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Abstract

Agmatine, a metabolite of L-arginine, is considered to be a novel putative neurotransmitter
and has been implicated in spatial learning and memory processes. Agmatineimmunoreactivity has been found in synaptic terminals of asymmetric excitatory synapses
in the hippocampal CA1 region, which suggests that agmatine may be co-localized with
glutamate, the primary excitatory neurotransmitter of hippocampal pyramidal cells. The
first aim of the current project was to investigate if agmatine is co-localized with glutamate
in the hippocampal pyramidal cells and within synaptic terminals at CA1 synapses, using
immunofluorescence confocal microscopy and post-embedding electron microscopyimmunogold cytochemistry, respectively. Double immunofluorescence labelling indicated
that agmatine and glutamate are co-localized in the majority of CA1-CA3 pyramidal cell
bodies. Immunogold double labelling demonstrated that agmatine is also co-localized with
glutamate in synaptic terminals in the CA1 stratum radiatum (SR) region. In the CA1
region of young male Sprague-Dawley rats, 97% of all agmatinergic profiles contained
glutamate, and 92% of all glutamatergic profiles also contained agmatine (n = 6; 300
terminals).
Having established co-localization of agmatine with glutamate within CA1 SR terminals,
the second aim of the project was to investigate changes in co-localized agmatine and
glutamate levels following 4 days Morris water maze training. The water maze trained rats
(n = 3) showed significant increases in both agmatine and glutamate levels in the CA1 SR
terminals (150 terminals; 78% increase in agmatine, p<0.01; ~41% increase in glutamate,
p<0.05), compared to swim only control rats (n = 3; 150 terminals). The finding that water
maze training induced increases in both agmatine and glutamate levels in the CA1
terminals, suggests that agmatine may play a role with glutamate in learning and memory
processes.
The final aim of the study was to examine possible spatial learning-induced structural
changes at the postsynaptic site. The average thickness of the postsynaptic density at CA1
SR synapses (n = 240) was analysed. The water maze trained rats exhibited a 30% increase
in their average postsynaptic density thickness (p < 0.001) compared to control rats. This
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suggests that there are alterations in the molecular components in the postsynaptic density
following water maze training, which could lead to functional modifications of the
postsynaptic neuron.
Further studies are required to elucidate the molecular mechanisms by which agmatine
may influence learning and memory processes, and to explore the functional significance
of spatial learning induced increases in agmatine and glutamate levels and PSD thickness
at CA1 SR synapses.
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1.0 Introduction

1.1 General Introduction
Agmatine, a decarboxylated metabolite of L-arginine, has long been known to exist in
bacteria, plants, and invertebrates (Tabor and Tabor, 1984). However, the presence of
agmatine in the mammalian brain was not revealed until 1994 (Li et al., 1994) and since
then agmatine has been shown to be present in several brain regions including the
hippocampus. The hippocampus is a major component of the brain, involved in spatial
navigation and memory consolidation. Agmatine is known to be widely prevalent in the
hippocampus, and is also considered to be a novel putative neurotransmitter in terms of its
synthesis, storage, release, degradation, binding properties and re-uptake (Reis and
Regunathan, 2000). A number of studies have investigated the effects of exogenous
agmatine administration in the central nervous system and successfully demonstrated
modulation of behavioural functions, including learning and memory, by agmatine.
However, the role of

endogenous agmatine in the central nervous system has been

dramatically under investigated.
Several studies from our laboratories have demonstrated spatial learning-induced increases
in agmatine levels in the hippocampus (Liu et al., 2008b, Leitch et al., 2011), and this
project was aimed at further investigating the role of endogenous agmatine in spatial
learning and memory processes in the rat hippocampus. The first aim was to investigate the
possibility that agmatine may be co-localized with glutamate, the principal excitatory
neurotransmitter of the central nervous system (CNS), using immunofluorescence confocal
microscopy and electron microscopy-immunocytochemistry (EM-ICC) on rat hippocampal
sections. The second aim was to investigate spatial learning-induced changes in the levels
of agmatine and glutamate at the stratum radiatum of hippocampal CA1 region, which is a
region required for formation of spatial memory. In addition, spatial learning-induced
postsynaptic changes were examined at the same synapses, by measuring average
thickness of the postsynaptic density.
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This introductory chapter sets the scene by providing relevant background information to
the study. The structure, information relay circuits, and functions of the hippocampus are
discussed, including the molecular composition of the postsynaptic density and
implications of its structural changes. The cellular mechanisms of synaptic plasticity,
learning, and memory processes are discussed. The current literature on metabolic
pathways, properties, actions, and role of agmatine in learning and memory are reviewed.

1.2 The Hippocampus

1.2.1 The Human Hippocampus

The medial temporal lobe contains a group of interconnected structures such as the
entorhinal cortex, hippocampus, perirhinal cortex, and parahippocampal cortex (postrhinal
cortex in rodents), which play critical roles in declarative memory consolidation. The
medial temporal lobe has been implicated in memory processes since the case of patient
Henry Gustav Molaison, more famously known as the patient H.M (Scoville and Milner,
1957). He underwent bilateral resection of the medial temporal lobe in order to prevent
recurrence of epileptic seizures but then went on to develop severe anterograde amnesia
and graded retrograde amnesia. Since the case of patient H.M., there have been a huge
number of studies investigating components of the medial temporal lobe that are crucial for
memory formation. One important structure in the medial temporal lobe is the
hippocampus (Fig 1.1), which is located beneath the cortical surface and adjacent to the
amygdala. It is a major component of the mammalian brain, thought to be involved in
spatial learning and memory consolidation processes. The human hippocampus has a
seahorse shaped bilateral structure with mirror image halves on each cerebral hemisphere,
composed of two interlocking cortex layers.
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Figure 1.1: The human hippocampus.
The hippocampus is located in the medial temporal lobe below the cortical surface and next to the
amygdala. Modified from Bear et al. (2002).

1.2.2 The Rat Hippocampus

The structure and anatomical connectivity of the hippocampus is highly conserved across
mammalian species and the rat hippocampus closely resembles that of humans (Fig 1.2).
The rodent hippocampus has been extensively studied as a model to investigate human
hippocampal function and dysfunction, and especially in relation to mechanisms of
learning and memory. The major portion of our knowledge about hippocampal learning
and memory processes were derived from studies in rats, as rats allow implementation of
more precise and complete experimental controls than humans. The rodent hippocampus
has also been studied in a wide range of pathological conditions including Alzheimer's
disease (Fine et al., 1985), prenatal brain injury (Nuņez and McCarthy, 2004), ischemia
(Nakano et al., 1989), epilepsy (Naffah-Mazzacoratti et al., 1995), and Parkinson's disease
(Svendsen et al., 1997).
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Figure 1.2: The rat hippocampus.
The rat hippocampus has similar basic architecture as the humans, but its shape resembles more of a banana
than a seahorse. Taken from Cheung and Cardinal (2005).

1.2.3 Gross Anatomy

The rat hippocampus is located in the medial temporal lobe, beneath the cortical surface,
and is functionally dissociated into dorsal and ventral regions along the dorsoventral axis
(Fig 1.2). It consists of four gross regions (Fig 1.3): the dentate gyrus (DG), and CA1-3
(Cornu Ammonis: Latin for Ammon's horn) regions. Important structures surrounding the
hippocampus include the entorhinal cortex (EC) and the subicular complex. The entorhinal
cortex consists of medial entorhinal cortex (MEC) and lateral entorhinal cortex (LEC) and
acts as a hub for a widespread memory network, by acting as the main interface between
hippocampus and neocortex. The subicular complex consists of presubiculum (PrS),
subiculum (Sb), and parasubiculum (PaS) and provides the main output target for the
hippocampus. It is important to understand various hippocampal circuitries, layers, and the
ultrastructure of synapses, in order to comprehend the contribution of different anatomical
subdivisions to hippocampal functions.
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Figure 1.3: Gross anatomy of the rat hippocampus.
Major subregions and afferent pathways are shown. The entorhinal cortex projects perforant path to the
dentate gyrus, which then innervates the CA3 region via mossy fibres. CA3 sends Schaffer collaterals to the
CA1 region. Modified from Cajal (1995).

1.2.4 Hippocampal Circuits

Most of the information entering the hippocampus comes through the entorhinal cortex,
which serves as the interface of signal relay between the neocortex and the hippocampus.
The EC receives a diverse range of inputs from sensory associational, perirhinal and
postrhinal cortices (Burwell and Amaral, 1998, Lavenex and Amaral, 2000), and projects
into the hippocampus through the perforant pathway. The hippocampus also receives a
small number of direct inputs, including medial septal cholinergic input into the DG
granule cells. The hippocampus contains a network of pathways which mediate flow and
processing of information within the hippocampus and the information relay system in the
hippocampus is typically described as the "trisynaptic circuit" which is best visualized in
the longitudinal plane (Fig 1.3 inset).

The trisynaptic circuit consists of three uni-directional afferent fibres, perforant path (EC
to DG), mossy fibres (DG to CA3), and Schaffer collaterals (CA3 to CA1) (Yeckel and
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Berger, 1990) (Fig 1.3 inset). The perforant pathway relays information from the neocortex
to the hippocampus (Do et al., 2002) and consists of axon projections from EC layer II
neurons which project to the dentate gyrus and the CA3 region, while EC layer III neurons
project to the CA1 region. The mossy fibres comprise dentate gyrus granule cell axons
which directly innervate CA3 pyramidal cells (Urban et al., 2001). The Schaffer collaterals
are axon projections from CA3 pyramidal cells to the CA1 region (Vago and Kesner,
2008). CA1 is the dominant hippocampal output source, and is the only hippocampal
region that projects efferent fibres back to the EC (deep layer V). EC layer V then makes
efferent backprojections to the postrhinal cortex and the perirhinal cortex, which
reciprocate the afferent projections coming from the neocortex to the EC. Therefore, the
perirhinal and postrhinal cortices play critical roles in hippocampal output distribution.
However, the trisynaptic circuit consisting of uni-directional afferent projections is a rather
simplistic description of synaptic information relay in the hippocampus and depicts only
the basic hippocampal circuitry. Information flow in the hippocampus is not always unidirectional and CA1 neurons can project back to EC cells. There are also associational
fibres within the CA1 and CA3 regions and recurrent collaterals, which recycle inputs
within the CA3 region. Furthermore, there are commissural fibres projecting to the
contralateral hippocampus, and direct projection from the perirhinal cortex to the
hippocampus. The hippocampal circuits are now thought to be organized in a hierarchical
fashion, with complexity of the information increasing as it travels from the neocortex to
the hippocampus (Lavenex and Amaral, 2000). A schematic diagram illustrating an
overview of the connections into, through, and out of the hippocampus is summarized in
Fig 1.4. The integrity of connections between the hippocampus and cortical areas are
essential in various forms of learning and memory, including spatial learning.
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Figure 1.4: Basic hippocampal circuitry.
Arrows indicate the flow of information into the hippocampus through afferent fibres. The entorhinal cortex
receives multimodal inputs from the neocortex through the postrhinal cortex and the perirhinal cortex. This
input is processed in the hippocampus and returns to the entorhinal cortex, which then make reciprocate
efferent innervations to the neocortex, represented by dotted arrows. Taken from Rolls (2007).

1.2.5 Hippocampal Cell Layers and Types

In the cross-sectional view, the hippocampus has a well formed laminar structure with
distinctly visible layers attributing to the arrangement of pyramidal cells (Fig 1.5). Each
subregion of the hippocampus is divided into strata (or layers), which are defined by the
cell parts they contain and the type of connections made.
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Figure 1.5: Layers of the hippocampus.
(A, B) Layers of the hippocampal CA regions. The CA regions consist of alveus, stratum oriens, stratum
pyramidale, stratum radiatum, and stratum moleculare-lacunosum, and also stratum lucidum in the CA3
region. (C, D) The dentate gyrus contains molecular layer, granular layer, and polymorph layer. (A) and (C)
are light microscopy images taken from toluidine blue stained sections of the CA1 and the dentate gyrus
regions, respectively. (B) and (D) modified from O'Keefe and Nadel (1978).

The CA1 and CA3 regions consist of six to seven layers (Fig 1.5). Starting from the
ventricular (superficial) surface, the first layer is the alveus, containing pyramidal cell
axons that project to the mammilary bodies and the septal nuclei. The next layer is the
stratum oriens, where the basal dendrites receive input from other pyramidal cells
(recurrent collaterals) and inhibitory basket cells are found. The stratum radiatum (SR)
contains apical dendrites and is the layer where the Schaffer collateral fibres from CA3
pyramidal cells travel through. Stratum lacunosum/moleculare contains distal parts of
apical dendrites (O'Keefe and Nadel, 1978). In addition to these layers, CA3 also contains
another thin layer known as the stratum lucidum. It is located between stratum radiatum
and stratum pyramidale and is the region where DG mossy fibers that synapse onto CA3
pyramidal cell bodies pass through the stratum lucidum.
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The dentate gyrus consists of three layers (Fig 1.5): molecular, granular, and polymorph.
The molecular layer contains granule cell apical dendrites and their afferent fibres. The
granular layer contains granule cell soma and their axon terminals are projected through
the polymorph layer into mossy fibres. The polymorph layer contains basket cells that
project to CA3 pyramidal cell soma and dendrites (O'Keefe and Nadel, 1978).
The pyramidal cells are the principal excitatory cells of the CA regions and have a triangleshaped soma, a single long and thick apical dendrite, and multiple basal dendrites that are
extensively arborized. The granule cells are small principal cells in the dentate gyrus which
are capable of adult neurogenesis (Kuhn et al., 1996). Both pyramidal and granule cells are
excitatory (glutamatergic) while most interneurons including basket cells and trilaminar
horizontal cells are inhibitory (GABAergic; γ-aminobutyric acid).

1.2.6 Ultrastructure of Excitatory Synapses

A synapse is a subcellular junctional structure, consisting of a presynaptic terminal and a
postsynaptic target (e.g. neuronal dendrites or muscle fibres), separated by a synaptic cleft
of 20-30 nm. The presynaptic terminal is characterized by a cluster of synaptic vesicles,
and the postsynaptic site contains an assembly of receptors, channels and signal
transduction molecules.
An excitatory synapse is a synapse in which triggering of presynaptic axon potential
increases the probability of postsynaptic action potential. One example of an excitatory
synapse is the CA3-CA1 synapse, which is the main focus of this study. CA3-CA1
synapses are formed by CA3 pyramidal cell axon terminals (Schaffer collaterals) making
asymmetric excitatory synapses with dendritic processes of CA1 pyramidal cells, and are
considered to be important for formation of memory. Neural activity in the CA1 region is
considered to be essential for formation of spatial memory (Tsien et al., 1996).
The ultrastructure of typical excitatory synapses are shown in Fig 1.6, which is an electron
micrograph taken from rat CA1 stratum radiatum. The synaptic terminals contain small
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synaptic vesicles (SSVs), which are electron lucent and around 50 nm in diameter. SSVs of
excitatory synapses appear round under the electron microscope and store and release
excitatory classical neurotransmitters such as acetylcholine and glutamate in the
presynaptic terminal (Hayes et al., 1996). There are also other types of synaptic vesicles,
such as the large dense core vesicles, which range in diameter (70-200 nm) and contain
chemicals such as neuropeptides, growth factors and hormones. Axon terminals also
contain mitochondria which supply the energy molecule ATP, which is used in many steps
of the vesicle cycle. Dendritic processes of excitatory synapses are characterized by a
thickening on the postsynaptic membrane known as the postsynaptic density.
In contrast, inhibitory synapses appear symmetric under the electron microscope as they
have very thin PSDs which are not very prominent. Inhibitory synapses are characterized
by SSVs containing inhibitory neurotransmitters (e.g. GABA, glycine) which appear
flattened and pleimorphic under the electron microscope .

Figure 1.6: Electron micrograph of rat hippocampal CA1 stratum radiatum.
Axon terminal nerve endings (T) contain numerous round small synaptic vesicles. These make synaptic
contacts with dendritic spines (D). A dendritic spine with a large head, called a mushroom spine (M),
sometimes contains a specialized form of the endoplasmic reticulum known as spine apparatus (sa).
Postsynaptic densities (arrows) at the postsynaptic sites contain receptors and signal transduction molecules,
some of which may be perforated (perf) in some neurons. Modified from SynapseWeb - Synapses of Stratum
Radiatum (http://synapses.clm.utexas.edu/anatomy/radiatum/synapses.stm)

10

1.2.7 The Postsynaptic Density (PSD)

The PSD is a dense, amorphous specialization apposed to the postsynaptic membrane of a
neuronal dendritic spine in the central nervous system. Under the electron microscope
(Figure 1.7), the PSD appears as a dark, electron-dense band (Palay, 1956). It is a
macromolecular assembly of several hundred proteins (Cheng et al., 2006), containing
receptors, scaffold molecules, and signal transduction molecules, which regulate synaptic
function by mediating postsynaptic responses to neurotransmitter release (Siekevitz, 1985,
Kennedy, 2000).

Figure 1.7: Electron micrograph of an excitatory synapse in the rat CA1 stratum
radiatum.
Presynaptic axon terminal (T) makes asymmetric contacts with the postsynaptic dendritic process (D). The
postsynaptic density is apposed to the postsynaptic membrane and is densely stained.

PSD protein compositions vary among different brain regions and neuronal cell types, but
the

essential

components

include

PSD-95

(postsynaptic

density

protein

95),

Ca2+/calmodulin-dependent protein kinase II (CaMKII), and various glutamate receptors
(Fig 1.8) including AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate) and
NMDA (N-methyl-D-aspartate) receptors. AMPA and NMDA receptors bind to protein
interaction domains (PDZs) of the scaffold proteins that helps organize receptors and
signal transduction molecules at the synaptic contact zone (Ziff, 1997) to respond rapidly
to neurotransmitter released in the synaptic cleft. For example, the cytoplasmic C terminus
of NMDA receptor NR2 subunit binds to the protein binding zone of PSD-95 which are
concentrated in the PSD (Kennedy et al., 2005). PSD-95 is a specialized scaffold protein
that contains numerous protein binding sites and hence forms the backbone of the PSD.
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PSD-95 then bind downstream intercellular signalling molecules such as the synaptic
GTPase-activating protein (Kim et al., 1998). This macromolecular assembly of proteins
helps to couple postsynaptic receptors to trafficking proteins and signal transduction
molecules,

which

in

turn

facilitates

mediation

of

postsynaptic

responses

to

neurotransmitter release.

Figure 1.8: Proteins in the postsynaptic density.
The postsynaptic density contains hundreds of proteins (receptors, scaffold proteins, signal transduction
molecules) that facilitate rapid postsynaptic responses to presynaptic neurotransmitter release. Taken from
Feng and Zhang (2009).

Most of the proteins which comprise the PSD are influenced by synaptic activity through
various mechanisms including protein phosphorylation, protein translocation, local
translation, ubiquitination, and degradation (Ehlers, 2003, Inoue and Okabe, 2003, Steward
and Schuman, 2003). As a result of this, the PSD is capable of undergoing some dynamic
changes, by changing its protein composition or restructuring its macromolecular
assembly. Structural modifications of the PSD implies changes in the protein components
and subsequent functional modifications of the postsynaptic neuron, and may be an
important component of synaptic plasticity.
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One example of structural reorganization of PSD was demonstrated by Bourne and Harris
(2010). They induced potentiation of synaptic strength at CA1 synapses in rats using theta
burst stimulation (TBS). After reconstructing serial sections from transmission electron
microscopy, they found that 2 hours post-TBS, there was a small loss in synapse numbers,
followed by enlargement of the remaining synapses and postsynaptic density. Also, Hu et
al. (1998) showed that after cerebral ischemia, there is a 2.5 times increase in protein
content at the PSD compared to the controls. Excessive glutamate release is linked with
cerebral ischemia and Dosemeci et al. (2001) have demonstrated glutamate induced
transient increase in PSD thickness, which suggested that glutamate may mediate structural
and functional modification of the PSD.

1.2.8 Functional roles

The critical functions of the hippocampus were first discovered by chance, through the
case of patient H.M. In the early 1950s, H.M. underwent bilateral resection of medial
temporal lobes (two-thirds of the hippocampus, parahippocampal gyrus and amygdala) in
an attempt to control recurrence of his severe epileptic seizures (Scoville and Milner, 1957,
Squire, 2009). While the surgery was successful in terms of controlling his seizures, H.M.
went on to develop profound anterograde amnesia and partial retrograde amnesia. His case
opened a line of research which elucidated the role of the medial temporal lobe as the
major brain structure involved in memory and learning. Another famous case, patient R.B.,
developed moderately severe anterograde amnesia following a hypotensive period during
coronary bypass surgery. Postmortem analysis revealed that the only pathological feature
in the brain was total loss of neurons in the hippocampal CA1 region (Zola-Morgan et al.,
1986).
Rat hippocampal lesion experiments have been shown to impair a rat's performance in
spatial memory tasks, such as the Morris water maze task (Morris et al., 1982) as well as in
nonspatial episodic memory tasks such as the delayed nonmatching-to-sample task
(DNMS) (Clark et al., 2001). The hippocampus is now considered to be important in
consolidation of both spatial and nonspatial learning and memory (Eichenbaum, 1996),
with different subregions serving unique roles in learning and memory processes (i.e.

13

functionally dissociated). The dorsal hippocampus is considered to play a more crucial role
in spatial memory than the ventral hippocampus, which is associated with anxiety-related
behaviour. Moser and Moser (1998) showed that rats with lesions confined to the ventral
hippocampus can still acquire spatial memory, but those with lesions at the dorsal
hippocampus suffered severe impairment in spatial learning.
In addition, each subregion of the dorsal hippocampus is thought to contribute to learning
and memory differentially. The dentate gyrus receives multimodal information from the
entorhinal cortex and produces separate representations of different places (Moser and
Moser, 1998, Gilbert et al., 2001). The CA3 receives this information through the mossy
fibre pathway and plays an important role in spatial pattern completion (retrieving spatial
memories from partial cues) (Gold and Kesner, 2005, Kesner and Warthen, 2010). The
CA1 is thought to be involved in temporal patterning tasks (Gilbert et al., 2001) and
projects hippocampal output to neocortex through a backprojection system, which allows
retrieval of processed information.
Studies have also shown that the rat hippocampus contains place cells (equivalent to spatial
cells in primates which fire in relation to an animal's position in space (O'Keefe and
Dostrovsky, 1971). Hence, these cells are thought to be important in determining location
and orientation in space. The CA1 and CA3 hippocampal cells are believed to be place
cells (Henze et al., 2000).
As mentioned previously, a lot of our current knowledge on hippocampal functions,
including learning and memory processes, has come from studies in rats. The Morris water
maze has been used extensively as a tool for investigating spatial learning and memory
processes in the rat hippocampus (Morris, 1981, Morris et al., 1982, Morris, 1984). It has
proven to be a reliable and useful test, with a large number of studies supporting its
validity in investigating hippocampus-dependent spatial memory which correlates with the
function of NMDA receptors and synaptic plasticity in the hippocampus. The water maze
can be used to test the reference memory, a permanent memory that is resistant to stress
and interference (Olton and Paras, 1979), and working memory, a temporary memory that
is useful only for a limited period of time and is more susceptible to interference (Olton et
al., 1977, Olton and Paras, 1979), depending on the experimental procedures. In the
reference memory version, for example, rats are often trained over multiple days to find a
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hidden escape platform in a fixed location using the external visual cues in the
surroundings. The task acquisition is revealed by reduced time taken and path length
generated to reach the hidden escape platform. In the working memory version of the
Morris water maze, however, the platform location is different across days or trials within
a day. Hence, recalling the location of the platform is largely dependent on the memory
formed during the earlier trial(s). The current project utilized the reference memory version
of the Morris water maze task to investigate spatial learning-induced changes in a
subregion of Sprague-Dawley rats' hippocampus (dorsal CA1 region).

1.3 Synaptic Plasticity, Learning, and Memory

1.3.1 Synaptic Plasticity as Cellular Basis for Learning and Memory

Synaptic connections can exhibit prolonged changes in transmission efficacy (Bliss and
Lomo, 1973) and bidirectional control of synaptic transmission strength is thought to
underlie aspects of synaptic plasticity and form the cellular basis of memory (Bliss and
Collingridge, 1993, Lee et al., 2000). Douglas and Goddard (1975) showed that high
frequency stimulation (HFS) of dentate gyrus perforant path fibres induced persistent
increase (hours to days) in excitatory postsynaptic potential (EPSP), a phenomena was
which termed long-term potentiation (LTP). LTP is thought to predominantly involve
increases in the postsynaptic neuron's sensitivity to presynaptic neurotransmitter release,
which may involve an increase in existing receptor activity, an increase in the number of
receptors, or both (Malenka and Bear, 2004). Likewise, synaptic connections may undergo
activity dependent decrease in synaptic transmission, known as long-term depression
(LTD). Low frequency stimulation of the dentate gyrus and hippocampal CA1 regions was
shown to induce a persistent decrease in EPSP slope (Levy and Steward, 1979, Abraham
and Goddard, 1983, Bear and Abraham, 1996). Over 90% of all excitatory synapses in the
CNS occur on dendritic spines (Harris and Kater, 1994), which are extensively studied for
changes associated with synaptic plasticity (Fukazawa et al., 2003, Harris et al., 2003,
Bourne and Harris, 2007).
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There are several lines of evidence supporting the idea that synaptic plasticity in the form
of LTP underlies learning and memory processes (Lynch, 2004):
1. LTP exhibits properties of input specificity, associativity and cooperativity.
2. In the hippocampus, an area important for learning and memory, LTP can be easily
demonstrated. These include mossy fibres synapsing with CA3 pyramidal cells and
Schaffer collaterals synapsing with CA1 pyramidal cells.
3. During exploratory behaviour in rodents, distinct electroencephalography (EEG) signals
can be detected in the hippocampus. These are known as theta rhythms and are similar
to rhythmic bursts of activity (HFS) that are often used to induce LTP.
4. Agents which inhibit hippocampal LTP also block hippocampal learning (further
discussed in 1.3.2).

1.3.2 Role of Glutamate in Synaptic Plasticity

Glutamate, a nonessential amino acid, is the principal excitatory neurotransmitter in the
mammalian brain. In the hippocampus it is present at CA1 and CA3 pyramidal cells and
DG granule cells. Glutamate is synthesized from glutamine, proline and branched-chain
amino acids and via transamination. L-ornithine can be converted to L-Glutamyl-csemialdehyde, which is further metabolized to glutamate by P5C dehydrogenase (for a
review see Wu and Morris, 1998).
Glutamate receptors are known to be involved in cognitive functions such as learning and
memory, as they are essential components in the LTP form of synaptic plasticity which
takes place in glutamatergic synapses in the CNS, including at the hippocampus.
Glutamate receptors are also responsible for neural communication and regulation
(Rousseaux, 2008).
There are two broad classes of glutamate receptors (GluRs), ionotropic (iGluRs) and
metabotropic (mGluRs). Metabotropic glutamate receptors are G-protein coupled receptors
(GPCRs) that are active through indirect metabotropic signal transduction mechanisms
(Kunishima et al., 2000). Glutamate binding to mGluRs renders non-selective cation

16

channels more permeable to K+ and Na+ than Ca2+ (Mayer and Westbrook, 1987) and
modulates presynaptic glutamate release and postsynaptic sensitivity to glutamate.
Metabotropic glutamate receptors are further subclassified based on amino acid sequence
similarities, interactions with agonists, and downstream second messenger systems (for a
review see Pin and Duvoisin (1995)). Group I receptors (mGluR1, mGluR5) are involved in
mobilization of intracellular calcium reserves through formation of inositol phosphate
(IP3) and activation of Group I receptors result in increase in NMDA receptor activity
(Skeberdis et al., 2001, Lea Iv et al., 2002). Group II (mGluR2, mGluR3) and group III
(mGluR4, mGluR6, mGluR7, mGluR8) receptors activate a G-protein that inhibits adenylyl
cylcase, and hence prevents formation of cyclic AMP which results in decrease in NMDA
receptor activity (Ambrosini et al., 1995).
Ionotropic glutamate receptors are ligand gated ion channels and they are also classified
into subtypes according to their sequence similarities and agonist binding properties. There
are three types of ionotropic glutamate receptors, AMPA, kainate, and NMDA receptors,
which all bind glutamate with high affinity (Voglis and Tavernarakis, 2006). All ionotropic
glutamate receptors are ligand-gated nonselective cation channels and allow flow of K+
and Na+ (sometimes Ca2+) in response to glutamate binding, which triggers depolarizing
EPSP in the postsynaptic neuron.
The NMDA receptor is a ligand and voltage-dependent non-specific cation channel (Fig
1.9) and has particularly important implications for learning and memory. Activation of a
NMDA receptor requires both binding of glutamate and depolarization of the postsynaptic
cell, which clears the Mg2+ blocking site and opens the pore (Dingledine et al., 1999).
Activation of NMDA receptors produces EPSPs which increase the intracellular
concentration of intracellular signalling messenger Ca2+.
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Figure 1.9: Glutamate and the NMDA receptor.

NMDA receptors contain binding sites for glutamate and glycine (a co-activator), as well as Mg2+ binding
site in the pore. Modified from Purves et al. (2004).

There are several evidence supporting the view that the activation of NMDA receptors
plays an important role in LTP and learning and memory (Lynch, 2004). For example,
NMDA antagonists such as DL-2-amino-5-phosphonovalerate (APV) prevent the
occurrence of LTP (Collingridge et al., 1983). Morris et al. (1986) provided the first
evidence that LTP was required for the formation of memories in vivo. They divided rats
into APV treated and control groups, who underwent water maze training. Rats of the
control group learnt to find the hidden platform and escape from water quickly whereas the
APV treated rats had difficulty locating the platform. When hippocampal slices were taken
from both groups, LTP was easily induced in the control group slices but not in APV
group, providing evidence that NMDA receptors (and LTP) were essential for spatial
learning and memory. Furthermore, deletion of NMDA receptor subunits has been shown
to attenuate LTP and impair spatial learning (Tsien et al., 1996, Kiyama et al., 1998),
whereas overexpression of a NMDA receptor subunit (NR2B) improved performance in
various behavioural tasks and resulted in augmented LTP (Tang et al., 1999).
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1.3.3 Downstream Changes Following LTP and Spatial Learning

Induction of LTP or spatial learning tasks results in neurochemical changes which are
primarily thought to be triggered through glutamate receptors. Glutamate activation of
ionotropic glutamate receptors, metabotropic glutamate receptors, tyrosine kinase
receptors, and G-protein coupled receptors, all result in activation of ERKs (extracellular
signal regulated kinases) which are widely expressed intercellular signalling molecules.
ERKs are thought to be the focal point of signalling cascades involved in LTP expression,
learning, and memory. ERKs transduce signals downstream to regulate transmitter release,
control protein synthesis, and to modulate morphological changes that are thought to
enhance synaptic plasticity and facilitate formation of memory (Fig 1.10).
One of the neurochemical changes that occur after LTP or spatial learning is the increase in
BDNF (brain-derived neurotrophic factor). Gooney et al. (2002) demonstrated that rats that
underwent water maze training or induced LTP with electrical stimulus had increased KClinduced BDNF increase, as well as phosphorylation of BDNF receptor TrkB (tyrosine
kinase B). Both spatial learning and LTP were also reported to induce an increase in
BDNF mRNA in the hippocampus (Bramham et al., 1996, Mizuno et al., 2000). BDNF is
thought to play a crucial role in consolidation of LTP and spatial learning, as LTP was
shown to be impaired in BDNF knockout mice (Figurov et al., 1996). Furthermore, spatial
learning and LTP are both impaired when TrkB expression is reduced in the hippocampus
(Minichiello et al., 1999).
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Figure 1.10: Expression of LTP.
Diverse signalling cascades converge onto the ERK pathway. Taken from Lynch (2004).

Another important neurochemical change associated with LTP and spatial learning is nitric
oxide synthase (NOS). NOS is involved in synthesis of nitric oxide (NO), which is a
versatile neuronal signalling molecule in the mammalian brain, implicated in important
physiological processes such as regulation of neurotransmitter release and synaptic
plasticity (Schuman and Madison, 1994, Feil and Kleppisch, 2008). Chen et al. (1997)
demonstrated that NOS activity in the hippocampus and cortex is significantly increased in
rats trained with water-rewarded spatial alternation task, and Zhang et al. (1998) reported
significant increase in NOS neuron expression in the DG and frontal cortex after the same
training, suggesting involvement of endogenous NO in spatial memory and learning
processes.
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1.4 Agmatine

1.4.1 Metabolic Pathways of L-arginine
Agmatine (4-aminobutyl guanidine, NH2-CH2-CH2-CH2-CH2-NH-C(-NH2)=NH)) is a
cationic amine and a decarboxylated metabolite of amino acid L-arginine by the actions of
arginine decarboxylase (ADC) (Fig 1.11). L-arginine can also be converted by NOS to
citrulline and NO, or be metabolized to urea and ornithine by the action of ornithine
decarboxylase (ODC). In the periphery, agmatine can be degraded by diamine oxidase to
form guanido-butanoic acid.

Figure 1.11: Metabolic pathways of L-arginine.
L-arginine can be metabolized by arginase to produce ornithine, or be metabolized by nitric oxide synthase
(NOS) to form citrulline and nitric oxide (NO). A third metabolic pathway for L-arginine involves formation
of agmatine, which can regulate other metabolic pathways of L-arginine by suppressing NOS or ODC.
Agmatine can be degraded by agmatinase to form putrescine and higher polyamines.
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Nitric oxide is an important neuronal messenger molecule which is involved in many
physiological processes including synaptic plasticity (Hou et al., 1999). The synthesis of
NO is triggered by an increase in intracellular calcium concentration which activates NOS
via Ca2+/calmodulin dependent kinase (Bredt and Snyder, 1992). NO can affect memory
processing by activating guanyl cyclase, which results in production of cGMP and
downstream activation of cGMP-dependent protein kinase (PKG) or cAMP dependent
kinase (PKA) (Muller, 2000, Muller and Hildebrandt, 2002). It has been reported that
agmatine competitively inhibits the catalytic activity of inducible neuronal NOS, but
stimulates endothelial NOS (Halaris and Piletz, 2007; Santhanam et al., 2007).
Ornithine is a precursor of putrescine and higher polyamines such as spermidine and
spermine. Polyamines are aliphatic amines that are present ubiquitously and are implicated
in physiological roles such as regulation of protein synthesis and cell division. Polyamines
are also involved in modulation of synaptic plasticity, by regulating the activity of ion
channels including NMDA and AMPA receptors (Williams et al., 1991, Shin et al., 2005).
Hence, regulation of excitatory neurons may occur through modulation of polyamine
levels. It has been documented that agmatine plays an important role in modulating the
production and intracellular content of polyamines. Agmatine regulates intracellular
polyamine content through the induction of antizyme, a small regulatory protein that
inhibits ODC and down-regulates polyamine uptake (Satriano, 2003). In addition,
agmatine can be degraded by agmatinase, a ureohydrolase, to form polyamine putrescine
(Halaris and Piletz, 2007).
As illustrated in Figure 1.11, L-arginine can be metabolized to form several active
molecules. Agmatine stands at the crossroads of the arginine metabolic pathways to
regulate the production of NO and polyamines, and therefore may have important
functional roles in the CNS.

1.4.2 Agmatine in the Mammalian Brain

While agmatine has long known to be expressed in bacteria, plants and invertebrates
(Tabor and Tabor, 1984), the presence of agmatine in mammals was only discovered in
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1994, when spectroscopic analysis revealed the candidate molecule for a ligand at
imidazoline (I) binding sites in the mammalian brain was agmatine (Li et al., 1994).
Subsequently, arginine decarboxylase and agmatinase were identified in the mammalian
brain (Li et al., 1994, Sastre et al., 1996, Iyo et al., 2006), and agmatine was also found to
be present in other mammalian organs (Raasch et al., 1995).
The distribution of agmatine in the mammalian brain is heterogeneous, as shown from the
study by Feng et al. (1997). They used high performance liquid chromatography (HPLC)
to examine the concentration of agmatine in different regions of the rat brain, and found a
relatively high concentration of agmatine in several brain regions, including the
hippocampus. As seen in Table 1, agmatine is heterogeneously distributed in different
brain regions, with the difference being most obvious between the pons/medulla and the
cerebellum.

Table 1.1 Concentration of agmatine in the rat brain.
Modified from (Feng et al., 1997).

Brain region

Gradient HPLC concentration
(µg/g) (mean ± S.E.M., n = 5)

Pons/medulla

1.105 ± 0.149

Frontal cortex

0.760 ± 0.194

Midbrain

0.873 ± 0.159

Hypothalamus

0.844 ± 0.189

Hippocampus

0.611 ± 0.027

Cerebellum

0.331 ± 0.080*

* p< 0.01 (values of pons/medulla are significantly higher than that of the cerebellum)

1.4.3 Agmatine as a Novel Neurotransmitter

Once thought of as merely an intermediate molecule in the polyamine synthesis pathway,
agmatine is now increasingly being considered to be a novel putative neurotransmitter
(Figure 1.12) (Reis and Regunathan, 2000). The widely-accepted criteria for defining a
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neurotransmitter includes: being synthesized in neurons, being released from presynaptic
nerve terminals following an calcium influx, binding and acting on postsynaptic receptors,
existing in heterogeneous neuronal populations, and possessing inactivation mechanisms.

Figure 1.12: Actions of agmatine in the central nervous system.
Agmatine is a novel putative neurotransmitter that inhibits the activities of nitric oxide synthase, and binds
and exerts effects on a range of pre- and postsynaptic receptors including α2-adrenoceptors, nicotinic
acetylcholine receptors, NMDA receptors, 5HT3 receptors, and imidazoline receptors. Modified from Reis
and Regunathan (2000).
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Agmatine meets most of these criteria. Arginine decarboxylase is present in the
mammalian brain (Li et al., 1994) and synthesizes agmatine in the presynaptic neurons
from L-arginine. Agmatine is stored in small synaptic vesicles in axon terminals and is
released into the synaptic cleft by calcium-dependent depolarization (Reis and Regunathan,
1998). Agmatine binds to and acts on a range of postsynaptic receptors including blocking
of nicotinic acetycholine receptors (nAChRs) (Loring, 1990) and serotonin 5-HT3
receptors (Reis et al., 1998). Agmatine is also a voltage and concentration dependent
blocker of NMDA receptors (Yang and Reis, 1999) and binds with moderate affinity to α2adrenoceptors (Piletz et al., 1995) and imidazoline I1-receptors (Li et al., 1994), although
the effects appear to be rather obscure. In addition, agmatine is a regulator of NOS and
irreversibly inactivates neuronal NOS (nNOS) (Demady et al., 2001), and lowers the level
of cytokine-inducible NOS (iNOS) (Regunathan and Piletz, 2003).
Agmatine is heterogeneously distributed depending on brain region and neuronal
population (Feng et al., 1997, Reis et al., 1998) and is taken back into cells (Sastre et al.,
1997) and degraded by a specific enzyme, agmatinase (Iyer et al., 2002, Mistry et al.,
2002). In addition, the concentration of agmatine in the whole brain is around 0.2 to 0.4
µg/g, which is comparable to that of classical neurotransmitters such as dopamine (0.5
µg/g) and noradrenaline (0.5 µg/g) (Li et al., 1994).

1.4.4 Effects of Exogenous Agmatine Administration in the Central Nervous System

Since the emergence of agmatine as a novel putative neurotransmitter, a number of studies
have attempted to investigate the effects of administration of exogenous agmatine in the
central nervous system. Agmatine has been shown to possess anticonvulsive,
antidepressant, antinociceptive, and anxiolytic properties (for reviews see Reis and
Regunathan (2000), Nguyen et al. (2003), Halaris and Plietz (2007)).
Perhaps the best characterized effect of exogenous agmatine is its modulation of
behavioural functions, including learning and memory. Arteni et al. (2002) showed that
intraperitoneal (i.p.) injection of agmatine in rats facilitates memory consolidation in
inhibitory avoidance tasks, and McKay et al. (2002) demonstrated that intraperitoneal
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administration of agmatine causes dose dependent impairment in magnitude of learned fear
to contextual stimuli but not learned fear to auditory stimuli. They have also found that
agmatine pretreatment does not affect place learning in the water maze task.
More recent studies in the Liu laboratory have revealed that exogenous agmatine
modulates learning and memory in a task- and dose-dependent manner (Liu et al., 2008c,
Liu and Bergin, 2009, Liu and Collie, 2009). Liu et al. (2008c) found that rats treated with
low dose (10 µg) of intracerebroventricular (i.c.v.) microinfusion of agmatine exhibited
reduced latency to reach the hidden platform in the reference memory version of the water
maze task, while those exposed to a high dose (100 µg) displayed a transient impairment in
the same task. The low dose group also performed better in the working, but not reference,
memory version of the radial arm maze task with significantly less total number of errors.
Liu and Bergin (2009) reported that repeated i.c.v. infusion of agmatine at both doses
improved rats’ performance in the working memory version, but not the reference memory
version, of the water maze task at 180 s delay (but not at 30 s). Liu and Collie (2009)
investigated how intraperitoneal administration of agmatine (40 mg/kg) affected animals’
performance. Pre-treatment of agmatine improved rats’ performance in the probe test of
the reference memory version of the water maze under the condition of longer retention
time, and in the longer delay tests of the working memory version of water maze task and
T-maze task. Collectively, these results indicate that exogenous agmatine modulates
learning and memory in naïve rats in a task-, dose-, and delay-dependent manner, and
particularly when difficulty of the tasks is increased due to greater interference and/or
decay of memory trace.

1.4.5 Role of Endogenous Agmatine in Learning and Memory

Although a number of studies have examined the modulatory effects of exogenous
agmatine, very few studies have attempted to unveil the role of endogenous agmatine in
the central nervous system. Liu et al. (2008a) measured endogenous agmatine levels in the
hippocampus and its adjacent cortices in young adult and aged rats. Agmatine levels
increased with age in the CA2/3 and DG sub-regions of the hippocampus, EC, perirhinal
cortex and postrhinal cortex, whereas agmatine levels in CA1 and prefrontal cortex were
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decreased. As aging leads to cognitive decline, altered agmatine levels in the memoryrelated structures in aged rats may have important functional significance.
A number of studies have addressed the issue whether endogenous agmatine participates
directly in the processes of learning and memory by investigating learning-induced
changes in agmatine levels in memory-related structures. Liu et al. (2008b), for example,
investigated water maze training-induced changes in endogenous agmatine levels in ten
regions of young adult rats. Three groups were included in this study: water maze trained
(WM), swim only control (SW), and holding box control (HB) groups. The SW and HB
groups were used as controls for nonmnemonic aspects of the study, including motor
activity and swim stress. Whole tissue content analysis of agmatine levels using liquid
chromatography/mass spectrometry (LC/MS) showed that water maze trained rats (eight
trials per day for four consecutive days to find a hidden platform in a fixed location)
displayed increased agmatine levels in several brain regions compared to the SW and HB
control groups, with no difference between the latter two. These regions included the DG,
EC, CA1 and vestibular nucleus (VNC), which have been shown to be involved in spatial
learning and memory processing. Spatial learning-induced increase in agmatine was most
profound in the CA1 region (60-80% increase) of the hippocampus. Liu et al. (2009)
reported that T-maze training resulted in increased agmatine levels in memory-related
structures in a region-specific manner. Interestingly, agmatine levels in the perirhinal and
prefrontal cortices positively correlated with the number of correct responses in the Tmaze task. Collectively, these studies provide strong evidence that agmatine may
participate in learning and memory processes, and that learning-induced increase in
agmatine may have important functional significance.
More direct evidence for the involvement of endogenous agmatine in spatial learning as a
neurotransmitter came from the study by Leitch et al. (2011). They used EMimmunocytochemistry to examine subcellular changes in agmatine levels in the CA1
stratum radiatum synaptic terminals after 4 days water maze training (same behavioural
experimental procedures as Liu et al., 2008b) and found that synaptic agmatine levels in
the CA1 SR layer were increased by ~85% in water maze trained rats relative to the SW
controls. The finding of this study provide further evidence that agmatine may play a role
in spatial learning and memory processing as a neurotransmitter. It is worth noting that HB
control group was not included in the Leitch et al. (2011) and the current study, as Liu et
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al. (2008b) did not find a significant different in agmatine levels between HB and SW
groups.

1.5 Aims and Hypothesis
In summary, the hippocampus is a major component of the brain involved in spatial
learning and memory processes and is organized into distinct anatomical domains that
exhibit functional dissociation. Agmatine is a novel putative neurotransmitter increasingly
being implicated in modulation of behavioural functions, especially learning and memory.
Several studies have demonstrated the link between endogenous agmatine levels in the
hippocampal CA1 region and spatial learning and memory, but the role of endogenous
agmatine in the CNS is still dramatically under investigated.
While the mechanisms underlying changes in agmatine levels in memory-related brain
structures are unclear, Reis et al. (1998) and Leitch et al. (2011) reported observation of
agmatine immunoreactivity in CA1 axon terminals which make asymmetric excitatory
synapses with CA1 pyramidal cell dendritic processes. Since these synapses are similar to
the types of synapses associated with NMDA receptors (Siegel et al., 1994), it has been
suggested that agmatine may be co-localized and co-released with L-glutamate, the
primary excitatory neurotransmitter of the hippocampal pyramidal cells.
The first aim of the current project was to further elucidate the role of endogenous
agmatine in the CNS, by determining whether agmatine is co-localized with L-glutamate in
stratum radiatum axon terminals synapsing onto CA1 pyramidal cell dendrites and to
quantify the extent of co-localization using confocal microscopy EM-ICC.
Neurochemical changes that occur after induction of LTP or training (e.g. various maze
tasks) are widely studied in attempts to elucidate the mechanisms of LTP and learning and
memory. The current study investigated if there were any learning-induced changes in
agmatine and glutamate levels in CA1 SR axon terminals after spatial learning, as Leitch et
al. (2011) have previously demonstrated learning-induced changes in agmatine levels at
these profiles. These synapses found in CA1 SR layer were the focus of the project as Liu
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et al. (2008b) have observed the biggest increase in agmatine levels after spatial learning
activity in the CA1 region. The current study also set out to analyse spatial learninginduced changes at the CA1 SR postsynapses, by measuring changes in average
postsynaptic d0ensity thickness.
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2.0 MATERIALS AND METHODS

2.1 Animals
Male Sprague-Dawley (SD) rats, aged three months, were raised from a breeding stock
obtained from University of Otago Hercus Taieri Resource Unit. Rats (320-350 g) were
housed two per cage (21 x 34 x 18 cm3) and maintained in a 12 hour light/dark cycle
(lights on at 7 a.m.). They were provided ad libitum access to food and water. Every
attempt was made to reduce the number of animals used in the study, and to minimize their
suffering. The University of Otago Committee on Ethics in the Care and Use of Laboratory
Animals approved all animal protocols used.

2.2 Behavioural Apparatus and Procedures
Behavioural tests of rats were conducted in the Liu laboratory according to previously
published methods (Liu et al. (2008b), Leitch et al. (2011)). Four 60 W bulbs were
mounted on the ceiling of a windowless room, resulting in illumination level of 16 lux in
the centre of the room 60 cm above the floor level. The rats' performance was recorded by
a video camera mounted on the ceiling in the centre of the room. A radio speaker located
near the video camera provided background masking noise.
The water maze pool was a circular black tank (150 cm diameter, 45 cm height) filled with
water to a depth of 25 cm and maintained at a temperature of 25 ± 1 oC. Four points around
the edge of the poor were designated as North, South, East and West to allow the apparatus
to be divided into four corresponding quadrants, such as Northeast, Northwest, Southeast
and Southwest. Throughout the duration of the behavioural experiments, laboratory
furniture, lighting and the location of the experimenter remained constant, as well as the
prominent visual cues provided the purpose of Morris water maze training.
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The rats were given five days of acclimatization period in the laboratory condition and
then randomly divided into two groups, the water maze training group (WM , n = 3) and
the swim only control group (SW, n = 3). The WM rats were trained to find a black hidden
escape platform, which was 10 cm in diameter and located 2 cm below water surface in the
centre of the Southeast quadrant. At the beginning of each trial, the rat was designated a
random starting location (North, South, West, East). On each trial, the rat was placed into
the pool facing towards the wall, and was allowed to swim in search of the hidden
platform. The rat was allowed to stay on the platform for 10 seconds before being removed
and placed in a black holding box. If the rat did not find the platform within 120 seconds of
being placed into the pool, it was immediately placed on the platform for 10 seconds and
then put in the holding box. During the interval between trials, the rat was dried off,
warmed and kept in the holding box. Animals in the SW group were placed in the pool
with no hidden platform presented. There were eight trials per day with 120 seconds of
inter-trial intervals for 4 consecutive days. For each rat, the duration of swimming in each
trial was matched to its counterpart in the WM group. A computerized tracking system
(HVS 2020) was used to calculate the path length, which is the distance rats swam from
starting point to reach the platform. The WM group's mean path length decreased from
5.99 ± 0.98 m on day 1 to 2.23 ± 0.58 m on day 4.

2.3 Antibodies, Controls, and Specificity Tests

The primary antibodies used to detect agmatine were commercially available affinitypurified polyclonals obtained from two sources, Gemacbio (cat no. AP124) and Millipore
(cat no. AB1568-2000T). The antibodies were raised in rabbits after immunizing with a
conjugate agmatine-glutaraldehyde-BSA (bovine serum albumin) carrier. The procedures
used to obtain these polyclonal antisera and to test their specificities are provided in the
manufacturers product data sheets. Both anti-agmatine antibodies tested produced identical
results in immunohistochemical applications. The anti-glutamate antibody was a mouse
monoclonal (cat no. G9282, Sigma) which binds specifically with L-glutamate. It was
derived from the GLU-4 hybridoma which was produced by the fusion of mouse
splenocytes and myeloma cells of an immunized mouse. The immunogen used to produce
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the antibody was L-glutamic acid conjugated to a protein carrier with glutaraldehyde. The
pattern of labeling obtained with this mouse monoclonal antibody was identical to that
produced by rabbit polyclonal anti-glutamate antibodies published in previous studies
(Richardson and Leitch, 2005, Kolodziejczyk et al., 2008). In addition, similar staining
patterns for the glutamate mouse monoclonal antibody was produced using vesicular
glutamate

transporter

(vGlut1;

cat

no.

MM-0016-6P-FS,

Medimabs)

in

immunohistochemical procedures.
Optimal antibody concentrations for immunofluorescence confocal microscopy and EMimmunocytochemistry were individually determined for each antibody using a serial
double-dilution method, where a wide range of dilutions were tested for each antibody on
the either side of the supplier's recommended dilutions. Details on the final dilutions used
for the primary antibodies are listed in Table 2.1.
To confirm the specificity of the batches of antibodies used in this study, sections were
incubated with a primary antibody solution that was first incubated for 2-3 hours at room
temperature with an excess (10 µg peptide per 1 µg antibody) of the suppliers peptide (AG
124) against which the antibody was generated. To test the specificity of the secondary
antibodies, and check for background staining, sections were treated identically to
experimental sections except for the omission of the primary antibodies.
In immunohistochemical procedures, antibodies were also tested for cross-reactivity, with
a section being incubated with either the rabbit polyclonal anti-agmatine antibody or the
mouse monoclonal anti-glutamate antibody, followed by incubation in the mixture of goat
anti-rabbit Alexa 488 nm fluorophore conjugated antibody or goat anti-mouse Alexa 568
nm fluorophore conjugated secondary antibody.
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Table 2.1 Primary antibodies used in the project.
Antibodies

Type

Dilution

Source

Catalogue No.

Immunogen

/Lot No.
Anti-

Rabbit

LM

Agmatine

polyclonal

1:500

Gemacbio

AP124/

Synthetic

04092101

agmatine

EM

conjugated to

1:100

protein carriers

Anti-

Rabbit

LM

Agmatine

polyclonal

1:500

Millipore

AB1568-2000T/

Agmatine

NMM1761261

conjugated to
BSA

Anti-

Mouse

LM

Glutamate

monoclonal

1:2000

Sigma

G9282/

L-glutamic

057K4761

acid (GLU)

EM

conjugated to

1:10000

KLH

Anti-

Mouse

LM

VGlut

monoclonal

1:2000

Medimabs

MM-0016-6P-FS/

Synthetic

1660021106

VGlut peptide

2.4 Perfusion and Tissue Collection
Rats were deeply anaesthetised with sodium pentobarbital solution (Nembutal 60 mg/kg
i.p.) and transcardially perfused (Appendix 1) with 5% heparin in phosphate-buffered
saline (PBS) pH 7.4 followed by 4.0% paraformaldehyde (PFA) with 0.1% glutaraldehyde
(immunofluorescence confocal microscopy) or 2.0% PFA with 2.5% glutaraldehyde
(electron microscopy-immunocytochemistry) in 0.1M Sorensens phosphate buffer (PB) pH
7.4 (Appendix 2).
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2.5 Immunofluorescence Confocal Microscopy
After perfusion-fixation, each brain was removed from the skull and cryoprotected in an
ascending concentration series (10% - 30%) of sucrose solutions in PBS (Appendix 2). The
brains were then left overnight in 30% solution until they sank.
Brains were rapidly frozen and coronally sectioned into 30 µm thick sections on a sledge
microtome (Leitz 1300, Leica Microsystems, Wetzlar, Germany). Sections were left in 1%
sodium borohydrate for 30 minutes to reduce autofluorescence and in blocking solution
(4% normal goat serum, 0.1% BSA, and 0.3% Triton X-100 in PBS) for 2 hours to block
any nonspecific antibody binding.
Sections were incubated in rabbit polyclonal anti-agmatine antibody and mouse
monoclonal anti-glutamate for 72 hours at 4oC on orbital shaker, followed by overnight
incubation in Alexa 488 goat anti-rabbit antibody (1:2000) and Alexa 568 (1:2000) goat
anti-mouse antibody obtained from Invitrogen (Yaphank, NY) at 4oC on orbital shaker.
Details of the primary antibodies and the optimum dilutions used for immunofluorescence
confocal microscopy are provided in Table 1.1 Sections were mounted on glass slides with
DABCO-Glycergel.
Images were acquired using Zeiss LSM 510 confocal microscope (Carl Zeiss, Göttingen,
Germany) and LSM 510 software version 2.8 SP1 (Carl Zeiss, Göttingen, Germany). An
Argon laser and a Helium-Neon laser were used to excite the Alexa 488 nm and 568 nm
fluorophore, respectively. Laser output levels were adjusted to minimize photobleaching
while maximizing signal detection. Images were taken using 5x, 10x, 20x, 40x and 100x
objectives and were optimized by adjusting various parameters such as the pinhole size,
detector gain, amplifier offset and amplifier gain, as well as using the palette tool range
indicator function. The optimal single slice images were selected from z-stack projections,
and the frame size was kept to 512 x 512 pixels. To visualize co-localization of the
immunofluorescence signal emissions, the original lsm file was split into green and red
channels and digitally merged in the computer software ImageJ 1.41o (Wayne Rasband,
NIH, http://rsb.info.nih.gov/ij).
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2.6 Electron Microscopy Immunocytochemistry
Twenty-four hours after termination of the water maze experiment, rats were deeply
anaesthesized and underwent perfusion-fixation as described previously (2.4 Perfusion and
Tissue Collection).
Brains were extracted from skulls and fixed in fresh fixative for 3 hours at room
temperature before being processed for agmatine immunoreactivity (agmatine-IR) and
glutamate immunoreactivity (glutamate-IR) using a post-embedded immunogold-labelling
method (Richardson and Leitch, 2002, Richardson and Leitch, 2005, Leitch et al., 2009a,
Leitch et al., 2009b, Leitch et al., 2009c, Leitch et al., 2011)
The hippocampus was isolated, washed in PB and was vibratomed into 200 µm thick
sections (HA 752 vibroslice tissue cutter, Campden Instruments Ltd, UK). Dorsal
hippocampal sections between Bregma 22.5 and 24.0 mm according to Paxinos (1998)
were selected and washed thoroughly in PB pH 7.4 overnight, before being placed into
sucrose solutions of increasing concentration for cryoprotection. Sections were impact
frozen onto copper blocks that have been cooled in liquid N2 (Leica Microsystems,
Reichert KF 80, Wetzlar, Germany) for freeze substitution (Leica Microsystems, EM
AFS2, Wetzlar, Germany) and low-temperature embedding (Appendix 3) in Lowicryl HM
20 resin (Chemische Werke Lowi, Waldkraiburg, Germany).
Ultrathin 70 nm serial sections were cut on Reichert-Ultracut ultra-microtome and the
sections

were

mounted

on

formvar-coated

nickel

grids

for

post-embedding

immunocytochemistry. Sections were first floated face downward on droplets of the
blocking solution (5% normal goat serum in BSA/Tris buffer, pH 7.4) for 2 hours to block
nonspecific antibody binding.
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Figure 2.1: Identification of antigens in the EM-ICC method.
Modified from Purves et al. (2004).

Sections were then incubated overnight in rabbit polyclonal anti-agmatine primary
antibody (Gemacbio, France) in BSA/Tris buffer pH 7.4 at 4 oC. After thorough washing in
the BSA/Tris buffer, pH 7.4, sections were incubated with goat anti-rabbit secondary
antibody (1:20, British BioCell Int., Cardiff, UK) conjugated to 15nm gold particles in
BSA/Tris buffer pH 8.2 for 2 hours at room temperature. Sections were washed thoroughly
in BSA/Tris buffer, pH 7.4 before being incubated in mouse monoclonal anti-glutamate
antibody (Sigma, St. Louis, MO) in BSA/Tris buffer pH 7.4 overnight at 4 oC. Sections
were thoroughly washed again with BSA/Tris buffer pH 7.4 and were incubated with goat
anti-mouse secondary antibody (1:20, British BioCell Int., Cardiff, UK) conjugated to 5nm
gold particles in BSA/Tris buffer pH 8.2 for 2 hours at room temperature.
Finally, sections were washed in ultra-pure MilliQ water to remove unbound gold
conjugates, and were stained with uranyl acetate for 10 minutes at 25 oC and lead citrate
for 1 minute and 50 seconds at 25 oC to provide contrast when visualizing under the
electron microscope. Images were taken at magnifications ranging from x38000 to x82000
using Philips EM 410LS EM with Megaview 2 digital imaging camera and analysis
software ITEM (Soft Imaging System, Munster, Germany).
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2.7 Quantification of Co-localization
CA1 stratum radiatum synapses immunolabelled with gold particles for either agmatine or
glutamate were randomly selected for co-localization analysis. In total, 300 profiles were
chosen for co-localization analysis in Sprague-Dawley rats (n = 6). Co-localization was
quantified in two ways; first, the percentage of agmatine-containing (agmatinergic)
terminals which contain glutamate was calculated; second, the proportion of glutamatecontaining (glutamatergic) profiles which also contain agmatine was calculated. The data
obtained from these two analyses were presented as sets of bar graphs.

2.8 Statistical Analysis of Immunogold Density
Statistical analysis of immunogold density was carried out according to well established
methods for determining relative levels of immunolabelling (Somogyi et al., 1986,
Ottersen et al., 1988a, Ottersen et al., 1996, Leitch et al., 2009a, Leitch et al., 2009c,
Leitch et al., 2011).
Comparison of gold labelling density was only made between pairs of control swim only
and water maze trained rats which were fixed, processed and immunolabelled in parallel to
ensure equal incubation times in processing, antibody labelling and washing. In total, 300
randomly selected synaptic terminals in the CA1 stratum radiatum were analysed in three
pairs of rats. Analysis was conducted in a blind-controlled manner, with the experimenter
being unaware of the identity of the sections (WM or SW).
The number of gold particles representing agmatine-IR and glutamate-IR were counted for
each synaptic terminal and was divided by the area of the profile containing the gold
particles to calculate the density of gold particles per µm2 . The area of the profile was
determined by delineating them and using the ImageJ computer software version 1.41o
(Wayne Rasband, NIH, http://rsb.info.nih.gov/ij). Two-tailed, unpaired Student's t-test was
used to determine the statistical significance of the results.
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2.9 Analysis of Postsynaptic Density Thickness
The average thickness of a PSD was measured using an established method (Dosemeci et
al., 2001). Fig 2.2 depicts a simple schematic showing how the average PSD thickness was
measured. Using the ImageJ software, the area (A) of the postsynaptic density was
measured, and length (L) of the postsynaptic membrane bordering the PSD was measured.
The area was divided by the length in order to calculate the average thickness of the PSD.
Synapses containing clearly defined pre- and postsynaptic membranes were selected for
analysis. Where necessary, sections were tilted using the goniometer facility in the Philips
EM 410LS machine to bring pre- and postsynaptic membranes into register to optimize
their visualization for measurement of the PSD.

Figure 2.2: Measuring the average thickness of the postsynaptic density.
Modified from Dosemeci et al. (2001).

2.10 Figure Preparation
Images and figures were prepared in Adobe Photoshop CS5 (Adobe Systems, CA) and
Adobe Illustrator CS3 (Adobe Systems, CA) with the help of Mr. Robbie McPhee. Digital
images were optimized for image resolution (final resolution 300dpi), brightness and
contrast. No adjustments other than contrast and brightness adjustment and enlargement
was made.
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3.0 RESULTS

3.1 Localization of Agmatine in the Hippocampus
Localization of agmatine immunoreactivity (agmatine-IR) in the rat hippocampus was
visualized using immunofluorescence confocal microscopy. Agmatine-IR was identified in
several hippocampal regions including the pyramidal cell layer of CA1 and CA3, and the
granule cell layer of the dentate gyrus. In the stratum pyramidale layer, intense agmatineIR was observed within the CA1 and CA3 pyramidal cell somata (Fig 3.1), with little or no
labelling of their nuclei. Light, diffuse agmatine-IR was also found throughout the stratum
radiatum of both regions. In the stratum oriens, only light immunolabelling was found,
although some dense agmatine-IR was also evident in a small number of scattered neurons
in the CA1 stratum oriens region. In the DG, strong agmatine-IR was observed in and
around granule cell somata (Fig 3.2), whereas their nuclei were mostly immunonegative.
Only very light, dispersed agmatine-IR was observed in the stratum lacunosummoleculare. None of the labelling described above was evident in control sections (see
3.2.2) where the primary antibody was omitted or in preadsorption controls where
agmatine

antibody

was

incubated

with

an

excess

of

its

antigen

before

immunohistochemical procedures.
The observations from this study indicate that agmatine is widely expressed in the
hippocampus, and that it is particularly concentrated in the cell bodies of principal cells
(pyramidal cells of the CA3 and CA1 region, granule cells of the DG). This is consistent
with the findings by Reis et al. (1998). Using an avidin-biotin complex peroxidase method,
they too, reported the presence of strong agmatine-IR in CA1 and CA3 pyramidal cells, as
well as in the dentate gyrus granule cells. They also reported light, diffuse agmatine-IR
throughout the strata radiatum, oriens, and lacunosum-moleculare layers.
Having established that agmatine-IR is present in CA1 and CA3 pyramidal cell somata,
double labelling was undertaken to investigate whether agmatine is co-localized with
glutamate in the pyramidal cells. Glutamate is the major excitatory neurotransmitter of
hippocampal pyramidal cells.
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Figure 3.1: Localization of agmatine in the hippocampal CA1 and CA3 regions.
Confocal images of rat hippocampus, showing localization of agmatine immunoreactivity in CA1 (A, C, E)
and CA3 regions (B, D, F) at increasing magnifications (x10, x40, x100 objectives). The strata oriens (ori),
pyramidale (pyr), and radiatum (rad) are labelled. In both regions, there is intense agmatine-IR within the
pyramidal cell somata, with little or no labelling in the cell nuclei (examples indicated by asterisks). In the
strata radiatum and oriens, there is light, diffuse agmatine-IR throughout the region (A-F), and several
scattered neurons in the stratum oriens (arrows) also contain strong agmatine-IR (D).
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Figure 3.2: Localization of agmatine in the dentate gyrus granule cells.
Confocal images of DG granule cell layer in the rat hippocampus at two different magnifications (x40, x100
objectives). The cytoplasm surrounding the nuclei of dentate gyrus granule cells (principal cells) show strong
agmatine-IR, while the nuclei are mostly immunonegative (examples indicated by asterisks).
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3.2 Co-localization of Agmatine with Glutamate in CA1 and CA3
Hippocampal Pyramidal Cells

3.2.1 Immunofluorescence Confocal Microscopy
Agmatine and glutamate immunoreactivity in the CA1-CA3 pyramidal cell layers was
analysed using immunofluorescence double-labelling of 30 µm thick free floating brain
sections with agmatine and glutamate antibodies (Fig 3.3, 3.4). The majority of labelling
for both agmatine (Fig 3.3 A, D, G; Fig 3.4 A, D, G) and glutamate (Fig 3.3 B, E, H; Fig
3.4 B, E, H) in the stratum pyramidale was observed in and around the pyramidal cell
somata, with images at higher magnifications showing little or no labelling within the
nuclei. Images showing the localization of agmatine-IR and glutamate-IR were digitally
merged to determine if agmatine and glutamate were co-localized within the same
pyramidal cells. In virtually every hippocampal pyramidal cells of the CA1 (Fig 3.3 C, F,
I) and CA3 (Fig 3.4 C, F, I) regions, there was punctate yellow staining within the cell
bodies, indicating that agmatine was co-localized with glutamate.

3.2.2 Preadsorption, Omission, Cross-reactivity Controls
None of this labelling was evident in any of the control sections including cross-reactivity,
preadsorption, and omission controls, which were conducted in order to establish the
specificities of primary and secondary antibodies used in immunofluorescence confocal
microscopy (Fig 3.5 A-F).
The specificity of cross-reactivity of primary and secondary antibodies was tested
according to the methods of Gorbatyuk et al. (2001). Sections were incubated with either
rabbit polyclonal anti-agmatine antibody (Fig 3.5A) or the mouse monoclonal antiglutamate antibody (Fig 3.5B), followed by a mixture of both secondaries (goat anti-rabbit
Alexa 488 nm and goat anti-mouse Alexa 568 nm fluorophore-conjugated secondary
antibodies). In both cases, immunofluorescence was only detected by the specific
secondary antibody directed against the specific host species in which each primary
antibody was raised (Fig 3.5 A-D). Immunoreactivity in tissue sections incubated in rabbit
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Figure 3.3: Co-localization of agmatine and glutamate in rat hippocampal CA1
pyramidal cells.
Confocal images showing immunoreactivity for agmatine (A, D, G) and glutamate (B, E, H) in the rat
hippocampal CA1 region, at several different magnifications. Agmatine-IR is visible as green fluorescent
labelling (Alexa 488 nm fluorophore) and glutamate-IR is visible as red fluorescent labelling (Alexa 568 nm
fluorophore). When images showing localization of agmatine and glutamate are digitally merged (C, F, I),
intense yellow colouring is evident in and around pyramidal cell bodies, showing co-localization of agmatine
and glutamate.
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Figure 3.4: Co-localization of agmatine and glutamate in rat hippocampal CA3
pyramidal cells.
Immunofluorescent confocal images showing immunoreactivity for agmatine (A, D, G) and glutamate (B, E,
H) in the rat hippocampal CA3 region, at several different magnifications. Agmatine-IR (green) and
glutamate-IR (red) are concentrated in and around the pyramidal cell somata, whereas the nuclei lack
immunolabelling. When the images showing localization of agmatine and glutamate are digitally merged (C,
F, I), punctate yellow staining appears in and around the pyramidal cell bodies, showing co-localization of
agmatine and glutamate.
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anti-agmatine was only detected by the anti-rabbit Alexa 488 nm fluorophore (green
pseudocolour) (Fig 3.5A) but not by anti-mouse Alexa 568 nm fluorophore (red
pseudocolour) (Fig 3.5C). Conversely, immunoreactivity for glutamate was only detected
by anti-mouse Alexa 568 nm fluorophore (red) (Fig 3.5B) and not anti-rabbit Alexa 488
nm fluorophore (green) (Fig 3.5D).
Preadsorption of the rabbit polyclonal agmatine antibody with an excess of its antigen prior
to immunohistochemical procedures, resulted in virtually all immunofluorescence labelling
in all hippocampal regions being abolished (Fig 3.5 E). This control ensured the specificity
of the agmatine antibody for its antigen. In omission controls, where the primary
antibodies for both agmatine and glutamate were omitted to check the specificity of Alex
Fluor Dye-conjugated secondary antibodies, no immunostaining (Fig 3.5 F) was evident in
any hippocampal region. This indicates that the immunofluorescence signal detected is
identifying the primary antibodies, not other components of the hippocampal tissue
sections.
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Figure 3.5: Cross-reactivity, preadsorption, and omission controls.
Confocal microscopy images of the test and control sections in the rat hippocampal sections. Microscope
settings were kept constant for cross-reactivity, preadsorption, and cross-reactivity controls. Rat hippocampal
sections were labelled with either rabbit anti-agmatine antibody (A, C) or mouse anti-glutamate antibody (B,
D) and visualized with a cocktail of goat anti-rabbit Alexa 488 nm fluorophore (green) conjugated secondary
antibody and goat anti-mouse Alexa 568 nm fluorophore (red) conjugated secondary antibody. Rabbit antiagmatine antibody is detected by the Alexa 488 nm (A), but not Alexa 568 nm fluorophore conjugated
antibody (C). Likewise, section labelled with mouse anti-glutamate antibody and a mixture of secondary
antibodies results in detection of the anti-glutamate antibody by the goat anti-mouse Alexa 568 nm (B), but
not Alexa 488 nm (D) fluorophore conjugated antibody. These cross reactivity controls confirm specificity of
the secondary antibodies for the primary antibodies in which they are directed against. Preadsorption control
with incubation of agmatine primary antibody with excess of agmatine antigen before immunohistochemical
procedures show negative immunostaining (E), confirming the specificity of anti-agmatine primary antibody
for the agmatine antigen. Omission of anti-agmatine and anti-glutamate primary antibodies, and incubation
with secondary antibodies only, also show abolished immunoreactivity (F).
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3.3 Subcellular Localization of Agmatine and Glutamate

3.3.1 Localization of Agmatine and Glutamate

Having observed that agmatine and glutamate are co-localized in CA1 and CA3
hippocampal pyramidal cell bodies using immunofluorescence, analyses were undertaken
at the subcellular level using EM immunogold-cytochemistry to determine if agmatine and
glutamate are co-localized at synaptic terminals in the CA1 stratum radiatum. This is the
region where CA3 pyramidal cell axons make synaptic contacts with CA1 dendritic
processes via Schaffer collaterals.
Agmatine-IR and glutamate-IR were observed using 15 nm-gold conjugated secondary
antibody and 5 nm-gold conjugated secondary antibodies, respectively, within CA3
pyramidal cell axon terminals in the stratum radiatum. The immunoreactive terminals
contain small synaptic vesicles and make asymmetrical synaptic contacts with CA1
pyramidal cell dendritic processes (Fig 3.6), and are thus most likely to be Schaffer
collaterals from CA3 which synapse with CA1 dendrites in the SR. Some CA1 pyramidal
cell dendrites also showed low levels of immunoreactivity for agmatine and glutamate.
These findings are in agreement with those reported by Reis et al. (1998), in which 83% of
agmatine-labelled profiles in the CA1 stratum radiatum were axons and axon terminals,
while pyramidal cell dendritic shafts and spines accounted for only 15% of all labelling
(astrocytes accounted for the remaining 2%).

3.3.2 Preadsorption and Omission Controls

Virtually no immunogold label was evident in control sections that were included with the
EM immunocytochemical procedures. Preadsorption controls and omission controls
showed negative staining for immunogold labelling (Fig 3.7), indicating the specificities of
primary and secondary antibodies used in EM immunocytochemical procedures.
Background staining was also assessed by checking for gold label over areas of empty
resin (e.g. in the lumen of blood vessels) in test and control sections. Negligible
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immunostaining was only ever observed under these conditions, in agreement with
previously published results (Leitch et al., 2011). The specificity of mouse monoclonal
glutamate antibody (cat no. G9282, Sigma) has also been established in previous papers,
with the antibody giving similar labelling patterns as the rabbit polyclonal counterpart (cat
no. G6642, Sigma Aldrich) (Kolodziejczyk et al., 2008, Fredrich et al., 2009), whose
specificity has been tested in different systems (Pearlstein et al., 1998, Watson et al., 2000,
Richardson and Leitch, 2005).

Figure 3.6: Co-localization of agmatine and glutamate in CA1 stratum radiatum
synaptic terminals.
Electron micrographs showing localization of agmatine and glutamate immunoreactivity in CA1 stratum
radiatum. Agmatine and glutamate are co-localized in the same CA1 SR synaptic terminal (T), which makes
asymmetrical synapses onto CA1 dendritic process (D). Agmatine immunoreactivity is indicated by larger 15
nm gold particles and glutamate immunoreactivity is indicated by smaller 5 nm gold particles. Most
immunolabelling for agmatine and glutamate are found in synaptic terminals, while only low levels are
observed within postsynaptic dendritic processes.
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Figure 3.7: Preadsorption and omission controls at the electron microscope level.
(A) Electron micrograph of a preadsorption control section where the rabbit polyclonal agmatine antibody
was incubated with excess agmatine antigen prior to the immunocytochemical procedures. Virtually all
immunolabelling is abolished, indicating the specificity of the agmatine antibody for its antigen. (B) EM
image of an omission control section with exclusion of primary antibodies, resulting in negative
immunostaining and establishing specificity of the immunogold-conjugated secondaries for its primary
antibodies. (T) is the CA3 axon terminal synapsing onto CA1 dendritic process (D).
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3.3.3 Quantification of Co-localization

The extent of co-localization for agmatine-IR and glutamate-IR was quantified in 300 SR
axon terminals across six rats. In the majority of SR axon terminals analysed, agmatine
was co-localized with glutamate (Fig 3.8). On average, 97% of all axon terminals with
agmatine-IR also contained glutamate-IR. Likewise, 92% of all glutamate-IR profiles also
showed agmatine-IR. This suggests that agmatine and glutamate are co-stored in SR axon
terminals which synapse onto CA1 pyramidal cell dendrites.

Figure 3.8: Co-localization of agmatine and glutamate.
A bar graph showing extent of co-localization of agmatine and glutamate in CA1 SR synaptic terminals.
Black columns represent the percentage of glutamatergic terminals in the CA1 stratum radiatum which also
contain agmatine (rat 1: 90%, rat 2: 88%, rat 3: 96%, rat 4: 92%, rat 5: 98%, rat 6: 90%). White columns
represent the proportion of agmatinergic profiles that also contain agmatine (rat 1: 98%, rat 2: 98%, rat 3:
92%, rat 4: 96%, rat 5: 100%, rat 6: 98%). On average, 92% of all glutamatergic terminals were also
agmatinergic and 97% of all agmatine containing terminals also showed glutamate-IR.
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3.4 Spatial Learning-Induced Changes in Agmatine and Glutamate
Levels at Hippocampal CA1 SR Synaptic Terminals
As several previous studies from our laboratories had reported significant increases in
agmatine levels in the hippocampal CA1 region after spatial learning processes, further
analyses were conducted to investigate spatial learning-induced changes in agmatine and
glutamate levels at hippocampal CA1 SR synaptic terminals. The CA1 region was chosen
for analyses as a previous study by Liu et al. (2008b), using LC/MS and whole tissue
analysis, had shown that agmatine levels are most increased in the CA1 region (60-80%
increase) after spatial learning (Morris water maze training). Furthermore, a study by
Leitch et al. (2011) using EM immunocytochemistry to investigate subcellular levels of
agmatine in CA1 SR synaptic terminals after spatial learning found 85% increase in
agmatine levels. In the current study, quantitative analyses on the levels of agmatine and
glutamate

co-localized

in

CA1

axon

terminals

was

conducted

using

EM

immunocytochemistry (Fig 3.9, 3.10).
Immunolabelled CA1 SR synaptic terminals (Fig 3.9) were chosen randomly and the mean
density of immunogold labelling for agmatine-IR and glutamate-IR terminals were
compared between WM (Fig 3.9 A, C) and SW rats (Fig 3.9 B, D). Comparisons were
made between WM and SW rats which were processed and immunolabelled in parallel to
ensure consistency in incubation and washing times, and under blind-controlled condition
to the investigator. In total, 300 SR synaptic terminals were analysed in three pairs of WM
trained and SW control rats (Fig 3.10). In all three pairs of rats, agmatine levels were
significantly increased in CA1 SR synaptic terminals after spatial learning (Fig 3.9). The
average density of immunogold labelling for agmatine in SR terminals of WM rats was
22.83 ± 1.93 gold/µm2 ± SEM compared to 13.05 ± 0.72 gold/µm2 ± SEM in SW rats (Fig
3.10). Overall, WM rats showed a 78% increase in immunogold labelling for agmatine-IR
compared to SW rats (Fig 3.11) and the mean difference in agmatine labelling was
determined to be statistically significant (p < 0.01) by Student's t-test (unpaired, twotailed). This is in agreement with the findings reported by Leitch et al. (2011), which
showed 85% increase in agmatine levels in hippocampal CA1 terminals of WM rats
compared to SW rats.
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Co-localized glutamate was also increased in the synaptic terminals in the CA1 SR of WM
trained rats (Fig 3.9 A, C) compared to SW rats (Fig 3.9 B, D). The average density of
immunogold labelling for glutamate in SR terminals of WM rats was 28.94 ± 2.39
gold/µm2 ± SEM compared to 20.88 ± 1.76 gold/µm2 ± SEM in SW rats (Fig 3.10).
Overall, WM rats showed 41% increase in glutamate levels compared to SW rats in SR
terminals (Figure 3.11), and Student's t-test revealed this change to be statistically
significant over all three pairs of rats (p < 0.05).

Figure 3.9: Spatial learning-induced increases in agmatine and glutamate (EM
micrographs).
Electron micrographs from the CA1 stratum radiatum shows labelling for agmatine-IR (15 nm gold particles,
large arrows) and glutamate-IR (5 nm gold particles, small arrows) within synaptic terminals (T) which make
asymmetrical contacts with dendritic spines (D) of CA1 pyramidal cells. Immunogold labelling (both 15 nm
and 5 nm) levels were higher in the WM rats (left panel: A, C) than swim only control rats (right panel: B,
D).
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Figure 3.10 Spatial learning-induced increases in agmatine and glutamate (bar
graph).

Mean density (gold/µm2 ± SEM) of immunogold labeling for agmatine-IR and glutamate-IR within synaptic
terminals in CA1 stratum radiatum in WM trained and SW control rats. Levels of agmatine in WM and SW
rats are represented by black and white coloured bars, respectively. Levels of glutamate in WM and SW rats
are represented by gray and striped filled bars, respectively. Relative density of gold labelling for agmatineIR and glutamate-IR is significantly higher in the WM rats across all three pairs. WM1-3 represents water
maze rats 1-3, SW 1-3 represents swim only rats 1-3. * p <0.05, ** p < 0.01, *** p <0.001.
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Figure 3.11: Box plot summary of spatial learning-induced increases in agmatine and
glutamate at the CA1 stratum radiatum.
Box plot showing the maximum, upper quartile, median, lower quartile, and minimum values for the levels
of agmatine-IR (left) and glutamate-IR (right) in CA1 SR terminals in WM rats compared with all SW rats.
The relative levels of agmatine in WM rats are expressed as a percentage of levels in the SW rats, with dotted
line representing the 100% level in SW rats. Overall, the average increase in levels of agmatine-IR was 78%
in WM rats compared to control rats, and the average increase in levels of glutamate-IR in WM rats was 41%
compared to control rats. The rectangular box represents the interquartile range (q3-q1), and the entire length
of the box plot represents the range of the data (max - min).
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3.5 Spatial Learning-Induced Increase in Postsynaptic Density Thickness
Having detected changes in presynaptic agmatine and glutamate levels in axon terminals in
the SR of CA1 region following spatial learning, subcellular structural changes at the
postsynaptic sites were also investigated. The thickness of the PSD at synapses containing
co-localized agmatine and glutamate was analysed.
The average postsynaptic density thickness was measured at 240 synapses in three pairs of
WM and SW rats. There was a statistically significant (p < 0.001) change in the average
PSD thickness, with WM rats exhibiting 30% increase in PSD thickness compared to SW
rats. The average PSD thickness in WM rats was 23.9 ± 0.47 nm, compared to 18.4 ± 0.41
nm in SW rats (Fig 3.12).

Figure 3.12: Spatial learning-induced increase in postsynaptic density.
(A, B) Electron micrographs of SW (A) and WM (B) rats' hippocampal CA1 region, showing spatial
learning-induced thickening of the PSD. (C) The mean PSD thickness (nm ± SEM) in WM group was 23.9 ±
0.47 nm whereas mean PSD thickness in SW group was 18.4 ± 0.41 nm. The overall increase in WM rats
was 30%. *** p < 0.001.
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3.6 Summary of Results
In summary, results from the current study using immunofluorescence confocal
microscopy showed that agmatine and glutamate are co-localized at hippocampal CA1CA3 pyramidal cell bodies. Subcellular analysis at the synaptic level using electron
microscopy-immunogold cytochemistry has revealed that agmatine is co-localized with
glutamate at CA1 stratum radiatum synaptic terminals. Ninety-seven percent of
agmatinergic profiles contained glutamate-IR and 92% of glutamatergic profiles contained
agmatine-IR. Comparison of co-localized agmatine and glutamate levels between three
pairs of water maze trained and swim only control rats showed statistically significant
increase in both agmatine (78%, all p < 0.01) and glutamate (41%, all p < 0.05) levels
following spatial learning at CA1 SR synaptic terminals. The average agmatine level in
WM rats was 22.83 ± 1.93 gold/µm2 ± SEM compared to 13.05 ± 0.72 gold/µm2 ± SEM in
SW rats, and the average glutamate level in WM rats was 28.94 ± 2.39 gold/µm2 ± SEM
compared to 20.88 ± 1.76 gold/µm2 ± SEM in SW rats. Changes at the postsynaptic sites
following spatial learning were also demonstrated, by measuring the average postsynaptic
density thickness in WM and SW rats' CA1 SR region. The WM rats displayed statistically
significant increase (p < 0.001) in the average PSD thickness compared to SW control rats
(30% increase). The average PSD thickness in WM rats was 23.9 ± 0.47 nm, compared to
18.4 ± 0.41 nm in SW rats. The implications and functional significance of these findings
will be discussed in the following section.

56

4.0 Discussion

The overall aim of this project was to investigate the role of endogenous agmatine in
spatial learning and memory, as well as pre- and postsynaptic changes that occur following
spatial learning at hippocampal CA1 stratum radiatum synapses. The results from the
current study, for the first time, demonstrate: co-localization of agmatine with glutamate at
CA1 SR synapses; spatial learning-induced increases in co-localized presynaptic agmatine
and glutamate levels; and spatial learning-induced increase in average postsynaptic density
thickness.
Agmatine-IR has been observed at asymmetric excitatory synapses (Reis et al., 1998),
similar to those associated with the NMDA receptors (Siegel et al., 1994), and this
prompted speculation that agmatine might be co-localized with glutamate, the primary
excitatory neurotransmitter of the central nervous system. The present study used
immunofluorescence confocal microscopy to analyse agmatine-IR and glutamate-IR in rat
hippocampal CA1-3 regions, and found co-localization of agmatine and glutamate in
virtually all pyramidal cell bodies. Co-localization of agmatine with glutamate was also
investigated subcellularly at the synaptic level in the CA1 SR region, using EMimmunocytochemistry. This is the region where CA3 pyramidal cell axon projections
synapse onto CA1 pyramidal cell dendritic processes. Agmatine and glutamate were found
to be co-localized in the majority of CA1 SR synaptic terminals, with 97% of agmatinergic
profiles also containing glutamate-IR, and 92% of glutamatergic terminals showing
agmatine-IR.
Co-localized agmatine and glutamate levels were also altered in these terminals after
spatial learning. Agmatine and glutamate levels in the water maze trained rats were
increased by 78% and 41% compared to swim only control rats, respectively. The
observations that agmatine and glutamate are present in the same synaptic terminals and
that both are increased after water maze training suggest that agmatine and glutamate may
play a role together in spatial learning and memory processes. Finally, spatial learninginduced changes at the postsynaptic site were investigated at CA1 SR synapses. The WM
rats had 30% increase in average PSD thickness compared to SW rats, indicating spatial
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learning-induced changes in molecular machineries of the PSD and subsequent functional
changes in postsynaptic neurons.

4.1 Co-localization of Agmatine and Glutamate: Implications

Using immunofluorescence confocal microscopy, localization of agmatine in several
hippocampal regions was examined. Intense immunolabelling was found in CA1-CA3
pyramidal cell somata and dentate gyrus granule cell somata, as well as light, dispersed
immunolabelling throughout strata oriens, radiatum, and lacunosum-moleculare. These
findings are consistent with light microscopical findings by Reis et al. (1998), who also
reported strong agmatine-IR at CA1-CA3 pyramidal cells and dentate gyrus granule cells,
and light agmatine-IR throughout strata oriens, radiatum, and lacunosum-moleculare.
Glutamate was also found to be densely stained at CA1-CA3 pyramidal cell soma, with
light, diffuse staining in the strata oriens, radiatum and lacunosum-moleculare. This
observation is consistent with those by McDonald et al. (1989), who reported intense
glutamate immunoreactivity at CA1 and CA3 cell bodies, with light staining throughout
neuropil of strata oriens, radiatum, and lacunosum-moleculare. Taken together, agmatine
and glutamate are widely expressed in the hippocampus, and particularly concentrated in
principle cell bodies. Immunofluorescence was not observed in preadsorption, omission,
and cross-reactivity controls, indicating the specificity of antibodies used in the present
study.
Reis et al. (1998) observed agmatine-IR at asymmetric excitatory synapses, similar to
synapses associated with NMDA receptors, and suggested the possibility of co-localization
of agmatine with glutamate. In the present study, subcellular localization of agmatine-IR
and glutamate-IR in rat hippocampal CA1 SR region was examined using post-embedding
EM-ICC. Immunogold labellings for agmatine and glutamate were mostly found in axon
terminals (most likely to be Schaffer collaterals), with lower levels of immunogold
labellings at the dendritic processes. Only negligible immunogold labelling was ever found
in control sections. These findings are consistent with previous studies that reported
majority of agmatine-IR and glutamate-IR at CA1 SR region to be localized at presynaptic
terminals (Bramham et al., 1990, Reis et al., 1998). As speculated, agmatine and glutamate
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were co-localized at same synaptic terminals in majority of cases, with 97% of
agmatinergic terminals containing glutamate and 92% of glutamatergic profiles containing
agmatine.
Dale's principle, first proposed by Sir John Eccles in 1954, basically states that a single
neuron synthesizes only one transmitter substance and individual neurons release only one
neurotransmitter from their axon terminals (Eccles et al., 1954). This one neuron-one
transmitter concept has been challenged and it is now widely known that co-localization of
transmitter substances is not an unusual case. The finding from the current study
demonstrating co-localization of agmatine and glutamate in rat hippocampal CA1 SR
synaptic terminals is one of many examples of co-localization of transmitter substances.
While the majority of glutamatergic or GABAergic principal neurons only release one
transmitter, in many cases neuropeptides are released together with a classical
neurotransmitter (Hokfelt et al., 2000). There also have been examples where two classical
neurotransmitters are co-localized and co-released, for example GABA and glycine (Jonas
et al., 1998), and glutamate and acetylcholine (Nishimaru et al., 2005) at spinal cord
synapses. In addition, monoamine neurons use glutamate as a co-transmitter and glutamate
is released in serotonergic and dopaminergic neurons in cultures (Johnson, 1994, Sulzer et
al., 1998).
Co-localization and co-release of multiple transmitters allow a synapse to modulate its
signals depending on the level of activity in a pathway. For example, GABA has been
shown to be synaptically released at glutamatergic mossy fibre synapses in the
hippocampal CA3 region (Bergersen et al., 2008), and this serves as a mechanism for
modulating AMPA glutamate receptor-mediated signalling and to prevent over excitation
of CA3 postsynaptic pyramidal neurons. The current study, for the first time, provides
direct evidence that agmatine is co-localized with glutamate, the major excitatory
neurotransmitter of the CNS, in the hippocampus. Agmatine is a voltage and concentration
dependent blocker of NMDA receptors (Yang and Reis, 1999) and agmatine has been
found with glutamate in CA1 SR synapses associated with NMDA receptors. Therefore,
the results from the current study suggest that agmatine may act as a modulator of
glutamate activity on NMDA receptors in the hippocampal CA1 region and prevent
glutamate-induced over excitation of postsynaptic neurons.
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Examination of electron micrographs from the current study shows co-localization of
agmatine and glutamate in same synaptic terminals, but it is unclear if they are co-stored in
same synaptic vesicles and co-released upon depolarization. Christie and Jahr (2006)
showed that multivesicular release of glutamate is prominent at Schaffer collateral-CA1
synapses, and thus it may be possible that upon depolarization, agmatine and glutamate are
stored and released from different vesicles within CA1 SR terminals. Further supporting
this view is the observation from the current study where differential increase in
presynaptic agmatine and glutamate levels was seen following spatial learning, with the
increase in agmatine (78%) being about twice greater than that of glutamate (41%).

4.2 Comments on Post-embedding EM Immunocytochemistry
In the current study, analyses on spatial learning-induced changes - quantification of colocalization, statistical analysis of immunogold labelling density, and measurement of
postsynaptic density thickness - were all conducted on rat hippocampal CA1 SR sections
which were processed in parallel for post-embedding EM immunocytochemistry. Rats
were anaesthetized, perfuse-fixed, appropriate brain regions extracted, vibratomed,
cryoprotected and impact frozen onto copper blocks for freeze substitution and resin
embedding. Sections were then picked up on grids, immunolabelled, and contrasted using
uranyl acetate and lead citrate.
The post-embedding technique was first developed in the mid-1980s by Somogyi and
Hodgson (1985), and since then has been widely used and validated as a useful technique
to determine subcellular distribution of proteins (Ottersen et al., 1988a, Ottersen et al.,
1988b, Ottersen et al., 1992, Leitch et al., 2009c). It is also a validated semi-quantitative
technique to statistically compare relative levels of antigen immunoreactivity based on
gold particle density, and a number of studies have examined changes in antigen levels
such as glutamate, calcium channels, receptors, vesicle associated proteins, and agmatine
in different cell populations or animal disease models (Somogyi et al., 1986, Torp et al.,
1991, Ottersen et al., 1996, Richardson and Leitch, 2005, Leitch et al., 2009a, Leitch et al.,
2009b, Utvik et al., 2009). It must be noted that in post-embedding EM-ICC, relative
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levels of immunoreactivity can only be compared between pairs of rats which were
processed in parallel to ensure equal fixation, processing, incubation, and staining times.
The post-embedding method allows superior preservation of tissue morphology compared
to the pre-embedding method, and this means that in addition to subcellular examination of
antigen levels, ultrastructural details such as the length of the PSD can be investigated
(Richardson and Leitch, 2005). In the current study, concentration of antibodies,
composition of blocking reagent and buffers, incubation times, and all processing steps
from perfusion and fixation to staining for electron microscopy were optimized based on
previous post-embedding EM immunocytochemistry studies. This ensured that agmatine
and glutamate antigenicities were preserved for detection by their antibodies, while
sufficient ultrastructural details were kept for structural analyses (e.g. measuring PSD and
presynaptic terminal area).

As the post-embedding EM-ICC procedure involves surface labelling of 70 nm thin
sections, there are no antibody penetration problems as in the pre-embedding method
(Bendayan et al., 1987), but this inevitably means that the ultrathin sections only span
across partial depths of most synaptic terminals. Therefore, the extent of co-localization as
determined in the current study is likely to represent an underestimate of the actual value.
Investigation over the entire volume of a synapse, for example, using serial sections, is
likely to reveal that agmatine and glutamate are co-localized at virtually all CA1 SR axon
terminals.

4.3 Spatial Learning-Induced Increase in Glutamate
Glutamate is the primary excitatory neurotransmitter of the central nervous system,
including at the hippocampal pyramidal cells. Shimizu et al. (1998) measured extracellular
level of glutamate in the dorsal hippocampus in rats that were treated with ethanol or
benzodiazepine, and found significantly reduced glutamate release in these animals relative
to the controls. Interestingly, reduced dorsal hippocampal glutamate release significantly
correlated with the spatial memory deficits in the water maze task induced by ethanol or

61

benzodiazepine. The findings of this study indicate a significant contribution of
extracellular glutamate in the dorsal hippocampus to spatial learning and memory. While
the importance of glutamate receptors has been demonstrated in spatial learning and
memory processes, as well as in synaptic plasticity (Liang et al., 1994, Riedel et al., 1995,
Tang et al., 1999), the presynaptic events that occur at the glutamatergic synapses in the
dorsal hippocampus during spatial learning have been poorly elucidated.
In the present study, six rats were divided into water maze trained group or swim only
control group. Over four consecutive days (eight trials per day), the WM group rats were
trained to search for a hidden escape platform located in a fixed position (the reference
memory version of the water maze task), while rats of the SW group were allowed to swim
freely with no platform presented. Rats in the WM group had acquired the task after 4 days
of training as evidenced by the path length measurement (Day 1: 5.99 ± 0.98 m; Day 4:
2.23 ± 0.58 m). Post-embedding EM-ICC investigation revealed that the WM group had
41% increase in glutamate levels at CA1 SR synaptic terminals compared to the SW group.
Because the SW group was used to control the nonmnemonic aspects (such as motor
activity and swim stress), increased glutamate levels at CA1 SR synaptic terminals in the
WM group are likely to be spatial learning- and memory- specific. It should be pointed out
that the rats were sacrificed 24 hours after the final training trial (i.e. animals had already
learnt the water maze task). Hence, it is unclear at present if the increase in presynaptic
glutamate levels had occurred during the encoding phase of the process. Since the CA1
region of the hippocampus contributes to encoding and retrieval of spatial memory
(Churchwell et al. 2010), it would be of interest to investigate whether glutamate has
differential or equal contributions to the different stages of spatial learning and memory
processing.
The phenomenon of spatial learning-induced increase in glutamate has been also been
previously explored previously by Richter-Levin et al. (1995), who measured veratrineinduced glutamate release in DG synaptosomes 4 hours after final training in the water
maze and reported increase in glutamate release in WM trained rats. This increase in
glutamate efflux following spatial learning may be attributable to BDNF induced increases
in ERK and Trk activation, since inhibition of ERK and Trk activation has been shown to
result in downregulation of KCl induced increase in glutamate release (Gooney et al.,
2002). A similar increase in glutamate release is seen during maintenance of LTP, which is
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thought to provide cellular basis for learning and memory. Richter-Levin et al. (1995) also
demonstrated increase in veratrine-induced glutamate efflux following induction of LTP at
DG, and several other studies have reported increased glutamate release after LTP at areas
such as corticothalamic synapses and cerebellar parallel fibre synapses (Castro-Alamancos
and Calcagnotto, 1999, Rancillac and Crepel, 2004).
However, links between spatial learning or LTP and increase in glutamate in the CA1
region, a region required for spatial memory (Jo et al., 2007), remains unclear. A study by
Ghijsen et al. (1992) reported that glutamate release is increased in the rat CA1 region
after HFS-induced LTP, whereas findings from Aniksztejn et al. (1989) showed no change
in glutamate release after LTP. There have also been studies reporting no change in
NMDA receptor mediated component of synaptic response following induction of LTP
(Kauer et al., 1988, Muller and Lynch, 1988), suggesting that there is no change in the
amount of glutamate released. Nevertheless, while there is lack of convincing evidence for
increased glutamate release following spatial learning or induction of LTP in CA1,
Levenson et al. (2002) showed that LTP in area CA1 is associated with NMDA receptor
dependent increase in glutamate uptake, which may occur pre- or postsynaptically. In their
study, high frequency stimulation of Schaffer collateral axon terminals induced a 52%
increase in glutamate uptake in area CA1 of hippocampal slices. This may explain the
observation from the current study where 41% increase in glutamate levels in CA1 SR
synaptic terminals were observed after spatial learning. An increase in glutamate uptake
could thus serve as a mechanism of modulating synaptic strength by limiting activation of
NMDA receptors (Rusakov and Kullmann, 1998).

4.4 Role of Agmatine in Spatial Learning and Memory
Agmatine, the decarboxylated metabolite of L-arginine, is a novel putative
neurotransmitter, capable of modulating behavioural functions including learning and
memory. Several studies in our laboratories have explored the role of endogenous
agmatine in spatial learning and memory processes. Liu et al. (2008b) used LC/MS to
analyse whole tissue content of agmatine in regions thought to be involved in spatial
learning and memory, including DG, EC, CA1, and VNC regions. They showed that
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compared to swim only control groups, the water maze trained rats exhibited increased
agmatine levels in several brain subregions (including CA1), suggesting the involvement
of endogenous agmatine on learning and memory processes. A more direct evidence for
participation of endogenous agmatine in the processes of learning and memory was
provided in another LC/MS study by Liu et al. (2009). Using delayed nonmatching to
position (DNMP) task in the T-maze, which is a spatial working memory task (SanchezSanted et al., 1997), Liu et al. (2009) demonstrated T-maze learning induced region
specific increase in agmatine levels. Interestingly, there were positive correlations between
agmatine levels in the perirhinal and prefrontal cortices and correct responses in the Tmaze task, suggesting the functional role of agmatine in learning and memory.
Furthermore, Leitch et al. (2011) conducted a subcellular investigation of synapses at the
CA1 region, which is the region required for spatial reference memory (Jo et al., 2007) and
also the region that exhibited the greatest increase in agmatine levels following water maze
training (Liu et al., 2008b). They found an 85% increase in agmatine levels in hippocampal
CA1 SR synaptic terminals in water maze trained rats, providing further evidence of the
involvement of endogenous agmatine in spatial learning and memory.
The current study demonstrated that water maze training induced a 78% increase in
agmatine levels in hippocampal CA1 SR agmatinergic/glutamatergic synaptic terminals,
which is consistent with the study of Leitch et al. (2011). It should be pointed out that the
mechanism(s) of learning-induced changes in agmatine and the functional significance of
these changes are currently unclear. Agmatine is synthesized by ADC from L-arginine, and
ADC activity is much higher in glial cells than in neurons (Regunathan et al., 1995). It has
been proposed that agmatine may be mainly synthesized by glia and then transported into
neurons when required (for a review see Reis and Regunathan, 2000). However, the
current study was unable to dissociate the source (neuronal vs glial) of increased agmatine
levels in the CA1 SR synaptic terminals. A future study is required to address this issue by
investigating the cellular localization of ADC and water maze training-induced changes in
ADC in the hippocampus.
Agmatine is considered to be a putative neurotransmitter and interacts with a number of
receptor subtypes (for a review see Reis and Regunathan, 2000). Because its own receptor
has not been discovered yet, it is currently unclear whether agmatine is directly involved in
neurotransmission. The present study demonstrated that agmatine was co-localized with
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glutamate (as described and discussed earlier). Since agmatine blocks the NMDA receptors
in a concentration- and voltage-dependent manner (for a review see Reis and Regunathan,
2000), it is possible that the co-localization of agmatine and glutamate is a built-in
mechanism for agmatine to control glutamate-mediated excitatory moiety.
It is of interest to point out that the level of water maze training-induced increases in
agmatine at the CA1 SR synaptic terminals observed in the current study (78%) parallels
the increase in whole tissue agmatine content in the CA1 region (60-80%) reported by Liu
et al. (2008b). This suggests that in addition to its involvement as a neurotransmitter,
agmatine may be involved in learning and memory processes in an alternative manner. As
described earlier, agmatine stands at the crossroads of the L-arginine metabolic pathways
(Satriano, 2003). Hence, increased agmatine levels following spatial learning may also be a
built-in mechanism to modulate synaptic transmission through the regulation of the
production of NO and polyamines. NO is a neuronal signalling molecule involved in
neurotransmitter release and synaptic plasticity through activation of gunayl cyclase and
downstream protein kinases. Chen et al. (1997) demonstrated an increase in NOS activity
in the hippocampus following water-rewarded spatial alteration task, supporting the notion
that NO participates in learning and memory processes. By influencing NOS activity,
agmatine regulates NO production, and hence may regulate synaptic plasticity and
learning. It has been well documented that polyamines modulate ion channel activities and
receptor functions (e.g. NMDA and AMPA receptors) (Williams et al., 1991, Shin et al.,
2005).
Cognitive decline is a common phenomenon in aged individuals, and age-related memory
deficits are associated with neurochemical changes in memory-related structures. Liu et al.
(2008a) reported increased agmatine levels with age in the CA2/3 and DG sub-regions of
the hippocampus and the entorhinal, perirhinal and postrhinal cortices, and decreased
agmatine levels in hippocampal CA1 and the prefrontal cortex. Given the role of agmatine
described above, it is possible that altered agmatine levels may affect neurotransmission
and may be associated with age-related changes in NOS (Liu et al., 2004, Liu et al., 2005).
Interestingly, agmatine supplementation significantly attenuated behavioural deficits in the
water maze and object recognition memory task in aged rats (Rushaidhi et al., 2010), and
significantly suppressed age-related increases in NOS activity (Rushaidhi et al., 2008). An
investigation of the effect of aging on agmatine at the CA1 SR and prefrontal synaptic
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terminals is currently underway in our laboratories.

4.5 Structural Changes in the Postsynaptic Density
The postsynaptic density comprises various receptors, scaffold molecules, and signal
transduction molecules which mediate postsynaptic responses to neurotransmitter release
(Siekevitz, 1985, Kennedy, 2000). It is a dynamic structure capable of structural
reorganization, and an early study by Streit et al. (1972) reported thickening of PSDs in
unanaesthetized animals compared to anaesthetized animals. As anaesthetics primarily act
by disturbing normal functional of chemical synapses, this study suggested a link between
PSD thickness and synaptic activity.
In the current study, rats that underwent water maze training exhibited 30% increase in
average thickness of PSD at hippocampal CA1 SR synapses co-localized for agmatine and
glutamate compared to control rats. This implies that there have been changes in protein
components and subsequent functional modifications of the postsynaptic neuron following
spatial learning processes. Possible components that might be altered after water maze
training are scaffolding molecules and receptors including NMDA and AMPA receptors,
which may have been increased in numbers to make the postsynaptic neuron more
sensitive to glutamate and to potentiate the synapse. Consistent with observations from the
current study is the report by Bourne and Harris (2010), who showed links between LTP
induction and structural reorganization of PSD. They induced LTP at CA1 synapses in rats
using HFS, and constructed serial sections from EM images. Two hours after LTP
induction, they reported a small loss in synapse numbers, followed by enlargement of the
remaining synapses and postsynaptic density area. Further investigations are required to
determine which PSD components are altered following spatial learning or LTP induction,
as well as downstream biochemical changes.
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4.6 Future studies
The results from the current study give rise to a series of questions that could be explored
in the future. Firstly, it is possible that agmatine is co-localized with glutamate in other
regions of the hippocampus, as well as in other memory-related structures in the medial
temporal lobe such as the entorhinal cortex. EM-ICC investigation similar to the one
carried out in the current project could be used to determine whether co-localization of
agmatine and glutamate is a region-specific or a general phenomenon.
Having seen that agmatine and glutamate are co-localized in the CA1 SR synaptic
terminals, it would be of interest to investigate whether they are released together.
Electrophysiological studies have been used to provide direct evidence for co-release of
transmitters. For example, a study by Nishimaru et al. (2005) detected co-release of
acetylcholine and glutamate in mammalian motor neurons, by examining ventral root
stimulation evoked EPSPs at tissues treated with glutamate receptor blocker, nicotinic
receptor blocker, or both. However, this approach may be a bit problematic for agmatine
and glutamate, as agmatine does not have its own unique receptor despite being able to
bind to a range of postsynaptic receptors. An alternative approach, albeit on a shorter
timescale, would be to detect release of transmitters biochemically using radioactive
transmitters, as described by Khvotchev et al. (2000). Synaptosomes could be preloaded
with radioactive agmatine and glutamate and the proportion of neurotransmitter secreted
into superfusate and that retained within synaptosomes could be measured using liquid
scintillation counting. Also, in vivo microdialysis experiments could be conducted to
collect extracellular fluid from the CA1 SR region which could then be analysed to
determine if agmatine and glutamate are co-released. In vivo microdialysis could also be
conducted in rats undergoing a water maze task to understand the direct involvement of
endogenous agmatine and glutamate at different stages of spatial learning and memory
processing.
Further investigations could also be carried out in order to determine the nature of changes
at postsynaptic sites. A post-embedding EM-ICC study could be conducted to localize and
compare the relative levels of main receptor components (e.g. NMDA and AMPA
receptors) in the PSD at CA1 SR synapses following spatial learning. In addition,
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Villasana et al. (2006) describes a method for isolation of synaptoneurosomes and PSDs
from the hippocampus of an adult mouse. This technique could be used to isolate the PSD
component from rat hippocampus to examine changes in signal transduction molecules and
downstream components biochemically. To confirm that spatial learning induced change in
PSD, serial sections could be investigated to observe if there are any increases in the
surface area of the PSD, in addition to its average thickness. Serial sections can also be
used to quantify the extent of co-localization of agmatine and glutamate more
comprehensively, by observing immunoreactivities for agmatine and glutamate over whole
depth of synapses, as opposed to 70 nm ultrathin sections used in this study.

4.7 Conclusions
Research investigating the functional role of endogenous agmatine and learning is still in
its infancy. While the functional significance of endogenous agmatine in spatial learning
and memory is still unclear, the results from the current study present a step towards
elucidating the role of endogenous agmatine in learning and memory. It is the first
comprehensive investigation demonstrating co-localization of agmatine and glutamate at
hippocampal CA1-3 pyramidal cell bodies, as well as at CA1 SR synaptic terminals, and
also demonstrated increases in co-localized agmatine and glutamate levels at CA1 SR
synaptic terminals following spatial learning. These findings support the notion that
agmatine may co-participate with glutamate in learning and memory processes as a
neurotransmitter. The study also demonstrated spatial learning-induced thickening of PSD
at CA1 SR synapses, which implies changes in molecular machinery at the postsynaptic
site and functional changes of the postsynaptic neuron. Future studies, as outlined above,
are required to elucidate the underlying mechanisms linking agmatine and learning, and to
explore the significance of spatial learning induced increase in agmatine and glutamate
levels and PSD thickness.
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Appendices

Appendix 1: Transcardial Perfusion and Fixation of Rats
- Pick up a rat from its cage and anaesthetize with an i.p. injection of sodium pentobarbital
solution (Nembutal 60 mg/kg).
- Wait for 5 minutes and check toe reflex of the rat.
- When the rat is fully anaesthetized, place the rat onto a polystyrene board, positioned
abdomen up, and secure its body with sellotape.
- Use a pair of surgical scissors to open up its abdomen horizontally below the rib cage.
- Lift the sternum and cut diaphragm to access the thoracic cavity.
- Cut up the rib cage and secure it on the board near the head.
- With a small sharp scissor, make a small cut on the right atrium.
- Insert the perfusion needle into the left ventricle.
- Using a peristaltic pump (20 ml/min, 2-50 on pump scale), perfuse the rat with 0.1 M
PBS with 5% heparin for 30 seconds using a 18 gauge needle. Then, perfuse the rat with
4% PFA in 0.1 M PB with 0.1% glutaraldehyde (for immunohistochemistry) or 2% PFA in
0.1M PB with 2.5% glutaraldehyde (for EM-ICC) for 14.5 minutes.
- Decapitate the rat with a pair of large scissors, and extract the brain carefully after using
forceps to remove the skull.
- Place the isolated brain in increasing solutions of sucrose for immunofluorescence
confocal microscopy or fix in 2% PFA in 0.1M PB with 2.5% glutaraldehyde for 2 hours
in 4 °C for EM-ICC.
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Appendix 2: Solutions and Fixatives

Sorensen's Phosphate Buffer (PB) 0.2M

Solution 1: 28.39 g Na2HPO4 in 1000ml distilled H2O
Solution 2: 27.59 g NaH2PO4 x H2O in 1000ml distilled H2O
Mix solution 1 and 2 (4:1).

10 x Phosphate Buffered Saline (PBS)

Na2HPO4 (anhydrous) 5.675 g
KH2PO4 (anhydrous) 1.361 g
NaCl 43.8 g
Make up to 500 ml with distilled H2O

1 x Phosphate Buffered Saline (PBS)

Dilute 100 ml of 10 x PBS in 900 ml distilled H2O

0.1 M PBS with 5% Heparin

25 ml 10 x PBS
12.5 ml heparin
Make up to 250 ml with distilled H2O
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4% PFA in 0.1 M PB + 0.1% Glutaraldehyde (for Immunohistochemistry)

1) Make up 250 ml of 8% PFA + 0.2% glutaraldehyde
- Weigh 20 g PFA, add to 200 ml distilled H2O
- Heat the solution to 60 °C
- Add drops of 0.1M NaOH until the solution becomes transparent
- Filter the solution and add distilled H2O to make up 250 ml
- Add 2 ml of 25% glutaraldehyde
2) Mix 250 ml of 8% PFA + 0.2% glutaraldehyde with 250 ml 0.2 M PB.

2% PFA in 0.1M PB + 2.5% Glutaraldehyde (for EM-ICC)

1) Make up 250 ml of 8% PFA
- Weight 20g PFA, add to 200 ml distilled H2O
- Heat the solution to 60 °C
- Add drops of 0.1M NaOH until the solution becomes transparent
- Filter the solution and add distilled H2O to make up 250 ml
2) To make 1000 ml of 2% PFA in 0.1 M PB + 2.5% glutaraldehyde, mix 250 ml of 8%
PFA with 100 ml of 25% glutaraldehyde, 500 ml of 0.2 M PB, and 150 ml distilled H2O

10%, 20%, 30% Sucrose Solutions (Cryoprotectant for Immunohistochemistry)

Add 10 g, 20 g or 30 g of sucrose to 100 ml 1 x PBS and mix until fully dissolved.

2.3 M Sucrose Solution (Cryoprotectant for Freeze Substitution)

To make up 2.3 M sucrose: dissolve 78.73 g of sucrose in 1x PBS (total volume 100 ml).
Takes at least a day to dissolve fully.
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Tris/BSA Buffer pH 7.4 (primary antibody dilution for EM-ICC)

To 50 ml distilled H2O, add 0.242g Tris, 0.9 g NaCl, 1g BSA, 50 µl Triton X-100, 1 ml
normal goat serum. When they are dissolved, add distilled H2O to make up to 100ml.

Tris/BSA Buffer pH 8.2 (secondary antibody dilution for EM-ICC)

Add drops of NaOH to Tris/BSA buffer pH 7.4 until pH is adjusted to 8.2.

Appendix 3: Freeze Substitution Protocol

Freeze Substitution

- Using Reichert KF 80, slam sections onto copper blocks cooled in liquid N2.
- Leave the specimen on cold copper block for one minute.
- Place samples in embedding capsules which are held in FT-chamber (in the KF 80 work
chamber).
- Transfer FT-chamber to pre-cooled AFS chamber.
- After 15 minutes, add pre-cooled (-85 °C) methanol to the FT chamber.
- Proceed onto the cryosubstitution programme.
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Cryosubstitution programme

Steps

Temperature

Time

-85 °C

113.5 hours

S1 Temperature rises to -50 °C

10 °C

3.5 hours

T2 Still in dry methanol

-50 °C

0 hours

0 °C

0 hours

-50 °C

2 hours

Temperature

Time

-50 °C

69.1 hours

S1 Temperature rises to -20 °C

10 °C

2.9 hours

T2 UV polymerisation continues

-20 °C

22 hours

S2 Temperature rises to 20 °C

10 °C

3.9 hours

T3 UV polymerisation continues

20 °C

0.1 hours

T1 Dry Methanol
- Replace methanol after about 5 hours
- Replace methanol after about 24 hours

S2 Temperature remains at -50 °C for 0 hours
T3 Remains in methanol
Total processing time: 119 hours
Proceed onto the infiltration and polymerisation programme.

Infiltration and polymerisation programme

Steps
T1 Infiltrate with Lowicryl resin
Sub-step 1: 1 part resin and 3 parts methanol (2 hours)
Sub-step 2: 1 part resin and 1 part methanol (2 hours)
Sub-step 3: 3 parts rein and 1 part methanol (2 hours)
Sub-step 4: 100% resin (2 hours)
Sub-step 5: 100% resin (16 hours)
Sub-step 6: fresh 100% resin for embedding (0.5 hours)
Sub-step 7: UV polymerisation (45.1 hours)
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Remove samples from AFS, then cut semi-thin section and examine in the light
microscope. Afterwards, cut ultra-thin section, contrast, and examine under the
transmission electron microscope.

Lowicryl HM20 Mixture

Initiator C: 0.10 g
Crosslinker D: 2.98 g
Monomer E: 17.02 g
Total: 20.10 g
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