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Abstract

Experience-dependent plasticity is a fundamental component of the brain’s ability
to adapt to its environment. An increasing amount of research suggests that synaptic zinc
could be an important mediator of plasticity within the brain. Although a role for synaptic
zinc in modulating experience-dependent plasticity has been hypothesized, to date no
research has determined if synaptic zinc is necessary for experience-dependent plasticity.
The goal of this thesis was to determine if synaptic zinc is an important mediator of
experience-dependent plasticity within the hippocampus and neocortex.
The mechanisms through which the brain can respond to experience differ
depending on the area of the brain being examined. For example, the extent of
hippocampal neurogenesis can be increased by experiences such as environmental
enrichment. Our experiments demonstrate that synaptic zinc is necessary for the
enhancement of adult hippocampal neurogenesis by environmental enrichment. GPR39 is
a zinc-sensing receptor that might transduce the zinc signal that is ultimately responsible
for modulating adult hippocampal neurogenesis. We found that ablation of GPR39
signalling also prevented environmental enrichment-dependent increases in neurogenesis.
Together these experiments demonstrate a novel role for synaptic zinc and GPR39 in
contributing to experience-dependent plasticity in the hippocampus.
Experience can also shape the functioning of the neocortex. Depriving neurons of
the primary somatosensory cortex (or barrel cortex) of sensory input by whisker trimming
can depress sensory-evoked responses in these neurons. In addition, sensory deprivation
can increase the amount of synaptic zinc within sensory deprived regions of the barrel
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cortex. The regulation of synaptic zinc by sensory experience suggests its mechanistic
involvement in experience-dependent plasticity. Utilizing voltage-sensitive dye imaging,
which allows for in vivo imaging of sensory-evoked activity in the barrel cortex, we
examined sensory deprivation-induced decreases in cortical activity in the barrel cortex.
Our results show that ablation of synaptic zinc prevented sensory deprivation-induced
reductions in cortical activity. These results demonstrate a role for synaptic zinc for
experience-dependent plasticity within the neocortex.
Together, this research provides substantive support for a role for synaptic zinc as
an essential regulator of experience-dependent plasticity in both the hippocampus and
neocortex.
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Chapter One: General Introduction

1.1 Introduction

Interactions between the brain and the environment can result in profound changes
to neural physiology, connectivity and behaviour. This neural plasticity is a hallmark
feature of the brain, serving as the basis for learning, memory, and behavioural
adaptability. Neural plasticity allows lifetime experiences to shape information
processing and can also facilitate functional recovery from pathological perturbations.
The definition of ‘experience’ within the context of plasticity is largely colloquial.
Experience could mean the quantity and/or quality of motor and sensory experiences, the
extent of an animal’s spatial navigation, the types of social interactions between animals,
or the degree of stress experienced by an animal. The brain relies on a host of cellular,
synaptic, and molecular changes to adapt to these experiences. Neural activity generated
by an experience can lead to profound alterations in synaptic transmission. Sustained
changes in synaptic transmission can modify the structure and organization of the brain.
Depending on the influence of the experience, changes in synaptic transmission
ultimately gives rise to local or global alterations in brain structure, function, and
behaviour.
Plasticity is an unceasing phenomenon that occurs throughout the lifespan of
animals. Experience can drive numerous systemic changes to the structure and function
of neuronal circuits. The neural circuitry of the cerebral cortex is continuously competing
1

with one another, allowing experience to drive large changes in cortical topography (Fox,
2009). For example, when deprived of sensory information, neurons in primary sensory
cortices are less responsive to stimulation by their original sensory input (Wiesel and
Hubel, 1963). However, over time these neurons become more responsive to activation
from adjacent sensory inputs. In this way, neurons representing spared and deprived
sensory networks re-wire, thereby allowing intact circuits to incorporate neurons from
un-utilized circuits. This cortical reorganization that occurs following sensory deprivation
is an example of alterations in synaptic transmission driving larger-scale changes in
cortical topography (Feldman, 2009).
Experience can also drive synaptic transmission to alter the structure of the brain by
altering the structural morphology of individual neurons, increasing or decreasing the
physical size of a brain region, or even promoting the generation of new cells. The birth
of new neurons in the adult brain, a process known as adult neurogenesis, is a unique
form of cortical plasticity that occurs in three unique regions of the brain: the retina, the
subventricular zone of the lateral ventricles and the dentate gyrus of the hippocampus
(Deng et al., 2010). Consider the effects of experience on hippocampal neurogenesis for
example, where experiences such as running (van Praag et al., 1999a), learning
(Ambrogini et al., 2000), stress (Gould et al., 1997), environmental enrichment
(EE)(Kempermann et al., 1997), or injury (Liu et al., 1998) can drastically alter the
generation and survival of new neurons in the granule cell layer. These newly generated
cells migrate, differentiate into neurons or glia, extend axons, and become integrated into
hippocampal circuitry where they can have a profound effect on behaviour.
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The advantages of neural plasticity are evident, yet the abundance of mechanisms
involved in mediating plasticity complicates our understanding of this phenomenon.
Synaptic zinc is a potential modulator of experience-dependent plasticity. Dynamically
regulated by changes in sensory experience, synaptic zinc levels increase in response to
sensory deprivation and decrease in response to increased sensory stimulation (Brown
and Dyck, 2002, 2005). The extent of experience-dependent change in synaptic zinc
decreases with age and can be enhanced by EE (Brown and Dyck, 2003; Nakashima and
Dyck, 2008). This research suggests that the regulation of synaptic zinc levels by
experience could be involved in the subsequent changes within the cerebral cortex.
Despite an abundance of research examining the regulation of synaptic zinc levels by
experience, there is currently no research examining the necessity of synaptic zinc for
experience-dependent plasticity.
The goal of this thesis is to examine the necessity of synaptic zinc for experiencedependent plasticity in the cerebral cortex. Questions concerning experience-dependent
plasticity have conventionally been addressed in one of two major ways: microscopically
analyzing individual synapses or more broadly, at a system level, by examining
functional and structural changes. Experimentally, this thesis explores plasticity at a
systems level, but will extensively draw on theories and previous research examining
plasticity at a synaptic level. To that end, a comprehensive review of the role of synaptic
zinc and experience-dependent plasticity is needed.
This review will focus on experience-dependent plasticity in two major cortical areas of
the brain, the primary somatosensory cortex and the hippocampus. Each area can be
utilized to model a unique form of experience-dependent plasticity. The primary
3

somatosensory cortex will be utilized to examine how experience affects cortical
reorganization following sensory deprivation. The hippocampus will be utilized to
examine how experiences such as running and EE modulate neurogenesis. Under these
contexts the potential role of synaptic zinc in mediating experience-dependent plasticity
will be discussed.

1.2 Synaptic Zinc

Synaptic zinc is a non-classical neurotransmitter closely associated with
glutamatergic signalling. Residing in a subset of glutamatergic neurons, synaptic zinc is
co-localized with glutamate in synaptic vesicles (Beaulieu et al., 1992; Slomianka, 1992).
Synaptic zinc is loaded into synaptic vesicles by Zinc Transporter 3 (ZnT3), and released
in an activity-dependent manner with glutamate (Assaf and Chung, 1984; Howell et al.,
1984). Cellular zinc homeostasis is partially regulated by the zinc transporter family
(ZnT)(Liuzzi and Cousins, 2004), which acts to decrease cytosolic levels of zinc. Only
ZnT3 is responsible for the transportation of zinc into synaptic vesicles however. Basal
levels of extracellular zinc are estimated to be in the low nanomolar range, while release
of synaptic zinc can increase extracellular zinc concentrations to 10-100µm (Li et al.,
2001b; Frederickson et al., 2006). Once released, zinc is capable of modulating a variety
of different signalling pathways (Figure 1.1), including: α-Amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptors (Peters et al., 1987; Bresink et al., 1996), Nmethyl-D-aspartate receptors (NMDA) receptors (Peters et al., 1987; Mayer et al., 1989),
Brain-Derived Neurotrophic Factor (BDNF) and its receptor tropomyosin receptor kinase
4

B (TrkB; (Hwang et al., 2005; Huang et al., 2008; Huang and McNamara, 2010; Hwang
et al., 2011), and the 5-HT1A serotonin receptor (Barrondo and Salles, 2009). Following
release, synaptic zinc can be cleared by Zrt Irt-like Proteins (ZIP) transporters (Gaither
and Eide, 2001), which sequester free zinc into neurons and glia, and chelated by
metallothioniens (Erickson et al., 1997).
Only recently has there been enough scientific evidence to re-classify synaptic zinc
as a neurotransmitter, rather then a neuromodulator. The recent discoveries of two zincsensitive G protein-coupled receptors (GPR), GPR39 and GPR83 (also known as
glucocorticoid-induced receptor, GPR72 or JP05) allow for the reclassification of
synaptic zinc as a neurotransmitter (Holst et al., 2007; Muller et al., 2013a). ZnT3 is codistributed with GPR39 and GPR83 throughout the telencephalon; its density is
especially high in the hippocampus, amygdala, and cortex (Palmiter et al., 1996a;
Brezillon et al., 2001; Sah et al., 2005; Jackson et al., 2006; Egerod et al., 2007). The
cortical distribution of ZnT3, GPR39, and GPR83 is lamina-specific, high levels of
expression are seen in layers 2/3 and 5, with minimal staining in layer 4.
Relatively little is currently known about GPR83. Expressed throughout the murine
brain and thymus (Brezillon et al., 2001; Sah et al., 2005), its physiological role remains
largely unexplored. Within the thymus, GPR83 is expressed on regulatory T cells
(Hansen et al., 2006). While the expression of GPR83 on regulatory T cells is dispensable
for their development (Lu et al., 2007), GPR83 is involved in inflammation as blocking
GPR83 expression on regulatory T cells interferes with inflammatory immune responses
(Hansen et al., 2010). Within the brain, GPR83 can regulate systemic energy metabolism
by heterodimerization with the ghrelin receptor (Ghsr1a) (Muller et al., 2013b). GPR83
5

expression is regulated by glucocorticoids, as acute administration of the synthetic
glucocorticoid dexamethasone downregulates GPR83 gene expression throughout the
brain (Adams et al., 2003). Zincergic activation of GPR83 stimulates Gq/11 activity
(Muller et al., 2013a), however the functional significance of this signalling pathway
within the brain is not known. Only one study has examined the behaviour of GPR83
knockout (KO) mice, which found that mice lacking GPR83 had reduced stress-evoked
anxiety, increased sucrose preference and spatial learning deficits (Vollmer et al., 2013).
Zinc is a potent ligand for the GPR39 receptor (Holst et al., 2007; Yasuda et al.,
2007); micromolar levels of zinc can increase GPR39 activity through Gq, Gs, and G11/12
signalling pathways (Popovics and Stewart, 2011). GPR39 also has a relatively high level
of constitutive activity, mediated through a Gq signalling pathway, which engages
inositol 1,4,5-trisphosphate (IP3) and Mitogen-activated protein kinase (MAPK) activity.
Zinc-mediated activation of GPR39 can increase the Gq signalling pathway the activity of
this signalling pathway. Zinc-mediated activation of GPR39 can also engage a G11/12
pathway that is responsible for activating serum response element (SRE) transcription
through Rho (Holst et al., 2007; Dittmer et al., 2008). Two splice variants of the GPR39
exist, GPR39-1a and -1b (Egerod et al., 2007; Zhang et al., 2008). Both GPR39-1a and 1b can be found in the gastrointestinal system, being at especially high levels in the
pancreas, gastrointestinal tract, liver, and kidneys, while only GPR39-1b is found within
the brain (Egerod et al., 2007). Within the GI tract, activation of GPR39 and its
downstream pathways is vital for maintaining the integrity of the gut (Cohen et al., 2012).
Zincergic activation of GPR39 enhances cellular proliferation and differentiation of
colonocytes within the gut epithelium through the activation of extracellular-signal6

regulated kinases 1 and 2 (ERK1/2) and Akt (Cohen et al., 2014). The earliest studies of
GPR39 within the brain found that zincergic stimulation of this receptor increased
intracellular calcium and phosphorylation of Ca2+/calmodulin-dependent protein kinase
II (CaMKII) and ERK1/2 (Besser et al., 2009). Activation of GPR39 also increased
potassium-chloride cotransporter-2 (KCC2) expression, inducing a hyperpolarizing shift
in the reversal potential of the γ-Aminobutyric acid type A (GABAA) receptor (Chorin et
al., 2011). The finding that GPR39 increases GABAergic inhibition of neurons lead to a
more recent discovery that mice lacking GPR39 are more susceptible to kainic acidinduced seizures (Gilad et al., 2015). GPR39 is hypothesized to be protective during
seizure by increasing KCC2 to increase neuronal inhibition through a Gq/ phospholipase
C (PLC)/ERK pathway. Recently, a study by Perez-Rosello et al. (2013) found that,
within the dorsal cochlear nucleus, zincergic activation of GPR39 stimulates the
production of endocannabinoids. This signalling pathway is integral for synaptic
plasticity within the dorsal cochlear nucleus, allowing synaptic zinc to drive an
endocannabinoid-dependent form of synaptic weakening (reviewed in 1.3.3.3).
In addition to its role in synaptic signalling, zinc is capable of entering neurons and
exerting a number of effects on intracellular signalling pathways. Zinc can move into
neurons through NMDA, AMPA and kainite receptors, as well as ZIP transporters and
proton-zinc exchangers (Sensi et al., 1997; Li et al., 2001b; Ohana et al., 2004). Once
inside the neuron, zinc can modulate many signalling pathways vital to synaptic
plasticity. For example, zinc can affect CaMKII in a concentration-dependent manner by
enabling CaMKII activation to be independent of calcium-calmodulin at low
concentrations (100µm) and inhibiting CaMKII at higher concentrations (Lengyel et al.,
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2000). Zinc can also block the production of cyclic AMP (cAMP) by inhibiting adenylyl
cyclase (Klein et al., 2002). To date, no studies have examined the effects of intracellular
zinc manipulations on CaMKII or cAMP in the context of synaptic plasticity, yet one can
imagine the multitude of potential effects that synaptic zinc might have on synaptic
plasticity.

1.2.1 Methods for studying synaptic zinc

Despite the onward progression of studies examining the role of synaptic zinc, the
functional relevance of synaptic zinc to physiology and behaviour remains unclear. The
ability to study the functional implications of synaptic zinc is limited due to the
physiological necessity of zinc, coupled with the limited tools available to manipulate
synaptic zinc. It is important to briefly review the different methodologies utilized to
characterize the physiological or pathological role of synaptic zinc.

1.2.1.1 Systemic dietary and chelation manipulations to zinc levels

Many studies have attempted to use systemic zinc manipulations to examine the
neurobehavioural role of synaptic zinc, commonly through the use of zinc chelators,
dietary zinc restriction, or zinc supplementation. Systemically decreasing zinc levels
correlates with decreased levels of synaptic zinc, while moderate zinc supplementation
can increase cortical levels of zinc (Flinn et al., 2005; Takeda et al., 2012; Takeda et al.,
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2013). Studies focusing on depression have found that decreasing systemic levels of zinc
increases depressive-like behaviours in rodents (Takeda et al., 2007; Tassabehji et al.,
2008). Zinc supplementation on its own can decrease depressive symptoms (Kroczka et
al., 2001; Rosa et al., 2003; Franco et al., 2008), and supplementing pharmacological
antidepressant treatment with zinc can increase the efficacy of antidepressants (Siwek et
al., 2009; Lai et al., 2012; Ranjbar et al., 2014). Dietary zinc deficiency and chelation has
long been known to produce cognitive impairments (Caldwell et al., 1970; Hesse et al.,
1979; Tassabehji et al., 2008), while low-dose zinc supplementation has been shown to
improve cognition (Maylor et al., 2006). Interestingly, high dose zinc supplementation
actually decreases hippocampal zinc levels, resulting in compromised BDNF signalling
and impaired spatial memory formation (Yang et al., 2013).
While these systemic manipulations can be effective in reducing levels of
synaptic zinc within the brain, they also restrict the bioavailability of zinc in the rest of
the body. An unfortunate consequence of long-term application of these methods is a
decrease in systemic zinc levels important for normal cellular functioning (MacDonald,
2000). Decreasing systemic zinc levels can create a host of pathological perturbations,
including impaired development, decreased DNA synthesis, and delayed onset of
puberty. This is emphasized by the fact that these manipulations can result in decreased
proliferation and survival of cells in the brain (Corniola et al., 2008; Gao et al., 2009; Suh
et al., 2009). While these manipulations excel at modeling the effects of zinc deficiency,
they are completely ineffective in separating the biological role of zinc from the role of
zinc in synaptic signalling.
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1.2.1.2 Infusion of zinc chelators

Studies attempting to characterize the role of zinc by locally infusing zinc
chelators have been limited. Intrahippocampal infusion of zinc chelators disrupts
hippocampal-dependent spatial memory formation in the Morris water task and the
acquisition of fear memory in the contextual fear-conditioning task (Frederickson et al.,
1990; Lassalle et al., 2000; Daumas et al., 2004). An intracranial injection of zinc
chelators into the amygdala also impairs contextual fear conditioning. Together this
research suggests that acutely chelating zinc can impair learning and memory.
This approach is not without its limitations however. The localized infusion of
zinc chelators could alter basal concentrations of extracellular and intracellular zinc,
likely affecting numerous signalling pathways. The use of zinc chelators as a tool for
studying synaptic zinc is further limited by the efficacy of extracellular zinc chelators,
many of which cannot chelate zinc rapidly or also chelate calcium (Radford and Lippard,
2013). Further, the use of extracellular zinc chelators can disrupt zinc homeostasis by
decreasing synaptic zinc content and intracellular zinc concentrations. Given the role of
zinc as an essential mineral, it is also likely that non-specific zinc chelation would have
severe consequences for cellular health as well.

1.2.1.3 Infusion of zinc

While many studies have utilized locally infused zinc chelators into brain
structures to study the effects of zinc removal on behaviour, to date, studies examining
10

localized infusion of zinc into different brain structures have been limited to examining
the electrophysiological effects of exogenous zinc application. No studies have examined
localized infusion of zinc into different brain structures to examine its behavioural
effects. However, the use of exogenous zinc, either in vivo or in vitro, has many
limitations. Intracranial zinc infusion might not imitate the endogenous release of zinc,
mimicking tonic release, rather than the phasic release of synaptic zinc. Considering the
importance of zinc concentration in dictating its effects on receptors (reviewed in
Nakashima and Dyck, 2009 and section 1.3.3.1.1), one cannot control the actual
concentration of extracellular zinc at the region of interest with intracranial zinc infusion.
The issues compromising extracellular zinc application are further compounded when
one considers that infusion of low concentrations of zinc might not produce any effect,
due to the active removal of extracellular zinc by metallothioneins and ZIP transporters.
Conversely, the infusion of high levels of zinc could result in cell death. Concentrations
as low as 40µM can induce apoptosis in cell cultures (Kim et al., 1999), while higher
levels of zinc, in the range of 500µM-1mM, can induce apoptosis in slice preparations
(Koh et al., 1996).

Cellular zinc homeostasis is regulated to some degree by metal-

responsive-element-binding transcription factor-1 (MTF-1), which controls the
expression of metallothioneins and other zinc transporters (Giedroc et al., 2001). Chronic
infusions of zinc could trigger the activation of MTF-1, resulting in an increase regulation
of zinc homeostasis. Exogenous zinc application does have some utility however, as bath
application of zinc to tissue slices or cell cultures has been utilized by many laboratories
to examine the physiology of zinc signalling from a biochemical perspective. Applying
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zinc acutely in this manner allows researchers to control the concentration and extent of
zinc administration, alleviating some concerns associated with intracranial zinc infusion.

1.2.1.4 Genetic manipulations to synaptic zinc signalling

Despite an abundance of methods for studying zinc, none of these previous
methods are very effective at separating the role of zinc in synaptic signalling, from its
utility as an essential mineral. The generation of a knockout mouse line that lacks
synaptic zinc, due to ablation of the ZnT3 gene, was published by Cole et al. (1999).
With the generation of this transgenic mouse line, it became possible to specifically study
the functional role of synaptic zinc. Despite an abundance of ZnT3 protein and synaptic
zinc throughout the brain, early research on the ZnT3 KO mouse found no obvious
behavioural or electrophysiological deficit (Cole et al., 2001; Lopantsev et al., 2003).
While early research on relatively young (8-12 week old) ZnT3 KO mice found no
hippocampal or cortex-dependent deficit (Cole et al., 2001), research by Adlard et al.
(2010) unveiled cognitive deficits in 6-month old ZnT3 KOs. Contextual fear memory
has also been reported to be abnormal in ZnT3 KO mice, though this result has not been
replicated in other laboratories (unreported observations; (Cole et al., 2001; Martel et al.,
2010)). Obviously, the biggest limitation of these studies is that they rely on a
constitutive knockout of ZnT3. While it is possible that the targeted deletion of these
genes could have developmental consequences, it appears that the KO mice are capable
of compensating for any potential deficits. This raises the question, what is the purpose of
synaptic zinc signalling?
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1.2.2 Physiological role of synaptic zinc signalling

Given the numerous synaptic pathways affected by zinc, synaptic zinc should be
playing a pivotal role in normal functioning of the brain. That genetic ablation of synaptic
zinc results in few, if any, major behavioural consequences raises many questions about
the exact role of synaptic zinc signalling. Why are their no major behavioural deficits
following genetic knockout of ZnT3? Are the previous behavioural test batteries sensitive
enough to the deficits caused by ZnT3 KO? Can animals compensate for the lack of
ZnT3? The behavioural and electrophysiological analysis of mice lacking ZnT3 suggests
that synaptic zinc is dispensable for murine animals. Yet, numerous electrophysiological
studies (reviewed in 1.3.3) utilizing non-genetic means of manipulating zinc signalling
suggest that zinc is a powerful modulator of neurotransmission. Studies of zinc
demonstrating its involvement in electrophysiological processes need to be reconciled
with the apparent lack of a concrete behavioural phenotype. Given that mice lacking
synaptic zinc do not express a behavioural phenotype, it is possible that synaptic zinc
signalling may not be utilized, or is minimally involved, during the typical conditions that
animals are exposed to under standard laboratory conditions.
Instead, synaptic zinc signalling may only be engaged when the brain responds to a
change in its environment. If this is the case, then any physiological or behavioural
phenotype in animals lacking synaptic zinc should be evident following an alteration in
the sensory or cognitive/psychological experience of that animal. To that end, the
subsequent two sections of this review will entertain the idea that synaptic zinc might be
involved in different types of cortical experience-dependent plasticity: cortical
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reorganization following sensory deprivation and EE and adult hippocampal
neurogenesis.

1.3 Experience-dependent plasticity in the rodent primary somatosensory cortex
1.3.1 Plasticity in the rodent barrel cortex

A model system for the study of experience-dependent plasticity has been a
subsection of the rodent primary somatosensory cortex, also known as the barrel cortex,
which processes sensory information from the rodent’s mystacial whiskers (or vibrissae).
Sensory information from mystacial vibrissae is transferred to the contralateral primary
somatosensory cortex for processing. Here, each mystacial vibrissae is mapped onto a
distinct barrel unit, allowing sensory input from one vibrissae to be specifically and
reliably mapped to a corresponding barrel in the contralateral hemisphere (Simons and
Woolsey, 1979). Examining experience-dependent plasticity is achieved by manipulating
sensory input through whisker stimulation or whisker removal/trimming and analyzing
the anatomical or functional changes in the corresponding barrel region. Changing
sensory experience induces a series of changes that eventually leads to cortical
reorganization (Fox, 2009). The initial period of sensory deprivation is marked by a rapid
decrease in the responsiveness of neurons that represent trimmed whiskers and a
corresponding increase in the responsiveness of the neurons to deflections of spared
whiskers. Within days of sensory deprivation, neurons representing spared whiskers
preferentially recruit inactive or silent neurons from their inactive neighbours. The
mechanisms driving sensory deprivation-induced plasticity can occur rapidly. This is
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evident from the recruitment of inactive neurons within several days (Feldman and
Brecht, 2005; Margolis et al., 2012).
Initial studies of experience-dependent plasticity focused largely on the visual
cortex, demonstrating that visual deprivation results in extensive modifications to cortical
topography. Early studies of deprivation-induced plasticity, conducted by Hubel and
Wiesel, focused largely on ocular dominance plasticity in the developing visual cortex. In
these experiments, monocular eyelid suturing drove a dramatic shift in the preference of
primary visual cortex neurons to the open eye, while simultaneously weakening the
responsiveness of these same neurons to the now-deprived eye (Wiesel and Hubel, 1963;
Hubel and Wiesel, 1964, 1970).
While experience-dependent plasticity is greatest during the critical period of
development, it can persist into adulthood (Levelt and Hubener, 2012). It is argued that
the mechanisms mediating experience-dependent plasticity are largely conserved between
primary sensory cortices (Fox and Wong, 2005). Within the barrel cortex, the loss of
tactile input by whisker removal results in a reduction of neuronal activity and a decrease
in synaptic strength in the corresponding barrel column (Allen et al., 2003). Sensory
deprivation weakens the layer (L) 4-2/3 synapse, most likely through long-term
depression (LTD)-like processes mediated by cannabinoid receptor type 1

(CB1)

receptor-dependent LTD in L2/3 synapses and NMDA-dependent LTD in L4 synapses
(Allen et al., 2003; Shepherd et al., 2003; Crozier et al., 2007). Given that synaptic zinc is
capable of modulating NMDA receptor activity and directly driving CB1 activation
through GPR39, it is possible that synaptic zinc might be an integral component of this
process.
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1.3.2 Experience-dependent regulation of synaptic zinc

Zincergic neurons are located throughout the telencephalon, with some of the
highest densities seen in the neocortex and hippocampus. In general, zincergic neurons
receive little input from lower brain regions. This is evident in the relatively weak
amount of synaptic zinc staining in L4 of the cortex when compared with L2/3 and 5. The
topographic organization of the barrel cortex (in L4) can be clearly delineated using the
Timm-Danscher autometallographic staining method of visualizing free zinc ions (Error!
Reference source not found.; (Danscher, 1982; Czupryn and Skangiel-Kramska, 1997)).
The delineation of individual barrel columns is achievable due to the low levels of
synaptic zinc within the barrel column hollows compared to the relatively high levels of
synaptic zinc within the barrel column septa (Error! Reference source not found.). In
both visual and somatosensory cortex, synaptic zinc levels in L4 are robustly and rapidly
regulated in response to changes in sensory experience (Brown and Dyck, 2002; Dyck et
al., 2003; Brown and Dyck, 2005). Sensory deprivations to barrel cortex will produce an
increase in levels of synaptic zinc, detectable through histochemistry, but will not
produce any increase in ZnT3 protein expression (Liguz-Lecznar et al., 2005). Further,
sensory deprivation increases the density of zincergic synapses throughout layers 2/3, 4,
and 5, without a significant change to the density of excitatory synapses (Nakashima and
Dyck, 2010). Taken together, this suggests that the uptake of zinc into synaptic vesicles is
regulated by the activity of the ZnT3 transporter, rather then the addition of more ZnT3 to
the synapse.

The modulation of synaptic zinc levels by sensory experience occurs
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rapidly, beginning as early as 3 hours after sensory deprivation, peaking after one day,
and persisting as long as 14 days (Brown and Dyck, 2002).
1.3.3 Mechanisms of cortical plasticity.

Numerous neurotransmitters have been implicated in mediating experiencedependent

plasticity

within

the

cortex,

including:

glutamate,

BDNF,

and

endocannabinoids (Tropea et al., 2009). The examination of neurotransmitters involved
in regulating neurogenesis will allow for a comprehensive assessment of the potential
role of synaptic zinc in cortical experience-dependent plasticity. The active regulation of
synaptic zinc by experience, coupled with the wide variety of signalling pathways
modulated by synaptic zinc, suggests that synaptic zinc could be a potent modulator of
experience-dependent plasticity.

1.3.3.1 Glutamatergic synaptic plasticity
1.3.3.1.1 Long-term potentiation

Synaptic zinc is intimately involved in the modulation of glutamatergic signalling.
Zincergic modulation of glutamatergic signalling is complex, being dependent on both
concentration of zinc and membrane potential. Nanomolar concentrations of zinc are
capable of inhibiting a high-affinity zinc binding on NR2a containing NMDA receptors
(Paoletti et al., 1997). At the estimated concentrations of synaptic zinc release (10100µM), zinc potentiates AMPA receptors (Lin et al., 2001), inhibits NR2b containingNMDA receptors (Rachline et al., 2005), and inhibits NR2a-containing NMDA receptors
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in a voltage dependent manner, the degree of inhibition being inversely related to
membrane potential (Chen et al., 1997). Conversely, high levels of zinc (300µM-1mM)
potentiate both NR2a and NR2b containing NMDA receptors (Chen et al., 1997; Gielen
et al., 2009).
Changes in synaptic signalling initiate early and rapid changes to the efficacy of
synaptic connections through long-term potentiation (LTP) or depression (LTD)-like
mechanisms. Generally speaking, LTP induction occurs following brief, high frequency
stimulation, leading to a prolonged increase in the amplitude of excitatory postsynaptic
potentials (EPSPs;(Bliss and Collingridge, 1993). The NMDA receptor is critical for
LTP. In the Schaffer collateral pathway of the hippocampus, depolarization of the
postsynaptic membrane via AMPA receptor activity removes the extracellular Mg2+
blocking the NMDA receptor. Subsequent activity-dependent calcium influx through
NMDA receptors can lead to the activation of multiple signalling cascades, the most
important being CaMKII. CaMKII activity leads to the phosphorylation and insertion of
more AMPA receptors into the postsynaptic membrane and an increase in EPSP
amplitude (Zamanillo et al., 1999; Hayashi et al., 2000). While this early phase of LTP
can last for several hours, prolonged LTP requires protein synthesis to create new
synaptic connections (Malenka and Bear, 2004).
Given its ability to modulate NMDA receptors and intracellular signalling
pathways vital to LTP, zinc is a neuromodulator capable of having a profound effect on
synaptic plasticity. The largely inhibitory modulation of NMDA receptors by zinc
suggests that the presence of zinc might inhibit LTP induction, and its removal would
facilitate the induction of LTP. Yet, despite a multitude of research examining the role of
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zinc in NMDA functioning, the role of zinc in LTP remains unclear. For example, the
zinc chelator calcium-ethylenediaminetetraacetic acid (EDTA) has been shown to either
have no effect on LTP in the Schaffer collateral pathway (Huang et al., 2008), or inhibit
the induction of LTP (Xie and Smart, 1994; Izumi et al., 2006). Exogenous application of
300µM of zinc has been shown to increase NMDA receptor-mediated field EPSPs,
100µM of zinc inhibits LTP induction, and 1-10µm of zinc has no effect on LTP.
Electrophysiological studies of the ZnT3KO mice have found no differences in evoked or
spontaneous potentials, nor any effect on NMDA or non-NMDA mediated responses.
Considering these mixed results, it remains unclear how zinc might play a role in
NMDA-dependent LTP in the Schaffer collaterals.
The induction of LTP at glutamatergic synapses can also occur independently of
NMDA receptors and postsynaptic activity (Zalutsky and Nicoll, 1990). In the mossy
fiber pathway for example, high frequency stimulation can result in LTP induced by large
influxes of calcium into the presynaptic neuron (Nicoll and Malenka, 1995). High
presynaptic calcium levels trigger the activation of adenylyl cyclase, resulting in
increased production of cAMP and Protein Kinase A (PKA; (Villacres et al., 1998; Wang
et al., 2003)). The end result of mossy fiber (mf) LTP induction is increased glutamate
release. Zinc modulates the activity of cAMP by inhibiting adenylyl cyclase (Klein et al.,
2002). Due to the importance of adenylyl cyclase in mf-LTP, combined with high
concentrations of zinc in mf terminals, numerous studies have attempted to characterize
the role of zinc in mf-LTP. The research into zinc and LTP in the mossy fiber pathway is
inconsistent however. Several studies have reported that zinc chelation can either inhibit,
or have no effect on mf-LTP (Vogt et al., 2000; Li et al., 2001a; Huang et al., 2008). The
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results of exogenous zinc application are equally confusing, with reports of zinc either
inhibiting LTP induction (Kim et al., 2002) or potentiating evoked responses (Huang et
al., 2008).
Despite a multitude of studies examining LTP in glutamatergic synapses, the role
of zinc in synaptic plasticity remains unclear. There are several potential reasons behind
the discrepancies in these results, but the biggest issue is the lack of selective zinc
chelators and methodological issues associated with exogenous zinc application. The
recent development of the zinc chelator ZX1 has helped in addressing many of the
methodological issues plaguing the past generation of zinc chelators. ZX1 has high zinc
selectivity coupled with kinetic properties suitable for the study of transient changes in
zinc concentrations occurring in the synapse (Radford and Lippard, 2013). Using this
zinc chelator, Pan et al. (2011) demonstrated that zinc was necessary for the induction of
LTP in the mossy fiber pathway, as mf-LTP could be completely abolished with ZX1.
The creation of a new generation of zinc chelators will go a long way in ascertaining the
role of zinc in synaptic plasticity. Despite this advance, our lack of understanding of the
physiological role of synaptic zinc is due to inherent methodological limitations involved
in studying synaptic zinc that cannot be resolved easily.

1.3.3.1.2 Long-term depression

As the connections between two neurons can be strengthened through LTP-like
mechanisms, so too can connections be weakened by long-term depression (LTD)-like
mechanism. As with LTP, NMDA receptor activity is also vital for the weakening of
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synapses through LTD-like mechanisms (Dudek and Bear, 1992). Whether a synapse
integrates synaptic activity into a strengthening or weakening event can depend on the
extent of calcium influx, high levels of calcium promote LTP while low calcium levels
promote LTD (Mulkey and Malenka, 1992). Repetitive low-frequency stimulation can
drive synaptic weakening through postsynaptic NMDA receptors. NMDA-dependent
LTD requires calcium activation of protein phosphatases such as calcineurin or protein
phosphatase 1 (Mulkey et al., 1993; Mulkey et al., 1994), which dephosphorylate the cterminus of the GluR1 subunit of AMPA receptors resulting in their internalization.
Alternatively, selective dephosphorylation of AMPA receptors can decrease the
probability of channel opening of AMPA receptors (Banke et al., 2000).
Zinc’s inhibition of NMDA receptors implies its involvement in NMDA receptordependent LTD. Utilizing the zinc-sensitive fluorescent indicator FluoZin-3, Qian and
Noebels (2006) demonstrated that zinc is released in a ZnT3-dependent manner under
stimulation parameters that would normally elicit LTD at CA3-CA1 synapses within the
hippocampus. Unfortunately, despite numerous studies examining the effects of zinc on
NMDA-dependent and –independent forms of LTP, only one study, conducted by Izumi
et al. (2006), has examined the role of zinc in LTD. Surprisingly, low micromolar
concentrations of zinc inhibited LTD, without affecting LTP. Zinc is a potent inhibitor of
NMDA receptors, so it might be expected that the application of zinc would facilitate the
induction of LTD. However, it should be noted that complete inhibition of NMDA
receptors also blocks LTD induction (Dudek and Bear, 1992). Low micromolar
concentrations of zinc would likely be completely inhibiting NR1/NR2b containing
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NMDA receptors, while only blocking the high affinity zinc-binding site of the
NR1/NR2a NMDA receptor governing NMDA channel opening receptors.

1.3.3.1.3 Metaplasticity

Whether a given synaptic signal results in NMDA-dependent LTD or LTP
depends on the composition of the NMDA receptor itself, a phenomenon known as
metaplasticity. Glutamatergic NMDA receptors are typically composed of a requisite
channel-forming NR1 subunit, which complexes with an NR2 subunit (NR2a, NR2b,
NR2c, or NR2d) to form a di- or tri-heterotetramer (Cull-Candy and Leszkiewicz, 2004;
Paoletti, 2011). The functional properties of glutamate-sensitive NMDA receptors depend
on the composition of the NMDA receptor, particularly the NR2 subunit. The type of
NR2 subunit can dramatically effect several important NMDA receptor properties,
including: the time course of activation, the magnitude and time course of calcium influx,
the voltage dependence of the magnesium pore block, and intracellular binding partners
(Paoletti et al., 2013).
Most relevant to this thesis is the comparison between the NR2a- and NR2bcontaining NMDA receptors. The composition of NMDA receptors changes through
postnatal development (Monyer et al., 1994; Sheng et al., 1994). Initially NMDA
receptors are composed almost entirely of NR1 and NR2b-containing subunits. The
expression of NR2a-containing NMDA receptors proceeds in an activity-dependent
manner and, by postnatal day 14, NR2a begins to become the predominant NR2 subunit
expressed in the cortex and hippocampus. When compared to NR2a subunits, NR2b
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subunits have longer current activation, provide a larger calcium influx relative to current
flow, and couple to different intracellular signalling partners (CaMKII binds
preferentially to NR2b) (Vicini et al., 1998; Barria and Malinow, 2005; Erreger et al.,
2005). In the mature synapse, the ratio of NR2a to NR2b subunits is regulated by
synaptic activity, NMDA receptor activity can increase the synthesis and expression of
NR2a in a calcium-dependent manner while NR2b subunits can be endocytosed and
recycled (Yashiro and Philpot, 2008; Peng et al., 2010).
Altering the relative contributions of NR2a and NR2b subunits is hypothesized to
dictate whether a synaptic event triggers LTD or LTP (Yashiro and Philpot, 2008). If the
ratio of NR2a/NR2b activity were increased for instance, a stronger or higher frequency
of stimulus would be required to induce LTP relative to when the NR2A/NR2B ratio is
lower. Conversely, an elevated NR2a/NR2b ratio may facilitate LTD induction by
allowing a broader range of weak stimulation to induce LTD (Paoletti et al., 2013).
Whether synaptic activity triggers LTP or LTD relies, to some extent, on calcium influx.
As NR2b subunits allow for greater calcium influx, a higher NR2a/NR2b ratio results in
relatively less calcium influx thereby increasing the threshold of synaptic activity
required to elicit LTP. The closer association of CaMKII with NR2b over NR2a may also
play some role in this phenomenon.
Synaptic zinc is uniquely suited to play a role in metaplasticity through its
subunit-dependent modulation of NMDA receptors. Conventionally, metaplasticity relies
on the modulation of NR2a and NR2b subunit composition through protein synthesis,
subunit trafficking, surface diffusion, endocytosis and degradation. This process is
complex, multi-faceted, and slow. The modulation of NMDA receptors by synaptic zinc
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on the other hand could provide a rapid and selective mean of altering the LTP/LTD
threshold. As mentioned previously, zinc release can modulate NMDA receptors in a
subunit-dependent manner. Nanomolar concentrations of zinc inhibit NR2a-containing
NMDA receptors via a 40-70% reduction in channel opening probability, while low
micromolar concentrations of zinc inhibit NR2b-containing NMDA receptors. By altering
the amount of zinc being released, the relative efficacy of NR2a/NR2b activity could be
quickly and tightly controlled. Low amounts of zinc release would predominately inhibit
NR2a receptors, lowering the NR2a/NR2b activity ratio and decreasing the induction
threshold for LTP. Increasing zinc release to micromolar levels would predominately
inhibit NR2b receptor activity, resulting in an overall increase in the NR2a/NR2b ratio
due to a complete inhibition of NR2b receptors compared with only a reduction in NR2a
channel opening probability. By controlling whether a given synaptic signal results in
LTP or LTD, synaptic zinc could be a potent modulator of synaptic plasticity. Therefore,
synaptic zinc might be a novel mechanism of controlling metaplasticity by dictating the
relative contributions of NR2a and NR2b activity.

1.3.3.2 Brain-Derived Neurotrophic Factor

The neurotrophin BDNF is another major regulator of synaptic plasticity within
the brain. BDNF is synthesized, stored, and released from glutamatergic neurons in an
activity- and calcium-dependent manner. Through the activation of its receptor, TrkB,
BDNF is capable of participating in both LTP and LTD. Induction of LTP increases both
the transcription and release of BDNF (Bramham et al., 1996; Brigadski et al., 2005).
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Further, blocking BDNF signalling decreases the induction of hippocampal LTP (Korte et
al., 1995), while BDNF administration can induce LTP-like increases in synaptic
transmission (Messaoudi et al., 1998; Ji et al., 2010). BDNF can also block LTD within
the cortex (Kinoshita et al., 1999; Kumura et al., 2000), although the mechanism involved
remains unclear.
Neurotrophic signalling not only affects the efficacy of synaptic connections, but
can participate in structural plasticity as well. BDNF-TrkB signalling is essential for late
phase LTP, being a critical factor in the promotion of dendritic growth and synapse
formation (McAllister et al., 1995; Park and Poo, 2013). The transactivation of TrkB and
subsequent activation of MAPK proteins results in increased gene transcription
(Finkbeiner et al., 1997; Ying et al., 2002). The importance of BDNF for synaptic
remodelling extends beyond synapse formation however. Acting through the TrkB
receptor, BDNF can also stimulate cell proliferation and survival (Barnabe-Heider and
Miller, 2003; Choi et al., 2009). Through its modulation of signalling pathways and gene
transcription, it appears that BDNF is capable of affecting multiple stages of synaptic
plasticity.
Several reports have shown a strong link between zinc and BDNF/TrkB
signalling. Cell culture studies have demonstrated that zinc is capable of TrkB activation
by converting proBDNF to mature BDNF through the activation of metalloproteinases
(Hwang et al., 2005; Hwang et al., 2011). Zinc can also activate TrkB receptors
independently of BDNF, raising the possibility that zinc can affect BDNF/TrkB
signalling through multiple pathways (Huang et al., 2008; Huang and McNamara, 2010).
As most of the research into zinc and BDNF/TrkB signalling has occurred in cell
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cultures, there is little evidence suggesting the involvement of synaptic zinc in BDNF
signalling. However, a recent study by Adlard et al. (2010) found that older ZnT3 KO
mice had decreased levels of hippocampal pro-BDNF and TrkB, suggesting that this
pathway may be compromised in mice lacking synaptic zinc. Despite this research, no
studies have examined any interaction between BDNF and synaptic zinc on synaptic
transmission.

1.3.3.3 Endocannabinoids

Another system vital for the modulation of synaptic plasticity is the
endocannabinoid-signalling pathway. Endocannabinoid-dependent plasticity occurs in
both excitatory and inhibitory synapses and is a fundamental mechanism for the
weakening of synaptic connections. Activation of CB1 receptors can create a transient
depression in presynaptic neurotransmitter release following brief postsynaptic
depolarization, known as depolarization-induced suppression of inhibition or excitation
(DSI or DSE, respectively). This short-term depression relies on the activation of
presynaptic CB1 receptors and the subsequent binding of the βγ subunit to voltage-gated
calcium channels (VGCC) to reduce neurotransmitter release.

The two main

neurotransmitters involved in endocannabinoid signalling, 2-Arachidonoylglycerol (2AG) and anandamide (AEA), are synthesized in the postsynaptic membrane in response
to Gαq/11 activation, typically activated by metabotropic glutamate receptor-1 (Varma et
al., 2001). Postsynaptic 2-AG and AEA then act on presynaptic CB1 receptors to limit
the release of glutamate (Schlicker and Kathmann, 2001; Wilson and Nicoll, 2001). AEA
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and 2-AG are subsequently degraded by the enzymes fatty acid amide hydrolase (FAAH)
and monoacylglycerol lipase (MAGL), respectively (Gulyas et al., 2004; Blankman et al.,
2007). Cannabinergic signalling is prevalent throughout the brain, playing an important
role in many cognitive and emotional processes.
Cannabinergic signalling is vital for long-term reductions in synaptic efficacy.
The induction of CB1-dependent LTD (CB1-LTD) typically requires an increase in
afferent

glutamatergic

activity

with

a

concomitant

increase

in

retrograde

endocannabinoid signalling. Long-term CB1-dependent changes in synaptic strength
require a Gαi/o-dependent reduction in adenylyl cyclase and PKA (Heifets and Castillo,
2009). In addition to these reductions, endocannabinoid-LTD also requires a concomitant
increase in presynaptic calcium to increase the activity of the phosphatase calcineurin,
which dephosphorylates an unknown presynaptic target to mediate long-lasting
reductions in neurotransmitter release (Heifets et al., 2008).
Zinc can act through a metabotropic zinc-sensing receptor, GPR-39, to stimulate
the production of endocannabinoids in the dorsal cochlear nucleus (Perez-Rosello et al.,
2013). Activation of GPR-39 by zinc results in the postsynaptic synthesis of 2-AG and
subsequent activation of presynaptic CB1 receptors. Through this pathway, synaptic zinc
is capable of inhibiting presynaptic glutamate release to drive short term CB1-dependent
plasticity. Zinc’s participation in DSE/DSI plasticity could also occur independently of
GPR39, as zinc could decrease presynaptic functioning by blocking VGCCs (Busselberg
et al., 1992). While synaptic zinc and CB1 receptors are co-localized throughout the
brain, the functional consequences of GPR39 signalling remain largely unknown.
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While it is clear that synaptic zinc can modulate short-term CB1-dependent
synaptic plasticity, it remains unknown how zinc might figure into CB1-LTD. In addition
to the GPR39/CB1 pathway, zinc could activate a variety of intracellular signalling
pathways to modulate CB1-LTD. Zincergic inhibition of adenylyl cyclase could act
synergistically with CB1 receptors to increase the effectiveness of CB1-LTD (Klein et
al., 2002). Conversely, zinc’s inhibition of calcineurin activity could potentially
antagonize CB1-LTD. The effects of zinc on adenylyl cyclase and calcineurin are
concentration-dependent. Nanomolar zinc concentrations inhibit calcineurin, while
adenylyl cyclase is only inhibited by zinc at concentrations exceeding 25µM (Klein et al.,
2002; Takahashi et al., 2003a). As with glutamatergic signalling, any potential role of
synaptic zinc CB1-LTD will be complex, governed by the intracellular and extracellular
concentrations of zinc. Still, the high degree of overlap between ZnT3 and CB1 receptors
in the telencephalon hints at the physiological and behavioural relevance of this pathway.

1.4 Experience-dependent plasticity in the hippocampus
1.4.1 Adult hippocampal neurogenesis

The continuous generation of new neurons throughout adulthood is a defining
feature of the hippocampus. Integration of these new neurons into hippocampal circuitry
plays an important role in hippocampal-dependent learning and memory (Deng et al.,
2010; Sahay et al., 2011; Gu et al., 2012). The magnitude of hippocampal neurogenesis
can be modulated by experience. For example, voluntary running and EE can increase
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hippocampal neurogenesis (Kempermann et al., 1997; van Praag et al., 1999a), while
stress can decrease neurogenesis (Gould et al., 1997; Tanapat et al., 1998). Despite
numerous experiments showing that neurogenesis can be modulated by experience, the
mechanisms implicated in its modulation remain uncertain.
The neurogenic niche of the hippocampus, the subgranular zone, harbours neural
progenitor cells that have the ability to self renew, proliferate, and differentiate into
functional neurons, astrocytes and oligodendrocytes. Radial glial-like (Type 1) neural
progenitor cells (NPCs) residing within the SGZ are capable of asymmetric cell division
resulting in the generation of non-radial (Type 2) NPCs. Type 1 and 2 NPCs can be
differentiated from one another based on morphology and molecular markers. Type 1
cells reside in the subgranular zone but extend a radial process through the granule cell
layer to the inner molecular layer, where they receive input from layer 2 neurons in the
entorhinal cortex. These cells can further be differentiated by their expression of nestin,
glial fibrillary acidic protein (GFAP) and Sox2 (Seri et al., 2001; Filippov et al., 2003).
Type 2 NPCs on the other hand do not express GFAP, and have only short processes
extending into the dentate hilus (Fukuda et al., 2003; Kronenberg et al., 2003). Although
Type 1 NPCs are abundant throughout the subgranular zone of the dentate gyrus, they are
usually quiescent except under extenuating circumstances such as hypoxia or ischemia
(Kronenberg et al., 2003). This quiescence is hypothesized to be necessary to maintain
the available stem cell pool as Type 1 cells might only proliferate to replenish the
existing pool of transiently amplifying Type 2 NPCs. Adult hippocampal neurogenesis
relies on the continuous proliferation of Type 2 NPCs. These Type 2 cells can self renew,
giving rise to a daughter cell capable of differentiating into either a dentate granule cell or
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a glial cell (Kronenberg et al., 2003). Several studies examining the modulation of adult
hippocampal neurogenesis by running have found that these experiences primarily alter
hippocampal neurogenesis through their modulation of Type 2 NPCs (Steiner et al., 2008;
Klempin et al., 2013).
The development an immature granule cell into its mature form requires three to
four weeks. Fate commitment of NPC daughter cells occurs within the first week of their
birth (Cameron et al., 1993). Differentiation of NPCs relies on extrinsic regulation of
NPC activity through GABAergic activation of GABAA receptors. A lack of KCC2
expression (and the resulting elevation in intracellular chloride levels) during the
development of these cells results in GABAergic input to these cells being excitatory
rather then inhibitory (Ben-Ari, 2002).

Increased excitatory drive and subsequent

elevations in intracellular calcium levels increases the expression of the transcription
factor NeuroD, required for NPCs to develop a neuronal phenotype (Deisseroth and
Malenka, 2005). Following fate determination, these immature dentate granule cells
migrate into the inner third of the granule cell layer. Between the first and second week
of birth, these immature cells begin to extend axons towards CA3 pyramidal neurons
along the mossy fibre pathway and dendrites into the inner molecular layer, which form
synapses with perforant pathway neurons (Toni et al., 2007; Toni et al., 2008). Between
the second and third week of age, these new neurons begin to receive excitatory
glutamatergic input from perforant pathway axons, and GABAergic interneuron input
switches from excitatory to inhibitory due to the increased expression of KCC2 (Esposito
et al., 2005; Ge et al., 2006; Tashiro et al., 2006).
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The survival of immature granule cell to mature functional cells in the adult
hippocampus follows a similar trajectory to that of perinatal development. During
development, the synapses of immature cells are silent. Excitatory GABAergic input
develops after one week of age in these cells, preceding the development of excitatory
glutamatergic input. Excitatory GABAergic input unmasks functional NR2B-containing
NMDA receptors, by relieving NMDA receptors of their Mg2+ block (Ge et al., 2007).
Subsequent NMDA receptor activity promotes the synthesis of NR2a subunits, at which
point the synapses of the new granule cell become functionally mature. The first timepoint at one week of age requires the immature cell to receive a sufficient amount of
excitatory GABAergic input (Ge et al., 2006). The second time point occurs at two to
three weeks of age and requires that the immature cell receive sufficient glutamatergic
input (Tashiro et al., 2006). Thus, whether or not an immature granule cell can survive to
maturity is dictated by the amount of excitatory activity it receives at these two time
points.

1.4.2 Neurotransmitters modulating neurogenesis

Extrinsic environmental stimuli can modulate both the proliferation and survival
of newborn granule cells. Exercise, diet, EE and numerous pharmacological approaches
have demonstrated that neurogenesis can be upregulated in a variety of animals. Many
signalling pathways have been shown to be involved in neurogenesis, and these can be
broadly characterized into neurotransmitters and intracellular pathways. The list of
factors involved in neurogenesis is long (Olson et al., 2006). This section will instead
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focus on neurotransmitters explicitly shown to be involved in modulating adult
hippocampal neurogenesis in response to exercise and EE, specifically focusing on:
glutamate, BDNF, and endocannabinoids. The examination of neurotransmitters involved
in regulating neurogenesis will allow for a comprehensive assessment of the potential
role of synaptic zinc in adult hippocampal neurogenesis.

1.4.2.1 Glutamate

Glutamatergic signalling is a central regulator of adult hippocampal neurogenesis,
regulating proliferation, differentiation, and survival. The dentate gyrus receives
glutamatergic input from several sources, including: granule cells of the dentate gyrus, L2
projections from entorhinal cortex, and contralateral projections from hilar mossy cells.
The regulation of neurogenesis by glutamate is dependent on receptor sub-type. The
ionotropic glutamatergic receptors NMDA and AMPA have opposing effects on
neurogenesis. AMPA receptor activation can increases neurogenesis while NMDA
receptor activation can decrease neurogenesis (Cameron et al., 1995; Bai et al., 2003).
Several studies utilizing AMPA receptor potentiators (ARPs) have shown that chronic,
but not acute, AMPA potentiation can significantly increase adult hippocampal
neurogenesis (Bai et al., 2003). While the exact mechanism remains unclear, ARP
exposure can upregulate BDNF levels in cell cultures and in vivo (Legutko et al., 2001;
Mackowiak et al., 2002), suggesting that a similar upregulation of BDNF following ARP
exposure could mediate the proneurogenic effects of ARPs. Interestingly, fluoxetine, a
selective serotonin reuptake inhibitor (SSRI) capable of increasing neurogenesis, has
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been found to increase AMPA receptor phosphorylation in a manner analogous to AMPA
receptor potentiation (Svenningsson et al., 2002). Diheteromeric NR1/NR2 expressing
NMDA receptors are richly expressed within the dentate gyrus (Brose et al., 1993;
Petralia et al., 1994). Early experiments on NMDA and neurogenesis discovered that
proliferation and survival were dependent on NMDA receptors. Exposing animals to
NMDA can significantly decrease hippocampal cell proliferation, while NMDA
antagonists increase both proliferation and survival within the dentate gyrus (Cameron et
al., 1995). While activation of NMDA receptors appears to mediate decreases in
neurogenesis, fully functioning NMDA receptors are required for mice to experience the
pro-proliferative effects of running (Kitamura et al., 2003).
Synaptic zinc has long been known to be negative modulator of NMDA receptor
activity, while simultaneously being capable of potentiating AMPA receptor activity
(Peters et al., 1987; Mayer et al., 1989; Bresink et al., 1996). Given that neurogenesis can
be positively modulated by AMPA receptor potentiation and NMDA receptor inhibition,
it’s possible that the potentiation of AMPA receptors and inhibition of NMDA receptors
by zinc may be a potential mechanism through which experience modulates adult
hippocampal neurogenesis.

1.4.2.2 BDNF

The hippocampus has the highest levels of BDNF in the brain, densely
innervating the dentate gyrus, CA3 and CA1. While BDNF is well known to affect
synaptic plasticity (see section 1.3.3.2), the activation of TrkB by BDNF can also drive
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multiple signalling pathways involved in neurogenesis. The TrkB receptor is coupled to
three main pathways, the phosphatidylinositol-4, 5-bisphosphate 3- kinase (PI3K)/Akt
pathway, the Ras/ERK pathway, and the phospholipase C pathway (Gottschalk et al.,
1999; Alonso et al., 2002). Through these pathways BDNF is capable of regulating
protein synthesis, gene expression, and ultimately neurogenesis. Several studies have
reported that EE can increase BDNF levels (Young et al., 1999b; Rossi et al., 2006;
Kazlauckas et al., 2011), and that preventing EE-dependent increases in BDNF
counteracts the pro-neurogenic effects of EE exposure in the hippocampus (Rossi et al.,
2006; Choi et al., 2009; Jha et al., 2011). Together, this research suggests that BDNF
might be an effective regulator of hippocampal neurogenesis.
Recent studies demonstrate that zinc is a potent modulator of BDNF signalling.
Zinc is capable of directly transactivating TrkB, thereby circumventing the need for
BDNF. The application of zinc can also promote the conversion of proBDNF to mature
BDNF by activating matrix metalloproteinases (MMPs) and tissue plasminogen activator
(TPA; (Hwang et al., 2005; Huang et al., 2008). Zinc can also complex with the Nterminal domain of BDNF, improving its structural stability (Travaglia et al., 2013).
Therefore, synaptic zinc signalling might be a key regulator of BDNF signalling, not only
by catalyzing the conversion of proBDNF to mBDNF, but also by stabilizing the
structure of mBDNF Given the high density of zincergic synapses within the dentate
gyrus, coupled with the role of zinc in modulating neurotrophic signalling, it is likely that
synaptic zinc is involved in adult hippocampal neurogenesis.
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1.4.2.3 Endocannabinoids

CB1 receptors are expressed on neural progenitor cells in the dentate gyrus,
regulating the proliferation, differentiation, and survival of adult-born hippocampal
granule cells (Galve-Roperh et al., 2006). Cell proliferation and survival can be increased
or prevented through the use of CB1 agonists or antagonists, respectively (Aguado et al.,
2005). Endocannabinoid signalling can also control differentiation, as increasing CB1
activation can result in neuronal differentiation (Compagnucci et al., 2013). While the
exact mechanisms behind CB1 receptor-mediated control remain unclear, CB1 activation
has been shown to regulate the activity of several pro-neurogenic pathways including:
PI3K/AKT, PKA, ERK1/2 (Derkinderen et al., 2001; Chevaleyre et al., 2007; Ozaita et
al., 2007). Exercise and EE both significantly upregulate cannabinergic signalling within
the hippocampus, increasing CB1 receptor expression and binding, as well as increasing
AEA content (Hill et al., 2010; Wolf et al., 2010). Endocannabinoid signalling could act
through a BDNF-dependent pathway to increase hippocampal neurogenesis. CB1
activation produces a robust increase in BDNF mRNA and protein levels (Derkinderen et
al., 2003). Blocking cannabinergic signalling by using CB1 receptor antagonists prevents
exercise and enrichment-induced increases in BDNF, neurogenesis, and improved spatial
memory (Hill et al., 2010; Wolf et al., 2010; Ferreira-Vieira et al., 2014).
Given that synaptic zinc and CB1 activate similar signalling cascades, it is
possible that synaptic zinc might directly activate endocannabinoid signalling through the
GPR39 pathway. Zincergic stimulation of GPR39/CB1 leading to increased BDNF
signalling illustrates a potential pathway through which synaptic zinc could stimulate
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neurogenesis in a BDNF-dependent manner. This is supported by evidence from multiple
studies demonstrating the necessity of both synaptic zinc and CB1 signalling for the
enhancement of BDNF levels following prolonged exercise or enrichment. Given the
current research available, it is likely that synaptic zinc is capable of participating in the
regulation of neural stem cell proliferation and survival through a CB1-dependent
mechanism through either a BDNF-dependent or –independent pathway, or both.

1.5 Overview of Experimental Chapters

Synaptic zinc has been argued to be involved in cortical plasticity through a variety
of mechanisms (Nakashima and Dyck, 2009). In this thesis, we asked the question: is
synaptic zinc necessary for experience-dependent plasticity? The aim of this thesis is to
determine the necessity of synaptic zinc for some forms of experience-dependent
plasticity. We postulate that synaptic zinc is necessary for experience-dependent
plasticity in the hippocampus and cortex. The three experimental chapters accompanying
this thesis were designed to determine the role of synaptic zinc in experience-dependent
plasticity within the cortex and hippocampus. In chapter 2, we examine the necessity of
synaptic zinc signalling for the effects of EE on adult hippocampal neurogenesis.
Exposing mice to an enriched environment increases hippocampal neurogenesis, BDNF,
and hippocampal-dependent spatial learning. We hypothesize that synaptic zinc is
indispensable for the pro-neurogenic, pro-neurotrophic, and pro-cognitive effects of
enrichment, but is unnecessary for maintaining these qualities under normal conditions.
The multiplicity of pathways affected by synaptic zinc affected the mechanistic
36

interpretation of these results. To that end, Chapter 3 examined the role of the zincsensitive receptor GPR39 in modulating the effects of enrichment on hippocampal
neurogenesis. GPR39 should be dispensable for maintaining basal levels mBDNF and
hippocampal neurogenesis, but could regulate enrichment-dependent increases in these
same factors. Finally, chapter 4 examines the necessity of synaptic zinc signalling for
experience-dependent plasticity in the murine barrel cortex. Sensory deprivation induced
by whisker trimming decreases sensory-evoked responses within the barrel cortex. We
propose that synaptic zinc is necessary for the depression of cortical activity occurring
following whisker trimming. Together these chapters will make the argument that
synaptic zinc is necessary for experience-dependent plasticity.
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Chapter Two: Experience-dependent hippocampal plasticity requires synaptic zinc
signalling

The work contained within this Chapter has been submitted for publication.
Chrusch M.J., Spanswick S.C., Vecchiarelli H.V., Hill M.N., and Dyck R.H.
Environmental Enrichment Engages Synaptic Zinc Signaling to Enhance Hippocampal
Plasticity. Proceedings of the National Academy of Science USA. Submission # 201508527. Under review.
The author was responsible for the study design, generation and genotyping of animals
used for this study, and performed all experiments contained within this chapter. Dr.
Spanswick provided confocal training and assistance, contributed to study design, and
provided comments on the manuscript. Both the author and Haley Vecchiarelli performed
BDNF quantification. Dr. Hill provided equipment for BDNF quantification and
participated in writing the manuscript. Dr. Dyck contributed to study design and writing
of the manuscript.

2.1 Introduction

Zinc is sequestered into the synaptic vesicles of a subset of glutamatergic neurons
in the mammalian forebrain (Beaulieu et al., 1992; Nakashima and Dyck, 2010). In
zincergic neurons, zinc is transported into synaptic vesicles by zinc transporter 3 (ZnT3,
slc30a3; (Palmiter et al., 1996a)) and released into the synapse in an activity-dependent
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manner (Qian and Noebels, 2005). In the synapse, zinc has the potential to activate or
modulate a number of signalling pathways, by binding to specific sites on NMDA
receptors (Christine and Choi, 1990), or by transactivating TrkB receptors (Huang et al.,
2008), among others (reviewed in (Nakashima and Dyck, 2009). Zinc is conspicuously
contained, at especially high levels, in the synaptic terminals of the granule cells of the
dentate gyrus (Slomianka, 1992), providing the potential for zinc signalling to potently
affect hippocampal function. However, initial studies revealed little or no functional role
for synaptic zinc, as ZnT3 KO mice exhibit marginal changes in hippocampal structure
and function (Cole et al., 2001; Lopantsev et al., 2003), outside of a recent report which
has indicated that ZnT3 KO mice exhibit accelerated cognitive decline during aging
(Adlard et al., 2010). This would suggest that while synaptic zinc may be dispensable for
normative hippocampal function, there might be specific ontogenetic or experiential
conditions in which the importance of zincergic signalling becomes apparent.
With respect to contributing to hippocampal plasticity it is important to note that a
number of studies have shown that zinc is a potent modulator of BDNF signalling,
capable promoting the conversion of proBDNF to mature BDNF (mBDNF; (Hwang et
al., 2005; Huang et al., 2008). mBDNF, signalling via the TrkB receptor, is particularly
important in the proliferation, differentiation, and survival of newborn neurons (BarnabeHeider and Miller, 2003; Waterhouse et al., 2012). In addition to its effects on
neurotrophic factors, zinc, as an essential mineral, is critical for the proliferation and
survival of cells in the adult hippocampus (Levenson and Morris, 2011); however, the
specific role(s) of synaptically released zinc is largely unknown. The continuous
generation of new neurons throughout adulthood is a defining feature of the
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hippocampus. Integration of these neurons into hippocampal circuitry plays an important
role in hippocampal-dependent learning and memory (Deng et al., 2010). The magnitude
of hippocampal neurogenesis can be modulated by experience. For example, voluntary
running and exposure to an EE can increase hippocampal neurogenesis (Kempermann et
al., 1997). This increase in neurogenesis is accompanied and, perhaps, mediated by
increased levels of BDNF (Young et al., 1999b; Rossi et al., 2006).
Given the anatomical localization, and integration with factors regulating
plasticity, we sought to determine if, despite its lack of effect on steady-state
hippocampal structure and function, synaptic zinc is involved in experience-dependent
changes. Intriguingly, our data support previous findings of a lack of effect of ablation of
synaptic zinc in basal hippocampal neurogenesis, mBDNF and hippocampal-dependent
behaviour, but demonstrate a novel role of synaptic zinc in regulating experiencedependent changes in all of these factors.
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2.2 Results
2.2.1 Genetic ablation of ZnT3 prevents enriched environment-induced proliferation
without affecting baseline proliferation.

Exposing animals to EE results in significant increases in adult hippocampal
neurogenesis (Kempermann et al., 1997). In this study, EE exposure significantly
enhanced hippocampal cell proliferation in adult ZnT3-WT mice. In contrast, ZnT3-KO
mice showed no increase in neurogenesis following EE exposure (Figure 2.1). A
univariate ANOVA revealed a significant interaction between housing condition and
ZnT3 genotype (F(1, 23) = 12.306, p = 0.002). While baseline proliferation in the standard
housing condition was not different between the WT and KO mice 24 h after the last
BrdU injection (WT-SH, n= 6, 4016± 105; KO-SH, n= 6, 4012 ± 140, p = 1.000), there
was a significant difference between WT-EE and KO-EE (WT-EE, n = 6, 5067 ± 182;
KO-EE, n = 6, 4067 ± 129, p< 0.001). Therefore, while knockout of the ZnT3 gene did
not affect baseline levels of proliferation, it did abolish EE-induced increases in
neurogenesis.
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Figure 2.1 Neural proliferation in the hippocampus of WT and KO mice exposed to
SH or EE.
A. BrdU-immunopositive cells (red) in the subgranular zone of ZnT3-WT (A) and KO
(A’) mice housed in EE. B. The levels of neural proliferation seen in ZnT3 WT and KO
mice placed in the SH condition did not differ. However, while WT mice in EE showed a
significant increase in neural proliferation, the level of proliferation in KO-EE mice was
significantly lower, and was no different from levels in WT or KO mice in the SH
condition (n = 23). Values shown as means ± SEM. * p < 0.001.
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2.2.2 Synaptic zinc is necessary for enriched-environment-induced survival of new
neurons.

Synaptic zinc was also necessary for EE-dependent increases in the survival of
new cells (Figure 2.2B). Statistical analysis revealed a significant interaction between the
housing condition and ZnT3 genotype (F(1, 22)= 17.71, p< 0.001). A post-hoc Tukey’s test
showed that the KO-EE mice demonstrated significantly decreased levels of cell survival
relative to WT-EE (KO-EE n= 5, 925± 124; WT-EE n= 6, 1722± 114, p< 0.001). Cell
survival in WT and KO animals in the SH condition was not different (WT-SH, n= 6,
852± 44; KO-SH, n= 6, 804± 60, p= 0.979). In addition, cell survival in KO-EE animals
was not different from that in either the WT or KO SH group (p= 0.940, p= 0.783,
respectively).

Given the significant decrease in cell survival in the KO-EE group, we next
examined the neuronal phenotype of the surviving cells (Figure 2.2D). While there was
no significant interaction between genotype conditions, for neuronal phenotype (F(1,22)=
0.472, p= 0.501), there was a significant group effect of housing condition (F(1, 22)= 87.01,
p< 0.001). Despite the difference in the numbers of cells surviving, between mice in the
WT-EE group and the other three groups (Figure 2B), the percentage of BrdU-positive
cells co-labelled with NeuN was significantly elevated by EE in both KO and WT mice
(Figure 2D; WT-EE 92.4%± 1.2, KO-EE 93.6%± 1.3) compared to SH groups (WT-SH
65.3%± 4.4, KO-SH 63.4%± 3.2).
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The decreased numbers of surviving cells evident in KO-EE mice could be due to
a significant increase in cell death. Our quantification of pyknotic nuclei revealed a
significant interaction between housing condition and ZnT3 genotype (Figure 2.3B;
F(1,22)= 30.938, p< 0.001). This interaction was due to a significant increase in the number
of pyknotic nuclei counted in the KO-EE (468± 20) when compared against the WT-EE
condition (293± 13, p< 0.001). No significant difference between WT (488± 11) and KO
(508± 12) animals were found in the SH conditions (p= 0.729). These results suggest that
the decreased cell survival in the KO-EE group could be partially accounted for by
increased cell death.

Changes in hippocampal cell survival are correlated with changes in granule cell
layer volume (Valero et al., 2011). Our analysis of granule cell layer volume revealed a
significant interaction between housing condition and ZnT3 genotype (Figure 2.3C;
F(1,22)= 19.715, p < 0.001). Post-hoc analysis showed that this interaction was due to a
decrease in hippocampal volume in the KO-EE group relative to the WT-EE group (WTEE 1.33mm3± 0.04, KO-EE 0.99mm3 ± 0.051; p< 0.001). There was no significant
difference in hippocampal volumes, between animals in the SH condition (WT-SH
1.02mm3± 0.03, KO-SH 1.00mm3± 0.04; p=0.995).
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Figure 2.2 The effects of EE on cell survival and neuronal differentiation in ZnT3
KO and WT mice.
A. BrdU-positive cells (red) in the granule cell layer of ZnT3 WT (A) and KO (A’) mice
exposed to an EE B. EE exposure significantly increased the survival of proliferating
cells in WT mice, but had no effect on KO mice. C. Confocal microscopic images
showing cells expressing the mature neuronal marker NeuN (C, green), with a BrdUpositive cell in the same plane (C’, red). The channels are merged in C” to show colocalization. D. Exposure to EE increased the percentage of BrdU-positive cells coexpressing NeuN in both WT and KO mice (n = 23). Values shown as means ± SEM. * p
< 0.001.
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Figure 2.3 Cell death and granule cell layer volume (GCL) in WT and KO animals
exposed to SH or EE. EE exposure does not alter the level of cell death or GCL
volume in ZnT3-KO mice.
A. Cresyl violet stained sections of the GCL reveal pyknotic nuclei that are characteristic
of dying cells (arrow). B. The level of cell death was did not differ between WT and KO
mice in SH. EE significantly decreased cell death in WT animals but had no effect in KO
mice (n = 23). C. The GCL volume is similar in both WT and KO mice in the SH
condition. GCL volume is significantly increased in WT animals, but not KO mice
exposed to EE (n = 23). Values are shown as means ± SEM. * p < 0.001.
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2.2.3 Mice lacking synaptic zinc show no improvement in spatial memory following
environmental enrichment.

EE enhances hippocampal neurogenesis and improves spatial memory (Kempermann et
al., 1997). Utilizing two differential assays of hippocampal-dependent spatial memory,
the spatial object recognition and Morris Water tasks, we demonstrate that normal levels
of synaptic zinc are necessary for the enhancement of spatial memory following
enrichment. A univariate ANOVA was utilized to analyze the total time spent
investigating objects and the object investigation ratio during both the sample and testing
phase. During the initial object-sampling phase, there was no significant effect of either
housing condition (F(1,

38)

= 0.256, p = 0.616) or ZnT3 genotype (F(1,

38)

= 0.123, p =

0.728) on investigation ratios (

Figure 2.4A). Further, there were no significant differences in total investigation times
detected, as a function of either housing condition (F(1, 38) = 0.001, p = 0.971) or genotype
(F(1, 38) = 0.1.86, p = 0.181;

Figure 2.4B). Analysis of novel location investigation ratios in the spatial object
recognition task revealed a significant interaction between housing condition and ZnT3
genotype (F(1, 35) = 7.122, p = 0.011;

47

Figure 2.4C). WT –EE mice showed a significant improvement in spatial memory (n = 9,
66.08% ± 3.31) compared to WT-SH (n = 10, 49.83% ± 2.6, p = 0.002), KO-SH (n = 10,
49.99% ± 2.50, p = 0.002) and KO-EE (n = 10, 51.77% ± 3.13, p = 0.004) mice, which
were not significantly different from one another. Analysis of total investigation time
during the testing phase revealed a significant main effect of housing condition (F(1, 38) =
9.26, p = 0.004;

Figure 2.4D), as ZnT3 WT-SH and KO-SH (34.5 seconds ± 9.29 and 29.6 ± 9.37,
respectively) mice spent more time investigating objects compared to enriched WT and
KO mice (24.0s ± 5.23 and 24.2s ± 8.19, respectively).

Hippocampal-dependent spatial learning and memory was also assessed with the
Morris Water Task. A repeated measures ANOVA found no significant effect of either
genotype (F(1,35)= 0.119, p = 0.732) or housing condition (F(1,35)= 0.175, p = 0.678) on
swim speed. As such, escape latency to the hidden platform was used to measure
performance. In our analysis of escape latency, we found a significant interaction
between housing condition and ZnT3 genotype (Figure 2.4B, F(1,35)= 14.517, p= 0.001).
A post-hoc Tukey’s test revealed that the WT-EE mice had significantly faster escape
latencies than mice in all other groups (WT-SH p = 0.001, KO-SH p = 0.018, KO-EE p =
0.002). There was no significant difference amongst any of the other groups. As
expected, there was a mean effect of trial day (Figure 4B, F(2)= 38.435, p < 0.001),
indicating that all groups improved over the 3 days of testing. Analysis of platform
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crosses during the probe trial revealed no significant effects of housing condition (F(1,35)=
0.063, p = 0.804) or genotype (F(1,35)= 0.636, p = 0.431).

In order to test contextual fear memory in ZnT3-WT and ZnT3-KO mice exposed to
either SH or EE living conditions, freezing behaviour was measured for three consecutive
days following shock administration. A repeated measures ANOVA found a significant
main effect of extinction day on freezing behaviour (F(3, 33) = 123.1, p < .001;

Figure 2.4F), such that mice, regardless of genotype or housing condition, froze
more on extinction day 1 (69.1 % ± 22.7), then extinction day 2 (50.0 % ± 25.7) or 3
(35.2 % ± 26.0). However, there was no significant main effect of housing condition (F(1,
35)

= 0.279, p = 0.601), genotype (F(1, 35) = 0.405, p = 0.529) or an interaction between the

housing condition and genotype (F(1, 35) = 3.36, p = 0.075) on freezing behaviour.
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Figure 2.4 Hippocampal-dependent behaviour in ZnT3 WT and KO mice from SH
and EE conditions.
Improved spatial learning and memory in ZnT3-WT, but not KO, mice exposed to EE A.
During the sample phase, mice showed no preference for either object B. Neither
enrichment nor genotype affected sample phase investigation times. C. EE exposure
increases the investigation ratio of a novel object for WT mice, but not KO mice, in the
Spatial Object Recognition Task D. SH mice explored both objects in the test phase more
then mice housed in enriched environments. E. Escape latencies, in the Morris Water
task, across the 3 testing days reveal that the performance of WT mice in the EE housing
condition is significantly better than KO-EE mice, as well as WT or KO mice in SH. F.
Platform crossing during the probe test were not significantly different among groups. G.
Neither enrichment nor genotype affected contextual fear extinction. Values shown as
means ± SEM. * p < 0.05

51

2.2.4 Synaptic zinc is required for experience-dependent elevations in neurotrophin
levels

BDNF is an important mediator of structural plasticity and neuronal viability, and
has been shown to be necessary for EE-induced neurogenesis (Rossi et al., 2006). We
measured mature BDNF levels in the hippocampi of KO and WT mice from SH and EE
conditions. Our analysis of BDNF levels in the hippocampus revealed a significant
interaction between housing condition and ZnT3 genotype (Figure 2.5A, F(1, 28) = 5.282, p
= 0.029). WT mice showed a significant elevation in BDNF levels with EE housing (WTEE 455 ± 27 pg/mg total protein, WT-SH 314 pg/mg total protein, p = 0.005), while
BDNF levels in the hippocampus of KO-EE mice were not significantly different from
those measured in SH animals, regardless of genotype (KO-EE = 347±35, KO-SH =
301± 26, WT-SH = 314± 25 pg/mg total protein).

To ensure that ZnT3 KO mice were able to increase BDNF levels in response to
zinc stimulation, we bypassed the inability of synaptic zinc to be released by exposing
hippocampal slices from ZnT3 KO and WT mice to 10µM Zn. An independent samples ttest found that the application of zinc significantly increased levels of mature BDNF in
the hippocampus of both WT and KO mice when compared to their respective control
groups (Figure 2.5B; WT-Zn vs WT = 125.93% ± 9.01; t(14)= 2.331, p = 0.0175; KO-Zn
vs KO = 119.41%± 7.16; t(11)= 2.331, p = 0.0255).
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Figure 2.5 Measurements of mature BDNF in the hippocampus of WT and KO
mice.
A. The amount of mBDNF measured in the hippocampus of WT and KO mice in SH did
not differ. EE significantly increased mBDNF in the hippocampus of WT animals, but
not in KO mice (n = 32). B. Effect of bath application of 10µm of ZnCl on mBDNF
levels in the hippocampus of WT and KO mice. Exogenously applied Zn significantly
increased the level of mBDNF in the hippocampus of both WT and KO mice (n = 27).
Values are shown as means ± SEM. * p < 0.05
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2.3 Discussion

The results of this study indicate that synaptic zinc is necessary for experienceinduced neurogenesis, increased hippocampal levels of mBDNF and the cognitive
improvements mediated by EE. Unlike controls, mice deficient in synaptic zinc did not
exhibit EE-induced increases in neurogenesis, mBDNF levels, nor did they show any
improvement in their performance in the spatial object recognition task or Morris Water
Task. As such these data highlight a potentially important role for the contribution of
synaptic zinc to mediate experience-dependent changes in plasticity and behaviour.
As an essential mineral, zinc is necessary for neurogenesis via its ability to
regulate proliferation, survival, and apoptosis during development and adulthood
(Levenson and Morris, 2011). Utilizing broad zinc manipulations such as dietary zinc
deficiency and systemic zinc chelation, several studies have found that zinc is necessary
for hippocampal neurogenesis during development and adulthood (Corniola et al., 2008;
Suh et al., 2009). Although effective at reducing zinc levels, systemic zinc manipulations
do not differentiate between synaptic zinc and zinc’s role as an essential mineral within
normative cellular function. Our results emphasize this difference, as the specific loss of
synaptic zinc by genetic knockout of ZnT3 has no effect on baseline neurogenesis, while
broad zinc manipulations such as dietary zinc deficiency and zinc chelation decrease
neurogenesis (Corniola et al., 2008; Suh et al., 2009).
The developmental necessity of zinc presents a potential confound for the current
study, as the lack of ZnT3 during development could potentially alter the development of
the hippocampal circuitry in ZnT3 KO mice. However, three lines of evidence argue
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against this as a possibility. First, there is minimal expression of ZnT3 in the
hippocampus until after postnatal day 5-7 (Valente and Auladell, 2002). Although the
amount of ZnT3 protein begins to increase after this, the actual amount of synaptic zinc
released on postnatal day 16 is still negligible, estimated to be only 5-10% of what is
released in adults (Frederickson et al., 2006). As such, this brings about the intriguing
hypothesis that synaptic zinc may function as a mediator of plasticity exclusively in the
adult brain, but could be dispensable for normal development. Second, in the present
study ZnT3 KO mice kept in SH conditions were indistinguishable from WT controls in
regards to neurogenesis and hippocampal-dependent behaviours. Furthermore, several
other studies have also found no significant deficits in the hippocampal-dependent
behaviour of young-adult ZnT3 KO mice raised in SH conditions (Cole et al., 2001;
Adlard et al., 2010). Third, hippocampal slices from adult ZnT3 KO mice showed
elevations in mBDNF levels in response to exposure to exogenous zinc, demonstrating
that whatever the synaptic target of zinc may be, it is still functional, intact and
responsive to zinc stimulation. Taken together this evidence suggests that synaptic zinc
signalling is not important for normative adult neurogenesis, mBDNF levels or
hippocampal-dependent behaviour. Instead, synaptic zinc seems to be particularly
important for mediating experience-dependent plasticity within the hippocampus.
Interestingly, the necessity of synaptic zinc signalling for hippocampal plasticity may
also extend to plasticity induced by injury, as ZnT3 KO mice do not show increased
hippocampal cell proliferation following hypoglycemic brain insult (Suh et al., 2009).
The release of synaptic zinc could regulate the activity of numerous signalling
pathways vital for increasing hippocampal neurogenesis during enrichment. Zinc plays a
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pivotal role in regulating several factors that are essential for proliferation, including
thymidine kinase, cyclin accumulation, and PI3k/Akt and ERK1/2 signalling (reviewed in
(Rink, 2011)). Cell survival could also be enhanced by zinc through the activation of the
pro-neurogenic tyrosine kinase, mBDNF (Hwang et al., 2005). BDNF signalling during
enrichment is a vital component of both the increased proliferation of neural progenitor
cells, as well as their long-term survival (Barnabe-Heider and Miller, 2003; Choi et al.,
2009).
The inability of hippocampal mBDNF levels to increase in response to enrichment
in ZnT3 KO mice could explain the lack of an increase in adult hippocampal
neurogenesis, and neuronal survival, that we saw following EE, implying that synaptic
zinc is a pre- or co-requisite for the pro-neurogenic effects of mBDNF. Several reports
have shown a strong link between exogenous zinc application and mBDNF signalling in
cell culture. These studies demonstrated that zinc is capable of converting proBDNF to
mBDNF, via the activation of MMP and TPA (Hwang et al., 2005; Hwang et al., 2011)).
Zinc can also complex with the N-terminal domain of BDNF, improving its structural
stability (Travaglia et al., 2013). In addition, EE robustly increases the activity of MMPs
and TPA, resulting in increased conversion of proBDNF to mBDNF (Obiang et al., 2011;
Cao et al., 2014). While controversial, there is experimental evidence that neuronal cells
have been shown to store and secrete proBDNF into the extracellular space (Yang et al.,
2009). The co-release of synaptic zinc with proBDNF could facilitate the conversion of
proBDNF to mBDNF through zincergic activation of MMP or TPA. Thus, altering
synaptic zinc levels could provide a potent mechanism to increase the conversion of
proBDNF to mBDNF. In these ways, synaptic zinc signalling might be key in regulating
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BDNF signalling, not only by catalyzing the conversion of proBDNF to mBDNF, but
also by stabilizing the structure of mBDNF.
Experience-dependent changes in the levels of synaptic zinc occur within primary
somatosensory cortex following sensory manipulations (Brown and Dyck, 2002, 2005),
and the degree of change in synaptic zinc levels can be enhanced by EE (Nakashima and
Dyck, 2008). It is possible that synaptic zinc levels in hippocampus could also be
regulated in a similar manner following EE exposure. This regulation could be vital for
experience-dependent

plasticity

within

the

hippocampus,

as

many

of

the

neuromodulatory effects of zinc are concentration dependent (Nakashima and Dyck,
2009). Altogether, these data suggest that synaptic zinc is an essential regulator of
experience-based changes in adult hippocampal neurogenesis under conditions of
enrichment, but is not necessary for maintaining normal levels of proliferation and
survival of cells in the hippocampus of adult mice. Ultimately, these data present a novel
perspective on mediators of experience-induced plasticity and highlight the potential
importance for gaining a better understanding the impact of zinc signalling as a prime
target for modulating plasticity, in particular to develop novel treatments in neurological
conditions where mechanisms of neuronal plasticity are impaired.
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2.4 Methods

Animals. ZnT3 knock out (ZnT3 KO) and wild-type (ZnT3 WT) breeding stock,
generated on a C57BL6/129sv hybrid genetic background, were generously provided by
Dr. Richard Palmiter (University of Washington, Seattle, WA) and utilized in this study.
All animals were provided standard laboratory diet and water ad libitum, and were kept
under a 12-hour light/dark cycle for the duration of the experiment. All procedures were
approved by the Animal Care Committee of the University of Calgary and conform to the
guidelines set out by the Canadian Council for Animal Care.

Housing Manipulation. Male ZnT3 KO and ZnT3 WT mice were raised in standard
laboratory housing (SH) until postnatal day 60 (P60). The SH environment consisted of a
transparent plastic cage (30 x 17 x 13cm) containing sawdust bedding and a small plastic
mouse house (Otto Environmental, Greenfield, WI). At P60, KO and WT mice were
randomly assigned to SH or EE conditions. EE housing consisted of a 60 x 60 x 60cm bilevel cage containing ladders, a variety of toys, wire mesh, tunnels and a running wheel.
Three to four mice were placed in each SH cage, while 6-8 mice were placed in the EE
cage. The timeline for all experiments utilized in this chapter can be seen in Figure 2.6.

BrDU Procedure. To label actively dividing cells, mice received three intraperitoneal
injections of the thymidine analog bromodeoxyuridine (BrDU; 100mg/kg in 0.1M
Phosphate-Buffered Saline (PBS); Sigma), six-hours apart, on P81. KO and WT mice
from either SH or EE conditions were randomly assigned to proliferation (N = 24, 6 mice
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per group; killed 24h after the final BrDU injection) or survival (N= 23, 5-6 mice per
group; killed 3 weeks after the final BrDU injection) groups.

Mice were killed with an overdose of sodium pentobarbital (400mg/kg) and
transcardially perfused with 0.1M PBS followed by 4% paraformaldehyde in 0.1M PBS
(PFA). Brains were removed, post-fixed in 4% PFA at 4°C for 24 hours, then
cryoprotected in PBS containing 30% sucrose and 0.02% sodium azide. The brains were
frozen and coronal sections (40µm) were cut on a sliding microtome (American Optical,
model #860; Buffalo, NY, USA) and collected as 6 adjacent series.

To identify BrDU-positive cells, sections from a single series were placed in 2N
hydrochloric acid (HCl) for 60 minutes, to denature the DNA, and then washed in several
rinses of PBS for 90 minutes. BrDU incorporation was assessed using rat anti-BrDU
(1:200, Abd Serotec), goat anti-rat biotin (1:500; Jackson Immuno), and streptavidin 594
(1:500; Molecular Probes). To identify mature neuronal cells, sections were also labeled
with a mouse anti-NeuN antibody (1:2000, Millipore) and its’ respective secondary, goat
anti-mouse Cy2 (1:500; Jackson Immuno). All sections were counterstained with 4’,6’diamidino-2-phenylindole (DAPI; 1:1000). Between each incubation step tissue sections
were washed in PBS (three x seven minute washes). Sections were mounted on gelcoated slides, cover-slipped with fluorescent mounting media, and stored in the dark at
4°C until quantification.
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To assess cell death and hippocampal granule cell layer volume an additional series of
tissue sections from the survival cohort was stained with cresyl violet utilizing standard
laboratory procedures.

Quantification. To determine the extent of cell proliferation and survival in ZnT3 KO and
WT mice, the total number of BrDU-positive cells within the granule cell layer and
subgranular zone across the entire dentate gyrus were counted. To minimize edge
artifacts, a guard-zone was established in the uppermost focal plane and only BrDUpositive cells beneath the focal plane were counted (Kronenberg et al., 2006). All cell
counts were performed with a 63X/1.4NA objective mounted on a Zeiss Axioscope 2
microscope.

To determine the phenotype of surviving cells, co-localization of BrDU and NeuN was
assessed in 25-35 randomly selected cells spanning the rostro-caudal extent of the dentate
gyrus. Using a Nikon C1s confocal microscope with a 60X/1.3NA objective,
BrDU/NeuN co-localization was confirmed using z-stacks taken throughout the entirety
of each selected BrDU-positive cell.

Apoptotic and necrotic cells are defined by condensation of chromatin within the nucleus
(pyknosis). Pyknotic nuclei can be counted in cresyl-violet stained sections, to effectively
assess the prevalence of cell death (Huo et al., 2012). Pyknotic nuclei were counted using
a 100X/1.3 objective.
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The volume of the dentate gyrus granule cell layer was calculated using Cavalieri’s
principle (Gundersen and Jensen, 1987). Images of cresyl-stained sections were
quantified using Image J (http://rsbweb.nih.gov/ij/) as described previously in
(Spanswick and Dyck, 2012).

Behavioural Analysis. For behavioral studies, SH and EE mice (N= 39, 9-10 mice per
group) underwent behavioral testing three weeks after EE or SH exposure. Prior to
behavioural testing, all mice were individually handled for five, two minute long sessions
per day, for two consecutive days in order to habituate them to handling.

Spatial Object Recognition (SOR). Mice were habituated to a white square box (40cm x
40cm x 40cm) devoid of any objects for 15 minutes on two consecutive days. On the
third day, two identical objects were placed in the northeast (Position A) and northwest
(Position B) corners of the box. During this sample phase mice were given 5 minutes to
explore both objects. After 5 minutes, the mouse was removed from the box for thirty
minutes while one of the objects was moved to a third, southern location (Position C).
The mouse was returned to the box and allowed 5 minutes to explore. The percentage of
time spent investigating the novel location (object in Position C) over the total
investigation time was calculated to determine the novel investigation ratio. Investigation
was defined as a subject directing the nose towards the object within a 2 cm distance
from the nose to the object.
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Morris Water Task. An accelerated version of the Morris Water Task was adapted from
(Stone et al., 2011). For each of 3 days, mice were trained on four trials. For each trial,
the mouse was released from one of four starting locations, the order of which was
pseudo-randomly determined. Once the mouse located the hidden platform, it remained
there for 15s before being removed from the pool, and placed back in its home cage. If
the platform was not located within 60s the mouse was manually guided to the platform,
and a maximum latency score of 60s was assigned. For each trial during the training
period, latency to find the platform, path length and swimming speed were measured.

Contextual Fear Conditioning Task. Fear conditioning took place within a conditioning
apparatus manufactured by Hamilton-Kinder. The apparatus consisted of a shock
chamber (9.5 x 9.5 x 18 inches), an electrical shock producer and software called
Avoidance Monitor for control of shock delivery. The floor of the chamber consisted of
metal shock grids. During the conditioning session, mice were put individually into the
chamber for a total of 4 minutes. Mice were allowed to explore the environment freely
for 2 minutes, followed by delivery of a single 0.5-mA, 2-second foot shock; a second
shock of the same strength and duration was delivered at the 3 minute mark. After the
second foot shock, mice were allowed to stay in the chamber for another 1 minute before
being returned to their home cages. Throughout the procedures, freezing responses were
recorded. Freezing response was judged as complete immobility of any part of the body
except for respiratory movements. Extinction tests were performed 24 hours after
conditioning for 3 consecutive days. During the extinction tests, each mouse was placed
back into the same shock chamber without shock for the measurement of contextual
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freezing response for 4 minutes. Freezing behaviour was assessed for each extinction
trial.

BDNF analysis. A third cohort of SH and EE mice (N= 32, 8 mice per group) were killed
three weeks into SH or EE placement to determine the effects of enrichment on
hippocampal levels of mBDNF. ZnT3 KO and ZnT3 WT mice housed in either SH or EE
were anaesthetized using isoflurane and killed by decapitation. The hippocampi were
rapidly dissected, frozen and stored in microcentrifuge tubes at -80°C. To examine the
acute effects of zinc application to hippocampal tissue, sagittal slices containing
hippocampus were prepared from 2-month-old mice. Slices were incubated at 32.5°C in
aCSF (126mM NaCl, 2.5mM KCl, 26mM NaHCO3, 2.5mM CaCl2, 1.5mM MgCl2,
1.25mM NaH2PO4, and 10mM glucose), pre-bubbled with 95% O2, 5% CO2, for one hour
after the cutting procedure. At one hour, tissue sections were transferred to an incubation
chamber containing either normal aCSF solution, or aCSF with 10µm Zn (zinc chloride;
Sigma). Following a 15-minute incubation period, the hippocampus was rapidly
dissected, frozen, and stored in microcentrifuge tubes at -80°C until they were analyzed.

Protein extractions were performed and total protein content assessed with a
bicinchoninic acid (BCA) quantification kit (ThermoScientific). mBDNF levels were
determined using an ELISA kit (Promega) according to the manufacturer’s instructions.
200µg protein samples were run in duplicate and compared to a BDNF standard curve,
run in a two-fold dilution series, to determine mBDNF levels. For slice experiments, as
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slices from WT and KO mice were run on separate ELISA plates, the effects of zinc on
mBDNF protein was normalized to their respective genotypic baseline.

Statistical Analysis. Data obtained from the immunohistochemistry, BDNF, and spatial
object recognition experiments were analyzed using a univariate ANOVA with the ZnT3
genotype (WT or KO) and type of housing (SH or EE) set as fixed factors (SPPS®
Statistics, Version19, IBM®). A repeated measures ANOVA was used to analyze data
from the Morris Water Task. A post hoc Tukey’s test was used to determine differences
where significant interactions were found. To analyze the BDNF levels of hippocampal
slices an independent sample t-test was used. For all statistical tests, a p-value of <0.05
was considered statistically significant. All values are expressed as mean ± standard error
of the mean (SEM).
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Figure 2.6 Timeline of all experiments utilizing environmental enrichment
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Chapter Three: The role of GPR39 in the regulation of adult hippocampal
neurogenesis by environmental enrichment

3.1 Introduction

New neurons are continuously generated in the hippocampus throughout
adulthood and the extent of hippocampal neurogenesis can be modulated by experiences
such as EE. Enrichment-dependent increases in hippocampal neurogenesis require
synaptic zinc, yet the mechanisms linking synaptic zinc and the effects of enrichment on
hippocampal neurogenesis are not known. Synaptic zinc is a promiscuous
neuromodulator capable of altering the signalling of numerous signalling pathways that
are involved in the modulation of neurogenesis, including the glutamatergic,
cannabinergic, neurotrophic, and serotonergic signalling pathways (Rossi et al., 2006;
Hill et al., 2010; Klempin et al., 2013; Kondo et al., 2014). Synaptic zinc has the potential
to modulate all of the above signalling pathways in a manner that would enhance adult
hippocampal neurogenesis (Peters et al., 1987; Hubbard and Lummis, 2000; Hwang et
al., 2005; Huang et al., 2008; Perez-Rosello et al., 2013).
Recently, a zinc-sensitive receptor called GPR39 has been shown mediate zincevoked metabotropic signalling in the hippocampus (Besser et al., 2009). A number of
phenomena suggest that GPR39 might be involved adult hippocampal neurogenesis.
First, GPR39 is found throughout the dentate gyrus and CA3 of the hippocampus
(Jackson et al., 2006). Ablation of GPR39 results in decreased hippocampal levels of
BDNF (Mlyniec et al., 2014), and also prevents zinc-dependent increases in
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endocannabinoid synthesis in the dorsal cochlear nucleus (Perez-Rosello et al., 2013).
Both BDNF and endocannabinoid signalling pathways are necessary for experiencedependent increases in neurogenesis (Rossi et al., 2006; Hill et al., 2010; Wang et al.,
2014). Finally, zincergic activation of GPR39 has been shown to increase cell
proliferation and survival in colonocytes (Cohen et al., 2012; Cohen et al., 2014). If the
role of GPR39 in controlling cell proliferation and survival is similar across different cell
types, then GPR39 could also control proliferation and survival within the dentate gyrus
as well. Given the expression of GPR39 in the dentate gyrus and its activation of
signalling pathways important for neurogenesis, GPR39 could be involved in the
experience-dependent regulation of hippocampal neurogenesis.
The aim of the current chapter is to determine the role of GPR39 in mediating the
effects of EE on adult hippocampal neurogenesis. GPR39 is a candidate receptor linking
synaptic zinc to experience-dependent changes in adult hippocampal neurogenesis, as it
expressed throughout the hippocampus and its activation can increase intracellular
signalling pathways that are pro-neurogenic. Given that our previous work has
demonstrated the necessity of synaptic zinc for enrichment-dependent increases in adult
hippocampal neurogenesis and mBDNF levels, we postulated that the zinc-sensitive
receptor GPR39 might be important for enrichment-mediated increases in BDNF and
neurogenesis as well.
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3.2 Results
3.2.1 The effects of EE on hippocampal cell proliferation in GPR39 WT and KO mice.

Exposing mice to EE significantly increases cell proliferation in the adult dentate
gyrus (Kempermann et al., 1997). Our previous research implicated synaptic zinc
signalling in mediating the effects of EE on hippocampal cell proliferation. Here we
assessed the potential role of GPR39 in mediating the effects of enrichment on
hippocampal cell proliferation. To do this we labelled mitotically active cells with the
endogenous cell cycle marker Ki67, and counted Ki67-postive cells within the
subgranular zone (Scholzen and Gerdes, 2000). Exposing GPR39 WT and KO mice to
EE significantly enhanced hippocampal cell proliferation in both groups relative to
GPR39 WT and KO mice in SH (Figure 3.1). A univariate ANOVA revealed a
significant effect of housing condition on cell proliferation (F(1, 23) = 12.306, p = 0.002).
Both GPR39 WT and KO mice raised in EE (GPR39 WT-EE, n = 5, 2831 ± 138; GPR39
KO-EE, n = 7, 2612 ± 214) had elevated levels of Ki67 positive cells within the
subgranular zone of the dentate gyrus when compare to WT and KO mice kept in SH
(GPR39 WT-SH, n = 6, 2062 ± 89; GPR39 KO-SH, n = 5, 2099 ± 116). There was no
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significant effect of genotype on proliferation however (F(1, 23) = 0.900, p = 0.355), and no
interaction between genotype and housing condition (F(1, 23) = 1.364, p = 0.257).
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Figure 3.1 Cell proliferation in the hippocampus of GPR39 WT and KO mice placed
in SH or EE.
A/B. Ki67-immunopositive cells (red) in the subgranular zone of GPR39-WT (A) and
KO (B) mice housed in SH relative to GPR39 WT (A’) and KO (B’) mice in EE. C. The
cell proliferation of GPR39 WT and KO mice placed in SH did not significantly differ.
Both GPR39 WT and KO housed in EE showed a significant increase in neural
proliferation (n = 23). Values are shown as means ± SEM. * p < 0.01.
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3.2.2 The effects of EE on cell survival, neuronal differentiation, and cell death in
GPR39 WT and KO mice.

Exposing animals to EE also increases the proportion of newly generated granule
cells that survive to maturity within the dentate gyrus (Kempermann et al., 1997). To
examine cell survival, we injected GPR39 WT and KO mice with BrdU a thymidine
analog that becomes incorporated into the nuclei of actively dividing cells. BrdU was
injected 3 weeks into SH or EE and was utilized to examine the number of cells surviving
for 3 weeks from the time of the BrDU injection. EE significantly increased cell survival
in GPR39 WT mice, and this pronounced increase was GPR39-dependent (Error!
Reference source not found.D). Analysis of BrdU cell counts using a univariate
ANOVA revealed a significant interaction between housing condition and GPR39
genotype (F(1, 22) = 23.134, p < 0.001). GPR39 WT mice housed in EE had significantly
elevated levels of cell survival over WT controls placed in SH (GPR39 WT-EE n = 5,
1764 ± 185; GPR39 WT-SH, n = 6, 785 ± 73, p < 0.001). Conversely, cell survival in
GPR39 KO raised in EE was not significantly different from GPR39 placed in SH
(GPR39 KO-EE, n= 7, 953 ± 112, p = 0.562; GPR39 KO-SH, n= 5, 722 ± 115, p =
0.562). The extent of hippocampal cell survival between GPR39 WT and KO animals
raised in SH condition was not significantly different (GPR39 WT-SH, 785 ± 73l; GPR39
KO-SH, 722 ± 115, p = 0.985).
Next, we examined the neuronal phenotype of the surviving cells by examining
co-localization of BrDU-positive cells with the mature neuronal marker NeuN (Mullen et
al., 1992). Previous research has shown that enrichment robustly increases the neuronal
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phenotype of surviving cells independently of synaptic zinc (see chapter 2). There was no
significant effect of genotype conditions on neuronal phenotype (F(1,22) = 0.472, p =
0.501). However, there was a significant group effect of housing condition on neuronal
phenotype (Figure 3.2, F(1, 22) = 87.01, p< 0.001). The percentage of BrdU-positive cells
co-labelled with NeuN was significantly elevated by EE in both GPR39 KO and WT
mice (GPR39 WT-EE, 92.4% ± 1.2; KO-EE, 93.6%± 1.3) compared to WT and KO mice
in SH (GPR39 WT-SH, 65.3%± 4.4; GPR39 KO-SH, 63.4%± 3.2).
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Figure 3.2 The effects of EE on cell survival and neuronal differentiation in GPR39
WT and KO mice
A/B. BrdU-positive cells (red) in the subgranular zone and granule cell layer of GPR39
WT (A) and KO (B) mice raised in SH relative to enriched GPR39 WT (A’) and KO (B’)
mice C. Confocal microscopic images of the granule cell layer showing cells expressing
the mature neuronal marker NeuN (C, green), with a BrdU-positive cell in the same
plane (C’, red). The channels are merged in C” to show co-localization of a BrdU/NeuNpositive cell. D. EE significantly increased cell survival in GPR39 WT, but not KO, mice.
Levels of cell survival were not significantly different between GPR39 WT and KO mice
raised in SH. E. GPR39 WT and KO mice in EE showed an increased percentage of
BrdU-positive cells co-expressing NeuN relative to WT and KO mice in SH (n = 23).
Values are shown as means ± SEM. * p < 0.001.
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EE has been shown to inhibit apoptosis occurring within the subgranular zone of
the hippocampus. This apoptosis occurs can occur as a result of newly generated granule
cells not surviving to maturity (Young et al., 1999a). To examine the effects of GPR39 in
EE-dependent changes in cell death, we examined pyknotic nuclei within the dentate
gyrus. A univariate ANOVA of pyknotic nuclei cell counts uncovered a significant
interaction between genotype and housing condition (Figure 3.3, F(1,22) = 14.514, p =
0.001). Exposing GPR39 WT mice to EE significantly decreased the number of pyknotic
nuclei within the dentate gyrus when compared to GPR39 WT mice raised in SH (GPR39
WT-EE, n= 5, 158 ± 12; WT-SH, n= 6, 348 ± 14, p < 0.001). Conversely, GPR39 KO
mice exposed to EE did not have a significant change in the amount of pyknotic nuclei
relative to KO controls (GPR39 KO-EE, n = 7, 320 ± 25; GPR39 KO-SH, n = 5, 360 ±
23, p = 0.469).
Alterations in hippocampal cell survival are correlated with changes in granule
cell layer volume (Valero et al., 2011). A univariate ANOVA of granule cell layer
volume revealed a significant interaction between housing condition and GPR39
genotype (Figure 3.3; F(1,22) = 5.095, p = 0.036). This significant interaction was due to an
increase in granule cell layer volume in GPR39 WT mice placed in EE relative to GPR39
WT placed in SH (GPR39 WT-EE, n = 5, 1.33mm3 ± 0.06; GPR39 WT-SH, n = 6,
1.02mm3 ± 0.03, p = 0.001). GPR39 KO mice placed in EE did not show significant
changes in granule cell layer volume relative to GPR39 KO housed in SH (KO-EE, n= 7,
1.15mm3 ± 0.05; GPR39 KO-SH, n = 5, 1.05mm3 ± 0.03, p = 0.420).
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Figure 3.3 Cell death and granule cell layer (GCL) volume in GPR39 WT and KO
animals placed in SH or EE.
A. A cresyl violet stained section of GCL reveals the pyknotic nuclei that are
characteristic of dying cells (arrows). B. Numbers of pyknotic nuclei were not different
between GPR39 WT and KO mice placed in EE. EE did not alter the level of cell death
or GCL volume in GPR39 KO mice. EE significantly reduced pyknotic nuclei in WT
animals but had no effect in KO mice (n = 23). C. GCL volume was not significantly
different between GPR39 WT and KO mice exposed in SH. EE significantly increased
GCL volume in GPR39 WT, but not KO, mice. (n = 23). Values are shown as means ±
SEM. * p < 0.001.
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3.2.3 GPR39, environmental enrichment and BDNF

A major signalling pathway necessary for the effects of EE on hippocampal
neurogenesis is the BDNF/TrkB pathway (Rossi et al., 2006; Choi et al., 2009). In
chapter 2 we demonstrated that EE-dependent increases in hippocampal BDNF require
synaptic zinc signalling. A potential mediator of this synaptic zinc-dependent increase in
mBDNF is GPR39. We measured hippocampal mBDNF levels in GPR39 WT and KO
mice placed in SH or EE (Figure 3.4). A univariate ANOVA revealed a significant
interaction between housing condition and genotype (F(1, 27) = 4.665 , p = 0.041). GPR39
WT mice placed in EE showed a significant elevation in BDNF levels following relative
to GPR39 WT mice placed in SH (GPR39 WT-EE, n = 6, 245 ± 39 pg/mg total protein;
GPR39 WT-SH, n = 9, 132 ± 9 pg/mg total protein, p = 0.013). GPR39 KO mice placed
in EE did not have significantly different levels of mBDNF compare to GPR39 KO mice
in SH (GPR39 KO-EE, n = 6, 127 ± 20 pg/mg total protein; GPR39 KO-SH, n = 8, 117 ±
16 pg/mg total protein, p = 0.983).
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Figure 3.4 Measurements of mature BDNF in the hippocampus of GPR39 WT and
KO mice placed in SH or EE.
The amount of mBDNF measured in the hippocampus was not significantly different
between GPR39 WT and KO mice placed in SH. EE significantly increased mBDNF in
the hippocampus of GPR39 WT, but not in KO mice (n = 29). Values are shown as
means ± SEM. * p < 0.05.
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3.3 Discussion

The goal of this study was to examine the potential role of the zinc-sensitive
receptor GPR39 in the modulation of adult hippocampal neurogenesis by EE. Our results
show that GPR39 is necessary for the increases in hippocampal neurogenesis and
mBDNF levels that occur when mice are placed in EE. Ablation of GPR39 did not alter
hippocampal neurogenesis or mBDNF of mice placed in SH. However, GPR39 KO mice
did not show EE-dependent increases in neurogenesis or mBDNF levels. Conversely,
GPR39 WT mice placed in EE demonstrated robust increases in hippocampal mBDNF
and neurogenesis when compared to WT controls raised in SH. These data are the first to
demonstrate a role for GPR39 in regulating experience-dependent hippocampal
neurogenesis.

3.3.1 GPR39 and hippocampal cell survival

Our previous experiments demonstrated that synaptic zinc is necessary for the
increases in adult hippocampal cell proliferation and survival that can occur by exposing
mice to EE. The results of the previous chapter supplement the outcome of this current
experiment, as both synaptic zinc and the zinc-sensitive receptor GPR39 were found to be
necessary for EE-dependent increases in cell survival. Although synaptic zinc has not
been shown to explicitly increase GPR39 activity within the dentate gyrus, this signalling
pathway could have an important role in regulating experience-dependent changes in

78

neurogenesis. Further, both ZnT3 and GPR39 for necessary for EE-dependent increases
in BDNF, a neurotrophin which promotes cell survival (Finkbeiner, 2000). Therefore,
BDNF may be an important factor through which synaptic zinc and GPR39 might
regulate hippocampal cell survival.
Several studies have shown that BDNF/TrkB signalling is necessary for
enrichment-dependent increases in cell survival (Rossi et al., 2006; Choi et al., 2009).
GPR39 activation could modulate cell survival and BDNF through multiple downstream
pathways, including Gαq, Gαs, and Gα12/13 coupled signalling pathways (reviewed in
Popovics and Stewart (2011). For instance, GPR39 activation of the Gαq signalling
pathway can increase cAMP response element-binding protein (CREB) phosphorylation
by triggering IP3 and MAPK activation (Holst et al., 2004; Holst et al., 2007). The
binding of CREB to a cAMP response element (CRE) binding site located on promoter
for BDNF can then trigger transcription of BDNF (Shieh et al., 1998; Tao et al., 1998). In
turn, BDNF can transactivate TrkB receptors to promote cell survival via CREBdependent transcription of pro-survival genes, as well as promote its own transcription
(Shieh et al., 1998; Tao et al., 1998; Bonni et al., 1999). Additionally, GPR39 can
mediate signalling through Gα11/12, which acts through a Rho/serum response factor
(SRF) pathway to increase serum response element (SRE)-mediated transcription (Holst
et al., 2004; Holst et al., 2007). While SRF/SRE-mediated gene transcription under
normal conditions is not involved in neuronal survival (Ramanan et al., 2005), it is
necessary for BDNF-dependent survival of neurons following deprivation of trophic
support or DNA damage (Chang et al., 2004). While the experiments in this chapter have
identified a relationship between GPR39 and the experience-dependent regulation of cell
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survival and BDNF, further study is required to elucidate how GPR39 might interact with
BDNF, and determine how this interaction might affect hippocampal cell survival.
3.3.2 GPR39 and proliferation

Enrichment and running are thought to increase adult hippocampal neurogenesis
through dissociable pathways; enrichment increases the survival of newborn cells, while
running increases cell proliferation (van Praag et al., 1999b; Ambrogini et al., 2000;
Olson et al., 2006; Epp et al., 2007). A key distinction between running and enrichment
to consider is the stage of cellular development in which developing granule cells can be
affected by these different paradigms. Running influences the proliferation of neural
progenitor cells within the subgranular zone, primarily affecting type-2 NPCs
(Kronenberg et al., 2003). In contrast, enrichment primarily targets survival of immature
granule cells (Kempermann et al., 2004; Tashiro et al., 2007). Differentiating between
signalling pathways involved in running- and enrichment-dependent increases is
challenging however, as both of these pathways have shown to engage similar
intracellular signalling pathways and neurotrophic factors (reviewed in Olson et al.
(2006)).
The finding that GPR39 is unnecessary for proliferation but vital for survival was
surprising. Many downstream effectors of GPR39 signalling, including the ERK1/2 and
PI3k/Akt/mTOR signalling pathways, can regulate cell proliferation and survival by
controlling protein synthesis and expression through the phosphorylation of numerous
transcription factors (Mendoza et al., 2011; Cohen et al., 2014). As GPR39 can engage
downstream signalling pathways involved in both cell proliferation and survival, it was
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expected that GPR39 would be necessary for both of these process. Our finding that
GPR39 signalling was expendable for increasing cell proliferation was therefore not
expected. One possible explanation for the dispensability of GPR39 for hippocampal cell
proliferation involves the expression of GPR39 within the hippocampus. While GPR39
gene expression has been shown to occur within the dentate gyrus (Jackson et al., 2006),
its expression on neural progenitor cells is not known. If GPR39 were not expressed on
NPCs, then ablation of GPR39 would not affect hippocampal cell proliferation. GPR39
protein is expressed in the mossy fibre CA3 pathway, where it can mediate zinc-evoked
increases in metabotropic signalling which could play an important role in cell survival
(Besser et al., 2009). Given that numerous signalling pathways are involved in
neurogenesis and regulated by synaptic zinc, more research is needed to elucidate how
synaptic zinc can modulate hippocampal cell proliferation independently of GPR39
activation.

3.3.3 A role for synaptic zinc in experience-dependent plasticity in the hippocampus

Given what we know about the role of synaptic zinc and GPR39 in the
experience-dependent regulation of hippocampal neurogenesis, it is prudent to develop a
theoretical model of how synaptic zinc could be mediating EE-dependent changes in
hippocampal neurogenesis. The available research suggests that neither synaptic zinc nor
GPR39 normally affect hippocampal neurogenesis in mice placed in SH. This would
suggest that EE must either recruit or alter synaptic zinc signalling to affect neurogenesis.
How EE can engage synaptic zinc signalling to elicit these effects is unknown.
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One possibility is that EE alters the probability of zinc being released. Zincergic
synaptic vesicles in MF-CA3 synapses are theorized to have a very low probability of
release. The probability of synaptic zinc release can change depending on the extent of
the preceding neuronal activity (Vergnano et al., 2014). Both voluntary exercise and the
complex learning environment provided by enrichment would likely increase neuronal
activity in the hippocampus (Vanderwolf, 1969; Kelemen et al., 2005; Colgin, 2013).
Altering the extent of hippocampal activity by placing animals in EE could increase the
probability of synaptic zinc release, potentially altering the amount of zinc being released
extracellularly. This might allow zinc to engage pathways involved in neurogenesis that
are normally unaffected by synaptic zinc signalling.
One pathway that might be affected by changes in synaptic zinc release is the
BDNF/TrkB pathway. In our studies, we found that both synaptic zinc and/or GPR39 are
necessary for EE-mediated elevations in hippocampal mBDNF levels. Synaptic zinc
signalling might be engaging GPR39 to alter BDNF expression in mice placed in EE. The
EC50 of zinc-evoked GPR39 metabotropic activity is roughly 150µM in the hippocampus,
which is higher than current estimates of synaptic zinc release which are in the range of
10-100µM (Nakashima and Dyck, 2009). Increasing synaptic zinc release higher than
previously estimated levels might allow synaptic zinc to engage GPR39 signalling during
enrichment. The activation of GPR39 by synaptic zinc during EE could increase BDNF
signalling, and consequently improve cell survival (Figure 3.5).
Our current research suggests that EE-dependent changes in cell survival might
proceed through a synaptic zinc/GPR39/BDNF pathway. The role of synaptic zinc in
mediating EE-dependent increase cell proliferation is less certain however, as GPR39 KO
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does not prevent EE-dependent changes in cell proliferation but can prevent increases in
BDNF. This suggests that synaptic zinc could be regulating cell proliferation through
other pathways that might be independent of GPR39 and/or BDNF. NMDA receptor
signalling is vital for the regulation of cell proliferation and survival by EE (Kitamura et
al., 2003; Maekawa et al., 2009). As zinc is a potent inhibitor of NMDA receptors
(Paoletti et al., 1997; Berger et al., 1998; Rachline et al., 2005), it is likely that synaptic
zinc could be influencing survival through this pathway as well. NPCs from the adult
hippocampus contain fully functioning NMDA receptors composed primarily of NR1,
NR2a, and NR2b receptor subunits (Lopez et al., 1997; Kitayama et al., 2004). Selective
activation of NR2a- or NR2b-containing NMDA receptors can dictate whether NMDA
receptor signalling promotes cell survival and proliferation. Activation of NR2acontaining NMDA receptors can promote cell proliferation and survival (Liu et al., 2007;
Hu et al., 2009; Terasaki et al., 2010), while NR2b-containing NMDA receptors can
mediate increased cell death and decrease cell proliferation (Liu et al., 2007; Hu et al.,
2008; Taghibiglou et al., 2009). The amount of zinc release could dictate the relative
contribution of NR2a- and NR2b-containing NMDA receptor activity. Nanomolar to low
micromolar amounts of zinc release would inhibit NR2a via its high-affinity binding site,
which reduces channel opening probability by 40-70% (Paoletti et al., 1997). Higher
concentrations of zinc (10-100µM) would completely inhibit NR2b-containing NMDA
receptors (Rachline et al., 2005). Although NR2b containing NMDA receptors are
completely inhibited at higher concentrations, NR2a-containing receptors are still
functioning, albeit with lower channel opening probabilities. Therefore, low
concentrations of zinc release would facilitate NR2b-mediated activity while high
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concentrations of zinc release might drive NR2a-mediated activity. EE-dependent
increases in synaptic zinc release would therefore serve to increase cell survival by
promoting NR2a-mediated activity (Figure 3.6). Synaptic zinc’s involvement in cell
proliferation could be occurring independently of BDNF in this pathway, as NR2acontaining NMDA receptors can increase cell proliferation by upregulation of the
ERK1/2 and PI3K/Akt signalling pathways (Peltier et al., 2007; Peineau et al., 2008;
Hardingham and Bading, 2010).
Zinc is a neuromodulator capable of affecting numerous signalling pathways, and
its role in neurogenesis likely extends beyond just the regulation of GPR39, BDNF, and
NMDA receptor activity. Although current research demonstrates a novel role for
synaptic zinc in the regulation of neurogenesis, further work is needed to elucidate the
exact mechanisms through which zinc is operating.
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Figure 3.5 A summary figure illustrating the potential role of synaptic zinc in
promoting cell-survival in immature granule cells.
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Figure 3.6 A summary figure illustrating the potential role of synaptic zinc in
promoting cell proliferation during enrichment.

3.3.4 Future directions

While it is tempting to conclude from these studies that synaptic zinc acts through
GPR39 to increase cell survival following environment enrichment, caution is needed
when interpreting these results. While zinc has been shown to increase GPR39 activity,
this receptor has a relatively high level of Gαq constitutive activity that is estimated to
constitute roughly 25-50% of its maximal activity in response to zinc (Holst et al., 2004;
Holst et al., 2010). This raises the possibility that EE-dependent increases in survival and
BDNF only require the presence of GPR39, and not direct zincergic activation of this
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receptor. Further research is therefore needed to determine the relationship between
synaptic zinc signalling and GPR39 in adult hippocampal neurogenesis.
One way to differentiate between the contribution of constitutive and zincactivated GPR39 activity would be to examine the effects of GPR39 agonists on adult
hippocampal neurogenesis. Although GPR39 is zinc-sensitive, long-term administration
of zinc to the hippocampus is impractical for a variety of different reasons (discussed in
chapter 1). Recently however, a class of compounds known as cyclohexyl-methyl
aminopyrmidines (CMAPs) have been identified as potent GPR39 agonists that could be
utilized to examine the role of GPR39 in adult hippocampal neurogenesis. CMAPs
exhibit affinities in the nanomolar-micromolar range for GPR39 and demonstrate
minimal affinity for most other major signalling pathways (Bassilana et al., 2014; Peukert
et al., 2014). These qualities make CMAPs a good candidate for further exploration of the
GPR39 pathway. Administering these drugs to mice could provide a means of testing the
sufficiency GPR39 signalling for increasing adult hippocampal neurogenesis.

3.3.5 Methodological considerations

While GPR39 is expressed throughout the brain, it is also expressed in
gastrointestinal system, the pancreas, and skeletal muscle (Egerod et al., 2007), where it
has numerous physiological functions (Popovics and Stewart, 2011). KO of GPR39
function in non-neuronal tissue is therefore a potential confound for this current study
that needs to be addressed. GPR39 KO mice show accelerated gastric emptying, elevated
blood cholesterol levels, increased food intake and decreased intestinal motility
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(Moechars et al., 2006). Within the pancreas, GPR39 mediates increases in insulin
secretion under certain conditions (Tremblay et al., 2009). GPR39 is also expressed in
skeletal muscle where it is necessary for muscle regeneration following injury
(Gurriaran-Rodriguez et al., 2012; Gurriaran-Rodriguez et al., 2015). The involvement of
GPR39 in muscle repair and energy homeostasis is potentially confounding for the
current study, as our EE paradigm incorporated a voluntary exercise component. Altered
energy homeostasis and muscle repair in GPR39 KO mice could decrease the quantity or
quality of exercise in these mice, subsequently affecting hippocampal neurogenesis and
BDNF expression. Previous studies have shown that increases in hippocampal cell
proliferation and BDNF are driven by exercise (van Praag et al., 1999a; Kobilo et al.,
2011). Given that GPR39 KO mice show elevated cell proliferation in this current study,
it’s possible that the capability and/or motivation of these mice to engage in exercise is
not different when compared to GPR39 WT mice.
It is unlikely that the necessity of GPR39 for enrichment-dependent increases in
cell survival are confounded by abnormal energy homeostasis or skeletal muscle repair,
however, as increased cell survival by enrichment is primarily driven by increases in
hippocampal-dependent learning (Ambrogini et al., 2000; Olson et al., 2006; Epp et al.,
2007). While there are currently no published studies examining the behavioural traits of
GPR39 KO mice, unreported observations from our laboratory indicate that young female
GPR39 WT and KO mice show identical performance on the Morris water task,
suggesting that hippocampal-dependent learning and memory are intact in normally
housed GPR39 KO mice. Given that GPR39 KO mice are similar to controls in regards to
spatial learning and memory ability, the EE-dependent deficits in cell survival evident in
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GPR39 KO mice are not due to learning deficits, but are more likely to be explained by
alterations in intrinsic signalling pathways that are governing the survival of newborn
granule cells.

3.4 Conclusions

These data suggest that GPR39 contributes to experience-dependent plasticity in
the hippocampus. Although GPR39 is not necessary for maintaining normal levels of
hippocampal neurogenesis in adult mice, it is necessary for EE-dependent increases in
neurogenesis. We found that GPR39 is necessary for the pro-survival effects of EE, but is
otherwise dispensable for the effects of EE on cell proliferation. This research deepens
our understanding of the signalling pathways involved in the regulation adult
hippocampal neurogenesis. Hippocampal neurogenesis is negatively affected by
numerous neurological disorders, and this could have repercussions for hippocampaldependent forms of learning and memory. Establishing the mechanisms through which
GPR39 can regulate neurogenesis could lead to the development of novel treatments for
neurological disorders that affect hippocampal neurogenesis.
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3.5 Methods

Animals. GPR39 knock out (GPR39 KO) and wild-type (GPR39 WT) breeding stock,
generated on a C57BL6/n genetic background, were generously provided by Dr. Michal
Hershfinkal (Ben-Gurion University, Israel). ZnT3 KO and WT, generated on a
C57BL6/sv129 background, provided by Dr. Richard Palmiter (University of
Washington, Seattle, WA) were also utilized in this study. All animals were provided
standard laboratory diet and water ad libitum, and were kept under a 12-hour light/dark
cycle for the duration of the experiment. All procedures were approved by the Animal
Care Committee of the University of Calgary and conform to the guidelines set out by the
Canadian Council for Animal Care.

Housing Manipulation. Male GPR39 WT and KO mice were raised in standard
laboratory housing (SH) until postnatal day 60 (P60). The SH environment consisted of a
transparent plastic cage (30 x 17 x 13cm) containing sawdust bedding and a small plastic
mouse house (Otto Environmental, Greenfield, WI). At P60, KO and WT mice were
randomly assigned to SH or EE conditions. EE housing consisted of a 60 x 60 x 60cm bilevel cage containing ladders, a variety of toys, wire mesh, tunnels and a running wheel.
3-4 mice were placed in each SH cage, while 5-6 mice were placed in each EE cage.

Immunohistochemistry. A single cohort of GPR39 WT and KO mice (N = 23, 5-7 mice
per group) was used for all immunohistochemistry experiments. To label actively

90

dividing cells, mice received 3 intraperitoneal injections of the thymidine analog BrdU
(100mg/kg in 0.1M PBS; Sigma), 6-hours apart, 3 weeks into their housing assignment.

Upon completion of the experiment GPR39 WT and KO mice were killed with an
overdose of sodium pentobarbital (400mg/kg) and transcardially perfused with 0.1M PBS
followed by 4% PFA in 0.1M PBS. Brains were removed, post-fixed in 4% PFA at 4°C
for 24 hours, and then cryoprotected in a 30% sucrose and 0.02% sodium azide solution
until ready to section. Brains were frozen on dry ice, and coronal sections (40µm) were
cut on a sliding microtome (American Optical, model #860; Buffalo, NY, USA) and
collected as 6 adjacent series. All sections were stored in a 0.1M PBS and 0.02% sodium
azide solution until immunohistochemistry.

The incorporation of BrdU in cells 3 weeks following administration was utilized to
examine the extent of granule cell survival. BrdU-positive cells were labelled by placing
a single tissue series in 2N HCl for 60 minutes, to denature the DNA, and then washed
several times in 0.1M PBS over a period of 90 minutes (6 x 15 minute washes). BrdU
labelling utilized a rat anti-BrdU (24 hour incubation, 1:200, Abd Serotec), goat anti-rat
biotin (24 hour incubation, 1:500; Jackson Immuno), and streptavidin 594 (1 hour
incubation, 1:500; Molecular Probes). Tissue sections were co-labelled with NeuN, a
marker for mature neuronal cells, via a mouse anti-NeuN antibody (24 hour incubation,
1:2000, Millipore) and a goat anti-mouse Cy2 secondary (24 hour incubation, 1:500;
Jackson Immuno). Tissue sections were counterstained with 4’,6’-diamidino-2phenylindole (DAPI; 20 minute incubation, 1:1000; Sigma). Between each incubation
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step tissue sections were washed in 0.1M PBS (3 x 7 minute washes). Sections were
mounted on gel-coated slides, cover-slipped with fluorescent mounting media, and stored
in the dark at 4°C until quantification.

Assessment of cell proliferation was accomplished through the use of the endogenous cell
cycle marker Ki67. To assess Ki67, cells were incubated with the following antibodies,
rabbit anti-Ki67 (24 hour incubation, 1:1000, Leica), goat anti-rabbit biotin (24 hour
incubation, 1:500, Jackson ImmunoResearch), and Streptavidin 594 (1 hour incubation,
1:500, Molecular Probes). Tissue sections were counterstained with DAPI (20 minute
incubation, 1:1000, Sigma). Tissue sections were washed in 0.1M PBS (three x 7 minute
washes) between each incubation step. Sections were mounted on gel-coated slides,
cover-slipped with fluorescent mounting media, and stored in the dark at 4°C until
quantification.

A single series of tissue sections was stained with cresyl violet utilizing standard
laboratory procedures to assess hippocampal cell death and the volume of the granule cell
layer.

Quantification. Cell proliferation in GPR39 WT and KO mice was assessed by counting
the number of Ki67-positive cells located in the subgranular zone of the dentate gyrus
across its entire rostro-caudal axis. To determine the extent of cell survival in GPR39 KO
and WT mice, the total number of BrdU-positive cells within the granule cell layer and
subgranular zone across the entire dentate gyrus were counted. Cell counts were then
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multiplied by the inverse of the series sample fraction (6) to determine an estimate of
total cell proliferation/survival. To minimize over estimating cell counts caused by edge
artifacts, a guard-zone was established in the uppermost focal plane and only BrdUpositive cells beneath the focal plane were counted (Kronenberg et al., 2006). All cell
counts were performed with a 63X/1.4NA objective mounted on a Zeiss Axioscope 2
microscope.

Assessment of neuronal phenotype was conducted by examining the co-localization of
BrdU-positive cells with NeuN in 25-35 randomly selected cells spanning the rostrocaudal extent of the dentate gyrus. A Nikon C1s confocal microscope with a 60X/1.3NA
objective was used to examine BrdU/NeuN. Co-localization was confirmed using zstacks taken throughout the entirety of each selected BrDU-positive cell.

Cresyl violet stained sections were utilized to examined granule cell layer volume and
cellular pyknosis. Both apoptotic and necrotic cells are defined by condensation of
chromatin within the nucleus (pyknosis). Pyknotic nuclei were counted using a
63X/1.4NA objective. The volume of the dentate gyrus granule cell layer was calculated
using Cavalieri’s principle (Gundersen and Jensen, 1987). Images of cresyl-stained
sections were taken on a Zeiss Axioscope 2 microscope and quantified using Image J
(http://rsbweb.nih.gov/ij/) as described previously in Spanswick and Dyck (2012) and in
chapter 2.
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BDNF analysis. A second cohort of GPR39 WT and KO mice exposed to either SH or
EE (N = 27, 6-9 mice per group) were killed three weeks into SH or EE placement to
determine the effects of enrichment on hippocampal levels of mBDNF. GPR39 KO and
WT mice housed in either SH or EE were anaesthetized using isoflurane and killed by
decapitation. The hippocampi were rapidly dissected, frozen and stored in
microcentrifuge tubes at -80°C. Protein extractions were performed and total protein
content assessed with a bicinchoninic acid (BCA) quantification kit (ThermoScientific).
mBDNF levels were determined using an ELISA kit (Promega) according to the
manufacturer’s instructions. 200µg protein samples were run in duplicate and compared
to a BDNF standard curve, run in a two-fold dilution series, to determine mBDNF levels.

Statistical Analysis. Data obtained from the immunohistochemistry and BDNF were
analyzed using a univariate ANOVA with the GPR39/ZnT3 genotype (WT or KO) and
type of housing (SH or EE) set as fixed factors (SPSS® Statistics, Version 19, IBM®). A
post hoc Tukey’s test was used to determine differences where significant interactions
were found. For all statistical tests, a p-value of < 0.05 was considered statistically
significant. All values are expressed as mean ± SEM.
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Chapter Four: Synaptic zinc is required for sensory deprivation-induced cortical
depression

4.1 Introduction

Neural plasticity is the capability of the nervous system to alter its structure or
function in response to intrinsic or extrinsic experiences. Within sensory cortices, altering
the quantity of incoming sensory information can drive neural plasticity. Depriving the
rodent primary somatosensory (or barrel) cortex of vibrissal sensory information for
example, can drive a host of structural and functional changes within sensory-deprived
cortical areas. Such experience rapidly depresses responses to deprived inputs (Hubel and
Wiesel, 1964; Fox, 1992; Glazewski and Fox, 1996), alters synaptic plasticity (Crozier et
al., 2007), increases dendritic spine turnover (Trachtenberg et al., 2002), and can even
reshape the connectivity between primary sensory cortices (Bavelier and Neville, 2002).
In the long term, drastically changing sensory experience can remodel the topography of
the cortex (Buonomano and Merzenich, 1998; Feldman and Brecht, 2005).
Sensory deprivation promotes plasticity within the cortex (Fox, 1994), and the
synaptic mechanisms mediating these experience-dependent changes are layer-specific
(Bender et al., 2006a; Crozier et al., 2007). Further, the plasticity of different cortical
layers shifts throughout development. Sensory manipulations during early development
can cause immediate changes in L2/3, L4, and L5 (Simons and Land, 1987; Fox, 1992).
Plasticity during adolescence/young-adulthood is more restricted than during
development, however, as sensory manipulations largely only affect L2/3 and L5 at this
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stage (Diamond et al., 1994; Polley et al., 2004). Depriving the adult barrel cortex of
sensory stimuli by whisker trimming or plucking results in the weakening of neuronal
responses to deprived whiskers, a process that is primarily driven by the weakening of
excitatory connections between L4 and L2/3 (Glazewski and Fox, 1996). This process
occurs largely due to a decrease in presynaptic release of glutamate occurring through
CB1 receptor-dependent LTD in L2/3 (Bender et al., 2006b; Crozier et al., 2007). This
cortical depression can also be mediated by changes in GABA-mediated inhibitory
activity. Sensory deprivation can affect synaptic activity in the short-term by increasing
GABAergic activity within L4 (Wang et al., 2011). The depression of cortical activity in
sensory deprived barrel columns occurs rapidly within days, and persists for several
weeks (Glazewski and Fox, 1996).
Research into the effects of sensory deprivation has been ongoing for more than
half a century (Hubel and Wiesel, 1964), despite this, our knowledge of the mechanisms
involved in this process is incomplete. A novel candidate for exploring the mechanisms
involved in experience-dependent cortical reorganization is synaptic zinc. We know that
synaptic zinc levels are modulated by both sensory experience, and whisker stimulation.
Whisker deprivation can robustly increase synaptic zinc staining within L4 of the barrel
cortex, while continuous whisker stimulation decreases staining. These changes in
synaptic zinc levels can occur within hours of a change in sensory experience and can
persist for several days (Brown and Dyck, 2002, 2005). The modulation of synaptic zinc
by experiences suggests its mechanistic involvement in experience-dependent plasticity.
We know that synaptic zinc is involved in several pathways involved in experiencedependent plasticity. For example, zinc is involved in the inhibition of NMDA signalling
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and can engage endocannabinoid signalling through GPR39 (Peters et al., 1987; PerezRosello et al., 2013). These two signalling pathways are integral to the synaptic plasticity
that occurs following sensory deprivation (Rema et al., 1998; Bender et al., 2006b;
Crozier et al., 2007; Li et al., 2009; Dachtler et al., 2011). Sensory deprivation of
adolescent/young adult mice primarily results in a depression of cortical plasticity in L2/3
and could be relying on a CB1 receptor-dependent mechanism to weaken synaptic input
into L2/3 (Polley et al., 2004; Crozier et al., 2007). The ability of synaptic zinc to drive
cannabinergic activity through GPR39 could be a potent avenue through which zinc
could participate in experience-dependent plasticity, specifically the cortical depression
that occurs immediately following sensory deprivation (Perez-Rosello et al., 2013).
Our initial studies of experience-dependent plasticity within the hippocampus
found that synaptic zinc was necessary for the effects of EE on adult hippocampal
neurogenesis. GPR39 signalling was also partially necessary for hippocampal plasticity,
suggesting that the necessity for synaptic zinc, for hippocampal plasticity, is both
GPR39-dependent and GPR39-independent. Given the necessity of synaptic zinc for
experience-dependent plasticity in the hippocampus, it is prudent to examine synaptic
zinc role in experience-dependent plasticity in other areas of the brain. In this chapter, we
determine the complicity of synaptic zinc for experience-dependent plasticity in the
cortex induced by sensory deprivation.
The spatiotemporal correlates of sensory deprivation-induced cortical depression
can be probed in vivo with voltage-sensitive dye (VSD) imaging. VSD allows for the
visualization of sensory-evoked activity in populations of cells residing within the
superficial layers of the cortex, and can be utilized to examine the cortical depression that
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occurs following whisker trimming (Brown et al., 2012). We hypothesized that synaptic
zinc is necessary for the depression of cortical activity occurring following sensory
deprivation. Knocking out ZnT3, and consequently synaptic zinc signalling, would
prevent sensory deprivation-induced cortical depression.
Synaptic zinc is capable of modulating a variety of different signalling pathways
implicated in synaptic plasticity, including: endocannabinoids, NMDA, and BDNF/TrkB.
Experience and neuronal activity has been shown to alter the expression of these
signalling pathways (Philpot et al., 2001; Ludanyi et al., 2008; Gao et al., 2014). To
screen for a potential candidate pathway, we utilized quantitative PCR to examine the
effects of whisker trimming on gene expression in ZnT3 WT and KO mice. Signalling
pathways mediating the effects of synaptic zinc following sensory deprivation would
show altered gene expression following sensory deprivation. Following up on the results
of our qPCR screen, we assayed endocannabinoid content in the spared and sensory
deprived barrel cortices of ZnT3 WT and KO mice. Sensory deprivation should alter
endocannabinoid levels in a manner that is dependent on synaptic zinc.
Recently, a zinc-sensitive receptor called GPR39 was found to mediate CB1
receptor-LTD in the dorsal cochlear nucleus by increasing endocannabinoid synthesis
(Perez-Rosello et al., 2013). We sought to determine if zinc could engage GPR39mediated endocannabinoid synthesis in barrel cortex slices. Cortically expressed GPR39
receptors should increase endocannabinoid content following exogenous zinc application,
in a GPR39-dependent manner. The results of this study will demonstrate the necessity of
synaptic zinc for cortical plasticity following sensory deprivation.
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Results
4.1.1 Sensory deprivation depresses cortical activity in ZnT3 WT, but not KO, mice.

To examine the role of synaptic zinc in experience-dependent plasticity, we first
assessed whether synaptic zinc was necessary for the depression of synaptic activity that
occurs following sensory deprivation utilizing VSD imaging. A univariate ANOVA
revealed a significant interaction of whisker trimming and ZnT3 genotype on overall
intensity of the whisker stimulation-evoked responses in the barrel cortex (F(1,15) = 5.409,
p = 0.038). This interaction was due to a significant decrease in VSD activity from the
stimulation of trimmed whiskers of ZnT3 WT mice compared to the stimulation-evoked
responses from spared whiskers of ZnT3 WT mice (ZnT3 WT-trimmed, n = 5, 113.62 ±
11.97 % x ms; ZnT3 WT-spared, n = 5, 64.66 ± 4.75 % x ms, p = 0.018). In ZnT3 KO
mice however, there were no significant differences in the overall intensity of whisker
stimulation-evoked cortical responses of spared whiskers relative to the responses from
trimmed whiskers (ZnT3 KO-Spared, n = 3, 91.69 ± 10.97 % x ms; ZnT3 KO-Trimmed,
n = 3, 94.82 ± 12.49 % x ms, p = 0.998). There was no significant main effect of
genotype (F(1,15) = 1.134, p = 0.308) or sensory experience (F(1,15) = 1.350, p = 0.268) in
the time for whisker stimulation evoked cortical responses to reach peak amplitude.
Similarly, the duration of time spent above 50% of the peak amplitude was not affected
by genotype (F(1,15) = 0.638, p = 0.440) or sensory experience (F(1,15) = 4.659, p = 0.052).
These results show that 3 days of sensory deprivation decreases whisker stimulationevoked cortical responses in ZnT3 WT mice, yet whisker trimming has no effect on
cortical responses in ZnT3 KO mice.
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Figure 4.1 Three days of whisker trimming depresses sensory-evoked cortical
responses in the barrel cortices of ZnT3 WT, but not ZnT3 KO mice.
A. Images of cortical VSD activity following whisker stimulation illustrate the
spatiotemporal changes in sensory-evoked activity 3 days post-whisker trimming in ZnT3
WT and KO mice. B-C. Percentage change in fluorescence relative to baseline activity.
Data obtained is from the average cortical activity emanating from the region of interest
(illustrated as the black circles demarcating C1 and C2 within barrel maps. B. Average
whisker-evoked response to stimulation of spared or trimmed whiskers in ZnT3 WT
mice. C. Average whisker-evoked response to stimulation of spared or trimmed whiskers
in ZnT3 KO mice. D. The overall intensity of whisker-evoked responses, determined
through area under the curve measurements of the first 160ms of whisker evoked activity
in B/C., is reduced of whisker-evoked responses of trimmed ZnT3 WT relative to spared
whiskers. E. Time to reach maximum ΔF/F0 values. F. Duration of time spent above 50%
of peak ΔF/F0 values. Values are shown as means ± SEM. R = rostral, L = lateral. *p <
0.05.
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4.1.2 Sensory deprivation and ZnT3 KO alter gene expression within barrel cortex
4.1.2.1 Relative expression of mRNA

Synaptic zinc is capable of modulating a variety of signalling pathways involved
in synaptic plasticity, including NMDA, BDNF/TrkB (Nakashima and Dyck, 2009). To
screen for a potential candidate pathway that zinc might be acting through, we utilized
qPCR to examine changes in the expression of several genes involved in these pathways.
Surprisingly however, sensory deprivation had no effect on barrel cortex gene expression
in ZnT3 WT mice for the gene cohort assayed. A comparison of gene expression between
sensory deprived and control (non-deprived) barrel cortex extractions from ZnT3 KO
mice found two gene targets to be differentially expressed. CNRIP was found to be
significantly elevated in sensory deprived barrel cortex extractions from ZnT3 KO mice
when compared to control barrel cortex extractions from ZnT3 KO mice, (p = 0.035). In
contrast, VAMP2 was significantly decreased in the barrel cortex extractions from
sensory deprived ZnT3 KO mice when compared to the cortex barrel cortex extractions
from ZnT3KO mice (p = 0.006). A comparison between control barrel cortex samples of
ZnT3 WT mice relative to the control barrel cortex of ZnT3 KO mice also found several
significant changes in expression. VAMP2 was significantly increased in control barrel
cortex samples taken from ZnT3 KO mice relative to control barrel cortex extractions
from ZnT3 WT mice (p = 0.005). Conversely, Grin2a (p = 0.001), Ntrk2 (p = 0.021), and
102

BDNF (p = 0.015) were decreased in ZnT3 KO mice relative to WT controls. Finally,
comparing sensory deprived barrel cortex extractions from ZnT3 KO mice to sensory
deprived barrel cortex samples from ZnT3 WT mice, we found that GRIN2A (p = 0.018),
GRIN2B (p = 0.021), and NTRK2 (p = 0.086) were all significant down regulated. It
should also be noted BDNF was trending towards being down regulated (p = 0.086). The
AEA hydrolase gene FAAH was significantly increased in control barrel cortex samples
of ZnT3 KO mice relative to control barrel cortex samples of ZnT3 WT mice (p = 0.006).
Both GRIN2A/GRIN2B and BDNF/TrkB gene expression was altered in ZnT3 KO
independently of sensory deprivation, while only endocannabinoid gene expression was
altered in ZnT3 KO mice following sensory deprivation. Given the modulation of
endocannabinoid genes by experience, we pursued endocannabinoid signalling as a
potential mechanistic pathway linking synaptic zinc signalling and experience-dependent
plasticity.
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Figure 4.2 Gene expression of sensory deprived barrel cortex samples taken from
ZnT3 WT relative to control barrel cortex samples of ZnT3 WT mice as determined
through qPCR.
Expression values of each target gene are shown as the gene expression of sensory
deprived barrel cortex samples form ZnT3 WT mice normalized to the CT values of
endogenous control genes and calculated relative to gene expression of control barrel
cortex samples from ZnT3 WT mice. There were no significant differences in gene
expression in this comparison. Values are shown as ratios ± SEM. * p < 0.05.
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Figure 4.3 Gene expression of sensory deprived barrel cortex samples taken from
ZnT3 KO relative to control barrel cortex samples of ZnT3 KO mice as determined
through qPCR.
Expression values of each target gene are shown as the gene expression of sensory
deprived barrel cortex samples form ZnT3 KO mice normalized to the CT values of
endogenous control genes and calculated relative to gene expression of control barrel
cortex samples from ZnT3 KO mice. Note the high variability of all endocannabinoidrelated genes, and SLC12A5. Values are shown as ratios ± SEM. * p < 0.05/
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Figure 4.4 Gene expression of control barrel cortex samples taken from ZnT3 KO
mice relative to control barrel cortex samples ZnT3 WT mice as determined
through qPCR.
Expression values of each target gene are shown as the gene expression of control barrel
cortex samples form ZnT3 KO mice normalized to the CT values of endogenous control
genes and calculated relative to gene expression of control barrel cortex samples from
ZnT3 WT mice. Values are shown as ratios ± SEM. * p < 0.05
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Figure 4.5 Gene expression of sensory deprived barrel cortex samples taken from
ZnT3 KO deprived relative to sensory deprived barrel cortex samples from ZnT3
WT mice as determined through qPCR.
Expression values of each target gene are shown as the gene expression of sensory
deprived barrel cortex samples form ZnT3 KO mice normalized to the CT values of
endogenous control genes and calculated relative to gene expression of sensory deprived
barrel cortex samples from ZnT3 WT mice. Values are shown as ratios ± SEM. * p <
0.05.
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4.1.3 Sensory deprivation increases anandamide content

Sensory deprivation can depress cortical activity by weakening synaptic
connections between L4 and L2/3 (Allen et al., 2003). This cortical depression can be
mediated by CB1 receptor-dependent LTD (Bender et al., 2006b; Crozier et al., 2007).
Endocannabinoids are lipid-soluble neurotransmitters that are not stored in synaptic
vesicles, and are hypothesized to be synthesized in an activity-dependent basis (Stella et
al., 1997; Giuffrida et al., 1999; Hashimotodani et al., 2013). This suggests that
endocannabinoids might be increased under conditions requiring their increased
utilization. For example, sensory deprivation, which results in CB1 receptor-dependent
LTD, would be associated with an increase in endocannabinoids content. Our analysis,
via univariate ANOVA, of endocannabinoid levels found that sensory deprivation
resulted in an increase in AEA levels in the barrel cortex extractions taken from ZnT3
WT mice, but had no effect on 2-AG levels (F(1,15) = 9.50, p < 0.01). Post hoc analysis
showed that barrel cortex AEA content was significantly elevated in sensory deprived
barrel cortex samples of ZnT3 WT mice relative to control barrel cortex samples (sensory
deprived ZnT3 WT, n = 5, 4.14 ± 0.40 pmol/g tissue; control ZnT3 WT, n = 5, 3.36 ±
0.20 pmol/ g tissue, p < 0.05). In addition, the univariate ANOVA identified a significant
main effect of genotype on AEA content (F(1,15) = 8.38, p < 0.05). Control barrel cortex
samples from ZnT3 KO mice showed significantly elevated levels of AEA relative to
control barrel cortex samples from ZnT3 WT mice (control ZnT3 KO, n = 4, 4.73 ± 0.36
pmol/ g tissue; ZnT3KO-SD, n = 4, 4.22 ± 0.21 pmol/g tissue content; control ZnT3WT,
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3.34 ± 0.40 pmol/ g tissue content, p < 0.05). In addition, there was no significant effect
of sex on AEA content (F(1,15) = 1.26, p = 0.285). Analysis of barrel cortex 2-AG content
found no significant main effect of genotype

(F(1,15) = 0.02, p = 0.89), sensory

manipulation (F(1,15) = 1.7, p = 0.21), or interaction between the two (F(1,15) = 0.02, p =
0.90) on the tissue content of 2-AG within the barrel cortex.
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Figure 4.6 Endocannabinoid levels in barrel cortex samples from ZnT3 WT and KO
mice following sensory deprivation.
A. Sensory deprivation increases AEA content in sensory deprived barrel cortex samples
from ZnT3 WT mice. While sensory deprivation does not increase AEA levels in ZnT3
KO mice. B. Neither sensory deprivation, nor ZnT3 genotype, have any effect on 2-AG
levels.
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4.1.4 GPR39-mediated endocannabinoid synthesis.

Zinc-mediated GPR39 receptor activation has been shown to result in an increase
in endocannabinoid synthesis in the dorsal cochlear nucleus (Perez-Rosello et al., 2013).
This GPR39-mediated signalling pathway could provide a potential mechanism by which
synaptic zinc could engage CB1 receptor-dependent LTD during sensory deprivation to
induce cortical depression. GPR39-dependent endocannabinoid production within the
barrel cortex was explored by bath application of zinc to tissue slices containing barrel
cortex, and measuring endocannabinoid content. Exposing barrel cortex samples to zinc
had no effect on endocannabinoid content. A univariate ANOVA found that zinc
application to barrel cortex slices had no significant effect on either 2-AG (F(1,28) = 0.228,
p = 0.228) or AEA content (F(1,28) = 0.930, p = 0.343). There was also no main effect of
genotype on either 2-AG (F(1,28) = 0.181, p = 0.674) or AEA content within the barrel
cortex (F(1,28) = 2.240, p = 0.147).
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Figure 4.7 Measurements of barrel cortex endocannabinoid levels in tissue slices of
GPR39 WT and KO following bath application of 100µm of Zinc.
A. Effect of bath application of 100µm of ZnCl on AEA levels in the barrel cortex of
GPR39 WT and KO mice. Exogenous zinc application did not affect AEA content (n =
29). B. Neither bath application of zinc, nor GPR39 genotype, altered 2-AG content
within the barrel cortex (n = 29). Values shown as means ± SEM.
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4.2 Discussion

The present study demonstrates the necessity of synaptic zinc for experiencedependent plasticity in the murine barrel cortex. Using voltage-sensitive dye imaging to
examine whisker-evoked responses in spared and trimmed whiskers; we show that
synaptic zinc is necessary for the depression of activity that occurs in the somatosensory
cortex following sensory deprivation by whisker trimming. To determine a candidate
pathway linking synaptic zinc signalling to experience-dependent plasticity, we analyzed
sensory deprivation-induced changes in the expression of several genes implicated in
both synaptic zinc signalling and experience-dependent plasticity. We found that sensory
deprivation in ZnT3 KO mice resulted in highly variable endocannabinoid gene
expression in the barrel cortex. The decrease in cortical activity caused by sensory
deprivation can occur through CB1 receptor dependent LTD which weakens connections
between L4 and L2/3 (Bender et al., 2006b; Crozier et al., 2007). Analyzing
endocannabinoid content within sensory-deprived barrel cortices revealed that sensory
deprivation robustly increased AEA, without affecting 2-AG content when compared to
the control barrel cortex. Further, ZnT3 KO mice did not show any elevation in AEA
following deprivation, but did exhibit higher levels of AEA in spared and deprived barrel
cortices. Zinc is not capable of increasing endocannabinoid content within the barrel
cortex however, suggesting that the involvement of synaptic zinc in experiencedependent plasticity does not involve endocannabinoid signalling.
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4.2.1 The role of synaptic zinc in experience-dependent plasticity in the cortex

Our initial theoretical model explaining how synaptic zinc could mediate sensory
deprivation-induced reductions in cortical activity relied on the following observations.
First, whisker trimming increases synaptic zinc staining within the barrel cortex,
suggesting that the modulation of synaptic zinc is involved in experience-dependent
plasticity (Brown and Dyck, 2002). Decreased sensory input to the barrel cortex weakens
glutamatergic projections between L4 and L2/3, occurring through CB1 receptordependent LTD, resulting in a depression of cortical activity (Bender et al., 2006b;
Crozier et al., 2007). We postulated that zincergic activation of GPR39 receptors could
stimulate endocannabinoid production to engage CB1 receptor-dependent LTD within the
barrel cortex following sensory deprivation. However, our results suggest that zinc might
not be capable of increasing endocannabinoid synthesis within the barrel cortex. This
result does not support a role for zinc-mediated CB1-receptor LTD occurring in the barrel
cortex. Although no direct relationship between zinc and endocannabinoids was found in
this study, it seems that mice lacking ZnT3 can compensate for the lack of synaptic zinc
by increasing AEA content in the barrel cortex. Future studies should clarify the role of
synaptic in mediating in CB1 receptor-dependent LTD in the cortex using
electrophysiological methods to better determine the role of synaptic zinc in this process.
Given our current understanding of the role of synaptic zinc in experiencedependent plasticity, it is important to develop an alternative model of how synaptic zinc
could be necessary for experience-dependent plasticity. An important factor to consider
in developing any model of synaptic zinc’s role in experience-dependent plasticity in the
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cortex is the change in synaptic zinc staining occurs in L2/3, L4, and L5 following
sensory deprivation (Nakashima and Dyck, 2010). Assuming that the regulation of
synaptic zinc plays a role in sensory deprivation-induced plasticity, this raises questions
about the potential effects of regulating synaptic zinc staining within L2/3, L4, and L5.
Visual deprivation can potentiate GABAergic activity within L2/3 and L4 of the visual
cortex without affecting excitatory connections in adolescent mice (Maffei et al., 2006;
Yazaki-Sugiyama et al., 2009; Maffei et al., 2010). Acutely depriving sensory
information to the adult visual cortex can also increase GABAergic inhibition of
glutamatergic neurons in L4, decreasing the propagation of signals from L4 to L2/3
(Wang et al., 2011).
How zinc might affect GABAergic signalling would depend on how zinc release
changes following sensory deprivation. Zinc can inhibit ionotropic GABAA and GABAC
receptors (Smart et al., 1991; Kaneda et al., 1997). Given that zinc’s actions on GABA
receptors are inhibitory, and sensory deprivation increases GABAergic activity, sensory
deprivation would need to decrease synaptic zinc release in order to enhance GABAergic
neurotransmission. On the other hand, there are several ways in which zinc could
potentiate GABAergic signalling if zinc release was increased following sensory
deprivation. Zinc-dependent activation of GPR39 has been shown to increase the
expression and activity of potassium chloride cotransporter 2 (KCC2), resulting in a
hyperpolarizing shift in the GABAA reversal potential (Rivera et al., 1999; Chorin et al.,
2011). Increasing zinc-mediated activation of GPR39 following sensory deprivation
could increase both the expression and activity of KCC2. The resulting increase in
GABAergic activity would increase inhibitory drive onto L4 and depress cortical activity.
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Therefore, further work is needed to determine the potential role of zinc in mediating
experience-dependent changes in cortical activity through GABA receptor signalling.
Another potential route through which zinc might potentiate GABAergic
signalling

is

through

the

modulation

of

nicotinic

acetylcholine

receptors.

Acetylcholinergic signalling is vital for experience-dependent plasticity to occur within
the neocortex. Ablating the nucleus basalis, the source of cholinergic inputs to the barrel
cortex, in rats or administrating the cholinergic antagonist scopolamine in humans has
been shown to prevent experience-dependent plasticity (Baskerville et al., 1997; Thiel et
al., 2002). A study by Brown et al. (2012) uncovered a role for α4-containing nicotinic
acetylcholine receptors in sensory deprivation-induced cortical depression. Following
sensory deprivation, α4-nicotinic receptor expression on GABAergic interneurons is
increased. Further, using VSD imaging they demonstrated that nicotinic receptors are
both necessary and sufficient for sensory deprivation-induced cortical depression. Zinc
potentiates α4-containing nicotinic acetylcholine receptors (Hsiao et al., 2001), providing
another potential route through which zinc could be involved in experience-dependent
plasticity. Increasing the amount of zinc released during sensory deprivation would allow
for the potentiation of nicotinic receptors on GABAergic synapses, thereby increasing
inhibitory drive onto L4 and depressing cortical activity.
A potential issue with any theory involving zincergic modulation of GABAergic
neurons, however, is that synaptic zinc is only present in asymmetric, excitatory synapses
within the barrel cortex (Nakashima and Dyck, 2010). If zinc were capable of modulating
the activity of GABAergic neurons, the effects of synaptic zinc release within the barrel
cortex would have to be heterosynaptic. Heterosynaptic neurotransmitter release occurs
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when neurotransmitters released from a synapse can diffuse to, and act on, a
neighbouring synapse. A precedent for heterosynaptic effects of zinc release has been set
in cortico-amygdala synapses, where zinc release from glutamatergic neurons has been
shown to inhibit adjacent GABAergic interneurons (Kodirov et al., 2006).
Heterosynaptic effects of zinc release have been suggested to occur in mf-CA3 synapses,
where zinc release from the mf in the stratum lucidium was shown to inhibit NMDA
receptors in the adjacent stratum radiatum (Ueno et al., 2002). If such a mechanism were
occurring in the cerebral cortex, it would reshape our understanding of the potential role
of synaptic zinc in experience-dependent plasticity.

4.2.2 Experience-dependent changes in gene expression

In this series of experiments we utilized qPCR to identify candidate pathways that
could mechanistically link synaptic zinc signalling to the observed changes in
experience-dependent plasticity. While our results suggested the involvement of
endocannabinoid signalling in ZnT3-mediated plasticity, the results of our qCPR
experiments can also be utilized to further examine the role of synaptic zinc in
experience-dependent plasticity. Our results show abnormal gene expression in ZnT3 KO
mice in several signalling pathways, including the cannabinergic, glutamatergic, and
BDNF pathway. It should be noted that the following section will examine gene
expression changes in terms of the theoretical consequences that the transcription of the
gene in question into protein would have on actual synaptic functioning. The following
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discussion should therefore be interpreted with caution, as changes in gene expression
might not translate into altered protein expression.
Interestingly, no changes in gene expression were uncovered in the sensory
deprived barrel cortex samples taken from ZnT3 WT mice when they were compared to
control barrel cortex samples from ZnT3 WT mice, a result previously established by
Nakashima et al. (2011) with an overlapping cohort of genes. Sensory depriving ZnT3
KO mice, however, increased the variability of endocannabinoid and SLC12A5 (encoding
KCC2) gene expression within the barrel cortex but had no effect on GRIN2A, GRIN2B,
NTRK2 or BDNF. While all endocannabinoid gene expression following sensory
deprivation trended towards upregulation, only CNRIP1 was significantly increased.
CNRIP1 encodes for cannabinoid interacting protein 1, a protein that, upon binding to the
C-terminus of the CB1 receptor, has been shown to enhance cannabinoid-induced G
protein activation (Guggenhuber et al., 2015). Sensory deprivation was found to decrease
expression of VAMP2. VAMP2 (or synaptobrevin 2) is a synaptic vesicle fusion protein
responsible for docking and fusing synaptic vesicles with the presynaptic membrane
(Schoch et al., 2001). Reducing VAMP2 expression through genetic deletion
significantly decreases calcium triggered vesicle release. The results of overall increased
endocannabinoid gene expression and decreased VAMP2 gene expression following
sensory deprivation are interesting. Sensory deprivation would be expected to increase
endocannabinoid signalling to engage CB1 receptor-dependent LTD, so increasing
CNRIP1 and decreasing VAMP2 expression would be expected in a system responding to
sensory deprivation, not in ZnT3 KO mice that do not exhibit a depression of cortical
activity following sensory deprivation.
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A comparison of the control barrel cortex samples taken from ZnT3 WT and KO
found that NTRK2 (encoding TrkB) and BDNF gene expression were significantly
decreased in ZnT3 KO mice. As covered in chapter 1, zinc is a potent regulator of BDNF
signalling, capable of both transactivating TrkB and converting proBDNF to mBDNF
(Hwang et al., 2005; Huang et al., 2008). The downregulation of BDNF and NTRK2
genes in ZnT3 KO mice could reflect the importance of synaptic zinc in this signalling
pathway. BDNF is important for experience-dependent plasticity in the cortex. Blocking
BDNF signalling in auditory cortex prevents remapping of the auditory cortex, while
BDNF infusion enhances remapping (Anomal et al., 2013).

In addition, studies of

humans with the val66met BDNF polymorphism, a genetic mutation that decreases
activity-dependent BDNF release, show that this BDNF polymorphism results in reduced
motor map reorganization following motor training when compared to control subjects
(Kleim et al., 2006). If reductions in BDNF and NTRK2 expression within the barrel
cortex of ZnT3 KO mice resulted in decreased BDNF signalling, it could negatively
affect the extent of experience-dependent plasticity occurring within the barrel cortex.
There are also differences in barrel cortex gene expression of NMDA receptor
subunits differences between ZnT3 WT and KO mice. GRIN2B (encoding the NMDA
subunit NR2b) was decreased in the control barrel cortex samples from ZnT3 KO mice
when compared to barrel cortex samples from ZnT3 WT mice. Zinc is a potent inhibitor
of NMDA receptors, blocking NR2b-containing NMDA receptors (Rachline et al., 2005).
Decreasing the actual presence of NR2b at the synapse is likely compensating for the lack
of zincergic inhibition of NMDA receptors in ZnT3 KO mice. Previous measurements of
gene expression differences between ZnT3 WT and KO mice have also showed that
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GRIN2A is also decreased, with no change in GRIN2B (Nakashima et al., 2011). While
we were unable to replicate this result in the current experiment, it should be noted that
GRIN2A expression in this study was trending towards downregulation. Decreased
protein expression of both NR2a and NR2b is evident in the hippocampus of 6-month old
ZnT3 KO mice however (Adlard et al., 2010), so it is possible that a downregulation of
both these subunits could also be occurring in cortex. This perturbation in NMDA
receptor expression evident in ZnT3 KO mice could have an effect on synaptic plasticity
(Nakashima and Dyck, 2009). Interestingly, VAMP2 was significantly upregulated in
ZnT3 KO mice, a result not evident in previous experiments. Elevated VAMP2 levels
could suggest either a build-up of synaptic vesicles, or an increase in presynaptic
neurotransmitter release.
Comparing the sensory deprived barrel cortex samples of ZnT3 KO mice to
sensory deprived barrel cortex samples from ZnT3 WT mice showed that GRIN2A,
GRIN2B, and NTRK2 were all significantly decreased, while BDNF only trended towards
downregulation. As the expression of these genes was already decreased in control barrel
cortex samples of ZnT3 KO mice, this result suggests that the presence of ZnT3 regulates
these genes independently of sensory experience. Interestingly, FAAH was significantly
upregulated in sensory deprived ZnT3 KO barrel cortices. As FAAH is responsible for
degrading AEA, this increase could reflect a homeostatic response to the elevated AEA
levels seen in ZnT3 KO mice. Although, if this is the case, it is curious that FAAH is not
upregulated in the control barrel cortex samples from ZnT3 KO mice.
The qPCR results presented here demonstrate changes in the expression of several
genes important for experience-dependent and synaptic plasticity. That numerous
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signalling pathways involved in experience-dependent plasticity are altered in ZnT3 KO
mice further suggests the involvement of synaptic zinc in experience-dependent
plasticity. Future experiments should be directed towards examining synaptic zincdependent alterations in protein expression that occur as a result of sensory experience.

4.2.3 Methodological considerations

The development and refinement of voltage-sensitive dye imaging techniques has
provided neuroscience with a powerful tool for examining the spatiotemporal dynamics
of cortical activity occurring in vivo. This technique is not without its limitations
however. Applying VSD to the surface of the cortex results in binding of dye molecules
to the membranes of all cells, including both excitatory and inhibitory neurons, glia cells,
and blood vessels. The non-specificity of VSD binding suggests that the voltage-sensitive
dye responses may not merely reflect excitatory neuronal activity. However, experiments
combining VSD imaging with electrophysiological recordings demonstrate adequate
correlation between single-cell activity and VSD responses (Carlson and Coulter, 2008).
Still, in vivo VSD responses do exhibit a prolonged fluorescence response following
whisker stimulation that could reflect voltage potential responses from glia and blood
vessels, in addition to neurons (van Breemen et al., 1997; Shoham et al., 1999; Fields,
2008). Since VSD responses are an assessment of all membrane potential changes, it also
does not distinguish between membrane potential changes in dendrites and those in
axons. Changes in axonal membrane potential likely constitute a relatively small of
amount of membrane area undergoing changes in potential when compared to events in
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dendritic membrane area. As such, the validity of VSD as a tool for examining changes
solely due to axonal activity is limited.
Another concern associated with using any fluorescent molecule is bleaching,
which would decay the amplitude of the simulation-evoked response. Previous
experiments have shown that RH-1692 is stable for up to 1 hour of continuous imaging,
allowing for several thousand imaging trials to be conducted. Our experiments were of
relatively short duration, each imaging session containing no more than 5-10 minutes of
light exposure equating to roughly 200-300 imaging trials per animal. Still, by taking into
account the difference in responses between stimulation evoked trials and null
stimulation trials, we were able to correct for any effects of dye bleaching. Other factors
to consider with VSD imaging are the potential pharmacological side effects associated
with dye incubation and the potential harm to tissue through phototoxicity. The toxicity
of RH-1692 is minimal, as experiments have shown it has no effect on cellular recording
several hours after application (Petersen et al., 2003). Several studies have shown that
RH-1692 has no pharmacological side effects on extracellular and whole-cell recording
(Shoham et al., 1999; Petersen et al., 2003), although later studies have shown that
application of RH-1692 can potentiate GABAA receptors (Mennerick et al., 2010). While
VSD has its shortcomings, it is still an excellent tool for examining the spatiotemporal
dynamics of sensory-evoked responses in L2/3 of the cortex. More advanced techniques
can combine whole-cell recording with VSD imaging; studies utilizing these techniques
do show that VSD responses adequately reflect electrophysiological responses to sensory
stimuli in vivo, and by TCA stimulation in vitro (Petersen et al., 2003; Carlson and
Coulter, 2008).
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The biggest methodological concern associated with the qPCR and mass
spectrometry experiments presented in this chapter is the methodology used to extract the
tissue. Following sensory deprivation, cortical layers undergo modifications that are
likely independent of changes in other cortical layers. The tissue extraction technique
utilized for the qPCR and mass spectrometry experiments in this study required removal
and analysis of the entire barrel cortex. While any changes exhibited here are presented
as macroscopic changes occurring throughout the barrel cortex, the reality is that changes
in endocannabinoid content and gene expression are likely layer-specific. Examining
experience-dependent changes with more precision is achievable using laser
microdissection systems, which would allow for a layer-specific analysis of biochemical
changes (Kerman et al., 2006). For the purposes of this experiment however, a layerspecific analysis of sensory changes occurring within the barrel cortex is impractical. The
reasons are largely economical and ethical, as the size of mouse barrel cortex would
necessitate an exponentially larger cohort of animals. There are several other concerns
with examining gene expression using qPCR. All cortical areas have a high degree of
reciprocal intra- and intercortical connectivity. Changes in gene expression from barrel
cortex extracts could therefore reflect changes occurring in synapses located in adjacent
areas of the brain. Another aspect of gene expression to consider is that any alteration in
mRNA may not actually be reflective of changes in protein production. Accordingly,
gene expression should not be considered as a tool for determining the functional
consequences of sensory deprivation or ZnT3 KO, but rather for identifying signalling
pathways for more refined experiments.

123

4.3 Conclusions

The aim of this chapter was determine the role of synaptic zinc for experiencedependent plasticity in the cortex induced by sensory deprivation. The experiencedependent changes in cortical activity evident in our VSD experiments suggest that
synaptic zinc is an integral component of the mechanisms mediating cortical depression
following sensory deprivation.
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4.4 Methods
4.4.1 General methods
4.4.1.1 Housing of animals

Eight-week-old male and female ZnT3 transgenic knock out (KO) and wild-type (WT)
mice, generated on a C57BL6/129sv hybrid background, were used for this study. Eight
week-old male and female GPR39 knock out (GPR39 KO) and wild-type (GPR39 WT)
breeding stock, generated on a C57BL6/n genetic background, were generously provided
by Dr. Michal Hershfinkal (Ben-Gurion University, Isreal) and utilized in this study. All
animals were maintained on standard laboratory diet and water ad libitum and kept in
standard laboratory housing under a 12-hour light/dark cycle for the duration of the
experiment. All procedures were approved by the Animal Care Committee of the
University of Calgary and conform to the guidelines set out by the Canadian Council for
Animal Care.

4.4.1.2 Genotyping

Genetic screening of ZnT3 and GPR39 mice was achieved using polymerase chain
reaction (PCR). Tail and ear biopsies were obtained from mice under isoflurane
anesthesia (5% induction, 3% maintenance). Tissue samples were then digested for 16-24
hours at 55°C using proteinase K (0.8mg/ml). Proteinase K was then deactivated by
incubating the samples at 95°C for 30 minutes. Samples were then centrifuged for 10
minutes at 10000rpm to remove any tissue residues remaining in the lysate. Pouring the
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supernatant into cold, sterile filtered 100% ethanol precipitated genomic DNA. Samples
were then inverted several times to mix, and centrifuged for 2 minutes at 10000rpm to
create a DNA pellet. Samples were washed once in sterile filtered 70% ethanol, spun for
2 minutes at 10000rpm, and allowed to air dry for 2-4 hours. DNA pellets were
resuspended in 200µl of TE buffer and heated at 65°C for 30 minutes. DNA samples
were stored at 4°C until PCR amplification.
The PCR cycling for the ZnT3 gene amplification are as follows: an initial cycle
of 96°C for 5 minutes, 66°C for 30 seconds, 72°C for 30 seconds, followed by 31 cycles
of: 96°C for 30 seconds, 72°C for 30 seconds, and 72°C for 30 seconds, with a final
extension phase of 72°C for 3 minutes. All reaction products were stored at 4°C until
electrophoresis was performed.
Two

primers

(5’

GGTCCAACCACATCTGCTCCC

3’

and

5’

CTGGCGAGGTCCAGACACTG 3’) were used to generate a 435-bp band from the
GPR39 WT gene, while primers (5’ GGAACTCTCACTCGACCTGGG 3’ and 5’
GCAGCGCATCGCCTTCTATC 3’) were used to generate a 311 base pair product from
the GPR39 KO gene. It should be noted that the WT primers utilized in this GPR39 PCR
protocol differ from GPR39 WT primers used in other studies utilizing these mice
(Moechars et al., 2006). The PCR cycling parameters for GPR39 are as follows: an initial
cycle of 95°C for 5 minutes, followed by 37 cycles of 95°C for 30 seconds, 55°C for 30
seconds, and 68°C for 30 seconds, followed by a final cycle of 68°C for 5 minutes.
Reaction products were stored at 4°C until gel electrophoresis was performed.
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Gel electrophoresis of reactions products from both ZnT3 and GPR39 PCR assays
was performed identically. Reaction products were run on a 1.5% agarose gel for 1 hour,
and visualized using SYBR Gold nucleic acid stain.

4.4.2 VSD dye imaging

Animals for voltage-sensitive dye imaging. 2-month old ZnT3 WT and KO male mice
were utilized in this study. ZnT3 mice underwent 3 days of sensory deprivation. Mice
were lightly anaesthetized with 3% isoflurane and the C2 whisker was trimmed
unilaterally to a height of roughly ~6mm from the face. For mice undergoing 1- days of
sensory deprivation, the C2 whisker was re-trimmed every 3 days. After each trimming
session mice were returned to their home cage.

Voltage-Sensitive Dye Imaging. Voltage sensitive dye will allow for the establishment of
spatial and temporal correlates of experience-dependent changes in barrel cortex. The
protocol for VSD imaging was adapted from Brown et al. (2012). For all surgeries
anaesthesia was induced with 3% isoflurane in either medical air at a constant flow rate
of 2 Liters/min. To allow adequate accessibility to barrel cortex, the temporalis muscle
was carefully scraped away with a surgical scalpel. A 3x3mm craniotomy, centered on
the stereotaxic coordinates of the barrel cortex was created using a high-speed dental
drill. Before removal of the skull, a small puncture of the cisterna cerebellomedullaris
with small surgical forceps was conducted to relieve pressure. Post-craniotomy,
isoflurane was reduced to 1%, the subject was transferred to a heating pad and the body
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temperature kept at 37°C using a rectal thermoprobe. To maintain adequate hydration
throughout the duration of the experiment, a 0.15ml intraperitoneal injection of 20mM
glucose in 0.9% saline was given every 1-2 hours. Staining of barrel cortex was
accomplished using the voltage sensitive dye RH-1692 (Optical Imaging) dissolved at
2mg/ml in artificial CSF solution. Dura mater was left intact to improve imaging
stability. To improve staining the dura mater was dried before staining with gentle
airflow for 1-2 minutes until the dura became transparent. The exposed cortex was
stained with dye for 75-90 minutes, with fresh dye applied every 20-30 minutes.
Following dye incubation, the cortex was thoroughly washed with aCSF for 10 minutes
and the exposed cortex was coverslipped with 1.3% low-melt agarose in aCSF.

Whisker stimulation of the C1 and C2 whiskers was achieved through the use of a
computer controlled piezoelectric wafer (CMBP05, Noliac), which deflected the whisker
for 2ms, for ~200um in a rostral to caudal direction. VSD signals were collected using a
MiCam02 camera (Brain Vision), which captured 12-bit image frames (184 x 124 pixels)
every 4 ms. RH 1692 was excited with a 150W halogen light source (HL-151, Brain
Vision) filtered through a dichroic mirror. The excitation wavelength utilized was 530nm
and emission wavelengths captured were > 590nm.

During each imaging trial, images

were collected for 200 before the deflection, and for a further 800ms after stimulation to
record barrel cortex activity. Each stimulation trial was divided by a null stimulation trial
to correct for photobleaching. VSD data is presented as the percentage change in VSD
dye fluorescence (ΔF/F0), which was achieved by dividing the change in fluorescence
captured after stimulation by the average of those taken 200ms before stimulation. Each
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imaging trial consisted of 10 repeated null stimulation-stimulation trials, separated by 5s
intervals.

VSD imaging analysis. To examine changes in signalling intensity of spared and deprived
barrel columns, the average ΔF/F0 across the entirety of each anatomically characterized
barrel column was utilized to determine ΔF/F0. To analyze temporal changes in barrel
column activity following sensory deprivation, unfiltered data from the stimulated barrel
column (either C1 or C2) was exported into Matlab (Mathworks, Version 8.3) response
intensity, time to peak amplitude, and duration of signals (above 50% of peak amplitude)
was assessed. To assess the overall intensity of sensory-evoked responses, data was also
exported to Origin (OriginLab Corporation, Version 8.5) and the area under the curve of
each response was calculated. Only the first 160ms of each response was integrated
however, this value was chosen based on the average duration of response above 50% of
peak amplitude.

4.4.3 qPCR

Animals and treatment groups. Eight-week-old male wZnT3 transgenic knock out (KO)
and wild-type (WT) mice, generated on a C57BL6/129sv hybrid background, were used
for this study. All animals will be maintained on standard laboratory diet and water ad
libitum and kept in standard laboratory housing under a 12-hour light/dark cycle for the
duration of the experiment. All procedures were approved by the Animal Care
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Committee of the University of Calgary and conform to the guidelines set out by the
Canadian Council for Animal Care.

Tissue preparation for quantitative PCR. ZnT3 WT and KO mice will be used for all
qpCR experiments. Whiskers will be unilaterally removed under light anaesthesia with
3% isoflurane and subjects will be placed back in their home cages to recover. Three days
following whisker removal the mice were euthanized with an overdose of sodium
pentobarbital. Barrel cortex extraction then proceed according to the methodology
previously described in section 4.4.4.

RNA isolation. Any RNA within the tissue samples will be extracted using a RiboPure
Kit (Ambion, Austin, USA). Barrel cortex samples were first homogenized in 100µL of
TRI reagent using a bead homogenizer. The homogenate was then incubated at room
temperature for 5 minutes, transferred to a fresh microcentrifuge tube and 100µL of 1bromo-3-chloropropane was added. The solution was promptly vortexed for 15 seconds.
Following a 5 minute incubation at room temperature, the solution was then centrifuged
for 10 minutes at 10000rpm at 4°C. 400µL of the aqueous phase was then transferred to a
new microcentrifuge tube, 200µL of 100% ethanol was then added, and the solution was
promptly vortexed for 5 seconds. This solution was then transferred to a filter cartridge
and centrifuged at 10000 rpm for 30 seconds at room temperature. Any solution that
transferred through the filter cartridge was discarded, 500µL of provided wash solution
(containing 100% ethanol) was added to the filter cartridge and then centrifuged again for
30 seconds at 10000 rpm. This washing step was repeated a second time. The filter
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cartridge was then transferred to a new collection tube and 100 µL of the provided elution
buffer was added. The solution was then incubated at room temperature for 2 minutes and
subsequently centrifuged for 30 seconds to elute the RNA from the filter. RNA samples
were then frozen at -20°C until further purification processing.

RNA Purification. Following isolation, samples were purified with the RNeasy Plus
MicroKit (Qiagen, Mississauga, ON), used according to manufacturer instructions.
Briefly, 350 µL of the provided buffer RLT plus was added to the isolated RNA samples
and the solution was centrifuged for 3 minutes at 10000rpm. The supernatant was then
transferred to a gDNA eliminator spin column (provided) and centrifuged for 30 seconds.
350 µL of 70% ethanol was mixed into the flowthrough via gentle pipetting. This
solution was then transferred to the supplied RNeasy MinElute spin column and
centrifuged for 15s at 10000 rpm. The flow through was discarded and 700 µL of Buffer
RW1 to the spin column and re-centrifuged for 15s. Again the flow through was
discarded and 500 µL of Buffer RPE was added to the spin column. The flow through
was then discarded, 500 µL of 80% ethanol was added to the column, and the solution
was centrifuged for 2 minutes. The spin columns were then placed in new collection
tubes and centrifuged for 5 minutes. Finally, spin columns were placed in new collection
tubes, and 14 µL of RNase free H2O was added to the spin column, and centrifuged for 1
minute to elute the RNA.
The concentration and purity of the RNA sample was assessed with a Nanodrop
2000 via the absorptivity of the 260/280 ratio. RNA integrity was assessed via an Aligent
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2100 Bioanalyzer to determine the rRNA 28s/18s ratios and RNA Integrity Number
(RIN).

Reverse Transcription. Reverse transcription was performed using a High Capacity RNA
to cDNA kit (Applied Biosystems) according to manufacturers instructions. Each 20 µL
reaction consisted of 10 µL of 2x RT buffer, 1 µL of 20x RT enzyme mix, 225 ng of
RNA, topped up to 20 µL, and 1.5 µL of nuclease-free water were combined. Reactions
will be incubated in an Eppendorf Mastercycler Gradient thermocycler (Eppendorf,
Mississauga, ON). Reaction tubes were held at 37°C for 60 minutes, followed by 95°C
for 5 minutes. Following incubation samples were stored at -20°C until qPCR analysis.

The expression of several genes related to Zinc, glutamate, and endocannabinoid
signalling were be assessed (
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Table 4.1). Several endogenous control genes will also be utilized, the validity of
these genes for use as controls having been assessed previously with GeNorm Software
(Nakashima et al., 2011). All qPCR reactions will be performed using a StepOne RTPCR system on MicroAmp Fast Optical 48-well reaction plates. Standard curves were
generated by pooling and serially diluting aliquots. For each reaction, 11.25 ng sample
cDNA were incubated in 20 µL of reaction consisting of 10 µL of 2x Taqman Gene
Expression Master Mix, 1 µL of 20x Taqman Gene Expression Assay, 1 µL of cDNA
(11.25 ng/µL) and 8 µL of nuclease free water. All standard curves were run in duplicate,
while all samples were run in triplicate.

qPCR data analysis. Both baseline and threshold cycle (CT) values will be set by the
StepOne Real-Time PCR. Using the Relative Expression Software Tool (REST; Qiagen,
Mississauga, ON), the relative expression of the gene of interest will be compared to the
expression of the endogenous control gene. REST utilizes the Pfaffl method to determine
the relative expression of the target gene compared to that samples endogenous control
(Pfaffl et al., 2002). A statistical analysis will then be performed using the Pair-wise
Fixed Reallocation Randomization Test with the p value set at 0.05.
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Table 4.1 Genes assayed using q PCr
Gene	
  

Name(s)	
  

RefSeq	
  

CNR1	
  

Cannabinoid	
  receptor	
  1	
  (brain)	
  
Cannabinoid	
   receptor	
   interacting	
  
protein	
  1	
  
Glutamate receptor, NMDA NR2A
subunit
Glutamate	
   receptor,	
   NMDA	
   NR2B	
  
subunit	
  
Monoglyceride	
  lipase	
  	
  
Neurotrophic
tyrosine
kinase,
receptor, type 2
Fatty acid amide hydrolase
Diacylglycerol lipase, alpha
Diacylglycerol lipase, beta
G protein-coupled receptor 39
Vesicle-associated
membrane
protein 2
Solute carrier family 12, member 5
(KCC2)
Brain derived Neurotrophic Factor

NM_007726.3

	
  
Endogenous	
  Controls	
  
Actx, E430023M04Rik, beta-actin
actb	
  
hypoxanthine
guanine
HPRT	
  
phosphoribosyl transferase
Ipo8	
  
importin 8

	
  
	
  
NM_007393.3

CNRIP1	
  
Grin2a	
  
Grin2b	
  
MgII	
  
Ntrk2	
  
FAAH	
  
Dagla
Daglb	
  
GPR39	
  
Vamp2	
  
Slc12a5	
  
BDNF	
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NM_029861.2
NM_008170.2
NM_008171.3

Amplico
n	
  Length	
  
66	
  

	
  

62	
  

	
  

84	
  

	
  

61	
  

	
  

NM_001166249.1
NM_001025074.1	
  
NM_008745.2
NM_010173.4
NM_198114.2
NM_144915.3
NM_027677.2

78	
  

NM_009497.3

117	
  

	
  

92	
  

	
  

	
  

	
  

	
  

	
  

NM_020333.2

	
  

NM_013556.2

92	
  

	
  

NP_001041604.1

62	
  
69	
  
72	
  
87	
  

92	
  

	
  

	
  
	
  
112	
  

	
  

81	
  

	
  

NM_001081113.1

	
  

79	
  

4.4.3.1 qPCR assay performance

All no template controls were found to have no signal. Reaction efficiencies of all
gene expression probes were within acceptable limits, ranging from a low 86.95% for
MGII to a high of 118.24% for Grin2A, with the exception of GPR39. This gene had
extremely high CT values (CT = 39-40), so no standard curve could be generated for this
gene. The validity of endogenous control genes was previously verified in Nakashima et
al. (2011), using GeNorm software (Vandesompele et al., 2002).

4.4.3.2 RNA Purity and integrity assessment

The purity of RNA samples was assessed using spectrophotometry measurements
taken from a Nanodrop 2000. All RNA samples were found to be pure enough for qPCR,
having 260/280 ratios ranging from 2.09-2.15. One sample (K6D), had an extremely high
260/280 ratio of 2.48, however inspection of its Bioanalyzer results suggested that this
sample was adequate for experimental use.
The integrity of the RNA samples using an Aligent 2100 Bioanalyzer. All qPCR
samples had rRNA 28s/18s ratios ranging between 1.4 and 2.9. While a 28s/18s ratio of
2.0 or higher has historically been considered to be high quality RNA, this measure is
actually poorly correlated with the reliability of qPCR experiments (Schroeder et al.,
2006). RNA integrity numbers (RIN) are a far better tool for determining RNA integrity,
showing a much better correlation with the reliability of qPCR experiments. RIN values
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are Ranging from 1-10 (with 10 indicating near-perfect RNA integrity, RIN’s greater
then 6 provide positive outcomes for qPCR experiments. All RNA samples utilized in
this study had RIN values of between 9.7-10.0, with the exception of one sample whose
RIN was 4.9 (sample W3D). Closer inspection of this samples fluorescence profile
suggested this sample had protein or DNA contaminants, not RNA integrity issues. This
sample was re-purified using the RNeasy Plus Micro Kit (Qiagen), and utilized in this
study. A RIN could not be attributed to one other sample (sample K6D) due to its low
RNA concentration. However, its rRNA 28s/18s ratio and a visual inspection of its
fluorescence profile indicated its RNA integrity was sufficient for experimental use.
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Table 4.2. RNA purity and integrity of all samples used for qPCR

Nanodrop
Sample #

Genotype

Bioanalyzer

Condition

W1S

WT

Spared

2.10

rRNA
28s/18s
ratio
2.9

W1D

WT

Deprived

2.12

2.9

10.0

W3S

WT

Spared

2.11

2.5

4.9

W3D

WT

Deprived

2.11

2.2

10.0

W4S

WT

Spared

2.10

2.4

9.9

W4D

WT

Deprived

2.15

2.4

10.0

W5S

WT

Spared

2.10

2.6

10.0

W5D

WT

Deprived

2.10

2.5

9.9

W6S

WT

Spared

2.12

2.7

10.0

W6D

WT

Deprived

2.12

2.8

10.0

K2S

KO

Spared

2.13

2.3

9.9

K2D

KO

Deprived

2.09

2.2

10.0

K3S

KO

Spared

2.12

1.9

10.0

K3D

KO

Deprived

2.07

2.2

9.9

K4S

KO

Spared

2.11

1.4

10.0

K4D

KO

Deprived

2.20

2.2

9.7

K5S

KO

Spared

2.14

2.2

10.0

K5D

KO

Deprived

2.11

2.4

10.0

K6S

KO

Spared

2.25

1.7

N/A

K6D

KO

Deprived

2.48

2.4

10.0

260/280
ratio
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RIN
10.0

Figure 4.8 Bioanalyzer results illustrate RNA integrity of all ZnT3 WT Spared and
Deprived samples.
Bands at ~4000kb represent 20s peaks while ~200 kb bands represent 20s peaks. Note the
impurities in sample W3D in lane 3
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Figure 4.9 Bioanalyzer results illustrate RNA integrity of all ZnT3 KO Spared and
Deprived samples.
Bands at ~4000kb represent 20s peaks while ~200 kb bands represent 20s peaks. Due to a
lower concentration of RNA in sample k6d (lane 9), bands for this sample are faint.
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4.4.4 Liquid Chromatography-Mass Spectrometry

Animals and treatment groups. Eight-week-old male and female ZnT3 transgenic knock
out (KO) and wild-type (WT) mice, generated on a C57BL6/129sv hybrid background,
were used for this study. GPR39 knock out (GPR39 KO) and wild-type (GPR39 WT)
breeding stock, generated on a C57BL6/n genetic background, were generously provided
by Dr. Michal Hershfinkal (Ben-Gurion University, Isreal) and utilized in this study.
Whiskers were unilaterally removed under light anaesthesia with isoflurane and subjects
will be placed back in their home cages to recover. Three days following whisker
removal, ZnT3 WT and KO mice were rapidly sacrificed by decapitation.

Tissue extraction for LC/MS-MS. Following sacrifice, barrel cortex samples will be
extracted from both hemispheres using a 2mm diameter tissue hole punch. Tissue
sections were rapidly frozen on dry ice and stored at -80°C until extraction. To confirm
that the extracted tissue contained barrel cortex, the remaining cortex was removed from
the underlying structures, flattened between glass slides, and frozen on dry ice. Cortices
were sectioned at 30µm on a cryostat and stained with a standard laboratory cresyl violet
protocol. Stained sections were examined to determine the success of the extraction. Only
tissue from successful extractions will be used for subsequent analysis. 5-6 barrel cortex
samples were pooled together to achieve adequate amounts of tissue weight to run liquid
chromatography-mass spectrometry (LC/MS-MS).
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Barrel Cortex Slice Preparations. To examine the acute effects of zinc application on
endocannabinoid production in barrel cortex tissue, and the possible involvement of
GPR39, sagittal slices containing barrel cortex were prepared from 2-month-old GPR39
WT and KO mice. Tissue slices encompassing the extent of barrel cortex were cut at
350µm on a vibratome (Leica). Slices were cut in sucrose-containing physiological saline
(87 mM NaCl, 2.5mM KCl, 26mM NaHCO3, 2.5mM CaCl2, 7 mM MgCl2, 1.25mM
NaH2PO4, 10mM glucose, and 75mM sucrose) which was pre-bubbled with 95% O2, 5%
CO2. Slices were then incubated at 32.5°C in aCSF (126mM NaCl, 2.5mM KCl, 26mM
NaHCO3, 2.5mM CaCl2, 1.5mM MgCl2, 1.25mM NaH2PO4, and 10mM glucose), prebubbled with 95% O2, 5% CO2, for one hour after the cutting procedure. At one hour,
tissue sections were transferred to an incubation chamber containing either a phosphatefree aCSF solution, or phosphate free aCSF with 100µm Zn (Zinc Chloride; Sigma).
Following a 15-minute incubation period, the barrel cortex was rapidly dissected, frozen,
and stored in microcentrifuge tubes at -80°C until analyzed.

Tissue Preparation for LC/MS. Barrel cortex samples from acute slice preparations and
tissue extractions were homogenized in acetonitrile containing the internal standards
[2H8]2-AG and [2H8]AEA, sonicated for one hour, and stored at -80°C for one hour to
precipitate proteins. Following centrifugation the remaining lipids were extracted using
methanol. The amount of 2-AG and AEA was then determined using liquid
chromatography-atmospheric pressure chemical ionization-mass spectrometry.
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LC/MS. The amount of 2-AG and AEA will be determined with liquid chromatographymass spectrometry. Samples will be separated on a reverse-phase column using a mobile
phase containing methanol, 1mM ammonium acetate and 0.005% acetic acid. Selective
ion monitoring will be used to detect [2H8]2-AG, 2-AG, 1-AG, [2H8]AEA, and AEA.
Endocannabinoid content was normalized to wet tissue weight.
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Chapter Five: General Discussion

5.1 Main findings

How we interact with our environment can shape neural physiology, connectivity
and behaviour. Experience-dependent plasticity is an integral component of the brains
ability to adjust to its environment and can encompass different forms of plasticity
depending on the brain area being examined. For example, experiences such as learning,
running or stress can shape the extent of adult hippocampal neurogenesis (Gould et al.,
1997; van Praag et al., 1999a; Ambrogini et al., 2000), while sensory experience can alter
sensory representations in primary sensory cortices (Wiesel and Hubel, 1963; Feldman
and Brecht, 2005; Fox, 2009). The results from this thesis suggest that synaptic zinc has
a role in experience-dependent plasticity in several brain regions.
The role of synaptic zinc and GPR39 in hippocampal experience-dependent
plasticity was examined in chapters 2 and 3. In these chapters, we studied the role of
ZnT3 and GPR39 signalling in mediating experience-dependent changes in hippocampal
neurogenesis. While both synaptic zinc and GPR39 knockout prevented enrichmentdependent increases in cell survival, only the ablation of synaptic zinc prevented
enrichment-dependent increases in cell proliferation. This suggests that synaptic zinc
might engage diverse signalling pathways to regulate different components of adult
hippocampal neurogenesis. BDNF is a potential downstream effector of synaptic zinc and
GPR39 signalling that is also necessary for neurogenesis (Hwang et al., 2005; Rossi et
al., 2006; Mlyniec et al., 2015). Hippocampal BDNF levels were found to increase
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following enrichment in WT mice, but KO of ZnT3 and GPR39 prevented this increase.
Further, exogenous zinc application was capable of increasing hippocampal BDNF levels
acutely in ZnT3 WT and KO mice. The endocannabinoid signalling pathway is involved
in experience-dependent increases in adult hippocampal neurogenesis and BDNF levels
(Hill et al., 2010; Ferreira-Vieira et al., 2014). As zinc is capable of increasing
endocannabinoid production in a GPR39–dependent manner within the dorsal cochlear
nucleus (Perez-Rosello et al., 2013), we examined zinc-evoked endocannabinoid
synthesis in the hippocampus. Exogenous zinc application to hippocampal tissue sections
had no effect on endocannabinoid levels, however. Our results also found that
endocannabinoid content was not altered by either EE or ZnT3 genotype, further
suggesting that the role of synaptic zinc in experience-dependent changes in neurogenesis
does not involve the endocannabinoid-signalling pathway. Finally, we show that synaptic
zinc is necessary for enrichment-dependent improvements in spatial cognition. These
results demonstrate that synaptic zinc and GPR39 are both involved in hippocampal
experience-dependent plasticity.
Sensory experience can also shape the responsiveness of cortical neurons to
sensory input (Glazewski and Fox, 1996). For instance, depriving cortical neurons of
sensory input depresses their sensory-evoked responses (Allen et al., 2003). The role of
synaptic zinc in experience-dependent plasticity within the primary somatosensory cortex
was examined in chapter 4. Utilizing in vivo VSD imaging, we showed that 3 days of
sensory deprivation rapidly depressed whisker-evoked responses in ZnT3 WT mice.
Conversely, ZnT3 KO mice did not exhibit a depression of cortical activity following
sensory deprivation. This result suggests that synaptic zinc is necessary for the depression
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of cortical activity that occurs following sensory deprivation. Synaptic zinc is capable of
modulating a variety of different signalling pathways implicated in synaptic plasticity.
Using qPCR to screen several pathways involved in experience-dependent plasticity, we
found abnormal endocannabinoid gene expression in ZnT3 KO mice following sensory
deprivation. As sensory deprivation-induced cortical depression can occur through CB1
receptor-dependent LTD (Bender et al., 2006b; Crozier et al., 2007), the potential role of
endocannabinoid signalling was examined. Sensory deprivation increased AEA content
in barrel cortex, but had no effect on 2-AG in ZnT3 WT mice. ZnT3 KO mice also had
elevated levels of AEA in both sensory deprived and spared barrel cortices. However,
bath application of zinc to barrel cortex slices did not alter endocannabinoid levels.
Together these data support a role for synaptic zinc in experience-dependent plasticity
within the cortex, but do not show strong support for direct activation of the
endocannabinoid system by zinc in this process.

5.2 Functional consequences of synaptic zinc signalling.

Synaptic zinc plays an important role in experience-dependent plasticity, and this
could have consequences for neuronal functioning and behaviour. Our results suggest that
synaptic zinc may not be important under normal laboratory conditions. Instead, we have
uncovered the potential role for synaptic zinc as a regulator of experience-dependent
changes occurring within the brain. Consider the role of synaptic zinc for hippocampaldependent spatial memory, for example. Despite the fact that the hippocampus shows
some of the highest densities of zincergic neurons within the brain, young-adult mice
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lacking synaptic zinc show no deficits on the standard Morris water task, a commonly
assessment of hippocampal-dependent learning and memory (Cole et al., 2001; Adlard et
al., 2010). In this thesis we show that synaptic zinc is dispensable for spatial learning in
the Morris water task, but is required for the improvements in spatial learning mediated
by EE. Exactly how EE enhances spatial cognition remains largely unknown. Enrichment
enhances neurogenesis (van Praag et al., 1999b), dendritic branching (Globus et al.,
1973), synapse formation (Black et al., 1990), LTP (Duffy et al., 2001; Foster and
Dumas, 2001), and numerous proteins including BDNF, CREB and NR2a and NR2b
(Ickes et al., 2000; Tang et al., 2001; Williams et al., 2001). Any, or all, of these
alterations could be the driving force behind enrichment-dependent improvements in
hippocampal-dependent forms of learning and memory.
The results from our study suggest that synaptic zinc could alter neurotrophic
signalling to enhance learning and memory. Synaptic zinc could potentially engage
BDNF/TrkB signalling to exert a wide range of influence on hippocampal-dependent
plasticity and behaviour. BDNF itself can easily substitute for EE, as BDNF/TrkB
signalling on its own can increase NMDA activity (Levine et al., 1998), dendritic
branching and spine formation (Alonso et al., 2004; Kwon et al., 2011; Sakata et al.,
2013), synapse formation (Shen et al., 2006; Cabezas and Buno, 2011), and neurogenesis
(Henry et al., 2007; Islam et al., 2009). The relationship between BDNF and NMDA
receptors is of particular relevance. Hippocampal-dependent spatial learning has long
been known to rely on NMDA receptor-dependent LTP. NMDA antagonism blocks both
LTP and spatial learning while spatial learning can induce LTP formation (Morris et al.,
1986; Whitlock et al., 2006). BDNF/TrkB signalling can enhance NMDA receptor
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activation and LTP (Crozier et al., 1999; Crozier et al., 2008), but whether BDNF
mediates alterations in NMDA receptor-dependent alterations during enrichment is
unknown.
Given the importance of BDNF/TrkB signalling in hippocampal plasticity, it is
important to consider what role BDNF could play in experience-dependent plasticity in
the cortex. Enrichment has been shown to produce significant changes in cortical
thickness, dendritic branching, synapse density, and neurotrophic signalling within the
cortex (Diamond et al., 1966; Globus et al., 1973; Greenough et al., 1973; Ickes et al.,
2000; Cancedda et al., 2004; Sale et al., 2004). While a direct link between enrichmentdependent BDNF signalling and alterations in dendritic development in the cortex has not
been explored, BDNF release has been shown to elicit dendritic growth and is also
critical for the maintenance of cortical dendrites (Horch and Katz, 2002; Gorski et al.,
2003; Vigers et al., 2012). The role of synaptic zinc in mediating the effects of
enrichment within the somatosensory cortex has not been fully explored however. As the
zinc-sensitive receptor GPR39 is also necessary for the effects of enrichment on increases
in BDNF levels and neurogenesis, GPR39 might also be necessary for the effects of
enrichment in the cortex. A recent study in our laboratory has examined the necessity of
GPR39 for enrichment-dependent changes in dendritic morphology within L2/3 of the
somatosensory cortex. The results from this study show that GPR39 is required for
enrichment-dependent increases in dendritic length. This suggests that the role of GPR39
in mediating the effects of enrichment is preserved across different areas of the brain.
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5.3 Effects of enrichment on cortical plasticity

Neural plasticity allows the brain to reorganize its structure and function in
response to external environmental factors. For example, numerous studies have shown
that auditory (Zhang et al., 2001), visual (Sengpiel et al., 1999), and tactile experience
(Polley et al., 2004) can alter both cortical topology and perception. The reorganization of
cortical sensory representations that occurs by altering sensory experience can have
subsequent repercussions for perception. Training animals in sensory discrimination or
motor tasks can enlarge the cortical representations of the cortical areas targeted by the
training (Recanzone et al., 1993; Nudo et al., 1996; Han et al., 2007). These enlarged
cortical representations are hypothesized to be the neural basis for the improved
performance of animals on these tasks. The effects of experience on cortical
reorganization are greatest during a limited time during postnatal development, a stage
known as the critical period (Hubel and Wiesel, 1970), while plasticity during the postcritical period becomes tapered with age (Burke and Barnes, 2006). Re-instating critical
period plasticity in adulthood is beneficial in that it could allow the brain to be
remodelled following stroke or allow for recovery from amblyopia (Sale et al., 2007;
Murphy and Corbett, 2009). Identifying the mechanisms involved in both experiencedependent and critical period forms of plasticity could result in pharmacological and
behavioural interventions that re-instate critical period plasticity.
Several studies have now shown that critical period plasticity can be reactivated in
adults. For example, EE can reactivate critical period plasticity in adult mice (Baroncelli
et al., 2010; Greifzu et al., 2014). While it is not clear how enrichment is capable of
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reactivating critical period plasticity in adulthood, there are numerous candidate
pathways that are affected by enrichment. One potential candidate is chondroitin sulphate
proteoglycans (CSPGs). Expressed throughout the cortex and hippocampus, CSPGs are a
major component of perineuronal nets that stabilize synaptic connections. CSPGs
expression coincides with the onset of critical period, and their level of expression is
inversely correlated with plasticity (Wang and Fawcett, 2012). High CSPG expression
can restrict plasticity, while degrading CSPGs can reactivate critical period plasticity in
adult mice (Pizzorusso et al., 2002). Enrichment can significantly enhance the regulation
of synaptic zinc by whisker plucking (Nakashima and Dyck, 2008). Further, the CSPG
degrading proteinase MMP-9 is zinc-activated (Ferguson and Muir, 2000; Hwang et al.,
2005). Together, this suggests that synaptic zinc could play an important role in the
enrichment-dependent reactivation of critical period plasticity by increasing the
degradation of CSPGs following sensory deprivation.
The degree of GABAergic inhibition is another factor for can influence cortical
plasticity. Many have argued that the decline of developmental plasticity occurs due to
maturation of GABAergic intracortical circuits (Huang et al., 1999). Reducing inhibition
with GABAA antagonists is sufficient to promote cortical plasticity (Harauzov et al.,
2010). Interestingly, GABAergic inhibition can be reduced by the selective serotonin
reuptake inhibitor fluoxetine. Fluoxetine increases BDNF levels within the sensory cortex
to elicit this effect, and intracortical inhibition can be reduced independently of fluoxetine
by infusing BDNF directly into the cortex (Maya Vetencourt et al., 2008). Synaptic zinc,
acting as either a GABAA antagonist or as a promoter of BDNF/TrkB signalling would
theoretically be capable of promoting plasticity in this context as well (Hosie et al., 2003;
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Hwang et al., 2005; Huang et al., 2008). Preliminary research from our laboratory has
shown that synaptic zinc is necessary for some of the effects of fluoxetine on
hippocampal-dependent plasticity. Whether synaptic zinc is also involved in the
reinstatement of critical period plasticity by fluoxetine is not known however.

5.4 From systems to synapses

Zinc is unique within the brain; it not only acts as an essential mineral, but can
also function as a neurotransmitter. A myriad of different factors have made examining
the role of synaptic zinc in neurotransmission difficult, however, so our knowledge of
synaptic zinc’s role in synaptic transmission and plasticity remains unclear (see chapter
1). The approaches utilized in this thesis to study synaptic zinc’s role in experiencedependent plasticity allowed us to make predictions about what synaptic zinc could be
doing at the synaptic level. The experiments in chapter 4 focused on sensory deprivationinduced cortical depression, a phenomenon that largely occurs through LTD-like
mechanisms. It is important to consider other mechanisms mediating experiencedependent plasticity, such as LTP or homeostatic plasticity, which could be modulated by
synaptic zinc signalling.
Although sensory deprivation causing a depression of cortical activity in
deprived barrel columns, it can also potentiate the sensory-evoked responses of adjacent
sensory intact barrel columns. This potentiation occurs through NMDA receptordependent LTP, which operates through a CaMKII/CREB-dependent pathway
(Glazewski et al., 1999; Glazewski et al., 2000; Sawtell et al., 2003; Clem and Barth,
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2006). Synaptic zinc’s involvement in potentiation of whisker-evoked responses by
NMDA-dependent LTP could be assayed using VSD imaging. Unreported observations
from VSD studies conducted in our lab were unable to find any potentiation of the
sensory-evoked responses from spared whiskers following 10 days of trimming. Future
studies would need to examine longer periods of sensory deprivation-induced by whisker
trimming. Alternatively, whisker experience could utilize a single-whisker experience
paradigm, where all but one whisker would be trimmed, to examine potentiation of
sensory-evoked responses. Increasing whisker stimulation can also potentiate whiskerevoked responses through an NMDA receptor-dependent LTP mechanism. (Shi et al.,
2001; Takahashi et al., 2003b). In addition to potentiating whisker-evoked responses,
whisker stimulation also decreases synaptic zinc levels (Brown and Dyck, 2005;
Megevand et al., 2009; Gambino et al., 2014). Given this research, it would be interesting
to examine the role of synaptic zinc in mediating whisker stimulation-induced LTP. The
role of synaptic zinc in mediating the potentiation of whisker responses following longterm whisker stimulation could also be examined.
Rate-dependent forms of Hebbian plasticity have been the primary locus of
discussion in this thesis while homeostatic plasticity has largely been ignored.
Homeostatic plasticity allows for neurons to maintain their excitability relative to the
overall network activity. In this case, sensory deprivation would increase the intrinsic
excitability of sensory input deprived neurons (Turrigiano, 2008). Our theories about the
role of synaptic zinc signalling in experience-dependent plasticity are largely-based on
the assumption that increased synaptic zinc staining following sensory deprivation is
indicative of increased synaptic zinc release. During sensory deprivation, increased
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synaptic zinc release could engage LTD-like mechanisms to reduce neuronal activity.
The abolishment of sensory deprivation-induced cortical depression in ZnT3 KO mice
would be congruent with this narrative if this plasticity were being mediated by LTD-like
mechanisms. It is prudent to examine an alternative possibility, however, that increases in
synaptic zinc staining could be due to a decrease in the amount of synaptic zinc being
released. Given that synaptic zinc has a mainly inhibitory function for many signalling
pathways (Nakashima and Dyck, 2009), a decrease in synaptic zinc release following
sensory deprivation would likely increase the intrinsic excitability of affected neuronal
populations. Sensory deprivation does engage homeostatic mechanisms to maintain
synaptic efficacy (Desai et al., 2002; Maffei et al., 2004), which could explain why
overall firing rates between TCA-L4 do not change significantly following sensory
deprivation (Celikel et al., 2004). Homeostatic plasticity is more robustly induced by
totally blocking sensory input to the cortex, either by TTX administration or
deafferentation. Assuming that synaptic zinc was mediating homeostatic plasticity
following sensory deprivation, it would be intriguing to discover how removal of zinc’s
homeostatic influence might prevent sensory deprivation-induced cortical depression.

5.5 Methodological Considerations

The utilization of transgenic animals in this thesis provided the opportunity to
examine the repercussions of ZnT3/GPR39 KO on experience-dependent plasticity. Since
these mice lack a specific protein throughout development, it is possible that the results
of these studies could be confounded by either altered development or by compensatory
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processes occurring as a result of ZnT3 or GPR39 KO. It is unlikely that KO of ZnT3
would have a significant impact on development, however. Although murine synaptic
zinc expression begins postnatally in hippocampus and prenatally in cortex (Valente and
Auladell, 2002), studies examining synaptic zinc release has found that stimulation
evoked zinc release is minimal (5-10%) relative to zinc release in adulthood
(Frederickson et al., 2006). In addition, ZnT3 expression is largely restricted to the brain
and testis (Palmiter et al., 1996b). On the other hand, little is know about the
developmental expression of GPR39, or its role in development. GPR39 KO could be
associated with more confounds then KO of ZnT3 however, as GPR39 is also distributed
throughout the gastrointestinal system (discussed in chapter 3).
Although altered development due to ZnT3 KO is not a great concern, the unique
phenotype of the ZnT3 KO mouse could be due to compensatory mechanisms. Zinc has
been shown to modulate both glutamatergic and neurotrophic signalling (Hwang et al.,
2005; Paoletti et al., 2009). ZnT3 KO does decrease the expression of NMDA receptor
subunits NR2a and NR2b, and can affect BDNF/TrkB levels (Adlard et al., 2010;
Nakashima et al., 2011). BDNF and NMDA receptor signalling is important for
experience-dependent plasticity in the hippocampus and cortex. It is possible that the
downregulation of these signalling pathways, rather then the loss of synaptic zinc
signalling, could explain the unique phenotype of the ZnT3 KO mouse. We also showed
that ZnT3 KO mice show abnormal elevations in AEA content, suggesting that
endocannabinoid activity is increased in these mice. AEA can dictate the level of
constitutive CB1 activity on GABAergic interneurons under some circumstances.
Decreasing neuronal activity by TTX injection or deafferentation results in a decrease in
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AEA-mediated CB1 activity on GABAergic interneurons (Kim and Alger, 2010).
Increasing AEA content could reflect a compensatory mechanism to increase baseline
inhibition in ZnT3 KO mice. What effect these compensatory mechanisms could have on
experience-dependent plasticity in ZnT3 KO mice is not known. The development of
conditional ZnT3/GPR39 knockout or knockdown transgenic animals would be
beneficial for avoiding any developmental or compensatory confounds associated with
the transgenic mice utilized in this thesis.

5.6 Future directions

The results from this thesis raise more questions then they provide answers too. In
addition to the proposed used of conditional KO mice mentioned in the previous section,
several experiments are proposed to address questions concerning the role of synaptic
zinc in experience-dependent plasticity within the cortex and hippocampus.

5.6.1 Synaptic zinc and experience-dependent plasticity in the cortex

Synaptic zinc levels are regulated by experience, but how this affects the actual
amount of zinc being released is not known. One way to address this question would be
to use zinc-sensitive fluorophores to image to examine stimulation-evoked zinc release in
slice preparations containing spared and sensory deprived barrel cortices. Experiments
examining zinc release do not have to be restricted to barrel cortex, the experience154

dependent regulation of synaptic zinc release could also be investigated in other areas of
the brain. For example, the effects of EE on synaptic zinc release could also be examined
in the hippocampus. Determining what changes are occurring in synaptic zinc release
would allow for more accurate hypotheses about the role of synaptic zinc in plasticity.
The mechanisms through which synaptic zinc could be affecting experiencedependent plasticity remain unknown. To better elucidate a mechanistic role for synaptic
zinc it would be prudent to examine the role of synaptic zinc at the synaptic level using
electrophysiological methods. Historically, synaptic zinc’s role in synaptic plasticity has
been examined in studies focused on LTP (Nakashima and Dyck, 2009). However, there
is now ample evidence that synaptic zinc could be a potent regulator of other forms of
synaptic plasticity, such as LTD or spike timing-dependent plasticity (Kodirov et al.,
2006). Sensory deprivation has been shown alter spike-timing to drive cortical plasticity,
and this change in spike timing is driven by different mechanisms in L2/3 and L4
(Celikel et al., 2004; Bender et al., 2006b). These experiments could be conduced with
the added addition of conditional ZnT3 KO mice or extracellular zinc chelators to
determine the necessity of synaptic zinc for spike timing-dependent plasticity occurring
due to sensory deprivation. Of course, there are other forms of plasticity that could be
assessed as, in addition to experiments examining LTD/LTP, the role of synaptic zinc in
homeostatic plasticity could also be examined.

5.6.2 Synaptic zinc and experience-dependent plasticity in the hippocampus
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The experiments in chapters 2 and 3 defined a role for synaptic zinc and GPR39
in mediating the effects of EE on hippocampal neurogenesis. A direct link between
synaptic zinc and GPR39 was not shown established however. As GPR39 is a
constitutively active receptor, ablating GPR39 would prevent both constitutive and zincevoked GPR39 activity. The relationship between synaptic zinc and GPR39 within the
dentate gyrus needs to be more thoroughly established. The relationship between zinc and
GPR39 was established in the mossy fibre terminals of the hippocampus by utilizing the
calcium-sensitive dye Fura-2 (Besser et al., 2009). Exogenous zinc application was
shown to increase intracellular calcium levels elicited through GPR39 activation of PLC.
While this study illustrated the involvement of zinc-evoked GPR39 signalling in the
mossy fibre pathway, further work is needed to examine how zinc might interact with
GPR39 in neural progenitor cells and their progeny. Genetically encoded calcium probes
could provide a means of imaging zinc evoked metabotropic responses in NPCs and
immature granule cells. This method could be utilized with retroviruses to label actively
dividing cells within the hippocampus. Such a technique would allow for the exact
relationship between zinc and GPR39 to be probed in NPC and immature granule cells.
The role of synaptic zinc in plasticity could be further defined by examining
zinc’s role as a neuromodulator by utilizing point mutations to disrupt the zinc-binding
sites on certain receptors. A study by Rachline et al. (2005) utilized this technique to
examine the role of the NR2b zinc-binding site in NMDA receptor function. This
technique could be leveraged to examine the role of zinc-binding sites in experiencedependent changes plasticity in the hippocampus or cortex. As discussed in chapter 1,
there are numerous signalling pathways involved in the experience-dependent plasticity.
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This technique could be utilized to dissect out the zinc-binding sites that synaptic zinc
could be acting on in experience-dependent plasticity.

5.7 Conclusions

Experience-dependent plasticity is an essential component of brain development,
learning and memory, and recover from pathologies. The experiments encapsulated
within this thesis demonstrate a potential role for synaptic zinc in mediating experiencedependent plasticity in the cortex and hippocampus. Although the exact mechanisms
through which zinc could be mediating its effect on experience-dependent plasticity
remain unclear, the abundance of potential mechanisms through which zinc could be
acting will ensure that the ensuing years of zinc research will be exciting.
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Appendix A: GPR39-mediated endocannabinoid production in mice exposed to an
enriched environment

A.1 Introduction

Our previous experiments demonstrated that both synaptic zinc and GPR39 are
necessary for the increases in adult hippocampal neurogenesis that can occur by exposing
mice to EE. However, the mechanistic role of GPR39 in neurogenesis is unknown. Zinc
is capable of increasing endocannabinoid production through GPR39 (Perez-Rosello et
al., 2013), and endocannabinoids can play a major role in experience-dependent changes
in hippocampal neurogenesis (Hill et al., 2010; Ferreira-Vieira et al., 2014). However, the
ability of zinc to increase endocannabinoid content within the hippocampus is not known.
To that end, we sought to determine whether exogenous zinc application could increase
hippocampal endocannabinoid levels in a GPR39-dependent manner. Bath application of
zinc to hippocampal slices could increase endocannabinoid content in a manner that is
dependent on GPR39 expression. Endocannabinoid signalling is upregulated in the
hippocampus in conditions that stimulate neurogenesis (Hill et al., 2010). To determine if
synaptic zinc could be mediating this increase in endocannabinoid signalling, we
determined if EE could increase endocannabinoid content within the hippocampus in a
manner that is dependent on synaptic zinc. EE should increase hippocampal
endocannabinoid content in a manner that is dependent on synaptic zinc.
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A.2 Results

A.2.1 Endocannabinoid levels in hippocampal tissue slices of GPR39 WT and KO
following bath application of 100µm of zinc.

Activation of GPR39 by zinc can robustly increase endocannabinoid production
in dorsal cochlear nucleus (Perez-Rosello et al., 2013). Whether GPR39 can mediate
zinc-dependent increases in endocannabinoids within the hippocampus is not known,
however. We determined if bath application of zinc to hippocampal slices could increase
endocannabinoid production within the hippocampus. To that end, slices of hippocampal
tissue taken from GPR39 WT and KO mice were exposed to 100µm of Zinc or aCSF
(Figure A.1). Application of zinc to hippocampal tissue had no effect on endocannabinoid
levels. A univariate ANOVA found no significant effect of bath application of 100µm of
zinc on 2-AG levels (F(1, 28) = 1.236 , p = 0.277) or AEA content (F(1, 28) = 1.253 , p =
0.274). There was a significant effect of genotype on AEA levels, however (F(1,

28)

=

4.316, p = 0.048). Control and zinc-exposed hippocampal tissue slices of GPR39 WT
mice showed elevated levels of AEA compared to control and zinc exposed tissue from
GPR39 KO mice (GPR39 WT-control, n = 7, 10.8 ± 1.38 pmol/g tissue; GPR39 WT-Zn,
n = 8, 11.63 ± 1.54 pmol/g tissue; GPR39 KO-control, n = 6, 6.73 ± 1.32 pmol/g tissue;
GPR39 KO-Zn, n = 8, 9.33 ± 1.66 pmol/g tissue). Conversely, hippocampal levels of 2AG were not affected by GPR39 genotype (F(1, 28) = 0.883, p = 0.370).
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Figure A.1 Measurements of endocannabinoid levels in hippocampal tissue slices
from, GPR39 WT and KO following bath application of 100µm of zinc.
A. Bath application of 100µm of zinc did not affect AEA content within the
hippocampus. Hippocampal slices from GPR39 KO mice showed significant decreases in
AEA content compared to slices prepared from GPR39 WT mice (n = 29). B. Zinc had
no effect on 2-AG content within the hippocampus. Hippocampal 2-AG content was not
significantly different between GPR39 WT and KO mice (n = 29). Values are shown as
means ± SEM. *p < 0.05.
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A.2.2 The effects of EE on hippocampal endocannabinoid levels in GPR39 WT and KO
mice.

Endocannabinoid signalling is a necessary for experience-dependent increases in
adult hippocampal neurogenesis and BDNF levels (Hill et al., 2010; Wolf et al., 2010;
Ferreira-Vieira et al., 2014). Previous research has shown that the pro-neurogenic effects
of 1 week of voluntary exercise are mediated in part by increased endocannabinoid
signalling within the hippocampus (Hill et al., 2010). To determine if synaptic zinc could
be involved in this process, we examined the effects of 1 week of EE on hippocampal
endocannabinoid levels in ZnT3 WT and KO mice (Figure A.2). A univariate ANOVA
found no significant effect of housing condition (F(1, 30)= 0.016, p = 0.900) or genotype
((F(1, 30)= 0.016, p = 0.900) on levels of 2-AG. Comparably, levels of AEA were also not
affected by either housing condition (F(1,

30)=

0.279, p = 0.947) or genotype (F(1,

30)=

0.057, p = 0.814). Three weeks of enrichment also had no effect on hippocampal
endocannabinoid levels. 2-AG levels were not altered by either genotype (F(1, 28) = 0.007,
p = 0.934) or housing condition (F(1, 28) = 0.005, p = 0.946). AEA content was similarly
unaffected by either genotype (F(1, 28)= 1.543, p = 0.226) or housing condition (F(1, 28)=
2.472, p = 0.128).
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Figure A.2 The effects of EE on hippocampal endocannabinoid content in ZnT3 WT
and KO mice.
A/B. Placement of ZnT3 WT and KO in EE for 1 week had no effect on hippocampal
AEA (A) or 2-AG content (B; n = 31). C/D. 3 weeks of EE had no significant effect on
AEA (C) or 2-AG content (D; n = 29). Values are shown as means ± SEM.
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A.3 Discussion

Research has demonstrated that endocannabinoid signalling is an important
mediator of experience-dependent increases in neurogenesis and BDNF within the
hippocampus (Hill et al., 2010; Wolf et al., 2010; Ferreira-Vieira et al., 2014). Our results
show that endocannabinoids are not increased within the hippocampus following
placement of either ZnT3 WT or KO mice in EE. Further, bath application of zinc did not
stimulate endocannabinoid production within the hippocampus. This suggests that the
regulation of adult hippocampal neurogenesis by GPR39 could be occurring
independently of zinc-mediated endocannabinoid signalling.
Synaptic zinc has the potential to engage multiple pathways to modulate
hippocampal neurogenesis. One potential mechanism that was explored in the current
study was the involvement of endocannabinoid signalling. Several studies have shown
that CB1 receptor signalling is necessary for running- and enrichment-dependent
increases in hippocampal cell proliferation and survival (Hill et al., 2010; Wolf et al.,
2010). Zinc has been shown to stimulate endocannabinoid synthesis in dorsal cochlear
nucleus by activating GPR39 (Perez-Rosello et al., 2013). Synaptic zinc could therefore
be engaging endocannabinoid signalling to affect hippocampal neurogenesis. Our results
however, suggest that zinc does not increase endocannabinoid production within the
hippocampus. Ablation of GPR39 did decrease AEA content within the hippocampus.
However, this was not associated with decreases in cell proliferation or survival in
GPR39 KO mice. Decreased AEA content in GPR39 KO mice might not alter baseline
neurogenesis

but

it

could

affect

EE-dependent
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increases

in

neurogenesis.

Pharmacological antagonism of CB1 receptor activity does not decrease baseline
neurogenesis but it does prevent EE- and running-dependent increases in neurogenesis
(Hill et al., 2010; Wolf et al., 2010). As running has also been shown to increase
hippocampal cell proliferation by increasing endocannabinoid signalling (Hill et al.,
2010), we also examined the necessity of synaptic zinc for mediating EE-dependent
increases in hippocampal endocannabinoid content. Unfortunately, we were unable to
replicate the findings of Hill et al. (2010), as neither ZnT3 WT nor KO mice in EE
showed any change in hippocampal endocannabinoids following 1 or 3 weeks of EE.
These results suggest that, while GPR39 is involved in the regulation of neurogenesis by
experience, it might not be acting through the endocannabinoid-signalling pathway.
Why running increases endocannabinoid signalling within the hippocampus while
EE does not is an open question. One potential explanation for why EE did not increase
endocannabinoid levels involves the interaction of the endocannabinoid signalling
pathway with stress. Stress-induced increases in cortisol are associated with decreases in
AEA content and increases in FAAH activity (Rademacher et al., 2008; Hill et al., 2009).
Male mice housed in EE without running wheels can show chronically elevated cortisol
levels, increases in aggressive behaviour, and decreases in pro-social behaviour
(Haemisch et al., 1994; Marashi et al., 2003). Conversely, voluntary running only
increases cortisol during and shortly after exercise. Basal levels of circulating cortisol
taken during daylight hours, when mice are sedentary, are not significantly different
between mice provided a running wheel and sedentary controls (Fediuc et al., 2006;
Stranahan et al., 2006; Dlugosz et al., 2012). This suggests that the lack of an enrichment
effect on endocannabinoid content could be due to a stress effect that is occurring in mice
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placed in EE that independent of any effect on running. The stress associated with
removing mice from the EE paradigm could also negatively affect endocannabinoid
content. To better elucidate the effects of endocannabinoids on hippocampal
neurogenesis, it would be prudent to examine running independently of enrichment, to
remove the confound of stress associated with EE.
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A.4 Methods

Animals. Male ZnT3 KO and WT mice, generated on a C57BL6/sv129 background,
provided by Dr. Richard Palmiter (University of Washington, Seattle, WA) were utilized
in this study. All animals were provided standard laboratory diet and water ad libitum,
and were kept under a 12-hour light/dark cycle for the duration of the experiment. All
procedures were approved by the Animal Care Committee of the University of Calgary
and conform to the guidelines set out by the Canadian Council for Animal Care.

Housing Manipulation. ZnT3 WT and KO mice were raised in standard laboratory
housing (SH) until postnatal day 60 (P60). The SH environment consisted of a
transparent plastic cage (30 x 17 x 13cm) containing sawdust bedding and a small plastic
mouse house (Otto Environmental, Greenfield, WI). At P60, KO and WT mice were
randomly assigned to SH or EE conditions. EE housing consisted of a 60 x 60 x 60cm bilevel cage containing ladders, a variety of toys, wire mesh, tunnels and a running wheel.
3-4 mice were placed in each SH cage, while 5-6 mice were placed in each EE cage.

Hippocampal Dissections. A third cohort consisting of ZnT3 KO and WT mice exposed
to either SH and EE mice were killed one week (N= 31, 6-9 mice per group) and three
weeks (N= 29, 6-9 mice per group) into SH or EE placement to determine the effects of
enrichment on hippocampal levels of the endocannabioinds AEA and 2-AG. Mice were
anesthetised with an overdose of isoflurane, rapidly decapitated, and the hippocampus
192

dissected out. Tissue samples were stored in microcentrifuge tubes at -80°C until
analysis.

Acute Hippocampal Slice experiments. To examine the acute effects of zinc application
on endocannabinoid production in hippocampal tissue, sagittal slices containing
hippocampus were prepared from 2-month-old GPR39 WT and KO mice. Tissue slices
encompassing the extent of hippocampus were cut at 350µm on a vibratome (Leica).
Slices were cut in sucrose-containing physiological saline (87 mM NaCl, 2.5mM KCl,
26mM NaHCO3, 2.5mM CaCl2, 7 mM MgCl2, 1.25mM NaH2PO4, 10mM glucose, and
75mM sucrose) which was pre-bubbled with 95% O2, 5% CO2. Slices were then
incubated at 32.5°C in aCSF (126mM NaCl, 2.5mM KCl, 26mM NaHCO3, 2.5mM
CaCl2, 1.5mM MgCl2, 1.25mM NaH2PO4, and 10mM glucose), pre-bubbled with 95% O2,
5% CO2, for one hour after the cutting procedure. At one hour, tissue sections were
transferred to an incubation chamber containing either phosphate-free aCSF solution, or
phosphate free aCSF with 100µm Zn (zinc chloride; Sigma). Tissue sections were
incubated for a further 15 minute period, the hippocampus was then rapidly dissected out,
frozen on dry ice, and stored in microcentrifuge tubes at -80°C until analysis.

Tissue Preparation for LC/MS. Hippocampal samples from acute slice preparations and
tissue extractions were homogenized in acetonitrile containing the internal standards
[2H8]2-AG and [2H8]anadamide, sonicated for one hour, and stored at -80°C for one hour
to precipitate proteins. Following centrifugation the remaining lipids were extracted using
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methanol. The amount of 2-AG and AEA was then determined using liquid
chromatography-atmospheric pressure chemical ionization-mass spectrometry.

LC/MS. The amount of 2-AG and anandamide will be determined with liquid
chromatography-mass spectrometry. Samples were separated on a reverse-phase column
using a mobile phase containing methanol, 1mM ammonium acetate and 0.005% acetic
acid. Selective ion monitoring was used to detect [2H8]2-AG, 2-AG, 1-AG,
[2H8]Anandamide, and Anandamide. Hippocampal endocannabinoid content was
normalized to wet tissue weight.

Statistical Analysis. Data obtained from the endocannabinoid experiments were analyzed
using a univariate ANOVA with the GPR39/ZnT3 genotype (WT or KO) and type of
housing (SH or EE) set as fixed factors (SPSS® Statistics, Version 19, IBM®). A post hoc
Tukey’s test was used to determine differences where significant interactions were found.
For all statistical tests, a p-value of < 0.05 was considered statistically significant. All
values are expressed as mean ± SEM.
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Appendix B: The role of GPR39 in texture discrimination

B.1 Introduction

Mice are a primarily nocturnal species that rely on their mystacial vibrissae for
information about their environment. Vibrissae provide a wealth of information about an
animal’s environment, allowing for environmental exploration, object localization, and
shape and texture discrimination (Guic-Robles et al., 1989; Brecht et al., 1997). Sensory
information from mystacial whiskers is processed in a portion of the rodent primary
somatosensory cortex called the barrel cortex (Simons and Woolsey, 1979). Several
studies of shown that textural information from mystical whiskers is processed in barrel
cortex, and requires both functioning vibrissae and an intact barrel cortex (Guic-Robles et
al., 1989; Guic-Robles et al., 1992). Recently, our lab developed a texture discrimination
task that can be utilized to examine barrel cortex functioning in mice (Wu et al., 2013).
The barrel cortex is useful for studying experience-dependent changes within the
brain. It is defined by clearly delineated functional columns in layer 4 (L4) of the cortex
that can be mapped to a corresponding mystacial whisker and these whiskers can be
removed or stimulated to control sensory experience. In chapter 4, we examined the role
of synaptic zinc in mediating the cortical depression that occurs following sensory
deprivation. Our results demonstrated that synaptic zinc is required for experiencedependent changes in cortical activity induced through whisker trimming. GPR39 is a
potential pathway through which zinc could mediate experience dependent plasticity.
Despite evidence that GPR39 gene expression occurs in cortex, the proteomic distribution
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and functional necessity of GPR39 with the barrel cortex remains unclear (Popovics and
Stewart, 2011). To that end, GPR39 WT and KO mice underwent behavioural testing in
the texture discrimination task, an assay of barrel cortex-dependent functioning, to
determine the necessity of GPR39 within the barrel cortex. If GPR39 is present within the
barrel cortex, and is necessary component of barrel cortex functioning, then GPR39 KO
mice will be unable to discriminate between textures.

B.2 Results
B.1.1 GPR39 KO reduces the threshold for texture discrimination

The threshold for texture discrimination is normally around 25µm in mean grit
size in WT mice (Wu et al., 2013); GPR39 KO mice however could not discriminate
between textures separated by less then 300um, but could distinguish between texture
differences higher than this. A one sample T-test test (against a chance level of 50%) was
used to analyze novel texture investigation ratios. GPR39 WT mice were capable of
discriminating between texture objects separated by 320µm (GPR39 WT-320µm, n = 6,
71.1 ± 0.07%, t(5) = 7.114, p = 0.001) and 280µm mean grit size (GPR39 WT-280µm, n =
7, 70.0 ± 0.05%, t(6) = 10.711, p < 0.001; FigureB.1). Conversely, GPR39 KO were not
capable of discrimination between objects (GPR39 KO-280µm, n = 4, 49.5 ± 0.02%, t(3)
= -0.243, p = 0.823) but could discrimination between textures separated by 320µm
mean grit size (GPR39 KO-320 µm, n = 4, 59.5 ± 0.02%, t(7) = 5.765, p = 0.010). A one
sample T-test test (against a chance level of 50%) of learning phase object investigation
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ratios found no significant preference for the location of the object (GPR39 WT, n = 13,
49.2 ± 3.7%; GPR39 KO, n = 8, 51.9 ± 2.4%, t(7) = 0.774, p = 0.464). An independent
samples T-test found no significant difference in total exploration time in GPR39 WT
and KO mice during the testing phase (GPR39 WT, n = 13, 26.5 ± 4.06s; GPR39 KO, n =
8, 21.5 ± 4.43s, t(3) = 0.122, p = 0.730). There was also no significant difference between
WT and KO in overall exploration time during the learning phase (GPR39 WT, n = 13,
20.1 ± 5.8s; GPR39 KO, n = 8, 16.4 ± 3.2s, t(19) = 0.000, p = 0.991).
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Figure B.1 Performance of GPR39 WT and KO mice on the texture discrimination
task.
A.	
   GPR39	
   WT	
   and	
   KO	
   mice	
   examined	
   both	
   textures	
   equally	
   during	
   the	
   learning	
  
phase.	
   B.	
   Total	
   investigation	
   times	
   during	
   the	
   sample	
   phase	
   of	
   the	
   texture	
  
discrimination	
   test	
   were	
   not	
   significantly	
   different	
   among	
   genotypes.	
   C.	
   GPR39	
  
WT	
   and	
   KO	
   mice	
   were	
   capable	
   of	
   discriminating	
   between	
   textured	
   objects	
   with	
  
320μm	
  in	
  grit	
  size.	
  GPR39	
  WT,	
  but	
  not	
  KO	
  mice,	
  were	
  capable	
  of	
  discrimination	
  
between	
   objects	
   separated	
   by	
   280μm	
   in	
   grit	
   size.	
   H.	
   There	
   were	
   no	
   significant	
  
differences	
   in	
   total	
   investigation	
   during	
   testing	
   phase	
   of	
   the	
   texture	
  
discrimination	
  task.	
  Values	
  are	
  shown	
  as	
  means	
  ±	
  SEM.	
  	
  *	
  p	
  <	
  0.05	
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B.3 Discussion

The texture discrimination task is an ideal test for assaying barrel cortexdependent function because it involves minimal stress, does not rely on external
motivational rewards, and requires that the vibrissae-thalamus-barrel cortex be intact. The
distribution and functional necessity of GPR39 within the barrel cortex is uncertain
(Popovics and Stewart, 2011), yet these results suggest that GPR39 is necessary for barrel
cortex functioning.
There are two important issues associated with the use of this task that cloud our
interpretation of the results. First, one must consider what effect experimental
manipulations such as genetic KO will have on the signalling pathway transmitting
information from the mystacial whisker to the barrel cortex. GPR39 expression could be
affecting texture discrimination independently of barrel cortex. While GPR39 is
expressed in the thalamus, its distribution is not certain (McKee et al., 1997; Jackson et
al., 2006).

Second, abolishing these pathways permanently could be affecting the

development of the barrel cortex, rather than its mature functioning. Therefore, it is
difficult to conclude whether the inability of GPR39 mice to discriminate between
textures is an effect of abnormal whisker map development or an alteration in synaptic
signalling. Unfortunately, in the case of GPR39, the only current way to examine GPR39
signalling is via genetic deletion; there is no pharmacological means of abolishing
GPR39 activity. However, the point of these texture discrimination experiments was to
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ascertain the necessity of GPR39 signalling for a barrel cortex-dependent task because its
protein distribution and function within the barrel cortex was uncertain (McKee et al.,
1997; Jackson et al., 2006; Moechars et al., 2006; Egerod et al., 2007). Whether the
deficits in texture discrimination evident in GPR39 KO mice are due to deficits in
development or due to compromised synaptic transmission is an open question. The
important discovery is that GPR39 is necessary for a barrel cortex dependent task. Future
work should be undertaken utilizing a conditional GPR39 KO to alleviate the concerns
presented here.
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B.4 Methods
B.4.1 Texture discrimination task

Animals and treatment groups. GPR39 KO and WT breeding stock, generated on a
C57BL6/n genetic background, were generously provided by Dr. Michal Hershfinkal
(Ben-Gurion University, Isreal) and utilized in this study. All animals will be maintained
on standard laboratory diet and water ad libitum and kept in standard laboratory housing
under a 12-hour light/dark cycle for the duration of the experiment. All procedures were
approved by the Animal Care Committee of the University of Calgary and conform to the
guidelines set out by the Canadian Council for Animal Care.

Texture discrimination task. The testing arena used in the texture discrimination was
constructed from white corrugated plastic boards and measured 40x40x40 cm3. The floor
of this arena was filled with standard laboratory bedding to a depth of 3 cm. To test
texture discrimination, ‘texture only’ objects were constructed using rectangular
corrugated plastic boards which measured 0.5 x 4 x 15 cm high affixed to a base.
Aluminum oxide sand paper (Gator Finishing Products, Ohio) was affixed to both sides
of the upright plastic boards. Different grades of sand paper were used to create a series
of objects that were mainly distinguishable through texture. The roughness of each
sandpaper-covered object was determined by finding the average particle diameter of the
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sandpaper. Identical grades of sandpaper were created in triplicate to avoid the repeated
use of one object from the learning to the testing phase. Velcro was affixed to a stand and
the base of all objects and textures for structural stability and consistent positioning in the
center of the arena.

The first stage of this task consisted of a two-day habituation phase. During this
phase, each animal was allowed to freely explore the empty arena for 10 minutes on each
day. The third day of this task consisted of a two part testing stage. During the learning
phase the mouse was placed in the testing arena with two identical textures for a period of
5 minutes. The mouse was then transferred into a holding cage for 5 minutes while the
cage was cleaned and the identical objects/textures were replaced with a third identical
object and a novel object. The mouse was then returned to the testing arena for 3 min for
the testing session. The activity of the mice during the learning and testing sessions was
recorded with a video camera. The testing arena, objects, and transport cage were cleaned
with 70 % ethanol between each testing session and between each animal to mask
olfactory cues. CB1 and FAAH WT/KO mice underwent both texture discrimination and
novel object recognition task. GPR39 WT and KO mice only underwent the texture
discrimination task.

Analysis. Videos were analyzed to determine the total time spent investigating each
object during both the learning and testing phase. Analysis of investigation time was
conducted with the experimenter blind to the experimental condition. The percentage of
time spent investigating the novel object over the total investigation time was then used
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to calculate the novel investigation ratio. Investigation was defined as a subject directing
the nose towards the object within a 2 cm distance from the nose to the object. Resting,
grooming, and digging next to, or sitting on, the object was not considered as
investigation.

Statistics. For the texture discrimination and novel object recognition tasks, one-sample
T-tests against a chance level of 50% were used to determine significant discrimination
of novel textures or objects. An independent sample T-test was used to examine
differences in total exploration times during the learning and testing phase.
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Appendix C: Sensory-evoked VSD responses following CB1 antagonism

C.1 The effects of AM251 on VSD imaging

The loss of tactile input by whisker trimming/plucking results in a reduction in
neuronal activity in the corresponding barrel column (Fox, 1992). This cortical
depression has been shown to occur through two different mechanisms so far. Sensory
deprivation (SD) can weaken glutamatergic L4-L2/3 synapses (Allen et al., 2003).
Synaptic weakening occurs due to long-term depression (LTD)-like processes mediated
by CB1 receptors in L2/3 synapses which result in decreased presynaptic function
(Bender et al., 2006a; Crozier et al., 2007). We assayed the role of synaptic zinc in
experience-dependent plasticity in chapter 4 using VSD imaging. KO of synaptic zinc
signalling prevented the induction of cortical depression by whisker trimming. Sensory
deprivation also increased AEA content in ZnT3 WT, but not KO, mice. These results
suggested that synaptic zinc could be mediating sensory-deprivation-induced cortical
depression in one of two ways; either synaptic zinc could be driving CB1 receptordependent LTD, or synaptic zinc could be increasing AEA content, likely within
glutamatergic neurons, to increase inhibitory drive. To determine whether or not
increases in AEA content could be responsible for the cortical depression by increasing
inhibitory drive, we re-imaged a subset of animals following administration of the CB1
inverse agonist AM251. Blocking CB1 receptor should immediately reverse the cortical
depression if the elevated levels AEA levels are increasing inhibition of glutamatergic
neurons.
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C.2 Results
C.1.1 The effects of AM251 on sensory-evoked responses of ZnT3 WT and KO that
have undergone whisker trimming

Following the initial imaging session of all ZnT3 WT and KO mice (presented in
chapter 4), subsets of mice received a 2mg/kg I.P. injection of the CB1 inverse antagonist
AM251 and were re-imaged 30 minutes later. The following section will statistically
compare our original VSD images with the subsequent images taken following AM251
exposure in the same ZnT3 WT mice. Analyzing the intensity of whisker stimulationevoked VSD responses from control and AM251 exposed ZnT3 WT mice revealed a
significant interaction between whisker trimming and AM251 exposure (F(1,17) = 5.850, p
= 0.030). The intensity of VSD responses due to the stimulation of spared whiskers was
significantly decreased following AM251 exposure in ZnT3 WT mice (ZnT3 WT-spared,
n = 5, 113.62 ± 11.98 % x ms; ZnT3 WT-spared+AM251, n = 4, 51.74 ± 8.14% x ms).
There was also a significant main effect of AM251 exposure on the time that cortical
responses took to reach to peak amplitude (F(1,17) = 16.2, p = 0.001). AM251 decreased
the time that VSD responses took to reach peak amplitude when compared to control
VSD responses, an effect that was independent of whisker trimming (ZnT3 WTspared+AM251, n = 4, 30.0 ± 2.0ms; ZnT3 WT-trimmed+AM251, n = 4, 29.0 ± 2.0ms;
ZnT3 WT-spared, n = 5, 40.8 ± 2.3ms; ZnT3 WT-trimmed, n = 5, 34.4 ± 2.0ms).
Analysis of the duration of time that VSD responses were above 50% of peak amplitude
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found no significant main effect of AM 251 exposure (F(1,17) = 1.282, p = 0.277) or
whisker trimming (F(1,17) = 4.176, p = 0.060).
Next, we compared our original VSD images from ZnT3 KO mice with the
subsequent images taken following AM251 exposure. There was also a significant main
effect of AM251 exposure on the overall intensity of whisker evoked responses in ZnT3
KO mice (F(1,11) = 9.227, p = 0.016). AM251 significantly decreased the overall intensity
of VSD responses when compared to control VSD responses, an effect that was
independent of whisker trimming (ZnT3 KO-spared, n = 3, 91.7 ± 10.97 % x ms; ZnT3
KO-trimmed, n = 3, 94.82 ± 12.48 % x ms; ZnT3 KO-spared+AM251, n = 3, 63.80 ±
11.40% x ms; ZnT3 KO-trimmed+AM251, n = 3, 59.12 ± 5.66% x ms). AM251
exposure also decreased the duration of time that VSD responses spent above 50% of
peak amplitude in ZnT3 KO mice (F(1,17) = 6.659, p = 0.033). The responses from the
spared and trimmed responses of ZnT3 KO mice following AM251 exposure mice were
of significantly less duration relative to control responses, this effect was also
independent of whisker trimming (ZnT3 KO-spared+AM251, n = 3, 72.0 ± 6.1ms; ZnT3
KO-trimmed+AM251, n = 3, 64.0 ± 4.0ms; ZnT3 KO-spared, n = 3, 108 ± 41.8ms; ZnT3
KO-trimmed, n = 3, 79.0 ± 21.0ms). There was no significant main effect of sensory
experience on the duration of VSD activity in ZnT3 KO mice (F(1,11) = 1.618, p = 0.239).
There was no significant main effect of AM251 exposure (F(1,11) = 0.100, p = 0.760) or
whisker trimming (F(1,11) = 0.100, p = 0.760) on the time taken to reach peak amplitude in
ZnT3 KO mice.
We next compared VSD responses of AM251 inject ZnT3 WT and KO mice.
Overall intensity not significantly altered by either genotype (F(1,13) = 2.062, p = 0.182) or
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sensory experience (F(1,13) = 0.307, p = 0.591). The time that VSD response took to reach
peak amplitude in AM251 treated ZnT3 mice was not affected by either ZnT3 genotype
(F(1,13) = 1.493, p = 0.250) or whisker trimming (F(1,13) = 0.690, p = 0.425). Finally, the
duration of time spent above 50% of peak amplitude was not effected by either ZnT3
genotype (F(1,13) = 0.048, p = 0.831) or whisker trimming (F(1,13) = 0.710, p = 0.419).
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Figure C.1 Effect of the CB1 inverse agonist AM251 on sensory-evoked cortical
responses in the barrel cortices 3 days following whisker trimming in ZnT3 WT
mice.
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A. Images of cortical VSD activity following whisker stimulation illustrate the effect of
the CB1 inverse antagonist AM251 on sensory-evoked activity following 3 days of
whisker trimming in ZnT3 WT mice. B. Average whisker-evoked response to stimulation
of spared whiskers in ZnT3 WT mice before and after AM251 exposure. C. Average
whisker-evoked response to stimulation of trimmed whiskers in ZnT3 WT mice before
and after AM251 exposure. D. Overall intensity of the first 160ms was reduced in the
trimmed whiskers, and in both spared and trimmed whiskers following AM251
administration. E. Time to maximum ΔF/F0 values of spared and trimmed stimulationevoked responses in ZnT3 WT was reduced following AM251 exposure. F. Duration of
time spent above 50% of peak ΔF/F0 values. Values shown are shown as means ± SEM.
*p < 0.05.
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Figure C.2 Effect of the CB1 inverse agonist AM251 on sensory-evoked cortical
responses in the barrel cortices 3 days following trimming in ZnT3 KO mice.
A. Images of cortical VSD activity following whisker stimulation illustrate the effect of
the CB1 inverse antagonist AM251 on sensory-evoked activity following 3 days of
whisker trimming in ZnT3 KO mice. B. Average whisker-evoked response to stimulation
of spared whiskers in ZnT3 KO mice before and after AM251 injection. C. Average
whisker-evoked response to stimulation of trimmed whiskers in ZnT3 KO mice before
and after AM251 injection. D. Overall intensity of the first 160ms was reduced in both
spared and trimmed whiskers following AM251 administration. E. Time to maximum
ΔF/F0 values of spared and trimmed stimulation-evoked responses. F. Duration of time
spent above 50% of peak ΔF/F0 values. Values shown as means ± SEM. *p < 0.05. R =
rostral, L = lateral.
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Figure C.3 Effect of the CB1 inverse agonist AM251 on sensory-evoked cortical
responses in the barrel cortices following 3 days following whisker trimming in
ZnT3 WT and KO mice
A. Images of cortical VSD activity following whisker stimulation illustrate the
spatiotemporal changes in sensory-evoked activity following 3 days of whisker trimming
in ZnT3 WT and KO mice exposed to AM251 (2mg/kg). B. Average whisker-evoked
response to stimulation of spared or trimmed whiskers in ZnT3 WT mice injected with
AM251. C. Average whisker-evoked response to stimulation of spared or trimmed
whiskers in ZnT3 KO mice injected with AM251. D. Overall intensity of the first 160ms
in ZnT3 WT and KO mice exposed to AM251. E. Time that VSD responses took to reach
maximum ΔF/F0 values. F. Duration of time spent above 50% of peak ΔF/F0 values.
Values are shown as means ± SEM. *p < 0.05.
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C.3 Discussion

The results of chapter 4 were intriguing, as they suggested that the elevated levels
of AEA that occurred in the barrel cortex of ZnT3 WT mice following sensory
deprivation could decrease cortical activity in the barrel cortex. Sensory deprivation has
been shown to act through CB1 receptor-dependent LTD, which weakens synapses to
decrease sensory-evoked responses (Bender et al., 2006a; Crozier et al., 2007). While the
specific role of AEA and 2-AG have not been examined in this context, classical
endocannabinoid LTD is thought to be mainly dependent on 2-AG. As AEA has been
shown to dictate the tone of endocannabinoid signalling (Kim and Alger, 2010), the
elevated levels of AEA could simply be decreasing glutamatergic release probability
rather then mediating LTD. If this were the case, we postulated that abolishing
endocannabinoid signalling would increase VSD responses from trimmed whiskers back
to the levels of activity seen following spared whisker stimulation. The results from this
experiment however, clearly show that AM251 does the opposite of what we predicted.
Instead of reinstating cortical activity in sensory deprived whiskers, it decreased activity
in both trimmed and spared barrel columns, independently of ZnT3 genotype.
These data suggest that the actions of AM251 are predominately the result of
disinhibition of CB1 receptor-positive GABAergic neurons. The result of AM251
exposure decreasing whisker stimulation-evoked VSD responses suggests that AM251 is
increasing GABAergic activity. Ample evidence of this is provided by Ho et al. (2010),
who examined the role of endocannabinoid signalling in whisker-evoked changes in local
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blood flow (hyperaemia) and c-Fos expression in rat barrel cortex. They demonstrate that
CB1 receptor antagonism inhibited hyperaemic responses and c-Fos expression in
response to whisker stimulation. Conversely, the CB1 receptor agonoist WIN55212-2
potentiated whisker evoked hyperaemia, and this response was inhibited by the GABAA
receptor antagonist bicuculline. Cannabinergic signalling is capable of inhibiting
neurotransmitter release at both glutamatergic and GABAergic synaptic terminals, yet
CB1 receptor inhibition seems to reliable decrease cortical activity via disinhibition of
GABAergic neurons, rather then inhibition of glutamatergic neurons (Fortin et al., 2004;
Fortin and Levine, 2007). There are several reasons why this may be case. First, there is a
higher density of CB1 receptors on cortical GABAergic interneurons compared to
glutamatergic neurons (Marsicano and Lutz, 1999; Bodor et al., 2005). Second,
GABAergic neurons show stronger responses to whisker stimulation then glutamatergic
neurons (McCasland and Hibbard, 1997). Taken together, these data suggest that the
predominate effect of the CB1 receptor inverse agonist AM251 would be at GABAergic
neurons, so its administration would result in decreased whisker-evoked activity.
However, if this is the case, then why isn’t the relative differences between spared
and trimmed whisker-evoked activity conserved following AM251 exposure? One
possibility is that sensory deprivation has driven GABAergic activity to its maximum,
and AM 251 can’t increase GABAergic activity any higher. Sensory deprivation-induced
cortical depression can occur by increasing GABAergic activity. This option would
suggest that synaptic zinc might be involved in GABAergic synaptic plasticity, a
possibility that was discussed in chapter 4.
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C.8 Methods

VSD Imaging. The methodology for this experiment was identical to that used previously
for VSD imaging in section 4.4.2.

AM 251 and voltage-sensitive dye imaging. To further elucidate the potential role of the
endocannabinoid signalling pathway in experience-dependent plasticity, the CB1 receptor
inverse agonist AM-251 (2mg/kg) will be injected intraperitoneally following the initial
imaging session. The subject was then re-imaged ~25-35 minutes later.
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