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Abstract

Synaptic long-term depression (LTD) is believed to underlie critical
mnemonic processes in the hippocampus. Elucidation of the
mechanisms of LTD may provide a means of understanding synaptic
plasticity processes that are believed to underlie information storage in
learning and memory, as well as memory dysfunction, such as occurs in
early Alzheimer’'s disease (AD). In the work presented here, the
mechanisms underlying the induction of synaptic LTD in the adult rat
dorsal hippocampus in vivo, using different pathways of synaptic

activation and pharmacological challenges, were examined.

Induction of LTD in the intact hippocampus of adult animals has
proven difficult to achieve; thus, most research on this topic has been
performed in hippocampal slices from young animals mainly using
electric field stimulation of mixed pathways en masse. The recent
development of the technique of optogenetics using virally directed
expression of a light-activatable trans-membrane ion channel in the
hippocampus, promises high temporal precision of synaptic activation,
high spatial resolution and a very selective means to study isolated
network synaptic plasticity. We compared electrically and optogenetically
induced LTD at CA3-to-CA1 apical synapses in urethane anaesthetised
rats. We confirmed that the expression of Channelrhodopsin2 (ChR2-
eYFP) was specifically, but relatively diffusely, expressed in CA3
pyramidal neurons originating at the site of injection, thereby allowing

relatively selective excitation of either Schaffer collaterals or commissural



fibres, avoiding stimulation of en passant cholinergic neurons and
decreasing the likelihood of peri/extra-synaptic glutamate receptor

activation.

LTD induction at apical CA1 synapses has been divided into
NMDA receptor (NMDAR) and metabotropic glutamate receptor (nGIuR)
—dependent forms. Seeing that electrical stimulation is likely to co-
activate both perisynaptic mGIu5R and nearby NMDARs, we examined
their potential interaction during the induction of LTD by low-frequency
stimulation (LFS, 900 pulses of high-intensity at 1 Hz). We found
evidence that although LTD induction with electrical LFS of Schaffer
collateral/ commissural inputs was primarily dependent on NMDARs, it
was also facilitated by endogenously released glutamate-mediated
activation of mGIu5Rs. This LTD was only blocked by high local doses of
NMDAR antagonists when tested alone and was dependent on GIuN2B
subunit-containing NMDARSs as well as the NMDAR ion channel function.
In contrast, LTD induction by optical LFS excitation of CA3 Schaffer
collaterals, induced a similar magnitude, input-specific LTD that was also
NMDAR-dependent but not modulated by mGIluSR. Whereas selective
activation by a highly potent mGIu5R positive allosteric modulator
showed no effect on a weak optical stimulation LFS (1Hz, 300 or 600
pulses), it strongly enhanced LTD induction by a weak electrical LFS.
Moreover, LTD induction by oLFS was potently blocked by systemic
treatment with selective inhibitors of the ion channel and GIuN2B subunit

of NMDARSs.



Previously our laboratory had reported that electrical LFS-induced
LTD was muscarinic acetylcholine receptor-dependent. We revisited the
involvement of cholinergic transmission, utilising optogenetics to avoid
directly activating cholinergic input during LFS. A muscarinic receptor
antagonist that abrogated electrically induced LTD did not significantly
affect optical induction of LTD. Moreover, pharmacologically boosting
endogenous ACh levels lowered the threshold for the induction of LTD
by a weak electrical conditioning protocol, yet had no discernible effect
on the ability to induce LTD by optical LFS that was either peri-threshold

or submaximal.

Finally, we re-examined the role of NMDARs in the ability of
synthetic synaptotoxic aggregates of human AB1-42 (amyloid- derived
diffusible ligands - ADDLS) to enhance electrically induced LTD and
found evidence that it required NMDARs that contain the GIuN2B
subunit. Furthermore, ADDLs effected a modest facilitation of LTD
induced by a weak optical LFS protocol (1Hz, 300 pulses), that appeared
to be lateralised: AR preferentially facilitated the induction of optically

induced LTD at Schaffer collaterals in the left hippocampus.

The present findings provide strong evidence in the living animal
that electrical LFS of Schaffer collateral/ commissural fibres triggers an
NMDAR-dependent LTD that is strongly modulated by mGIlu5R and
muscarinic acetylcholine receptor co-activation. In contrast, selective
optical LFS of CA3 pyramidal neurons expressing ChR2 induced robust

NMDAR-dependent LTD that was relatively independent of mGIlu5R and



cholinergic input. The GIuN2B subunit and ion channel function mediated
the NMDAR-dependence of both forms of LTD. Moreover, both forms of
LTD were blocked by a protein synthesis inhibitor, indicating a critical
need for new protein synthesis similar to long-term memory
consolidation. The data also revealed a role for NMDARs and

lateralisation in the facilitation of LTD by A.
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1.1 Preface

The desire for a fundamental understanding of the molecular process
underlying learning and memory has been at the forefront, driving
neuroscience research for decades. An elemental understanding of the
brain remains as one of the last great challenges to humanity. The most
intriguing facet of the human brain is its ability to record
contemporaneous daily actions, adapt and commit them to memory for
later recall and use. Evolutionarily, particular selection pressures, or
adaptive problems, potentially fuelled the development of human
memory systems as we know them today (Tooby and Cosmides, 1992).
Combined with self-awareness and consciousness, coupled to emotive
cues, the ability to learn, store the information as memories, and recall is
indispensable to daily human activity. Furthermore, any impingement on
any facet of this process can dramatically affect a person’s ability to
function in modern society; thus, neurological and psychological disease,
the processes of ageing and cognitive decline, are becoming increasingly

parsed and understood.

From the early musings of artist and scientist Ramon y Cajal
(1906) to the ground breaking molecular neuroscience research by more
modern Nobel laureates such as Kandel (2000) and MacKinnon (2003)
we have been uncovering the veil of mystique the human brain has held
humanity under for centuries. The systems involved in learning and
memory act as a template for researchers interested in deciphering the
molecular machinery that comprise neurophysiological signalling in the

nervous system. It stands as a model that can be studied from the sub-
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cellular level through to human behaviour and interaction, from neural
stem cells to artificial intelligence networks modelling the human brain in

silico.

A contemporary understanding of learning and memory sees it as
persistent molecular and cellular alterations in the structure and strength
of synaptic connections (Kandel et al., 2014). Theoretically, altering these
connections can lead to changes in the ability to record, code and recall
these memories. Currently, the best-supported neurophysiological
process that underlies our prevailing model of learning and memory is
synaptic plasticity: where increased or decreased neuronal activity
results in long-lasting changes in synaptic weights distributed throughout
a network (Bliss and Lomo, 1973). A change in the plasticity state can
involve presynaptic, postsynaptic or extrinsic factors that modify the
synapse; these changes can be short-lived, resulting in a more dynamic
synaptic state, or long-term, resulting in a change in synaptic efficacy that
can last for several months if not longer, influencing conscious state,
altering a behaviour, creating a memory, solidifying a physical task, or
indelibly associating an emotional response with a memory (Kandel et
al., 2014). There are believed to be many trillions of synaptic connections
in the average human brain (Tang et al., 2001), therefore one can
understand the importance in elucidating fully the signalling mechanisms

involved.

Importantly, synaptic plasticity in the brain is especially vulnerable

to disruption by factors that impair cognition in neurological and
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psychiatric disease, including Alzheimer’s (AD) and related dementias
(Kumar et al., 2015). There is a great scientific and medical need to
understand the cellular basis of this impairment. Long-term memory
(LTM) is believed to share similar mechanisms with those involved in
artificially induced persistent synaptic plasticity. Such activity-dependent
persistent strengthening of synaptic efficacy is described as synaptic
long-term potentiation (LTP), and weakening, long-term depression
(LTD), and they are believed to be measurable cellular correlates of
learning and memory (Kandel etal., 2014). LTP and LTD involve synaptic
remodelling, synaptogenesis, axonal sprouting/ pruning and dendritic
remodelling, as well as neurogenesis and recruitment (Ganguly and Poo,
2013). The work presented here examines the cellular and molecular

properties of LTD in the dorsal hippocampus in the living rat.

1.2 Hippocampal anatomy and role in memory

The hippocampal structure has captivated neuroanatomists for hundreds
of years and was named after its resemblance to the seahorse fish, itself
named from the Greek for sea horse (“horse”- hippos, “sea monster’-
kampos, Bir et al., 2015). The hippocampus is part of the limbic system
and plays a pivotal role in learning and memory in the brain. The
hippocampus is integral in the formation and propagation of both long
and short-term memory, also known as working memory, which is
specifically associated with propositional/ declarative, episodic and
spatial memory in a network within the medial temporal lobe (Kandel et

al., 2014). In the human brain, it is positioned within the cortical
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association regions of the CNS (Fig. 1.2.1). In the rodent brain, the

hippocampus takes up a much larger fraction of the cortex (Fig. 1.2.2).
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Fig. 1.2.1 An illustration of the human brain with the hippocampus

highlighted in red (adapted from Loonen and Ivanova, 2015).
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Fig. 1.2.2 An illustration of the rat brain with the hippocampus also
highlighted in red (adapted from Cheung and Cardinal, 2005).
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The hippocampus proper is part of a larger network termed the
hippocampal formation which includes the peri (PC)/ ento-rhinal (EC)
cortices, dentate gyrus (DG), subiculum, presubiculum and
parasubiculum (Mugunthan et al., 2016). The hippocampus proper is
formed with a strict layering of synapses in the dendritic tree, allowing
complementary studies both in vitro and in vivo. The hippocampus proper
is compartmentalised into Cornu Ammonis (CA) subdivisions (CA1, CA2,
CA3 and CA4) which is further layered across its length, superior through
inferior, beginning with the outer layer, the alveus, through to the stratum
oriens (s.0.), stratum pyramidale (s.p.), stratum radiatum (s.r.) and
stratum lucunosum moleculare (.Lmol.). The closely associated DG
includes the stratum moleculare (mol.) as well as the granule cell body
layer (Fig. 1.2.3).
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Stratum onens
Fmbnodentate
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— Stratum pyramidalis
— Stratum radiatsm

— Stratum lsanoesum

Stratum mokecutare

.....

| Dentate gyrus D Entorhinal conex

Hippocampus (cormu ammonts) Parahippocampal gyrus

Fig. 1.2.3 An illustration outlining the rat hippocampus proper as part of

the hippocampal formation (adapted from Mugunthan et al., 2016).
32



The principal neuron found within the hippocampus is the pyramidal
neuron which is glutamatergic (excitatory), (Graves et al., 2012). These
neurons project to both the ipsi- and contralateral entorhinal cortices as
well as the contralateral fornix; inter-hemispheric connections utilise
neuronal fibres from the ventral hippocampal fissure. In rodents, CA3
pyramidal neurons travel via the commissural pathway to the
contralateral CA3 and CAl. Further, efferents project to the ventral
striatum and mammillary bodies via subicular neurons from the CAl
(Vann and Nelson, 2015). All principal pyramidal cell bodies in the
hippocampus arrange into a single layer with synaptic inputs delineated
into well-defined dendritic lamina. This laminar structure has allowed for
easy characterisation and definition of principles of unidirectional
excitatory neurotransmission (Slomianka et al., 2011). This has allowed
for straightforward and quantifiable study of the actions and mechanisms
of various types of excitatory and inhibitory amino acid neurotransmitters
as well as the transmitter uptake mechanisms, activity-dependent
synaptic plasticity and ensuing effects of similar pharmacological agents
in the search for treatment and cures of human neurological disease and

disorders.

Information arrives at the hippocampus from a variety of cortical
sensory areas via the EC and PC which are located near the rhinal fissure
in the temporal lobe, as well as being functionally connected to the
prefrontal cortex. From there, afferents project into the hippocampal
formation along the perforant pathway, thusly named as it perforates the

subiculum and hippocampal fissure on its way to the DG. There are two
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types of input, an indirect pathway and a direct pathway. The latter relays
information coming from layer Il of the EC; these neurons form synapses
on the distal apical dendrites of CA1 pyramidal neurons. From studies by
Larry Squire and David Amaral on patient R.B., we know the importance
CA1 pyramidal cells play in working memory and LTM consolidation

(Rempel-Clower et al., 1996).

Along the indirect pathway, signals from layer Il of the EC travel to the
granule cells of the DG (Yau et al., 2015). From the DG, glutamatergic
mossy fibres transmit the signal along the mossy fibre pathway into the
CA3 pyramidal cells and sequentially from there along the Schaffer
collateral pathway which terminates on dendrites of the CA1 pyramidal
neurons. This is also known as the trisynaptic pathway given its use of
three separate pathways: the perforant pathway leading to the mossy
fibore pathway and on to the Schaffer collateral pathway. Sensory
information usually arrives via the direct pathway and is considered
important in episodic memory consolidation (Figs. 1.2.4. and 1.2.5.).
From the hippocampus, signalling from the subiculum mainly projects to

the subcortex, whereas the EC projects to the neocortex.
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Fig. 1.2.4 A schematic illustrating the direct (lll) and indirect trisynaptic
(I pathways within the hippocampus proper (adapted from Deng et al.,
2010). Lateral perforant pathway (LPP), medial perforant pathway

(MPP).

BC

VI

vV

111

II

Fig. 1.2.5 A diagram outlining the monosynaptic (EC to CA1/ CA3) and
the trisynaptic (EC to DG to CA3 to CAl) pathways in the hippocampus

(adapted from Yau et al., 2015).
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Current understanding of the compartmentalisation of areas CA1,
CA2 and CAZ3 in the rat hippocampus proper defines that CA2 and CA3
pyramidal cells are larger than those found in area CA1, and mossy fibre
projections from the DG mainly innervate area CA3, terminating in a
narrow blade just above the CA3 pyramidal cell layer called the stratum
lucidum (s.1.). This essentially defines the thin blade of CA2 separating
area CA3 from CA1; CA2 is composed of larger pyramidal cell bodies
than CALl. The s.l. is easily recognisable in histology due to the
translucent unmyelinated mossy fibre terminals. DG mossy fibres
terminate on CA3 pyramidal cells in one of three bundles: infrapyramidal,
intrapyramidal and suprapyramidal, the latter of which occupies the s.I. It
is here where mossy fibres form synapses with branched dendritic spines
(thorny excrescences) of CA3 pyramidal cells; the presynaptic mossy
fibre terminals form very complex, highly irregular, unusually large en
passant synaptic varicosities. The thorny excrescences are so distinctive
they also further help demarcate the division between areas CA3 and
CA2. The suprapyramidal and infrapyramidal regions of area CA3 is
where the CA3 associational recurrent collaterals are found along with

CA3 to CA1 Schaffer collaterals (Jonas and Lisman, 2015).

The point where the Schaffer collateral CA3 to CAL innervation
ends defines the border between the CA3 and subicular complex (a term
sometimes used for the grouping of the presubiculum, subiculum and
parasubiculum). Even though a large proportion of hippocampal
electrophysiological studies have focused on recording Schaffer

collateral signals in the apical dendrites of the stratum radiatum in the
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CAl, the basal dendrites of the stratum oriens are just as heavily
innervated by axons from the CA3, all in a highly ordered and networked

topographical manner.

1.3 Hippocampal plasticity and memory models

Over a century ago, Ramon Y Cajal (Cajal, 1894) proposed a theory that
long-term memories are expressed in the brain, in part, by changes in
synaptic connectivity (Fig. 1.3.1). This theory was further developed by
Donald Hebb in 1949 outlined in his book “The Organization of Behavior”
whereby the repeated or persistent activity of cell A firing locally upon cell
B results in a metabolic change in either or both cells that increases the
efficiency of cell A acting upon cell B. A modern interpretation of synaptic
plasticity states that “activity-dependent synaptic plasticity is induced at
appropriate synapses during memory formation and is both necessary
and sufficient for the encoding and trace storage of the type of memory

mediated by the brain area in which it is observed” (Martin et al., 2000).
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Fig. 1.3.1 Representation of seminal Ramén Y Cajal hand drawing of a

transverse section of the hippocampus formation (Cajal, 1911).

In the hippocampus, short-term memory may be represented as a
short-term change in the amplitude of excitatory transmission known as
short-term plasticity (STP) where the change in synaptic efficacy returns
to pre-tetanised amplitudes within minutes of a conditioning stimulation
(Fioravante and Regehr, 2013). Hippocampal spatial working memory is
believed to traffic transient and current representations of goal-oriented
knowledge (Kandel et al., 2014). In humans, it is further believed to be
divided into verbal and visuo-spatial information which are both controlled
by the executive control processes which allocate attentional resources
to monitor, manipulate and update stored representations such as
speech-based conscious awareness (Kandel et al., 2014). In rodents,
hippocampal lesion studies have linked hippocampal memory to spatial
representation and object recognition (Broadbent et al., 2004), which can

be short-term or long-lasting.
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LTP of excitatory transmission in the hippocampus is understood
as an activity-dependent, long-lasting increase in synaptic efficacy and is
believed to be a part of the cellular correlate for the expression of LTM
(Lamprecht and LeDoux, 2004). Studies by Brenda Milner and her former
student Suzanne Corkin on patient H.M. (Henry Molaison), (Scoville and
Milner, 1957; Penfield and Milner, 1958; Milner et al.,1968; Corkin, 2002;)
demonstrated that not all LTM was dependent on the hippocampus as
illustrated by Mr Molaison’s ability to demonstrate implicit memory
function via motor unconscious and automatic skill learning, habituation,
sensitisation as well as priming (Squire, 2009; Wixted and Squire, 2011).
In rodents, implicit memory has been linked to both associative and non-
associative learning; however, explicit (declarative) and semantic
memory requires the hippocampus, at least in part (Mayford et al., 2012).
Patient studies in humans (Simons and Spiers, 2003) and lesion studies
in rodents have shown that the encoding of long-term storage of explicit
memories integrally involves the medial temporal lobe and specifically

begins in the hippocampus (Cohen S. et al., 2013).

1.4 LTP and LTD of excitatory synaptic transmission

In learning and memory studies over the last few decades, LTP has been
one of the most tested models of synaptic plasticity, a process believed
to be integral in memory function and a property of most excitatory
synapses in the brain. LTP has been studied extensively since its initial
description as a Hebbian-like response in the dentate gyrus by Bliss and

Lgmo (1973), (for review: Bliss and Collingridge, 1993; Malenka and
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Nicoll, 1999); their work developed from experiments initially performed
by Per Andersen and Terje Lamo (Andersen, 1960). It is relatively input-
specific and can be associative, in that enhanced synaptic efficacy at one
set of synapses can influence a nearby set of synapses, believed to be
the mechanism underlying associative conditioning in behavioural

neuroscience.

LTP was initially termed long-lasting potentiation but was renamed
to long-term potentiation by Douglas and Goddard, in 1975. LTP can last
for many hours in slices (Capron et al. 2006) and up to a year in vivo
(Abraham, 2003). LTP can be induced by brief high-frequency tetanic
electrical stimulation applied to a select group of afferent cells, where
physical structural alterations in the shape, size, number and proximity of
the synapses are triggered (Kandel et al., 2014). For example, a 100Hz
conditioning stimulus delivered to CA3 pyramidal neurons in the
hippocampus can trigger a persistent potentiated state at synapses with
CA1 pyramidal neurons. LTP in this particular pathway was first

described by Schwartzkroin and Wester in 1975.

Conversely, LTD can be induced by a low-frequency conditioning
stimulation paradigm (1-5Hz) to the same cells in the CA3 area to trigger
a persistent reduction in the efficacy of the transmission to CA1 pyramidal
neurons that can last from hours to days (Collingridge et al., 2010). Our
current knowledge of LTD evoked by electrical low-frequency stimulation
(LFS) in the adult animal is relatively poor. Inducing LTD in vivo in the

intact hippocampus of adult animals is known to be very difficult (Xu et
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al., 1997, Staubli and Scafidi, 1997). Thus, most research on this topic
has been performed in hippocampal slices from young animals. Utilising
transverse hippocampal slices, Timothy Bliss and Terje Lamo (1973)
described the phenomenon of synaptic plasticity first, studying
glutamatergic inputs into the rabbit DG by characterising the long-lasting
change in the amplitude of EPSPs in response to tetanising the perforant
pathway (PP) from Layer Il of the entorhinal cortex (EC) with a high-
frequency of electrical stimulation (Bliss and Lemo, 1973). The first
reported induction of LTD by LFS in vitro was reported by Dunwiddie and
Lynch (1978). However, they only used 100 pulses at 1Hz, and it was not
until Dudek and Bear (1992) reported that 900 pulses at 1Hz was capable
of reliably producing LTD in hippocampal slices. It has since been
reported that LTD can persist for days in chronically implanted animals
(Abraham et al., 1994; Doyere et al., 1996) and is considered to be as
critical a process as LTP in the hippocampus by preventing network
saturation and being involved in preserving an overall homeostatic level

of excitability in the network (Connor and Wang, 2016).

A similar protocol that can persistently reverse previously induced
LTP, but should not be confused with LTD, is depotentiation (DP). It is a
form of synaptic plasticity that is believed to be a natural attenuator of
synaptic potentiation, and together with LTD increases synaptic flexibility
and storage capacity of neuronal circuits as well as limiting potentiation
saturation (Huang et al., 2001; Latif-Hernandez et al., 2016; Dayan and
Willshaw, 1991). This allows for a bi-directional model of synaptic

plasticity; LTD is activity driven rather than a passive process and results
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in a long-lasting reduction in synaptic efficacy. DP and LTD utilise
different phosphatases during depression induction (Lee et al., 2000),
and there is a limited time window after LTP induction during which DP
can return the potentiation back to baseline levels (Staubli and Lynch,

1990), whereas LTD can be induced at any time in naive synapses.

The types of LTP and LTD expressed in all pathways in the
hippocampus are not singular; there is a family of processes that can
strengthen or weaken synaptic transmission at different synapses in
different pathways. Indeed, multiple types of LTP/ LTD can be induced
by different patterns of synaptic activity (Latif-Hernandez et al., 2016). In
a similar way that some neurons have different complements of ion
channels that dictate their firing properties, neurons can vary their
expression of LTP or LTD based on, but not limited to, what time in
development the test subject is examined, which specific synapses are
being tested and recorded from as well as the composition of the pre-

and post-synapse neurotransmitter receptors.

1.5 The role of glutamate in synaptic plasticity

The neurotransmitter at all major excitatory synapses is glutamate,
including at the mossy fibre synapses in the CA3 area (Watkins and Jane,
2006). Glutamate and structurally similar amino acids, also known as
excitatory amino acids (EAAs) mediate excitatory activity via interaction
with glutamate receptors, such as the NMDAR, at the postsynaptic

membrane. From its initial observation by Hayashi (1952, 1954) to the
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first description of its activity by Curtis, Watkins and Phillis (Curtis and
Watkins, 1960; 1965; Curtis et al., 1960; 1961) in the isolated frog spinal
cord as well as in the cat spinal cord in vivo, glutamate has been
established as a synaptic neurotransmitter in the brain. After many years
of examination, glutamate eventually satisfied the four main criteria for
classification as a neurotransmitter as outlined by Fonnum 1984: (1) it is
localised pre-synaptically; (2) it is specifically released by physiological
stimuli in concentrations high enough to elicit a postsynaptic response;
(3) it demonstrates identity of action with the naturally occurring
transmitter, including response to antagonists; (4) and mechanisms exist

that will terminate transmitter action rapidly (Fonnum, 1984).

Specifically, glutamate filled vesicles are released from the active
zone of the presynaptic membrane exocytotically, and rapidly diffuse to
the postsynaptic membrane, where glutamate generates a brief synaptic
EPSP upon binding to the ligand-gated ionotropic membrane receptors.
In glutamatergic synapses in the central nervous system, this
postsynaptic structure is called the postsynaptic density (PSD) and it is
composed of both membranous and cytoplasmic proteins localised at the
postsynaptic plasma membrane. There is a heterogeneous mix of
membranous postsynaptic ionotropic glutamate receptors (iGIuR), which
include 1.5 Amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA), N-methyl-D-aspartate (NMDA) and kainate receptors. Non-
ionotropic G-protein coupled metabotropic glutamate (mGlu) receptors

are also present.

43



AMPARs are considered to be the workhorse of glutamatergic
transmission driving large and rapid neurotransmission of the evoked
synaptic response, whereas NMDARs are considered to be classical
learning and memory receptors (Henley and Wilkinson, 2013). LTP at
many synapses is believed to be dependent on calcium influx through
the NMDA receptor (Dudek and Bear, 1992; Mulkey and Malenka, 1992),
where signalling involves calcium entering the postsynaptic dendritic
spine receptors, triggering a postsynaptic calcium signal that is required
to induce changes in synaptic plasticity. The NMDAR ion channel pore is
blocked by magnesium ions at resting membrane potentials (Nowak et
al., 1984). Either binding of glutamate or release of the magnesium block
Is insufficient alone for channel activation. Therefore, the coincidence of
strong depolarising current along with glutamate binding, results in the
magnesium block being removed, allowing for transmembrane calcium
transportation; in this regard, NMDARS function as coincidence detectors
at the postsynaptic membrane (Seeburg et al.,, 1995). Even though
calcium entry through the postsynaptic NMDAR can result in either LTP
or LTD, it has been proposed that different levels of calcium influx can
couple to different intracellular signalling mechanisms resulting in one
synapse modification over another (Lisman, 1989). Moreover,
differences in spike timing can lead to differences in the calcium signal
that can modulate calcium dynamics and bidirectional plasticity via the

NMDAR (Shouval et al., 2002).

CA3-to-CA1l synaptic hippocampal LTD has been divided into

NMDA receptor (NMDAR) and metabotropic glutamate receptor (mGIuR)
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—dependent forms. NMDARs activate much slower than AMPARs
generating peak conductance long after the AMPAR and remain open,
conducting cationic transmission for much longer (He et al., 2014). For
LTP or LTD to be induced, it is believed that a differentiated level of
activation of the NMDARs may be integral; a strong and rapid NMDAR
activation pattern, increasing intracellular calcium, can trigger LTP (Bear
and Malenka, 1994) and induce LTD (Cummings et al., 1996), whereas
NMDAR inhibition blocks homosynaptic LTD (Ahmed et al., 2011; Dudek
and Bear, 1992). It is understood that there is a lot of crosstalk between
the many glutamate receptors in the PSD; for example, mGIluRs are
believed to modulate the NMDAR mediated activity (Rosenbrock et al.,

2010).

1.6 Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)

receptor subtypes

Today it is generally accepted that synaptic alterations take place after a
tetanising signal to excitatory synapses which results in persistent
changes in AMPAR membrane surface expression and trafficking at the
PSD (Luscher et al., 1999) as well as changes in presynaptic
neurotransmitter release. AMPARSs are ligand-gated heterotetrameric ion
channels comprising different subunit proteins, GIuA1l-GluA4. GIluAl
GIuA2 are the most common subunits in area CA1, believed to comprise
over 80% of synaptic AMPARSs in hippocampal neurons (Lu et al., 2009);
GluA3 is believed to be present at about 10% the levels of GIUA1 and A2

(Sans et al.,, 2003). GluA4 is tightly developmentally regulated and
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sparsely expressed at glutamatergic synapses in the adult brain (Zhu et
al., 2000). However, GluA4 containing AMPARSs are rapid-gating, high-
conductance receptors and play a key role in AMPAR-mediated
transmission in inhibitory interneurons (Pelkey et al., 2015). Further, the
synaptic expression of GluA4 containing AMPARSs is driven by protein
kinase A (PKA) activation, which in turn recruits GluA4 containing
AMPARs to immature synapses, effectively unsilencing them (Luchkina
et al., 2014). Moreover, GluA4 is believed to play a role in addiction,
where alcoholics showed an up-regulation of the GluA4 encoding gene
glutamate ionotropic receptor AMPA type subunit 4 (GRIA4), (Enoch et
al., 2014) which may result in increased membrane depolarization and
an up-regulation of glutamate ionotropic receptor NMDA subunits 2B and

2D.

AMPARs respond very quickly to glutamate binding and
desensitise rapidly allowing a quick turnaround. AMPARs being a
subtype of the ionotropic glutamate receptors (iGIuRs) are cation
permeable (Henley and Wilkinson, 2013). Each subunit has an identical
membrane topology and core structure made up of about 900 amino
acids with a molecular weight of 105 kDa; the amino terminus is
extracellular, and carboxy-terminal intracellular; AMPARSs all have three
membrane-spanning domains with one re-entrant loop domain (Fig.
1.6.1). The preferred configuration in hippocampal pyramidal cells is a
four-subunit channel made up of two identical heterodimers of either
GIuA1/A2 or GIuA2/A3 (Mansour et al., 2001; Wenthold et al., 1996). The

principal difference between GIUA receptors involves the length of their
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carboxy-terminal tail with GluAl1 and GluA4 having slightly longer tails
than GIuA2 or GIUuA3 (e.g. GIuAl has a 23 amino acid longer c-tail than
GluA2); this is a highly variable region that provides a platform for both
the protein interactions and the post-translational modifications which
regulate subunit-dependent trafficking and regulation (Henley and
Wilkinson, 2013). It has long been understood that AMPAR trafficking is
a function of the intracellular C-terminal domain, with GIluAl and GluA4
dictating the trafficking properties; however, much about this process is
unknown and recent research has brought into question the roles of
specific AMPAR subunits in activity-dependent trafficking and synaptic

plasticity (Granger et al., 2013, Granger and Nicoll, 2014).
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Fig. 1.6.1 A schematic drawing of the GIuA1 subunit (adapted from Lu

and Roche, 2012.)
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However, the currently accepted mechanism controlling
postsynaptic expression of either LTP or LTD involves the insertion or
removal of AMPARs (Bredt and Nicoll, 2003; Malinow and Malenka,
2002), which is believed to take place perisynaptically (Henley and
Wilkinson, 2013) and involves the SNAP (Soluble NSF Attachment
Protein) REceptor (SNARE) protein-mediated exocytosis (Kennedy and
Ehlers, 2011) and dynamin-dependent mediated endocytosis (Carroll et
al., 2001). An important interactor involved in AMPAR folding and export
from the endoplasmic reticulum (ER) directing correct postsynaptic
membrane insertion are the transmembrane AMPAR regulatory proteins
(TARPS), (Tomita et al., 2005). Activity-dependent addition of GIluAl-
containing AMPARSs to synapses results in synaptic strengthening, and
hence LTP; activity-dependent endocytosis of AMPARs from synapses
results in synaptic weakening, and thus LTD. GluAl containing AMPARS
have not only been implicated in alterations of LTP and LTD in vitro but
in learning and memory studies in vivo (Whitlock et al., 2006; Matsuo et

al., 2008).

1.7 N-methyl-D-aspartate (NMDA) receptor subtypes

The NMDAR is far more structurally complex than the AMPAR
comprising a much slower channel conductance (Traynelis et al., 2010).
NMDARs can be found on both the pre- and postsynaptic membranes,
and it is believed that different populations of NMDAR subunit
composition may give rise to different plasticity mechanisms (Shipton and
Paulsen, 2014). NMDARs in the hippocampus can be found

perisynaptically and extrasynaptically as well as within the synapse
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(Petralia, 2012). Differential expression and recruitment of these three
populations of postsynaptic NMDARs are believed to play distinct
functional roles in the modulation of synaptic strength. The functional
composition of hippocampal NMDARSs is significant in its influence on

kinetics, desensitisation and molecular interactions of receptors.

Hippocampal NMDAR-mediated signalling involves synaptic
NMDARSs that are heterotetramers and consist of four subunits; two of
these subunits are always GluN1, and the remaining two are either GluN2
or GIUN3 (Fig. 1.7.1). The GIuN2 subunit comes in four subtypes:
GIuN2A, GIuN2B, GIuN2C and GIuN2D (lacobucci and Popescu, 2017).
In the adult rodent hippocampus, the predominant GIuN2 subunit is either
GIuN2A or GIuN2B, where GIuUN2C and GIuN2D are primarily expressed
during early development. Thus, many hippocampal synaptic NMDARs
are either diheteromeric consisting of two subunits of GIuN1 in
combination with two subunits of GIUN2A or GIuN2B, or are
triheteromeric consisting of two subunits of GIuN1 and one GIuN2A and
one GIuN2B. Frank et al. 2015 reported brain region-specific differences
in the molar ratio of GIUN2A:GIuUN2B subunit expression which they
believe raises the possibility that the NMDAR forms supercomplexes with
AMPARSs of different GIuAl and GIuA2 receptor composition, which are
allocated into neuroanatomically distinct synapses. The ratio of synaptic
trineteromeric NMDARs is believed to be high but has not yet been
confirmed (Tovar et al., 2013). GIuN1/ GIuN2B heteromers are believed

to be the main type of extrasynaptic NMDAR (Petralia 2012).
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Fig. 1.7.1 A schematic showing the structure of a typical synaptic NMDAR
with the glutamate binding site on GIuN2 and glycine binding site on
GluN1, along with the magnesium blocked ion channel pore occupied by

the M2 subunits (adapted from Benarroch, 2011).

The ratio of diheteromers (GIUN1/GIUN2A: GIuN1/GIuN2B) at the
postsynapse can result in differences in NMDAR channel currents and
postsynaptic electrophysiological responses which can influence the type
of plasticity expressed at that particular synapse (Vicini et al., 1998; Gray
et al, 2011). GIuN1/GIuN2A containing NMDARs have a higher
probability of opening in response to glutamate than GluN1/GIuN2B or
trineteromeric NMDARs (Erreger et al., 2005; Vicini et al., 1998). In a
single active channel patch recording setup, charge transfer through

GIluN1/GIuN2B subunits was greater than through GIuN1/GIuN2A
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subunits, and the GIuN1/GIluN2B channels were able to support twice as
much charge transfer relative to GIUN1/GIuN2A channels due to the
slower deactivation rate of the GIuN1/GIuN2B channels (Erreger et al.,
2005) indicating the importance of GIUN1/GIUN2B channels in LFS

induced hippocampal synaptic LTD.

Different charge transfer abilities of different populations of
diheteromers and triheteromers may be important in triggering different
forms of synaptic plasticity, that require different levels of calcium
postsynaptically to modulate downstream signal transduction
mechanisms. For example, activation of calcineurin leads to the
activation of protein phosphatase 1 (PP1) via disinhibition, allowing
CaMKIl to be dephosphorylated, promoting the expression of LTD
(Lisman, 1989; Carroll et al.,, 2001). Thus, a greater ratio of GIuN2B
containing NMDAR channels will generate a higher calcium influx which
could have a greater influence on hippocampal synaptic plasticity.
Further, the number and location of NMDARSs could alter the basal active

state of a dendritic spine.

Some recent research reports have challenged the traditional role
of ionotropic NMDAR calcium signalling in synaptic plasticity, presenting
a non-canonical, metabotropic role of the NMDAR in mediating CA3-to-
CA1 synaptic hippocampal LTD (Babiec et al., 2014; Gray et al., 2016;
Nabavi et al., 2013). For example, Nabavi et al., (2013) found that LTD
was inducible in the presence of an NMDAR uncompetitive antagonist

(MK-801) which blocks the NMDAR ion channel function, and the
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absence of intracellular calcium rise. Interestingly, this suggests that LTD
involves a metabotropic form of NMDAR signalling where conformational
changes in NMDARs activated by glutamate binding can trigger
downstream signalling pathways at these synapses, similar to that
believed to be involved in mGIuR signalling. Another potentially MK-801
insensitive function of metabotropic NMDAR signalling involves Ap-
induced synaptic dysfunction in AD; Kessels et al., (2013) found that
elevated oligomeric AB requires the metabotropic function of GIuN2B-
containing NMDARs to produce synaptic depression. It is clear that the
metabotropic function of the NMDAR in hippocampal LTD needs to be

examined more closely.

The first NMDAR antagonist to be used in research with sub-
HMolar potency was D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5),
(Davies et al., 1981) and it has proven an invaluable experimental tool in
establishing a role for NMDARSs involvement in seizures and excitotoxity,
as well as synaptic plasticity. Systemic treatment with a broad acting
competitive NMDA receptor antagonist CPP has been shown to impair
short-term working memory in rats in vivo (Cole et al., 1993). A more
specific and activity-dependent GIuN2B selective NMDAR antagonist
(aR,BS)-a-(4-Hydroxyphenyl)-B-methyl-4-(phenylmethyl)-1-
piperidinepropanol maleate (Ro 25-6981) has been reported (Fischer et
al., 1997) to aid in the determination of function of NMDARS comprising
the GIuN2B subunit over GIuN2A (Jiménez-Sanchez et al., 2014). This
compound is important as it has shown antidepressant-like effects in pre-

clinical trials (Li et al., 2010) indicating the necessity to target NMDAR
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subtypes specifically. D-AP5 binds at the orthosteric site of the NMDAR,

similar to CPP, antagonising the metabotropic function of the receptor.

1.8 Metabotropic glutamate receptor (mGIluR) subtypes

It has been shown that NMDAR- and mGIluR-dependent forms of LTD
coexist as two mechanistically distinct forms of LTD in the Schaffer
collateral pathway in the rat hippocampus (Nicoll et al., 1998; Oliet et al.,
1997; Palmer et al., 1997). Neither form of LTD was able to occlude the
other, indicating an independence of the associated expression
mechanisms (Kemp et al., 2000). Indeed, it is possible to selectively
inhibit either mGIuR or NMDAR LTD without affecting expression of the
other, using specific mGIuR or NMDAR antagonists (Yang et al., 1994).
Certain mini EPSC quantal size and frequency differences pointed to a
possible presynaptic basis for mGluR-dependent LTD versus a
postsynaptic basis for NMDAR-dependent (Bolshakov and Siegelbaum,

1994; Oliet et al., 1997).

MGIuRs are class-C G-protein coupled receptors (GPCRSs) that
are found throughout the CNS and are intricately involved in synaptic
plasticity (Niswender and Conn, 2010). Due to their abundance, they are
very attractive pharmacological therapeutic targets. There are currently
eight known mGIluRs which can be subdivided into three groups: group |
(mGlul and mGlu5), group Il (mGlu2 and mGlu3) and group Il (mGlu4,
mGIlu6, mGlu7, and mGlu8). It has been demonstrated that mGIluRs can
support bidirectional changes in synaptic strength, similar to, but also

independent of, NMDARs. mGIuRs are activated by the binding of
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glutamate to the large extracellular N-terminal domain which comprises
a Venus Flytrap Domain (VFD), (Niswender and Conn, 2010). mGIuRs
have been demonstrated to be important in associative learning and
memory (Balschun et al., 2006), specifically at CA3-CA1 synapses (Gil-

Sanz et al., 2008).

The G proteins that mGluRs are coupled to are comprised of three
different subunits: a, B, and y, which form the G protein heterotrimer
complex (Niswender and Conn, 2010). Inactivated heterotrimers are
bound to guanosine 5’ - diphosphate (GDP) and become active via the
exchange of a phosphate group onto GDP forming guanosine 5 -
triphosphate (GTP) on the a subunit. Group | mGluRs are intracellularly
linked at the postsynapse to these heterotrimers at G-agii. mMGIUR
stimulation via binding of glutamate at the VFD further activates
intracellular signal transduction mechanisms at the PSD via the
phospholipase CB1 (PLC)-associated pathway. Hydrolysation of GTP
back to GDP inactivates the G-aga1 subunit and reassembly of the
heterotrimer at the cytoplasmic side of the postsynaptic membrane (Fig.

1.8.1).
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Fig. 1.8.1 A diagram of mGIuR activation upon binding glutamate
(adapted from Willard and Koochekpour, 2013); amino-terminal domain
(ATD), cysteine-rich domain (CRD), transmembrane domain (TMD),

cytoplasmic tail domain (CTD).

It is more common to find mGIu5R both extrasynaptically and
perisynaptically (Kuwajima et al., 2004) in the dendritic fields of the
stratum radiatum of the hippocampus. Group Il mGIuRs are more
commonly found presynaptically where they inhibit the release of
neurotransmitter from the presynaptic terminal (Niswender and Conn,
2010). Activation of mGIuRs results in the inhibition of predominantly N-
type voltage-gated calcium currents in the hippocampal CA regions. The
localisation of mGIuRs allows for quick and selective regulation and
redistribution of neighbouring NMDA and AMPA receptors allowing for
modulation of synaptic plasticity (Anwyl, 1999). Activation of mGIu5R
enhances neuronal excitability and NMDAR currents; therefore, there is
a good chance that a mGIlu5R antagonist may reduce the enhancement

in neuronal excitability, particularly in brain regions involved in anxiety.
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Liuscher and Huber, 2010, have reviewed the evidence that simple
activation of group | mGIuRs, such as application of the selective
orthosteric agonist 3,5-dihydroxyphenylglycine (DHPG) to hippocampal
slices, can itself induce an NMDAR-independent form of LTD via the

endocytosis of AMPARSs.

Group | mGIluRs are predominantly coupled to the activation of
phospholipase CB (PLCpB) generating inositol trisphosphate (IP3) and
diacylglycerol (DAG), (Niswender and Conn, 2010). IP3 activation
stimulates the release of calcium from intracellular stores via protein
kinase C (PKC), including further downstream effectors such as
components of the mitogen-activated protein kinase/extracellular
receptor kinase (MAPK/ERK) pathway, and the mammalian target of
rapamycin (mTOR)/p70 S6 kinase pathway, thought to be imperatively
involved in the expression of hippocampal synaptic plasticity (Traynelis
et al.,, 2010). However, this process is not thought to be involved in
MGIUR-LTD generation in the hippocampus when using the agonist
DHPG (Collingridge et al.,, 2010). On the C-terminal side of group 1
MGIuURs, there is an important interaction between the adaptor protein
Homerlc and mGIuSR that is critical for the conversion of hippocampal
CA1 STP into LTP which involves both mTOR and ERK (O’Riordan et
al., 2014). Homer proteins are necessary for mGIluR activity, participating
in the assembly of protein complexes at the C-terminal tails and as a

result, mediate downstream functional responses.
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Ultimately, activation of the synaptic group | mGIuRs can trigger
endocytosis of local ionotropic AMPARs (GIuA1/A2 and GIuA2/A3) as
well as reducing the quantity of available PSD cell surface AMPARSs
(Moult et al., 2006), as they diffuse laterally to extrasynaptic sites. The
role of the endoplasmic reticulum (ER) in CA1 pyramidal dendritic spines
Is also believed to be important seeing that ER containing spines are
more likely to express mGIuR-LTD over those that do not (Holbro et al.,
2009); ER containing spines produced larger synaptic currents than
those without, upon activation of mGluRs. Further, this form of LTD
requires rapid protein synthesis (Huber et al., 2000) which is believed to
be necessary for the synthesis of AMPARS and other proteins regulating

AMPAR trafficking at the PSD.

The VFD is very important for studies utilising pharmacologic
agonist/ antagonist compounds to parse out the function of the mGIuR in
health and disease. There are two lobes of glutamate binding capability
in the N-terminal domain of the mGIuRs that capture and bind glutamate
comprising the VFD. It is believed in situ there are two VFDs that bind
glutamate resulting in a conformational change which is propagated
structurally through the mGIuR via cysteine-rich domains (CRDs) to the
heptahelical domain (HD) which is found on the C-terminal tail (Rondard
et al., 2006). The two VFDs can be found in three different confirmations:
open-open, open-closed and closed-closed. These are directly
influenced by activating or inhibiting drugs; open-open is the inactive
confirmation which is stabilised by antagonists. Agonists bind in the

open-closed or closed-closed confirmation (Niswende and Conn, 2010).
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Fig. 1.8.2 A schematic of the mGIuR and the different glutamate binding

and activation states (adapted from Niswende and Conn, 2010).

There is a variety of selective orthosteric antagonists of group |
MGIuRs such as LY367385, which is selective for mGlulR over mGIu5SR
as well as LY341495, which is highly selective for group Il mGIuRs over
group I. MTEP, which is highly selective for the mGIu5R, is a very potent
negative allosteric modulator (NAM), and easily penetrates the blood-
brain barrier, which makes it very useful for in vivo studies. There are
many mGIu5R NAMs undergoing clinical trials in humans (Porter et al.,
2005, Jacquemont et al., 2011). A very potent and highly selective
positive allosteric modulator (PAM) VU 0360172 was developed to
activate the mGIu5R by binding the HD, effectively enhancing the
response to glutamate. PAMs are also currently being studied for their
potential therapeutic use, such as in the treatment of schizophrenia

(Conn et al., 2008).

58



1.9 Protein synthesis and synaptic plasticity

Protein translation is required in animal brains to convert short-term labile
memories into consolidated long-term stable memories for future access
and function (Kandel, 2001; McGaugh, 2000, Richter and Klann, 2009).
The cellular and molecular changes that take place after a memory
forming event usually occur within hours, and the translational machinery
required for sustained activity at the synapse does not have the capacity
for maintenance without further transcription and translation, processed

by the cell body, as well as locally in the dendrites.

Synaptic facilitation/ short-term potentiation (STP) or depression
can occur on a timescale of hundreds of milliseconds to seconds, and
augmentation or post-tetanic potentiation (PTP) can last for tens of
seconds to minutes (Fioravante and Regehr, 2013). STP and PTP are
believed to be mediated by different physiological mechanisms. STP can
also be observed as an initial decremental potentiation as a result of a
high-frequency tetanus that usually decays over a period of tens of
minutes (Park et al., 2013; e.g. E-LTP) and can be expressed without
local translational activity. Longer lasting change, known as late phase
synaptic plasticity (e.g. L-LTP) is mechanistically distinct from E-LTP,
lasts on a time scale of hours (and longer: Abraham, 2003), and is protein
synthesis-dependent. Further, there is an interim time-period between
the early and late phases of LTP, with a variable requirement for protein
synthesis (Winder et al.,, 1998; Raymond et al., 2000). A common

interpretation distinguishing STP from LTP states that STP is expressed
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as an alteration in the probability of transmitter release, P(r), whereas
LTP is expressed by a postsynaptic modification (Park et al., 2013). The
overall net plasticity expressed at synapses will reflect consolidated
expression of multiple forms of locally expressed, temporally overlapping,

synaptic plasticity (Fioravante and Regehr, 2013).

Similarly, protein synthesis-dependent (Manahan-Vaughan et al.,
2000; Xu et al., 1998; Huber. et al., 2001; Kauderer and Kandel, 2000)
and independent (Pdschel and Manahan-Vaughan, 2007; Xiong et al.,
2006) forms of LTD have been reported. Defects in the translational
machinery involved in synaptic plasticity maintenance may lead to
neurological disease; hence, there is a concerted research effort to target
dysregulated translational control in cognitive disorders and synaptic

dysfunction.

1.10 Optogenetic activation of glutamatergic transmission

and plasticity

The technigue of optogenetics is relatively young having been first
described in hippocampal neurons by Boyden et al., in 2005. It is a
combination of the genetic targeting and expression in mammalian nerve
tissue of a light-activatable microbial opsin, e.g. channelrhodopsin, which
is a light-gated ion channel protein originating from retinal photoreceptor
cells of Chlamydomonas reinhardtii. Adeno associated virus (AAV) can
be used to package multiple proteins for expression including a promoter
targeted to well-defined areas and types of neural tissue (e.g. excitatory)

to produce sufficiently strong and specific opsin expression, activation of
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which directly elicits electrical current across the expressing nerve
extracellular membrane in response to a specific wavelength of light (Fig.
1.8.1). The channelrhodopsin used in this study allows monovalent and
divalent cations (H*, Na*, K* and Ca?") to flow freely through the opsin
pore upon absorption of a photon of light. In microbiota,
channelrhodopsin is used as a fast sensor for phototaxis in visible light,
and as a result, expression in glutamatergic neurons elicits an excitatory
depolarising current similar to that evoked by electrical stimulation (Lin,

2011). The humanised channelrhodopsin 2 (hChR2) is maximally

activatable by blue light at a wavelength of 473nm.

Fig. 1.10.1 Schematic representation of the light activation of
Channelrhodopsin-2 (from Prof. Dr Ernst Bamberg,

http://www.biophys.mpg.de/uploads/tx_templavoila/lbamberg2_02.jpg).

The channel conductance of a single ChR2 is believed to be well

below 1 picosiemen (Lin et al., 2009) which is less than most
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physiologically common membrane ion channels. Thus, it is believed that
about half a million ChRs need to be activated at the same time to
depolarise the membrane 15mV when the resistance is 50MQ, and
assuming 100 femtosiemens single-channel conductance, a reversal
potential of 0 mV, and a membrane potential -60 mV (Lin, 2011). An
important balance for conductance with channelrhodopsin is quick open/
close turnover but with as little sacrifice for sensitivity to the light source.
Another consideration is that it can take 5-fold more functional
channelrhodopsins to reach a consecutive depolarisation after an initial
stimulation due to desensitisation (Nagel et al., 2003), known as the time
it takes for the ChR2 conductance to move enough current to lift the
membrane potential to firing threshold. Recovery from desensitisation is
modulated by intracellular/ extracellular H+ concentration: a higher
extracellular H+ coupled with the negative membrane potential will
accelerate desensitisation recovery, whereas higher intracellular H+

slows it down (Nagel et al., 2003).

Our aim in the present research is to selectively stimulate
glutamatergic responses relatively independently of en passant
cholinergic fibres. In fact, optogenetics has already been used to induce
long-term changes in synaptic efficacy in cultured hippocampal cells

(Zhang and Oertner, 2007).
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1.11 Optogenetics in the study of the asymmetric brain

and LTD laterality

The presence of asymmetry in the animal brain is not unusual and is, in
fact, a canonical facet of neural biology (Rogers, 2014). In many
mammalian brains, the two hemispheres function differently and display
different anatomical structures and features, believed to have developed
over time with evolutionary bias (Vallortigara et al., 2010). It is well
accepted that the anatomical and functional layouts of the brain are
organised asymmetrically, with some specialisations heavily lateralised
such as with language and motor functions (Martensson F., 2007, Mutha
et al., 2012). Even though the 2 hippocampi in humans are anatomically
and connectively comparable, there is a potential that task-related activity
may be localised to one hemisphere (Squire et al., 1992), such as that
seen when left hippocampal dominance was observed with semantic
information being most task-relevant, and right hippocampal dominance
when spatial information was important (Motley and Kirwan, 2012). The
behavioural importance of this lateralisation of function in the human
hippocampus was recently highlighted by Igléi K, et al., 2010, who
demonstrated that the right hippocampus can predict the use of an
allocentric spatial representation, whereas the activation of the left
hippocampus predicts the use of a sequential egocentric representation
in a navigational memory task. From a structural perspective, mouse
brain asymmetry has demonstrated functional differences in postsynaptic
spine morphology and receptor distribution in CA1 pyramidal neurons

dependent on laterality of originating CA3 input (Shinohara et al., 2008;
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Kawakami et al., 2003). Fundamentally, apical CA1 postsynaptic spines,
receiving inputs from the left CA3, are thinner and comprise more
GIuN2B subunit-containing NMDARs than right apical CA1 spines, which

tend also to be mushroom-shaped.

Our current employment of optogenetics in this work opens up the
opportunity to address the possibility that LTD, like LTP (Kohl, 2011;
Shipton, 2014), is lateralised. The induction of LTP was found to be
asymmetric by selective stimulation of left and right CA3 inputs to CAl in
the stratum radiatum of adult mice in vitro; conditioned stimulation of
Schaffer collateral or associational/ commissural inputs from left,
compared with right hippocampal CA3 pyramidal neurons, preferentially
triggered LTP at apical dendrites on CA1 pyramidal neurons (Kohl, 2011,
Shipton, 2014). Intriguingly, LTD is preferentially induced in slices from
adult mice that congenitally symmetrically express the type of apical
synapse that right CA3 neurons form with CA1 (Kawahara, 2013), raising
the prospect that, in wild-type animals, LTD may be preferentially induced

at CAl synapses formed by right CA3 pyramidal neurons.
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1.12 Cholinergic control of synaptic activity

It is well accepted that cholinergic signalling is intricately involved in
memory acquisition and storage, however, the precise role remains
elusive (LeDoux, 2012). Innervating septo-hippocampal cholinergic
afferents are sparsely distributed and extensively arborised and
interweave with many other projections containing different synaptic
phenotypes (Wu et al., 2014). It has been demonstrated with LTP that
activation of hippocampal muscarinic receptors can result in a G protein-
mediated block of a number of potassium channels, including enhancing
NMDAR function, probably mediated by high-affinity postsynaptic
muscarinic M2 receptors (Segal and Auerbach, 1997). Recently Leung
and Doralp demonstrated in vivo that an anticholinesterase drug can
enhance LTP in the area CA1, and basal-dendritic LTP can be facilitated
in the behaving rat, while it is generating cholinergically driven theta
activity as it moves around its environment, which was probably
modulated by muscarinic M1 receptors (Leung et al., 2003; Doralp and
Leung, 2008). Interestingly, ACh applied directly to the CAl in acute
slices can promote synaptic plasticity (Buchanan et al., 2010), thought to
be a result of presynaptic AChRs enhancing glutamate or GABA release.
Previous reports have demonstrated an LTD that is at least in part
inhibited by muscarinic acetylcholine receptor (MAChR) antagonists in
vitro (Volk et al., 2007). Further, Hu et al., 2014 have shown that mMAChR
dependent LTD lasting over 5 h can be induced that requires
endogenously released ACh providing significant evidence of the crucial

role ACh plays in synaptic information storage.
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Moreover, presynaptic cholinergic hypofunction is a hallmark of
AD which is believed to at least partly result from degeneration of septo-
hippocampal cholinergic neurons, leading to Ilower choline
acetyltransferase levels and choline uptake, as well as reduced
acetylcholine synthesis (Blennow et al., 2006). G protein-coupled
MAChRSs in the hippocampus play a major role in cognition (Reis et al.,
2009), and learning and memory, and are a prime target for

understanding the molecular mechanisms involved (Wess et al., 2007).

This has led to the “cholinergic hypothesis” in AD treatment; the
central deficits play a major role in the progressive cognitive dysfunction
and some behavioural impairment associated with AD. Therefore,
hypothetically, restoring cholinergic function at these synapses via
activation and upregulation of the cholinergic system may help alleviate
some of the related symptoms (Fisher, 2008). In the current work,
application of the acetylcholinesterase inhibitor donepezil was examined,
on the grounds that donepezil is highly selective with good
pharmacokinetic properties, as well as being currently used in human
therapeutic clinical trials (Sabbagh et al., 2016; Homma et al., 2016).
Furthermore, donepezil has been shown to lower the threshold for LTD
induction in vivo (Hu et al., 2014) and antagonize the suppressive action
of AB1-42 on LTP in vitro (Kapai et al., 2010; Solntseva et al., 2014; but
see Kroker et al.,, 2013). Current symptomatic treatments of AD are
limited to acetylcholinesterase inhibitors (AChE-l) and N-methyl-D-
aspartate receptor (NMDAR) antagonists, and mostly only provide

incremental and transient benefits (Kim et al., 2017).
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1.13 Synaptic plasticity and Alzheimer's disease AB

Although AD is the most common neurodegenerative disorder, the
specific molecular mechanisms behind the development of the
progressive cognitive and memory impairment remain unknown (Nestor
et al., 2004). Since its initial description over a century ago by Emil
Kraepelin and Alois Alzheimer in 1909 (Alzheimer A., 1915), it is well
accepted that the hippocampal formation is a major target for
pathological changes of neuroanatomy in patients suffering from AD
(Jack et al., 1998; Convit et al., 1997). It has since been discovered that
the initial burden of AD begins in the entorhinal cortex and hippocampus
(Pennanen et al.,, 2004) before invading, and causing widespread
destruction of, the cerebral cortex (Braak and Braak, 1991). The
etiological course of symptoms begin with impairment of episodic
memory as the accumulation of amyloid plaques and neurofibrillary
tangles take hold, leading to progressive dysfunction of other cognitive
abilities as well as limb apraxias, and eventually to severe global
impairment of cognitive function including amnesia, aphasia and agnosia
(Kumar et al.,, 2015). Extensive research has identfied that an
accumulation of amyloid-B protein (AB) is an early and essential
aetiological factor in AD (McLean et al., 1999); moreover, the
accumulation of AB into the amyloid plaque is a characteristic hallmark of

the disease.

There is evidence that proposes a glutamatergic role in the

generation of some of the symptoms of AD (Hynd et al.,2004) as well as
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illustrating that AB promotes glutamatergic excitotoxicity (Haass and
Selkoe, 2007). Soluble AB oligomers have been shown to rapidly and
potently disrupt glutamatergic synapses and plasticity mechanisms,
including LTP (Shankar et al., 2008). Interestingly, a deficit in synaptic
transmission can be detected before the formation of insoluble AR
deposits (Hsia et al., 1999), and NMDAR-dependent LTP has been
shown to be impaired by AR (Wang et al.,, 2004), and indeed A is
synaptotoxic in the absence of plagues (Mucke et al., 2000). More
recently, the GIuN2B subunit-containing NMDARSs have been implicated
in regulating the actions and localisation of AR oligomers (Li et al., 2009)
and preventing AB-mediated synaptic plasticity disruption in vivo (Hu et
al., 2009). The current research examined in vivo mechanisms of
disruption of synaptic plasticity by a synthetic form of AB, amyloid-$
derived diffusible ligands (ADDLs) and tested its dependence on NMDAR

activity.

There has been a considerable effort to map and image the
temporal changes in the human brain from early mild cognitive
impairment (MCI) through to late/ end-stage AD, with a particular
emphasis on measuring the changes witnessed in hippocampal volume
over time, with the intent to track the AD progression and understand the
pathogenesis (Wang et al., 2003). Where many studies have reported
bilateral changes in hippocampal volume (Pennanen et al., 2004; Jessen
et al., 2006) a few have reported on distinctive lateralisation of alterations
in morphologic lesions and hippocampal volume associated with AD

(Moossy et al., 1989; Wolf et al., 2001; Zhang et al., 2007). Even though
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there appears to be a left-less-than-right asymmetry (Thompson et al.,
2003) in controls, MCI and AD patients across multiple studies, Shi et al.,
2009, among others, believe that this may adjust dynamically over the
course of the disease progression, although Long et al., 2011, believe
that hemispheric asymmetry alterations may be helpful for monitoring AD
progression and thereby improve the management of these

neurodegenerative disorders.

69



1.14 Objectives

Considering the importance of fundamentally understanding the critical

processes that are believed to underlie information storage processes in

learning and memory, as well as in memory dysfunction, the work

presented in this thesis aims to:

70

Determine if specific expression of ChR2 by AAV transduction in
excitatory CA3 pyramidal neurons elicited functional synaptic
responses at apical dendrites in the stratum radiatum of area CA1

in the living rat.

Compare canonical LTD induced by electrical LFS of Schaffer
collateral/ commissural pathways with LTD induced in the Schaffer
collateral pathway by selective optical LFS; determine the
requirement for de novo protein translation, and if LTD induction
and expression in the electrical and optical pathways are

independent.

Assess the role of NMDA and mGlu5 receptors in hippocampal

synaptic LTD induced electrically and optically.

Evaluate the requirement for activation of cholinergic transmission

in optogenetically and electrically driven LTD.

Probe the involvement of NMDARs and lateralisation in

Alzheimer’s disease AB-facilitated LTD.
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2.1 Animals

All work was carried out in accordance with guidelines under license from
the Health Products Regulatory Authority, Ireland. Adult male Wistar and
Lister hooded rats, supplied in-house by Trinity College Comparative
Medicine and Harlan laboratories, were housed in a monitored 12-h light-
dark cycle (8 am — 8 pm), at room temperature (19-22 °C) and humidity
(55-70%), all controlled electronically. All animals (10-36 weeks old/ 300-
5009g) underwent the same electrode implantation procedure under non-
recovery (urethane) anaesthesia. For optogenetic studies animals (10-
12 weeks/ 300-330g) were pre-injected with the virus under recovery
anaesthesia and underwent non-recovery anaesthesia ~8-28 weeks later

for electrode implantation.

2.2 AAV-Channelrhodopsin vector

Optogenetic stimulation was carried out in those animals transduced with
channelrhodopsin 2 (ChR2) DNA using viral vectors AAV2 or AAV5,
which are two different serotypes of the 11 currently identified serotypes
of AAV. They are helper-dependent members of the Dependovirus genus
of the Parvoviridae family; they have no known pathology, and there are
no symptoms nor association with allergic or toxic effects, and thus there
is no known risk to human health, animals or plants. This is an important
safety issue for the operators and laboratory. The recombinant AAV that
is produced by cells is recombinant deficient and can only replicate in the
presence of helper adenovirus genes. If exposed to the environment it is

unlikely to survive for extended periods. Further, the resultant vector is

72



not capable of altering the pathogenicity, survivability or fitness of the

recipient organism.

The AAV directs the expression of a humanised channelrhodopsin
(hChR2-H134R - histidine to arginine conservative mutation at position
134), fused to an enhanced yellow fluorescent protein (EYFP) allowing
post-hoc visualisation of expression and localisation. In-frame fusion to
EYFP via a Notl site makes visualisation of ChR2-expressing cells
easier. Expression is driven by a calcium/ calmodulin-dependent protein
kinase Il (CaMKIl) promoter in the vector sequence. A woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE) was also
used as it can substantially increase the expression of the hChR2. ChR2
is one of the best characterised and most widely used actuators in
optogenetics; its activation requires a control signal and a source of
energy, both of which were provided in this laboratory as computer
directed blue laser light. Optogenetics is believed to be very precise and

safe for long-term expression and study (lvanova and Pan, 2009).

The rAAV/CaMKlla-hChR2(H134R)-EYFP-WPRE plasmid used
in this study was provided by Dr Karl Deisseroth (Stanford University).
The virus solution (5.1-8.5 x 10%? vg/ml) was prepared by the University
of North Carolina (UNC) vector core at Chapel Hill, North Carolina, where
it was grown in human embryonic kidney cells (HEK293). Upon arrival,
the sample was separated on ice into 3uL aliquots and stored at -80°C.
Unless otherwise stated the sample was not diluted for injection. The
linear (Fig. 2.2.1) and circular plasmid diagrams (Fig. 2.2.2) indicate the
arrangement of exons in sequence.
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Fig. 2.2.1 pAAV-CaMKlla-hChR2(H134R)-EYFP in sequence linearised

plasmid map.
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Fig. 2.2.2 pAAV-CaMKlla-hChR2(H134R)-EYFP circular plasmid map.
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2.3 Virus injection

For virus injection, the animals were anaesthetised with ketamine
(80mg/kg) and xylazine (8mg/kg), both i.p., under biosafety Level 2
conditions. After local application of betadine to the pericranial scalp, a
subcutaneous injection of lignocaine (20mg/ml) was administered. A
small hole was drilled into the skull at coordinates -3.8mm posterior to
the coronal suture, and -3.8mm lateral to the sagittal suture, measured
from bregma (Fig. 2.3.1). A 10ul Hamilton syringe containing 2.5 £ 0.25pl
virus preparation was lowered 3.8mm from the surface of the skull into
either the right or left dorsal hippocampus area CA3; one hemisphere,
either right or left, was transduced in equivalent numbers of animals. 1.0
+ 0.1pl of the stock virus was injected continually over a period of 10 min
at 100nl/min; the syringe was left in place for a further 10 min. A 1:5 and
a 1:10 dilution (in saline) of the stock virus was tested; however, the
ChR2 expression was not sufficient two months’ post-surgery to trigger a
reliable optical fEPSP for study. Therefore, it was decided to inject stock,
undiluted virus. After withdrawal of the syringe, the opening was sealed
with glue, the scalp incision sutured with stainless steel wound clips
(Reflex 7 skin closure system, World Precision Instruments, Inc.
Sarasota Fl. USA) and further glued with cyanoacrylate tissue adhesive
(Vetbond, 3M). The animals were monitored until fully conscious and
housed singly for one week or until wound healing had completed, after
which they were housed in pairs with continuous access to food and
water ad libitum. Animals were monitored twice daily for the first 3 days’

post-op, and daily thereafter.
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Fig. 2.3.1 Parasagittal view of dorsal hippocampus and approximate

intended location of virus injection.

2.4 Recording apparatus

All experimental recording procedures took place in a Faraday cage to
remove background and environmental electrical interference. All
equipment, including the cage itself, were grounded to a central node
eliminating electrical interference. The constant current isolation unit
(Grass Instrument Co.) was coupled to the stimulating output of the
recording unit. The evoked field potential responses were sent via a pre-
amplifier, with the gain set to 11, to an analogue-to-digital converter
(Powerlab 2/26, AD Instruments) controlled by the software program

LabChart.
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2.5 Animal surgery and electrode implantation

Animals were anaesthetised with urethane (1.5 -1.6 g/kg, i.p.) and core
body temperature was maintained at 37°C while the animal was secured
in a stereotaxic apparatus for the duration of the experiment. A twisted
bipolar Teflon-coated tungsten wire (inner core diameter 50um, external
diameter 75um) was used as the electrical stimulating electrode. In the
case of virally transduced animals, a 200 pym optical fibre was attached
to the twisted bipolar Teflon-coated tungsten wire to form an optrode
assembly (Fig. 2.5.1), where the tips of the electrical twisted pair wire
were within ~100um of the tip of the optical fibre. The optrode coordinates
were -4.2 mm posterior to the coronal suture, and -3.8mm lateral to the
sagittal suture, measured from bregma. A monopolar Teflon-coated
tungsten wire (inner core diameter 75um, external diameter 112um)
recording electrode was lowered into the hippocampus area CAl at
coordinates -3.5 mm posterior to the coronal suture, and -2.5mm lateral
to the sagittal suture, measured from bregma (Fig. 2.5.2). Screw
electrodes located over the contralateral cortex were used for reference

and earth.
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Fig. 2.5.1 (a) Photograph of a representative optrode used in this work.
(b) Magnified view (converted to black and white for easier viewing) of
the tip of the optrode that was implanted into the area CA3 of the rat

hippocampus.
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Fig. 2.5.2 Stimulation and recording configuration. (a) Parasagittal view
of dorsal hippocampus and intended location of stimulating optrode and
recording electrode. (b) Schema of the pathways activated by optical
stimulation (stim) after virus injection (inj). CA3 neurons expressing ChR2
(blue) send (1) Schaffer collaterals to ipsilateral CA1, (2) commissural
fibres to contralateral CA3 and CA1, and (3) recurrent collaterals within
the ipsilateral CA3. With the optrode in the ipsilateral CA3 area, optical
stimulation, in contrast to electrical stimulation, selectively activates

Schaffer collaterals in the ipsilateral CAl area.
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Unless otherwise stated, the stimulation and recording electrodes
were placed in the same hemisphere together, ipsilateral to the side of
virus injection (Fig. 2.5.2). The optical fibre was located such that the
emitted light was directed towards the dendrites and cell bodies of CA3
pyramidal neurons. In a small number of experiments designed to photo-
activate commissural fibres (Results section 3.2.1) we used the same
electrode coordinates but contralateral to the side of virus injection. In
pilot studies (n=4) we placed the optrode close (3.8 mm posterior to the
coronal suture, and -2.8 mm lateral to the sagittal suture) to the recording
electrode in the CAl area in order to locally stimulate the Schaffer
collateral fibores and terminal boutons. Similar, but markedly smaller
magnitude fEPSPs and LTD were elicited when the optical fibre was
located in CA1 area adjacent to the recording electrode. Hence we did

not carry out further experiments with this configuration.

Where necessary, a stainless-steel cannula (22 gauge, 0.7 mm
outer diameter) was implanted above the ipsilateral-to-stimulation
ventricle during the electrode implantation procedure (500um posterior to
the coronal suture, and 1 mm lateral to the sagittal suture, lowered 4.2
mm from the surface of the skull) and secured in place with dental cement
(Fig. 2.5.3). The i.c.v. application of drug/ vehicle was facilitated through
an internal cannula (28 gauge, 0.36 mm outer diameter). All solutions
were injected no quicker than 1 ul per min. Verification of the placement
of the cannula was performed post-mortem with the injection of 1 ul

bromophenol blue solution to stain the ventricles.
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Fig. 2.5.3 A topographical schematic of placement of screws, cannula
and electrode openings in rat skull for animal recordings when positioned

over the left hemisphere; the locations were reversed for electrode

placement in the right hemisphere.
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2.6 Electrode placement

Responses to electrical stimulation were used to guide the localisation of
the electrodes. In transduced rats alternating 473nm 4ms optical
(average half maximum was 0.5-1.0 mW dependent on individual rat,
expression level, age, with a maximum intensity of 9 mW), (Shanghai
Laser and Optics Century Co., Ltd., China) and electrical test pulses were
delivered to the Schaffer-collateral/ commissural pathway every 10 sec,
at a frequency of 0.1Hz, to evoke field excitatory postsynaptic potentials
(fEPSPs) at a low-intensity, monitoring the evoked responses as the
electrodes were slowly positioned. Both stimulating and recording
electrodes were initially lowered 1.0mm from the surface of the brain
(Figs. 2.6.1 a). The stimulating electrode was lowered further until an
upward deflection in the fEPSP was noted for both optical and electrical
stimulation (Figs. 2.6.1 b,c). Once the wire tip of the optrode passed
through the cell body layer, the recording electrode was then lowered
until it too passed through the stratum pyramidale into the stratum
radiatum in area CAl (Figs. 2.6.1 d). After a period of 30 to 60 min to
allow for electrode settlement in their respective locations, the positioning
was further fine-tuned for optimal fEPSP size and shape. Direct current
(44mA for 3s) was delivered to create a lesion at the wire tip locations
(with a Grass S88 stimulator). The final placement of electrodes was

confirmed via post-mortem analysis (Fig. 2.6.2).
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Fig. 2.6.1 Representative optical and electrical evoked fEPSPs from a

single experiment during which the electrodes were lowered into place.
(a) Both the stimulating optrode and the recording electrode were 1mm
deep from the surface of the brain (left red line denotes the electrical
stimulus and the right red line the optical excitation of a 4ms pulse); (b)
the stimulating optrode was moved deeper giving this characteristic
shape when it was in the stratum oriens; (c) the stimulating electrode was
moved deeper, through the stratum pyramidale and into the stratum
radiatum in area CA3, confirmed by the electrical fEPSP polarity; (d) the
recording electrode was then positioned in the stratum radiatum of area
CA1 and fine-tuned for optimal EPSP size and shape. Calibration bars:

vertical, ImV; horizontal, 10ms.
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a Stimulating optrode

Fig. 2.6.2 Light microscope (Olympus BX51 upright) images showing a
representative location of the (a) stimulating optrode and (b) recording
electrode placement. An electrical lesion was created at the wire tip

locations.
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2.7 Recording fEPSPs and input/ output (i/0) curves

The optical fibore was attached to the laser unit, which in turn was
connected to the power unit, which was controlled by Macintosh (Mac)
software Scope, version 4.0.1, which directed a data acquisition unit
(Powerlab 2/25, AD Instruments); the electrical stimulation wires were
controlled by personal computer (PC) software PowerLab version 7.3.8,
also attached to a Powerlab 2/25. The laser unit utilised an experimenter-
controlled analogue knob to regulate output power. When the output of
the optical fibre to the 4 ms optical square wave pulse was tested using
an optical power meter (Thorlabs), the output was noisy and not as flat
as anticipated (Fig. 2.7.1). Nonetheless, the optical pulse was capable of
evoking an optical fEPSP (Fig. 2.7.2) that had a similar shape and

amplitude to an electrically evoked fEPSP (Fig. 2.7.3).

The latency of onset of fEPSP measured from the beginning of the
4 ms optical laser light pulse was recorded as 7.0 + 0.3 ms, whereas the
latency from the stimulus artefact to onset of electrical fEPSP was
recorded as 4.25 + 0.5 ms, where n = 10 different animals, and matched
recordings were taken from the same experimental animal during the
baseline before any experimental perturbation (Fig. 2.7.4). This
difference could be accounted for by the variable onset of the optical
stimulus initial synchronous discharge of CA3 pyramidal cells, recorded

as a spike (Fig. 2.7.5).
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In pilot studies, we tested an LED source which evoked similar
fEPSPs, but the maximum output was insufficient to evoke large
responses. Optical test pulses were run at a frequency of 0.017 Hz and
an intensity that evoked half maximum fEPSPs. Interleaved test fEPSPs
were evoked by electrical square wave pulses of 200us duration and
adjusted to evoke half maximum fEPSP amplitude, also at a frequency

of 0.017 Hz.

Arbitrary Units

0o 1 2 3 4 5 6 7 8 9 10 11 12

Fig.2.7.1 Representative recording of a 4ms optical ‘square-wave’ pulse
generated by the 473nm blue light laser unit set to half maximum
intensity. The upper (red) trace indicates the signal sent to the laser
power unit; the lower (blue) trace indicates the raw trace of the light

output recorded with an optical power meter (Thorlabs).
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Fig.2.7.2 Representative recording of an optically evoked fEPSP. The
upper (red) trace indicates the signal sent to the laser power unit; the

lower (blue) trace shows a typical fEPSP evoked by optical stimulation.
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Fig.2.7.3 Representative recording of an electrically evoked fEPSP.
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Fig.2.7.4 A bar chart showing the recorded latency from stimulus artefact
(elec) or beginning of 4 ms optical laser light pulse (opt) to onset of
respective fEPSP. Matched recordings from 10 different animals;
examples taken from half maximum stimulus recordings during baseline

before any experimental perturbation.
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In order to measure the evoked synchronous discharge of CA3
pyramidal cells in the virally transduced rats by the 4ms optical pulse, the
electrical stimulating bipolar electrode in the optrode was repurposed as
a recording electrode. With the optical fibre located such that the emitted
light was directed towards the dendrites and cell bodies of CA3 pyramidal
neurons, and the test pulse set at an intensity that evoked a half
maximum fEPSP in the CAl area, multiple spikes were recorded
adjacent to the optical fibre in CA3 (Fig. 2.7.5). In order to record the
spikes, separate from any local CA3 fEPSP, a 300 Hz high pass filter and

1.5 kHz low pass filter was applied, utilising the LabChart software.

mV

14

-2

ms

Fig.2.7.5 Representative trace of high-frequency spiking recorded near

the tip of the optical fibre in CA3 during a 4ms optical pulse.
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Once the fEPSP size and shape stabilised, usually ~30-60 min
after final electrode positioning, optical and electrical i/o curves were
generated for each rat separately to ascertain half maximum stimulation
optical power (mW) and electrical (mA) intensities (Fig. 2.7.6). The
electrical and optical i/o curves were run independent of one another and
in triplicate with a 10min break between each modality. For the electrical
i/o curve, 0.2ms pulses were applied from 4.5 to 15mA at a frequency of
0.05Hz and increasing in 0.75mA increments, sequentially. For the
optical i/o curve, 4ms pulses were applied from OmW to 9mW. Where
possible, at the end of each experiment, i/o curves were recorded to

monitor any change in the synaptic responses.
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Fig. 2.7.6 Representative i/o curves. (a) Growth of fEPSP amplitude in
response to an increase in optical power; (b) growth of fEPSP amplitude

in response to an increase in electrical stimulus current.

Baselines were run for a minimum of 30 min before application of
any vehicle/drug. Unless otherwise stated LTD was induced with an LFS

protocol consisting of 900 pulses at 1 Hz and the stimulation intensity
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increased to 95% maximum amplitude for both stimulation modalities.
fEPSPs were usually recorded for at least 2 h after the last LFS before a
final end-run i/o curve was measured. Background EEG in the
hippocampus was monitored (LabChart, AD instruments) throughout the

experiment.

2.8 Imaging and eYFP-ChR2 expression

Upon completion of an experiment, the rat was perfused with 4%
paraformaldehyde (Sigma) and the brain was stored at 4°C for 24-48 h,
after which the brain was transferred to a solution of 30% glucose in
1xPBS w/v for long-term storage at 4°C. For imaging, the brain was
mounted longitudinally and submerged in a bath of 4°C phosphate
buffered saline (PBS) in a 752M Vibroslice (Campden Instruments). For
fluorescence imaging, 200um coronal slices were suspended in a
solution of 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI; Thermo
Scientific, USA) at a concentration of 1ug/ml for 15 min before being wet-
mounted on a microscope slide and allowed to dry. Hard set Vectashield
(Vector Labs Inc., USA) was added for slice preservation and imaging.
Images were acquired on an Olympus BX51 upright microscope, and a
Leica SP8 gated stimulated emission depletion (STED) confocal

microscope.

We saw robust ChR2 expression in the dorsal hippocampus
bilaterally as detected by the presence of fluorescing green eYFP visible
in confocal images (Fig. 2.8.1). At higher magnification, it was possible
to identify the layers of stratification in detail (Fig. 2.8.2 and 2.8.3). As a
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control, saline was injected in the same location, instead of the AAV

preparation. As expected, no eYFP fluorescence was detected (Fig.

2.8.3). Ipsilateral Contralateral

Fig. 2.8.1 Confocal image showing representative bilateral expression
profile of green ChR2-EYFP and blue DAPI nuclear stain in the dorsal

hippocampus.

Fig. 2.8.2 High magnification confocal images showing expression of
eYFP and DAPI through layers of area CALl in the dorsal hippocampus
ipsilateral to the side of virus injection. s.o.: stratum oriens; s.p.: stratum
pyramidale; s.r.: stratum radiatum; l.mol.: stratum lacunosum moleculare;

HF: hippocampal fissure.
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Fig. 2.8.3 High magnification of area CA3 pyramidal cell body layer with
DAPI (blue) staining nuclear material and eYFP (green) fluorescence. No
eYFP expression was detected in saline, as opposed to AAV, -injected

animals. Calibration bar = 20um.

In order to determine the relative level of expression of ChR2
between the ipsilateral and contralateral-to-injection hemispheres, as
well as between the CA3 and CALl areas of the hippocampus in each
hemisphere, a standard oval-shaped area (320 x 220 pixels/ 160 x
110um, width x height) within the image (software ImageJ, NIH, USA)
was used to measure the relative eYFP fluorescence across images
acquired using the Olympus BX51 upright microscope, where exposure
settings were identical across both hemispheres (Fig. 2.8.4). For each
image, a background measurement was taken as well as an integrated
density reading for the area of interest. The following equation was used

to generate a corrected total cell fluorescence (CTCF) score:
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CTCF = Integrated Density — (Area of selected cell X Mean

fluorescence of background readings)

The ipsilateral area CAl1 had a markedly reduced relative eYFP
fluorescence (Ipsi CA1: 0.62 +0.11 x 108, n =8, P < 0.05 compared with
ipsi CA3: 2.41 + 0.27 x 10% n = 8; paired t-test). Interestingly, the
contralateral area CA3 had a higher relative fluorescence than area CA1
on either side (Contra CA3: 1.47 + 0.35 x 108, n = 8; Contra CA1: 0.46 +
0.10 x 10%, n = 8, both P < 0.05 compared with ipsi CA3; One-way

ANOVA-Sidak).
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Fig. 2.8.4 Regional eYFP fluorescence. (a) Schema of the oval shaped
area used to determine relative fluorescence. (b) Bar chart of relative
fluorescence measured near the optrode location in the CA3, and the
recording electrode location in the CA1 areas ipsilateral and contralateral
to the hemisphere of virus injection. One-way ANOVA-Sidak. *P < 0.05.

Calibration bars: vertical, 1mV; horizontal, 10ms.
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For light microscopy, 80um coronal slices were mounted on
gelatine-coated (Sigma, 5% w/v in deionised H20) pre-cleaned slides
(Thermo Sci. Polysine slides). Once slices had dried, they were treated
with 96% ethanol to de-fat the tissue. The slides were further washed in
70% ethanol before being rinsed in clean water and exposed to a cresyl
violet solution (Sigma). After 5 min, the slides were washed in water and
a sequence of 70% and 96% ethanol. A mixture of xylene (Sigma) and
ethanol was used before immersion in pure xylene. Once removed from
xylene, the slides were coated with a distyrene plasticizer and xylene
(DPX, VWR, Belgium) synthetic resin mounting media, cover-slipped and
allowed to dry/ harden overnight. The following day, bright field images
were acquired (Fig. 2.8.5) and compared with confocal images (Fig.
2.8.6) of the same brain (every alternate slice, in sequence, was saved
for confocal imaging instead of Nissl). Cell counts were performed
multiple times, and an average was taken. The average Nissl cell count
(175 £ 5.9/mm, n = 6) was comparable to the DAPI stain cell body count
(185 = 9.5/mm, n = 6), and the DAPI count was significantly greater than
the number of cell bodies clearly positive for eYFP (51 £ 7/mm, n = 6), (P

< 0.05 compared between groups; unpaired t-test), (Fig. 2.9.3).
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Fig. 2.8.5 Sample image of a transverse hippocampal slice taken with a

bright-field microscope illustrating the Nissl stain.

100pm 100um 100pm

Merge

Fig. 2.8.6 Representative confocal images of area CA3 pyramidal cell
body layer with DAPI (blue) staining indicating nuclear material and e YFP

(green) fluorescence indicating ChR2 expression.
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Fig. 2.8.7 Bar chart showing cell count data (hnumber of cell bodies / mm
pyramidal cell body layer) showing that eYFP fluorescence, and hence
ChR2 expression, was relatively diffuse compared with total DAPI
staining of cell bodies in the CA3 area near the site of virus injection. *P

< 0.05. Unpaired t-test.

2.9 Compounds

CPP (Abcam), MTEP hydrochloride (Abcam), (+)-MK 801 maleate
(dizocilpine), and its less active (-) enantiomer (Tocris), D-AP5 and L-
AP5 (Tocris), donepezil hydrochloride (Tocris), emetine dihydrochloride
hydrate (Sigma) were prepared in ultra-clean water and diluted into 1 mi
saline for injection; 1 ml saline was used as vehicle control. Ro 25-6981
hydrochloride hydrate (Sigma) was dissolved in DMSO before being
diluted in saline; a 1ml 10% v/v solution DMSO in saline was used as
vehicle control. VU 0360172 (Tocris) was dissolved in 10% Tween-80
(polyethylene sorbitan monooleate, Sigma) in saline; 10% Tween-80
diluted in saline was used as vehicle control. LY 341495 (Abcam), was

dissolved in 1.2 molar equivalent sodium hydroxide (NaOH, Sigma) and
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diluted in saline; 1ml saline was used for vehicle control. Scopolamine

hydrobromide (Sigma) was diluted in saline.

The dose of CPP was chosen based on previous
publications including our finding that 10 mg/kg, i.p., completely blocked
high-frequency stimulation induced LTP (Doyle et al., 1996). In the case
of MTEP, we started with a dose of 3 mg/kg, which we found completely
blocked AB-facilitated LTD (Hu et al., 2014). MTEP is known to achieve
> 90% receptor occupancy after i.p. injection with either 3 or 6 mg/kg
(Busse et al., 2004). MK-801 has been reported to achieve maximal
specific binding in the rat forebrain at a dose of approximately 3 mg/kg,
I.p. (Fernandes et al., 2015) but this dose is unsuited to in vivo
electrophysiology experiments (Abraham and Mason, 1988). We chose
a systemic dose of either 0.5 or 1.0 mg/kg, both of which should produce
>50% occupancy, based on the radioligand binding studies of
(Fernandes et al., 2015). A dose of 1.0 mg/kg, i.p., but not 0.5 mg/kg, has
been reported to prevent the induction of LTP in the dentate gyrus
(Abraham and Mason, 1988). The dose of 60 nmol for i.c.v. injection of
MK-801 is based on previous research (Yoshiyama and de Groat, 2005).
(-)-MK-801 is approximately one-seventh as potent as its active
enantiomer MK-801 at NMDA receptors (Wong et al., 1986). The initial
dose of D-AP5 was chosen on the basis of previous reports including our
previous finding that LTP is blocked by 100 nmol after i.c.v. injection (Hu
et al., 2008). D-AP5’s stereoisomer L-AP5 is known to be at least 30-fold
less potent as an NMDAR antagonist than D-AP5 (Watkins and Evans,

1981).
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AB-derived diffusible ligands (ADDLs) were used to study the
effects of synaptotoxic AR aggregates. They were prepared using
synthetic AB1-42 which was synthesised and purified by the ERI Amyloid
laboratory Oxford, CT, USA. As described previously, the solution
contained oligomers including protofibrils (Nicoll et al., 2013; Hu et al.,
2014). Briefly, a 1 mM solution of AB1-42 was prepared in
hexafluoroisopropanol and incubated at 37 °C for 1 h, briefly vortexed
every 10 min. The hexafluoroisopropanol was evaporated using a
speedvac and the dried peptide film stored overnight with desiccant at
-20 °C. A peptide solution of 22.5 mg/ml was then prepared in anhydrous
dimethylsulfoxide (DMSO) and subsequently diluted 1:50 in Hams F-12
media. After incubation at 4°C for ~14 h the solution was centrifuged at
16,000 x g for 10 min. The supernatant was recovered and absorbance
at 275 nm recorded. Aliquots of ADDLs were frozen on dry ice and stored

at —80°C until administered at a dose of 1.2 nmol suspended in 10ul.

2.10 Data analysis

The strength of synaptic transmission is expressed as a
percentage of the mean + SEM % fEPSP amplitude during the 30 min
baseline just before application of LFS or vehicle/ drug injection. Similar
results were obtained when the fEPSP slope was analysed. When the
optical fEPSP amplitude maximum was less than 0.5mV, the optical data
were not used due to the high variability. Similarly, if the baseline
changed more than 10% during the 30 min before LFS the run was

terminated, and a new i/o curve and baseline was generated. Control
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experiments were interleaved randomly throughout. For time-line
graphical representation, fEPSP amplitudes were grouped into 5-min
epochs; for statistical analysis, fEPSP amplitudes were grouped into 10-
min epochs. Unless otherwise stated, the magnitude of LTD was
measured over the last 10 min of the first hour after LFS and compared
with the last 10 min prior to LFS. Two-tailed paired Student’s t-tests
(paired t) were used to compare pre- and post-LFS data within one group.
For two groups with two time-points, a 2-way ANOVA was used, followed
by post hoc Sidak multiple comparisons. To compare between groups or
time-points of three or more, a one-way ANOVA, followed by post hoc
Sidak multiple comparisons, was used. A value of P < 0.05 was

considered statistically significant.
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l1l. Results

3.1 Physiological activation of mGIlu5 receptors supports the ion

3.2

channel function of NMDA receptors in the induction of hippocampal

LTD in vivo
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3.1.2

3.1.3

3.1.4

Role of NMDA and mGlu5 receptors in the induction of
hippocampal synaptic LTD by low-frequency conditioning
stimulation in vivo

Absolute requirement for GIluN2B-subunit-containing
NMDARSs during LTD induction by LFS in vivo

NMDAR ion channel function is required for the induction
of LTD in vivo

LFS-evoked endogenous glutamate release activates

MGIu5Rs to facilitate the induction of LTD

Diminished role for cholinergic and mGlu receptor modulation in

optogenetically induced hippocampal NMDA receptor-dependent

LTD in vivo

3.2.1

3.2.2

3.2.3

3.24

High-intensity optical low-frequency stimulation induced
LTD at CA3-to-CA1 synapses in vivo

Input selectivity of optical low-frequency stimulation
induced LTD in vivo

Role of cholinergic transmission in oLFS induction of LTD
in vivo

NMDAR-dependence of synaptic LTD induced by optical

stimulation in vivo

101



3.3

102

3.2.5 Role of mGlu receptors in the induction of hippocampal
synaptic LTD by optical conditioning stimulation in vivo
3.2.6 Protein synthesis-dependence of oLFS-induced LTD in

Vivo
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disease AB-facilitated LTD

3.3.1 Alzheimer's disease AP -facilitated LTD induced by
electrical LFS is GIuN2B dependent, but not lateralised

3.3.2 Alzheimer’s disease AB-facilitated LTD induced by optical

LFS is lateralised



3.1 Physiological activation of mGlu5 receptors supports the ion
channel function of NMDA receptors in the induction of

hippocampal LTD in vivo

3.1.1 Role of NMDA and mGlu5 receptors in the induction of
hippocampal synaptic LTD by low-frequency conditioning

stimulation in vivo

Because we had previously found that the induction of LTD by LFS,
consisting of 900 high-intensity pulses at 1 Hz, was not blocked by
standard systemic doses of either NMDAR or mGIu5R antagonists when
applied alone (Hu, N.W. et al., 2014), our hypothesis states that both
types of receptor may need to be blocked simultaneously. Intriguingly,
even though neither of these treatments, when applied alone, affected
LTD, the combination completely prevented the induction of synaptic LTD
by LFS. Thus, consistent with our previous finding (Hu, N.W. et al., 2014),
using a dose (10 mg/kg, i.p.) of the competitive NMDAR antagonist CPP
known to completely inhibit synaptic LTP in the CAl area (Doyle et al.,
1996), the application of LFS after injection of CPP induced robust and
stable synaptic LTD similar in magnitude to that induced in control,
vehicle-injected rats (CPP: 64.4 = 10%, mean £ SEM fEPSP amplitude
expressed as a % of the pre-LFS baseline, n = 10; controls: 66.2 £ 7.1%,
n =10; P < 0.05 both compared with respective pre-eLFS baselines, P >
0.05 between groups; 2-way ANOVA with Sidak post-hoc analysis), (Fig.
3.1.1.1 a,b). Again, confirming our previous report (Hu, N.W. etal., 2014),

application of LFS in MTEP-treated rats induced robust and stable LTD
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of electrically evoked field excitatory postsynaptic potentials (fEPSPs).
Initially, we tested the standard dose of MTEP (3 mg/kg, i.p., n =5) which
is known to non-competitively block mGIu5Rs, with a rat hippocampal
receptor occupancy of >90% (Busse et al., 2004). When this dose proved
ineffective we doubled the dose (n = 4) with similar results, so we pooled
the data for the two doses (MTEP: 75.0 = 3.8%, n = 9; controls: 64.3 +
7.7%, n =9; P < 0.05 both compared with baselines, P > 0.05 between
groups), (Fig. 3.1.1.1 c,d). Significantly, combined systemic injection of
these antagonists completely abrogated electrical induction of synaptic
LTD (CPP+MTEP: 96.7 £ 4.9%, n = 8, P > 0.05 compared with pre-eLFS
baseline; controls: 60.6 + 3.8%, n =9, P < 0.05 compared with baseline

and between groups), (Fig. 3.1.1.1 e,f).
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Fig. 3.1.1.1 Combined systemic injection of antagonists of NMDA and

mMGIub5 receptors prevents the induction of hippocampal synaptic LTD by

electrical low-frequency conditioning stimulation

in vivo. (a) The

competitive NMDAR antagonist CPP (10 mg/kg, i.p.), injected 2.25 h prior

to eLFS, had no significant effect on LTD. (b) Summary of the mean

EPSP amplitude data in (a) before (pre) and 1 h after (post) application

of eLFS. (b) Summary of the mean EPSP amplitude data in (a). (c)

Injection of the mGIuSR negative allosteric modulator MTEP (3 or 6
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mg/kg, i.p. 1 h pre-LFS) alone did not significantly alter the induction of
LTD by eLFS 1 h later. (d) Summary of the mean EPSP amplitude data
in (c). (e) Combined administration of CPP (10 mg/kg, i.p., 2.25 h pre-
eLFS) with MTEP (3 mg/kg, i.p., 1 h pre-eLFS), blocked induction of LTD.
() Summary of the mean EPSP amplitude data in (e). 2-way ANOVA,
with Sidak post-hoc analysis. *P < 0.05. Calibration bars: vertical, 1mV;

horizontal, 10ms.

These findings indicate that LFS increases glutamate concentration
sufficiently to activate mGIlu5Rs, which are found outside, especially on
the edge of, the synapse (Lujan et al., 1997). Co-activation of mGIu5Rs
with NMDARs located in this vicinity is known to strongly enhance the
function of the NMDARs (Doherty et al., 1997; Kotecha et al., 2003;
Mannaioni et al., 2001). Therefore, we hypothesised that Group Il
MGIuRs might also co-activate with NMDARs for LTD induction, given
that they are also are located perisynaptically (Tamaru et al., 2001), can
enhance NMDA-evoked currents (Trepanier et al., 2013; Rosenberg et
al., 2016) and have been implicated in the induction/maintenance of LTD
(Manahan-Vaughan, 1997; Li et al., 2002; Santschi et al., 2006).
However, unlike mGIlu5Rs, they do not appear to have a role during LTD
induction by LFS in vivo. Thus, the high potency selective mGIlu2/3R
antagonist LY341495 (3 mg/kg, i.p.) failed to significantly affect the
magnitude of electrically-induced LTD when administered alone
(LY341495; 74.8 + 5.4%, n = 11; controls: 68.2 £ 2.9%, n = 10; P < 0.05
both compared with baselines, P > 0.05 between groups; 2-way ANOVA

with Sidak post-hoc analysis), (Fig. 3.1.1.2 a,b), or when co-administered
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with CPP (CPP+LY341495: 60.9 + 4.7%, mean + SEM % pre-oLFS
baseline at 1 h, n = 4; controls: 63.1 £ 1.8%, n =6, P <0.05 compared to

respective baselines and P > 0.05 between groups), (Fig. 3.1.1.2 c,d).
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Fig. 3.1.1.2 Group Il mGIuR antagonism alone or in combination with
NMDAR blockade fails to inhibit electrically-induced synaptic LTD in vivo.
(a) The potent and selective group Il mGIuR antagonist LY341495 (3
mg/kg, i.p. 1 h pre-LFS) did not affect the induction of LTD. (b) Summary
of the mean EPSP amplitude data in (a) before (pre) and 1 h after (post)
application of eLFS. (c) Intraperitoneal administration of CPP (10 mg/kg,
2.25 h pre-eLFS) combined with LY341495 (3 mg/kg, 1 h pre eLFS), also
had no effect on LTD. (d) Summary of the mean EPSP amplitude data in
(c). 2-way ANOVA, with Sidak post-hoc analysis. *P < 0.05. Calibration

bars: vertical, 1ImV; horizontal, 10ms.
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Whereas group Il mGIluRs enhance GIuN2A subunit-containing
NMDAR function (Trepanier et al.,, 2013), mGIu5R enhancement is
achieved at least partly by promoting the phosphorylation of GIuN2B
subunits with consequent increased membrane stabilisation of NMDARSs
(Sarantis et al., 2015). Therefore, we hypothesised that a non-
competitive GIuN2B-selective antagonist, the negative allosteric
modulator Ro 25-6981, may ameliorate LTD induction in either the
presence or absence of MTEP. Consistent with the CPP results, whereas
Ro 25-6981 (12 mg/kg, i.p., a dose likely to achieve ~60% NMDA
receptor occupancy; Fernandes et al., 2015) alone failed to significantly
alter LTD (Ro 25-6981: 63.1 + 4.6%, n = 5; controls: 64.3 + 4.2%, n = 6;
P < 0.05 both compared with baselines, P > 0.05 between groups; 2-way
ANOVA, with Sidak post-hoc analysis), (Fig. 3.1.1.2 a,b) the same dose
of Ro 25-6981 given together with MTEP, greatly reduced the magnitude
of electrically induced LTD (Ro 25-6981 + MTEP: 91.7 £ 2.1%, n = 6;
controls: 64.2 £ 1.4%, n=7; P <0.05 compared with respective baselines

and between groups), (Fig. 3.1.1.3 c,d).

108



140 b
w WV r\?'/‘\*/_n IR

. 100gsunusgun¥e i s ™
g ] ]
g 80- 12 : i
1 - v
40|Y Ro(ip) 24 A
J Pre |Post| | Pre |Po
20 eLFS mmm
I v 1 T T
Veh Ro
C 140, d -
] 1 r\z/' 3/ N4/ | .
120+ 1 el @]
] | W) 1
_. 100guuutlggusnny | et e
S I 13 !!gilgill!: a
E 80~ y ® -
- R L]
-— -{ =1 mNgEnn
60y ven )
40 * Ro + MTEP i
] {|Pre |Post| | Pre |Post
20 ' ) gLFST-, : ) :
-60 =30 0 30 60 Veh Ro+MTEP
Time (min)

Fig. 3.1.1.3 GIuN2B-subunit-selective antagonist, systemically
administered with a mGIlu5R antagonist, prevents eLFS induction of LTD.
(a) The non-competitive GIuUN2B subtype selective NMDAR antagonist
Ro 25-6981 (12 mg/kg, i.p., 1 h pre-eLFS) alone had no effect on LTD
induction. (b) Summary of the mean EPSP amplitude data in (a) before
(pre) and 1 h after (post) application of eLFS. (c) In contrast, a
combination of Ro 25-6981 (12 mg/kg, i.p. 1 h pre-LFS) with MTEP (3
mg/kg i.p 1 h pre-LFS) strongly attenuated Itd. (d) Summary of the mean
EPSP amplitude data in (c). 2-way ANOVA, with Sidak post-hoc analysis.

*P < 0.05. Calibration bars: vertical, 1mV; horizontal, 10ms.

These findings are consistent with the supposition that the non-

synaptic interaction between mGlu5 and GIuN2B subunit-containing
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NMDA receptors facilitates the induction of NMDAR-dependent LTD.
However, an alternative potential explanation of these data is that the
activation of either mGIu5Rs or NMDARs by LFS can independently

mediate the induction of LTD in vivo.

3.1.2 Absolute requirement for GIluN2B-subunit-

containing NMDARs during LTD induction by LFS in vivo

If, as proposed, endogenously released glutamate during LFS activates
MGIu5Rs to increase the number of functional NMDARs available for
LTD induction, then the dose of NMDAR antagonist required to block LTD
should be greater when administered alone, relative to when co-
administered with a mGIu5R antagonist. In order to assess this
hypothesis, we injected relatively high doses of NMDAR antagonists
locally near the hippocampus, via the Intracerebroventricular (i.c.v.)
route, thereby minimising the likelihood of significant systemic toxicity.
We started by testing the effect of i.c.v. injection of the competitive
antagonist D-AP5. Whereas a dose (100 nmol i.c.v. 15 min pre-LFS) that
inhibits LTP induction (Hu et al., 2008) was without significant effect,
double this dose partially attenuated the magnitude of LTD (Fig. 3.1.2
a,b). As an additional control we tested the same dose (200 nmol) of L-
AP5, the D-AP5 stereoisomer that is relatively inactive at NMDARs
(Watkins and Evans, 1981), and found that it failed to affect LTD,
consistent with a crucial role for NMDARSs in LFS induction of LTD (100
nmol D-AP5: 63.1 + 5.4%, n = 4, controls: 53.0 £ 2.8%, n = 6; P < 0.05
compared with respective baselines and P > 0.05 between groups; 200
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nmol D-AP5: 73.2+ 3.9%, n = 5; P < 0.05 compared with baseline, vehicle
controls or L-AP5, the NMDAR low-affinity stereocisomer of D-AP5, 51.8
+2.6%, n = 4; One-way ANOVA, Holm-Sidak of 1 h post-LFS, and paired

t-tests), (Fig. 3.1.2 a,b).

Moreover, given the known importance of GIuN2B subunit-containing
NMDARs in mediating facilitatory effects of mGIu5R co-activation
(Sarantis et al., 2015), i.c.v. treatment with a relatively high dose (2 nmol
I.c.v. 15 min pre-LFS) of the very selective Ro 25-6981 greatly diminished
the magnitude of LTD induced by LFS, compared with vehicle-treated
animals (Ro 25-6981: 90.0 £ 4.5%, n = 4, P > 0.05 compared with
baseline; controls: 54.4 + 4.0%, n = 6, P < 0.05 compared with baseline,

2-way ANOVA, with Sidak post-hoc analysis), (Fig. 3.1.2 c,d).
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Fig. 3.1.2 High doses of locally-injected NMDAR antagonists prevent
LTD induction by eLFS in vivo. (a) Intracerebroventricular administration
of 200 nmol, but not 100 nmol, of the competitive antagonist D-AP5, 15
min before eLFS attenuated LTD, which was also unaffected by the
stereoisomer L-AP5 at 200nmol. (b) Summary of the mean EPSP
amplitude data in (a) before (pre) and 1 h after (post) application of eLFS.
(c) Furthermore, i.c.v. application of the non-competitive Ro 25-6981 (2
nmol 15 min pre-LFS) strongly inhibited LTD. (d) Summary of the mean
EPSP amplitude data in (c). One-way ANOVA, Holm-Sidak, 2-way
ANOVA, with Sidak post-hoc and paired t-tests. *P < 0.05. Calibration

bars: vertical, 1ImV; horizontal, 10ms.

We did not test the effect of high local dose of MTEP on LTD induction
because systemic administration of the doses employed in the previous
section (see above) achieve very high receptor occupancy (Busse et al.,

2004).
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3.1.3 NMDAR ion channel function is required for the

induction of LTD in vivo

In the light of the controversy over the requirement for ion flux through
the NMDAR channel in LFS induction of synaptic LTD in vitro (Babiec et
al., 2014; Gray et al., 2016; Nabavi et al., 2013), next we examined the
effect of the use-dependent NMDAR channel blocker MK-801 in vivo.
Given the results mentioned previously, we tested the hypothesis that
potentially local application of an antagonist of the ion flux function of the
NMDAR channel may be required to ameliorate LTD. Systemic treatment
with a relatively low dose of MK-801 (0.5 mg/kg, i.p., 1 h pre-LFS) had no
significant effect on the induction of LTD by LFS (i.p. MK-801: 53.2 +
5.7%, n = 5; i.p. controls: 65.6 + 7.6%, n = 6; P < 0.05 both compared
with baselines, P > 0.05 between groups, 2-way ANOVA, with Sidak post-
hoc analysis), (Fig. 3.1.3 a,b). In order to reduce the likelihood of
significant systemic toxicity with higher doses, we then tested the effects
of local injection of MK-801 near the hippocampus. We found that MK-
801 (60 nmol, i.c.v. 15 min pre-LFS) prevented LTD induction by
electrical stimulation in a stereoselective manner. Consistent with a need
for the ion channel function of the NMDARSs in the induction of LTD, only
the NMDAR-selective (+)-enantiomer (MK-801) reduced the magnitude
of LTD whereas the control (-)-enantiomer (60 nmol) appeared inactive
(i.c.v. MK-801: 89.5 + 1.3%, n = 5; i.c.v. (-)-MK-801: 53.2 + 4.7%, n = 4,
P < 0.05 compared with respective baselines and between groups), (Fig.

3.1.3c,d).
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Fig. 3.1.3 Necessity for NMDAR ion channel function in the induction of
LTD in vivo. (a) The use-dependent NMDAR ion channel blocker MK-
801, in keeping with the relatively low potency of the other NMDAR
antagonists, failed to significantly affect LTD. (b) Summary of the mean
EPSP amplitude data in (a) before (pre) and 1 h after (post) application
of eLFS. (c) Importantly, a high dose of locally-injected MK-801 (60 nmol,
I.c.v. 15 min pre-LFS), in comparison with the control (-) stereoisomer,
strongly inhibited LTD induction in vivo. (d) Summary of the mean EPSP
amplitude data in (c). 2-way ANOVA, with Sidak post-hoc analysis. *P <

0.05. Calibration bars: vertical, 1mV:; horizontal, 10ms.

These data provide strong evidence that the induction of synaptic LTD

in vivo requires ion flux via NMDARSs.
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3.1.4 LFS-evoked endogenous glutamate release

activates mGlu5Rs to facilitate the induction of LTD

The findings described above support the proposal that mGIlu5R co-
activation by LFS stabilises GIuN2B NMDARs in the plasma membrane
to enhance LTD induction. Therefore, we hypothesise that
pharmacologically boosting endogenous glutamate activation of
MGIu5Rs may facilitate the induction of LTD. We predicted that a positive
allosteric modulator of these receptors should lower the threshold for
LTD, enabling its induction by weak LFS. Therefore, we examined the
effect of the mGIu5R positive allosteric modulator VU 0360172 (15
mg/kg, s.c. 1 h pre-LFS) on the ability of a peri-threshold induction
protocol (300 high-intensity pulses at 1 Hz, LFS-300) to induce LTD. VU
0360172 facilitated the induction of robust LTD by the peri-threshold
electrical LFS-300 (control: 91.5 + 2.5%, n=10; P > 0.05 compared to
baseline; VU 0360172: 62.4 + 3.8%, n=6,P < 0.05 compared with
baseline and between groups, 2-way ANOVA, with Sidak post-hoc

analysis), (Fig. 3.1.4 a,b).

These data indicate that the relatively low potency of competitive and
non-competitive NMDAR antagonists in blocking LTD induction by LFS
is likely caused by additional activation of mGIlu5Rs that stabilise the
membrane localisation of NMDARs. To further test this hypothesis, we
assessed the ability of the non-competitive GIuN2B antagonist Ro 25-
6981 to prevent LTD induced by weak LFS in the presence of the

MGIu5R positive allosteric modulator. Whereas the induction of LTD by
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LFS-300 in the presence of VU 0360172 was not blocked by a standard
systemic dose (12 mg/kg, i.p. 1 h pre-LFS) of Ro 25-6981, local high-
dose (2 nmol, i.c.v. 15 min pre-LFS) injection of this antagonist
completely blocked this form of LTD (i.c.v. Ro 25-6981: 97.8 + 3.8%,
n=4,P > 0.05 compared with baseline, paired t-test; i.p. Ro 25-
6981: 51.3 £4.2%, n=4, P < 0.05 compared with baseline, paired t-test),

(Fig. 3.1.4 c,d).
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Fig. 3.1.4 Endogenous glutamate release evoked by LFS activates
MGIu5Rs to facilitate the induction of LTD in vivo. (a) The mGIu5R
positive allosteric modulator VU 0360172 (15 mg/kg, s.c. 1 h pre-LFS)
facilitated the induction of LTD by a peri-threshold electrical LFS-300
conditioning protocol (300 high-intensity pulses at 1Hz) relative to vehicle
controls. (b) Summary of the mean EPSP amplitude data in (a) before
(pre) and 1 h after (post) application of eLFS. (c) Local injection of a
relatively high dose (2 nmol, i.c.v. 15 min pre-LFS) of the GIuN2B
antagonist Ro 25-6981 prevented LTD induction by LFS-300 in the
presence of VU 0360172, whereas systemic treatment (12 mg/kg, i.p. 1
h pre-LFS) did not. (d) Summary of the mean EPSP amplitude data in
(c). 2-way ANOVA, with Sidak post-hoc analysis and paired t-tests. *P <

0.05. Calibration bars: vertical, 1mV; horizontal, 10ms.
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The observed positive allosteric mGIuSR modulator-mediated
facilitation of LTD induction and the requirement for high-dose local
GIuN2B antagonist to block this facilitated LTD provide very strong
complimentary support for the proposed involvement of mGlu5-NMDA

receptor co-activation by LFS.

3.2 Diminished role for cholinergic and mGlu receptor
modulation in optogenetically induced, hippocampal

NMDA receptor-dependent LTD in vivo

The study of LTD in the adult rodent hippocampus has proven
challenging both in vitro (Ho et al., 2004) and particularly in vivo
(Errington, 1995; Staubli, 1997). Despite these difficulties, the standard
electrical LFS (eLFS, consisting of a set of 900 pulses at 1 Hz) protocol
has been reported to induce robust NMDAR-dependent LTD in
anaesthetised or freely behaving adult rats, albeit often strongly
regulated by exposure to critical behavioural conditions, including stress
(Xu, 1997; Kemp, 2004; Fox, 2006; Wong, 2007; Ge, 2010). The
requirement for high-intensity pulses, as previously mentioned (Hu, N.W.
et al., 2014), was putatively attributed to a need to activate cholinergic
fibres during the eLFS (Caruana et al., 2011). Consistent with this idea,
the LTD was strongly inhibited by muscarinic acetylcholine receptor
(AChR) antagonists and facilitated by blocking ACh breakdown using an
anticholinesterase agent. Furthermore, although primarily NMDAR-
dependent, mGIlu5R activation had a strong positive modulatory effect on

LTD induction, supporting a facilitatory interaction between mGIlu5R and
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NMDAR, most likely at peri-synaptic sites (Lujan et al., 1997; Darnell et

al., 2013; Hu et al., 2014).

Most previous research has employed electrical stimulation, which
usually activates pathways en masse and relatively indiscriminately, both
to record synaptic transmission and induce LTD. Unlike standard
electrical field stimulation, selective expression of channelrhodopsin in
excitatory neurons not only avoids direct activation of cholinergic fibres
but also allows more diffuse synaptic activation of specific glutamatergic
pathways, more closely mimicking natural spatial patterns, which
generally are relatively sparse as occurs during much of normal
hippocampal function (Ramirez et el, 2013). As a result, we
hypothesised that by using optical stimulation to diffusely activate
excitatory neurons, we should be able greatly reduce the likelihood of
peri/extra-synaptic glutamate receptor activation (Arnth-Jensen et al.,

2002; Scimemi et al., 2004).

The use of optogenetics also opens up the opportunity to address the
possibility that LTD, like LTP (Kohl et al., 2011; Shipton et al., 2014), is
lateralised. The induction of LTP was found to be asymmetric by selective
stimulation of left and right CA3 inputs to CA1 in the stratum radiatum of
adult mice in vitro; conditioning stimulation of Schaffer collateral or
commissural inputs from left, compared with right, hippocampal CA3
pyramidal neurons preferentially triggers LTP at apical dendrites on CA1
pyramidal neurons (Kohl et al., 2011; Shipton et al., 2014). Intriguingly,

LTD is preferentially induced in slices from adult mice that congenitally
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symmetrically express the type of apical synapse that right CA3 neurons
form with CA1 (Kawahara, 2013), raising the prospect that, in wild-type
animals, LTD may be preferentially induced at CA1 synapses formed by

right CA3 pyramidal neurons.

3.2.1 High-intensity optical low-frequency stimulation

induced LTD at CA3-to-CA1 synapses in vivo.

With the optical fibre positioned over area CA3, optically evoked
transmission at CA3-to-CAl synapses was recorded in the stratum
radiatum in the CA1 area. Responses in the optical pathway were stable
for more than 3 h as indicated by the continuous monitoring of the
response to test pulse stimulation and comparing the input-output
relationship of stimulation intensity to fEPSP amplitude at the start and
end of the recording period (Fig. 3.2.1.2). The ability to induce LTD of
optically evoked synaptic responses was assessed using a variety of low-
frequency (1Hz) protocols. Application of 900 optical pulses at an
intensity that evoked 50% maximum fEPSPs (0LFS-50% max) only
induced a transient depression of synaptic transmission that quickly
reverted to pre-conditioning levels (97.7 + 4.7% at 40 min post- OLFS-
50% max, n = 6; P > 0.05 compared with baseline; paired t-test), (Fig.
3.2.1.1 a,c). In contrast, a tetanus consisting of 900 pulses delivered at
75% maximum intensity (OLFS-75% max) triggered an LTD that slowly
reversed towards pre-LFS baseline (88.6 + 1.3% at 40 min,n = 4; P <

0.05 compared with baseline), (Fig. 3.2.1.1 b,d).
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Fig. 3.2.1.1 The ability to induce LTD of optically evoked synaptic responses
was assessed using a variety of low-frequency (1Hz) protocols. (a) Optical
low-frequency conditioning stimulation consisting of 900 high-intensity
pulses at 1 Hz (oLFS), when applied at the test pulse intensity (0LFS-50%
max), triggered a short-term depression of optically evoked fEPSPs. Values
are expressed as mean + SEM % baseline EPSP amplitude. (b) Summary
of the mean fEPSP amplitude data in (a) before (Pre) and 40 min after
(Post) application of oLFS-50% max. (c) Increasing the intensity of the
pulses during oLFS to evoke EPSPs that were 75% of the maximum (oLFS-
75% max) enabled the induction of a small LTD. (d) Summary of the mean
fEPSP amplitude data in (c). Insets show typical fEPSP traces at the
times indicated before (Pre) and 40 min after (Post) application of oLFS.
Paired t-tests. *P < 0.05. Calibration bars: vertical, 1mV; horizontal,

10ms.

In order to induce robust LTD a stronger 900 pulse 1 Hz protocol
needed to be applied. Such LFS, at an intensity that evoked fEPSPs that
were approximately 95% of the maximum (oLFS-95% max), triggered a
large LTD of optically evoked test fEPSPs that remained stable for at

least 3 h (Fig. 3.2.1.2 a) and an associated shift of the input-output curve
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to the right (Fig. 3.2.1.2 b). This sequence was repeated in a different
animal with just an electrical LFS, at an intensity that evoked fEPSPs that
were approximately 95% of the maximum (eLFS-95% max); this
triggered a large LTD of electrically evoked test fEPSPs that also
remained stable for at least 3 h (Fig. 3.2.1.2 ¢) and an associated shift of
the input-output curve to the right (Fig. 3.2.1.2 d). In both non-tetanised
pathways, the input-output curves with not change from the beginning

(start) to the end of the experiment (Fig. 3.2.1.2 b,d).
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Fig. 3.2.1.2 High-intensity low-frequency stimulation induced robust LTD at
CAS3-to-CA1 synapses in vivo. (a) oLFS (900 high-intensity optical pulses
at 1Hz) triggered a persistent depression of optically evoked test fEPSPs
(closed diamonds). In contrast, in a control, non-tetanised pathway, the
responses were stable over the 4 h recording period (open diamonds).
(b) The tetanised pathway showed a shift to the right in the recorded i/o
curves from the beginning to the end of the experiment, whereas the non-
tetanised pathway did not. (c) Further, in a different animal, eLFS (900
high-intensity electrical pulses at 1Hz) triggered a persistent depression
of electrically evoked test fEPSPs (closed boxes). Whereas, in a non-
tetanised pathway, the responses were stable over the 4 h recording
period (open boxes). (d) The tetanised pathway showed a shift to the
right in the recorded i/o curves from the beginning to the end of the

experiment, whereas the non-tetanised pathway did not.
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Because the induction of LTP at CA3-to-CA1 synapses in vitro has
been reported to be strongly lateralised (Kohl et al., 2011; Shipton et al.,
2014), we hypothesised that we would see lateralisation of optically
induced LTD in vivo, with more LTD in the right hemisphere, or none in
the left. The magnitude of LTD in the left (experimental setup illustrated
in Fig. 3.2.1.3 a) and right (Fig. 3.2.1.3 b) hippocampus was not
significantly different when both the stimulation and recording electrodes
were located in the hippocampus that had been injected with virus (Left:
66.7 £ 3.9%, Right: 67.3 + 3.1%, values at 3h after oLFS-95% max, n =
7 for each side; P < 0.05 compared with baselines, 2-way ANOVA with
Sidak post-hoc analysis), (Fig. 3.2.1.3 c,d). Therefore, LTD was induced

regardless of which side the virus had been injected.
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Fig. 3.2.1.3 High-intensity low-frequency LTD at CA3-to-CA1 synapses in
vivo is not lateralised. (a) Schematic of experimental setup where virus
injection and optrode placement were in the left hippocampus. (b)
Schematic illustrating the alternative setup where the virus injection and
optrode placement were in the right hippocampus. (a) Group averaged
time-course data for experiments in which the stimulation and recording
electrodes were both in the hippocampus that was injected with virus, in
either the left or right hemisphere. (b) Summary of the mean fEPSP
amplitude data in (a) before (Pre) and 3 h after (Post) application of oLFS-
95% max. 2-way ANOVA with Sidak post-hoc analysis. *P < 0.05.

Calibration bars: vertical, 1mV; horizontal, 10ms.
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With good expression of eYFP in the hippocampus contralateral to
the hemisphere of viral transduction (see Methods 2.8.1), we
hypothesised that we should be able to stimulate synaptic EPSPs in the
commissural pathway and induce stable LTD. oLFS induced robust LTD
in either the left or right hippocampus hemisphere, opposite to the
hemisphere of virus injection (experimental setup illustrated in Fig.
3.2.1.4 a,b). Thus, even though baseline fEPSPs were smaller in
amplitude (values compared with CA1 fEPSPs evoked and recorded
ipsilateral to the side of virus injection in the same animal, and
represented in traces in Fig. 3.2.1.4 c), oLFS induced a large LTD
(contralateral: 60.3 £ 3.7% at 1 h, n = 4, consisting of 2 for each side; P

< 0.05 compared with baseline; paired t-test), (Fig. 3.2.1.4 c,d).
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Fig. 3.2.1.4 Robust LTD in either the left or right hippocampus, stimulated
and recorded in the hemisphere opposite to the hemisphere of virus
injection. (a) Schematic of experimental setup where the optrode and
recording electrode were placed in the left-hand side and contralateral to
the side of the virus injection in the right hippocampus. (b) Schematic
illustrating the alternative setup where the optrode and recording electrode
were implanted in the right hippocampus contralateral to the side of the virus
injection in the left hippocampus. (c) Time-course data for when the
stimulation and recording electrodes were both in the hippocampus
contralateral to that which was injected with virus. Representative traces
illustrating the optical fEPSP (light blue traces 1 and 2 = left; navy traces
3 and 4= right). (d) Summary of the mean fEPSP amplitude data in (c)
before (Pre) and 3 h after (Post) application of oLFS-95% max. Paired t-

test. *P < 0.05. Calibration bars: vertical, 1mV; horizontal, 10ms.
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3.2.2 Input selectivity of optical low-frequency stimulation

induced LTD in vivo

We predicted that optically induced synaptic LTD is input-selective and
therefore should be independent of electrically induced LTD and vice
versa. In order to determine if oLFS-induced LTD in the live animal is
input-selective, we tested whether or not the induction of LTD by oLFS
affected synaptic responses evoked by electrical stimulation of an
independent synaptic pathway between CA3 and CA1 pyramidal neurons
(see Methods), and vice versa; the optrode used comprised of the twisted
bipolar electrical stimulating electrode glued to the optical fibre stimulator
and thus both stimuli were presented in the same general location, but
activated different pathways. We applied high-intensity LFS to both
pathways separately and continuously monitored, with a single recording
electrode in the stratum radiatum in the CA1 area, fEPSPs evoked by
alternate optical and electrical test pulses. As predicted, the expression
of LTD in one pathway did not appear to affect responses in the other
pathway after applying either oLFS or eLFS (Fig. 3.2.2.1 a-d). Thus, LTD
induced by a single train of high-intensity oLFS did not affect baseline
synaptic responses in the electrical pathway (optical: 71.6 £ 2.2% at 1 h;
electrical: 98.8 + 1.4% at 1 h, n = 10, one-way ANOVA with Sidak post-
hoc analysis, compared with respective baseline, paired t-test), (Fig.
3.2.2.1 a,c). Similarly, in a separate group of animals, the induction of
LTD by strong eLFS did not alter the baseline of optically evoked fEPSPs
(optical: 99.5 £ 1.9% at 1 h; electrical: 70.6 + 3.3% at 1 h, n =9, one-way
ANOVA, compared with respective baseline, paired t-test), (Fig. 3.2.2.1

b,d).
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Fig. 3.2.2.1 Pathway independence of oLFS-induced LTD in vivo. (a)
After 30 min of stable baseline recording from both optical (Opt) and
electrical (Elec) pathways in the same animal, application of oLFS
induced LTD of optical responses but did not affect the fEPSP in the
electrical pathway from CA3 to CA1 pyramidal neurons. Conversely, 1 h
after the application of oLFS, eLFS only induced LTD of electrical
responses but did not affect the fEPSP in the optical pathway. (b)
Similarly, when the conditioning stimulation sequence was reversed, LTD
in one pathway did not affect the fEPSP in the other pathway. (c,d) Bar
charts summarising the data for before (Pre) and 1 h after each
conditioning stimulation in the optical or electrical pathways. The data
show both the pathway independence of LTD and the lack of influence of
prior eLFS on the ability of oLFS to induce LTD and vice versa. One-way
ANOVA with Sidak post-hoc analysis per group. *P < 0.05. Calibration

bars: vertical, 1mV; horizontal, 10ms.

Because a single LFS tetanus might not saturate LTD expression, we
wondered if repeated LFS of one pathway might influence the expression

of LTD in the other pathway (Fig. 3.2.2.2). Repeated application at 1 h
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intervals of eLFS (Fig. 3.2.2.2 a,b) or oLFS (Fig. 3.2.2.2 c,d) did not
significantly increase the magnitude of LTD (values after 3rd LFS
compared with first’ LTD, for both, respectively; eLFS3: 46.0 £ 5.2%,
eLFS1:52.6 +4.8%, n=4; oLFS3: 56.7 + 7.3%, oLFS1: 63.7 £ 3.0%, n
= 4; P > 0.05 in both cases, one-way ANOVA with Sidak post-hoc
analysis) or influence its expression in the other pathway (values after
3rd LFS, respectively; optical after eLFS3: 929 + 1.9%, P > 0.05
compared with optical baseline 99.8+ 3.6%, paired t-test; electrical after
OLFS3: 97.5 + 2.8%, P > 0.05 compared with electrical baseline 98.1%
1.3%, paired t-test), indicating that single LFS-900 saturates LTD and
confirmed that the expression of LTD in the optical and electrical

pathways are truly independent of each other.
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Fig. 3.2.2.2 LTD saturation outlines input selectivity of oLFS-induced LTD
in vivo. (a) Repeated oLFS failed to affect the electrical pathway
responses and the subsequent induction of LTD by eLFS. (c) However,
although repeated eLFS did not affect optically evoked fEPSPs, the
induction of LTD in the optical pathway by oLFS 1 h after the third
electrical tetanus was inhibited. (b,d) Bar charts summarising the data at
the times indicated. One-way ANOVA with Sidak post-hoc analysis per
group, and selective paired t-tests. *P < 0.05. Calibration bars: vertical,

1mV; horizontal, 10ms.

We also examined if the induction of LTD in one pathway was
influenced by the prior induction of LTD in the other pathway. The
application of a single (Fig. 3.2.2.1 a) or repeated (Fig. 3.2.2.2 ¢) oLFS

did not significantly affect the subsequent ability to induce LTD with eLFS
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(after a single oLFS: 68.5 + 4.8%, n=10; after three sets of oLFS: 65.5 £
10.8%, n=4, *P < 0.05; One-way ANOVA with Sidak post-hoc analysis
per group, compared with respective baseline, paired t-test). However,
even though single eLFS did not significantly affect the subsequent
induction of LTD in the optical pathway (Fig. 3.2.2.1 b), three sets of eLFS
greatly impeded the subsequent ability to induce LTD with oLFS (after
single eLFS: 63.3 £ 2.2%, n=9; after three sets of eLFS: 101.0 + 6.8%,
n=4, *P < 0.05; One-way ANOVA with Sidak post-hoc analysis per group,

compared with respective baseline, paired t-test), (Fig. 3.2.2.2 a).

3.2.3 Role of cholinergic transmission in oLFS induction

of LTD in vivo

Medial septal cholinergic efferent inputs into the CA3 area of the
hippocampus synapse onto the pyramidal dendrites and elicit a
neuromodulatory role on hippocampal synaptic plasticity (Cobb and
Davies, 2005). Recent in vivo studies have shown mixed results in
implicating this cholinergic input on synaptic plasticity (Huerta and
Lisman, 1993; Fernandez de Sevilla et al., 2008) including LTD. From a
human disease perspective, currently approved Alzheimer’s Disease
(AD) drugs are limited to acetylcholinesterase (AChE) inhibitors and

memantine (Anand et el., 2014).

Previously we reported that cholinergic transmission, via muscarinic
acetylcholine receptors, is required for the induction of robust LTD by the
application of high-intensity electrical stimulation in the stratum radiatum
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ofthe CAl area (Hu et al., 2014). We hypothesised that such strong eLFS
activated en passant cholinergic fibres to promote LTD. We predicted
that oLFS induced LTD should be relatively independent of cholinergic
input. We confirmed our previous finding that donepezil, an
acetylcholinesterase inhibitor that boosts endogenous acetylcholine
(Kryger et al., 1999; Sugimoto et al., 2000), lowered the threshold for the
induction of LTD by a peri-threshold conditioning protocol, consisting of
300 high-intensity electrical pulses at 1Hz (eLFS-300), (Fig. 3.2.3.1 e,f).
Thus, in control animals eLFS-300 caused little change from baseline
(915 £ 2.5% at 1 h post- eLFS-300, n = 10; P > 0.05 compared with
baseline, paired t-test) whereas the same protocol induced robust
synaptic LTD in the presence of donepezil (1mg/kg, s.c. 1 h prior to LFS),
(64.5 £ 4.9% at 1 h post- eLFS-300, n = 5; P < 0.05 compared with
baseline, paired t-test, P < 0.05 compared with eLFS300 control, 2-way
ANOVA with Sidak post-hoc analysis), (Fig. 3.2.3.1 e,f). In contrast,
application of 300 high-intensity optical pulses at 1 Hz (oLFS-300) failed
to induce LTD in the absence or presence of donepezil (control: 97.6 +
1.8% at 1 h, n = 11; donepezil: 92.9 £ 8. 7% at 1 h, n = 4; P > 0.05
compared with baseline or between groups, 2-way ANOVA with Sidak
post-hoc analysis), (Fig. 3.2.3.1 a,c). In view of the lack of a facilitatory
effect of donepezil on LTD induction by oLFS-300, we decided to
determine if it might enhance LTD induced by stronger, yet submaximal
conditioning stimulation of the optical pathway (Fig. 3.2.3.1 b,d). Thus, in
controls, the application of 600 pulse oLFS induced an initially large
depression that slowly reverted towards baseline (oLFS-600; 83.0 +

2.7%, n =7; P <0.05 compared with baseline, paired t-test). However,
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donepezil also failed to facilitate the induction of LTD by oLFS-600 (86.9

+5.1%, n = 4; P > 0.05 compared with baseline, control, 2-way ANOVA).
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Fig. 3.2.3.1 Effect of the anticholinesterase donepezil (1 mg/kg s.c.) on
LTD induction in the optical and electrical pathways. (a) Whereas
donepezil facilitated the induction of LTD by eLFS-300 (e,f), it failed to
facilitate LTD induction by oLFS-300 (a,c) or oLFS-600 (b,d). Values at 1
h post-LFS are presented in all bar charts. 2-way ANOVA with Sidak
post-hoc analysis. *P < 0.05. Calibration bars: vertical, 1mV; horizontal,

10ms.

Next, we assessed if the muscarinic ACh receptor antagonist

scopolamine blocked oLFS-induced LTD, since we previously found it to
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strongly block LTD 3 h after its induction by high-intensity electrical LFS-
900 in the stratum radiatum. Similar to our earlier report, scopolamine
(0.2 mg/kg, i.p., 1-2 h pre-LFS) significantly inhibited LTD 3 h after the
delivery of eLFS-900 (scopolamine: 90.3 + 5.2%, n = 5; control: 60.3 *
5.2%, n =7, P <0.05 compared with baseline and between groups, 2-
way ANOVA with Sidak post-hoc analysis), (Fig. 3.2.3.2 c,d). Conversely,
although LTD in the optical pathway appeared to be inhibited in some
scopolamine-treated animals, overall there was no significant reduction
of LTD magnitude at 3 h post-oLFS (scopolamine: 72.8 + 7.2%, n = 9;
control: 64.5 + 2.5%, n =7, P < 0.05 compared with baseline, and P >
0.05 between groups, 2-way ANOVA), (Fig. 3.2.3.2 a,b). Further, an
unpaired t-test comparison of the optical and electrical +180 min data
time points from both scopolamine groups show no significant difference
(P > 0.05). Moreover, the vehicle control data collected for both
modalities at +180 mins post-LFS also show no significant difference (P

> 0.05), utilising an unpaired t-test.
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Fig. 3.2.3.2 Cholinergic-independence of oLFS induced LTD in vivo.
Effect of the muscarinic acetylcholine receptor antagonist scopolamine
(0.2 mg/kg, i.p. 1-2 h pre-LFS) on LTD in the optical and electrical
pathways. Whereas scopolamine significantly inhibited LTD triggered by
eLFS-900 (c,d), it had little effect on LTD induced by oLFS-900 (a,b).
Values at 3 h post-LFS are presented in these bar charts. 2-way ANOVA
with Sidak post-hoc analysis. *P < 0.05. Calibration bars: vertical, 1mV;

horizontal, 10ms.
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3.2.4 NMDAR-dependence of synaptic LTD induced by

optical stimulation in vivo

Previously (Section 3.1.2) we reported that the induction of LTD by eLFS,
consisting of 900 high-intensity pulses at 1 Hz, was only blocked by high
local intracerebral doses of NMDAR antagonists when given alone,
whereas standard systemic doses of NMDAR antagonists were only
effective if mGIu5R was simultaneously blocked. We hypothesise that
optically induced LTD would require NMDAR function. In order to
determine if activation of the NMDAR is needed for the induction of
synaptic LTD by oLFS in vivo, first, we investigated D-AP5. A dose (100
nmol, i.c.v., 15 min pre-LFS) that failed to prevent LTD induction by eLFS
strongly attenuated optically induced LTD (100 nmol D-AP5: 93.2 + 2.6%,
n =4, P > 0.05 compared with baseline and control; i.c.v. controls: 61.5
+ 2.8%, n = 5, P < 0.05 compared with baseline; 2-way ANOVA with
Sidak post-hoc analysis), (Fig. 3.2.4 a,b). Further, a standard systemic
dose of the competitive antagonist CPP (10 mg/kg, i.p., 2 h pre-LFS),
strongly and significantly attenuated the induction of optically induced
LTD (control: 57.4 + 3.5%, n = 8; CPP: 88.7 £ 2.5%, n = 5; P < 0.05
compared with baseline and between groups, 2-way ANOVA), (Fig. 3.2.4
c,d). Next, we studied the non-competitive GIUN2B subunit-selective
negative allosteric modulator Ro 25-6981. Ro 25-6981 (6 mg/kg, i.p. 1 h
pre-LFS) also strongly blocked the induction of LTD induction by oLFS
(control: 68.1 £ 2.3%, n = 5, P < 0.05 compared with baseline; 6 mg/kg
Ro 25-6981: 99.0 + 5.7%, n = 5, P > 0.05 compared with baseline, P <

0.05 compared between groups, 2-way ANOVA), (Fig. 3.2.4 ef).
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In the light of the controversy over the requirement for ion flux through
the NMDAR channel in eLFS induction of synaptic LTD in vitro (Babiec,
2014; Gray, 2016; Nabavi, 2013), we also examined the effect of the use-
dependent NMDAR channel blocker MK-801. A relatively low dose of
MK-801 (0.5 mg/kg, i.p., 1 h pre-LFS) strongly blocked the induction of
LTD by oLFS (MK-801:89.2 £ 1.7%, n = 5; control: 67.9 £ 2.3%, n =6; P
< 0.05 compared with baseline and between groups, 2-way ANOVA),

(Fig. 3.2.4 g,h).
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Fig. 3.2.4 NMDAR-dependence of the induction of synaptic LTD by oLFS
in vivo. (a) Whereas application of oLFS induced robust and stable
synaptic LTD in vehicle-pre-treated controls, the same oLFS protocol
only induced a decremental LTD in animals pre-injected with a dose of
D-APS5 (100 nmol, i.c.v., 15 min pre-LFS) that failed to significantly affect
eLFS-induced LTD, 2-way ANOVA with Sidak post-hoc analysis. *P <
0.05. (b) Summary of the mean EPSP amplitude data in (a) before (pre)
and 1 h after (post) application of eLFS. (c) Moreover, in animals treated
systemically with the competitive NMDAR antagonist CPP (10 mg/kg,
i.p., 2.25 h pre-oLFS) a strong inhibition relative to vehicle-treated
animals was seen. (d) Summary of the mean EPSP amplitude data in (c).
(e) Similarly, systemic administration of the non-competitive GIuN2B
subtype selective NMDAR antagonist Ro 25-6981 (6 mg/kg, i.p.,1 h pre-
LFS) abrogated optically-induced LTD. (f) Summary of the mean EPSP
amplitude data in (e). (g) Further, the use-dependent NMDAR ion
channel blocker MK-801 (0.5 mg/kg, i.p., 1 h pre-LFS) potently and
strongly inhibited optically-induced LTD. (h) Summary of 1 h data in (g).

Calibration bars: vertical, 1mV; horizontal, 10ms.
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Summarising these results, the induction of synaptic LTD by optical
stimulation of glutamatergic fibres in vivo was blocked by relatively low
doses of NMDAR antagonists that act at either the orthosteric glutamate
binding site (CPP), the negative allosteric site on the GIluN2B subunit (Ro

25-6981) or the NMDAR ion channel (MK-801).

3.2.5 Role of mGlu receptors in the induction of
hippocampal synaptic LTD by optical conditioning

stimulation in vivo

We tested the hypothesis that optically induced LTD is independent of
MGIu5R activation. The mGIlu5 receptor negative allosteric modulator
MTEP alone did not affect the induction of LTD by oLFS. Thus, in MTEP
(3 mg/kg, i.p., 1 h pre-LFS) pre-treated animals, application of oLFS
induced robust and stable LTD of optically evoked fEPSPs (MTEP: 68.3
*+ 6.7%, n = 5; controls: 68.3 + 2.4%, n=7, P < 0.05 compared with
respective pre-oLFS baselines; P > 0.05 between groups; 2-way ANOVA

with Sidak post-hoc analysis), (Fig. 3.2.5 a,b).

Nevertheless, we wondered if pharmacologically boosting
endogenous glutamate activation of mGIu5Rs would facilitate the
induction of LTD by optical LFS, similar to eLFS-induced LTD. The
MGIu5R positive allosteric modulator VU 0360172 (15 mg/kg, s.c., 1 h
pre-LFS) failed to enhance the ability of the peri-threshold oLFS-300
protocol (300 high-intensity optical pulses at 1 Hz) to induce LTD. Thus,

OoLFS-300 induced a short-term depression of synaptic transmission
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either in the absence or presence of VU 0360172 (control: 97.6 + 1.8%
at1l h, n=11, P> 0.05 compared with baseline; VU 0360172: 95.1 +
1.4%, n=4, P > 0.05 compared with baseline and between groups, 2-way

ANOVA), (Fig. 3.2.5 c,d).

Equally, the highly selective mGIu2/3R antagonist LY341495, at a
dose of 3 mg/kg, i.p. 1 h pre-LFS, failed to significantly affect the
magnitude of oLFS-induced LTD (Fig. 3.2.5 e,f), similar to our previous
finding for eLFS-induced LTD. (LY341495: 72.0 + 5.4%, n = 9; controls:
69.1 £ 4.0%, n = 7; P < 0.05 both compared with baselines, P > 0.05

compared between groups, 2-way ANOVA).
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Fig. 3.2.5 mGlu receptor-independence of optically-induced synaptic LTD
in vivo. (a) Injection of the mGIu5R negative allosteric modulator MTEP
(3 mg/kg, i.p., 1 h pre-LFS), did not significantly affect the induction of
LTD by oLFS-900. (b) Summary of the mean EPSP amplitude data in (a)
before (pre) and 1 h after (post) application of LFS. (c) The mGIuS5R
positive allosteric modulator VU 0360172 (15 mg/kg, s.c., 1 h pre-LFS)
did not facilitate the induction of LTD by a peri-threshold optical LFS
conditioning protocol (oLFS-300, 300 high-intensity pulses at 1Hz)
relative to vehicle controls. (d) Summary of the mean EPSP amplitude
data in (c). (e) Moreover, the group Il mGIuR antagonist LY341495 (3
mg/kg, i.p., 1 h pre-LFS) did not significantly affect optically induced LTD.
(f) Summary of the mean EPSP amplitude data in (e). 2-way ANOVA with
Sidak post-hoc analysis. *P < 0.05. Calibration bars: vertical, 1mV;

horizontal, 10ms.
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3.2.6 Protein synthesis-dependence of oLFS-induced LTD

in Vivo

Protein synthesis has been reported to be necessary for LTD induced by
eLFS in area CALl in rats in vivo (Manahan-Vaughan et al., 2000). Here
we have described an NMDAR dependent in vivo CA3-CA1 hippocampal
synaptic LTD inducible with two different stimulus modalities;
understanding the sensitivity of this synaptic plasticity to protein
synthesis antagonism is paramount to further understanding the

underlying molecular mechanisms responsible.

Because the persistence of certain forms of NMDAR-dependent
LTD require new proteins to be synthesised we hypothesised that LTD at
both pathways would be sensitive to translation inhibition. Therefore, we
tested translation inhibitor emetine (240 ug, injected i.c.v. 30 min pre-
LFS; Stanton and Sarvey, 1984), which strongly inhibited oLFS-induced
LTD (89.2 + 8.2% at 3 h post-LFS, n = 5, P > 0.05 compared with
baseline; P < 0.05 compared with 62.6x 3.0%, n = 7, in vehicle-treated
rats; 2-way ANOVA with Sidak post-hoc analysis), (Fig. 3.2.6 a,b).
Further, the same dose abrogated eLFS-induced LTD (91.9 + 5.9% at 3
h post-LFS, n = 3, P > 0.05 compared with baseline; P < 0.05 compared
with 54.8 + 3.6%, n = 7, in vehicle-treated rats, 2-way ANOVA), (Fig. 3.2.6

c,d).
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Fig. 3.2.6 Protein synthesis-dependence of LTD in vivo. (a) Inhibition of
protein synthesis with the translation inhibitor emetine (240 ug, i.c.v.) 30
min prior to high-intensity oLFS-900 strongly inhibited LTD in the optical
pathway. (b) Summary of the mean EPSP amplitude data in (a) before
(pre) and 3 h after (post) application of oLFS. (c) Further, inhibition of
protein synthesis with emetine application prior to eLFS-900 also strongly
inhibited LTD in the electrical pathway. (d) Summary of the mean EPSP
amplitude data in (c). 2-way ANOVA with Sidak post-hoc analysis. *P <

0.05. Calibration bars: vertical, 1mV; horizontal, 10ms.
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3.3 GIluN2B NMDAR-dependence and lateralisation of

Alzheimer’s disease AB-facilitated LTD

Synaptic plasticity in the brain is particularly vulnerable to disruption by
factors that impair cognition in neurological and psychiatric disease,
including Alzheimer's (AD) and related dementias. There is a great
scientific and medical need to elucidate the cellular basis of this
impairment. Moreover, glutamatergic processes are strongly implicated
in causing and mediating the symptoms of AD. A major hallmark
symptom of AD is the development of amyloid plaques containing the
amyloid-B protein (AB). Early studies found that AD-associated Ap
promoted glutamatergic excitotoxicity (Madeira et al., 2015). More
recently AR was discovered to form soluble oligomers that rapidly and
potently disrupt glutamatergic synapses and plasticity mechanisms
underlying cognitive function (Hu et al., 2009). Further, as was recently
reported, application of synthetic AB-derived diffusible ligands (ADDLS)
was sufficient in lowering the threshold for LTD induction, allowing a sub-
threshold electrical LFS300 to induce strong, stable LTD (Hu et al.,
2014). Here we investigated the NMDAR-dependence and lateralisation

of the facilitatory effect of AR on LTD.
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3.3.1 Alzheimer’s disease AB-facilitated LTD induced by

electrical LFS is GIuN2B dependent, but not lateralised

Previous work indicated that AB-enhanced LTD was NMDAR
independent (Hu et al., 2014) since it was not blocked by the GIuN2B-
selective non-competitive antagonist Ro 25-6981 when systemically
injected at standard doses. Given the present results with locally
delivered NMDAR agents (Section 3.1.2), we hypothesised that i.c.v.
delivery of Ro 25-6981 may abrogate Ap-facilitated LTD. First, we
confirmed that synthetic synaptotoxic aggregates of human Ap1-42
facilitated the induction of LTD by electrical LFS of the Schaffer collateral/
commissural pathway in vivo. Thus, application of the peri-threshold
eLFS-300 conditioning protocol 30 min after an i.c.v. injection of AB
(1.2nmol) induced robust LTD induction (control eLFS-300: 91.5 + 2.5%,
n=10; AB: 64.2 £ 4.5%, n = 10, P < 0.05 between all groups, one-way
ANOVA, Holm-Sidak of 1 h post-LFS, compared with respective
baseline, paired t-test). Importantly, the AB enhanced LTD was NMDAR-
dependent. A complete ablation of LTD was seen after combined i.c.v.
application of AB and Ro 25-6981, similar to that previously seen (Hu et
al., 2009), where Ro 25-6981 blocked LTP abrogation induced by AB.
Four animals were administered Ro 25-6981 locally 15 min after A and
15 min before LFS, whereas two animals were given Ro 25-6981 15 min
before AR and 45 min before LFS; no difference in LTD abrogation was
seen therefore the data from all 6 animals were combined (a+Ro 25-
6981: 88.5 £ 7.1%, n =6; P < 0.05 between all groups, one-way ANOVA,

Holm-Sidak of 1 h post-LFS, compared with respective baseline, paired
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t-test, and between individual groups, unpaired t-test), (Fig. 3.3.1 a,b).
Further, when animals that were tetanised on the left or right hemisphere
were compared, there appeared to be no lateralisation of AB preferential
facilitation of the induction of LTD by eLFS (AB-left: 64.5 + 5.5%, n = 6;

AB-right: 63.7 £ 8.6%, n = 4), (Fig. 3.3.1 c,d).
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Fig. 3.3.1 Alzheimer’s disease AR enhanced electrically induced LTD is
GIuN2B dependent but not lateralised. (a) Application of electrical LFS-
300 30 min after the injection of AR (1.2nmol, i.c.v.) induced large LTD
compared with controls, which was strongly blocked by the GIuUN2B-
selective NMDAR antagonist Ro 25-6981. (b) Summary of the mean
EPSP amplitude data in (a) before (pre) and 1 h after (post) application
of LFS. One-way ANOVA, Holm-Sidak, post-hoc analysis, and paired t-
test. (c) The facilitatory effect of AR was not lateralised in Alzheimer’s
disease AB-facilitated LTD. (d) Summary of the mean EPSP amplitude
data in (c). 2-way ANOVA with Sidak post-hoc analysis. *P < 0.05.

Calibration bars: vertical, 1mV; horizontal, 10ms.
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3.3.2 Alzheimer’s disease AB-facilitated LTD induced by

optical LFS is lateralised

Numerous reports indicate that the early cognitive impairment of AD are
driven by lateralised hippocampal deficits, but the underlying cellular
mechanisms still need to be elucidated. Amyloid- protein (AB) forms
synaptotoxic assemblies that disrupt hippocampal synaptic plasticity, and
we wondered if such deleterious effects were also lateralised, providing
a potential insight into the pathophysiology of early AD. Specifically, we
hypothesised that, since AB-facilitated LTD is mGlu5R-dependent (Hu et
al., 2014) and mGIu5R levels are higher on apical spines of CA1 neurons
receiving input from left CA3 pyramidal cells (Shinohara and Hirase,

2009), AB would preferentially facilitate at these synapses.

When we administered the same dose of AB that facilitated eLFS-
induced LTD, the magnitude of LTD induced by oLFS-300 was
significantly greater LTD than controls, which were recorded for just 1 h
post-LFS (ctrl: 97.6 £+ 1.8% at 1 h,n=11; AB: 86.2 +3.7%,n =11, P <
0.05 compared with baseline and between groups, 2-way ANOVA with
Sidak post-hoc analysis), (Fig. 3.3.2 a,b). Importantly, when we
compared animals that had recorded data lasting at least 3 h post-LFS,
and were tetanised on the left and right sides, there was clear evidence
of lateralisation, such that AB preferentially facilitated the induction of
LTD by oLFS at Schaffer collaterals in the left hippocampus (AB-left: 75.8
+5.2% at 3 h post-oLFS; AB-right: 98.2 + 3.6%; n =5 per group, P <0.05
compared with baseline and between groups, 2-way ANOVA), (Fig. 3.3.2

c,d).
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Fig. 3.3.2 Alzheimer’s disease AB enhances optically induced LTD
preferentially at Schaffer collateral input to CA1 in the left hippocampus.
(a) Application of optical LFS-300, 30 min after the injection of AB
(1.2nmol, i.c.v.) induced a significantly larger LTD compared with
controls. (b) Summary of the mean EPSP amplitude data in (a) before
(pre) and 1 h after (post) application of oLFS. (c) Remarkably, the
facilitatory effect of AB was lateralised such that oLFS induced robust
synaptic LTD at stratum radiatum Schaffer collaterals in the left, but not
right, hippocampus. (d) Summary of the mean EPSP amplitude data in
(c) before (pre) and 3 h after (post) application of oLFS. 2-way ANOVA
with Sidak post-hoc analysis. *P < 0.05. Calibration bars: vertical, 1mV:;

horizontal, 10ms.
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V. DiIscussion

4.1 Induction of hippocampal synaptic LTD by optical low-

frequency conditioning stimulation in vivo

4.2 The role of cholinergic transmission in oLFS induction of

LTD in vivo

4.3 The role of NMDA and mGIu5 receptors in the induction of

hippocampal synaptic LTD in vivo
4.4 Absolute requirement for GIuN2B-subunit-containing
NMDARSs and the ion channel function in the induction of

LTD in vivo

4.5 The roles of GIuN2B-subunit-containing NMDARs and

lateralisation in Alzheimer’s disease AB-facilitated LTD
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To increase our understanding of in vivo LTD, we examined the
requirement for cholinergic, as well as the metabotropic and ionotropic
functions of glutamate in LTD induction, in different synaptic pathways,
in urethane anaesthetised adult rats. We specifically focused on LTD
induction by electrical and optical LFS at CA3-to-CAl apical synapses in
the hippocampus and its modulation by synthetic Alzheimer’s disease A
protein. Seeing that high-intensity electrical LFS is likely to co-activate
both the mGIu5R and NMDARs we wondered if an interaction between
these receptors was necessary to enable the induction of LTD.
Furthermore, given that peri/extra-synaptic glutamate receptor activation
is readily evoked by electrical stimulation (Arnth-Jensen et al., 2002;
Scimemi et al., 2004) we utilised the recently developed technology of
optogenetics to relatively diffusely express light-activatable
channelrhodopsin 2 (ChR2-eYFP) in CA3 pyramidal neurons unilaterally,
thereby allowing relatively selective excitation of either Schaffer collateral
or commissural fibres, avoiding stimulation of en passant cholinergic
neurons. Thus, optogenetics allowed us to assess the need for peri/extra-
synaptic mGIu5R and muscarinic AChR activation in LTD induction. More
diffuse and selective probing of plasticity at these synapses in vivo may
more closely mimic the pattern that occurs during much of normal

hippocampal function (Ramirez et al., 2013).
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4.1 Induction of hippocampal synaptic LTD by optical low-

frequency conditioning stimulation (oLFS) in vivo

Ever since its introduction in hippocampal neurons (Boyden et al., 2005)
optogenetics has been widely used to study neurotransmitter systems in
a variety of CNS regions including the hippocampus (Kohl et al., 2011,
Basu et al., 2016; Jackman et al., 2014; Jackman et al., 2016; Broussard
et al.,, 2016; Wang et al., 2015; Bittner et al., 2015) and with specific
attention to learning and memory (Ramirez et al., 2013; Nabauvi et al.,
2014; Redondo et al., 2014; Liu et al., 2012; Liu et al., 2014; Ryan et al.,
2015; Shipton et al., 2014). There is keen interest in utilisation of this
system for studies relating to the control of behavioural activity
(Danielson et al., 2016; Weber et al., 2015; Kwon et al., 2015; Bukalo et
al., 2015; Mamad et al., 2015; Kropff et al., 2015) as well as Alzheimer’s
disease (Roy et al., 2016; Yamamoto et al., 2015), schizophrenia (Duan
et al., 2015), epilepsy (Ladas et al., 2015; Chiang et al., 2014), anxiety
and depression (Belzung et al.,, 2014) and autism (Felix-Ortiz et al.,

2014).

In this study, we were able to demonstrate that selective
expression of ChR2 by AAV transduction in excitatory CA3 pyramidal
neurons, elicited functional synaptic responses at apical dendrites in the
stratum radiatum of area CA1 in the living rat. Considering the novelty of
the optogenetic technique employed here and the complexity of
hippocampal synaptic plasticity, it was important to confirm the

expression of ChR2 was selective and that optical stimulation evoked
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stable synaptic field potentials with a similar time course to electrically

evoked responses.

To avoid the direct activation of en passant cholinergic fibres, we
chose the a-calcium/ calmodulin-dependent kinase Il (CaMKIl) promoter
to restrict expression of our channelrhodopsin to excitatory neurons in
the hippocampus. Based on previous studies that used a variety of viral
vectors and channelrhodopsins, we chose AAV2 or AAV5 directed
expression of the H134R/ E123T ChR2 (Tchumatchenko et al., 2013,
Zhang et al., 2006, Lorenz-Fonfria and Heberle, 2014) nonselective
cation channel. We observed sufficient expression in CA3 pyramidal
neurons in the dorsal hippocampus to allow 0.5-1.0mW of blue (473nm)
laser light to activate enough current to optically evoke an EPSP that was

temporally and structurally comparable to the electrically evoked EPSP.

We noted that sweep-to-sweep variation of optically evoked
fEPSPs was greater than electrically evoked fEPSPs, but the average
optically evoked responses remained stable over several hours of
recording once the initial maximum fEPSP amplitude was greater than
~1mV. It is likely that the optogenetically elicited train of action potentials
in the transduced CA3 pyramidal cell population activated native voltage-
gated sodium channels in the Schaffer collateral pathway that
propagated as a spike to the axon terminals in the stratum radiatum of
the CA1 in the dorsal hippocampus. Thus, optically evoked fEPSPs likely
share the same mechanisms of presynaptic (such as exocytotic
neurotransmitter vesicle pool dynamics) and postsynaptic plasticity (via
receptor activation, internalisation and phosphorylation), as would native
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or electrically induced action potential trains with similar strength, rates
and timing. Thus, the increased sweep-to-sweep variability of optically
evoked responses is likely to be caused by the initial variation in the
number of ChR2 channels activated by the light. In vivo tissue
transmission of the optical stimulus will depend on local factors that are

constantly fluctuating, including blood flow.

We found that a high-intensity (evoking 95% but not 75 or 50% of
maximum responses) optical low-frequency stimulation of 900 (but not
300 or 600) pulses delivered at 1Hz induced LTD at CA3-to-CAl
synapses that was at or near maximum, suggesting that strong synaptic
activation is required for robust hippocampal LTD induction by oLFS.
Similar magnitude LTD was induced by oLFS in both hemispheres and
appeared largely independent of electrical LFS induction and expression
of LTD in nearby synaptic pathways. The lack of any lateralisation of in
vivo optically induced control LTD contrasts with what has been
previously reported with optically induced LTP in vitro (Kohl, 2011;
Shipton, 2014). An additional application of the optogenetic technique
tested here was the ability to stimulate CA3 pyramidal neurons
commissural fibres after they had traversed to the hippocampal CA3 area
contralateral to the side of viral injection. Even though the fEPSPs were
smaller with this experimental protocol than those recorded ipsilateral to
the site of transduction/ stimulation, robust LTD was induced regardless

of which side the virus had been injected.
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4.2 The role of cholinergic transmission in oLFS induction

of LTD in vivo

It is well accepted that CAL interneurons receive cholinergic projections
from the medial septum-diagonal band of Broca (Dutar et al., 1995).
Activation of muscarinic acetylcholine receptors (mMAChR) and nicotinic
ACh receptors (NAChR), can modulate the excitability of interneurons
and/ or suppress GABA release (Pitler and Alger, 1992; Fukudome et al.,
2004; Cobb and Davies, 2005; Cea-del Rio et al., 2011), and regulate
short and long-term plasticity at excitatory synapses in CA1 pyramidal
neurons (Huerta and Lisman, 1993; Fernandez de Sevilla et al., 2008).
Indeed, the activation of presynaptic mAChRs transiently inhibits
excitatory transmission by reducing glutamate release through inhibition
of VGCC at Schaffer collateral terminals (Fernandez de Sevilla et al.,
2008). However, the association of cholinergic influence on synaptic
plasticity in vivo remains to be properly explored (Fernandez de Sevilla
et al.,, 2008; Hu et al., 2014). As a result, the use of cholinergic
independent optogenetic expression tools could prove invaluable in
studying fundamental neurophysiology and how it is modulated in

disease, such as Alzheimer’s.

When we revisited our previous work indicating the requirement
for cholinergic transmission via mAChRs for the induction of LTD, we
confirmed the ablation of electrically induced LTD with the mAChR
antagonist scopolamine. In contrast, we found scopolamine had no

overall effect on optically induced LTD, 3 hours after stimulation. Further,
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when we boosted endogenous acetylcholine with the application of the
anticholinesterase donepezil, sub-threshold eLFS was now sufficient to
induce robust LTD, confirming our previous finding. However, there was
a distinct lack of a facilitatory effect of donepezil on LTD induction by
oLFS. Taken together, these findings indicate that electrical field
stimulation activated en passant cholinergic fibres to promote LTD
whereas direct optical stimulation of pure Schaffer collateral inputs was
sufficient to induce LTD. It seems unlikely that background cholinergic
tone, independent of electrical stimulation, strongly regulates LTD in the

anaesthetised rat.

4.3 The role of NMDA and mGlu5 receptors in the

induction of hippocampal synaptic LTD in vivo

In the case of CA3-to-CALl synapses in the hippocampus, LTD induction
has been divided into NMDAR and mGluR—dependent forms. Therefore,
we examined the requirement of glutamate receptor function underlying
the induction of LTD at these synapses in the hippocampus in vivo. We
found that relatively high doses of competitive and non-competitive
receptor antagonists were required to reveal the NMDAR-dependence of
synaptic LTD induced by field electrical stimulation, which activates
synapses en masse. In contrast, LTD induced by optical stimulation of
excitatory synapses containing ChR2 was readily blocked by standard
systemic doses of NMDAR antagonists. Remarkably, although mGIu5R
antagonism alone failed to affect either optical or electrical LTD, standard

doses of NMDAR antagonists were sufficient to prevent eLFS-induced
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LTD only when mGIu5Rs were simultaneously blocked. Complementing
these findings, a positive allosteric modulator of mGIluS5Rs lowered the
threshold for electrically-induced, but not optically-induced, LTD. We also
found that the NMDAR ion channel function was necessary in synaptic
LTD, as were GIuN2B containing NMDARs when inhibiting mGIu5R

positive allosteric modulator-facilitated electrically induced LTD.

The induction of LTD by eLFS was inhibited only by relatively high
doses of a variety of NMDAR antagonists that act via different
mechanisms: (1) bind competitively to the orthosteric glutamate binding
site (D-AP5), (2) non-competitively block the GIuUN2B subunit (negative
allosteric modulator Ro 25-6981) or (3) non-competitively block the open
ion channel (MK-801). This requirement for high doses of NMDAR
antagonists is most unlikely to be solely because eLFS increases
glutamate release, since the standard doses of D-AP5, CPP and MK-801
used here, that failed to inhibit electrically induced LTD, completely block
the induction of LTP by electrical high-frequency conditioning stimulation
that greatly increases glutamate release (Hu et al., 2008, Abraham and
Mason, 1988, Hu et al., 2009). Moreover, by definition, non-competitive
blockade of NMDARs should be relatively independent of ambient
glutamate concentration. The requirement for a relatively high
concentration of antagonist to achieve significant block of LTD induction,
therefore, is much more likely to be caused by an increase in functional
NMDAR numbers. Our finding that blocking mGIlu5Rs lowered the dose
of NMDAR antagonist required to inhibit LTD by LFS strongly indicates

that mGIu5R co-activation boosts functional NMDAR numbers. Indeed,
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mGIu5 and NMDA receptors are physically associated as part of an
interactome (Darnell and Klann, 2013), and perisynaptic co-activation of
these receptors enhances NMDAR-mediated excitability (Doherty et al.,
1997, Kotecha et al, 2003, Mannaioni et al.,, 2001). Further,
complementary confirmation of the role of mGIu5Rs in the direct
regulation of NMDAR function in vivo was the ability of a positive
allosteric modulator at mGIu5SRs to lower the threshold for the induction
of LTD by eLFS. Importantly, similar to LTD induced by standard LFS, a
relatively high-dose NMDAR antagonist also was required to inhibit this

pharmacologically potentiated LTD.

The finding of a facilitatory role of mGlu5Rs in NMDAR-dependent
LTD induction implies that eLFS causes significant co-activation of
MGIu5Rs and NMDARs at non-synaptic sites. Such activation is
dependent on the spatial pattern of synaptic activation, with electrical
field stimulation, as used in the present experiments, providing highly
favourable conditions for glutamate spillover-mediated co-activation of
mGIlu5 and NMDA receptors; however, this likelihood was greatly
diminished in LTD induction by relatively diffuse selective optical
stimulation of Schaffer collaterals, given that mGIuSRs are less likely to
be activated. Consistent with this scenario, optical LTD induction was
blocked by a standard dose of NMDAR antagonist and was not facilitated

by the positive allosteric modulator of mGIlu5Rs.

Nearby synapses are highly likely to be co-activated under

pathological conditions such as epilepsy and spillover to neighbouring
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synapses will be increased when glutamate homeostasis is
compromised, such as occurs in psychiatric and neurological ilinesses.
Indeed, in animal models of AD, mGIu5Rs are engaged to enhance
synaptic LTD that is resistant to NMDAR antagonism (Hu et al., 2014, Li
et el., 2009). Undoubtedly, hippocampal mGIu5Rs act as sentinels of
glutamate spillover and, when activated in concert with GIuN2B, trigger
a persistent down-regulation of potentially redundant or inappropriate
synaptic transmission, thus placing mGIu5R facilitation of LTD in the

centre of the synaptic physiology-pathology continuum.

The finding that boosting mGIu5R activation with a selective PAM
and boosting mAChR activation with a selective acetylcholinesterase
inhibitor lowered the threshold for the induction of LTD by eLFS raises
the question of the possible relationship between these two pathways.
Both are G-protein-linked 7 transmembrane receptors and are known
(Wang and Zhou, 2012; Resend and Adhikari, 2009) to engage similar
downstream signalling pathways, including PLC, DAG, PKC and
calmodulin, leading to ERK and MAPK activation. Although mGlu5
receptors are tightly linked to GIuN2B subunits, less is known regarding
MAChR-GIuN2B interactions (Dennis et al., 2016; Jiang et al., 2014). On
the other hand, although the mAChR antagonist scopolamine inhibited
eLFS-induced LTD, we failed to observe any disruption of this form of

LTD after injection of the mGIlu5R antagonist MTEP.
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4.4 Absolute requirement for GIuN2B-subunit-containing
NMDARSs and the ion channel function in the induction of

LTD in vivo

Recentresearch (Sarantis et al., 2015) emphasises a key role for GIuN2B
subunits in mediating mGIu5R enhancement of NMDAR excitability,
where co-activation of mGIuSR/ NMDAR activates Src kinases,
synergistically leading to GIuN2B (Tyr1472) phosphorylation to prevent
internalisation, stabilising GIuN2B-containing NMDARs in the plasma
membrane. Indeed, our data demonstrate that GIuN2B subunits are
critical for LTD induction by eLFS, consistent with previous in vivo (Fox
et al.,, 2006; Wong et al., 2007), and in vitro studies (see review by
Shipton and Paulsen, 2014), although it is important to consider
alternative reporting (Bartlett et al., 2007; Kollen et al., 2008). Here we
report a similar requirement for GIuN2B in LTD induction by optogenetic
activation of synapses using high-intensity optical LFS of ChR2
expressing CA3 neurons. GIluN2 subunit expression and localisation
changes markedly across development, with a higher ratio of
GIuN2A:GIuN2B, and a shift of GIuN2B from synaptic to a predominantly
perisynaptic and extrasynaptic location, in adulthood (Yashiro and
Philpot, 2008). Small changes in age during development affect the
magnitude or even the presence of LTD (Ku et al., 2008), consistent with
a critical role for GIUN2B in the induction of LTD. Based on our findings
with Ro 25-6981, GIUN1/GIuN2B diheteromers are required for synaptic
LTD induction in vivo but clearly roles for synaptic GIUN1/GIUN2A

diheteromers or GIluN1/GIuN2A/GIuN2B triheteromeric NMDARSs cannot
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be excluded (Hansen et al., 2014).

The ability of the open-channel, use-dependent, blocker of
NMDARs MK-801 (Harris and Pettit, 2007), to inhibit LTD triggered by
high-intensity electrical or optical stimulation indicates that the LTD
induction is dependent on ion flux through NMDARs. The widely
accepted view that the faster and greater Ca?* influx through NMDARSs
during high-frequency stimulation protocols leads to LTP while slower
and smaller Ca?* influx through NMDARS results in LTD at hippocampal
synapses is being challenged (Nabavi et al., 2013; Tigaret et al., 2016).
However, in the present study LTD induced by either oLFS or eLFS was
blocked, albeit with differential sensitivity by MK-801, supporting the view
that Ca?* influx through NMDARSs is required for LTD induction in vivo.
Thus, although our data are consistent with a physical interaction
between mGIu5Rs and GIuN2B facilitating LTD induction by eLFS, the
obligatory involvement of NMDAR ion channel function in triggering LTD

in vivo emerges as paramount.

4.5 The roles of GIuN2B-subunit-containing NMDARs and

lateralisation in Alzheimer’s disease AB-facilitated LTD

Many studies have seen an impairment in memory coinciding with the
accumulation of soluble extracellular AR protein (McLean et al., 1999).
Both synthetic and human-derived AR soluble aggregates potently
disrupt synaptic plasticity (Shankar and Walsh 2009; Hu et al., 2014).
Interestingly here, ADDLs had a strong facilitatory effect on electrically
induced LTD whereas it caused a modest enhancement of LTD induction
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by subthreshold optical LFS. Further, given the successful ablation of
synaptic LTD by local injection of a GIluN2B containing NMDAR
antagonist, we decided to revisit the role of NMDARSs in the ability of
ADDLs to enhance electrically induced LTD (Hu et al., 2014). The same
dose of locally delivered Ro 25-6981 that prevented eLFS-900 LTD also
blocked the APB-mediated enhancement, providing further evidence
suggesting that GIUN2B subunit-containing NMDARs mediate the
actions of AB oligomers (Li et al., 2009). Thus, potentially GIuN2B block
may be useful in preventing AB from promoting glutamatergic
excitotoxicity (Haass and Selkoe, 2007) and possibly blocking AB acting
as an extracellular scaffold and promoting the inappropriate synaptic
mobilisation and activation of mGIu5R (Renner et al., 2010). The new
findings support the belief that GIUN2B plays a key role in mediating the
synaptic plasticity disrupting actions of AR (Hu et al., 2009; Um et al.,

2012; Kessels et al., 2013).

When we parsed the optical data further, it became apparent that
the AB-facilitated LTD was lateralised, where AR preferentially facilitated
the induction of optically induced LTD in the left hippocampus. This
provides valuable insight into the pathophysiology of AD indicating that
the left CA1 neurons receiving input from left CA3 pyramidal cells may
be preferentially targeted by AB, due to higher mGIuSR levels (Shinohara
and Hirase, 2009). As a result, optogenetics could open up new avenues
for AD research allowing us to examine a lateralised LTD that is

specifically directed by AB.
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V. Conclusion

The findings presented here within, indicate that input selective
optogenetic LFS of excitatory neurons is sufficient to induce an NMDA
receptor-dependent, mGlu receptor-independent synaptic LTD that is
also independent of cholinergic drive in vivo and dependent on de novo
protein translation. Moreover, mGIu5Rs were recruited to enhance
electrically induced LTD, which was also dependent upon the GIuN2B
subunit as well as the ion channel function of NMDARs. Alzheimer’s
disease (AD) Ap-facilitated LTD was lateralised, providing a potentially
unique approach to further study ApB-mediated synaptotoxic

mechanisms.

Optogenetics has the potential to help dissect out the synaptic
molecular mechanisms that underlie not only LTD, but LTP, and other
types of neural plasticity in the brain. We believe our data ads to the
growing body of work helping parse out the different levels of involvement
of different synaptic transmembrane neurotransmitter binding proteins
and the roles they play individually, and synergistically, in learning and
memory. Presented here are novel findings that aid in the understanding
of LTD and synaptic plasticity, processes that are believed to underlie
information storage mechanisms in learning and memory. Ultimately, we
believe this work forces us to rethink our understanding of the

fundamental mechanisms of LTD in vivo.
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VI. Suggestions for further work

Further work is required to fully exploit the potential of the optogenetic
approach taken here to help parse out the contribution of synaptic
membrane proteins in LTP and LTD. We provide strong evidence that
currently used optogenetic protocols are suitable for in vivo
neuroplasticity investigations; nevertheless, some of their limitations for
the study of LTP may be addressed using opsins with faster kinetics, for

example.

It would be interesting to see if alternative oLFS induction
paradigms induced LTD at these synapses, such as paired-pulse LFS.
One might hypothesise that optical PP-LFS may be mGluR-dependent
providing us with an exceptional tool to help parse the different glutamate
receptor functions in synaptic plasticity. Also, it will be necessary to
investigate the possible asymmetry of GIuN2B-dependent and
independent forms of LTD at Schaffer collaterals at different

developmental stages to fully evaluate our findings.

It would also be interesting to study commissurally expressed LTD
in more detail to examine potential differences in response to
pharmacological challenges, including examining if commissural LTD is
NMDAR or mGIuR dependent. Broadening the commissural story, it

would be intriguing to probe any potential laterality to that form of LTD.
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Given our discovery of the requirement for GIuN2B containing
NMDARSs in Alzheimer’s disease AB-enhanced eLFS-induced LTD, might
targeting GIuN2B prove to be an effective therapeutic strategy, maybe in
combination with ACh-related therapy? Moreover, given this finding,
might the asymmetrically biased, optically induced Alzheimer’'s disease
AB-enhanced LTD be susceptible to GIuN2B-NMDAR antagonism? It
would also be interesting to examine if the Alzheimer’'s disease AB-
enhanced oLFS LTD is mGIlu5R-dependent and mAChR independent,
as we previously reported for eLFS LTD (Hu et al., 2014). These studies
will potentially openo to a new avenue for understanding circuit-level
mechanisms and discover candidate therapeutics in Alzheimer’s

disease.

The present findings also emphasize the need for future studies
to determine the extent of lateralisation of (a) glutamate receptor
subtypes, in particular, GluN2B and mGlu5 receptors and (b) spine types,
in particular, mushroom-type and thin spines at CA3-to-CA1 synapses in
the rat hippocampus. Such knowledge will prove invaluable in the

interpretation of both physiological and pathological lateralisation.
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9T¢

Drug Mode of application Dose Timing Method of Action Vehicle
CPP I.p. 10mg/kg 2h 15 min pre- LFS | Orthosteric competitive Diluted in water, added to
NMDAR antagonist saline for application
MTEP I.p. 3mg/kg or 1h pre- LFS Group | mGIlu5R antagonist | Diluted in water, added to
6mg/kg saline for application
LY341495 L.p. 3mg/kg 1h pre- LFS Group Il mGIuR antagonist | Dissolved in 1.2 molar
equivalent NaOH
Ro 25-6981 | i.p. 6mg/kg or 1h pre- LFS Use-dependent NMDAR Diluted in DMSO, added to
12mg/kg antagonist saline for application, 10%
l.C.v. 2nmol 15 min pre- LFS viv
D-AP5 l.C.v. 100nmol or 15 min pre- LFS Orthosteric competitive Diluted in water, added to
200nmol NMDAR antagonist saline for application




LTT

Drug Mode of application Dose Timing Method of Action Vehicle

L-AP5 I.C.V. 100nmol 15 min pre- LFS 30-fold less active Diluted in water, added to
orthosteric competitive saline for application
NMDAR antagonist

VU 0360172 | s.c. 15mg/kg 1h pre- LFS Positive allosteric modulator | Dissolved in 10% Tween-
of group 1 mGIu5R 80; diluted in saline for

application
MK-801 or I.p. 0.5mg/kg or | 1h pre- LFS Non-competitive NMDAR Diluted in water, added to
(-)-MK-801 1.0mg/kg antagonist saline for application.
l.C.v. 60nmol 15 min pre- LFS
Donepezil S.C. 1mg/kg 1h pre- LFS Acetylcholinesterase Diluted in water, added to

inhibitor

saline for application.




8T¢

Drug Mode of application Dose Timing Method of Action Vehicle
Scopolamine | i.p. 0.2 mg/kg 1-2h pre- LFS Anticholinergic Diluted in saline
Emetine l.C.V. 240 ug 30min pre- LFS Translation inhibitor Diluted in water, added to
saline for application
AB - ADDL l.C.V. 1.2nmol 30min pre- LFS Prepared in DMSO and

diluted in Hams F-12

media




	A thesis submitted for the degree of Doctor of Philosophy
	Kenneth Joseph O’Riordan
	Department of Pharmacology and Therapeutics
	Declaration
	Abstract
	Acknowledgements
	Personally, I would like to thank
	My wife, Michelle
	Abbreviations
	List of Figures
	Fig. 2.7.3  Representative recording of an electrically evoked fEPSP.
	Fig. 3.2.2.1  Pathway independence of oLFS-induced LTD in vivo.
	Fig. 3.2.3.2  Cholinergic-independence of oLFS induced LTD in vivo.
	Fig. 3.2.6.  Protein synthesis-dependence of LTD in vivo.
	Table of Contents
	Title
	I. Introduction
	Page
	II. Materials and Methods
	III. Results
	Page
	IV. Discussion
	V. Conclusions
	VI. Suggestions for future work
	VI. References
	VII. Appendix – Drug table
	I. Introduction
	1.1 Preface
	1.2 Hippocampal anatomy and role in memory
	1.3 Hippocampal plasticity and memory models
	1.4 LTP and LTD of excitatory synaptic transmission
	1.5 The role of glutamate in synaptic plasticity
	1.6 Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subtypes
	1.7 N-methyl-D-aspartate (NMDA) receptor subtypes
	1.8 Metabotropic glutamate receptor (mGluR) subtypes
	1.9 Protein synthesis and synaptic plasticity
	1.10 Optogenetic activation of glutamatergic transmission and plasticity
	1.11 Optogenetics in the study of the asymmetric brain and LTD laterality
	1.12 Cholinergic control of synaptic activity
	1.13 Synaptic plasticity and Alzheimer's disease Aβ
	1.14 Objectives
	II. Methods
	2.1 Animals
	2.2 AAV-Channelrhodopsin vector
	2.3 Virus injection
	2.4 Recording apparatus
	2.5 Animal surgery and electrode implantation
	2.7 Recording fEPSPs and input/ output (i/o) curves
	2.8 Imaging and eYFP-ChR2 expression
	2.10 Data analysis
	III. Results
	3.3.1 Alzheimer’s disease Aβ-facilitated LTD induced by electrical LFS is GluN2B dependent, but not lateralised
	3.3.2 Alzheimer’s disease Aβ-facilitated LTD induced by optical LFS is lateralised
	IV. Discussion
	V. Conclusion
	VI. Suggestions for further work
	VII. References
	Full plasmid sequence from
	VII. Appendix

