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Chapter 1
Coexistence of Neuromessenger
Molecules — A Perspective

Tomas Hokfelt

Abstract Over the last three decades, it has become increasingly clear that
multiple messengers synthesized in, and released from, a single nerve ending
(or some/dendrite) participate in the chemical transmission process — the one
neuron, multiple transmitters concept. The molecules involved encompass a
wide variety of chemicals, e.g. aminoacids, monoamines, peptides and others.
This first chapter attempts to provide a background to the many novel and
interesting aspects on coexistence dealt with in the book.

1.1 Chemical Transmission

Chemical transmission is a fundamental process in nervous system function.
The chemicals involved were originally termed neurotransmitters, but other
names have subsequently also been used: messenger molecule, signaling/trans-
mitter substance, modulator and more — in Sweden we say “a loved child has
many names”. Early on, with only few substances around, the term “neuro-
transmitter” appeared distinct and sufficient. However, as more and more
categories of molecules appeared to have a signaling function in the nervous
system, and sometimes with additional, even not well-defined functions, the
name not rarely became on issue of controversy. For example, in the 1960s some
eminent neurophysiologists would not accept the monoamines as neurotrans-
mitters. This discussion is today less intense, perhaps because of the insight that
the name really is not the critical issue, but rather to understand under what
circumstances this spectrum of molecules is produced and released and what
their functional significance is.
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2 T. Hokfelt
1.2 Identity and Function of Neurotransmitters

What is clear is that messenger molecules not only are involved in different types
of transmission, e.g. slow versus fast signaling (the type of receptor being deci-
sive), but many of them also have other effects, e.g. stimulating growth. And the
main function of a messenger may vary during the life of a neuron/the nervous
system, e.g. early on exerting a role in developmental processes and later on being
a regular transmitter; or being postnatally downregulated and then reactivated
under certain conditions, e.g. nerve injury. Thus, our view has advanced from the
somewhat stereotype view that the function of a transmitter is just to allow axon
potential “to jump” from one neuron to another via a chemical message. One
could argue, let us only call such a molecule “transmitter” that does exactly that;
but in fact there are hardly any messengers with just that function: Even gluta-
mate exerts trophic effects and has both pre- and postsynaptic effects, that is, it
also acts as a growth factor and modulator. In summary, molecules released from
a nerve ending may have many different functions. If so, we cannot in many cases
speak about co-release of transmitters in a strict sense.

1.3 Neurons Only Produce One Transmitter

My upbringing in the Amine Group — established in 1962 by the late Nils-Ake
Hillarp (1916-1965) — in the Department of Histology at Karolinska Institutet,
taught me that a neuron only has one neurotransmitter. This my view was based
on histochemical monoamine research, using the formaldehyde fluorescence
(Falck-Hillarp) method developed by Bengt Falck, Nils- Ake Hillarp and
collaborators (Falck et al., 1962). With this technique, for the first time, a
transmitter could be identified in an individual neuron — if one wants, the first
opportunity to approach the coexistence problem. The results clearly showed
that dopamine (DA), noradrenaline (NA), 5-hydroxytryptamine (5-HT; sero-
tonin) and (later) adrenaline were synthesized in different systems with their cell
bodies distinctly separated along the caudo-cranial axis (Dahlstrém and Fuxe,
1964; Hokfelt et al., 1974; Hokfelt et al., 1984). Also, early ultrastructural
analyses, even when using the highly sensitive potassium permanganate fixation
(Richardson, 1966), showed that in the adult animal the peripheral noradrener-
gic and cholinergic neurons are two separate populations.

Moreover, when it became possible to demonstrate the cellular localization
of the large population of inhibitory ~-amino-butyric acid (GABA) neurons,
first with *H-GABA and autoradiography (Hokfelt and Ljungdahl, 1972a, b),
and subsequently with immunohistochemistry using antibodies either to the
GABA-synthesizing enzyme glutamate decarboxylase (GAD) (Wu et al., 1973;
Saito et al., 1974), or to GABA itself (Storm-Mathisen et al., 1983), there was no
obvious evidence for overlap and coexistence of GABA with the above-men-
tioned monoamine neurotransmitter systems (cf. Mugnaini and Oertel, 1985).
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1.4 Some Historical Aspects — Dale’s Principle

This view was in general agreement with an idea often called the “one neuron-
one transmitter” hypothesis. This went back to Sir Henry Dale’s statement
(Dale, 1935a, b) that a neuron is a metabolic unit and “operates at all its
synapses by the same chemical transmission mechanism”, one interpretation
being that a neuron releases one and the same messenger from all its branches.
The concept was then further modified, saying that each nerve cell makes and
releases only one transmitter. In the light of the findings of coexistence of
messenger molecules described below, this concept was later discussed in
some depth (see e.g. Eccles, 1986; Potter et al., 1986). Nevertheless, the “one
neuron-one transmitter” idea was not challenged for several decades. But when
multiple messengers were shown in neurons (see below), additional interesting
findings with bearing on Dale’s principle were reported. Thus, in Aplysia two
different messengers could be shown to be directed into different processes of
the neuron (Sossin et al., 1990), thus not having the same transmission mechan-
ism, in any case not the same transmitter, at all processes. Another interesting
concept has been developed by Ludwig and co-workers, showing that dendrite
and nerve endings of a neuron can operate separately and independently in
releasing a messenger substance (see Ludwig, 2005; Ludwig and Leng, 2006).

1.5 Early Evidence for One Neuron-Multiple Transmitters

In the mid-1970s, the“one neuron-one transmitter” idea came under serious
scrutiny. Thus, studies on isolated (large) invertebrate neurons suggested pre-
sence/co-release of more than one putative transmitter from a neuron (Kerkut
etal., 1967; Brownstein et al., 1974; Hanley et al., 1974; Cottrell, 1976; Osborne,
1984). Also, Jaim-Etcheverry and Zieher (1973), to my knowledge the first ones
using the word “coexistence” in this context, reported presence of NA and 5-HT
in the same synaptic vesicles in the pineal gland. In this case serotonin had been
taken up from the blood, that is not synthesized in the pineal nerves. Never-
theless, when activated these nerve endings presumably release two transmit-
ters, a topic that will be dealt with in this book.

Elegant experiments, initially carried out in mono-neuron cultures (Fursh-
pan et al., 1976; Landis, 1976), showed that there is a developmental switch in
autonomic neurons from a noradrenergic to a cholinergic phenotype and that
autonomic neurons for a while can synthesize and release both NA and acet-
ylcholine (ACh). Thus, there is coexistence and co-release of two classic trans-
mitters during development, which also occurs in vivo (Francis and
Landis, 1999).

Physiological/pharmacological studies on the peripheral nervous system
suggested existence of nerves releasing neither NA nor ACh, and this phenom-
enon was termed NANC (nonadrenergic, noncholinergic) transmission, which
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could be shown to exist in many peripheral tissues (see Burnstock, 2007). The
prime candidate for this type of transmission was ATP, and Geoffrey Burn-
stock coined the term purinergic transmission. ATP was also one of the early
molecules suggested to be involved in cotransmission, and co-release with NA
could be demonstrated (Su et al., 1971; Westfall et al., 1978).

1.6 Coexisting Neuropeptides

Meanwhile, many groups had started to analyze the expression and distribution
of a further group of neuronal messengers, the neuropeptides. They have now
turned out to represent the largest family of signaling molecules in the nervous
system, probably more than hundred members (Burbach, 2008), and with a
correspondingly large number of receptors (several hundreds), virtually all of
the 7-transmembrane, G-protein-coupled type. Radioimmunoassay and immu-
nohistochemistry, sometimes using the same antibodies, clearly showed a very
wide distribution in the brain and in all types of peripheral systems, sensory and
autonomic neurons and in the gastro-intestinal tract. Geoffrey Burnstock
(1976) wrote an influential review article suggesting reexamination of the “one
neuron-one transmitter” concept, pointing in particular to the wide distribution
of neuropeptides in the nervous system.

The first direct evidence for presence of a peptide and a classic transmitter in
the same neuron was then observed in guinea pig sympathetic ganglia, where
somatostatin was found in noradrenergic neurons (Hokfelt et al., 1977). Soma-
tostatin, a tridecapeptide and the principal growth hormone release-inhibiting
factor, was discovered by Brazeau et al. (1973), and Renaud et al. (1975) rapidly
demonstrated a transmitter function for this peptide. Thus, many sympathetic
neurons synthesize two transmitters/messenger molecules, NA and somatosta-
tin. Early on efforts went into establishing that the somatostatin-NA was not a
single case, and fairly rapidly more and more examples were found, and early
reviews often had tables of varying length showing such examples. However,
today they are so abundant that it seems useless to produce such a table. In fact,
it is likely that every neuropeptide co-exists with a classic transmitter of some
kind, as will be discussed below.

1.7 Neurotransmitter Storage

There are some general points that could be discussed in relation to coexistence.
First, it may be said that this primarily is an anatomical term, that is, one has to
show that two molecules with transmitter function are synthesized and present
(preferably transcript and peptide/protein) in the same neuron. In addition to
peptide-monoamine coexistence in the same neuron, it was rapidly shown that
the peptides have a special storage site, the large dense core vesicles (LDCVs) (see
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Pickel, 1985). In fact, it had been recognized in early electron microscopic studies
that there are at least two types of storage vesicles in neurons/nerve endings (see
Grillo, 1966): (1) synaptic vesicles (diameter around 500 A); in NA (and other
types of monoamine) neurons they can often be shown to have a dense core; and
(2) LDCVs (diameter around 1,000 A); if fixed with glutaraldehyde they have a
dense core and are present in most neurons; if fixed with KMnOy, (Richardson,
1966) LDCVs also have a dense core, but only in monoamine neurons (Hokfelt,
1968). So monoamines are stored both in LDCVs and synaptic vesicles.

The evidence for neuropeptide storage in LDCVs was/is based on immuno-
histo-chemistry, which showed immunoprecipitate in LDCVs but not in synap-
tic vesicles (see Pickel, 1985). However, Pelletier et al. (1981) showed with
immunohistochemistry that 5-HT is stored in LDCVs, but no precipitate was
detected in synaptic vesicles, confirming the old truth that “negative (imuno)
histochemistry” is not a final answer. Therefore subcellular fractionation stu-
dies were carried out, strongly supporting storage of neuropeptides exclusively
in LDCVs (Lundberg et al., 1981; Fried et al., 1985).

An interesting question is whether amino acids are stored not only in
synaptic vesicles, but also in LDCVs. Merighi et al. (1991) have triple-stained
primary afferent nerve endings in the spinal dorsal horn for glutamate, sub-
stance P and calcitonin gene-related peptide (CGRP). Although, often in the
same nerve endings, glutamate was never seen in the LDCVs. Thus perhaps one
distinct difference between monoamines such as DA, NA and 5-HT on one
hand, and aminoacid transmitters on the other hand is that only the former are
stored both in synaptic vesicles and in LDCVs.

Taken together, two transmitters present not only in the same neuron but
also in the same vesicles suggest co-release, but anatomy does not prove co-
release. It is difficult to get direct evidence for co-release, that is, that released
molecules indeed are coming from the same neuron/nerve ending(s). This was
perhaps first achieved in the mono-neuron cultures discussed above.

1.8 Is the Classic Transmitter Always the Main Messenger?

At one point we considered the interesting question, whether neuropeptides are
only present in neurons having a coexisting classic transmitter, and whether the
classic transmitter always is the important partner. Here the hypothalamic
magno- and parvocellular neurons may provide an answer: Vasopressin, oxy-
tocin and the releasing/inhibitory peptide hormones are of vital importance
and, in agreement, these neurons contain, both in cell bodies and nerve endings,
large amounts of LDCVs storing the peptides. However, also the earliest
electron microscopic studies showed that the nerve endings in the posterior
pituitary and the external layer of the median eminence harbor numerous
synaptic vesicles in addition, suggesting presence of a classic transmitter.
There was early evidence that some CRF neurons produce GABA (Meister
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et al., 1988), and GHRH-positive neurons have a dopaminergic/ GABAergic
phenotype (Meister et al., 1986; Meister and Hokfelt, 1988; Hrabovszky et al.,
2005a). Moreover, recent studies now clearly demonstrate presence of one of
the recently discovered vesicular glutamate transporters, VGLUT-2, transcript
and protein, in parvocellular LHRH- and somatostatin-positive hypothalamic
neurons (Hrabovszky et al., 2004; Hrabovszky et al., 2005a; Hrabovszky et al.,
2005b), as well as in magnocellular vasopressin and oxytocin neurons in the
supraoptic and paraventricular nuclei (Hrabovszky et al., 20006).

Thus, even if the peptide hormone certainly is the main messenger molecule
in these systems, classical aminoacid transmitters appear to participate in the
modulation of these neurons. So we have a reversed situation as compared to
most other systems, that is, the peptide is the main signaling molecule and the
aminoacid the auxiliary messenger.

1.9 Also Aminoacid Transmitters Coexist

For a while it seemed as if only monoamines and ACh were involved in coex-
istence situations, that is, the aminoacid transmitters were “single”. However, as
mentioned above, GABA and DA coexist in the dorso-medial arcuate neurons
(Everittetal., 1984), but even before that the coexistence of GABA and 5-HT was
demonstrated (Belin et al., 1981; Nanopoulos et al., 1981; Belin et al., 1983;
Millhorn et al., 1987), and there were indications of glutamate in catecholamine
and 5-HT neurons (Kaneko et al., 1990; Nicholas et al., 1990; Minson et al., 1991;
Nicholas et al., 1992). Monoamine-glutamate coexistence was also supported by
functional studies from single-cell microcultures demonstrating co-release of
glutamate and 5-HT (Johnson, 1994; Li and Bayliss, 1998). Evidence for coex-
istence and co-release of glutamate and dopamine was published by Trudeau and
collaborators (Dal Bo et al., 2004), a topic that they will also deal with in this
book. Thus, all these studies suggested that neurons can co-release three classes of
messengers: Aminoacids, monoamines and neuropeptides. Nevertheless, the glu-
tamatergic nature of these neurons remained somewhat uncertain, because of
lack of a truly specific marker. This changed, as indicated above, with the
discovery of three vesicular glutamate transporters (see Masson et al., 1999;
Fremeau et al., 2004). Thus, using VGLUT3 as a marker final proof was
provided for the glutamatergic nature of many serotonin (Gras et al., 2002;
Schifer et al., 2002) and DA (Dal Bo et al., 2004) neurons.

The first example of possible aminoacid—aminoacid coexistence apparent to
me was the demonstration by Ottersen et al. (1987) of cerebellar mossy fiber
nerve endings characterized by high levels of both GABA and glycine. This type
of coexistence, e.g. presence of GABA and glutamate in granule cells/mossy
fibers (see Gutierrez, 2003), has during the last years captured increasing inter-
est and is, in fact, the topic of several chapters in this book. It will therefore not
be further dealt with here.
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1.10 Functional Consequences and Clinical Implications

The insight that neuropeptides coexist with classical transmitters had a major
impact, in any case for us, on the functional role of this large family of
molecules. This indicated that neuropeptides are auxiliary messengers, not the
sole messengers responsible for transmission at synaptic and non-synaptic sites
in subpopulations of neurons. In fact, many colleagues are unconvinced about a
physiological role of neuropeptides, as reflected in a stimulating and thought-
provoking article by Bowers (1994).

The functional consequences of coexistence and cotransmission are manifold
and have been explored in many experimental models. In the early days various
types of interactions between classic transmitters and neuropeptides were con-
sidered. A model used here at Karolinska by Lundberg, Anggard and collea-
gues was the cat salivary gland exploiting interactions between NA and NPY
and between ACh and VIP (Lundberg et al., 1980). A particularly convincing
and elegant model was the the frog sympathetic ganglion for studies of inter-
action between ACh and LHRH-like peptides explored by Yuh Nung Jan and
Lily Jan working in the legendary Stephen Kuffler’s laboratory at Harvard
Medical School (Jan and Jan, 1983).

We hypothesize that coexistence and cotransmission also has clinical impli-
cations. For example, in the rat the 29-aminoacid peptide galanin (Tatemoto
et al., 1983) is expressed both in NA and 5-HT neurons (Melander et al., 1986),
and NA-galanin coexistence has also been demonstrated in the human LC
(Chan-Palay et al., 1990; Fodor et al., 1992; Kordower et al., 1992). Many
NA neurons in the human LC also contain substance P (Baker et al., 1991;
Sergeyev et al., 1999). Both NA and 5-HT neurons are targets for so called
selective 5-HT and NA uptake inhibitors (SSRIs, SNRIs) for treatment of
major (unipolar) depression. And also NK1 (substance P) antagonists have
been reported to have antidepressant activity (Kramer et al., 1998; Kramer
et al., 2004). This opens up interesting possibilities that coexisting molecules
and their receptors can be target for development of novel treatment strategies
for various disorders.

1.11 Concluding Remarks

We are witnessing an exciting development in our understanding of chemical
transmission in the nervous system, characterized by an amazing complexity, at
least as compared to the situation when I started in research some four decades
ago. It was difficult enough to explain how a motoneuron in the ventral horn is
controlled by some 10.000 boutons releasing one transmitter, but additional
messengers in each bouton certainly does not make it easier to understand the
functional execution.
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Numerous papers have dealt with coexistence: More than 900 hits in
PubMed under the terms “neurotransmitter, coexistence”, more than 800 on
“neuropeptide, coexistence” and more than 100 reviews with the two latter
terms in the beginning of February 2008. So much focus has been on the
neuropeptides. Early results on coexistence have been summarized in review
articles (e.g. Hokfelt et al., 1980; Lundberg and Hokfelt, 1983; Furness et al.,
1989; Burnstock, 1990; Lundberg, 1996; Merighi, 2002; Burnstock, 2004) and in
books (Cuello, 1982; Osborne, 1983; Chan-Palay and Palay, 1984; Hokfelt
etal., 1986). There are also important studies on the evertebrate nervous system
that lends itself in an ideal way to coexistence/co-release studies, as also men-
tioned in the Introduction (for review see Osborne, 1984; Kupfermann, 1991;
Nusbaum et al., 2001).

In the present book another chapter in the history of transmitter coexistence
is written in a series of exciting chapters dealing with topics so far not summar-
ized. They include novel aspects on transmitter combinations, such as
NA-ACh, monoamines-glutamate, ACh-glutamate, cross-talk between mono-
amines, GABA and ATP, and especially various combinations of aminoacid
transmitters, actually coexistence of excitatory and inhibitory ones. There are
also chapters on synapse formation and invertebrates.

I thank the Editor Dr. Rafael Gutierrez for asking me to write this introduc-
tion. Many colleagues I am sure, and I for certain, look forward to read the final
“product”.
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Chapter 2
Ex uno plures: Out of One, Many

R. Gutiérrez

Abstract Ex uno plures, out of one (cell) many (neurotransmitters), seems to be
a principle that applies to many, if not all, neuronal types. The co-release of
signaling molecules has been long recognized and the terms “classical neuro-
transmitter” and “neuromodulator” have been used to label the co-released
substances, often being the former of low molecular weight and the latter of
high molecular weight. Indeed, the use of these terms confers a distinctive
function for each substance. However, the co-release of two or more low weight,
fast-acting “classical neurotransmitters” is until recently subject of intense
investigation. Initially, the co-existence of classical neurotransmitters in a
given cell or its terminals was a curious observation, and the possibility of
they being released was not directly approached as it contradicted a dogma:
“one cell, one neurotransmitter”. Presently, the co-existence and co-release of
classical neurotransmitters is known to occur in different animal species and
neuronal systems, from invertebrates to human. Moreover, the specification of
the neurotransmitter phenotype of neurons has been shown to be plastic. In
some cases this plasticity follows a developmental program and, in others, it
depends on activity-dependent and even on pathological processes. Therefore,
the listener cell should already have the receptors in the postsynaptic site or
should actively put them in place to interpret a compound message, carried by
two or more neurotransmitters, and integrate it to display a response. The time-
locked release and thus, the action of two or more classical neurotransmitter
provide the central nervous system with a powerful communication and com-
putational tool.

It is well accepted that neurons can release both a “classical” neurotransmitter
together with a modulatory transmitter. However, the recognition that they
contain and co-release two or more “classical” neurotransmitters is a new
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avenue in the study of neurotransmission that has started recently to be
explored. Colocalization of classical neurotransmitters within single terminals
was initially perceived as a curiosity and their potential co-release was viewed
with skepticism. The molecular explanation, as well as the physiological and
physiopathological relevance of the colocalization and co-release of classical
neurotransmitters has recently been the subject of intense research. Indeed,
many examples of coexistence and co-release of classical transmitters have
been described in invertebrate and vertebrate organisms, and within the mam-
malian central and peripheral nervous system.

The idea that two or more classic neurotransmitters might coexist in an
individual neuron and hence, be co-released by it was not derived from a direct
experimental approach. Perhaps with good reason, why would a neuron have
and use two chemical neurotransmitters? Indeed, why would it convey more
than one message? Unfortunately, the hypothesis of co-release was also often
considered as heretical because it contradicted the commonly understood idea
behind Dale’s postulate that “a single cell releases only one neurotransmitter.”
Serendipitous observations of neurotransmitter colocalization, as well as of
their synthetic enzymes and vesicular transporters, as well as the observation
that postsynaptic responses did not match the supposed activity of the fibers
stimulated, led researchers to seriously test the co-release hypothesis. Although
still questioned in some cases, the overwhelming evidence in favor of this
phenomenon has opened new possibilities to understand neural communication
and in particular, to address synaptic physiology.

Moreover, it now appears that the neurotransmitter phenotype of neurons
may be very plastic. Evidence of activity-dependent plasticity of neurotrans-
mitter phenotype, even after brain insult, has drawn the attention of many
investigators to the possibility of finding more cells that express multiple
neurotransmitters in response to environmental changes. Specification of neu-
rotransmitter phenotype is a process that initially takes place during develop-
ment. It is a mechanism by which the genetic program and the environmental
signals received by a neuron fine tunes the expression of a series of proteins, to
define a given neurotransmitter phenotype. The silencing and the turning on of
positive or negative signals are complementary and active processes during
development. However, while some genes are definitively turned off by the
end of development, others seem to remain latent and can be turned on later
in life upon specific demand (e.g., increase or decrease of electrical activity, the
action of trophic factors, hormones, etc.). This type of plasticity provides the
nervous system with a powerful communicational tool.

2.1 What Is a Classical Neurotransmitter?

A “classical neurotransmitter” has been defined as a chemical substance that (1)
is synthesized in the cell (indicating that the synthetic machinery has to be
present in the cell); (2) is present in the presynaptic terminal and is released
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from a specific zone during activity; (3) acts directly on receptors that are
present in the postsynaptic cell, altering their activity; (4) if applied exogen-
ously, it mimics the effects of the endogenously released substance by activating
the same receptors/channels; and (5) is removed from the extracellular space by
defined catalytic or transport mechanisms. Classical neurotransmitter sub-
stances are: acetylcholine (ACh); the biogenic amines dopamine (DA), epine-
phrin (E) and norepinephrine (NE); serotonin (5-HT); histamine (H); and the
amino acids glycine (gly), y-aminobutyric acid (GABA), glutamate (Glu) and
aspartate (asp). Some of these classical transmitters activate receptors directly
coupled to ion channels, while others activate metabotropic receptors that
initiate intracellular signaling cascades that produce the opening or closing of
ion channels. Indeed, some transmitters may activate both types of receptors.
Accordingly, it is the receptor and not the transmitter that determines whether
the action of the released substance will be excitatory or inhibitory.

2.2 What Is a Modulatory Transmitter?

In contrast, other substances that are also released from nerve cells, not necessa-
rily from an active zone where the classical transmitters are released, may exert a
more diffuse effect and modulate the signal that the primary (“classical”) neuro-
transmitter conveys. In general, these substances activate intracellular signaling
cascades that modify the action of the primary transmitter. Therefore, the usual
concept of “co-release” most often implies the simultaneous release of a “classical
transmitter” (usually of low molecular weight) and a “modulator” (usually of
high molecular weight), which seems to be a general phenomenon in neuronal
cells. Among the modulatory substances are peptides, nucleotide (e.g., ATP),
Zn*", neurotrophic factors, nitric oxide and endogenous cannabinoids. In all
these cases the co-released factors are synthesized in the cell (except for Zn’>"),
they are released in a selectively regulated fashion, they act on receptors, and they
are removed or inactivated by specific mechanisms. Classical transmitters may
also have modulatory roles acting both postsynaptically and/or presynaptically.

2.3 Dale’s Principle

Based on the ideas from the studies of Henry Dale on cholinergic and adrener-
gic neurons in the spinal cord in the early 1930s, John Eccles formulated a
functional principle, which was then further transformed to imply that “a single
cell releases only one neurotransmitter.”

In fact, what Dale stated was that a neuron functions as a metabolic unity,
whereby a single process in a cell can influence all the compartments of the same
neuron. From this, Eccles claimed that all the terminals of a given neuron
should release the same neurotransmitter. However, in the light of our current
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knowledge about the coexistence of transmitter substances, a more correct
interpretation of Dale’s principle would be: “A neuron normally releases the
same chemical messengers from all of its synapses.” As new evidence for the
segregation and compartmentalization in neurotransmission has been dis-
closed, this can be further adapted to suggest “that the same chemical messen-
gers could be released from all the terminals of a given neuron.”

After the discovery of the coexistence of classical and modulatory transmit-
ters in single neurons and their co-release, it was thought that co-transmission
only permitted this combination of transmitter substances. But what about the
coexistence and co-release of two or more classical neurotransmitters?

2.4 Coexistence and Co-release of Classical Neurotransmitters

The transformed Dale’s principle that “a single cell releases only one neuro-
transmitter” has influenced many neuroscientists to consider with skepticism
the idea that two or more classical neurotransmitters could coexist and hence,
be co-released by neurons.

The coexistence and co-release of two or more classical neurotransmitters,
each conveying a “principal message,” has therefore been studied less exten-
sively than that of classical transmitters and peptide modulators (see Hokfelt in
this volume). Indeed, in some ways the initial descriptions of these events still
remain a curiosity. However, during recent years, ample evidence has shown
that co-release is in fact not that uncommon, and it is now known to occur in a
variety of neural systems. In addition, although many populations of adult
neurons may not release two classical neurotransmitters under basal condi-
tions, many appear to do so transiently following an established program
during early development, or in response to a variety of physiological and
pathophysiological stimuli.

A fundamental question in neuroscience is how the remarkable cellular
diversity is established during development. The influence of external signals
and transcription factors determines when the distinct types of neurons are
formed at specific sites. It is equally important to unravel how the specification
of their morphological and functional traits takes place, particularly how
neurotransmitter phenotypes are specified. The expression of the neurotrans-
mitter phenotype of a given neuron follows a specific program, whereby tran-
scription factors exert a strong regulatory role. However, electrical activity
modulated by external signals seems to trigger the expression or repression of
a given phenotype by virtue of calcium entering the cell. The only way through
which the environmental demands can affect this expression is to activate the
existing capability of the neuron to express a given phenotype. Thus, a neuron
can possess a latent or potential phenotype, which can be activated during
development or in adult life. This also implies that a cell must possess a message
that restricts its expression at a given point in time. The effect of its activity and
thus, of calcium influx on transmitter selection suggests that the number of
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neurons expressing a particular transmitter may be regulated so as to maintain a
steady level of excitability in the nervous system (see Borodinsky and Spitzer,
this volume; see also Spitzer et al., 2005).

2.5 Colocalization of Receptors for Classical Neurotransmitters

In order for a neuron to respond to a given chemical signal, it must have the
appropriate receptors at the correct site. Thus, there must be adequate apposition
of the presynaptic and postsynaptic elements. In other words, the neurotransmit-
ter released by the presynaptic terminal must precisely match the postsynaptic
receptors for communication to occur across the synapse. This implies that when
co-release of classical neurotransmitters takes place, the receptors for the differ-
ent neurotransmitters must be colocalized in the postsynaptic element, specifi-
cally in the subsynaptic zone apposing the site of release. Another possibility is
that the receptors for one neurotransmitter are in the subsynaptic zone, while the
receptors for the other neurotransmitter are in the perisynaptic or extrajunctional
membrane. Such distributions would produce different types of postsynaptic
effects. Moreover, the phenotypic plasticity of the presynaptic neuron must be
paralleled by plastic changes of the postsynaptic neuron, probably by triggering
receptor motility of the matching receptor in the vicinity of the release site.
Indeed, receptor selection during development parallels changes in neurotrans-
mitter phenotype (i.e., activity regulates the matching of transmitters and their
receptors in the assembly of functional synapses). On the other hand, clusters of
different neurotransmitter receptors have been identified, albeit in culture pre-
parations, apposing terminals that apparently release only one type of neuro-
transmitter. Whether changes in the presynaptic neuron are triggered to make use
of these mismatched receptors is still to be determined. Therefore, it would be also
important to determine whether a constitutive, redundant co-expression of
receptors is a general phenomenon.

Not only do the postsynaptic neurons contain the receptors to the co-
released neurotransmitters but also, the terminals or axons that co-release the
neurotransmitters can possess receptors that could be readily activated, produ-
cing presynaptic auto-modulation or collateral presynaptic actions. This
mechanism seems especially relevant for activity-dependent plasticity and can
be of marked functional significance in situations of enhanced excitability.

2.6 Consequences and Functional Advantages of Classical
Neurotransmitter Co-release

The site of synthesis within the neuron, the rate of synthesis and finally, the
type of activity needed to release small-molecule neurotransmitters and pep-
tides differ. While small-molecule neurotransmitters can be synthesized
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locally in the nerve terminals where they are to be released, peptides are
synthesized in the soma and then transported to the terminals for release. In
this regard, the rate at which the chemical substances are produced and
prepared for release can produce marked functional differences. Another
difference between the release of peptides and “classical” neurotransmitters
is that peptides are only released by repetitive action potentials, whereas
classical transmitters can be released by single action potentials, providing
them with distinct functional characteristics. Thus, most modulators are
released in an activity-dependent manner.

This difference underlies the effectiveness of co-released classical neurotrans-
mitters in producing fast signaling and therefore, fast modulatory interactions.
In some cases, these interactions are synergistic, for instance, if two inhibitory
or two excitatory transmitters are co-released. However, in other cases, two
neurotransmitters may exert opposing effects. Of course, the specific receptors
have to be in the right postsynaptic site for this interaction of the neurotrans-
mitters to occur. Therefore, because the receptors determine the way in which a
cell responds to its inputs, the coexistence of receptors to different neurotrans-
mitters apposed to presynaptic terminals expands the possible responses of the
neuron to a variety of signals. In this way fast and efficient modulation of
incoming signals can be established at very restricted membrane sites. Therefore,
neuronal activity can lead to a high concentration of (classical) neurotransmitters
in a very narrow time-window. Accordingly, neurotransmitter-mediated modu-
lation could occur more rapidly than peptide-to-neurotransmitter mediated
modulation, and it may take place right at the synapse involved, spatially
restricting the modulation. The last chapter of this book will deal with the
integration of two or more signals conveyed by classical neurotransmitters:
E pluribus unum, out of many (signals), one (response).

2.7 What Do We Still Need to Know?

The response is simple, more than we already know.

A list of questions might be helpful in illustrating the aspects related to the
coexistence and co-release of classical neurotransmitters that need to be inves-
tigated. This might include questions such as:

How are two or more neurotransmitters synthesized and packaged
within single boutons and in some cases, within single vesicles? For exam-
ple, glutamic acid is the precursor of GABA and although essentially all
GABAergic cells must contain glutamate for its conversion to GABA, they
do not release glutamate. If a cell were to have and to release both amino
acids, how does it control the passage of glutamate to GABA without
running out of glutamate to be used directly? Indeed, if glutamate is used
for GABA synthesis, is there a compensatory mechanism to replenish the
glutamate needed for release?
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This example considers two amino acids that are closely related in metabolic
terms. But in neurons containing other transmitters that are not that related,
how does the cell cope with the synthetic machinery for two neurotransmitters?
Are the vesicles segregated? How is “access” to the releasable and reserve pools
organized? How are vesicles distributed and docked in the membrane, and then
secreted from the presynaptic terminal? How is the trafficking of vesicles
destined to package different neurotransmitters? Are they tagged?

How does the secretory mechanism work when there are two or more
neurotransmitters to be released? Are there different release sites for each
neurotransmitter? Is the release machinery the same for the different popu-
lations of vesicles within single boutons? Is the release machinery (consider-
ing the membrane scaffold proteins that anchor the vesicles to the mem-
brane) of one family of vesicles the same as that for a second family? Can
the release of either neurotransmitter be differentially controlled? Are the
kinetics the same for the release of all the neurotransmitters a neuron
contains? What mechanism controls the release of one neurotransmitter at
a given time but not at another?

How do the transporters for different neurotransmitters work? How do
vesicles “select” the neurotransmitter transporters (or vice versa) that will
enable them to capture certain neurotransmitters?

Are all neurotransmitters within a cell released from all terminals? Does
segregation occur and if so, how is segregation determined? Is there a post-
synaptic retrograde signal (NO, cannabinoids, trophic factors, others) that
controls release in a differential manner? Does the postsynaptic target cell
have a say in all this? Are the plastic properties the same for all substances
released by the neuron?

How is the expression of the neurotransmitter phenotype controlled? Does
the same intracellular signal control the expression of a given phenotype and the
suppression of the other?

Although some of these questions are currently being addressed by different
research groups, the “initial”, more basic questions remain on the table, i.c.,
which are the neurotransmitters that are co-released? Where from? How? What
do their signals do and how are they integrated? etc.

The problem we are dealing with has been clearly presented in this chapter:
Ex uno, plures, from one (cell) many (neurotransmitters). The chapters that
follow will review the specific issues surrounding the coexistence and co-
release of these neurotransmitters. Finally, the last chapter will focus on
what we are looking for: the meaning of co-expression and co-release of
classical neurotransmitters, i.e., £ pluribus unum, out of many (signals), one
(response).

We are sure that this volume will grow rapidly and we will make efforts to up-
date it as new and exciting advances appear.

Acknowledgments [ thank Dr. Peter Somogyi for critical review of this chapter. Supported by
the Consejo Nacional de Ciencia y Tecnologia.
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Chapter 3

Mechanisms of Synapse Formation:
Activity-Dependent Selection

of Neurotransmitters and Receptors

Laura N. Borodinsky and Nicholas C. Spitzer

Abstract Specification of the neurotransmitters and receptors involved in a
synapse is a key feature of development of the nervous system. Multiple mechan-
isms govern these aspects of neuronal differentiation. Among them electrical
activity appears to be an important factor, engaging the functionality of the
nervous system right from the beginning of its formation. In the developing
Xenopus neuromuscular junction, the specification of neurotransmitters and
receptors responds to a selection process that depends on calcium-mediated
neuronal activity. This mechanism may provide a level of plasticity that is
responsive to changes in environmental cues at very early stages of development.

3.1 Introduction

Chemical synapses represent the main form of communication in the nervous
system. They require the delicate apposition of presynaptic structures contain-
ing neurotransmitter-filled vesicles and neurotransmitter receptors exposed in
postsynaptic cell membranes. Formation of synapses occurs during develop-
ment when presynaptic axons are guided to target postsynaptic cells. Although
this process is already complex, if we add to this description the fact that more
than fifty different neurotransmitters and multiple neurotransmitter receptor
types for each of them can be expressed by cells at the synapse, the level of
complexity acquires a new dimension. The process requires both the correct
targeting of innervating axons to appropriate cells and the precise matching
between neurotransmitter/s and receptors on each side of the synapse. More-
over, in contrast to the idea that neurons express a single classical neurotrans-
mitter, recent work suggests that this may be the exception rather than the rule.
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Multiple neurotransmitters can be coexpressed and released from single pre-
synaptic neurons.

In this chapter we review how neurotransmitters and their receptors are
specified in cells and how the specification of one side of the synapse could
influence the other. We propose that neuronal activity is crucial in neurotrans-
mitter-receptor matching.

3.2 Mechanisms of Neurotransmitter Specification

The mechanisms by which neurons make the choice of the neurotransmitter/s
they will express are not completely understood. Different lines of study have
identified several factors necessary in this process.

Transcription factors are direct regulators of the expression of specific
neurotransmitter phenotypes in many structures and for different neuronal
populations (Goridis and Brunet, 1999). A combinatorial code of transcription
factors expression allows the differentiation of distinct neuronal phenotypes
along the dorso-ventral axis of the developing spinal cord (Briscoe et al., 2000).
For instance, Lbx1 and TIx3 are opposing switches in determining glutamater-
gic over GABAergic phenotypes in mouse dorsal horn neurons (Cheng et al.,
2005). What controls transcription factor expression? Gradients of morphoge-
netic proteins such as Sonic Hedgehog, bone morphogenetic proteins (BMPs)
and Wnts are generated from dorsal and ventral secretory centers established
early during development. These gradients establish a positional code of tran-
scription factor expression that shapes differentiation of spinal neurons (Eric-
son et al., 1996; Ericson et al., 1997). In addition, neurotrophins and cytokines
are also regulators of neurotransmitter phenotype (Habecker et al., 1997; Daadi
and Weiss, 1999; Francis and Landis, 1999; Zweifel et al., 2005), likely through
the regulation of gene expression as well.

Neuronal activity has been shown to be relevant for transmitter specification
in developing and mature nervous system structures in different species. It is not
restricted to a particular neurotransmitter phenotype. The influence of electrical
activity in neurotransmitter specification applies to GABA (Hendry and Jones,
1986, 1988; Akbarian et al., 1995; Gu and Spitzer, 1995; Watt et al., 2000;
Ramirez and Gutierrez, 2001; Gutierrez, 2002; Ciccolini et al., 2003; Gutierrez
et al., 2003; Patz et al., 2003; Borodinsky et al., 2004; Rosselet et al., 2006),
acetylcholine (Walicke et al., 1977; Walicke and Patterson, 1981; Belousov et al.,
2002; Borodinsky et al., 2004; Slonimsky et al., 2006), glycine (Borodinsky et al.,
2004), glutamate (Carder and Hendry, 1994; Gutierrez, 2000, 2002; Gutierrez et
al., 2003; Borodinsky et al., 2004), dopamine (Baker, 1990; Hertzberg et al., 1995;
Brosenitsch and Katz, 2001, 2002), norepinephrine (Walicke and Patterson,
1981; Slonimsky et al., 2006), somatostatin (Marty and Onteniente, 1997), pitu-
titary adenylate cyclase activating-polypeptide (Fukuchi et al., 2004), proenke-
phalin (Hahm et al., 2003), vasoactive intestinal peptide (Agoston et al., 1991b),
enkephalin (Agoston et al., 1991a) and substance P (Tu and Debski, 1999;
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Table 3.1 Activity-dependent neurotransmitter expression

Tissue / Species

Neurotransmitter

Citations

Spinal cord /
Xenopus laevis
Neural precursors /
mice

Visual cortex / rat

Sympathetic
ganglion / rat

Hypothalamus / rat

Sensory ganglion /
rat

Hippocampus / rat

Optic tectum / Rana
pipiens

Superior cervical
ganglion neurons /
rat

Cerebral cortex / rat

Spinal cord / mice

Visual cortex /
monkey

Somatosensory
cortex / rat

Prefrontal cortex /
human

Optic tectum / Rana
Pipiens

Hippocampus / rat

Striate cortex /
monkey
Olfactory bulb / rat

Developing Nervous
System

GABA, acetylcholine,
glycine, glutamate

GABA

GABA

acetylcholine,
norepinephrine

acetylcholine

dopamine

somatostatin
substance P

acetylcholine,
norepinephrine

pituitary adenylate cyclase
activating-polypeptide

enkephalin

Mature Nervous System

GABA

GABA

GABA

substance P

GABA, glutamate

glutamate

dopamine

Gu & Spitzer, 1995; Watt et al.,
2000; Borodinsky et al., 2004

Ciccolini et al., 2003

Patz et al., 2003

Walicke et al., 1977; Walicke &
Patterson, 1981

Belousov et al., 2002

Hertzberg et al., 1995; Brosenitsch
& Katz, 2001, 2002

Marty & Onteniente, 1997

Tu & Debski, 1999

Slonimsky et al., 2006

Fukuchi et al., 2004
Agoston et al., 1991a
Hendry & Jones, 1986, 1988
Rosselet et al., 2006
Akbarian et al., 1995

Tu & Debski, 2000

Ramirez & Gutierrez, 2001,
Gutierrez 2002; Gutierrez et al.,
2003

Carder & Hendry, 1994

Baker, 1990

Tu et al., 2000) (Table 3.1). In many cases, the activity-dependent regulation of
neurotransmitter and neuropeptide expression follows a homeostatic paradigm.
This means that expression of excitatory neuroactive molecules is enhanced when
activity is suppressed and decreased when activity is enhanced, and vice versa for
inhibitory neuroactive molecules (Spitzer et al., 2005). In particular, we found
that in developing Xenopus spinal neurons Ca-dependent patterns of activity
control specification of GABA, glycine, glutamate and acetylcholine. In addition,
perturbations of spontaneous patterns of Ca spike activity lead to co-expression
of more than one neurotransmitter (Borodinsky et al., 2004).
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3.3 Mechanisms of Neurotransmitter Receptor Specification

Functional expression of neurotransmitter receptors involves not only transcrip-
tion and translation of the appropriate genes and transcripts but also the locali-
zation of the assembled receptors in the cell membrane. All these processes have
been shown to depend on electrical activity for many different receptor subunits
in diverse postsynaptic cells. GABA 4 receptor subunit expression is regulated by
levels of activity in specific layers of the monkey visual cortex (Huntsman et al.,
1994) and in rat hippocampus (Marty et al., 2004). GABAjg receptor expression
in the monkey thalamus dorsal lateral geniculate is decreased after monocular
deprivation (Munoz et al., 1998). Surface expression of NMDAR is controlled by
activity-dependent phosphorylation in cultured rat cortical neurons (Chung et
al., 2004). NMDAR subunit composition varies with activity-dependent induc-
tion of calcineurin in superficial visual layers of the rat superior colliculus (Shi et
al., 2000). AMPAR expression decreases when synaptic levels of activity increase
in cultured hippocampal neurons (Lissin et al., 1998). Even metabotropic gluta-
mate receptor surface expression is regulated by neuronal activity (Ango et al.,
2000). Many studies have analyzed activity-dependent regulation of acetylcholine
receptors, starting with investigations of muscle receptor expression, distribution
and localization (Merlie and Sanes, 1985; Goldman et al., 1988; Goldman and
Staple, 1989; Bessereau et al., 1994), and more recently their expression in
neurons (Levey et al., 1995; Brumwell et al., 2002) (Table 3.2).

Table 3.2 Activity-dependent neurotransmitter receptor expression

Tissue / Species

Neurotransmitter receptor

Citations

Hippocampus / rat
Cortical neurons / rat
Superior colliculus / rat

Hippocampus / rat

Cerebellar granule cells /
mouse

Ciliary ganglion neurons /
chicken

Skeletal muscle / Xenopus
laevis

Visual cortex / monkey
Thalamus / monkey
Skeletal muscle / mouse
Skeletal muscle / rat

Skeletal muscle / chicken

Developing Nervous System

GABAAR: al, a2

NMDAR: NR2B

NMDAR: NR1-NR2B, NR1-
NR2A

AMPAR: GluR1

Group I mGluR: mGluR5a

nAChR: a3, a5, 34

nAChR; NMDAR: NR1;
AMPAR: GluR1; GABAAR;
GlyR: al

Mature Nervous System

GABAAR: al, a5, 62,92

GABAgR

nAChR: a, 6

nAChR: «, 3,7, 6

nAChR: ol

Marty et al., 2004
Chung et al., 2004
Shi et al., 2000

Lissin et al., 1998
Ango et al., 2000

Levey et al., 1995;
Brumwell et al., 2002

Borodinsky & Spitzer,
2007

Huntsman et al., 1994

Munoz et al., 1998

Merlie & Sanes, 1985

Goldman et al., 1988;
Goldman & Staple,
1989

Bessereau et al., 1994
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On the other hand, neurotransmitter receptor specification can be driven by
intrinsic genetically predetermined programs. Expression of the GABAAR
alpha 6 subunit in cerebellar granule cells seems to be governed by a specific
and intrinsic mechanism that is independent of the environment in which these
cells are grown (Bahn et al., 1999; Wang et al., 2004). However, electrical
activity, brain-derived neurotrophic factor and cAMP all affect a6 expression
level (Thompson et al., 1996; Ghose et al., 1997; Mellor et al., 1998; Thompson
et al., 1998). In addition, many studies have shown that neurotransmitter
receptors are already expressed prior to innervation. For instance, mRNA for
alpha, delta and gamma skeletal muscle acetylcholine receptor subunits start to
be expressed in Xenopus somites at late gastrula stages, long before synaptic
connections are formed (Baldwin et al., 1988).

How can these two pathways for neurotransmitter receptor expression be
reconciled?

In a recent study we found that embryonic muscle cells express a surprising variety of
neurotransmitter receptors: nAChR, AMPAR, NMDAR, GABAsR and GlyR.
Detection of mRNA and immunohistochemistry for subunits of these receptors in
developing myotomes, in addition to neurotransmitter-induced responses in isolated
embryonic muscle cells, support the idea that Xenopus embryonic skeletal muscle is
receptive not only to ACh but also to glutamate, GABA and glycine. As maturation and
innervation progress, the cholinergic phenotype prevails (Borodinsky and Spitzer, 2007).

The scenario implied by these results is one in which “default” mechanisms
trigger the expression of different types of neurotransmitter receptors early
during development. The receptors that respond to specific neurotransmitters
released by the innervating axons remain, while the others disappear.

3.4 Matching of Neurotransmitters and Their Receptors: Perfect
Encounter or a Selection Process?

In studying neurotransmitter-receptor matching at the frog neuromuscular
junction during development, we found that changing the level of activity
changed the neurotransmitters and transmitter receptors functionally expressed
at this synapse. When early neuronal calcium-dependent activity was sup-
pressed, a condition that increases the number of glutamatergic and cholinergic
spinal neurons, glutamatergic along with cholinergic synapses were established
in the skeletal muscle. Conversely, when early neuronal calcium-dependent
activity was enhanced a condition that increases the number of GABAergic
and glycinergic spinal neurons, inhibitory synapses as well as cholinergic
synapses were detected on the skeletal muscle (Borodinsky and Spitzer, 2007).

This activity-dependent matching of pre- and postsynaptic players in the
developing neuromuscular junction resembles the process of synapse elimination
during development (Purves and Lichtman, 1980). It is an activity-dependent
event in which only synapses that are used and reinforced become stabilized and
the others are eliminated (Nguyen and Lichtman, 1996).
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A Quantitative modulation of synaptic components
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Fig. 3.1 Different levels of modulation of synaptic activity. (a) Synaptic activity can be
enhanced by presynaptic (1-3), postsynaptic (4-5) or coordinated (6) changes: 1. Increase in
release probability; 2. Increase in the number of release sites; 3. Increase in the number of
vesicles available for release; 4. Increase in the sensitivity of preexisting neurotransmitter
receptors; 5. Increase in the number of functional receptors; 6. Growth of new synaptic
contacts. (b) Synchronization of stimuli at different synapses can cause changes in synaptic
activity. Left, a tetanic stimulation of the weak input on a pyramidal cell does not cause long-
term potentiation (LTP) in the pathway (same EPSPs); middle, tetanic stimulation of the
strong input alone causes LTP in the strong pathway but not in the weak one; right, tetanic
stimulation of both inputs together causes LTP in both pathways. (¢) Perturbation of electrical
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What are the advantages, if any, of having a pool of different neurotrans-
mitter receptors expressed prior to innervation, followed by the selection of the
one that matches the transmitter of the innervating axon? Wouldn’t it be more
“cost-effective” to synthesize the putative neurotransmitter and neurotransmit-
ter receptor from the beginning?

Perhaps the selection of this mechanism was not based on economics but on
plasticity. Having a palette of neurotransmitter receptors to choose from allows
the system to respond quickly to changes in levels of activity and consequent
changes in neurotransmitters released by innervating axons. It ensures forma-
tion of functional connections that serve to respond to the underlying electrical
activity of the developing nervous system. Genetic hardwiring of this aspect of
circuit assembly would be less responsive to changes in the environment.

Matching of neurotransmitters and receptors has also been studied from a
more structural point of view. What are the molecules necessary to establish
inhibitory and excitatory synapses? The neurexins and their ligands, the neuro-
ligins (NLs), form a cell adhesion complex and promote the initial establish-
ment of synapses (Cantallops and Cline, 2000; Levinson and El-Husseini,
2005). However, whether different types of NLs regulate specifically the estab-
lishment of excitatory versus inhibitory synapses has been controversial (Song
et al., 1999; Graf et al., 2004; Prange et al., 2004; Varoqueaux et al., 2004; Chih
et al., 2005; Levinson et al., 2005; Nam and Chen, 2005; Chih et al., 2006). A
detailed recent analysis attempting to solve this controversy shows that NLI
and NL2 specifically increase the number of excitatory and inhibitory synapses,
respectively. Interestingly, the effects of both NLs are dependent on synaptic
activity, indicating that neuroligins do not establish but specify and validate
synapses by an activity-dependent mechanism (Chubykin et al., 2007).

3.5 Qualitative Changes in Transmission and Cotransmission
of Classical Neurotransmitters: What for?

Several distinct mechanisms of modulation of synaptic activity are now recog-
nized (Fig. 3.1). The first involves quantitative changes in the levels of different
synaptic components. Specific synapses need to be strengthened or weakened.

<

Fig. 3.1 (continued) activity induces co-transmission and homeostatic changes in types of
neurotransmitter and receptors involved in the synapse. Recordings of skeletal muscle minia-
ture postsynaptic currents (mpscs) are shown for control (left), activity-enhanced (middle) and
activity-suppressed (right) Xenopus larvae. While in control embryos mpscs are completely
blocked by a nicotinic acetylcholine receptor antagonist (pancuronium), in activity-suppressed
and —enhanced embryos NMDAR- (D-AP5-sensitive) and GABA AR-mediated currents (bicu-
culline-sensitive) can be recorded along with cholinergic mpscs (pancuronium-sensitive).
(a) Adapted from Wang et al., 1997 and Fundamental Neuroscience, 2nd edition. (b) Adapted
from Nicoll et al., 1988. (c) Adapted from Borodinsky and Spitzer, 2007. (See Color Plate 1)
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To respond to this demand, neurons quantitatively change presynaptic neuro-
transmitter release and postsynaptic neurotransmitter receptor expression and
distribution (Wang et al., 1997; Nicoll and Schmitz, 2005). A second mechanism
involves timing of synaptic activity. Synchronized synapses can encode a com-
pletely different type of information than unsynchronized synapses. Plastic
events such as LTP and LTD are generated only when timely concurrent
synaptic inputs coincide in a given neuron (Nicoll et al., 1988; Malenka and
Bear, 2004). Moreover, synaptic efficacy can change depending on the sequence
and timing of stimuli in a phenomenon known as spike timing-dependent
plasticity (Dan and Poo, 2004). The third mechanism has been appreciated
more recently, through work reviewed in this chapter, and entails qualitative
changes in synaptic components. This form of modulation may arise when the
synapse must change the qualitative response triggered in the postsynaptic cell.
For instance, the target cell may need to be inhibited, instead of excited, or the
kinetics and signaling pathways in the postsynaptic cell may need to be different
in order to respond appropriately. This third level of modulation could be
exerted by cotransmission of neurotransmitters with different modes of action.
Our recent work is supportive of this scenario. When electrical activity is
enhanced, cotransmission of excitatory and inhibitory neurotransmitters
becomes apparent. When electrical activity is suppressed cotransmission of
acetylcholine and glutamate can be recorded from a single muscle cell
(Borodinsky and Spitzer, 2007). This form of synaptic plasticity is manifest at
many synapses in the developing nervous system. It will be of interest to learn
the extent to which it operates in the adult.
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Chapter 4

Co-Release of Norepinephrine and Acetylcholine
by Mammalian Sympathetic Neurons: Regulation
by Target-Derived Signaling

Jason A. Luther and Susan J. Birren

Abstract Neurotransmitter expression has long been thought of as a defining
phenotypic property of adult neurons. However, it has now been shown that
most neurons co-release multiple signaling molecules. Many examples of neu-
rons that co-release a classical transmitter (e.g., acetylcholine, norepinephrine
or glutamate) and neuromodulators have been demonstrated, but neurons can
also co-release more than one classical transmitter. Defining the mechanisms
that determine released transmitter(s) is important for understanding neural
function since this largely determines the influence of neural activity. This
chapter details evidence showing that mammalian sympathetic neurons co-
release acetylcholine (ACh) and norepinephrine (NE). Sympathetic neurons
project to body tissues including blood vessels and heart to control functions
such as regulation of blood pressure and cardiac output. Transmitter choice in
sympathetic neurons is controlled by target-derived, soluble growth factors.
Current data suggests that these factors may operate to regulate the relative
amounts of ACh and NE released by sympathetic neurons, which may play an
important role in homeostatic regulation of essential physiological processes.

4.1 Introduction

It has historically been held that the identity of a released neurotransmitter is a
defining and unchanging characteristic of differentiated adult neurons (Dale
1935); Eccles 1976). However, more recent evidence suggests that neurons can
release different classical transmitters under different physiological situations
and even, in some cases, co-release multiple transmitters. The existence of
co-transmission of classical transmitters (e.g., acetylcholine, norepinephrine,
glutamate and GABA) with neuropeptides or neuromodulators is well estab-
lished in many types of neurons (Kupfermann 1991; Elfvin et al. 1993).
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Co-transmission of two classical transmitters has now also been demonstrated
in both invertebrate and vertebrate preparations (Kupfermann 1991; Marder
et al. 1995; Seal and Edwards 2006). In this chapter we will summarize the
evidence that mammalian sympathetic neurons coexpress the classical trans-
mitters acetylcholine (ACh) and norepinephrine (NE) and that, under certain
circumstances, co-release both of these transmitters in a regulated manner.

Co-transmission is biologically more costly than utilizing a single transmitter
since multiple molecular regulatory systems are necessary to generate different
transmitter molecules, package them in vesicles and recycle or break them down
in the synaptic cleft. Since it would seem more parsimonious to utilize a single
transmitter, the question arises as to why neurons would go through the trouble
of using multiple neurotransmitters. It seems that there must be an evolutionary
advantage to co-transmission. One possibility is that it limits crosstalk between
nearby neurons. Transmission between closely apposed pairs of connected
neurons might interact if all cells used the same transmitter-receptor system.
Similarly unwanted interactions may occur if closely apposed neurons received
common input from a single afferent source. However, co-release of multiple
transmitters coupled with distinct transmitter receptor expression patterns in
target cells would ensure exclusivity of signaling and remove a potential restric-
tion on the structural complexity of neural circuits.

Another advantage of co-transmission is that multiple transmitter systems
allow more complex signaling. For example, if one transmitter were contained
in a more readily releasable vesicle pool then a weaker stimulus would release
only one transmitter while a stronger stimulus might cause release of both
transmitters. Therefore different patterns or levels of activity could have differ-
ent physiological effects. An example of this is seen in sympathetic neurons
controlling vasoconstriction in the rat tail where the release of norepinephrine,
adenosine triphosphate, and neuropeptide Y is differentially affected by stimu-
lus burst duration (Bradley et al. 2003).

Co-transmission may also allow for local modulation of signaling. Thus, the
release of retrograde signals from innervated tissue could be an important deter-
minant of relative release of coexpressed neurotransmitters. In this way target cells
could directly regulate afferent input through the regulation of co-transmission.
As will be discussed later, this type of signaling appears to play an important role
in co-transmission of ACh and NE in the sympathetic nervous system.

4.2 Developmental Regulation of Neurotransmitter Expression
in Sympathetic Neurons by Target-Derived Signals

Sympathetic neurons project from ganglia located in the neck and on either side
of the spinal column to innervate somatic organs and tissues. The sympathetic
nervous system regulates metabolic, contractile and secretory functions that are
essential for physiological homeostasis. Developmentally, sympathetic neurons
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derive from neural crest precursors and express noradrenergic markers (i.e.,
enzymes necessary to produce the neurotransmitter norepinephrine) early in
development (Ernsberger and Rohrer 1996; Francis and Landis 1999;
Ernsberger 2000). Cholinergic markers are coexpressed somewhat later in
development in a subpopulation of neurons (Schafer et al. 1997; Ernsberger
and Rohrer 1999). These expression patterns occur relatively early in develop-
ment before neurons contact target tissue, suggesting that developing sympa-
thetic neurons have an autonomous capacity to express both cholinergic and
noradrenergic markers.

The expression of neurotransmitter phenotype in postnatal sympathetic neu-
rons is developmentally influenced by interactions with target tissues. Most adult
sympathetic neurons utilize norepinephrine as their principal neurotransmitter at
synaptic contacts with body tissues (Elfvin et al. 1993). However, some tissues,
such as sweat glands, periosteum and some vascular beds are cholinergically
innervated by sympathetic nerves (Schotzinger and Landis 1988; Elfvin et al.
1993; Francis and Landis 1999; Asmus et al. 2000). Sympathetic innervation of
these tissues is initially noradrenergic and gradually switches to cholinergic over
the first one to two weeks after birth (Francis and Landis 1999).

The final transmitter profile of noradrenergic and cholinergic sympathetic
neurons is dependent upon the target of innervation. In rodents, the glabrous
skin of the footpad contains sweat glands that receive cholinergic sympathetic
innervation, whereas hairy skin is noradrenergically innervated. Several studies
have demonstrated that interactions between the neurons and target tissue are
necessary to cause the cholinergic neurotransmitter switch (Schotzinger and
Landis 1988; Schotzinger and Landis 1990; Asmus et al. 2000). Schotzinger and
Landis 1988 removed a patch of hairy skin from newborn rats and transplanted
a section of glabrous skin from a donor animal. They were able to observe the
initial innervation of the transplanted skin since rat sympathetic fibers do not
enter the dermis until several days after birth. Sympathetic fibers that would
have innervated hairy skin and remained noradrenergic switched to a choliner-
gic phenotype when they terminated on transplanted glabrous skin. Catecho-
laminergic histofluorescence in the sympathetic fibers innervating sweat glands,
but not surrounding hairy skin or blood vessels, decreased sharply. Conversely,
immunostaining for acetylcholinesterase and the activity of choline acetyltrans-
ferase (markers of cholinergic transmission) gradually increased in fibers
innervating the transplanted glabrous skin. Together, these experiments
demonstrated that target interactions play an instructive role in setting the
neurotransmitter phenotype of innervating sympathetic neurons.

In an analogous set of experiments, the parotid salivary gland, which is
innervated by noradrenergic fibers, was transplanted under glabrous skin in
the footpad of newborn rats. Sympathetic fibers innervating the transplanted
salivary gland retained noradrenergic markers, while fibers innervating sur-
rounding sweat glands switched to a cholinergic phenotype (Schotzinger and
Landis 1990). Finally, transplantation of periosteum, the connective tissue
surrounding bone that is cholinergically innervated in the adult, to hairy skin
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in newborn rats promoted a switch to a cholinergic phenotype in sympathetic
fibers innervating the transplanted tissue (Asmus et al. 2000). These studies
strongly suggest that target-derived signaling plays a crucial developmental role
in the determination of sympathetic neurotransmitter phenotype.

The switch from noradrenergic to cholinergic neurotransmission that occurs
in sympathetic neurons innervating the sweat glands is dependent on a soluble
factor released by the target tissue (Rao and Landis 1990; Rao et al. 1992;
Rohrer 1992). Whole protein extracts purified from rat glabrous skin induced a
dose-dependent cholinergic shift in cultured sympathetic neurons, while cul-
tures treated with liver, salivary gland or hairy skin extracts, or with extracts
from mutant mice that lack sweat glands remained noradrenergic (Rao and
Landis 1990; Habecker et al. 1995).

Several growth factors have been identified that induce cholinergic and
reduce noradrenergic marker expression in cultured sympathetic neurons.
These include ciliary neurotrophic factor (CNTF), leukemia inhibitory factor
(LIF), cardiotrophin -1 (CT-1), and neurotrophin-3 (NT-3) (Saadat et al. 1989;
Yamamori et al. 1989; Habecker et al. 1995; Brodski et al. 2000). It was there-
fore initially proposed that one or more of these secreted proteins might be the
cholinergic differentiating factor released by sweat gland tissue (Rao et al. 1992;
Rohrer 1992). However, several lines of evidence suggest that the in vivo
cholinergic differentiating factor is not one of these proteins and that the
relevant activity has not yet been identified. Pre-treating glabrous skin extracts
with antisera to CNTF resulted in a 55 to 80 % decrease in cholinergic differ-
entiation in cultured sympathetic neurons as measured by acetylcholinesterase
activity (Rao et al. 1992; Rohrer 1992), However, Rao et al. (1992) found no
evidence for expression of CNTF protein or mRNA in sweat glands. This led to
the conclusion that CNTF in glabrous skin extracts was likely derived from
sensory neurons innervating the dermis and that it probably played no physio-
logical role in the determination of sympathetic neurotransmitter phenotype at
sweat glands. Further, cholinergic sympathetic innervation of sweat glands
developed normally in mice lacking either or both the CNTF and LIF genes
(Francis et al. 1997), supporting the hypothesis that CNTF is not the choliner-
gic differentiation factor. Similarly, antisera directed against LIF or CT-1 did
not prevent cholinergic differentiation of cultured sympathetic neurons induced
by glabrous skin extract (Rao et al. 1992; Habecker et al. 1995). Thus, none of
the factors that have been identified as a cholinergic differentiation factor has
been shown to play that role during the cholinergic switch of sympathetic
neurons in vivo.

Whatever the identity of the released cholinergic differentiation factor turns
out to be it does seem to act through the same receptor and signaling systems as
CNTF, LIF and CT-1. These three growth factors show structural similarities
and signal through LIFR 3 and gp130 receptors. The cholinergic differentiation
activity of glabrous skin extract was blocked by pharmacological blockade of
LIFR( signaling and the extract induced gp130 specific signaling cascades in
cell culture (Bazan 1991; Habecker et al. 1997). Furthermore, deletion of the
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gp130 gene in mice led to a failure of sympathetic neurons innervating sweat
glands to switch to a cholinergic transmitter phenotype in vivo (Stanke et al.
2006). Thus, the physiologically relevant cholinergic differentiation factor is
likely to be related to CNTF, LIF, and CT-1 and may be a new member of this
cytokine family.

The release of the cholinergic differentiation factor by sweat glands appears
to be dependent upon release of NE from sympathetic neurons upon initial
synaptic contact during postnatal development. Extracts of glabrous skin
selectively deprived of noradrenergic sympathetic input by treatment with
the neurotoxin 6-hydroxydopamine were unable to promote a cholinergic
transmitter switch in cultured sympathetic neurons (Habecker and Landis
1994). Sweat glands cultured alone or with sensory neurons (which do not
produce NE) do not produce cholinergic differentiation factor as assayed by
the ability of conditioned media to induce the expression of cholinergic
markers in sympathetic neuronal cultures (Habecker et al. 1995). However,
sweat gland tissue produced a cholinergic differentiation factor when cultured
with sympathetic neurons. Production of this factor was blocked by pharma-
cological inhibition of NE transmission (Habecker and Landis 1994;
Habecker et al. 1995). These results demonstrate that initial noradrenergic
synaptic contact is necessary to induce release of the cholinergic differentia-
tion factor and affect a transmitter phenotype switch in the sympathetic
neurons.

The neurotrophins are another family of target-derived growth factors that
play a key role in regulating physiology in both developing and mature sympa-
thetic neurons (Bibel and Barde 2000). Neurotrophin signaling may also play an
important role in determining mature sympathetic neurotransmitter pheno-
types. The expression pattern of the high affinity receptor for neurotrophin-3
(NT-3), tropomyosin-related kinase receptor C (TrkC) overlaps with the
expression pattern of cholinergic markers in sympathetic ganglia (Brodski
et al. 2000), suggesting a possible role for this pathway in setting the cholinergic
phenotype. Consistent with this idea, culturing sympathetic chain explants in
the presence of NT-3 increased the expression of cholinergic markers while
decreasing the expression of noradrenergic markers (Brodski et al. 2000).

Interestingly, the effects of NT-3 could be reversed and were antagonized by
another neurotrophin, nerve growth factor (NGF) (Brodski et al. 2000). NGF is
a sympathetic neuron survival factor that has been demonstrated to promote
noradrenergic properties in the neurons (Chun and Patterson 1977; Bibel and
Barde 2000). Expression of noradrenergic markers in the sympathetic chain
overlap with the expression of the NGF high affinity tropomyosin-related
kinase receptor A (TrkA) (Brodski et al. 2002), consistent with earlier studies
showing that NGF increased the expression of noradrenergic markers in cul-
tured sympathetic neurons (Chun and Patterson 1977). Additionally, NGF
rapidly increases the activity of tyrosine hydroxylase, an enzyme necessary for
the generation of NE, in rat PC12 cell line cultures (Greene et al. 1984). These
results suggest that target-derived signaling plays a crucial, yet complex role in
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determining transmitter expression in sympathetic neurons and raises the pos-
sibility of acute changes in neurotransmitter properties as a result of interaction
with target-derived factors.

This section has summarized studies that demonstrate that sympathetic neurons
in vivo have the ability to express and release two classical transmitters: ACh and
NE. The determination of transmitter phenotype appears to be dependent on bi-
directional signaling between the sympathetic neurons and their targets via soluble
molecules. One question that remains from these studies is whether individual
sympathetic neurons are capable of co-releasing these two different classical
transmitters. The next section will present evidence from cell culture studies that
show that individual sympathetic neurons indeed co-release both ACh and NE and
that this co-release is regulated by target-derived soluble signaling molecules.

4.3 Plasticity of Sympathetic Neurotransmitter Phenotype: Cell
Culture Studies

A switch in neurotransmitter status from noradrenergic to cholinergic was
first observed in sympathetic neurons grown in culture (Bunge et al. 1974;
O’Lague et al. 1974). A series of papers published in 1978 described a careful
electrophysiological and pharmacological analysis of this phenomenon in
cultured sympathetic neurons (O’Lague et al. 1978; O’Lague et al. 1978;
O’Lague et al. 1978). These studies used neurons taken from the superior
cervical sympathetic ganglion of neonatal rats, which are almost exclusively
noradrenergic in vivo (Elfvin et al. 1993). Surprisingly, culturing neurons
either with cardiac myocytes or under conditions that allowed proliferation
of non-neuronal ganglionic cells (including Schwann cells and fibroblasts)
resulted in the formation of functional cholinergic synapses between the
sympathetic neurons. When neurons were cultured in media that inhibited
non-neuronal cell growth they remained noradrenergic (O’Lague et al. 1978;
O’Lague et al. 1978; O’Lague et al. 1978).

Several lines of evidence supported the conclusion that cholinergic transmis-
sion occurred in these cultures. Electrophysiological recordings in pairs of
neurons demonstrated that stimulation of action potentials in one neuron
resulted in synaptic responses in a second neuron (O’Lague et al. 1978;
O’Lague et al. 1978; O’Lague et al. 1978). These responses were blocked by
decreasing extracellular calcium concentration, which blocks synaptic trans-
mission, and by cholinergic antagonists. lontophoresis of ACh onto small
regions of individual neurons caused depolarizations similar to the synaptic
events elicited by electrical stimulation, further supporting the idea that endo-
genous ACh release could account for the observed synaptic events. In contrast,
application of noradrenergic antagonists had no effect on these cholinergic
synaptic events, although iontophoretic application of catecholaminergic ago-
nists caused membrane hyperpolarization. This showed that the neurons
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expressed functional noradrenergic receptors that did not contribute to the
cholinergic transmission.

The cholinergic effects of non-neuronal cells appeared to be mediated by a
released soluble factor since media conditioned with these cells could also elicit
a cholinergic shift in the cultured neurons (Patterson and Chun 1977). Thus,
these studies established the ability of sympathetic neurons to form functional
cholinergic connections and demonstrated that these cholinergic properties
were regulated by extrinsic factors in vitro.

While non-neuronal cells promoted the formation of cholinergic synaptic
connections, NE continued to be produced in these cultures. This meant that
culture with non-neuronal cells altered the balance of ACh and NE expression
in sympathetic neuron co-cultures. Noradrenergic sympathetic neurons grown
in the absence of non-neuronal cells produced only small amounts of ACh as
assayed by incorporation of radioactive precursors (Patterson and Chun 1974).
Addition of increasing numbers of non-neuronal cells increased the amount of
ACh produced while decreasing NE levels (Patterson and Chun 1974). While
these results suggested that the cultures produced both ACh and NE, it was not
clear whether different subpopulations of neurons were responsible for produc-
tion of each transmitter or whether individual neurons could produce variable
amounts of both transmitters.

ACh and NE expression needed to be unambiguously determined in indivi-
dual neurons to establish if sympathetic neurons were capable of simultaneously
expressing both transmitters. The use of microisland cultures containing single
sympathetic neurons together with target cells made it possible to address this
issue (Furshpan et al. 1976; Furshpan et al. 1986; Potter et al. 1986). The target
cells used in these cultures were neonatal rat cardiac myocytes. Sympathetic
neurons innervate the heart in vivo to provide excitatory regulation of heart
beat rate and cardiac function via noradrenergic transmission (Elghozi and Julien
2007). Interestingly, although sympathetic innervation of the heart is noradre-
nergic, cardiac myocytes produce cholinergic differentiation factors, and
promote the development of cholinergic properties in co-cultured sympathetic
neurons (Fukada 1980; Marvin et al. 1984; Furshpan et al. 1986). Thus,
co-culture with cardiac myocytes provided a system in which both noradrenergic
transmission and the development of cholinergic properties could be examined.

Cardiac myocytes were cultured together with sympathetic neurons in small
(300 to 500 pm) microislands on the surface of a culture dish (Furshpan et al.
1976; Furshpan et al. 1986; Potter et al. 1986). In these cultures it was possible to
identify individual microislands that contained only a single neuron that grew
over the cardiac myocytes, but did not grow past the edge of the microisland
(Furshpan et al. 1976; Furshpan et al. 1986). Neurons grown in this way formed
functional synapses on themselves and onto the myocytes (Furshpan et al. 1976;
Furshpan et al. 1986). This preparation allowed the determination of the
identity of released transmitter(s) from individual sympathetic neurons.

One way to determine the identity of the released transmitters in neuron-
myocyte microislands was to examine the postsynaptic response of the
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myocytes to neuronal activity. Myocytes cultured in microislands form elec-
trical junctions with one another and contract, or beat, in a coordinated fashion
across the extent of the microisland. These contractions are modulated by
neuronal activity via synaptic transmission in a manner similar to the auto-
nomic regulation of heart rate in vivo (Furshpan et al. 1976; Furshpan et al.
1986; Elghozi and Julien 2007). Myocytes have an excitatory response to NE
released by sympathetic neurons that is mediated via activation of f—adrenergic
receptors. Conversely, myocyte beat rate is inhibited by ACh via activation of
muscarinic ACh receptors (Furshpan et al. 1976; Furshpan et al. 1986). Using
electrophysiological recording techniques it is possible to monitor the myocyte
response to stimulation of the neuron by recording the myocyte action poten-
tials, which correspond to beat rate. Additionally, NE depolarizes and ACh
hyperpolarizes myocytes, which can also be monitored by electrophysiological
techniques. Therefore by stimulating neurons to release transmitter and record-
ing the myocyte response it is possible to determine whether ACh or NE is being
released by a neuron.

In addition to measuring the postsynaptic responses of the myocytes, informa-
tion about the neurotransmitter identity of the neurons could be gained by
examining neuronal postsynaptic responses to synaptic transmission taking
place at autapses. While sympathetic neurons grown in microislands released
NE, no evidence was found for a noradrenergic neuronal synaptic response. The
neurons were excited, however, by synaptically released ACh through activation
of nicotinic receptors (Furshpan et al. 1976; Furshpan et al. 1986). Thus, in these
microislands, the neurons showed responses to cholinergic transmission, while
the myocytes responded differentially to ACh and NE release by the neurons.
Thus, recording from individual neurons and myocytes grown in microisland
cultures provided an approach to investigate whether individual sympathetic
neurons utilized exclusively ACh or NE, or could co-release both transmitters
(Furshpan et al. 1976; Furshpan et al. 1986; Potter et al. 1986).

Sympathetic neurons in microislands were found to vary greatly in release of
transmitter with some cells expressing almost exclusively ACh or NE while
other cells expressed both transmitters in varying proportions. In some neu-
rons, stimulation resulted in excitatory synaptic events recorded in the neuron
itself and an inhibition of the myocyte, seen as a membrane hyperpolarization
and decrease in spiking and contraction rate. Nicotinic antagonists such as
curare and hexamethonium blocked the neuronal synaptic events, while the
muscarinic antagonist, atropine blocked the myocyte inhibition. These data
demonstrated that the synaptic events in these neurons were due to cholinergic
transmission (Furshpan et al. 1976; Furshpan et al. 1986; Potter et al. 1986).

In some neurons stimulation resulted in no synaptic events in the neuron, but
caused an increase in spiking and contraction rate of the myocyte. This type of
response was found to be sensitive to S—adrenergic antagonists such as propra-
nolol, confirming a noradrenergic phenotype for those neurons. In the majority
of cells however, the myocyte response was mixed, showing slower, noradre-
nergic-mediated excitation preceded by a more rapid cholinergic-mediated
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inhibition of the myocytes. These effects could be pharmacologically separated
using cholinergic or adrenergic antagonists. These data provided evidence for
co-release of NE and ACh in individual neurons.

Further evidence for dual neurotransmitter coexpression in sympathetic
neurons came from ultrastructural examination. Electron microscopic analysis
of microisland neurons revealed the existence of small granular and small clear
vesicles, presumably representing noradrenergic and cholinergic vesicles,
respectively. In elegant experiments in which physiological responses were
linked to ultrastructure in individual neurons, the authors observed that neu-
rons with mixed physiological responses showed both types of vesicles at
synaptic endings, while single-function neurons showed mostly one or the
other type of vesicle. These studies unambiguously demonstrated that cultured
sympathetic neurons have the capacity to co-release both ACh and NE
(Furshpan et al. 1976; Furshpan et al. 1986; Potter et al. 1986).

As described in the previous section, initially noradrenergic sympathetic neu-
rons that innervate sweat glands demonstrate a developmental switch to choliner-
gic transmission over a period of time following the formation of synaptic contacts
with target. It is thus possible that co-transmission in sympathetic neurons grown
in microislands represents a transitory state that occurs while neurons are switch-
ing from a noradrenergic to a cholinergic phenotype in response to soluble signals
from non-neuronal cells. Indeed, by recording multiple times on successive
days from individual neurons it was found that transmitter phenotype tended to
shift from noradrenergic to cholinergic over time. However, many neurons
retained dual transmitter status for up to several months in culture, suggesting
that dual transmitter expression could be a stable condition (Potter et al. 1986).

Sympathetic neurons contacting sweat glands switch transmitter phenotype
in the first one to two postnatal weeks in vivo, raising the question of whether
neurotransmitter plasticity is a transient developmental phenomenon. The
microisland recordings described above were performed using neonatal sympa-
thetic neurons, which are still in the process of forming final target contacts and
hence may be more plastic in respect to transmitter phenotype expression
(Francis and Landis 1999). However, adult superior cervical sympathetic neu-
rons grown on microislands also demonstrated neurotransmitter plasticity,
albeit in a smaller proportion of cells and with more cells tending to remain
noradrenergic (Potter et al. 1986). These results demonstrate that transmitter
plasticity, while more pronounced in younger neurons, is not lost in the adult.

4.4 Neurotrophins Induce a Rapid Switch in Neurotransmitter
Status of Sympathetic Neurons

Thus far, the neurotransmitter plasticity displayed by sympathetic neurons has
been described as a developmental process that takes place over a period of days
or weeks. Recent studies however, show that the regulation of neurotransmitter
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properties can also take place over a rapid time scale. In addition to their role in
the developmental regulation of neurotransmitter phenotype (described above),
neurotrophins are able to rapidly regulate the co-release properties of sympa-
thetic neurons.

As will be described in detail below, neurotrophins have been shown to cause
rapid differential regulation of neurotransmitter release in sympathetic neurons
by acting through different receptors. Therefore it will be helpful to detail the
types of neurotrophin receptors expressed by sympathetic neurons. Neurotro-
phins act through two types of receptors; the pan-neurotrophin receptor (p75),
which binds all family members with similar affinity, and the tropomyosin-
related kinases (Trks), which show specific binding affinities to various neuro-
trophin family members (Reichardt 2006). Sympathetic neurons express p75
and two of the three tropomyosin-related kinases; TrkA, the NGF receptor and
TrkC, which specifically binds NT-3. These neurons do not express the TrkB
receptor, the specific receptor for brain-derived neurotrophic factor (BDNF)
and neurotrophin 4/5 (Dixon and McKinnon 1994; Wyatt and Davies 1995;
Bamji et al. 1998; Reichardt 2006). Trk receptors are thought to underlie many
described neuronal responses to neurotrophins including neuronal differentia-
tion, growth, survival and synaptic modulation (Bibel and Barde 2000;
Reichardt 2006). However, in recent years a number of distinct and sometimes
opposing functions have been described for the p75 receptor. These include
promoting apoptotic neuronal death, modulation of growth dynamics, and the
regulation of long-term depression (Chao and Hempstead 1995; Lu et al. 2005;
Woo et al. 2005). For neurons expressing both Trk and p75 receptors, including
sympathetic neurons, responses to neurotrophins may reflect the output of
complex interactions between the p75 and Trk signaling pathways (Chao and
Hempstead 1995; Huber and Chao 1995; Lu et al. 2005; Woo et al. 2005).

Evidence for differential regulation of co-transmission by p75 and Trk
receptors has been provided by analysis of synaptic transmission in neuron-
myocyte co-cultures. Superior cervical sympathetic neurons form functional
synapses onto the co-cultured cardiac myocytes and these connections are
initially almost entirely noradrenergic. Electrophysiological stimulation of neu-
rons in young, noradrenergic neuron-myocyte co-cultures results in an increase
in beat rate of myocytes that are connected to the stimulated neuron. This
increase can be observed visually and quantified by counting contractions
(Conforti et al. 1991; Lockhart et al. 1997). Treatment of the cultures with
NGF for ten minutes caused a rapid and reversible potentiation of synaptic
transmission that was observed as an increase in myocyte beat rate in response
to neuronal stimulation (Lockhart et al. 1997).

The effect of NGF on excitatory transmission was likely to be due to a
presynaptic action of NGF on neuronally expressed TrkA receptors. Cardiac
myocytes do not express appreciable levels of TrkA and the myocyte response
to pressure ejection application of NE was not altered in the presence of NGF
(Lockhart et al. 1997). The potentiation of neuronal regulation of myocyte beat
rate was blocked by application of the Trk antagonist K252a suggesting that the
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effect was mediated via TrkA and not p75 activation (Lockhart et al. 1997).
This study provided evidence that NGF, acting through TrkA, promotes
noradrenergic neurotransmission in sympathetic neurons.

Further investigation into the actions of neurotrophins on sympathetic
presynaptic properties revealed the surprising result that, in addition to poten-
tiating the release of NE, neurotrophin signaling regulated co-release of ACh.
Treatment of young, noradrenergic neuron-myocyte co-cultures with BDNF
rapidly and reversibly resulted in the inhibition of myocyte beat rate during
neuronal stimulation (Yang et al. 2002). This result was in contrast to the
excitation of myocyte beat rate seen during neuronal stimulation in the presence
of NGF, a related member of the neurotrophin family. In these neuron-myocyte
co-cultures a fifteen minute application of BDNF was sufficient to switch the
myocyte beat rate response during neuron stimulation from excitation to
inhibition. The effect of BDNF was reversible and was blocked by the muscari-
nic cholinergic antagonist, atropine. Similar to the finding with NGF, the effect
of BDNF was likely to be presynaptic since myocyte responses to pressure
ejection application of muscarine, a muscarinic ACh receptor agonist, or NE
were not altered in BDNF. BDNF did not induce expression of cholinergic
markers over the time frame of the experiment and, unlike classic cholinergic
differentiation factors such as CNTF, did not promote the expression of cho-
linergic markers even over a three-day culture period (Slonimsky et al. 2003).
These experiments suggest that BDNF acts to rapidly promote ACh release
through a mechanism independent of the cholinergic differentiation factors
described in the previous section.

Evidence suggests that the switch from excitatory to inhibitory neurotrans-
mission in neuron-myocyte co-cultures is mediated through p75 signaling.
BDNF is likely to be a selective ligand for p75 in sympathetic neurons as
TrkB is not expressed and BDNF does not activate the TrkA or TrkC receptors
(Dixon and McKinnon 1994; Wyatt and Davies 1995; Bamji et al. 1998; Yang
et al. 2002; Reichardt 2006). In contrast to the finding for potentiation of
noradrenergic transmission by NGF, the BDNF-dependent induction of inhi-
bitory synaptic function was not blocked by application of K252a, which blocks
the function of Trk family receptors. This finding suggested that BDNF was not
acting through a Trk receptor (Yang et al. 2002). Application of C,-ceramide, a
second messenger produced in response to p75 activation mimicked the BDNF
response however, suggesting that BDNF acted to modulate cholinergic trans-
mission via p75 receptor signaling (Yang et al. 2002). Further evidence
implicating p75 came from overexpression of human p75 in neuron-myocyte
co-cultures which led to inhibitory transmission even in the absence of exogen-
ous BDNF (Yang et al. 2002). Finally, the effect of BDNF was not seen in
neuron-myocyte co-cultures derived from mice carrying a targeted deletion of
the p75 receptor gene (Lee et al. 1992; Yang et al. 2002). Together, these data
suggest that even in apparently noradrenergic sympathetic neurons there exists
a releasable cholinergic vesicle pool that is mobilized via cell signaling through
the p75 receptor.
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Pharmacological evidence suggests that the relative level Trk to p75 signaling
determines the ratio of ACh and NE released. Sympathetic neurons in myocyte
co-cultures co-released ACh and NE to varying degrees after being cultured for
three days in different growth factors (Yang et al. 2002). Again, this was
assessed by stimulating neurons and observing changes in beat rate of con-
nected myocytes. Growth in control media, containing 5 ng/ml NGF, or media
containing 50 ng/ml NGF, resulted in only excitatory responses. Application of
the f—adrenergic antagonist propranolol blocked the excitatory responses and
revealed a small inhibitory response suggesting that under these conditions
neurons were predominately noradrenergic, but did release some ACh. Con-
versely, growth in BDNF resulted in only inhibitory myocyte responses when
neurons were stimulated. This effect was blocked by the muscarinic ACh
antagonist, atropine that revealed a small excitatory response presumably due
to co-release of NE. These experiments demonstrated the co-release of ACh and
NE and the modulation of that release by neurotrophic signaling.

The rapid effects of BDNF are specific to neurotrophin signaling pathways.
Growth in CNTF required three weeks before neurons showed a significant
functional cholinergic shift in transmission, suggesting that CNTF and BDNF
work through different pathways to regulate cholinergic transmission (Yang
et al. 2002; Slonimsky et al. 2003).

In addition to a requirement for p75 signaling, probably via the ceramide
pathway, the effects of BDNF on promoting cholinergic transmission appear to
be dependent on activation of calcium/calmodulin-dependent protein kinase I1
(CamKII) (Slonimsky et al. 2006). Inhibition of CamKII in the presynaptic
neuron blocked the induction of cholinergic neurotransmission by BDNF,
whereas transfection of constitutively active CamKII into presynaptic neurons
induced a cholinergic shift in the absence of exogenous BDNF (Slonimsky et al.
2006). However an interaction between the p75 receptor and CamKII appears
to be necessary since transfection of constitutively active CamKII into p75
knockout animals did not cause a cholinergic shift in neurotransmission
(Slonimsky et al. 20006).

This section has described studies that show that neurotrophins can rapidly
modulate the amount of ACh and NE being co-released at sympathetic term-
inals by signaling through two receptors (Fig. 4.1). Increased activation of the
TrkA receptor enhances noradrenergic transmission and increased activation
of the p75 receptor enhances cholinergic transmission. This provides a potential
mechanism for the regulation of the function of sympathetic innervation via
target-derived signaling. Sympathetically innervated targets express distinct
profiles of neurotrophin species in vivo (Bierl et al. 2005; Randolph et al.
2007) and sympathetic neurons express both p75 and Trk receptors. Increasing
the ratio of Trk to p75 activation would be predicted to increase relative release
of NE, and conversely increasing the p75 activation compared to Trk activation
would increase ACh release.

While the mechanisms underlying the changes in neurotransmitter release
properties are not known, firing pattern has been found to influence co-release
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Higher TrkA activity Higher p75 activity

Tonic Firing Neurotrophins

Phasic Firing

Acute Potentiation
of NE Release

Acute Potentiation|
of ACh Release

Upregulation of
Noradrenergic Markers

Sympathetic Neuron

Fig. 4.1 Target-derived neurotrophins rapidly regulate functional neuronal properties differ-
entially through p75 and TrkA signaling pathways. Sympathetic neurons express both TrkA
and p75. When TrkA activation is higher than p75 activation the neurons tend to release
norepinephrine and fire in a tonic pattern (left). When p75 activity predominates cholinergic
transmission is potentiated and cells fire in a phasic pattern. Although the signaling pathways
involved are incompletely understood, evidence shows that the second messenger molecule,
ceramide, is involved in promotion of both phasic firing and potentiation of acetylcholine
release. Calcium/calmodulin-dependent protein kinase II (CamKII) also has been implicated
in promoting cholinergic transmission. (See Color Plate 2)

of classical transmitters and neuromodulators in different cell types (Bradley
et al. 2003; Fulop et al. 2005). Recent evidence shows that in addition to their
effects on transmitter choice, neurotrophins also influence sympathetic neuro-
nal firing patterns. In the next section we will explore the possibility that
changes in neuronal firing pattern are important determinants of transmitter
release.

4.5 Neurotrophins Regulate the Firing Properties of Sympathetic
Neurons via Differential Activation of Trk and p75 Receptors

Neurotrophin signaling also plays a role in regulating the membrane electrical
properties of sympathetic neurons. Sympathetic neurons fire in one of two
characteristic patterns in response to electrophysiological stimulation and the
proportion of cells firing in each of these patterns varies among sympathetic
ganglia projecting to different targets (Cassell et al. 1986; Wang and McKinnon
1995; Jobling and Gibbins 1999; Anderson et al. 2001). Neurons are found to
fire either phasically, that is, they fire once and then go silent, or fire tonically
throughout the duration of the stimulus (Cassell et al. 1986). When firing
patterns were surveyed over a population of cultured neonatal superior cervical
neurons it was found that most cells fired tonically with firing rates being
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distributed evenly around a mean (Luther and Birren 2006). Application of
NGF to these cultures resulted in a shift of firing pattern to a bimodal distribu-
tion: increasing the number of phasic cells and increasing the number of high-
frequency tonic cells (Luther and Birren 2006).

As mentioned previously, NGF acts through both TrkA and p75 receptors,
and therefore, the bimodal shift in firing patterns could be due to differential
signaling through those two receptor types in different populations of cells
(Fig. 4.1). Indeed, it was found that application of C,-ceramide, a second
messenger generated subsequent to p75 activation, induced phasic firing in
most neurons (reported in abstract form, Society for Neuroscience Abstracts,
32, 2006). Application of NGF in cultures prepared from p75 knockout mice
resulted in most cells firing tonically with higher firing rates compared to
control, suggesting that TrkA signaling increased tonic firing (unpublished
observations). These results demonstrate that, in addition to their role in
determining neurotransmitter phenotype, soluble, target-derived signaling
molecules can also influence repetitive firing in sympathetic neurons.

Firing pattern has been shown to play a role in co-release of transmitters and
neuromodulators; however, this has not previously been shown for multiple
classical transmitters. For example, adrenal chromaffin cells release catechola-
mines, but when stimulated more strongly they also release neuropeptides
(Fulop et al. 2005). Co-release of NE, adenosine triphosphate and neuropeptide
Y from sympathetic neurons are differentially modulated by firing frequency
and spike number per burst (Bradley et al. 2003). It is tempting to speculate that
regulation of the neurotransmitter phenotype and firing pattern by neurotro-
phins are related. Perhaps p75 mediated changes in firing pattern lead to
conditions that favor release of ACh containing vesicles, and conversely TrkA
mediated changes in firing pattern favor release of NE containing vesicles.
However, it is unknown whether transmitter status and firing pattern corre-
spond in cultured sympathetic neurons. Future studies will be needed to deter-
mine if firing pattern is an important determinant of differential release of ACh
and NE in sympathetic neurons.

4.6 Future Directions

Sympathetic neurons have the capacity to switch between cholinergic and
noradrenergic phenotypes in vivo and to co-release both transmitters in cell
culture. Neurotransmitter status in sympathetic neurons appears to depend on
soluble, target-derived signaling molecules. This raises the possibility that
sympathetic neuronal properties (i.e., neurotransmitter phenotype and firing
patterns) are fine-tuned to the physiological needs of the specific target tissue
through local signaling interactions. Target-derived signaling varies with phy-
siological state, age and in response to tissue damage. For example, evidence
suggests that a heart disease condition such as congestive heart failure can result
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in abnormalities of neurotrophin release from cardiac tissue including release of
BDNF, which is normally not produced in heart tissue (Cai et al. 2006; Kreusser
et al. 2007). Neurotrophin production also changes with age in sympathetically
innervated tissues (Cai et al. 2006; Bierl and Isaacson 2007). These physiological
changes could bring about adaptive (or maladaptive) shifts in neurotransmitter
co-release and firing patterns in sympathetic neurons. Indeed, changes in sym-
pathetic nerve activity occur in both hypertension and heart disease (Esler et al.
2001; Watson et al. 2006). A deeper understanding of how target-derived
signaling regulates sympathetic neuronal properties could lead to clinical treat-
ments for these diseases and to a better general understanding of how functional
neuronal properties are regulated.

Sympathetic neurons co-release ACh and NE in culture conditions, and even
apparently noradrenergically committed cells can rapidly be induced to release
ACh via p75 signaling. It is less clear however, whether or not this actually occurs
in vivo in mature animals. Interestingly, in adult humans, but not rodents,
parasympathetic neurons innervating the heart and sympathetic neurons inner-
vating sweat glands and vascular specializations in the hands and feet, called
Hoyer-Grosser organs, were found to express all necessary proteins to co-release
ACh and NE (Weihe et al. 2005). Data suggestive of potential co-transmission
properties of sympathetic neurons in vivo is sparse however, and experiments
that directly address co-transmission in physiologically realistic contexts are
technically difficult. However, determining the role of co-transmission in the
sympathetic system is an important step for understanding both diseases related
to the sympathetic nervous system and neurotransmission in general.
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Chapter 5
GABA, Glycine, and Glutamate Co-Release

at Developing Inhibitory Synapses

Deda C. Gillespie and Karl Kandler

Abstract Neurobiologists have long classified synaptic phenotype by a single
neurotransmitter released at that synapse. Research over the past two decades
has made it clear, however, that the classification of neurons and synapses as
purely GABAergic, or even as purely inhibitory or excitatory, is no longer valid.
In this chapter we review evidence showing that inhibitory synapses co-release
multiple inhibitory neurotransmitters, and that some classical inhibitory
synapses also release excitatory neurotransmitters. As multiple transmitter
release is particularly prevalent at immature synapses, we pay special attention
to developmental plasticity in considering possible mechanisms and functions
for release of these seemingly antagonistic neurotransmitters.

List of Abbreviations

ACh acetylcholine

AMPAR  amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
ATP adenosine triphosphate

CN cochlear nucleus

GABA gamma-aminobutyric acid

GABAAR GABA (A) receptor
GABAgR GABA (B) receptor

GAD glutamic acid decarboxylase

GlyR glycine receptor

GLYT2 glycine transporter 2

IPSC inhibitory postsynaptic current

LSO lateral superior olive

mIPSC miniature inhibitory postsynaptic current

MNTB medial nucleus of the trapezoid body

D.C. Gillespie (<)

Department of Psychology, Neuroscience & Behaviour, McMaster University,
Hamilton, ON L8S 4K 1, Canada

e-mail: dgillespie@mcmaster.ca

R. Gutierrez (ed.), Co-Existence and Co-Release of Classical Neurotransmitters, 55
DOI 10.1007/978-0-387-09622-3_5, © Springer Science+Business Media, LLC 2009



56 D.C. Gillespie and K. Kandler

mPSC miniature postsynaptic current
MSO medial superior olive

NMDAR  N-methyl D-aspartic acid receptor
Pn postnatal day n

SPN superior paraolivary nucleus

VGAT vesicular GABA transporter

VGLUT2 vesicular glutamate transporter 2
VGLUT3  vesicular glutamate transporter 3

VIAAT vesicular inhibitory amino acid transporter

5.1 Introduction

Classically, many neuroscientists have used Dale’s principle as a first-order descrip-
tor of neuronal phenotype. Although referred to as the idea that the same neuro-
transmitter is released from all terminals of a neuron (Eccles 1964), this principle
has been reduced and simplified into the widely accepted dogma: “one neuron-one
neurotransmitter.” In fact, many students still learn this version of Dale’s principle,
despite a significant and growing number of studies that have provided convincing
counterexamples to invalidate this overly simplified view of neuron and synapse. In
this chapter we will focus on a subset of the evidence supporting a more nuanced
view of the synapse: release of multiple transmitters at inhibitory synapses. We will
first consider co-release of the classic small amino acid neurotransmitters GABA
and glycine and we will then consider release of GABA or glycine with other
neurotransmitters, in particular glutamate. We will pay special attention to a
synapse in the auditory brainstem where the three major fast neurotransmitters
of the brain—GABA, glycine and glutamate—are all released during a develop-
mentally significant period, and we will consider potential hypotheses for the
function of multiple transmitter release.

5.1.1 Co-release of GABA and Glycine

Early evidence that fast inhibitory synapses might use multiple neurotransmitters
came from immunohistochemical studies at the light and electron microsopic
levels, which showed colocalization of markers for GABA and glycine in cerebel-
lum, spinal cord, auditory brainstem, dorsal cochlear nucleus, and oculomotor
nucleus, among others (Triller et al. 1987; Ottersen et al. 1988; Todd and Sullivan
1990; Helfert et al. 1992; Kolston et al. 1992; Wentzel et al. 1993; Juiz et al. 1996).

5.1.1.1 Spinal Cord and Brainstem

More recent studies have presented physiological evidence for concomitant release
of GABA and glycine. Using whole-cell patch clamp recordings in acute slices of
neonatal spinal cord, Jonas et al. (1998) recorded simultaneously from interneur-
ons and postsynaptic presumed motor neurons. By stimulating the presynaptic
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interneuron to induce monosynaptic unitary inhibitory postsynaptic currents
(IPSCs), and applying antagonists of GABA, or glycine receptors (GABAARSs
or GlyRs), the authors showed that the unitary IPSC comprises two components, a
strychnine-sensitive component with fast kinetics characteristic of GlyR-mediated
currents and a bicuculline-sensitive component with slower kinetics characteristic
of GABAAR-mediated currents (Fig. 5.1). Physiologically, the most convincing
evidence for co-release of GABA and glycine from single vesicles comes from
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Fig. 5.1 GABA-glycine co-release at immature synapses in the spinal cord. (a) Schematic
illustration of simultaneous whole-cell recordings from a presynaptic interneuron and a
postsynaptic motoneuron. (b) Examples of three individual inhibitory postsynaptic currents
in the motoneuron (post) evoked by three presynaptic action potentials in the interneuron
(pre) (traces are overlaid). (¢, d) Unitary postsynaptic currents are mediated by both glycine
and GABA receptors. The GIlyR antagonist strychnine strongly reduces postsynaptic
responses but leaves a component that is blocked by the GABAAR antagonist bicuculline.
C) Illustrates the average of 3—10 single sweeps. In D) the peak amplitudes of single responses
are plotted against time before and during antagonist application. (e) Glycine and GABA
components of miniature IPSCs can be distinguished by their decay times. Flunitrazepam,
which prolongs specifically GABA R-mediated currents, increases the decay times of
GABAR- mediated currents. Average miniature IPSCs in control conditions (upper traces)
and in the presence of bicuculline or strychnine (lower traces). (f) Scatter plots of the
amplitudes of the GABA AR-mediated component against amplitudes of the GlyR-mediated
component of mIPSCs without (left plot) and in the presence of antagonists (right plot).
Points falling outside the dashed lines indicate individual mIPSCs with dual GABA and
glycine components. Adapted with permission from Jonas et al. 1998.



58 D.C. Gillespie and K. Kandler

analysis of miniature IPSCs (mIPSCs), as each mIPSC is generally considered to be
a single quantal event resulting from the release of the contents of a single synaptic
vesicle. Miniature IPSCs recorded at the spinal interneuron-motor neuron synapse
exhibit mixed components, distinguished by differing receptor pharmacology and
kinetics (Fig. 5.1e-f). A subset of mIPSCs is mediated purely by GABARs, and a
larger subset purely by GlyRs, whereas nearly half of all mIPSCs are mediated by
both GABAARs and GlyRs (points above and to right of dotted lines in Fig. 5.1f,
left panel). The group of mixed mIPSCs comprising both GABAergic and glyci-
nergic components indicates that spinal interneurons’ terminals contain synaptic
vesicles that include both GABA and glycine, and confirms that GABA and glycine
are packaged together in individual synaptic vesicles from which they are co-
released. Co-release of GABA and glycine is likely to be a common property of
developing inhibitory synapses, as other groups subsequently have revealed mixed
GABA and glycine release onto functional GlyRs and GABAARs at the sympa-
thetic preganglionic neurons of spinal cord lamina X, dorsal horn laminae I-I1, and
abducens and hypoglossal motoneuron synapses (O’Brien and Berger 1999; Keller
et al. 2001; Russier et al. 2002; Seddik et al. 2007).

5.1.1.2 Auditory Brainstem

The lateral superior olive (LSO), a binaural nucleus in the auditory brainstem
that computes interaural level differences (Boudreau and Tsuchitani 1968)
(Fig. 2a), receives a prominent inhibitory input from the medial nucleus of the
trapezoid body (MNTB; Moore and Caspary 1983, Caspary and Finlayson
1991). As in the spinal cord, early electron microscopic studies of immunor-
eactivity for the amino acid neurotransmitters in the LSO showed label for both
GABA and glycine in the same synaptic terminals, and pointed to the possibility
that GABA and glycine might both be released from single synapses onto
principal neurons of the LSO (Helfert et al. 1992) (Fig. 5.2b).

>

Fig. 5.2 (continued) (¢) MNTB-LSO synapses switch from being mainly GABAergic in newborn
animals to being mainly glycinergic around hearing onset. Examples illustrate MINTB-elicited
postsynaptic currents obtained in whole-cell recordings of LSO neurons in slices from 4-day-old
(P4) and 14-day- old (P14) gerbils. At P4, postsynaptic currents are strongly reduced by the
GABA R antagonist bicuculline (BIC) but only slightly affected by the GlyR antagonist strych-
nine. At P14, bicuculline has little effect whereas strychnine almost completely abolishes the
responses. (d) Developmental down-regulation of GABAARs and up-regulation of GlyRs in the
LSO. Immunoreactivity for the 52, 3 subunits of the GABA AR decreases in the gerbil from P4 to
P14 while immunoreactivity for the « 1 subunit increases in the rat LSO from P4 to P10. (e) Co-
release of GABA and glycine from single synaptic vesicles in isolated LSO neurons. Traces show
examples of miniature PSCs that are glycinergic (fast decay), GABAergic (slow decay), and mixed
GABA /glycine (fast and slow decay components). The plot shows changes in the proportion of
the three types of mPSCs during development. In newborn rats (P1-2) most mPSCs are
GABAergic whereas at P16-17 most mPSCs are glycinergic. Mixed GABA/glycine mPSCS are
encountered at all ages investigated. (f) Inmunoreactivity for glycine increases from PS5 to P18 but
immunoreactivity for glutamic acid decarboxylase (GAD) decreases, indicating a developmental
decrease in the presynaptic release of GABA. Adapted with permission from: B) Helfert et al. 1992;
C, D) Kotak et al. 1998; D) Friauf et al. 1997; E,F ) Nabekura et al. 2004.
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Fig. 5.2 GABA-glycine co-release at developing auditory synapses. (a) Schematic illustration
of the inhibitory MNTB-LSO pathway in the auditory brainstem. Neurons in the medial
nucleus of the trapezoid body (MNTB) receive glutamatergic inputs from the contralateral
cochlear nucleus (CN). MNTB neurons give rise to a tonotopically organized inhibitory
pathway to the lateral superior olive (LSO). This pathway is glycinergic in mature animals
but during development is primarily GABAergic. (b) Electron micrographs of an individual
terminal from serial sections immunolabeled for glycine and GABA. The terminal labels
positively for both glycine and GABA. Gold particles that tag immunopositive sites.



60 D.C. Gillespie and K. Kandler

Further physiological and histological studies not only corroborated coincident
GABA and glycine release, but also showed that the relative balance of GABAer-
gic and glycinergic components in the MNTB-LSO response shifts during early
development. This has been shown in acute brain slices, using whole-cell recordings
from LSO principal neurons to measure their physiological response to electrical
stimulation of the MINTB. Using the receptor antagonists strychnine and bicucul-
line to separate the GlyR and GABAAR components of the response to electrical
stimulation of the MINTB shows that in early neonatal (postnatal day 4; P4) gerbil,
a majority of the synaptic current is mediated by GABARs, whereas by P14 the
majority of the current passes through GlyRs (Kotak et al. 1998) (Fig. 5.2c). This
developmental shift from a primarily GABAergic to primarily glycinergic response
is accompanied by a shift in the population of receptors expressed postsynaptically
in the dendrites of LSO neurons (Fig. 5.2d). Immunoreactivity for GABAAR
subunits is relatively high in the postsynaptic membrane of LSO neurons at P4
but decreases over the next 10 days. The inverse pattern is seen for markers of
GlyR, as immunoreactivity for the GlyR-associated protein gephyrin increases
between P4 and P14 (Korada and Schwartz 1999). Because transcripts for the
GlyR subunit o2 are present only at low levels in the LSO throughout postnatal
development, whereas transcripts for the GlyR subunit «1 increase over the first
few weeks (Piechotta et al. 2001), this increased expression of GlyRs is probably
determined largely by addition of the GlyR subunit «1. The decrease in GABAAR
expression, concomitant with an increase in GlyR expression, causes a striking
decrease in the GABAAR/GIyR ratio between P4 and P14.

The developmental progression from primarily GABAergic to primarily
glycinergic transmission at the developing MNTB-LSO synapse, which has
now been confirmed in several studies (Henkel and Brunso-Bechtold 1998;
Kullmann and Kandler 2001; Kullmann et al. 2002), results not only from a
shift in receptor expression, but also from a shift in neurotransmitter release. In
order to isolate and closely examine spontaneous mIPSCs, Nabekura et al.
(2004) mechanically dissociated LSO principal cells along with adherent pre-
synaptic (MNTB) terminals and then distinguished the GABAergic and glyci-
nergic components of spontaneous mIPSCs using receptor pharmacology and
kinetics. They found a mixed population of mIPSCs: at birth the majority of
mIPSCs were purely GABAergic, with the remainder split between purely
glycinergic and mixed gly/GABA mIPSCs; at one week the three populations
were roughly equal in proportion, and at two weeks the majority of the mIPSCs
were purely glycinergic. Although mixed gly/ GABA mIPSCs (and hence mixed
gly/GABA vesicles) were present at all ages, a clear developmental trend was
seen, shifting from predominantly GABA release toward predominantly gly-
cine release (Fig. 5.2e). Over the same period, immunolabeling for glycine
increases in presynaptic terminals, while immunolabeling for the GABA mar-
ker glutamic acid decarboxylase (GAD) decreases (Fig. 5.2f). Thus, the physio-
logical shift from GABAergic to glycinergic transmission (Kotak et al. 1998) is
due to both a shift in postsynaptic receptor expression (Korada and Schwartz
1999) and a shift in vesicle content (Nabekura et al. 2004). Whether the



5  GABA, Glycine, and Glutamate Co-Release 61

downregulation of GABA AR expression and the decrease in GABA content of
synaptic vesicles occur simultaneously, or whether one event leads—or even
induces—the other, is not known. Additionally, the mechanism that accounts
for the decrease in GABA-containing synaptic vesicles is an open question, as
indeed is the mechanism that determines whether synaptic vesicles contain
GABA, glycine, or both.

The progression from GABAergic to glycinergic phenotype at the MNTB-LSO
synapse is mirrored at other synapses in the auditory brainstem. For example, in
the nearby medial superior olive (MSO), synapses in the inhibitory MNTB-MSO
pathway, which are nearly exclusively glycinergic in the adult, also exhibit a
prominent GABAergic component during the first postnatal week (Smith et al.
2000). Inhibitory synapses within the MNTB also show a mixed glycinergic and
GABAergic phenotype during early development, switching to exclusively glyci-
nergic by P25 (Awatramani et al. 2005). Finally, the switch from GABAergic to
glycinergic function is not limited to information transfer in the feed-forward
direction and the shift in receptor expression is not limited to the postsynaptic
membrane. At the well-known Calyx of Held synapse in the MNTB, activation of
presynaptic GlyRs normally causes increased transmitter release (Turecek and
Trussell 2001). Before approximately P11, however, this GlyR modulation of
glutamate release is largely absent (Turecek and Trussell 2002), and glutamate
release is enhanced instead by activation of presynaptic GABAARs.

5.1.2 VGAT and Co-release of GABA|Glycine

The molecular basis for the inhibitory phenotype of MNTB-LSO synapses, as
at all synapses that release inhibitory amino acids, is expression of the vesicular
GABA transporter (VGAT; also known as vesicular inhibitory amino acid
transporter, VIAAT). VGAT, which is localized to synaptic vesicles of glyci-
nergic and GABAergic neurons, was first identified as a proton-coupled high-
affinity GABA transporter that also transports glycine, though with lower
affinity (Mclntire et al. 1997; Sagne et al. 1997; Chaudhry et al. 1998). The
only known vesicular transporter for inhibitory amino acids, VGAT underlies
co-release of GABA and glycine (Wojcik et al. 2006). Because GABA and
glycine share the same vesicular transporter, the mechanism that specifies
whether vesicles are GABA- or glycinergic is unknown, though one possibility
is that the relative abundance of glycine and GABA in synaptic vesicles is
determined by the availability of glycine in the presynaptic terminal. At least
in vitro? a glycinergic phenotype can be achieved in cell lines by coexpression of
VGAT with GLYT2, a membrane-bound, high-affinity, Na™ -coupled, glycine
uptake transporter expressed in glycinergic neuronal terminals (Liu et al. 1993;
Zafra et al. 1995; Spike et al. 1997; Aubrey et al. 2007), and this mechanism may
also regulate GABA/glycine vesicular content in the MNTB terminals. In the
LSO, GLYT2 is expressed in presumed presynaptic terminals and GLYT2
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expression levels increase during the first two postnatal weeks (Friauf et al.
1999), the same period during which the glycinergic component of MNTB-LSO
synapses increases. Because, however, GLYT2 in the LSO is already present
prenatally (Friaufet al. 1999)—when MNTB-LSO synapses are predominantly
GABAergic—GLYT2 expression alone cannot account for the switch from
predominantly GABA- to predominantly glycine-containing vesicles.

5.1.3 Functional Role for Co-release of GABA and Glycine
in Developing Auditory Brainstem

Although the progression from release of mixed GABA and glycine to release of
glycine alone is common in several areas during development, it is currently not
known whether this developmental change is primarily a non-functional epi-
phenomenon reflecting other developmental processes (such as the maturation
of glycine transporters) or whether early GABAergic signaling is important in
establishing glycinergic networks. A number of reasons have been proposed for
why early GABAergic transmission might be developmentally significant.

5.1.3.1 Trophic Actions of GABA

GABAergic neurotransmission appears to have trophic effects on several early
developmental processes including synaptogenesis (for reviews, see Owens and
Kriegstein 2000; Represa and Ben-Ari 2005). Although the possible trophic role of
GABA is controversial, and may primarily be due to the depolarizing effect
GABA exerts during early development, GABAergic neurotransmission is a
common feature at many nominally non-GABAergic synapses during develop-
ment (Ben-Ari et al. 1997, rev; Overstreet-Wadiche et al. 2005). If depolarization is
the critical feature of early putative trophic effects of GABA, then is glycine, which
also induces depolarization during early development, able to accomplish the same
task? Glycine might be sufficiently depolarizing for this scenario, but if longer
depolarizations were required, GABAergic transmission would be more effective,
due to the slower kinetics of GABAARs. Results from a VGAT-knockout mouse
(Wojcik et al. 2006), however, showing that synaptogenesis and postsynaptic
receptor clustering can occur in the absence of vesicular GABA release, argue
against a critical trophic role for GABA in synapse formation.

5.1.3.2 Receptor Kinetics

At excitatory synapses in which activity-dependent mechanisms strengthen or
weaken synapses, the timing of inputs relative to postsynaptic membrane depo-
larizations can determine both the direction and the amplitude of the plasticity
(Bi and Poo 1998). This dependence on timing means that the width of the
depolarization window, which is itself determined by the kinetics of response to
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neurotransmitter, can influence synaptic plasticity. For example, decay times for
NMDAR-mediated currents in many systems are long early in development and
decrease with age (Hestrin 1992; Carmignoto and Vicini 1992), following a
timecourse that corresponds to a decrease in developmental plasticity (Crair
and Malenka 1995). The early expression of subunits that confer slower kinetics
may lengthen the postsynaptic membrane depolarization, increasing the window
for coincidence detection and allowing developing circuits access to mechanisms
of synaptic plasticity during a period of long synaptic delays and low conduction
velocities. Our understanding of plasticity at developing inhibitory synapses is
more rudimentary (Gaiarsa et al. 2002, rev; Woodin et al. 2003; Haas et al. 2006),
but if glycinergic synapses do undergo analogous timing-dependent plasticity, it
is possible that the slower kinetics of GABAARs might be better suited to
mediating plasticity at the relatively slow speeds of synaptic transmission and
action potential conduction of developing circuits. In this receptor kinetics
hypothesis, synapses could be established using the slower kinetics of GABAARS;
the subsequent replacement of GABA ARs with GlyRs over time would cause the
maturing synapse to switch to a predominantly fast glycinergic phenotype.

5.1.3.3 Receptor Clustering

An alternate scenario posits that GABAARs are required to establish initial
receptor clusters at developing synapses, and that with maturity GABAsRs
are replaced within the synapse by GlyRs. Although much about the devel-
opment of inhibitory synapses in general is still unknown, the GlyR- and
GABAAR- associated protein gephyrin is understood to be critical for
clustering GlyRs at functional synapses, as gephyrin-deficient mice lack
postsynaptic GlyRs clusters (Feng et al. 1998). Although loss of gephyrin
also results in reduced GABAAR clusters (Kneussel et al. 1999), GABAsRs
that include certain receptor subunits can cluster independently of gephyrin
(Kneussel et al. 2001). The additional finding that GABAAR clusters can
induce associated gephyrin clustering in cultured hippocampal cells over a
period of several hours (Levi et al. 2004) correlates with a clustering func-
tion for early GABAergic transmission. The clustering hypothesis would
assume that for some reason (as might occur, for example, with develop-
mental regulation of splice variants for gephyrin or the gephyrin-binding
GlyR ( subunit; Paarmann et al. 2006; Oertel et al. 2007), gephyrin is not
available to mediate the clustering and maturation of GlyRs during early
developmental stages. In the absence of gephyrin, the postsynaptic compo-
nents of developing inhibitory synapses could nevertheless be established by
GABAAR clustering. GABAAR clusters in these nascent synapses would
then induce gephyrin clustering, and the gephyrin clusters would in turn
seed and organize GlyR clusters. Together with a subsequent loss of
GABAARs, this increase in functional GlyRs would effect the switch from
GABAergic to glycinergic postsynaptic phenotype.
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5.1.4 Function of Co-release at Mature Synapses

Although synapses that are mixed GABA- and glycin- ergic during development
become primarily glycinergic in the adult, a GABAergic component remains in
some cases (Chery and De Koninck 2000; Russier et al. 2002). In the LSO, the
large-scale shift in proportion of GABA to glycine release and the upregulation of
GlyRs are consistent with a developmental role for GABA. The presence of a
lingering GABAergic component (Helfert et al. 1992; Nabekura et al. 2004),
however, is consistent with an additional role of GABA in the physiology of
the mature synapse. For example, the presence of two transmitters with differing
kinetics could allow the synapse to use a greater range of IPSC shapes that might
be informationally relevant (Russier et al. 2002). Alternatively, co-packaging of
two transmitters could allow a single vesicle released from a presynaptic terminal
to activate receptors in distinct neuronal subpopulations. For example, Golgi
cells in the cerebellar granular layer release both glycine and GABA, but onto
distinct postsynaptic targets: glycine acts on GlyRs on unipolar brush cells,
whereas GABA acts on granule cells (Dugue et al. 2005). At present, two such
separate targets are unknown in the LSO, as is also the relative location of GlyRs
and GABAARs. More generally, it has been suggested that synapses using
vesicles with varying proportions of two neurotransmitters could achieve a
more finely graded range of information transfer than that generally achieved
with single-neurotransmitter quantal release (Somogyi 2006). Because GABA
and glycine share the same vesicular transporter, however, at GABA /glycinergic
synapses this scenario would require involvement of other mechanisms, such as
GLYT2 (Aubrey et al. 2007), to regulate glycine concentrations in presynaptic
terminals and to control the GABA:glycine ratio in synaptic vesicles. Finally, it is
possible that GABA co-released in the adult LSO does not reach postsynaptic
receptors, but acts only on presynaptic GABAgRs. Precedence for this idea exists
in the response to glycine and GABA co-release in the adult spinal cord, where
release fails to activate postsynaptic GABARs, but does activate postsynaptic
GlyRs and presynaptic GABAgRs (Chery and De Koninck 2000). Although the
expression of presynaptic GABAgRs at the MNTB-LSO synapse is not well
understood, GABAgRs have been shown to modulate both glutamate and
glycine release at other synapses in the auditory brainstem (Isaacson 1998, Lim
et al. 2000; though note also presynaptic GlyRs and GABA,Rs in developing
MNTB (Turecek and Trussell 2001).

5.2 Dual Release of GABA or Glycine and Other
Neurotransmitters

The discovery that GABA and glycine can be co-released at many synapses has
necessitated a change in the stereotypical model of the inhibitory synapse, but
because GABA and glycine are both fast inhibitory neurotransmitters, it has
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not forced a complete rethinking of the inhibitory synapse. More surprising
have been studies suggesting that GABA, and/or glycine, is released with quite
different neurotransmitters at several synapses. The following represent a sub-
set of a growing list of such examples.

5.2.1 Release of Multiple Transmitters in the Retina

GABA or glycine co-release with other neurotransmitters appears to be a
common theme in amacrine cells of the retina. One population of glycine-
immunoreactive amacrine cells is immunoreactive for the vesicular glutamate
transporter VGLUT3 (Johnson et al. 2004; Haverkamp and Wassle 2004), and
is thought to release glutamate vesicularly. It is unclear whether glycine func-
tions primarily as a neurotransmitter in these synapses, though the lack of
VGAT in these cells suggests that any synaptic release is likely via a membrane
transporter; regardless, as glycine and glutamate are not both vesicularly
released they are unlikely to be co-released from single vesicles.

A second retinal population, the starburst amacrine cells, release both ACh and
GABA. Although at these synapses GABA may be released either vesicularly or via
reversal of a membrane transporter, it is unlikely to be released together with ACh
from single vesicles (Vaney et al. 1988; O’Malley and Masland 1989; O’Malley et al.
1992; Zheng et al. 2004). The role of cholinergic amacrine cells in generating
spontaneous retinal waves that drive early visual plasticity (Meister et al. 1991;
Feller et al. 1996; Hooks and Chen 2006; Huberman et al. 2006), suggests that
release of GABA in the cholinergic amacrine network may affect developmental
refinement by shaping spontaneous retinal activity (Wang et al. 2007).

Yet a third retinal amacrine synapse comprises both dopaminergic and
GABAergic elements. At synapses between the dopaminergic amacrine cell and
the AIl amacrine cell, immunoreactivity for GABA colocalizes with immunor-
eactivity for the dopamine marker tyrosine hydroxylase (Wulle and Wagner
1990). In addition, VGAT and the dopamine-associated vesicular monoamine
transporter 2 are both expressed presynaptically, while GABAsRs are expressed
postsynaptically (Contini and Raviola 2003), suggesting that at these synapses
both dopamine and GABA are released as functional neurotransmitters.

5.2.2 Release of Multiple Transmitters in Other Brain Areas

Retinal amacrine cells are not the only neurons that may share cholinergic and
GABAergic phenotypes, as subpopulations of neurons in the dorsal horn and
basal forebrain likely release both GABA and ACh (Todd 1991, Tkatch et al.
1998). GlyRs and nAChRs are found together in the same postsynaptic mem-
branes in chick ciliary ganglion, though glycine and ACh are not truly co-released
at this synapse, as ACh undergoes vesicular release and glycine is released by
reversal of the glycine transporter GLYT1 (Tsen et al. 2000). In culture, a
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majority of dorsal horn laminae I-III neurons co-releases GABA and ATP, which
probably acts on presynaptic receptors to modulate transmitter release (Jo and
Schlichter 1999; Hugel and Schlichter 2003). Moving up the neuraxis, brainstem
medullary raphe neurons exhibit markers correlating with release of serotonin,
glutamate and GABA (Stornetta et al. 2005). Even more surprising is a recent
study suggesting that the developing neuromuscular junction can express an
array of phenotypes ranging from cholinergic, to glutamatergic, to glycinergic
or GABAergic (Borodinsky and Spitzer 2007, see chapter 3 in this volume).

Immuno studies at the light and electron microscopic level showing GABA-
immunoreactivity in glutamatergic mossy fiber terminals of hippocampus
(Ottersen and Storm-Mathisen 1984; Sandler and Smith 1991) initially
appeared to pose a paradox, as they suggested the possibility of co-release of
excitatory and inhibitory neurotransmitters. More recently, these findings have
been validated and expanded on by physiological studies showing GABA
release from glutamatergic hippocampal mossy fibers in young brains (Walker
et al. 2001) or after epileptic activity (Gutierrez 2000), a phenomenon discussed
in a separate chapter of this volume (Gutierrez, Chapter 10).

5.2.3 Release of GABA, Glycine, and Glutamate in Auditory
Brainstem

A surprise in the co-release field was that developing synapses in the MNTB-
LSO projection, already shown to co-release GABA and glycine (Nabekura
et al. 2004), also release glutamate as a third, and seemingly opposing, neuro-
transmitter (Gillespie et al. 2005) (Fig. 5.3b). The authors used whole-cell
voltage-clamp recordings in acute slices of auditory brainstem to demonstrate
dual release of GABA /glycine and glutamate in the LSO in response to photo-
uncaging of glutamate in MNTB (to focally activate MNTB cell bodies) or to
single-fiber electrical stimulation of MNTB fibers (Fig. 5.3c). Additional evi-
dence came from immunocytochemistry showing that markers for GABAergic
(VGAT) and glutamatergic (VGLUT3) transmission colocalize within the LSO
in synaptic terminals of the MNTB (Fig. 5.3d, e). Just as GABA release at
MNTB-LSO synapses predominates initially and declines during postnatal life,
so too glutamate release is highest during the first postnatal week and declines
thereafter. In the LSO, VGLUT3 expression is highest during the first two
weeks, after which it declines rapidly (Gillespie et al. 2004; Blaesse et al. 2005).
Glutamatergic transmission at these synapses is mediated by ionotropic gluta-
mate receptors, largely by NMDARs. These data provide the first physiological
evidence for glutamate release from GABA /glycine terminals in the mammalian
brain and offer physiological support for earlier anatomical studies suggesting
that glutamate and glycine might both be released at MNTB-LSO synapses
(Glendenning et al. 1991; Helfert et al. 1992) (Fig. 5.3a).
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Fig. 5.3 Glutamate co-release at developing GABA/glycine auditory synapses. (a) Electron
micrographs of an individual terminal from serial sections immunolabeled for glutamate,
glycine, and GABA. Terminal 3 is immunoreactive for all three neurotransmitters, terminal 2
for glutamate and glycine. Arrows point to gold particles that tag immunopositive sites.
(b) Blocking GABAARs and GlyRs with bicuculline and strychnine uncovers a MNTB-
elicited glutamatergic response in LSO neurons. In these recordings, magnesium was excluded
from the bath to unblock NMDA receptors. Glutamatergic responses are mediated by
NMDA and AMPA receptors, as they are partially blocked by the NMDAR antagonist
APV and completely blocked by addition of the AMPAR antagonist CNQX. (c¢) Single



68 D.C. Gillespie and K. Kandler

A second auditory brainstem nucleus, the superior paraolivary nucleus
(SPN) also receives a prominent inhibitory input from the MNTB (Banks and
Smith 1992). Early expression of VGLUT3 in the SPN is at least as striking as
that in the LSO, and immunohistochemistry in the SPN shows a decrease in
VGLUTS3 expression that parallels the decrease in the LSO (Gillespie et al.
2004; Boulland et al. 2004; Blaesse et al. 2005). Although the synaptic circuitry
of the SPN, and even the role of this nucleus in auditory processing, is still
poorly understood and controversial (Dehmel et al. 2002; Behrend et al. 2002;
Kulesza et al. 2003), the high neonatal expression levels of VGLUT3 and the
subsequent developmental decline of VGLUT3 expression suggest that, similar
to what has been proposed for the LSO, VGLUT3 also plays an important role
in the development of SPN circuitry.

5.2.4 VGLUTS3 and Co-release of Glutamate

The basis for glutamate release from MNTB terminals is almost certainly
expression of the vesicular glutamate transporter 3 (VGLUT3), as immunohis-
tochemistry for vesicular transporters has revealed high levels of VGLUT3
expression in MTNB cell bodies and in MNTB synaptic terminals within the
LSO (Gillespie et al. 2005). The colocalization of immunofluorescence for
VGLUTS3 with that for VGAT in identified synaptic terminals in the LSO is
consistent with the idea that individual terminals release both glutamate and
GABA/glycine. VGLUTS3 is a relatively rare vesicular glutamate transporter
whose function has been a puzzle since its first description, when it was found to
be expressed at many non-glutamatergic synapses (Fremeau et al. 2002, Gras
et al. 2002, Schafer et al. 2002, Takamori et al. 2002, Seal and Edwards 2006).
The temporal correlation of glutamatergic synaptic transmission with high
levels of VGLUT3 expression in the LSO constituted the first experimental
corroboration for the hypothesis that VGLUT3 in fact underlies vesicular
glutamate release at nominally non-glutamatergic synapses.

<

Fig. 5.3 (continued) GABA /glycinergic MNTB axons can co-release glutamate. Activation of
single MNTB axons by minimal stimulation elicits postsynaptic currents in LSO neurons (black
trace is average of grey, overlaid responses) that are only partially blocked by bicuculline and
strychnine. (d) Expression of the vesicular glutamate transporter 3 (VGLUT3) in the MNTB-
LSO pathway. MNTB neurons are immunopositive for both the vesicular GABA transporter
(VGAT) and VGLUTS3. In the LSO, VGAT co-labels with VGLUT?3 in small clusters, which
also label for the synaptic vesicle protein 2 (SV2). Arrows point to presumed presynaptic endings
(SV2-positive) that also label with both VGLUT3 and VGAT. (e) Identified MNTB terminals in
the LSO express VGLUTS3. A single MNTB neuron was filled with the dye Alexa 568 (red). In
the LSO an Alexa-filled terminal of this neuron is identified by expression of SV2 (yellow). This
terminal also expresses VGLUTS3 (white). Adapted with permission from: A) Helfert et al. 1992,
B-E) Gillespie et al. 2005. (See Color Plate 3)
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5.2.4.1 Possible Glutamate Co-release at GABA/Glycinergic or Other Synapses
in Other Brain Areas

The expression of VGLUT3 in many nominally non-glutamatergic synapses
suggests that glutamate co-release may be a widespread phenomenon in the
mammalian brain (Fremeau et al. 2002; Gras et al. 2002; Schafer et al. 2002;
Takamori et al. 2002; Herzog et al. 2004; Somogyi et al. 2004; Gabellec et al.
2007). VGLUTS3 expression correlates with markers for non-glutamatergic
synapses within certain restricted neuronal populations, and in other cases
within a restricted temporal window. For example, VGLUT3 mRNA and
protein are found at high levels in the developing cerebellar nuclei, where
VGAT and VGLUTS3 colocalize in synaptic terminals of presumed Purkinje
cells (Boulland et al. 2004; Gras et al. 2005), and where VGLUT3 is down-
regulated during the first postnatal weeks. Like the MNTB-LSO synapses, these
cerebellar synapses are inhibitory in the adult; unlike the MNTB-LSO synapses,
glutamate release at these developing synapses has not (yet?) been demon-
strated. Nevertheless, an attractive hypothesis is that VGLUT3 supports an
early glutamate release that is important for establishing these inhibitory
synapses.

VGLUTS3 is not the only vesicular glutamate transporter found in close
proximity to GABA release machinery, as both mRNA and protein for both
vesicular glutamate transporter 2 (VGLUT?2) and glutamic acid decarboxylase
(GAD) appear to colocalize in neurons of the anteroventral periventricular
nucleus of the preoptic area (Ottem et al. 2004). The expression of both
VGLUT2 and VGAT in the same cells further suggests that these neurons
may release both GABA and glutamate, though at present no physiological
evidence supports this prediction.

5.2.5 Functional Role for Coincident Release of Glutamate, GABA,
and Glycine

Glutamate release at GABA /glycinergic MNTB-LSO terminals is a new finding
and the functional role of this triple release is unknown. Understanding the role
of the inhibitory MNTB-LSO synapse in auditory processing, and what is
known about synaptic refinement in the LSO, may cast light on this question.

Sound localization and binaural detection of signal in noise depend on the
precise tonotopic alignment of inputs to the principal cells of the LSO. Neurons
of the ipsilateral cochlear nucleus (CN) project directly to the LSO where they
form glutamatergic synapses (Cant and Casseday 1986, Wu and Kelly 1992).
Neurons from the contralateral CN make glutamatergic synapses onto princi-
pal cells of the MNTB (Smith et al. 1991), which in turn make inhibitory
synapses onto LSO neurons (Moore and Caspary 1983, Caspary and Finlayson
1991). Both the excitatory and the inhibitory projections are tonotopic, but in
order to establish an adult LSO in which individual principal neurons receive



70 D.C. Gillespie and K. Kandler

inhibitory and excitatory inputs responding to the same frequency of sound,
each projection also must achieve a precise tonotopic match with the comple-
mentary projection.

Why might developing GABA/glycinergic MNTB-LSO synapses release glu-
tamate? Several converging strands of evidence lead to the hypothesis that
glutamate co-release plays a critical role in developmental plasticity and refine-
ment of the MNTB-LSO pathway. During LSO development, glutamatergic
transmission at MNTB-LSO synapses is developmentally regulated, as is also
the expression level of VGLUTS3, the protein that presumably supports this
glutamate release. In addition, the period when glutamatergic transmission is
most prominent corresponds to the period of major functional refinement in the
MNTB-LSO projection by synapse elimination (Kim and Kandler 2003). Addi-
tionally, decreased glutamatergic transmission and VGLUT3 expression persist
for a short period after hearing onset, during a time of increased sharpness in the
frequency tuning and alignment of excitatory and inhibitory responses of LSO
neurons (Sanes and Rubel 1988). Furthermore, glutamate released at MNTB-
LSO synapses activates postsynaptic NMDA receptors (NMDARs), the subtype
of ionotropic glutamate receptor closely linked to induction of synaptic plasticity
in a variety of excitatory and inhibitory synapses (Kullmann et al. 2000, rev).
Finally, the peak of the period of glutamatergic transmission corresponds to the
peak period when GABA and glycine are still depolarizing in the LSO (Kandler
and Friauf 1995). The depolarizing action of GABA and glycine may be func-
tionally relevant, as it could provide the critical step necessary for NMDAR-
dependent plasticity: it could relieve the voltage-sensitive magnesium block of
NMDARSs, thus allowing co-released glutamate to activate NMDARs.

The temporal correlation of these three transient developmental periods: (1)
major functional refinement, (2) glutamate release onto NMDARs, and (3)
depolarizing action of GABA and glycine—supports the hypothesis that gluta-
mate release from MNTB terminals onto NMDAR-containing LSO dendrites
participates in synaptic refinement in this system. This could occur at one (or
both) of two stages: either (a) functional refinement of the MNTB-LSO path-
way that occurs before hearing onset and is thought to be directed by sponta-
neous patterned activity from the cochlea (Lippe 1994; Kros et al. 1998; Beutner
and Moser 2001), or (b) subsequent fine-tuning of CN-LSO and MNTB-LSO
pathway alignment that may be guided by auditory experience after hearing
onset (Sanes and Rubel 1988; Echteler et al. 1989).

During the first stage of synaptic refinement in the MNTB-LSO pathway,
local GABA /glycinergic depolarization could relieve the Mg*" block of
NMDARSs (Leinekugel et al. 1997), inducing Ca-influx through NMDA recep-
tors at active MNTB-LSO synapses. In many developing systems, NMDAR-
mediated calcium influx is essential for excitatory synaptic plasticity, such as
elimination of glutamatergic synapses (Rabacchi et al. 1992, Kakizawa et al.
2000) or insertion of AMPA receptors at “silent” synapses (Isaac et al. 1997,
Liao et al. 1999). In the LSO, NMDAR-mediated Ca-influx could play a role in
clustering or insertion of GABA and glycine receptors (Kano et al. 1992, Otis
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et al. 1994; Charpier et al. 1995; Kirsch and Betz 1998; Moss and Smart 2001). Ca-
dependent and/or NMDAR-dependent plasticity at inhibitory synapses has been
demonstrated in a number of inhibitory systems (Kano et al. 1992, Komatsu 1994,
Oda et al. 1995, McLean et al. 1996, Wang and Stelzer 1996, Caillard et al. 1999,
Ouardouz and Sastry 2000), although the route by which NMDARSs are activated
in the absence of synaptically released glutamate has remained an open question.
Glutamate release, accompanied by release of depolarizing GABA /glycine, pro-
vides an answer to this question by allowing inhibitory synapses to access
NMDARs and their downstream machinery of synaptic plasticity, independent
of glutamate from other sources. Although at LSO-MNTB synapses a form of
LTD can be induced through non-NMDAR-dependent mechanisms involving
GABAGgRs (Kotak et al. 2001, Chang et al. 2003), additional forms of activity-
dependent synaptic plasticity may also occur at this synapse, hypothetically
induced through glutamate release and activation of NMDARs.

Finer scale synaptic refinement during the initial period after hearing onset
presents a different problem. Despite our ever-deepening understanding of
synaptic plasticity at individual synapses, it has generally been difficult—with
some exceptions (e.g., Lien et al. 2006, Nugent et al. 2007)—to determine how
the finely tuned coordinate refinement of inhibitory and excitatory inputs to a
single neuron might occur. It is tempting to speculate that the reduced levels of
VGLUTS3 expression, glutamate release, and NMDAR activation that remain
in the auditory brainstem after hearing onset might play a role in stimulus-
driven alignment of glutamatergic and GABA /glycinergic inputs. By the time of
hearing onset, GABA and glycine are hyperpolarizing in the LSO (Kandler and
Friauf 1995; Ehrlich et al. 1999), and the major period of functional refinement
in the MNTB-LSO pathway is complete (Kim and Kandler 2003), although
anatomical refinement occurs during the first few days after hearing onset
(Sanes and Siverls 1991). One specific hypothesis for NMDAR-mediated align-
ment is that the CN-LSO pathway could signal to MNTB-LSO synapses
through back-propagating action potentials—or through sufficiently strong
depolarization arising in nearby excitatory (CN-LSO) synapses—that relieve
the Mg " -block at NMDARs in MNTB-LSO synapses. Simultaneous relief of
Mg " block and release of glutamate from MNTB terminals would activate
NMDARs in MNTB-LSO synapses, allowing the postsynaptic neuron to detect
coincident input from the excitatory CN-LSO pathway and the inhibitory
MNTB-LSO pathway. In this strategy, late finescale refinement mediated by
NMDAR activation would likely occur not at the excitatory CN-LSO synapses,
but rather at the GABA/glycinergic MNTB-LSO synapses. An alternative,
reversed, scenario is that glutamate spillover from MNTB-LSO synapses
reaches nearby CN-LSO synapses to allow NMDARs in the CN-LSO synapses
to detect coincident inputs. Although we know very little about the locations of
developing synaptic inputs on LSO principal cells, this scenario would more
strongly depend on parameters such as reuptake and the physical locations of
excitatory and inhibitory synapses (Rusakov and Kullmann 1998). These addi-
tional constraints on NMDAR activation appear to make this scenario less
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generally applicable than one dependent on backpropagating spiking activity.
Nevertheless, both options offer models for how inputs of opposite sign might
signal each other through the postsynaptic neuron to achieve coordinated
refinement of excitatory and inhibitory synapses.

5.2.6 Molecular Basis for Release of Glutamate with GABA
and Glycine

For the strong version of this glutamate-in-inhibitory-plasticity hypothesis to
hold in the most limiting case, we might expect that glutamate and GABA/
glycine would be released from the same synapse even when stimulation of the
presynaptic terminal resulted in release of only a single vesicle. This would
require that GABA /glycine and glutamate be packaged together in individual
synaptic vesicles. This limiting case version of the hypothesis predicts the
existence of individual synaptic vesicles whose membranes contain both
VGLUT3 and VGAT. Immuno-EM methods are unfortunately insufficiently
precise to answer this question (see e.g. Bergersen et al. 2003), though paired
MNTB-LSO recordings or recordings of spontaneous mIPSCs at the MNTB-
LSO synapse could offer insight into this question.

Alternatively, glutamate and GABA/glycine may be packaged in distinct
populations of synaptic vesicles. This would not necessarily invalidate the
hypothesis that glutamate release plays a central role in activity-dependent
plasticity at glycinergic synapses. Separate vesicle populations with distinct spa-
tial distributions could participate differently in transmission and plasticity, or
release probabilities for GABA /glycinergic vesicles relative to those for glutama-
tergic vesicles—perhaps via differential expression of distinct synaptotagmin
isoforms (Xu et al. 2007)—could be adjusted to maximize the probability of
glutamate release within a certain range of firing rates. Under this scenario, the
distribution of mPSCs seen at the MINTB-LSO synapses would include at least
some purely glutamatergic and/or some purely GABA /glycinergic mPSCs.

Regardless of whether VGLUT3, glutamate release and NMDAR activation
mediate plasticity at MNTB-LSO synapses, it will be of great interest to
determine whether VGLUT3 and VGAT are in fact inserted in the membrane
of the same synaptic vesicles. This possibility seems unlikely, but it may not be
preposterous. Although in Drosophila a single vesicular glutamate transporter
is sufficient to load a glutamatergic vesicle (Daniels et al. 2006), a given
mammalian synaptic vesicle may contain approximately 10 transporters
(Takamori et al. 2006). Furthermore, two distinct vesicular transporter types,
VGLUTI1 and VGLUT?2, have been found coexpressed in the same synaptic
vesicles in the developing hippocampus (Herzog et al. 2006). It may be possible
in the developing LSO, by extension, that VGLUT3 and VGAT are transiently
co-expressed in the same synaptic vesicles and that single synaptic vesicles
contain both excitatory and inhibitory classical fast neurotransmitters.
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5.3 Summary

Evidence gleaned over the past decade has forced us to dramatically change our
picture of inhibitory synapses. In the first place, nominally inhibitory synapses
do not always inhibit their postsynaptic neurons; at early periods, GABA and
glycinergic synapses in many parts of the nervous system are depolarizing and
even excitatory. Inhibitory information transfer is not strictly unidirectional;
presynaptic GABARs and glyRs can modulate release of GABA and glycine.
Glycinergic synapses do not always release (much) glycine; immature glyciner-
gic synapses in brainstem and spinal cord in fact release primarily GABA. And
finally, at the synapse formerly known as glycinergic, the GABA /glycinergic
MNTB-LSO synapse of the auditory brainstem, “inhibitory” synapses do not
release solely inhibitory neurotransmitters; nascent glycinergic synapses release
the inhibitory neurotransmitters GABA and glycine and the excitatory neuro-
transmitter glutamate. These findings have forced us to begin to see the inhibi-
tory synapse as a much more complex and exciting unit than it previously
appeared.

These findings also force us to consider what the function of multiple
transmitter release might be. Of particular interest is the triple release of
glutamate, GABA and glycine in the developing MNTB-LSO pathway. This
pathway exhibits a rich repertoire of developmental changes, including synapse
elimination and strengthening, during the period corresponding to glutamate
release and NMDAR activation. The MNTB-LSO pathway has been seen as an
elegant model system for understanding the mechanisms by which inhibitory
circuits are assembled and refined. With its precisely converging tonotopic
projections from excitatory and inhibitory pathways, the LSO offers an excep-
tionally well-organized model for delving into questions of inhibitory circuit
development and of the more complex coordinated refinement of inhibitory
and excitatory inputs. The unexpected discovery that the “purely inhibitory”
pathway is not so pure has forced us to redraw our model system, but it has also
opened up new and exciting research directions.
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Chapter 6

GABA is the Main Neurotransmitter
Released from Mossy Fiber Terminals
in the Developing Rat Hippocampus

Victoria F. Safiulina, Majid H. Mohajerani, Sudhir Sivakumaran,
and Enrico Cherubini

Abstract Early in postnatal development, correlated activity in the hippocam-
pus is characterized by giant depolarizing potentials (GDPs). GDPs are gener-
ated by the interplay between glutamate and GABA, which in the immediate
postnatal period is depolarizing and excitatory. Here, we review some recent
data obtained in our laboratory concerning neuronal signaling at immature MF
connections. MF responses were identified on the basis of their strong paired-
pulse facilitation, short-term frequency-dependent facilitation and sensitivity to
group III mGluR agonist L-AP4. Unlike adulthood, during the first week of
postnatal life minimal stimulation of MF evoked responses that were poten-
tiated by flurazepam and abolished by picrotoxin indicating that they were
GABAergic. In addition, using a pairing procedure we found that GDPs and
associated calcium transients act as coincident detectors for enhancing synaptic
efficacy at poorly developed MF-CA3 and MF-interneurons connections. This
may be crucial for synaptogenesis and for establishing the adult neuronal
circuit.
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GDPs Giant Depolarizing Potentials

IPSC inhibitory postsynaptic current

KCC2 neuronal Potassium-Chloride cotransporter
L-AP4 2-amino-4-phosphonobutyric acid

MF Mossy fibers

mGIluR  metabotropic glutamate receptors

NKCC1  Sodium, Potassium Chloride cotransporter
NMDA  N-methyl-D-aspartate

P postnatal day

VGAT Vesicular GABA Transporter

6.1 y-Aminobutiric Acid (GABA) Plays a Crucial Role
in Developmental Networks

GABA is the main inhibitory transmitter in the adult mammalian CNS. It
reduces cell excitability by activating GABA, receptor channels, which are
mainly permeable to chloride ions. In addition, GABA inhibits neuronal firing
by acting on GABAg receptors coupled to potassium or calcium channels
(Cherubini and Conti, 2001). GABA plays a crucial role in many physiological
processes including network synchronization and generation of theta and
gamma rhythms, thought to be associated with higher cognitive functions
(Buzsaki and Draguhn, 2004). Dysfunction of GABAergic signaling leads to
several neurological disorders, including epilepsy which is triggered by the
unbalance between excitation and inhibition (Roberts, 1986). Interestingly, in
the immediate postnatal period, when glutamatergic synapses are still poorly
developed (Hosokawa et al., 1994; Tyzio et al., 1999), GABA depolarizes and
excites target cells through an outwardly directed flux of chloride (Cherubini
et al., 1991; Ben-Ari et al., 1997; Ben-Ari, 2002; Owens and Kriegstein, 2002;
Mohajerani and Cherubini, 2005). The intracellular chloride concentration is
under control of two main CI™ co-transporters the NKCC1 and KCC2 that
enhance and lower [Cl];, respectively (Payne et al., 2003). Due to the low
expression of the KCC2 extruder at birth, chloride accumulates inside the
neuron via NKCCI1. The progressive increase in the expression of KCC2 is
responsible for the developmental shift of GABA from the depolarizing to the
hyperpolarizing direction (Rivera et al., 1999). In the immature hippocampus,
the depolarizing action of GABA which occurs well before synapses formation
(Demarque et al., 2002) enables the induction of synchronized activity, the so
called giant depolarizing potentials or GDPs, which consist in recurrent mem-
brane depolarizations with superimposed fast action potentials, separated by
quiescent intervals (Ben-Ari et al., 1989). GDPs which have been proposed to be
the in vitro counterpart of “sharp waves” recorded in rat pups during immobi-
lity periods, sleep and feeding (Leinekugel et al., 2002) can be considered a
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primordial form of synchrony between neurons, which precedes more orga-
nized forms of activity such as the theta and the gamma rhythms (Buzsaki and
Draguhn, 2004). Correlated network activity constitutes a hallmark of devel-
opmental networks, well preserved during evolution that has been observed not
only in the hippocampus but in almost every brain structure, including the
retina (Feller et al., 1997), the neocortex (Owens et al., 1996, Dammerman et al.,
2000; Maric et al., 2001), the hypothalamus (Chen et al., 1996), the cerebellum
(Yuste and Katz, 1991; Eilers et al., 2001) and the spinal cord (Wangetal., 1994;
O’Donovan, 1999).

The depolarizing action of GABA during GDPs results in calcium influx
through the activation of voltage-dependent calcium channels and N-methyl-
D-aspartate (NMDA) receptors (Leinekugel et al., 1997; Garaschuk et al.,
1998). GDPs and associated calcium transients lead to the activation of intra-
cellular signaling pathways thought to contribute to several developmental
processes including DNA synthesis, cell migration, morphological maturation
and synaptogenesis (Owens and Kriegstein, 2002). More recently, GDPs and
associated calcium transients have been shown to act as coincident detectors for
enhancing synaptic efficacy at poorly developed synapses (Kasyanov et al.,
2004; Mohajerani et al., 2007).

How GDPs are generated is still a matter of debate. In the disinhibited
hippocampus, population synchrony has been proposed to depend on an active
process consisting in a build up period during which synaptic traffic and cell
firing exceeds a certain threshold (Menendez de la Prida et al., 2006). Function-
ally excitatory synaptic interactions would facilitate neuronal synchronization
and the initiation of population bursts (Traub and Wong, 1982; Miles and
Wong, 1987; Traub and Miles, 1991). A similar process may be involved in
the generation of GDPs early in postnatal life (Menendez de la Prida and
Sanchez-Andres, 1999; 2000) when synaptic interactions are facilitated by the
excitatory action of GABA (Cherubini et al., 1991; Ben-Ari, 2002).

From the above mentioned examples it emerges that GABA is one of the
major players in neuronal development.

In this chapter we will review some recent data obtained in our laboratory
demonstrating that, during the first week of postnatal life, the axons of dentate
gyrus granule cells, the mossy fibers, which in adult are glutamatergic, release
into CA3 pyramidal cells and GABAergic interneurons mainly GABA. In
addition, we will provide evidence that GABA-mediated GDPs act as coinci-
dence detectors for enhancing synaptic efficacy at mossy fiber-CA3 synapses.

6.2 Mossy Fiber Synapses

The axons of granule cells have been originally called “mossy” by Ramon y Cajal
because of their particular appearance at the light microscopic level that reminds,
as the mossy fibers in the cerebellum, the shape of the moss on trees (Ramon y
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Cajal, 1911). Thus, unlike other principal cells, mossy fibers (MF) give rise to
large en passant swellings and terminal expansions on CA3 principal neurons or
mossy cells seen as giant boutons at the electron microscopic level. These pre-
synaptic swellings adapt very well to specialized postsynaptic elements present on
proximal dendrites of CA3 principal cells, called thorny excrescences. The MF
synaptic complex contains multiple active zones (up to 50) associated with
postsynaptic densities. In addition MF make synaptic contacts with GABAergic
interneurons present in the Ailus and in the CA3 area and these represent the
majority of all MF connections (Frotscher et al., 2006). In a seminal paper,
Acsady et al. (1998) demonstrated that, MF connections with interneurons
have cither the shape of small boutons or filopodial extensions. Differences in
morphology between MF terminals at principal cells and interneurons may
account for the distinct functional properties of these synapses which appear to
be regulated in a target specific way (Nicoll and Schmitz, 2005). Interestingly, at
principal cell synapses, giant boutons develop gradually during the first 21 days
(Amaral and Dent, 1981). A light and electron microscopic study has shown that,
during the first postnatal days, at the time when our study was performed,
immature axons terminate in very small, spherical expansions, which establish
both symmetric and asymmetric contacts with pyramidal cell dendrites (Fig. 6.1).
These contacts are made several days before the development of thorny
excrescences (Stirling and Bliss, 1978; Amaral and Dent, 1981). Expansions
markedly increase in size by day 9 while maintaining a relatively spherical
shape. During this period, pyramidal cell dendrites show a marked lateral
growth and fingers which began indenting into MF expansions. This period is
also characterized by an increased number and densities of synaptic vesicles.
In adults, the MF input to CA3 is glutamatergic and comprises the second
synapse of the classical trisynaptic hippocampal circuit. Glutamate acts mainly
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on postsynaptic «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and kainate receptors (Henze et al., 2000). It is stored in synaptic
vesicles with zinc, which is co-released with glutamate upon nerve stimulation
and is known to down regulate both N-methyl-D-aspartate and GABA 5 recep-
tors (Westbrook and Mayer, 1987). Besides glutamate, MFs release other
substances including dynorphin, known to modulate glutamate release via
presynaptic receptors (Weisskopf et al., 1993). The latter is stored on large
dense-core vesicles, which also contain other peptides such as enkephalins,
cholecystokinin and neuropeptide Y (Henze et al., 2000). Moreover, MF are
endowed with a variety of different receptors (autoreceptors) whose tonic
activation has been shown to depress or enhance transmitter release, respec-
tively. Thus, activation of A1 adenosine receptors (Moore et al., 2003), GABAjg
receptors (Hirata et al., 1992) and type I1/I11 metabotropic glutamate receptors
(mGluR,) reduces transmitter release (Kamiya et al., 1996; Shigemoto et al.,
1997) while activation of kainate receptors facilitates transmitter release
(Schmitz et al., 2001).

In pathological conditions, MFs can release GABA in addition to glutamate.
Thus, in the hippocampus of epileptic animals (Gutierrez and Heinemann, 2001;
Romo-Parra et al., 2003) monosynaptic GABAergic inhibitory postsynaptic
potentials (IPSPs) occur in principal cells in response to dentate gyrus stimula-
tion. Seizures are associated with a transient upregulation of the GABAergic
markers GAD65 and GADG67 (Schwarzer and Sperk, 1995; Sloviter et al., 1996)
as well as the mRNA for the vesicular GABA transporter, VGAT (Lamas et al.,
2001). Interestingly, both GAD67 and its product GABA appear to be consti-
tutively expressed in MF. Further evidence suggests that MFs can release
glutamate and GABA also in physiological conditions. Hence, Walker et al.
(2001) and Gutierrez et al. (2003) have demonstrated the presence of both
monosynaptic GABAergic and glutamatergic responses following activation
of granule cells in the dentate gyrus in juvenile guinea pigs and rats. While these
pieces of work will be the object of other chapters in this book, here we will
focus on the first week of postnatal life when the main neurotransmitter
released by the MF has been found to be GABA. It should be stressed that,
due to the complexity of dentate gyrus-CA3 circuitry (Henze et al., 2000),
studying pure MF synaptic responses with electrophysiological approaches is
quite difficult. This task is, at least partially facilitated in neonatal animals
where the small size of neurons and the relatively low extension of dendritic
branches allow good space clamp conditions.

6.3 Criteria for Identifying Single Mossy Fiber Responses

The best way for studying synaptic transmission at given synapses is to record
simultaneously from interconnected pre and postsynaptic cells. However, in the
case of MF synapses this approach is very difficult due to the very low
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probability of finding interconnected granule cells and CA3 pyramidal neurons.
An alternative approach consists in recording single fiber responses (Jonas
et al., 1993; Allen and Stevens, 1994). With this technique, a small stimulating
electrode is placed in the granule cell layer and the stimulation intensity is
decreased until only a single axon is activated. This is achieved when the
mean amplitude of the postsynaptic currents and failure probability remain
constant over a range of stimulus intensities near threshold for detecting a
response. Small movements of the stimulating electrode 20-30 pm away from
the initial location, lead to the loss of the evoked response. The example of
Fig. 6.2 shows average traces of synaptic currents evoked in a CA3 principal cell
in response to stimulation of granule cells in the dentate gyrus with different
intensities. An abrupt increase in the mean peak amplitude of synaptic currents
can be detected by increasing the strength of stimulation. This all-or-none
behavior suggests that only a single granule cell is stimulated. When the stimu-
lation intensity is turned down the probability of failures in synaptic transmis-
sion is near 1.

In addition, the latency and the shape of individual synaptic responses
should remain constant for repeated stimuli. Between PO and P6, MF-evoked
synaptic currents occurred with a latency of 3.8 £+ 0.3 ms in principal cells
and 3.4 £+ 0.4 ms in interneurons. The latencies distribution was unimodal and
narrow with an average standard deviation of 0.31 + 0.03 ms (n = 10; Fig. 6.2).
Moreover, the latency as well as the rise time of synaptic responses remained
constant when the extracellular Ca>" /Mg> " concentration ratio was reduced
from 2:1.3 to 1:3 (Fig. 6.2) further supporting the monosynaptic nature of
synaptic currents. The 10-90% rise time was 3.5 + 0.8 ms in principal cells
(n=12) and 3.1 4+ 0.4 ms in interneurons (n= 8§; see also Walker et al., 2001).

MF inputs to principal cells or interneurons were identified on the basis of
their sensitivity to group III mGluR agonist 2-amino-4-phosphonobutyric acid
(L-AP4; Fig. 6.3). In this regard, neonatal rats behave differently from adult
animals which are sensitive to: (2S,2’R,3’R)-2-(2’,3’-Dicarboxycyclopropyl)-
glycine (DCG-IV) but insensitive to L-AP4 (Lanthorn et al., 1984). It should
be stressed, however, that both group IT and IIT mGluRs have been found on rat
MF terminals: while group IIT mGluRs are located predominantly in presynap-
tic active zones, group II are in preterminal rather than terminal portions of
axons (Shigemoto et al., 1997). The inability of DCG-IV in modulating MF
responses in immature neurons can be attributed to the different expression
and/or location of group II/III mGluRs early in postnatal development. One
intriguing aspect to be considered is how mGIluRs are activated early in post-
natal days, when MFs seem to release only GABA. One possibility is that they
are constitutively activated by ambient glutamate present in the extracellular
medium. However, more work should be done in order to elucidate this point.

Interestingly, monosynaptic inhibitory responses obtained in principal cells by
stimulating GABAergic interneurons were found to be insensitive to mGIluR
agonists (Walker et al., 2001; Doherty et al., 2004; Kasyanov et al., 2004;
Gutierrez, 2005; Fig. 6.5). L-AP4-sensitive interneurons have been described in
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Fig. 6.2 (a) Unitary synaptic currents evoked in a P3 CA3 principal cell by minimal
stimulation of granule cells in the dentate gyrus. Each trace is the average of 15-20
responses. Holding potential =70 mV. The peak amplitude of synaptic currents
represented in A is plotted against different stimulus intensities in (b). Note the all-or-
none appearance of synaptic currents with increasing stimulus intensities. Bars are SEM.
Dashed lines connect the mean values of individual points within the same group.
(¢), (d) Latency and rise time distributions of individual currents evoked in another CA3
pyramidal cell in the presence of a solution containing a Ca>"/Mg>" ratio of 2:1.3 (C) or
1:3 (D). Note the unimodal distributions of latencies and rise times of individual responses
that did not change when the extracellular Ca®*/Mg>" ratio was changed. Modified from
Safiulina et al. (2006)
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Fig. 6.3 Minimal stimulation of granule cells in the dentate gyrus evokes GABA 5-mediated
monosynaptic responses in CA3 pyramidal cells. (a) Amplitude of synaptic responses (dots)
evoked by stimulation of granule cells in the dentate gyrus are plotted against time in control,
during bath application of flurazepam 3 uM (FLZM), L-AP4 (10 uM) and picrotoxin 100 uM
(PTX). The inset above show examples of average traces, taken in different experimental
conditions (each is the average of at least 20 traces including failures). Note that the currents
were enhanced by FLZM, reduced in amplitude by L-AP4 and blocked by PTX. (b) Normalized
responses obtained in the absence (1) or in the presence (2) of FLZM. Note the slow down of the
deactivation kinetics of synaptic currents with FLZM. (¢) Each column represents the mean
amplitude (& SEM) of MF-evoked synaptic currents recorded from 5 CA3 principal cells in
control, in the presence of FLZM, L-AP4 and PTX. (d) Decay kinetics (7 mean) of synaptic
currents recorded in control and in the presence of FLZM (n=15) x p<0.05

guinea pig hippocampus (Semyanov and Kullmann, 2000). Here, L-AP4, at the
concentration of 50 pM (5 times higher than that used in the present experiments)
was able to reduce the amplitude of IPSCs of ~50%. This raises the possibility
that different mGluR subtypes are expressed in different animal species.

MF inputs were also identified on the basis of their strong paired pulse
facilitation and short-term frequency-dependent facilitation (Salin et al.,
1996). Strong paired pulse facilitation was observed particularly at MF-CA3
synapses, which were often “silent” in response to the first stimulus. At MF-
interneuron synapses both paired pulse facilitation and depression were
observed while at interneuron-CA3 or interneuron-interneuron synapses the
most common feature was paired pulse depression (Fig. 6.5).

The degree of frequency-dependent facilitation is another peculiar aspect of
MF responses which probably depends on the enhanced probability of neuro-
transmitter release following the large rise of intraterminal calcium
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concentration and activation of calcium/calmodulin-dependent kinase II (Salin
et al., 1996). Alternatively, synaptic facilitation may occur as the consequence
of the progressive and local saturation of calcium by the endogenous fast
calcium buffer calbindin, which is highly expressed in MF terminals. This
would produce a gradual increase in calcium concentration at releasing sites
(Blatow et al., 2003). In our case, frequency facilitation occurred already when
the stimulation frequency was shifted from 0.05 to 0.3 Hz. However, the
increment in size of synaptic responses was larger at MF-CA3 principal cell
connections than at MF-interneuron synapses (see also Toth et al., 2000).

6.4 GABA Is the Main Neurotransmitter Released by MF Early
in Postnatal Life

As shown in the illustrative example of Fig. 6.3, minimal stimulation of granule
cells in the dentate gyrus was able to evoke in CA3 principal cells monosynaptic
currents that were completely blocked by picrotoxin or bicuculline, suggesting
that they were mediated by GABA receptors. As classical MF responses,
synaptic currents exhibited strong paired pulse facilitation. Moreover, they
were highly sensitive to L-AP4 and underwent short-term frequency-dependent
facilitation. As expected for GABA ,-mediated responses MF-evoked synaptic
currents were potentiated by NO-711, a blocker of the GABA transporter
GAT-1 and by flurazepam, an allosteric modulator of GABA4 receptors.

Similar results were found for MF making synaptic contacts with GABAer-
gic interneurons. In this case however, in agreement with previous findings
(Toth et al., 2000), changing the stimulation frequency from 0.05 to 0.33 Hz,
induced only a moderate facilitation of synaptic responses. This can be attrib-
uted to the fact that, in contrast with principal cells, MF contacting interneur-
ons comprise only a single release site (Acsady et al., 1998). In a few cases, a
depression of synaptic currents was also observed.

Pressure application of glutamate to granule cells dendrites in stratum
moleculare (in the presence of the AMPA /kainate receptor antagonist 6,7-
Dinitroquinoxaline-2,3-dione (DNQX) to prevent the recruitment of GABAer-
gicinterneurons) induced in target cells barrages of L-AP4 sensitive currents that
were completely abolished by picrotoxin. It is therefore likely that activation of
NMDA receptors localized on granule cells dendrites in stratum moleculare
causes a membrane depolarization and the release of GABA from MF terminals.
This was supported by the observation that, blocking NMDA receptors with
D-(-)-2-Amino-5-phosphonopentanoic acid (D-APV) prevented the effects of
chemical stimulation of granule cell dendrites on CA3 principal cells and
GABAergic interneurons. Moving the pressure pipette few pm away toward
the hilus to activate hilar interneurons caused barrage of synaptic currents that
were insensitive to L-AP4 but were blocked by picrotoxin, implying that they
were mediated by the release of GABA from GABAergic interneurons.
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Additional fibers releasing both glutamate and GABA into CA3 principal
cells and interneurons could be recruited by increasing the strength of stimula-
tion (Safiulina et al., 2006). In comparison with MF-induced GABAergic
currents, glutamatergic responses occurred with a shorter latency. However,
these responses involved MF synapses, since they were reversibly depressed by
L-AP4 and were abolished when DNQX (10 pM) was added to picrotoxin.

In additional experiments a low chloride intracellular solution (Ec; —90 mV)
was used to simultaneously record AMPA- and GABA-mediated synaptic
currents at room temperature (22-24°C) to avoid the activation of polysynaptic
pathways and GDPs. Thus, at —50 mV, AMPA-mediated synaptic responses were
detected as inward currents while GABA 4-mediated responses as outward cur-
rents (Fig. 6.4). The Figure shows also that, in comparison with AMPA-mediated
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Fig. 6.4 Glutamatergic and GABAergic currents evoked in principal cells by stimulation of
the granule cells in the dentate gyrus at room temperature (to avoid the activation of GDPs;
see Ben-Ari et al. 1989). (a) Average responses evoked at three different holding potentials in a
CA3 pyramidal cell recorded with a low chloride intrapipette solution (E¢; —90 mV). Note the
biphasic currents at —50 mV and the isolated GABAergic and glutamatergic components at
—30 and —80 mV, respectively. The two components were reduced in amplitude by L-AP4 and
were selectively blocked by the AMPA and GABA 4 receptor blockers, SYM-2206 (20 pM)
and PTX (100 uM), respectively (b) Individual traces from one single cell recorded at —50 mV
showing inward, outward, biphasic responses and response failures (¢) Summary data (n=1>5)
showing the mean amplitude of GABAergic (black columns) and glutamatergic (white
columns) currents in control, in the presence of L-AP4, L-AP4 plus SYM-2206 and L-AP4
plus SYM-2206 and picrotoxin. (d) Each column represents the relative frequency of each type
of response for 3 cells. Modified from Safiulina et al. (2006)
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synaptic currents, those mediated by GABA occurred more frequently. While at
—80 mV, close to the chloride reversal potential, pure AMPA-mediated responses
could be detected, at =30 mV pure GABA-mediated synaptic responses. Both
components were sensitive to L-AP4 and were blocked by the respective receptor
antagonists.

Synaptic currents fluctuated between outward, biphasic and inward and
were intermingled with response failures. This suggests that GABA and gluta-
mate can be released independently from the same fiber.

The possibility that the same fiber can release different neurotransmitters has
been well documented in several brain structures including the retina (O’ Malley
and Masland, 1989) and the spinal cord (Jonas et al., 1998). In particular,
GABA has been reported to be released from excitatory inputs in CA3 pyr-
amidal cells (Walker et al., 2001; Gutierrez et al., 2003) whereas glutamate from
inhibitory terminals in the lateral superior olive in the developing auditory
system (Gillepsie et al., 2005).

In contrast with MF responses, synaptic currents mediated by GABA
released from GABAergic interneurons were insensitive to L-AP4 and
DNQX but were blocked by bicuculline or picrotoxin (Fig. 6.5). These
responses were probably generated by interneurons projecting to principal
cells or interneurons sending collaterals to the granule cells into the dentate
gyrus. They occurred with high probability and exhibited a strong paired-pulse
depression in response to two closely spaced stimuli. Moreover, in comparison
with MF responses they were potentiated by flurazepam in a more pronounced
way (Fig. 6.5).

Altogether these experiments are in line with previous reports showing the
sequential expression of GABAergic and glutamatergic synapses early in post-
natal development (Hosokawa et al., 1994; Tyzio et al., 1999) and clearly
demonstrate that GABA is the main neurotransmitter released from MFs
during postnatal development.

Further evidence in favor of GABA as a transmitter at MF synapses is the
observation that the vesicular GABA transporter VGAT was found in MF
terminals (Safiulina et al., 2006; see also Chaudhry et al., 1998). However, in
order to generate synaptic responses, GABA should not only be present in
synaptic vesicles and released in an activity-dependent manner but should bind
to postsynaptic GABA, receptors. Although evidence for the presence of
GABA , receptors facing immature MF terminals early in development is still
lacking, a previous study on adult rats has demonstrated the presence of AMPA
and GABA, receptors co-localized in front of the respective active zones
(Bergersen et al., 2003). GABA may also spill out to activate neighboring
extrasynaptic GABA  receptors localized away from the release sites as sug-
gested for juvenile guinea pigs and rats (Walker et al., 2001). However, the
relatively fast rise time of GABAergic responses found in the present experi-
ments, similar to that of glutamatergic synaptic currents makes this hypothesis
unlikely.
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Fig. 6.5 L-AP4-insensitive synaptic currents elicited in principal cells by stimulation of the
granule cells in the dentate gyrus. (a) Left: diagram showing a GABAergic interneurons
impinging into a CA3 pyramidal cell. Right: average of 20 individual responses (including
failures) to paired stimuli. (b) Average of 20 individual traces evoked in control conditions,
in the presence of L-AP4 and L-AP4 plus PTX. Note lack of effect of L-AP4. (¢) Average of
20 individual traces from another pyramidal cell obtained in control or in the presence of
FLZM. On the right the two normalized traces are superimposed. (d) Summary data showing
the amplitude of synaptic currents obtained from 4 pyramidal cells in different experimental
conditions normalized to the respective controls (dashed line). Modified from Safiulina et al.
(2006)

Overall, these data support the hypothesis that early in development, MF
contain two different sets of low and high threshold fibers releasing GABA and
GABA plus glutamate respectively. While the first would disappear with
maturation the second would persist longer or would reappear in pathological
conditions such as in epilepsy (Walker et al., 2001; Gutierrez et al., 2003).
Comparable to our results it has been recently shown that minimal stimulation
of the granule cell layer in hippocampal slices obtained from P4-P6 mice evoked
GABAergic currents that were insensitive to 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX), D-APV but were blocked by picrotoxin (Uchigashima et al.,
2007). According to these authors, these currents were due to GABA released
from low threshold GABAergic interneurons. It should be stressed however,
that unlike putative MF responses described here, which occurred with very low
probability (responses were often silent to first pulse) and exhibited strong
short-term frequency-dependent facilitation (see Fig. 6.6), those reported by
Uchigashima et al. (2007) displayed only minimal facilitation.

Paired recordings from granule cells and postsynaptic neurons would prob-
ably allow better understanding how MF establish their contact at early devel-
opmental stages. However, we cannot exclude the possibility that, during the
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Fig. 6.6 Pairing-induced the appearance of synaptic responses in “presynaptically silent
neurones” (a) GDPs recorded from a CA3 pyramidal cell in current clamp mode from the
hippocampus of a P2 old rat. On the right, a single GDP is shown on an expanded time scale.
Note the absence of spikes riding on the top of GDP due to block of the sodium channel with
QX 314. The rising phase of GDPs (between the dotted lines) was used to trigger synaptic
stimulation (Stim). (b) Amplitudes of synaptic responses (dots) evoked by minimal stimula-
tion of MF before and after pairing (arrow at time 0) are plotted against time. The traces
above the graph represent individual responses evoked before and after pairing in different
experimental conditions as indicated. This synapse was considered “presynaptically” silent
because did not exhibit any response to the first stimulus over 48 trials (at 0.1 Hz) but
occasional (two) responses to the second one. For clarity after “pairing” only synaptic
responses evoked by the first stimulus are shown. C and D. Mean excitatory postsynaptic
current (EPSC) amplitude (¢) and mean percentage of successes (d) before and after pairing
for the cell shown in B. Modified from Kasyanov et al. (2004)
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first week of postnatal life, synaptic currents evoked by minimal stimulation of
granule cell in the dentate gyrus are generated by GAD or GAD mRNA positive
interneurons, which early in development migrate to the upper and middle
portions of the granule layer cells (Dupuy and Houser, 1997) while maintaining
all the functional properties of later appearing glutamatergic MF responses.

6.5 GDPs as Coincidence Detectors for Enhancing Synaptic
Efficacy at Low Probability MF-CA3 Synapses

To assess whether synchronized network activity such as GDPs are able to
modify MF connections in an associative type of manner, we have developed
a “pairing” procedure consisting of correlating GDPs-associated calcium rise
in the postsynaptic cell with stimulation of MF (Kasyanov et al., 2004). To this
purpose, after a control period of 5-10 min, the patch was switched from
voltage-clamp to current-clamp mode and MF responses were paired for
5 min with GDPs. “Pairing” consisted in triggering MF stimulation with the
rising phases of GDPs (Fig. 6.6). After this period the patch was switched back
to voltage clamp mode and synaptic currents were recorded as in control. As
illustrated in Fig. 6, in the case of presynaptically silent synapses (Gasparini
et al., 2000), the pairing protocol caused the appearance of responses to the first
stimulus and increased the number of successes to the second one.

In the case of non-silent low probability synapses, the pairing procedure
produced a strong and persistent potentiation of MF responses, which was
associated with a significant increase in the number of successes and in double
pulse experiments, with a significant reduction in the paired-pulse ratio and a
significant increase in the inverse squared value of the coefficient of variation.
This suggests that an increased probability of transmitter release accounts for
the persistent increase in synaptic efficacy.

In the absence of pairing no significant changes in synaptic efficacy could be
detected. Moreover, when the interval between GDPs and MF stimulation was
progressively increased, the potentiation declined and reached the control level
when presynaptic signals were activated 2-3 s after GDPs (Kasyanov et al.,
2004). In addition we found that pairing-induced long-lasting increase in
synaptic efficacy was prevented when cells were loaded with the calcium che-
lator BAPTA or when nifedipine was added to the extracellular medium. In
contrast, the NMDA receptor antagonist D-APV failed to prevent pairing-
induced potentiation, indicating that early in postnatal life calcium rise through
voltage-dependent calcium channel activated by the depolarizing action of
GABA during GDPs is the common trigger for activity-dependent changes in
synaptic efficacy.

In conclusions, during development, coincident detection provided by GDPs
can be important for enhancing synaptic transmission at emerging MF-CA3
connections in a Hebbian type of way. How this may contribute to the wiring
and proper assembly of adult networks remains to be determined.
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Chapter 7

Postsynaptic Determinants of Inhibitory
Transmission at Mixed GABAergic/Glycinergic
Synapses

Stéphane Dieudonné and Marco Alberto Diana

Abstract In the vertebrate central nervous system, ionotropic inhibition is
mediated by two neurotransmitters: GABA and glycine. While inhibitory
neurons of the forebrain release mainly GABA, both neurotransmitters coexist
in most structures of the hindbrain. More specifically, a majority of hindbrain
inhibitory neurons contain both GABA and glycine that accumulate in the same
vesicle and are co-released. On the postsynaptic side, GABA and glycine activate
separate chloride-permeant ionotropic receptors that display similar biophysical
properties. We review here the distribution and organization of inhibitory co-
transmission, with an emphasis on the postsynaptic side of the synapse. We show
that very different types of functional organization have been adopted by mixed
inhibitory circuits. However one rule is always preserved: the GABAergic and
glycinergic components of mixed inhibitory synapses display different decay
kinetics. GABA 4 receptor kinetics are determined by the combination of a rich
variety of subunits. In contrast glycinergic receptors are assembled from a small
number of subunits and most adult neurons may express the same receptor type.
Accumulating evidence suggests that the kinetics of glycine synaptic currents
could be determined and modulated in an activity dependant manner, through
various mechanisms. In conclusion we propose that tunable glycinergic inhibition
timecourse may optimize rate- coding circuits of the hindbrain whereas forebrain
coding through oscillations and synchrony may benefit from the rigid yet diverse
subunit combination of GABA 4 receptors.

7.1 Introduction
Several neuronal types have been known for decades to be responsive to the

application of both GABA, and glycine. The hypothesis of the coexistence of
distinct inhibitory input types onto individual neurons emerged in the same
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years when GABA and glycine were being identified as neuroactive agents [21].
Early evidence came from studies where goldfish Mauthner cells [44, 55] in-vivo
spinal neurons both in in-vivo [182] and in-vitro [11, 142], and cerebellar-
brainstem neurons [11] in-vitro were shown to be inhibited by exogenous appli-
cation of both transmitters. In the following years other reports, mainly based
on histological techniques, provided compelling evidence in favor of the coex-
istence of GABA and glycine in the same cells, and in synapse-like structures in
several brain regions [135, 167, 171, 181], also suggesting that the two molecules
may be released together. This, amongst other findings, led to the resurgence of
the idea that an individual neuron might synthesize and release more than a
single transmitter [26].

The first formal demonstration of the coliberation of GABA and glycine
from individual neurons was achieved only years later by using paired record-
ings from synaptically connected neurons in spinal cord slices [80]. A definitive
argument in the same direction was finally given by studies concerning the
molecular mechanisms responsible for the loading of the two transmitters into
synaptic vesicles. After cloning [110, 147], the Vesicular Inhibitory Amino Acids
Transporter (VIAAT) was indeed revealed to be able to load GABA and glycine
into synaptic vesicles, albeit with different affinity [110], thus confirming pre-
vious data suggesting similarities and competition between the 2 vesicle loading
systems [25, 33]. At present, the concept of co-release of inhibitory neurotrans-
mitters from single neurons is well established, but its functional consequences
are still poorly understood.

In the first section of our review, we will give an overview of the structures
in the central nervous system, where co-release of GABA and glycine has either
been demonstrated, or suggested. We will then examine some general principles
of organization of mixed inhibitory transmission, and some of the possible
postsynaptic mechanisms regulating the efficacy of these synapses.

7.2 An Overview of Inhibitory Co-transmission
in the Mammalian Brain

7.2.1 Forebrain

The unequivocal identification of glycinergic fibres is a necessary precondition
for studying the possible existence of mixed synapses in the rostral part of the
brain, given the sparse localization here of glycinergic neurons. In the forebrain,
little is indeed known about the distribution of glycinergic synapses [141, 174].
Important progress in their morphological and functional analysis has come
from the production (Fig. 7.1) [185] of a bacterial artificial chromosome trans-
genic mouse, expressing the enhanced green fluorescent protein (EGFP)
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Fig. 7.1 GABAergic and glycinergic transmission in the central nervous system of rats. (a) A
strong rostro-caudal gradient of glycinergic neuron density is evident in a transgenic mouse
expressing GFP under the promoter of the neuronal glycine transporter GlyT2 (kind gift of
H.U. Zeilhofer). (b) Similar view for a mouse expressing EGFP under the promoter of
GADG65 that catalyzes the limiting step for GABA synthesis in GABAergic neurons (kind
gift of G. Szabo) (Lopez-Bendito et al., Cereb Cortex, 2004). (c) Parasagittal section showing
a lobule of the cerebellar cortex of the GlyT2-EGFP mouse. Immunostaining for GABA is
shown in red. Note the prevalence of GABA in the molecular layer and the abundance of
glycinergic interneurons in the granular layer (arrowheads). Most of the Golgi cell axons in
the granular layer appear to co-stain for GABA (yellow background). GFP-positive axons,
presumably of granular layer interneurons, are running in the white matter (w.m.). (d) Detail
of a cerebellar lobule of the GlyT2-EGFP mouse stained for VIAAT, the vesicular cotran-
sporter of GABA and glycine, in red. Golgi cell bodies (long arrows) and Lugaro cell bodies
(short arrow) are clearly visible. Golgi cell axonal varicosities delineate the contour of
cerebellar glomeruli (double arrows). Note that some of the VIAAT-stained profiles corre-
spond to GFP-negative boutons from GABAergic Golgi cells. Lugaro cell varicosities, that
co-release GABA and glycine, are visible in the molecular layer (arrowheads) as a minoritary
population. (See Color Plate 5)
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controlled by the promoter of the membranous glycine transporter GlyT2 gene,
which reliably marks glycinergic structures [104, 138, 159]. The analysis of these
mice has confirmed that no glycinergic neurons are present in the forebrain,
although several anterior areas are innervated by glycinergic fibres, albeit more
weakly than in the brainstem and in the spinal cord. Glycinergic innervation
is most widespread in the thalamus, the hypothalamus and the preoptic area,
the cholinergic basal forebrain nuclei, and the bed nucleus of the stria termina-
lis. In contrast, the innervation pattern is very weak in cortical and hippocam-
pal areas. Sparse staining appears also in the olfactory bulb, the amygdala and
the basal ganglia [141, 185].

Physiological data on glycinergic systems in forebrain regions are dramati-
cally scarce. Functional glycinergic synapses have indeed been revealed only in
relay cells of the thalamic ventrobasal nucleus (VBN) of the juvenile rat [68, 69].
In these cells extracellular stimulation of afferent inhibitory fibers does produce
mixed GABAergic/glycinergic responses, but GABA and glycine are most
likely released by different inputs [69].

In the hypothalamus, no functional glycinergic synapse has been detected
and, consequently, no case of GABA/glycine co-release has so far been
reported. The only known physiological role of glycine is then represented by
the control of oxytocin release by extrasynaptic glycinergic receptors, which can
sense the taurine liberated by glial cells in response to hypoosmotic challenges in
the supraoptic nucleus [43, 75, 76].

In higher forebrain areas, a veritable discrepancy exists between the extreme
sparseness of glycinergic fiber innervation [141, 185], and the moderate levels of
detectable glycine receptor subunits [16, 35, 106, 140, 149, 150]. The morpho-
logical evidence supporting the expression of GlyRs has been extensively vali-
dated by the electrophysiological examination of GIlyR agonist-induced
currents [28, 29, 36, 40, 48, 52, 77, 78, 94, 107-109, 118, 154, 155, 163, 165,
172, 175, 187]. Nevertheless, it is generally accepted that, if functional, glyci-
nergic synapses do not play a central role in the physiology of higher areas. In
contrast, alternative functions have been envisaged for glycinergic receptors,
like the control of the release of dopamine and acetylcholine in the striatum
and the nucleus accumbens following release of taurine [39, 53].
A development-related role for glycinergic receptors has then been suggested
in the cortex [58].

Only a single study reports the presence of morphologically identified mixed
GABAergic/glycinergic synapses in the hippocampus [35]. In this report, the
authors found that, in the CA3 region, an important percentage of GlyR
clusters colocalized with the GABAAR ~2 subunit, around 50% of which
were at extrasynaptic sites. These data are evidently at odds with most of the
existing literature. Nevertheless, together with the existence of glycinergic
innervation in the hippocampus [185], they still leave some space open for
questions about the possible role of glycine as neurotransmitter in higher
forebrain areas.
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7.2.2 Cerebellum and Cerebellar-Like Structures

7.2.2.1 Cerebellum

Many studies have shown the presence of glycinergic structures in the cerebellar
cortex, although GABA is the dominant inhibitory transmitter (Fig. 7.1b,c). In
early studies glycine immunoreactivity was detected in the granule cell layer
[134, 135, 183]. Moreover, the expression of GlyT2 was also revealed in Golgi
cell axonal terminals, and in varicosities of the molecular layer [184], whereas
glycinergic receptor subunits were localized in cortical areas [106, 140], and
functional glycinergic receptors were investigated in Golgi cells [45] and granule
cells [84].

Morphological colocalization of GABA and glycine in Golgi cells was also
revealed in early reports [134, 135, 183]. At present, the mixed GABAergic/
glycinergic synapses of the cerebellum have been precisely identified, both at
functional and morphological level [46, 49, 51, 156, 185].

The cerebellum boasts of two GABAergic/glycinergic neuronal types, the
Lugaro and the Golgi cells, and two mixed inhibitory synapses, those between
Lugaro and Golgi cells and those between Golgi and unipolar brush cells
(UBCs). We will examine them separately.

The Lugaro to Golgi Cell Mixed Synapse

Lugaro cells are inhibitory interneurones located in the higher part of the
granule cell layer (Fig. 7.1d) [95, 96]. Dumoulin and colleagues [51] studied
the synapses between Lugaro cells and Golgi cells by exploiting the selective
depolarization of the Lugaro cells by serotonin. Serotonin application triggered
a strong inhibitory input in Golgi cells with a clear mixed GABAergic/glyci-
nergic profile. The authors showed morphologically that the vast majority of
the axonal varicosities of Lugaro cells were liable to release both GABA and
glycine (Fig. 7.1d), and that Golgi cell dendrites showed colocalized clusters of
both GABAsRs and GlyRs, proving that co-transmission occurred at single
synaptic sites on Golgi cell dendrites. Interestingly, GABAAR and GlyR clus-
ters remained segregated instead of overlapping at individual postsynaptic sites
(Fig. 7.2), hinting at the existence of different mechanisms anchoring the two
types of receptors to the synapse.

The analysis of the kinetic properties of spontaneous mixed (from Lugaro
cells) and purely GABAergic (from molecular layer basket and stellate cells)
IPSCs in Golgi cells offered further details. The authors remarked, in fact, a
great variability of the decay of both IPSC populations among postsynaptic
cells, with mixed IPSCs typically showing slower kinetics. The slower kinetics
could be accounted for entirely by the presence of the glycinergic component.
Interestingly, in individual postsynaptic cells, the decays of purely GABAergic
and of mixed events were strictly correlated, showing the likely presence of
common postsynaptic mechanisms regulating IPSCs duration, independently
from their nature and from their presynaptic origin.
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Lugaro to Golgi cell: Deep cerebellar nuclei: Spinal dorsal horn:
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Fig. 7.2 Postsynaptic heterogeneity at synapses co-releasing GABA and glycine. We show
here six different cases reported in the literature (see citations in the figure), where distinct
postsynaptic configurations are present in front of presynaptic sites co-releasing GABA and
glycine. Each instance is described in the text in detail. (See Color Plate 6)

The Golgi cell to unipolar brush cell (UBC) mixed synapse

Golgi cells are the most numerous, and important, inhibitory interneurons in
the granule cell layer. In all lobules of the cerebellar cortex, Golgi cells form
purely GABAergic synapse onto granule cells [23, 71, 144].

Golgi cells are not a homogenous group of cells, although their most widely
recognized profile is GABAergic (Fig. 7.1c, d) [67, 156]. In fact, between 70%
and 80% of the Golgi cell population is mixed GABAergic/glycinergic, whereas
only 15% is purely GABAergic [156].

One postsynaptic target of the glycine released by Golgi cells has been identified
only recently in the unipolar brush cells, or UBCs (Fig. 7.2) [49]. UBCs are small
glutamatergic interneurons specifically localized in the granule cell layer of the
vestibulocerebellar lobules [121]. In paired recordings from synaptically connected
Golgi cells and UBCs, Dugué and colleagues [49] found that a presynaptic Golgi
cell can co-release GABA and glycine onto an individual UBC. Moreover, the
authors found convincing evidence that a Golgi cell can generate mixed IPSCs in
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UBCs, and pure GABAergic events in granule cells, thus showing that Golgi
cells can perform target-specific GABAergic, glycinergic or mixed transmission
(Fig. 7.2). A relevant variability of the nature of inhibition, from purely GABAer-
gic to purely glycinergic, was also observed among UBCs.

The capacity of detecting the release of glycine is dictated by the specific
expression of GlyRs in UBCs in contrast to granule cells [49], because morpho-
logical analysis has revealed that GABA and glycine co-release is not a specific
feature of the vestibular subdivisions, but rather a general feature of Golgi cells in
the whole cerebellum [156]. The variability of the inhibitory phenotype of UBCs
may thus originate from the postsynaptic side, for example from mechanisms of
control of GlyR and GABA R expression and anchoring to the synapse.

The recently characterized heterogeneity of the Golgi cell population, together
with the known heterogeneity of UBCs [127], nonetheless leaves open the possi-
bility that distinct subgroups of UBCs may select their presynaptic partners within
specific Golgi cell subgroups. Unpublished data from our laboratory indeed
suggest a correlation between afferent inhibitory phenotype and functional
UBC subgroups (C. Rousseau, M.A.D. and S.D. unpublished observations).

Finally, further unpublished data (C. Rousseau, M.D. and S.D.) show that,
as with the synapses between Lugaro and Golgi cells, spontancous IPSCs decay
kinetics in UBCs display a wide variability, and that, in individual cells, the
glycinergic component is always slower than the GABAergic one. The origins of
the variability of the nature, and of the kinetics of the inhibition in UBCs are
still unknown.

7.2.2.2 Deep Cerebellar Nuclei

The deep cerebellar nuclei (DeCNs), the primary output areas of the cerebel-
lum, are composed of a heterogeneous population of glutamatergic and
GABAergic projection neurons, and by smaller local interneurons. Local inter-
neurons have been shown to colocalize GABA and glycine [12, 31]. At ultra-
structural level, GABA /glycine colocalization was suggested at single boutons,
presynaptically to DeCN neurons and with individual terminals frequently
apposed to multiple active zones either showing, or lacking GlyR staining
(Fig. 7.2) [31]. Detection of functional glycinergic synapses on DeCN neurons
has been arduous. Glycinergic spontaneous IPSCs have been detected only after
strong pharmacological stimulation of presynaptic fibers in an age-dependent
manner [87, 136]. The presence of mixed GABAergic/glycinergic synapses
remains to be demonstrated at the functional level.

7.2.2.3 Ventral and Dorsal Cochlear Nuclei

The ventral (VCN), and the dorsal (DCN) cochlear nuclei are the first central
relays of the auditory information from the ears. Anatomically the DCN is
layered, and presents a cellular and circuit organization that is similar to that of
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the cerebellum [131, 132]. These notable similarities notwithstanding, the main
inhibitory neurotransmitter in the DCN is glycine, and not GABA.

GABA and glycine are highly colocalized in the DCN [4, 91]. Similar to the
cerebellum, the Golgi cells of the DCN likely release GABA and glycine
at individual terminals [4, 91], and mixed GABAergic/glycinergic Golgi cells
may represent one of the sources of inhibition of granule cells [4, 9]. In striking
contrast to the cerebellum, the granule cells of the DCN receive a very strong
glycinergic inhibition, although an important contribution from GABAergic
synapses is also detected [9]. Nonetheless, as with mixed transmission in the
cerebellum, in DCN granule cells glycinergic evoked synaptic currents are
slower than GABAergic ones. More data are required to finally establish
beyond doubt the mixed nature of the input from Golgi cells.

Finally, GABA is co-released with glycine onto bushy cells in the VCN.
In these cells GABA may be relevant for controlling release probability via
GABA§ autoreceptors expressed on presynaptic afferences [103].

7.2.3 Spinal Cord and Brainstem

The great expression of glycinergic fibres in caudal structures (Fig. 7.1a) exem-
plifies a dominant role of glycinergic synaptic inhibition in the spinal cord and
brainstem [141, 184, 185]. Although less important than in higher regions, GABA
nonetheless remains a relevant element of the inhibitory system (Fig.7.1b).

Several early studies showed that spinal and brainstem neurons were respon-
sive to exogenous applications of both GABA, and glycine [11, 142, 182], a fact
that evoked the possible existence of mixed synapses.

Over the years, morphological evidence has been accumulating showing
colocalization of GABAergic and glycinergic receptors [19, 65, 123, 123], of
both GABA and glycine in cells, and at presynaptic boutons [30, 50, 65, 124,
166-168], and pre/postsynaptic juxtaposition of neurotransmitters and recep-
tors [124, 168, 171].

At a functional level, mixed GABAergic/glycinergic transmission was first
demonstrated in spinal motoneurones using paired recordings [80], and in
hypoglossal neurons [129]. Co-release has been detected and studied in both
motoneurons [63] and interneurons [70] of the ventral spinal cord, in the dorsal
spinal cord [32, 88, 117], in auditory nuclei of the brainstem, like the lateral
superior olive (LSO) [125], and the medial nucleus of the trapezoid body
(MNTB) [8], in hypoglossal motoneurons (HMs) [124, 130], and in neurons of
the abducens nucleus [146]. All these studies have exploited one invariant
feature of mixed inhibitory transmission in lower areas: the notable difference
in decay kinetics between the 2 components, with GABA currents being sig-
nificantly slower than glycinergic currents. By analyzing the decay properties
of miniature IPSCs (mIPSCs), this property has allowed authors to associate
mIPSCs showing intermediate kinetics with the simultaneous release of GABA
and glycine from individual terminals. Analyzing this population of mIPSCs
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has provided insights on the relative weight of GABA/glycine co-releasing
synapses, as well as on its variations during development.

Developmental changes of the phenotype of synaptic inhibition are, indeed,
another key feature of lower inhibitory synapses. In general, full morphological
and functional maturation of lower structures takes place between two and four
weeks after birth, depending on the structures considered. During this variable
lapse of time, in the vast majority of the structures where mixed inhibition has
been reported, development is associated with a switch in inhibition from either
a predominantly GABAergic profile [8, 63, 92, 125], or a profile where both
GABA and glycine give notable contributions at early stages [70, 88, 124, 158],
to a predominantly glycinergic phenotype at maturation. Evidence in favor of
both presynaptic and postsynaptic developmental modifications has been pro-
posed, but a brief overview shows the compelling variability of the strategies
deployed to reach the mature state.

In an important example, co-release of GABA and glycine takes place at all
stages of development in spinal cord neurons of lamina I and II, but postsy-
naptic codetection is lost with age, due to either a redistribution of GABARs
from intra to extrasynaptic sites, or to a change in affinity of GABAARSs for the
transmitter (Fig. 7.2) [88]. Benzodiazepines, in fact, unmask mixed mIPSCs
both in lamina I, where at maturation transmission is otherwise glycinergic,
and in lamina I, where mIPSCs are either GABAergic, or glycinergic but never
mixed.

Co-release is, instead, a truly transient phenomenon in the developing
MNTB [8]. Here, mixed mIPSCs go from 15% to less than 1% of the total,
while the overall efficacy of GABAergic transmission, and the sensitivity of
neurons to exogenously applied GABA show little maturation. This suggests
that, in the MINTB, single presynaptic cells, or individual terminals, might select
a single transmitter during development.

In some mature neurons mixed inhibitory synapses do survive development
[70, 124, 125]. The percentage of mixed mIPSCs on the total may either remain
constant [125], or decrease [70, 124]. This fact notwithstanding, the importance
of mixed synapses invariably declines, because of the strong potentiation of the
glycinergic part of the mixed IPSCs with time [70, 124, 125].

The fate of co-releasing synapses is inextricably linked to the process of
synaptic maturation, which consists of a complex set of structural and func-
tional changes touching both pre and postsynaptic compartments. A full mor-
phological and physiological analysis of the development of inhibition would,
thus, probably reveal changes at all levels but, unfortunately, this has rarely
been done. An interesting example is represented by hypoglossal neurons [123,
124]. Muller and colleagues reported an age-dependent increase of the number
of morphologically identified postsynaptic co-clusters of GABA s and glyciner-
gic receptors on hypoglossal motoneurons [123]. Expecting an increase in
co-release with development, these authors later found that, in contrast, the
most relevant changes in transmission were an increase in glycinergic transmis-
sion, and an unexpected reduction in mixed synaptic activity [124]. These
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changes could be explained by the decreases in the presynaptic staining for
GADG65 and in the colocalization for GAD65 and GlyT2, and by the simulta-
neous augmentation of the staining for GlyT2 alone. Therefore, presynaptic
neurons lose the capacity of synthesizing and releasing GABA during matura-
tion [124] although, postsynaptically, the level of receptor colocalization
increases.

Another example is represented by the LSO. Here, the age-related potentia-
tion of glycinergic transmission has been associated, postsynaptically, with an
increase in the staining for the glycinergic receptor-associated protein gephyrin
and with a reduction in the staining for the 52-3 GABA, receptor subunits
[92], but also, presynaptically, with an increase in glycine and a decrease in the
GABA content of presynaptic terminals, associated with a reduction of
GADG65/67 staining [125].

A final point that we should mention concerns the maturation of IPSC time
courses. Inhibition in the spinal cord and the brainstem is, indeed, characterized
also by an important acceleration of the decay kinetics of both GABAergic
and glycinergic currents [8, 63, 70, 88, 124, 157]. The acceleration of glycinergic
currents can be explained, at least partially, with the switch from fetal o2
subunit- to adult-like a1 subunit-containing receptors. This switch takes place
during the first two—three weeks following birth, and it is a well-known trait of
glycinergic receptor maturation [2, 15, 106, 162], consistently linking the struc-
tural refinement of glycinergic synapses with the physiological changes
observed postnatally.

In a later section we will examine in more detail some of the possible
mechanisms setting the kinetic properties of glycinergic receptors at mixed
synapses [117].

7.3 Cellular and Molecular Organization of Mixed
Inhibitory Circuits

7.3.1 Independence of Presynaptic and Postsynaptic Phenotypes

In the preceding section we have reviewed the organization of inhibitory net-
works in various regions of the brain. At first glance it is hard to find a general
principle of organization because the histochemical evidence in favor of presy-
naptic GABAergic and glycinergic transmission is not always found to match the
postsynaptic expression of GABA and glycinergic receptors [49, 51, 88, 124]. One
problem for the interpretation of bulk tissue staining is that each presynaptic
neuron, and each postsynaptic target present in the structure may obey specific
rules defining the nature of the synaptic contact. Cerebellar Golgi cells and
Lugaro cells offer a clear example of this. As described above in more detail,
the same presynaptic cell can mediate purely GABAergic inhibition on one of its
targets, glycinergic inhibition on a second and mixed inhibition on a third,
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depending on the postsynaptic receptors present [42, 49, 51]. These examples
suggest that inhibitory neurons express the same phenotype at all their varicos-
ities independently of the capacity of their targets to respond to the neurotrans-
mitters released. This type of organization would explain the numerous mismatch
between pre and postsynaptic markers observed with immunohistochemical
techniques [124]. Future studies should benefit from the recent development of
transgenic mice expressing markers in a cell-type specific manner.

7.3.2 Presynaptic Regulations of Receptor Occupancy

During synaptic transmission, postynaptic receptors are activated by extremely
brief transients of high agonist concentration which decay in a few hundreds
of microseconds [120]. Receptors do not reach equilibrium and their occupancy
will define the amplitude of the synaptic currents, that is, the proportion of
receptors that will be liganded and will open [120]. At central synapse, the level
of occupancy of GABA , and glycinergic receptors after the release of a single
vesicle of neurotransmitter is quite variable [7, 143]. At co-releasing synapses,
the number of vesicles released and their content in GABA or glycine will affect
the ratio of the GABAergic and glycinergic components. If only one receptor is
expressed, the vesicular content of the presynaptic element will still define the
occupancy of the postsynaptic receptors and could be subject to presynaptic
regulations. It was recently shown that the transporter GlyT2 competes with
GABA synthesis and recapture for the loading of vesicles with glycine [6].
Regulatory mechanisms for the transmitter phenotype of inhibitory vesicles
have not been identified yet. However biochemical evidence suggest that GlyT2
may interact directly with the synaptic and vesicular machinery [5, 64, 74, 133].
Furthermore GABA loaded in the vesicles may be primarily neosynthetized by
GAD from cytoplasmic glutamate [79], implicitly involving an association
between GAD and VIAAT. The vesicular content could also vary in an activ-
ity-dependent manner since reloading of vesicles after depletion appears to
proceed at different rates for GABA and glycine [86].

7.3.3 Molecular Organization of the Postsynaptic Receptors

The mechanisms that govern the clustering of postsynaptic inhibitory receptors
have been intensely investigated in the last decade and have been the subject of
many excellent reviews [101, 119, 148, 170]. Shortly, both GABA [169] and
glycine [17] receptors interact with a major anchoring protein, gephyrin [139].
Gephyrin can form aggregates at the synapse and is thought to stabilize the
receptors, which can nevertheless diffuse in and out of the synapse [170]. Many
splice variants of gephyrin have been identified [113] and the expression of
various cassettes can modify the clustering capacity of gephyrin. Gephyrin
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variants may play a central role in specifying the nature of the inhibitory
synapse but this molecular language is not yet deciphered [111]. A recent report
involves certain gephyrin isoforms in the exclusion of glycinergic receptors from
GABAergic synapses [112]. At some synapses glycine and GABAergic receptor
clusters are apposed, the glycine cluster being the only one associated with
gephyrin [51]. In the deep cerebellar nuclei, mixed presynaptic boutons can
form two active zones, one of which only expresses glycinergic receptors [31].
Further ultrastructural studies are needed to determine if the presence of two
active zones is a hallmark of synaptic articulation harboring separate glycine
and GABAergic receptor clusters. At other synapses GABA receptors are
found perisynaptically [32, 88, 124], with no known mechanism for this locali-
zation. GABAC receptors, although generally neglected, may also play a role at
mixed inhibitory synapses and explain some of the mismatch seen with classical
immunohistochemical markers. Both at the mRNA level [20, 186] and at the
immunohistochemical level, rho-containing receptors are abundant in regions
where mixed inhibition prevails like the colliculi, brainstem, spinal cord and
cerebellum [59, 145]. Moreover a significant proportion of GABAC clusters
colocalize with GABA 4 gamma? or glycinergic receptor clusters [59]. Although
it is clear that specific GABA and glycinergic receptor isoforms can be accu-
mulated to specific synapses in the same neuron, much remains to be under-
stood in terms of addressing and anchoring mechanisms that could generate the
extraordinary functional diversity of mixed inhibitory synapses.

7.4 Functional Correlate of Inhibitory Co-transmission: Tuning
the Timecourse of Inhibition at Mixed Synapses

7.4.1 GABA and Glycine Receptors Mediate Different
Kinetic Components of the IPSCs

In all known cases of mixed inhibition, the decay kinetics of the GABA and
glycine components of IPSCs were found to be significantly different [8, 9, 32,
51, 70, 80, 88, 124, 125, 129, 130, 146]. Glycinergic currents decay faster than
GABAergic currents in most structures, except in the cerebellum and in the
dorsal cochlear nucleus, where GABAergic inhibition is faster [9, 51]. In cere-
bellar Unipolar Brush Cells, this is mostly due to the fast kinetics of the
GABAergic IPSCs (1-2 ms) [49]. In Golgi cells, in contrast, glycinergic IPSCs
display a particularly slow biexponential decay [S1]. In most systems the
kinetics of both glycine and GABA components accelerate in parallel during
development. A change in subunit composition appears to underlie the speed-
ing of IPSCs decay but many different mechanisms, like protein phosphoryla-
tion or interaction with synaptic proteins, could participate [1, 161].
Complementary functions have been proposed for the fast and slow decay
components of synaptic inhibition. Large and fast synaptic conductances are
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needed to hyperpolarize neurons toward the reversal potential of chloride ions,
because they provide the charges necessary to load the membrane capacitance.
The slow component in turn maintains the membrane potential at this hyper-
polarized level and determines the overall duration of the IPSP and the shunt
of subsequent excitatory inputs [146]. This functional dichotomy may be con-
ceived in a different manner. Whereas the large and fast component of the IPSC
will efficiently constrain the timing of spikes, summation of the slow compo-
nents over time may preferentially tune the gain of the neurons by counteracting
the temporal summation of excitatory inputs [116]. A distinctive property of
mixed inhibitory synapses may reside in the capacity to tune the kinetics of
postsynaptic IPSCs rapidly.

7.4.2 The Decay Kinetics of GABA and Glycine IPSCs Depend
on the Temporal Transient of Agonist Concentration
in a Different Manner

GABA receptors can be assembled from many combinations of subunits
that display specific affinities, ranging from hundreds of nanomolar to tens of
micromolar. GABA 4 receptor subtypes with the highest affinity can be acti-
vated by low concentrations of GABA occurring around the release site or by
spillover from nearby synapses [10]. The amplitude of these slow IPSCs will
depend crucially on the amplitude and decay kinetics of the agonist transient
around the synapse. Perisynaptic GABA A receptors seem to constitute a com-
mon feature of mixed inhibitory synapses of the spinal cord and brainstem both
from the immunohistochemical and functional points of view [32, 88, 124, 158].
These receptors can be recruited by spillover of GABA during massive stimula-
tion of the inhibitory afferents [32]. Modulation of these receptors by neuro-
steroids can also unmask a slow GABA component of the IPSCs [89, 137].

In a simple view of postsynaptic receptors activation, the decay of the IPSCs
is shaped by deactivation kinetics resulting from the unbinding of the agonist
molecules. Agonist timecourse in the synaptic cleft does not affect the decay
time course of IPSCs, which proceeds on longer timescales. As expected,
deactivation kinetics of GABA s receptor subtypes are related to the apparent
affinity for their agonist [82, 83] (Fig. 7.3). When short (1 ms) applications of
GABA were used to mimic synaptic activation, the decay of the evoked GABA
currents was not affected by the concentration of the agonist [62]. However
GABA, receptors can also undergo fast desensitization that leads to the
appearance of a slow component of decay of the IPSCs [81]. Finally in a
modeling study of the variability of mIPSCs at various synapses, Nusser et al.
(2001) found that the size of the synaptic transient of agonist concentration did
not contribute significantly to the variability of the IPSCs decay except at the
smallest connections [128]. All these observations are in striking contrast to the
activation behavior of glycinergic receptors, as described below.
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Fig. 7.3 Different mechanisms govern the amplitude and duration of GABAergic and
glycinergic IPSCs at mixed synapses. (a) GABA 4 receptors activation at mixed inhibitory
synapses. The amount of GABA released by mixed vesicles determines the amplitude of the
GABAergic component of the IPSCs (left to right). The degree of occupancy of agonist
binding sites defines the number of fully liganded receptors, which will open. The molecular
composition of the GABA 4 receptors present at the synapse is the main determinant of the
receptors affinity. It fixes the decay kinetics of the IPSCs. (b) Glycinergic receptors are
allosteric devices with tunable decay kinetics. Partially liganded receptors display a low
apparent affinity for their agonists and mediate fast IPSCs. Synaptic current should decay
more slowly at glycine-rich synapses (right), where fully liganded receptors show a higher
apparent affinity. In GABA-rich synapses, GABA can compete for glycine at the receptor
binding sites. The low affinity and fast unbinding rate of GABA result in very brief glycinergic
IPSCs. Allosteric transitions governing the gating kinetics of glycinergic receptors are
modulated by a variety of environmental effectors that promote high apparent affinity
states. (See Color Plate 7)
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Glycinergic receptors are assembled from only five subunits in rodents and
in most regions receptors are composed of alpha2/beta in the young and of
alphal/beta in the adult. Yet the diversity of the decay kinetics of glycinergic
IPSCs is astounding, ranging from millisecond at auditory synapses [22] to tens
of milliseconds in cerebellar Golgi cells [S1]. This heterogeneity cannot be
explained easily by differences in the properties of the various subunits but
may result from peculiar gating properties. The response of homomeric glyci-
nergic receptors to long agonist applications was tested in recombinant expres-
sion systems. Surprisingly the deactivation time was found to vary as the
logarithm of the agonist concentration [60]. A similar behavior was found on
native channels when decreasing the duration of the agonist pulse from 10 ms to
200 ps [105], suggesting that the level of occupancy of the binding sites on the
receptor is the main parameter controlling deactivation. A mechanistic corre-
late for this mode of gating was sought at the single-channel level. With
increasing steady-state concentrations of agonist, channels opened in bursts
of increasing duration [13, 14, 60, 173] with characteristic time constants span-
ning the range 20 ps to 70 ms. This behavior was correctly described by three
binding steps of increasing apparent affinity [13, 14, 27, 66], suggesting the
occurrence of an allosteric transition in the receptor conformation after the first
binding step and before the channel opens [13, 14, 27, 100]. The main conse-
quence of this peculiar gating behavior appears to be the exquisite sensitivity of
the IPSC decay on the liganded state of the receptor and therefore on the
amplitude and duration of the glycine concentration transient in the cleft.
Mixed presynaptic terminals will release less glycine and more GABA [6] than
pure glycinergic ones and evoke faster-decaying IPSCs. Co-released GABA will
speed decay kinetics in yet another way. GABA is a low affinity agonist of the
glycinergic receptors [41, 60, 153] and will compete with glycine for the binding
sites on the receptor. Unbinding of GABA will proceed within milliseconds and
leave the receptor in a partly liganded state that will deactivate faster [105]. In
this elegant study Lu et al. (2008) showed that a vesicular ratio of GABA over
glycine of 3 can explain the fast decay kinetics of IPSCs at auditory synapses.

The decay of glycinergic IPSCs may be regulated by yet another allosteric
peculiarity of the receptors. When cloned human GlyR alphal subunits were
first expressed in Xenopus oocyte, it appeared that the apparent affinity
increased with the density of receptor expression on the membrane [164].
These results were reproduced for zebra fish receptors and human receptors
in HEK cells [41, 60], ruling out perfusion artefacts like rebinding of the agonist
or unresolved desensitization. This increase in apparent affinity occurs in
parallel for both glycine, taurine and GABA, three agonists with very different
affinities [41, 60]. Furthermore it transforms GABA and taurine from partial
agonist into full agonists, suggesting that the increase in apparent affinity is
linked to an increase in gating efficacy [41]. Interactions between receptors or
titration of an interacting protein may explain this behavior. It is tempting to
propose that these interactions favor the same allosteric transition leading to
higher apparent agonist affinity that was induced by binding of the first agonist
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molecule in single-channel studies [13, 14, 27]. The occurrence of such modula-
tion during clustering was tested by coexpression of gephyrin and alpha sub-
units harboring the gephyrin interacting domain of beta subunits [102]. High
density expression of the alpha subunit, or gephyrin coexpression, both favored
a fast component of desensitization (5 ms) that led to a slow component of
deactivation [102]. Interestingly, phosphorylation of alphal homomeric recep-
tors was found to produce identical effect on both desensitization and deactiva-
tion [66].

Finally a fast and reversible potentiation of glycinergic receptors by cyto-
plasmic calcium elevations, independent of G protein signaling but sensitive to
intracellular dialysis, has been described in recombinant expression systems,
spinal cord neurons and brain-stem motoneurons [61, 122]. Not surprisingly,
elevated calcium concentrations increased the apparent affinity of the receptor
and the deactivation time constant, thus favoring long bursts of single-channel
openings and prolonged synaptic IPSCS [61, 122].

In conclusion glycinergic receptors can be considered as delicate molecular
machines with a tunable apparent affinity for their agonist. Tunability results
from the existence of allosteric transitions that dramatically increase agonist
affinity, producing long opening bursts, which shape IPSC decay. All modula-
tory pathways converge on these transitions, be it intermolecular interactions
during clustering, phosphorylation or calcium-dependent modulation. As gly-
cine receptors also display low-affinity for GABA, glycinergic IPSC decay
kinetics at co-releasing synapses will be exquisitely sensitive to both glycine
and GABA concentration transients in the cleft [105].

7.4.3 A Role for Zinc at Mixed Synapses

The divalent cation Zn is thought to play an important role in the brain as a
pleiotropic modulator of neurotransmission and is an allosteric modulator of
both GABA 4 and glycinergic receptors. A releasable pool of Zn is accumulated
in vesicles by the transporter ZnT3, and can be revealed in the brain by
histochemical procedures like Timm'’s staining [38]. The highest density of Zn
is found at populations of excitatory synapses in the forebrain. However,
significant accumulation of vesicular zinc has also been found at inhibitory
terminals in regions that display low overall levels of Zn staining, like the retina
[3, 85], spinal cord dorsal and ventral horns [18, 37, 176, 177] and cerebellum
[38]. Golgi cells of the cerebellum, 70% of which co-release GABA and glycine,
express ZnT3 [178, 179] and accumulate Zn in their axonal varicosities [38].
ZnT3 staining of a sparse network of large varicosities is also found in the
molecular layer of the cerebellum [179]. These zinc-enriched terminals have
been tentatively ascribed to molecular layer interneuron axons [179] but are
more closely reminiscent of the axonal plexus of GABA/glycine co-releasing
Lugaro cells [51]. Zn was also found to be selectively accumulated in mixed
GABA and glycine-containing varicosities of the Lamprey spinal cord [18]. In
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the mammalian spinal cord Zn stains a subpopulation of GABA-containing
varicosities [37, 176, 177] that most likely include mixed synapses. These data
suggest that Zn may act as modulator at mixed inhibitory synapses.

GABA 4 receptors are potently inhibited by Zn in a subunit-specific manner.
Alpha-beta heteromers display an EC50 in the micromolar range, whereas
incorporation of a gamma subunit increases the EC50 by about a hundred fold
[47]. The nature of the alpha subunits can affect Zn affinity to a lesser extent [24,
47, 56, 57, 90]. Thus the predominant population of GABA, receptors in the
brain, which are clustered at post-synaptic sites through their gamma subunit, is
an unlikely target for Zn modulation. Indeed most studies on the inhibition of
GABAergic IPSCs by exogenous zinc report EC50 values higher than 10 uM.
Extrasynaptic receptors can assemble from alpha beta and delta subunits and
these receptors have intermediate EC50 for Zn, depending on the alpha subunit
composition [151, 152]. Delta subunits may participate to some mixed synapses,
although their level of expression in the brainstem and spinal cord appears very
low. In contrast with gamma-containing receptors, Zn inhibition is fully compe-
titive with GABA binding at delta-containing receptors [93]. Thus, at low GABA
concentrations, extremely potent inhibition can be achieved with a few micro-
moles of Zn. Interestingly delta-containing receptors of the dentate gyrus are
specifically located at perisynaptic locations, where they are activated by spil-
lover of GABA from the synapse [180], and the resulting slow component of the
IPSCs is completely blocked by 10 pM Zn. In summary canonical GABA
receptors are unlikely to be affected significantly by Zn released at mixed
inhibitory synapses, but perisynaptic receptors may be inhibited.

Low micromolar concentrations of Zn were found to potentiate the glycinergic
receptors whereas concentrations in excess of 100 pM inhibited glycine-activated
currents [99]. The corresponding binding sites for Zn have been identified on the «
subunits N-terminal domain of recombinant glycinergic receptors [72, 97, 99, 114,
115, 126]. Because the inhibitory effect has a slow onset [114] and a low EC50 it is
not likely to play a physiological role and will not be further discussed. The EC50
for the potentiating effect has been determined in recombinant receptors, using
careful chelation of contaminant Zn. Homomeric ol and «2 receptors display
EC50s of 37 nM and 540 nM, respectively [115]. The affinity is decreased about 20
fold in heteromeric a3 receptors yielding a submicromolar EC50 for «10, the
dominant receptor in the adult brain [115]. Zn potentiation of glycine-activated
currents results from a shift in the affinity of the receptor for glycine [99] and the
potentiating effect varies with the concentration of glycine with a maximum of up
to 300%. Occupancy of the high-affinity site by Zn also transforms taurine from a
partial agonist of homomeric a1 receptors into a full agonist [97]. Upon binding at
the potentiating site, Zn dramatically increases the duration of channel opening
bursts [97]. This potentiating effect of Zn parallels the allosteric crosstalk between
glycine binding sites (see above) that leads to an increased affinity and to longer
channel openings [14, 27]. Because of this mechanism of action, the effect of zinc on
synaptic currents cannot easily be deduced from the effects on currents evoked by
slow agonist applications. Using fast glycine applications to mimic synaptic



116 S. Dieudonné and M.A. Diana

activation on zebrafish native receptors, concentrations of zinc as low as 100 nM
were found to increase the decay time course of glycine currents several folds [160]
while marginally affecting their amplitude. When applied on native and cultured
spinal neurons, submicromolar concentrations of zinc were found to potentiate
mildly the amplitude of the synaptic currents but greatly slowed their decay
[54, 98, 160], increasing the charge transfer several fold [160]. Finally a KI
mouse, in which a mutation of glycinergic receptors that suppresses the potentiat-
ing Zn binding site was introduced, displays a hyperekplexia phenotype [73]. It is
important to note that the motor phenotype of this glycinergic receptor KI animal
is the only case in which Zn was demonstrated to subserve a physiological function.
KO mice for the ZnT3 transporter display only mild phenotypic changes, possibly
due to compensatory mechanisms [34]. In conclusion, buildup of Zn>* concentra-
tions during periods of increased firing of mixed interneurons may adapt the
timecourse of IPSPs to ongoing presynaptic activity. By increasing the charge
carried by glycinergic IPSCs, zinc modulation would act as a powerful feedback
loop [73].

7.5 Conclusion

Mixed inhibition, resulting from the co-release of GABA and glycine, is a
prevalent mode of synaptic transmission in the caudal central nervous system.
Mixed synapses display an overwhelming variety of structural organization and
functional properties. In the few cases where identified synaptic articulations
have been studied, their properties seem to be determined by the independent
specialization of presynaptic and postsynaptic neurons. The diversity of mixed
inhibition is established through developmental processes with a marked ten-
dency to replace GABAergic inhibition, occurring at early stages, with mixed or
glycinergic synapses. The glycinergic and GABAergic components of mixed
IPSCs systematically display different decay kinetics. In particular, glycinergic
receptors behave as allosteric devices with tunable gating kinetics that are
controlled by agonist occupancy and a number of activity-dependent para-
meters. We propose that the adaptability of IPSC kinetics at mixed synapses
constitutes the main reason for the co-existence of two inhibitory transmitters
acting at similar postsynaptic receptors.
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Chapter 8
Glutamate Co-Release by Monoamine Neurons

Louis-Eric Trudeau, Grégory Dal Bo, and José Alfredo Mendez

Abstract A wide range of indirect data obtained during the last two decades has
suggested that monoamine neurons may co-release neurotransmitters. Ultra-
structural investigations have consistently reported that these neurons, includ-
ing dopamine, serotonin and norepinephrine neurons establish both junctional
(i.e. synaptic) and non-junctional (i.e. non-synaptic) axon terminals. The
hypothesis that some of these terminals can mediate synaptic glutamate release
has received strong support from cell culture studies as well as indirect support
from electrophysiological recordings obtained in slice preparations and in
intact animals. The molecular identification of vesicular glutamate transporters
(VGluTs) in recent years has provided a new impetus and a new strategy to
confirm the glutamatergic phenotype of neurons. A number of recent results
now confirm that while many serotonin neurons express VGIuT3, a subset of
norepinephrine and dopamine neurons express VGIuT2, thus supporting the
hypothesis of glutamate co-transmission. The possibility that the neurotrans-
mitter repertoire of central monoamine neurons may be plastic during devel-
opment and in the context of activity-dependent neuronal plasticity or disease is
now a major direction of current research.

8.1 General Introduction

Dopamine (DA)- and noradrenaline (NA)-containing neurons of the ventral
mesencephalon play an important regulatory role in motivated behavior. Subtle
disruption of their functioning is thought to accompany diseases such as schi-
zophrenia and attention deficit and hyperactivity disorder (ADHD). They are
also a primary target of drugs of abuse that generally enhance DA secretion in
the brain. Degeneration of DA and NA neurons is also a primary hallmark of
Parkinson’s disease. Another important population of CNS monoamine neu-
rons are serotonin (5-HT)-containing neurons of the raphe nuclei. These
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neurons are thought to play multiple roles in behavioral activation, sleep and
emotional processes. Although DA, NA and 5-HT are the primary neurotrans-
mitters of these monoamine neurons, these cells have also long been known to
also contain other neurotransmitters such as neuropeptides like cholecystoki-
nin (CCK) or neurotensin (NT). However, very little is known concerning the
specific physiological roles of such peptide co-release. In addition to neuro-
peptides, recent work has also raised the intriguing possibility that some mono-
amine neurons use glutamate as a co-transmitter. In this chapter, we will
provide an overview of this possibility and will examine in detail the published
literature supporting this hypothesis.

8.2 Morphological Heterogeneity of Monoaminergic Axon
Terminals

In the context of the idea that monoamine neurons release multiple neuro-
transmitters, it seems important to first highlight the fact that the ultrastruc-
tural investigations of the axon terminals of these neurons in the striatum
and cerebral cortex showed that these neurons establish two morphologically
distinctive types of axon terminals. It was found that DA-, NA- and 5-HT-
containing axon terminals in the striatum and cerebral cortex establish a large
contingent of terminals that display no clearly identifiable synaptic specializa-
tions, meaning that no synaptic cleft and postsynaptic density can be detected,
even in serial sections (Descarries et al., 1975; Descarries et al., 1977; Beaudet
and Descarries, 1978; Descarries et al., 1980; Pickel et al., 1981; Voorn et al.,
1986; Descarries et al., 1996; Antonopoulos et al., 2002). Such terminals have
been termed “free nerve endings”, “asynaptic” axon terminals or “non-synap-
tic” terminals and are proposed to be involved in “diffuse” or “volume” trans-
mission (Descarries and Mechawar, 2000; Descarries et al., 2007). The signifi-
cance of this dual character of monoamine neuron axon terminals is presently
unclear. However, one possibility is that they may serve different functions. For
example, while the asynaptic terminals may be sites where dopamine is the main
or only transmitter released, the synaptic junctions could be sites where other
neurotransmitters such as glutamate are released, either alone or together with
dopamine (Sulzer et al., 1998; Trudeau, 2004; Descarries et al., 2007).

8.3 Initial Electrophysiological and Anatomical Work Suggesting
the Presence of Glutamate in Monoamine Neurons

The first indirect evidence for glutamate as a co-transmitter in monoamine
neurons was provided by pioneering studies of Ottersen and Storm-Mathisen
(Storm-Mathisen et al., 1983; Ottersen and Storm-Mathisen, 1984) who devel-
oped an immunocytochemical method to detect glutamate in fixed brain tissue.
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They demonstrated the presence of glutamate-like immunoreactivity in pre-
sumed DA neurons of the substantia nigra as well as in presumed 5-HT neurons
in the dorsal raphe. Although suggestive, these findings suffered from the limita-
tion that the anti-glutamate immunostaining also revealed metabolic pools of
glutamate, which complicated the distinction between bona fide glutamatergic
neurons and other non-glutamate neurons displaying detectable levels of gluta-
mate of metabolic origin. Others subsequently confirmed the presence of gluta-
mate-like immunoreactivity in 5-HT neurons of the medulla oblongata of the rat
(Nicholas et al., 1992) and in NA neurons of the locus coeruleus of the mouse and
rat (Fung et al., 1994; Liu et al., 1995).

More convincing evidence was subsequently provided by evaluating the
distribution in the brain of glutaminase, an enzyme thought to be critical for
the synthesis of neurotransmitter pools of glutamate. Double-labelling experi-
ments for catecholaminergic markers and glutaminase showed that in the rat,
numerous DA neurons of the substantia nigra, NA neurons of the locus coer-
uleus and 5-HT neurons of raphe nuclei are strongly immunopositive for gluta-
minase (Kaneko et al., 1990). The presence of glutaminase in mesencephalic DA
neurons was confirmed by others in the rat and extended in the same study to the
monkey brain (Sulzer et al., 1998). Although these findings are compatible with
the idea that some of these neurons contain abundant levels of neurotrans-
mitter glutamate, they come short of demonstrating that glutamate is packaged
in synaptic vesicles in these neurons and is in fact used as a co-transmitter. As
detailed below, only the presence of a vesicular glutamate transporter can
ascertain that pools of glutamate are indeed packaged and concentrated in
synaptic vesicles.

Indirect electrophysiological evidence for the release of glutamate by mono-
amine neurons has also been reported by a number of groups. For example,
extracellular stimulation of the substantia nigra in the rat or the cat has been
shown to induce short-latency excitatory synaptic response in neurons of the
striatum (Hull et al., 1970; Hull et al., 1973; Kitai et al., 1975; Wilson et al.,
1982). Similar responses have been reported in other brain regions after elec-
trical stimulation of presumed 5-HT neurons of the dorsal raphe (Park et al.,
1982; Holtman et al., 1986; Fung and Barnes, 1989) and presumed NA neurons
of the locus coeruleus (Fung et al., 1994). These studies support the idea that
monoamine neurons can produce rapid excitatory synaptic signals in target
neurons. However, the use of extracellular stimulation of non-identified neu-
rons produced results that could potentially be explained in part by stimulation
of non-monoaminergic glutamate neurons located in these nuclei. The contri-
bution of fibres of passage originating from other nearby structures could also
not be excluded in most of these studies.

More recently, convincing electrophysiological data were obtained using a
brain slice model and in vivo preparations. In the first of these studies (Chuhma
et al., 2004), a thick angled brain slice was prepared from mice in such a way as
to maintain the integrity of mesencephalic DA neurons, of a subset of ventral
striatal target neurons as well as part of the medial forebrain bundle containing
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some of the projecting axons. In this preparation, extracellular electrical stimu-
lation of presumed DA neurons in the VTA evoked short-latency excitatory
synaptic responses in striatal medium spiny neurons. Arguing in favor of the
fact that the responses were caused by the firing of DA neurons, local applica-
tion of quinpirole, a D2 receptor agonist known to hyperpolarize DA neurons,
strongly reduced the amplitude of the synaptic responses. Although quite
convincing, a caveat of this experiment is that the presence of purely glutama-
tergic neurons in the VTA could not be excluded. In the light of recent findings
suggesting the presence of such neurons (Yamaguchi et al., 2007) and the
possible presence of non-DA neurons responding to D2 agonists in the VTA
(Margolis et al., 2006), the purely dopaminergic origin of the fast glutamate
responses evoked in ventral striatal neurons in this study remains uncertain.
Finally, recent data obtained in the intact anesthetised rat reported the presence
of fast, glutamate-mediated synaptic responses evoked in prefrontal cortex
neurons by extracellular stimulation of the VTA (Lapish et al., 2006). Interest-
ingly, 6-hydroxydopamine lesions of the VTA essentially eliminated these
synaptic responses, arguing in favor of the idea that the responses were indeed
generated by DA neurons and not by fibres of passage or other intrinsic
glutamatergic neurons.

8.4 Initial Microculture Studies Showing Glutamate Co-release
by 5-HT and DA Neurons

In the absence of paired recordings between a monoamine neuron and a
monosynaptically connected target neuron in brain slice or in vivo, the most
direct evidence to date for glutamate co-release by monoamine neurons has
been obtained from primary culture preparations. In groundbreaking work,
Johnson showed that over 60% of single 5-HT neurons of the rat raphe nuclei in
isolated culture established glutamatergic synaptic contacts on their own den-
drites or on local target neurons (Johnson, 1994a; Johnson, 1994b; Johnson and
Yee, 1995). It is of interest to mention that in this same report, 5S-HT-receptor-
mediated slow synaptic responses were also observed, an observation that
suggested the occurrence of co-release of the two transmitters. A similar situa-
tion has not yet been reported for other classes of monoamine neurons.
Highly complementary data were subsequently reported for DA neurons by
the groups of Sulzer, Rayport and Trudeau. The first report demonstrating the
establishment of glutamatergic synaptic contacts by isolated rat DA neurons in
culture was published by Sulzer and collaborators (Sulzer et al., 1998). Using
single neuron cultures, they showed that approximately 60% of single DA neurons
generated glutamate-mediated fast synaptic responses when stimulated by an
action potential. This was not accompanied by a slow DA-mediated synaptic
response, unlike what was reported in 5-HT neurons (Johnson, 1994a). However,
in response to paired stimulation, the second glutamate-mediated synaptic
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response was smaller, an effect that was absent in the presence of a D2 receptor
antagonist or after depletion of vesicular DA stores with reserpine. These
findings were interpreted as being caused by the presynaptic action of DA,
thought to be co-released with glutamate. The establishment of glutamate
synapses by single DA neurons was confirmed by Bourque et al., who showed
in addition that the glutamatergic phenotype of DA neurons is enhanced by
exposure to the growth factor GDNF (Bourque and Trudeau, 2000), through a
mechanism that has not yet been fully characterized. It is also interesting to note
that glutamatergic synapses established by isolated DA neurons are negatively
regulated by D2 receptors, analogous to the negative regulation of DA release
by D2 autoreceptors (Sulzer et al., 1998; Congar et al., 2002). The ability to
measure miniature glutamate-mediated synaptic events in isolated DA neurons
has permitted detailed analysis of the presynaptic action of D2 receptors in DA
neurons and shown that this receptor negatively regulates the secretory process
through a mechanism implicating Kv potassium channels (Congar et al., 2002).

Because these studies were carried out in single isolated neurons, a prepara-
tion which leads to the formation of autapses (i.c., synapses formed by a neuron
onto its own dendrites or cell body), a valid question is whether DA neurons
also establish glutamatergic synapses onto their normal target neurons. This
issue was addressed in an experiment in which DA neurons were co-cultured
together with ventral striatal GABA neurons (Joyce and Rayport, 2000). In this
study, paired recordings showed that stimulation of presumed DA neurons
evoked glutamate-mediated postsynaptic responses in striatal neurons. Since
the dopaminergic phenotype of presynaptic neurons was not systematically
confirmed in all recordings in this report, the relative proportion of DA neurons
able to establish glutamate synapses on striatal neurons is not known. However,
the data nonetheless argue strongly that synaptic glutamate release by DA
neurons is not a phenomenon restricted to single neuron cultures and autapse
formation. In this context, it is also interesting to note that using an explant
culture system, Plenz and Kitai showed that extracellular stimulation of a
ventral mesencephalic slice containing DA neurons can evoke fast excitatory
synaptic responses in medium spiny neurons present in a nearby striatal slice
(Plenz and Kitai, 1996).

A detailed mechanism explaining the ability of a subset of monoamine neu-
rons to use glutamate as a cotransmitter is not presently available. However, as
explained in the section below, expression of a vesicular glutamate transporter by
some of these neurons may provide the basis for this form of co-transmission.

8.5 Discovery of Vesicular Glutamate Transporters

While glutamate has long been known to be one of the main and most abundant
neurotransmitter in the central nervous system, the morphological identifica-
tion of glutamatergic neurons has been difficult until recently. Glutamate is
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synthesized in the presynaptic cytoplasm by phosphate-activated glutaminase
(PAG) before being stored in synaptic vesicles in axon terminals prior to release
by exocytosis at synapses. However, the immunodetection of glutamate and
PAG in neurons is not sufficient to confirm with high certainty that a given
neuron is indeed glutamatergic. For example, PAG and glutamate are found in
GABAergic cells and astrocytes (Kaneko and Mizuno, 1994; Kaneko and
Fujiyama, 2002). This problem in phenotypic identification of neurons was
resolved recently with the characterization of three VGIuTs. The first was
initially identified as a brain-specific Na+-dependent, inorganic phosphate
transporter (BNPI) (Niet al., 1994). It was reported to be abundantly expressed
at excitatory synapses in the brain and localized to synaptic vesicles, rather than
at the plasma membrane where Na -dependent transporters are normally
found (Bellocchio et al., 1998; Takamori et al., 2000; Bellocchio et al., 2000).
Moreover, cells transfected with BNPI showed glutamate uptake in a vesicular
compartment, and BNPI expression in cultured hippocampal GABA neurons
allowed these cells to release glutamate and induce excitatory post-synaptic
currents in target cells that can be blocked by antagonists of AMPA and
NMDA -receptors (Takamori et al., 2000). BNPI thus functions as a vesicular
glutamate transporter and was renamed VGIuT1. It is now generally agreed
that the presence of a VGIuT in neurons is strong evidence for the fact that these
neurons use glutamate as a neurotransmitter.

Closely after the discovery of VGIuTI1, a second VGIuT (VGIuT2) was
identified and showed 82% identity with VGIuT1. Like VGIuT1, VGlut2 was
found to be present in the membrane of synaptic-like vesicles in axons terminals
(Hisano et al., 2000; Fujiyama et al., 2001). The first investigations of the
distribution of VGIuT1 and VGIuT2 mRNA and protein in the mammalian
brain revealed a striking complementary distribution of the two transporters
(Herzog et al., 2001; Fujiyama et al., 2001; Fremeau et al., 2001). VGIuT1 is
predominantly expressed in cortical structures including the hippocampus,
cerebral and cerebellar cortices, and layers I-111 of the neocortex. In compar-
ison, VGIuT2 is mainly found in sub-cortical structures, including diencephalic
nuclei, the brainstem and telencephalic regions. The subcellular localization of
VGIuTI1 and VGIuT2 protein revealed that the expression is confined to axon
terminals, with little if any signal found in the cell body and dendrites. Con-
sidering this fact, it is clear that except under rare conditions such as in single-
neuron cultures, the identification of a given neuron as glutamatergic cannot
be performed by the simple immunocytochemical localization of VGIuT1 or
VGIuT2. However, the use of in situ hybridization or single-cell RT-PCR to
detect VGIuT1 or VGIuT2 mRNA is an excellent strategy for the phenotypic
characterization of potential glutamatergic neurons. In situ hybridization stu-
dies confirmed the complementary distribution of VGIuT1 and 2 mRNA in the
brain. While VGIuT1 mRNA is mainly expressed in the neocortex, hippocam-
pus, cerebral and cerebellar cortices, VGIuT2 mRNA is highly expressed in
diencephalic, thalamic and hypothalamic nuclei, as well as in the brainstem and
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in deep cerebellar nuclei (Hisano et al., 2000; Herzog et al., 2001; Fremeau et al.,
2001; Varoqui et al., 2002; Kaneko and Fujiyama, 2002; Kaneko et al., 2002).
Considering the close and complementary distribution of VGIuT1 and
VGIuT2, comprising most known glutamatergic cell groups, the identification of
a third VGIuT in 2002 was somewhat surprising. VGIuT3 presents 75% of
homology with VGIuT1 and VGIuT2, and shows a much less extensive distribu-
tion in sparse populations of neurons that had not previously been considered to
be glutamatergic. VGIuT3 is found in striatal cholinergic interneurons of the
striatum, in serotoninergic neurons of the raphé nuclei, and in GABAergic basket
cells of rat hippocampus (Schafer et al., 2002; Fremeau et al., 2002; Gras et al.,
2002; Somogyi et al., 2004; Herzog et al., 2004), suggesting that neurons exp-
ressing VGIuT3 probably release glutamate as a co-transmitter in addition to
another classical neurotransmitter. Another interesting difference between
VGIuT3 and the two other VGIuTs is that in some neurons, VGIuT3 protein
is also found in cell bodies and dendrites, presuming mediating somatodendri-
tic glutamate release (Fremeau et al., 2002; Harkany et al., 2004). Although
VGIuTs are most abundantly expressed in neurons, several studies reported
expression of these proteins in astrocytes and other cell types. For example,
VGIuTI1, VGIuT2 and VGIuT3 have been detected in freshly dissociated and
primary cultured astrocytes, as well as in vivo, by single-cell RT-PCR, immu-
nocytochemistry and electronic microscopy (Morimoto et al., 2003; Zhang
et al., 2004; Montana et al., 2004; Bezzi et al., 2004). These results suggest
that such transporters could be involved in glutamate release by astrocytes.

8.6 Presence of Vesicular Glutamate Transporters
in Monoamine Neurons

The first direct morphological evidence for the presence of a VGIuT in catecho-
laminergic neurons was established by Stornetta et al., (Stornetta et al., 2002a;
Stornetta et al., 2002b). Using in situ hybridization to localize VGIuT2 mRNA
coupled with immunodetection of tyrosine hydroxylase (TH), the authors
showed that the majority (75 to 80%) of adrenergic neurons in the C1, C2
and C3 subgroups and of A2 noradrenergic neurons contain VGluT2 mRNA
(Stornetta et al., 2002a). Further experiments showed that TH " /VGluT2"
neurons project to sympathetic preganglionic neurons of the spinal cord (Stor-
netta et al., 2002b; Nakamura et al., 2004) and to neurons of the retrotrapezoid
nucleus involved in chemosensitivity (Rosin et al., 2006).

In addition to the demonstration of VGIuT?2 in adrenergic and noradrenergic
neurons, solid data also exists showing the presence of VGIuT3 in 5-HT
neurons of the raphe nuclei. A combination of immunocytochemistry to detect
tryptophan hydroxylase and in situ hybridization to detect VGIuT3 mRNA,
demonstrated that 5-HT neurons express this transporter (Fremeau et al., 2002;
Gras et al., 2002; Herzog et al., 2004). Compatible with the possibility of
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co-release of glutamate and 5-HT, VGIuT3 protein was also reported to be
highly colocalized with vesicular monoamine transporter (VMAT?2) in axon
terminals in the hippocampus of P15 rats (but less so in adults rats) (Boulland
et al., 2004). As these terminals do not express TH, they were suggested to be
serotoninergic (Boulland et al., 2004). Using confocal microscopy, it was also
demonstrated that VGIluT3-positive terminals on sympathetic preganglionic
neurons contain 5-HT, confirming their serotoninergic nature (Nakamura
et al., 2004).

The possible expression of VGluTs in DA neurons has also attracted great
interest during the last few years. An initial report used the northern blot
technique to reveal the presence of VGIuT2 mRNA in the substantia nigra
(Aihara et al., 2000). However, the cellular origin of this signal was not inves-
tigated in this initial study. VGIuT3 mRNA has also been suggested to be
present in DA neurons of the VTA and substantia nigra (Fremeau et al.,
2002). However, although VGIuT3 protein is abundantly expressed in these
nuclei in axon terminals that arise from other nuclei including the raphe
(Herzog et al., 2004), the observation of VGIuT3 mRNA in DA neurons has
not been confirmed by other groups.

To examine this question in more detail, we examined the expression of the
three VGIuTs in rat mesencephalic DA neurons in primary culture. The use of
single neuron cultures allowed the confirmation of the cellular origin of the signal
detected by immunocytochemistry. We found by double immunocytochemistry
that approximately 80% of TH-positive DA neurons selectively express the
VGIuT2 isoform (Dal Bo et al., 2004). The selectivity of this expression was
validated by single cell RT-PCR experiments, which confirmed the absence of
VGIuT! or VGIuT3 mRNA in these same cells (Dal Bo et al., 2004). This first
unequivocal demonstration of the expression of a VGIuT in DA neurons con-
firmed that VGIuT2 is the only isoform present and provided a convenient
explanation of the ability of these neurons to establish glutamatergic synapses.

However, additional studies were required to evaluate the expression profile
of VGIuTs in DA neurons in vivo. A first suggestion was made that VGIuT2-
positive cells are present in the VTA and caudal linear nucleus (CLi). Retro-
grade labelling with fluorogold applied in the prefrontal cortex, followed by in
situ hybridization against VGluT2 mRNA, showed evidence for VGIuT2
expression in VTA and CLi (Hur and Zaborszky, 2005). However, although
DA neurons are known to project to the prefrontal cortex, a limitation of this
study is that there was no demonstration that the VGluT2-expressing neurons
found were dopaminergic. Using a double in situ hybridization technique to
localize TH and VGIuT2 mRNA, we reported in 2005 the presence of double-
labeled neurons in the VTA of postnatal (P5 to P15) juvenile rat (Dal Bo et al.,
2005, Dal Bo et al., in press). The proportion of double-labeled neurons was
modest, representing approximately 1 to 2% of DA neurons in the SN and
VTA, respectively. Compatible with this initial observation, another group
used a combination of in situ hybridization against VGIuT2 mRNA and
immunocytochemistry against TH to examine VGIluT?2 expression in the ventral
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mesencephalon of adult rats (Kawano et al., 2006). Numerous double-labelled
neurons were found in the VTA, while very few were found in the substantia
nigra and retrorubral nucleus. Within the VTA, the distribution of VGIuT2-
positive DA neurons was different according the subregion examined. Areas
close to the midline such as the CLi and rostral linear nucleus (RLi), presented a
higher proportion of double-labelled neurons (21 to 53%), while parabrachial
pigmented and paranigral nuclei showed weaker proportions (3 to 5%)
(Kawano et al., 2006). VGIuT2-expressing DA neurons were also found occa-
sionally in other dopaminergic regions such as the Al1l, A13, and Al5 sub-
groups, while no such neurons were found in the A12, Al4, A16, and A17
subgroups (Kawano et al., 2006). Finally, another group also reported the
presence of VGluT2-expressing DA neurons using double in situ hybridization
(Yamaguchi et al., 2007). However, in this study, the proportion of DA neurons
expressing VGlIuT2 mRNA was reported to be very small (7 out of 6357 DA
neurons) and a large number of neurons containing VGIluT2 but not TH
mRNA was found, suggesting for the first time the presence of purely gluta-
matergic neurons in the ventral mesencephalon. The reason explaining the
different proportion of DA neurons found to contain VGIuT2 mRNA in the
three studies is unclear. However, as in situ hybridization may not be ideal to
detect mRINA present in low copy number, we re-examined this question using
single-cell RT-PCR. For this experiment, we took advantage of mice expressing
GFP under the control of the TH promoter (Sawamoto et al., 2001; Jomphe
et al., 2005), thus facilitating the identification and isolation of DA neurons.
Freshly dissociated DA neurons were thus examined in mice of different post-
natal ages. We found that at PO, 25% (17/68) of DA neurons expressed
VGLUT-2 mRNA, while this proportion decreased to 14% (8/58) at P45
(Mendez et al., 2005, Mendez et al., 2008). This higher proportion of DA
neurons containing VGIuT2 mRNA is compatible with the idea that numerous
DA neurons may contain low levels of VGIuT2 mRNA that may escape detec-
tion using in situ hybridization, perhaps leading to an under-estimation of
double-labelled neurons and an over-estimation of the number of purely glu-
tamatergic neurons. It should be pointed out that, in this study, VGIuT1 and
VGIuT3 mRNA were never detected in DA neurons confirming that DA
neurons only express the VGIuT2 subtype.

In addition to the presence of mRNA, the presence of VGIuT2 protein in
dopaminergic axon terminals was examined. Using confocal microscopy,
Kawano et al. (2006) examined the nucleus accumbens (nAcb) and reported
the presence of VGIuT2 immunoreactivity in dopaminergic axon terminals.
However, considering the limited spatial resolution of confocal microscopy
and the relative abundance of VGluT2-containing axon terminals in the stria-
tum that originate from other nuclei including the thalamus, the possibility of
false positive double-labeling could not be excluded. Only electron microscopy
has sufficient spatial resolution to confirm with a high degree of certainty the
presence of VGIuT2 protein in dopaminergic axon terminals. Using immuno-
electron microscopy and double-labelling for VGIuT2, detected with
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immunogold, and TH labelled with immunoperoxydase, we confirmed the
existence of VGluT2-containing dopaminergic axon terminals in the striatum
of P15 and P90 rats, and suggested a lower occurrence in older rats (Bérubé-
Carriere et al., 2006; Bérubé-Carriere et al., 2007).

8.7 Regulation of the Expression of Vesicular Glutamate
Transporters in Neurons

As discussed previously, while VGIuT2 protein can be found in a majority of
DA neurons in culture, only a small subset express the transporter under basal
conditions in juvenile and adult animals. This provides an indirect indication
that expression of VGIuTs in monoamine neurons and in neurons in general,
could perhaps be regulated through various signals. In fact, early evidence for
the inducibility of VGIuT expression came from the cloning of VGIuT1 and
VGIuT2. Whereas VGIuT]l, identified as BNPI was found to be upregulated in
response to subtoxic treatment of cerebellar granule cells with NMDA (Ni
et al., 1994), VGIuT2, identified as a cDNA fragment, AB20, was reported to
be upregulated under activin A/betacellulin treatment to induce neuronal-like/
neuroendocrine cell differentiation of AR42J cells (Mashima et al., 1999;
Aihara et al., 2000). Although in Drosophila it has been proposed that a single
glutamate transporter is sufficient to fill a synaptic vesicle (Daniels et al., 20006),
there is compelling evidence showing that an increase in the number of VGIuTs
per vesicle increases the amount of glutamate packaged and released by a single
vesicle (Daniels et al., 2004). Taken together with the findings that quantal
transmission does not cause saturation of glutamate receptors (Liu et al., 1999;
Yamashita et al., 2003), these findings favor the notion that modulating the
expression of VGIuTs could have an important physiological impact. In addi-
tion, up-regulation of a VGIuT in a neuron already releasing another neuro-
transmitter could in principle modify the neurotransmitter repertoire of a
neuron or be implicated in various pathophysiological mechanisms. Several
groups have therefore started to evaluate possible changes in VGIuT expression
in disease and pathological models. For example, compared to matched con-
trols, VGIuT]1 protein has been found to be elevated in the molecular layer of
the dentate gyrus in hippocampal tissue obtained from individuals diagnosed
with schizophrenia (Talbot et al., 2004). However, VGIuT1 mRNA was found
to be decreased in both hippocampus and in the dorsolateral prefrontal cortex
of schizophrenia patients in another study (Eastwood and Harrison, 2005).
Finally, another group reported that the abundance of VGIuT2 mRNA is
increased in the thalamus of schizophrenia patients (Smith et al., 2001). Evi-
dence has also been provided for alterations of VGIuT expression in Parkinson
disease (PD). Besides the clear loss of DA neurons, an imbalance between the so
called “direct” and “indirect” pathways of the basal ganglia is thought to play
an important role in the symptoms of this disease. Interestingly, the levels of
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both VGIuT1 and VGIuT?2 proteins are increased in the putamen of PD patients
whereas VGIuT1 expression is reduced in both the prefrontal and temporal
cortices (Kashani et al., 2007a). Whether this is causally related to PD or a
response to DA denervation remains uncertain. However, 6-OHDA lesion
experiments have shown no such increase of any VGIuT protein in the whole
striatum after dopaminergic denervation (Robelet et al., 2004; Chung et al.,
2006-2007). Another disease in which a modulation of VGIuT expression has
been reported is Alzheimer’s disease (AD). Whereas VGIuT1 is decreased in
both the parietal and occipital cortices in AD patients (Kirvell et al., 2006), both
VGIuT1 and VGIuT2 are decreased in the prefrontal dorsolateral cortex
(Kashani et al., 2007b). Strikingly, no changes were reported to occur in the
temporal cortex, an area that is particularly affected in AD.

VGIuT expression has also been shown to be modulated in response to
therapeutic agents such as antidepressants or antiepileptic drugs. For example,
chronic treatment of rodents with the selective 5-HT reuptake inhibitors fluox-
etine and paroxetine as well as desipramine, a norepinephrine reuptake inhibi-
tor, increased expression of VGIuT1 mRNA in the anterior cortex as well as in
the CA1l, CA3 and dentate gyrus of the hippocampus (Tordera et al., 2005;
Moutsimilli et al., 2005) with a concomitant increase in VGIuT]1 protein in the
thalamus. In the same report, the antipsychotic clozapine and the mood stabi-
lizer lithium had a moderate but significant impact on both VGluT! mRNA
and protein expression in the same areas. [t is noteworthy that these treatments
induced no robust changes in VGIuT2 or VGIuT3 mRNA levels and that the
increase in VGIuT1 expression was not present in response to acute treatments.
This later observation suggests that these changes are likely to be delayed
adaptive responses to the drug treatments. In the Mongolian gerbil model of
epilepsy, the seizure-sensitive (SS) gerbils showed a marked increased of both
VGIuT1 and VGIuT?2 proteins in the dentate gyrus of the hippocampus (Kang
et al., 2005). These increases were reduced in response to treatment with the
antiepileptic drug valproic acid, an effect that was not reproduced with vigaba-
trin, an agent that belongs to a different class (Kang et al., 2005). Similarly,
riluzole was found to reduce the elevated expression of VGIuT1 protein found
in the hippocampus of rats in the pilocarpine-induced epilepsy model (Kim
et al., 2007). Interestingly both valproic acid and riluzole are Na™® channel
blocker, therefore suggesting that decreases in neuronal firing may be involved
in the effects of these agents on VGIuT expression.

The expression of VGIuTs has also been reported to be modified under other
conditions. For example, levels of VGIuT1 and VGIuT2 have been reported
to be induced in the hippocampus of rats after hypoxic-ischemia insults
(Kim et al., 2005). Repetitive electroconvulsive shock (ECS) induces VGIuT1
mRNA expression in the cortex and dentate gyrus (Tordera et al., 2005), an
effect that is dependent on the activation of monoamines. Osmotic challenges
induced by water deprivation or salt loading also induce VGIuT2 mRNA in
neurons of the hypothalamic-neurohypophysial system (Kawasaki et al., 2005;
Kawano et al., 2006; Kawasaki et al., 2006). Finally, the expression of VGluT2
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mRNA is increased in peptide-hormone secreting cells of the adenohypophysis
of ovariectomized rats treated with estradiol or after induction of a state of
hypothyroidism (Hrabovszky et al., 2006).

As mentioned above, VGIuTs are also expressed in monoamine neurons and
examples suggesting the regulation of glutamate cotransmission in these cell
populations are beginning to be examined. In particular, in CIl adrenergic
neurons of the rostral ventral lateral medulla, an area devoted to the control
of arterial pressure, VGIuT?2 is upregulated in hydralazine-induced hypotensive
rats (Stornetta et al., 2002b). Although the increase is not exclusive of these
adrenergic neurons (because other non-TH neurons also respond to the same
stimulus by an increase in VGIuT2), two aspects of this regulatory response are
worth pointing out: (a) the up-regulation is relatively fast, since the increase in
VGIuT2 occurs within approximately 2 h after the induction of hypotension
and (b) the increase of VGIuT2 is accompanied by nuclear translocation of
c-Fos. Although the VGIuT2 promoter has not yet been characterized, a
computational analysis to identify potential transcription factor binding sites
using TFSEARCH, TRANSFAC and Matinspector reveals the presence of
putative AP-1 and CREB binding sites within the 5’ region of VGIuT2 reported
in the genebank database. It is therefore possible that after the induction of
hypotension, the baroreceptors lead to VGIuT2 up-regulation through signal
pathways involving CREB activation and subsequent AP-1 up-regulation.

Finally, we recently reported two examples of the regulation of VGIuT2
expression in mesencephalic DA neurons. When evaluating the expression of
VGIuT2 in isolated DA neurons in culture, we noted that the proportion of DA
neurons expressing VGIuT?2 increased with time (Dal Bo et al., 2004). However,
under culture conditions that allowed contact with GABAergic neurons, this
induction was not observed, thus suggesting that interaction with GABAergic
neurons normally mediates a negative regulatory signal influencing VGIuT2
expression in DA neurons (Mendez et al., 2005; Mendez et al., 2008). We have
also obtained evidence suggesting the possibility of an up-regulation of VGIluT2
expression in surviving DA neurons after a partial neonatal 6-OHDA lesion
(Dal Bo et al., 2005, Dal Bo et al., in press). Because the increase in the number
of DA neurons expressing VGIuT2 could not be simply explained by the
preferential survival of DA neurons that already expressed VGIuT2 prior to
the lesion, it is possible that the induction represented a form of neuroadaptive
derepression of the glutamatergic phenotype of DA neurons.

8.8 Conclusions and Future Directions

Although the expression of VGIuTs in monoamine neurons is now well estab-
lished, the physiological functions and implications of this ability to use glutamate
as a co-transmitter have remained elusive. Identification of the physiological
and pathological roles of such cotransmission will require approaches such
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as conditional gene targeting to prevent expression of VGIuTs in select mono-
amine neuron populations. It will also be important to understand the mole-
cular mechanisms of induction of VGIuT in monoamine and as well as in other
neuronal populations. The recent availability of transgenic mouse lines expres-
sing a bacterial artificial chromosome (BAC) vector carrying the promoter
region of VGIuTs fused to the reporter gene EGFP should prove to be
quite useful to reach this objective (Gong et al., 2003). It will also be important
to characterize in detail the promoter regions of the VGIuT1-2 and 3 genes.
Another major question that is still unanswered is whether or not the glutamate
that is coreleased by monoamine neurons in vivo is destined to mediate fast
information transfer at synapses as opposed to other slower, modulatory roles
of glutamate. Although this is likely to be extremely difficult, paired recordings
between a VGluT-expressing monoamine neuron and a target neuron in a brain
slice preparation would seem like the only way to settle this issue.
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Chapter 9
Dopamine and Serotonin Crosstalk Within
the Dopaminergic and Serotonergic Systems

Fu-Ming Zhou and John A. Dani

Abstract Dopamine (DA) and serotonin (5-hydroxytryptamine, 5-HT) fibers
broadly innervate the brain. DA transporters (DATs) and 5-HT transporters
(SERTs) determine the temporal and spatial extent of the signals, but the
transporters are not completely selective. Under circumstances that elevate
extracellular 5-HT (such as treatment with antidepressants that block
SERTSs), DATs expressed on the dense DA terminals of the striatum uptake
5-HT. Subsequently, 5-HT enters DA synaptic vesicles, and DA and 5-HT are
co-released. Circumstances also can favor DA loading into 5-HT neurons and
terminals. For example, during L-dopa treatment of Parkinson’s disease, 5S-HT
neurons uptake L-dopa that is subsequently converted to DA, leading to co-
release. DA and 5-HT neurons promiscuously uptake each other’s neurotrans-
mitter and co-release occurs under certain conditions. This process induces DA
and 5-HT co-signaling mechanisms that have important implications for neu-
ropsychiatric disorders and their treatments.

9.1 Introduction

Dopamine (DA) is synthesized from the dietary amino acid tyrosine (Fig. 9.1a). In
late 19505, it was shown that DA serves important functional roles in the basal
ganglia (Carlsson et al. 1958; Bertler and Rosengren 1959). The presence and
organization of DA neurons and their projections in the brain were established in
the early 1960 s (Carlsson 2001, 2002a,b). Using the then newly invented formalde-
hyde fluorescence method, the most important DA cell groups and their main
projections were mapped (Carlsson et al. 1962; Falck 1962; Dahlstrom and Fuxe
1964). These original findings were confirmed, extended, and refined with more
sensitive immunohistochemical methods (Bjorklund and Lindvall 1984, 1986).
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Fig. 9.1 A simplified representation of DA and 5-HT projections in the human brain.
(a) The cell bodies of the mesoforebrain dopamine system are located mainly in
the substantia nigra pars compacta (SNc, A9) and the ventral tegmental area (VTA, A10)
of the midbrain. SNc¢ dopamine neurons mainly project to the dorsal striatum, and VTA
dopamine neurons mainly project to the mesocorticolimbic areas such as the nucleus
accumbens, amygdala, and prefrontal cortex. (b) The cell bodies of the serotonin system
are located in the raphe nuclei. These serotonin neurons project to virtually all brain areas in
a relatively even manner, though some regional variation exists. From Zhou and Dani, 2006.
(See Color Plate 8)

Soon after its discovery in the basal ganglia, DA was proposed to be involved
in motor control and Parkinson’s disease (Carlsson 1959). This proposal gained
rapid support in the 1960 s from evidence that DA neurons were significantly
lost in Parkinson’s disease (see Hornykiewicz 2001, 2002). Following these
discoveries, DA replacement therapy with L-3,4-dihydroxyphenylalanine
(L-dopa, an immediate DA precursor) became the standard treatment for
Parkinson’s disease (Hornykiewicz 2001, 2002; Carlsson 2002a; Olanow
2004). Almost simultancously, it was hypothesized that the DA system was
involved in the pathophysiology and treatment of psychosis and schizophrenia
(Carlsson and Lindqvist 1963; van Rossum 1966). By the mid-1970s, the
antipsychotic drugs were found to be potent inhibitors of the DA D, class of
receptors (Seeman and Lee 1975; Creese et al. 1976; Seeman 1980). These
findings established the mesoforebrain DA system as a site of pathophysiolo-
gical changes and as a key target for treatment (Kapur and Mamo 2003; Goto
and Grace 2007; Guillin et al. 2007).

Serotonin (5-HT) is synthesized from the dietary amino acid tryptophan
(Fig. 9.1b). Its presence in the brain was discovered in the 1950 s (Twarog and
Page 1953; Pletscher et al. 1956; see Whitaker-Azmitia 1999 and Carlsson 2001
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for historical accounts). Using the formaldehyde fluorescence method, 5-HT-
containing neurons were mapped to raphe nuclei in the brainstem at the same
time DA neurons were localized in the midbrain (Carlsson et al. 1962; Dahl-
strom and Fuxe 1964; Anden et al. 1965). The broad, diffusive 5-HT projections
in the brain were revealed in greater detail in the late 1970 s using more sensitive
immunohistochemical methods (Steinbusch et al. 1978; Steinbusch 1981).

Research on brain 5-HT was also intimately related to the birth and devel-
opment of modern neuropsychopharmacology. Soon after its discovery in the
brain in the early 1950, the all 5-HT system was quickly proposed to be linked
to the behavioral calming or tranquillizing effects of reserpine that was used to
treat aspects of agitation in psychotic patients (Brodie et al. 1955; Aghajanian
and Marek 1999). Reserpine is now known to inhibit the vesicular monoamine
transporter (VMAT), thereby releasing and depleting 5-HT and other mono-
amine storage (Pletscher et al. 1956; see Yelin and Schuldiner 2002 for review).
The brain 5-HT system was shown to be a critical target of hallucinogens such
as lysergic acid diethylamide (LSD) (Woolley and Shaw 1954; Shore et al. 1955;
Pletscher et al. 1956; Aghajanian and Marek 1999). The success of selective 5-
HT reuptake inhibitors as antidepressants further demonstrates the importance
of the 5-HT system in brain functions (Wong et al. 1995, 2005; Carlsson 2001,
2002b; Baldessarini 2006; Zhou and Dani 2000).

9.2 Mesostriatal Dopamine System
9.2.1 Basic Anatomy

In mammals, the main DA cell groups are located in the midbrain. Those in the
substantia nigra (A9 group) and ventral tegmental area (A 10 group) are relatively
large and make prominent projections, and their functions are altered in brain
disorders (Grace 1991; Damier et al. 1999; Obeso et al. 2000; Hornykiewicz 2001;
Carlsson 2002a); Schultz 2002, 2007; Olanow 2004; Hyman et al. 2006; Tanaka
2006; Di Chiara and Bassareo 2007; Goto and Grace 2007; Guillin et al. 2007,
Sulzer 2007. Each side of the midbrain DA areas has about 12,000 DA neurons in
mice, around 22,000 in rats, about 240,000 in monkeys, and about 500,000 in
young humans (German and Manaye 1993; Nelson et al. 1996; Oorschot 1996;
Emborg et al. 1998; Chu et al. 2002; see Bjorklund and Lindvall 1984, 1986;
Bentivoglio and Morelli 2005; Bjorklund and Dunnett 2007 for review).
Midbrain DA neurons in the substantia nigra pars compacta (SNc) and the
ventral tegmental area (VTA) project to many targets (Fig. 9.1a), but most
densely innervate the striatum, forming the mesostriatal DA system (Bjorklund
and Lindvall 1984, 1986; Haber et al. 2000; Prensa and Parent 2001; Haber
2003; Bentivoglio and Morelli 2005; Bjorklund and Dunnett 2007). The stria-
tum is often divided into the dorsal and ventral portions. The dorsal striatum
comprises the caudate nucleus and the putamen. The ventral striatum includes
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the ventral conjunction of the caudate and putamen, the nucleus accumbens
(NAc), and portions of the olfactory tubercle. DA neurons of the VTA and in a
minor portion of the SNc also project to limbic and cortical areas (such as the
amygdala, the entorhinal cortex, and prefrontal cortex), forming the mesolim-
bocortical DA system (Bjorklund and Lindvall 1984, 1986; Haber 2003;
Bentivoglio and Morelli 2005; Bjorklund and Dunnett 2007).

Quantitative anatomical analyses have estimated that in the striatum the
average density of DA synapses or varicosities is 0.1/um’ out of the total
synapse or varicosity density of 1.2/um® (Doucet et al. 1986; Groves et al.
1994; Descarries and Mechawar 2000; Arbuthnott and Wickens 2007). The
average distance between 2 DA varicosities on a DA axon is about 4 pum
while the average nearest-neighbor distance in a volume between DA var-
icosities is 1.2 pm because of the distribution of DA varicosities arising from
different neighboring DA axons in 3D space (Arbuthnott and Wickens
2007). Because DA often spills over out of synapses or diffuses from release
sites for about 5 pm before being uptaken (Peters and Michael 2000; Cragg
and Rice 2004), such a high packing density of DA varicosities probably
ensures that each point in the striatum receives DA from multiple release
sites (Fig. 9.2).

9.2.2 DA Receptors in the Mesostriatal DA System

Molecular cloning and functional studies have identified five subtypes of DA
receptors that all couple to G-proteins (Neve and Neve 1997; Missale et al.
1998; Bentivoglio and Morelli 2005; Herve and Girault 2005; Alexander et al.

. qQ A |2au M
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Fig. 9.2 DA released measured with carbon-fiber electrodes using fast-scan cyclic
voltammetry. (a) Illustration of carbon-fiber electrode used for fast-scan cyclic voltammetry
recordings of vesicular DA release in the striatum. Not drawn to scale. (b) The trace shows
action potential-dependent spontaneous vesicular DA release recorded in the striatum using
voltammetry. Action potential-independent single DA vesicle release events (minis) are below
the detection sensitivity for voltammetry. Thus, these relatively large DA spikes arise from
synchronized release of multiple axon terminals and varicosities originating from the same
parent DA axon fibers in the vicinity of the carbon-fiber electrode. Unpublished data of Zhou
and Dani. (See Color Plate 8)
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2007). Dy and Ds subtypes display the pharmacological and physiological
properties of the original D; classification (Kebabian and Calne 1979) and
are called D;-type receptors. D,, D3, and D4 subtypes correspond to the original
D, classification and are called D,-type receptors. The D,-type receptors clas-
sically couple to Gyoir and activate adenylyl cyclase, and the D,-type receptors
couple to Gj/, and inhibit adenylyl cyclase (Kebabian and Calne 1979; Missale
et al. 1998; Neve et al. 2004; Alexander et al. 2007). Active ongoing research
continues to reveal other G-protein pathways. For instance, D-type receptors
couple to Gq and activate phospholipase C (PLC), thereby stimulating inositol
triphosphate (IP3) and diacylglycerol (DAG)-mediated signaling mechanisms
(Wang et al. 1995; Jin et al. 2001; Mannoury la Cour et al. 2007; Rashid et al.
2007a). The DA-induced depolarization in cortical interneurons and the DA-
induced increase in spiking in medium spiny neurons in the nucleus accumbens
involve co-activation of D;-type and D»-type receptors (Hopf et al. 2003; Wu
and Hablitz 2005; Inoue et al. 2007). D; and D, receptors also synergistically
activate G and stimulate a PLC-mediated Ca’" signaling mechanism (Lee
et al. 2004; Rashid et al. 2007a,b).

Within the midbrain DA regions, y-aminobutyric acid (GABA) and gluta-
mate afferent terminals express D receptors that regulate transmitter release
(Cameron and Williams 1993; Levey et al. 1993; Missale et al. 1998; Miyazaki
and Lacey 1998; Ibanez-Sandoval et al. 2006). In both rodents and primates,
including humans, DA neurons in the SNc and the VTA strongly express D,
receptors (Levey et al. 1993; Yung et al. 1995; Ariano 1997; Khan et al. 1998).
These expressed D, receptors serve as inhibitory autoreceptors that increase a
K™ conductance (Lacey et al. 1987, 1988; Lacey 1993; White 1996; Mercuri
et al. 1997; Diana and Tepper 2002).

D, and D, receptors are highly expressed in the neuronal populations in the
striatum and nucleus accumbens (Meador-Woodruff et al. 1991; Mansour et al.
1992; Levey et al. 1993; Bergson et al. 1995; Yung et al. 1995; Surmeier et al.
1996, 2007; Ariano 1997). While some evidence suggests a certain level of Dy
and D> co-expression (Aizman et al. 2000), there is general segregation among
the cell types (Gerfen 2000; Surmeier et al. 2007). For example, in rodents, the
striatopallidal medium spiny projection neurons express nearly exclusively D,
receptors, and the striatonigral medium spiny projection neurons express D,
receptors (Gerfen 1992; Surmeier et al. 1996; Gong et al. 2003; Day et al. 20006;
Gerfen 2006). D, receptors also are widely expressed on DA, glutamate, and
other afferent axon terminals in the striatum and nucleus accumbens where they
inhibit transmitter release upon activation (Hersch et al. 1995; Yung et al. 1995;
Khan et al. 1998; Missale et al. 1998; Usiello et al. 2000; Schmitz et al. 2003;
Bamford et al. 2004; Wu et al. 2006).

Acting on different types of DA receptors, DA affects neuronal activity by
regulating intrinsic membrane ion channels, neurotransmitter receptors, and
neurotransmitter release (Nicola et al. 2000; Neve et al. 2004; Surmerier et al.
2007). Generally, activation of the D;-type receptors tends to increase neuronal
excitability while activation of D,-type receptors often tends to exert the
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opposite effects (Gonon 1997; West and Grace 2002), but more complex effects
via receptor synergism are possible and more common than initially anticipated
(Hopf et al. 2003; Inoue et al. 2007; Rashid et al. 2007a,b). Activation of D
receptors enhances glutamatergic synaptic transmission by increasing the func-
tionality of glutamate receptors (Snyder et al. 2000; Dunah and Standaert 2001;
Mangiavacchi and Wolf 2004; Sun et al. 2005; Gao et al. 2006; Hallett et al.
2006). When the medium spiny neurons in the striatum and nucleus accumbens
are in the so called up-state with the membrane potential around -60 mV, D,
receptor activation increases cell excitability by concerted effects on multiple
intrinsic channels (Hernandez-Lopez et al. 2000). When the cell is in the down-
state with the membrane potential around —80 mV, D, receptor activation may
have the opposite effect on cell excitability (Hernandez-Lopez et al. 2000;
Surmeier et al. 2007). On the other hand, D, receptor activation often reduces
glutamate receptor function (Liu et al. 2006) and membrane excitability by
inhibiting Na ™ and Ca®" channels and opening K * channels that tend to keep
the cell near its resting potential (Greif et al. 1995; Lin et al. 1996; Cantrell and
Catterall 2001; Dong et al. 2004; Hu et al. 2005; Nasif et al. 2005; Perez et al.
2006; Peterson et al. 2006; Surmeier et al. 2007).

D3, Dy, and D5 receptors are also expressed in mesoforebrain areas, although
at lower levels compared with D; and D, receptors (Sokoloff et al. 1990;
Bergson et al. 1995; Surmeier et al. 1996; Ariano 1997; Ciliax et al. 2000; Diaz
et al. 2000; Khan et al. 2000; Oak et al. 2000; Wong and Van Tol 2003). D5 and
Dy, receptors often use the same signaling pathway used by D, receptors, leading
to similar cellular effects (Surmeier et al. 1996). D5 receptors induce excitation/
depolarization in striatal cholinergic interneurons and fast-spiking GABA
interneurons (Centonze et al. 2003) and in the subthalamic neurons (Baufreton
et al. 2003).

9.2.3 DA Receptor Modulation of 5-HT Neurons
and 5-HT Signaling

Anatomical studies indicate that midbrain nigral and VTA DA neurons provide
a descending innervation to the dorsal raphe nucleus (Kalen et al. 1988; Peyron
et al. 1995; Kitahama et al. 2000; Lee et al. 2005). Raphe 5-HT neurons express
D»-type receptors (Mansour et al. 1990; Suzuki et al. 1998). DA ligands that
activate D,-type receptors also increase 5-HT release (Ferre and Artigas 1993;
Ferre et al. 1994; Matsumoto et al. 1996; Pineyro and Blier 1999; Martin-Ruiz
et 2al. 2001). More recent physiological studies show that DA can also directly
excite dorsal raphe 5-HT neurons by activating D»-type receptors coupled to a
novel PLC-mediated signaling mechanism that eventually induces a mixed,
depolarizing cation current (Haj-Dahmane 2001; Aman et al. 2007).

There also are relatively scattered DA neurons in the hypothalamus and
periventricular area that form a dense local DA plexus and innervate the
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pituitary (Bjorklund and Lindvall 1986). 5-HT terminals also innervate these
brain areas, and evidence suggests that DA terminals in these brain areas cross-
uptake 5-HT via DATs (Vanhatalo and Soinila 1994, 1995, 1998).

An inherent potential for interaction between DA and 5-HT signaling arises
within the intracellular cascades of the G-protein coupled receptors. DA-
mediated signaling pathways are diverse and suggest DA and 5-HT may inter-
action along these intracellular pathways because most 5-HT receptors also are
G-protein coupled (Svenningsson et al. 2002b, 2004; Neve et al. 2004).

9.2.4 DA Transporters in the Mesostriatal DA System

Dopamine transporters (DATs) are the primary route for returning extracel-
lular DA molecules to their nerve terminals and for maintaining proper extra-
cellular DA concentration profiles (Povlock and Amara 1997; Gainetdinov
et al. 1998; Torres et al. 2003; Cragg and Rice 2004). DATs belong to a family
of plasma membrane neurotransmitter transporters that are Na™/Cl~ depen-
dent. In rodents and primates, including humans, DAT specific radioligands
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Fig. 9.3 The spatial extent of DA signals is profoundly affected by DAT-mediated reuptake.
(a) The dense expression of DATSs in the nigrostriatal DA system are revealed by DAT
antibody immunostaining. From Lewis et al. (2001) with permission. (b) Extracellular DA
signals measured by cyclic voltammetry. GBR12909 (1 pM, a DAT inhibitor) increases and
extends the extracellular DA concentration profile arising from electrically evoked vesicular
DA release (arrows), indicating the profound effect of DATs on the profile of the DA signal.
Asterisks (*) indicate spontaneous DA release. The recording carbon fiber was 10 um in
diameter and about 60 pm in length. Unpublished data of Zhou and Dani
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(Richfield 1991; Marcusson et al. 1988; Mennicken et al. 1992; Coulter et al.
1996; Chen et al. 1997) and DAT antibodies (Ciliax et al. 1995; Freed et al. 1995;
Sesack et al. 1998; Lewis et al. 2001; Sesack 2002) have revealed dense DAT
expression in the mesostriatal DA system (Fig. 9.3a). DATs are expressed on
the axons, dendrites, and cell bodies of midbrain DA neurons (Nirenberg et al.
1996; Nirenberg et al. 1997a,b; Ciliax et al. 1999), including the numerous
varicosities located along the axons (Hersch et al. 1997; Sesack et al. 1998).

Because of the high packing density of DA axons and varicosities, each point
in the striatum is endowed with adequate DAT-mediated capacity to remove
DA and to shape the DA signal spatially and temporally. By limiting the spatial
and temporal spread of DA from its release sites (Cragg and Rice 2004), DATs
help control the extent, intensity, and duration of the DA signal. Pharmacolo-
gical or genetic inactivation of DATSs drastically increases the amplitude and
prolongs the duration of the DA signal (Fig. 9.3b) and also decreases DA tissue
content (Jones et al. 1998a,b; Torres et al. 2003; Zhou et al. 2005).

9.3 Forebrain Serotonin System
9.3.1 HT Innervation

The majority of 5-HT neurons are located in the raphe nuclei, extending from
caudal midbrain to pontine tegmentum in the brainstem (Steinbusch 1981;
Wiklund et al. 1981; Leger and Wiklund 1982; Tork 1990; Baumgarten and
Grozdanovic 1997; Descarries and Mechawar 2000; Hornung 2003). In human
brainstem, there are nearly 300,000 5-HT neurons providing ascending 5-HT
fibers that innervate virtually all forebrain structures including midbrain DA
cell areas and striatal DA terminal areas (Fig. 9.1b) (Steinbusch 1981; Tork
1990; Baker et al. 1991; Jacobs and Azmitia 1992; Mrini et al. 1995; Smiley and
Goldman-Rakic 1996; Baumgarten and Grozdanovic 1997; Charara and Par-
ent 1998). The dorsal raphe nucleus contains the largest 5-HT neuron group,
numbering about 165,000 5-HT neurons in humans, that projects to the fore-
brain. The dorsal raphe nucleus is also the dominant origin of the mesostriatal
5-HT innervation (Azmitia and Segal 1978; Moore et al. 1978; Okumura et al.
2000). In contrast to the mesoforebrain DA system, which more densely inner-
vates the striatum than any other brain area, the 5-HT innervation in the brain
is diffuse and relatively more evenly distributed, though variations in density
exist among different brain areas. There is also a descending 5-HT projection to
the brainstem and spinal cord that regulates spinal neurons and is important for
functions such as respiration, motor control, ejaculation, and pain (Garraway
et al. 2001; de Jong et al. 2006; Paterson et al. 2006; Lopez-Garcia 2006; Zhong
et al. 20006).

Like DA neurons, 5-HT neurons often fire spontaneous action potentials
with a tonic frequency of a few Hz (Jacobs and Azmitia 1992). The firing
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frequency of 5-HT neurons is influenced by 5-HT,;4 autoreceptors and by
synaptic inputs from cortical areas, DA areas, the locus ceruleus, and local
GABAergic interneurons (Pineyro and Blier 1999; Stamford et al. 2000).

Quantitative ultrastructural studies have estimated 5-HT terminal density in
mesostriatal DA areas in mammalian animals (Mori et al. 1985, 1987; Lavoie
and Parent 1990). In the rat, the density of 5-HT axonal varicosities is about 9 x
10°/mm? in the SN pars reticulata (SNr) and is about 6 x 10°/mm? in the SNc
(Herve et al. 1987; Moukhles et al. 1997). In the striatum, the mean density is
around 3 x 10° varicosities/mm? with the ventro-medial striatum having a
higher density than the dorsal striatum (Soghomonian et al. 1987; Descarries
and Mechawar 2000; Baumgarten and Grozdanovic 1997). The globus pallidus
has 4.5 x10° 5-HT varicosities/mm?. On average, the ratio of 5-HT terminals to
DA terminals in the striatum is about 1:20 (Feuerstein et al. 1986; Baumgarten
and Grozdanovic 1997; Descarries and Mechawar 2000; Zhou et al. 2005).

In these DA areas, 5-HT axon terminals form both synaptic and non-synaptic
contacts (Van Bockstaele et al. 1994, 1996; Moukhles et al. 1997; Okumura et al.
2000). In SNc, 5-HT axonal terminals make both synaptic and non-synaptic
contacts with DA neurons whereas they make mostly synaptic contacts with
GABA neurons in SNr (Moukhles et al. 1997). In the VTA, 5-HT axon terminals
are in close contact with somata and large dendrites of DA neurons (Van
Bockstaele et al. 1994). In the rat nucleus accumbens, 5-HT terminals are in
apposition to DA axon terminals (Van Bockstacle and Pickel 1993). 5-HT
terminals are also in close contact with the dendrites and axon terminals of
striatal GABA neurons, striatal cholinergic neurons, and presumed glutamater-
gic synapses on striatal neurons (Van Bockstaele et al. 1996; Okumura et al.
2000). These synaptic and non-synaptic contacts between DA and 5-HT term-
inals provide an anatomical basis for the two systems to interact with each other.

9.3.2 5-HT Transporters

After 5-HT is released from 5-HT axon terminals, serotonin transporters
(SERTs) normally return 5-HT from the extracellular space back into their
nerve terminals, thereby, regulating the spatial and temporal profile of extra-
cellular 5-HT signaling (Bunin and Wightman 1998; Torres et al. 2003).
SERTs reuptake 5S-HT with a Km of approximately 100 nM in synaptosomes
or brain slices (Shaskan and Snyder 1970; O’Reilly and Reith 1988; Wong
etal. 1995). Cloned SERTs take up 5-HT with a Km of approximately 500 nM
(Ramamoorthy et al. 1993; Miller et al. 2001). Like the 5-HT innervation in
the brain, SERT expression in the striatum is far less dense than DAT
expression (Nirenberg et al. 1996, 1997a; Sur et al. 1996; Chen and Reith
1997; Pickel and Chan 1999). Consistent with the 5-HT innervation, SERT
expression in the striatum is rather diffuse and evenly distributed (Coulter
et al. 1996; Chen et al. 1997; Nirenberg et al. 1996; Nirenberg et al. 1997a;
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Pickel and Chan 1999). SERTs are present on 5-HT neuron somata, dendrites,
axons, and axon terminals but not on DA neurons (Pickel and Chan 1999).

9.3.3 5-HT Receptors

Over a dozen 5-HT receptor subtypes have been identified (Barnes and Sharp
1999; Hoyer et al. 2002; Bockaert et al. 2006; Alexander et al. 2007). All 5-HT
receptors except the 5-HT; receptor are G protein-coupled receptors. Activa-
tion of 5-HT, receptors may decrease the formation of cyclic adenosine mono-
phosphate (cAMP). cAMP, via the protein kinase A (PKA) system, may
decrease the activities of ion channels, synaptic vesicle release, and neuronal
excitability (Greengard 2001; Hilfiker et al. 2001; Laurent et al. 2002). 5-HT 4,
5-HT;g, 5-HTp, 5-HT g, 5-HT,, and 5-HTs are G;j,,-coupled receptors and
generally inhibit neuronal activity and neurotransmitter release. 5-HT;, and
5-HT,p receptors often serve as autoreceptors on 5-HT cell body and terminals
while 5-HT;p receptor may presynaptically inhibit glutamate release
(Muramatsu et al. 1998; Morikawa et al. 2000; Laurent et al. 2002; Seeburg
et al. 2004) probably by inhibiting Ca®>* channels on the presynaptic terminals
(Mizutani et al. 2006). 5-HT; receptor activation may also inhibit GABA
release (Cameron and Williams 1994; Bramley et al. 2005). 5-HT,4, 5-HTg, and
5-HT; receptors are Gg-coupled receptors and generally enhance neuronal
excitability/activity and neurotransmitter release (Barnes and Sharp 1999;
Xiang et al. 2005). 5-HT,a, 5-HT»,p, and 5-HT,¢ receptors are coupled to
Gg11 and activate phospholipase C (PLC), generating inositol phosphates
(IP) and diacylglycerol (DAG). These pathways then increase intracellular Ca
signaling, neuronal activity and neurotransmitter release (Zhou and Hablitz
1999; Lambe and Aghajanian 2001; Puig et al. 2003; Fink and G6thert 2007).

5-HTj; receptors (including 5-HT34, 5-HT3, and 5-HT;c¢) are the only 5-HT
receptors directly coupled to a cation channel permeable to Na™, K" and Ca*™",
causing fast membrane depolarization and excitation (Barnes and Sharp 1999;
Zhou and Hablitz 1999; van Hooft and Vijverberg 2000; van Hooft and Yakel
2003). 5-HTj3 receptor expression level is relatively low in the entire forebrain
including the mesostriatal DA system, although they are often selectively
expressed at high levels in forebrain GABA interneurons (Morales et al. 1998;
Zhou and Hablitz 1999; Ferezou et al. 2002; van Hooft and Yakel 2003).

9.3.4 5-HT Receptor Modulation of DA Neurons in the Midbrain

In midbrain DA areas, 5-HT, type receptors are the best studied. VTA DA and
GABA neurons express 5-HT, 4 receptors that mediate a modest depolarization
(Pessia et al. 1994; Doherty and Pickel 2000; Nocjar et al. 2002) that increases
DA neuron activity and DA release. 5-HT», 4 receptor activationin VTA GABA
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neurons may indirectly inhibit DA neuron activity (Tepper et al. 1995; Esposito
2006; Invernizzi et al. 2007), creating another layer of complexity within the
DA-5-HT interaction.

5-HT,c receptor expression is relatively high in the mesostriatal DA system.
5-HT,c receptors are found in neurons within the midbrain DA centers (Eberle-
Wang et al. 1997; Clemett et al. 2000; Lopez-Gimenez et al. 2001; Giorgetti and
Tecott 2004; Bubar and Cunningham 2007). Consistent with these anatomical
studies, electrophysiological experiments have found that 5-HT,c receptor
activation can strongly activate midbrain GABA neurons and consequently
inhibit DA neurons (Rick et al. 1995; Stanford and Lacey 1996; Di Matteo et al.
2001; De Deurwaerdere and Spampinato 1999; Di Giovanni et al. 1999, 2001,
2006; Olijslagers et al. 2004). Blocking 5-HT,c receptors may enhance DA
neuron activity and increase DA release (Di Matteo et al. 2001; Esposito
2006). Therefore, 5-HT may inhibit DA neurons in the midbrain whereas
5-HT,c antagonists activate the mesoforebrain DA system (Invernizzi et al.
2007). Consequently, selective serotonin reuptake inhibitors (SSRIs) can influ-
ence VTA DA neuron activity by increasing extracellular 5-HT levels (Prisco
and Esposito 1995; Di Matteo et al. 2001; Esposito 2006).

9.3.5 5-HT Receptor Modulation of the Striatal Neurons

Neuronal populations in the dorsal striatum and nucleus accumbens express
multiple types of 5-HT receptors. In rat NAc, 5-HT inhibits synaptic glutama-
tergic inputs to medium spiny neurons via presynaptic 5-HT;pg receptors,
located most likely on glutamate afferent terminals from cortical and limbic
areas (Muramatsu et al. 1998; Morikawa et al. 2000). Histochemical studies
indicate that 5-HT, receptors are expressed in striatal medium spiny neurons
and possibly also on cortical and pallidal afferent terminals in the striatum
(Cornea-Hebert et al. 1999; Rodriguez et al. 1999; Bubser et al. 2001; Bockaert
et al. 2006). Activation of 5-HT> receptors causes a depolarization by decreas-
ing a potassium conductance in rat NAc medium spiny neurons (North and
Uchimura 1989). Recent electrophysiological and single cell RT-PCR studies
indicate that 5-HT may excite striatal cholinergic interneurons via 5-HT,c,
5-HTg, and 5-HT5 receptors (Blomeley and Bracci 2005; Bonsi et al. 2007).
Because the striatal cholinergic interneurons tonically affect DA release via
presynaptic nAChRs (Zhou et al. 2001; Rice and Cragg 2004), 5-HT excitation
of striatal ACh interneurons may also indirectly alter DA release.

Studies using in situ hybridization, immunostaining and radioligand binding
all indicated that expression of 5-HTj3 receptors is relatively low in the striatum
in rodents and humans (Kilpatrick et al. 1987; Waeber et al. 1988; Laporte et al.
1992; Tecott et al. 1993; Morales et al. 1998; Chameau and van Hooft 2006).
Experimental lesion of the nigrostriatal DA pathway does not affect 5-HT;
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receptors in the striatum, indicating that the majority of 5-HTj; receptors are
not on the mesostriatal DA axon terminals (Kidd et al. 1993). In human basal
ganglia, 5-HTj; receptor expression is reduced in Huntington’s disease but not
by Parkinson’s disease, indicating that 5-HT; receptors are likely to be
expressed on striatal spiny projection neurons (Steward et al. 1993). Functional
studies indicate that 5-HT increases intra-terminal Ca®>" via 5-HTj receptor
activation (Nichols and Mollard 1996; Nayak et al. 1999).

Relatively high densities of 5-HT, binding sites are found in the striatum, the
globus pallidus, and SN in human, mouse, rat and guinea pig brains (Waeber
et al. 1993, 1996). Based on ligand binding data combined with mRNA mea-
surement and selective lesion, 5-HT, receptors are expressed on the soma and
axon terminals of striatal projection neurons, but not on DA neurons or DA
terminals (Patel et al. 1995; Vilaro et al. 2005). 5-HT,4 receptors increase
intracellular cAMP levels (Barnes and Sharp 1999; Hoyer et al. 2002). Activa-
tion of 5-HTy receptors and 5-HTg receptors contributes to fluoxetine’s anti-
depressant effects by altering the phosphorylation states of brain DARPP-32
(dopamine and cAMP-regulated phosphoprotein, 32 kDa, a protein phospha-
tase-1 inhibitor), a key player in DA signaling pathways (Greengard 2001;
Svenningsson et al. 2002a,b, 2003, 2004, 2007). DARPP-32-mediated mechan-
isms can regulate membrane excitability, neurotransmitter release, and recep-
tor/ion channel functionality.

9.4 Dopamine and Serotonin Co-Transmission
9.4.1 DA Transporter as a Low Efficiency 5-HT Uptake Route

The reuptake transporters for monoamine neurotransmitters are not perfectly
selective. For example, DA and norepinephrine are taken up by both the
norepinephrine transporter and the DAT, with the norepinephrine transporter
having a higher affinity for DA than for norepinephrine (Masson et al. 1999;
Stanford 1999; Torres et al. 2003). DATs also have a low affinity for 5-HT that
isabout 1/15 of its affinity for DA (Shaskan and Snyder 1970; Giros et al. 1991;
Pristupa et al. 1994; Eshleman et al. 1999). Because DATs vastly outnumber
SERTs in the striatum, DATs have opportunities to uptake 5-HT. Because
5-HT is stored in synaptic vesicles at concentrations as high as 270 mM (Bruns
et al. 2000), 5-HT at release sites can far exceed the concentration necessary for
uptake by DATs. Since there is no extracellular enzyme to degrade 5-HT, as
5-HT spreads by diffusion, various transporters uptake 5-HT until the concen-
tration falls sufficiently low to prevent further reuptake by each transport type
(Jones et al. 1998; Sora et al. 2001; Torres et al. 2003; Shen et al. 2004). Given
the close anatomical apposition of DA terminals and 5-HT terminals in the
striatum, the extremely dense striatal DA terminals coupled with the relatively
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low selectivity of DATs produces a situation that enables crosstalk between the
DA and 5-HT neurotransmitter systems.

Experimental or biological circumstances that elevate extracellular 5-HT
favor DAT uptake of 5-HT, especially in the striatum where there is an excep-
tionally high density of DATS. Genetic deletion of SERTs or monoamine
oxidase A (a cytoplasmic enzyme that degrades monoamine neurotransmitters
such as 5-HT) causes DAT-mediated 5-HT transport into DA neurons and
terminals (Cases et al. 1998; Zhou et al. 2002; Mossner et al. 2006). Direct
elevation of 5-HT in mouse brain slices also causes 5-HT to be transported into
DA terminals (Zhou et al. 2005). In mice and rats, particularly during early
postnatal developmental, chronic in vivo SSRI treatment induces slow DAT-
mediated 5-HT uptake into midbrain DA neurons and into striatal DA term-
inals, where 5-HT is then taken into DA vesicles (Cases et al. 1998; Zhou et al.
2002; Zhou et al. 2005). The plasma membrane DAT transports DA and some
elevated extracellular 5-HT into the cytoplasm of the striatal DA terminals.
Then, the non-selective vesicular monoamine transporter-2 (VMAT2), which
has similar affinities for DA and 5-HT and is located in the synaptic vesicle
membrane (Yelin and Schuldiner 2002), transports both DA and 5-HT into the
DA vesicles. Because DATs are not highly selective and they are at a high
density, particular circumstances (such as SSRI treatment) favors some co-
localization of 5-HT in DA synaptic vesicles (Zhou et al. 2005).

9.4.2 5-HT Enters DA neurons and DA Terminals

Several studies indicate that in both mice and rats, particularly in their early
postnatal developmental stage, chronic SSRI treatment induces DAT-mediated
5-HT uptake into midbrain DA cell bodies (Fig. 9.4a,b) and into striatal DA
terminals (Cases et al. 1998; Zhou et al. 2002; Zhou et al. 2005; Mossner et al.
2006). Genetic deletion of SERT results in stronger DAT-mediated ectopic
5-HT localization into DA neurons (Zhou et al. 2002). Elevating the extracel-
lular 5-HT level by inhibiting or genetically deleting monoamine oxidase A
(MAOA) also leads to DAT uptake of 5-HT into DA neurons and terminals
(Cases et al. 1998). These findings are particularly interesting because disrupted
5-HT signaling after MAOA and/or SERT inhibition leads to significant neu-
rodevelopment abnormalities (Vitalis et al. 1998; Boylan et al. 2000; Gaspar
et al. 2003; Xu et al. 2004).

Antidepressants that are selective serotonin reuptake inhibitors (SSRIs)
elevate extracellular 5-HT and alter the temporal and spatial relationship
between DA and 5-HT signaling in the striatum. Antibodies against tyrosine
hydroxylase (TH, an enzyme for DA synthesis in the striatum) and against
S5-HT were used to visualize DA and 5-HT co-localization in striatal axon
terminals (Fig. 9.4c-¢). Under normal conditions, the modest number of 5-HT
terminals (Fig. 9.4c, red, control 5-HT label) and the dense DA terminals
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Fig. 9.4 5-HT enters DA neuron somata and axon terminals. (a) Under normal condition,
5-HT-immunostained fibers but not cell bodies are seen in the SNc. (b) Treatment of animals
with paroxetine, a commonly used SSRI antidepressant, induces 5-HT accumulation in DA
neurons in SNc in mice. From Zhou FC et al. (2002) with permission. (¢) In striatal brain slices
under control conditions, 5-HT axon terminals as detected by anti-5-HT antibody are
relatively sparse (red, C1), and DA terminals as detected by anti-tyrosine hydroxylase (TH)
antibody are dense (green, C2). The DA and 5-HT terminals generally do not overlap (absence
of yellow, C3). (d) Incubation of striatal brain slices with 5-HT (2 uM) increases the number of
S-HT-positive terminals (red, D1), and DA terminals are relatively unchanged (green, D2).
Most of the 5-HT-positive terminals coincide with DA terminals (yellow, D3), suggesting that
DA terminals in this case also contain 5-HT. (e) Pretreatment with the DAT inhibitor,
GBR12909 (1 uM), blocks the effect of 5-HT (2uM). 5-HT terminals remain sparse (red,
El), DA terminals are dense and unchanged (green, E2), and the 5-HT-positive terminals
rarely coincide with TH-positive terminals (yellow, E3). Scale bar = 10 um. (f) A control trace
showing small spontaneous voltammetric release events and two large electrically stimulated
events. The scale bars are 1 uM DA and 30s. Time t1 indicates the peak of the signal. At time
t2, 4 s after the peak, the signal is small but still detectable. The two voltammograms (below)
from t1 and t2 are typical DA voltammograms with the oxidation peak near 500 mV and the
reduction peak near —230 mV (dotted vertical lines). The y-axis of the voltammograms varies,
and is labeled for comparison in nA. (g) In the presence of 5-HT (2 pM) after subtracting off
the 5-HT background, both the spontaneous and evoked events are larger and longer lasting
than in the control case. The voltammogram from tl is a mixed DA/5-HT voltammogram
with a broad reduction peak from -230 mV (DA, dotted vertical line) to —30 mV (near
S5-HT&#x2019;s reduction peak), whereas the voltammogram from t2 is a predominantly
5-HT voltammogram with a reduction peak at =30 mV. (1) and (b) are from Zhou FC et al.
2002 with permission. (c-g) are from Zhou et al. 2005 with permission. (See Color Plate 9)
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(Fig. 9.4c, green, control TH label) are next to each other, but they do not
generally overlap even in 2-dimensional images (Fig. 9.4c, overlay) (Descarries
and Mechawar 2000; Zhou et al. 2005). When the external 5-HT concentration
is increased, the number of 5-HT positive terminals increase (Fig. 9.4d, red,
5-HT, left), but the number of TH-positive (i.e., DA terminals) remains rela-
tively constant (Fig. 9.4d, green, middle). When 5-HT is elevated, the majority
(~80%) of the 5-HT and DA terminals overlap with each other (Fig. 9.4d,
yellow, right). With the DATs inhibited (by GBR12909), elevated 5-HT does
not increase the number of 5-HT-positive terminals (Fig. 9.4e). The result
suggests that when extracellular 5-HT is elevated, then 5-HT enters striatal
DA terminals, filling DA vesicles with both DA and 5-HT. Because DA
terminals do not express 5-HT transporters (Pickel and Chan 1999), these
results indicate that DATs uptake 5-HT into striatal DA terminals when extra-
cellular 5-HT is elevated.

The imaging results are supported by quantitative high performance liquid
chromatography (HPLC) results using tissue from striatal brain slices. Elevat-
ing the extracellular 5-HT level increases 5-HT content but decreases DA
content in a DAT-dependent manner (Zhou et al. 2005). The content of the
DA metabolite, DOPAC, is also increased. These results independently indicate
that elevated 5-HT is taken up into DA terminals, thereby, displacing DA
slightly from DA vesicles. This process increases DA outside of DA vesicles,
which leads to more breakdown by monoamine oxidases and increases the
concentration of DOPAC. HPLC analysis also detects a small GBR12909-
sensitive DAT-dependent 5-HT component in the striatum after prolonged
chronic treatment with fluoxetine in vivo, indicating an ectopic 5-HT in DA
terminals (Zhou et al. 2005).

9.4.3 Vesicular Co-release of DA and 5-HT firom Striatal DA
Terminals

Recent evidence indicates that after chronic SSRI treatment, a small proportion
of 5-HT is released together with DA from DA terminals. Fast-scan cyclic
voltammetry was used to identify DA and 5-HT based on their respective
oxidation-reduction profiles (or voltammograms) (Stamford et al. 1990;
Jackson and Wightman 1995; Bunin and Wightman 1998; Zhou et al. 2001,
2005). Measured with a carbon-fiber microelectrode, the distinct voltammo-
grams of DA and 5-HT are particularly different near their reduction minima,
which is near —250 mV (20 to —280 mV) for DA and is near —30 mV (0 to
—50 mV) for 5-HT.

Under control conditions, both spontaneous and electrically evoked DA
release events are detected by voltammetry (Fig. 9.4f). A 5-HT component is
undetectable under normal conditions because the 5-HT content is very low,
and the physiologically released 5-HT is below the level of detection. When
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extracellular 5-HT level is elevated, spontaneous and electrically evoked vol-
tammetric signals contained both a DA and 5-HT component as indicated by
the voltammograms (Fig. 9.4 g). Furthermore, in elevated 5-HT, the DA
component is reduced, and the decay of the signals becomes much prolonged.
At the peak of the response (tl), the signal is a mixture of DA and 5-HT,
showing an extended reduction peak (from —30 to —250) in the voltammogram.
The DA component is significantly decreased compared to the control, but the
5-HT concentration increases drastically. Four seconds after the maximum (t2),
a 5-HT signal is practically the only component. This finding is consistent with
the more rapid re-uptake of DA by the DATSs and slower clearance of 5-HT
from the carbon fiber when compared to DA. The 5-HT component is also
completely prevented by blocking DATs with GBR12909, further confirming
that DAT-mediated uptake of 5-HT into DA terminals is required for the
vesicular release of 5-HT with DA.

In addition to the stimulation-evoked vesicular DA release, spontaneous
vesicular DA release also contains a 5-HT component after the extracellular
S5-HT level is elevated (Fig. 9.4f,g). Under control condition, there are small,
spontaneous, fast DA release spikes indicated by the characteristic DA voltam-
mogram (Fig. 9.4f). After extracellular 5-HT Ilevel is elevated, there are more
detectable small release events. In all of the events analyzed, the rising phase and
the maximum of these spontaneous events are mixed signals of both DA and
5-HT (Fig. 9.4 g). The later falling phase of the events, however, is predomi-
nantly 5-HT with only a small DA component. Four seconds after the max-
imum response, only the 5-HT component is detectable. These results indicate
that DA and 5-HT are being released together, and that there is more rapid re-
uptake of DA by DATs and more rapid clearance of DA than 5-HT from the
carbon-fiber microelectrode. The evidence indicates 5-HT and DA are being
released from the same terminals because all the spontaneous events have both
DA and 5-HT components.

Antidepressants such as fluoxetine are selective serotonin re-uptake inhibi-
tors (SSRIs) that prolong and elevate the extracellular 5-HT (Wong et al. 1995,
2005; Knobelman et al. 2000; Smith et al. 2000). Increasing the extracellular
5-HT level in vivo with chronic SSRI treatment also induces a small 5-HT
component in DA release events that is sensitive to DAT inhibition (Zhou et al.
2005), indicating that during SSRI treatment a portion of released 5-HT is
taken up into DA terminals and then released together with DA (Fig. 9.5).

Based on above discussion, an interesting scenario emerges. Normally 5-HT
is efficiently recycled into 5-HT terminals by 5-HT transporters (Fig. 9.5a).
When patients take fluoxetine (Prozac) and inhibit 5-HT re-uptake into 5-HT
terminals (Wong et al. 1995, 2005), DATs have a greater opportunity to uptake
5-HT into DA cell bodies and terminals (especially in the striatum when there is
a high density of DATSs) (Cases et al. 1998; Zhou et al. 2002; Zhou et al. 2005).
When SSRIs block 5-HT transporters, the extracellular 5-HT level is elevated.
It remains in the extracellular space longer and diffuses farther. Under those
conditions, the striatal DATs are able to re-uptake significant amounts of 5-HT
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Fig. 9.5 Schematic, didactic representation of the hypothesized DAT-dependent 5-HT
accumulation into striatal DA terminals after chronic SSRI antidepressant treatment.
(a) Under normal conditions when the 5-HT transporters (SERTs) are functional, the
released 5-HT molecules (red dots) are efficiently taken back into 5-HT terminals.
Consequently, the extracellular 5-HT concentration remains low. DATs on DA terminals
have little chance to uptake 5-HT. (b) DATs may uptake a portion of endogenously released
5-HT into DA terminals when the extracellular 5-HT concentration is elevated after the
SERTs are inhibited by SSRIs. Once inside the DA terminals, 5-HT is further sequestered
into DA terminals through the vesicular monoamine transporter (VMAT), which has similar
affinity for DA and 5-HT. Subsequently, 5-HT partially displaces DA (black dots) from DA
vesicles, and the two neurotransmitters are co-released. From Zhou et al. 2005 with permission.
(See Color Plate 10)

into DA terminals (Fig. 9.5b). This process likely proceeds slowly during SSRI
treatment of patients, possibly contributing to the many days of SSRI treatment
often required before achieving anxiolytic benefits (Nemeroff and Owens 2002;
Baldessarini 2006; Zhou and Dani 2006).

9.4.4 DA in 5-HT Neurons and Terminals during L-dopa
Treatment

While some circumstances favor 5-HT uptake into DA neurons and terminals,
other conditions favor accumulation of DA in 5-HT terminals. Parkinson’s disease
(PD) is commonly treated with the DA precursor, L-3,4-dihydroxyphenylalanine
(L-dopa) that commonly reaches high blood concentrations (10-20 uM) (Olanow
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2004; Olanow et al. 2006). During PD, however, many DA neurons and their
terminals have degenerated, limiting the potential for L-dope uptake. Under those
conditions, L-dopa becomes available to other aromatic amino acid transporters,
such as those on 5-HT neurons and terminals (Arai et al. 1996; Miller and
Abercrombie 1999; Mura et al. 2000; Lopez-Real et al. 2003; Maeda et al. 2005).
Once inside the 5-HT neurons and terminals, aromatic L-amino acid
decarboxylase (AADC) catalyzes L-dopa to DA (Fig. 9.6) (Arai et al. 1995,
1996; Mura et al. 2000; Lopez-Real et al. 2003; Yamada et al. 2007). AADC,
which is normally present in DA and 5-HT neurons, converts L-dopa and
S-hydroxytryptophan to DA and 5-HT, respectively. In a 6-hydroxydopamine
(6-OHDA, a DA neuron toxin)-lesioned rats, L-dopa administration induced
DA-immunoreactivity in 5-HT axon terminals of the striatum and SN reticu-
lata (Yamada et al. 2007). The relatively high density of 5-HT terminals in the
SN reticulata, a key basal ganglia output nucleus, makes L-dopa conversion to
DA in 5-HT terminals particularly significant. This process is also enhanced by
the 5-HT hyper-innervation that occurs in the striatum after DA denervation
(Kostrzewa et al. 1998; Maeda et al. 2003, 2005; Brown and Gerfen 2006).
DA synthesized from L-dopa in 5-HT neurons is probably sequestered into
5-HT vesicles and co-released with 5-HT. Evidence indicates that after release
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Fig.9.6 DA in 5-HT neurons of the raphe. (a) Dorsal raphe 5-HT neurons immunostained with
anti-5-HT antibody in a 6-hydroxydopamine (6-OHDA, a DA neuron toxin) lesioned rat. (b)
Only a few DA terminals are revealed by an anti-DA antibody in the raphe area in the same
section as in (A). (¢) Superimposition of (A) and (B) shows no co-localization of 5-HT and DA-
containing processes. (d) Dorsal raphe 5-HT neurons immunostained with anti-5-HT antibody
in a 6-OHDA-lesioned rat treated with L-Dopa and carbidopa. () DA-containing neurons in
the same section as in (D) revealed by an anti-DA antibody. (f) Superimposition of (D) and (E)
shows that in addition to intrinsic DA terminals, DA co-localizes within raphe 5-HT neurons.
The results indicate that L-dopa enters 5-HT neurons and, then, is converted to DA in 5-HT
neurons. From Yamada et al. (2007) with permission. Scale bar = 10 pm. (See Color Plate 11)
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into the extracellular space, this ectopically synthesized DA may also be upta-
ken by SERTs into 5-HT terminals. Indeed, fluoxetine, a selective SERT
inhibitor, increases the L-dopa-derived extracellular DA level in the striatum
after DA denervation, presumably by inhibiting SERT-mediated DA uptake
(Tanaka et al. 1999; Kannari et al. 2006).

9.4.5 DA and 5-HT Co-signaling and Parkinson’s Disease

The key pathology of Parkinson’s disease (PD) is progressive degeneration of the
midbrain DA neurons, particularly those in the substantia nigra pars compacta
(SNc). The DA neuron loss disrupts DA signaling in the basal ganglia and alters
the normal operation of the motor control circuit (Albin et al. 1989; Alexander
and Crutcher 1990; Damier et al. 1999; Hornykiewicz 2001; Chan et al. 2007,
DeLong and Wichmann 2007). As described above, DA replacement therapy
supplies L-dopa that is then converted to DA mainly in DA neurons, but 5-HT
neurons also uptake L-dopa and convert it to DA (Fig. 9.6) (Arai et al. 1995,
1996; Mura et al. 2000; Lopez-Real et al. 2003; Yamada et al. 2007). In addition,
under conditions of elevated DA, 5-HT neurons may also uptake DA via SERTs
(Tanaka et al. 1999). Functionally, ectopic DA release from 5-HT terminals may
compensate partially for the loss of DA terminals during Parkinson’s disease
(Brotchie 2005; Cenci and Lundblad 2006; Cenci 2007). This scenario is made
more plausible because of the development of supersensitive DA receptors after
DA denervation (Miller and Abercrombie 1999; Gerfen 2003). However, recent
studies also suggest that DA release from 5-HT terminals after L-dopa treatment
in a rat model of PD may contribute to L-dopa-induced dyskinesia (Carlsson
et al. 2007; Carta et al. 2007). It is likely that release patterns and release
regulation are different at DA terminals and 5-HT terminals.

Other changes occur during PD within these interacting neurotransmitter
systems. Degeneration of the DA system alters the expression and function of
5-HT receptor subtypes differently in different brain areas. For example, DA
neuron lesions increased 5-HT,A receptor expression but decreased 5-HT,c
receptor expression in the striatum (Chu et al. 2004; Zhang et al. 2007).
L-dopa treatment prevented the 5-HT,a over-expression. These and other
forms of crosstalk within the DA and 5-HT systems may be significant in the
pathophysiology and treatment of Parkinson’s disease.

9.4.6 DA and 5-HT Co-signaling at the Single Cell Level

Many neuronal types in the mesostriatal DA system express both DA and 5-HT
receptors (Bonsi et al. 2007; Pisani et al. 2007; Surmeier et al. 2007). Thus, when
there is DA and 5-HT co-released, the potential exists for interactions between
DA and 5-HT signaling pathways. Some of these DA and 5-HT receptors share
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common intracellular signaling components and couple to common effectors,
such as ion channels and intracellular Ca®* (Hoyer et al. 2002; Svenningsson
et al. 2002b, 2004; Neve et al. 2004; Bockaert et al. 2006). DA and 5-HT co-
localization and consequent co-release alter the timing, location, intensity, and
interaction of 5-HT and DA signaling cascades that influence neuronal circuits
in ways not achieved through DA or 5-HT signaling alone. In summary,
additive, synergistic, or opposing interactions may occur via DA and 5-HT
intracellular signaling components and the final effectors.

9.4.7 DA and 5-HT Co-signaling and Serotonin Syndrome

When an SSRI, momoamine oxidase inhiditor (MAOI), 5-HT agonist, or diet-
ary 5-HT precursor tryptophan or a tricyclic antidepressant are used in combi-
nations or the gap between their use is not long enough, an abnormally high
brain 5-HT level or hyper-serotonergic state may be induced, leading to the so
called serotonin syndrome (Sternbach 1991; Boyer and Shannon 2005; Gillman
2006). Symptoms include hyperthermia, diaphoresis, excitement or confusion,
hyper-reflex, hypotension, and tremor and muscle rigidity. In severe cases, loss
of consciousness and death may occur.

With increased extracellular 5-HT levels and SERTs inhibited by SSRIs,
DAT uptake of 5-HT into DA neurons is likely, particularly in the striatum,
substantia nigra pars reticulata (SNr), and hypothalamus where there are dense
DA terminals juxtaposed with 5-HT terminals. When excess 5-HT precursor,
S-hydroxytryptophan (5-HTP), is available, DA neurons may also uptake
5-HTP and convert it to 5-HT. Once inside the DA neuron, 5-HT, obtained
via uptake or 5-HTP conversion, is sequestered in DA vesicles. This process
may lead to increased tissue 5-HT content and decreased tissue DA content
(Bedard and Pycock 1977; Shioda et al. 2004; Izumi et al. 2006). Indeed,
spontaneous and evoked DA and 5-HT vesicular co-release from DA terminals
also occurs in the striatum and possibly in other brain areas with converging
DA and 5-HT innervation after 5-HTP loading (Stamford et al. 1990; Jackson
and Wightman 1995). The ectopic 5-HT accumulation in DA neurons and
terminals and subsequent alterations in DA and 5-HT signaling may contribute
to the clinical symptoms.

9.5 Summary

Although DA and 5-HT co-transmission is likely to be minimal in general,
circumstances can favor co-release from either DA or 5-HT terminals. During
SSRI antidepressant treatment, 5-HT reuptake by SERTs is inhibited, elevating
and prolonging extracellular 5-HT concentrations. The elevated extracellular
5-HT becomes more readily available to the relatively non-selective DATS,
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which then transport some 5-HT into DA terminals. This process is strongest in
the striatum, where DATSs are at a very high density and in close proximity to
S5-HT release sites. 5-HT then competes with DA for DAT, VMAT?2, and
intravesicular space that may lead to functional changes in the DA system.

During L-dopa treatment of Parkinson’s disease, 5-HT neurons may uptake
L-dopa and convert it to DA, leading to co-release of DA with intrinsic 5-HT.
The cross uptake and co-release may partly compensate for the loss of DA
terminals and contribute to the therapeutic mechanisms and/or side effects of L-
dopa treatment.

These occasions of DA and 5-HT co-release influence inherent on-going DA
and 5-HT signaling interactions that arise from innervation and receptor loca-
lization within these systems. For example, midbrain DA neurons innervate
and influence raphe 5-HT neuron activity via DA receptors expressed in 5-HT
neurons. In addition, DA and 5-HT influence afferent innervation onto their
own and the others neurons. Co-release consequently alters the timing, loca-
tion, intensity, and interaction of 5-HT and DA signaling cascades. The syner-
gistic and/or opposing interactions occur at multiple levels within intracellular
signaling cascades and within neuronal circuits to influence behavior, disease
progression, and therapeutic interventions.
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Chapter 10
The Dual Glutamatergic/GABAergic Phenotype
of Hippocampal Granule Cells

R. Gutiérrez

Abstract Not only are markers of the glutamatergic and GABAergic pheno-
type both found in developing hippocampal granule cells but, the activation of
these cells simultaneously produces responses mediated by glutamate and
GABA receptors in their postsynaptic cells. In the adult, the markers of the
GABAergic phenotype and as a consequence, GABAergic transmission disap-
pears. However, these elements can still be transiently expressed in an activity-
dependent manner. Indeed, the induction of hyperexcitability in granule cells by
LTP-like stimulation in vitro, or by seizures in vivo, up-regulates the GABAer-
gic machinery such that stimulation again provokes monosynaptic GABA
receptor mediated responses in their target cells. The putative release of
GABA from the mossy fibers (MFs) has been shown to differ according to
the postsynaptic cell type in the CA3 area and such release can even activate
GABA-A receptors located on the MFs themselves. Accordingly, and despite
the emergence of this aberrant GABAergic influx on the CA3 area, the effective
inhibitory control on CA3 activity exerted by the dentate gyrus is preserved.

The co-release of glutamate and GABA from single cells gives the central
nervous system a powerful computational tool and provides a valuable element
to help understand the plasticity inherent in neuronal communication.

10.1 Introduction

The dentate gyrus (DG) is the main target of cortical inputs to the hippocam-
pus. From there, its principal cells, the granule cells, project through the mossy
fiber (MF) pathway to the CA3 area. It is believed that the MFs form gluta-
matergic excitatory synapses with pyramidal cells and local inhibitory inter-
neurons of the CA3 (Crawford and Connor, 1973; Acsady et al., 1998). Indeed,
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these synapses were originally identified as both asymmetric and symmetric
(Hamlyn, 1961). However, besides releasing glutamate, granule cells also con-
tain and release dynorphin, enkephalin, Zn>", brain derived neurotrophic
factor (BDNF), and other peptides like somatostatin, neuropeptide Y, neuro-
kinin B and cholecystokinin (reviewed in Jaffe and Gutiérrez, 2007). The latest
addition to this list of substances present in the granule cells is the amino acid
GABA.

Several reviews have addressed different aspects of the activity of granule cells
(Henze et al., 2000; Urban et al., 2001; Bischofberger and Jonas, 2002; Nicoll and
Schmitz, 2005; Jaffe and Gutiérrez, 2007). Hence, here we shall focus on the
evidence that the granule cells express GABAergic markers, as well as those of the
glutamatergic phenotype. In particular, we will focus on the activity-dependent
plasticity of their expression that supports the hypothesis that MF synapses use
GABA as a fast neurotransmitter.

The mechanistic definition of a transmitter, which identifies a specific neuron as
glutamatergic or GABAergic, fully applies to the glutamatergic/ GABAergic gran-
ule cells. Hence, the transmitters that these cells use are synthesized, stored and
released during nerve activity. Subsequently, they interact with specific receptors
on the postsynaptic membrane to produce changes in postsynaptic activity. Thus,
besides releasing glutamate, granule cells have the necessary machinery for the
synthesis, vesiculation and release of GABA. The transient expression of their
GABAergic phenotype is constitutive during development (see also Safiulina et al.,
in this volume) and it is stimulated in the adult by enhanced activity.

10.1.1 Granule Cells Transiently Express Markers
of the GABAergic Phenotype

10.1.1.1 GABA and Glutamic Acid Decarboxylase (GAD)

The presence of GABA in the stratum lucidum was initially described by
Ottersen and Storm Mathisen (1984), who concluded that GABA was present
within the MFs. Using electron microscopy, Sandler and Smith (1991) later
reported that GABA existed in MF terminals of the monkey and human
hippocampus which made asymmetric synaptic contacts with spines on the
large dendrites of CA3 pyramidal cells. They also showed that GABA coloca-
lized with glutamate in the same terminals, although no GABA immunoreac-
tivity can be detected in granule cell bodies. Since it was not known that granule
cells also contained GAD, it was concluded that GABA must be obtained from
either the extracellular space or that it originated from an alternative route of
synthesis, from ~-hydroxybutyrate. Moreover, irrespective of the origin of
GABA in the MF, it was suggested that at least one component of the inhibitory
synaptic potentials in pyramidal cells provoked by DG stimulation had to be of
MF origin. In this way, GABA released by MFs could modulate the normal
glutamatergic responses.
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Immunohistological methods were used to conclusively demonstrate the
presence of GABA, and of its synthetic enzyme, GADg7, in rat, monkey and
human MFs (Sloviter et al., 1996). Interestingly, seizures upregulate the
GADygs, GADg7, and GABA content (Sloviter et al., 1996), and GADyg; and
its mRNA (but not GADgs) is also transiently upregulated after seizures
provoked by kainic acid or by the kindling method in rats (Schwarzer and
Sperk, 1995; Lehmann et al., 1996; Ramirez and Gutiérrez, 2001; Maqueda
et al., 2003). Therefore, if granule cells have the enzymes necessary for GABA
synthesis and they indeed contain GABA itself, the granule cells that synthesize
GABA could use it as a neurotransmitter. Hence, GABA synthesis in the MFs
may be a mechanism to counteract the enhanced excitability caused by epileptic
activity. Complementing and extending the aforementioned findings, immuno-
gold cytochemistry confirmed the coexistence of glutamate and GABA in MF
synapses, which also contained the corresponding receptors in apposition to the
presynaptic terminal (Bergersen et al., 2003). Both amino acids coexist in all the
MF terminals examined, spatially associated with synaptic vesicles. Indeed,
immunogold particles binding to both GABA and glutamate were shown to
be located at a distance that suggests their presence inside vesicles in the release
zones. However, GABA was estimated to be at much lower concentration than
glutamate within the MF terminals and even lower than that in identified
inhibitory terminals (Bergersen et al., 2003).

On the other hand, the upregulation of GADyg; and its mRNA in granule cells
was further confirmed in other seizure models and after the induction of epilepsy
by chemical convulsants or electrical stimulation (Ding et al., 1998; Makiura
et al., 1999; Szabo et al., 2000; Ramirez and Gutiérrez, 2001), as well as in a
genetic epilepsy model (Sirvanci et al., 2003). Moreover, it was also established
that GADg; could be upregulated in an activity-dependent manner, in the absence
of epileptiform activity (Ramirez and Gutiérrez, 2001; Gutiérrez, 2002). Thus,
GADyg; expression can be induced by activity in a specific temporal and spatial
pattern within the somata and axons of granule cells. A single a seizure induces
the rapid upregulation of the enzyme in MFs but not in the somata of granule
cells, probably to rapidly replenish the GABA pool. Thereafter, long-lasting
periods of stimulation (repeated seizures or long-lasting synaptic potentiation in
vitro) upregulate GADyg;, such that it can also be detected in the somata of
granule cells (Fig. 10.1; Ramirez and Gutiérrez, 2001; Sloviter et al., 1996).

When the expression of GADg; is studied at different ages, this isoform but not
GADgs, is also developmentally regulated in MFs (Maqueda et al., 2003). Indeed,
GADyg; is expressed in the MFs early in life and it is then downregulated after
23-24 days, once development is completed (Gutiérrez et al., 2003; Maqueda
et al., 2003). Despite the reported downregulation of GADg; at the end of
development, this enzyme does not disappear from the MFs in the adult rodent
(Sloviter et al., 1996; Uchigashima et al., 2007). By contrast, GABA-immunor-
eactive neurons characteristic of granule cells are found in the stratum granulare of
the DG in developing rats but not in adults (Gutiérrez et al., 2003). Only this
GADyg; isoform coincides in granule cells and the MF with the expression of
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Fig. 10.1 Immunoreactivity for GAD67 in the DG of a control rat (a) and of a kindled rat 24 h
after the last of several seizures (b), as well as in a kindled rat a month after the last of several
seizures (¢). The DG of control slices (a) lacks immunoreactivity in the granule cell layer
although some putative interneurons and granule cells are stained. Repeated kindling seizures
induce overexpression of GADg; in the granule cell layer (b), that returns to control condi-
tions a month later (c). Abbreviations: ML, molecular layer; GCL, granule cell layer; H, hilar
region. The bar represents 50 pm. Modified from Ramirez and Gutiérrez, 2001, with permission

GABA. Neurochemical analysis has shown that stimulation of the perforant
pathway for 24 hours, that culminated in seizures (Sloviter et al., 1996) and
kindled seizures (Gomez-Lira et al., 2002) significantly increased the concentra-
tions of GADg; and GABA, as well as those of the GABA precursors glutamate
and glutamine in the DG. Moreover, up-regulation of such GABAergic markers
depends on protein synthesis since they are not expressed in hippocampal slices of
rats subjected to seizures or a LTP-like protocol in the presence of cycloheximide.
Likewise, calcium entry is also required to up-regulate these GABergic markers
(Romo-Parra et al., 2003; Gutiérrez, 2002).

Finally, as well as epileptic activity and LTP, the exposure of normal adult
tissue (hippocampal slices or dissociated cells) to Brain Derived Neurotrophic
Factor (BDNF) can also induce the GABAergic phenotype in granule cells.
Moreover, when dissociated and exposed to kainic acid or BDNF, the levels of
GADg7, GABA and VGAT mRNA were strongly up-regulated in glutamater-
gic granule cells from adult rats (Fig. 10.2). This up-regulation of GABAergic
markers following exposure of dissociated granule cells to kainate or BDNF is
also prevented in the presence of cycloheximide or a calcium channel blocker
(Gomez-Lira et al., 2005). Thus, the determination of the neurotransmitter
phenotype of granule cells is neither limited by a critical developmental period
nor is it restricted by their insertion in their natural network.

10.1.1.2 The GABA Membrane Transporter (GAT-1)

The GABA membrane transporter GAT-1 is only found in neurons that
synthesize and release GABA, and in glial cells (Iversen and Kelly, 1975;
Radian et al., 1990; Ribak et al., 1996a). Some GABAergic cells, characterized
by the presence of GADg; or GABA, do not contain GAT-1 or they only
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Fig. 10.2 Immunocytochemistry for glutamate, GADg;, and GABA in cultured GCs.
(a) Confocal images of short-term GC and interneuron cultures (asterisks) from a 15 day-
old rat showing the co-expression of glutamate and GABA in GCs. (b) In cultures from adult
rats, GCs express glutamate but not GABAergic markers unless they are exposed to KA or
BDNF, whereupon GADyg; and glutamate-IR colocalize. Scale bar in B (15 pm) also applies
to panel A. From Gomez-Lira et al., 2005, with permission. (See Color Plate 12)

contain traces of this transporter, but not vice versa (Rattray and Priestley,
1993; Ribak et al., 1996b). Interestingly, immunohistological studies have
shown that GAT-1 is present in granule cells (Frahm et al., 2000). Moreover,
MF terminals from control animals capture GABA, a process that can be
blocked by nipecotic acid (Goémez-Lira et al., 2002) and electrophysiological
evidence supports these immunohistological and neurochemical data (Vivar
and Gutiérrez, 2005).

10.1.1.3 The Vesicular GABA Transporter (VGAT)

The identification of vesicular transporter proteins has proven to be an invalu-
able tool to correctly assess the neurotransmitter phenotype of neurons. In
recent years, vesicular transporters of a given neurotransmitter have been
shown to be present in neurons thought to use a neurotransmitter other than
that carried by the transporter, evidence that more than one neurotransmitter is
released by a single neuron. In particular, glutamate and GABA seem to share
the load (Seal and Edwards, 2006).

Evidence that VGAT is present in glutamatergic granule cells was first
provided by the detection of its mRNA in a homogenate of micro-dissected
DG and in MF synaptosomes (Lamas et al., 2001). This study showed that
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VGAT mRNA could be barely detected in preparations obtained from control
rats but transcripts were more readily found in preparations obtained from
kindled epileptic rats. Moreover, antidromic stimulation of the granule cells in
the presence of glutamatergic blockers up-regulated the expression of VGAT
mRNA in an activity-dependent manner. These initial results were confirmed
and extended using single-cell PCR analysis (Gomez-Lira et al., 2005;
Fig. 10.3). Indeed, electrophysiologically identified granule cells, but not inter-
neurons or pyramidal cells dissociated from developing or adult epileptic rats,
co-expressed glutamate transporter VGLUT-1 and VGAT mRNA. By con-
trast, the VGAT transcript was not detected or barely detected in the majority
of granule cells obtained from healthy adult rats. Interestingly, when disso-
ciated granule cells from control rats were exposed to kainic acid or BDNF, the
levels of VGAT mRNA were strongly up-regulated (Gomez-Lira et al., 2005).

VGAT mRNA is normally expressed during development, and like GABA
and GADygy, it is downregulated once development is completed. However, the
protein has not been identified in either developing or in adult epileptic rats

15 day-old rat
A B cell 1 cell 2 cell 3

granule cell SONIVOERVEAR VOLE VOAT. Iy0
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Fig. 10.3 (a) Single-cell RT-PCR of electrophysiologically identified granule cells (GCs).
(b) Developing GCs co-express VGAT and VGlut-1 transcripts. Dynorphin mRNA was
used as a marker of GCs. (c1) Adult DG only express VGlut and Dyn. (¢2) By contrast,
GCs from kindled rats express VGlut and VGAT. (d1) GCs from adult rats exposed to KA
express the transcripts of both vesicular transporters and such expression was prevented with
glutamatergic blockers (d2) or in the absence of calcium (d3). E) GCs from adult rats exposed
to BDNF also express transcripts for both vesicular transporters. From Gomez-Lira et al.
(2005), with permission
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(Chaudhry et al., 1998; Sperk et al., 2003; Uchigashima et al., 2007; but
see Safiulina et al., 2006). Therefore, it was suggested that an unidentified
GABA vesicular transporter might exist, possibly generated through some
post-transcriptional mechanism. Indeed, GABA can be loaded into vesicles of
non-GABAergic cells in the absence of VGAT, suggesting the presence of
ectopic synthetic enzymes and transporters for GABA (Bekkers et al., 2005).
However, this important issue has still to be confirmed.

10.2 Activation of Granule Cells can Transiently Evoke
Monosynaptic GABA ,-R Mediated Intracellular Responses
and Population Responses in the CA3

The intracellular responses of CA3 pyramidal neurons to granule cell activation
were initially described by Yamamoto (1972). These consist of a biphasic
response involving a small excitatory postsynaptic potential (EPSP) followed
by a larger, overlapping compound inhibitory postsynaptic potential (IPSP).
The latter was presumably mediated by either feed-forward/feed-back inhibi-
tion, or by the direct stimulation of inhibitory interneurons. Thus, the MFs form
glutamatergic excitatory synapses on pyramidal cells and local inhibitory inter-
neurons (Crawford and Connor, 1973; Acsady et al., 1998), which in turn inhibit
pyramidal cells (Yamamoto, 1972; Brown and Johnston, 1983; Buzsaki, 1984).
All synaptic responses can be blocked by perfusion of the NMDA type
glutamate receptor antagonist SAPV and the AMPA-Kainate type receptor
antagonist NBQX (Fig. 10.4), demonstrating that inhibitory transmission in
the MF-to-CA3 projection is mediated disynaptically.

A Control B reshiykindled C 1 month after kindling

n.,..m,..T—_- 1\/— W

Fig. 10.4 In healthy adult rats (control), granule cell activation provokes EPSP/IPSP
sequences in CA3 pyramidal cells that can be blocked by the perfusion of glutamate
receptor antagonists. However, 24 hours after the last kindled seizure, a fast GABA-R-
mediated IPSP is observed during the blockage of glutamate receptors (freshly kindled).
This response is transient because granule cell activation does not evoke GABA-mediated
synaptic responses when the recording is made one month after provoking the seizure
(1 month after kindling). The latencies of the control EPSP and the pharmacologically
isolated IPSP do not differ in any case. All traces are an average of 6-10 responses.
(Adapted from Gutiérrez and Heinemann, 2001, with permission)
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Although MFs are clearly glutamatergic (Crawford and Connor, 1973), the
evidence of the presence of GABA in MF terminals suggested that they may
contribute to CA3 inhibition (Sandler and Smith, 1991; Sloviter et al., 1996;
Vogt and Nicoll, 1999). In particular, the evidence that seizures or repeated
activation of the dentate gyrus up-regulated GADyg; in granule cells (Schwarzer
and Sperk, 1995; Sloviter et al., 1996; Ramirez and Gutiérrez, 2001) suggested
that MFs could synthesize and use GABA as a neurotransmitter under special
circumstances, especially after seizures.

Evidence of monosynaptic GABA-mediated transmission from the dentate
gyrus to the CA3 was initially obtained from kindled epileptic but not from
control healthy rats (Gutiérrez and Heinemann, 1997, 2001; Gutiérrez, 2000).
As mentioned, the MFs form glutamatergic excitatory synapses on pyramidal
cells and local inhibitory interneurons, which in turn inhibit pyramidal cells.
Thus, while perfusion of the NMDA type glutamate receptor antagonist SAPV
and the AMPA-Kainate type receptors’ antagonist NBQX blocks all synaptic
responses in control rats, in kindled epileptic animals, the blockage of gluta-
matergic transmission isolated a bicuculline-sensitive IPSP (Fig. 10.4). This
IPSP had the same latency as the control EPSP and could be inhibited by
activation of group III metabotropic glutamate receptors (mGIluR) with
L-AP4 (see Fig. 10.6). Furthermore, this response was transient because it
was observed 24-48 hours after the last kindled seizure but not a month after
the last seizure (Fig. 10.4; see correspondence of immunodetection of GADg; in
Fig. 10.1).

Nevertheless, if seizures are again produced these monosynaptic GABAergic
responses reappear (Gutiérrez, 2000; Gutiérrez and Heinemann, 2001) and
moreover, the kindled epileptic state is not necessary for this monosynaptic
IPSP to be expressed, as it could be provoked by a single seizure (Gutiérrez,
2000). Indeed, the IPSP produced in CA3 pyramidal cells by the activation of
the DG persisted in low Ca®" condition or in the presence of the GABAg
agonist, baclofen, and glutamatergic blockers. These manipulations depressed
the amplitude of the DG-evoked IPSP without altering its onset latency or
slope. This unequivocally establishes that the IPSP is a monosynaptic response
since under these conditions it is unlikely that local interneurons that might
evoke the IPSP are synaptically recruited.

Due to the difficulty in unequivocally identifying responses of MF origin, an
experimental design was developed to record from the same cell before and after
the induction of MF GABAergic transmission in vitro (Gutiérrez, 2002). This
stimulation protocol produced hyperexcitability in the absence of epileptic
activity by stimulating the perforant path in a kindling-like manner (three
I-sec trains of 0.1 ms pulses at 100 Hz, | min apart from each other every
15 min for 3 hours). After the protocol was completed, the perfusion of
glutamatergic antagonists blocked the EPSP and isolated a fast bicuculline-
sensitive IPSP (Fig. 10.5). Expression of the GABAergic potential was pre-
vented if the stimulation was provided for one hour alone, or if it was completed
in the presence of the protein synthesis inhibitor cycloheximide. This establishes
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Fig. 10.5 Spatial specificity of the kindling-induced inhibitory responses in vitro.
(a) Schematic representation of a hippocampus, showing two sites of stimulation in the DG
(a,b); actual separation during the experiments 200-300 pm) and the recording electrode in
CA3. Initially, test pulse stimulation at both sites of stimulation evoked EPSP/IPSP sequences
in the pyramidal cell at a RMP of —64 mV (control), which were blocked by GluRAs (blue
trace). (b) After applying 17 & 1 kindling trials to site b (in red), test pulse stimulation of the
kindled site (b) but not of the non-kindled site (a, in blue), provoked a fast IPSP in the
pyramidal cell. Changing the order of stimulation inverted the order of the responses. All
traces are an average of 10 responses. From Gutiérrez (2002), with permission. (See Color
Plate 13)

that a certain level of excitation is required for granule cells to express their
GABAergic phenotype (Gutiérrez, 2002). Alternatively, when the control
synaptic responses (EPSP/IPSP sequences) of a given cell were blocked first,
the direct kindling stimulation of the same site during perfusion of glutamater-
gic antagonists induced fast GABAergic potentials after 3 hours of stimulation
that was provided every 15-20 min. Furthermore, this phenomenon was very
specific in spatial terms as a pulse stimulation applied to an alternative non-
kindled parallel MF input did not evoke GABAergic responses.

Further confirmation that the induction of GABAergic markers and MF
GABAergic transmission is dependent on activity and protein synthesis was
presented by Romo-Parra et al. (2003). Slices obtained from rats immediately
after a pentylenetetrazol-induced seizure were incubated in the presence of
protein synthesis blockers. This prevented the MF but not interneuronal
GABAergic transmission to CA3 pyramidal cells. Moreover, granule cells
dissociated from naive rats express all GABAergic markers 3 hours after their
exposure (30 min) to kainate or BDNF. However, this expression can be
prevented by cyclohexymide or by blocking calcium entry (Gomez-Lira et al.,
2005).

The aforementioned results were obtained by recording the responses of
pyramidal cells to activation of the granule cells. However, interneurons rather
than the pyramidal cells seem to be the main targets of MFs (Acsady et al.,
1998). MF activation of EPSP/IPSP sequences can be totally blocked in the
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presence of glutamatergic antagonists and hence, inhibitory transmission onto
interneurons, like that onto pyramidal cells, is mediated disynaptically. How-
ever, as previously described in pyramidal cells, MF activation in the presence
of glutamatergic antagonists provokes monosynaptic IPSPs with the same
latency as the control EPSP (Romo-Parra et al., 2003; Trevino et al., 2007,
Fig. 10.6).

Although MF GABAergic transmission to interneurons occurs, the effect of
MF glutamatergic transmission surpasses the inhibitory influence. In animals
subjected to seizures or in preparations stimulated with the kindling-like pro-
tocol in vitro, stimulation of the MF pathway provokes a long-lasting EPSP of
large amplitude that totally obscures the underlying IPSP in interneurons. By
contrast, pyramidal cells display an enhanced IPSP that partially shunts the
EPSP. Thus, interneurons are more readily excited than pyramidal cells, which
continue to receive strong inhibition from the interneurons within the CA3,
besides the MF GABAergic signal (Romo-Parra et al., 2003). Therefore, the
activation of MFs at high frequencies provokes more pronounced IPSPs in
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Fig. 10.6 Emergence of MF-evoked GABA 5-R-mediated monosynaptic responses in PyrC
and SL-Int after seizures. In electrophysiologically and anatomically identified PyrC (a) and
SL-Int (b) from control preparations, MF stimulation produced EPSP/IPSP sequences that
were blocked by iGIuR antagonists. In preparations from rats that were subjected to seizures,
the same stimulation produced a monosynaptic GABA s-R-mediated IPSP in the presence of
NBQX and APV. This IPSP was blocked by addition of bicuculline. (¢,d). A paired pulse
stimulation paradigm that produced potentiation of the second response was used to reveal
the presynaptic inhibition of the GABA 5-R-mediated responses by activation of mGluR-III
with L-AP4. The first response to the pair of pulses was depressed by L-AP4, while the IPSP,/
IPSP, ratio was enhanced, both in pyramidal cells (e) and in interneurons (f). From Trevifio
et al. (2007), with permission
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pyramidal cells, which can be potentiated to hyperpolarize them, while the same
kind of stimulation produces summation of EPSPs in interneurons (Gutiérrez
and Heinemann, 2001; Trevifio et al., 2007). These data show that although
pyramidal cells and interneurons receive the same dual MF input, the ratio of
the glutamate/GABA released onto the target cells is probably different.
Indeed, the concentration of GABA was estimated to be much lower than
that of glutamate within the MF terminals impinging onto hilar neurons
(Bergersen et al., 2003), highlighting an aspect of MF compartmentalization.
These data also confirm that all the targets of the MFs receive both glutama-
tergic and GABAergic neurotransmission. Moreover, all MF terminals ana-
lyzed have been shown to coexpress both glutamate and GABA (Sloviter et al.,
1996; Bergersen et al., 2003). However, these transmitters are not contained
within single vesicles but rather they seem to be packaged separately. Physio-
logical evidence for this was provided by Walker et al. (2001) who showed that
minimal stimulation of MFs provoked glutamate-mediated, GABA-mediated
and compound currents mediated by both amino acids in pyramidal cells. This
indicated that both signals have a common origin and that both neurotrans-
mitters can be released synchronously or asynchronously, ruling out the possi-
bility that they are packaged in single vesicles (Fig. 10.7; see also Safiulina et al.,
20006).
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Fig. 10.7 Mossy fiber stimulation in the presence of DL-APV (100 mM) at a holding potential
of 240 mV elicits failures, inward PSCs (glutamatergic), outward PSCs (GABAergic), and
biphasic PSCs (dual component). Single traces (left) are shown together with a histogram
depicting the relative frequency of each type of response, classified by eye (right, the traces are
derived from averages of ten responses of each type). Calibration bars in 5 pA, 50 ms. From
Walker et al. (2003), with permission
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10.2.1 Glutamate and GABA Receptors Appose Mossy
Fiber Terminals

If pyramidal cells and interneurons in the CA3 area respond to MF-GABAergic
signaling, GABA 4 receptors must appose the MF terminals. It has been shown
that GABA 4 receptors cluster with glutamatergic receptors in pyramidal cells
apposing both glutamatergic and GABAergic terminals (Rao et al., 2000).
Accordingly, while GABA 4 receptors were clustered opposite to some term-
inals, NMDA receptors were clustered opposite to other terminals of a single
axon. Moreover, GABA, receptors form clusters even in the absence of
GABAergic innervation. These studies suggest that the mismatching of gluta-
matergic and GABAergic elements may reflect a common signal involved in the
alignment of presynaptic and postsynaptic components during the formation of
excitatory and inhibitory synapses. In fact, the mismatched GABA receptors
apposing the glutamatergic terminal may be functional if the presynaptic
terminal is loaded with GABA (Bekkers, 2005). This alignment of heteroge-
neous populations of receptors or the clustering of different receptors in the
same subsynaptic site also takes place in other neurotransmitter systems (Tsen
etal., 2000). In vivo, such findings are mirrored by the colocalization of AMPA
and GABA 4 receptors at MF synapses (Fig. 10.8, Bergersen et al., 2003). The
fact that GABA 4 receptors are present in the MF synapse is in accordance with
physiological studies showing that MF-GABAergic transmission is normally
detected in CA3 targets in developing rodents (Walker et al., 2001; Gutiérrez
etal., 2003; Safiulina et al., 2006). Indeed, MF-GABAergic transmission can be
induced in the absence of postsynaptic glutamate receptor activation in the
adult (Gutiérrez, 2002), which favors presynaptic changes and not the post-
synaptic relocation of receptors, even though this might occur.

10.2.2 GABA 4 Receptors in Mossy Fiber Terminals

Like the post-synaptic sites apposing MF terminals (Bergersen et al., 2003),
MFs themselves also posses GABA 5 receptors (Ruiz et al., 2003). Since the
MFs also release GABA, this GABA could provoke presynaptic inhibition of a
collateral MF. Activity-dependent autoinhibition of the MF pathway is pri-
marily exerted by glutamate, acting through its metabotropic receptors. High
frequency stimulation provokes its spill over, which acts on presynaptic mGluR
and KAR (Min et al., 1998; Vogt and Nicoll, 1999; Schmitz et al., 2001).
Furthermore, in preparations from epileptic but not from healthy rats, when
a pulse applied in the DG is preceded by a pulse applied to another site of the
DG, the response to the second pulse is depressed in a bicuculline sensitive
manner in the presence of iGluR antagonists (Treviio and Gutiérrez, 2005).
This phenomenon is consistent with GABA 4-receptor mediated collateral inhi-
bition. Thus, GABA release from the MF may also exert strong control over
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Fig. 10.8 GABA, receptors are present in MF synapses. (a and b) Localization of gold
particles indicative of the GABA, receptor «; in synapses between large MF terminals
(mft) and dendritic spines (d) in the hilus of fascia dentanta (a) and the CA3 of hippocampus
(b). Bars 150 nm. (¢) Gold particles indicative of the GABA4 receptor (3,3 receptors are
present in the synapse between a large MF and a dendritic spine (d) in the hilus of fascia
dentata. Bar, 150 nm. (d) Colocalization of GABA 4 receptors «; (small gold particles) and
AMPA receptors (large gold particles) in a synapse formed by a large MF terminal (mft) and
a dendritic spine (d). Bar, 150 nm. () GABA4 receptors « are enriched in a synapse between
a terminal (tl) that forms a symmetric synapse with a granule cell body (G). Bar, 150 nm.
(f) GABA, receptor oy are not expressed in an asymmetric synapse formed by a small
terminal and a dendritic spine (s) in the inner third of the dentate molecular layer. Bar,
150 nm. From Bergersen et al. (2003), with permission

any subsequent release by fast activation of presynaptic GABA receptors.
Moreover, field responses of the DG to antidromic stimulation of the MF are
potentiated by the blockage of GABA A-R. Interestingly, these results and those
of Ruizet al. (2003) show that GABA 4-R are tonically active and since the MF-
GABA transmission that emerges can still exert collateral inhibition, there
appears to be no saturation of the receptors. Thus, postsynaptic dendrites and
presynaptic axons alike seem to integrate the input activity in CA3 (Ruiz et al.,
2003).

10.3 Function: The DG as an Inhibitory Structure

The ratio of the synaptic contacts that MFs make with interneurons is approxi-
mately four-fold higher than those with pyramidal neurons. Assuming that:
(1) a single granule cell contacts 15 pyramidal neurons; (ii) each large expansion
contacts up to 3 interneurons, either directly or via its filopodia; and (iii) 15
interneurons are innervated by the smaller boutons, then a single granule cell
will contact approximately 60 interneurons but only 15 pyramidal neurons
(a 4:1 ratio). This emphasizes the extremely efficient control of CA3 excitability
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by feed-forward inhibition. Thus, the firing of granule cells would have a net
inhibitory effect on pyramidal neurons in the CA3 under certain conditions
(Acsady et al., 1998; see Jaffe and Gutiérrez, 2007).

Because of this arrangement, the emergence of GABAergic transmission in the
MF synapse can inhibit interneurons and, in principle, produce disinhibition.
Although after seizures the activation of the MF pathway evokes GABAA-R
mediated field responses in the CA3, interestingly no disinhibition is produced in
this area (Trevino and Gutiérrez, 2005). As previously noted, this is due to the
glutamate/ GABA ratio of MF terminals onto interneurons when compared to
pyramidal cells, whereby the former are readily excited by the excitatory drive of the
MF more efficiently than the inhibition provided by the concurrent GABAergic
signal (Gutiérrez and Heinemann, 2001; Romo-Parra et al., 2003; Trevifio et al.,
2007). In this way, monosynaptic MF inhibition of pyramidal cells adds to the
inhibition provided by the interneurons, which continue to be effectively excited
(Trevifio and Gutiérrez, 2007). In fact, inhibition is built-up in the CA3 area by MF
activation as the frequency of this activation augments (Mori et al., 2004).

Another effect that GABA released from the MF may exert on the CA3 area
is the activation of presynaptic GABA receptors (Trevifio and Gutiérrez,
2005) present in the MFs themselves (Ruiz et al., 2003). As mentioned, activa-
tion of a site in the dentate gyrus preceded by activation of another site in the
presence of iGluR antagonists produces bicuculline-sensitive inhibition of the
second afferent volley (Trevifio and Gutiérrez, 2005). In this way, GABAA-R
mediated presynaptic inhibition produces rapid modulation of neurotransmis-
sion, indicative of surprisingly complex signal integration in the MFs. Indeed,
MFs detect the release of both glutamate and GABA via ionotropic receptors,
and they may rapidly integrate the activity of surrounding neurons, a function
normally associated with dendrites (Ruiz et al., 2003).

Finally, spontaneous release of GABA from the MFs after seizure can
modulate oscillatory activity in the CA3 area. Such oscillations originate
from recurrent excitation of pyramidal cells entrained by the synchronous
rhythmic inhibition of local interneurons, although G/ (20-24 Hz) oscillations
originate in the interneuron network (Trevifio et al., 2007). Following seizures,
the dentate gyrus tonically inhibits these oscillations through GABA-mediated
signaling. Indeed, the activation of mGluR with L-AP4, which inhibits the
release of GABA from the MFs, prevents this inhibition, and this effect of
L-AP4 requires intact DG-to-CA3 connections. Moreover, the influence of
mGluR activation is reflected in the spontaneous subthreshold membrane
oscillations of CA3 interneurons (Fig. 10.9). It is significant that coincident
stimulation of the DG at § and 3/~ frequencies produced frequency-dependent
excitation of interneurons and the inhibition of pyramidal cells. These effects
are maximal at the frequency that matched the mGluR-sensitive spontaneous
field oscillations, suggesting a resonance phenomenon.

In summary, the emergence of GABA transmission from glutamatergic MFs
after enhanced excitability, especially following seizures, may be a protective
mechanism against further excitation of the system (Gutiérrez, 2003, 2005;
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Fig. 10.9 (/v activity in the CA3 region is inhibited by mGluR-sensitive, GABA-mediated
aberrant transmission from the MF. (a) The CA3 area is an endogenous oscillator that
receives glutamatergic input from the MF. Activation of group II mGlu presynaptic
receptors inhibits glutamate release from the MF and strongly depresses oscillatory activity,
while activation of group III mGluR produces modest inhibition. In rats subjected to seizures
(b) the activation of group III mGlu presynaptic receptors with L-AP4, which inhibits GABA
release from the MF, produces a noticeable enhancement in the/y power. This reveals the
tonic inhibitory control of the MF on oscillatory activity. This control is exerted on GABA-
mediated oscillations because it is observed in the presence of iGluR blockers. (¢) Indeed, in
the absence of a glutamatergic input, GABA-mediated oscillatory 3/~ activity (arrows) can be
observed in field recordings and in spontaneous subthreshold membrane oscillations (SSMO)
of SL-Int in the CA3 area after seizures. d) Activation of group III mGIluR relieves the
inhibition of GABA-mediated /v oscillations (arrows) in the CA3 field, which is primarily
reflected in the SSMO of SL-Int

Gutiérrez and Heinemann, 2006). The potential protection afforded by
enhanced GABA transmission within the CA3 area may underlie the deficits
in memory and cognition observed after epileptic seizures (Gutiérrez and
Heinemann, 2001; Trevifo et al., 2007).

10.3.1 Development

One of the most important questions related to the possible function of GABA
in the mossy fiber synapse is whether it is present under physiological condi-
tions, (i.e., not only after seizures). While monosynaptic GABA transmission
from mossy fibers is normally present in developing guinea pigs (Walker et al.,
2001), it was subsequently shown to be transient in the rat as it disappears upon
the completion of development around postnatal days 22-23. The markers of
the GABAergic phenotype GABA, GADgs; and VGAT mRNA are present
during the developmental period and they are then down regulated (Gutiérrez
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et al., 2003), such that GABA 4-R mediated responses can be no longer evoked
by MF stimulation. Moreover, GABA was proposed to act as the primary
neurotransmitter in the MFs during the first days of life (Kasyanov et al., 2004;
Safiulina et al., 2006, but see Uchigashima et al., 2007). This issue is thoroughly
discussed by Safiulina et al., in this volume.

MF-GABAergic transmission accompanies the morphological maturation
of pyramidal cells, possibly until the development of dendrites and spines is
completed, which more or less occurs concomitantly (Ben-Ari, 2001; Romo-
Parra et al., 2008). Thus, the simultaneous release of glutamate and GABA
from the MF could fulfill a trophic function during development. At early ages,
the depolarization provided by the GABAergic input is needed for the activa-
tion of NMDA receptors, suggesting that the co-expression of the glutamater-
gic and GABAergic phenotypes in a single pathway provides efficient and rapid
synergism on their target cells during development (Leinekugel et al., 1997).
This activity may contribute to the refinement of neuronal connectivity until
adult DG-to-CA3 neurotransmission is established (Romo-Parra et al., 2008).
Moreover, it would be inconsistent with the sequential expression of functional
GABA and glutamatergic synapses in the hippocampus at early developmental
stages (Henou et al., 2002). Furthermore, the developmental expression of the
dual glutamatergic-GABAergic phenotype occurs in the immature GABA/
glycinergic projections of the medial nucleus of the trapezoid body, which
transiently express a glutamatergic phenotype (Gillespie et al., 2005). This has
again been proposed to reflect the developmental reorganization of this inhibi-
tory circuit (see Gillespie and Kandler, in this volume).

10.4 Indirect Evidence, Direct Questions

The co-release of two fast-acting neurotransmitters should be reflected by the
activation of synaptic currents/potentials by two different receptors in a post-
synaptic cell by each action potential in the presynaptic cell. The first clear
electrophysiological evidence of the co-release of amino acids was provided by
simultaneously recording pairs of interneurons and motor neurons from the
spinal cord of neonatal rats (Jonas et al., 1998). In this way it was shown that
GABA and glycine are used as fast-acting neurotransmitters in this synapse. So
far it has not been possible to apply this paired recording technique to the MF
synapse because of the very low probability of recording coupled granule cells
and CA3 neurons. Nevertheless, throughout this chapter we have described
indirect electrophysiological approaches to study the hypothesis that glutamate
and GABA are co-released from the MF, and the resulting data offer compel-
ling support for this possibility. Moreover, there is direct evidence that mRNAs
encoding glutamate, its vesicular transporter (VGlut-1), GABA, its synthetic
enzyme (GADy;) and the vesicular transporter (VGAT) coexist in developing
granule cells, and that they can be up-regulated by activity in the adult. It
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therefore seems that granule cells do have the machinery to synthesize and
release GABA. Moreover, there is indirect but compelling electrophysiological
evidence indicating that under certain circumstances, they release GABA to
activate post-synaptic GABA A receptors in pyramidal cells and interneurons,
as well as pre-synaptic receptors in the MFs themselves.

There are three alternative explanations for the origin of the monosynaptic
GABA A-R mediated responses in the CA3 upon MF stimulation:

(1) Rather than through its synthesis, packaging and action-potential-depen-
dent release, MFs release GABA that is actively transported from the
extracellular milieu and that is then released by reversing the direction of
its membrane transporter (Sperk et al., 2003). Thus, MF containing GAT-1
could release GABA from their terminals in this manner. This possibility
was ruled out as blocking GAT-1 not only prevents GABA release but it
also potentiates the GABA-receptor mediated responses in CA3 (Vivar and
Gutiérrez, 2005).

(2) Rather than the MFs releasing GABA, the stimulation of some interneur-
ons in either the dentate gyrus or along the MF tract could be responsible
for the monosynaptic GABAA-R mediated responses of cells within the
CA3 area (Sperk et al., 2003; Mori et al., 2004; Uchigashima et al., 2007).
Some evidence suggests that this is unlikely (see Gutiérrez, 2002, 2003).
However, it is fair to say that this has not been completely ruled out (Walker
et al., 2001; Gutiérrez, 2003; see Uchigashima et al., 2007) and needs direct
clarification.

(3) Activation of unknown GABA containing cells projecting from the dentate
gyrus to the CA3, with the same physiological and pharmacological char-
acteristics as MF neurotransmission.

Another question that remains unanswered is whether MF terminals contain
a GABA transporter other than that already described (Mclntire et al., 1997).
This would explain why VGAT mRNA is present and modulated by activity,
although the protein responsible has not been identified. Moreover, this would
help to explain GABA release from other GABA and GAD-containing cells
where no VGAT has been detected (Chaudhry et al., 1998).

If MFs do co-release glutamate and GABA, is their release modulated in the
same way? To date there is evidence of differential modulation by mGluRs
(Gutiérrez, 2005), but what about adenosine and kainate receptors?

Does glutamate and GABA co-release occur from MFs under physiological
conditions in the adult rodent? It has been shown that this phenomenon occurs
normally in the developing rodent and in different neuronal systems (see also
Gillespie and Kandler in this volume), but in the adult MFs co-release has only
been detected after seizures. However, there is data consistent with the co-release
of glutamate and GABA in adult rodents, whereby the hormonal state controls
the expression of neurons presenting a dual glutamatergic/GABAergic pheno-
type (Ottem et al., 2004). Therefore, is the activity-dependent up-regulation of
the GABAergic phenotype of the glutamatergic MFs a graded phenomenon?
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Can we detect it? If the phenotype of neurons is plastic (Spitzer et al., 2005), what
are the molecular determinants that turn either phenotype on or off? Finally,
how do the post-synaptic neurons interpret the simultaneous input of two
neurotransmitters of opposing actions?

Many more questions can be formulated, including those addressing the
possible effects of simultaneous glutamate and GABA signaling (Mody,
2002). As the co-release of glutamate and GABA is observed in several systems,
we begin to envisage several functional consequences and, above all, the value
of granule cells and neurons in other parts of the central nervous system
releasing both glutamate and GABA. The possibility of a neuron speaking
two languages, which is at first glance contrasting but also complementary,
provides the central nervous system with a very powerful communication tool.
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Chapter 11
Synaptic Co-Release of ATP and GABA

Functional Characteristics, Modulation and Physiological
Implications

S. Hugel, Y.H. Jo, and R. Schlichter

Abstract Over the last 30 years, adenosine 5’-triphosphate (ATP) has been
clearly established as a cotransmitter with noradrenaline and acetylcholine
in the peripheral nervous system. More recently, ATP was also identified as a
cotransmitter in the central nervous system. In neuronal cultures from post-
natal rat spinal cord dorsal horn or embryonic chick and postnatal mouse
lateral hypothalamus, ATP was surprisingly found to be synaptically coreleased
with the inhibitory neurotransmitter GABA, but not with glutamate. In these
preparations, ATP activates excitatory cation-permeable receptors (P2X recep-
tors), wherecas GABA stimulates anion-permeable inhibitory GABA 4 receptors.
The corelease of ATP and GABA therefore results in a fast mixed excitatory/
inhibitory ATP/GABA cotransmission. Here we review the current knowledge
on ATP/GABA cotransmission, the possible interactions of synaptically released
ATP and GABA at pre- and postsynaptic sites and discuss the issues related to
the role of this mixed cotransmission in the context of physiological and patho-
logical situations.

11.1 Introduction

The possibility that nerve fibres are releasing more than one transmitter has
been proposed by Burnstock and colleagues in 1970s (Burnstock 1976), chal-
lenging the single transmitter concept known as “Dale’s Principle”, notwith-
standing that Dale never defined it as such (Dale 1935). Since then, numerous
studies have demonstrated the existence of synaptic cotransmissions in
both the peripheral and the central nervous system (Burnstock 2004). Gen-
erally, when two transmitters are released by the same neurone, they have
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either cooperating effects when both are activating ionotropic receptors
(e.g. GABA/glycine) or opposite effects with different time-courses inducing
a biphasic synaptic current (e.g. glutamate/serotonin) (Johnson 1994).
Cotransmissions involving both excitatory and inhibitory fast synaptic com-
ponents were unknown before the description of a cotransmission involving
adenosine 5’-triphosphate (ATP) and y-aminobutyric acid (GABA) (Jo and
Schlichter 1999; Hugel and Schlichter 2000; Jo and Role 2002b), but were
subsequently described in the retina for GABA and acetylcholine (ACh)
(Duarte et al. 1999) and in the hippocampus for glutamate and GABA
(Gutierrez et al. 2003; Gutierrez 2005).

The term “cotransmission” suggests that the two transmitters are released
by a single presynaptic neurone and that they are detected by specific recep-
tors located on the postsynaptic neurone. However, both neurotransmitter
species are not always stored in the same presynaptic vesicles, and receptors
for the two neurotransmitters are not necessarily localized at the same
postsynaptic loci. These pre- and postsynaptic heterogeneities offer the
possibility of a differential modulation of both components of the cotrans-
mission. Initially, ATP was described as a cotransmitter with noradrenaline
(NA) in sympathetic nerves, and acetylcholine (ACh) in parasympathetic
nerves (Burnstock 2004, 2006). ATP released by synaptic terminals can
activate cation-permeable ionotropic P2X receptors. These receptors are
trimers of different subunits (P2X;-P2X;) possessing each two transmem-
brane segments and displaying no primary sequence homology with other
known ionotropic receptors (Khakh and North 2006). The activation of post-
synaptic P2X receptors by synaptically released ATP underlies consequently a
fast excitatory transmission. Moreover, ATP is rapidly hydrolysed to adenos-
ine 5’-diphosphate (ADP), adenosine 5’-monophosphate (AMP) and adenosine
by extracellular ectonucleotidases (Zimmermann 1996; Dunwiddie et al. 1997;
Zimmermann 2000). Therefore, in addition to the activation of P2X receptors,
the synaptic release of ATP can also induce the subsequent activation of P2Y
(by ATP and/or ADP) and adenosine metabotropic receptors.

In this review we will deal with general questions relative to excitatory or
inhibitory cotransmissions, such as those related to the storage and the
co-release of the cotransmitters. In the context of the issue of codetection, we
will focus on the ATP/GABA cotransmission. This point is important because
unlike other neurotransmitters, ATP can be metabolized in the synaptic cleft to
other purines such as adenosine which also act as neuromodulators. In this
respect we will address the issues of codetection by ionotropic and metabotropic
receptors located post- and/or presynaptically. We will also discuss how the
localization of the receptors within the synapse and the metabolism of ATP
might influence the detection of miniature ATPergic postsynaptic currents.
Finally, we will envisage the potential role of the ATP/GABA cotransmission
in physiological and/or pathological situations. The major points that will be
addressed are summarized in Fig. 11.1.
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Fig 11.1 The ATP/GABA cotransmission. ATP and GABA are coreleased from the
presynaptic terminal and act at postsynaptic ionotropic excitatory ATP receptors (P2X
receptors) and inhibitory anionic GABA receptors. (a) In the dorsal horn of the spinal
cord, the synaptic corelease of ATP and GABA is modulated by presynaptic autoreceptors.
ATP can facilitate GABA release by acting at presynaptic P2X receptors. Inhibition of
corelease involves metabotropic GABApg receptors and Al adenosine receptors which act
by a partially convergent presynaptic mechanism. Adenosine is generated by the extracellular
hydrolysis of ATP by ectonucleotidases. (b) Possible anatomical substrates and scenarios of
ATP/GABA cotransmission. ATP and GABA might be costored in the same vesicle or stored
in different vesicles. Postsynaptic P2X and GABA 4 receptors might be colocalized in front of
the same release sites or segregated in different synapses. (¢) The mixed excitatory/inhibitory
ATP/GABA cotransmission can finely tune the balance of excitation and inhibition
converging on the same neuron by shifting the net equilibrium toward inhibition or
excitation, depending on the relative weight of the ATPergic and GABAergic components
of the cotransmission. (See Color Plate 14)
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11.2 ATP/GABA Synaptic Cotransmission

Neurones from postnatal rat spinal cord dorsal horn, and from both embryonic
chick and postnatal mouse lateral hypothalamus maintained in dissociated cell
culture form functional excitatory and inhibitory synaptic connections. The elec-
trophysiological properties and the characteristics of synaptic transmissions in
these cultures are similar to those observed in neurones from native networks (Jo
et al. 1998b; Jo et al. 1998a). A subpopulation of cultured neurones is excitatory in
nature, involving glutamate as a neurotransmitter. Excitatory glutamatergic
transmission is always entirely blocked by AMPA /kainate and NMDA receptor
antagonists (Jo et al. 1998b). Another subpopulation of neurones is constituted of
inhibitory interneurones, and uses GABA and/or glycine as transmitters (Hugel
and Schlichter 2000). Electrical stimulation of GABAergic neurones induces fast
evoked postsynaptic currents (ePSCs) that are not always completely blocked by
GABA, receptor antagonists (Fig. 11.2a). The residual ePSC component is
however at least partially blocked by P2X receptors antagonists (Jo and Schlich-
ter 1999; Hugel and Schlichter 2000). The GABAergic and the purinergic

@ syramin 30 uM b
ECI =-90 mV
Ecations = 0 mV

ii HP =0 mV

50 pAl

100 ms

HP =-80 mV

50 msl

d 30 ms

Suramin 30 pM

SR85531 5 uM 50 ms

Fig 11.2 Synaptic corelease of ATP and GABA. (a) In cultured neonatal neurones from the
superficial layers of the dorsal horn of the spinal cord, electrical stimulation of a single presynaptic
neurone in the presence of bicuculline (10 uM), strychnine (1 pM), CNQX (10 uM) and D-APV
(50 uM) induced an inward postsynaptic current in half of the postsynaptic neurones recorded
(trace 1). This inward postsynaptic current was blocked by suramin (30 uM). (b) Setting E¢; to
-90mV and Eygons to 0mV allowed the isolation of the cationic ATPergic component at a
holding potential (HP) of 90 mV and the GABAergic component at a HP of 0mV. (¢) The
GABAergic component recorded at HP = 0 mV was completely blocked by SR95531 (gabazine; 5
uM), a competitive antagonist of GABA receptors. (d) The ATPergic component recorded at
HP =-90 mV was blocked by suramin (30 uM). Adapted by permission from Macmillan Publishers
Ltd: Nature Neuroscience, Jo and Schlichter, 1999, copyright, 1999
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(ATPergic) components can be easily separated by setting the equilibrium
potential for chloride ions (E¢j) at -90mV and that for cations (Ecagons) at
0mV (Fig. 11.2b—d). Under these conditions, the P2X antagonist-sensitive ePSC
component can be recorded in isolation at a holding potential of 90 mV,
revealing the cationic nature of the conductance. A detailed study on the
properties of ePSCs showed that both the GABAergic and the P2X receptor-
mediated components had the same latency and the same stimulation threshold,
demonstrating that a single presynaptic neurone was releasing GABA and
ATP. Altogether, these data demonstrate that ATP is coreleased with GABA
but never with glutamate in the dorsal horn of the spinal cord and the lateral
hypothalamus. This type of corelease is observed only in a subpopulation of
GABAergic neurones (Jo and Schlichter 1999; Hugel and Schlichter 2000).

11.2.1 General Considerations on Costorage and Corelease

ATP is present in the cytoplasm of all cell types at concentrations in the
millimolar range, and is accumulated in synaptic vesicles (Sperlagh and Vizi
1996). However, the mechanisms involved in vesicular uptake of ATP are still
unclear. Recent results obtained on brain synaptosomes suggest that ATP
import into synaptic vesicles might involve an ADP/ATP translocase related
to the mitochondrial nucleotide translocase (Gualix et al. 1999). Since ATP
is present in all synaptic vesicles, it follows that ATP must be costored with
classical neurotransmitters and probably with neuropeptides as well. Therefore,
ATP and its cotransmitters are likely to be coreleased during fusion of single
vesicles with the presynaptic membrane. However, costorage in the same vesicle
does not necessarily imply that both cotransmitters are released simultaneously
and at the same amounts. Indeed, a recent study on pancreatic 3 cells indicates
that, although different cotransmitters (ATP, serotonin and GABA) are cor-
eleased, a differential release can occur, depending on the properties of the fusion
pore (Braun et al. 2007). For example, it appears that GABA and serotonin can
easily exit the vesicle during partial opening of the fusion pore (e.g. “kiss and run”
exocytosis) whereas ATP does not easily leave the vesicle under these conditions.
A similar situation might also apply to synaptic vesicle exocytosis at central
synapses (Gandhi and Stevens 2003).

11.2.2 Are ATP and GABA Coreleased From Common
or Distinct Synaptic Vesicles?

Although the existence of a pure purinergic transmission has been suggested
(Sperlagh and Vizi 1996), it was observed only in a few instances in the CNS
(Robertson and Edwards 1998; Pankratov et al. 2007). Instead, in the periph-
eral nervous system as well as in the central nervous system, ATP appears to be
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primarily a cotransmitter rather than a principal transmitter (Burnstock 2004).
Indeed, in all experiments in which stimulation of a single presynaptic neurone
could be performed and electrically-evoked postsynaptic P2X receptor-mediated
EPSCs were recorded, the wash out of ionotropic GABA or glutamate receptor
antagonists systematically revealed the presence of synaptic GABA or glutamate
corelease (Fig. 11.2a) (Jo and Schlichter 1999; Hugel and Schlichter 2000; Mori
etal. 2001). Nevertheless, this does not exclude that the release of ATP and of its
cotransmitter involves separate vesicular pools and/or separate presynaptic term-
inals (Fig. 11.1b). The definitive answer to this question relies on the analysis of
miniature postsynaptic currents. Separate vesicular storage should generate
separate miniature currents, whereas corelease from the same vesicle should
generate mixed miniature currents with a component due to ATP and another
due to the cotransmitter. Unfortuantely, this issue is extremely difficult to address
since it is linked to the problem of detection of ATP by P2X receptors at the
postsynaptic level (see below section 11.2.3).

It has been emphasized that a differential modulation of the release of the
cotransmitters indicates that the transmitters are stored in different vesicles. In
the retina, the involvement of separate vesicle pools releasing ACh and GABA is
strengthened by the fact that the Ca® " -dependent release of the two cotransmitters
depend on distinct voltage-dependent Ca>" channel types (Duarte et al. 1999). In
this preparation, the release of both cotransmitters is also differentially affected
by presynaptic adenosine receptors (Duarte et al. 1999). However, as mentioned
above, differential release of cotransmitters packaged in the same vesicle might
occur, depending on the type of exocytosis, and more precisely of the size of the
fusion pore (Gandhi and Stevens 2003; Braun et al. 2007). Therefore, differential
modulation of release does not necessarily imply that the transmitters are con-
tained in distinct vesicles. Moreover, in cultured embryonic chick lateral
hypothalamic neurones, nicotinic receptor stimulation selectively facilitates
synaptic GABA release whereas stimulation of muscarinic receptors increases
ATP release (Fig. 11.3) (Jo and Role 2002a). This differential modulation occurs
despite the detection of mixed ATP/GABA miniature PSCs in this preparation
(Fig. 11.4), which indicates the copackaging and corelease of ATP and GABA
from the same vesicles at least at a subset of synapses. Alternatively, the differ-
ential modulatory effect of nicotinic and muscarinic agonists might concern a
subset of synapses releasing only GABA and ATP, or synapses coreleasing both
transmitters but at which only a single detection element (i.e. GABA or P2X
receptors) is present at the postsynaptic membrane facing the release site.

11.2.3 Codetection of ATP and GABA Corelease by Ionotropic
Receptors: The Puzzling Issue of Miniature P2X
Receptor-Mediated Postsynaptic Currents

Electrical stimulation of individual presynaptic neurones has revealed the exis-
tence of a functional ATPergic synaptic transmission in many structures of the
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Fig 11.3 Activity-dependent (phasic) activation of presynaptic A; and GABAg autoreceptors
in neurones coreleasing GABA and ATP but not in neurones releasing only GABA. Effects of
coapplication of the A antagonist (8-Cyclopentyl-1,3-dipropylxanthine, DPCPX, 1 uM) and
the GABAg antagonist (CGP 54626, 1 uM) on the amplitude of eIPSCs evoked by a train of
eight pulses (2.5Hz, arrow heads) applied to the cell body of a presynaptic neurone
coreleasing GABA and ATP (a) or of a neurone releasing only GABA (b). c-d. histograms
of the percentage of GABAergic eIPSC facilitation by application of DPCPX and CGP 54626
for each of the eight stimulation pulses in neurones coreleasing ATP and GABA (c) and in
neurones releasing GABA only (d). The amplitudes of the effect on the sixth and seventh
eIPSCs in (¢)were found to be significantly different from that on the other eIPSCs (one-way
ANOVA with repeated measures, P < 0.05 and post hoc comparison with Duncan test, P <
0.05). There was no statistically significant difference in the case of neurones releasing only
GABA (d). The HP was O0mV. Dotted lines indicate the amplitude of the eIPSCs before
applications of DPCPX and CGP 54626. Modified with permission from Hugel and Schlichter,
2003, The Journal of Physiology, Copyright Blackwell Publishing

peripheral and central nervous system (Burnstock 2004). Surprisingly, sponta-
neous ATPergic EPSC and particularly ATPergic miniature synaptic currents
(mEPSCs) have only rarely been described in the central nervous system.
In certain cases, increasing neuronal excitability and the release probability
of neurotransmitters with a bath solution containing high concentrations of
K™ and Ca”" allowed the observation of ATPergic EPSCs in the presence of
tetrodotoxin (Edwards et al. 1992). Observation of ATPergic mEPSCs may also
depend on the preparation and/or on the species, because ATPergic mEPSCs
have been recorded in hypothalamic cultured chick embryonic neurones but
were undetectable in hypothalamic neurones cultured from postnatal mice
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Fig 11.4 Differential cholinergic modulation of ATP/GABA cotransmission in lateral
hypothalamus. a-b Activation of nicotinic ACh receptors facilitates GABAergic but not
ATPergic transmission. a. Evoked GABAergic eIPSCs isolated at HP =0mV before, during
and after application of nicotine (0.5 uM). Nicotine increased the amplitude of eIPSCs and
changed the value of the ratio between the amplitude of the two consecutive eIPSCs, indicating a
presynaptic action b. Evoked ATPergic eEPSCs isolated at HP = —70 mV were not modified by
application of nicotine (0.5 pM). c-d. Activation of muscarinic ACh receptors depressed
GABAergic transmission and facilitated purinergic transmission. ¢. Evoked GABAergic
eIPSCs isolated at HP =0mV were depressed by application of mucarine (10 uM). b. Evoked
ATPergic eEPSCs isolated at HP=-70mV were potentiated by application of mucarine
(10 uM). In both cases, a change in the ratio of amplitudes of eIPSCs or eEPSCs was
observed indicating a presynaptic action of muscarine. Modified with permission from Jo and
Role, 2002a, The Journal of Neurophysiology, American Physiological Society

(Jo and Role 2002b). This difficulty to record ATPergic mEPSCs might be
explained by peculiarities of ATP fate in the synaptic cleft and/or of the
organization of the postsynapse.

11.2.3.1 Ectonucleotidases and ATP Transients in the Synaptic Cleft

Whereas the dwell time of most transmitters within the synaptic cleft is
controlled by specific transporters expressed by neurones and/or glial cells,
the concentration profile of ATP within the cleft depends on the activity of
specific hydrolytic enzymes, as it is the case for ACh. The enzymes metabolis-
ing ATP in the extracellular space are grouped under the generic term of
ectonucleotidases (Zimmermann 1996, 2000). Interestingly, while degrading
ATP in the synaptic cleft, ectonucleotidases are producing agonists for pur-
inergic metabotropic receptors, i.e., ADP, AMP and adenosine. Most ectonu-
cleotidases are anchored in the plasma membrane, but unidentified soluble
ectonucleotidases were shown to be coreleased with ATP in the peripheral
nervous system (Todorov et al. 1997; Westfall et al. 2002). In acute hippocam-
pal slices, 50% and 96% of ATP is converted to adenosine within 200 ms and
1's, respectively (Dunwiddie et al. 1997). Therefore, a synchronous release of
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several vesicles might be required to transiently saturate the ectonucleotidases
in order to reach within the synaptic cleft an ATP concentration sufficient to
activate postsynaptic P2X receptors. This might also explain why ATPergic
mEPSCs are difficult to detect.

Results from studies on the peripheral autonomic nervous system in which
ATP is coreleased with ACh or NA, or from neuroendocrine chromaffin cells,
have shown that the intravesicular concentration of ATP is generally lower than
that of its cotransmitter. Estimated ratios range from 2:1 to 50:1 which repre-
sent intravesicular concentrations of ATP between 1 and 200 mM (Sperlagh
and Vizi 1996). This suggests that even in the case of complete exocytosis of a
vesicle, the concentration transient of ATP in the synaptic cleft will be signifi-
cantly smaller than that of the cotransmitter. This might explain in part why
miniature postsynaptic currents due to the activation of P2X receptors are
rarely observed. In addition, the concentration of ATP in the synaptic cleft is
likely to be further decreased by the action of extracellular ectonucleotidases
which rapidly metabolize ATP (Zimmermann 1996; Dunwiddie et al. 1997;
Ghildyal et al. 2006). It can be argued that the enzymatic action of the ectonu-
cleotidases is slow compared to the fast diffusion of ATP in the synaptic cleft.
Nevertheless, the binding of ATP to ectonucleotidases (which is a fast process)
might act as a buffer and contribute to reduce the concentration of free avail-
able ATP in the synaptic cleft. In line with these speculations, it has been
recently shown that the ectonucleotidase inhibitor ARL 67156 strongly potenti-
ates purinergic synaptic potentials in the guinea-pig vas deferens (Ghildyal et al.
2006). In this context, it should also be emphasized that since ATP and its
nonpeptidic cotransmitter are transported by separate vesicular transporters, a
differential regulation of the expression or of the activity of these transporters
would result in a change in the ratio of ATP to cotransmitter content of the
synaptic vesicles.

11.2.3.2 Distribution of Postsynaptic P2X and GABA, Receptors

The difficulty to record ATPergic mEPSCs might also be linked to the organi-
zation of the postsynapse (Fig. 11.1b). Both morphological and electrophysio-
logical studies indicate an uneven distribution of P2X receptors within the
neuronal membrane. P2X receptors are rarely found in excised-patches from
ATP-responsive neurones of medial habenula slices (Edwards et al. 1992), but
when they are found in outside-out patches from dentate gyrus granule cells,
they are grouped, suggesting that P2X receptors are organized in clusters
(Wong et al. 2000). In the hippocampus and the cerebellum, P2X,, P2X, and
P2X subunits clusters have been localized to the periphery of glutamatergic
postsynaptic densities (Rubio and Soto 2001). Such perisynaptic localizations
increase the time of diffusion of ATP to its receptors and therefore the prob-
ability of ATP hydrolysis by ectonucleotidases.
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11.2.3.3 Functional interactions between GABA , and P2X receptors

Co-activation of P2X; and GABA 4 receptors co-expressed in Xenopus oocytes
leads to a functional cross-inhibition (Boue-Grabot et al. 2004) (see section
below). Similar observations have been made in sympathetic (Karanjia et al.
2006) and sensory (Sokolova et al. 2001) neurones which naturally express P2X
and GABA receptors. This phenomenon involves a direct protein-to-protein
interaction of the two receptor types (Boue-Grabot et al. 2004). Interestingly,
when GABA A receptors include a y subunit, which is the case of all synaptic
receptors in the dorsal horn and the lateral hypothalamus (Keller et al. 2001; Jo
and Role 2002b; Keller et al. 2004), the inhibition becomes unidirectional
(Boue-Grabot et al. 2004). Indeed, under these conditions, GABA 5 receptors
still inhibit the activity of P2X receptors but the reverse is no longer observed.
Such an inhibition might occur during synaptic corelease of ATP and GABA A
when spatially close P2X and GABA 4 receptors are concomitantly activated.

In neuronal cultures from the chick hypothalamus, a single postsynaptic
neurone receiving synaptic inputs from a presynaptic neurone coreleasing ATP
and GABA, displays “pure” GABAergic mIPSCs and mixed ATP/GABA
mPSCs but “pure” P2X-receptor-mediated ATPergic mEPSCs are never recor-
ded (Jo and Role 2002b). However, after pharmacological blockade of GABAA
receptors with [-hydrastine, P2X-receptor-mediated PSCs are detected. This
situation could illustrate the functional inhibition of P2X receptors by the activa-
tion of GABA, receptors during synaptic corelease of ATP and GABA
(Boue-Grabot et al. 2004). Preventing the activation of GABA, receptors
would therefore allow the synaptic activation of P2X receptors. Although this
seems to be the case in chick hypothalamic neurones (Jo and Role 2002b), it does
not apply to other preparations were ATP and GABA corelease has been
described. In cultures of the dorsal horn of the spinal cord, blockade of
GABA receptors by bicuculline did not reveal miniature P2X receptor-mediated
EPSCs, but 5-hydrastine was not tested in the same situation (Jo and Schlichter
1999). Moreover, since this phenomenon is due to a direct protein-protein inter-
action, it implies that GABA, and P2X receptors must be in close spatial
proximity.

11.2.4 Codetection of ATP and GABA Corelease by Presynaptic
Ionotropic and Metabotropic Receptors

Up to this stage, we have only considered the detection/codetection of synap-
tically released transmitters/cotransmitters by ionotropic receptors expres-
sed by the postsynaptic neurone. Alternatively, the cotransmitters could be
detected by presynaptic ionotropic receptors or/and metabotropic G-protein
coupled receptors, i.e GABAg receptors for GABA and P2Y receptors for
ATP/ADP. Moreover, adenosine resulting from rapid degradation of ATP by
ectonucleotidases can bind to adenosine receptors (Fig. 11.1a) (Zimmermann
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1996; Dunwiddie et al. 1997). The activation of postsynaptic metabotropic
receptors by GABA and ATP/adenosine has not been investigated so far in
the context of cotransmission. However, we have recently shown that core-
lease of ATP and GABA might finely regulate their own release by acting
synergistically at presynaptic GABAg and A; adenosine receptors (Hugel and
Schlichter 2003) (see below).

11.2.4.1 Presynaptic P2X Receptors

P2X receptors are present on the presynaptic terminals of GABAergic neurones
but not of glutamatergic neurones in cultures of neonatal spinal cord dorsal
horn neurones (Fig. 11.1a) (Hugel and Schlichter 2000). These receptors might
be the target of synaptically released ATP but this issue is difficult to address
due to the absence of selective antagonists of the P2X receptors expressed in the
central nervous system. Nevertheless, it appears that presynaptic P2X receptors
are preferentially expressed on GABAergic neurones coreleasing GABA and
ATP (Hugel and Schlichter 2000).

11.2.4.2 Presynaptic GABAg and A1 Autoreceptors

In cultured neurones from the dorsal horn of the spinal cord, the synaptic
corelease of ATP and GABA is controlled by both released transmitters and by
ATP hyrdrolysis products such as adenosine (Jo and Schlichter 1999; Hugel and
Schlichter 2000).

In control conditions, presynaptic GABAg and Al receptors are tonically
inhibiting both the ATPergic and the GABAergic component of the cotrans-
mission (Hugel and Schlichter 2003). During repetitive stimulation of the pre-
synaptic neurone coreleasing GABA and ATP, GABAg and Al autoreceptors
are recruited to inhibit evoked transmitter release. This phasic control exerted
by the released GABA and adenosine (via ATP hydrolysis) is not observed
in the case of neurones releasing only GABA (Hugel and Schlichter 2003)
(Fig. 11.5). This suggests that GABAg and A1 receptors are acting in synergy
to control presynaptically the ATP/GABA cotransmission, possibly by conver-
ging on the same transduction pathway. In addition to presynaptic Al recep-
tors, we have shown that postsynaptic Al receptors are inhibiting selectively
GABA 4 receptors mediated currents in dorsal horn neurones (Jo and Schlichter
1999).

Presynaptic adenosine, P2X and GABAGg receptors seem therefore able to
sense and to regulate the corelease of ATP and GABA (Hugel and Schlichter
2000, 2003). In the hippocampus, synaptically released GABA is also detected
by perisynaptic astrocytes which express GABAg receptors and respond to the
synaptic release of GABA by an elevation in the intracellular calcium concen-
tration (Kang et al. 1998). ATP has recently been established as an important
gliotransmitter, and astrocytes express functional P2X and P2Y receptors
(Haydon 2001; Nedergaard et al. 2003; Haydon and Carmignoto 2006). These
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Fig 11.5 Mixed ATPergic/GABAergic spontaneous miniature PSCs recorded in cultured
chick lateral hypothalamus neurones. (a) averaged traces of bicuculline-sensitive and bicuculline-
resistant mPSCs. (b) The decay time of the mixed events was best-fitted by a biexponential
function. Flunitrazepam (Flu, 100 nM), a positive allosteric modulator of GABA, receptors
had no effect on the time constant of the fast component (74,) whereas it increases the time
constant of the slow exponential function (7gyw), confirming the GABAergic nature of the slow
component. Modified from Jo and Role, 2002b. The Journal of Neuroscience, Copyright 2002 by
the Society for Neuroscience

receptors participate in the propagation of calcium waves in the astrocytic
network (Haydon 2001; Nedergaard et al. 2003; Haydon and Carmignoto
2006). However, it is not known whether ATP released from neurones can
activate P2X or P2Y receptors expressed by perisynaptic astrocytes.

11.2.4.3 Conclusion on Corelease Costorage and Codetection

As discussed above, synaptic corelease of ATP and GABA from the same pre-
synaptic neurone has been clearly established in cultures of rat dorsal horn spinal
cord neurones and lateral hypothalamic neurones of chick and mouse. However,
the issue of ATP/GABA corelease from the same vesicles is difficult to assess in the
absence of recordable miniature P2X-receptor-mediated PSCs in most of prepara-
tions. It is hoped that conditions revealing such miniature currents can be found in
order to fully answer this question which is of fundamental importance for under-
standing the role of cotransmissions involving ATP, as well as the general organi-
zation of pre- and postsynaptic elements in this context.

11.3 Physiological Role of ATP/GABA Cotransmission:
From Facts to Speculations

An important question concerning synaptic ATP and GABA corelease is related
to its role under physiological and/or pathological situations. In particular, it is
important to know whether this phenomenon is only transiently observed during
development in immature systems or if it is still present in adult organisms.
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11.3.1 ATP|GABA Cotransmission During Development
and in the Adult

Purines act as signalling molecules in the CNS (Fields and Stevens 2000; Fields and
Burnstock 2006; Haydon and Carmignoto 2006) but they play also an important
role as trophic factors for neurones and glial cells (Rathbone et al. 1999). Therefore
it is legitimate to ask whether synthesis and release of purines is prominent only in
developing organisms. So far, ATP and GABA corelease has been described in
cultures or slices from immature animals. However, in the dorsal spinal cord or the
lateral hypothalamus of adult rodents P2X receptors are still expressed (Collo et al.
1996) along with GABA 4 receptors, suggesting that release and codetection of
ATP and GABA release might still be possible in these regions in adults. Moreover,
expression of functional P2X receptors increases during postnatal development in
lamina V of the spinal cord (Shiokawa et al. 2006). We have preliminary evidence
that a functional synaptic transmission involving ATP and postsynaptic P2X
receptors still occurs in 3 to 4 weeks old rats (unpublished observations), but the
issue of corelease of ATP with GABA could not be addressed for the moment.
Indeed, identification of ATP/GABA cotransmission in the absence of detectable
miniature P2X receptor-mediated PSCs requires to identify and to selectively
stimulate electrically a single presynaptic neurone. This is difficult in slices
because: (1) even minimal local extracellular stimulation will activate several
presynaptic fibres due to the dense fibre network in the superficial layers of the
spinal cord and (2) unitary connections within lamina II of the spinal cord are
difficult to identify rendering paired recordings problematic (Lu and Perl 2003).

11.3.2 Role in Synaptogenesis and in the Modulation of GABA 4
Receptor Function

An important process taking place during development is the formation of
functional synaptic contacts. This phenomenon seems to depend on local
increases in intracellular calcium at postsynaptic sites where synapses are to
be established. During this phase of synaptogenesis, GABA receptor activation
triggers a membrane depolarization which facilitates the activation of voltage
dependent Ca®" channels (Fitzgerald 2005). It is only later in development that
GABA receptor-mediated responses become hyperpolarising, a phenomenon
due to the progressive expression of the K*/Cl cotransporter KCC2 (Owens
et al. 1996; Rivera et al. 1999; Ben-Ari 2002; Baccei and Fitzgerald 2004).
Therefore, at early stages at which the GABA responses are still depolarising,
activation of P2X receptors by ATP coreleased with GABA at future synaptic
sites could amplify the rise in intracellular calcium concentration at the post-
synaptic membrane, thereby facilitating the establishment and the stabilization of
synaptic contacts. Once GABA responses are hyperpolarising, activation of
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P2X receptors might finely tune the activity of GABA, receptors via calcium-
dependent mechanisms. Indeed, GABA, receptors are directly modulated by
increases in intracellular free calcium concentration and the sign of the modula-
tion depends on the amplitude of the calcium signal (Inoue et al. 1986; Llano et al.
1991; Mouginot et al. 1991). In addition, intracellular calcium can activate
calcium-dependent protein kinases and phosphatases which are known to mod-
ulate GABA A receptors (Moss and Smart 1996, 2001). Therefore, P2X receptors
might provide a means for activity- and calcium-dependent modulation of
synaptic GABA receptors. In a slightly different context, ATP might also act
in concert with GABA in facilitating the integration and differentiation of new-
born neurones (Owens and Kriegstein 2002).

11.3.3 Cross-inhibition of P2X and GABA 4 Receptors

It has been shown recently that P2X and GABA 4 receptors display a reciprocal
functional inhibition due to direct protein-protein interactions between the two
receptors (Sokolova et al. 2001; Boue-Grabot et al. 2004; Karanjia et al. 20006).
Interestingly, the presence of a y subunit, which confers sensitivity to benzo-
diazepines, in the composition of the GABA 4 receptor allows inhibition of P2X
receptors by GABA 5 receptors but precludes inhibition of GABA 5 receptors
by P2X receptor activation. In the dorsal horn of the spinal cord and in the
lateral hypothalamus, synaptic GABA, receptors are positively modulated
by benzodiazepines indicating that they include a y subunit (Chery and de
Koninck 1999; Jo and Role 2002b; Keller et al. 2004). This situation will
certainly limit the action of P2X receptors on synaptic GABA, receptors
which are in close association with them. However, ultrastructural studies
have shown that P2X receptors have rather a perisynaptic localization (Rubio
and Soto 2001) and it is not known whether these perisynaptic P2X receptors
are in close association with y subunit-containing GABA 4 receptors. By con-
trast, extrasynaptic GABA, receptors do generally not include y subunits
(Mohler et al. 2004) rendering a reciprocal inhibition between extrasynaptic
GABA, and P2X receptors possible. Such an interaction could occur during
spillover of GABA and ATP and might finely regulate, either positively or
negatively, the excitability of neurones in which such an interaction occurs
(Semyanov et al. 2004). Under these circumstances, the sign of the modulatory
effect on excitability will essentially depend on the balance between the two
transmitters, i.e. the relative activation of both types of receptors.

11.3.4 ATP|GABA Cotransmission and Pathological Situations

One could speculate that ATP and GABA corelease is prominent during early
development, that this corelease might “disappear” at later stages, and could
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subsequently “reappear” under particular physiological and/or pathological
conditions. There are examples for such a situation in the case of other synaptic
coreleases. For instance, synaptic corelease of GABA and glutamate is observed
at synapses between mossy fibre and CA3 pyramidal neurones in the developing
hippocampus (Gutierrez et al. 2003; Gutierrez 2005). These synapses subse-
quently become purely glutamatergic, but following epileptic seizures the mixed
phenotype reappears due to the reexpression of glutamic acid decarboylase, the
biosynthetic enzyme for GABA, in the mossy fibre terminals (Gutierrez 2000,
2002, 2005). In this case, the cotransmission plasticity is of presynaptic origin. In
the same line, GABA and glycine corelease is present at a subset of inhibitory
synapses in laminae I and II of the dorsal horn of the spinal cord during the early
postnatal period (Chery and de Koninck 1999; Keller et al. 2004). Subsequently,
these synapses become exclusively glycinergic in lamina I and GABAergic and
glycinergic in lamina II, i.e. in lamina II one detects only “pure” GABAergic or
“pure” glycinergic events in the same neurone but never mixed GABA/glycine
synaptic currents (Chery and de Koninck 1999; Keller et al. 2004). The “disap-
pearance” of mixed GABA /glycine mIPSCs is not due to a “disappearance” of
corelease but most probably to the redistribution of synaptic GABA A receptors
which become extrasynaptic at the synapses that corelease GABA and glycine.
Indeed, application of positive allosteric modulators of GABA 4 receptors such
as benzodiazepines or 3a5a-reduced neurosteroids leads to the reappearance of
mixed GABA /glycine events (Chery and de Koninck 1999; Keller et al. 2004). In
this case, the apparent downregulation of cotransmission involves postsynap-
tic modifications. A similar “reappearance” of mixed GABA/glycine events is
observed in lamina II following the induction of an inflammatory pain and this
phenomenon is related to the stimulation the local production of 3aSa-reduced
neurosteroids (Poisbeau et al. 2005). One could therefore speculate that ATP/
GABA cotransmission might be subjected to similar regulations.

The phenotype of a mixed ATP/GABA synapse will depend on: (1) the
relative amount of GABA and ATP released, (2) the density and the properties
of the postsynaptic receptors activated and (3) the functional interactions (cross-
inhibition) between postsynaptic P2X and GABA 4 receptors. Our observations
suggest that under resting conditions, the GABA, component is always domi-
nant indicating that the phenotype of these synapses is inhibitory. However,
under conditions of differential release of the two transmitters or of differential
regulation of postsynaptic P2X and GABA 4 receptors, the inhibitory weight of
the synapses is likely to change. In an extreme situation, one could even envisage
that the synapse becomes excitatory when the P2X component becomes domi-
nant with respect to the GABA, component. This could occur during plastic
states associated with inflammatory or neuropathic pain (see below) and could in
part explain the changes that take place in the processing of nociceptive and non-
nociceptive messages in the dorsal horn of the spinal cord in the absence of major
changes in anatomical connections. It is important to underline that changes in
the processing of somatosensory information by the dorsal horn neuronal net-
works do no necessarily imply that the sign of the mixed ATP/GABA synapse has
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to switch to an excitatory phenotype. Indeed, the postsynaptic neurone receiving
these mixed synapses also receives excitatory and inhibitory synaptic inputs
mediated by glutamate and GABA or glycine (Fig. 11.1c). The postsynaptic
neurone integrates these inputs and the mixed (ATP/GABA) synapses contri-
bute to the balance between excitation and inhibition. In the case of a reduction
in the inhibitory power of the mixed synapse (relative increase of the P2X compo-
nent), this would result in a net excitation of the postsynaptic neurone due to a
deficit in inhibition. In cultures of neurones from the lateral hypothalamus, Jo and
Role have described a differential modulation of the GABAergic and the puriner-
gic components of the ATP/GABA cotransmission by stimulation of nicotinic and
muscarinic ACh receptors, respectively (Fig. 11.3) (Jo and Role 2002a). This
modulation takes place at the presynaptic level. A differential control of this
cotransmission would also occur in the case of a differential modulation of
postsynaptic P2X and GABA 4 receptors. We have recently shown that a periph-
eral inflammation stimulates the production of 3a5a-reduced neurosteroids in
lamina II of the dorsal horn of the spinal cord (Poisbeau et al. 2005). These 3a5a-
reduced neurosteroids are selective positive allosteric modulators of GABA 5
receptors (Belelli and Lambert 2005; Schlichter et al. 2006) that do not affect the
function P2X receptors (unpublished observation). Therefore, the production of
3aSa-reduced neurosteroids would selectively potentiate the GABAergic compo-
nent of the ATP/GABA cotransmission, leaving the purinergic component unaf-
fected. However, one cannot exclude the production of other neurosteroids such
as dehydroepiandrosterone (DHEA) and its derivatives in lamina II (Kibaly et al.
2005). Interestingly DHEA potentiates the activity of P2X receptors including
the P2X, subunit and has either no effect on or inhibits GABA, receptor-
mediated currents (De Roo et al. 2003). The P2X, subunit is expressed in lamina
IT of the dorsal horn of the spinal cord and the lateral hypothalamus (Collo et al.
1996) and we have described the presence of post- and presynaptic P2X receptors
having the properties of P2X,-containing receptors in cultures of superficial dorsal
horn neurones (Hugel and Schlichter 2000). Therefore, in case of a local produc-
tion of DHEA, a selective potentiation of the P2X receptor-mediated component
can be expected whereas the GABAergic component will be unaffected or inhib-
ited. These considerations suggest that a differential modulation of the GABAer-
gic and the purinergic components of the ATP/GABA cotransmission is theore-
tically possible. An important issue to follow is to know under which physiological
or pathological situations such differential modulations are likely to occur. As
discussed above, changes in the local production of neurosteroids might achieve
such conditions. GABA 4 receptors play an important role in the processing of
pain messages in the dorsal horn of the spinal cord because intrathecal adminis-
tration of the GABA receptor antagonist bicuculline induces states of hyperal-
gesia and allodynia (Millan 1999; Yaksh 1999). Similarly, P2X receptors are
implicated in the detection and transmission of peripheral pain messages. How-
ever, up to now, studies on the role of P2X receptors in nociception have essen-
tially concentrated on receptors expressed by primary afferent neurones and little
is known about the plasticity in the expression and the function of P2X receptors
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in the dorsal horn of the spinal cord. There are indications that these receptors
might be implicated in inflammatory pain processing in the dorsal horn
(Stanfa et al. 2000). In the case of neuropathic pain, neuronal P2X receptors
seem to be less involved (Stanfa et al. 2000) but P2X, receptors expressed by
microglial cells play an important role in the development of the pathological
situation (Tsuda et al. 2003).

Interestingly, P2X and GABA 4 receptors are also colocalized on the central
terminals of primary nociceptors within the spinal cord (Labrakakis et al. 2003).
Therefore, corelease of ATP and GABA might contribute to the fine tuning of
synaptic glutamate release at the first relay of nociceptive messages in the dorsal
horn of the spinal cord.

11.4 Conclusion

The simultaneous corelease and postsynaptic codetection of ATP with GABA
has been demonstrated in cultures from two different structures of the central
nervous system: the dorsal horn of the spinal cord and the lateral hypothala-
mus. The lack of miniature ATPergic PSC together with the difficulty to
identify pairs of synaptically connected neurones has, for the moment, pre-
cluded the identification of corelease in slice preparations from spinal cord and
hypothalamus. It is however probable that this corelease persists in the adult
dorsal horn of the spinal cord where it might participate in the modulation of
neuronal excitability observed in inflammatory pain situations. In such a con-
text, the modulation of ATP/GABA cotransmission might contribute to the
modulation or alteration of the processing of nervous messages without reor-
ganization of the anatomical connections. In particular, it will be interesting to
determine whether extracellular mediators (e.g. inflammatory mediators)
released in these structures under specific physiological or pathological situa-
tions will reveal, potentiate or differentially modulate this intriguing mixed
excitatory/inhibitory cotransmission.
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List of abbreviations

ACh Acetylcholine

ADP adenosine 5’-diphosphate
AMP adenosine 5’-monophosphate
ATP adenosine 5’-triphosphate
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CNQX  6-cyano-7-nitroquinoxaline-2,3-dione
D-APV  D-amino-phosphonovaleric acid

Eq equilibrium potential for CI ions
Ecations  equilibrium potential for cations
ePSC electrically-evoked postsynaptic current

eEPSC electrically-evoked excitatory postsynaptic current
eIPSC electrically-evoked inhibitory postsynaptic current
DHEA  dehydroepiandrosterone

DPCPX  8-Cyclopentyl-1,3-dipropylxanthine

GABA  y-aminobutyric acid

HP holding potential

mPSC miniature postsynaptic current

mEPSC  miniature excitatory postsynaptic current

mIPSC  miniature inhibitory postsynaptic current

NA noradrenaline

NMDA  N-methyl-D-Aspartic acid
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Chapter 12
The Co-Release of Glutamate and Acetylcholine
in the Vertebrate Nervous System

Wen-Chang Li

Abstract Co-release of acetylcholine (ACh) and glutamate has been found in a
number of cases including Xenopus tadpole spinal cord and hindbrain inter-
neurons, neonatal mouse motoneuron central synapses and rat basal forebrain
cholinergic neurons. It is not clear at present whether the co-release is restricted
to certain developmental stages. The significance of co-release of both excita-
tory transmitters may include complex interactions between cholinergic and
glutamatergic transmissions during normal functions or development. In Xeno-
pus tadpole spinal cord, co-released ACh from glutamatergic excitatory inter-
neurons (dINs) activate the nicotinic receptors which may help maintain tonic
NMDA receptor mediated membrane potential depolarization that is critical
for persistent swimming. Nicotinic excitation in early development may also
help facilitate the maturation of glutamatergic transmission at dIN synapses.

12.1 Short Background to Neurotransmitter Co-release

An increasing number of cases of co-release of small molecule transmitters have
been identified recently. Following the first case where physiological evidence
revealed co-release of GABA and glycine in neonatal rat spinal interneurons
(Jonasetal. 1998), GABA and ACh (Zhenget al. 2004), GABA and ATP (Jo and
Role 2002), glutamate and ACh (Li et al. 2004a; Mentis et al. 2005; Nishimaru
et al. 2005), glutamate and GABA (Gutierrez 2002) (but see Uchigashima et al.
2007) and even GABA, glycine and glutamate (Gillespie et al. 2005) have been
reported. More extensive co-release of neurotransmitters is suggested by immu-
nocytochemical evidence of co-localization (see reviews: Chery and De Koninck
1999; Trudeau 2004) but has yet to be supported by physiological evidence.
The brainstem and spinal cord are the regions where co-release of classical
neurotransmitters including glutamate and ACh has been frequently found
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(Jonas et al. 1998; Li et al. 2004a; Nabekura et al. 2004; Gillespie et al. 2005;
Mentis et al. 2005; Nishimaru et al. 2005). However, spinal cord functions in
advanced vertebrates are poorly understood, making it a challenging task to
reveal the significance of transmitter co-release. This chapter will briefly review
the cases where co-release of glutamate and ACh has been found or suggested
and will discuss the functional significance of this co-release.

12.2 Co-release of Glutamate and ACh — History and Evidence
12.2.1 Vertebrate Neuromuscular Junction

One of the first reports of co-release of glutamate and ACh came from the study
of the electric organ of a Mediterranean species of ray called Torpedo. Torpedo
electric organs can generate high currents to disorient their fish prey. The
electric organ cells are modified muscle cells innervated by electromotor nerve
cells in the spinal cord. Release of glutamate was observed from synaptosomes
prepared from the cholinergic electric terminals in the Torpedo electric organ
(Vyas and Bradford 1987; Israel et al. 1993). Using synaptosomes and proteo-
liposomes reconstituted with mediatophore lipids and loaded with equivalent
amounts of glutamate and ACh, it was reported that when the external Ca®*
level was low, release of ACh was preferred. When Ca®* level was above 3 mM,
glutamate release became predominant. However, electrical stimulation of the
Torpedo electric nerve in electric organ slices failed to reveal significant release
of glutamate (Israel et al. 1993). Whether glutamate participates in the trans-
mission in vivo therefore has not been conclusive.

At the frog tadpole neuromuscular junction, coexistence of glutamate and ACh
was first found by Fu et al. in 1998. They reported glutamate-like immunoreac-
tivity in cultured Xenopus tadpole motoneurons (Fu et al. 1998). Double-staining
also revealed immunoreactivity for both glutamate and choline acetyltransferase
(ChAT) in the same cultured nerve-myocyte following recordings, suggesting
both transmitters coexist in motoneuron terminals. In addition, glutamate can
potentiate spontaneous ACh release by activating presynaptic glutamate kainate/
quisqualate and N-methyl-D-aspartate (NMDA) receptors in the same prepara-
tion (Fu et al. 1995), assigning a potential role for co-released glutamate from the
conventional cholinergic terminals. However, the evidence for endogenous release
of glutamate was limited and no iontropic glutamatergic receptor currents were
recorded on the postsynaptic muscle cells.

Before synapses are formed, Xenopus embryo spinal neurons have sponta-
neous sharp rises in intracellular Ca*>" levels (Ca®" spikes) following action
potentials (Spitzer and Ribera, 1998). By artificially altering the Ca*>" spike
activities in early development, Borodinsky et al. (2004) revealed surprisingly
wide-spread neurotransmitter phenotype plasticity. They further examined the
transmitters that motoneurons express and the transmitter receptors on the
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muscle cells (Borodinsky and Spitzer 2007) following similar manipulations.
Indeed, glutamatergic apart from GABAergic and glycinergic transmission
were seen to coexist with cholinergic neurotransmission at the Xenopus neuro-
muscular junction, supporting a novel activity-dependent transmitter-receptor
matching process proposed by the authors (also see relevant chapter in this
book).

Enriched glutamate-like immunoreactivity was also found at young rat motor
nerve terminals (Waerhaug and Ottersen 1993) but no fast glutamatergic com-
ponents were found in the neuromuscular transmission (Nishimaru et al. 2005).

12.2.2 Xenopus Tadpole Swimming Interneurons

The first direct evidence of co-release of glutamate and ACh came from investiga-
tion of excitatory interneurons with ipsilateral descending axons (descending
interneurons, dINs) in the young Xenopus tadpole spinal cord and hindbrain (Li
et al. 2004a). Hatchling Xenopus tadpoles at around 2 days (stage 37/38) from
fertilization (Fig. 12.1a) have long been used by Roberts and his colleagues as a
simple model vertebrate for studying mechanisms controlling swimming (Roberts
2000). The neuropharmacology of dINs was first tested in the mid-1980s and
shown to be glutamatergic (Dale and Roberts 1985). Unwittingly, the tubocurar-
ine, which was used to immobilize tadpoles during experiments by blocking
neuromuscular junction nicatinic receptors (nAChRs), also blocked central
nAChRs (as well as GABA receptors). This unfortunately postponed the discovery
of classic transmitter co-release at dIN synapses for nearly two decades.

a (o]
ACHR NBQX + D-AP5
AMPAR D-AP5 + DHBE
50 mV
- | wo0n NMDAR NBQX + DHBE
dIN o 2218 \
trol
N Conto _ NBQX + D-AP5 + DHBE

Fig. 12.1 Xenopus tadpole and the co-release of glutamate and ACh from dINs. (a) Drawing
of a 2-day-old tadpole when most physiology studies have been carried out. (b) A
simultaneous recording showing an impulse in a dIN and 3 superimposed unitary EPSCs in
a CPG neuron (cN) . dIN was recorded in current clamp mode and was made to fire impulses
by positive current injections. cN was recorded in voltage-clamp mode at —60 mV. (¢) dIN
spike evoked EPSCs could only be blocked by a mixture of glutamate and ACh antagonists.
Different combinations of antagonists isolated nAChR, AMPAR and NMDAR currents,
respectively. NBQX blocks AMPARs, D-APS5 blocks NMDARs and DHf3e blocks nAChRs
Modified from Li et al. (2004a) with permission
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The pharmacology of dIN synapses was re-examined recently following two
changes in experimental conditions. Firstly, a-bungarotoxin, which has better
specificity for neuromuscular nAChRs, has been used as the immobilizing agent
in this preparation since the early 1990s. The second change is the successful
application of the whole-cell patch-clamp recording method (Li et al. 2002).
Xenopus tadpole neurons at early developmental stages are self-sufficient, being
filled with nutrients in the form of yolk platelets. The circulatory system is
therefore insignificant and this makes the young Xenopus tadpole nervous
system highly accessible. Careful dissections can be made to expose neuronal
cell bodies and allow simultaneous recordings from neuron pairs while system
functions are largely undisturbed. Surprisingly, dIN transmission was shown to
have both fast nicotinic and glutamatergic components using simultaneous
whole-cell recordings.

Simultaneous recordings were made between dINs and central pattern gen-
erator (CPG) neurons with dINs in current-clamp and CPG neurons in voltage-
clamp modes. dINs only fire a single action potential to current injection (Li
et al. 2006). This facilitated the analysis of the pharmacological nature of the
unitary excitatory postsynaptic currents (EPSCs) produced by single impulses.
When Mg®> " was removed from the recording saline, long-lasting NMDAR
currents could be seen at membrane potentials clamped close to normal resting
levels (Fig. 12.1b). The use of glutamatergic antagonists alone revealed some
residual currents that could only be blocked by further adding nAChR antago-
nists, indicating that single dINs co-released both glutamate and ACh at their
dIN-CPG neuron synapses. The glutamatergic transmission has both fast
AMPAR and slow NMDAR components. In terms of time courses, nAChR
currents are slightly longer than the AMPAR but shorter than the NMDAR
ones (Fig. 12.1c).

Analyses were then carried out on spontaneous miniature EPSCs (mEPSCs)
recorded in postsynaptic neurons by using TTX to block action potentials. The
miniature synaptic currents are believed to be currents activated by quantal
transmitter release from single presynaptic vesicles. In simultaneous recordings,
nAChR and AMPAR currents in dINs produced unitary EPSCs having similar
fast time courses, but NMDAR currents have slow dynamics (Fig. 12.1c). The
AMPAR currents were blocked with NBQX to simplify the analysis and
mEPSCs with mixed nAChR and NMDAR components were identified
(Fig. 12.2). They had a fast rise similar to nAChR currents and a slow fall
similar to NMDAR currents. Because all mEPSCs could be blocked by com-
bined application of glutamate and ACh antagonists, the mixed mEPSCs were
mediated by glutamate and ACh receptors. The frequency of spontancous
mEPSCs is very low in tadpole spinal neurons at stage 37/38, making it unlikely
that mixed mEPSCs are coincidentally occurring separate vesicle events. The
most plausible explanation for these mixed currents was the co-activation of
postsynaptic NMDARs and nAChRs by glutamate and ACh co-released from
single presynaptic vesicles.
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Fig. 12.2 Analysis of mEPSCs shows glutamate and ACh are co-released from single vesicles.
(a) When glutamate AMPA receptor blocker NBQX was used, three types of mEPSCs were
identified (arrows point to individual examples). (b) Averaged shape of the three types of
mEPSCs. The time course of green and orange traces matched that of nAChR and NMDAR
mEPSCs separated pharmacologically. The brown trace has a fast rise like nAChR and a fall
like NMDAR currents, hence are most likely mixed nAChR + NMDAR responses. Figure
modified from Li et al. (2004a) with permission. (See Color Plate 15)

12.2.3 Mammalian Motoneuron Central Synapses

Although there had been evidence suggesting glutamate might be co-released
with ACh from the neuromuscular junction in Xenopus or the neuromuscular-
equivalent electric organ in electric fish, better evidence of co-release of both
transmitters recently was recently obtained at neonatal mouse motoneuron
central synapses on Renshaw cells. Renshaw cells are glycinergic spinal inhibi-
tory interneurons which are activated by motoneuron central axon collaterals
and send feedback inhibition onto motoneurons (Fig. 12.3a). Although in adult
cat, it was shown a long time ago that mecamylamine, an nAChR blocker,
could only partially bock Renshaw cells’ response to backfiring motoneurons
(Noga et al. 1987), the pharmacological nature of the residual response had
been surprisingly neglected ever since. On the other hand, glutamate transpor-
ter mRNA and glutamate-like immunoreactivity were reported in presumed
mammalian spinal motoneurons (Meister et al. 1993). It is only recently that
two separate laboratories investigated this issue using similar approaches in
neonatal mouse spinal cord (Mentis et al. 2005; Nishimaru et al. 2005).
Rodent ventral roots can be dissected out and stimulated to backfire moto-
neurons. Meanwhile, the ability to sustain a completely isolated neonatal
mouse spinal cord in vitro facilitated recording from small interneurons
which previously was difficult. By backfiring motoneuron axons, intracellular
recordings can be made from Renshaw cells to analyze the 