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Abstract

Historically, glutamate uptake in the CNS was mainly attributed to glial cells for three reasons: 1)
none of the glutamate transporters were found to be located in presynaptic terminals of excitatory
synapses; 2) the putative glial transporters, GLT-1 and GLAST are expressed at high levels in
astrocytes; 3) studies of the constitutive GLT-1 knockout as well as pharmacological studies
demonstrated that >90% of glutamate uptake into forebrain synaptosomes is mediated by the
operation of GLT-1. Here we summarize the history leading up to the recognition of GLT-1a as a
presynaptic glutamate transporter. A major issue now is understanding the physiological and
pathophysiologial significance of the expression of GLT-1 in presynaptic terminals. To elucidate
the cell-type specific functions of GLT-1, a conditional knockout was generated with which to
inactivate the GLT-1 gene in different cell types using Cre/lox technology. Astrocytic knockout led
to an 80% reduction of GLT-1 expression, resulting in intractable seizures and early mortality as
seen also in the constitutive knockout. Neuronal knockout was associated with no obvious
phenotype. Surprisingly, synaptosomal uptake capacity (Vmax) Was found to be significantly
reduced, by 40%, in the neuronal knockout, indicating that the contribution of neuronal GLT-1 to
synaptosomal uptake is disproportionate to its protein expression (5-10%). Conversely, the
contribution of astrocytic GLT-1 to synaptosomal uptake was much lower than expected. In
contrast, the loss of uptake into liposomes prepared from brain protein from astrocyte and
neuronal knockouts was proportionate with the loss of GLT-1 protein, suggesting that a large
portion of GLT-1 in astrocytic membranes in synaptosomal preparations is not functional, possibly
because of a failure to reseal. These results suggest the need to reinterpret many previous studies
using synaptosomal uptake to investigate glutamate transport itself as well as changes in glutamate
homeostasis associated with normal functions, neurodegeneration, and response to drugs.
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Introduction

In the mammalian brain, small molecules called neurotransmitters function to transmit
signals across chemical synapses. There are 4 lines of evidence that need to be assembled to
establish a substance as a neurotransmitter—synthesis in the presynaptic terminal, release
from the presynaptic terminal by action potentials, the presence of receptors on the
postsynaptic membrane that produce a response that can be measured postsynaptically, and
the presence of a clearance mechanism for the transmitter in the extracellular space.
Transmitter clearance is required for several reasons: 1) to prevent the accumulation of the
transmitter in the extracellular space; 2) to prevent the metabolic waste of leaving the
transmitter in the extracellular space unrecovered for cellular utilization; 3) to restore
transmitter to presynaptic terminals that might become depleted of transmitter.

Glutamate is now widely accepted as the excitatory neurotransmitter in the mammalian
brain, but its role as a neurotransmitter was slow to become established because of its central
role in intermediary metabolism, its ubiquitous distribution, and presence in high
concentration in the brain. One approach to testing the hypothesis that glutamate is a
neurotransmitter that was taken in the 1970°s was to focus on the requirement that a
transmitter must have a specific clearance mechanism in the terminals from which it is
released. This approach was pioneered by Julie Axelrod and colleagues, who demonstrated
monoamine uptake systems in synaptosome preparations, and also that the uptake that was
observed was specifically into presynaptic terminals. With this as a background, Wofsey,
Kuhar, and Snyder reasoned: “Transport systems into nerve terminals have been described
for several putative neurotransmitters, including norepinephrine, serotonin, GABA. If certain
amino acids are neurotransmitters, then perhaps analogous uptake systems might transport
them into nerve terminals. If such is the case, the exogenous amino acid which would label
selectively a “neurotransmitter pool” should be more highly localized in synaptosomal
fractions than would be the endogenous amino acids, which would include metabolic as well
as transmitter pools” (Wofsey et al., 1971). These authors showed that 3H-glutamate and
aspartate accumulate in a unique low density synaptosomal fraction containing pinched off
nerve terminals, a similar result to one obtained using brain slices (Kuhar and Snyder, 1970).
It was subsequently shown that the uptake system for glutamate into brain synaptosomes is a
high affinity sodium dependent carrier (Bennett et al., 1972; Logan and Snyder, 1971). The
conclusions of these studies were reinforced by EM autoradiographic studies demonstrating
uptake of 3H-glutamate into axon terminals of pigeon and rat (Beart, 1976a, b; Divac et al.,
1977; Iversen and Storm-Mathisen, 1976; Storm-Mathisen, 1977; Storm-Mathisen and
Iversen, 1979). These studies, in aggregate, provided biochemical evidence for a
neurotransmitter pool of glutamate that was at least in part sustained by a specific high
affinity transport system, and were important in providing part of the foundation of evidence
to support the identification of glutamate as the excitatory neurotransmitter (Fonnum et al.,
1981).

In 1992, the 3 glutamate transporters of the forebrain were cloned, and, none of them proved
to be localized in presynaptic terminals of excitatory synapses. However, astrocyte
membranes adjacent to synapses expressed high levels of the transporters GLT-1 and
GLAST, and eventually the notion that there is a glutamate transporter in presynaptic
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terminals was abandoned as being unsupported by molecular evidence and biologically
unnecessary. A detailed history of these developments has been provided in a comprehensive
review by Niels Danbolt (Danbolt, 2001) concerning glutamate transport that appeared in
2001 in which the problem was alluded to as the “elusive presynaptic glutamate transporter”.
The present review represents a brief overview of the project started by Snyder and
colleagues over 40 years ago to characterize a presynaptic glutamate transport system in the
brain and a more detailed update to cover the time period after 2001. For a more detailed
coverage of the period before 2001, the reader is referred to the review by Niels Danbolt.

1.1 Glutamate transporter family

Excitatory neuronal activity is accompanied by release of glutamate into the synaptic cleft
(Seifert et al., 2006) (Fig. 1). The amino acid L-glutamate is not only the major excitatory
neurotransmitter in the central nervous system (CNS) but also a potent neurotoxin (Billups
et al., 1998; Choi and Rothman, 1990; Lipton and Rosenberg, 1994; Meldrum and
Garthwaite, 1990; Olney, 1990). To maintain low, non-toxic extracellular glutamate
concentrations and ensure the fidelity of synaptic transmission, in addition to diffusion, rapid
glutamate removal from the synaptic cleft is essential. In the case of excitatory synapses in
the mammalian central nervous system clearance is provided by glutamate transporters. By
controlling the concentration profile of glutamate in and around the synaptic cleft after
release (Huang and Bergles, 2004), glutamate transporters play an important role in
preserving the signaling functions of synapses (Katagiri et al., 2001; Stoffel et al., 2004),
regulating the activation of nearby metabotropic receptors (Huang et al., 2004; Otis et al.,
2004; Scanziani et al., 1997), controlling crosstalk between excitatory synapses (Arnth-
Jensen et al., 2002; Asztely et al., 1997; Rusakov and Kullmann, 1998), and in some regions
may shape the kinetics of excitatory postsynaptic currents (EPSCs) (Barbour et al., 1994;
Takahashi et al., 1995; Tong and Jahr, 1994; Tzingounis and Wadiche, 2007).

The stoichiometry of glutamate transport is determined by the transmembrane concentration
gradients for sodium (Na*), potassium (K*), and protons (H*), and the membrane potential.
These electrochemical gradients are maintained by the Na*/K*-ATPase and provide the
driving force for glutamate uptake. It is generally accepted that GLT-1 co-transports one
Glu~ with three Na* and one H*, and countertransports one K* per cycle (Levy et al., 1998;
Zerangue and Kavanaugh, 1996) making it an electrogenic transport process. Under
physiological conditions, the inwardly directed Na+ gradient and outwardly directed K*
gradient, as well as the interior negative membrane potential favor the accumulation of
glutamate into the cell against its concentration gradient (Kanner, 2006; Zerangue and
Kavanaugh, 1996).

Two large families of high affinity, sodium dependent transporters resident in the plasma
membrane have been identified. One family includes chloride dependent transporters such as
those specific for catecholamines and for glycine (Amara, 1992). A separate family of
potassium dependent glutamate transporters includes five members: GLT-1, isolated from rat
(Pines and Kanner, 1990), whose human counterpart is excitatory amino acid transporter 2
(EAAT2) (Arriza et al., 1994); GLAST, isolated from rat (Stoffel et al., 1992), whose human
counterpart is EAAT1 (Arriza et al., 1994); EAACLI, first isolated from rabbit (Kanai and
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Hediger, 1992), whose human counterpart is EAAT3 (Arriza et al., 1994); EAAT4,
expressed predominantly in the cerebellum (Fairman et al., 1995), and EAATS5, expressed
predominantly in the retina (Arriza et al., 1997). These glutamate transporters transport only
the stereoisomer L-glutamate but both L- and D-aspartate.

1.2. Glutamate transporters in axon terminals implicated in the pathophysiology of

ischemia

1.3. GLT-1

At the same time that the mammalian glutamate transporters were being cloned, evidence
emerged that excessive glutamate is released from nerve terminals during ischemia (Madl,
1995; Madl and Burgesser, 1993). Nerve terminals contain higher glutamate concentrations
than astroglia (Lipton, 1999). Previous experiments showed dependence of excitotoxicity in
the striatum and hippocampus upon intact glutamatergic projections (Benveniste et al., 1989;
McBean and Roberts, 1984) suggesting that release of glutamate from these terminals plays
an important role in the pathogenesis of excitotoxicity, although alternative explanations
focusing on postsynaptic effects of deafferentation were also considered (Buchan and
Pulsinelli, 1990b; Kaur et al., 2006). Abundant evidence suggested that glutamate uptake in
the striatum occurs predominantly in terminals of the corticostriatal pathway (Cross et al.,
1986; Divac et al., 1977; Fonnum et al., 1981). In animals, destruction of afferent excitatory
pathways markedly potentiated the toxicity of exogenously applied glutamate (Kohler and
Schwarcz, 1981; McBean and Roberts, 1985). In addition, intact axon terminals appeared to
be required for global ischemic injury to CA1 (Benveniste et al., 1989; Buchan and
Pulsinelli, 1990a), and glutamate was shown to be released from axon terminals with
ischemia (Benveniste et al., 1989). These data suggested that glutamate transporters in axon
terminals might play an essential role in excitotoxicity in the striatum and hippocampus.
However, by lesioning the cerebral cortex Levy (1995) and colleagues found both a reduced
synaptosomal uptake, as well as decreased expression levels of GLT-1 and GLAST in the
striatum. These findings suggested that astroglial expression of GLT-1 and GLAST is
controlled, at least in part, by neurons. This hypothesis was soon confirmed by in vitro
studies (Gegelashvili et al., 1997; Robinson et al., 1998; Swanson et al., 1997).

GLT-1 is the major transporter in the brain and represents 1% of total brain protein (Lehre
and Danbolt, 1998). Deletion of the GLT-1 gene eliminates 95% of the glutamate uptake
activity in forebrain synaptosomes and leads to premature death due to intractable seizures
(Tanaka et al., 1997).

Multiple studies have demonstrated that GLT-1 mRNA is expressed in neurons in addition to
astrocytes (Berger et al., 2005; Berger and Hediger, 1998; Schmitt et al., 1996; Torp et al.,
1994; Trotti et al., 1995). In the mature brain, GLT-1 protein is highly expressed in glial
membranes (Danbolt et al., 1992; Lehre et al., 1995) and was thought to be exclusively
associated with astrocytes (Lehre et al., 1995; Rothstein et al., 1994). Chaudhry and
colleagues (1995) found weak GLT-1 immunogold labeling over neuronal membranes at
excitatory synapses in the hippocampus but were undecided about whether this labeling was
above background, and if so, was not due to spatial spread of the heavy labeling of adjacent
astrocyte membranes. In reviewing these data, the conclusion reached was that the apparent
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neuronal labeling was not significant and therefore axon terminals do not express GLT-1
(Danbolt, 2001).

This notion was in apparent contradiction to a long series of pharmacological studies of
synaptosomal glutamate or aspartate uptake, beginning with work by Ferkany and Coyle
(Ferkany and Coyle, 1986) and extended by Robinson (Robinson et al., 1991; Robinson et
al., 1993) and others (Bridges et al., 1999; Koch et al., 1999a; Koch et al., 1999b) showing
that glutamate uptake in synaptosomes prepared from the forebrain is almost completely
blocked by the specific GLT-1 inhibitor dihydrokainate (DHK). Genetic evidence for the
importance of GLT-1 in synaptosomal uptake came from studies using the pan GLT-1
knockout, as already mentioned (Tanaka et al., 1997). To reconcile these data with the
apparent absence of GLT-1 protein in neuronal membranes, the consensus developed that
synaptosomal uptake represents uptake across glial membranes. The conclusion that neurons
don’t have a glutamate clearance mechanism was supported by electrophysiological studies
that showed that no transporter currents could be measured in pyramidal cell bodies. The
view that emerged was that the job of glutamate clearance at synapses was the exclusive
province of astrocytes (Bergles et al., 1999; Bergles and Jahr, 1997; Huang and Bergles,
2004). However, expression of GLT-1 protein in neurons in vivo had been found in studies of
the retina (Euler and Wassle, 1995; Rauen and Kanner, 1994; Rauen et al., 1996) and under
pathological conditions, such as after hypoxia (Martin et al., 1997).

2. GLT-1 expression in neurons

2.1. GLT-1 in neurons in culture

The toxicity of glutamate to cerebral neurons in culture is predominantly mediated by
NMDA receptors (Choi et al., 1988). However, a problem that was not fully recognized or
appreciated was that the potency of glutamate as an excitoxic agonist in the mixed cultures
of neurons and astrocytes that were typically used for these studies was about 100 fold less
than the affinity of glutamate for the NMDA receptor (Rosenberg and Aizenman, 1989;
Rosenberg et al., 1992). The anomalous low potency in mixed cultures was due to a well-
characterized problem of pharmacological properties being distorted by the presence of an
active uptake system which, in fact, had already been demonstrated in a biochemical study
of NMDA receptor mediated activation of cGMP synthesis in the cerebellum (Garthwaite,
1985). Since the anomalously low excitotoxic potency of glutamate was shown to be due to
the operation of a glutamate transport system in mixed cultures of astrocytes and neurons
that was not operating in the neuronal cultures, it was easy to ascribe the transport system
responsible to astrocytes. However, an electron microscopic examination of the two types of
cultures revealed that in the mixed cultures synapses were sequestered deep in the culture by
a network of astrocyte processes at the surface of the culture, whereas in the neuronal
cultures, synapses were exposed directly to the extracellular medium (Harris and Rosenberg,
1993). Therefore, it was conceivable that in mixed cultures, synapses were protected by their
sequestration by astrocyte processes, and within the protected space provided by astrocytes,
either neuronal or astrocyte glutamate transporters (or both) might be operating to prevent
extracellular glutamate from reaching the high density of glutamate receptors at or around
synapses. This perspective led to an effort to characterize glutamate transport in neurons
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using the relatively pure neuronal cultures that had been used for the excitotoxicity studies,
as well as in pure astrocyte cultures and mixed cultures of neurons and astrocytes.

Pharmacological studies showed that bulk uptake of radioactive substrate for glutamate
transporters (either L-glutamate or D-aspartate) into neuronal cultures was inhibited by
DHK (Wang et al., 1998). Since neuronal cultures invariably contain a small proportion of
astrocytes, the question remained whether glutamate uptake assayed in these cultures was
actually due to uptake into neurons. Neuronal uptake was clearly observed using radioactive
[3H]-D-aspartate autoradiography (unpublished data, Fig. 2, A-F). Panel A shows a low
power view (125x) of cultures. Silver grains outlining many neuronal processes are evident,
as well as a few cell bodies (two are present near the center of the field). In addition, many
grains are present diffusely but not uniformly in the background and without revealing any
recognizable cellular detail. Parts of several large astrocytes are also revealed by the grains,
for example in the upper right and lower left. Panel B shows another low power view, clearly
showing a neuron in the center of the field that has labeling over its cell body as well as
several processes that radiate out from it. Again, a part of an astrocyte is shown in the lower
right corner. Panels C and D show at higher magnification (250x) similarly treated cultures.
Panel C is centered on one or possibly two very large astrocytes with many thick processes
darkly labeled by silver grains. The heavy background labeling surrounding the astrocyte is
also seen here, as it is in panel D. In addition, panel D shows several labeled neuronal cell
bodies as well as processes. The apparent holes in the heavily labeled background constitute
neuronal cell bodies that are not labeled. Panels E and F show cultures that have been
exposed to [3H]-D-aspartate in the presence of 500 uM DHK. In this case, the astrocytes are
still heavily labeled as can be seen in panel E. However the background labeling is now very
light, for example in the culture surrounding the central astrocytes. Panel F shows that this
background labeling has not been eliminated altogether, and many neuronal cell bodies are
in fact lightly labeled with silver grains. In control experiments, it was found that 1 mM
PDC eliminated virtually all labeling with [3H]-D-aspartate so that the density of silver
grains was not significantly different than in cultures that went through the whole
autoradiographic procedure but were never exposed to tracer. Taken together, these
observations established that there is a DHK sensitive glutamate transporter expressed in
forebrain neurons in culture.

Since DHK sensitivity of GLT-1 was shown to be due to a specific DNA cassette in the
GLT-1 gene (Zhang and Kanner, 1999), it was conceivable that there was a novel glutamate
transporter expressed in neurons containing this DHK sensitivity conferring cassette, or a
GLT-1 variant in neurons different from the form described by Pines (1992) which might not
be recognized by available antibodies. To identify whether a novel glutamate transporter or
transporter variant was expressed in neurons, a cDNA library was prepared from forebrain
neuronal cultures and screened using a homology strategy (Chen et al., 2002) similar to that
used by Amara and colleagues to discover EAAT4 which is highly expressed in the
cerebellum and produces the different pharmacology observed in cerebellar synaptosomes
compared with forebrain synaptosomes (Fairman et al., 1995). By this approach, a variant
form of GLT-1 was cloned from the neuronal cDNA library. This variant form, produced by
alternate polyadenylation, contains a longer 3-UTR different from the originally published
GLT-1 and extends to a stop codon between exons 9 and 10. The original GLT-1 form as was

Neurochem Int. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rimmele and Rosenberg Page 7

designated as “GLT-1a” (GLT-1a; GenBank accession number AY069978) and the variant
GLT-1 form as “GLT-1b” (GLT-1b; GenBank accession number AF451299). Northern blot
analysis of forebrain RNA confirmed the expression of GLT-1b in vivo and showed high
levels of expression in the cortex, hippocampus, striatum, thalamus, and midbrain. Two other
groups reported on the identification of the GLT-1b variant form, using different approaches
(Reye et al., 2002a; Reye et al., 2002b; Schmitt et al., 2002). An isoform of GLT-1 with a
similar C-terminus to GLT-1 b had previously been cloned from mouse liver (Utsunomiya-
Tate et al., 1997). Danbolt and colleagues (Holmseth et al., 2009) determined the relative
levels of expression of GLT-1a, GLT-1b, and another variant form, GLT-1c in the rat
forebrain. GLT-1b and GLT-1c were approximately 6% and 1% of GLT-1a expression. No
labeling of GLT-1b was found in spines or nerve terminals.

Other /n vitro studies also obtained evidence for the expression of GLT-1 in neurons. In
mixed rat hippocampal microcultures of the forebrain Mennerick and colleagues (Mennerick
et al., 1998) performed studies using a combination of antibodies against the N- and C-
terminus of GLT-1. They found a significant expression GLT-1 exclusively in excitatory
neurons. Examining the functionality of the transporter, they found DHK sensitive D-
aspartate currents. Notably, in this study GLT-1 was found to be exclusively localized in
neurons in postsynaptic processes. Suchak and colleagues (Suchak et al., 2003) detected
GLT-1 mRNAs in primary cultures of mouse cortical or striatal neurons using reverse-
transcriptase PCR. Western blotting of synaptosomes from adult mouse and rat demonstrated
GLT-1 protein (Suchak et al., 2003). In her dissertation, Y.H. Huang found that photolysis of
MNI-D-aspartate elicited glutamate transporter currents in hippocampal CA3 but not CA1
pyramidal neurons. This photolysis-evoked transporter current was absent in GLT-1
knockout mice and in the presence of WAY 213613, a selective antagonist of GLT-1,
indicating that the current was mediated by GLT-1. The current could be evoked at the soma
as well as the apical and basal dendrites of CA3 pyramidal neurons (Huang, 2006).

2.2. In situ hybridization and electron microscopic localization of GLT-1a in neurons

Several groups (Berger and Hediger, 1998; Schmitt et al., 1996) described the occurrence of
GLT-1 mRNA expression in neurons in the mature brain, prominently in the CA3 region of
the hippocampus, but without associated expression of the protein (Danbolt, 2001). To
determine which variant form of GLT-1 occurs in neurons, Chen et al. (Chen et al., 2004)
performed GLT-1 variant specific in situ hybridization [Fig. 3, | from (Chen et al., 2004)].
Directly comparing the expression of GLT-1a and GLT-1b mRNA in the hippocampus
showed, somewhat surprisingly, that GLT-1a mRNA is the predominant form in neurons in
this region and throughout the brain (Berger et al., 2005). These results encouraged a re-
examination of the expression of GLT-1a in neurons using pre-embedding EM-ICC (Aoki et
al., 2000) and avoiding glutaraldehyde fixation that might destroy immunoreactive epitopes
on the GLT-1 protein. Semi-quantitative analysis of the subcellular distribution of GLT-1
demonstrated that GLT-1a was present in 14-29% of axon terminals in the hippocampus,
depending on the region [Fig. 2, 3, 4 from (Chen et al., 2004)].
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2.3. Quantitative studies of GLT-1a expression and function in the hippocampus

To validate these findings and further investigate the distribution of GLT-1 protein and
uptake activity Furness et al. (2008) used a combined approach of direct demonstration of
GLT-1a using anti-GLT-1a immunogold as well as anti-D-aspartate immunocytochemistry
following exposure of hippocampal slices to D-aspartate. In this study about ¥ of axon
terminals in the hippocampus were found to accumulate D-aspartate, and this accumulation
was shown to be by a DHK-sensitive transporter that was absent in GLT-1 knockout mice. It
was further found that about 80% GLT-1 is localized in astrocyte membranes; only about 6%
was detected in the plasma membrane of synaptic terminals. Paradoxically, given the low
levels of GLT-1 protein expression in axon terminals, but anticipating results that were later
obtained using a conditional GLT-1 knockout mouse (Petr et al., 2015) (see below), more
than half of the D-aspartate transported into hippocampal slices was found in axon
terminals.

In addition to the studies in the hippocampus, more recent studies have demonstrated GLT-1
in presynaptic terminals the rat somatic sensory cortex (Melone et al., 2009), in the human
cortex (Melone et al., 2011) and in the rat striatum (Petr et al., 2013). In a developmental
study DeSilva et al. (2012) determined the cellular and temporal expression of GLT-1 in the
developing human cerebral cortex.

3. Conditional knockout of GLT-1

These findings led to the more general question of what is the function of GLT-1 in axon
terminals. Since GLT-1 in neurons represents only about 5% of its total expression, is its
function or functions, if any, related to glutamate clearance or does the transporter expressed
in this special location participate in some other aspect of glutamate signaling, metabolism,
or development?

To pursue these questions and dissect the contributions of astrocytic and neuronal GLT-1 to
glutamate homeostasis in the intact brain, a conditional knockout was generated [Fig. 4, A,
B, from (Petr et al., 2015)]. The conditional knockout was based on the pan knockout
Tanaka et al. (1997) (Fig. 4, B, box), in which the mouse gene encoding GLT-1 was
disrupted by homologous recombination resulting in replacement of exon 4 by the neomycin
resistance gene. In the conditional knockout, loxP sites flanking exon 4 were inserted,
allowing the use Cre-recombinase to delete exon 4 in cells or regions of interest using
specific Cre drivers.

GLT-1 was inactivated in neurons through Cre expression driven by the synapsin | promoter
(JAX Stock no. 003966), and in astrocytes through the tamoxifen-inducible human GFAP
Cre/ERT driver (Casper et al., 2007). To restrict the expression of Cre to astrocytes, which is
necessary since some neuronal progenitor cells in embryonic animals express GFAP,
tamoxifen was applied postnatally (P5-P9), as described by (Ganat et al., 2006). Consistent
with the view that most GLT-1 is expressed in astrocytes, elimination of GLT-1 from
astrocytes resulted in loss of about 80% of GLT-1 protein. In contrast, when GLT-1 protein
expression was assayed in the neuronal GLT-1 knockout, no detectable change was found,
consistent with the view that neurons express only a small fraction of GLT-1 protein in the
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brain. To confirm that the cell-type specific knockouts were effective and specific,
hippocampal slices were assayed using LM and EM-ICC. In the astrocyte knockout, there
was an 85% reduction in the number of GLT-1 labeled astrocyte processes but no change in
the density of axon terminals labeled with GLT-1. In the neuronal KO there was a decrease
by about 90% of axon terminals labeled with GLT-1 immunoreactivity, but no change in
density of astrocyte processes that were labeled (Petr et al., 2015).

3.1. Phenotype of conditional GLT-1 knockouts

The pan GLT-1 knockout is lethal, producing intractable seizures leading to death with a
50% mortality at six weeks of age on the 129XC57BI/6 background [(Tanaka et al., 1997)
(Fig. 4, C, D from (Tanaka et al., 1997)]. The phenotype of epilepsy was also found in the
conditional astrocyte knockout [Fig. 4, E, F from (Petr et al., 2015)]. These mice also had
reduced weight gain and reduced life span, with 50% survival at 25 weeks of age [Fig. 4, G,
H from (Petr et al., 2015)]. The neuronal GLT-1 knockout did not have epilepsy or
compromised life span, at least up to 1 year. Interestingly, on a general assessment of
behavior called the SHIRPA battery (Brooks and Dunnett, 2009), no abnormalities either in
the astrocyte knockout or the neuronal knockout were found.

3.2. Synaptosomal uptake

To assess the function of the conditional knockout of GLT-1 in astrocytes and in neurons
radioactive glutamate uptake into a crude synaptosomal preparation made from forebrain
tissue was measured [Fig. 4, I, J from (Petr et al., 2015)]. Surprisingly, only a marginal and
not significant reduction (about 15%) of glutamate uptake was found in the astrocytic
knockout. In contrast, when GLT-1 was deleted in neurons, synaptosomal glutamate uptake
capacity (Vmax) Was reduced significantly by about 40%. These results indicate that the bulk
of the GLT-1 protein in a crude synaptosome preparation, namely that fraction that is
associated with astrocytes, does not significantly contribute to glutamate uptake into
synaptosomes, whereas the GLT-1 protein associated with neuronal membranes, which is a
fraction too small to detect by comparing immunoblots of neuronal GLT-1 knockout in the
brain with that of wildtype littermates, seems to account for 40% of synaptosomal glutamate
uptake.

3.2.1. Numerology—It is a useful exercise to compare the fraction of synaptosomal
uptake of glutamate associated with neuronal and astrocytic GLT-1, as determined by
conditional knockout of GLT-1 in neurons and in astrocytes as reported in Petr et al. (2015).
There are several ways to make this comparison: a) GLT-1 mediates 95% of synaptosomal
uptake, but the neuronal component (40%) plus the astrocyte component (15%), each
measured by effect of the neuronal and astrocytic knockout, respectively do not add up to
95%; b) the remainder uptake in the astrocyte knockout experiments, which logically is the
neuronal component, is 85%, but the neuronal component determined by neuronal knockout
is 40%); c) the remainder uptake in the neuronal knockout experiments, which logically is the
astrocyte component, is 60%, but, the astrocyte component determined by astrocyte
knockout is 15%. The simplest explanation for these differences in estimation of the
astrocyte contribution to glutamate uptake is partial excision of the GLT-1 gene by GFAP-
CreERT. However, when reduction in glutamate uptake in synaptosomes in the astrocyte
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knockouts was plotted as a function of reduction in GLT-1 protein in immunoblots on the
same synaptosomal membranes, no correlation was found despite a variation in remainder
protein from nearly undetectable to 40% (Sun and Rosenberg, unpublished data)..

It is suspected that the difference in the apparent astrocyte contribution obtained from the
neuronal GLT-1 knockout (60%) and the astrocyte knockout (15%) may be due to
compensatory changes, that is, an increase in GLT-1 mediated uptake in neurons in
compensation for deletion of GLT-1 from astrocytes and vice versa. Interestingly,
immunolabeling for GLT-1 revealed the suggestion of an increased expression within axon
terminals in GFAP/Cre+ brains compared to the controls (12.5 + 3% for the GFAP/Cre- and
20 + 3% for the GFAP/Cre+ brains) that, however, did not achieve significance.

3.2.2. The contributions of neuronal and astrocytic GLT-1 to synaptosomal
uptake are not proportionate to their levels of protein expression—The major
question, however, is why is the glutamate uptake activity by neuronal GLT-1 so high and by
astrocyte GLT-1 so low, in proportion to protein expression in neurons and astrocytes,
respectively, in the synaptosome preparations? Several possible explanations were
considered. The synaptosomal preparation used for the experiments cited was a crude
preparation in which the P2 pellet was resuspended, having discarded that material in the P1
pellet. A trivial explanation would be that in the preparation of synaptosomes, a large
portion of the astrocyte membranes containing (astrocytic) GLT-1 was discarded in the P1
pellet, or in the supernatant from the P2 pellet. However, no difference in the effect of the
neuronal GLT-1 knockout was observed comparing the unspun homogenate, the P2 pellet, or
the resuspended P1 pellet. Very little uptake activity was detected in the supernatant above
the P2 pellet.

Another possibility was that glutamate taken up into presynaptic terminals and into
astrocytic vesicles might have different metabolic fates. If glutamate were metabolized
inside nerve terminals but not astrocytic vesicles, then the accumulation of glutamate within
astrocyte vesicles might retard transport. However, no difference was found in the effect of
neuronal GLT-1 knockout using L-3H-glutamate or the non-metabolizable D-3H-aspartate as
the tracers.

The study of transport using radioactive substrates is subject to the problem that the uptake
of radioactive material reflects two processes, heteroexchange of radioactive substrate with
cold substrate on the other side of the membrane bounding the two compartments.
Therefore, neuronal uptake of radioactive glutamate might have a greater component of
heteroexchange than astrocytic uptake. The two processes, heteroexchange and net uptake,
can be differentiated by using an ion carrier, such as nigericin, that equilibrates cations
across the membrane. The nigericin sensitive component of uptake thus represents net
uptake, and it was found that the fraction of uptake sensitive to nigericin was similar in the
neuronal GLT-1 knockout (representing astrocytic uptake) and in the astrocytic GLT-1
knockout (representing neuronal GLT-1 uptake). Therefore a predominance of
heteroexchange mediated by neuronal GLT-1 does not seem to be the explanation for the
disproportionately large fraction of uptake mediated by neuronal GLT-1. This conclusion is
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supported by the findings of Zhou et al (Zhou et al., 2014) that the relative rates of net
glutamate uptake and heteroexchange mediated by GLT-1 are similar.

Finally, 2 possibilities remained. It was conceivable that neuronal GLT-1 was in some way
modified as to be more active than astrocytic GLT-1. Another possibility was that for some
reason astrocytic membranes might be less likely to reseal to form transport competent
vesicles. For vesicles to demonstrate uptake, they must be able to reseal to present a
permeability barrier that can sustain gradients of ions and glutamate across it. To address
these issues, brain protein was reconstituted into liposomes, and uptake assayed into these
liposomes. In the liposome preparation, uptake of glutamate was proportionate to protein
expression. An approximate 80% loss of protein was observed in the liposomes from
astrocytic GLT-1 knockout mice compared to controls, and similarly, an approximate 80%
loss of uptake activity was observed. Neuronal GLT-1 knockout did not produce a detectable
change in GLT-1 protein, and, did not produce a detectable effect on glutamate uptake.
These results argue against the possibility of a post-translational modification of GLT-1 in
neurons that increases activity and is stable to the reconstitution procedure. They argue for
the possibility that astrocytic GLT-1 is underestimated in synaptosomal preparations because
a large fraction of astrocytic GLT-1 is expressed in membranes that do not reseal to form
transport competent structures or is not able to mediate transport in its native environment
for reasons yet to be determined.

4. Conclusion

GLT-1 is expressed in many populations of neurons at the mRNA level, and it seems likely,
but certainly not established, that where there is GLT-1 mRNA there will also be protein
expression. The eminent population geneticist J.B.S. Haldane (1963) wrote in a review of a
publication, towards the end of his life: “I suppose the process of acceptance will pass
through the usual four stages: 1) this is worthless nonsense; 2) this is an interesting, but
perverse, point of view; 3) this is true, but quite unimportant; 4) 1 always said so.” Regarding
the particular issue at hand, that is, whether presynaptic glutamatergic terminals have a
glutamate uptake system, and if so, its identity, we have seen the proposition that GLT-1 is
the presynaptic glutamate transporter pass through stage 1, and is probably lodged
somewhere between stages 2 and 3. The critical question is the one implicit in Haldane’s
stage 3--what are the functions (if any) of GLT-1 expressed in neurons and, specifically, in
axon terminals. A related question is why do some neurons express GLT-1 presynaptically,
while others do not? The use of conditional GLT-1 knockout mice should help address these
questions through a combination of behavioral, biochemical, electrophysiological, genomic
and proteomic studies to fully characterize the neuronal GLT-1 knockout. This work is in
progress. Glutamate homeostasis is how thought to be very important in the regulation of a
number of neurobiological processes, and in each of these, it would be reasonable to ask
what are the relative roles of astrocytic and neuronal GLT-1.
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glutamate transport
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. A conditional GLT-1 knockout confirms its presence and function in

axon terminals
. Mismatch between neuronal and astrocytic GLT-1 uptake and protein

expression
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Figure 1. Schematic diagram of the glutamatergic synapse showing locations of the glutamate
transporter subtypes

GLT-1 is the major glutamate transporter and is primarily expressed in astrocytes (Lehre et
al., 1995; Rothstein et al., 1994) but also in neurons, in axon terminals (Chen et al., 2004). In
the hippocampus, the expression of GLT-1 protein in axon terminals is approximately 5-

10% of total GLT-1 protein expression (Furness et al., 2008). GLAST is thought to be
exclusively a glial transporter (Rothstein et al., 1994; Storck et al., 1992). EAAC1 is a

neuronal glutamate transporter with a somatodendritic localization (Holmseth et al., 2012;
Rothstein et al., 1994; Stoffel et al., 2004).
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Figure 2. [3H]-D-aspartate uptake autoradiography in rat neuronal cultures
Neuronal cultures derived from embryonic rat forebrain were exposed to [3H]-D-aspartate
,1-’ for 5 minutes, after which they were fixed for 24 hours, dehydrated in ethanol, dried, dipped
;5 in emulsion, and exposed for 4 weeks (Kriegstein and Dichter, 1984). All photomicrography
% was done using brightfield illumination. Scale bar represents 240 microns in A and B, and
) 120 microns in C - F.
g A, B) Low magnification view (125x) of cultures exposed to [3H]-D-aspartate
o} C, D) Higher power view (250x) of cultures exposed to [3H]-D-aspartate
= E, F) Higher power view of cultures exposed to [3H]-D-aspartate in the presence of 500 uM
DHK
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Figure 3. Demonstration that GLT-1a isoform is expressed in axon terminals in the hippocampus
) in situ hybridization with probes directed at the different 3 UTRs of GLT-1a and GLT-1b

in the hippocampus [see (Chen et al., 2004)]. GLT-ImRNA was labeled in hippocampus
using probes covering the full-length GLT-1 coding sequence (pan-GLT-1 probe) (A, D, E,
J,M, N) or specific stretches of the 3-UTR sequence of GLT-1a (B, F, G, K, O, P) and
GLT-1b (C, H, I, L, Q, R). The top two rows (A-I) illustrate single in situ hybridization
labeling obtained with AP detection. The bottom two rows (J-R) show double hybridized
sections in which the fluorescent labeling of astrocytic mMRNA is blocked or attenuated,
because of quenching by the AP reaction product associated with a GLAST probe. The
second (D-I) and fourth (M-R) rows show magnified views of the CA1 (left panel; D, F, H,
M, O, Q) and CAS3 (right panel; E, G, I, N, P, R) subfields of the hippocampi shown in the
row above, as outlined by the boxes shown in A. A, D, E, The pan-GLT-1 probe produces
prominent neuronal labeling for GLT-1 in pyramidal cell neurons in the CA3 (E) subfield but
not in CAL ( D). Astrocytes throughout the hippocampus and dentate gyrus are also labeled.
B, F, G, GLT-1a labeling shows a similar pattern of neuronal labeling, although at reduced
intensity. Astrocytic labeling is present but reduced compared with that in A. C, H, I,
GLT-1b labeling is prominent in astrocytes throughout the hippocampus. CA3 neurons are
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not clearly labeled (1). J,M, N, Fluorescent labeling using the pan-GLT-1 probe highlights
the strong labeling of CA3 neurons (J, N). Astrocytic labeling in the CA1 region (M) is
blocked by the AP deposit produced by the cohybridized GLAST probe, which only labels
astrocytes. K, O, P, Strong GLT-1a fluorescent labeling in CA3 neurons (K, P) but not in
CALl neurons (O). L, Q, R, The differential double-in situ technique reveals weak, but
distinct, GLT-1b fluorescent labeling in the CA3 region (R and arrows in L) but not in CA1
(Q). Note that the photographic exposure time was longer for L, Q, and R compared with J,
K, and M-P because of the much weaker signal obtained with the GLT-1b probe. The lower
signal/noise ratio with the GLT-1b probe is evident based on the more apparent background
labeling in L, Q, and R. The labeling by the GLT-1b probe is locally very restricted, because
of the low abundance of the message and the amplification technique that gains sensitivity at
the expense of resolution. The area of apparent labeling under the arrow shafts in L is
attributable to a bubble under the section. These findings demonstrate that the GLT-1a
isoform is expressed in CA3 neurons. The GLT-1b transcript is weakly expressed in the CA3
region. The transcript for GLT-1a appears to be predominant in neurons. Bars: L, 500um; R,
100pm.

I1) Electron microscopic immunocytochemistry using an anti-GLT-1a antibody [see (Chen et
al., 2004)]. Electron microscopy reveals GLT-1a immunoreactivity specifically in axon
terminals, astrocytes, and dendrites. Immunoreactivity is visualized by the flocculent,
electron-dense, peroxidase reaction product along membranes. A and B show examples of
immunoreactive terminals (T) forming asymmetric axo-spinous junctions. Here and in other
panels, the large open arrows point to PSDs, whereas small arrows point to portions of
neurons exhibiting high concentrations of immunoreactivity. C shows the specificity of
labeling of axon terminals and astrocytic processes within a single section.
Immunocytochemical conditions that produced astrocytic labeling, as reported previously,
also resulted in detection of GLT-1a within some, but not all, axo-spinous excitatory
junctions, and only rarely within dendrites. The field shown in C contains four axo-spinous
synapses, two of which exhibit immunoreactivity within the axon terminal. The other two
synapses show no detectable levels of immunoreactivity within the terminals (UT, unlabeled
terminal). In the same field, astrocytic processes surround the dendritic shaft portions of the
spine receiving synaptic input from the labeled terminal. These astrocytic processes exhibit
immunoreactivity along the intracellular surface (arrowheads). D shows an example of a
dendritic shaft exhibiting immunoreactivity along the smooth endoplasmic reticulum near a
PSD. E shows complete absence of immunoreactivity in terminals, astrocytes (*), and spines
after preadsorption of the antibody with the synthetic peptide against which the antibody
was generated. Scale bars: A, C-E, 500 nm; B, 625 nm.
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Figure 4. Generation of a conditional knockout of GLT-1 and characterization of effects of
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A) a conditional knockout of GLT-1 was generated inserting loxP sites flanking exon 4: B)

strategies for producing mouse lines in which GLT-1 is inactivated in neurons and in
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astrocytes; C&D) body weight and survival in the pan GLT-1 KO (Tanaka et al., 1997);
E&F) body weight and survival for the conditional astrocytic GLT-1 knockout (Petr et al.,
2015); G&H) body weight and survival for the conditional neuronal GLT-1 KO [(Petr et al.,
2015); 1&J) Saturation analysis of 3H-L-glutamate uptake into forebrain synaptosomes
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prepared from the astrocytic GLT-1 KO (I) and the neuronal GLT-1 KO (J) (Petr et al.,
2015).
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