP. In contrast, the present study points to an increase in Wnt 7 a month after learning,
demonstrating a persistent long-lasting change of Wnt 7 protein levels in hippocampus. To
our knowledge this finding is the first to show long-lasting persistence of an increase in
protein level in brain a month after spatial learning. Whatever the underlying mechanism
that this persistent change in Wnt 7 is mediating, the possibility exists that it is playing a
memory-sustaining role. As with any such discovery, understanding its significance poses
the next challenge.

Whnt signaling enhancement observed here is selective and calibrated with regard to
behavioral task, time-dependency and molecular specificity. Wnt protein levels in
hippocampus demonstrate task-specific up-regulation in animals trained on the hidden
platform version of the water maze, but not in the visible platform task. These elevated
levels are seen 7 and 30 days after the retention test but not during or immediately after
acquisition. We propose, therefore, that Wnt signaling in hippocampus selectively and
specifically participates in long-term spatial information storage. Furthermore, presynaptic
and postsynaptic elements are coordinately organized by different Wnt signaling systems to
alter synaptic efficacy underlying information storage. As a useful coordinating hypothesis
the following sequence of events involving Wnt 7 participation may be considered: 1)
spatial information processing activates granule cells (GCs) in hippocampus (Jung and
McNaughton, 1993); 2) learning-induced activity causes Wnt 7 molecules to be shuttled to
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GC dendritic processes; 3) retrograde Whnt signaling from GC dendrites onto the perforant
path presynaptic Frizzled receptors then induces a clustering of synaptophysin and other
presynaptic proteins enhancing synaptic transmission; 4) this would strengthen perforant
path synaptic connectivity with GC dendrite synapses in the middle and/or outer molecular
layer of the dentate gyrus; 5) persistently elevated activation of GCs would enhance the
level of information flow within hippocampal circuits (Henze et al., 2002).

The role of Wnt signaling in the neuropathology of memory impairment (e.g. Alzheimer’s
disease) has been considered. Evidence points to the dysregulation in AD brain of Wnt
signaling components such as B-catenin and GSK-3, (Pei et al., 1997; Zhang et al., 1998)
and Whnt interacting proteins, e.g. Notch 1, PS1 (Berezovska et al., 1998; Murayama et al.,
1998). Genetic variation in the Wnt co-receptor LRP6 (low-density lipoprotein receptor
related protein 6) is also linked to late-onset AD (De Ferrari et al., 2007). Moreover, Wnt
signaling may have an essential role in the processing of the amyloid precursor protein and
in AB induced neurotoxicity (Phiel et al., 2003; Alvarez et al., 2004). The present findings,
which establish an important role for Wnt signaling in memory processes, may now pave the
way for evaluating Wnt dysfunction as a novel causal mechanism in the etiology of memory
disorders.
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Figure 1. Long-term spatial memory issuperior in animalstrained in the hidden platform water
maze test compared to those trained on the visible platform task

Adult male Wistar rats were trained in water maze either on a spatial hidden (n=8) or a cued
visible (n=8) platform task for 5 consecutive days using 8 training trials per day. 7 days after
the last training day a probe test was carried in which the platform was removed and animals
were allowed to swim freely in the maze for 60 sec. All animals were sacrificed immediately
after the 7 day probe test for Western blotting or immunohistochemical analyses. (A)
Average swim latencies in sec for 5 training days showing the significantly lower latencies
for the visible platform group compared with the hidden platform animals (*p<0.05,
repeated measures ANOVA). (B) Occupancy plots for the probe trial showing the percent
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time that both groups spent swimming in each quadrant. Increasing color intensity toward
red indicates the region where rats spent the most time during probe trial. Animals trained
on a hidden platform spent most of the time in the target quadrant where an escape platform
was submerged during training trials, while the animals from a visible platform group spent
an even amount of time swimming in all four quadrants. (C) Differences in 7 day retention
between hidden and visible platform trained animals. Quantitative data showing the percent
time spent in annulus (circular area surrounding the platform). The hidden platform group
spent significantly more time in the annulus compared with the visible platform animals
(**p<0.01, one-way ANOVA).
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Figure 2. Seven days after completion of training spatial but not cued learning in water maze
induces an increasein hippocampal Wnt 7 levels

(A) Representative western blots and quantification results of protein band intensities for 4
animals from each group showing an elevation in Wnt 7 levels in the hidden platform
trained group compared with not trained controls. Not trained control animals from the same
batch were handled along with the trained animals but not exposed to the water maze.
GAPDH was used as a loading control. Human recombinant Wnt 7 (R&D systems) protein
was used as a positive control (PC). A significant increase in Wnt 7 levels was observed in
animals trained on the hidden platform compared with not trained animals (***p<0.001,
students ¢test). (B) Wnt 7 levels in animals from the visible platform group were not
different from not trained controls.
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Figure 3. Spatial learning in a hidden platform water maze activates Wnt signalingin an

isofor m-specific manner

(A) Wnt 5a levels were elevated in the hidden platform trained group, compared with not
trained controls, 7 days after completion of 5 day water maze training. Quantification of
protein band intensities, after standardizing using loading control values, revealed a
significant increase in Wnt 5a levels as compared to not trained animals (***p<0.05,
students ftest). (B) Representative western blots for 4 animals from each group showing no
change in Wnt 3 levels in the hidden platform trained group 7 days after completion of 5 day
water maze training compared with not trained controls. Quantification results of protein
band intensities showing that Wnt 3 levels, in contrast to Wnt 5 levels remain unchanged
after spatial learning in a hidden platform water maze.
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Figure 4. At 30 day retention interval strong spatial memory for platform location is observed in
animalstrained on the hidden platform

Adult male Wistar rats were trained in water maze either on a hidden (n=4) or a visible
(n=4) platform as in Figure 1. In this case, however, the probe test was carried out 30 days,
rather than 7 days, after the completion of training. All animals were sacrificed immediately
after the probe test. Control animals (n=4) were handled but not exposed to the water maze.
(A) Average swim latencies in seconds for 5 training days showing the significantly lower
latencies for the visible platform group compared with the hidden platform animals
(*p<0.05, repeated measures ANOVA). (B) Occupancy plots for the probe trial showing the
percent time that both groups spent swimming in each quadrant. Animals trained on a
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hidden platform spent most of the time in the target quadrant where an escape platform had
previously been submerged during training trials; animals from the visible platform group
did not show preference towards any quadrant. (C) Quantitative data showing the percent
time spent in annulus. The hidden platform group spent significantly more time in the
annulus even 30 days after training compared with the visible platform animals (**p<0.01,
one-way ANOVA) indicating strong long-lasting retention of platform location.
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Figure 5. Hippocampal Wnt 7 levelsremain significantly elevated 30 days after spatial learning
(A) Representative western blot and quantification data showing elevated levels of
hippocampal Wnt 7 for hidden platform trained animals after 30 day retention interval
(*p<0.05, student’s ttest). Wnt 7 levels in visible platform group were not different from not
trained controls (data not shown). (B) There was no detectable effect of a 3-day training
period on Wnt 7 levels. Quantification of western blots revealed no significant differences in
Whnt 7 levels in the 3 day hidden platform group compared with not trained controls. Similar
results were obtained for a 5 day training group (data not shown), suggestive of the absence
of change in Wnt 7 levels during or immediately after spatial training.
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Figure 6. Spatial learning elevatesWnt 7 levelsin hippocampusin a subfield-specific manner
Adult male Wistar rats were trained in water maze on a hidden platform as described (see
Figure 1). Trained (n=3) and not trained (n=3) animals were sacrificed for immunostaining
immediately after the 7 day probe test. (A) After comparison of immunostaining for Wnt 7
in granule cells (GCs) and CA3 pyramidal cells, only GCs showed a significant effect of
training. Scale: 50uM. (B) Quantification of Wnt 7 staining intensities (described in
methods) showed higher levels of Wnt 7 staining in the granule cells of the hidden platform
group compared with not trained controls (***p<0.001, One-way ANOVA); no such
difference was detected when CA3 cells were considered.
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Figure 7. Neuronal activation causesincreasein Wnt 7 and enhancesitstrafficking

Primary hippocampal neurons were treated with high molar (50 mM) KCI or 200 pM
glutamate for 5 min. The cells were fixed at different time intervals after the 5 min exposure
to KCI or glutamate. (A) Staining for Wnt 7 after KCI activation revealed time dependent
increase in Wnt 7 clusters in the neuronal processes with the most robust increase in Wnt 7
clusters 6 hrs post-treatment compared with vehicle treated control cells. Lower panel
images show magnified branches from each condition suggesting that the cluster size and
staining intensity increases based on the time interval after depolarization. Scale: 5uM. (B)
Similar pattern of Wnt 7 distribution was observed after activation of primary hippocampal
neurons with glutamate. This is the representative image showing Wnt 7 clusters within
neuronal processes 6 hr after 5 min exposure to glutamate.
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Figure 8. After neuronal depolarization Wnt 7 and synaptophysin are not co-localized and this
may suggest that they are expressed in different neuronal processes

The image was taken 6 hr after a 5 min 50 mM KCI induced depolarization of primary
hippocampal neurons. The figure shows that both Wnt 7 (green) and synaptophysin (red) are
seen in cell processes yet high magnification image of the neuronal branch (white box)
shows the absence of co-localization. Moreover, Wnt 7 and synaptophysin immunopositive
puncta are at times opposing each other and are in close proximity (white arrowheads).
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Figure 9. Exposure of primary hippocampal neuronsto Wnt 7 facilitates synaptophysin
clustering

(A) Primary hippocampal neurons were treated with human recombinant Wnt 7a (0.5 ug/ml)
for 3 hr. Lower panel images show magnified branches from each condition suggesting that
the cluster size and staining intensity for synaptophysin increases after Wnt 7a treatment that
points to the potential role of Wnt 7 in the regulation of pre-synaptic function. (B)
Quantification of synaptophysin cluster number, area and staining intensity (described in
methods) after 3 hr Wnt 7a treatment of primary hippocampal neurons revealed a significant
increase in all three parameters compared with vehicle treated cells (*p<0.05 student’s ¢
test).
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Figure 10. Spatial lear ning does not change hippocampal B-catenin levels

Adult male Wistar rats were trained in water maze on a hidden platform as described (see
Figure 1). Trained (n=4) and not trained (n=4) animals were sacrificed for western blot
analysis immediately after the 7 day probe test. This figure shows representative western
blot and quantification data illustrating no change in hippocampal B-catenin levels for
hidden platform trained animals after the 7 day retention compared with not trained animals
(p =0.913, students ftest).
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