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SUMMARY
While epigenetic modifications have emerged as attractive substrates to integrate environmental changes into the determination of cell

identity and function, specific signals that directly activate these epigeneticmodifications remain unknown.Here, we examine the role of

atypical protein kinase C (aPKC)-mediated Ser436 phosphorylation of CBP, a histone acetyltransferase, in adult hippocampal neurogen-

esis and memory. Using a knockin mouse strain (CbpS436A) in which the aPKC-CBP pathway is deficient, we observe impaired hippo-

campal neuronal differentiation, maturation, and memory and diminished binding of CBP to CREB in 6-month-old CbpS436A mice,

but not at 3 months of age. Importantly, elevation of CREB activity rescues these deficits, and CREB activity is reduced whereas aPKC

activity is increased in the murine hippocampus as they age from 3 to 6 months regardless of genotype. Thus, the aPKC-CBP pathway

is a homeostatic compensatory mechanism that modulates hippocampal neurogenesis and memory in an age-dependent manner in

response to reduced CREB activity.
INTRODUCTION

Newborn neurons are continuously generated throughout

life in several areas of the mammalian brain, including the

subgranular zone (SGZ) of the hippocampal dentate gyrus

(Imayoshi et al., 2008; Palmer et al., 1997; Zhao et al.,

2008). Adult hippocampal neurogenesis is essential for

neuronal addition and hippocampal growth, potentially

contributing to new memory formation during adulthood

(Deng et al., 2010; Dupret et al., 2007; Imayoshi et al.,

2008; Sahay et al., 2011; Saxe et al., 2006). Adult neural

precursor cells (NPCs) in the SGZ predominantly give

rise to transit-amplifying cells and neuroblasts, which ul-

timately generate granule neurons in the hippocampal

dentate gyrus (Ming and Song, 2011; Toni et al., 2008;

Wang et al., 2012; Zhao et al., 2008). An early and dra-

matic decline in hippocampal neurogenesis that occurs

in mice during early adulthood (3–6 months) is associated

with a reduction in neural progenitor proliferation and

newborn neuron survival (Kuipers et al., 2015). In

contrast, the rate of neuronal differentiation is constant

during early adulthood and remains sustained even in

older (1–1.5 years old) mice (Kuipers et al., 2015). Disrup-
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tion of this ongoing neurogenesis has been proposed to

play a role in progressive neurodegenerative disorders

such as Alzheimer’s disease (Mu and Gage, 2011; Winner

et al., 2011; Zhao et al., 2008). Therefore, understanding

the underlying molecular mechanisms that sustain the

age-dependent hippocampal neurogenesis will provide a

fundamental basis to elucidate the pathogenesis and ther-

apeutic targets of Alzheimer’s disease.

We previously showed that an atypical protein kinase

C-CREB binding protein (aPKC-CBP) pathway is impor-

tant for the differentiation of embryonic NPCs into all

three neural cell lineages: neurons, astrocytes, and oligo-

dendrocytes (Wang et al., 2010). Specifically, we demon-

strated that activation of aPKC leads to Ser436 phosphor-

ylation in CBP, a histone acetyltransferase, and that this

phosphorylation causes transcription of genes that are

associated with the three cell lineages. Moreover, we

demonstrated that metformin, an AMP kinase (AMPK)

activator, could activate the aPKC-CBP pathway to pro-

mote neurogenesis and enhance spatial memory forma-

tion in adult mice (Wang et al., 2012; Fatt et al., 2015).

Interestingly, another recent study demonstrated that

CBP is required for enriched environment-induced adult
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hippocampal neurogenesis and learning and memory (Lo-

pez-Atalaya et al., 2011). Together, these findings suggest

that CBP-mediated epigenetic regulation plays a central

role in integrating environmental/microenvironmental

changes to the determination of NPC differentiation in

the developing and adult brain.

The specificity of CBP actions is determined by its tran-

scription factor binding partners. One of the binding part-

ners is CREB (cyclic AMP response element binding pro-

tein), which is known to play a central role in regulating

hippocampal plasticity, neurogenesis, and memory forma-

tion (Merz et al., 2011;Mizuno et al., 2002; Nakagawa et al.,

2002a; Silva et al., 1998). When CREB is phosphorylated at

Ser133, it recruits CBP and positively regulates CREB-medi-

ated gene transcription (Parker et al., 1996; Shih et al.,

1996). Intriguingly, the phosphorylated CREB at Ser133

(pS133-CREB) is stably expressed in doublecortin (DCX)-

positive neuroblasts/newborn neurons in the hippocampal

SGZ, suggesting its central role in neuronal differentiation

and/or maturation (Merz et al., 2011). Moreover, previous

work in liver cells has shown that aPKC-dependent

Ser436 phosphorylation of CBP can regulate its association

with CREB (He et al., 2009). These findings led us to test the

hypothesis that activation of the aPKC-CBP pathway may

modulate hippocampal neurogenesis and memory forma-

tion by regulating the association of CBP with CREB in

the hippocampus.

Our findings show that the aPKC-CBP pathway is

required for hippocampal neuronal differentiation and

maturation and hippocampal-dependent memory in

mature adult (6 months old) mice, but not in young adult

(3 months old) mice. Mechanistically, we found that the

aPKC-CBP pathway is highly upregulated and is necessary

tomaintain the association of CBPwithCREB in the hippo-

campus of mature mice when CREB activity (pS133-CREB)

is reduced. More importantly, elevation of CREB activity

(pS133-CREB) by a phosphodiesterase 4 (PDE4) inhibitor,

rolipram, in the hippocampus can rescue the neuronal

differentiation and maturation deficits in mature mice.

This rescue is also accompanied by restoring impaired

pre-exposure fear memory and the diminished binding of

CBP to CREB in CbpS436Amice. Together, these data argue

that the aPKC-CBP pathway has a compensatory homeo-

static role in modulating hippocampal neurogenesis and

hippocampal-dependent memory during early adulthood

(3–6 months).
RESULTS

The aPKC-CBP Pathway Regulates Adult Neurogenesis

To ask whether the aPKC-mediated CBP S436 phosphoryla-

tion is important for adult hippocampal neurogenesis, we
720 Stem Cell Reports j Vol. 7 j 719–734 j October 11, 2016
took advantage of a phosphor-mutant CbpS436A knockin

(CbpS436A-KI) mouse strain in which the aPKC-CBP

pathway is deficient due to the exchange of the serine (S)

436 residue for an alanine (A) residue in CBP. CbpS436A-

KI mice survive into adulthood, and do not exhibit

any apparent changes in brain structure (data not shown).

To assess adult hippocampal neurogenesis, we injected 3-

and 6-month-old mice with bromodeoxyuridine (BrdU)

(100 mg/kg, intraperitoneally) daily for 3 consecutive

days, and euthanized the mice 12 days after the first BrdU

injection. Hippocampi were analyzed by immunostaining

for BrdU and themature neuronmarker NEUN.Quantifica-

tion throughout the extent of the hippocampal dentate gy-

rus demonstrated a significant decrease in the total number

of BrdU/NEUN-positive neurons in CbpS436A-KI mice at

both ages (Figures 1A and 1B).

To explore cellular mechanisms underlying the reduc-

tion in neurogenesis in the CbpS436A-KI mice, we first

investigated whether the number of proliferating NPCs

was decreased using the proliferation marker, Ki-67. This

analysis demonstrated that the number of Ki-67-positive

proliferating NPCs in the SGZ was unchanged in

CbpS436A-KI mice at both 3 and 6 months of age (Figures

1C and 1D). We further immunostained sections for an

apoptotic marker, cleaved caspase-3 (CC3), and a marker

for neuroblasts/newborn neurons, doublecortin (DCX)

(Figures 1E and 1F). We observed that �80% of CC3-posi-

tive cells are DCX-positive neuroblasts/newborn neurons.

Although the basal level of CC3-positive dying cells was

low in wild-type (WT) mice (total 30–50 cells throughout

the extent of hippocampus) at both ages, the number of

DCX/CC3-positive cells was significantly increased in

CbpS436A-KImice at the age of 3months, but not 6months

(Figures 1E and 1F). These results suggest that young adult

CbpS436A-KI mice have a reduction in survival of newborn

neurons, in the absence of changes in proliferation.

To further confirm that newborn cell survival was

decreased in 3-month-old CbpS436A-KI mice, we per-

formed BrdU in vivo chasing experiments by quantifying

the total number of surviving BrdU-positive cells at 1, 12,

and 30 days following BrdU injections. Relative to their

WT littermates,CbpS436A-KImice hadno change in the to-

tal number of 1-day-old BrdU cells (Figures 1G and 1H), in

agreement with no change in the proliferating Ki-67-posi-

tive cells (Figures 1C and 1D). In addition, consistent

with less newborn cell survival (Figures 1E and 1F), there

was a significant decrease in the total number of 12- and

30-day-old BrdU-positive cells in 3-month-old CbpS436A-

KI mice (Figures 1G and 1H). Further quantification of

the number of BrdU/NEUN-positive neurons 30 days after

BrdU labeling showed a sustained reduction in hippocam-

pal neurogenesis in both 3- and 6-month-old CbpS436A-KI

mice (Figures 1I and 1J). We then assessed whether the



reduction in hippocampal neurogenesis was associated

with a general decrease of adult neurogenesis by analyzing

the same mice for olfactory bulb neurogenesis. The total

number of adult-born BrdU/NEUN-positive neurons in

the olfactory bulb was proportionately decreased in the 3-

month-old CbpS436A-KI mice (Figures S1A and S1B).

Together, these findings suggest that a reduction of neuro-

genesis in young adult CbpS436A-KI mice (3 months) is at

least partly due to an increase in the death of neuro-

blasts/newborn neurons.

The aPKC-CBP Pathway Regulates Adult Hippocampal

Neuronal Differentiation and Maturation in an

Age-Dependent Manner

Since the aPKC-CBP pathway has been identified as a pro-

differentiation pathway during embryonic brain develop-

ment (Tsui et al., 2014; Wang et al., 2010), we determined

whether the aPKC-CBP pathway also regulates hippocam-

pal neuronal differentiation, thus contributing to the

reduction in hippocampal neurogenesis in the young (3-

month) and older (6-month) mice (Figures 1A and 1B).

Using the 12-day BrdU chasing paradigm previously

described, CbpS436A-KI had a significant reduction in the

proportion of newborn mature neurons to the total BrdU-

labeled cells (% NEUN/BrdU+ over BrdU+) at the age of

6 months, but no change at 3 months (Figures 2A and

2B). The fact that the total number of BrdU-positive cells

was unaltered in 6-month-old CbpS436A-KI mice (Fig-

ure S2A) argues that the decreased rate of hippocampal

neurogenesis (Figures 2A and 2B) likely contributes to the

reduced hippocampal neurogenesis at the age of 6 months

in CbpS436A-KI mice (Figures 1A and 1B). Next, we stained

sections from the same experiments with a neural precur-

sor marker, SOX2, and BrdU. The proportion of SOX2+

NPCs over total BrdU-labeled cells (% SOX2/BrdU+ over

BrdU+) was significantly increased in CbpS436A-KI mice

at the age of 6 months but not 3 months (Figures 2C and

2D), corresponding to the decreased proportion of

newborn neurons in CbpS436A-KI mice at 6 months. We

further assessed other types of NPCs, including GFAP+

type 1 NPCs and TBR2+ type 2/3 NPCs in 6-month-old

CbpS436A-KI mice. Under our experimental conditions,

we observed a small population of BrdU/GFAP co-labeled

cells located in the SGZ and did not detect BrdU/GFAP

co-labeled hilar astrocytes. Quantitative analysis showed

that the population of BrdU/GFAP/SOX2+ type 1 NPCs

was not changed in CbpS436A-KI mice (Figures S2B and

S2C). However, the proportion of TBR2+ NPCs over total

BrdU-labeled cells (% TBR2/BrdU+ over BrdU+) was signifi-

cantly increased in CbpS436A-KI mice at 6 months (Figures

2E and 2F). Further quantification from triple-stained

sections for TBR2, SOX2, and BrdU showed that the pro-

portion of both SOX2+/TBR2+ type 2a and SOX2�/TBR2+
type 2b/3 NPCs was elevated in 6-month-old CbpS436A-

KI mice (Figures 2E and 2F). These results revealed that

lack of Ser436 phosphorylation in CBP leads to the

impaired development of hippocampal NPCs at the age

of 6 months by arresting them at the stage of TBR2- and

or/SOX2-positive NPCs. Together, these data suggest that

the aPKC-CBP pathway is required to maintain the sus-

tained neuronal differentiation of hippocampal NPCs in

mature adults (6 months).

We further assessed the population of DCX-positive neu-

roblasts/newborn neurons in CbpS436A-KI mice. The total

number of DCX-positive cells was not significantly

different between WT and CbpS436A-KI mice (Figures

S2D and S2E) at either 3 or 6months of age.We then exam-

ined BrdU-labeled DCX-positive cells at both ages. The pro-

portion of BrdU-positive cells that express DCX (% DCX/

BrdU+ over BrdU+) was not changed in CbpS436A-KI mice

at both 3 and 6 months (Figures 2G and 2H). In contrast,

the total number of co-labeled BrdU/DCX-positive cells

was decreased in 3-month-old CbpS436A-KI (Figure S2F),

as expected due to the reduced total number of BrdU-posi-

tive cells (Figures 1G, 1H, and S2A).

The reduced rate of neuronal differentiation combined

with the unaltered number and proportion of DCX-posi-

tive cells at the age of 6 months in the CbpS436A-KI mice

led us to hypothesize that these mice may have an

impaired neuronal maturation process, manifested by

the reduced acquisition of a mature neuron phenotype

in DCX-positive neuroblasts/newborn neurons. We

tested this hypothesis by performing triple staining

with BrdU, NEUN, and DCX in 3- and 6-month-old brain

sections. As we expected, the proportion of mature neu-

rons (NEUN+) in the BrdU/DCX-positive cells (% NEUN/

BrdU/DCX+ over BrdU/DCX+ cells) was significantly

decreased in 6-month-old CbpS436A-KI mice (Figures 3A

and 3B), indicating the reduced acquisition rate of

mature neuron phenotype (NEUN+) in the total

newborn neurons. Consistent with this, the proportion

of maturing neurons (% NEUN+/DCX+ over BrdU+ cells)

(Figure 3C) as well as mature neurons that had

exited the immature stage (% NEUN+/DCX� over BrdU+

cells) (Figure 3D) was significantly reduced. In contrast,

the percentage of BrdU-labeled DCX-positive, NEUN-

negative neuroblasts/immature neurons (% DCX+/

NEUN� over BrdU+ cells) was increased in 6 month-old

CbpS436A-KI mice (Figure 3E). There was also a signifi-

cant increase in the percentage of BrdU-positive cells

that were both NEUN and DCX negative (% NEUN�/
DCX� over BrdU+ cells), representing the NPC popula-

tion (Figure 3F). Thus, all of these data argue that the

aPKC-CBP pathway is required for both neuronal differ-

entiation and maturation in mature adult hippocampi

(6 months) (Figure 3G).
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The aPKC-CBP Pathway Regulates Hippocampal-

Dependent Fear Memory and Spatial Memory in

Mature Adult Mice

Adult hippocampal neurogenesis plays a key role in hippo-

campal-dependent fear memory and spatial memory (Kee

et al., 2007; Imayoshi et al., 2008; Saxe et al., 2006). Here

we first used a context pre-exposure task, a version of

contextual fear memory that is critically dependent on

the hippocampus (Matus-Amat et al., 2004; Rudy et al.,

2004), and is sensitive to detect deficits in adult neurogen-

esis (Cancino et al., 2013). In this task, the mice were first

exposed to the context 24 hr before the foot shock to

temporally separate the context acquisition phase from

the association of the context with the shock (Figure 4A),

unlike traditional context fear-conditioning experiments

where the shock is introduced immediately after context

exposure. Only animals that were pre-exposed to the

context show high levels of freezing when subsequently

tested (Fanselow, 2000). Consistent with an age-dependent

reduction in hippocampal neuronal differentiation and

maturation, the CbpS436A-KI mice showed low freezing

at 6 months but not at 3 months of age when compared

with their respective WT littermates (Figures 4A and S3A).

We then used a hidden-platform version of the Morris

water maze (MWM) task to measure spatial learning and

memory in 6-month-old CbpS436A-KI mice and their WT

littermates. We showed that both WT and CbpS436A-KI
Figure 1. Adult Mice Lacking CBPS436 Phosphorylation Show a R
(A) Fluorescence images of hippocampal sections from 3-month-ol
euthanized 12 days after BrdU injections and stained for BrdU (gre
magnification. Arrows represent double-labeled BrdU/NEUN-positive
(B) Quantitative analysis of the total number of BrdU/NEUN-positive n
CbpS436A-KI mice. *p < 0.05 (n = 4–5 animals for each group).
(C) Fluorescence images of hippocampal sections from 3- to 6-month-
and counterstained with Hoechst 33342 (blue). The boxed areas are s
denote Ki-67-positive proliferating cells. Scale bars, 50 mm.
(D) Quantitative analysis of the total number of Ki-67-positive prolife
and their WT littermates (n = 4 animals for each group).
(E) Fluorescence images of hippocampal sections from 3-month-old WT
and DCX (red). The boxed areas are shown at higher magnification in t
positive cells. Scale bars, 50 mm.
(F) Quantitative analysis of the total number of CC3/DCX-positive cell
WT littermates. *p < 0.05 (n = 4 animals for each group).
(G) Fluorescence images of hippocampal sections from 3-month-old W
stained for BrdU (green). The insets show the boxed areas at higher m
(H) Quantitative analysis of the total number of BrdU-positive cells in
12 days, and 30 days following BrdU injections. *p < 0.05 (n = 3–5 a
(I) Fluorescence images of hippocampal sections from 3-month-old W
and stained for BrdU (green) and NEUN (red). The insets show the bo
BrdU/NEUN-positive neurons. Scale bars, 25 mm.
(J) Quantitative analysis of the total number of BrdU/NEUN-positive n
KI mice. *p < 0.05 (n = 4–5 animals for each group).
Error bars represent SEM. See also Figure S1.
mice had a comparable learning curve over 7 days despite

higher overall escape latency in CbpS436A-KI mice (Fig-

ure 4B). We also analyzed the search strategies that the

mice used through a visual algorithm analysis (Granger

et al., 2016) to assess when the mice switched from a sys-

tematic to a spatial search strategy. We found that

CbpS436A-KI mice switched from systematic to spatial

search strategies by training day 6, which was delayed

compared with their WT littermates that switched by

training day 4 (Figures 4C and 4D). Following the 7-day

training session, probe tests were assessed at day 8 and

day 19 by removing the platform from the swimming

pool. At day 8, 24 hr after the last training, we observed

that both CbpS436A-KI and their WT littermates spent

significantlymore time in the target quadrant than in other

three quadrants (Figure 4E), indicating normal short-term

memory in CbpS436A-KI mice. During the late probe test

at day 19 (12 days after training),WTmice still spent signif-

icantly more time in the target quadrant relative to the

other three quadrants while CbpS436A-KI mice did not

show a specific preference for the target quadrant (Fig-

ure 4F), suggesting impaired long-term spatial memory in

CbpS436A-KI mice. Finally, there was no difference in thig-

motaxic swim patterns manifesting anxiety behaviors be-

tween WT and CbpS436A-KI mice, implying that anxiety

was not accountable for the impaired spatial learning and

memory (Figures S3B–S3D). In addition, both WT and
eduction in Adult Neurogenesis
d CbpS436A (CbpS436A-KI) and their wild-type littermates (WT),
en) and NEUN (red). The insets show the boxed areas at higher
neurons. Scale bar, 100 mm.
ewborn neurons in the hippocampi from 3- to 6-month-old WT and

old WT and CbpS436A-KI mice, immunostained for Ki-67 (KI67; red)
hown at higher magnification in the top and bottom panels. Arrows

rating cells in the hippocampi from 3- to 6-month-old CbpS436A-KI

and CbpS436A-KI mice, stained for cleaved caspase 3 (CC3) (green)
he top and bottom panels. Arrows denote double-labeled CC3/DCX-

s in the hippocampi from 3- to 6-month-old CbpS436A-KI and their

T and CbpS436A-KI mice 1 day and 12 days after BrdU injections,
agnification. Arrows denote BrdU-positive cells. Scale bars, 25 mm.
the hippocampi from 3-month-old WT and CbpS436A-KI mice 1 day,
nimals for each group).
T and CbpS436A-KI mice, euthanized 30 days after BrdU injections,
xed areas at higher magnification. Arrows represent double-labeled

eurons in the hippocampi from 3- to 6-month-old WT and CbpS436A-
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CbpS436A-KI mice showed normal mean velocity, distance

traveled, and anxiety behaviors in the open field (Figures

4G, S3E, and S3F), making it unlikely that the spatial and

contextual memory deficits are attributable to non-specific

impairments in motor function or increases in anxiety.

Together, these data suggest that the aPKC-CBP pathway

is essential for the regulation of age-dependent hippocam-

pal-dependent fear and spatial learning and memory.

The aPKC-CBP Pathway Regulates CBP Binding to

CREB in an Age-Dependent Manner

CREB is a major regulator of adult hippocampal neurogen-

esis and hippocampal-dependent learning and memory

(Merz et al., 2011; Mizuno et al., 2002; Silva et al., 1998).

Here, we assessed the ability of CBP to bind to CREB in

CbpS436A-KI hippocampal tissues at both 3 and 6 months

of age using a co-immunoprecipitation assay. A reduction

of the association of CBPwithCREBwas observed in hippo-

campal extracts obtained from mature (6 months old) but

not young (3 months old) CbpS436A-KI mice (Figures 5A

and 5B). We further assessed the phosphorylation status

of CREB at S133 (pS133-CREB), which is known to be a

rate-limiting step in the association of CREB with CBP,

and the level of aPKC activity, manifested by phosphoryla-

tion of threonine (pT)410/403-aPKC.Western blot analysis

showed that WT mice exhibited a significant reduction in

pS133-CREB and a robust enhancement in pT410/403-

aPKC in hippocampal extracts as mice aged from 3 to

6months (Figures 5C and 5D). CbpS436A-KI mice similarly

had a reduction in pS133-CREB and enhancement in

pT410/403-aPKC with aging, although the basal level of

pS133-CREB is slightly higher at 3 months in CbpS436A-

KI than in WT mice (Figures 5C and 5D). Furthermore,

we confirmed that the protein levels of total CREB and

aPKC remained unchanged between 3 and 6 months of

age in the WTand CbpS436A-KI mice (Figure 5E). These re-

sults suggest a model in which the aPKC-CBP pathway

plays a compensatory role to maintain the interaction
Figure 2. Mature Adult Mice Lacking CBPS436 Phosphorylation S
Adult mice (3 and 6 months old) received BrdU (100 mg/kg) injection
analysis 12 days after the first BrdU injection.
(A, C, E, andG) Fluorescence imagesof hippocampal sections from6-mon
for: (A) BrdU (green) and NEUN (red); (C) BrdU (green) and SOX2 (red); (
and DCX (red). Arrows denote double-labeled cells. The boxed areas are
(B) Quantitative analysis of the percentage of BrdU-positive cells that
6-month-old WT and CbpS436A-KI mice. **p < 0.01 (n = 4 animals fo
(D) Quantitative analysis of the percentage of BrdU-positive cells that
mice at the ages of 3 and 6 months. **p < 0.01 (n = 4 animals for ea
(F) Quantitative analysis of the percentage of BrdU-positive cells tha
CbpS436A-KI mice at 6 months. **p < 0.01, ***p < 0.001 (n = 4 anim
(H) Quantitative analysis of the percentage of BrdU-positive cells th
CbpS436A-KI mice (n = 4 animals for each group).
Error bars represent SEM. See also Figure S2.
between CBP and CREB in mature adult hippocampi

(6 months) in response to a reduced level of pS133-CREB.

When the aPKC-CBP pathway is deficient in CbpS436A-KI

mice, the association of CBP with CREB is diminished in

mature adult hippocampi (6 months) due to lack of phos-

phorylation in both CREB-S133 and CBP-S436, although

the upstream kinase aPKC activity is highly upregulated.

Elevation of CREB Phosphorylation Rescues

Neurogenesis Deficits, Impairs Fear Memory, and

Restores CBP Binding to CREB in Mature Adult

CbpS436A Mice

To further test the model, we asked whether the elevation

of pS133-CREB would rescue the cellular, molecular, and

behavioral deficits observed in mature adult CbpS436A-KI

mice (6 months old). To do this we injected rolipram

(1.25 mg/kg/day, intraperitoneally), a specific PDE4 in-

hibitor, for 14 days in vivo. As expected, we found that

rolipram treatment increased pS133-CREB expressions

as detected by western blot analysis in 6-month-old WT

and CbpS436A-KI hippocampal tissues (Figures 6A and

6B). Notably, immunohistochemistry analysis further

showed that pS133-CREB is highly expressed in the hip-

pocampal SGZ and most pS133-CREB positive cells in the

hippocampi are DCX-positive cells (Figure S4A), support-

ing the transcription factor’s role in the acquisition and

maturation of DCX-positive neuroblasts/newborn neu-

rons. Quantification of pS133-CREB-positive cells in the

dentate gyrus indicated that rolipram treatment signifi-

cantly increased the number of pS133-CREB positive cells

in the 6-month-old hippocampal SGZ (Figure S4B),

further validating the western blot analysis (Figures 6A

and 6B).

To assess neurogenesis, we administered rolipram injec-

tions (1.25 mg/kg/day, intraperitoneally) for 14 days;

BrdU co-injections were given at days 3–5 (100 mg/kg/

day, intraperitoneally), and mice were euthanized at the

end of 14 days to follow the same 12-day BrdU chasing
how Reduced Hippocampal Neuronal Differentiation
s for 3 consecutive days, and were euthanized for immunostaining

th-old (A,C,E) and3-month-old (G)WTand CbpS436A-KImice, stained
E) BrdU (green), TBR2 (purple), and SOX2 (red); and (G) BrdU (green)
shown at higher magnification on the right. Scale bars, 25 mm.
express a mature neuron marker, NEUN, in the hippocampi from 3- to
r each group).
were positive for SOX2 in the hippocampi from WT and CbpS436A-KI
ch group).
t were positive for TBR2 and SOX2 in the hippocampi from WT and
als for each group).
at express DCX in the hippocampi from 3- to 6-month-old WT and
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paradigm (Figure 3). Quantification of the proportion of

BrdU/NEUN-positive neurons showed that rolipram treat-

ment rescued the neurogenesis deficit observed in 6-

month-old CbpS436A-KI mice (Figures 6C and 6D). Further

triple-labeling experiments (BrdU/DCX/NEUN) showed

that the deficits from both neuronal differentiation (Fig-

ure 6F, the proportion of BrdU-positive cells that are nega-

tive for DCX and NEUN) and maturation (Figures 6G–6I,

acquisition of NEUN-positive mature neurons in BrdU/

DCX-positive immature cells) processes in 6-month-old

CbpS436A-KI mice were rescued by rolipram treatment. In

addition, we also found that rolipram treatment increased

the total number of Ki-67-positive proliferating cells in

bothWTandCbpS436A-KImice to the same extent (Figures

S4C and S4D). Consistent with this, the proportion of

BrdU-labeledDCX-positive cells was significantly increased

by rolipram treatment in both WT and CbpS436A-KI

mice to the same extent (Figure S4E), while the total num-

ber of BrdU-positive cells was unchanged (Figure S4F).

These results show that rolipram not only increases the

proliferation and the population of BrdU-labeledDCX-pos-

itive cells regardless of genotype, but also prevents the

neuronal differentiation and maturation deficits observed

in CbpS436A-KI mice.

We then asked whether rolipram treatment would

restore the impaired fear memory of CbpS436A-KI mice.

Indeed, 21 days of rolipram treatment was capable of

rescuing the impaired pre-exposure context fear memory

(Figure 6J). Finally, co-immunoprecipitation assay showed

that 14-day rolipram treatment rescued the impaired inter-

action between CBP and CREB in 6-month-old CbpS436A-

KI mice (Figures 6K–6L). Thus, these data support the

concept that pS436-CBP is a compensatory mechanism in

response to reduced pS133-CREB expression to maintain

hippocampal neurogenesis, hippocampal-dependent fear

memory, and the association of CBP with CREB in mature

adult mice.
Figure 3. Mature Adult Mice Lacking CBPS436 Phosphorylation S
Adult mice (6 months old) received BrdU (100 mg/kg) injections for 3
injection.
(A) Confocal Images of coronal hippocampal dentate gyrus sections fro
DCX (red), and NEUN (purple). Arrows denote triple-labeled BrdU+/D
NEUN� cells; asterisks denote single-labeled BrdU+/DCX�/NEUN� cel
(B–F) Quantitative analysis of the percentage of BrdU/DCX-positive ce
that were positive for both NEUN and DCX (C); the percentage of BrdU
the percentage of BrdU-positive cells that express DCX but not NEUN (
both NEUN and DCX (F) in the hippocampi from 3- to 6-month-old WT a
group).
(G) Schematic representation showing that CbpS436A mutation not on
also inhibits neuronal maturation from DCX+ cells to NEUN+ mature n
transient amplifying progenitors.
Error bars represent SEM.
DISCUSSION

Our present data demonstrate four key events that are

mediated by the aPKC-CBP pathway: (1) neurogenesis in

young adult mice (3 months old) by, at least in part, pre-

venting the death of newborn neurons; (2) maintenance

of a stable rate of hippocampal neuronal differentiation

and maturation in mature adult mice (6 months old); (3)

formation of hippocampal-dependent fear memory and

maintenance of spatial learning and memory in mature

adult mice (6 months old); and (4) maintenance of the

association of CBP with CREB in mature adult hippo-

campi (6 months old), when CREB activity/pS133-

CREB is significantly reduced. Importantly, elevation of

pS133-CREB expression in vivo rescues the impaired phe-

notypes at the cellular, behavioral, and molecular levels

in mature adult CbpS436A-KI mice where the aPKC-CBP

pathway is deficient. Hence, our study strongly argues

that the aPKC-CBP pathway is a homeostatic intrinsic

mechanism that maintains a sustained rate of hippocam-

pal neurogenesis and hippocampal-dependent memory

in response to reduced CREB activity during early adult-

hood (3–6 months).

Originally, we identified the aPKC-CBP pathway as a pro-

differentiation pathway during embryonic cerebral cortex

development (Wang et al., 2010). Enriched neural develop-

mental cues during cortex development converge on the

aPKC-CBP pathway to promote the differentiation of em-

bryonic NPCs into three neural cell lineages. Here, we ask

a different question as to whether aPKC-mediated CBP

phosphorylation/activation is a homeostatic signaling

cascade that modulates adult hippocampal neurogenesis.

Interestingly, recent research indicates that an early and

dramatic decline in hippocampal neurogenesis during

early adulthood (3–6months) is primarily due to a decrease

in neural progenitor proliferation and newborn neuron

survival in the absence of any large changes in neuronal
how Impaired Hippocampal Neuronal Maturation
consecutive days, and were euthanized 12 days after the first BrdU

m 6-month-old WT and CbpS436A-KI mice, stained for BrdU (green),
CX+/NEUN+ cells; arrowheads denote double-labeled BrdU+/DCX+/
ls. Scale bars, 20 mm.
lls that also express NEUN (B); the percentage of BrdU-positive cells
-positive cells that were positive for NEUN but negative for DCX (D);
E); and the percentage of BrdU-positive cells that were negative for
nd CbpS436A-KI mice. *p < 0.05, **p < 0.01 (n = 4 animals for each

ly arrests the NPC development at SOX2 and/or TBR2+ NSCs/TAPs but
eurons in 6-month-old adult mice. NSCs, neural stem cells; TAPs,
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Figure 4. Mature Adult Mice Lacking CBPS436 Phosphorylation Display Impaired Pre-exposure Contextual Fear Memory and
Deficits in Spatial Learning and Memory
(A) Both 3- and 6-month-old WT and CbpS436-KI mice were pre-exposed to the conditioning context at day 1, and received an immediate
shock (1.0 mA, 2 s) within the same context at day 2. Graph shows percentage of time spent freezing within the first 2 min when the mice
were re-placed in the conditioning context at day 3 without shock **p < 0.01 (n = 11 animals for each group).
(B–F) Six-month-old WT and CbpS436A-KI mice were trained on the hidden-platform version of the Morris water maze (MWM) for 7 days.
Early probe (day 8, 1 day after training) and late probe (day 19, 12 days after training) tests were performed on these mice by removing the
submerged platform from the pool and leaving them to swim for a period of 60 s. (B) Acquisition of the platform location across a 7-day
training session with latency to reach the platform as a measurement of learning. CbpS436A-KI and WT groups had a comparable learning

(legend continued on next page)
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differentiation rates (Kuipers et al., 2015). Thus, a sustained

rate of neuronal differentiation may produce sufficient

amounts of newborn neurons that can be functionally in-

tegrated into neural circuits to support increased memory

during adulthood. In the present study, we found that

the aPKC-CBP pathway is essential to maintain the stable

rate of hippocampal neuronal differentiation and matura-

tion during early adulthood development (3–6 months),

suggesting its role as a homeostatic intrinsic mechanism

in response to cellular changes during early adulthood to

sustain functional neurogenesis, a key player in hippocam-

pal-dependent memory formation.

In addition to phenotypic analyses, our study also pro-

vides insights into themolecularmechanisms thatmediate

the aPKC-CBP pathway in regulating hippocampal neuro-

genesis and hippocampal-dependent memory in an age-

dependent manner. Previous work in liver cells shows

that fully phosphorylated CBP at S436 eliminates the bind-

ing of CBP to CREB to regulate gluconeogenic gene expres-

sion (He et al., 2009), while we found that CBPS436 phos-

phorylation is required for CBP to bind to CREB in mature

adult hippocampal extracts (6months old) but not those of

young adultmice (3months old). The discrepancy between

the hepatic and hippocampal tissues may be explained by

the different CREB signals in the two tissue types. Specif-

ically, CREB was constantly phosphorylated at S133 in he-

patic tissue under the testing condition (He et al., 2009),

while hippocampal tissues showed a significant reduction

of pS133-CREB in mature adults (6 months old) regardless

of the genotype. pS133-CREB is known to be a rate-limiting

step in promoting the interaction between CREB and CBP

(Parker et al., 1996). Our working model is that high levels

of S133-phosphorylated CREB in young adult hippocampi

play a dominant, stimulatory role in the regulation of the

binding between CBP and CREB, whereas S436 phosphor-

ylation in CBP is a compensatory regulator for the interac-
curve despite higher overall escape latency in CbpS436A-KI mice (tw
main effect of training day F(6,120) = 10.95, p < 0.001; genotype3 t
Incidence of search strategies was analyzed using a fully automatic M
search strategies from systematic to spatial search strategies by trainin
from systematic to spatial search strategies at training day 6 (two-wa
p < 0.001; post hoc multiple comparison, ***p < 0.001, **p < 0.01, n
9.1, p < 0.001; post hoc multiple comparison, ***p < 0.001, *p < 0.0
strategies. (E) The percentage of time spent in four quadrant zones w
way ANOVA, WT: F(3,44) = 131.2, p < 0.001, target quadrant > all o
p < 0.001, target quadrant > all other quadrants, ***p < 0.001, n =
analyzed at day 19 as a measurement of long-term memory (one-way
quadrants, *p < 0.05, n = 12; CbpS436A-KI: F(3,36) = 8.3, p < 0.001; for
0.05, n = 10).
(G) The open field test was performed in an open box for 10 min. The cu
was analyzed. Insets show representative traces of WT and CbpS436A
Error bars represent SEM. See also Figure S3.
tion between CBP and CREB in mature adult hippocampi

when pS133-CREB is significantly reduced (Figure 7). This

model is well supported by our data showing that aPKC ac-

tivity was significantly enhanced in mature adult hippo-

campi where a significant reduction of pS133-CREB is

evident. More interestingly, we observe that the activated

form of CREB, pS133-CREB, is restrictively expressed in

the hippocampal SGZ neurogenic region. Moreover, most

of pS133-CREB-positive cells in the hippocampi are DCX-

positive neuroblasts/newborn neurons, suggesting its role

in the acquisition and maturation of DCX-positive cells.

This idea has been explored in several previous studies

(Herold et al., 2011; Merz et al., 2011; Nakagawa et al.,

2002b). Importantly, we show here that the expression of

pS133-CREB is robustly reduced in the adult hippocampi

during early adulthood.We further demonstrate that eleva-

tion of CREB phosphorylation by rolipram treatment is

able to rescue the hippocampal neuronal differentiation

deficit and impaired pre-exposure fear memory, and restore

diminished CBP binding to CREB in mature adult

CbpS436A-KI mice (6 months old). Together, these data

suggest that the aPKC-CBP pathway is a compensatory

signaling cascade that is activated in response to reduced

CREB activity in mature adult hippocampi to sustain the

interaction between CBP and CREB, potentially contrib-

uting to hippocampal neurogenesis and hippocampal-

dependent fear memory.

Our behavioral work showed that the aPKC-CBP

pathway is required for hippocampal-dependent fear

memory formation in mature adult mice (6 months old)

but not young adult mice (3 months old). This observation

correlates well with the age-dependent functions of the

aPKC-CBP pathway inmaintaining hippocampal neuronal

differentiation and maturation and CREB binding ability,

suggesting that the aPKC-CBP/CREB signaling is key in

the formation of hippocampal-dependent fear memory.
o-way ANOVA: main effect of genotypes F(1,20) = 15.4, p < 0.001;
raining day interaction F(6,120) = 0.77, p = 0.58, n = 22). (C and D)
WM visual algorithm. WT mice (C) were able to switch navigational
g day 4, while CbpS436A-KI mice (D) exhibited a delayed transition
y ANOVA, WT: training day 3 strategy interaction, F(6,66) = 12.2,
= 12; CbpS436A-KI: training day 3 strategy interaction, F(6,54) =
5, n = 10). Dashed line defines 50% incidence in the use of search
as analyzed at day 8 as a measurement of short-term memory (one-
ther quadrants, ***p < 0.001, n = 12; CbpS436A-KI: F(3,36) = 29,
10). (F) The percentage of time spent in four quadrant zones was
ANOVA, WT: F(3,44) = 11.78, p < 0.001; target quadrant > all other
the target quadrant relative all other quadrants, not significant, p >

mulative time spent within the center and all four corners of the box
-KI mouse during the course of the open field test.
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Figure 5. Mature Adult Mice Lacking
CBPS436PhosphorylationDisplay Impaired
CBP Binding to CREB
(A) Co-immunoprecipitation analysis of the
interaction between CBP and CREB in the
hippocampus of WT and CbpS436A-KI mice
at 3 and 6 months. Hippocampal lysates
were immunoprecipitated with a CBP anti-
body, washed, and blotted with the indi-
cated antibody (n = 4 animals for each
group). Arrow indicates CREB-expression
band. IP, immunoprecipitation; IB, immu-
noblot; IgG, immunoglobulin G.
(B) Graph indicating the fold changes of the
relative pulled-down CREB protein over the
total CBP amounts, as determined by
densitometry. **p < 0.01 (n = 4 animals for
each group).
(C) Western blot analysis for CREB phos-
phorylation at S133 and aPKC zeta/iota
phosphorylation at T410/403 in hippocam-
pal tissue extracts from 3- to 6-month-old
WT and CbpS436A-KI mice. Blots were re-
probed for total CREB or aPKC, with GAPDH
as loading control.
(D) Graphs show relative levels of phos-
phorylation of CREB and aPKC over total
CREB and aPKC, respectively, normalized to
samples from 3-month-old WT. *p < 0.05,
**p < 0.01 (n = 4 animals for each group).
(E) Graphs show relative levels of total CREB
and aPKC over GAPDH, normalized to one of
the 3-month WT samples (n = 4 animals for
each group).
Error bars represent SEM.
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Figure 7. Working Model Depicting the Interaction between
CBP and CREB
Highly phosphorylated CREB at S133 in young adult hippocampi
(3 months old) plays a dominant role in the regulation of the
interaction between CBP and CREB, whereas S436 phosphorylation
in CBP is a compensatory regulator of CBP-CREB binding in mature
adult hippocampi (6 months old) to promote hippocampal neu-
ronal differentiation and maturation and hippocampal-dependent
memory when pS133-CREB is significantly reduced.
This idea was also supported by a previous study showing

that Cbpkix mutant mice that lack the interaction with

CREB have reduced hippocampal-dependent fear memory

associated with decreased CREB-mediated gene transcrip-

tion (Wood et al., 2006). In addition, our comprehensive

analysis of the MWM task indicated that the aPKC-CBP

pathway is required for spatial learning and long-term

spatial memory in mature adult mice. The mice lacking
Figure 6. Rolipram, a PDE4 Inhibitor, Rescues Neuronal Differe
Association between CBP and CREB in Mature Adult CbpS436A-KI
Six-month-old mice received rolipram intraperitoneally or vehicle (v
nostaining analyses.
(A) Western blot analysis for CREB phosphorylation at S133 in hippo
Blots were reprobed for total CREB as loading controls.
(B) Graph shows the relative level of phosphorylation of CREB over tota
(C and E) Fluorescence images of hippocampal sections from 6-month-
(C) stained for BrdU (green) and NEUN (red), arrows denote BrdU/NE
NEUN (purple), arrows denote triple-labeled BrdU+/DCX+/NEUN+ cel
BrdU+/DCX�/NEUN+ cells, and hash denotes BrdU+/DCX�/NEUN� cells
(D and F–I) Quantitative analysis of the percentage of BrdU-positive ce
were negative for both NEUN and DCX (F), the percentage of BrdU-posit
positive, DCX-positive cells that also express NEUN (H), and the percen
for DCX (I) in the hippocampi from WT and CbpS436A-KI mice. *p < 0
(J) Percentage of time spent freezing in the context that was pre-expo
1 day before, following 3-week rolipram (or vehicle) treatment in 6-m
each group).
(K and L) Co-immunoprecipitation analysis of the interaction betw
CbpS436A-KI mice upon rolipram or vehicle treatment. IP, immunopre
indicates the fold changes of the relative pulled-down CREB protein ov
Veh, vehicle.
Error bars represent SEM. See also Figure S4.
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the aPKC-CBP pathway exhibit a delayed acquisition of

spatial search strategies, showing impaired spatial learning,

as well as the disruption of long-term spatial memory.

These results are very intriguing, as previous findings

from other Cbp mutants generated by modifying endoge-

nous Cbp gene alleles (Alarcón et al., 2004; Oike et al.,

1999) show normal spatial memory measured by the

MWM task. This strongly argues that CBP phosphorylation

at Ser436 is a signaling cascade that specifically fine-tunes

spatial memory by modulating adult hippocampal neuro-

genesis in an age-dependent manner.

Altogether, our findings support a concept that the

aPKC-CBP pathway is a homeostatic signaling cascade

that maintains functional hippocampal neurogenesis and

forms hippocampal-dependent memory in response to

cellular/molecular changes during early adulthood. Disrup-

tion of the homeostatic signaling may be involved in the

pathogenesis of neurodegenerative disease such as Alz-

heimer’s disease.
EXPERIMENTAL PROCEDURES

Animals and Drug Treatment
All animal use was approved by the Animal Care Committees of

the Hospital for Sick Children and the University of Ottawa in

accordance with the Canadian Council of Animal Care policies.

CbpS436A mice (Zhou et al., 2004) were maintained on a 12-hr

light/12-hr dark cycle with ad libitum access to food and water.

Detailed information regarding animals and drug treatment is pro-

vided in Supplemental Experimental Procedures.
ntiation Deficit and Impaired Fear Memory, and Restores the
Mice
eh) for 14 days, and were euthanized for western blot and immu-

campal extracts from 3-to 6-month-old WT and CbpS436A-KI mice.

l CREB. *p < 0.05 (n = 3 animals for each group). n.s., not significant.
old WT and CbpS436A-KI mice in the presence of rolipram or vehicle,
UN-positive neurons; (E) stained for BrdU (green), DCX (red), and
ls, arrowhead denotes BrdU+/DCX+/NEUN� cells, asterisks denote
. Scale bars, 25 mm (C) and 20 mm (E).
lls that express NEUN (D), the percentage of BrdU-positive cells that
ive cells that express DCX but not NEUN (G), the percentage of BrdU-
tage of BrdU-positive cells that were positive for NEUN but negative
.05, **p < 0.01 (n = 4 animals for each group).
sed to the mice 2 days prior, and together with an immediate shock
onth-old WT and CbpS436-KI mice. **p < 0.01 (n = 11 animals for

een CBP and CREB in the hippocampus of 6-month-old WT and
cipitation; IB, immunoblot; IgG, immunoglobulin G. The graph (L)
er the total CBP amounts. **p < 0.01 (n = 3 animals for each group)



BrdU Labeling
In one set of experiments, mice were injected intraperitoneally

with 100 mg/kg BrdU (Sigma-Aldrich) once and then euthanized

24 hr later. In a second set of experiments, mice were injected

intraperitoneally with 100 mg/kg BrdU once daily for 3 days.

These mice were euthanized 12 days after the first BrdU injection.

In a third set of experiments, mice were injected intraperitoneally

with 60 mg/kg BrdU four times at 3-hr intervals (Morshead et al.,

1998), and euthanized 30 days later. Detailed information on

tissue processing is provided in Supplemental Experimental

Procedures.

Immunohistochemistry, Microscopy, and

Quantification
Detailed information is provided in Supplemental Experimental

Procedures.

Co-immunoprecipitation, Western Blot Analysis, and

Densitometry
Hippocampal tissues were homogenized and lysed in lysis buffer,

as detailed in Supplemental Experimental Procedures.

Context Pre-exposure Fear Conditioning, Morris

Water Maze Task, and Open Field Test
For context pre-exposure fear conditioning, mice were trained as

described previously (Frankland et al., 2004), as detailed in Supple-

mental Experimental Procedures. The MWM task and open field

test were performed by the Behavioral Core Facility at the Univer-

sity of Ottawa. Detailed information is provided in Supplemental

Experimental Procedures.

Antibodies
Detailed information is provided in Supplemental Experimental

Procedures.

Statistics
Statistical analyses were performed with a two-tailed Student’s t

test or ANOVAwith Sidak’s multiple comparison post hoc analysis,

unless otherwise indicated. Error bars indicate the SEM.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures and four figures and can be found with this article on-

line at http://dx.doi.org/10.1016/j.stemcr.2016.08.007.
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