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Abstract
The lipid kinase PIK3C3 (also known as VPS34) regulates multiple aspects of endo-membrane
trafficking processes. PIK3C3 is widely expressed by neurons in the central nervous system
(CNS), and its catalytic product PI3P is enriched in dendritic spines. Here we generated a line of
conditional mutant mouse in which Pik3c3 is specifically deleted in hippocampal and in small
subsets of cortical pyramidal neurons using the CaMKII-Cre transgene. We found that Pik3c3-
deficiency initially causes loss of dendritic spines accompanied with reactive gliosis, which is
followed by progressive neuronal degeneration over a period of several months. Layers III and IV
cortical neurons are more susceptible to Pik3c3-deletion than hippocampal neurons. Furthermore,
in aged conditional Pik3c3 mutant animals, there are extensive gliosis and severe secondary loss
of wildtype neurons. Our analyses show that Pik3c3 is essential for CNS neuronal homeostasis
and Pik3c3flox/flox;CaMKII-Cre mouse is a useful model for studying pathological changes in
progressive forebrain neurodegeneration.
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INTRODUCTION
Neurons contain extensive amount of surface membranes due to their elaborate dendritic and
axonal arbors. Endocytic membrane trafficking plays essential roles not only in maintaining
neuronal morphological integrity, but also in cycling molecular components involved in
neurotransmission and in trafficking receptors at the postsynaptic sites (De Camilli and
Takei, 1996; Barry and Ziff, 2002; Malinow and Malenka, 2002; Bredt and Nicoll, 2003).
Alterations in endosomal functions have been observed in a range of neurodegenerative
disorders (Soreghan et al., 2003; Nixon, 2005; Bronfman et al., 2007; Lee et al., 2007).

The class III phosphoinositide 3-kinase (PIK3C3, also known as VPS34) is a member of the
PI3K family lipid kinases. It specifically utilizes phosphatidylinositol as a substrate,
producing the single lipid product phosphatidylinositol-3-phosphate (PI3P) (Wurmser et al.,
1999). PI3P is highly enriched on early endosomes and multivesicular bodies (MVBs) and
can recruit proteins containing FYVE, PX or PH motifs to these compartments (Gaullier et
al., 1998; Patki et al., 1998; Gillooly et al., 2000). In invertebrate organisms and non-
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neuronal cells, PI3P and PIK3C3 were shown be involved in endocytic vesicular trafficking
and intracellular protein sorting (Herman and Emr, 1990; Takegawa et al., 1995; Gruenberg
and Stenmark, 2004; Johnson et al., 2006; Juhasz et al., 2008), as well as in the initiation of
autophagy (Petiot et al., 2000; Levine and Klionsky, 2004; Zeng et al., 2006). In addition,
PIK3C3 is also required for nutrient activation of mTOR signaling in cultured cells
(Nobukuni et al., 2007; Gulati et al., 2008). Recently, a genetic study of Pik3c3 in mammals
showed that deletion of Pik3c3 in differentiated sensory neurons causes neuronal subtype
specific degenerative phenotypes, mainly due to a disruption in the endosomal but not the
autophagy pathway, indicating that PIK3C3-regulated endosomal pathway is essential for
sensory neuron survival and homeostasis (Zhou et al., 2010). The consequences of Pik3c3
deletion in CNS neurons have not been characterized.

The Pik3c3 gene is widely expressed in the developing (Zhou et al., 2010) and adult brain
(http://mouse.brain-map.org/brain/Pik3c3/68498253/thumbnails.html). Moreover, PI3P is
ubiquitously distributed in both dendrites and axons in cultured hippocampal neurons, with
an enrichment in spines as shown by its co-localization with the postsynaptic marker PSD95
(Figure 1A and 1B). To examine the roles of PIK3C3 in the maintenance of synaptic and
neuronal homeostasis, we specifically deleted Pik3c3 in mature pyramidal neurons by
crossing the CaMKII-Cre transgenic mice with the Pik3c3flox/flox conditional null mice. Here
we report our analyses of the CaMKII-Cre; Pik3c3flox/flox conditional mutant mice and show
that these mice are useful models to study progressive forebrain neurodegeneration.

EXPERIMENTAL PROCEDURES
Mouse strains

Pik3c3flox/flox mice (described previously Zhou et al., 2010) were crossed with CaMKII-Cre
transgenic mice (Xu et al., 2000). At 4 weeks of age, tail tissue was taken from the mice for
genotyping. In all experiments, conditional mutants (CaMKII-Cre; Pik3c3flox/flox) were
compared to heterozygous CaMKII-Cre; Pik3c3flox/+ littermates. At each stage/age, 6 pairs
(conditional mutants and heterozygous controls) of mice were used for H&E,
immunostaining and Golgi staining, respectively. To analyze the pattern of Cre-mediated
recombination, CaMKII-Cre mice were crossed to the RosaCAG-STOP-tdTomato reporter mice
(hereafter shortened as Rosastop-tdTomato mice). All experimental procedures were approved
by the Institutional Animal Care and Use Committee of Duke University.

Neuron culture
Dissociated hippocampal cultures were prepared from 1-d-old mice as described previously
(Oh and Derkach, 2005) and transfected after 13 days in vitro (DIV) using a lipofectamine
2000 transfection protocol. Briefly, for a 12-well plate, 160 μl of Neurobasal per well was
combined with 3.2 ul of LIPOFECTAMINE 2000 and allowed to sit at room temperature for
5 min. Then, the solution was combined with 1 μg DNA in 160 μl of Neurobasal and
allowed to sit at room temperature for 20 min (all transfection materials from Invitrogen,
Rockville, MD). While the solutions were complexing, the cultures were removed from the
incubator and the medium was replaced with 2 ml Neurobasal. Twenty minutes later, the
DNA/lipofectamine mixture was added to the culture. After 30–45 min incubation, the
medium was replaced with normal culture medium. The generation of plasmid constructs
expressing mVenus-2xFYVE or mCherry has been described (Zhou et al., 2010).

Tissue processing
Mice were overdosed with anesthetic and intracardially perfused with cold saline, followed
by 4% paraformaldehyde. Brains were removed, post-fixed overnight. For H&E staining,
fixed brain tissues were dehydrated in ethanol, embedded in paraffin. For
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immunocytochemistry, fixed brains were then stored in 30% sucrose at 4°C. For Golgi
staining, mice were only slightly perfused. Brains were removed and placed in Golgi
solution (FD NeuroTechnologies).

Histological Methods
For H&E staining, fixed brain tissues were serially sectioned at 7 μm, and stained with
hematoxylin (Sigma) and eosin (Sigma). For immunocytochemistry, brains were cut into 20
μm coronal sections on a Cryostat. Every 6th coronal sections were collected encompassing
frontal to visual cortex and the corresponding subcortical regions. For each sample, six to
eight analogous sections were randomly chosen for staining and analyses. Standard
immunofluorescence procedure is used. Antibodies used include anti-PSD95 (Chemicon,
1:500), monoclonal anti-NeuN antibody (Chemicon, 1:1000), rabbit anti-caspase 3 active
(R&D Systems, 1:500), rabbit anti-parvalbumin (Swant, 1:5000), rabbit anti-GFAP (DAKO,
1:500), Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen, 1:400) and Alexa Fluor
568-conjugated goat anti-mouse IgG (Invitrogen, 1:400).

In situ hybridization
The cDNA fragments used for in situ hybridization against Etv1, Wfs1, Cart, Rorb and
TC1460681gene, were individually cloned by PCR. Antisense riboprobes labeled with
digoxygenin (DIG)-UTP or fluorescein (FITC)-UTP (Roche) were transcribed as described
previously (Zhou et al., 2010). In situ hybridization using DIG labeled probes and
fluorescent in situ hybridization using FITC labeled probes were performed according to
standard methods.

Electron microscopy
Mice were killed and perfused with PBS followed by 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1M phosphate buffer. Brains were removed and postfixed in the buffer
for 3 days. Following dissection and fixation for 2 hr in 1% osmium tetroxide (Electron
Microscopy Sciences) plus 1.5% potassiumferrocyanide (Electron Microscopy Sciences),
the tissues were dehydrated using a series of ethanol dilutions and embedded in an Epon-
propyleneoxide mixture. Ultrathin sections were cut using a Reichert Ultracut S microtome,
and sections were examined at a Philips CM 12 electron microscope. The CA1 pyramidal
cell layer of the hippocampus was identified first at low magnification and EM images were
collected from the apical dendrite layer (at a distance of 100–200 μm from the pyramidal
cell bodies). For quantitative analysis, randomly positioned 40 images per section in defined
region of hippocampus were collected (with the genotype blind to the person taking images).
The number and length of postsynaptic densities (only thickened densities of asymmetric
synapses were counted) and width of the synaptic cleft were measured while the genotypes
were blind to the experimenter using Metamorph software.

Quantitative analyses
To quantify the relative density of neurons expressing a layer-specific marker, positive cells
within 0.5mm width column spanning all layers of the cortex on 20 μm sections were
counted and data were expressed as cell numbers per 0.01mm2.

To determine spine density, dissected brains were placed in Golgi solution for 12 days (FD
NeuroTechnologies). Vibratome sections (100 μm) were collected from the hippocampal
region and randomly selected images of dendrites within the area of CA1 stratum radiatum
were taken using a 63× objective with a Leica microscope. Using Metamorph software, a
dendritic region that was clearly in focus was traced to measure its length. The number of
spines on that region was counted and divided by the length to obtain spine density.
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Data are presented as means ± SD or SEM. Statistical significance was assessed by two-
tailed Student’s t-test. The level of significance was set at P <0.05.

RESULTS
PI3P is present in both dendrites and axons and partially co-localizes with PSD95 in
cultured hippocampal neurons

Pik3c3 is widely expressed in developing (Zhou et al., 2010) and adult brain. To visualize
the cellular distribution of its product PI3P in pyramidal neuron, we co-transfected
hippocampal neurons with a construct containing a Venus (green) tagged tandem FYVE
domains that binds PI3P with high specificity (Petiot et al., 2003) and mCherry (red) at 13
days in vitro (DIV). As shown in Figure 1A, Venus-2xFYVE signals were abundantly
detected in the soma and dendrites (the picture was highly over-exposed intentionally to
reveal the PI3P distribution in high order branches) with punctae-like fluorescence signals
observed in higher order branches (Figure 1A). In the axon, very faint dotted-like
fluorescence signals were detected (insert in Figure 1A). Immunostaining using antibody
against postsynaptic marker PSD95 revealed that PI3P is enriched at the postsynaptic sites
(Figure 1B). Venus-2xFYVE is not detectable in distal axon termini when moderately
expressed, whereas high-level expression of venus-2xFYVE was toxic to the cultured
neurons. Thus, we could not examine whether PI3P is present at the pre-synaptic sites. The
pattern of PI3P distribution in neurons suggests that PIK3C3 actively produce PI3P in both
dendrites and axons, and perhaps is particular active at synapses (dendritic spines).

Generating mice with forebrain-specific disruption of the Pik3c3 gene in subpopulations of
pyramidal neurons

To examine the possible role of PIK3C3/PI3P in maintaining synaptic and neuronal
homeostasis, we crossed Pik3c3flox/flox conditional mice (Zhou et al., 2010) with the
CaMKII-Cre transgenic mice in which the Cre recombinase is expressed under the control of
calcium-dependent calmodulin kinase II promoter (Xu et al., 2000). To visualize the Cre
expression pattern, we crossed CaMKII-Cre line with the Rosastop-tdTomato reporter mice.
Expression of the tomato reporter was detected as early as postnatal 14 days (P14). At this
age, very few cells expressing tomato were seen in the cortex and in the hippocampus
(Figure 2A, left panels). At P28, the number of tomato-expressing cells reached a plateau in
both cortex and hippocampus (Figure 2A, right panels). After P28, we did not observe any
further increase in Cre expressing neurons (data not shown). At P28 and later stages, about
22.8% of neurons (percentage of tomato-expressing in NeuN-positive cells) in the cortex,
mainly in layer II/III, IV and VI, display Cre-mediated tomato expression. We noticed that
layer V in cortex contained a very sparse number of reporter expressing cells (arrow in
Figure 2A). To further confirm this observation, we performed two-color in situ
hybridization with probes for the layer V marker Etv1 and tomato. Indeed, Etv1 marked the
layer where the least number of tomato expressing cells were observed (Arrow in Figure
2B). Thus, Etv1-positive layer V cortical neurons should be the least affected in the
CaMKII-Cre; Pik3c3flox/flox conditional mutant mice. In hippocampus, the majority of CA1
pyramidal neurons (more than 95%) expressed tomato, whereas only a very small number of
neurons in CA3 and dentate gyrus had Cre activity (Figure 2A). The expression pattern of
tomato reporter is largely consistent with previously described for this Cre line (Xu et al.,
2000).

Consistent with the temporal expression pattern of Cre in the hippocampus, the mRNA level
of Pik3c3 in CA1 region at P14 in CaMKII-Cre; Pik3c3flox/flox mice (hereafter designated as
Pik3c3-cKO) was comparable to that in the littermate heterozygous CaMKII-Cre;
Pik3c3flox/+ mice (controls) (data not shown), but was largely diminished at P28 (Figure

Wang et al. Page 4

Neuroscience. Author manuscript; available in PMC 2012 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2C). The Pik3c3-cKO mice are viable, fertile, and survived at least to 9 months of age. They
show no gross abnormalities in size or weight compared to the controls.

The development of dendritic morphology and dendritic spines of CA1 hippocampal
neurons is normal in Pik3c3-cKO mutant

Using various histological examinations including H&E staining, in situ hybridization with
layer specific markers, anti-NeuN staining (neuron specific marker), anti-GFAP staining
(glial markers), and Golgi staining, we did not observe any molecular or morphological
differences between control and Pik3c3-cKO cortex and hippocampus up to 6-weeks of age
(Figure 3A–C, and data not shown). Even the spine density of hippocampal CA1 neurons as
assessed by Golgi staining is unchanged in the mutant at this young age. On average, there
were 1.51 ± 0.15 spines/μm in controls and 1.48 ± 0.12 spines/μm in Pik3c3-cKO (P = 0.49)
at 6-week of age (Figure 3C right). To determine whether there might be ultra-structural
changes at the synapse level that were not detectable by light microscopy, we performed
electron microscopy analysis of the CA1 apical dendrite region from 6 week-old mice. We
found that the number or the length of postsynaptic densities, or the width of the synaptic
cleft in CA1 neurons is comparable between control and Pik3c3-cKO mice at this age
(Figure 3D). Taken together, neuronal morphogenesis and spine formation is not affected by
CaMKII-Cre mediated deletion of Pik3c3.

Loss of dendritic spines and reactive gliosis occurred before significant loss of neurons in
hippocampus in 11-week old mutant

Interestingly, at 11-weeks of age (7 weeks after Pik3c3 deletion in more than 95% of CA1
neurons), we did not detect any statistically significant loss of neurons in the CA1 region of
hippocampus (Figure 4A). This is in contrast to the rapid neurodegeneration of Pik3c3-
deficient sensory neurons (die within 2 weeks after Pik3c3-deletion) that we reported
previously (Zhou et al., 2010). However, anti-GFAP staining revealed significantly elevated
GFAP signal across the hippocampus, suggesting a marked increase in reactive gliosis
(Figure 4A). Since glial cells do not express CaMKII-Cre and hence they are wildtype, this
reactive gliosis must be a response to some pathological changes of hippocampal neurons
(prior to the loss of neurons). We therefore examined the fine scale morphology of CA1
neurons. As revealed by Golgi staining, the gross dendritic morphology in Pik3c3-cKO
appeared normal when compared with pyramidal neurons located at similar location in
control mice (Figure 4B). However, there are fewer and shorter spines on the apical dendrite
of CA1 neurons in the mutant at this age (Figure 4C). We counted the spines from the first
order branches within lucidum-radiatum region of CA1 and found on average, a 20%
reduction in spine density in the mutant (1.53 ± 0.17 in control versus 1.25 ± 0.24 spines/um
in mutant, P<0.001) (Figure 4C right). Thus, the loss of spines/synapses and reactive gliosis
precede the significant loss of hippocampal neurons in the Pik3c3-cKO mutant. This
phenotype resembles that observed in many neurodegenerative disorders such as the
Alzheimer’s disease (Games et al., 1995).

Substantial hippocampal neuronal loss and extensive gliosis in 6–9 month old Pik3c3-cKO
mice

At the age of 6 months, both H&E staining and anti-NeuN staining revealed that the
pyramidal neuron layer in CA1 region of the hippocampus in Pik3c3-cKO mice was
significantly thinner (Figure 5A–B, arrowheads delineate the boundaries of CA1), and
quantification showed a substantial loss of neurons (Figure 5C), whereas other regions of
hippocampus appeared normal and intact at this stage (Figure 5A–B). This is consistent with
the fact that CaMKII-Cre is primarily expressed in the CA1 region. Furthermore, anti-GFAP
staining revealed extensive gliosis across the entire hippocampus (albeit to a lesser extent in
the CA2 region) (Figure 5B). These results indicate that PIK3C3 is required for maintaining
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neuronal homeostasis in mature neurons and Pik3c3 deficiency causes progressive
degeneration of hippocampal pyramidal neurons. Similar pathological changes were
observed in 9-month old mutant mice. In addition, substantial neuronal loss was observed in
all regions of hippocampus including in CA3 and dentate gyrus at this stage (data not
shown).

Loss of layer III-IV cortical neurons and reactive gliosis in 11-week old Pik3c3-cKO mice
In contrast to the somewhat resilience of CA1 hippocampal neurons upon Pik3c3 deletion,
apparent pathological changes were observed in the cerebral cortex of mutant mice as early
as 11-week old. As shown in Figure 6A, the thickness of the cortex in Pik3c3-cKO mouse is
about 80% of that in control mouse at this stage. A large number of pyknotic or darkly
stained nuclei (by H&E method) were detected in the mutant cortex. Immunostaining using
anti-GFAP antibody showed very weak signal in control cortex. By contrast, astrocytes
express high level GFAP in the mutant. The reactive astrocytes are mostly present in layers
III, IV, VI and to a less extent in layer II and V (Figure 6B). To better visualizing the
cortical layers, we performed in situ hybridization with layer specific probes: layer II-Wfs1
(Wolfram syndrome 1 homolog), layer IIIb-Cart (cocaine and amphetamine regulated
transcript), layer IV-Rorb (RAR-related orphan receptor beta), layer V-Etv1, and layer VI-
TC1460681 (Lein et al., 2007). We found that there was a 50% reduction in the number of
neurons expressing layer IIIb marker Cart, and a 10% reduction in cells expressing layer IV
marker Rorb (Figure 7A–B). Other layers are not significantly affected suggesting layer III
and IV cortical neurons are most vulnerable to Pik3c3-deletion.

Extensive cortical neuronal loss and reactive gliosis in 6-month old Pik3c3-cKO mice
Somewhat unexpectedly, even though Pik3c3 is only deleted in less than 23% of neurons in
the cortex using this CaMKII-Cre line, the cortex from 6-month old mutant was significantly
thinner (about 60% of the thickness of control cortex) as revealed by both H&E and anti-
NeuN staining. There is an overall more than 40% reduction in the number of cortical
neurons, suggesting that both Pik3c3-deficient as well as wildtype neurons are lost.
Numerous cells showed darkly stained nuclei in the mutant mice (Figure 8A left panel). In
situ hybridization with layer specific markers revealed the loss of 50% neurons from both
layer III and IV, as well as a 40% reduction of layer VI neurons (Figure 8C). The numbers
of cells expressing layer II and layer V markers were comparable between control and
mutant mice (Figure 8C). Because CaMKII-Cre mediated gene deletion occurs specifically
in pyramidal neurons (Xu et al., 2000), as a control, we examined the number of cells
expressing parvalbumin, an interneuron marker (Hendry et al., 1989). Notably, the density
of parvalbumin expressing cells appeared increased in mutant because the cortex was
compressed due to the loss of pyramidal neurons (Figure 8C). When factor in the reduced
total volume of brain, the number of parvalbumin-positive cells was about the same as that
in controls at this stage. Since CaMKII-Cre only expresses in very few scattered cells in
layer V, it is not unexpected that layer V cells were largely intact. This could also explain
the fact that 6-month old mutant mice did not show any obvious movement defects. Finally,
anti-GFAP staining showed continued extensive gliosis in the cortex at this age (Figure 8B).

Moreover, when we examined apoptosis using immunostaining against anti-active caspase
3, we rarely observed active apoptotic cells in Pik3c3-cKO cortex at both 6- and 9-month of
age (data not shown). Thus the degenerating neurons do not appear to undergo massive
apoptosis, and we suspect that they might be actively taken away by macrophages/microglial
cells.
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Further wide-spread secondary loss of all types of neurons in 9-months old Pik3c3-cKO
mice

Results from 6 months old mutant mice suggested that there is significant secondary loss of
wildtype neurons in the aged mutant mice. This could be due to several possible reasons: (1)
wildtype neurons that are synaptic partners of the mutant neurons degenerate after the death
of the mutant neurons due to the loss of synaptic target-derived trophic support; (2) dying
mutant neurons release cytotoxic factors that lead to the secondary degeneration of wildtype
neurons; and (3) the reactive astrocytes initially triggered by the mutant neurons release
cytotoxic molecules such as reactive oxygen species, which in turn caused damage and
death of otherwise healthy neurons (Viviani et al., 2001; Chvatal et al., 2008; Sofroniew,
2009). Regardless of which mechanism is primarily responsible for the secondary loss of
wildtype neurons, it appears to be a vicious cycle, as secondary death of neurons will trigger
further degeneration of neurons. Therefore, we predicted that the effects of this vicious cycle
would spread further to cause the death of all types of neurons.

Indeed, in 9-month old mutant, neurons from all cortical layers show severe reduction in
numbers (Figure 9–10), even parvalbumin-expressing interneurons are significantly lost
compared to 6-month old animals (Figure 10, factor in significant reduction of the total
cortical volume). Overall, about 30% neurons are left in the cortex, and extensive gliosis
covers the cortex.

Discussion
In this study, we specifically deleted the Pik3c3/Vps34 gene in 95% neurons in the CA1
region of hippocampus and in 23% of postnatal pyramidal neurons in the cortex using the
Cre/LoxP strategy. After reaching maximal CaMKII-Cre mediated Pik3c3 deletion, which
occurs around 4 weeks postnatally, mutant neurons gradually lost spines between 6 to 11
weeks, neurons degenerate progressively, and reactive gliosis is triggered. The loss of spines
is likely a result of disrupted endocytic trafficking at both pre- and post-synaptic sites.
Furthermore, the Pik3c3-deleted neurons degenerate first, which induces further extensive
gliosis and secondary loss of otherwise normal neurons, and eventually leads to massive
atrophy of the entire cortex and hippocampus (summarized in Figure 11).

The phenotypes observed in the CaMKII-Cre mediated Pik3c3 deletion mouse are quite
different from what we have seen in the Pik3c3-deficient sensory neurons where abnormally
enlarged vesicles or vacuoles accumulate in a subset of sensory neurons and trigger rapid
degeneration of these neurons within 2-weeks of age (Zhou et al., 2010). In the mouse
model presented in this study, Pik3c3-deficient CA1 hippocampal neurons slowly lose
dendritic spines and undergo a progressive degeneration over a period of many weeks to
several months. These differences may result from the different timing of Cre-mediated
deletion. In the case of sensory neurons, Pik3c3 is deleted at birth, when the sensory neurons
are still extending axons as the animals undergo rapid postnatal growth in body size. In this
study, CaMKII-Cre mediated deletion happens between 3~4 weeks of age in mature
neurons, and thus PIK3C3-mediated endocytic trafficking may play a more restricted and
specialized functions at the pre- and post-synaptic termini. We also observed that certain
layers of cortical neurons appear more susceptible than CA1 hippocampal neurons, as the
loss of neurons in layers III and IV were observed a few weeks after Pik3c3-deletion. The
cell type dependent differences in susceptibility to a genetic mutation are not rare. In fact, in
all degenerative and aging processes, there are always some populations of neurons more
vulnerable than others although the mutated gene is expressed ubiquitously (Skibinski et al.,
2005; Chandran et al., 2007; Spinosa et al., 2008). However, the cellular and molecular basis
for such differential vulnerability of neurons in response to generic mutation is not clear.
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Neurons often need to receive trophic support from their axonal targets and endosomes are
increasingly recognized as important carriers for such growth/survival factor signaling
(Cosker et al., 2008; Wu et al., 2009). PIK3C3-deficiency thus could affect the formation
signaling endosomes and prevents the trophic signaling from reaching the cell body. This
may be one possible explanation for the progressive neurodegeneration phenotypes observed
in this study. Furthermore, in addition to its role in endocytic and autophagic pathways,
PIK3C3/Vps34 was shown to mediate nutrient signaling to mTOR (mammalian targets of
rapamycin) (Nobukuni et al., 2007). Briefly, nutrients, such as amino acids and glucose,
induce a rise in intracellular calcium that activates the lipid kinase activity of PIK3C3.
PIK3C3 and its product PI3P are required to activate mTOR and its downstream effector S6
kinase 1, which results in elevated levels of protein synthesis and increased cell growth
(Gulati et al., 2008). Since mTOR plays important roles in regulating dendritic protein
synthesis, synapse formation, synaptic plasticity, and learning and memory (Cammalleri et
al., 2003; Kelleher et al., 2004; Takei et al., 2004; Gong et al., 2006; Parsons et al., 2006;
Slipczuk et al., 2009), the observed loss of dendritic spines could partly result from a
secondary defect caused by the lack of mTOR signaling in mutant neurons.

Neurodegenerative diseases are characterized by loss of selective neuronal populations and
reactive gliosis. Several animal models have been generated to mimic the pathological
development of neurodegenerative diseases, including Huntington’s disease (Reddy et al.,
1998) and Alzheimer’s disease (Games et al., 1995). Interestingly, our mouse model shares
some striking similarities with those models as well with many neurodegenerative diseases,
in which affected neurons lose synapses and die progressively and extensive reactive gliosis
occurs. Moreover, we show that although only 23% of cortical pyramidal neurons are
mutated by CaMKII-Cre mediated deletion of Pik3c3 which results in the initial loss of
these mutant neurons, there is a significant secondary death of wildtype pyramidal and
interneurons such that by 9-month of age, only 30% neurons are left in the cortex. The exact
mechanisms underlying the secondary loss of neurons are not clear and are likely to involve
the reactive gliosis (Pekny and Nilsson, 2005; Chvatal et al., 2008; Sofroniew, 2009).
Nonetheless, this result has important implications for understanding the etiology and
progression of age-dependent neurodegenerative diseases. It suggests that an initial loss of
small population of neurons can trigger reiterative cycles of secondary loss of otherwise
normal neurons. Thus, preventing the secondary loss of neurons may be a key to slow or
stop the progression of neurodegeneration diseases such as the Alzheimer’s diseases. In the
future, it would be interesting to test whether inhibiting reactive gliosis in our mouse model
could prevent the secondary loss of neurons.
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PIK3C3 class III phosphoinositide 3-kinase

PtdIns3P phosphatidylinositol-3-phosphate

DIV days in vitro

Wfs1 Wolfram syndrome 1 homolog

Cart cocaine and amphetamine regulated transcript
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Rorb RAR-related orphan receptor beta

Etv1 ets variant gene 1
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Figure 1. Distribution of PI3P in cultured neurons revealed by mVenus-2xFYVE fusion protein
A. Confocal images showing the intracellular distribution of PI3P in a 13 D.I.V.
hippocampal neuron cotransfected with mVenus-2xFYVE (green) and mCherry (red). The
image was taken using the tiling function and multiple images were stitched together by the
software automatically. The image was significantly over-exposed in order to detect the
localization of PI3P in high order branches. PI3P punctae labeled by mVenus-2xFYVE are
detected in both dendrites and in axon. The insets are high-power magnification of the boxed
axon regions. Scale bar: 20 μm.
B. Confocal images showing partial co-localization of PI3P, as revealed by
mVenus-2xFYVE (green), with postsynaptic marker PSD95 (red) in cultures neurons.
Arrows indicate the co-localization. Scale bar:2μm.
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Figure 2. Patterns of CaMKII-Cre mediated deletion of Pik3c3 in the brain
A. Representative coronal sections of cortex (upper panel) and hippocampus (lower panel)
from P14 (left) and P28 (right) CaMKII Cre; Pik3c3flox/+; RosaSTOP-tdTomato mice showing
the expression of tomato gene revealed by anti-RFP immunostaining. The image was taken
using the tiling function and multiple images were stitched together automatically. At P14, a
small amount of neurons express tomato in the cortex as well CA1, CA3 and DG regions at
P14 (left panel). After P28, more than 95% of CA1 hippocampal neurons and about 22.8%
of cortical neurons express tomato. Arrow indicates layer V where very few cells are
tomato-positive. Scale bar: 100 μm.
B. Representative images of fluorescence in situ hybridization with probes for layer V
marker Etv1 (green) and tomato (red) on sagittal sections of P28 CaMKII-Cre; Pik3c3flox/+;
Rosastop-tdTomato mice.
C. Fluorescence in situ hybridization using a Pik3c3 (green) probe verifies the largely
diminished expression of Pik3c3 in CA1 hippocampal neurons in Pik3c3-cKO mutant as
compared with those in control heterozygous at P28. Scale bar: 20 μm.
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Figure 3. Normal neuronal morphology and synapse ultrastructure of Pik3c3-cKO at the age of
6-week
A. Representative image of Golgi staining of hippocampal neurons in the CA1 region from
6-week old controls and Pik3c3-cKO mutant mice. Scale bar: 100 μm
B. Representative images of the first order branch of apical dendrites within lucidum-
radiatum region from control and Pik3c3-cKO mutant CA1 hippocampal neurons at the age
of 3 weeks. Scale bar: 2 μm. Histogram shows the spine density (averaged from 24
randomly selected sections from different mice for each genotype). p>0.9, Two-tailed paired
t test.
C. Representative images of the first order branch of apical dendrites within lucidum-
radiatum region from control and Pik3c3-cKO mutant CA1 hippocampal neurons at the age
of 6 weeks. Scale bar: 2 μm. Histogram shows the spine density (averaged from 24
randomly selected sections from different mice for each genotype). p>0.9, Two-tailed paired
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t test. D. Representative electron microphotographs of the CA1 region from control and
Pik3c3-cKO mice at age of 6 weeks. Scale bar, 0.5 μm.
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Figure 4. Gliosis and reduction of dendritic spines precede neuronal loss in the Pik3c3-cKO
hippocampus at the age of 11-week
A. Upper panel: Immunostaining with anti-NeuN (red) and anti-GFAP (green) shows
increased GFAP fluorescence intensity and positive cells in the mutant hippocampal
formation compared with control in 11-week old mice (Scale bar: 100 μm). Lower panel:
high-power magnification of the CA1 region (Scale bar: 50 μm). Right: Quantification of
CA1 hippocampal neuron density at age of 11 weeks. Histograms show the density of NeuN
positive cells (average ± SEM), N=12~16 randomly selected sections from different mice
for each genotype. p>0.4, Two-tailed paired t test.
B. Representative images of Golgi staining of hippocampal neurons in the CA1 region from
11 weeks old control and Pik3c3-cKO mutant mice. Scale bar: 100 μm.
C. Representative images of the first order branch of apical dendrites within lucidum-
radiatum region from the control and Pik3c3-cKO mutant CA1 hippocampal neuron at age
of 11 weeks. Scale bar: 2 μm. Histogram shows the spine density (N=26 randomly selected
sections from different mice for each genotype). p<0.01, Two-tailed paired t test.
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Figure 5. Profound neuronal loss and gliosis in the Pik3c3-cKO hippocampus at 6-month of age
A. Upper panel: Representative H& E staining of the hippocampal formation from 6-month
old mice shows compressed CA1 pyramidal layer in the Pik3c3-cKO mutant mice. Lower
panel: higher magnifications of the stained CA1 region. Arrowheads indicate the CA1
region. Arrows indicate the axon track of the external capsule. Scale bar: 100 μm.
B. Upper panel: Immunostaining of the hippocampal formation using anti-NeuN (red) and
anti-GFAP (green) reveals gliosis and thinning of CA1 region in the Pik3c3-cKO mutant
mice. Lower panel: higher magnification of the immunostained CA1 region. Arrowheads
indicate the CA1 region. Arrows indicate the axon track of the external capsule. Scale bar:
100 μm.
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C. Quantifications of CA1 hippocampal neuron density at the age of 6 months. Histograms
show the average density of NeuN positive cells (average ± SEM). N=12–16 randomly
selected sections from different mice for each genotype. Two-tailed paired t test; * p<0.05
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Figure 6. Gliosis and excitatory neuronal loss occur in the 11-week old Pik3c3-cKO cortex
A. Representative H&E staining of cortex from control and Pik3c3-cKO mutant mice shows
reduced thickness of cortex and increased amount of darkly-stained nuclei in the mutant
mice.
B. Upper panel: Immunostaining of the cortex using anti-NeuN (red) and anti-GFAP (green)
shows apparent neuronal loss and a dramatic increase in GFAP fluorescence intensity as
well GFAP-positive cell number in Pik3c3-cKO mutant mice. Lower panel: immunostaining
of the cortex using anti-parvalbumin (green, interneuron marker). Scale bar: 100 μm.
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Figure 7. Loss of layer III and IV marker expressing cortical neurons in the 11-week old Pik3c3-
cKO cortex
A. Representative images of in situ hybridization with Wolfram syndrome 1 homolog
(Wfs1, layer II marker), cocaine and amphetamine regulated transcript (Cart, layer IIIb
marker), RAR-related orphan receptor beta (Rorb, layer IV marker), ets variant gene 1
(Etv1, layer V marker) and TC1460681 (layer VI marker) on coronal sections of 11 weeks
old control and Pik3c3-cKO mutant cortex. Scale bar: 100 μm.
B. Relative area density of layer marker expressing cells in 11 weeks old control and
Pik3c3-cKO mutant mice. Graphs show the average percent of positive cells (average ± s.d).
N=16~20 randomly selected sections from different mice for each genotype. Two-tailed
paired t test; double asterisk, p<0.01.
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Figure 8. Extensive neuronal loss and gliosis in the Pik3c3-cKO cortex at 6 months
A. Left panel: H & E staining of cortex from control and Pik3c3-cKO mutant show
significant shrinkage of the cortex and increased amount of pyknotic nuclei in the mutant
mice at age of 6 months. Right panel: immunostaining of the cortex using anti-NeuN (red)
shows a dramatic neuronal loss in Pik3c3-cKO mutant mice as compared to that in the
control. Scale bar: 100 μm.
B. Immunostaining of the cortex using anti-GFAP (green) reveals a significantly increase in
both the fluorescence intensity and positive cell numbers in 6 months old Pik3c3-cKO
mutant mice. Scale bar: 50 μm.
C. Relative area density of Wfs1, Cart, Rorb, Etv1, TC1460681 and parvalbumin expressing
cells in 6 months old control and Pik3c3-cKO mutant mice. Graphs show the relative
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percentage of positive cells (average ± s.d). N=16~20 randomly selected sections from
different mice for each genotype. Two-tailed paired t test; **, p<0.01.
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Figure 9. Massive neuronal loss and gliosis in the Pik3c3-cKO mutant at 9-month old age
Immunostaining of the cortex of 9 month old mice using anti-NeuN (red) and anti-GFAP
(green) shows massive neuronal loss and gliosis in the pik3c3-cKO mutant. Lower panel:
higher magnification of the stained cortex. Scale bar: 100 μm.
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Figure 10. Extensive loss of all types of neurons in the cortex of the Pik3c3-cKO mutant at the
age of 9 months
A. Representative images of in situ hybridization with Wfs1, Cart, Rorb, Etv1, TC1460681
and parvalbumin on coronal sections of 9 months old control and Pik3c3-cKO mutant
cortex. Scale bar: 100 μm.
B. Relative number of layer marker expressing cells in 9 months old control and Pik3c3-
cKO mutant mice. Graphs show the relative percentage of marker-positive cells (average ±
s.d). N=16~20 randomly selected sections from different mice for each genotype. Two-
tailed paired t test; **, p<0.01.

Wang et al. Page 24

Neuroscience. Author manuscript; available in PMC 2012 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11. Schematic models of pathologic changes in the mutant brain over times
A. Schematic drawing depicts the temporal phenotype of the CA1 hippocampal neuron in
the mutant brain. Hippocampal neurons in the CA1 region appear normal at 4 weeks when
Pik3c3 deletion occurs. Seven weeks later, hippocampal neurons show loss of dendritic
spines accompanied with apparent gliosis. At late stage, extensive pyramidal neuronal
degeneration and gliosis occur.
B. Schematic model summarizes phenotypes observed in the mutant cortex. A small subset
of cortical neurons undergo CamKII-Cre mediated Pik3c3 deletion, and the cortex appears
normal at 4~6 weeks. Layer III and IV mutant cortical neurons degenerate which is
associated with reactive gliosis at 11 weeks. At 6 months, all Pik3c3 deficient cortical
neurons degenerate, some loss of wildtype neurons begins and extensive gliosis occurs. At
late stage, severe loss of all types neurons occurs, concurrent with extensive gliosis that
covers the remaining cortex.
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