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INTRODUCTION 

The Synapse 

By 1850, most biologists recognized cells as the basic unit in living tissue, however there 

was a debate as to whether the “cell theory” also applied to the brain. The existence of the 

nerve cells (neurons) had already been described, but the question of whether nerve fibres 

from different nerve cells were directly connected remained disputed during the late 19th 

century. Camillo Golgi promoted the “reticular theory”, stating that neurons fused at their 

junctions and thereby formed a continuous network, a reticulum. The conflicting theory, 

later known as the “neuron doctrine”, was first expressed by the Norwegian explorer 

Fridtjof Nansen, who argued that neurons were separated by a gap. He recognized the 

contact points between nerve cells as the "principal seat of the nervous activity (...) 

principal seat of intelligence" (Nansen, 1887). However, it was the Spanish neuroanatomist 

Santiago Ramón y Cayal who, during the debate with Golgi, took a leading role in 

defending the “neuron doctrine”. Today we understand that Ramón y Cayal  and Golgi 

were actually discussing the existence of synapses.  

Although the gap between neurons, the synaptic cleft, could not bee seen until the 

invention of the electron microscope in the 1950s, the notion “synapse” was introduced by 

Charles Scott Sherrington in 1906. The same year, Ramón y Cayal  and Golgi shared the 

Nobel Prize in medicine for their work on the anatomy of the nervous system. By that time, 

Ramón y Cayal ’s “neuron doctrine” was accepted by most scientists, although Golgi 

clamed in this Nobel lecture that “this doctrine is generally recognized to be going out of 

favour” (Golgi, 1906).  

Nansen and Ramón y Cayal were right abiout the existence of a gap between the neurons. 

The synapse, consisting of the presynaptic nerve terminal, the postsynaptic element and 

the gap between them, the synaptic cleft, is now known to be fundamental in neuron-to-

neuron signaling. The nature of this signal transmission, however, remained largely 

unresolved until 1921. Then the German pharmacologist, Otto Loewi, performed his 

famous experiments confirming that neurons communicate by releasing chemicals, for 

which he was rewarded the 1936 Nobel Prize in Medicine. Ever since the time of Loewi, 
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indentifying the signaling molecules used by neurons, understanding normal synaptic 

function as well as regulation of synaptic activity in response to usage, stimuli and diseases 

have been a major focus in Neuroscience. The present thesis forms no exception. 

Glutamate has been generally accepted as a neurotransmitter since the 1980s, although 

excitation of neurons by glutamate had been demonstrated electrophysiologically about 

20 years earlier (Curtis and Watkins, 1960). The production of antibodies against amino 

acids (Storm-Mathisen et al., 1983) made it possible to study their location in the brain, 

and was important in establishing glutamate as a signaling molecule, a neurotransmitter, in 

the brain. Later, glutamate was demonstrated to be the main excitatory neurotransmitter 

(for review, see Fonnum, 1984; Ottersen and Storm-Mathisen, 1984b) and the majority of 

neurons use glutamate as their main transmitter. In -amino butyric 

acid (GABA) (Storm-Mathisen et al., 1983) and glycine (Dale et al., 1986) were also 

established as neurotransmitters. Both of these are inhibitory, GABA predominantly in the 

brain and glycine in the spinal cord. 

Here we investigate whether another amino acid, aspartate, can be used as a 

neurotransmitter in central nervous synapses (papers I and II). Aspartergic 

neurotransmission has been debated throughout the last 30-40 years, and will be 

discussed in more details later.  

Synaptic neurotransmission, a highly complex process in the brain, is often altered during 

disease and can be manipulated with neuropharmaca. Papers III and IV of the present 

thesis focus on how the neuro-active amino acids, glutamate, aspartate and GABA, can be 

regulated by an antiepileptic and mood stabilizing drug, valproate. 

  

Cell Types in the Brain 

In addition to neurons, the brain contains ependymal cells and epithelial cells of the 

choroid plexus, cells of the vascular wall (endothelial cells), and glial cells: astrocytes, 

oligodendrocytes, and microglia. The human brain has been estimated to contain ~1011 

neurons (Jessell and Kandel, 1993), and these are classified based on which major 
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neurotransmitter they use. The majority of neurons in the brain are glutamatergic 

(excitatory), and this group might account for up to 80% of all neurons (Ottersen and 

Storm-Mathisen, 1984a). The second largest group of neurons consists of inhibitory, 

GABAergic, neurons. However, both glutamatergic and GABAergic neurons can store and 

release other transmitters as well, from the same nerve terminals (for review, see El 

Mestikawy et al., 2011). The astrocyte/neuron-ratio varies between brain regions, but in 

the human brain, astrocytes outnumber neurons in a 10:1 propotion (Bignami et al., 1991). 

 

Excitotoxicity and Glutamate Receptors 

Glutamate is the predominant excitatory neurotransmitter in the brain (Fonnum, 1984; 

Ottersen and Storm-Mathisen, 1984b), and regulation of glutamate levels is pivotal to 

maintain normal brain function. The presence of glutamate in the extracellular space at 

excessive concentration or for extended periods of time can lead to neuronal death. This 

phenomenon was first discovered in the retina in 1957 (Lucas and Newhouse, 1957), 

although the name ‘‘excitotoxicity’’ was not introduced until later (Olney, 1969). A classic 

model for excitotoxicity is excessive stimulation of the glutamate receptors due to elevated 

extracellular glutamate concentration. The glutamate receptors are primarily localized in 

the postsynaptic membranes or, at lower densities, in the presynaptic membranes and 

extrasynaptically on dendrites and astrocytes. The receptors are divided into two major 

categories; the ionotropic receptors which gate transmembrane ion channels, opening 

them upon binding of the neurotransmitter, and the metabotropic receptors which, upon 

transmitter binding, trigger intracellular signalling cascades. The ionotropic glutamate 

receptors are further divided into three categories according to their ligand selectivity: 2-

amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid (AMPA) receptors, kainate 

receptors, and N-methyl- D-aspartate (NMDA) receptors. All of these are directly linked to 

cation channels. The AMPA and kainate-receptors gate ion channels that are permeable to 

potassium and sodium ions, and are responsible for a fast depolarization of the 

postsynaptic membrane. Some AMPA receptors are also permeable to calcium ions, but 

during development, the Ca2+ permeable subtype of AMPA receptors is replaced by the 

Ca2+ impermeable subtype. Thus, in the adult brain, almost all AMPA receptors are Ca2+ 

impermeable. NMDA receptors, on the other hand, are highly permeable to Ca2+. Due to a 
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voltage sensitive magnesium block of the NMDA-linked ion channel (Mayer et al., 1984; 

Nowak et al., 1984), opening of these channels normally requires that the membrane is 

already depolarized. Thus the NMDA receptors are believed to be responsible for a slower 

response, one that is dependent on parallel activation of other glutamate receptors. 

Although the non-NMDA receptors can contribute to excitotoxicity, the main effect seems 

to be mediated through NMDA receptors (Hahn et al., 1988; Sucher et al., 1991). NMDA 

receptors play a central role in a number of physiological processes, including long-term 

potentiation in the hippocampus (Collingridge et al., 1983; Harris et al., 1984; Morris et al., 

1986; Wigström et al., 1986; Larson and Lynch, 1988) and synaptogenesis (Kitayama et al., 

2003; Manent et al., 2005; Ghiani et al., 2006). However, excessive NMDA receptor 

activation has been implicated in the pathophysiology of both acute incidents like ischemia 

(Arundine and Tymianski, 2004), or severe epilepsy (Ghasemi and Schachter, 2011) and in 

chronic neurodegenerative diseases, such as Parkinson's disease, Alzheimer's disease, and 

Huntington’s disease (for review, see Kalia et al., 2008). 

 

Synaptic Glutamate Release 

Synaptic vesicles are membrane enclosed organelles, ~40 nm in diameter, that accumulate 

and store neurotransmitters. The vesicular uptake of all known neurotransmitters is driven 

by a vacuolar, ATP consuming, proton pump which generates an electrochemical gradient 

across the vesicular membrane (Maycox et al., 1988). The vesicular glutamate transporters 

(VGLUTs), which are responsible for the uptake of glutamate into synaptic vesicles, use the 

membrane potential established by the proton-ATPase as their driving force. To allow for 

rapid regeneration of releasable neurotransmitter, the synaptic vesicles undergo a tightly 

regulated trafficking cycle. Vesicles that are filled with neurotransmitter dock at the active 

zone, where they undergo priming, making them competent for rapid fusion-pore opening 

upon the arrival of a calcium signal. Glutamatergic neurotransmission is initiated when an 

action potential triggers exocytosis of glutamate-containing synaptic vesicles at the active 

zone of a presynaptic terminal. Exocytosis of synaptic vesicles requires the tightly 

regulated action of SNARE proteins. Synaptic vesicles can endocytose and be recycled by 
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three alternative pathways (Reviewed in Sudhof, 2004); (1) Classic endocytosis via clathrin-

coated pits adjacent to the active zone (Jarousse and Kelly, 2001; Voglmaier and Edwards, 

2007), followed by translocation to the interior of the cell. The vesicles then reacidify and 

refill with neurotransmitters, either directly or after passing through an early endosomal 

intermediate. Alternatively (2), after undocking, the vesicles may be reacidified and refilled 

locally (the “kiss-and-run” model for neurotransmitter release) or finally (3) recently it is 

proposed that the synaptic vesicles can be refilled without undocking from the plasma 

membrane (the “kiss-and-stay” model). The fast pathways, (2) and (3), are preferentially 

used for the rapid recycling of neurotransmitters into the ready releasable pool at low 

stimulation frequencies, while the slower clathrin-dependent pathways, are active at 

higher stimulation frequencies, and recruit the recycling- and reserve pools of synaptic 

vesicles.  

 

Glutamate Uptake and the Glutamate-Glutamine Cycle 

An important defense against excitotoxicity is to keep the extracellular levels of glutamate 

low (at lower μM concentrations). This job is largely done by the excitatory amino acid 

transporters (EAATs). These are high affinity transporters situated in the plasma 

membrane of neurons and astrocytes. They can transport glutamate across the cell 

membranes against a glutamate gradient of several thousand fold (Danbolt, 2001). Five 

such EAATs have been characterized: EAAT1 (GLAST; Storck et al., 1992; Tanaka, 1993), 

EAAT2 (GLT Pines et al., 1992), EAAT3 (EAAC Kanai and Hediger, 1992), EAAT4 (Fairman et 

al., 1995), EAAT5 (Arriza et al., 1997), of which the first three are localized throughout the 

entire brain, EAAT4 is mainly found in the cerebellum, and EAAT5 is exclusively expressed 

in the retina.  

To ensure efficient glutamatergic signalling, it is essential that glutamate levels are kept 

low when no signal is transmitted, i.e. to ensure a high signal/noise response of glutamate 

receptors. Since glutamate is not degraded extracellularly, the glutamatergic signal is 

terminated when the transmitter is taken up into brain cells via the EAATs. Three different 

compartments are involved in the removal of glutamate from the synaptic cleft. Uptake 

into the presynaptic terminal (Gundersen et al., 1993; 1996), probably through EAAT2 
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(Furness et al., 2008), allows glutamate to be taken up into synaptic vesicles (Naito and 

Ueda, 1983), and reused as a neurotransmitter. Another possibility is uptake into the 

postsynaptic dendrite. This is believed to occur through EAAT3 in several brain regions or 

through EAAT4 in the cerebellum. In this case glutamate is lost from neurotransmission, 

but can be used in the energy metabolism. This loss of neurotransmitter must be 

compensated for, otherwise the neurons will be drained of tricarboxylic acid (TCA) cycle 

intermediates (from which glutamate, GABA and aspartate are formed). Anaplerosis, the 

formation of TCA cycle intermediates from substances that are not themselves TCA cycle 

intermediates, may be of importance to maintain energy metabolism and glutamate level 

during neurotransmission (for review, see Hassel, 2000).The bulk glutamate uptake, 

however, is into perisynaptic astrocytes via the astrocytic transporters, EAAT1 or -2, and 

this is the first step of the glutamate-glutamine cycle between neurons and astrocytes 

(figure 1), of which the purpose is recirculation of neurotransmitter glutamate.  Astrocytes, 

but not neurons express glutamine synthetase (GS), an enzyme able to convert glutamate 

to glutamine, and found to be essential for production of releasable glutamate in nerve 

terminals (Laake et al., 1995). From the astrocytes, glutamine is released through system N 

glutamine transporters to the extracellular space (Chaudhry et al., 1999; 2001; Boulland et 

al., 2002; 2003), where it is made available for system A glutamine transporters on the 

neuronal membrane (Jenstad et al., 2009). In the nerve terminal, the mitochondrial 

enzyme, phosphate-activated glutaminase (PAG) converts glutamine into glutamate 

(Kvamme et al., 2008), which can be transported into synaptic vesicles by the VGLUTs and 

thus be ready for synaptic release. 
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Figure 1: Glutamate–glutamine cycle 
VGLUT: vesicular glutamate transporter; EAAT: excitatory amino acid transporter; SN: system N glutamine 
transporter; SAT: system A glutamine transporter; NMDA: N-methyl-D- -amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor ; mGluR: metabotropic glutamate receptors; PAG: phosphate-
activated glutaminase; GS: glutamine synthetase. 

 

 
The Release Mechanism for Aspartate is Debated 

The role of aspartate as a classical neurotransmitter in the brain is controversial, since 

direct evidence for synaptic vesicle uptake of aspartate is uncertain. Aspartate was first 

suggested as a neurotransmitter in the hippocampus (Nadler et al., 1976), and later in the 

cerebellum (Wiklund et al., 1982). The general view is that a neurotransmitter must (1) be 

synthesized by the neurons, (2) be taken up into synaptic vesicles and released from the 

nerve terminal by regulated exocytosis. Once released into the synaptic cleft, the 

substance must (3) act on specific receptors to give a postsynaptic response and (4) there 

must be an inactivation system for the substance, to ensure a high signal/noise-ratio. 
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Among neuroactive amino acids, glutamate, GABA, and glycine fulfill these criteria and are 

well established neurotransmitters. 

For aspartate, points 1, 3 and 4 are well established: 

(1) Aspartate can be synthesized in neurons from the TCA cycle intermediate oxaloacetate 

via aspartate aminotransferase (AAT; Altschuler et al., 1985; Kugler, 1987; Martinez-

Rodriguez and Arenas, 1988; Schmidbaur et al., 1990). In this way aspartate can enter the 

“glutamate-glutamine cycle” (Gundersen et al., 1991). (3) Aspartate can excite neurons 

(Curtis et al., 1959), through selective activation of NMDA-type of glutamate receptors 

(Curras and Dingledine, 1992), making aspartate an excitatory amino acid. (4) Termination 

of the aspartergic signal occurs through the EAATs, which transport aspartate and 

glutamate with similar and high affinities from the extracellular space into intracellular 

compartments.  A “low-affinity” uptake system for aspartate and glutamate comprising 

Na+/dicarboxylate transporters has been identified in astrocytes (Holten et al., 2008). 

While the high-affinity transporters work at μM concentrations of aspartate and 

glutamate, the “low-affinity” transporters take up amino acids in the mM range, when the 

EAATs are saturated. 

Whether aspartate is present in synaptic vesicles (point 2), is still an open question. Several 

studies show accumulation of aspartate in nerve terminals, the site where synaptic vesicles 

are located (Merighi et al., 1991; Tracey et al., 1991; van den Pol, 1991; Gundersen et al., 

1998), while others show no evidence for nerve terminal accumulation of aspartate 

(Maxwell et al., 1990; Zhang et al., 1990; Montero, 1994; Larsson et al., 2001). Likewise, 

uptake studies on aspartate in synaptic vesicles have shown conflicting results (Naito and 

Ueda, 1983; Fykse et al., 1992). In the hippocampus, some pathways have been proposed 

to have aspartate-containing vesicles while other pathways show very low aspartate levels.  

The VGLUTs, which are responsible for vesicular storage of glutamate, do not recognize 

aspartate as a transport substrate (Reimer and Edwards, 2004). The lysosomal H+-coupled 

sialic acid transporter, sialin, is located throughout the brain, with especially high levels in 

the hippocampus (Yarovaya et al., 2005), and was suggested to transport aspartate and 

glutamate into synaptic vesicles in the hippocampus (Miyaji et al., 2008). Sialin is regarded 

a promising vesicular aspartate transporter-candidate (Miyaji et al., 2008; for review, see 
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Nadler, 2011), although the role of sialin in release of aspartate from intact nerve terminals 

has not been investigated.  

There are at least four competing hypothesis as to the mechanisms for calcium-dependent 

aspartate depletion from the nerve terminal (figure 2): (a) Aspartate could be released 

from synaptic vesicles through regulated exocytosis during depolarization (in which case, 

aspartate would be classified as a neurotransmitter). Alternatively, (b) during 

depolarization, aspartate might be released through volume- regulated anion channels, 

presumably along with glutamate and other inorganic anions. These anion channels are 

not very well characterized, but several studies show their involvement in accumulation of 

excitatory amino acids in severe cerebral ischemia (Feustel et al., 2004; Zhang et al., 2008). 

(c) Glutamate, but not aspartate, could be released from synaptic vesicles during 

depolarization, and aspartate would then be released through the EAATs, in exchange for 

glutamate, or aspartate could be released through reversed transport by the EAATs during 

depolarization of the nerve terminal membrane. Finally, (d) when glutamate is released 

during depolarization, aspartate could be metabolized by AAT to give glutamate, resulting 

in an apparent loss of aspartate. The evidence for release, however, is massive, thus 

metabolism of aspartate is not likely to be the main contributor to the depletion of 

aspartate from nerve terminals in response to depolarization. The release mechanism for 

aspartate in response to depolarization was addressed in paper I and II of the present  

thesis. 
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Figure 2: Suggested mechanisms underlying the depletion of aspartate from
nerve terminals
a) Aspartate is taken up into vesicles by an unknown vesicular excitatory amino acid transporter (VEAT) and
released through regulated exocytosis. b) Aspartate escapes through the plasma membrane volume
regulated anion channels (VRAC) or c) excitatory amino acid transporters (EAAT,) or d) aspartate is converted
to glutamate via the enzyme aspartate aminotransferase (AAT).

Valproate

Valproic acid (2 propylpentanoic acid) was first

synthesized in 1882 (Burton, 1882) as an organic solvent,

and was used to stabilize possible anticonvulsant drugs in

a laboratory test. It soon became evident that valproic

acid had anti seizure activity (Meunier et al., 1963) and

the first clinical trial on Na valproate in the treatment of Figure 3: Valproic acid
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epilepsy was reported in 1964 (Carraz et al., 1964). Valproate was released as an 

antiepileptic drug three years later and has been used in the treatment of epilepsy since 

then. Today, valproate is very well established and widely used as an antiepileptic agent, 

with a broad spectrum of effects against both generalized and partial seizures in adults and 

children. Later, other indications for valproate-treatment have been established; 

psychiatric disorders, migraine prophylaxis and the management of trigeminal or post-

herpetic neuralgia. Although valproate is one of the most widely used drugs in neurology 

and psychiatry, its mechanism of action is still controversial. A regulatory effect on 

neurotransmission might explain some of the clinical implications for valproate, and is 

discussed below.  

 

Valproate as a Tool to Investigate Synaptic Transmission 

Valproate changes the brain level of aspartate and GABA.   

The classic view is that epileptogenesis is caused by an imbalance between activation and 

inhibition of neurons, resulting from excessive glutamatergic (and possibly aspartergic) 

transmission, deficient GABAergic transmission, or a combination of the two. Accumulation 

of GABA (Godin et al., 1969; Macdonald and Bergey, 1979; Battistin et al., 1984; Löscher 

and Vetter, 1984a; Löscher and Vetter, 1984b; Löscher and Hörstermann, 1994) in the 

brain after valproate treatment is well established, and probably contributes to it´s 

anticonvulsant effect. In addition, valproate causes the brain levels of aspartate to 

decrease (Kukino and Deguchi, 1977; Schechter et al., 1978), without affecting the 

concentration of glutamate (Johannessen et al., 2001). The increase in GABA levels appears 

to be specific for the nerve terminals (Iadarola and Gale, 1979; Löscher and Vetter, 1985). 

The effect of valproate on the distribution of aspartate between different subcellular 

compartments remains unknown. If aspartate is predominantly reduced in the nerve 

terminals compared to, for instance, the somato-dendritic compartments, this would 

reflect reduced excitatory signaling and point to an additional mechanism for the 

anticonvulsive action of valproate. This hypothesis was tested in paper IV. 
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Valproate and regulation of EAATs 

As mentioned above, the EAATs are important for keeping the extracellular glutamate 

concentration at a low level. In spite of its critical importance in pathology and normal 

synaptic transmission, the regulation of EAATs is poorly understood. In addition to the 

effects of valproate on neurotransmission, valproate is a well established histone 

deacetylase inhibitor, having the potential to increase gene expression (Phiel et al., 2001). 

Whether valproate could regulate the expression of proteins involved in transmitter 

signaling in the brain is largely unknown. Long-term (90 days) treatment with valproate 

was, however, in a previous study shown to give increased levels of EAAT2 in the 

hippocampus (Hassel et al., 2001). In paper IV we investigate the effect of shorter 

valproate treatment (2 weeks) on the EAAT2 level, glutamate uptake, and neuroprotection 

against excitotoxicity. 

 

Malonate as a Neurotoxin 

Malonate is a competitive inhibitor of succinate dehydrogenase (SDH), the enzyme that 

converts succinate to fumarate in the TCA cycle, and inhibition of SDH results in loss of ATP 

in the cells (Erecinska and Nelson, 1994). Malonate-induced neurotoxicity is largely 

excitotoxic, as these lesions can be prevented by glutamate receptor antagonists (Beal et 

al., 1993; Greene and Greenamyre, 1995; Ikonomidou et al., 2000). In the present work, 

malonate was used as a neurotoxin, to generate a lesion in rat striatum after intrastriatal 

injection. We demonstrate that malonate inhibit neuronal metabolism, yet leave the 

astrocytes capable of glutamate uptake, indicating that malonate toxicity is neuron 

specific. 
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AIM OF THE STUDIES 

Determine the release mechanisms for aspartate from nerve terminals 

 

Clarify regulatory effects of valproate on aspartergic neurotransmission 

 

Explore the neuroprotective effect of valproate in malonate-toxicity  
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SUMMARY OF RESULTS 

Paper I 

Vesicular Release of L- and D-Aspartate from Hippocampal Nerve Terminals: 

Immunogold Evidence 

To investigate whether release through EAATs was important for aspartate depletion from 

nerve terminals in response to depolarization, we exposed rat hippocampal slices to 

normal (3 mM) and depolarizing (55 mM) concentrations of K+, with or without the EAAT 

inhibitor, threo-beta-benzyloxyaspartate (TBOA). By light- and electron microscopy 

analysis, we showed that the majority of aspartate depletion was EAAT-independent and 

that only a small fraction of aspartate depletion from hippocampal nerve terminals during 

K+-induced depolarization could be blocked by TBOA. A similar release pattern was 

observed for the well established excitatory neurotransmitter glutamate. While L-

aspartate is present at μM concentrations in the brain, endogenous D-aspartate is at trace 

levels. When hippocampal slices were exposed to exogenous D-aspartate before 

immersion-fixation of the tissue, immunogold cytochemistry showed D-aspartate uptake in 

terminals, where immunostaining was concentrated over synaptic vesicles as opposed to 

the cytoplasmic matrix. Together, these data suggest a vesicular localization of aspartate 

and release of aspartate through an EAAT-independent mechanism, probably exocytosis. 

 

Paper II 

Vesicular uptake and exocytosis of aspartate is independent of sialin 

The release mechanism for aspartate has been debated for years, as there has been 

discrepancy between studies of vesicular aspartate uptake. We show that isolated synaptic 

vesicles were capable of accumulating aspartate, and that the vesicular uptake of 

radiolabeled aspartate (relative to the uptake of glutamate) varied between brain regions. 

The highest uptake of aspartate (18% of the uptake of glutamate) was found in the 

hippocampus, while the entorhinal cortex, the frontal cortex and the striatum showed 

uptakes of 9.6%, 10% and 12%, respectively, similar to what we observed in whole-brain 
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vesicles (9%). Although we demonstrate vesicular accumulation of aspartate, our results 

suggest that the vesicular aspartate transporter remain unidentified. Sialin has been 

suggested to transport aspartate and glutamate into hippocampal vesicles (Miyaji et al., 

2008), but here we demonstrate that release of aspartate from nerve terminals was 

independent of sialin. Sialin knock-out mice and wild-types showed the same ability to 

deplete aspartate from the nerve terminals in response to depolarization. We further 

investigated the importance of two suggested non-vesicular release mechanism for 

aspartate; volume-regulated anion channels (VRACs) and excitatory amino acid 

transporters (EAATs), but found no evidence for release through these mechanisms. We 

confirmed that the depletion of aspartate from nerve terminals was strictly calcium 

dependent, as it could be completely inhibited by replacing extracellular calcium with 

magnesium. Furthermore, KB-R7943, which inhibits calcium influx both through the 

reversed Na+/Ca2+ exchanger, transient receptor potential channels, and NMDA receptors 

(Sobolevsky and Khodorov, 1999; Arakawa et al., 2000), inhibited both aspartate and 

glutamate depletion. We conclude that aspartate is accumulated in synaptic vesicles and 

released through exocytosis after vesicular accumulation by a yet unidentified transporter. 

 

Paper III 

Valproate causes reduction of the excitatory amino acid aspartate in nerve 

terminals 

The antiepileptic and mood stabilizing drug, valproate, causes the brain level of the 

excitatory transmitter aspartate to decrease. The effect of valproate on the distribution of 

aspartate between different subcellular neuronal compartments, however, remains 

unknown. Here we show that valproate treatment caused decreased aspartate levels in 

both excitatory and inhibitory nerve terminals. The decrease occurred selectively in nerve 

terminals, as the aspartate level in stem dendrites was largely unchanged. Glutamate and 

GABA in excitatory and inhibitory nerve terminals, respectively, showed only minor 

changes after valproate treatment. The most pronounced effect, thus, was that on 

aspartate; A 64% reduction in excitatory terminals and a 62% reduction in inhibitory 
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terminals. Our data point to a potentially important clinical mechanism for valproate; 

reduced aspartergic neurotransmission. 

 

 Paper IV 

Valproate is neuroprotective against malonate toxicity in rat striatum: an 

association with augmentation of high-affinity glutamate uptake 

Valproate has neuroprotective properties, and several mechanisms have been proposed to 

underlie this effect. We treated rats with valproate for 14 days (300 mg/kg twice daily) 

before malonate (1.5 μmol; 1 M) was injected into their right striatum. We found that 

valproate-treated animals developed smaller lesions  than control animals in response to 

malonate toxicity. The lesions were due to malonate toxicity and not hyperosmolarity, 

since injection of NaCl that was equiosmolar with 1 M malonate, caused lesions that were 

about 20 times smaller than the lesions caused by malonate. Injection of physiologic saline 

did not cause lesions. By microdialysis, we showed that valproate pre-treatment of rats 

reduced extracellular accumulation of glutamate and aspartate in response to malonate 

toxicity in the striatum. This effect paralleled an increase in the striatal level of the 

excitatory amino acid transporter EAAT2, and an augmentation of high-affinity glutamate 

uptake into striatal proteoliposomes. Malonate injection caused a reduction in striatal 

adenosine triphosphate (ATP) content, however our data indicate that malonate did not 

inhibit the glial ATP production, which is necessary for uptake of glutamate. Western blot 

analysis showed that the striatal levels of HSP-70 and fos were reduced, and the levels of 

bcl-2 and phosphorylated extracellular signal-regulated kinase (p-ERK) remained 

unaffected. Histone acetylation was increased by valproate treatment. The results 

suggested that augmentation of excitatory amino acid uptake was an important 

contributor to valproate-mediated neuroprotection in the striatum. The results further 

suggest that increased uptake of excitatory amino acids from the extracellular fluid may be 

a mechanism of action of valproate as an antiepileptic drug. 
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DISCUSSION 

Is Aspartate a Neurotransmitter in the Brain? 

Aspartate fulfills most criteria normally required to be classified as a neurotransmitter, but 

the release mechanism of aspartate has been debated for 30-40 years and still remains 

unresolved. The major point of discussion has been whether aspartate is packed into 

synaptic vesicles and released from nerve terminals by exocytosis, or if the release occurs 

primarily through plasma membrane transporter(s) or channel(s).  

Immunostaining for aspartate is found in the nerve terminals, where it is higher over 

synaptic vesicles than over the cytoplasmic matrix (Gundersen et al., 1998). These data 

clearly demonstrate the presence of aspartate in the terminals, and suggest accumulation 

of aspartate in synaptic vesicles, however, they are not conclusive. Theoretically, during 

the fixation process, amino acids in close proximity to protein rich organelles, like synaptic 

vesicles, have a better chance of being fixed in the tissue than amino acids in less protein-

rich areas, like the cytosol. However, while the putative neurotransmitters glutamate and 

aspartate showed significant association with synaptic vesicles, the labeling for the non-

transmitter amino acids glutamine and taurine, was equally distributed between the 

vesicle clusters and the cytoplasmic matrix (Gundersen et al., 1998). Thus, intra-vesicular 

localization of aspartate is likely, but binding of cytosolic aspartate to the vesicular surface 

could also explain the association of aspartate with synaptic vesicles. These arguments also 

apply to the accumulation of exogenous D-aspartate reported in paper I.    

In paper II, we show that aspartate is taken up into synaptic vesicles. This has been an 

open question until now, as some studies have demonstrated vesicular uptake and 

localization of aspartate (Naito and Ueda, 1983; Fleck et al., 2001; D'Aniello et al., 2011) 

while others have found vesicular accumulation of aspartate to be negligible (Maycox et 

al., 1988; Fykse et al., 1992). This discrepancy is not easily understood, as authors have 

used similar methods, but arrives at highly different answers (see for instance Naito and 

Ueda, 1983; Fykse et al., 1992). Both D’Aniello and co-workers (2011) and Fleck and co-

workers (2001) found that aspartate levels in synaptic vesicles were similar to glutamate 

levels, however the former group detected a higher level of aspartate in whole brain 
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homogenate (aspartate:glutamate ratio = 0.8) than reported by most other authors (a ratio 

of 0.2-0.3; Paper IV; Liebschutz et al., 1977; Fonnum et al., 1981; Alvestad et al., 2008; 

Kokras et al., 2009). The latter study did not exclude the possibility for enzymatic 

conversion of [3H]L-aspartate (and possibly [3H]D-aspartate, via D-aspartate racemase or 

D-aspartate oxidase) to [3H]-glutamate in the synaptosomes prior to vesicular uptake.  

The aspartate uptake reported in paper II, 9.1% (of the glutamate uptake), is lower than 

indicated by the studies of D’Aniello et al. (2011) and Fleck et al. (2001), but consistent 

with the value obtained by Naito and Ueda (1983). Our experiments eliminate the 

possibility of unspecific temperature-dependent binding to the vesicles, as our negative 

controls (the radioactivity of which were subtracted from the radioactivity measured in the 

samples, to calculate the actual uptake) were treated identically to the samples, except 

that ATP was omitted from the negatives. Thus, we measure only the ATP dependent 

uptake of aspartate in the vesicles. 

The principal step in vesicular release, fusion with the plasma membrane, is triggered by a 

rise in intracellular calcium, and experiments with different brain preparations from 

different brain regions show that the release of aspartate in response to depolarization is 

highly calcium -dependent (Girault et al., 1986; Burke and Nadler, 1988; Szerb, 1988; 

Paulsen and Fonnum, 1989; Gundersen et al., 1991; Roisin et al., 1991; Fleck et al., 1993; 

Zhou et al., 1995; Gundersen et al., 1998; Bradford and Nadler, 2004; Zappettini et al., 

2010), although some studies failed to demonstrate calcium dependency of the aspartate 

release (Levi et al., 1982; Wilkinson and Nicholls, 1989; McMahon and Nicholls, 1990). The 

depletion of aspartate described in this thesis is strictly dependent on extracellular 

calcium, as reducing calcium in the incubation medium to 0.1 mM (magnesium elevated to 

10 mM) totally prevented aspartate depletion in response to depolarization (paper II). The 

demonstration of calcium dependent release is an indicative, but not conclusive, 

confirmation of exocytosis.  

The action of soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

(SNARE) proteins are essential for exocytotic release of neurotransmitters, and 

dependency of SNARE proteins is generally regarded as a definite test for exocytosis. 

Clostridal bacteria synthesize a series of neurotoxins that inhibit priming of synaptic 
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vesicles during the process of exocytosis; tetanus toxin (TTX) and botulinum toxins (BoNT) 

B, D, F, G and H which cleave the vesicular SNARE synaptobrevin, BoNT/A and E, which 

specifically cleave SNAP-25, and BoNT/C, which cleave both SNAP-25 and syntaxin. Studies 

on the effect of botulinum and tetanus toxin on aspartate release show conflicting results, 

as sensitivity towards clostridal toxins has been demonstrated in hippocampal slices 

(Gundersen et al., 1991; 1998) and some studies on synaptosomes (McMahon et al., 1992; 

Wang and Nadler, 2007; Cavallero et al., 2009), but not in another (Bradford and Nadler, 

2004). Clostridal toxins, consist of a light chain and a heavy chain. Cleavage of the SNARE 

proteins by these toxins, is dependent on internalization of the proteolytic light chain. This 

occurs through endocytosis during vesicle recycling, and requires binding of the heavy 

chain to vesicular proteins expressed on the plasma membrane. Some researchers believe 

that the release of aspartate occurs through exocytosis of vesicles at ectopic locations (for 

discussion, see Nadler, 2011). As vesicle recycling, and thus the internalization of clostridal 

toxins mainly takes place near the active zone, the intracellular concentration of the toxins 

are likely to be highest in this area. Thus, the concentration of the toxin at the locations for 

aspartate release might not be high enough to inhibit exocytosis. Although some 

conflicting results exist regarding the sensitivity or aspartate release to clostridal toxins, 

most release data point to a clostridium toxin-sensitive, most likely vesicular, release 

mechanism for aspartate.  

The major objection to the concept of aspartergic vesicular release is that no vesicular 

aspartate transporter has been identified. The lysosomal H+-coupled sialic acid transporter, 

sialin, was suggested to transport aspartate and glutamate into synaptic vesicles in the 

hippocampus (Miyaji et al., 2008). Sialin is located throughout the brain, with especially 

high levels in the hippocampus (Yarovaya et al., 2005) and has been regarded a vesicular 

aspartate transporter-candidate (Miyaji et al., 2008; for review, see Nadler, 2011), even 

though the role of sialin in release of aspartate from intact nerve terminals has not been 

investigated. In paper II we show that aspartate labeling under basal conditions and 

aspartate depletion from nerve terminals in response to depolarization is equal in slices 

from sialin knock-out mice and controls, indicating that sialin is not important for vesicular 

accumulation and release of aspartate. These results suggest that sialin is either not 

present in sufficient amounts in the vesicular membrane, or that sialin does not transport 
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aspartate under physiological conditions. In the study by Miyaji and co-workers (2008), the 

authors report to have detected sialin in the hippocampal P2 fraction. According to 

standard nomenclature, the P2 fraction refers to a crude synaptosome fraction (see for 

instance Kadota and Kadota, 1973; Huttner et al., 1983), which contains mitochondria and 

probably lysosomal membranes. Thus, the localization of sialin in synaptic vesicles is still 

uncertain. The assumption that sialin is not a constituent of synaptic vesicles is supported 

by Takamori and co-workers (2006) who did not detect sialin in a proteomics study of 

synaptic vesicles. According to Miyaji and co-workers (2008), the affinity of sialin is similar 

for aspartate and glutamate, and higher than the affinity of the VGLUTs for glutamate. In 

neurons, the intracellular concentration of aspartate is about 1:5 of the glutamate 

concentration (Nadler et al., 1976). If sialin was present in sufficient amounts to be 

important for vesicular aspartate accumulation, it would probably also be important for 

the uptake of glutamate. This is contradicted by data from VGLUT knock-out animals 

(Fremeau, Jr. et al., 2004). Altogether, the evidence suggests that sialin is not important for 

the uptake and release of aspartate from nerve terminals. 

 

Alternative Release Mechanisms for Aspartate 

Reversal of EAATs (Szatkowski et al., 1990) has been confirmed a major contributor to the 

high extracellular levels of EAAs, including aspartate, in severe brain ischemia (Phillis et al., 

1998; Seki et al., 1999). However, in our hippocampal slices we show that the EAATs are 

not a major release mechanism for aspartate during neuronal membrane depolarization 

(papers I and II), since inhibition of EAATs with TBOA did not prevent depletion of 

aspartate.  

Release of aspartate and glutamate through volume-regulated anion channels (VRAC) has 

been shown to be an important contributor to extracellular accumulation of these 

excitatory amino acids in ischemia (Feustel et al., 2004; Zhang et al., 2008) and spreading 

depression  (Basarsky et al., 1999). As in vivo studies do not differentiate between amino 

acids released from neurons and astrocytes, the cellular origin of the excess excitatory 

amino acids during these pathological conditions is not known, although the effect of VRAC 
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inhibition on release of EAAs has been confirmed in cultured astrocytes (Rutledge et al., 

1998). The molecular identity of VRAC is unknown (for discussion, see Eggermont et al., 

2001; Hoffmann et al., 2009), and it is not known whether the concept of VRAC refers to 

one single channel or to a whole family of related anion channels. Consequently, 

antibodies against these channels have not been developed and the localization of these 

channels can only be based on physiological experiments. Our data indicate that in 

neurons, at least in the presynaptic terminals, VRACs are not a major release mechanism 

for neither aspartate nor glutamate, as inhibition of VRAC by NPPB, did not alter the 

content of these amino acids in synaptic terminals. The concentration of NPPB used in this 

study (100μM) has been shown to almost completely inhibit VRAC-mediated Cl--currents 

(Sagheddu et al., 2010; Zhang et al., 2011). Our findings are consistent with studies 

demonstrating that, while astrocytes are likely to undergo rapid volume regulation through 

swelling in response to acute pathological states (Van Harreveld, 1966; Kimelberg et al., 

2000; Mongin and Kimelberg, 2005; Risher et al., 2009), neuronal volumes (Andrew et al., 

2007) appear resistant to changes in external osmolarity. The neuronal volume stability 

and lack of fast volume regulation is likely due to the lack of aquaporins on the neuronal 

plasma membrane, giving neuronal membranes low water permeability. Whether neurons 

express VRAC is not known (but see Zhang et al., 2011). 

 

It should be mentioned that NPPB inhibits connexin Cx43 (Ye et al., 2009) and 

monocarboxylate transporters (MCTs) (Carpenter and Halestrap, 1994; Rinholm et al., 

2011), at the same concentrations that block VRAC. Cx43 is primarily expressed on 

astrocytes, where it exists in half of a gap junction (hemichannel) (Bennett et al., 2003; Ye 

et al., 2003; Spray et al., 2006) that are capable of releasing molecules less than 1kD, 

including amino acids. To my knowledge, the localization of connexins in the nerve 

terminal membranes has not been reported, and the inhibitory effect of NPPB on Cx43 is 

therefore not likely to affect the nerve terminal content of aspartate and glutamate 

directly. Since the MCTs do not transport amino acids, and have not been reported as 

constituents of the plasma membrane of nerve terminals, a direct effect of MCT inhibition 

on release of aspartate and glutamate is not likely. However, inhibition of mitochondrial 

MCTs (Butz et al., 2004; Hashimoto et al., 2008), which transport pyruvate and lactate 
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across the inner mitochondrial membrane, would lead to functional hypoglycemia and 

subsequently to increased aspartate levels (Gundersen et al., 1998). In parallel analyses we 

demonstrate that aspartate accumulates in astrocytes in response to NPPB exposure (data 

not shown), while the aspartate level in nerve terminals (paper II) is unchanged. This 

finding suggests a selective action of NPPB on astrocytes.  

Taken together, our data (paper I and II) do not support the notion of VRACs and EAATs as 

important release mechanisms for aspartate from nerve terminals under physiological 

conditions, leaving exocytosis as the most likely release mechanism. 

 

Aspartate in Inhibitory Synapses 

Both in perfusion-fixed rat hippocampus and in mouse and rat brain slices, the labeling 

density of aspartate in inhibitory terminals was approximately twice that in excitatory 

terminals (papers II and III). This is in agreement with several studies showing higher 

aspartate levels in GABAergic neurons than in glutamatergic neurons (Storm-Mathisen et 

al., 1986; Hassel et al., 1995; Gundersen et al., 2001a) and probably has a metabolic 

explanation: The rate-limiting enzymes of the oxidative metabolism are pyruvate 

-ketoglutarate dehydrogenase (Lai et al., 1977; Morland et al., 2007). 

In GABAergic neurons the GABA- -

ketoglutarate, facilitating the flux through to oxaloacetate. The conversion of oxaloacetate 

to citrate, however, is dependent of acetyl-CoA formed by pyruvate dehydrogenase. Thus 

oxaloacetate, and subsequently aspartate, accumulates in these neurons. What the 

physiological functions of aspartate release from inhibitory terminals might be, is an 

intriguing question. At GABAergic synapses, aspartate is probably the main agonist acting 

on the NMDA-receptors, which have been found at high densities along the post-synaptic 

membranes of these synapses (Gundersen et al., 2004).  
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Figure 4: TCA cyclewith the GABA shunt 
TCA cycle (black) and GABA shunt (blue). The rate limiting enzymes are in red 

 

Valproate  

Dosage and Route of Administration 

Valproic acid is almost fully dissociated at physiological pH, giving it a high water solubility 

and a low volume of distribution compared to most anticonvulsant drugs (Löscher and 

Frey, 1984). A steady-state situation, where the concentration of valproate in 

cerebrospinal fluid (CSF) equals about 20 % of the serum concentration, is rapidly reached, 
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as the valproate level in brain and CSF peak at approximately the same time as the plasma 

concentration (Löscher and Esenwein, 1978). This predictable access of valproate to the 

brain justifies systemic administration of valproate, as used in this thesis. The elimination 

of valproate is mainly through biotransformation (reviewed in Baillie and Sheffels, 1995). 

While the half-life of valproate in humans is reported as 9-18 hours, the degradation in rats 

is much faster (elimination half-life of 2-5; non-linear kinetics; Löscher, 1999). This explains 

why higher doses of valproate are required in rats to obtain plasma concentrations within 

the therapeutic window used for humans. The dose used in this thesis, 300mg/kg, twice 

daily, is within the range use in other in vivo studies (Kukino and Deguchi, 1977; Chapman 

et al., 1982; Löscher and Hörstermann, 1994; Hassel et al., 2001; Johannessen et al., 2001)  

 

Valproate and Brain Energy Metabolism: Effects on GABA and Aspartate 

Because of the wide spectrum of actions against different types of seizures and neuro-

psychiatric disorders, valproate is suggested to act by a combination of different 

mechanisms.  

A bulk increase in GABA (Godin et al., 1969) accompanied by a reduction in aspartate 

(Chapman et al., 1982; Löscher and Hörstermann, 1994) has been suggested as an 

important anti-epileptic mechanism for valproate. The increase in GABA is believed to 

occur predominantly in inhibitory nerve terminals (Iadarola and Gale, 1979; Löscher and 

Vetter, 1985). In paper II, we show that the decrease in aspartate occurs selectively in 

nerve terminals. In excitatory nerve terminals, only aspartate and not glutamate, was 

significantly reduced by valproate treatment. This is in line with biochemical studies 

showing that valproate selectively inhibits the release of aspartate in preference to 

glutamate (Crowder and Bradford, 1987; Biggs et al., 1992). Similarly, in inhibitory 

terminals, the decrease in aspartate was much more pronounced than the increase in 

GABA. -ketoglutarate dehydrogenase 

(Johannessen et al., 2001), which leads to reduced concentration of oxaloacetate and, 

thereby of aspartate, which is formed from oxaloacetate via the aspartate 

aminotransferase reaction. The selective effect in nerve terminals might be due to a higher 

turnover of transmitter amino acids in nerve terminals than in somato-dendritic 
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compartments (Hassel et al., 1997). Reduced aspartergic neurotransmission might be an 

additional antiepileptic effect of valproate.  

 

Inhibiton of voltage-gated sodium channels? 

Another proposed mechanism of action for valproate is inhibition of sustained repetitive 

firing (SRF) of neurons, due to inhibition of voltage-gated sodium channels (Slater and 

Johnston, 1978; McLean and Macdonald, 1986; Vreugdenhil et al., 1998) or enhancement 

of potassium channel function involved in action potential repolarization (Morre et al., 

1984; Franceschetti et al., 1986). However, a direct effect of valproate on voltage-gated 

sodium channels has been questioned (Löscher, 1993; Albus and Williamson, 1998), and 

the effect on potassium channels has only been demonstrated at supra therapeutically 

doses of valproate. Consequently, inhibition of SRF is has been disregarded as a clinically 

important mechanism of action (Löscher, 1999; Johannessen et al., 2001), further 

underscoring the importance of discovering other mechanisms of action, as for instance 

that of aspartate as discussed above.  

 
Malonate as a Model for Energy Depletion; Selective Blockage of 
Neuronal Energy Metabolism  

Malonate is a competitive inhibitor of succinate dehydrogenase (SDH), a key enzyme in 

both the tricarboxylic acid (TCA) cycle and the oxidative phosphorylation, and thus 

inhibition of SDH results in loss of ATP in the cells (Erecinska and Nelson, 1994). The brain 

lesions caused by injection of malonate can be prevented by glutamate receptor 

antagonists  (Beal et al., 1993; Greene and Greenamyre, 1995; Ikonomidou et al., 2000), 

indicating that excitotoxicity is a key mechanism. Inhibition of neuronal metabolism 

impairs the neurons’ ability to maintain resting membrane potential. The resultant 

depolarization may relieve the voltage-dependent magnesium block of the NMDA 

receptor, allowing for easier receptor activation and greater flux through the receptor’s ion 

channel. The resultant excessive inward flux of predominantly Ca2+, but also Na+, might 

lead to neuronal death. Thus, excitotoxicity after metabolic inhibition seems to be mainly 
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through excessive NMDA-receptor activation, thus the increase in extracellular glutamate 

that we and others (Messam et al., 1995) find after intrastriatal malonate injection is likely 

to play an important role for the neurotoxicity of malonate. 

To understand how valproate can be neuroprotective against malonate toxicity, selectivity 

of malonate action on neurons over astrocytes is an important aspect. Several findings 

suggest that malonate inhibits the energy metabolism in neurons but not in astrocytes: 

First of all, malonate is selectively taken up into neurons, as the specific activity of 

glutamate is higher that that of glutamine after injection of radiolabeled malonate 

(Koeppen et al., 1978; Mitzen and Koeppen, 1984; Hassel et al., 2002). Second, malonate 

toxicity is characterized by inhibition of glutamate synthesis from (radiolabeled) glucose 

(Paper IV), a predominantly neuronal reaction (Storm-Mathisen et al., 1983; Hassel et al., 

1997). Third, ATP-dependent formation of glutamine from radiolabeled glucose (e.g. 

Powers and Riordan, 1975), a strictly glial reaction in the brain (Martinez-Hernandez et al., 

1977), was not reduced in response to malonate poisoning. Radiolabeled glutamate 

injected into malonate-treated striatum was converted to glutamine (paper IV), strongly 

suggesting that the astrocytes were capable of glutamate uptake and glutamine synthetase 

activity, two ATP dependent processes, even in the presences of malonate. Together these 

findings indicate that, although neuronal energy metabolism was inhibited, astrocytes 

could generate energy to support glutamate transport during malonate exposure. Thus, 

the valproate-induced increase in EAAT2 (paper IV) most probably led to increased 

glutamate uptake into astrocytes in vivo and reduced excitotoxic stress on the neurons, 

and therefore contribute to the neuroprotective effect.    

 

 

 

 



37 

 

METHODOLOGICAL CONSIDERATIONS 

Advantages and Disadvantages of Using in vitro Preparations 

In this thesis I have used some in vitro models: hippocampal slices, isolated synaptic 

vesicles and proteoliposomes. In vitro models are suitable for studies of detailed molecular 

mechanisms, which are not easily investigated in whole animals. In vitro preparations can 

easily be manipulated with, without the ethical consideration of animal welfare, which is 

necessary when doing in vivo experiments. Thus, they can be invaluable models and 

replacements for in vivo studies. Although in vitro models in many cases are important test 

systems, extrapolation to the in vivo situation should always be done with caution. 

Differences between in vitro and in vivo results can reflect for instance endocrine- or 

paracrine factors, immune responses, direct communication with other cells, and 

availability of nutrients and oxygen. 

For papers I and II we used hippocampal slice preparation as an in vitro model for 

hippocampal function. The main advantage with this model is that one can study the 

effects of alterations in the external milieu on signal transduction systems, as the cell-to-

cell interactions remain and can be studied. As for any in vitro model, hippocampal slices 

have the disadvantage of being an isolated brain area removed from the circuitry of the 

intact brain. Also, some morphological changes are known to happen during slice 

incubation; increased swelling or condensation of some brain compartments and 

retraction of the finer astrocyttic processes (Fiala et al., 2003). However, hippocampal 

slices form a well defined and highly characterized test system, and has been invaluable for 

the studies presented in papers I and II of this thesis. 

 

Synaptic Vesicles 

Isolation of synaptic vesicles is a commonly used method to study the uptake ability of 

these organelles. When synaptic vesicles are isolated by simple differential centrifugations, 

the resulting vesicular fraction will, to a variable degree, be contaminated with other 
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cellular compartments. Contamination by myelin and cell membranes in crude synaptic 

vesicle fraction might be reduced by mixing the supernatant gained after the first low-

speed centrifugation step with sucrose, final concentration 0.8M (Mariussen and Fonnum, 

2001). Further purification of the synaptic vesicles may be performed with controlled-pore 

glass bead chromatography (Nagy et al., 1976;  Huttner et al., 1983;Jahn et al., 1985) or by 

immunoprecipitation with antibodies against obligatory synaptic proteins like 

synaptobrevin or synaptophysin (Burger et al., 1989; Burré et al., 2007). However, all these 

purification steps have the disadvantage that a considerable amount of synaptic vesicles is 

lost. For the experiments included in this thesis, synaptic vesicles from small brain regions 

were used and the amount of vesicles gained from each of these structures was limited, 

thus the crude synaptosomal fraction was used without further purifications. The observed 

uptake of aspartate and glutamate (paper II) can not be ascribed to plasma membrane 

EAATs in contaminating membrane-enclosed structures, as uptake via the EAATs require 

Na+ (Storck et al., 1992; Pines et al., 1992; Kanai and Hediger, 1992; Tanaka, 1993; Arriza 

et al., 1997), which was obmitted during the isolation- or incubation steps. 

 
Antibody Testing 

The use of antibodies for immunhistochemistry requires a great deal of caution, as cross-

reactivity and unspecific labelling might occur. This matter has been exhaustively discussed 

by Holmseth et al. (2005).  In a recent paper (Larsson et al., 2011) we highlighted the 

importance of testing antibodies in the same tissue as the analysis were performed, as 

cross-reactivity can be highly tissue-specific. The antibodies used in this thesis have been 

specificity-tested by Western blotting (for antibodies against proteins) and shown to give 

one principal band at the appropriate molecular weights. The antibodies against amino 

acids have been extensively characterized (Gundersen et al., 1993; 1998; 2001a; 2001b) 

yet, for each experiment, sandwiches of different amino acids conjugated to brain proteins 

(Ottersen et al., 1990) were included to verify that the antibodies labeled only the amino 

acid against which they were raised.  
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CONCLUDING REMARKS 

We have studied the mechanism underlying release of aspartate from nerve terminals and 

the effect of an antiepileptic drug, valproate, on cerebral levels of aspartate and 

glutamate. 

In particular, we have answered the following questions: 

How do synaptic terminals release aspartate? 

We have shown that aspartate is taken up into synaptic vesicles and presumably released 

by regulated exocytosis. Alternative release mechanisms, plasma membrane EAATs and 

VRACs have been excluded as important contributors to aspartate release under non-

pathological conditions (papers I and II).  

Is sialin the principal vesicular aspartate transporter?  

We used sialin knock-out mice and wild-types to show that sialin is not required for 

depletion of aspartate from nerve terminals in response to depolarization. Thus, vesicular 

accumulation of aspartate must be highly independent of sialin. 

Can the antiepileptic drug, valproate, reduce aspartergic neurotransmission? 

Acute treatment of rats with valproate, resulted in decreased levels of aspartate in 

excitatory and inhibitory nerve terminals, but not in stem dendrites, indicating an effect on 

the transmitter pool of aspartate. These results point to a possibly important clinical effect 

of valproate: reduced aspartergic neurotransmission. 

Is valproate neuroprotective against excitotoxicity? 

In response to two weeks of valproate treatment, the level of EAAT2 was increased, and 

the extracellular accumulation of aspartate and glutamate in response to a focal injection 

of a neurotoxin, malonate, was reduced. Consequently, valproate treated rats developed 

smaller lesions than the control animals did, indicating a neuroprotective effect of 

valproate treatment in vivo. 

 



40 

 

REFERENCES 

Albus H, Williamson R (1998) Electrophysiologic analysis of the actions of valproate on 

pyramidal neurons in the rat hippocampal slice. Epilepsia 39:124-139. 

Altschuler RA, Monaghan DT, Haser WG, Wenthold RJ, Curthoys NP, Cotman CW (1985) 

Immunocytochemical localization of glutaminase-like and aspartate aminotransferase-like 

immunoreactivities in the rat and guinea pig hippocampus. Brain Res 330:225-233. 

Alvestad S, Hammer J, Eyjolfsson E, Qu H, Ottersen OP, Sonnewald U (2008) Limbic 

structures show altered glial-neuronal metabolism in the chronic phase of kainate induced 

epilepsy. Neurochem Res 33:257-266. 

Andrew RD, Labron MW, Boehnke SE, Carnduff L, Kirov SA (2007) Physiological evidence 

that pyramidal neurons lack functional water channels. Cereb Cortex 17:787-802. 

Arakawa N, Sakaue M, Yokoyama I, Hashimoto H, Koyama Y, Baba A, Matsuda T (2000) KB-

R7943 inhibits store-operated Ca(2+) entry in cultured neurons and astrocytes. Biochem 

Biophys Res Commun 279:354-357. 

Arriza JL, Eliasof S, Kavanaugh MP, Amara SG (1997) Excitatory amino acid transporter 5, a 

retinal glutamate transporter coupled to a chloride conductance. Proc Natl Acad Sci U S A 

94:4155-4160. 

Arundine M, Tymianski M (2004) Molecular mechanisms of glutamate-dependent 

neurodegeneration in ischemia and traumatic brain injury. Cell Mol Life Sci 61:657-668. 

Baillie TA, Sheffels PR (1995) Valproic acid. Chemistry and Biotransformation. In: 

Antiepileptic Drugs (Levy RH, Mattson RH, Meldrum BS, eds), pp 589-604. Raven Press, 

New York. 

Basarsky TA, Feighan D, MacVicar BA (1999) Glutamate release through volume-activated 

channels during spreading depression. J Neurosci 19:6439-6445. 



41 

 

Battistin L, Varotto M, Berlese G, Roman G (1984) Effects of some anticonvulsant drugs on 

brain GABA level and GAD and GABA-T activities. Neurochem Res 9:225-231. 

Beal MF, Brouillet E, Jenkins BG, Ferrante RJ, Kowall NW, Miller JM, Storey E, Srivastava R, 

Rosen BR, Hyman BT (1993) Neurochemical and histologic characterization of striatal 

excitotoxic lesions produced by the mitochondrial toxin 3-nitropropionic acid. J Neurosci 

13:4181-4192. 

Bennett MV, Contreras JE, Bukauskas FF, Saez JC (2003) New roles for astrocytes: gap 

junction hemichannels have something to communicate. Trends Neurosci 26:610-617. 

Biggs CS, Pearce BR, Fowler LJ, Whitton PS (1992) The effect of sodium valproate on 

extracellular GABA and other amino acids in the rat ventral hippocampus: an in vivo 

microdialysis study. Brain Res 594:138-142. 

Bignami A, Asher R, Perides G (1991) Brain extracellular matrix and nerve regeneration. 

Adv Exp Med Biol 296:197-206. 

Boulland JL, Osen KK, Levy LM, Danbolt NC, Edwards RH, Storm-Mathisen J, Chaudhry FA 

(2002) Cell-specific expression of the glutamine transporter SN1 suggests differences in 

dependence on the glutamine cycle. Eur J Neurosci 15:1615-1631. 

Boulland JL, Rafiki A, Levy LM, Storm-Mathisen J, Chaudhry FA (2003) Highly differential 

expression of SN1, a bidirectional glutamine transporter, in astroglia and endothelium in 

the developing rat brain. Glia 41:260-275. 

Bradford SE, Nadler JV (2004) Aspartate release from rat hippocampal synaptosomes. 

Neuroscience 128:751-765. 

Burger PM, Mehl E, Cameron PL, Maycox PR, Baumert M, Lottspeich F, De CP, Jahn R 

(1989) Synaptic vesicles immunoisolated from rat cerebral cortex contain high levels of 

glutamate. Neuron 3:715-720. 

Burke SP, Nadler JV (1988) Regulation of glutamate and aspartate release from slices of the 

hippocampal CA1 area: effects of adenosine and baclofen. J Neurochem 51:1541-1551. 



42 

 

Burré J, Zimmermann H, Volknandt W (2007) Immunoisolation and subfractionation of 

synaptic vesicle proteins. Anal Biochem 362:172-181. 

Burton BS (1882) On the propyl derivatives and decomposition products of 

ethylacetoacetate. Am Chem J 3:385-395. 

Butz CE, McClelland GB, Brooks GA (2004) MCT1 confirmed in rat striated muscle 

mitochondria. J Appl Physiol 97:1059-1066. 

Carpenter L, Halestrap AP (1994) The kinetics, substrate and inhibitor specificity of the 

lactate transporter of Ehrlich-Lettre tumour cells studied with the intracellular pH indicator 

BCECF. Biochem J 304 ( Pt 3):751-760. 

Carraz G, Faur R, Chateau R, Bonnin J (1964) Communication concerning 1st clinical tests of 

the anticonvulsive activity of N-dipropylacetic acid (sodium salt). Ann Med Psychol (Paris) 

122:577-585. 

Cavallero A, Marte A, Fedele E (2009) L-aspartate as an amino acid neurotransmitter: 

mechanisms of the depolarization-induced release from cerebrocortical synaptosomes. J 

Neurochem 110:924-934. 

Chapman AG, Riley K, Evans MC, Meldrum BS (1982) Acute effects of sodium valproate and 

gamma-vinyl GABA on regional amino acid metabolism in the rat brain: incorporation of 2-

[14C]glucose into amino acids. Neurochem Res 7:1089-1105. 

Chaudhry FA, Krizaj D, Larsson P, Reimer RJ, Wreden C, Storm-Mathisen J, Copenhagen D, 

Kavanaugh M, Edwards RH (2001) Coupled and uncoupled proton movement by amino 

acid transport system N. EMBO J 20:7041-7051. 

Chaudhry FA, Reimer RJ, Krizaj D, Barber D, Storm-Mathisen J, Copenhagen DR, Edwards 

RH (1999) Molecular analysis of system N suggests novel physiological roles in nitrogen 

metabolism and synaptic transmission. Cell 99:769-780. 



43 

 

Collingridge GL, Kehl SJ, McLennan H (1983) Excitatory amino acids in synaptic 

transmission in the Schaffer collateral-commissural pathway of the rat hippocampus. J 

Physiol 334:33-46. 

Crowder JM, Bradford HF (1987) Common anticonvulsants inhibit Ca2+ uptake and amino 

acid neurotransmitter release in vitro. Epilepsia 28:378-382. 

Curras MC, Dingledine R (1992) Selectivity of amino acid transmitters acting at N-methyl-D-

aspartate and amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors. Mol Pharmacol 

41:520-526. 

Curtis DR, Phillis JW, Watkins JC (1959) Chemical excitation of spinal neurones. Nature 

183:611-612. 

Curtis DR, Watkins JC (1960) The exitation and depression of spinal neurons by structurally 

related amino acids. J Neurochem117-141. 

D'Aniello S, Somorjai I, Garcia-Fernandez J, Topo E, D'Aniello A (2011) D-Aspartic acid is a 

novel endogenous neurotransmitter. FASEB J 25:1014-1027. 

Dale N, Ottersen OP, Roberts A, Storm-Mathisen J (1986) Inhibitory neurones of a motor 

pattern generator in Xenopus revealed by antibodies to glycine. Nature 324:255-257. 

Danbolt NC (2001) Glutamate uptake. Prog Neurobiol 65:1-105. 

Eggermont J, Trouet D, Carton I, Nilius B (2001) Cellular function and control of volume-

regulated anion channels. Cell Biochem Biophys 35:263-274. 

El Mestikawy S, Wallen-Mackenzie A, Fortin GM, Descarries L, Trudeau LE (2011) From 

glutamate co-release to vesicular synergy: vesicular glutamate transporters. Nat Rev 

Neurosci 12:204-216. 

Erecinska M, Nelson D (1994) Effects of 3-nitropropionic acid on synaptosomal energy and 

transmitter metabolism: relevance to neurodegenerative brain diseases. J Neurochem 

63:1033-1041. 



44 

 

Fairman WA, Vandenberg RJ, Arriza JL, Kavanaugh MP, Amara SG (1995) An excitatory 

amino-acid transporter with properties of a ligand-gated chloride channel. Nature 375:599-

603. 

Feustel PJ, Jin Y, Kimelberg HK (2004) Volume-regulated anion channels are the 

predominant contributors to release of excitatory amino acids in the ischemic cortical 

penumbra. Stroke 35:1164-1168. 

Fiala JC, Kirov SA, Feinberg MD, Petrak LJ, George P, Goddard CA, Harris KM (2003) Timing 

of neuronal and glial ultrastructure disruption during brain slice preparation and recovery 

in vitro. J Comp Neurol 465:90-103. 

Fleck MW, Barrionuevo G, Palmer AM (2001) Synaptosomal and vesicular accumulation of 

L-glutamate, L-aspartate and D-aspartate. Neurochem Int 39:217-225. 

Fleck MW, Henze DA, Barrionuevo G, Palmer AM (1993) Aspartate and glutamate mediate 

excitatory synaptic transmission in area CA1 of the hippocampus. J Neurosci 13:3944-3955. 

Fonnum F (1984) Glutamate: a neurotransmitter in mammalian brain. J Neurochem 42:1-

11. 

Fonnum F, Storm-Mathisen J, Divac I (1981) Biochemical evidence for glutamate as 

neurotransmitter in corticostriatal and corticothalamic fibres in rat brain. Neuroscience 

6:863-873. 

Franceschetti S, Hamon B, Heinemann U (1986) The action of valproate on spontaneous 

epileptiform activity in the absence of synaptic transmission and on evoked changes in 

[Ca2+]o and [K+]o in the hippocampal slice. Brain Res 386:1-11. 

Fremeau RT, Jr., Kam K, Qureshi T, Johnson J, Copenhagen DR, Storm-Mathisen J, Chaudhry 

FA, Nicoll RA, Edwards RH (2004) Vesicular glutamate transporters 1 and 2 target to 

functionally distinct synaptic release sites. Science 304:1815-1819. 

Furness DN, Dehnes Y, Akhtar AQ, Rossi DJ, Hamann M, Grutle NJ, Gundersen V, Holmseth 

S, Lehre KP, Ullensvang K, Wojewodzic M, Zhou Y, Attwell D, Danbolt NC (2008) A 



45 

 

quantitative assessment of glutamate uptake into hippocampal synaptic terminals and 

astrocytes: new insights into a neuronal role for excitatory amino acid transporter 2 

(EAAT2). Neuroscience 157:80-94. 

Fykse EM, Iversen EG, Fonnum F (1992) Inhibition of L-glutamate uptake into synaptic 

vesicles. Neurosci Lett 135:125-128. 

Ghasemi M, Schachter SC (2011) The NMDA receptor complex as a therapeutic target in 

epilepsy: a review. Epilepsy Behav. 

Ghiani CA, Lelievre V, Beltran-Parrazal L, Sforza DM, Malvar J, Smith DJ, Charles AC, 

Ferchmin PA, de VJ (2006) Gene expression is differentially regulated by neurotransmitters 

in embryonic neuronal cortical culture. J Neurochem 97 Suppl 1:35-43. 

Girault JA, Barbeito L, Spampinato U, Gozlan H, Glowinski J, Besson MJ (1986) In vivo 

release of endogenous amino acids from the rat striatum: further evidence for a role of 

glutamate and aspartate in corticostriatal neurotransmission. J Neurochem 47:98-106. 

Godin Y, Heiner L, Mark J, Mandel P (1969) Effects of DI-n-propylacetate, and 

anticonvulsive compound, on GABA metabolism. J Neurochem 16:869-873. 

Golgi C (1906) The neuron doctrine - theory and facts. In: Nobel Lecture. 

Greene JG, Greenamyre JT (1995) Characterization of the excitotoxic potential of the 

reversible succinate dehydrogenase inhibitor malonate. J Neurochem 64:430-436. 

Gundersen V, Chaudhry FA, Bjaalie JG, Fonnum F, Ottersen OP, Storm-Mathisen J (1998) 

Synaptic vesicular localization and exocytosis of L-aspartate in excitatory nerve terminals: a 

quantitative immunogold analysis in rat hippocampus. J Neurosci 18:6059-6070. 

Gundersen V, Danbolt NC, Ottersen OP, Storm-Mathisen J (1993) Demonstration of 

glutamate/aspartate uptake activity in nerve endings by use of antibodies recognizing 

exogenous D-aspartate. Neuroscience 57:97-111. 



46 

 

Gundersen V, Fonnum F, Ottersen OP, Storm-Mathisen J (2001a) Redistribution of 

neuroactive amino acids in hippocampus and striatum during hypoglycemia: a quantitative 

immunogold study. J Cereb Blood Flow Metab 21:41-51. 

Gundersen V, Fonnum F, Ottersen OP, Storm-Mathisen J (2001b) Redistribution of 

neuroactive amino acids in hippocampus and striatum during hypoglycemia: a quantitative 

immunogold study. J Cereb Blood Flow Metab 21:41-51. 

Gundersen V, Holten AT, Storm-Mathisen J (2004) GABAergic synapses in hippocampus 

exocytose aspartate on to NMDA receptors: quantitative immunogold evidence for co-

transmission. Mol Cell Neurosci 26:156-165. 

Gundersen V, Ottersen OP, Storm-Mathisen J (1991) Aspartate- and Glutamate-like 

Immunoreactivities in Rat Hippocampal Slices: Depolarization-induced Redistribution and 

Effects of Precursors. Eur J Neurosci 3:1281-1299. 

Gundersen V, Ottersen OP, Storm-Mathisen J (1996) Selective excitatory amino acid uptake 

in glutamatergic nerve terminals and in glia in the rat striatum: quantitative electron 

microscopic immunocytochemistry of exogenous (D)-aspartate and endogenous glutamate 

and GABA. Eur J Neurosci 8:758-765. 

Hahn JS, Aizenman E, Lipton SA (1988) Central mammalian neurons normally resistant to 

glutamate toxicity are made sensitive by elevated extracellular Ca2+: toxicity is blocked by 

the N-methyl-D-aspartate antagonist MK-801. Proc Natl Acad Sci U S A 85:6556-6560. 

Harris EW, Ganong AH, Cotman CW (1984) Long-term potentiation in the hippocampus 

involves activation of N-methyl-D-aspartate receptors. Brain Res 323:132-137. 

Hashimoto T, Hussien R, Cho HS, Kaufer D, Brooks GA (2008) Evidence for the 

mitochondrial lactate oxidation complex in rat neurons: demonstration of an essential 

component of brain lactate shuttles. PLoS One 3:e2915. 

Hassel B (2000) Carboxylation and anaplerosis in neurons and glia. Mol Neurobiol 22:21-

40. 



47 

 

Hassel B, Bachelard H, Jones P, Fonnum F, Sonnewald U (1997) Trafficking of amino acids 

between neurons and glia in vivo. Effects of inhibition of glial metabolism by fluoroacetate. 

J Cereb Blood Flow Metab 17:1230-1238. 

Hassel B, Brathe A, Petersen D (2002) Cerebral dicarboxylate transport and metabolism 

studied with isotopically labelled fumarate, malate and malonate. J Neurochem 82:410-

419. 

Hassel B, Iversen EG, Gjerstad L, Tauboll E (2001) Up-regulation of hippocampal glutamate 

transport during chronic treatment with sodium valproate. J Neurochem 77:1285-1292. 

Hassel B, Westergaard N, Schousboe A, Fonnum F (1995) Metabolic differences between 

primary cultures of astrocytes and neurons from cerebellum and cerebral cortex. Effects of 

fluorocitrate. Neurochem Res 20:413-420. 

Hoffmann EK, Lambert IH, Pedersen SF (2009) Physiology of cell volume regulation in 

vertebrates. Physiol Rev 89:193-277. 

Holmseth S, Dehnes Y, Bjornsen LP, Boulland JL, Furness DN, Bergles D, Danbolt NC (2005) 

Specificity of antibodies: unexpected cross-reactivity of antibodies directed against the 

excitatory amino acid transporter 3 (EAAT3). Neuroscience 136:649-660. 

Holten AT, Danbolt NC, Shimamoto K, Gundersen V (2008) Low-affinity excitatory amino 

acid uptake in hippocampal astrocytes: a possible role of Na+/dicarboxylate 

cotransporters. Glia 56:990-997. 

Huttner WB, Schiebler W, Greengard P, De CP (1983) Synapsin I (protein I), a nerve 

terminal-specific phosphoprotein. III. Its association with synaptic vesicles studied in a 

highly purified synaptic vesicle preparation. J Cell Biol 96:1374-1388. 

Iadarola MJ, Gale K (1979) Dissociation between drug-induced increases in nerve terminal 

and non-nerve terminal pools of GABA in vivo. Eur J Pharmacol 59:125-129. 

Ikonomidou C, Stefovska V, Turski L (2000) Neuronal death enhanced by N-methyl-D-

aspartate antagonists. Proc Natl Acad Sci U S A 97:12885-12890. 



48 

 

Jahn R, Schiebler W, Ouimet C, Greengard P (1985) A 38,000-dalton membrane protein 

(p38) present in synaptic vesicles. Proc Natl Acad Sci U S A 82:4137-4141. 

Jarousse N, Kelly RB (2001) Endocytotic mechanisms in synapses. Curr Opin Cell Biol 

13:461-469. 

Jenstad M, Quazi AZ, Zilberter M, Haglerod C, Berghuis P, Saddique N, Goiny M, Buntup D, 

Davanger S, FM SH, Barnes CA, McNaughton BL, Ottersen OP, Storm-Mathisen J, Harkany 

T, Chaudhry FA (2009) System A transporter SAT2 mediates replenishment of dendritic 

glutamate pools controlling retrograde signaling by glutamate. Cereb Cortex 19:1092-1106. 

Jessell TM, Kandel ER (1993) Synaptic transmission: a bidirectional and self-modifiable 

form of cell-cell communication. Cell 72 Suppl:1-30. 

Johannessen CU, Petersen D, Fonnum F, Hassel B (2001) The acute effect of valproate on 

cerebral energy metabolism in mice. Epilepsy Res 47:247-256. 

Kadota K, Kadota T (1973) Isolation of coated vesicles, plain synaptic vesicles, and 

flocculent material from a crude synaptosome fraction of guinea pig whole brain. J Cell Biol 

58:135-151. 

Kalia LV, Kalia SK, Salter MW (2008) NMDA receptors in clinical neurology: excitatory times 

ahead. Lancet Neurol 7:742-755. 

Kanai Y, Hediger MA (1992) Primary structure and functional characterization of a high-

affinity glutamate transporter. Nature 360:467-471. 

Kimelberg HK, Feustel PJ, Jin Y, Paquette J, Boulos A, Keller RW, Jr., Tranmer BI (2000) 

Acute treatment with tamoxifen reduces ischemic damage following middle cerebral artery 

occlusion. Neuroreport 11:2675-2679. 

Kitayama T, Yoneyama M, Yoneda Y (2003) Possible regulation by N-methyl-d-aspartate 

receptors of proliferative progenitor cells expressed in adult mouse hippocampal dentate 

gyrus. J Neurochem 84:767-780. 



49 

 

Koeppen AH, Mitzen EJ, Papandrea JD (1978) Metabolism of malonic acid in rat brain after 

intracerebral injection. J Neurochem 31:739-745. 

Kokras N, Antoniou K, Polissidis A, Papadopoulou-Daifoti Z (2009) Antidepressants induce 

regionally discrete, sex-dependent changes in brain's glutamate content. Neurosci Lett 

464:98-102. 

Kugler P (1987) Cytochemical demonstration of aspartate aminotransferase in the mossy-

fibre system of the rat hippocampus. Histochemistry 87:623-625. 

Kukino K, Deguchi T (1977) Effects of sodium dipropylacetate on gamma-aminobutyric acid 

and biogenic amines in rat brain. Chem Pharm Bull (Tokyo) 25:2257-2262. 

Kvamme E, Nissen-Meyer LS, Roberg BA, Torgner IA (2008) Novel form of phosphate 

activated glutaminase in cultured astrocytes and human neuroblastoma cells, PAG in brain 

pathology and localization in the mitochondria. Neurochem Res 33:1341-1345. 

Laake JH, Slyngstad TA, Haug FM, Ottersen OP (1995) Glutamine from glial cells is essential 

for the maintenance of the nerve terminal pool of glutamate: immunogold evidence from 

hippocampal slice cultures. J Neurochem 65:871-881. 

Lai JC, Walsh JM, Dennis SC, Clark JB (1977) Synaptic and non-synaptic mitochondria from 

rat brain: isolation and characterization. J Neurochem 28:625-631. 

Larson J, Lynch G (1988) Role of N-methyl-D-aspartate receptors in the induction of 

synaptic potentiation by burst stimulation patterned after the hippocampal theta-rhythm. 

Brain Res 441:111-118. 

Larsson M, Morland C, Poblete-Naredo I, Biber J, Danbolt NC, Gundersen V (2011) The 

sodium-dependent inorganic phosphate transporter SLC34A1 (NaPi-IIa) is not localized in 

the mouse brain: a case of tissue-specific antigenic cross-reactivity. J Histochem Cytochem 

59:807-812. 



50 

 

Larsson M, Persson S, Ottersen OP, Broman J (2001) Quantitative analysis of immunogold 

labeling indicates low levels and non-vesicular localization of L-aspartate in rat primary 

afferent terminals. J Comp Neurol 430:147-159. 

Levi G, Gordon RD, Gallo V, Wilkin GP, Balazs R (1982) Putative acidic amino acid 

transmitters in the cerebellum. I. Depolarization-induced release. Brain Res 239:425-445. 

Liebschutz J, Airoldi L, Brownstein MJ, Chinn NG, Wurtman RJ (1977) Regional distribution 

of endogenous and parenteral glutamate, aspartate and glutamine in rat brain. Biochem 

Pharmacol 26:443-446. 

Löscher W (1993) Effects of the antiepileptic drug valproate on metabolism and function of 

inhibitory and excitatory amino acids in the brain. Neurochem Res 18:485-502. 

Löscher W (1999) Valproate: a reappraisal of its pharmacodynamic properties and 

mechanisms of action. Prog Neurobiol 58:31-59. 

Löscher W, Esenwein H (1978) Pharmacokinetics of sodium valproate in dog and mouse. 

Arzneimittelforschung 28:782-787. 

Löscher W, Frey HH (1984) Kinetics of penetration of common antiepileptic drugs into 

cerebrospinal fluid. Epilepsia 25:346-352. 

Löscher W, Hörstermann D (1994) Differential effects of vigabatrin, gamma-acetylenic 

GABA, aminooxyacetic acid, and valproate on levels of various amino acids in rat brain 

regions and plasma. Naunyn Schmiedebergs Arch Pharmacol 349:270-278. 

Löscher W, Vetter M (1984a) Drug-induced changes in GABA content of nerve endings in 

11 rat brain regions. Correlation to pharmacological effects. Neurosci Lett 47:325-331. 

Löscher W, Vetter M (1984b) Relationship between drug-induced increases of GABA levels 

in discrete brain areas and different pharmacological effects in rats. Biochem Pharmacol 

33:1907-1914. 



51 

 

Löscher W, Vetter M (1985) In vivo effects of aminooxyacetic acid and valproic acid on 

nerve terminal (synaptosomal) GABA levels in discrete brain areas of the rat. Correlation to 

pharmacological activities. Biochem Pharmacol 34:1747-1756. 

Lucas DR, Newhouse JP (1957) The toxic effect of sodium L-glutamate on the inner layers 

of the retina. AMA Arch Ophthalmol 58:193-201. 

Macdonald RL, Bergey GK (1979) Valproic acid augments GABA-mediated postsynaptic 

inhibition in cultured mammalian neurons. Brain Res 170:558-562. 

Manent JB, Demarque M, Jorquera I, Pellegrino C, Ben-Ari Y, Aniksztejn L, Represa A (2005) 

A noncanonical release of GABA and glutamate modulates neuronal migration. J Neurosci 

25:4755-4765. 

Mariussen E, Fonnum F (2001) The effect of polychlorinated biphenyls on the high affinity 

uptake of the neurotransmitters, dopamine, serotonin, glutamate and GABA, into rat brain 

synaptosomes. Toxicology 159:11-21. 

Martinez-Hernandez A, Bell KP, Norenberg MD (1977) Glutamine synthetase: glial 

localization in brain. Science 195:1356-1358. 

Martinez-Rodriguez R, Arenas DG (1988) Light and electron microscope observations of 

aspartate aminotransferase (AATase) in the hippocampus revealed by histoenzymological 

and immunocytochemical methods. J Hirnforsch 29:435-441. 

Maxwell DJ, Christie WM, Short AD, Storm-Mathisen J, Ottersen OP (1990) Central boutons 

of glomeruli in the spinal cord of the cat are enriched with L-glutamate-like 

immunoreactivity. Neuroscience 36:83-104. 

Maycox PR, Deckwerth T, Hell JW, Jahn R (1988) Glutamate uptake by brain synaptic 

vesicles. Energy dependence of transport and functional reconstitution in 

proteoliposomes. J Biol Chem 263:15423-15428. 

Mayer ML, Westbrook GL, Guthrie PB (1984) Voltage-dependent block by Mg2+ of NMDA 

responses in spinal cord neurones. Nature 309:261-263. 



52 

 

McLean MJ, Macdonald RL (1986) Sodium valproate, but not ethosuximide, produces use- 

and voltage-dependent limitation of high frequency repetitive firing of action potentials of 

mouse central neurons in cell culture. J Pharmacol Exp Ther 237:1001-1011. 

McMahon HT, Foran P, Dolly JO, Verhage M, Wiegant VM, Nicholls DG (1992) Tetanus toxin 

and botulinum toxins type A and B inhibit glutamate, gamma-aminobutyric acid, aspartate, 

and met-enkephalin release from synaptosomes. Clues to the locus of action. J Biol Chem 

267:21338-21343. 

McMahon HT, Nicholls DG (1990) Glutamine and aspartate loading of synaptosomes: a 

reevaluation of effects on calcium-dependent excitatory amino acid release. J Neurochem 

54:373-380. 

Merighi A, Polak JM, Theodosis DT (1991) Ultrastructural visualization of glutamate and 

aspartate immunoreactivities in the rat dorsal horn, with special reference to the co-

localization of glutamate, substance P and calcitonin-gene related peptide. Neuroscience 

40:67-80. 

Messam CA, Greene JG, Greenamyre JT, Robinson MB (1995) Intrastriatal injections of the 

succinate dehydrogenase inhibitor, malonate, cause a rise in extracellular amino acids that 

is blocked by MK-801. Brain Res 684:221-224. 

Meunier H, Carraz G, Meunier Y, Eymard P, Aimard M (1963) Pharmacodynamic proporties 

of N-dipropylacetic acid. Therapie 18:435-438. 

Mitzen EJ, Koeppen AH (1984) Malonate, malonyl-coenzyme A, and acetyl-coenzyme A in 

developing rat brain. J Neurochem 43:499-506. 

Miyaji T, Echigo N, Hiasa M, Senoh S, Omote H, Moriyama Y (2008) Identification of a 

vesicular aspartate transporter. Proc Natl Acad Sci U S A 105:11720-11724. 

Mongin AA, Kimelberg HK (2005) ATP regulates anion channel-mediated organic osmolyte 

release from cultured rat astrocytes via multiple Ca2+-sensitive mechanisms. Am J Physiol 

Cell Physiol 288:C204-C213. 



53 

 

Montero VM (1994) Quantitative immunogold evidence for enrichment of glutamate but 

not aspartate in synaptic terminals of retino-geniculate, geniculo-cortical, and cortico-

geniculate axons in the cat. Vis Neurosci 11:675-681. 

Morland C, Henjum S, Iversen EG, Skrede KK, Hassel B (2007) Evidence for a higher 

glycolytic than oxidative metabolic activity in white matter of rat brain. Neurochem Int 

50:703-709. 

Morre M, Keane PE, Vernieres JC, Simiand J, Roncucci R (1984) Valproate: recent findings 

and perspectives. Epilepsia 25 Suppl 1:S5-S9. 

Morris RG, Anderson E, Lynch GS, Baudry M (1986) Selective impairment of learning and 

blockade of long-term potentiation by an N-methyl-D-aspartate receptor antagonist, AP5. 

Nature 319:774-776. 

Nadler JV (2011) Aspartate release and signalling in the hippocampus. Neurochem Res 

36:668-676. 

Nadler JV, Vaca KW, White WF, Lynch GS, Cotman CW (1976) Aspartate and glutamate as 

possible transmitters of excitatory hippocampal afferents. Nature 260:538-540. 

Nagy A, Baker RR, Morris SJ, Whittaker VP (1976) The preparation and characterization of 

synaptic vesicles of high purity. Brain Res 109:285-309. 

Naito S, Ueda T (1983) Adenosine triphosphate-dependent uptake of glutamate into 

protein I-associated synaptic vesicles. J Biol Chem 258:696-699. 

Nansen F (1887) The Structure and Combination of the Histological Elements of the Central 

Nervous System. 

Nowak L, Bregestovski P, Ascher P, Herbet A, Prochiantz A (1984) Magnesium gates 

glutamate-activated channels in mouse central neurones. Nature 307:462-465. 

Olney JW (1969) Brain lesions, obesity, and other disturbances in mice treated with 

monosodium glutamate. Science 164:719-721. 



54 

 

Ottersen OP, Storm-Mathisen J (1984a) Glutamate- and GABA-containing neurons in the 

mouse and rat brain, as demonstrated with a new immunocytochemical technique. J Comp 

Neurol 229:374-392. 

Ottersen OP, Storm-Mathisen J (1984b) Neurons containing or accumulating transmitter 

amino acids. In: Classical transmitters and transmitter receptors in the CNS Part II 

(Bjørklund A., Høkfelt T, Kuhar MJ., eds), pp 141-246. Elsevier, Amsterdam. 

Ottersen OP, Storm-Mathisen J, Bramham C, Torp R, Laake J, Gundersen V (1990) A 

quantitative electron microscopic immunocytochemical study of the distribution and 

synaptic handling of glutamate in rat hippocampus. Prog Brain Res 83:99-114. 

Paulsen RE, Fonnum F (1989) Role of glial cells for the basal and Ca2+-dependent K+-

evoked release of transmitter amino acids investigated by microdialysis. J Neurochem 

52:1823-1829. 

Phiel CJ, Zhang F, Huang EY, Guenther MG, Lazar MA, Klein PS (2001) Histone deacetylase 

is a direct target of valproic acid, a potent anticonvulsant, mood stabilizer, and teratogen. J 

Biol Chem 276:36734-36741. 

Phillis JW, Song D, O'Regan MH (1998) Tamoxifen, a chloride channel blocker, reduces 

glutamate and aspartate release from the ischemic cerebral cortex. Brain Res 780:352-355. 

Pines G, Danbolt NC, Bjoras M, Zhang Y, Bendahan A, Eide L, Koepsell H, Storm-Mathisen J, 

Seeberg E, Kanner BI (1992) Cloning and expression of a rat brain L-glutamate transporter. 

Nature 360:464-467. 

Powers SG, Riordan JF (1975) Functional arginyl residues as ATP binding sites of glutamine 

synthetase and carbamyl phosphate synthetase. Proc Natl Acad Sci U S A 72:2616-2620. 

Reimer RJ, Edwards RH (2004) Organic anion transport is the primary function of the 

SLC17/type I phosphate transporter family. Pflugers Arch 447:629-635. 



55 

 

Rinholm JE, Hamilton NB, Kessaris N, Richardson WD, Bergersen LH, Attwell D (2011) 

Regulation of oligodendrocyte development and myelination by glucose and lactate. J 

Neurosci 31:538-548. 

Risher WC, Andrew RD, Kirov SA (2009) Real-time passive volume responses of astrocytes 

to acute osmotic and ischemic stress in cortical slices and in vivo revealed by two-photon 

microscopy. Glia 57:207-221. 

Roisin MP, Brassart JL, Charton G, Crepel V, Ben AY (1991) A new method for the 

measurement of endogenous transmitter release in localized regions of hippocampal 

slices. J Neurosci Methods 37:183-189. 

Rutledge EM, Aschner M, Kimelberg HK (1998) Pharmacological characterization of 

swelling-induced D-[3H]aspartate release from primary astrocyte cultures. Am J Physiol 

274:C1511-C1520. 

Sagheddu C, Boccaccio A, Dibattista M, Montani G, Tirindelli R, Menini A (2010) Calcium 

concentration jumps reveal dynamic ion selectivity of calcium-activated chloride currents 

in mouse olfactory sensory neurons and TMEM16b-transfected HEK 293T cells. J Physiol 

588:4189-4204. 

Schechter PJ, Tranier Y, Grove J (1978) Effect of n-dipropylacetate on amino acid 

concentrations in mouse brain: correlations with anti-convulsant activity. J Neurochem 

31:1325-1327. 

Schmidbaur JM, Kugler P, Horvath E (1990) Glutamate producing aspartate 

aminotransferase in glutamatergic perforant path terminals of the rat hippocampus. 

Cytochemical and lesion studies. Histochemistry 94:427-433. 

Seki Y, Feustel PJ, Keller RW, Jr., Tranmer BI, Kimelberg HK (1999) Inhibition of ischemia-

induced glutamate release in rat striatum by dihydrokinate and an anion channel blocker. 

Stroke 30:433-440. 

Slater GE, Johnston D (1978) Sodium valproate increases potassium conductance in Aplysia 

neurons. Epilepsia 19:379-384. 



56 

 

Sobolevsky AI, Khodorov BI (1999) Blockade of NMDA channels in acutely isolated rat 

hippocampal neurons by the Na+/Ca2+ exchange inhibitor KB-R7943. Neuropharmacology 

38:1235-1242. 

Spray DC, Ye ZC, Ransom BR (2006) Functional connexin "hemichannels": a critical 

appraisal. Glia 54:758-773. 

Storck T, Schulte S, Hofmann K, Stoffel W (1992) Structure, expression, and functional 

analysis of a Na(+)-dependent glutamate/aspartate transporter from rat brain. Proc Natl 

Acad Sci U S A 89:10955-10959. 

Storm-Mathisen J, Leknes AK, Bore AT, Vaaland JL, Edminson P, Haug FM, Ottersen OP 

(1983) First visualization of glutamate and GABA in neurones by immunocytochemistry. 

Nature 301:517-520. 

Storm-Mathisen J, Ottersen OP, Fu-Long T, Gundersen V, Laake JH, Nordbo G (1986) 

Metabolism and transport of amino acids studied by immunocytochemistry. Med Biol 

64:127-132. 

Sucher NJ, Aizenman E, Lipton SA (1991) N-methyl-D-aspartate antagonists prevent kainate 

neurotoxicity in rat retinal ganglion cells in vitro. J Neurosci 11:966-971. 

Sudhof TC (2004) The synaptic vesicle cycle. Annu Rev Neurosci 27:509-547. 

Szatkowski M, Barbour B, Attwell D (1990) Non-vesicular release of glutamate from glial 

cells by reversed electrogenic glutamate uptake. Nature 348:443-446. 

Szerb JC (1988) Changes in the relative amounts of aspartate and glutamate released and 

retained in hippocampal slices during stimulation. J Neurochem 50:219-224. 

Takamori S, et al. (2006) Molecular anatomy of a trafficking organelle. Cell 127:831-846. 

Tanaka K (1993) Cloning and expression of a glutamate transporter from mouse brain. 

Neurosci Lett 159:183-186. 



57 

 

Tracey DJ, De BS, Phend K, Rustioni A (1991) Aspartate-like immunoreactivity in primary 

afferent neurons. Neuroscience 40:673-686. 

van den Pol AN (1991) Glutamate and aspartate immunoreactivity in hypothalamic 

presynaptic axons. J Neurosci 11:2087-2101. 

Van Harreveld A (1966) Extracellular space in the central nervous system. Proc K Ned Akad 

Wet C 69:17-21. 

Voglmaier SM, Edwards RH (2007) Do different endocytic pathways make different 

synaptic vesicles? Curr Opin Neurobiol 17:374-380. 

Vreugdenhil M, van Veelen CW, van Rijen PC, Lopes da Silva FH, Wadman WJ (1998) Effect 

of valproic acid on sodium currents in cortical neurons from patients with pharmaco-

resistant temporal lobe epilepsy. Epilepsy Res 32:309-320. 

Wang L, Nadler JV (2007) Reduced aspartate release from rat hippocampal synaptosomes 

loaded with Clostridial toxin light chain by electroporation: evidence for an exocytotic 

mechanism. Neurosci Lett 412:239-242. 

Wigström H, Gustafsson B, Huang YY (1986) Mode of action of excitatory amino acid 

receptor antagonists on hippocampal long-lasting potentiation. Neuroscience 17:1105-

1115. 

Wiklund L, Toggenburger G, Cuenod M (1982) Aspartate: possible neurotransmitter in 

cerebellar climbing fibers. Science 216:78-80. 

Wilkinson RJ, Nicholls DG (1989) Compartmentation of glutamate and aspartate within 

cerebral cortical synaptosomes: evidence for a non-cytoplasmic origin for the calcium-

releasable pool of glutamate. Neurochem Int 15:191-197. 

Yarovaya N, Schot R, Fodero L, McMahon M, Mahoney A, Williams R, Verbeek E, de BA, 

Hampson M, van der SP, Stubbs A, Masters CL, Verheijen FW, Mancini GM, Venter DJ 

(2005) Sialin, an anion transporter defective in sialic acid storage diseases, shows highly 



58 

 

variable expression in adult mouse brain, and is developmentally regulated. Neurobiol Dis 

19:351-365. 

Ye ZC, Wyeth MS, Baltan-Tekkok S, Ransom BR (2003) Functional hemichannels in 

astrocytes: a novel mechanism of glutamate release. J Neurosci 23:3588-3596. 

Zappettini S, Grilli M, Salamone A, Fedele E, Marchi M (2010) Pre-synaptic nicotinic 

receptors evoke endogenous glutamate and aspartate release from hippocampal 

synaptosomes by way of distinct coupling mechanisms. Br J Pharmacol 161:1161-1171. 

Zhang H, Cao HJ, Kimelberg HK, Zhou M (2011) Volume regulated anion channel currents of 

rat hippocampal neurons and their contribution to oxygen-and-glucose deprivation 

induced neuronal death. PLoS One 6:e16803. 

Zhang N, Walberg F, Laake JH, Meldrum BS, Ottersen OP (1990) Aspartate-like and 

glutamate-like immunoreactivities in the inferior olive and climbing fibre system: a light 

microscopic and semiquantitative electron microscopic study in rat and baboon (Papio 

anubis). Neuroscience 38:61-80. 

Zhang Y, Zhang H, Feustel PJ, Kimelberg HK (2008) DCPIB, a specific inhibitor of volume 

regulated anion channels (VRACs), reduces infarct size in MCAo and the release of 

glutamate in the ischemic cortical penumbra. Exp Neurol 210:514-520. 

Zhou M, Peterson CL, Lu YB, Nadler JV (1995) Release of glutamate and aspartate from CA1 

synaptosomes: selective modulation of aspartate release by ionotropic glutamate receptor 

ligands. J Neurochem 64:1556-1566. 

 

 

 

 



I





 The Open Neuroscience Journal, 2008, 2, 51-58 51

 1874-0820/08 2008 Bentham Open

Open Access 

Vesicular Release of L- and D-Aspartate from Hippocampal Nerve Termi-
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Abstract: Glutamate is established as the most important excitatory transmitter in the brain. The transmitter status of as-
partate is debated. There is evidence that aspartate is released from nerve terminals by exocytosis. However, release 
through excitatory amino acid transporters (EAATs) could be an alternative mechanism. We further investigated this by 
use of light and quantitative electron microscopic immunocytochemistry. The nerve terminal localisation of aspartate was 
compared to that of glutamate using antibodies specifically recognising the amino acids. Rat hippocampal slices were in-
cubated under normal (3 mM) and depolarising (55 mM) concentrations of K+ with and without the excitatory amino acid 
transporter inhibitor threo-beta-benzyloxyaspartate (TBOA). If aspartate is released either through reversal of the EAATs 
or through exchange with synaptically released glutamate, we would expect that TBOA would block the depolarisation 
induced release of aspartate. We found, however, that there was a substantial depletion of aspartate, as well as of gluta-
mate, from hippocampal nerve terminals during K+ induced depolarisation in the presence of TBOA. The possibility that 
aspartate is released through exocytosis from synaptic vesicles was further investigated by the use of a D-aspartate uptake 
assay, including exposure of the slices to exogenous D-aspartate and the use of D-aspartate immunogold cytochemistry to 
localise D-aspartate in the fixed tissue. We found that D-aspartate taken up into the terminals was concentrated in synaptic 
vesicles as opposed to in the cytoplasmic matrix. This is in line with the presence in synaptic vesicles of the recently iden-
tified vesicular transporter for aspartate. 

Keywords: Synaptic vesicles, immunocytochemistry, amino acids, electron microscopy, transport. 

 The release of glutamate at synapses in the brain is well 
studied. Glutamate is released upon depolarisation of the 
presynaptic nerve terminal, leading to opening of voltage 
gated Ca2+ channels and Ca2+-dependent fusion of glutamate 
filled synaptic vesicles with the plasma membrane. The 
mechanism of release of L-aspartate at central synapses re-
mains less defined. L-aspartate has been shown to be re-
leased in a Ca2+ and clostridium toxin sensitive manner from 
various in vitro brain preparations (e.g. [1-7]). Strongly in 
favour of an exocytotic release mechanism are our previous 
immunocytochemical results showing that K+ induced depo-
larisation elicited depletion of L-aspartate from nerve end-
ings, which could be inhibited by low extracellular Ca2+-
concentrations and tetanus toxin [8-10]. In addition, D-
aspartate has been shown to be subject to exocytotic release 
both from cultured neurons [11] synaptosomes [12] and in-
tact brain tissue [13]. Taken together, these results indicate 
that synaptic vesicles harbour a transporter for L- and/or D-
aspartate (see [14]). This is in good agreement with a very 
recent study showing that hippocampal synaptic vesicles 
contain a vesicular excitatory amino acid transporter (VEAT) 
for aspartate and glutamate [15]. It was shown that sialin, a 
H+/sialic acid co-transporter belonging to the SLC17A5 
group of Na+/phosphate transporters, could carry also aspar-
tate and glutamate into synaptic vesicles [15]. 

*Address correspondence to this author at the Department of Anatomy and 
the CMBN, University of Oslo, POB 1105 Blindern, 0317 Oslo, Norway;  
E-mail: vidar.gundersen@medisin.uio.no 
#These authors contributed equally to the work. 

 There is ample evidence that excitatory nerve endings in 
the brain contain functional plasma membrane excitatory 
amino acid transporters (EAATs) [16-20]. The previous as-
partate release data do not clearly distinguish between L-
aspartate release via exocytosis and via these EAATs, which 
could release aspartate either through reversal of the trans-
porter or through heteroexchange with glutamate released 
from synaptic vesicles. Although some biochemical studies 
have given evidence that release through the EAATs does 
not play a pivotal role in the release of aspartate [12, 21], this 
has not been directly studied with high resolution at the mor-
phological level. In order to investigate the proportion of L-
aspartate release which is mediated through the EAATs, we 
incubated hippocampal slices with the non-transportable 
glutamate transporter inhibitor (2S,3S)-3-[3-(4-methoxyben-
zoylamino)benzyloxy]aspartate (PMB-TBOA)  during K+-
induced depolarisation. By using light- and electron micro-
scopic immunocytochemistry we compared the depletion of 
L-aspartate from excitatory nerve terminals with the deple-
tion of glutamate. To shed additional light on the vesicular 
release of aspartate we exposed the slices to exogenous D-
aspartate and used a quantitative D-aspartate immunogold 
method [16-18, 22] to analyse the synaptic vesicle content of 
D-aspartate that had been taken up into excitatory nerve ter-
minals.  

MATERIALS AND METHODOLOGY 

Hippocapal Slice Incubation 

 Hippocampal slice experiments were performed as previ-
ously described [8, 9, 18]. In brief, in each experiment we 
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harvested a brain from a decapitated Wistar rat (~200 g). 
Then the hippocampi were dissected out and cut in 0.3 mm 
thick slices. The slices were preincubated in oxygenated 
Krebs’ solution (126 mM NaCl, 3 mM KCl, 10 mM sodium 
phosphate buffer (pH 7.4), 1.2 mM CaCl2, 1.2 mM MgSO4 

and 10 mM glucose) for 1 h at 30 º C. The slices, which were 
subjected to EAAT inhibition, were transferred to a Krebs’ 
solution containing 30 M PMB-TBOA [18] during the last 
15 minutes of the preincubation. Then the slices were incu-
bated for 1 h at 30 °C in Krebs’ solution under physiological 
(3 mM) and depolarising (55 mM) concentrations of K

+
 with 

and without the EAAT-blocker PMB-TBOA (30 M) (6 
slice experiments). To characterise the localization of D-
aspartate taken up in the nerve terminals, after preincubation 
some slices were incubated for 15 minutes in Krebs’ solution 
at 3 mM K

+
 with and without 50 M D-aspartate (3 slice 

experiments). After incubation the slices were fixed in 2.5% 
glutaraldehyde and 1% formaldehyde for 1 h in room tem-
perature (about 20°C). The slices were stored in the fixative 
at 4°C until sectioning and embedding.  

Light Microscopic Immunocytochemistry 

 The hippocampal slices were cryo-protected in sucrose 
(30%) before 20 m thick sections were cut on a freezing 
microtome. Then the sections were subjected to immunocy-
tochemistry according to a three layer immunoperoxidase 
method. After incubation with primary antibodies (no 435 L-
aspartate (1:5000) and no 607 L-glutamate (1:5000)) over-
night at room temperature (about 20°C), the sections were 
treated with biotinylated donkey anti-rabbit Ig (Amersham, 
Little Chalfont Buckinghamshire, UK) and with streptavidin-
biotinylated horseraddish peroxidase (Amersham, Little 
Chalfont Buckinghamshire, UK), before the antigen-
antibody binding was visualized with hydrogen peroxide/di-
amino-benzidine.  

Electron Microscopic Immunocytochemistry

 The slices were embedded in Lowicryl HM20 as previ-
ously described [18, 22-24]. After the embedding ultrathin 
sections (80-100 nm) were cut perpendicular to the surface 
of the slices (so that immunogold analysis could be made at 
definite distances from the slice surface) and labelled with 
the 482 D-aspartate (1:300), 607 L-glutamate (1:5000) or 
435 L-aspartate (1:100) antisera. The primary antibodies 
were visualised with 15 nm gold particles coupled to secon-
dary anti-rabbit antibodies. The sections were studied in a 
Tecnai 12 or a Philips CM10 electron microscope. Electron 
micrographs were randomly taken from the CA1 stratum 
radiatum and the inner dentate molecular layer. The number 
of L-aspartate, D-aspartate and glutamate gold particles were 
counted in nerve terminals making asymmetric synapses on 
dendritic spines (excitatory synapses). The area of the nerve 
terminals (the area of mitochondria was not included) was 
estimated by point counting using an overlay screen [23] and 
the gold particle densities were calculated. The results were 
statistically evaluated by a non-parametric Mann-Whitney U 
test (Statistica).  

 For the analysis of D-aspartate in synaptic vesicles gold 
particles signalling D-aspartate and grid points for area de-
termination were recorded over synaptic vesicles and cyto-
plasmic matrix (areas free of vesicles and mitochondria) in 
excitatory nerve terminals. Synaptic vesicles were identified 

as round, clear membrane bounded structures with a diame-
ter ranging from 20 to 80 nm [9]. As the lateral resolution of 
the immunogold method is about 30-40 nm [25, 26], which 
is similar to the diameter of the synaptic vesicles and to the 
section thickness, the method cannot localize a gold particle 
to a single vesicle. To by pass this problem, gold particles 
were ascribed to synaptic vesicles if the particle centres were 
within a 30 nm distance from the outer border of the vesi-
cles. To correct for the contamination of the vesicle labelling 
with the cytoplasmic matrix labelling, the gold particle den-
sities recorded over cytoplasmic matrix were subtracted from 
the gold particle densities recorded for the vesicles. The ar-
eas of the profiles included in the analysis were determined 
by point counting using an overlay screen [23]. The densities 
of D-aspartate immunogold particles (average number of 
gold particles/ m

2
) in the different tissue profiles were cal-

culated and the results statistically evaluated by a non-
parametric test (Mann-Whitney-U, Statistica).

Specificity of the Antibodies 

 The rabbit no 607 L-glutamate, no 435 L-aspartate and 
no 482 D-aspartate antisera have been previously character-
ized [9, 10, 16, 27]. To avoid possible cross-reactivities the 
L-glutamate, L-aspartate and D-aspartate antisera were used 
with the addition of 0.2 mM complexes of glutaralde-
hyde/formaldehyde treated L-aspartate plus glutamine and L-
asparagine, L-glutamate plus GABA and L-glutamate plus 
L-aspartate, respectively. As a specificity control for each 
immunoperoxidase incubation, spots of conjugates of differ-
ent amino acids linked to brain macromolecules by glutaral-
dehyde/formaldehyde were placed on cellulose nitrate-
acetate filters and incubated along with the tissue sections [8, 
9]. For the immunogold experiments conjugates were made 
according to [28]. The concentration of the fixed amino acids 
in the embedded conjugate clumps is about 100 mM [28]. 
These test systems showed that the primary antibodies only 
labelled the conjugate containing the amino acid against 
which the antibodies were raised. Furthermore, the gluta-
mate, L-aspartate and D-aspartate immunoreactivities of 
tissue and test sections were blocked by adding 0.3 mM of 
aldehyde treated glutamate, L-aspartate or D-aspartate, re-
spectively, to the antisera. The relationship between the den-
sity of L-aspartate, D-aspartate and glutamate immunogold 
particles and the concentration of fixed glutamate in the tis-
sue was linear, as assessed by simultaneously processed test 
sections with conjugates containing known concentrations of 
glutamate, L-aspartate and D-aspartate [16, 29]. 

RESULTS 

Effects of Membrane Depolarisation and TBOA  

 We have previously shown that K
+
 induced membrane 

depolarisation causes aspartate, in the same manner as glu-
tamate, to be depleted from excitatory nerve endings in a 
Ca

2+
-dependent and tetanus toxin sensitive manner [8,9]. The 

question is whether such a depletion of aspartate could be 
caused by heteroexchange through the EAATs with exocyto-
sed glutamate. An ideal tool for investigating this would be 
to use a non-transportable blocker of the EAATs during 
membrane stimulation, such as threo-beta-benzyloxy-
aspartate (TBOA) [30]. In a recent study we showed that  
30 M PMB-TBOA, which is a potent blocker of EAAT1-3 
[31], totally inhibits D-aspartate transport in exci-tatory 
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nerve endings (but not in astrocytes, see below) in hippo-
campal slices [18].  
 As observed previously [8, 9] we here show that in slices 
incubated with 3 mM K+ the aspartate and glutamate anti-
bodies produced a zonal labelling pattern corresponding to 

the nerve terminal field of the excitatory afferents in hippo-
campus (Fig. 1A, 1B). The aspartate and glutamate staining 
were mostly located in small dots (insets in Fig. 1A and B)
along weakly labelled dendritic structures. Electron micro-
scopic immunogold cytochemistry [9] confirmed that the 

Fig. (1). The K+-induced depletion of aspartate and glutamate from nerve ending-like dots was not substantially inhibited by PMB-TBOA. At 
physiological K+-concentrations (3 mM) aspartate (A) and glutamate (B) immunoreactivities were located in dots (insets in A and B) corre-
sponding to the excitatory nerve terminals in the hippocampus. At 55 mM K+ the aspartate (C) and glutamate (D) staining mostly disap-
peared from the nerve terminal-like dots and accumulated in astroglial cells (insets in C and D), including in those around blood vessels 
(perivascular astroglia). At 55 mM K+ in the presence of PMB-TBOA the aspartate (E) and glutamate (F) staining pattern was approximately 
unchanged, still showing that the most prominent staining was located in astroglial cells (insets in E and F). Similar aspartate and glutamate 
labelling patterns were observed in 6 slice experiments. Symbols: P, str. pyramidale; R, str. radiatum; M, dentate molecular layers. Bars: 200 

m, 20 m (insets). 
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dotted staining represents labelling of nerve terminals mak-
ing asymmetric synapses with dendritic spines (i.e. synapses 
with an “excitatory appearance”) (Fig. 2A, 2B). Thus, we 
call the labelled dots nerve ending-like dots. When the slices 
were depolarised with a high K+ concentration (50 mM) the 
aspartate and glutamate immunoreactivities were depleted 
from the nerve ending like dots. Instead, the staining ap-
peared in astrocytes (Fig. 1C, 1D). Immunelectron micros-
copy of slices exposed to membrane depolarisation showed a 
robust reduction in the content of gold particles signalling 
aspartate and glutamate in excitatory nerve terminals (Fig. 
2C, 2D). This was substantiated by quantitative immunogold 
analysis, which showed that K+-induced depolarisation 
caused the nerve terminal densities of aspartate and gluta-
mate immunogold particles to be significantly reduced (Fig. 
3). Taken together, this suggests that aspartate and glutamate 
is released from nerve terminals and taken up into astrocytes 
when the neurons are depolarised.  
 At 3 mM K+ PMB-TBOA did not have any effect on the 
aspartate and glutamate labelling patterns (not shown). Dur-
ing depolarisation with 55 mM K+, the slices which were 
treated with PMB-TBOA showed a redistribution from a 
nerve ending like staining pattern to an astrocyte like stain-
ing pattern (Fig. 1E, 1F), similar to that observed at 55 mM 
K+ without PMB-TBOA (Fig. 1C and 1D). The uptake of 
aspartate and glutamate in astrocytes during K+ stimulation 
in the presence of TBOA probably occurs through a sodium 
dicarboxylate transporter [18]. The immunogold labellings 
revealed that the densities of gold particles signalling aspar-
tate and glutamate were somewhat higher in the depolarised 
terminals exposed to PMB-TBOA than in the terminals not 
exposed to PMB-TBOA, but lower than in the terminals 

from slices incubated at 3 mM K+ (Figs. 2E, 2F and 3). The 
immunogold quantifications (Fig. 3) showed that about 30% 
and 36% of the L-aspartate and glutamate immunogold par-
ticles depleted from the terminals during depolarisation 
could be blocked by PMB-TBOA. This indicates that about 
64-70 % of immunogold particles signalling L-aspartate and 
glutamate are depleted from the terminals due to exocytosis. 

Localisation of D-Aspartate Immunogold Particles 

 As we found that the contribution from the EAATs for 
the total release of aspartate from nerve terminals was rela-
tively minor, and several lines of evidence suggest that both 
L- and D-aspartate could be released by exocytosis (see In-
troduction), there should be a transporter capable of pumping 
L- and D-aspartate into synaptic vesicles (see Miyaji et al.
2008). To further investigate this uptake process we made 
use of a D-aspartate uptake assay, in which hippocampal 
slices were incubated with exogenous D-aspartate (50 M), 
fixed with glutar- and formaldehyde and subjected to elec-
tron microscopic immunogold cytochemistry using specific 
antibodies against D-aspartate [16-18, 22]. As D-aspartate is 
very slowly metabolised [32], it is “trapped” in the cellular 
compartment into which it was taken up. 
 Slices not exposed to D-aspartate did not contain any 
significant D-aspartate immunogold signal (not shown, see 
[16-18, 22]). In contrast, slices exposed to 50 M D-
aspartate showed clear sign of D-aspartate uptake in excita-
tory nerve terminals (Fig. 4A and C) (as well as in astrocytic 
processes (not shown, see [16]). A closer examination of the 
labelled terminals showed that D-aspartate gold particles 
were located over synaptic vesicles (insets in Fig. 4A and 
Fig. 4B). Interestingly, when quantifying the density of D-

Fig. (2). Electron micrographs showing gold particles signalling aspartate (A, C, E) and glutamate (B, D, F) in excitatory synapses between 
nerve terminals (ter) and postsynaptic spines (sp) in hippocampal slices incubated at 3 mM K+ (A and B), 55 mM K+ (C and D) and 55 mM 
K+ plus PMB-TBOA (E and F). Note that both aspartate and glutamate are depleted from the terminals upon stimulation with an elevated 
concentration of K+ and that the treatment with PMB-TBOA does not block this depletion. Symbol: mito, mitochondria. Scale bar: 200 nm. 
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aspartate immunogold particles over synaptic vesicles and 
cytoplasmic matrix in the excitatory terminals (see Meth-
ods), we found that the gold particle density was much 
higher over the former than the latter compartment, giving a 
synaptic vesicle/cytoplasmic matrix ratio of about 9. From 
test sections with known concentrations of D-aspartate incu-
bated with the D-aspartate antibodies in parallel with the 
hippocampal sections [22] we could estimate that the fixed 
D-aspartate concentration in the cytoplasmic matrix was 
about 2 mM, whereas the D-aspartate concentration in syn-
aptic vesicles was about 18 mM.  

DISCUSSION 

 Previously we have shown that the depletion of aspartate 
and glutamate from excitatory nerve terminals is sensitive to 
low Ca2+ conditions and tetanus toxin [9]. This result could 
be explained by the possibility that it is glutamate that is 
released from synaptic vesicles, whereas aspartate is released 
from the cytosol through EAAT mediated heteroexchange 
with synaptically released glutamate. In this way the aspar-
tate release would seemingly appear as exocytotic. However, 
here we show that there is a substantial depletion of both 
aspartate and glutamate form excitatory nerve terminals dur-
ing K+ induced depolarisation, despite the presence of the 
EAAT blocker TBOA. This strongly suggests that release 
through the EAATs cannot account for the overall release of 
aspartate from the terminals, indicating that at a major part 
of the released aspartate during K+ stimulation is derived 
from exocytosis of synaptic vesicles.  

 Our previous immunogold results from excitatory nerve 
terminals show that there is a residual depolarisation induced 
depletion of aspartate and glutamate, which is not blocked by 
conditions inhibiting exocytosis [9]. Thus, parts of the aspar-
tate and glutamate release could be mediated by the EAATs. 
The non-exocytotic aspartate and glutamate depletion is 
about 30-40% of the total depletion during K+ triggered de-
polarisation [9]. This fits with the present data showing that 
approximately 30-36% of aspartate and glutamate released 
from the excitatory terminals could be blocked by blocking 
the EAATs. These data suggest that a minor fraction of as-
partate and glutamate released from the terminals escapes 
through the EAATs, whereas the largest fraction (about 
70%) is released through exocytosis. 
 The present data, showing that the depletion of aspartate 
and glutamate from the nerve terminals is inhibited to a simi-
lar extent by blocking the EAATs, is compatible with the 
notion that the non-exocytotic release of the excitatory 
amino acids during K+-induced depolarisation is caused by a 
reversal of the nerve terminal EAATs. This is in line with 
biochemical data, showing that the K+-induced release of 
newly taken up D-aspartate from hippocampal nerve endings 
occurs in part by exocytosis (about 65%) and in part by 
transporter reversal (about 35%) [12]. 
 Our finding that the ratio of D-aspartate labelling be-
tween synaptic vesicles and cytoplasmic matrix was about 9 
supports the idea that aspartate can be taken up into synaptic 
vesicles before exocytotic release. This uptake is mediated 
by other transporters than the vesicular glutamate transport-

Fig. (3). Quantitative representation of the density of aspartate (A) and glutamate (B) immunogold particles in excitatory nerve terminals in 
hippocampal slices incubated with 3 mM K+ (n=45 nerve terminals in A and B), 55 mM K+ (n=40 terminals in A and B) and 55 mM K+ in 
the presence of PMB-TBOA (n=42 nerve terminals in A and B). Asterisks denote that aspartate and glutamate values at 3 K+ are significantly 
different from those at 55K+ and 55K+ + TBOA and that the values at 55K+ are significantly different from those at 55K+ + TBOA (p<0.01, 
Mann-Whitney-U test, two tails). The results are from one slice experiment. The same results were obtained in another experiment. 
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ers (VGLUTs), which neither transport L-aspartate nor D-
aspartate [33-39]. Even though Miyaji et al. [15] did not give 
any information about vesicular D-aspartate uptake, the pre-
sent data are in good agreement with their identification of a 
vesicular excitatory amino acid transporter that carries both 
aspartate and the aspartate analogue threo-hydroxy aspartate 
[5] into hippocampal synaptic vesicles [15]. Our results also 
support those of Fleck and co-workers [14], who showed that 
radiolabelled L- and D-aspartate could be taken up in synap-
tic vesicles, which were immunoisolated with synaptophysin 
after amino acid preincubation of intact synaptosomes. How-
ever, it should be noted that especially the L-aspartate uptake 
data from this study should be interpreted with caution. Dur-
ing the preincubation of the synaptosomes some of the radio-
label on L-aspartate could have been transferred to L-
glutamate through metabolism in the Krebs’ cycle. However, 
as D-aspartate is very slowly metabolised in the brain [32], 
the possibility that such a mechanism underlies the result of 
the D-aspartate uptake experiments of [14] is not very likely. 
Thus, the present results and those of Fleck and co-workers 
[14] strongly suggest that also D-aspartate is transported into 
synaptic vesicles, probably by the same transporter as L-
aspartate. This is in line with the large body of evidence 
showing exocytosis of both L-aspartate [1-4, 6-10, 14] and 
D-aspartate [11, 12, 40-45].  
 We found that the cytoplasmic concentration of D-
aspartate (about 2 mM) after uptake into nerve terminals was 
in the range of the apparent Km values for aspartate uptake 
into synaptic vesicles reported both by Miyaji et al. [15] and 
Fleck et al. [14]. The substrate specificity of VEAT indicates 
that it carries both glutamate and aspartate. This may explain 
the previous immunogold findings of glutamate and aspar-
tate in the same nerve terminals [9, 27]. There are so far no 
detailed electron microscopic localisation studies of VEAT 
in the brain, only previous light microscopic results showing 

that the sialin protein (see Introduction) is present at quite 
high concentrations throughout the forebrain, including in 
the hippocampus [46, 47]. Whether vesicles containing 
VEAT is located in the same terminals as those containing 
VGLUT is one important question that must await further 
studies.  
 The conclusion from previous uptake studies using whole 
brain isolated synaptic vesicles is that the vesicles do not 
transport aspartate [48-52]. However, most of these studies 
did not analyse direct uptake of radiolabelled aspartate, but 
showed that neither L- nor D-aspartate could inhibit uptake 
of L-glutamate into synaptic vesicles. This indicates that L- 
and D-aspartate are not transported by the same transporter 
proteins as glutamate, but does not exclude the possibility 
that aspartate is transported by another vesicular transporter, 
such as VEAT [15]. It should, however, be noted that the 
initial study of Naito and Ueda [48] showed that whole brain 
synaptic vesicles could indeed accumulate L-aspartate, al-
though the uptake was much lower (7.5%) than that of L-
glutamate. In the studies of Miyaji et al. [15] threo-hydroxy 
aspartate could not significantly inhibit glutamate uptake 
into whole brain synaptic vesicles (only into hippocampal 
vesicles), indicating that VEAT is much less abundant that 
the VGLUTs. 

CONCLUSION 

 We here show that excitatory synaptic vesicles in the 
hippocampus can accumulate D-aspartate and release L-
aspartate by exocytosis, further corroborating the evidence 
for a vesicular aspartate transporter [15] in these vesicles. 
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Fig. (4). D-aspartate is taken up into synaptic vesicles in excitatory nerve terminals. The electron micrographs (A, B) show gold particles 
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the density of D-aspartate gold particles in synaptic vesicles (SV) and cytoplasmic matrix (cyto) in the 20 nerve terminals represented in C.
Asterisks denote that the D-aspartate value in T is significantly different from that in S and that the value in SV is significantly different from 
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