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Abstract

Regulation of Adult Neurogenesis by the ERK5 MAPK Signaling Pathway and its Functional
Implications in Learning and Memory as well as Olfaction
Yung-Wei Pan
Chair of Supervisory Committee:
Professor Zhengui Xia

Departments of Environmental and Occupational Health Sciences and
Molecular and Cellular Biology

Adult neurogenesis is a life-long developmental process occurring in two discrete
regions in the adult mammalian brain, the subgranular zone (SGZ) of the dentate gyrus and the
subventricular zone (SVZ) along the lateral ventricles. External stimuli including environmental
enrichment activities and olfactory stimulation induce adult neurogenesis. Thus, adult
neurogenesis may play an important role in cognition and olfaction. Furthermore, increased
neurogenesis has been observed after brain injuries such as stroke and DNA damage,
promoting the idea that it may be advantageous to recruit endogenous neural stem cells to treat
a variety of neurodegenerative diseases. However, despite the capability of the adult brain to
continuously produce new neurons, signaling mechanisms regulating this process have not
been fully elucidated. Intrinsic differences between the two neurogenic regions including the
microenvironment lend additional motivation to identify similarities and differences in regulatory
mechanisms of this process. In addition, the functional significance of newborn neurons in the

SGZ and SVZ is still unclear.

Signaling molecules currently implicated in regulating adult neurogenesis are expressed
in either or both neurogenic regions but are not solely restricted to the SGZ or SVZ.

Furthermore, the expression pattern of many of these proteins are found in cells other than adult



neural stem/progenitor cells of the neurogenic regions, implicating a less specific effect on adult
neurogenesis per se. We identified ERK5 MAP Kinase as a novel protein specifically expressed
along both neurogenic regions in the Type 1 neural stem/progenitor and Type 2 transiently
amplifying progenitor or newborn neuron cell populations. This result posits the involvement of
the ERKS signaling pathway in regulating adult neurogenesis. Indeed, we present evidence that
ERKS5 regulates the terminal differentiation phase of adult-born neurons in the SGZ. Using
ERKS5 inducible-conditional knockout mice, we also demonstrate the functional significance of
adult-born neurons in many hippocampus-dependent learning and memory assays as well as
olfactory behavior assays. Together, this dissertation presents a novel body of work identifying
the ERK5 signaling pathway as a novel regulatory mechanism of adult neurogenesis; and
provides the intriguing possibility of the therapeutic potential of adult-born neurons to combat

aging- or neurodegenerative disease-related olfactory and learning and memory deficits.
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Chapter 1

Introduction

Adult Neurogenesis

Neurogenesis occurs both during the development of the mammalian central nervous
system (CNS) and throughout adulthood in discrete regions of the brain (Ming and Song, 2005;
Taupin, 2006; Ming and Song, 2011). The genesis of adult-born neurons was not fully accepted
despite the first reported evidence in the SGZ of adult rats (Altman and Das, 1965). In fact, it
was many years later following the seminal paper on songbird adult neurogenesis that the
neurogenesis field came to accept mammalian adult neurogenesis as a physiological

phenomenon (Alvarez-Buylla et al., 1988).

Discoveries in the past 10-20 years led to the identification of neural stem cells capable
of generating adult-born neurons under normal physiological conditions in the subgranular zone
(SGZ) of the dentate gyrus and the subventricular zone (SVZ) along the lateral ventricles
(Alvarez-Buylla and Lois, 1995; Alvarez-Buylla and Garcia-Verdugo, 2002; Taupin, 2006;
Imayoshi et al., 2008; Imayoshi et al., 2009; Ming and Song, 2011). Neurons born from the SVZ
migrate along the rostral migratory stream and integrate into the olfactory bulb of rodents, while
neurons born in the SGZ integrate locally and establish themselves into the hippocampal
circuitry (Gage et al.,, 1998; Doetsch et al., 1999; Gage, 2000; Alvarez-Buylla and Garcia-
Verdugo, 2002; Deng et al., 2010; Aimone et al., 2011; Ming and Song, 2011). The integration
of adult-born neurons in the olfactory bulb suggests a novel role in olfactory behavior (Carleton
et al., 2002; Petreanu and Alvarez-Buylla, 2002; Doetsch and Hen, 2005; Whitman and Greer,
2009; Bardy and Pallotto, 2010; Lazarini and Lledo, 2011; Kageyama et al., 2012). Similarly,
since adult neurogenesis occurs within the dentate gyrus of the hippocampal formation, this

suggests a functional role in learning and memory (Gould et al., 1999; Carlen et al., 2002; Liu et



al., 2003b; Leuner et al., 2004; Meshi et al., 2006; Farioli-Vecchioli et al., 2008; Deng et al.,

2010; Erickson et al., 2011).

The production of adult-born neurons has even been proposed to counteract the
deleterious effects of aging-related deficits in sensory mechanisms and memory. Furthermore,
increased neurogenesis has been observed after brain injuries such as stroke and DNA
damage, promoting the idea that it may be advantageous to recruit endogenous neural stem
cells to treat a variety of neurodegenerative diseases. However, despite the promising
therapeutic potential of adult-born neurons, many questions remain unanswered. Cellular and
molecular mechanisms regulating this process are unclear, how adult neurogenesis responds to
environmental changes is still being investigated, and the exact functional significance of adult-
born neurons in these discrete regions is an area of much debate. Additional evidence
suggesting external stimuli including environmental enrichment activities and olfactory
stimulation induce adult neurogenesis has been reported (van Praag et al., 1999; Taupin, 2006;
Mak et al., 2007; Shapiro et al., 2007). Thus, supporting the hypothesis that adult neurogenesis

may play an important role in cognition and olfaction.

Environmental factors influencing adult neurogenesis

As the field of adult neurogenesis has taken shape in recent years, many studies
identified increased neurogenesis along either the SVZ or SGZ or both after exposing rodents to
enriched environments, permitting free access to running wheels, or exposing rodents to
olfactory stimulation (Kempermann et al., 1997a; Nilsson et al., 1999; van Praag et al., 1999;
Taupin, 2006; Mak et al., 2007; Shapiro et al., 2007; Hodge et al., 2008). Furthermore, a
significant increase in proliferating adult neural stem cells was detected along the SVZ and the
SGZ of female mice after exposure to dominant male pheromones, suggesting a role of adult-

born neurons in mate selection (Mak et al., 2007). These studies used the thymidine analog, 5-
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bromo-2-deoxyuridine (BrdU), to label dividing cells and tracked their existence along the SVZ
or SGZ to determine the amount of proliferating or surviving newborn neurons. Aside from
stimuli-induced adult neurogenesis in the rodent brain, inflammation due to induced ischemic
injury or epileptic seizure have also been shown to play a role promoting adult neurogenesis in
rodent models, which suggests a neuronal replacement role of newborn neurons (Ekdahl et al.,
2009). Independently, environmental enrichment, running, or olfactory stimulation resulted in
significant increases in proliferating cells and newborn neurons; however, controversy in the
field exists as to whether these newborn neurons provide a functional role in the adult rodent

brain.

Adult neurogenesis has even been implicated in maternal behavior and mate preference
in female mice (Mak et al., 2007; Larsen et al., 2008), which has been linked to the increased
production of hormones (Shingo et al., 2003; Mak et al., 2007; Larsen et al., 2008). Prolactin
levels were increased through gestation day 7 when female mice were mated with fertile or
sterile males, which correlated strongly with increased proliferating cells along the SVZ and
surviving neurons found in the olfactory bulb (OB) (Shingo et al., 2003). Additionally,
presentation of male pheromones led to prolactin-mediated neurogenesis and these results
have been recapitulated by administration of exogenous prolactin (Larsen et al., 2008). Lastly,
prolactin-mediated neurogenesis has been implicated in female mate preference. Exposure of
females to dominant male pheromones resulted in increased neurogenesis, while the effect was
not observed when females were exposed to subordinate male pheromones (Mak et al., 2007).
Collectively, these results suggest that hormones are involved in stimulating adult neurogenesis

and newborn adult neurons play a role in maternal behavior and mate selection.

Adult neurogenesis generally declines with aging; and irregular adult neurogenesis has

been suggested to contribute to disease pathologies. The reduction in neurogenesis in aged

3



animals can be partially counteracted by enrichment activities or voluntary exercise, however,
whether the increase in neurogenesis sufficiently improves learning and memory or olfaction in
aged mice is unclear (Klempin and Kempermann, 2007). Irregular adult neurogenesis has been
linked to depression, anxiety-related behaviors, diabetes, stress, and schizophrenia (Duan et
al., 2007; Aonurm-Helm et al., 2008; Kronenberg et al., 2008; Stranahan et al., 2008; Balu and
Lucki, 2009; Lee and Son, 2009; Perez et al., 2009; Revest et al., 2009). These data suggest
that basal levels, although low, of adult neurogenesis may be important to avoid, minimize, or
reduce the risk of disease pathogenesis. However, additional research in the field is necessary
to clarify whether a reduction in adult neurogenesis is the cause or the result of such diseases

and whether neurodegenerative diseases can be linked to irregular adult neurogenesis.

The idea that neurogenesis can be stimulated in adult animals is an area of intense
interest because of the therapeutic potential of using adult neural stem cells to treat a variety of
neurodegenerative diseases, aging-related decline of sensory mechanisms, and other
neurological diseases such as depression. Recent studies have demonstrated that perhaps the
small percentage of newborn neurons in adult animals is important for mate selection, maternal
behavior, reducing neuronal disease pathologies, and minimizing aging-related decline in
neurogenesis. Since environmental factors are able to promote neurogenesis in adult animals
and tantalizing evidence now shows that adult-born neurons may provide a functional benefit, it
is extremely crucial to the field to fully understand the regulatory mechanisms mediating this

process.

Molecular mechanisms implicated in adult neurogenesis
Recently, expression of the pro-neural transcription factor Neurog2 has been identified in
the developing DG (Galichet et al., 2008). Using conditional transgenic mice, the authors

discovered that without functional Neurog2, there was a significant decrease in the size of the
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upper blade of the DG, which suggests an essential role of Neurog2 in DG development and
thus implying a similar role in adult neurogenesis (Ozen et al., 2007; Galichet et al., 2008). In
another study, isolated E14 neural stem cells (NSC) retrovirally transduced to overexpress
Neurog?2 displayed increased cell cycle exit and neuronal differentiation in vitro (Yi et al., 2008).
Additionally, other intrinsic factors identified to play a role in regulating adult neurogenesis in the
SVZ or the SGZ or both in adult rodents are: Pax6, T-domain transcription factor 2 (Tbr2),
Mash1/Ascl1, Sox2, NeuroD, and REST (Hsieh et al., 2004; Komitova and Eriksson, 2004;
Englund et al., 2005; Kim et al., 2007; Suh et al., 2007; Hodge et al., 2008; Osumi et al., 2008;
Gao et al., 2009; Kuwabara et al., 2009; Hsieh and Eisch, 2010; Gao et al., 2011). Many recent
discoveries of intrinsic properties regulating adult neurogenesis in vitro or in vivo parallel those
previously identified as regulating embryonic neurogenesis (Qian et al., 1997; Qian et al., 2000;
Ross et al., 2003); these findings may provide further clues to help characterize the molecular

mechanisms regulating adult neurogenesis.

Characterization of stem cell maintenance and cell fate specification has revealed a
vascular nature of the SVZ niche (Merkle et al., 2007; Mirzadeh et al., 2008; Shen et al., 2008;
Tavazoie et al., 2008). These studies identify the SVZ as a heterogenous region containing
Type B, radial-glia like stem cells, Type C, transiently amplifying progenitor cells and Type A,
migrating neuroblasts. Type B cells may transport key extracellular factors to the SVZ niche to
influence neurogenesis by directly contacting blood vessels. For example, the increased levels
of prolactin and luteinizing hormone in female mice exposed to dominant male pheromones
resulted in significant increases in BrdU-positive, as well as immature neuron specific marker
Doublecortin (DCX) along the SVZ (Mak et al., 2007). Estrogen has also been implicated in the
promotion of NSC proliferation in vitro when applied to E15 rat NSC cultures, however its role

on adult NSCs remains unknown (Okada et al., 2008). By contrast, in the hippocampus,



increased glucocorticoid levels due to sleep deprivation in adult rats led to a significant

reduction in the number of BrdU-positive cells (Mirescu et al., 2006).

Numerous signaling pathways have been implicated in post-natal or adult rodent brain
neurogenesis. Post-natal development encompasses post-natal day 0 (P0O) to P21 while young
adult or adult neurogenesis consists of animals older than 6 weeks of age. Sonic Hedgehog,
Notch, and Wnt/B-catenin signaling pathways have been suggested to play a role in post-natal
or adult neurogenesis or both (Lie et al., 2005; Balordi and Fishell, 2007b, a; Breunig et al.,
2007; Breunig et al., 2008; Crews et al., 2008; Han et al., 2008). Additionally, receptor tyrosine
kinase family (TrkB/C) has been implicated in modulating the neurogenic effect observed in the

SGZ of adult mice (Ke et al., 2007; Rolls et al., 2007; Li et al., 2008; Yi et al., 2008).

It is possible that the signaling pathways mediating embryonic neurogenesis may also
play a role in adult neurogenesis. For example, a recent study of ERK2 function during
embryonic neurogenesis shows that deletion of ERK2 resulted in impaired cortical layering,
cortical thickness, and associative learning (Samuels et al., 2008). In another study,
neuropeptide Y (NPY) was found to promote neurogenesis along the SVZ postnatally; acute
exposure to NPY increased the phosphorylated form of ERK1/2, and this suggests a
proliferative response triggered by ERK1/2 activation (Agasse et al., 2008). Moreover, it has
been recently shown that NT3, a member of the neurotrophin family, is expressed in
proliferating cells residing in the SVZ/VZ of the neocortex (Ohtsuka et al., 2008). NT3 has been
implicated in Neurog2-mediated neurogenesis and survival of transplanted E14 rat progenitor
cells (Yi et al.,, 2008). In cortical slices treated with NT3, a significant increase in both
phosphorylated ERK1/2 and ERK5 (Ohtsuka et al., 2008) suggests the coupling of extrinsic

factors with intrinsic properties through cellular signaling pathways. Although signaling pathways



regulating embryonic neurogenesis may also be involved in adult neurogenesis, the molecular

mechanisms regulating neurogenesis in adult rodents are currently unclear.

Extracellular signal-Regulated Kinase 5 (ERKS5) signaling pathway

ERK5 is a member of the Mitogen-Activated Protein Kinase (MAPK) family and is
activated in response to growth factors and stress. Its kinase domain and TEY dual
phosphorylation motif shares high sequence homology with ERK1/2. ERK5 contains a unique
loop-12 linker between kinase sub-domains VIl and VIII and an extended C-terminus making it
distinct from other members of the MAPK family. The unique C-terminus contains a nuclear-
localization signal (NLS), transcriptional activation domain, and a proline-rich region. ERKS is
normally localized in the cytoplasm, but upon stimulation by extrinsic factors, it translocates to
the nucleus via the NLS sequence (English et al., 1995; Lee et al., 1995; Zhou et al., 1995;
Hayashi et al., 2004). Additionally, ERK5 is capable of auto-phosphorylation through its large C-
terminus, the region that is also required for the activation of nuclear substrates (Kasler et al.,
2000; Morimoto et al., 2007). ERKS5 is activated specifically by the upstream kinase MEKS by

dual phosphorylation of the ERK5 TEY motif.

The ERK5 pathway has been implicated in proliferation, differentiation, and survival of
many cell types (Hayashi and Lee, 2004). Deregulation of the ERK5 pathway has been
observed in a number of malignancies including prostate cancer, bone metastasis and
mammary carcinoma. A study in our lab demonstrated that ERKS5 is required for G2/M entry
(Cude et al., 2007), and ERK5 activation has been shown to be important for cell survival during
mitosis (Girio et al., 2007). Additionally, transgenic ERKS knock-out (KO) animal studies have
demonstrated that ERKS5 is necessary for proper endothelial cell development and/or function
where its loss may contribute to cardiovascular defects in both erk5 and mek5 KO animals

(Hayashi et al., 2004; Hayashi and Lee, 2004; Wang et al., 2005). Furthermore, ERK5 has been
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shown to prevent serum withdrawal-induced apoptosis in cortical neurons (Cavanaugh et al.,
2001) and a dominant-negative form of ERK5 has been shown to block brain derived
neurotrophic factor (BDNF)-promoted neuronal survival during embryonic cortical neurogenesis

(Liu et al., 2003a).

Both our lab and others have demonstrated that neurotrophin-induced activation of
ERKS5 promotes the survival of newborn neurons during embryonic development (Cavanaugh et
al., 2001; Watson et al., 2001; Liu et al., 2003a; Shalizi et al., 2003; Wang et al., 2006b; Finegan
et al., 2009). ERKS also specifies cortical stem/progenitor cells toward a neuronal lineage during
development by phosphorylating and modulating the activity of neurogenin (Neurog 1) (Liu et
al., 2006; Cundiff et al., 2009). Neuronal cell fate specification in cortical progenitor cells derived
from embryonic day 13 (E13) rats progresses by specific inhibition of gliogenesis while sparing
effects on cellular proliferation (Liu et al., 2006). ERK5 expression in the brain is high during
early embryonic development but declines as the brain matures (Liu et al.,, 2003a). It is
generally thought that ERKS5 is not expressed in the adult brain (Di Benedetto et al., 2007).
However, using a purified affinity antibody to ERKS and immunohistochemistry, we have
discovered discrete ERKS5 expression in both the SGZ and SVZ. The finding that ERK5
expression is specific to the adult neurogenic regions directly implicates its unique role in the

regulation of adult neurogenesis.

Functional implications of adult-born neurons in the SGZ

Many experimental approaches have been used to ascertain whether increasing or
decreasing adult neurogenesis in the dentate gyrus has any profound effects on learning and
memory. Methods used to obtain data from one lab are inconsistent from another and claims

that a true functional role of adult neurogenesis remain controversial.



A common method to determine if adult-born neurons are functional is by examining the
neuronal electrophysiological properties of newborn neurons. Van Praag et al, first
demonstrated in 2002 that running increases the number of adult-born neurons along the SGZ;
and these adult-born neurons express mature neuron markers and morphologically resemble
granule cells of the dentate gyrus (van Praag et al., 2002). By performing electrophysiological
recordings of retroviral-labeled GFP* adult-born neurons in hippocampal slices, they showed
that many neuronal properties were comparable to existing mature dentate granule cells.
Additionally, synaptophysin immunohistochemistry was performed and ultrastructural analysis
demonstrated the ability of adult-born neurons to receive synaptic inputs (van Praag et al.,
2002). These results were the first to suggest that newborn neurons along the adult SGZ are

capable of integrating into the neuronal circuitry and are functional.

To determine if newborn neurons along the SGZ are important for learning and memory,
many studies have adopted different paradigms to selectively block neurogenesis in rats and
mice to assess the consequences on learning and memory. Dupret, et al, found that expression
of pro-apoptotic Bax protein in adult neural stem cells along the SGZ reduced the number of
newborn neurons, and caused a significant decline in spatial learning and memory performance
assessed by the Morris water maze (Dupret et al., 2008). Revest, et al, used a similar paradigm
to express Bax protein and found that suppressing neurogenesis increased anxiety, suggesting
that basal levels of SGZ adult neurogenesis are important for the maintenance of affective
states and might be a target for treatment of anxiety disorders (Revest et al., 2009). Similarly,
focal x-irradiation, treatment with temozolomide, or ganciclovir, and expression of diphtherotoxin
all suppressed adult neurogenesis along the SGZ and impaired hippocampus-dependent
learning and memory (Saxe et al., 2006; Imayoshi et al., 2008; Clelland et al., 2009; Deng et al.,
2009; Garthe et al., 2009). Using the Morris water maze assay, mice were not able to locate the

escape platform or remember the location of the escape platform when compared with control
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mice (Deng et al., 2009; Garthe et al., 2009). Mice with naturally depressed neurogenesis along

the SGZ had impaired spatial navigation (Thuret et al., 2009).

The Barnes maze, radial arm maze, and visual discrimination using a touch-screen box
are other assays used to assess hippocampus-dependent spatial learning and memory.
Expression of diptherotoxin in adult neural stem cells in mice suppressed SGZ neurogenesis
and resulted in impairment of mice to learn spatial navigation in the Barnes maze assay
(Imayoshi et al., 2008). Suppression of adult neurogenesis resulted in deficits in pattern
separation in the radial arm maze assay (Farioli-Vecchioli et al., 2008; Clelland et al., 2009;
Creer et al.,, 2010; Pan et al., 2012a), suggesting that SGZ neurogenesis is important for spatial
pattern separation. Additionally, by using the visual touch-screen box, mice with suppressed
neurogenesis had more difficulties discriminating between patterns suggesting that adult-born
neurons are functionally important for spatial learning and memory (Clelland et al., 2009).
Consistent with the idea that SGZ neurogenesis may be important for learning and memory,
Creer et al, recently showed that increasing neurogenesis by permitting mice to free-run on
running wheels resulted in an increased ability of mice to discriminate between the more
challenging, small but not large, spatial pattern differences using the visual touch-screen box

(Creer et al., 2010).

To assess other forms of hippocampus-dependent learning and memory, the context-
and cued-fear conditioning assays are often used. In these assays, animals are introduced to a
context and permitted to explore for a fixed period of time before the presentation of a mild foot
shock (context). Alternatively, a tone can be presented before the mild foot shock (cued).
Animals are then returned to their home cages following a brief period of memory consolidation
to either associate the foot shock with the context (hippocampus-dependent) or with the tone

(hippocampus-independent). To test if learning and memory is impaired, animals are placed in
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the same context or presented with the same tone later in a novel context and freezing behavior
is monitored. By using these assays, it was determined that blocking SGZ neurogenesis
reduced the rate of memory transfer from the hippocampus to the cortex and mice had an
inability to remember specific contexts but had no deficits in cued learning and memory (Saxe et

al., 2006; Imayoshi et al., 2008; Deng et al., 2009; Kitamura et al., 2009).

Other paradigms used to abrogate normal physiological levels of adult neurogenesis
now include interfering with intrinsic molecular mechanisms to determine if a learning and
memory deficit develops. By using inducible-conditional transgenic mouse models interfering
with normal Wnt/B-catenin signaling, pro-differentiation gene PC3 expression, orphan nuclear
receptor TLX expression, and fragile X mental retardation protein (FMRP), deficits in many
hippocampus-dependent learning and memory tasks were reported (Farioli-Vecchioli et al.,
2008; Zhang et al., 2008a; Jessberger et al., 2009; Guo et al., 2011). Anxiety-like behaviors
were also assessed using the open field and elevated plus maze assays after conditionally
ablating TrkB receptors in adult animals (Bergami et al., 2008). These results suggest that
affecting adult-neurogenesis, whether by induced suppression via x-irradiation, drug
administration, pro-apoptotic protein expression or interfering with intrinsic molecular

mechanisms, may result in hippocampus-dependent learning and memory deficits.

In contrast, other groups have found no deficits in hippocampus-dependent learning and
memory. Meshi, et al, used an enrichment paradigm to promote neurogenesis followed by x-
irradiation and found no difference in the Morris water maze or novelty suppressed feeding
assays between enriched and irradiated mice (Meshi et al., 2006). Similarly, by using only an x-
irradiation paradigm without enrichment, Saxe, et al, also did not report any deficits using the
Morris water maze assay (Saxe et al., 2006). Additionally, one study found that x-irradiated mice

did not exhibit a hippocampus-dependent learning and memory defect in the contextual fear
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conditioning assay while rats did show a deficit (Snyder et al., 2009), thereby suggesting a
species-specific difference in the requirement of adult-born neurons for learning and memory.
Dupret, et al, also found that suppression of SGZ neurogenesis by overexpression of pro-
apoptotic Bax did not affect contextual-fear learning and memory in mice suggesting that not all
hippocampus-dependent learning and memory is dependent on adult neurogenesis (Dupret et
al., 2008). By wusing rats as experimental subjects and treating them with
methylazoxymethanolacetate to block neurogenesis, Shors, et al, found no deficits in the Morris
water maze assay or the contextual fear conditioning assay but did find a decrease in the cued

fear conditioning assay (Shors et al., 2002).

It is not clear why different studies led to contradicting results regarding the role of adult-
born neurons in learning and memory, but could be due to a number of differences including:
sex of mice used, mouse strain differences, differences in treatment paradigms to ablate adult
neurogenesis, behavioral assay paradigms, species-specific differences between, gene
expression differences, or any combination of the above. The field of adult neurogenesis is now
becoming increasingly interesting as more evidence points to a functional role of adult-born

neurons.

Functional implications of adult-born neurons from the SVZ

Newly generated neuronal precursors in the SVZ migrate along the rostral migratory
stream (RMS) to the core of the olfactory bulb (OB) where they begin radial migration and
differentiation into inhibitory interneurons (Belvindrah et al., 2009; Whitman and Greer, 2009).
Although these neurons have been extensively characterized at the cellular level, their
functional impact on olfactory behavior is still an open question (Whitman and Greer, 2009;
Bardy and Pallotto, 2010; Lazarini and Lledo, 2011; Breton-Provencher and Saghatelyan, 2012;

Kageyama et al., 2012).
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Genetic expression of a lethal diphtheria toxin fragment (DTA) in adult-born neurons,
which kills these neurons, led to a substantial loss of adult-born granule cells in the OB and a
much smaller OB (Imayoshi et al., 2008). Surprisingly, despite these structural changes in the
OB, no deficits in olfactory behavior were observed. However, a subsequent study using lateral
ventricle infusion of AraC to ablate adult neurogenesis in the SVZ/OB in mice showed that a
reduction in OB adult neurogenesis reduced odor detection sensitivity and impaired short-term
olfactory memory but did not affect odor discrimination or reward-associated long-term memory
(Breton-Provencher et al., 2009). Although results from this study generated much excitement in
the field (Arenkiel, 2010; Bardy and Pallotto, 2010; Lazarini and Lledo, 2011), they contradicted
results from other reports (Gheusi et al., 2000; Lazarini et al., 2009; Sultan et al., 2010). In
addition, NCAM knockout mice have diminished OB neurogenesis, and are deficient in the odor
discrimination task while both the detection threshold for odors and short-term olfactory memory
are unaltered (Gheusi et al., 2000). Thus, the exact function of adult-born OB neurons is still

highly debated.

Several factors may contribute to this controversy including the specificity of methods
used to ablate or suppress adult neurogenesis. Although effective at suppressing adult
neurogenesis, x-irradiation or anti-mitotic drugs are not specific for adult-born neurons. They
target all dividing cells, may alter the neurovascular niche important for adult neurogenesis, and
induce neural inflammation. The side effects intrinsic to these methods may be confounding
factors contributing to inconsistent behavior results. Studies using traditional knockout of genes
important for neurogenesis are also useful, but their interpretations are limited by widespread
abnormalities of brain structure or compensatory effects elicited during development.
Transgenic expression of a lethal gene, such as diphtheria toxin or thymidine kinase (Imayoshi

et al.,, 2008; Singer et al., 2009), to kill adult-born neurons is more specific to adult neural
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stem/progenitor cells. However, large amounts of cell death in the RMS-OB may interfere with

normal olfactory function.

Adult neurogenesis has also been implicated in regulating pheromone-based animal
behaviors in mice, such as mating, paternal recognition, and male-male aggression (Mak et al.,
2007; Mak and Weiss, 2010; Sakamoto et al., 2011). However, it is not known whether adult
neurogenesis influences the detection sensitivity of pheromones. Since pheromones are likely
present only in low abundance in their normal living environment, adult neurogenesis regulation
of pheromone detection may be an underlying factor of pheromone-based animal behaviors in

mice.

Many of the discrepancies described above could be attributed to differences in
experimental design of the specific behavioral assays, intrinsic differences in animal strain, or
methods of altering adult neurogenesis. The possibility that adult neurogenesis along the SVZ
contributes to olfactory behavior is intriguing. Anosmia is a common side effect of many
neurodegenerative diseases; and with the possibility that adult-born neurons can integrate into
the OB circuitry and contribute to olfaction, new therapies utilizing adult neural stem cells could
be realized. However, due to the inconsistencies in the literature, the true functional significance

of adult-born OB neurons is unclear.

Goals of dissertation research

Despite increased interest in the adult neurogenesis field, a full understanding and
appreciation of the cellular and molecular mechanisms regulating this process as well as the
functional relevance of adult-born neurons remains unclear. Based upon these unknowns, the
goals of this dissertation were: (1) to determine whether ERK5 MAPK played a specific

regulatory role in modulating the genesis of adult-born neurons in the SGZ or SVZ or both, and
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(2) determine if adult neurogenesis contributed any functional significance in hippocampus-
dependent learning and memory or olfaction. Delineating regulatory mechanisms of adult
neurogenesis and defining functional roles of adult-born neurons ultimately aid in the overall
understanding of the fundamental biology and necessity of continuous neuronal generation long
into adulthood. Determining a novel role of the ERKS signaling pathway in adult neurogenesis
will not only provide additional understanding of molecular neurobiology, but also advance the
possibility of directed neurogenesis or neuroregeneration using adult neural stem cells toward

the treatment of CNS diseases.
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Chapter 2
Inducible and Conditional Deletion of Extracellular Signal-Regulated Kinase 5 Disrupts

Adult Hippocampal Neurogenesis

INTRODUCTION

Adult neurogenesis occurs in the dentate gyrus of mammalian brains, including the
human brain (Altman and Das, 1965; Alvarez-Buylla et al., 1988; Ming and Song, 2005; Deng et
al., 2010). Adult-born neurons functionally integrate into the hippocampal circuitry (Song et al.,
2002; van Praag et al., 2002; Schmidt-Hieber et al., 2004; Ramirez-Amaya et al., 2006; Ge et
al., 2007; Kee et al., 2007; Toni et al., 2007), suggesting that adult neurogenesis may contribute
to neuroplasticity. This idea is supported by the observation that hippocampus-dependent, but
not hippocampus-independent learning increases the number of adult-born neurons in the
dentate gyrus (Gould et al., 1999; Leuner et al., 2004; Epp et al., 2007). Despite the interest in
the physiological roles of adult-born neurons, mechanisms regulating adult neurogenesis have

not been fully elucidated.

ERKS5 is a member of the mitogen-activated protein (MAP) kinase family that includes
ERK1/2, p38, and JNK (Lee et al., 1995; Zhou et al., 1995). It is specifically phosphorylated and
activated by MEKS (English et al., 1995; Zhou et al., 1995). MEKS is specific for ERKS and does
not phosphorylate ERK1/2, JNK or p38 even when overexpressed (English et al., 1995; Zhou et
al., 1995). ERKS5 is activated by neurotrophins (NT) through MEKS5, which promotes the survival
of newborn neurons during embryonic development (Cavanaugh et al., 2001; Watson et al.,
2001; Liu et al., 2003a; Shalizi et al., 2003; Wang et al.,, 2006b; Finegan et al., 2009).
Furthermore, ERK5 specifies cortical stem/progenitor cells toward a neuronal lineage during
development by phosphorylating and modulating the activity of neurogenin (Neurog) 1 (Liu et

al., 2006; Cundiff et al., 2009). ERK5 expression in the brain is developmentally regulated,; it is
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high during early embryonic development but declines postnatally as the brain matures (Liu et
al., 2003a). Interestingly, although there is very little ERK5 expression throughout the adult brain
(Di Benedetto et al., 2007), upon closer examination we report here that ERK5 is prominently
expressed in the two adult neurogenic regions: the subgranular zone (SGZ) of the dentate gyrus
and the subventricular zone (SVZ) along the lateral ventricles. This unique pattern of expression

suggests a fundamentally important role for ERKS5 in regulating adult neurogenesis.

In this study, we have characterized the cell types expressing ERK5 along the SGZ of
the dentate gyrus. To investigate a role for ERKS in the regulation of adult neurogenesis, we
utilized RNAi and transgenic mouse technologies to inhibit ERKS expression as well as
retroviral expression of a constitutive active (ca) MEKS to stimulate ERKS both in vitro and in
vivo. Our data suggest a critical role for ERK5 in the regulation of adult hippocampal

neurogenesis.

MATERIALS AND METHODS
Animals

The generation of Nestin-CreER™ (Kuo et al., 2006) mice, ERK5' """ (Wang et al.,
2005) mice, and Nestin-CreER™/ERK5'>""*" mice (Pan et al., 2012a) have been described. A
small cohort of Nestin-CreER™ mice were also bred with G{(ROSA)26Sor-YFP (R26-YFP) mice
(Srinivas et al., 2001) to yield Nestin-CreER™/R26-YFP"**"*® mjce. All animal experiments
were performed with identically treated littermate controls. Animals were housed under standard
conditions (12 h light/dark cycle) with food and water provided ad libitum. All experimental
procedures were approved by the University of Washington Institutional Animal Care and Use

Committee.
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Reagents

The following plasmids have been described: The NeuroD2-Luc reporter (pCS2-NeuroD2-
Luc) was obtained from Dr. Jim Olson (McCormick et al., 1996), and cDNA sequence for mouse
Neurog2 in pcDNA3 from Dr. Jane Johnson (University of Texas at Southwestern Medical
Center). A Flag sequence was inserted at the N-terminus of the Neurog2 cDNA. The following
primary antibodies and dilutions were used for immunohistochemistry: rat monoclonal anti-BrdU
(1:500, AbD Serotec); mouse monoclonal antibodies against PCNA (1:500, Millipore), Sox2
(1:200, R&D Systems), GFAP (1:500, Millipore), NCAM (1:200, Developmental Studies
Hybridoma Bank), NeuN (1:500, Millipore), Calretinin (1:200, Abcam), and Calbindin (1:200,
Abcam); goat polyclonal antibodies against NeuroD (1:200, Santa Cruz Biotech Inc.) and DCX
(1:200, Santa Cruz Biotech Inc.); and rabbit polyclonal antibody against GFP (1:500, Invitrogen).
Rabbit polyclonal ERK5 antibody (1:500 dilution) was generated previously (Cavanaugh et al.,
2001) and affinity purified using recombinant MBP-ERK5 protein. The following primary
antibodies and dilutions were used for immunocytochemistry: mouse monoclonal antibodies
against GFP (1:5,000, Invitrogen), Nestin (1:500, Developmental Studies Hybridoma Bank),
Sox2 (1:500, R&D Systems), and B-lll Tubulin (1:500, Promega); rabbit polyclonal antibodies
against PCNA (1:500, Millipore) and GFP (1:5,000, Invitrogen). The following primary antibodies
and dilutions were used for Western blot analysis: rabbit polyclonal ERK5 antiserum (1:1,000),
rabbit polyclonal MEK5 antibody (1:500, Santa Cruz Biotech Inc.), rabbit polyclonal ERK1/2
(1:10,000, Millipore), rabbit polyclonal p-ERK5 antibody (1:1,000, Cell Signaling), and mouse
monoclonal B-actin antibody (1:10,000, Sigma). Secondary antibodies were rabbit polyclonal
Horse Radish Peroxidase (HRP) antibody (1:10,000, Calbiochem) and mouse monoclonal HRP

antibody (1:20,000, Calbiochem).
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BrdU and Tamoxifen administration

Mice were treated with 100 mg/kg BrdU (Sigma) by intraperitoneal (IP) injection 5 times
(every 2 h for 10 h) in one day followed by sacrifice 4 weeks later to identify BrdU-retaining,
adult-born cells. Tamoxifen (Sigma) was made fresh daily and dissolved in 2% glacial acetic
acid in corn oil solution (Sigma). To activate Cre-mediated recombination, 5 mg of pre-warmed
tamoxifen was administered orally to 10-12 week-old male mice daily for 7 d (Fig. 2.11A, B) or

once per day for 4 d in each cycle, for 3 cycles with 2-week inter-cycle intervals (Fig. 2.11C-M).

Immunohistochemistry (IHC)

Brains were post-fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4°C after
standard intracardial perfusion procedures. Brains were then placed in 30% (w/v) sucrose in
PBS at 4°C until brains sunk and immediately frozen at -80°C. IHC was performed on 30 pm-
thick coronal brain sections using a free-floating antibody staining method as described (Pan et

al., 2012a).

Immunocytochemistry

Cells were fixed in PBS containing 4% PFA and 4% sucrose at room temperature for 30
min. Fixed cells were washed 3 x 5 min in PBS, 5 min in 1% SDS, and washed again 3 x 5 min
in PBS. Cells were then incubated in blocking buffer consisting of 5% bovine serum albumin
(BSA) in PBST (PBS + 0.1% Triton X-100) for 2 h, followed by incubation with primary
antibodies overnight at 4°C. Cells were then washed 3 x 10 min in PBST, followed by incubation
with secondary antibodies at 1:5,000 dilution (Alexa Fluor-488) or 1:2,000 dilution (Alexa Fluor-
594) for 2 h in blocking buffer. Cells were then washed 3 x 10 min in PBST followed by a 10 min
incubation in Hoechst 33342 for nuclei visualization and a final wash of 10 min in PBST prior to
mounting onto slides using anti-fade Aqua Poly/Mount solution. Unless otherwise stated, all

steps were carried out at room temperature.
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Confocal imaging and analysis

All images were captured with an Olympus Fluoview-1000 laser scanning confocal
microscope with numerical aperture (NA) 0.75, 20X lens or NA 1.3, 40X oil immersion lens.
Optical Z-sections (0.5—-1 pm) were collected and processed using Imaged software (NIH).
Images were uniformly adjusted for color, brightness, and contrast with Adobe Photoshop CS4

(Adobe Systems Inc).

Quantification of immunostained cells

Greater than 100 immunopositive cells per coverslip per experiment were quantified
using an inverted fluorescence microscope (Leitz DMIRB, Leica) with a 40X objective (Leica)
following immunocytochemistry. A modified optical fractionator method was used as an
unbiased stereological method for obtaining an estimation of total cell counts per SGZ following
immunohistochemistry (West et al., 1991; Kempermann et al., 1997b; Malberg et al., 2000). The
method for in vivo cellular quantification and co-localization analysis per SGZ was as described

(Pan et al., 2012a).

SGZ-derived adult neural progenitor cell (aNPCs) cultures

Primary cell cultures were prepared as described (Bull and Bartlett, 2005; Rietze and
Reynolds, 2006). Briefly, tissue samples containing the dentate gyrus were micro-dissected and
enzymatically digested with 0.1% trypsin-EDTA (Gibco) for 7 min at 37°C followed by incubation
with equal volume of 0.014% trypsin inhibitor (Gibco). Tissue samples were then spun down
and resuspended in culture media consisting of DMEM/F12 (Gibco), 1X N2 supplement
(Invitrogen), 1X B27 supplement without retinoic acid (Gibco), 100 U/mL penicillin/streptomycin
(Gibco), 2 mM L-glutamine (Gibco), 2 ug/mL heparin (Sigma), 20 ng/mL EGF (EMD Chemicals),
and 10 ng/mL bFGF (Millipore). Culture medium for adult neural progenitor cells always contain

EGF and bFGF unless otherwise specified. Tissue was mechanically triturated and filtered
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through a 40 um cell sieve and plated in petri dishes and cultured for 10-14 d until
neurospheres are formed. Growth factors were replenished every 3 d during this period.
Following primary passage, neurospheres were isolated, dissociated into single-cell suspension
enzymatically and mechanically, and replated at low density and cultured for secondary
neurosphere formation. Spheres collected from secondary passage were dissociated and plated
as a monolayer culture on poly-D-lysine/laminin- (BD Biosciences) or poly-L-
ornithine/fibronectin- (BD Biosciences) coated aclar coverslips (Electron Microscopy Sciences)

for experiments.

Retrovirus construction and production

The ERK5 shRNA and control non-specific shRNA (shNS) retroviruses have been
previously described (Cundiff et al., 2009). Briefly, shNS directed towards dsRED sequence
(agttccagtacggctccaa), and shERKS5 directed towards murine ERK5 sequence (aa 106-111:
acacttcaaacacgacaat), were subcloned into pSIE retroviral vector (Duan et al., 2007). cDNA
sequences encoding wild-type ERKS5 or constitutively active MEK5 (Kato et al., 1997; Liu et al.,
2006) were subcloned into the Sal I/Xho | restriction sites within the multiple-cloning site of an
oncoretroviral expression vector, which contains an IRES-GFP sequence and was described in
(Kim et al., 2009). High-titer VSV-G pseudotyped retroviral stocks were produced as described

(Duan et al., 2007).

Characterization of retroviral ERK5 or caMEK5

NIH-3T3 cells were plated in 6-well tissue culture treated plates at 5 x 10* cells per well
in DMEM (Gibco) containing 10% fetal bovine serum and 100 U/mL penicillin/streptomycin.
Following overnight plating, protamine sulfate (Invitrogen) was added to culture media at a final
concentration of 8 ug/mL and 8 L of 1 x 10° infection units per mL (IU/mL) of retroviruses were

added to each well and allowed to transduce cells for 24 h. Where co-transduction was
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required, a 1:1 ratio of retroviral ERK5 and caMEKS were added to each well and cells
transduced for 24 h. Following 24 h transduction, media was refreshed and cells were cultured

for an additional 3 d before processing for Western blot analysis as described (Liu et al., 2003a).

Viral transduction of aNPCs

For Western blot analysis of shERKS5 specificity, aNPCs were plated as a monolayer
culture on poly-L-ornithine/fibronectin-coated, 12-well tissue culture plates at a density of 3 x 10°
cells per well in culture media as described above. Twenty-four hours after plating, protamine
sulfate was added to culture media at a final concentration of 8 uyg/mL, and cells were infected
with 20 pL of 1 x 10° IU/mL shNS and shERKS5 retroviruses. Four days following retrovirus
infection, cells were lysed for Western blot analysis as described (Liu et al., 2003a). For
immunocytochemistry studies, aNPCs were plated as a monolayer culture on poly-D-
lysine/laminin- or poly-L-ornithine/fibronectin-coated aclar coverslips in 24-well plates at a
density of 1 x 10° cells per well in culture media. Twenty-four hours after plating, protamine
sulfate was added to culture media at a final concentration of 8 ug/mL and 6-8 pL of 1 x 10°
IU/mL retroviruses were added to each well and allowed to transduce cells for 24 h. In cases
where co-transduction with retrovirus and lentivirus were needed (Fig. 2.7), aNPCs were first
transduced with retrovirus for 10 h followed by transduction with lentivirus for an additional 24 h
at a ratio of 3:1, respectively. Following transduction, culture media was changed and cells were

cultured for an additional 5 d before being processed for immunocytochemistry.

Neurotrophin treatment

For neurotrophin activation of ERK5, aNPCs were plated as a monolayer on poly-L-
ornithine/fibronectin-coated 12-well plates at a density of 7 x 10° cells per well. Forty-eight hours
after plating, cells were switched into culture medium free of EGF and bFGF overnight before

treatment with BDNF (50 ng/mL, Alomone Labs) or NT3 (100 ng/mL, Millipore). For
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neurotrophin stimulation of aNPC neuronal differentiation, cells were plated as a monolayer on
poly-L-ornithine/fibronectin-coated aclar coverslips at a density of 1 x 10° cells per well. One day
after plating, cells were transduced with 8 pL of shNS or shERKS5 retrovirus in the presence of 8
pg/mL protamine sulfate. Twenty-four hours later, the virus-containing medium was removed
and cells were cultured with fresh medium for 3 d to allow retroviral expression. Cells were then
incubated for 3 d in fresh medium containing 100 ng/mL NT3, or 1 yg/mL BSA as a control.
Finally, EGF and bFGF were removed from the culture medium and cells were incubated for an

additional 5 d in the continued presence of NT3 or BSA to allow neuronal differentiation.

To examine the effect of sShERK5 on more differentiated aNPCs, cells were plated as a
monolayer at a density of 1 x 10° cells per well on poly-L-ornithine/fibronectin-coated aclar
coverslips in medium containing 50 ng/mL BDNF or 100 ng/mL NT3 for 3 d. EGF and bFGF
were then removed from the culture medium and cells were incubated for an additional 3 d in
the continued presence of BDNF or NT3. Cells were then transduced with shNS or shERK5
retroviruses as above and incubated for an additional 5 d in culture medium free of EGF and

bFGF but in the continued presence of BDNF or NT3.

Lentiviral Neurog?2 transfer construct (pPRRL-cPPT-CMV-Neurog2-PRE-SIN-IRES-EGFP)
Flag-Neurog2 cDNA sequence was inserted into a multiple cloning site of lentiviral

transfer vector pRRL-cPPT-CMV-X-PRE-SIN-IRES-EGFP, described in (Liu et al., 2006),

upstream from the internal IRES-directed marker protein eGFP (enhanced green fluorescent

protein). High-titer lentiviral stocks were produced as described (Liu et al., 2006).

NeuroD2-Luciferase reporter gene assay
Primary cortical neurons were prepared from embryonic day 15 (E15) Sprague-Dawley

rats (Charles River Laboratories) and cultured in petri dishes for 5 h before transfection. Cells
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were transiently transfected with Nucleofector® Transfection Reagent (Amaxa Biosystems, Inc.)
as previously described (Cundiff et al., 2009). Briefly, E15 cortical neurons were collected and
resuspended in Rat Neural Stem Cell Nucleofector® Transfection Reagent at a density of 6 x
10° cells / 100 pl. For each transfection, 6 x 10° cells were transfected with 5 ug NeuroD2-Luc
reporter, 100 ng pRL renilla-Luc reporter (Promega), 1 ug Flag-Neurog2 expression construct or
pCDNAZ3 control plasmid, and 4 ug shERKS5 retroviral plasmid or shNS control plasmid using the
Amaxa Nucleofector® with A31 protocol. Immediately following Nucleofection, cells were
resuspended in pre-warmed (37°C) regular culture medium and incubated at 37°C for 20 min.
Cells were then resuspended in regular culture medium (Neurobasal Medium (Gibco), 2% B27
without retinoic acid, 10 ng/mL bFGF) and plated onto 12-well plates coated with poly-D-
lysine/laminin. After 72 h in culture, cells from each well were lysed with 100 pl passive lysis
buffer and 20 pl lysates were applied for dual luciferase assay per manufacturer's protocol

(Promega).

Stereotaxic surgery

Stereotaxic procedure was performed on adult C57/BL6 male mice (8-10 weeks old,
Charles River Laboratories) as described (Wong et al., 2000; Athos and Storm, 2001). Mice
were anaesthetized by IP injection (21-23 pl/g body weight) of ketamine (7.0 mg/mL) and
xylazine (0.44 mg/mL) dissolved in 0.9% bacteriostatic saline (Hospira, Inc.). One microliter of
retrovirus (10%-10"" 1U/mL) was injected at a rate of 0.25 mL/min bilaterally into the dentate
gyrus with the following coordinates relative to Bregma: 1.65 mm posterior, +1.62 mm medial-

lateral, 2.30 mm ventral.

Statistical analysis
All of the in vitro cell culture data were from at least two independent experiments with

duplicates or triplicates each (total n = 5 for each data point). In vivo cellular quantification data
24



were from at least two independent experiments with n = 12 for data in figure 2.10 and n = 6 for
data in figure 2.11. Pair-wise comparison of the means was analyzed by Student’s t-test, two-
tailed analysis for data presented in figures 2.4-2.9. One-way ANOVA with Fisher’s LSD post-
hoc analysis was performed to analyze data presented in figures 5 and 8. Data represent mean

+ standard error of means (s.e.m.). n.s. not significant; *, p<0.05; **, p<0.01; ***, p<0.001.

RESULTS
ERKS expression in the adult mouse brain is specific to the neurogenic regions

ERKS expression in the adult mouse brain was examined by immunohistochemistry
using an affinity-purified ERK5-specific antibody directed against the unique C-terminal tail of
ERKS5 protein (Cavanaugh et al., 2001). We found no ERK5 protein in cornu ammonis (CA) 1
and CA3 regions of the hippocampal formation, or most other areas of adult brain including the
cortex and striatum (Fig. 2.1), consistent with other reports (Di Benedetto et al., 2007).
However, ERK5 protein was specifically expressed in the SVZ (Fig. 2.1A, B) and along the SGZ
of the dentate gyrus in the hippocampal formation (Fig. 2.1C, D). Specifically, ERK5 was
expressed in SGZ cells co-labeled with markers for stem/progenitor cells (Sox2, GFAP),
proliferation (BrdU, PCNA), transiently amplifying progenitors and/or newborn neurons (PSA-
NCAM, DCX, and NeuroD) (Fig. 2.2A-S, and X). Some of the ERK5" cells were also positive for
both GFAP and Sox2, suggesting ERK5 expression in radial glia-like stem cells (Fig. 2.2A-G,
and X). However, very few ERK5" cells co-expressed NeuN, a marker for mature neurons. Of
the few NeuN" cells that were also ERK5", the NeuN staining intensity was much lower than that
in NeuN"/ERK5™ cells (Fig. 2.2T-W). Thus, these ERK5"/NeuN" cells likely represent cells just
beginning to express NeuN and are still in the early stage of terminal differentiation. This is
consistent with the fact that none of the ERK5" cells co-express calbindin, a marker for mature
granule neurons (Fig. 2.2X). Finally, almost 80% of ERK5" cells in the SGZ were also PSA-

NCAM" and DCX".
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Figure 2.1. ERK5 MAPK expression in the adult mouse brain is restricted to the adult
neurogenic regions. Images are representative immunostaining of coronal sections of adult
mouse brain tissue showing ERKS protein expression (green) primarily in the SVZ (A, B) and
SGZ (C, D) but not in CA1 or CA3 of the hippocampal formation (E-H), the cortex (I, J), or
striatum (K, L). Hoechst staining (blue) was used to identify all cell nuclei (B, D, F, H, J, L).
Scale bar in A represents 100 um and applies to all panels.
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Figure 2.2. ERK5 is primarily expressed in transiently amplifying progenitors and/or
newborn neurons in the SGZ. (A-W) Representative confocal images of brain sections
immunostained for ERKS (green), GFAP (A-C, and G) (white), and various other cellular
markers (red) including Sox2 (D-G), BrdU (H-K), doublecortin (DCX) (L-O), NeuroD (P-S), and
NeuN (T-W). Panel G represents the enlarged boxed areas in panels C and F. Similarly,
images in panels K, O, S, and W are enlarged images of their corresponding boxed areas in
panels J, N, R, and V. Scale bar in A represents 25 uym and applies to all images except the
enlarged ones. Scale bar in G represents 10 um and applies to K, O, S, and W. Dashed lines
outline the SGZ layer of the dentate gyrus. (X) Quantification of marker-positive cells in total
ERK5" cell population along the SGZ. Data represents mean percentage of double- or triple-
labeled cells.



The specific expression of ERKS5 in adult neurogenic regions is quite unique and interesting, and
suggests an important function for ERK5 in regulating adult neurogenesis, particularly for the
regulation of the cell fate of transiently amplifying progenitors and/or newborn neuron

populations.

ERKS signaling contributes to neuronal differentiation of SGZ-derived aNPCs in culture
SGZ-derived aNPCs were prepared from the dentate gyrus of 8—10 week-old adult mice
as described (Reynolds and Weiss, 1992; Rietze and Reynolds, 2006). Western analysis
confirmed ERKS5 expression in these cells (Fig. 2.3). When aNPCs were allowed to differentiate
in culture by removing bFGF and EGF from the culture media, retroviral infection of ERKS5
shRNA, which specifically suppresses the expression of endogenous ERK5 but not the closely
related ERK1/2 ((Cundiff et al., 2009) and Fig. 2.3), significantly decreased the number of cells
expressing p-1ll tubulin, a marker for newborn neurons (Fig. 2.4A—-E). Concomitantly, shRNA to
ERKS5 increased the number of cells expressing markers for stem/progenitor cells (Sox2, Nestin)
and proliferation (PCNA) (Fig. 2.4F—N). However, it did not promote glial differentiation (33% vs.
26% cells co-expressed glial marker GFAP in shNS or shERKS5 infected cells, respectively,

p>0.5).

To activate endogenous ERKS signaling, wild type (wt) ERK5 or caMEK5 were
subcloned into a retroviral expression vector, upstream from an IRES-directed marker protein
eGFP. Retroviral transduction of caMEK5 specifically activated endogenous ERKS5 (Fig. 2.5A)
and was sufficient to decrease the number of cells positive for Sox2, Nestin, and PCNA, while
simultaneously increasing the pool of p-lll tubulin® neurons even in the presence of mitogens

bFGF and EGF (Fig. 2.5B-0).
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Figure 2.3. shERKS specifically knocks down the expression of endogenous ERKS5 but
does not affect closely related ERK1/2. Control (shNS) or shERKS retroviruses were used to
infect SGZ-derived aNPCs. Endogenous ERKS protein is knocked down in cells infected with
shERKS5 (lane 1 compared with lane 2). ERK1/2 is unaffected in shERKS5-infected cells, thereby
demonstrating the specificity of sShERKS. B-actin was used as a loading control.
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Figure 2.4. ERKS5 signaling is necessary for promoting neurogenesis of SGZ-derived
aNPCs in culture. aNPCs were infected with non-specific shRNA control retroviral vector
(shNS) or shRNA to ERKS5 retrovirus as indicated. Both retroviral vectors encode eGFP marker
protein under a bicistronic promoter. One day after virus infection, cells were washed and then
incubated in culture medium free of EGF and bFGF for 5 d to allow spontaneous differentiation.
Cells were then fixed for immunocytochemistry and co-stained for GFP to identify virus-infected
cells (green) and various cell-type specific markers (red). (A—D) Co-staining of GFP with 3-llI
Tubulin. (E) Quantification of the percentage of GFP* cells that are also B-lll Tubulin®. (F-I)
Immunostaining of GFP”" infected cells and Nestin® neural stem cells. (J-M) Immunostaining of
GFP" infected cells and PCNA" proliferating cells. (N) Quantification of the percentage of GFP*
cells that also express Sox2, Nestin, or PCNA. Scale bar in A represents 25 pm and applies to
all images. Arrowheads point to GFP" cells co-labeled with various cell markers, while arrows
point to GFP” cells that are marker negative.
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Figure 2.5. Activation of endogenous ERKS5 signaling is sufficient to promote
neurogenesis of dentate gyrus-derived aNPCs in culture. (A) Anti-ERK5 and MEK5 Western
analysis of NIH-3T3 cells infected with retroviruses expressing caMEKS and/or wild-type (wt-)
ERKS5. Cells infected with GFP retrovirus (vector only) were used as controls. $-Actin was used
as a loading control. Expression of caMEK5 caused reduced elecrophoretic mobility of
endogenous ERKS5 (lanes 1 and 2) as well as the co-infected wtERKS (lanes 3 and 4), indicative
of ERK5 phosphorylation (p-ERK5) and activation. These data ascertain the constitutive active
nature of the caMEKS5 virus. (B-O) aNPCs were infected with control retroviral vector
expressing eGFP only or expressing caMEK5-IRES-eGFP. One day after virus infection, cells
were washed and then maintained in regular EGF- and bFGF-containing medium for 5 d before
co-immunostaining for GFP (green) and various cellular markers (red) including B-III tubulin (B—
E), Nestin (G-J), and PCNA (K-N). The percentage of GFP" cells that also express B-llI tubulin
(F), Sox2, Nestin, or PCNA (O) was quantified. Scale bar in B represents 25 uym and applies to
all images. Arrowheads point to GFP™ cells co-labeled with various cell markers, while arrows
point to GFP” cells that are marker negative.
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These data suggest a critical role for ERKS in promoting neurogenesis in cultured aNPCs.
Furthermore, aNPCs that did not differentiate into neurons upon ERKS inhibition remained in the
proliferating and stem/progenitor stage rather than undergoing precocious glial differentiation

(data not shown).

Neurog2 may be a downstream target of ERK5 in adult neurogenesis

To elucidate downstream mechanisms mediating the neurogenic effect of ERKS in SGZ
cells, we investigated if ERK5 regulates the transcriptional activity of Neurog2, a basic helix-
loop-helix (bHLH) transcription factor expressed in SGZ progenitors (Ozen et al., 2007; Hodge
et al., 2008). A dual luciferase reporter assay was performed to measure Neurog2-stimulated
transcription initiated from the NeuroD2-Luc reporter (Cundiff et al., 2009). Expression of
Neurog?2 alone stimulated NeuroD2-Luc activity 4-fold; this transcription was suppressed by co-
transfection of shERK5 (Fig. 2.6). Neurog2 is essential for neurogenesis in the dentate gyrus
during development (Galichet et al., 2008); however, its function in adult hippocampal
neurogenesis has not been elucidated. Consequently, we examined if ectopic expression of
Neurog? is sufficient to promote neuronal differentiation of SGZ cells and if this is regulated by
ERKS signaling. SGZ-derived aNPCs were infected with lentiviruses expressing Neurog2-IRES-
GFP; lentiviral-GFP was used as a control. Expression of Neurog2 was sufficient to increase the
number of B-lll tubulin® neurons even in the presence of bFGF and EGF (Fig. 2.7A-I). In
contrast, Neurog2 decreased the number of Sox2" neural stem cells. Significantly, co-infection
of shERKS retroviruses blocked the effect of Neurog2 on neuronal differentiation (Fig. 2.7J-R).
These data suggest that Neurog2 exhibits pro-neural activity in SGZ cells and may act as a

downstream target of ERK5 during adult hippocampal neurogenesis.
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Figure 2.6. Neurog2 transcriptional activity requires ERKS5 activity. Rat embryonic day 15
(E15) primary cortical cells were transfected with plasmids for NeuroD2-Luc reporter only, or
together with a Neurog2 expression vector in pcDNA, shERKS retroviral plasmid or shNS
control plasmid.
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Figure 2.7. Neurog2 confers ERK5-dependent pro-neural activity in SGZ-derived aNPCs.
SGZ-derived aNPCs were infected with control retroviral and lentiviral vectors expressing eGFP
only (A-D), lentiviral Neurog2 only (E—H), lentiviral Neurog2 together with control retroviral
shNS (J-M) or shERKS (N-Q). One day after virus infection, cells were washed and then
maintained in regular EGF- and bFGF-containing medium for 5 d before co-immunostaining for
GFP (green) and various cellular markers (red) including B-IIl tubulin or Sox2 as indicated. The
percentage of GFP™ cells that also express B-IlIl tubulin or Sox2 were quantified (I, R). Scale bar
in A represents 25 um and applies to all images. Arrowheads point to GFP* co-labeled cells,
while arrows point to GFP” cells that are not co-labeled with cell-type specific markers.
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NT3 promotes neuronal differentiation of SGZ-derived aNPCs in an ERK5-dependent
manner

To begin to identify upstream activators of ERKS signaling that regulate SGZ adult
neurogenesis, we determined if ERKS5 is activated by neurotrophins in aNPCs. Treatment with
either BDNF or NT3 induced phosphorylation of ERK5 (p-ERKS5) in SGZ-derived aNPCs (Fig.
2.8A), indicative of ERK5 activation. NT3 also increased the number of B-Ill tubulin® neurons
(Fig. 2.8B), suggesting that NT3 stimulates neuronal differentiation of these cells. Significantly,
the effect of NT3 on neuronal differentiation was completely blocked by shERK5. Additionally,
shERKS inhibited neuronal differentiation when aNPCs were pre-treated with BDNF or NT3 to
prime neuronal differentiation (Fig. 2.9). These data suggest that NT3 stimulates hippocampal

neurogenesis by activating the ERKS signaling pathway.

Activation of endogenous ERK5 promotes SGZ neurogenesis in vivo

To investigate if activation of ERK5 promotes adult neurogenesis in vivo, we delivered
retroviruses encoding caMEK5-IRES-eGFP and/or wtERK5-IRES-eGFP as well as the vector-
control retrovirus to the dentate gyrus of adult mice using a stereotaxic surgery protocol (Athos

and Storm, 2001).

Two weeks following stereotaxic surgery, mice were sacrificed and their brains
processed for immunohistochemistry to identify GFP* infected cells and cells expressing
NeuroD (Fig. 2.10A—I). Retroviral expression of caMEKS5 alone or together with wtERKS5 in vivo
significantly increased the number of NeuroD" cells in the retrovirus-infected cell population
(GFP™) along the SGZ (Fig. 2.10J). The fact that co-expression of WtERK5 with caMEKS5 did not
further increase the number of NeuroD" cells relative to caMEKS5 alone suggests that caMEKS5 is

sufficient to activate enough endogenous ERKS to stimulate neurogenesis in vivo.
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Figure 2.8. NT3 activates ERK5 and stimulates neuronal differentiation of SGZ-derived
aNPCs through ERK5. (A) BDNF and NT3 induce ERK5 phosphorylation, indicative of ERK5
activation. SGZ-derived aNPCs were treated with vehicle control (NS, lane 1), 50 ng/mL BDNF
(lanes 2-5), or 100 ng/mL NT3 (lanes 6-9) for indicated times. Total ERK5 (T-ERK5) was used
as a loading control. (B) NT3 stimulates neuronal differentiation of SGZ-derived aNPCs through
a process that requires ERK5. SGZ-derived aNPCs were infected with retroviruses encoding a
non-specific control (shNS) or shERKS. Cells were then incubated in EGF/bFGF-free medium
and treated with NT3 (100 ng/ml) for 5 d to induce neuronal differentiation. Cells treated with
BSA (1 ug/ml) were used as a control.
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Figure 2.9. shRNA knock down of ERKS5 inhibits neuronal differentiation in more
differentiated aNPCs. SGZ-derived aNPCs were cultured for 3 d in culture medium containing
BDNF (50 ng/mL) or NT3 (100 ng/mL) to prime cells for neuronal differentiation. EGF and bFGF
were then withdrawn from the medium and cells were cultured in the continued presence of
BDNF or NT3 for an additional 3 d to allow differentiation to begin. Cells were then infected with
control (shNS) or shERKS retroviruses, and maintained in BDNF- or NT3-containing media (free
of EGF and bFGF) for an additional 5 d. Neuronal differentiation was examined by B-III tubulin
expression in virus-infected cells (GFP*)
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Figure 2.10. Ectopic activation of ERK5 promotes SGZ neurogenesis in vivo. Retroviral
eGFP control (vector) (A—C), caMEK5-IRES-eGFP alone (D-F) or together with wtERK5-IRES-
eGFP (G-I) was stereotaxically injected into the dentate gyrus of 8-10 week old mice. Mice
were sacrificed 2 weeks later and brain sections immunostained for GFP (green) or NeuroD
(red). Scale bar in A represents 25 ym and applies to all images. Dashed lines outline the SGZ
layer of the dentate gyrus. Arrowheads point to GFP*/NeuroD" co-labeled cells, while arrows
point to GFP” cells that are negative for NeuroD. (J) The percentage of GFP* and NeuroD" co-
labeled cells along the SGZ was quantified. Expression of caMEK5 alone or together with
wWtERKS greatly increases the number of NeuroD" cells in total GFP* population.
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Inducible and conditional deletion of ERK5 in adult neurogenic regions reduces adult
hippocampal neurogenesis by attenuating neuronal differentiation

To determine if ERKS5 signaling is required for adult neurogenesis in vivo, we utilized the
inducible and conditional ERK5 knock out (icKO) mice we recently generated (Pan et al.,
2012a). Tamoxifen administration into adult Nestin-CreER™/ERK5F" mice specifically
deletes the erkd gene in Nestin- expressing neural stem cells, thereby avoiding potential
deleterious effects on the entire brain during embryonic development. Male Nestin-
CreER™/ERK5""" and female ERK5°"'"*" mice were mated to generate experimental
animals (Nestin-CreER™/ERK5F"® and ERK5**"*" mjce). The general health and overall

appearance were not different among littermates before or after tamoxifen treatment.

To confirm the specificity of tamoxifen-induced, Nestin-CreER™-mediated
recombination, we crossed Nestin-CreER™ with R26-YFP reporter mice where Cre-mediated
recombination removes a transcriptional STOP to allow YFP expression (Srinivas et al., 2001).
Tamoxifen or vehicle was administered to Nestin-CreER™/R26-YFP'>*"*" mice, and animals
were sacrificed 10 d after the last dose of tamoxifen. We observed no YFP expression in the
mouse brain of vehicle control treated mice (Fig. 2.11A). In contrast, there were abundant YFP”
cells along the SGZ of tamoxifen treated mouse brains (Fig. 2.11B). Furthermore, YFP" cells in
tamoxifen treated mice were restricted to the adult neurogenic regions only (data not shown).
These data suggest that Cre-ER™-mediated recombination is specific to adult neurogenic
regions and there is no discernible leakiness of the Cre-recombinase from the Nestin-CreER™

driver.

Tamoxifen was administered to male Nestin-CreER™/ERK5""*" (ERK5 icKO) and
ERK5"*"*® (control) mice to induce Cre-mediated recombination of erk5 in Nestin-expressing

neural stem cells.
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Figure 2.11. Conditional deletion of ERK5 in adult neurogenic regions attenuates
neuronal differentiation and SGZ neurogenesis. (A, B) YFP immunostaining of Nestin-
CreER™/R26-YFP'"'" reporter animals treated with tamoxifen or vehicle control,
demonstrating the specificity and effectiveness of Nestin-Cre-ER™-mediated recombination. (C,
D) Representative confocal images of ERK5 immunostaining (green) in the SGZ for tamoxifen-
treated control (ERK5'*"®) or ERKS5 inducible and conditional knockout (icKO) mice (Nestin-
CreER™/ERK5""*") " Hoechst staining (blue) was used to visualize all nuclei. (E)
Quantification of total ERK5" cells per dentate gyrus. The number of ERK5" cells in the SGZ
was reduced in ERK5 icKO mice. (F) Quantification of total BrdU" cells per dentate gyrus 4
weeks following BrdU administration. (G—L) Representative confocal images of immunostaining
in the SGZ of control and ERKS5 icKO mice for BrdU (red) and DCX (green) (G, H), Calretinin
(green) (1, J), or NeuN (green) (K, L). Cells co-labeled with BrdU and DCX, Calretinin, or NeuN
are yellow (arrow heads). Side panels to G-L are orthographic views of the corresponding cells
in the main panels. Arrows point to BrdU™ cells that are negative for DCX, Calretinin, or NeuN.
(M) ERK5 gene deletion increases the total number of immature adult-born neurons (DCX and
BrdU double-positive; Calretinin and BrdU double-positive cells among total BrdU" cells) while
concomitantly decreasing the total number of adult-born mature neurons (BrdU and NeuN
double-positive cells among total BrdU* population) along the SGZ. Scale bar in panel A
represents 100 yum and applies to B while scale bar in panel C represents 25 um and applies to
D-L.
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To label adult-born cells, BrdU was administered 7 d after the last dose of tamoxifen treatment
and mice were sacrificed 4 weeks later. Treatment with tamoxifen effectively decreased the
number of ERK5" cells in the SGZ of ERK5 icKO mice by 75% compared to control animals
(Fig. 2.11C-E). There was no difference in the total number of BrdU" cells in the dentate gyrus
of control vs. ERK5 icKO mice (Fig. 2.11F). However, deletion of the erkb gene reduced the
number of adult-born, mature neurons (NeuN and BrdU double-positive cells among total BrdU”
population) in the dentate gyrus (Fig. 2.11K-M). Concomitantly, there was an increase in the
number of BrdU" cells co-labeled with DCX or Calretinin, a marker for immature granular
neurons (Fig. 2.11G-J, M). This suggests that although ERKS deletion does not change the
total number of adult-born cells in the SGZ, it reduces the total number of adult-born mature

neurons by delaying neuronal differentiation.

DISCUSSION

New neurons are continuously born in the adult dentate gyrus of the hippocampus.
Although these adult-born neurons have been characterized at the cellular level, signaling
mechanisms regulating adult hippocampal neurogenesis are not well defined. The goal of this
study was to investigate the role of ERK5 MAP kinase in the regulation of adult hippocampal

neurogenesis.

Despite its abundant presence in the developing brain, ERK5 expression declines as the
brain matures (Liu et al., 2003a) and it is generally thought to be absent in the adult brain ((Di
Benedetto et al., 2007) and Allen Brain Atlas). We report here, that although ERK5 expression
is generally absent in most areas of adult brain, it is prominently expressed in the two
neurogenic regions. The expression of ERK5 MAP kinase is quite unique and distinct from other
signaling molecules implicated in adult neurogenesis, such as NeuroD, sonic hedgehog, Wnt,

PI13K-Akt and BDNF, which are more widely expressed in the brain (Kenney et al., 2004, Lie et
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al., 2005; Jiao and Chen, 2008; Bruel-Jungerman et al., 2009; Gao et al., 2009; Jessberger et
al., 2009; Kuwabara et al., 2009; Ma et al., 2009; Suh et al., 2009). It also suggests that ERK5
may be critical in the regulation of adult neurogenesis. Indeed, shRNA knockdown of ERKS5 in
cultured aNPCs or conditional deletion of the erk5 gene specifically in the neurogenic regions of
the adult mouse brain reduces neurogenesis in vitro and in vivo, respectively. By contrast,
ectopic activation of endogenous ERKS5 signaling via expression of caMEK5 promotes
neurogenesis in cultured aNPCs as well as in the dentate gyrus of mouse brains. These data
suggest that ERKS5 signaling is an important regulator of adult neurogenesis in SGZ cells both in

vitro and in vivo.

Although ERKS5 expression in the SGZ of the adult mouse brain is found in cells
expressing markers for neural stem/progenitor cells, actively proliferating cells, transiently
amplifying progenitors and/or newborn neurons, the majority of ERK5-positive cells express
markers for transiently amplifying progenitors and/or newborn neurons. These data indicate that
ERKS5 may primarily regulate adult hippocampal neurogenesis through its action on these cell
populations, including affecting neuronal differentiation and maturation. Indeed, shRNA
knockdown of ERKS in cultured aNPCs reduces the number of newborn neurons while
simultaneously increasing the number of proliferating cells and progenitor cells. These data,
coupled with the fact that shERK5 did not increase the number of GFAP™ astrocytes suggest
that inhibition of ERK5 attenuates neuronal differentiation without causing precocious glial
differentiation. Using transgenic mouse technology, we conditionally deleted the erk5 gene
specifically in Nestin-expressing neural stem cells in the adult brain. Although this inducible and
conditional gene targeting of erk5 did not affect the total number of adult-born cells (BrdU®) in
the dentate gyrus in vivo, it reduced the number of adult-born mature neurons (BrdU* and

NeuN") while concomitantly increasing the number of cells expressing immature neuron
y
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markers DCX and Calretinin. These data suggest that loss of ERK5 causes a delay in the

normal progression of neuronal differentiation and maturation during adult neurogenesis.

Neural progenitors in the SGZ express a cascade of transcription factors including
Neurog2 (Ozen et al., 2007; Hodge et al., 2008). Neurog2 belongs to a family of bHLH
transcription factors that also includes Neurog1 and are critical for neuronal fate specification
during development (Ross et al., 2003). Neurog?2 is essential for neurogenesis in the dentate
gyrus during development (Galichet et al., 2008). However, its role in adult SGZ neurogenesis
has not been demonstrated. Here we report that ectopic expression of Neurog? is sufficient to
promote neuronal differentiation of SGZ-derived aNPCs in culture, providing evidence that
Neurog2 may confer pro-neural activity during adult hippocampal neurogenesis. We previously
reported that ERK5 regulates both the transcriptional and pro-neural activities of Neurog1 during
cortical development (Cundiff et al., 2009). This prompted us to investigate if ERK5 regulates
adult hippocampal neurogenesis through Neurog2. Indeed, shRNA suppression of ERKS5
signaling inhibited both the transcriptional and pro-neural activities of Neurog2 in cultured SGZ-
derived aNPCs. Although it is possible that ERK5 could act downstream, in parallel, or upstream
of Neurog2, the fact that ERK5 activity is required for Neurog2-stimulated transcription favors

the interpretation that ERKS is an upstream regulator of Neurog2.

What are the upstream extracellular signals that ERKS responds to in regulating adult
hippocampal neurogenesis? We have published evidence that ERKS5 is activated by
neurotrophins including brain-derived neurotrophic factor (BDNF) and NT3 in neurons
(Cavanaugh et al., 2001). Interestingly, BDNF/TrkB signaling has been implicated in regulating
adult hippocampal neurogenesis both under normal physiological conditions and after
experimental manipulations such as voluntary exercise and chronic treatment with

antidepressants (Takahashi et al., 1999; Lee et al., 2002; Shirayama et al., 2002; Russo-
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Neustadt et al., 2004; Sairanen et al., 2005; Scharfman et al., 2005; Duman and Monteggia,
2006; Rossi et al., 2006; Warner-Schmidt and Duman, 2006; Bergami et al., 2008; Chan et al.,
2008; Li et al., 2008). However, its downstream mechanisms have not been elucidated. We
hypothesized that neurotrophins may activate ERK5 in SGZ-derived aNPCs and promote
neuronal differentiation through ERKS. Indeed, ERKS is activated by both BDNF and NT3 in
these cells, and shRNA inhibition of ERK5 signaling suppresses the neuronal differentiation

effect of NT3.

In summary, findings in this study identify ERK5 MAP kinase as a novel signaling
pathway regulating adult hippocampal neurogenesis, especially in neuronal differentiation.
Furthermore, Neurog2 may be a downstream target while NT3 may be an upstream activator of
ERKS in this process. Because ERKS gene deletion is temporally and spatially regulated and
specific to adult neural stem cells in the brain of the Nestin-CreER™/ERK5**"F mouse, this
ERKS5 icKO mouse strain provides a unique and powerful tool to investigate the relationship

between adult neurogenesis and hippocampus-dependent learning and memory.
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Chapter 3
Inhibition of Adult Neurogenesis by Inducible and Targeted Deletion of ERK5 MAP
Kinase Specifically in Adult Neurogenic Regions Impairs Contextual Fear Memory

Extinction and Remote Fear Memory

INTRODUCTION

The mammalian brain has the remarkable capacity to process and store information.
Since deficits in memory are prominent features of aging and many mental disorders, there is
intense interest in the molecular and cellular basis of learning and memory. Several signal
transduction pathways in neurons, including calcium, cAMP, and ERK1/2 MAP kinase have
been implicated in the regulation of memory formation (Silva et al., 1992; Yin et al., 1994; Wu et
al., 1995; Atkins et al., 1998; Taubenfeld et al., 1999; Wong et al., 1999; Athos et al., 2002).
Interestingly, recent studies support the idea that hippocampus-dependent memory may also

depend on newly generated neurons in the adult dentate gyrus.

Adult neurogenesis occurs in the subgranular zone (SGZ) of the dentate gyrus and the
subventricular zone (SVZ) along the lateral ventricles in mammalian brains (Altman and Das,
1965; Alvarez-Buylla et al., 1988; Ming and Song, 2005). Adult-born neurons in the dentate
gyrus functionally integrate into the hippocampal circuitry (Ming and Song, 2005; Deng et al.,
2010), suggesting a role in neuroplasticity. Hippocampus-dependent, but not hippocampus-
independent learning increases adult neurogenesis in the dentate gyrus (Leuner et al., 2004).
Furthermore, training for hippocampus-dependent memory selectively adds or removes adult-
born neurons depending on the birthdate of the neurons relative to training (Dobrossy et al.,
2003; Dupret et al., 2007). These data support the hypothesis that newly generated adult-born
neurons of the dentate gyrus contribute to hippocampus-dependent memory (Deng et al., 2010;

Leuner and Gould, 2010). Despite these exciting discoveries, signaling mechanisms regulating
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adult neurogenesis are not fully understood. Additionally, although a number of studies have
attempted to assess the role of adult neurogenesis in hippocampus-dependent memory, data
from different studies are contradictory, and the function of adult-born neurons in the dentate

gyrus remains controversial (Deng et al., 2010; Leuner and Gould, 2010).

ERKS5 is a member of the MAP kinase family that includes ERK1/2 (Lee et al., 1995;
Zhou et al., 1995). Neurotrophin activation of ERKS promotes the survival of newborn neurons
during embryonic development (Cavanaugh et al., 2001; Watson et al., 2001; Liu et al., 2003a;
Shalizi et al., 2003; Wang et al.,, 2006b; Finegan et al., 2009). ERK5 also specifies cortical
stem/progenitor cells toward a neuronal lineage during development by phosphorylating and
modulating the activity of neurogenin (Neurog 1) (Liu et al., 2006; Cundiff et al., 2009). ERK5
expression in the brain is high during early embryonic development but declines as the brain
matures (Liu et al., 2003a). It is generally thought that ERKS5 is not expressed in the adult brain
(Di Benedetto et al., 2007). However, upon closer examination we discovered selective ERKS
expression in the adult neurogenic regions, the SGZ and SVZ. This pattern of expression is

unique and suggests an important role for ERKS5 in the regulation of adult neurogenesis.

Here, we generated ERK5 icKO mice to delete erk5 specifically in the neurogenic
regions of the adult brain. This mouse strain provides a unique and powerful tool to investigate
the role of ERK5 in adult neurogenesis and to delineate the relationship between adult

neurogenesis and hippocampus-dependent learning and memory.

MATERIALS AND METHODS
Animals
Nestin-CreER™ (Kuo et al., 2006) mice and ERK5*'® (Wang et al., 2005) mice were

crossed to yield Nestin-CreER™/ERK5* animals. Nestin-CreER™/ERK5"* mice were
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further crossed with ERK5"" mice to yield homozygous Nestin-CreER™/ERK5"FoxP
animals, which were used for experimental breeding. All animal experiments were performed
with identically treated and handled littermate controls. Animals were housed under standard
conditions (12 h light/dark cycle) with food and water provided ad libitum except where
indicated. All experimental procedures were approved by the University of Washington

Institutional Animal Care and Use Committee.

Reagents

The following primary antibodies and dilutions were used for immunohistochemistry: rat
monoclonal anti-BrdU (1:500, AbD Serotec); mouse monoclonal anti-NeuN (1:500, Millipore);
and goat polyclonal anti-NeuroD (1:200, Santa Cruz Biotech Inc.). Rabbit polyclonal ERK5
antibody (1:500) was generated previously (Cavanaugh et al., 2001) and affinity purified using

recombinant MBP-ERKS protein.

BrdU and tamoxifen administration

Mice received 100 mg/kg BrdU (Sigma) by intraperitoneal (IP) injection 5 times (every 2
h for 10 h) in one day followed by sacrifice 3 weeks later to identify BrdU-retaining, adult-born
cells. Tamoxifen (Sigma) was made fresh daily and dissolved in 2% glacial acetic acid in corn oil
solution (Sigma). To activate Cre-mediated recombination, 5 mg of pre-warmed tamoxifen was
administered orally to 10-12 week-old male mice daily for 7 days (for studies presented in Fig.
3.2 and Fig. 3.3A-F, M) or once per day for 4 d in each cycle, for 3 cycles with 2-week inter-

cycle intervals (for studies presented in Fig. 3.3G-M, and Fig. 3.4-3.11).
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Immunohistochemistry (IHC)

Mice were perfused intracardially with ice cold solutions of 20 ml PBS followed by 20 ml
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Brains were harvested and
post-fixed in 4% PFA/PBS overnight at 4°C, followed by 30% (w/v) sucrose in PBS solution at
4°C until brains sunk. Immediately after sucrose embedding, brains were frozen at -80°C until
IHC processing. IHC was performed on 30 pym-thick coronal brain sections using a free-floating
antibody staining method. Briefly, brain sections were washed 4 x 10 min with 0.1 M, pH 7.4
PBS, followed by 3 x 10 min with PBST (PBS + 0.25% Triton X-100). Brain slices were then
incubated in blocking buffer (PBST + 0.1% bovine serum album (BSA) + 10% normal serum) for
>2 h at room temperature. Where IHC for BrdU visualization was required, brain sections were
washed 4 x 10 min with 0.1 M, pH 7.4 PBS, then subjected to HCI treatment by sequential
incubation in water for 5 min, ice-cold 1 N HCI for 10 min, 2 N HCI for 30 min at 37°C, and finally
neutralized by rinsing 2 x 5 min in 0.5 M borate buffer (pH 8.5). This was followed by PBST
washes and blocking as stated above. Brain sections were incubated with primary antibodies for
48-60 h at 4°C on a platform shaker. Brain sections were washed in PBST 4 x 10 min after
primary antibody incubation and incubated with secondary antibodies conjugated with Alexa
Fluor dyes (1:500 dilution, Invitrogen) in blocking buffer overnight at 4°C on a platform shaker.
Brain sections were then washed 4 x 10 min in PBST and incubated with 2.5 pg/mL Hoechst
33342 (Invitrogen) for 30 min and washed 3 x 5 min with PBST. Unless otherwise stated, all IHC
procedures were carried out at room temperature. Brain sections were then mounted on gelatin-

coated Superfrost plus slides (VWR) with anti-fade Aqua Poly/Mount (Polysciences).

Confocal imaging and analysis
All images were captured with an Olympus Fluoview-1000 laser scanning confocal
microscope with numerical aperture (NA) 0.75, 20X lens, NA 1.3, 40X oil lens, or NA 1.35, 60X

oil immersion lens. Optical Z-sections (0.5—1 uym) were collected and processed using ImageJ
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software (NIH). Images were uniformly adjusted for color, brightness, and contrast with Adobe

Photoshop CS4 (Adobe Systems, Inc).

Quantification of immunostained cells

One in every 8 serial brain slices through the entire rostral-caudal extent of the granule
cell layer was immunostained for each marker. Immunopositive cells were analyzed and
quantified using a modified unbiased stereology technique (West et al., 1991; Kempermann et
al., 1997b; Malberg et al., 2000) by confocal analysis of the granule cell layer of one half of the
brain with the experimenter blinded to treatment conditions. Resulting numbers were multiplied
by 8 to obtain an estimated total number of cells per dentate gyrus. For colocalization analysis,
cells were analyzed per marker combination using confocal microscopy. At least 50
immunopositive cells were selected randomly and the presence of overlapping fluorescent

signals in a Z-series stack of a single cell was considered to be a double-positive cell.

Statistical analysis

All data are expressed as mean = standard error of the means (s.e.m.) from at least 2
independent experiments (n = 10 for each treatment group/genotype) for in vivo behavior
experiments, or n = 3 for in vivo cellular quantification data. Student’s t-test was used to analyze
in vivo cellular data. Two-way ANOVA with repeated measures was used to analyze data for all
the water maze tests (except the probe test) and fear extinction assays. One-Way ANOVA with
Fisher's LSD post-hoc analysis (Alpha=0.05) was used to analyze all other behavior data. n.s.

not significant (p>0.05); *, p<0.05; **, p<0.01; ***, p<0.001.
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Behavior Assays
Open field test and habituation

Mice were placed in a 10"(W) x 10”(D) x 16”(H) TruScan Photo Beam Tracking arena
with clear sidewalls and infrared beams spaced 0.6” apart providing a spatial resolution of 0.3”
(Coulbourn). Mice were not pre-habituated to the arena to permit baseline locomotor activity and
anxiety level analysis. Twenty minutes of free exploratory time were allotted per mouse on day
one for the open field test. Data was collected and analyzed using TruScan 2.02 software
(Coulbourn). To analyze habituation in the open field, mice were placed in the same arena 24 h

and 48 h later for 20 min each.

Novel object recognition

Mice were placed into a 10”(W) x 10”(D) x 16”(H) contextual arena with clear sidewalls
(Coulbourn) containing 2 objects (A and B) made of plastic material for a 5 min training session
and then returned to their home cages. For short-term memory retention, mice were placed
back into the same arena one hour later with one of the previous objects (i.e. A) and a novel
object (C) for a 5-min testing session. For longer term memory retention at 24 h or 48 h, a
different cohort of mice were trained as above except that training lasted 10 min and testing was
performed either 24 h or 48 h later, respectively, during a 10-min testing session. A different set
of objects was used for the 24 h and 48 h memory tests. Exploratory activity of each object was
recorded for both training and testing sessions and analyzed by experimenters blinded to

genotype and treatment group.

Standard cued and contextual fear conditioning and contextual fear extinction
Mice were placed in a 10”(W) x 10”(D) x 16”(H) square-shaped arena fitted with a metal
grid shock floor (Coulbourn). On the day of training, each mouse was placed in the training

context (with striped wallpaper) and allowed to freely explore for 2 min. A 90 dB tone, the
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conditioned stimulus (CS), was then presented for 30 s. During the final 2 s of tone
presentation, a 0.7 mA foot shock, the unconditioned stimulus (US), was delivered. CS and US
were delivered automatically using tone generator and shocker controlled by TruScan software
(Coulbourn). Mice were then returned to their home cages. Twenty-four hours later, contextual
fear conditioning test was performed in the training room, where mice were placed in the same
context arena without any foot shock for 2 min. Two hours after the contextual test, mice were
subjected to a cued test. Mice were placed in a novel context (triangular shaped arena with solid
grey plastic walls) in a different room and allowed to freely explore for 2 min. The CS (tone) was
then presented for 2 min. Two hours after the cued test, mice were subjected to a control test in
which they were placed in another novel context (hexagonal shaped arena with clear plastic
walls) in a third room for 2 min with no presentation of either tone or foot shock. Freezing
behavior was recorded manually every 5 s for each of the 2 min assessment periods for the
three tests. Freezing behavior was defined as lack of bodily movement with all 4 paws
remaining stationary on the floor except normal respiration. Data was collected and analyzed

with experimenters blinded to genotype and treatment group.

One day following cued and contextual fear conditioning tests, mice were placed in the
training context without the foot shock for two extinction trials each day, with a 4 h inter-trial
interval. Each extinction trial lasted a total of 10 min and freezing behavior was recorded during
the final 2 min of each trial. One day after the completion of the 8 d fear extinction trials, mice
were placed in a novel context (trapezoid shaped arena with solid grey plastic walls) and

freezing behavior was recorded for 2 min.
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Modified cued and contextual fear conditioning using weaker electric shock
The same training and testing setup for cued and contextual fear conditioning was used
as described above except that animals were subjected to 1-3 successive foot shocks, 0.3 mA,

2 s each and separated by 2 min inter-shock intervals.

Morris water maze assay

This was done as described with slight modifications (Wu et al., 1995; Zhang et al.,
2008b). Mice were placed in a circular pool of water at room temperature (25°C) (1.2 meter
diameter, 25 cm deep). The water was made opaque using non-toxic white paint. Three extra-
maze cues, different in shape and size were uniformly spaced and placed on the wall
surrounding the water tank. A small escape platform (13 cm x 8 cm) made of clear plexiglass
was submerged just below the surface of the water and maintained in a fixed location for the
entire training session. To begin a trial or test, mice were randomly started in drop zones, facing
the wall, in any of the 3 quadrants without the platform. A total of 32 trials (4 trials per day for 8
consecutive days) were performed during the training session. Mice were allowed to swim for 40
s to find the platform, or guided to the platform after 40 s of the allotted maximum swim time
was reached. Each trial ended after mice were allowed to stay on the escape platform for 15 s.
A probe test was performed 24 h after the last training trial in which the escape platform was
removed and mice were allowed to swim for 60 s in search of the escape platform. Reversal
training ensued 24 h after the probe test for a total of 28 trials (4 trials per day for 7 consecutive
days) where the escape platform was placed in the opposite quadrant from the initial training
session. A reversal probe test was performed 24 h after the last trial of reversal training. Five
hours after the reversal probe test, a visible platform test consisting of 4 trials was performed
where a visible platform was placed above the water surface in a new quadrant other than the
initial or reversal quadrants and mice were allowed to swim to locate the visible platform. In all

sessions and tests, mice were allowed an inter-trial interval of 30 min. All data were collected
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using ANYmaze software (San Diego Instruments) and analyzed offline with the experimenter

blinded to treatment and genotypes.

Pattern separation assay

This was measured by the delayed-non-matching-to-place test using the 8-arm radial
maze (Clelland et al., 2009; Guo et al., 2011). Mice were food restricted 4 d prior to beginning
the assay until 85-90% of free-feeding body weight was reached. Each mouse was subjected to
4 trials per day for 5 consecutive days, with an inter-trial interval of 30 min. Each trial was
divided into two phases, a training phase and a choice phase. During the training phase, 6 of 8
arms of the radial arm maze were blocked, leaving the sample arm and start arm open,
separated by 90-degrees from each other. Food reward was placed at the end of the sample
arm. Mice were placed in the maze facing the end of the start arm and allowed to freely explore
for 3 min and then guided to the sample arm unless they retrieved the food reward from the
sample arm before the 3 min cutoff time. Mice were allowed to eat for 60 s in the sample arm
before being placed back in their home cage for approximately 30 s, during which time the maze
was rotated 45 degrees and the arms cleaned with 5% acetic acid to minimize odor reference.
The choice phase test was conducted immediately after cleaning, during which new sample and
start arms were opened and the original arms were blocked, but the relative location of the arms
during the training phase remained fixed. Additionally, a test arm was opened and separated by
either 1-arm (separation 2) or 3-arms (separation 4) from the new sample arm. Each mouse
was subjected to the same total number of separation 2 or 4 tests, although the two separations
were presented randomly in sequence each day. Food reward was placed at the end of the test
arm during the choice phase. Mice were placed in the maze facing the end of the start arm and
allowed to make a choice in the maze. When a mouse entered the test arm, it was scored as a
correct choice and the mouse was allowed to eat for 60 s before being removed from the maze.

When a mouse entered the sample arm, re-entered the start arm, or did not make a choice
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within 3 min, it was scored as an incorrect choice. On day 1 and day 2, mice that made an
incorrect choice were allowed to self-correct and explore the maze for a maximum of 3 min
before being guided to the test arm and allowed to eat for 60 s. On days 3-5, mice that made an
incorrect choice were removed from the maze immediately and not allowed access to food
reward. Correct or incorrect choices during the choice phase were scored manually with the

experimenter blinded to experimental conditions.

Passive avoidance and remote memory assay

A light/dark chamber (Coulbourn) with a guillotine trap door separating the two chambers
was used. A 60 W light bulb was placed over the opening of the light chamber, while the dark
chamber was completely covered with black film. Mice were placed in the light chamber with the
trap door closed and allowed to freely explore for 1 min. After which, the trap door was opened
and the latency to cross over was recorded. Once mice crossed over into the dark chamber, the
trap door was closed immediately followed by delivery of a mild foot shock (0.7 mA, 2 s); mice
then remained in the dark chamber for an additional 1 min before being removed and placed in
their home cage. Twenty-four hours later, mice were placed in the light chamber with the trap
door closed and allowed to freely explore for 1 min. After 1 min, the trap door was opened and
latency to cross over to the dark chamber was recorded with a maximum crossover latency
cutoff of 5 min. For remote memory test, mice were tested 21 d post-training using the same

procedure as the 24 h test.

RESULTS
ERKS5 expression in the adult mouse brain

ERK5 expression was examined by immunohistochemistry using an affinity-purified
ERK5-specific antibody. ERK5 protein was found along the SVZ and the SGZ of the dentate

gyrus in the adult mouse brain (Fig. 3.1A-D). However, ERK5 was not expressed outside of the
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adult neurogenic regions, including the cortex and striatum (Fig. 3.1E—H). This unique pattern of

expression suggested an important function for ERKS5 in adult neurogenesis.

Conditional targeting of ERKS5 in adult neurogenic regions attenuates adult neurogenesis
in the SGZ

To investigate a role for ERK5 signaling in adult neurogenesis in vivo, we crossed
Nestin-CreER™ mice (Kuo et al., 2006) with erk5 floxed allele mice (Wang et al., 2006a) to yield
Nestin-CreER™/ERK5"*"'*® mice. Upon tamoxifen treatment, the erk5 gene is conditionally
knocked out (ERK5 icKO) specifically in Nestin-expressing neural stem cells in the adult brain of
this mouse strain. Thus, erk5 deletion is temporally and spatially regulated and restricted to the
adult neurogenic regions, limiting potential side effects on other areas of the brain during

embryonic development.

Male Nestin-CreER™/ERK5 """ mice were treated with vehicle (control) or tamoxifen
to induce Cre-mediated recombination of erk5 in Nestin-expressing neural stem cells. In a
separate set of experiments, tamoxifen administration to Nestin-CreER™/R26-YFpP'oox?
reporter mice confirmed the specificity of tamoxifen-induced, Nestin-CreER™-mediated
recombination (data not shown). Tamoxifen treatment did not affect the general health and
overall appearance among littermates. A 7-day tamoxifen treatment decreased the number of
ERK5" cells in the SGZ by 65% compared to vehicle controls (Fig. 3.2A-D; t-test, p<0.001).
This was accompanied by a significant reduction in the total number of NeuroD" cells (Fig.
3.2E-G; t-test, p=0.028) and adult-born, mature neurons (NeuN and BrdU double-positive cells
among total BrdU" population) along the SGZ (Fig. 3.2H-J; t-test, p=0.023). NeuroD is a marker
for transiently amplifying progenitors and/or newborn neurons while NeuN is a marker for
mature neurons. These data suggest a critical role for ERK5 in promoting adult neurogenesis in

the SGZ in vivo.
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Figure 3.1. ERKS is specifically expressed in the adult neurogenic regions in the mouse
brain. Immunostaining of coronal sections of adult mouse brain tissue shows ERKS5 protein
expression (green) primarily in the SVZ (A, B) and SGZ of the hippocampus (C, D) but is absent
in other brain regions such as the cortex (E, F) and striatum (G, H). Hoechst staining (blue) was
used to identify all cell nuclei (B, D, F, H). Scale bar in A represents 100 ym and applies to all
panels.
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Figure 3.2. Targeted deletion of erk5 specifically in adult neurogenic regions reduces
SGZ neurogenesis. (A) Schematic illustration of experimental design. Tamoxifen or vehicle
control was administered to 12-week old Nestin-CreER™/ERK5'*"* mice orally, once per day
for 7 d. BrdU was administered 4 d after the last dose of tamoxifen to label newborn neurons.
Animals were sacrificed 3 weeks after BrdU injection for immunostaining. (B, C) ERKS
immunostaining (green) in the SGZ for vehicle-treated (control) or tamoxifen-treated (ERK5
icKO) Nestin-CreER™/ERK5'""*" mice. (D) Quantification of total ERK5"* cells per dentate
gyrus. The number of ERK5" cells in the SGZ is reduced in ERK5 icKO mice. (E, F)
Representative NeuroD immunostaining (red) in the SGZ of control and ERK5 icKO mice.
Hoechst staining (blue) was used to visualize all nuclei. (G) Conditional ERKS5 deletion in adult
neurogenic regions greatly reduces the number of total NeuroD" cells in the SGZ. (H, |)
Representative BrdU (red) and NeuN (green) immunostaining in the SGZ of control and ERK5
icKO mice. BrdU and NeuN co-labeled cells are yellow. (J) erk5 gene deletion decreases the
total number of adult-born neurons (BrdU and NeuN double-positive cells among total BrdU*
population) along the SGZ. Graphs represent mean count of quantified cells £ (s.e.m.) from two
independent experiments (n = 3 per treatment group per experiment). *, p<0.05; ***, p<0.001.
Scale bars in panels B and H represent 25 ym and apply to panels C and |. Scale bar in E
represents 100 um and applies to F.

58



ERKS5 / Hoechst

NeuroD / Hoechst

NeuN / BrdU

BrdU*, NeuN*/total BrdU+

A Vehicle or

Tamoxifen BrdU Perfuse
Nestin-CreERTM I]{H]:I]:I]ﬂ{ E I
ERKS'OXPIIOXP u

d1 d7 d11 d32

Control icKkO D
(Vehicle) (Tamoxifen) o 1200
[a]
— 1000
c 5
2 800
0
§ 600 *xk
o 400
é 200
17|
0 e
Control ickKO

G © 4000
F 2
2 3000
)
8 2000+ .
+
Q
© 1000 |-L‘
=
2
0-
Control ickKO
J
60 |

cells per DG (%)
N H
? o

Control icKO

59



ERKS5 icKO mice had no memory for novel objects measured 48 h after training

To examine the effect of conditional erk5 deletion on hippocampus-dependent animal
behavior, we used a modified tamoxifen dosing regimen (Imayoshi et al., 2008) to ensure
prolonged erk5 gene deletion and a cumulative loss of ERK5" cells over a period of time in the
neurogenic regions. Tamoxifen was administered once per day for 4 d in each cycle, for a total
of 3 cycles with 2 weeks inter-cycle interval (Fig. 3.3). The number of ERK5" cells along the
SGZ was reduced 80% even 3 months after the last dose of tamoxifen treatment (Fig. 3.3M; t-
test, p=0.005 for 3-week and p=0.007 for 3-month analysis), which provided a relatively large

time window (at least 3 months) for behavior tests.

We first assessed motor function of ERKS icKO and control mice and found no
statistically significant differences in their open field activities or their ability to habituate to the
open field in three consecutive days (Fig. 3.4; One-Way ANOVA, F2=22.16, p=0.13 for panel
B; F1,2=1.32, p=0.46 for panel C; F(12=29.51, p=0.12 for panel D; F2=29.51, p=0.12 for panel
E). Furthermore, ERKS5 icKO mice exhibited no defects in memory for novel objects measured 1
h after training (Fig. 3.5A, B; One-Way ANOVA, F(127=58.6, p<0.001 for control mice and
F119=42.11, p<0.001 for ERKS icKO mice in panel B) or 24 h after training (Fig. 3.5C, D; One-
Way ANOVA, F113=11.5, p=0.005 for control and F(1,19=9.08, p=0.007 for ERKS icKO in panel
D). The lack of any deficits in memory for novel objects measured 1 h and 24 h after training, in
the open field test and open field habituation suggests that ERK5 icKO mice have no defects in

vision, general mobility and are not ataxic.

Interestingly, ERK5 icKO mice had no memory for novel objects measured 48 h after
training (Fig. 3.5E, F; One-Way ANOVA, F113=30.36, p<0.001 for control and F4,1=0.0062,
p=0.94 for ERK5 icKO in panel F), suggesting that ERK5 icKO mice may be deficient in longer-

term memory.
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Figure 3.3. ERK5-positive cells along the SGZ are significantly reduced 3 weeks and 12
weeks following tamoxifen treatment. (A—F) ERKS5 immunostaining 3 weeks after a 7 d
treatment paradigm with vehicle control (A—C, Control) or tamoxifen (D-F, icKO). (G-L) ERK5
immunostaining 12 weeks after a 3 x 4 d treatment paradigm with vehicle control (G-I, Control)
or tamoxifen (J-L, icKO). Scale bar in A represents 25 ym and applies to all images. Dashed
lines outline the SGZ layer of the dentate gyrus. (M) Quantification of total ERK5-positive cells
per dentate gyrus. Data represent mean percentage from two independent experiments, error

bars represent (s.e.m.) with n = 2 animals per treatment group per time point per experiment. **,
p<0.01.
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Figure 3.4. Baseline motor activity and habituation, monitored via the open field activity
test, is not affected in ERK5 icKO mice. (A) Schematic illustration of the experimental design.
Tamoxifen or vehicle was administered to 12-week old Nestin-CreER™/ERK5*"*F mjce orally,
4 d in each cycle, for a total of 3 cycles with 2-week inter-cycle intervals. Animals were
subjected to behavior assays 2 weeks after the last dose of tamoxifen. (B) Total floor plane
movement on day 1 (d1), d2, and d3. (C) Total time spent along the margins of the open field.
(D) Total distance traveled. (E) Average traveling speed. Data represent mean of two
independent experiments with n = 10 animals per treatment group per experiment.
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Figure 3.5. ERK5 icKO mice are deficient in the memory for novel object tested at 48 h
after training. (A, B) Memory for novel object 1 h after training is not affected in ERK5 icKO
mice. During the training session, control and ERKS5 icKO mice were presented with 2 objects, A
and B, for 5 min and the percent of time spent exploring each object was quantified (A). During
the test session, conducted 1 h later, control and ERKS icKO mice were presented again with 2
objects, A (familiar) and C (novel), for 5 min and the percent of time spent exploring each object
was quantified (B). (C, D) Memory for novel object 24 h after training is not affected in ERK5
icKO mice. A new cohort of mice was used. Training session was conducted for 10 min with
objects A’ and B’ and exploration time was quantified (C). Test session was conducted 24 h
later with objects A’ and C’ for 10 min (D). (E, F) ERK5 icKO mice have no memory for novel
object 48 h after training. After the 24 h test, animals were trained with objects A” and B” for 10
min (E). Test session with presentations of objects A” and C” was performed 48 h later (F”).
Data represent mean exploration time from three independent experiments with n = 8 animals
per treatment group per experiment. n.s.,not significant; **, p<0.01; ***, p<0.001.
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Inducible and conditional deletion of the erk5 gene interferes with a challenging form of
contextual fear memory and the extinction of fear memory

Animals were subjected to contextual fear conditioning (Fig. 3.6A), a form of
hippocampus-dependent learning and memory. In initial experiments, mice were trained with a
single 0.7 mA, 2 s foot shock, which is a standard method used in contextual fear conditioning
(Shan et al., 2008). Using this training protocol, ERK5 icKO mice did not exhibit defects in
memory for contextual fear measured 24 h after training (Fig. 3.6B; One-Way ANOVA,
F117=1.30, p=0.27). The contextual memory for both ERKS5 icKO and control mice was context
specific since the mice did not show training-induced decreases in mobility when tested in a
novel context 24 h after training (Fig. 3.6C; One-Way ANOVA, F17=1.31, p=0.27). These data
are consistent with other data using the 0.7 mA foot shock paradigm reporting that adult
neurogenesis is not required for contextual fear conditioning (Dupret et al., 2008; Zhang et al.,
2008a; Deng et al., 2009). Furthermore, memory for auditory-cued fear conditioning, a form of
amygdala-dependent but hippocampus-independent learning and memory, was also unaffected

in ERK5 icKO mice (Fig. 6D; One-Way ANOVA, F117y=0.15, p=0.71).

Although targeted deletion of ERKS did not affect the formation of contextual fear
memory, ERK5 icKO mice were impaired in contextual fear extinction (Fig. 3.6E; Two-Way
ANOVA, F15=17.68, p=0.003). This is consistent with another report implicating adult
neurogenesis in the extinction of contextual fear memory (Deng et al., 2009). The contextual
memory that persisted after fear extinction trials was context dependent since neither ERKS
icKO nor control mice showed increased freezing when exposed to a novel context after the 8-
day fear extinction training (Fig. 3.6F; One-Way ANOVA, F17=3.27, p=0.09). Contextual fear
memory generated with a single 0.7 mA foot shock is a very strong (thus relatively easy) form of

episodic memory that persists up to 11 weeks (Shan et al., 2008).
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Figure 3.6. ERK5 icKO mice are compromised in contextual fear memory extinction. (A)
Schematic illustration of the standard fear conditioning paradigm where animals were subjected
to one 0.7 mA, 2 s foot shock. (B) Control and ERKS icKO mice have similar levels of contextual
fear memory 24 h post-training. (C) Neither control nor ERKS5 icKO mice froze when placed in a
novel context 24 h after training. (D) Control and ERK5 icKO mice showed similar cued-fear
response 24 h post-training. (E) However, fear extinction was impaired in ERK5 icKO mice. Day
0: the day of contextual fear testing. Day 1: the first day animals were subjected to fear
extinction training. (F) The freezing response that persisted after fear extinction trials was
context specific because animals did not freeze in a novel context on Day 9, one day after the
completion of the fear extinction trials. Data are mean % (s.e.m.) from two independent
experiments with n = 8 animals per treatment group per experiment. n.s., not significant; **,
p<0.01; ***, p<0.001.
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Contextual fear extinction is a distinct form of hippocampus-dependent learning and
memory (Fischer et al., 2007). It may be more challenging than contextual fear conditioning
since it is an active form of forgetting in which the animals learn to dissociate the context from
the foot shock. For example, while it took only a single 0.7 mA foot shock to establish the initial
contextual fear memory, it took repeated trials of context exposure over the course of 8 days
without the foot shock for this memory to undergo extinction in control mice. This prompted us to
investigate if targeted deletion of ERKS interferes with contextual fear memory when mice are
subjected to a more challenging form of contextual memory training. We examined the
sensitivity of wild type C57/BL6 mice to contextual fear conditioning using a weaker aversive
stimulus, 0.3 mA foot shock. When C57/BL6 mice were trained for contextual fear memory
using a 2 s, 0.3 mA foot shock, they had to be shocked three times to generate contextual
memory as strong as that generated with a single 2 s, 0.7 mA foot shock (Fig. 3.7A, B). Thus,
contextual fear training using the 0.3 mA foot shock is a weaker training paradigm and more

difficult compared to the single 0.7 mA foot shock.

Interestingly, when ERKS5 icKO mice were trained for contextual fear memory using
this more challenging protocol (3X 0.3 mA foot shocks, 2 s each), they responded to the shocks
as well as control mice during the three-shock training session (data not shown). However,
memory for contextual fear, measured 24 h after training, was significantly reduced in ERK5
ickKO mice (Fig. 3.7C; One-Way ANOVA, F 15=7.13, p=0.01). The remaining fear memory was
still context specific since animals did not freeze in a novel context (Fig. 3.7D; One-Way
ANOVA, F112=0.72, p=0.41) and erk5 deletion did not affect cued-fear conditioning (Fig. 3.7E;

One-Way ANOVA, F(1_12)=2.00, p=018)
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Figure 3.7. ERK5 icKO mice exhibit reduced contextual fear memory when animals were
trained with weaker electric foot shocks. (A) Schematic illustration of the modified cued-
contextual fear conditioning paradigm using 0.3 mA shock intensity delivered up to 3 times. (B)
C57BIl/6 mice were subjected to one, two, or three foot shocks (0.3 mA, 2 s each), with 2 min
inter-shock intervals to generate a dose-dependent fear conditioning response. Freezing
behavior in the same context but without foot shock was recorded 24 h later. For subsequent
experiments in panels C-E, animals were subjected to 3 foot-shocks (0.3 mA, 2 s each), with 2
min inter-shock intervals. (C) When placed into the same shocking context 24 h later, contextual
fear memory was reduced in ERK5 icKO mice. (D) The fear memory was context specific since
animals did not freeze when placed into a novel context 24 h after training. (E) Memory for the
hippocampus-independent, auditory-cued fear conditioning measured 24 h after training was
unaffected in ERK5 icKO mice. Data are mean % (s.e.m.) from two independent experiments
with n = 6 per treatment group per experiment. **, p<0.01.
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The fact that the freezing response immediately after each shock and cued memory were
normal in ERK5 icKO mice suggests that the mutant mice exhibit shock sensitivity comparable
to control mice. Collectively these data indicate that targeted deletion of erk5 attenuates
extinction of contextual fear memory and the formation of contextual memory generated by a
more demanding training protocol using a weaker shock paradigm than normally used in

contextual fear conditioning.

Effects of conditional erk5 deletion on spatial learning and memory

Animals were subjected to the Morris water maze test (Fig. 3.8), a spatial learning and
memory task that is also hippocampus-dependent. Although ERK5 icKO mice initially took a
little longer to locate the hidden platform on day 1, they learned to locate the hidden platform
almost as well as control mice overall over the course of an 8-day training period (Fig. 3.8B;
Two-Way ANOVA, F;7=3.10, p=0.12). There was also no significant difference when ERK5
icKO and control mice were subjected to a probe trial 24 h after training (Fig. 3.8C; One-Way

ANOVA, F(7,146)=58.71, p=012)

We then subjected animals to reversal training in which the hidden platform was moved
to the opposite location. Reversal training may be more demanding than the initial hidden
platform training because the mice need to actively forget the old location of the hidden platform
and learn to find it in a new location. Interestingly, ERK5 icKO mice swam longer distances than
control mice to find the new platform during a 7-day period of reversal training (Fig. 3.8D; Two-
Way ANOVA, F1=5.56, p=0.05). Furthermore, while control mice spent much more time in the
new target quadrant than in the old one during the subsequent probe test, ERK5 icKO mice
spent the same amount of time searching in both quadrants (Fig. 3.8E, G; One-Way ANOVA,
F7145=14.31, p=0.002 for panel E between control and ERKS icKO mice; F7,145=14.31, p<0.001

for control mice between Old and New quadrants; F7,145=14.31, p=0.143 for ERKS5 icKO mice
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between Old and New quadrants). Consistently, ERK5 icKO mice spent less time in the target
platform zone than control mice during the reversal probe test (Fig. 3.8F; One-Way ANOVA,
F131=0.85, p=0.36 for probe test and F 31)=8.26, p=0.007 for reversal probe test). These data
suggest that ERK5 icKO mice exhibit impaired acquisition of newer spatial information and did
not learn the new location of the hidden platform as well as control mice. However, ERK5 icKO
mice swam similar total distances with similar speed as control mice measured during the first
probe test and the reversal probe test (Fig. 3.9A, B, and data not shown). Furthermore, ERK5
icKO mice performed equally well as the control mice in the visible platform test, carried out one
day after the reversal probe test (Fig. 3.9C). Thus, the deficiency of ERK5 icKO mice in
acquisition of newer spatial information in the reversal hidden platform test was not due to a

procedural learning deficit, their lack of ability to swim, or motivation to escape from the water.

ERKS icKO mice are deficient in pattern separation

ERK5 icKO mice were subjected to the radial arm maze pattern separation assay, a
form of spatial learning and memory that is dentate gyrus-dependent (Farioli-Vecchioli et al.,
2008; Clelland et al., 2009; Guo et al., 2011) (Fig. 3.10A). Pattern separation is the process of
transforming similar representations or memories into highly dissimilar, non-overlapping
representations. Thus, it is also considered a difficult form of hippocampal memory formation
(Clelland et al., 2009; Guo et al., 2011). ERK5 icKO mice displayed a deficit in this form of
pattern separation at both separations 2 and 4 (Fig. 3.10B; One-Way ANOVA, F363=3.94,

p=0.012).

Remote fear memory is impaired in ERK5 icKO mice
Passive avoidance is another form of hippocampus-dependent fear conditioning. We
analyzed ERK5 icKO mice for their ability to learn this task and to retain remote fear memories

(Fig. 3.11).
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Figure 3.8. ERK5 icKO mice show impaired learning of newer spatial information. (A)
Schematic depiction of the experimental design. Mice were subjected to 8 d of training (4
sessions/day, 30 min inter-session interval, from d1 to d8) in the hidden platform water maze. A
probe test was conducted 24 h later. Mice were then subjected to 7 d of reversal training (4
sessions/day, 30 min intersession interval) where the escape hidden platform was relocated to
the opposite quadrant of the water maze. This was followed by reversal probe test and visible
platform test. (B) Target (in quadrant 1) acquisition in the hidden platform, quantified as swim
distance to platform, was similar in control and ERK5 icKO mice, demonstrating similar spatial
learning. (C) ERK5 icKO mice spent similar amount of time in the virtual target quadrant as
control mice in the probe test, suggesting that ERK5 icKO mice retained the spatial memory. (D)
Swim distance to escape in the reversal hidden platform training where the hidden platform was
moved to quadrant 3. ERK5 icKO mice swam longer distances, suggesting impaired learning of
newer spatial information. (E) Control but not ERK5 icKO mice spent significantly more time in
the new virtual target quadrant 3 than in the previous virtual target quadrant 1 during the
reversal probe test. (F) ERK5 icKO mice spent less time in the target platform zone than control
mice during the reversal probe test. (G) Representative computer-generated tracing of the swim
and search pattern of control versus ERK5 icKO mice in the initial probe test and the reversal
probe test. Data are mean = (s.e.m.) from two independent experiments with n = 10 per
treatment group per experiment. n.s., not significant, *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 3.9. ERKS5 icKO mice are not deficient in their ability to swim or in their motivation
to escape water in the Morris water maze assay. (A) Total swim distance was measured
during the 60 s period of the probe test. (B) Average swim speed during the 60 s probe test. (C)
Swim distance to platform during the visible platform test. Data represent mean from two
independent experiments with n = 10 animals per treatment group per experiment.
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Figure 3.11. Remote memory in the passive avoidance assay is impaired in ERK5 icKO
mice. Mice were trained with one 0.7 mA, 2 s foot shock in the passive avoidance assay. (A)
Schematic illustration of the experimental design. (B) Crossover latency was measured 24 h or
21 d post-training. Data represent mean % (s.e.m.) with n = 10 per treatment group. n.s., not
significant; ***, p<0.001.
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A mild foot shock (0.7 mA, 2 s) was delivered once mice crossed over into the dark chamber
during training. ERKS icKO mice showed similar crossover latency as control mice when tested
24 h post-training, suggesting that they learned the task and can retrieve the memory.
Interestingly, ERK5 icKO mice showed no remote memory measured 21 d after training (One-
Way ANOVA, F540=40.34, p<0.001). These data define a new role for adult neurogenesis in

the expression of remote memory.

DISCUSSION

New neurons are constantly born in the dentate gyrus of the hippocampus in the adult
mammalian brain. However, the functional impact of these adult-born neurons on hippocampus-
dependent functions is still an open question. Furthermore, signaling mechanisms regulating
adult neurogenesis are incompletely defined. Our goal was to investigate the role of ERK5 MAP
kinase in the regulation of adult hippocampal neurogenesis and associated physiological

functions.

Here we report that the expression of ERK5 MAP kinase is restricted to the two
neurogenic regions in the adult mouse brain. This pattern of expression distinguishes ERK5
from other signaling molecules implicated in adult neurogenesis, including NeuroD, sonic
hedgehog, and Wnt which are more widely expressed in the brain (Kenney et al., 2004; Lie et
al., 2005; Jiao and Chen, 2008; Bruel-Jungerman et al., 2009; Gao et al., 2009; Jessberger et
al., 2009; Kuwabara et al., 2009; Ma et al., 2009; Suh et al., 2009). It also suggests that ERK5
may regulate adult neurogenesis. Indeed, conditional deletion of the erk5 gene specifically in

the neurogenic regions attenuated adult hippocampal neurogenesis in vivo.
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Although several studies have attempted to assess the role of adult neurogenesis in
hippocampus-dependent memory formation, the results have been inconsistent (Deng et al.,
2010; Leuner and Gould, 2010). For example, although some studies showed that ablation of
adult neurogenesis interferes with contextual fear response (Imayoshi et al., 2008), contextual
fear memory (Saxe et al., 2006), contextual trace memory (Guo et al., 2011), contextual fear
memory extinction (Deng et al., 2009), and contextual fear memory transfer out of the
hippocampus (Kitamura et al., 2009), other studies suggest that inhibition of adult neurogenesis
does not affect contextual fear conditioning (Shors et al., 2002; Dupret et al., 2008; Zhang et al.,
2008a; Deng et al., 2009; Jaholkowski et al., 2009). Several factors may contribute to these
seemingly contradictory results, including design of the behavior studies. Here, we sought to
examine the effects of targeted erk5 deletion on contextual fear memory by directly comparing
two paradigms that have been used in previous reports, 1X 0.7 mA, 2 s, vs. 3X 0.3 mA, 2 s
each (Imayoshi et al., 2008; Deng et al., 2009). Interestingly, ERK5 icKO mice show reduced
contextual fear memory using the 3X 0.3 mA, 2 s foot shock but not the 1X 0.7 mA, 2 s foot

shock.

Adult neurogenesis has also been implicated in spatial learning and memory in some
studies (Dupret et al., 2008; Farioli-Vecchioli et al., 2008; Imayoshi et al., 2008; Zhang et al.,
2008a; Clelland et al., 2009; Garthe et al., 2009; Jessberger et al., 2009; Creer et al., 2010; Guo
et al., 2011), but not in others (Shors et al., 2002; Meshi et al., 2006; Saxe et al., 2006; Denis-
Donini et al., 2008; Jaholkowski et al., 2009). In addition to the differences in experimental
design of behavior assays, several other factors may contribute to these contradictory results,
including the specificity of the methods used to ablate adult neurogenesis. Many early studies
used X-irradiation or anti-mitotic drugs to ablate adult neurogenesis. Although these methods
are effective at reducing adult neurogenesis, they are not specific to aNPCs and can affect other

neurons. These treatments may also lead to significant side effects, including neural
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inflammation. More recent studies employed transgenic expression of a lethal gene, such as
diphtheria toxin using the Nestin-CreER'4NSE-DTA mice (Imayoshi et al., 2008), thymidine
kinase (Saxe et al., 2006; Deng et al., 2009), or the pro-apoptotic protein Bax (Dupret et al.,
2008) to kill adult-born cells. Although these approaches are more specific to aNPCs than
irradiation or anti-mitotic drugs, greatly increased cell death in the dentate gyrus may interfere
with normal hippocampal function. In other studies, a specific gene such as cyclin D2, Wnt, TLX,
or PI3K was deleted or inhibited (Denis-Donini et al., 2008; Zhang et al., 2008a; Jaholkowski et
al., 2009; Jessberger et al., 2009). However, these genes are also expressed in neurons of the
brain and the deletion or inhibition of these genes in mice may not be restricted to aNPCs. The
off-target effects associated with these approaches may contribute to ambiguity in interpretation

of the results.

The contradictory results in the literature regarding the functional impact of adult-born
neurons on hippocampus-dependent function necessitated studies using more specific genetic
approaches with less off-target side effects to manipulate adult neurogenesis. One strategy
uses transgenic mouse technology to conditionally disrupt a specific gene both temporally and
spatially in adult neurogenic regions. Indeed, a recent study used this approach to delete fragile
X mental retardation protein (FMRP), a protein that is enriched in neurons but also expressed in
aNSCs. This study reported evidence that adult neurogenesis contributes to learning and
memory (Guo et al., 2011). A superior strategy to disrupt adult neurogenesis would be to
identify a signaling molecule that is only expressed in neurogenic regions of the brain that is
required for adult neurogenesis, and to conditionally disrupt that gene in adult neurogenic
regions. The present study identifies ERK5 MAP kinase as such a molecule. We have
demonstrated spatially and temporally controlled deletion of erk5 in the neurogenic regions of

the adult brain, which led to significant inhibition of adult neurogenesis in the dentate gyrus.
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Our data showed that ERK5 icKO mice do not exhibit general behavioral defects in the
open field activity assay or open field habituation, memory for novel object at 1 h and 24 h,
cued-fear conditioning, contextual fear conditioning using a 0.7 mA foot shock, or the acquisition
of the initial spatial learning and memory in Morris water maze training. Thus, these mice have
no defects in vision, general mobility, general curiosity, ability to swim, motivation to escape

from the water, or procedural learning, and they are not ataxic.

However, it is interesting that targeted deletion of erk5 interfered with novel object
memory measured 48 h after training, contextual fear extinction, contextual fear memory from
weaker foot shocks (0.3 mA), reversal water maze test, and pattern separation. These data
suggest that ERK5 knockout mice are deficient in several forms of hippocampus-dependent
memory, which share the property of being more challenging. Several studies have implicated
the dentate gyrus in pattern separation (Clelland et al., 2009; Creer et al., 2010; Guo et al.,
2011). Data presented in this study provide additional genetic evidence supporting a role for
adult neurogenesis in this dentate gyrus-dependent function. The fact that erk5 deletion
interferes with fear memory extinction and reversal of hidden platform training suggests that
adult neurogenesis may be important for learning that requires active forgetting of a prior

memory.

How enduring long-term, or remote memory is formed is an important question. Although
recent studies have shed light on mechanisms responsible for the formation of recent
hippocampus-dependent memories, much less is known regarding how recent memories are
transformed into remote memories (Frankland and Bontempi, 2005). We discovered that
although ERKS5 icKO mice have normal fear memory one day after training in the passive
avoidance assay, their remote memory at 21 days was completely disrupted. This data is the

first demonstration that adult neurogenesis contributes to the expression of remote memory.
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Together, our data identify ERK5 MAP kinase as a novel signaling pathway regulating
adult neurogenesis in the dentate gyrus, and demonstrates a causal relationship between
ERK5-regulated adult neurogenesis and the expression of remote memory as well as several
challenging forms of hippocampus-dependent memory formation including fear memory
extinction. This study also provides the first evidence for a physiological function of ERKS5 in vivo

in the adult mammalian brain.
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Chapter 4
The Maintenance of Established Remote Contextual Fear Memory Requires ERK5 MAP

Kinase and Ongoing Adult Neurogenesis in the Hippocampus

INTRODUCTION

Adult neurogenesis occurs in distinct regions in the mammalian brain under normal
physiological conditions including the subgranular zone (SGZ) in the dentate gyrus of the
hippocampal formation (Ming and Song, 2011). Adult neurogenesis in the SGZ has been
implicated in several forms of hippocampus-dependent learning and memory (Deng et al.,
2010). We previously reported that ERK5 expression in the adult brain is limited to the
neurogenic regions and that adult neurogenesis in the SGZ is regulated by the ERK5 MAP
kinase both in vitro and in vivo (Pan et al., 2012b). Interestingly, deletion of erk5 specifically in
the adult neurogenic regions impairs adult neurogenesis in the hippocampus (Pan et al,
2012b), and disrupts the more demanding forms of hippocampus-dependent memory including
contextual fear memory generated by a weak foot shock as well as contextual fear extinction

(Pan et al., 2012a).

Whether the maintenance of remote contextual memory depends on the hippocampal
formation is controversial with some evidence supporting its involvement (Debiec et al., 2002;
Goshen et al., 2011; Sutherland and Lehmann, 2011). However, other data have suggested that
the hippocampus only plays a temporary role in the formation of new contextual fear memories
and that remote memories are independent of the hippocampus and are permanently stored in
extra-hippocampal regions such as the neocortex (Squire and Zola-Morgan, 1991; Kim and
Fanselow, 1992; Squire and Alvarez, 1995; Anagnostaras et al., 1999; Frankland and Bontempi,
2005). Furthermore, although adult neurogenesis occurs throughout adult life in the dentate

gyrus and may modulate the duration of hippocampus-dependent memory (Kitamura et al.,
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2009), its role in the maintenance of remote memory has not been reported. Here, we present
evidence that remote contextual memory depends upon ongoing adult neurogenesis even after

remote memory is established.

MATERIALS AND METHODS
Ethics statement

All animals used in this study were approved by the University of Washington
Institutional Animal Care and Use Committee. Experimental conditions and procedures were

performed with direct approval under protocol 3041-04.

Animals

The generation of Nestin-CreER™/ERK5""" mice has been previously described
(Pan et al., 2012a). All experiments were performed using identically handled littermates.
Standard housing conditions were applied (12 h light/dark cycle) with food and water provided
ad libitum. All experimental procedures were approved and performed in accordance with the

guidelines under the University of Washington Institutional Animal Care and Use Committee.

Administration of tamoxifen

Male and Female 10-12 week old adult mice were used. Tamoxifen was freshly
dissolved in 2% glacial acetic acid and corn oil (Sigma) at 37°C and vortexed periodically. To
initiate Cre-mediated erk5 gene deletion, 5 mg of pre-warmed tamoxifen was delivered via oral
gavage by either of two paradigms: A) once per day for 4 d in each cycle for 3 total cycles (3 x 4
d) with a 2 week inter-cycle interval for Figures 1 and 2, or B) once per day for 7 d for Figures 3

and 4. Vehicle control animals were dosed in an identical manner with corn oil solution.
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Fear memory conditioning using a weak foot shock

This was performed as described (Pan et al., 2012a). Briefly, The foot shock context is a
10”(W) x 10”(D) x 16”(H) square-shaped box fitted with metal grid shock floor (Coulbourn). On
training day, mice were placed in this context box with striped wall paper and allowed to
habituate to the environment for 2 min. Immediately following habituation, animals were
subjected to 3 successive foot shocks, 0.3 mA, 2 s each and separated by 2 min inter-shock
intervals. Freezing behavior was scored immediately after each shock for 2 min. Mice were
returned to their home cages for a 2 min period while the context box was cleaned, and then
back to the cleaned context box for 2 min, during which time their freezing behavior was
assessed as a measure of contextual fear memory acquisition. Six days post-training, mice
were brought back to the context box for 2 min and freezing behavior scored. Two hours later,
mice were placed in a novel context (hexagonal shaped arena with clear side walls) in a
different room and assessed for freezing behavior for 2 min. Freezing behavior is defined by

lack of bodily movement with all 4 paws on the grid floor except for normal respiration.

Remote memory assessment

Mice were trained for contextual fear and cued-fear conditioning using the standard 1 x
0.7 mA foot shock paradigm as described (Pan et al., 2012a). The establishment of contextual
fear memory was confirmed by scoring freezing behavior in the context box for 2 min at 24 h
after training. Freezing behavior in response to the cue or in a novel environment was also
scored. Remote memory was assessed under three different conditions: A) erk5 was deleted
prior to training, B) erkd was deleted 6 d after training, and C) erk6 was deleted 5 weeks
following training. In all cases, remote contextual and cued-fear memories, as well as freezing

behavior in a novel context were analyzed as described (Pan et al., 2012a).
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Statistical analysis

Two-way ANOVA with repeated measures was used to analyze data in Figure 3E. One-
way ANOVA with Fisher's LSD post-hoc analysis was performed for all remaining data. Data
represent mean * standard error of means (s.e.m.). ¥, p<0.05; **, p<0.01; ***, p<0.001; n.s., not

statistically significant (p = 0.05). n = 6 for each genotype/control in each experiment.

RESULTS

Conditional deletion of erk5 causes deficits in contextual memory consolidation but does
not affect memory acquisition or retrieval

Contextual fear memory is significantly reduced in the inducible and conditional ERK5 knockout
(ickKO) mice when they are trained using a challenging weak shock protocol (3 x 0.3 mA foot
shocks, 2 s each) but not when trained with a stronger foot shock (1 x 0.7 mA. 2 s) (Pan et al.,
2012a). The deficit in contextual memory when mice are trained with 3 x 0.3 mA foot shocks
could result from impairments in memory acquisition, retrieval, or consolidation. To address this
issue, we employed the ERK5 icKO mice in which tamoxifen treatment (3 x 4 d) of adult Nestin-
CreER™/ERK5F"® mice selectively deletes the erk5 gene in Nestin-expressing adult neural
stem cells (Pan et al., 2012b). This leads to significant impairment of adult neurogenesis
quantified by the reduction of the total number of BrdU, NeuN double-positive adult-born
neurons in the SGZ (Pan et al., 2012b). Three groups of control mice were used: ERK5"P
mice treated with either vehicle control (control A) or tamoxifen (control B), and Nestin-
CreER™/ERK5P"*" mjce treated with vehicle control (control C) (Table 4.1). When ERK5 icKO
and control mice were trained for contextual fear conditioning using the weak shock paradigm
(Fig. 4.1A), they all displayed similar degrees of freezing immediately after each foot shock
during training, indicating comparable levels of shock sensitivity (Fig. 4.1B). Mice were then
tested for contextual fear memory at 2 min and 6 d after training. ERK5 icKO mice behaved

similarly as control mice when tested 2 min after training (Fig. 4.1C), indicating that they can
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acquire and retrieve contextual fear memory. However, ERK5 icKO mice exhibited significantly
less freezing at 6 d post-training (Fig. 4.1D). The contextual fear memory at 6 d was context-
specific since all mice froze minimally when exposed to a novel context. Consolidation of
contextual fear memory in mice occurs within 24 h and continues thereafter. Our data suggest
that the impaired contextual fear memory of ERKS5 icKO mice 6 d after training using the weak
foot shock paradigm is not due to a deficit in acquisition or memory retrieval, but rather

consolidation and persistence of contextual fear memory.

Targeted deletion of erk5 prior to training for contextual fear conditioning interferes with
the establishment of remote memory

Since ERK5 icKO mice exhibited impaired contextual fear memory 6 d after training
using the 0.3 mA foot shock training paradigm (Fig. 4.1), we employed a commonly used,
stronger shock training protocol (0.7 mA, 2 s) to assess the importance of adult neurogenesis
for remote memory (Fig. 4.2A). ERK5 icKO and control mice exhibited equivalent levels of
contextual fear memory 1 d after training (Fig. 4.2B). When assessed for remote contextual fear
memory 5 weeks post-training, however, ERK5 icKO mice exhibited significantly reduced
memory (Fig. 4.2C). This result was context-specific since all mice froze minimally when
exposed to a novel context (Fig. 4.2D). Additionally, all mice froze at similar levels when
assessed for cued-fear conditioning at 5 weeks, suggesting that amygdala-dependent fear
memory was intact in ERK5 icKO mice (Fig. 4.2E). These data suggest that adult neurogenesis

is required for the establishment of remote contextual fear memory.
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Table 4.1. Description of animal genotypes and treatment groups

Name Genotype Treatment
Control A ERK5oxP/loxP Vehicle
Control B ERK5oxP/loxP Tamoxifen
Control C Nestin-CreER™/ERK5!oxP/loxP Vehicle

ERKS5 icKO Nestin-CreERTM/ERK5!oxP/loxP Tamoxifen
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Figure 4.1. ERK5 icKO mice display normal shock sensitivity, acquisition and retrieval of
contextual fear memory, yet show reduced contextual fear memory 6 d after training with
the 3 x 0.3 mA foot shock paradigm. A) Schematic depiction of the experimental design. B)
Freezing behavior displayed by ERK5 icKO and control mice immediately following each of the
3 successive 0.3 mA foot shocks during training. C) ERKS icKO mice have acquired and can
retrieve contextual fear memory 2 min after training. D) ERKS icKO mice show reduced
contextual fear memory 6 d after training while freezing behavior in the novel context was

unaffected.
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Figure 4.2. ERK5 icKO mice are impaired in remote memory when the erk5 gene was
inducibly deleted prior to training. A) Schematic depiction of the experimental design. Mice
were treated with tamoxifen to delete erk5 before contextual fear conditioning with the 1 x 0.7
mA foot shock paradigm. B) Freezing behavior in the shocking context 1 d after training does
not differ between ERKS5 icKO and control mice. C) Remote contextual memory is impaired in
ERKS5 icKO mice when tested 5 weeks post-training. D) Minimal freezing behavior is observed
in a novel context at both 1 d and 5 weeks post-training for all treatment groups. E) Amygdala-
dependent, cued-fear conditioning is normal in ERK5 icKO mice at both 1 d and 5 weeks post
training
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Conditional deletion of erk5 six days after training for contextual fear conditioning
causes remote memory decay

We next examined if new neurons born after initial acquisition and consolidation of
contextual fear memory are necessary for the expression of remote memory. Mice were first
trained and assessed 1 d after training for context-specific and cued-fear conditioning (Fig.
4.3A-D). Both ERK5°"® and Nestin-CreER™-ERK5"'" mice performed similarly
suggesting that prior to tamoxifen treatment, no phenotypic differences exist. After mice had 6 d
to consolidate contextual fear memory, they were treated with vehicle control or tamoxifen for 7
d to delete erk5 thereby inhibiting adult neurogenesis. This treatment has been demonstrated
previously to significantly reduce the total number of cells expressing ERK5, NeuroD, as well as
BrdU and NeuN double-positive adult-born neurons in the SGZ (Pan et al., 2012a). Remote
contextual memory was assessed at 5, 9, 12, and 16 weeks after initial training. ERKS icKO
mice froze significantly less than control mice, especially at 12 and 16 weeks post-training (Fig.

4.3E). This effect was context-specific and did not affect cued-fear conditioning (Fig. 4.3F, G).

Ongoing ERKS5-regulated adult neurogenesis is required for the maintenance of remote
memory, even after remote memory has been established

Another important question is whether ongoing adult neurogenesis is necessary for the
maintenance and expression of remote contextual fear memory after the memory has
transferred into extra-hippocampal regions, which usually takes approximately 4 wks in mice
(Kitamura et al., 2009; Wiltgen et al., 2010; Goshen et al., 2011). To address this question,
ERK5""® and Nestin-CreER™/ERK5*" mice were trained as in Figure 3 with 0.7 mA foot
shock and their contextual fear memory tested and confirmed 1 d after training (Fig. 4.4A-D).
Both groups of mice performed equally well after training. Five weeks after training, we treated
mice with vehicle control or tamoxifen to delete erk5 and disrupt adult neurogenesis. Mice were

tested for context-specific freezing behavior 15 wks after training. Interestingly, ERK5 icKO mice
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froze significantly less than control mice when assessed for persistence of remote contextual
memory 15 wks post-training (Fig. 4.4E), but not in remote cued-fear memory or in the novel
context (Fig. 4.4F, G). These data suggest a context-specific deficit in the maintenance of
remote contextual fear memory even when erk5 was deleted in adult neurogenic regions after

remote memory had been established.

DISCUSSION

Deficits in learning and memory are prominent features of many mental disorders.
Understanding molecular mechanisms underlying learning and memory are key to the
development of therapies to correct cognitive disorders in the treatment of mental iliness. The
goal of this study was to investigate the role for ERK5 MAP kinase and ERK5-regulated adult

neurogenesis in the memory formation of contextual fear and the maintenance of this memory.

We previously reported that contextual fear memory is significantly reduced in ERK5
icKO mice at 24 h after animals were trained using a challenging training protocol (3 x 0.3 mA
foot shocks) (Pan et al., 2012a). Here, we demonstrate that under the same conditions, ERK5
icKO mice showed similar contextual fear memory as control mice when tested 2 min after
training. Thus, the reduced contextual fear memory seen at 24 h using the 3 x 0.3 mA foot
shocks training protocol is most likely due to a deficit in consolidation of the fear memory rather

than deficits in memory acquisition and/or retrieval.

Since inhibition of adult neurogenesis may increase anxiety (Revest et al., 2009), it is
possible that the deficits in remote contextual fear memory observed in ERK5 icKO mice may
be due to increased anxiety. However, ERK5 icKO mice are not deficient in short-term (2 min, 1
day) contextual fear memory, nor in both short-term (1 day) and remote (5 wks, 15 wks, and 16

wks) cued fear memory.
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Figure 4.3. Deletion of the erk5 gene 6 days after training causes decay of remote
contextual fear memory. A) Schematic depiction of the experimental design. B-D)
Assessment of memory formation for contextual fear conditioning (B), novel context (C), and
cued fear (D) before erk5 deletion. Mice were trained with the 1 x 0.7 mA foot shock paradigm
and freezing behavior was assessed 1 d after training. E-G) Six days after training, mice were
treated with tamoxifen for 7 d to delete erk5 or with vehicle control. Freezing behavior was
assessed in the training context (E), a novel context (F), or in a novel context paired with the
cue (G) at 5, 9, 12, and 16 weeks after training.
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If increased anxiety significantly affects remote contextual fear memory, then it should have also
affected short-term contextual and cued fear memory, as well as remote cued fear memory.
Therefore, it seems unlikely that the observed defect of remote memory in ERK5 icKO mice is

due to increased anxiety.

It is generally agreed that contextual fear memory is initially stored in the hippocampus
for the short term. Furthermore, interaction between the hippocampus and neocortex after the
formation of recent memory is crucial for the storage of remote memory regardless of the exact
storage location for remote memory (Frankland and Bontempi, 2005; Nakashiba et al., 2008;
Nakashiba et al., 2009). Indeed, post-training deletion of erk5, which reduces adult
neurogenesis (Pan et al., 2012b), during the hippocampus-dependent period (6 d post-training)
caused retrograde amnesia of contextual fear memory. Together with a recent report using
diphtheria toxin-based strategy to ablate mature, adult-generated neurons within the week after
training (Arruda-Carvalho et al.,, 2011), these data suggest that interference with adult

neurogenesis can cause retrograde amnesia.

Whether the hippocampal formation is required for the maintenance of remote contextual
memory once the memory is established is controversial (Squire and Zola-Morgan, 1991; Kim
and Fanselow, 1992; Squire and Alvarez, 1995; Anagnostaras et al., 1999; Debiec et al., 2002;
Frankland and Bontempi, 2005; Frankland et al., 2006; Lehmann et al., 2007; Wang et al., 2009;
Wiltgen et al., 2010; Goshen et al., 2011; Sutherland and Lehmann, 2011). Furthermore, before
this study, it was not known if continuing adult neurogenesis plays a role in the expression and
maintenance of remote contextual memory. For example, one study suggests that adult
neurogenesis modulates the duration of hippocampus-dependent period of associative fear
memory but inhibition of adult neurogenesis does not cause loss or reduction of remote memory
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per se (Kitamura et al., 2009). Using our transgenic mouse line, we were able to specifically and
conditionally target erk5 in neural stem/progenitor cells in adult neurogenic regions, thus
interfering with adult neurogenesis (Pan et al.,, 2012a; Pan et al., 2012b) to assess the
importance of adult-born neurons in the hippocampus for the expression and persistence of
remote memory. Our data indicate a critical role for adult-born neurons in both the expression
and maintenance of remote contextual memory using three different paradigms, exemplified
with observed deficits when erk5 was conditionally deleted prior to training, 6 d after training, or

5 wks after training.

The cortex and basolateral amygdala are required for remote contextual fear memory
(Gale et al., 2004; Frankland and Bontempi, 2005; Poulos et al., 2009). It is possible that the
functional connectivity between the hippocampal formation and amygdala or cortex during
memory retrieval and reconsolidation is important for the maintenance of remote contextual fear
memory. Although this study does not directly address this functional connectivity, it is important
to note that ERKS is selectively expressed in the neurogenic regions but not other regions of the
adult brain (Pan et al., 2012a; Pan et al., 2012b). Furthermore, the erk5 gene deletion is
restricted to neurogenic regions of the adult brain (Pan et al., 2012a; Pan et al., 2012b). Data
presented in this study clearly suggest that the continual formation of new neurons in the
dentate gyrus is integral for the establishment and maintenance of remote contextual fear
memory, even after the memory has transferred out of the hippocampus. Our data support the
general hypothesis that the hippocampus has a long-term role in the continued expression of
contextual fear memory (Sutherland et al., 2008; Sparks et al., 2011), and may have important

implications for the treatment of memory disorders.
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Chapter 5
Inducible and Targeted Deletion of ERK5 MAP Kinase in Adult Neurogenic Regions
Impairs Adult Neurogenesis in the Olfactory Bulb and

Several Forms of Olfactory Behavior

INTRODUCTION

Humans and other mammals detect and distinguish between thousands of different
odorants. Defects in olfaction cause loss of appetite and poor nutrition, particularly with older
individuals. For example, the average human loses a significant proportion of their olfaction as
they age, and olfactory dysfunction is associated with several neurodegenerative diseases
including Alzheimer’s and Parkinson’s disease (Hawkes, 2006). Recent studies led to the
exciting discovery of ongoing adult neurogenesis in the subventricular zone (SVZ) along the
lateral ventricles in the adult brains of mammals (Alvarez-Buylla and Garcia-Verdugo, 2002;
Ming and Song, 2005; Zhao et al., 2008; Ming and Song, 2011). Newly generated neuronal
precursors in the SVZ migrate along the rostral migratory stream (RMS) to the core of the
olfactory bulb (OB) where they begin radial migration and differentiation into inhibitory
interneurons (Belvindrah et al., 2009; Whitman and Greer, 2009). Although these neurons have
been extensively characterized at the cellular level, their functional impact on olfactory behavior
is still an open question (Whitman and Greer, 2009; Bardy and Pallotto, 2010; Lazarini and
Lledo, 2011; Breton-Provencher and Saghatelyan, 2012; Kageyama et al., 2012). Furthermore,
signaling mechanisms regulating adult SVZ/OB neurogenesis are not fully defined.
Consequently, it is critical to elucidate signaling mechanisms regulating adult SVZ/OB
neurogenesis and to generate definitive evidence concerning the role of adult neurogenesis in

olfactory behaviors.
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ERKS5 is a member of the MAP kinase super family of proteins that include ERK1/2 (Lee
et al., 1995; Zhou et al., 1995). We recently discovered that although its expression in the adult
brain is extremely low, ERK5 is prominently expressed along the neurogenic SVZ-RMS-core of
the OB pathway. This striking pattern of expression suggests a unique and important role for
ERKS5 signaling in adult SVZ/OB neurogenesis. We have generated an ERKS5 inducible and
conditional knock out (icKO) mouse that allows us to delete the erk5 gene specifically in
neurogenic regions of the adult brain (Pan et al., 2012a). Here, we report that ERK5 icKO mice

are impaired in adult neurogenesis in the SVZ/OB and in several forms of olfactory behavior.

MATERIALS AND METHODS
Ethics statement

All animals used in this study were approved by the University of Washington
Institutional Animal Care and Use Committee. Experimental conditions and procedures were

performed with direct approval under protocol 3041-04.

Animals

Nestin-CreER™/ERK5""*" and ERK5'*"**" transgenic animals have been previously
described (Pan et al.,, 2012a; Pan et al.,, 2012b). Littermates were handled identically and
housed under standard conditions (12 h light/dark cycle) with food and water provided ad libitum

except where indicated.

Reagents

The following primary antibodies were used for immunohistochemistry: rat anti-BrdU
(1:500, AbD Serotec), mouse anti-NeuN (1:500, Millipore), and polyclonal goat anti-doublecortin
(DCX, 1:200, Santa Cruz Biotech. Inc.). Affinity-purified polyclonal ERK5 antibody (1:500) was

described previously (Cavanaugh et al., 2001; Pan et al., 2012a). The following odorants were
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used: citralva (International Flavors & Fragrances, Inc.), isoamyl acetate (IAA, Sigma), ethyl
vanillin (SAFC Global), S-terpinen-4-ol (Sigma), acetophenone (Sigma), 1-octanol (Sigma), 2-

heptanone (Sigma), farnesene (Wako USA), 2,3,5-trimethyl-3-thiazoline (TMT, Phero Tech).

Tamoxifen and BrdU administration

Adult (8—-10 wk old) male mice were dosed daily with 200 mg/kg of freshly dissolved
tamoxifen (Sigma) in 2% glacial acetic acid in corn oil solution (Sigma) to activate Cre-mediated
recombination. All mice were administered tamoxifen either once per day for 7 d for 1 cycle for
data in Fig. 5.2 (cellular studies) or once per day for 4 d in each cycle for 3 cycles, with a 2-
week inter-cycle interval for Fig. 5.3—5.8 (behavior studies). BrdU (Sigma) was administered at a
dose of 100 mg/kg by intraperitoneal injection 5 times (every 2 h for 10 h) in one day followed by

sacrifice 3 weeks later to identify BrdU-retaining, adult-born cells.

Immunohistochemistry (IHC)

Brains from mice were harvested following intracardial perfusion and stored in -80°C
until IHC processing as described (Pan et al., 2012a; Pan et al., 2012b). IHC was performed on
20 pym thick coronal olfactory bulb sections and either 30 pm thick coronal or 20 um thick
sagittal brain sections using a free-floating antibody staining method as described (Pan et al.,

2012b).

Confocal imaging and analysis

Images were captured with an Olympus Fluoview-1000 laser scanning confocal
microscope with numerical aperture (NA) 1.3, 40X oil immersion lens. Optical Z-sections (1 um)
were collected and processed using Imaged (NIH). Images were uniformly adjusted for color,

contrast, and brightness using Adobe Photoshop CS4 (Adobe Systems, Inc.).
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Quantification of immunostained cells

One in every 8 coronal serial brain sections containing the SVZ or 1 in every 4 coronal
serial olfactory bulb sections was immunostained with the indicated markers. Immunopositive
cells were quantified as described (Pan et al., 2012b), using a modified unbiased stereology
technique by confocal microscopy with the experimenter blind to treatment conditions (West et
al., 1991; Kempermann et al., 1997b; Malberg et al., 2000). Hoechst staining of the nuclei was
used to confirm corresponding marker expression associated with a specific cell nucleus.
Resulting cell numbers were scaled relative to the number of sections per SVZ or olfactory bulb
and reported as an estimated total number of cells per region. Approximately 6—10 sections
were used for quantification per region per brain. For co-localization analysis, greater than 50
immunopositive cells were randomly selected and analyzed using confocal microscopy for the
presence of overlapping fluorescent signal across all planes in an optical Z-series of a single
cell. Only when overlapping signal was found in all planes was a cell considered to be double

positive.

Behavior assays
Male mice were used for behavior assays. Mice were individually housed and handled at

least 4 d before olfactory behavior assays and remained singly caged throughout all olfaction
assays. With the exception of the TMT-based innate fear assay, all other olfactory behavior
assays were conducted in mouse home cages. For all cotton-tip based behavior assays, cotton
swabs dipped in vehicle control (mineral oil or water) or odorant solution were suspended from
the wire top of the animal's home cage with the cotton tips 8 cm above the cage floor. The
duration of animals’ sniffing of the cotton swab was recorded. The sniffing was defined as
animals’ noses approaching to and within 1 cm distance to the swabs. The animal does not
have to physically touch it. Odorants and corresponding concentrations used in various olfaction

tests are listed in Table 5.1.
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Olfactory habituation/dishabituation test with chemical odorants

This was conducted as described (Zou et al., 2012). Briefly, naive animals were pre-
trained with mineral oil-laced cotton swabs for four presentations (60 s each, 2 min intervals) to
ensure that subsequent exposure to an odorant-laced cotton swab did not elicit a response due
to object novelty. The odor habituation/dishabituation test was then performed by presenting
citralva, IAA, and ethyl vanillin sequentially, with four presentations for each odorant (60 s each
presentation, 2 min intervals). A significant decrease in the number of investigations during
subsequent presentations of the same odorant indicates odor recognition and habituation. An

increase in investigation of a new odorant indicates dishabituation.

Olfactory habituation/dishabituation test with diluted mouse urine

This was conducted as described above using diluted (1:50) normal female mouse urine,
ovariectomized female mouse urine, male mouse urine, pregnant female mouse urine, and
lactating female mouse urine, sequentially, with four presentations of each urine sample (60 s
each presentation, 2 min intervals). A significant decrease in total investigation time during
subsequent presentations of the same urine sample indicates recognition and habituation. An

increase in investigation of the next, new urine sample indicates dishabituation.

Olfactory short-term memory

This was performed as described with modifications (Breton-Provencher et al., 2009).
Mice were presented with a cotton swab laced with the same odorant during two different 5 min
sessions separated by 30, 240, 300, or 360 min intervals. Odorant detection and investigation of
the cotton swab was recorded for each 5 min session. A different odor was used for each
interval time point, but only one time interval was tested on each day for each mouse to avoid

cross interference of olfactory detection and memory. A significant decrease in total
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investigation time of the cotton swab during the 2™ presentation of the odorant suggests
olfactory memory for the 1 presentation of the same odorant (Rochefort et al., 2002; Mechawar

et al., 2004; Breton-Provencher et al., 2009).

Odor detection threshold

This was performed as described with modifications (Breton-Provencher et al., 2009).
Mice were presented with 2 cotton swabs simultaneously; one laced with vehicle control and the
other laced with a specific odorant or pheromone as indicated. The relative location of the two
cotton swabs was randomly switched between presentations to avoid spatial learning. One
session was performed per day per concentration, with increasing concentrations each day.
Each session lasted 3 min and total investigation time of each cotton swab was recorded during
the entire 3 min session. Data are presented as the mean ratio between the time spent
investigating the odor and the total sniffing of both cotton swabs (percent sniffing duration). A
50% sniffing duration indicates no detection of the odorant because the animals spent an equal
amount of time investigating both cotton swabs. Sniffing durations greater than 50% of the time

indicates that animals detected the odorant.

To measure detection sensitivity for TMT, the above assay was performed with slight
modifications. Since TMT is a known fear-inducing odor component of fox feces (Fendt et al.,
2005), we mixed it with odorants that mice are not averse to (1 mM 2-heptanone, 1-octanol, or
S-terpinen-4-ol). Mice were then presented with 2 cotton swabs as above, one laced with just
the odorant and the other laced with the odorant plus increasing concentrations of TMT. When
mice detect TMT, they avoided this cotton swab; thus a sniffing duration less than 50% indicates

that the animal detected the fear odor.
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TMT-based innate fear assay

This was conducted in a 3-chamber testing apparatus as described (Hacquemand et al;
Buron et al., 2007). Briefly, the apparatus (60 cm x 22 cm x 12 cm) consisted of three 20 cm x
22 cm x 12 cm partitions. Dividers between chambers had a small opening to allow mice to
cross freely between the three chambers. Mice were placed in the middle chamber and a small
plastic dish was placed at the far end of each of the other two chambers; mice were allowed to
habituate in the apparatus for 15 min. Following habituation, the two plastic dishes were
retrieved and a filter paper (2 cm x 2 cm) containing 5 pL of water or 5 mM TMT was placed into
each of the two dishes in a randomized manner between mice. The dishes were then placed
back into the apparatus at their original location; the duration of investigation to each chamber
and freezing behavior were recorded during a 5 min test session with the experimenter blind to
treatment conditions. Avoidance of the TMT chamber and increased freezing behavior are

indicative of innate fear responses.

Olfactory preference

Mice were presented simultaneously with two cotton swabs laced with undiluted mouse
urine (10 pL). Mouse urine was collected from group-housed mice (n = 4-5 per cage) and
pooled over a period of 2 weeks to minimize day-to-day fluctuations in basal pheromone and
urine amount. Total investigation time of each cotton swab was recorded during a 2 min
session. Cotton swab investigation is defined as the nose of the animal approaching to and
within 1 cm from the cotton swab. The animal does not have to physically touch it. Data
presented are percent sniffing duration for each odorant or urine relative to the total sniffing of

both cotton swabs. A 50% sniffing duration indicates no preference for either urine.
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Sand-digging based odor-cued associative olfactory learning

Following olfactory preference assay, mice were food restricted to maintain 85-90% of
free-feeding body weight for 4-5 d prior to the beginning and throughout the entirety of
associative olfactory discrimination assay, which was performed as previously described using
the same apparatus, pre-training, and training protocols (Zou et al., 2012). Briefly, after mice
learned to associate sand digging with a food reward at the bottom of the dish, mice were
presented with 2 sand dishes in each trial, for 4 trials per block, and 2 blocks per day. One dish
contained 100 pL of a urine sample associated with a food reward, while the other contained
100 pL of another urine sample (both urine samples were diluted 1:50) without food reward. To
avoid spatial learning, the two dishes were placed on either the left or right side randomly as
long as each dish was placed on each side twice per block but no more than three consecutive
times in each day. Scoring for correct or incorrect choice was based entirely on the animal’s first
dig, either in the urine dish with the food reward (correct) or in the urine dish without the food
reward (incorrect). Mice that dug in the incorrect dish were not allowed to self-correct. Two pairs
of urine samples were used in this assay: 1) ovariectomized (enforced with food reward) vs.

normal female urine; 2) pregnant (enforced with food reward) vs. lactating female urine.

Statistical analysis

Repeated measures ANOVA was used to analyze data in Fig. 5.3, 5.7A, and 5.8.
Student’s t-test was used to analyze all remaining data. Data represent mean + standard error
of means (s.e.m.). *, p £ 0.05; **, p < 0.01; ***, p<0.001; n.s., not statistically significant (p =

0.05).
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Table 5.1. List of odorants used in behavior assays.

\ Assay \ Odorant \ Concentration
Citralva 1 mM
Isoamyl Acetate 50 uM
Ethyl Vanillin 50 uM
Olfactory Habituation Adult_ Fema!e Mouse Urine . 1:50 D?Iut!on
Ovariectomized Female Mouse Urine 1:50 Dilution
Adult Male Mouse Urine 1:50 Dilution
Pregnant Female Mouse Urine 1:50 Dilution
Lactating Female Mouse Urine 1:50 Dilution
S-Terpinen-4-ol 1 mM
Acetophenone 1 mM
Olfactory Memory 1-Octanol 1 mM
Ethyl Vanillin 1mM
1-Octanol 1 UM = 500 uM
2-Heptanone 1 uM - 500 uM
Olfactory Threshold Farnesene 1 uM — 500 pM
2,3,5-Trimethyl-3-thiazoline (TMT) 1 UM =50 uM
Innate Fear 2,3,5-Trimethyl-3-thiazoline (TMT) 5 mM

Olfactory Preference

Male Mouse Urine

Female Mouse Urine

Pregnant Female Mouse Urine

Lactating Female Mouse Urine

Adult Female Mouse Urine

Adult Ovariectomized Female Mouse Urine

10 pL Undiluted
10 pL Undiluted
10 pL Undiluted
10 pL Undiluted
10 pL Undiluted
10 pL Undiluted

Odor-cued Associative
Olfactory Learning

Pregnant Female Mouse Urine

Lactating Female Mouse Urine

Adult Female Mouse Urine

Adult Ovariectomized Female Mouse Urine

1:50 Dilution
1:50 Dilution
1:50 Dilution
1:50 Dilution
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RESULTS
ERKS5 is expressed along the SVZ-RMS-OB axis in adult mice

Brain sections from adult mice were processed for ERK5 immunohistochemistry using
an affinity-purified polyclonal ERK5S antibody. Although ERK5 protein is not expressed in most
regions of the adult mouse brain (Pan et al., 2012b), ERK5 expression was prominent along the
SVZ, RMS, and in the center of the granular cell layer of the OB where adult born neurons exit
the RMS (Fig. 5.1). Additionally, we performed co-labeling of ERK5 and doublecortin (DCX), a
marker for transiently amplifying progenitors/newborn neurons, and found a high degree of co-
labeling in both the SVZ and OB (Fig. 5.1C—-J). This unique expression pattern of ERK5

suggests that ERKS5 plays a role in regulating adult SVZ/OB neurogenesis.

Targeted deletion of erk5 reduces adult SVZ/OB neurogenesis

Using a Nestin-CreER™/ERK5'>"" transgenic mouse strain (Pan et al., 2012a), we
conditionally deleted erk5 in Nestin-expressing neural stem cells along both the subgranular
zone (SGZ) of the dentate gryus (Pan et al., 2012a) and SVZ (Fig. 5.2) in adult animals upon
tamoxifen treatment (ERKS icKO mice). Three weeks after a 7-day tamoxifen treatment
paradigm, the total number of ERK5" cells was reduced by 60% in the SVZ of ERK5 icKO mice
compared to vehicle control-treated littermates (control) (Fig. 5.2A—H; t-test, p<0.001). This was
accompanied by a 50% reduction in the total number of DCX" cells in the SVZ (Fig. 5.2I; t-test,
p=0.03). To determine if the reduction of ERK5" and total DCX" cells in the SVZ had any impact
on the number of adult-born neurons in the OB, we dosed animals with BrdU to label adult born,
BrdU-retaining cells. Animals were sacrificed 3 weeks later; OB sections were immunostained
for BrdU and NeuN, a marker expressed in mature neurons of the granular cell layer of the OB.
There was a statistically significant reduction in the percentage of BrdU and NeuN double-
positive cells among all BrdU" cells in the granule cell layer of the OB (Fig. 5.2J; t-test, p=0.05),

indicating a reduction in the total number of adult-born, mature neurons during this time window
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(3 weeks after BrdU labeling). These data suggest that ERK5 plays a role in regulating adult

SVZ/OB neurogenesis in vivo.

ERK5 icKO mice can detect discrete odorants in a habituation/dishabituation assay but
show reduced olfactory short-term memory

To investigate the functional impact of conditional erk5 deletion in ERK5 icKO mice on
olfactory behavior, we first tested animals for an odor habituation/dishabituation assay using
three distinct odorants: citralva, isoamyl acetate (IAA), and ethyl vanillin. This assay is
commonly used to detect overt odor detection deficits in mice (Trinh and Storm, 2003). ERK5
icKO mice showed normal habituation/dishabituation and were indistinguishable from control
mice (Fig. 5.3; ANOVAnineral o, £=0.06; ANOVAirana, p=0.22; ANOVAaa, p=0.06; ANOVAGhy

vanilliny P=025)

When tested for short-term olfactory memory, both control and ERK5 icKO mice spent
significantly less time sniffing the odor-laced cotton swab during the second exposure than the
first exposure when the same odorant was presented 30 min apart (Fig. 5.4; t-testcontol,
p<0.001; t-testers icko, P<0.001). There was no statistically significant difference between
control and ERK5 icKO mice in their sniffing duration during the second exposure (p=0.11). This
suggests that the 30-min olfactory memory for ERK5 icKO mice was comparable to control
mice. Control mice maintained a similar degree of memory at 240 min and 300 min as it did at
30 min. However, ERK5 icKO mice did not exhibit statistically significant olfaction memory from
240 min onward. Thus, the short term olfactory memory of ERK5 icKO mice decayed much
faster than that of the control mice, suggesting that they have impaired short-term olfactory

memory.

106



A ERK5

B Hoechst/ERK5

svz

OB

Figure 5.1. ERKS5 is expressed along the entire SVZ/RMS/OB axis. A, B) ERKS protein
(green) was identified by IHC along the SVZ and RMS of adult mouse brain. Hoechst staining
(blue) was used to identify all cell nuclei. Scale bar in A represents 100 um and applies to B. C—
J) ERKS5 co-localizes with DCX" cells (red) along the lateral ventricles (LV) and in the center of
the granular cell layer (GCL) of the OB where adult born neurons exit the RMS. Scale bar in C
represents 25 um and applies to D—F, while scale bar in G represents 100 um and applies to H—
J. Three individual mouse brains were analyzed for ERK5 expression along the SVZ/RMS/OB
axis.
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Figure 5.2. Inducible and conditional knock out of erk§ significantly reduces ERKS5
protein expression along the SVZ, the number of DCX" cells in the SVZ, and the number
of adult-born neurons in the OB. A) Schematic illustration of the experimental design. B-G)
Representative immunostaining photomicrographs of ERK5 (green) and DCX (red) in vehicle
control-treated mice (B-D) as well as tamoxifen-treated ERKS icKO mice (E-G). Scale bar in B
represents 25 ym and applies to C—G. H) Quantification of total ERK5" cells along the SVZ. I)
Quantification of total DCX" cells along the SVZ. J) The deletion of erk5 decreases the total
number of adult-born neurons (BrdU and NeuN double-positive cells among total BrdU®
population) in the granule cell layer of the OB 3 weeks after BrdU injection. n = 5 individual
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Figure 5.3. ERKS5 icKO mice have normal olfactory detection to discrete odorants in a
habituation/dishabituation assay. Naive, adult mice were pre-trained with four presentations
of mineral oil-soaked cotton swabs, then exposed to three structurally different odorants,
citralva, isoamyl acetate (IAA), and ethyl vanillin with 4 trials per odorant. Step-wise decrease in
the number of investigation during sequential presentations of the same odor followed by
renewed interest in investigation of the first presentation of a new odorant suggests normal
olfactory habituation/dishabituation behavior. n = 16 mice per treatment group from 2
independent experiments.
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Figure 5.4. ERK5 icKO mice are deficient in olfactory short-term memory. Mice were
presented with cotton swabs laced with the same odorant twice at the indicated time intervals. A
different odor was used for each interval time point. The sniffing duration of the cotton swab was
recorded for both exposure sessions. A decrease in investigation during the second exposure of
the same odorant is suggestive of olfactory memory to the odorant. A) Short-term olfactory
memory of control mice. B) Short-term olfactory memory of ERK5 icKO mice. n = 7 mice per
treatment group.
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Reduced detection sensitivity to chemically defined odorants and pheromones in ERK5
icKO mice

We next examined the sensitivity of odor detection using an olfactory threshold assay.
ERKS5 icKO and control mice were presented with pairs of cotton swabs laced with mineral oil or
increasing concentrations of 1-octanol (1-500 pM). Although both groups of mice detected 500
MM 1-octanol equally well, ERK5 icKO mice failed to detect 1-octanol at 100 uM while control
mice clearly did (Fig. 5.5A; t-test, p=0.008). Similarly, control mice detected 2-heptanone, a
mouse pheromone (Novotny et al., 1986; Leinders-Zufall et al., 2000; Trinh and Storm, 2003) at
lower concentrations than ERKS5 icKO mice did, and there was a statistically significant

difference between the two animals at 100 yM 2-heptanone (Fig. 5.5B; t-test, p=0.004).

We also examined the sensitivity of ERK5 icKO mice to farnesene, a synthetic,
aggression-evoking pheromone (Novotny et al., 1990; Wang et al., 2004). ERK5 icKO mice
were only able to detect farnesene at the highest concentration tested (500 yM) while control
mice detected it at 100 yM (Fig. 5.6A,; t-test, p=0.009). Furthermore, mice were also examined
for their detection of TMT, a component of fox scent that is known to elicit innate fear and alarm
in rodents (Fendt et al., 2005; Kobayakawa et al., 2007; Sakamoto et al., 2011). When mice
detect TMT, they will typically avoid it and may exhibit freezing behavior. Control mice avoided

cotton swabs laced with TMT at 10 and 50 yM (Fig. 5.6B) while ERK5 icKO did not (t-testo , m,
p=0.04; t-testsp ,m, p=0.05). It is possible that ERK5 icKO mice have reduced sensitivity to

detect TMT at 10 and 50 yM. Alternatively, ERK5 icKO mice may have reduced intrinsic innate
fear of TMT and therefore do not avoid the TMT-laced cotton swab as much as control mice. To
distinguish between these possibilities, we used a separate cohort of mice and a 3-chamber

apparatus to directly test their intrinsic innate fear of TMT at a higher concentration.
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Figure 5.5. Reduced detection sensitivity to 1-octanol and 2-heptanone in ERKS5 icKO
mice. ERK5 icKO and control mice were presented with 2 cotton swabs, one laced with vehicle
control and the other with increasing concentrations of 1-octanol or 2-heptanone. An above 50%
sniffing duration (above chance) indicates detection of 1-octanol or 2-heptanone at that specific
concentration. A) Dose-response of detection threshold to 1-octanol, a chemically defined
odorant. B) Dose-response of detection threshold to 2-heptanone, a chemically defined mouse
pheromone. n = 14 mice per treatment group.
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Figure 5.6. ERK5 icKO mice have reduced detection sensitivity to aggression-evoking
and fear-inducing pheromones, but are not impaired in innate fear response per se. A)
Dose-response of detection threshold to farnesene, a chemically defined, aggression-evoking
mouse pheromone. ERK5 icKO and control mice were presented with 2 cotton swabs, one
laced with vehicle control and the other with increasing concentrations of farnesene. An above
50% sniffing duration (above chance) indicates detection of farnesene. B) Dose-response
detection to TMT, a fear-evoking odor found in fox feces. ERK5 icKO and control mice were
presented with 2 cotton swabs, one laced with vehicle control and the other with increasing
concentrations of TMT. Because TMT should elicit avoidance behavior when mice detect it
under normal conditions, a below 50% sniffing duration (less than chance) indicates detection of
TMT. C) ERKS5 icKO and control mice were subjected to the innate fear assay toward TMT
using a 3-chamber apparatus. The duration of investigation toward the chamber containing filter
paper laced with TMT (5 mM) or vehicle control was quantified. Avoidance behavior toward the
TMT chamber relative to the vehicle control chamber is a measure of TMT detection and innate
fear. D) Quantification of percent time mice spent freezing, another measurement of innate fear,
during the innate fear assay toward TMT using the 3-chamber apparatus. n = 7 mice per
treatment group.
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Mice were placed in the middle chamber, TMT (5 mM) and vehicle control were placed in the
other two chambers, separately. The duration of investigation toward each chamber and the
percent time mice froze were quantified. Although both control and ERKS5 icKO mice froze some
of the time and spent less time investigating the chamber associated with TMT, ERKS5 icKO
mice clearly avoided TMT even more so than control mice (Fig. 5.6C; t-testcontro, p=0.002; t-
testers icko, <0.001). They also froze more and moved less than control mice (Fig. 5.6D; t-
testrreeze, P=0.05; t-testyove, p=0.05). Thus, ERK5 icKO mice do not exhibit reduced intrinsic
innate fear when a sufficient concentration of TMT was present; if anything, their innate fear is
enhanced. Together, our data suggest that ERK5 icKO mice have reduced sensitivity to detect
odorants and pheromones at lower concentrations. However, erk5 deletion and subsequent

reduction of adult neurogenesis do not impair innate fear.

ERK5 icKO mice do not prefer mouse urine collected from normal females to that from
ovariectomized females

Since ERKS5 icKO mice displayed deficits in detecting lower concentrations of chemically
defined odorants and pheromones, we next evaluated their responses to various mouse urine
samples, which contain complex mixtures of odorants and pheromones. We first performed the
olfactory habituation/dishabituation assay with mouse urine (1:50 dilution) and found no
distinguishable differences between control and ERKS icKO mice in their ability to discriminate
between various urine samples (Fig. 5.7A; ANOVAenice, p=0.08; ANOVAormal female urine; P=0.99;
ANOVAariectomized female urines P=0.16; ANOVAmaie urine, £=0.14; ANOVA,egnant female urine, £=0.39;
ANOV A actating female urine; P=0.08). Next we assessed if any overall deficits existed between groups
of mice in the urine preference assay using different cohorts of mice. ERK5 icKO and control
mice were presented with two cotton swabs laced with a pair of undiluted urine samples
collected from groups of adult mice; their sniffing duration toward each cotton swab was

recorded and quantified. Both male control and male ERK5 icKO mice showed a preference for
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female mouse urine relative to male mouse urine; there was no difference between the two
genotypes (Fig. 5.7B; t-test, p=0.68). Neither group of mice showed any preference between
lactating and pregnant female mouse urine (Fig. 5.7C; t-testcontro, p=0.13; t-testerks icko, p=0.76).
Interestingly, however, although control mice preferred urine collected from normal female mice
over that from ovariectomized females, ERK5 icKO mice showed no such preference (Fig. 5.7D;

t-testcontrol, p=0003, t-testerks ickos p=050)

ERKS5 icKO mice are impaired in odor-cued associative olfactory learning

To examine if conditional deletion of erk5 and subsequent impairment of adult
neurogenesis adversely affects acquisition of odor-cued associative olfactory tasks, mice were
trained in a sand-digging based associative olfactory discrimination assay as described
previously (Zou et al., 2012). Mice were presented with two sand dishes, each laced with mouse
urine (1:50 dilution) from pregnant females or lactating females, respectively. A food reward was
buried in the sand at the bottom of the dish laced with pregnant female urine. Thus, animals had
to use olfactory cues to discriminate between the two urine samples to retrieve the food reward.
This type of odor-cued associative task is hippocampus-independent (Kaut and Bunsey, 2001;
Kaut et al., 2003; Jonasson et al., 2004; Sultan et al., 2010). Over the course of 5 training days,
control mice learned that the food reward was associated with pregnant female mouse urine but
not with lactating female mouse urine; learning was evidenced by the increase in correct
choices (Fig. 5.8A). However, ERK5 icKO mice showed no such learning and there was a

statistically significant difference between the two groups of mice (ANOVA, p=0.03).
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Figure 5.7. Unlike control mice, ERK5 icKO mice do not prefer mouse urine from normal
females to that from ovariectomized females. A) Male ERK5 icKO and control mice were
tested for their ability to discriminate between various mouse urine samples using the
habituation/dishabituation assay. The duration of sniffing of the cotton swab was quantified.
Both groups of mice were able to discriminate between urine samples over the course of 4
sequential presentations. B) Urine preference test between female mouse urine vs. male mouse
urine, presented simultaneously with cotton swabs laced with female or male mouse urine. The
duration of sniffing toward each cotton swab was quantified. Control and ERK5 icKO mice (both
male) showed a significant preference sniffing towards female mouse urine vs. male mouse
urine. C) Urine preference test between pregnant and lactating female mouse urine. D) Urine
preference test between ovariectomized female mouse urine and age-matched, normal adult
female mouse urine. Control mice preferred sniffing normal adult female mouse urine while
ERKS5 icKO mice showed no preference toward either. n = 7 mice per treatment group.
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Figure 5.8. ERK5 icKO mice are impaired in the acquisition of a sand digging-based,
odor-cued associative learning. A) Control, but not ERK5 icKO mice learned to associate a
food reward with pregnant female mouse over a 5-day training course. B) ERKS5 icKO mice did
not learn as well as control mice to associate a food reward with ovariectomized female mouse
urine over a 6-day training course. n = 7 mice per treatment group.
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This defect in odor-cued associative olfactory learning was confirmed with another pair
of urine samples: normal adult female mouse urine vs. ovariectomized female mouse urine (Fig.
5.8B). Since control mice had a preference for normal adult female mouse urine over
ovariectomized female mouse urine, we paired the food reward with ovariectomized female
mouse urine. Over the course of a 6-day training paradigm, control mice learned significantly
better than ERK5 icKO mice to discriminate between the urine pair and to associate
ovariectomized female mouse urine with the food reward (ANOVA, p=0.01). These data suggest

that ERK5 icKO mice are impaired in the acquisition of odor-cued associative olfactory learning.

DISCUSSION

The adult brain has the remarkable capacity to continuously generate new neurons in
the SVZ and OB. However, the functional impact of these adult-born neurons on olfactory
behavior is still elusive. Furthermore, signaling mechanisms regulating adult neurogenesis in the
SVZ/OB are not well defined. The objective of this study was to investigate the role of ERK5

MAP kinase in the regulation of adult SVZ/OB neurogenesis and associated olfactory behavior.

Although several studies have attempted to address the role of adult neurogenesis in
olfactory behavior, findings from different studies are contradictory and the physiological
function of adult-born neurons in the OB is still unclear (Lledo et al., 2006; Whitman and Greer,
2009; Bardy and Pallotto, 2010; Lazarini and Lledo, 2011). For example, genetic expression of a
lethal diphtheria toxin fragment (DTA) in adult-born neurons, which kills these neurons, led to a
substantial loss of adult-born granule cells in the OB and a much smaller OB (Imayoshi et al.,
2008). Surprisingly, despite these structural changes in the OB, no deficits in olfactory behavior
were observed, casting doubt as to whether adult-born neurons in the OB influence olfactory
behavior. However, a subsequent study using lateral ventricle infusion of AraC to ablate adult

neurogenesis in the SVZ/OB in mice showed that a reduction in OB adult neurogenesis reduces
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odor detection sensitivity and impairs short-term (hours) olfactory memory but does not affect
odor discrimination or reward-associated long-term memory (days) (Breton-Provencher et al.,
2009). Although results from this study generated much excitement in the field (Arenkiel, 2010;
Bardy and Pallotto, 2010; Lazarini and Lledo, 2011), they contradicted results from other reports
(Gheusi et al., 2000; Lazarini et al., 2009; Sultan et al., 2010). For example, left ventricle
infusion of AraC in another study implicated OB adult neurogenesis in long-term olfactory
memory (Sultan et al., 2010). Furthermore, cranial irradiation of the SVZ, which robustly
impaired adult neurogenesis in the OB, showed that only long-term olfactory memory, but not
the threshold for odor detection or short-term olfactory memory, is affected (Lazarini et al.,
2009). In addition, NCAM knockout mice have diminished OB neurogenesis, and are deficient in
the odor discrimination task while both the detection threshold for odors and short-term olfactory
memory are unaltered (Gheusi et al., 2000). Thus, the exact function of adult-born OB neurons

is still highly debated.

Several factors may contribute to this controversy including the specificity of methods
used to ablate or suppress adult neurogenesis. Although effective at suppressing adult
neurogenesis, x-irradiation or anti-mitotic drugs are not specific for adult-born neurons. They
target all dividing cells, may alter the neurovascular niche important for adult neurogenesis, and
induce neural inflammation. The side effects intrinsic to these methods may be confounding
factors contributing to inconsistent behavior results. Indeed, two studies using similar protocols
for AraC administration to the lateral ventricle to suppress adult neurogenesis yielded opposite
conclusions concerning a role for adult neurogenesis in long-term olfactory memory (Breton-
Provencher et al., 2009; Sultan et al., 2010). Studies using traditional knockout of genes
important for neurogenesis are also useful, but their interpretations are limited by widespread
abnormalities of brain structure or compensatory effects elicited during development.

Transgenic expression of a lethal gene, such as diphtheria toxin or thymidine kinase (Imayoshi
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et al.,, 2008; Singer et al., 2009), to kill adult-born neurons is more specific to adult neural
stem/progenitor cells. However, large amounts of cell death in the SVZ-RMS-OB axis may
interfere with normal olfactory function. These technical issues make it difficult to establish a

definitive connection between adult neurogenesis and olfactory behavior.

The existing controversy necessitates studies using more specific genetic approaches
with less off-target side effects to manipulate adult neurogenesis. Clearly, identification of a
signaling molecule that is required for adult neurogenesis which is only expressed in neurogenic
regions of the brain, coupled with a transgenic mouse engineered to temporally and spatially
delete that gene only in adult neurogenic regions would be a powerful tool to evaluate the
relationship between adult neurogenesis and olfaction. This study identifies erk56 as such a
candidate gene. Here we report that in the adult mouse brain, ERK5 MAP kinase is selectively
expressed in the neurogenic regions including the SVZ, along the RMS, and in the center of the
granular cell layer of the OB where adult-born neurons exit the RMS. Furthermore, conditional
deletion of the erk5 gene specifically in the neurogenic regions attenuated SVZ/OB
neurogenesis in vivo. These data suggest an important role for ERKS in the regulation of adult

neurogenesis along the SVZ/RMS/OB axis.

We demonstrate that erk5 deletion specifically in neurogenic regions of the adult mouse
brain did not affect olfactory discrimination in the habituation/dishabituation assay. However,
ERKS5 icKO mice forget a previously exposed odor much faster and have reduced short-term
olfactory memory compared with control littermates. Furthermore, ERK5 icKO mice exhibit
reduced detection sensitivity to 1-octanol, a chemically defined odor, at a lower concentration.

These results support the findings by Breton-Provencher et al. (Breton-Provencher et al., 2009).
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Although adult neurogenesis has been implicated in regulating pheromone-based animal
behaviors in mice, such as mating, paternal recognition, and male-male aggression (Mak et al.,
2007; Mak and Weiss, 2010; Sakamoto et al., 2011), it is not known whether adult neurogenesis
influences the detection sensitivity of pheromones. We report here that ERK5 icKO mice exhibit
reduced detection sensitivity to 2-heptanone, a mouse pheromone (Novotny et al., 1986;
Leinders-Zufall et al., 2000; Trinh and Storm, 2003), to farnesene, a synthetic, aggression-
evoking pheromone (Novotny et al., 1990; Wang et al., 2004), and to TMT, an innate fear- and
alarm-inducing pheromone (Fendt et al., 2005; Kobayakawa et al., 2007; Sakamoto et al.,
2011). Furthermore, unlike control animals, ERK5 icKO male mice do not show preference to
urine from normal over ovariectomized females. Following ovariectomy, circulating estradiol in
rats is undetectable within 24 hours (Woolley and McEwen, 1993). It is known that urine
samples collected from ovariectomized female mice contain lower levels of protein and lipids
than those from normal females (Achiraman et al., 2011). Furthermore, certain fatty acids,
including tridecanoic, palmitic and oleic acids, are present in the urine of normal but not
ovariectomized female mice (Achiraman et al., 2011). These decreases in circulating estrogen
and biochemical constituents in the urine may cause and/or be an indicator of subtle differences
in pheromones/odorants present in urine collected from ovariectomized vs. normal female
animals. Together, these data suggest that adult neurogenesis in mice plays a critical role in
their ability to detect pheromones in low concentrations. Since pheromones are likely present
only in low abundance in their normal living environment, adult neurogenesis regulation of

pheromone detection may underlie a variety of pheromone-based animal behaviors in mice.

Although several studies have evaluated the impact of adult neurogenesis on long-term
memory retention (days) of odor-cued associative olfactory learning (Lazarini et al., 2009;
Sultan et al., 2010; Kageyama et al., 2012), adult neurogenesis has not been implicated in the

acquisition of this learning task (Sultan et al., 2010). We demonstrate here that ERK5 icKO mice
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do not learn nearly as well as control mice to associate a specific mouse urine sample with a
food reward. These data provide the first evidence that adult neurogenesis in the OB may be
critical for the acquisition of odor-cued associative olfactory learning, a process that is
independent of the hippocampus (Kaut and Bunsey, 2001; Kaut et al., 2003; Jonasson et al.,

2004; Sultan et al., 2010).

In summary, our data identify ERK5 MAP kinase as a novel signaling pathway regulating
adult neurogenesis in the SVZ/OB. This is the first study utilizing genetic approaches to
conditionally delete a specific gene selectively in the neurogenic regions of the adult brain to
demonstrate a causal relationship between adult neurogenesis and several distinct forms of
olfactory behavior, including detection sensitivity to odorants and pheromones, short-term

olfactory memory, as well as acquisition of odor-cued associative olfactory learning.
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Chapter 6

Comparative Behavioral Analysis between Genotype and Drug Control Animals

INTRODUCTION

Throughout this dissertation research, the majority of experimental results presented
directly compared ERK5 icKO mice with a genotype control cohort. The decision to use a
genotype control group lies in the fact that this provides the most stringent control for ERK5
icKO animals since the only variable affecting controls and ERK5 icKO mice is the
administration of tamoxifen with all other genetic differences and experimental manipulations
held constant. Despite this argument, many publications use only one conrol group when
assessing behavioral differences and merely mention that a separate control group had been
tested and similar results were obtained (Bergami et al., 2008; Zhang et al., 2008a; Imayoshi et
al., 2009; Gao et al., 2011; Guo et al., 2011; Sahay et al., 2011; Sakamoto et al., 2011; Amiri et

al.).

With many limitations restricting even the most robust experimental designs due to many
variables including: financial stability, resource scarcity, time pressures, etc., it has generally
been accepted that one control group is often times adequate. Because intrinsic genotypic and
phenotypic differences exist when cross breeding animals for laboratory research, limitations
should not be the primary factor in selecting a control group. Since we were able to perform
many of our behavioral experiments using three separate control groups, we now present a
comparative analysis across drug and genotype control animals. Our aim in this study was to
assess if any obvious differences existed between the controls and sought to justify the use of

one control group versus another.
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MATERIALS AND METHODS
Animals

Nestin-CreER™ (Kuo et al., 2006) mice and ERK5*'® (Wang et al., 2005) mice were
crossed to yield Nestin-CreER™/ERK5> " animals. Nestin-CreER™/ERK5'”""* mice were
further crossed with ERK5"" mice to yield homozygous Nestin-CreER™/ERK5"FoxP
animals, which were used for experimental breeding. All animal experiments were performed
with identically treated and handled littermate controls. Animals were housed under standard
conditions (12 h light/dark cycle) with food and water provided ad libitum except where
indicated. All experimental procedures were approved by the University of Washington

Institutional Animal Care and Use Committee.

Reagents

The following primary antibody and dilution was used for immunohistochemistry: rabbit
polyclonal ERKS antibody (1:500) was generated previously (Cavanaugh et al., 2001) and

affinity purified using recombinant MBP-ERKS5 protein.

Immunohistochemistry (IHC)

Mice were perfused intracardially with ice cold solutions of 20 ml PBS followed by 20 ml
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Brains were harvested and
post-fixed in 4% PFA/PBS overnight at 4°C, followed by 30% (w/v) sucrose in PBS solution at
4°C until brains sunk. Immediately after sucrose embedding, brains were frozen at -80°C until
IHC processing. IHC was performed on 30 pym-thick coronal brain sections using a free-floating
antibody staining method. Briefly, brain sections were washed 4 x 10 min with 0.1 M, pH 7.4
PBS, followed by 3 x 10 min with PBST (PBS + 0.25% Triton X-100). Brain slices were then

incubated in blocking buffer (PBST + 0.1% bovine serum album (BSA) + 10% normal serum) for
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>2 h at room temperature. Where IHC for BrdU visualization was required, brain sections were
washed 4 x 10 min with 0.1 M, pH 7.4 PBS, then subjected to HCI treatment by sequential
incubation in water for 5 min, ice-cold 1 N HCI for 10 min, 2 N HCI for 30 min at 37°C, and finally
neutralized by rinsing 2 x 5 min in 0.5 M borate buffer (pH 8.5). This was followed by PBST
washes and blocking as stated above. Brain sections were incubated with primary antibodies for
48-60 h at 4°C on a platform shaker. Brain sections were washed in PBST 4 x 10 min after
primary antibody incubation and incubated with secondary antibodies conjugated with Alexa
Fluor dyes (1:500 dilution, Invitrogen) in blocking buffer overnight at 4°C on a platform shaker.
Brain sections were then washed 4 x 10 min in PBST and incubated with 2.5 pg/mL Hoechst
33342 (Invitrogen) for 30 min and washed 3 x 5 min with PBST. Unless otherwise stated, all IHC
procedures were carried out at room temperature. Brain sections were then mounted on gelatin-

coated Superfrost plus slides (VWR) with anti-fade Aqua Poly/Mount (Polysciences).

Confocal imaging and analysis

All images were captured with an Olympus Fluoview-1000 laser scanning confocal
microscope with numerical aperture (NA) 0.75, 20X lens, NA 1.3, 40X oil lens, or NA 1.35, 60X
oil immersion lens. Optical Z-sections (0.5—-1 uym) were collected and processed using ImageJ
software (NIH). Images were uniformly adjusted for color, brightness, and contrast with Adobe

Photoshop CS4 (Adobe Systems, Inc).

Behavior Assays
Open field test and habituation

Mice were placed in a 10"(W) x 10”(D) x 16”(H) TruScan Photo Beam Tracking arena
with clear sidewalls and infrared beams spaced 0.6” apart providing a spatial resolution of 0.3”
(Coulbourn). Mice were not pre-habituated to the arena to permit baseline locomotor activity and

anxiety level analysis. Twenty minutes of free exploratory time were allotted per mouse on day

125



one for the open field test. Data was collected and analyzed using TruScan 2.02 software
(Coulbourn). To analyze habituation in the open field, mice were placed in the same arena 24 h

and 48 h later for 20 min each.

Novel object recognition

Mice were placed into a 10”(W) x 10”(D) x 16”(H) contextual arena with clear sidewalls
(Coulbourn) containing 2 objects (A and B) made of plastic material for a 5 min training session
and then returned to their home cages. For short-term memory retention, mice were placed
back into the same arena one hour later with one of the previous objects (i.e. A) and a novel
object (C) for a 5-min testing session. For longer term memory retention at 24 h or 48 h, a
different cohort of mice were trained as above except that training lasted 10 min and testing was
performed either 24 h or 48 h later, respectively, during a 10-min testing session. A different set
of objects was used for the 24 h and 48 h memory tests. Exploratory activity of each object was
recorded for both training and testing sessions and analyzed by experimenters blinded to

genotype and treatment group.

Standard cued and contextual fear conditioning and contextual fear extinction

Mice were placed in a 10”(W) x 10”(D) x 16”(H) square-shaped arena fitted with a metal
grid shock floor (Coulbourn). On the day of training, each mouse was placed in the training
context (with striped wallpaper) and allowed to freely explore for 2 min. A 90 dB tone, the
conditioned stimulus (CS), was then presented for 30 s. During the final 2 s of tone
presentation, a 0.7 mA foot shock, the unconditioned stimulus (US), was delivered. CS and US
were delivered automatically using tone generator and shocker controlled by TruScan software
(Coulbourn). Mice were then returned to their home cages. Twenty-four hours later, contextual
fear conditioning test was performed in the training room, where mice were placed in the same

context arena without any foot shock for 2 min. Two hours after the contextual test, mice were
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subjected to a cued test. Mice were placed in a novel context (triangular shaped arena with solid
grey plastic walls) in a different room and allowed to freely explore for 2 min. The CS (tone) was
then presented for 2 min. Two hours after the cued test, mice were subjected to a control test in
which they were placed in another novel context (hexagonal shaped arena with clear plastic
walls) in a third room for 2 min with no presentation of either tone or foot shock. Freezing
behavior was recorded manually every 5 s for each of the 2 min assessment periods for the
three tests. Freezing behavior was defined as lack of bodily movement with all 4 paws
remaining stationary on the floor except normal respiration. Data was collected and analyzed

with experimenters blinded to genotype and treatment group.

One day following cued and contextual fear conditioning tests, mice were placed in the
training context without the foot shock for two extinction trials each day, with a 4 h inter-trial
interval. Each extinction trial lasted a total of 10 min and freezing behavior was recorded during
the final 2 min of each trial. One day after the completion of the 8 d fear extinction trials, mice
were placed in a novel context (trapezoid shaped arena with solid grey plastic walls) and

freezing behavior was recorded for 2 min.

Modified cued and contextual fear conditioning using weaker electric shock
The same training and testing setup for cued and contextual fear conditioning was used
as described above except that animals were subjected to 1-3 successive foot shocks, 0.3 mA,

2 s each and separated by 2 min inter-shock intervals.

Morris water maze assay
This was done as described with slight modifications (Wu et al., 1995; Zhang et al.,
2008b). Mice were placed in a circular pool of water at room temperature (25°C) (1.2 meter

diameter, 25 cm deep). The water was made opaque using non-toxic white paint. Three extra-
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maze cues, different in shape and size were uniformly spaced and placed on the wall
surrounding the water tank. A small escape platform (13 cm x 8 cm) made of clear plexiglass
was submerged just below the surface of the water and maintained in a fixed location for the
entire training session. To begin a trial or test, mice were randomly started in drop zones, facing
the wall, in any of the 3 quadrants without the platform. A total of 32 trials (4 trials per day for 8
consecutive days) were performed during the training session. Mice were allowed to swim for 40
s to find the platform, or guided to the platform after 40 s of the allotted maximum swim time
was reached. Each trial ended after mice were allowed to stay on the escape platform for 15 s.
A probe test was performed 24 h after the last training trial in which the escape platform was
removed and mice were allowed to swim for 60 s in search of the escape platform. Reversal
training ensued 24 h after the probe test for a total of 28 trials (4 trials per day for 7 consecutive
days) where the escape platform was placed in the opposite quadrant from the initial training
session. A reversal probe test was performed 24 h after the last trial of reversal training. Five
hours after the reversal probe test, a visible platform test consisting of 4 trials was performed
where a visible platform was placed above the water surface in a new quadrant other than the
initial or reversal quadrants and mice were allowed to swim to locate the visible platform. In all
sessions and tests, mice were allowed an inter-trial interval of 30 min. All data were collected
using ANYmaze software (San Diego Instruments) and analyzed offline with the experimenter

blinded to treatment and genotypes.

Pattern separation assay

This was measured by the delayed-non-matching-to-place test using the 8-arm radial
maze (Clelland et al., 2009; Guo et al., 2011). Mice were food restricted 4 d prior to beginning
the assay until 85-90% of free-feeding body weight was reached. Each mouse was subjected to
4 trials per day for 5 consecutive days, with an inter-trial interval of 30 min. Each trial was

divided into two phases, a training phase and a choice phase. During the training phase, 6 of 8
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arms of the radial arm maze were blocked, leaving the sample arm and start arm open,
separated by 90-degrees from each other. Food reward was placed at the end of the sample
arm. Mice were placed in the maze facing the end of the start arm and allowed to freely explore
for 3 min and then guided to the sample arm unless they retrieved the food reward from the
sample arm before the 3 min cutoff time. Mice were allowed to eat for 60 s in the sample arm
before being placed back in their home cage for approximately 30 s, during which time the maze
was rotated 45 degrees and the arms cleaned with 5% acetic acid to minimize odor reference.
The choice phase test was conducted immediately after cleaning, during which new sample and
start arms were opened and the original arms were blocked, but the relative location of the arms
during the training phase remained fixed. Additionally, a test arm was opened and separated by
either 1-arm (separation 2) or 3-arms (separation 4) from the new sample arm. Each mouse
was subjected to the same total number of separation 2 or 4 tests, although the two separations
were presented randomly in sequence each day. Food reward was placed at the end of the test
arm during the choice phase. Mice were placed in the maze facing the end of the start arm and
allowed to make a choice in the maze. When a mouse entered the test arm, it was scored as a
correct choice and the mouse was allowed to eat for 60 s before being removed from the maze.
When a mouse entered the sample arm, re-entered the start arm, or did not make a choice
within 3 min, it was scored as an incorrect choice. On day 1 and day 2, mice that made an
incorrect choice were allowed to self-correct and explore the maze for a maximum of 3 min
before being guided to the test arm and allowed to eat for 60 s. On days 3-5, mice that made an
incorrect choice were removed from the maze immediately and not allowed access to food
reward. Correct or incorrect choices during the choice phase were scored manually with the

experimenter blinded to experimental conditions.
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Passive avoidance and remote memory assay

A light/dark chamber (Coulbourn) with a guillotine trap door separating the two chambers
was used. A 60 W light bulb was placed over the opening of the light chamber, while the dark
chamber was completely covered with black film. Mice were placed in the light chamber with the
trap door closed and allowed to freely explore for 1 min. After which, the trap door was opened
and the latency to cross over was recorded. Once mice crossed over into the dark chamber, the
trap door was closed immediately followed by delivery of a mild foot shock (0.7 mA, 2 s); mice
then remained in the dark chamber for an additional 1 min before being removed and placed in
their home cage. Twenty-four hours later, mice were placed in the light chamber with the trap
door closed and allowed to freely explore for 1 min. After 1 min, the trap door was opened and
latency to cross over to the dark chamber was recorded with a maximum crossover latency
cutoff of 5 min. For remote memory test, mice were tested 21 d post-training using the same

procedure as the 24 h test.

Olfactory behavior assays

Male mice were used for behavior assays. Mice were individually housed and handled at
least 4 d before olfactory behavior assays and remained singly caged throughout all olfaction
assays. With the exception of the TMT-based innate fear assay, all other olfactory behavior
assays were conducted in mouse home cages. For all cotton-tip based behavior assays, cotton
swabs dipped in vehicle control (mineral oil or water) or odorant solution were suspended from
the wire top of the animal's home cage with the cotton tips 8 cm above the cage floor. The
duration of animals’ sniffing of the cotton swab was recorded. The sniffing was defined as
animals’ noses approaching to and within 1 cm distance to the swabs. Odorants and

corresponding concentrations used in various olfaction tests are listed in Table 1, Chapter 5.
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Olfactory habituation/dishabituation test with chemical odorants

This was conducted as described (Zou et al., 2012). Briefly, naive animals were pre-
trained with mineral oil-laced cotton swabs for four presentations (60 s each, 2 min intervals) to
ensure that subsequent exposure to an odorant-laced cotton swab did not elicit a response due
to novelty. The odor habituation/dishabituation test was then performed by presenting citralva,
IAA, and ethyl vanillin sequentially, with four presentations for each odorant (60 s each
presentation, 2 min intervals). A significant decrease in the number of investigations during
subsequent presentations of the same odorant indicates odor recognition and habituation. An

increase in investigation of a new odorant indicates dishabituation.

Olfactory habituation/dishabituation test with diluted mouse urine

This was conducted as described above using diluted (1:50) normal female mouse urine,
ovariectomized female mouse urine, male mouse urine, pregnant female mouse urine, and
lactating female mouse urine, sequentially, with four presentations of each urine sample (60 s
each presentation, 2 min intervals). A significant decrease in total investigation time during
subsequent presentations of the same urine sample indicates recognition and habituation. An

increase in investigation of the next, new urine sample indicates dishabituation.

Olfactory short-term memory

This was performed as described with modifications (Breton-Provencher et al., 2009).
Mice were presented with a cotton swab laced with the same odorant during two different 5 min
sessions separated by 30, 240, 300, or 360 min intervals. Odorant detection and investigation of
the cotton swab was recorded for each 5 min session. A different odor was used for each
interval time point, but only one time interval was tested on each day for each mouse to avoid
cross interference of olfactory detection and memory. A significant decrease in total

investigation time of the cotton swab during the 2™ presentation of the odorant suggests
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olfactory memory for the 1* presentation of the same odorant (Rochefort et al., 2002; Mechawar

et al., 2004; Breton-Provencher et al., 2009).

Odor detection threshold

This was performed as described with modifications (Breton-Provencher et al., 2009).
Mice were presented with 2 cotton swabs simultaneously; one laced with vehicle control and the
other laced with a specific odorant or pheromone as indicated. The relative location of the two
cotton swabs was randomly switched between presentations to avoid spatial learning. One
session was performed per day per concentration, with increasing concentrations each day.
Each session lasted 3 min and total investigation time of each cotton swab was recorded during
the entire 3 min session. Data are presented as the mean ratio between the time spent
investigating the odor and the total sniffing of both cotton swabs (percent sniffing duration). A
50% sniffing duration indicates no detection of the odorant because the animals spent an equal
amount of time investigating both cotton swabs. Sniffing durations greater than 50% of the time

indicates that animals detected the odorant.

To measure detection sensitivity for TMT, the above assay was performed with slight
modifications. Since TMT is a known fear-inducing odor component of fox feces (Fendt et al.,
2005), we mixed it with odorants that mice are not averse to (1 mM 2-heptanone, 1-octanol, or
R-terpinen-4-ol). Mice were then presented with 2 cotton swabs as above, one laced with just
the odorant and the other laced with the odorant plus increasing concentrations of TMT. When
mice detect TMT, they avoided this cotton swab; thus a sniffing duration less than 50% indicates

that the animal detected the fear odor.
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TMT-based innate fear assay

This was conducted in a 3-chamber testing apparatus as described (Hacquemand et al;
Buron et al., 2007). Briefly, the apparatus (60 cm x 22 cm x 12 cm) consisted of three 20 cm x
22 cm x 12 cm partitions. Dividers between chambers had a small opening to allow mice to
cross freely between the three chambers. Mice were placed in the middle chamber and a small
plastic dish was placed at the far end of each of the other two chambers; mice were allowed to
habituate in the apparatus for 15 min. Following habituation, the two plastic dishes were
retrieved and a filter paper (2 cm x 2 cm) containing 5 pl of water or 5 mM TMT was placed into
each of the two dishes in a randomized manner between mice. The dishes were then placed
back into the apparatus at their original location; the duration of investigation to each chamber
and freezing behavior were recorded during a 5-min test session with the experimenter blind to
treatment conditions. Avoidance of the TMT chamber and increased freezing behavior are

indicative of innate fear responses.

Olfactory preference

Mice were presented simultaneously with two cotton swabs laced with undiluted mouse
urine (10 pL). Mouse urine was collected from group-housed mice (n = 4-5 per cage) and
pooled over a period of 2 weeks to minimize day-to-day fluctuations in basal pheromone and
urine amount. Total investigation time of each cotton swab was recorded during a 2 min
session. Data presented are percent sniffing duration for each odorant or urine relative to the
total sniffing of both cotton swabs. A 50% sniffing duration indicates no preference for either

urine.

Sand-digging based odor-cued associative olfactory learning
Following olfactory preference assay, mice were food restricted to maintain 85-90% of

free-feeding body weight for 4-5 d prior to the beginning and throughout the entirety of
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associative olfactory discrimination assay, which was performed as previously described using
the same apparatus, pre-training, and training protocols (Zou et al., 2012). Briefly, after mice
learned to associate sand digging with a food reward at the bottom of the dish, mice were
presented with 2 sand dishes in each trial, for 4 trials per block, and 2 blocks per day. One dish
contained 100 pL of a urine sample associated with a food reward, while the other contained
100 pL of another urine sample (both urine samples were diluted 1:50) without food reward. To
avoid spatial learning, the two dishes were placed on either the left or right side randomly as
long as each dish was placed on each side twice per block but no more than three consecutive
times in each day. Scoring for correct or incorrect choice was based entirely on the animal’s first
dig, either in the urine dish with the food reward (correct) or in the urine dish without the food
reward (incorrect). Mice that dug in the incorrect dish were not allowed to self-correct. Two pairs
of urine samples were used in this assay: 1) ovariectomized (enforced with food reward) vs.

normal female urine; 2) pregnant (enforced with food reward) vs. lactating female urine.

Statistical analysis

All data are expressed as mean = standard error of the means (s.e.m.) from at least 2
independent experiments (n = 10 for each treatment group/genotype) for in vivo behavior
experiments. Repeated measures ANOVA was used to analyze data for all water maze tests
(except the probe test), fear extinction assays, olfactory habituation, pheromone habituation,
and pheromone-cued associative olfactory learning assays. One-Way ANOVA with Fisher's
LSD post-hoc analysis (Alpha=0.05) was used to analyze all other behavior data. n.s. not

significant (p>0.05); *, p<0.05; **, p<0.01; ***, p<0.001.
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RESULTS
ERKS5 protein is expressed at similar levels along the SGZ in both drug and genotype
control animals

Brains from tamoxifen treated ERK5°*"®" (Control B) and vehicle treated Nestin-
CreER™/ERK5F"™P  (Control C) animals were processed using a free-floating
immunohistochemistry protocol. ERK5 expression was detected using an affinity-purified ERK5
antibody and found to be comparably expressed along the SGZ of the dentate gyrus in both
Control B and Control C animals (Fig. 6.1). Since vehicle treated ERK5>"'*® (Control A)
animals are essentially like wild-type animals, we sought not to examine this control group for
ERKS expression in the adult mouse brain. However, we did include all three control groups in

all subsequent behavior assays.

No overt motor deficits or deficits in control animals’ ability to habituate to a novel
environment were detected

Control animals were exposed to the open field chamber to examine any overt motor
behavior deficits for a period of 20 min. This was repeated 2 more times on the subsequent 2
days, for a total of 3 trials to determine if their ability to habituate to a novel environment was

affected. All mice performed similarly in the open field habituation assay (Fig. 6.2).

Control animals perform similarly in the novel object recognition assay 1 h, 24 h, or 48 h
after a single training session

Similar to data presented in Fig. 3.5, all control mice were able to remember the familiar
toy at both 1 h and 24 h after their independent training sessions (Fig. 6.3A and B) Unlike ERK5
icKO mice however, all control animals were able to discriminate between a familiar and novel
toy 48 h after initial training (Fig. 6.3C). This data suggests that the longer term memory deficit

observed in ERKS5 icKO mice is likely not due to any off target side effects of tamoxifen.
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Figure 6.1. No differences in ERK5 expression between Control B and Control C mice
along the SGZ. Brain slices from ERK5"*" mice treated with tamoxifen (Control B, A—C) and
Nestin-CreER™/ERK5">"'*® mice treated with vehicle (Control C, D—F) were immunostained for
ERKS5 expression. Scale bar in A represents 25 um and applies to all images. Dashed lines
outline SGZ layer of the dentate gyrus.
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Figure 6.2. Baseline motor activity and habituation, monitored via the open field activity
test, is not affected across all control mice. (A) Schematic illustration of the experimental
design. Tamoxifen or vehicle was administered to 12-week old ERK5“®"® or Nestin-
CreER™/ERK5""® mice orally, 4 d in each cycle, for a total of 3 cycles with 2-week inter-
cycle intervals. Animals were subjected to behavior assays 2 weeks after the last dose of
tamoxifen. (B) Total floor plane movement on day 1 (d1), d2, and d3. (C) Total time spent along
the margins of the open field. (D) Total distance traveled. (E) Average traveling speed. Data
represent mean of two independent experiments with n = 10 animals per treatment group per
experiment.
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Figure 6.3. All control animals perform similarly in the novel object recognition assay
across all 3 time intervals. (A, B) Memory for novel object 1 h after training is not affected.
During the training session, mice were presented with 2 objects, A and B, for 5 min and the
percent of time spent exploring each object was quantified (A). During the test session,
conducted 1 h later, mice were presented again with 2 objects, A (familiar) and C (novel), for 5
min and the percent of time spent exploring each object was quantified (B). (C, D) Memory for
novel object 24 h after training is not affected. A new cohort of mice was used. Training session
was conducted for 10 min with objects A’ and B’ and exploration time was quantified (C). Test
session was conducted 24 h later with objects A’ and C’ for 10 min (D). (E, F) No memory
deficits were observed for novel object recognition assay 48 h after training. After the 24 h test,
animals were trained with objects A” and B” for 10 min (E). Test session with presentations of
objects A” and C” was performed 48 h later (F”). Data represent mean exploration time from
three independent experiments with n = 8 animals per treatment group per experiment. **,
p<0.01; ***, p<0.001.
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Performance in the contextual fear extinction assay is comparable across all control
animals

Using the standard fear conditioning assay (1X 0.7 mA, 2 s shock), all control mice were
able to associate the shocking context 24 h after training (Fig. 6.4B). This effect was context
specific since all mice failed to freeze when exposed to a novel context (Fig. 6.4C). Additionally,
all control mice performed similarly in the cued-associated fear conditioning assay 24 h after
training (Fig. 6.4D). Contextual fear extinction was performed by re-exposing all animals to the
original shocking context for 8 consecutive days after training. No deficits were observed across
the 8 d extinction paradigm; this effect was context specific since all mice also failed to freeze
when exposed to a novel context not previously associated with an aversive stimuli (Fig. 6.4E

and F).

Control animals all perform similarly in the more challenging form of contextual fear
memory assay

To determine if a more challenging paradigm of the standard contextual fear memory
assay affected control animals, we reduced the foot shock from 0.7 mA to 0.3 mA. Using this
lower shock protocol, we had to shock mice up to 3 times to elicit a similar freezing response as
a single 0.7 mA foot shock (Fig. 3.7B). All control animals froze similar amounts when re-
exposed to the shocking context 24 h later (Fig. 6.5B); and this effect was context specific since
none of the control animals froze when exposed to a novel context (Fig. 6.5C). We additionally
assessed cued-fear conditioning and found no differences among control animals when tested

24 h later (Fig. 6.5D).
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Figure 6.4. No differences between control animals in contextual fear memory extinction.
(A) Schematic illustration of the standard fear conditioning paradigm where animals were
subjected to one 0.7 mA, 2 s foot shock. (B) All control mice have similar levels of contextual
fear memory 24 h post-training. (C) None of the control mice froze when placed in a novel
context 24 h after training. (D) All control animals showed similar cued-fear response 24 h post-
training. (E) Fear extinction was similar across all controls. Day 0: the day of contextual fear
testing. Day 1: the first day animals were subjected to fear extinction training. (F) The freezing
response following fear extinction trials was context specific because animals also did not
freeze in a novel context on Day 9, one day after the completion of the fear extinction trials.
Data are mean % (s.e.m.) from two independent experiments with n = 8 animals per treatment
group per experiment.
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Figure 6.5. Contextual fear memory was not impaired when control animals were trained
with weaker electric foot shocks. (A) Schematic illustration of the modified cued-contextual
fear conditioning paradigm using 0.3 mA shock intensity delivered up to 3 times. Animals were
subjected to 3 foot-shocks (0.3 mA, 2 s each), with 2 min inter-shock intervals. (B) When placed
into the same shocking context 24 h later, contextual fear memory was similar in all mice. (C)
The fear memory was context specific since animals did not freeze when placed into a novel
context 24 h after training. (D) Memory for the hippocampus-independent, auditory-cued fear
conditioning measured 24 h after training was unaffected in all control mice.
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No differences were observed between control animals in two distinct spatial memory
assays

Mice were trained in the Morris water maze assay as depicted (Fig. 6.6A), and all mice
were able to find the hidden platform after an 8 d training protocol (Fig. 6.6B). One day following
the hidden platform assay, mice were exposed to a probe test to assess their ability to spatially
learn and remember the location of the hidden platform. No differences were observed across
all control animals in the probe test (Fig. 6.6C). We then placed the hidden platform in the
opposite quadrant from the initial location and found no differences between mice in their ability
to actively re-learn a new location of the hidden platform over the course of a 7 d training
paradigm (Fig. 6.6D). Testing mice in the reversal probe test, we found no differences in their
ability discriminate between the previous location of the hidden platform (quadrant 1) from the
new location of the hidden platform (quadrant 3, Fig. 6.6E). Additionally, all mice had no specific
spatial memory deficits during the probe and reversal probe tests. All mice spent the same

amount of time searching for the hidden platform in the virtual target platform zone (Fig. 6.6F).

To assess if any differences existed in their swimming ability, we assessed their total
swim distance and average swim speed during the probe test. No differences existed between
all control animals (Fig. 6.7A and B). Additionally, we wanted to evaluate the animals’ motivation

to escape water and found no differences during the visible platform test (Fig. 6.7C).

An additional spatial memory assay, the radial arm maze (RAM), was used to determine
if any deficits existed between control animals. The RAM has been commonly used to assess
the involvement of adult-born neurons in spatial learning and memory. We incorporated this
assay as previously performed by others (Farioli-Vecchioli et al., 2008; Clelland et al., 2009;
Creer et al., 2010) and found no differences in their ability to spatially discriminate between a

more difficult separation 2 and an easier separation 4 (Fig. 6.8).
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Figure 6.6. No differences between control animals in the Morris water maze assay. (A)
Schematic depiction of the experimental design. Mice were subjected to 8 d of training (4
sessions/day, 30 min inter-session interval, from d1 to d8) in the hidden platform water maze. A
probe test was conducted 24 h later. Mice were then subjected to 7 d of reversal training (4
sessions/day, 30 min intersession interval) where the escape hidden platform was relocated to
the opposite quadrant of the water maze. This was followed by reversal probe test and visible
platform test. (B) Target (in quadrant 1) acquisition in the hidden platform, quantified as swim
distance to platform, was similar across all control animals. (C) All mice spent similar amounts
of time in the virtual target quadrant in the probe test. (D) Swim distance to escape in the
reversal hidden platform training where the hidden platform was moved to quadrant 3. All mice
swam similar distances, suggesting no impairment in their ability to learn newer spatial
information. (E) All control mice spent significantly more time in the new virtual target quadrant 3
than in the previous virtual target quadrant 1 during the reversal probe test. (F) All mice spent
similar amounts of time in the virtual target platform zone during the probe and reversal probe
tests.
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Figure 6.7. All control mice perform similarly in their ability to swim and are equally
motivated to escape water in the Morris water maze assay. (A) Total swim distance was
measured during the 60 s period of the probe test. (B) Average swim speed during the 60 s
probe test. (C) Swim distance to platform during the visible platform test. Data represent mean
from two independent experiments with n =2 8 animals per treatment group per experiment.
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from the last day of a 5 d-experimental paradigm and represent mean % (s.e.m.) with n = 10 per
treatment group.
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Control animals do not have any remote memory deficits assessed 21 d later in the
passive avoidance assay

Using the light/dark apparatus to perform the passive avoidance assay, we introduced
mice to the light side of the testing chamber. Following habituation, a small trap door was
opened to allow free exploration to the dark side of the chamber. Upon entrance into the dark
side of the chamber, the trap door was immediately closed and a single 0.7 mA foot shock was
delivered followed by a 1 min consolidation period in the dark chamber with the trap door
closed. Crossover latency to the dark side of the chamber upon re-introduction to the light side
of the chamber was used to asses memory for the aversive stimuli 24 h later for long term

memory and 21 d later for remote memory (Fig. 6.9).

Assessment of olfactory behavior to discrete odorants using the olfactory
habituation/dishabituation, olfactory memory, and olfactory threshold assays showed no
differences between all control animals

We first tested animals for olfactory behavior in the odor habituation/dishabituation assay
using three distinct odorants, citralva, isoamyl acetate (IAA), and ethyl vanillin. This assay is
commonly used to detect overt odor detection deficits in mice (Trinh and Storm, 2003). All mice
showed normal habituation/dishabituation and were indistinguishable among control mice (Fig.
6.10). Following the olfactory habituation/dishabituation assay, we tested animals for short-term
olfactory memory (within hours). All control mice were able to recall having detected the odor
during the first presentation by reduced investigation of the odorant during the second

presentation (Fig. 6.11). Thus, the olfactory memory was not different between control animals.

147



0.7 mA
2 s shock
21d
i K= B
Train 24h Remote
memory memory

B 350

= 300 ™ H Control A

g, 250 I O Control B

>

§ 200 O Control C

®

-

5 150

>

o

2 100

<

O 50

0 ..|‘-1
Train 24h 21d

Memory Memory

Figure 6.9. Remote memory in the passive avoidance assay is similar between control
animals. Mice were trained with one 0.7 mA, 2 s foot shock in the passive avoidance assay. (A)
Schematic illustration of the experimental design. (B) Crossover latency was measured 24 h or
21 d post-training. Data represent mean * (s.e.m.) with n =2 10 per treatment group.
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Figure 6.10. All control mice have normal olfactory detection to discrete odorants in a
habituation/dishabituation assay. Naive, adult mice were pre-trained with four presentations
of mineral oil-soaked cotton swabs, then exposed to three structurally distinct odorants, citralva,
isoamyl acetate (IAA), and ethyl vanillin with 4 trials per odorant. Step-wise decrease in the
number of investigation during sequential presentations of the same odor followed by renewed
interest in investigation of the first presentation of a new odorant suggests normal olfactory
habituation/dishabituation behavior.
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Figure 6.11. Olfactory short-term memory is in tact in all control animals. Mice were
presented with cotton swabs laced with the same odorant twice at the indicated time intervals.
The duration of investigation of the cotton swab was recorded for both exposure sessions and
normalized to the first exposure. A decrease in investigation during the second exposure of the
same odorant is suggestive of olfactory memory to the odorant. A) Short-term olfactory memory
of Control A mice. B) Short-term olfactory memory of Control B mice. C) Short-term olfactory
memory of Control C mice.
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We next examined the sensitivity of odor detection using an olfactory threshold assay.
All mice were presented with pairs of cotton swabs laced with mineral oil or increasing
concentrations of 1-octanol (1-500 pM). Similarly, we also performed this assay with 2-
heptanone, a mouse pheromone (Novotny et al., 1986; Leinders-Zufall et al., 2000; Trinh and
Storm, 2003). There were no differences between control animals in their sensitivity to detect

either 1-octanol or 2-heptanone (Fig. 6.12).

All control mice behaved similarly in their ability to detect synthetic pheromones

To examine the sensitivity of mice to farnesene, a synthetic, aggression-evoking
pheromone (Novotny et al.,, 1990; Wang et al., 2004), we performed the olfactory detection
threshold assay. All mice were able to detect farnesene at the same concentrations beginning at
50 uM and up to 500 uM (Fig. 6.13A). Additionally, Mice were also examined for their detection
of TMT, a component of fox scent that is known to elicit innate fear and alarm in rodents (Fendt
et al., 2005; Kobayakawa et al., 2007; Sakamoto et al., 2011). When mice detect TMT, they will
typically avoid it and may exhibit freezing behavior. Most of the control animals avoided TMT-
laced cotton swabs at 10 uM, however when the concentration of TMT was increased to 50 pM,
all mice avoided this fox fear odor (Fig. 6.13B). Since detection and avoidance of TMT could
either mean mice just disliked the pungent odor or they elicited innate fear behavior and actively
chose to avoid the TMT-laced cotton swab. To distinguish between these two possibilities, we
used a separate cohort of mice and a 3-chamber apparatus to directly test their intrinsic innate
fear of TMT at a higher concentration. Mice were placed in the middle chamber, TMT (5 mM)
and vehicle control were placed in the other two chambers, separately. The duration of
investigation toward each chamber and the percent time mice froze was quantified. All control
animals froze a similar amount of the time and spent less time investigating the chamber

associated with TMT (Fig. 6.13C and D).
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Figure 6.12. Detection sensitivity to 1-octanol and 2-heptanone is the same between
control animals. Mice were presented with 2 cotton swabs, one laced with vehicle control and
the other with increasing concentrations of 1-octanol or 2-heptanone. An above 50% sniffing
duration (above chance) indicates detection of 1-octanol or 2-heptanone at that specific
concentration. A) Dose-response of detection threshold to 1-octanol, a chemically defined
odorant. B) Dose-response of detection threshold to 2-heptanone, a chemically defined mouse
pheromone.
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Figure 6.13. No differences exist between control animals’ detection sensitivity to
aggression-evoking and fear-inducing pheromones. A) Dose-response of detection
threshold to farnesene, a chemically defined, aggression-evoking mouse pheromone. Mice were
presented with 2 cotton swabs, one laced with vehicle control and the other with increasing
concentrations of farnesene. An above 50% sniffing duration (above chance) indicates detection
of farnesene. B) Dose-response detection to TMT, a fear-evoking odor found in fox feces. All
mice were presented with 2 cotton swabs, one laced with vehicle control and the other with
increasing concentrations of TMT. Because TMT should elicit avoidance behavior when mice
detect it under normal conditions, a below 50% sniffing duration (less than chance) indicates
detection of TMT. C) Animals were subjected to the innate fear assay toward TMT using a 3-
chamber apparatus. The duration of investigation toward the chamber containing filter paper
laced with TMT (5 mM) or vehicle control was quantified. Avoidance behavior toward the TMT
chamber relative to the vehicle control chamber is a measure of TMT detection and innate fear.
D) Quantification of percent time mice spent freezing, another measurement of innate fear,
during the innate fear assay toward TMT using the 3-chamber apparatus.
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Activity in pheromone detection, pheromone preference, and pheromone-cued
associative olfactory learning are all comparable between control animals

In order to test olfactory detection of pheromones, we collected mouse urine from group-
housed animals differing in sex, age, and other hormonal differences. Mouse urine was
collected, pooled, and stored at -80°C until needed for behavioral assays. We first tested to see
if control animals were able to clearly discriminate between different mouse urine using the
olfactory habituation/dishabituation assay. All animals were clearly able to distinguish between

all mouse urine samples (Fig. 6.14A).

Next, we assessed if control animals had any particular preference for pairs of mouse
urine. We tested urine preference of male mice to female or male mouse urine, and as
expected, male mice had a significant preference for female mouse urine over male mouse
urine (Fig. 6.14B). However, when male mice were presented with pregnant or lactating female
mouse urine, they did not have a preference for one over the other (Fig. 6.14C). This was
clearly not the case when we tested for preference of ovariectomized female mouse urine
versus normal female mouse urine. Control animals all preferred normal female mouse urine

over ovariectomized female mouse urine (Fig. 6.14D).

Since mice did not have a specific preference for pregnant or lactating female mouse
urine, we used this urine pair in the sand-buried food assay to assess pheromone-cued
associative olfactory learning. Mice were food-restricted and trained to retrieve a food reward
associated with one of the urine samples. Over the course of five training days, all mice were
able to associate the food reward with pregnant female mouse urine (Fig. 6.15A). We then used
the urine pair of ovariectomized and normal female mouse urine in the sand-buried food assay
as well. In order to minimize intrinsic biases, we paired the food reward with ovariectomized

female mouse urine since animals had a preference for normal female mouse urine. After a six

154



day training paradigm, all mice were able to learn to forego their intrinsic preference for normal
female mouse urine and learned to associate the food reward with ovariectomized female

mouse urine (Fig. 6.15B).

DISCUSSION

Many published reports using either conditional knockout mice or inducible-conditional
knockout mice to study adult neurogenesis generally only include either a genotype control or a
drug control (Bergami et al., 2008; Zhang et al., 2008a; Imayoshi et al., 2009; Gao et al., 2011;
Guo et al., 2011; Sahay et al., 2011; Sakamoto et al., 2011; Amiri et al.). Here we sought to
justify the use of just one of these controls to ensure that convincing results are not precluded
by the choice of one type of control model over another. To this end, we included both a drug
control (ERK5""" mice treated with tamoxifen) and a genotype control (Nestin-
CreER™/ERK5""® mice treated with vehicle) in our study design. In addition, we included a
negative-negative control as well (ERK5"" mice treated with vehicle). We used all three
control groups and performed all behavior assays to determine if any underlying differences

existed across genotypes and drug treatment.

The results presented in this chapter suggest that no overt differences exist across
different control animals and that the choice of using either a genotype or drug control animal in
an experimental design is justifiable. Despite the fact that the data presented here show no
clear differences between control animals, it is ultimately the responsibility of the researcher to
ensure that no differences exist in the model organism of choice. When mice or rats are used in
studies, it is imperative that strain and genetic background differences are taken into
consideration; no two strains are identical. In addition, the use of littermates in all studies should

help to minimize inter-litter variability.
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Figure 6.14. All animals were able to discriminate between distinct mouse urine samples
and no differences existed in their preference to certain urine pairs. A) Male control mice
were tested for their ability to discriminate between various mouse urine samples using the
habituation/dishabituation assay. The duration of sniffing of the cotton swab was quantified. All
mice were able to discriminate between urine samples over the course of 4 sequential
presentations. B) Urine preference test between female mouse urine vs. male mouse urine,
presented simultaneously with cotton swabs laced with female or male mouse urine. The
duration of sniffing toward each cotton swab was quantified. All control animals showed a
significant preference for sniffing toward female mouse urine vs. male mouse urine. C) Urine
preference test between pregnant and lactating female mouse urine. D) Urine preference test
between ovariectomized female mouse urine and age-matched, normal adult female mouse
urine.
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Figure 6.15. All control animals performed similarly in the acquisition of a sand digging-
based, odor-cued associative learning task. A) Control animals learned to associate a food
reward with pregnant female mouse over a 5-day training course. B) Association of a food
reward with ovariectomized female mouse urine over a 6-day training course.
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To account for many of the aforementioned variables, in our study design, we used
littermates from the same genetic background and strain of mice. Because behavioral assays
necessitate an n = 7 animals per group to minimize inter-animal variability, we combined
littermates of not more than 2 weeks apart in birth dates. This allowed a larger cohort of animals
to be used to perform our studies while maintaining a closeness in age when treating mice with
vehicle or tamoxifen and performing all behavioral assays. We housed all animals identically
under standard animal housing conditions and handled them identically before and during
behavioral assays. By minimizing the number of variables in our study design, we feel confident
that, in our specific case, the use of either drug or genotype control animals would not impact

any of our behavioral results.
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Chapter 7

Unpublished Data

INTRODUCTION

Throughout this dissertation, it has been highlighted that ERKS MAPK is a critical
signaling pathway in the regulation of adult neurogenesis. We provide evidence suggesting a
linear pathway by which ERK5 activation via NT3 could elicit a downstream effect through
Neurog2. Despite this evidence, signaling pathways are rarely linear and can be influenced via
multiple inputs resulting in an exponential number of downstream effects ranging from cellular
proliferation, cell-fate determination, differentiation, apoptosis, or cell survival to name a few.
More work in this area is needed to fully elucidate a molecular pathway involving ERK5 and how

it requlates adult neurogenesis in both the dentate gyrus and along the SVZ-RMS-OB axis.

Results presented thus far point to a functional role of ERKS5 in the adult neurogenic
regions, the SGZ of the dentate gryus and the SVZ along the lateral ventricles. Evidence here
suggests the involvement of ERK5 in hippocampus-dependent learning and memory tasks as
well as several olfactory behavioral assays. Despite the conclusions drawn in this dissertation,
there are many other behavioral implications of adult neurogenesis as well. For example,
reports have suggested an involvement of adult-born neurons in anxiety, other olfactory
detection assays, and mating behavior (Shors et al., 2002; Stowers et al., 2002; Shingo et al.,
2003; Magavi et al., 2005; Mak et al., 2007; Bergami et al., 2008; Larsen et al., 2008; Li et al.,
2008; Imayoshi et al., 2009; Lazarini et al., 2009; Revest et al., 2009; Akers et al., 2010;
Arenkiel, 2010; Larsen and Grattan, 2010; Okun et al., 2010; Oboti et al., 2011; Sakamoto et al.,
2011; Snyder et al., 2011). In addition, exploring the possibility to increase adult neurogenesis
by external factors such as environmental enrichment and/or free access to running wheels has

been heavily studied (van Praag et al., 1999; Brown et al., 2003; Faherty et al., 2005; Meshi et
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al., 2006; Creer et al., 2010; Sahay et al., 2011). Despite the ability to increase the overall
number and survival of adult-born neurons, molecular mechanisms regulating this process are

still unclear.

Adult neurogenesis is continuing to gain much interest due to the potential therapeutic
implications from the ability to continuously generate new neurons. Understanding the
regulatory mechanisms governing the genesis of new neurons within, and potentially outside of,
the neurogenic niches is central to its future applications for the treatment of many neurological
diseases. The use of adult neural stem cells for therapy remains a long-standing goal in this
field of research. Endeavors toward delineating how ERK5 MAPK plays a role in regulating adult
neurogenesis has led to many additional experimental results not presented in the previous
chapters. This chapter is dedicated to those results that were overshadowed by more complete
story lines and present possible avenues for future research directions at both the molecular

and the behavioral levels.

MATERIALS AND METHODS
Animals

Nestin-CreER™ (Kuo et al., 2006) mice and ERK5*'® (Wang et al., 2005) mice were
crossed to yield Nestin-CreER™/ERK5> " animals. Nestin-CreER™/ERK5'”""* mice were
further crossed with ERK5""" mice to yield homozygous Nestin-CreER™/ERK5"FoxP
animals, which were used for experimental breeding. To confirm the specificity of tamoxifen-
induced, Nestin-CreER™-mediated recombination in ERK5" cells, a separate cohort of Nestin-
CreER™/ERK5P"P mice were crossed with R26-YFP reporter mice where Cre-mediated
recombination removes a transcriptional STOP to allow YFP expression (Srinivas et al., 2001).
This mouse strain permitted the simultaneous deletion of ERK5 and expression of YFP in

Nestin® adult neural stem cells upon tamoxifen treatment. All animal experiments were
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performed with identically treated and handled littermate controls. Animals were housed under
standard conditions (12 h light/dark cycle) with food and water provided ad libitum except where
indicated. All experimental procedures were approved by the University of Washington

Institutional Animal Care and Use Committee.

BrdU and Tamoxifen administration

Mice were treated with 100 mg/kg BrdU (Sigma) by intraperitoneal (IP) injection 5 times
(every 2 h for 10 h) in one day followed by sacrifice 4 or 6 weeks later to identify BrdU-retaining,
adult-born cells. An additional cohort of mice were injected with BrdU once and sacrificed 2 h
later to identify BrdU" proliferating cells. Tamoxifen (Sigma) was made fresh daily and dissolved
in 2% glacial acetic acid in corn oil solution (Sigma). To activate Cre-mediated recombination, 5
mg of pre-warmed tamoxifen was administered orally to 10-12 week-old male mice daily for 7 d

or once per day for 4 d in each cycle, for 3 cycles with 2-week inter-cycle intervals.

Immunohistochemistry (IHC)

Brains were post-fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4°C after
standard intracardial perfusion procedures. Brains were then placed in 30% (w/v) sucrose in
PBS at 4°C until brains sunk and immediately frozen at -80°C. IHC was performed on 30 pm-
thick coronal brain sections using a free-floating antibody staining method as described (Pan et

al., 2012a).

Immunocytochemistry

Cells were fixed in PBS containing 4% PFA and 4% sucrose at room temperature for 30
min. Fixed cells were washed 3 x 5 min in PBS, 5 min in 1% SDS, and washed again 3 x 5 min
in PBS. Cells were then incubated in blocking buffer consisting of 5% bovine serum albumin

(BSA) in PBST (PBS + 0.1% Triton X-100) for 2 h, followed by incubation with primary
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antibodies overnight at 4°C. Cells were then washed 3 x 10 min in PBST, followed by incubation
with secondary antibodies at 1:5,000 dilution (Alexa Fluor-488) or 1:2,000 dilution (Alexa Fluor-
594) for 2 h in blocking buffer. Cells were then washed 3 x 10 min in PBST followed by a 10 min
incubation in Hoechst 33342 for nuclei visualization and a final wash of 10 min in PBST prior to
mounting onto slides using anti-fade Aqua Poly/Mount solution. Unless otherwise stated, all

steps were carried out at room temperature.

Reagents

The following primary antibodies and dilutions were used for immunohistochemistry: rat
monoclonal anti-BrdU (1:500, AbD Serotec); mouse monoclonal antibodies against Ki67 (1:500,
Leica), NeuN (1:500, Millipore), Calretinin (1:200, Abcam) and GFP (1:500, Invitrogen); goat
polyclonal antibody against DCX (1:200, Santa Cruz Biotech Inc.); and rabbit polyclonal
antibody against GFP (1:500, Invitrogen). Rabbit polyclonal ERK5 antibody (1:500 dilution) was
generated previously (Cavanaugh et al., 2001) and affinity purified using recombinant MBP-
ERK5 protein. The following primary antibodies and dilutions were used for
immunocytochemistry: mouse monoclonal antibodies against Nestin (1:500, Developmental
Studies Hybridoma Bank) and B-lll Tubulin (1:500, Promega); rabbit polyclonal antibody against
GFP (1:5,000, Invitrogen). The following primary antibodies and dilutions were used for Western
blot analysis: rabbit polyclonal ERK5 antiserum (1:1,000) and mouse monoclonal (-actin
antibody (1:10,000, Sigma). Secondary antibodies were rabbit polyclonal Horse Radish
Peroxidase (HRP) antibody (1:10,000, Calbiochem) and mouse monoclonal HRP antibody

(1:20,000, Calbiochem).
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Confocal imaging and analysis

All images were captured with an Olympus Fluoview-1000 laser scanning confocal
microscope with numerical aperture (NA) 0.75, 20X lens or NA 1.3, 40X oil immersion lens.
Optical Z-sections (0.5—-1 pm) were collected and processed using Imaged software (NIH).
Images were uniformly adjusted for color, brightness, and contrast with Adobe Photoshop CS4

(Adobe Systems Inc).

Quantification of immunostained cells

Greater than 100 immunopositive cells per coverslip per experiment were quantified
using an inverted fluorescence microscope (Leitz DMIRB, Leica) with a 40X objective (Leica)
following immunocytochemistry. A modified optical fractionator method was used as an
unbiased stereological method for obtaining an estimation of total cell counts per SGZ following
immunohistochemistry (West et al., 1991; Kempermann et al., 1997b; Malberg et al., 2000). The
method for in vivo cellular quantification and co-localization analysis per SGZ was as described

(Pan et al., 2012a).

Size measurement of dentate gyrus

Volumetric measurement of the dentate gyrus was conducted using Cavalieri Estimator
probe of Stereo Investigator software (MBF Biosciences). Every eighth serial coronal section
was counterstained with Hoechst 33342 and measurements were conducted on all stained

nuclei of the dentate gyrus.

SGZ-derived adult neural progenitor cell (aNPCs) cultures
Primary cell cultures were prepared as described (Bull and Bartlett, 2005; Rietze and
Reynolds, 2006). Briefly, tissue samples containing the dentate gyrus were micro-dissected and

enzymatically digested with 0.1% trypsin-EDTA (Gibco) for 7 min at 37°C followed by incubation
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with equal volume of 0.014% trypsin inhibitor (Gibco). Tissue samples were then spun down
and resuspended in culture media consisting of DMEM/F12 (Gibco), 1X N2 supplement
(Invitrogen), 1X B27 supplement without retinoic acid (Gibco), 100 U/mL penicillin/streptomycin
(Gibco), 2 mM L-glutamine (Gibco), 2 ug/mL heparin (Sigma), 20 ng/mL EGF (EMD Chemicals),
and 10 ng/mL bFGF (Millipore). Culture medium for adult neural progenitor cells always contain
EGF and bFGF unless otherwise specified. Tissue was mechanically triturated and filtered
through a 40 um cell sieve and plated in petri dishes and cultured for 10-14 d until
neurospheres are formed. Growth factors were replenished every 3 d during this period.
Following primary passage, neurospheres were isolated, dissociated into single-cell suspension
enzymatically and mechanically, and replated at low density and cultured for secondary
neurosphere formation. Spheres collected from secondary passage were dissociated and plated
as a monolayer culture on poly-D-lysine/laminin- (BD Biosciences) or poly-L-
ornithine/fibronectin- (BD Biosciences) coated aclar coverslips (Electron Microscopy Sciences)

for experiments.

Viral transduction of aNPCs

Adult neural progenitor cells were plated as a monolayer culture on poly-D-
lysine/laminin- or poly-L-ornithine/fibronectin-coated aclar coverslips in 24-well plates at a
density of 1 x 10° cells per well in culture media. Twenty-four hours after plating, protamine
sulfate was added to culture media at a final concentration of 8 pg/mL and 6-8 uL of 1 x 10’
IU/mL lentiviruses were added to each well and allowed to transduce cells for 24 h. Following
transduction, culture media was changed and cells were cultured for an additional 5 d before

being processed for immunocytochemistry.
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Lentiviral MEF2C transfer construct (pPRRL-cPPT-CMV-MEF2C-PRE-SIN-IRES-EGFP)
Flag-MEF2C cDNA sequence was inserted into a multiple cloning site of lentiviral

transfer vector pRRL-cPPT-CMV-X-PRE-SIN-IRES-EGFP, described in (Liu et al., 2006),

upstream from the internal IRES-directed marker protein eGFP (enhanced green fluorescent

protein). High-titer lentiviral stocks were produced as described (Liu et al., 2006).

Stereotaxic surgery

Stereotaxic procedure was performed on adult C57/BL6 male mice (8-10 weeks old,
Charles River Laboratories) as described (Wong et al., 2000; Athos and Storm, 2001). Mice
were anaesthetized by IP injection (21-23 pl/g body weight) of ketamine (7.0 mg/mL) and
xylazine (0.44 mg/mL) dissolved in 0.9% bacteriostatic saline (Hospira, Inc.). One microliter of
retrovirus (10%-10" 1U/mL) was injected at a rate of 0.25 mL/min bilaterally into the dentate
gyrus with the following coordinates relative to Bregma: 1.65 mm posterior, +1.62 mm medial-

lateral, 2.30 mm ventral.

Behavior Assays
Running wheel setup

This was performed as described (Creer et al., 2010). We housed mice in their home
cages with free access to a running wheel. A small disc magnet was attached to the rim of the
running wheel to permit data acquisition of various running metrics recorded by a small bicycle
computer (Cateye). Runners were allowed free access to the running wheel for 4 weeks and

data were collected and analyzed each day for the entire 4 week period.
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Delay approach to first investigation
Videos were recorded for olfactory habituation and novel object recognition assays.
Quantification of the delay from first investigation of either the cotton swab or novel object was

performed offline by an experimenter blinded to the genotype and treatment group.

Social recognition assay

This was performed as previously described (Garelick et al., 2009). Male mice were
singly housed and exposed to ovariectomized females for 1 min and the total investigation time
of the female was quantified. Following an inter-trial interval of 10 min, the same ovariectomized
female was placed back in the cage 2 more times for a total of 3 sessions. Following the final
session, a novel ovariectomized female mouse was placed in the cage and the total

investigation time was quantified.

Elevated plus maze

An elevated plus maze apparatus was used consisting of per arm measurements of (12”
x 27 x 15.25”); closed arms had additional sidewalls measuring 6” from the arm platform. To
measure basal anxiety levels, mice were not pre-habituated to the apparatus. Mice were placed
in the center of the apparatus and allowed to freely explore for 5 min. All data were collected
electronically using ANYmaze software (Sand Diego Instruments) and analyzed with the

experimenter blinded to genotype and treatment conditions.

Olfactory preference for chemically defined odorants
Mice were presented simultaneously with two cotton swabs laced with 100 uL of different
odorant pairs. Total investigation time of each cotton swab was recorded during a 2 min

session. Data presented are percent sniffing duration for each odorant or urine relative to the
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total sniffing of both cotton swabs. A 50% sniffing duration indicates no preference for either

urine.

Olfactory preference of mouse urine

Mice were presented simultaneously with two cotton swabs laced with undiluted mouse
urine (10 pL). Mouse urine was collected from group-housed mice (n = 4-5 per cage) and
pooled over a period of 2 weeks to minimize day-to-day fluctuations in basal pheromone and
urine amount. Total investigation time of each cotton swab was recorded during a 2 min
session. Data presented are percent sniffing duration for each odorant or urine relative to the
total sniffing of both cotton swabs. A 50% sniffing duration indicates no preference for either

urine.

Olfactory discrimination acquisition using odorant pairs

Following olfactory preference assay, mice were food restricted to maintain 85-90% of
free-feeding body weight for 4-5 d prior to beginning and throughout the entirety of the assay.
This was performed as previously described (Zou et al., 2012) using the same apparatus, pre-
training and training protocols. After mice learned to associate sand digging with a food reward
at the bottom of the dish, mice were presented 2 sand dishes. One containing 100 pyL of an
odorant associated with a food reward, while the other contained 100 pL of another odorant
without food reward. Odorant pairs were established based on lack of preference for either
odorant in the olfactory preference assay. Animals were subjected to this assay for 4 trials per
block and 2 blocks per day to learn to associate a particular odorant with a food reward. Scoring
for correct or incorrect choice was based entirely on the animal’s first dig, either in the odorant
dish with the food reward (correct) or in the odorant dish without the food reward (incorrect).

Mice that dug in the incorrect dish were not allowed to self-correct during the 5 or 6 d training
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period. After each day of training, mice were fed a pre-determined amount of food to maintain

85-90% free-feeding body weight.

Olfactory discrimination with mix ratios of structurally similar odorants

One day following olfactory discrimination acquisition between structurally similar
odorants (S/R-limonene and S/R-carvone), olfactory discrimination of mixtures of enantiomer
odorants was performed. This assay was performed as the olfactory discrimination assay
except the food reward-associated odorant was mixed with increasing concentrations of the
non-food reward-associated odorant. Only one mix ratio was presented per day. The number of

correct choices and incorrect choices were scored as described above.

Male-female sexual behavior assay

Ovariectomized females were injected with 20 ug estradiol and 500 pg progesterone per
20 g body weight to artificially resemble the pro-estrus cycle. Mice were injected with estradiol 2
d prior to beginning the assay, while progesterone was injected 5 h prior on the day of behavior
testing. Artificial pro-estrus ovariectomized female mice were introduced into the male animal’s
home cage and sexual behavior was video recorded for the entire 30 min session and quantified

offline.

Male-male aggression behavior assay

Normal male mice (intruder) were introduced to single-caged experimental animals
(resident). Resident males were single-caged for at least 7 d prior to beginning the assay and
permitted to odorize and establish dominance of the home cage. One intruder male mouse was
placed in the home cage of a single resident male and aggressive behavior was video recorded

for 15 min and quantified offline.
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Electroolfactogram (EOG) measurement

EOG studies in the main olfactory epithelium were performed as described (Wong et al.,
2000; Trinh and Storm, 2003). Briefly, awake mice were sacrificed by cervical dislocation and
skulls were cut in half along the midline. The septal cartlage was removed to expose the
olfactory turbinates. Olfactory turbinates from both sides were used for recordings. The EOG
was recorded with an agar- and saline- filled glass microelectrode in contact with the apical
surface of the main olfactory epithelium in the open circuit configuration. Using an automated
four-way slider valve, odorants were puffed onto the exposed epithelia for 0.2 s. Traces were
captured and digitized using a Digidata 1,200A (Axon Instruments, Union City, California). The

traces were lowpass filtered at 30 Hz and sampled at 100 Hz.

RESULTS

Confirmation of affinity-purified ERK5 antibody specificity to endogenous ERKS5 protein
Brain sections from wild-type adult animals were sectioned and processed for IHC.

Affinity purified polyclonal rabbit anti-ERK5 antibody was used to identify ERK5 expressing cells

in the brain. Pre-absorbed ERK5 antibody was used to evaluate specificity of ERK5 antibody to

its corresponding antigen. No ERKS5 staining was detected using pre-absorbed ERKS antibody,

while ERK5" cells were clearly detected using affinity-ERK5 antibody alone (Fig. 7.1).

Adult neural progenitor cells isolated from the dentate gyrus express ERK5

To confirm the proliferative nature of aNPCs isolated form the dentate gyrus, dissociated
primary cells were plated at low cell density and neurosphere formation was examined 2 weeks
later. Following initial passage of neurospheres, we dissociated primary neurospheres into a
single-cell suspension and again plated at low density to permit neurosphere formation.

Following secondary neurosphere formation, 2 individual neurospheres were dissociated and
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processed for Western blot. ERK5 protein was abundantly expressed in DG-derived aNPCs

suggesting a role of ERK5 in aNPC proliferation (Fig. 7.2)

Dominant-negative myocyte enhancer factor 2 C (MEF2C) expression reduces
neurogenesis in vitro

MEF2C is a known substrate of ERK5 in embryonic cortical progenitor cells (Liu et al.,
2003a), however, its involvement in aNPCs is unknown. To begin preliminary investigation of
MEF2C as a downstream substrate of ERKS5 in DG-derived aNPCs, we dissociated
neurospheres and cells were plated as a monolayer on PDL-coated aclar coverslips. Cells were
then infected with lentiviruses expressing GFP control or dominant negative (dn-) MEF2C for 24
h. Following infection, media was refreshed and cells were maintained in culture media for an
additional 5 d. Immunostaining of aNPCs infected with GFP control or dnMEF2C showed a
decrease in the number of B-Ill Tubulin® neurons while a concomitant increase in the number of
nestin® neural stem cells (Fig. 7.3). This result suggests a possible role of MEF2C in regulating

adult neurogenesis in vitro.

Overexpression of constitutive active MEK5 does not affect neuronal migration but
increases the population of cells expressing neuronal markers

Using the same stereotaxic method introduced in Chapter 2, we took brain sections and
analyzed the migration of control GFP-infected and constitutive active (ca-) MEK5-infected 2
week old adult-born neurons. Our preliminary data shows that expression of caMEKS does not
overtly affect migration of adult neurons into the granule cell layer of the dentate gyrus (Fig.

7.4).
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Figure 7.1. Specificity of affinity-purified ERK5 antibody directed against the C-terminal
domain of ERKS5 protein. A-C) Slices from adult mouse brains were incubated with the affinity-
purified, polyclonal antibody against ERK5 or D-F) the same antibody pre-absorbed with
purified recombinant C-terminal fragment of ERK5 protein. Hoechst staining was used to
visualize all cell nuclei. Scale bar in A represents 25 ym and applies to all images.
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Figure 7.2. Murine adult neural progenitor cells derived from the dentate gyrus express
ERKS5 protein. A) Schematic illustration of the micro-dissection process to isolate adult
hippocampal neural progenitor cells from the dentate gyrus. B) Pictomicrograph of a
neurosphere isolated from the dentate gyrus. C) Western analysis of ERK5 protein expression
in two individually dissociated neuropheres. B-actin was used as a loading control. Scale bar
represents 0.5 mm.
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Figure 7.3. Dominant negative MEF2C inhibits neurogenesis in DG-derived aNPCs.
Lentiviruses expressing GFP control or dnMEF2C were used to infect aNPCs for 24 h.
Immunostaining of aNPCs 5 d post-infection shows a significant increase in the number of
Nestin® neural stem cells and a concomitant decrease in B-Ill Tubulin® neurons.
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Figure 7.4. Endogenous activation of ERKS via stereotaxic delivery of retroviral vectors
does not alter migration of infected cells. A) Schematic illustration of the experimental
design. B-D) Three individual representative images of vector-infected cells 2 weeks following
stereotaxic injection. E—-G) Three individual representative images of caMEK5-infected cells 2
weeks following stereotaxic injection. Scale bar in B represents 25 ym and applies to all images.
Dashed lines outline SGZ layer of the dentate gyrus.
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Although an enhanced neuronal differentiation affect was previously reported (Pan et al.,
2012b), we wanted to further examine other neuronal markers to determine if caMEKS had an
effect on other populations of 2 week old neurons. Brain sections were processed for
immunohistochemistry and stained for proliferating cell marker, Ki67, transiently amplifying
progenitor cell or newborn neuron marker, DCX, and a newborn immature neuron marker,
calretinin (Fig. 7.5). Due to processing difficulties, brain sections stained for Ki67 in caMEKS5-
injected mice were not able to yield results. However, we were able to obtain data for DCX and
calretinin markers. Although there was a slight increase in the number of DCX" and calretinin”

cells in the dentate gyrus, the results were not significant at this 2 week time point.

Deletion of erk5 causes an increase of proliferating cells and overall apoptotic cell
marker activated caspase 3

Following erk5 gene deletion we wanted to determine if the overall area or volume of the
dentate gyrus was affected. Using the Cavalieri estimator probe, it was determined that no
differences existed between control and ERK5 icKO mice (Fig. 7.6). We additionally processed
brains 3 weeks following tamoxifen administration and stained them with proliferating cell
markers Ki67 and BrdU following a 2 h pulse. The total number of BrdU+ and Ki67+ cells were
significantly increased in ERK5 icKO mice (Fig. 7.7). These results suggest that although no
overall effects are found in the dentate gyrus, ERK5 is indeed involved in the regulation of

aNPCs, specifically upregulating the proliferation of aNPCs in the SGZ following erk5 deletion.

To further examine the molecular effect of aNPCs in ERK5 icKO mice, we stained brain
sections of mice sacrificed 4 weeks and 6 weeks following BrdU administration. Total numbers
of BrdU, DCX, and calretinin were not different between control and ERK5 icKO mice (Fig.
7.8A); however, a difference was observed in the total BrdU population of cells expressing DCX

or calretinin (Fig. 7.8B). These results suggest that although the total population of neuronal
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Figure 7.5. Ectopic activation of ERK5 promotes SGZ neurogenesis in vivo. Retroviral
eGFP control (vector) or caMEKS5-IRES-eGFP alone were stereotaxically injected into the
dentate gyrus of 8-10 week old mice. Mice were sacrificed 2 weeks later and brain sections
immunostained for GFP (green) and proliferating cell marker Ki67, transiently amplifying
progenitor cell or newborn neuron maker DCX, or immature neuron marker calretinin. The
percentage of GFP* and marker” co-labeled cells along the SGZ was quantified. Expression of
caMEKS5 alone increases the number of DCX" and calretinin® cells in total GFP* population.
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Figure 7.6. Deletion of erk5 along the SGZ does not affect overall area or volume of the
dentate gyrus. Mice were dosed with tamoxifen to induce cre-mediated recombination of the
erk5 gene. Mice were sacrificed 3 weeks following BrdU administration and brains were stained
with Hoechst 33342 to visualize all cell nuclei. A) Schematic illustration of the experimental
design. B) Area measurement of dentate gyrus. C) Volume measurement of the dentate gyrus.
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Figure 7.7. Increased proliferating cell markers along the SGZ in ERKS5 icKO mice. Mice
were dosed with tamoxifen to induce cre-mediated recombination of the erk5 gene and brains
processed by IHC 2 h after BrdU administration. A) Schematic illustration of the experimental
design. B-D) Brain sections from control animals stained with proliferation markers BrdU and
Ki67. E-G) Brain sections from ERKS5 icKO mice stained with BrdU and Ki67. H) Quantification
of total BrdU" cells along the SGZ per dentate gyrus. 1) Quantification of total Ki67" cells along
the SGZ per dentate gyrus. Dashed lines outline the SGZ. Scale bar in B represents 100 ym
and applies to all images.
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cells is not affected, adult neurogenesis is at 4 weeks post-BrdU. Lastly, we examined total
apoptotic cells in the dentate gyrus and observed a difference in the number of cells expressing
activated caspase 3 between control and ERKS icKO mice at 4 weeks post-BrdU (Fig. 7.8C).
Our final time point of analysis was 6 weeks following BrdU and we found no differences in the
total number of BrdU" cells or the number of BrdU*, NeuN" adult-born neurons (Fig. 7.9). These
results suggest that although a significant difference existed in the number of BrdU*, NeuN”
cells at 4 weeks following BrdU administration (Pan et al., 2012b), perhaps a refractory period
where increased proliferation resulted in equalizing the number of newborn neurons at 6 weeks

post-BrdU.

ERK5 icKO mice with R26-YFP reporter can be a useful tool to examine molecular and
cellular effects of erk5 gene deletion in vivo

We crossed our Nestin-CreER™/ERK5*'® mice with the R26-YFP reporter strain
mouse to obtain Nestin-CreER™/ERK5F"P/R26-YFP'*"">" mice. Dosing these animals with
vehicle control or tamoxifen initiates cre-mediated recombination of genes flanked by loxP sites.
Our results demonstrate a reduction in ERK5 staining along both neurogenic regions with an
abundance of YFP' expressing cells when mice were treated with tamoxifen (Fig. 7.10).
Additionally, no leakiness of cre-recombinase, resulting in non-specific YFP expression, was
observed when mice were dosed with vehicle control. These results suggest that leakiness of
cre-recombinase is below our level of detection by IHC, and that we can use these animals for
future experiments toward understanding the molecular and cellular consequence of cells

lacking ERKS in vivo.

179



10000

8000 -

6000
[l Control B

O ERKS5 ickO
4000 -

Total Marker* cells per SGZ

2000

0 . . ‘:!_‘
BrdU DCX Calretinin

100

w

BrdU*, Marker*/total BrdU*
cells per SGZ (%)

DCX Calretinin

A

40

20 -

Control B ERKS icKO

Total Ac-Cas3* cells per SGZ

Figure 7.8. Increased overall apoptosis following erk5 deletion in the SGZ. Mice were
dosed with tamoxifen to induce cre-mediated recombination of the erk6 gene and brains
processed by IHC 4 weeks after BrdU administration. A) Quantification of total BrdU*, DCX",
and calretinin® cells along the SGZ. B) Quantification of total BrdU, marker double positive cells
among total BrdU" cells along the SGZ. C) Quantification of total activated caspase 3 (Ac-
Cas3)" cells along the SGZ.

180



150

-
o
o

+
=) T
N B3 8
@ 35 T
5 100 SN
g T 283 60
(2] + o
= Z o
3 32
. Z2 40
> 50 -0
° t o
= =2
M B 20
m
0 0
Control A Control B Control C !_ERKl’g Control A Control B Control C
ic ic

Figure 7.9. ERK5 icKO mice do not display any differences in total BrdU* or BrdU, NeuN
double-positive cells 6 weeks following BrdU administration along the SGZ. A)
Quantification of total BrdU" cells along the SGZ. B) Quantification of total BrdU, NeuN double-
positive cells among total BrdU™ cells along the SGZ.
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Figure 7.10. No leaky cre is observed in vehicle treated Nestin-CreER™/ERK5'*""**"|R26-
YFP'*"**P mice. A-C) Representative image of tamoxifen treated animals showing reduced
ERK5 immunostaining (red) and abundant GFP" cells (green) along the SGZ. D-F) Brain
sections from vehicle treated animals shows ERKS but no GFP staining along the SGZ. G-I)
Brain sections containing the lateral ventricles showing reduced ERKS staining but induced GFP
staining in tamoxifen treated animals. J-L) Vehicle treated control animals show ERKS staining
but no GFP staining. Hoechst was used as a counterstain to visualize all cell nuclei. Scale bar in
A represents 25 ym and applies to all images.
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ERK5 icKO mice lack motivation to run or investigate novel subjects and display an
anxiety phenotype in the elevated plus maze assay

As a consequence of our experiments to determine if running-induced adult
neurogenesis is blocked by erk5 deletion, we permitted mice free access to running wheels for 4
weeks in their home cages. Our preliminary results examining just the running metrics when
mice are allowed to run show a decreased trend in interest or motivation to run (Fig. 7.11). This
result precludes any differences we would likely observe at the cellular level and requires further
analyses as to possible reasons why ERK5 icKO and Control C mice are less motivated or
interested in running. Albeit, the results presented here are preliminary with a small cohort of
mice per genotype (n=3), it is still interesting to suggest a lack of motivation phenotype without

normal physiological levels of adult neurogenesis.

Examining motivation using three other behavioral assays, we found that ERK5 icKO
mice, and to some degree, control C mice have a longer delay to their first investigation of a
novel cotton swab during the olfactory habituation assay (Fig. 7.12A). Offline analysis of
delayed approach to the first investigation of either toy A or toy B in the novel object recognition
assay also demonstrates a trend toward increased delay to first investigation in ERK5S icKO
mice (Fig. 7.12B). Lastly, we compared the total investigation time of control B and ERK5 icKO
mice in the social recognition assay. This was performed as previously described (Garelick et
al., 2009), where ovariectomized female mice were placed into the home cages of singly-
housed male mice for 2 min intervals. The same female was placed in the cage 2 more times
following a 10 min inter-trial interval for a total of 3 exposures. Following the 3" exposure, a
novel ovariectomized female mouse was placed in the cage and the duration of investigation of
the novel female was quantified. Reduced interest in continuous exposure to a familiar female

mouse should be followed by renewed interest upon introduction of a novel female mouse.
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Figure 7.11. ERKS5 icKO mice may lack motivation to run when allowed free access to a
running wheel. A) Schematic illustration of the experimental design. B) Quantification of total
run time per day. C) Quantification of total run distance per day. D) Average speed of running
on the running wheel per day.
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On average, ERK5 icKO mice were less interested in or motivated to investigate the female
mice regardless of whether it was the first introduction, last introduction, or novel introduction of
ovariectomized females (Fig. 7.12C). Taken together, these results suggest a possible role of

adult neurogenesis in mediating motivation or interest to explore novel subjects.

An additional phenotype we wanted to examine was whether reduced levels of adult
neurogenesis affect basal levels of anxiety. Toward investigating this phenotype, we tested mice
using the elevated plus maze assay. Mice were not pre-habituated to the maze such that the
anxiety phenotype would more closely resemble basal levels of anxiety. During a 5 min free
exploration session, all control animals showed no specific preference for exploring the open
arms over the closed arms, though ERKS5 icKO mice clearly spent more time in the closed arms
(Fig. 7.13A). Analysis of closed ends exploration in the open and closed arms also showed a
significant difference between controls and ERK5 icKO mice (Fig. 7.13B). Additionally, we
measured the total distance traveled and the average traveling speed while mice were in the
maze, and ERK5 icKO mice were more stationary and did not travel as fast as control animals
(Fig. 7.13C, D). These results suggest an increased basal level of anxiety in ERKS icKO mice
since they preferred to remain in the closed arms of the maze, traveled shorter distances, and

did not move as quickly as controls.

Cellular characterization of adult-born neurons along the subventricular zone

Toward investigating how ERKS5 is involved in adult olfactory bulb neurogenesis, we
examined the cellular effect of adult-born, BrdU" cells along the subventricular zone (SVZ). At 4
weeks post-BrdU administration, we found no clear differences in the total number of BrdU”
cells nor did we discover any differences in the overall population of DCX" or calretinin® cells

along the SVZ (Fig. 7.14A).
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Figure 7.13. ERKS5 icKO mice display increased basal anxiety in the elevated plus maze
assay. Mice were placed into the center of the elevated plus maze for 5 min free exploration. A)
Quantification of total time spent in the open and closed arms. B) Quantification of total time
spent in the open and closed arm ends of the maze. ERK5 icKO mice spend more time in the
closed arms and closed arm ends demonstrating an anxiety phenotype. C) Total distance
traveled during the 5 min exploration session. D) Average traveling speed while in the maze.
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We also found no differences in the cellular phenotype of BrdU"™ adult-born cells since a similar
proportion of cells positive for BrdU were also positive for DCX or calretinin between controls
and ERKS5 icKO mice (Fig. 7.14B). Additionally, we examined cellular apoptosis and were able

to observe a small trend of increased activated caspase 3 staining along the SVZ (Fig. 7.14C).

Adult-born neurons were characterized at an additional time point at 6 weeks post-BrdU
administration. We found no differences between control animals and ERKS icKO mice in the
total number of BrdU" cells or the percentage of BrdU®*, NeuN" cells along the SVZ (Fig. 7.15).
Together, with the 4 week BrdU data, these results suggest that further investigation into cellular
effects of erk5 deletion along the SVZ through the rostral migratory stream and into the olfactory

bulb are necessary.

Olfactory discrimination is impaired in ERK5 icKO mice with mixed ratios of enantiomer
odorants

Since ERKS5 icKO mice displayed deficits in a number of olfactory associated behavioral
assays (Chapter 5), we wanted to further explore the possibility that ERK5 icKO mice are
deficient in discriminating between enantiomer odorant pairs in the sand-buried food assay.
Assessment of odorant preference for one versus the other odorant showed no preferences
between odorant pairs presented (Fig. 7.16). Citralva and IAA are structurally distinct odorants
used as an assay control demonstrating the robustness of this assay. Pentanol and butanol are
structurally similar odorants with a single carbon difference in chemical structure. S/R-limonene
and S/R-carvone are enantiomer odorants. Using the sand-buried food assay as previously
described (Zou et al., 2012); we found no differences between controls and ERK5 icKO mice in
their ability to learn to discriminate between structurally distinct, structurally similar, or

enantiomer odorants to retrieve a food reward (Fig. 7.17A-D).
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To explore this phenotype further, we made this assay more challenging by mixing enantiomer
odorants at different ratios and found that ERK5 icKO mice, in general, had a more difficult time
discriminating between the food reward-associated odorant mixture and the non-associated
mixture (Fig. 7.17E, F). This was particularly true when odorants were presented at 70:30,
65:35, and 60:40 mix ratios. Both controls and ERKS5 icKO mice were not able to distinguish

between odorant mixtures at a 55:45 ratio.

Male mice prefer senior and juvenile female mouse urine to normal adult female urine
Adult olfactory bulb neurogenesis has been implicated to play a possible role in mating
behavior (Shingo et al.,, 2003; Mak et al., 2007; Larsen et al.,, 2008). We examined this
possibility by performing the olfactory preference assay using urine collected from group house
female mice. Senior females were designated as 1.5 years or older, adult females were
designated as 6 months old, and juvenile females were designated as 3-4 weeks old. All ages
are relative to time of urine collection. Urine were collected from group housed animals, pooled
and stored at -80°C until needed. Different cohorts of senior, adult, and juvenile female mouse
urine were used to minimize habituation to any one cohort of urine. Mice were presented with 2
cotton swabs, each laced with 10 pL of undiluted female mouse urine. Preference for one age of
female mouse urine to the other was quantified and expressed as the total percent of sniffing
duration. All mice preferred senior female urine over adult female urine, juvenile female urine
over senior female urine, and juvenile female urine over adult female urine (Fig. 7.18). These
results suggest that mice typically do not care for sexually mature adult female mouse urine;
however, the results are preliminary. This opens an avenue for exploring why male mice are
more interested in senior and juvenile female mouse urine. One possibility is that protein
components of mouse urine could differ with age (Pawluski et al., 2009); and that the preference
of senior and juvenile female mouse urine over adult mouse urine is more a result of diverse

protein components rather than a preference for non-sexually mature adult female mice.
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Figure 7.17. ERK5 icKO mice are unable to discriminate between enantiomer mixtures of
odorants. A) ERK5 icKO mice were able to discriminate between structurally distinct odorants
IAA and citralva as well as control mice. B) ERKS icKO mice were also able to discriminate
between structurally similar odorants pentanol and butanol. Further testing their ability to
discriminate between enantiomers of odorants, ERK5 icKO mice were presented with pairs of
odorants S/R-limonene and S/R-carvone. D, E) All mice were able to discriminate between the
enantiomer odorants. F) When mixtures of enantiomers were presented to ERK5 icKO mice, a
significant deficit in the ability to discriminate between the S/R-limonene mixtures was observed
at 70:30 and 65:35 ratios. G) ERK5 icKO mice were not able to discriminate between
enantiomer mixture S/R-carvone at ratios of 70:30, 65:35, nor 60:40. Dashed lines indicate
chance.
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Figure 7.18. All mice prefer senior and juvenile female mouse urine over normal adult
female mouse urine. Quantification of total percent sniffing duration of A) senior and adult
female mouse urine, B) senior and juvenile female mouse urine, C) adult and juvenile female
mouse urine. Dashed lines indicate chance.
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Male ERK5 icKO mice are similar to control mice in social behaviors

Since all male animals were able to distinguish between distinct types of female mouse
urine, we additionally wanted to assess whether ERK5 icKO mice displayed any overt social
behavior deficits. First, we introduced artificially induced pro-estrus ovariectomized female mice
to single-caged male mice and quantified the latency to first mount, total duration of mounting
and total number of mounts during a 30 min testing session (Fig. 7.19A—C). No differences were
observed between control animals and ERK5 icKO mice in sexual behavior. Following this
assay, we performed the male aggression assay by introducing normal male mice to our single-
caged experimental animals. By permitting free activity during the 15 min testing session, we
quantified the latency to first attack, total duration of attack and total number of attacks (Fig.
7.19D-F). Similar aggression behavior was observed for all control animals and ERKS icKO

mice. Together, these data suggest no overt social behavior deficits in ERK5 icKO mice.

The main olfactory epithelium is not responsible for many of the observed olfactory
deficits in ERK5 icKO mice

The possibility exists that the olfactory phenotypes we have discovered are not solely
due to olfactory bulb neurogenesis and may be to due alterations in other olfactory sensory
organs such as the olfactory epithelium. To determine if the olfactory threshold deficit observed
in ERK5 icKO mice was due to effects in the olfactory epithelium, we performed the
electroolfactogram (EOG) assay. We used a vehicle control to determine if a pressure detection
deficit was apparent as well as different concentrations of structurally distinct odorants (Fig.
7.20). These results suggest that no clear differences exist between control and ERKS5 icKO
mice in their olfactory epithelium sensitivity to the odorants tested. It remains a possibility that
the olfactory epithelium does indeed play a role in some of the olfactory behavioral deficits

observed, however, that could be another avenue for future research.
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Figure 7.19. ERKS5 icKO mice are not deficient in social behaviors. Male-female sexual
behavior assay was performed and sexual behavior was quantified. A) Latency to first mount. B)
Total duration of mounting. C) Total number of mounts during the assay. Male-male aggression
behavior assay. A) Quantification of latency to first attack from resident male mice. B) Total
duration of attack. C) Total number of attacks.
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DISCUSSION

Throughout this chapter, the data presented are preliminary and results are inconclusive
without additional research. The goal of this chapter was to highlight various potential avenues
to pursue to further explore the role of ERKS5 in regulating adult neurogenesis in both the SGZ
and the SVZ. We have developed tools to further explore the cellular and molecular outcome of
deleting erk5 in aNPCs by using Nestin-CreER™/ERK5F"**/R26-YFP'"'>" animals.
Additionally, many behavior assays were performed and provide intriguing insights as to explore
whether adult neurogenesis may play roles in regulating behaviors other than hippocampus-

dependent learning and memory or olfaction.
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Chapter 8

Conclusions and Future Directions

The field of adult neurogenesis is still being shaped as more discoveries continue to be
reported. From efforts toward characterizing the molecular and cellular signature of adult neural
stem cells to determining a functional role of adult-born neurons and everything in between, the
days where scientists believed that the adult brain was stagnant and incapable of generating
new neurons is now a part of history. It took many years since the initial reporting by Altman et
al. (Altman and Das, 1965) for the field to accept the possibility that the adult brain is capable of
generating new brain cells in the dentate gyrus. In fact, it took convincing research in songbirds
(Alvarez-Buylla et al., 1988) many years later before the idea of adult neurogenesis was even
considered again. As this field continues to grow and we discover new regulatory mechanisms
while continuing to define functions of adult-born neurons, the possibility to use adult-generated

brain cells for neurodegenerative diseases remains a distant yet achievable goal.

My contribution in the field of adult neurogenesis stemmed from the belief that
extracellular signals are able to regulate the proliferation and/or differentiation of aNPCs; and
from this foundation, | studied the role of ERK5 MAPK in the regulation of adult neurogenesis.
We can now firmly conclude that ERKS is a protein that is discretely and specifically expressed
along both neurogenic regions and plays a regulatory role in the progression of aNPC
differentiation into functional, adult-born neurons. We have mapped out a linear pathway by
which ERKS plays a role in regulating the differentiation of aNPCs in vitro by way of NT3
activation of ERK5 thereby exacting a downstream effect on a transcription factor, Neurog2.
Although we were able determine the contribution of ERKS5 signaling by NT3 through Neurog2,
cellular signals are not linear in nature since other activators and effectors of ERK5 exist. To

fully define ERK5 as a targetable protein permitting increased adult neurogenesis, we would
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need to fully elucidate other pathways feeding into and targets of the ERK5 MAPK signaling

pathway.

It is now clear that adult-born neurons play a functional role in hippocampus-dependent
learning and memory as well as several olfactory behaviors. Results presented throughout this
dissertation support that notion and also posit ERK5 as a novel regulatory protein necessary for
maintaining physiological levels of adult neurogenesis. Indeed, we report that adult animals
lacking ERKS as a direct result of tamoxifen-induced erk5 gene deletion have several behavioral
deficits including: longer term memory for novel objects, contextual fear extinction, contextual
fear acquisition using more a challenging training paradigm, spatial learning and memory,
remote memory, olfactory detection threshold to both odorants and pheromones, olfactory
memory, olfactory discrimination, and olfactory-cued associative learning. The behavioral
consequences found in ERK5 icKO mice unearth a wealth of clues into the functional impact of
adult-born neurons, but also leaves many doors open as additional avenues for further

research.

In the future, it would be helpful in our understanding of how ERKS5 regulates adult
neurogenesis to fully identify other upstream activators and downstream effectors of the ERK5
signaling pathway. Established in vitro culture conditions for aNPCs and the use of shERK5
retroviral vectors permit further research along this path. We have also generated the Nestin-
CreER™/ERK5F"*P/R26-YFP'**"* reporter mouse, which now provides a powerful tool for
further downstream investigation to clarify the cellular consequence(s) of erk5 deletion in
aNPCs in vivo. And lastly, the ERK5 icKO mice still provide their lives for our continued
research into other functional roles of adult-born neurons. We are interested in possible links of
adult neurogenesis to anxiety and depression, mating behavior, and basal levels of interest

and/or motivation to explore novel subjects.
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