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Abstract

Glutamate is the primary neurotransmitter governing excitatory synaptic transmission in
the central nervous system. Because glutamate is not enzymatically degraded, after
release from vesicles into the synaptic cleft or from other sources, it must be removed
from the extracellular space. This task is accomplished by Na*-dependent high-affinity
glutamate transporters. Glutamate uptake by transporters prevents excitotoxicity and
maintains the precision of synaptic transmission. In this thesis, | explored the role of
transporters in controlling glutamate concentrations in and around synapses. In Chapter 1,
we designed experiments to estimate the ambient concentration of glutamate in the
extracellular space of rodent hippocampal brain slice. The value was ~25 nM, which is
lower than the sensitivity of most glutamate receptors. Transporter function was
necessary to maintain this low concentration of extracellular glutamate. We examined
this finding in more detail in Chapter 2, exploring the distribution of ambient glutamate
in the hippocampal neuropil. Extracellular glutamate is low throughout the neuropil
indicating that transporters are not positioned to preferentially protect synaptic structures
from ambient glutamate exposure. Instead, transporters prevent tonic activation of both
synaptic and extrasynaptic receptors by maintaining low concentrations of ambient
glutamate, likely due to the high density of transporters throughout the synapse-rich

neuropil. These roles are integral in maintaining precise synaptic transmission.
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Introduction

Excitatory synaptic transmission in the central nervous system (CNS) occurs
when a glutamate-filled vesicle fuses with the plasma membrane of a presynaptic cell in a
Ca’*-dependent manner. The vesicle releases its contents into the synaptic junction, or
cleft, activating glutamate receptors on the postsynaptic membrane. The glutamate then
diffuses out of the cleft into the extracellular space. Unlike acetylcholine, the transmitter
at the neuromuscular junction, glutamate is not degraded. Therefore, glutamate
molecules in the extracellular space must be removed in order to prevent excitotoxicity
and to prepare receptors for subsequent synaptic events (Vizi, 2000). This clearance of
glutamate from the extracellular space is achieved by glutamate transporters.

In this thesis, | will argue that transporters control the glutamate concentration
profile on a wide range of timescales—from submillisecond to seconds-and-greater.
However, regardless of the time course of action, the over-arching role of the transporters

IS to ensure that synaptic transmission is precise and reliable.

Functional characteristics of glutamate transporters. The excitatory amino acid
transporter (EAAT) family of proteins is responsible for clearing glutamate from the
extracellular space of the CNS. Five EAATs (EAAT1-5) have been cloned (Storck et al.,
1992; Pines et al., 1992; Kanai and Hediger, 1992; Fairman et al., 1995; Arriza et al.,
1997). EAAT1 and 2 are predominantly expressed on the membrane of glial cells
(Chaundry et al., 1995), whereas EAATSs 3-5 are expressed on neurons (Rothstein et al.,

1994; Dehnes et al., 1998). Studies in which glutamate transporters were removed



indicate that glial-expressed transporters are the dominant subtypes in maintaining
glutamate below excitotoxic levels (Rothstein et al., 1996), but roles for the neuronal-
expressed transporters have also been reported (Rothstein et al., 1994; Dehnes et al.,
1998; Diamond, 2001; Brasnjo and Otis, 2001; Wadiche and Jahr, 2005).

Transporters accomplish glutamate uptake by harnessing the transmembrane
electrochemical gradients of Na*, K*, and H*. Co-transport of Na* and counter-transport
of K* ions drive the process, though for many years the stoichiometry of this reaction was
debated. Radiolabeling of Na* ions suggested that the stoichiometry was 2 Na* ions and
one H” moving inward and one K* ion moving outward for every glutamate molecule
(Kanai et al., 1995). However, using EAAT3 expressed in oocytes, Zerangue and
Kavanaugh (1996) recorded the current associated with this electrogenic process and
determined the dependence of the reversal potential on Na* and K* gradients. Using a
zero flux equation (Equation 1), they calculated the reversal potential for the
translocation process with different stiochiometries of ions at given concentrations. The
observed reversal potential best matched a process with co-transport of 3 Na* ions and
one H*, and counter-transport of one K* ion per glutamate molecule. This is also the
stoichiometry used by EAAT2 (Levy et al., 1998), and likely the other EAAT subtypes.
The use of 3 Na* ions instead of 2 is crucial because it significantly boosts the
thermodynamic driving force for glutamate translocation. Because each Na* ion uses the
energy potential of the Na™ concentration gradient, the [Nao]/[Na;] term is raised to the
power of the number of Na" in the stoichiometry (see Equation 1). Therefore, 3 Na* ions

make the theoretical minimum extracellular glutamate concentration approximately 250



times lower than if only 2 Na* ions were involved (see review in Tzingounis and
Wadiche, 2007).

Equation 1.

#=(RT/F (Nna + M = N = i) In((INaG)/[Nai]) "™([Glua)/[Glui) ""([Ho)/[HT) ™ ([K/[Ko]) ™
Where ¥is the membrane potential, R is the gas constant, T is absolute temperature, F is
Faraday’s constant, n is the number of ions, o is the ion concentration outside the cell,

and i is the ion concentration inside the cell.

In addition to the strong electrochemical driving force for glutamate translocation,
the high expression density of transporters ensures efficient glutamate clearance. Using
quantitative immunoblot techniques, Lehre and Danbolt (1998) determined that the glial
transporter subtypes, EAATL1 and 2, are expressed on astroglial membrane at a combined
density of ~10,800 pm in the stratum radiatum of the adult rat hippocampus and ~5,400
um2 in the molecular layer of the cerebellum. In stratum radiatum, astrocytes tile the
synapse-rich neuropil (Bushong et al., 2002; Bushong et al., 2004) with fine processes
threading throughout the extracellular spaces (Ventura and Harris, 1999). Thus, the
region is rich with transporter-laden membrane. Because of the large surface density of
astroglial membrane in both stratum radiatum and the molecular layer of cerebellum,
transporters are present at an effective concentration of 0.14-0.25 mM and 0.18-0.33 mM
in the extracellular volume of each region, respectively (Lehre and Danbolt, 1998).

Theoretically, these characteristics of strong driving force and high expression
density complement each other to make the glutamate transporters a powerful uptake
system, but how is the efficiency of uptake monitored experimentally? Direct assays
monitor uptake of substrate over time or currents associated with the transport cycle.

Early studies of glutamate uptake efficiency used autoradiography to measure



translocation of titrated transporter substrates (Hertz, 1979; Blakely et al., 1988). Though
this assay assesses the uptake capabilities of the transporters by monitoring labeled
substrate, it cannot measure the rapid kinetics of the process or monitor the response to
glutamate released under physiological circumstances. Fortunately, characteristics of the
transporters allow for more sensitive reporting of the translocation process. As mentioned
in a previous section, the stoichiometry of the glutamate translocation process is
electrogenic, i.e. it results in 2 net positive charges with the movement of a glutamate
molecule across the membrane. This electrogenic, or transport-coupled, current was first
used to monitor glutamate transporter function (Brew and Attwell, 1987; Kanai et al,
1995; Wadiche et al., 1995a). However, because the transport process only results in 2
net positive charges per glutamate molecule, a detectable current requires a large number
of activated transporters. In addition to the coupled transporter current, transporters
exhibit a glutamate-sensitive anion conductance (Fairman et al., 1995). This anion current
is activated by transport, but does not affect translocation (Wadiche and Kavanaugh,
1998), and is referred to as the “uncoupled” current. Because the anion conductance is
channel-like, i.e. it is less dependent on temperature than the coupled conductance, this
current is a more robust readout for transporter activity when recorded with a highly
permeant anion in the intracellular compartment (Wadiche and Kavanaugh, 1998;
Bergles et al., 2002). Both the coupled and uncoupled currents, however, have been
detected in native cells in response to synaptic stimulation (Mennerick and Zorumski,
1994; Bergles and Jahr,1997, Diamond and Jahr, 1997, Otis et al., 1997; Diamond et al.,
1998; Auger and Attwell, 2000; Brasnjo and Otis, 2004), and in both cases this is referred

to as the synaptic transporter current (STC). In conjunction with Kinetic transport cycle



models, the coupled STC has been used to predict the time course of glutamate in the
extracellular space (Bergles and Jahr, 1997), though later work suggests this time course
is complicated by the slow kinetics of the recorded STC (Diamond, 2005; Wadiche et al.,
2006). Additionally, the uncoupled STC has been used to quantify the amount of
glutamate transporters can clear (Otis et al., 1997). Therefore, electrophysiological
recording of the STC, either coupled or uncoupled to transport, has been an invaluable
tool for studying the function of transporters in response to synaptically-released
glutamate.

Direct recordings of transporter currents demonstrate that they remove glutamate
from the extracellular space. However, indirect assays have been most effective in
identifying more subtle roles of glutamate uptake in synaptic transmission. The currents
generated by iontropic glutamate receptors, such as the a-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate (AMPA) or N-methyl-D-aspartic acid (NMDA) receptors, reflect
concentration profiles of glutamate in the extracellular space, and are also the means by
which synaptic communication occurs. Therefore, recording excitatory postsynaptic
currents (EPSCs) with glutamate transport intact or inhibited will suggest whether
transporters affect the glutamate concentration during physiological events.
Characteristics such as transport cycle time, glutamate binding affinity, and location
relative to the glutamate source may influence the role of glutamate transporters in
different physiological situations requiring glutamate uptake. In the next three sections, |
explore the role of transporters in governing glutamate concentrations over a range of
time courses, and discuss how their intrinsic characteristics determine their impact on

synaptic transmission.



The role of transporters on a seconds-and-greater time scale: maintenance of
ambient glutamate. Neurotransmitters that are not degraded must be removed from the
extracellular space by transporters (Curtis et al., 1960; Vizi, 2000). Ultimately, the
ambient concentration of the transmitter left in the extracellular space reflects the
homeostasis between the source and the uptake system. A tonic concentration of
transmitters has been reported (Dunwiddie and Diao, 1994; Sah et al., 1989; Brickley et
al., 2001). In many cases, ambient transmitters produce a standing current through tonic
receptor activation (Dunwiddie and Diao, 1994, Sah et al., 1989; Brickley et al., 2001).
For the inhibitory neurotransmitter, y-aminobutyric acid (GABA), Santhakumar et al.,
(2006) used the standing current produced by iontotropic GABAA receptors in cerebellum
to estimate the concentration of tonic GABA in the extracellular space. By comparing the
amplitude of the standing current to the amplitude of currents produced by known
concentrations of GABA applied to a cerebellar granule cell, they estimated an ambient
GABA concentration of ~164 nM. This concentration is too low to affect most GABA
receptors, except the high-affinity subtype of GABAA receptors expressed by granule
cells (Santhakumar et al., 2006; Santhakumar et al., 2007). Tonic activation of the high-
affinity glutamate receptor, the NMDA receptor, has also been reported (Sah et al., 1989;
Cavelier et al., 2005; Cavelier and Attwell, 2005; Le Meur et al., 2007), though estimates
of the ambient glutamate concentration have been controversial (for review, see Cavelier
et al., 2005). A few key characteristics differ for GABA and glutamate transporters (for
review, see Kanner, 2006). For instance, GABA transporters have a lower expression

density (Chiu et al., 2002) and an ion stoichiometry of 2 Na* ions per GABA molecule



(Kavanaugh et al., 1992; Loo et al., 2000), making this system for transmitter uptake less
efficient than glutamate transporters. However, the source of ambient GABA may also be
different, making a weaker clearance mechanism adequate. Therefore, a direct translation
of 164 nM ambient GABA to an ambient glutamate estimate is impossible.

Microdialysis studies estimate that ambient glutamate is 1-4 uM (Lerma et al.,
1986; Baker et al., 2002; Nyitrai et al., 2006). Sah et al. (1989) substantiated this claim by
reporting a large standing current recorded from NMDA receptors in CA1 neurons in
hippocampal brain slices. The group reasoned that this large standing current was
generated by a high concentration of ambient glutamate. This claim has recently come
into question for a number of reasons. According to the activation and desensitization
data for glutamate receptors, an ambient glutamate concentration of 1-4 uM would result
in half-maximal activation of the high-affinity NMDA receptors (Patneau and Mayer,
1990; Featherstone and Shippy, 2008), low-dose desensitization of AMPA receptors
(Trussell and Fischbach, 1989), and tonic activation of metabotropic glutamate receptors
(mGIuRs; Conn and Pin, 1997). This level of tonic activation would decrease sensitivity
for detecting synaptic events and could lead to neuronal damage through excitotoxicity
(Choi, 1992). However, the strong driving force and high expression density of glutamate
transporters predicts a much lower tonic glutamate concentration. In fact, according to the
thermodynamic calculations, the transporters are capable of reducing the extracellular
glutamate concentration to the picomolar concentration range (Tzingounis and Wadiche,
2007). Because there is constant glutamate release, the actual concentration reached at the
balance between uptake and release may be higher in the extracellular space of the brain.

The ambient level of glutamate is at the equilibrium between uptake and the glutamate



source, because inhibiting glutamate transporters causes an increase in the extracellular
glutamate concentration (Jabaudon et al., 1999). Therefore, even though ambient
glutamate is higher than the theoretical minimum, transporters are working to maintain
the extracellular concentration. Recent recordings of the standing current generated by
ambient glutamate using modern brain slice preparation conditions and
electrophysiological techniques (Cavelier et al., 2005; Cavelier and Attwell, 2005; Le
Meur et al., 2007) reveal a smaller current than that reported by Sah et al.(1989). This
could suggest the ambient glutamate concentration is lower. In consideration of this
evidence, we re-examined the ambient glutamate concentration in hippocampal slice
(Chapter 1).

Although the ambient glutamate concentration in the brain is likely much lower
than 1-4 uM, functions for a tonic concentration in this range have been hypothesized.
For example, in nucleus accumbens of the striatum, it has been suggested that the
ambient glutamate concentration changes in response to withdrawal and resensitization of
chronic cocaine-treated rats (Pierce et al., 1996; MacFarland et al., 2003; Moran et al.,
2005). The tonic concentration, as assessed by microdiaylsis, dropped from ~6 uM to ~3
UM after withdrawal (Baker et al., 2003), thus presumably decreasing the activation of
presynaptic inhibitory mGIuRs and increasing synaptic activity (MacFarland et al., 2003,
Moran et al., 2005). This increase in synaptic input could contribute to relapse behavior
(reviewed by Kalivas, 2009). To reconcile the microdialysis reports, tonic presynaptic
mGIuR activation, and a small NMDA receptor-mediated standing current (Cavelier et
al., 2005; Cavelier and Attwell, 2005; Le Meur et al., 2007), some have proposed that

ambient glutamate is selectively high in extrasynaptic compartments and low in the



synapse (Pendyam et al., 2009; Kalivas, 2009). For this model to occur in the brain,
transporters must preferentially protect the receptors on synaptic structures. Using a
combination of electrophysiology and imaging, we address this hypothesis

experimentally (Chapter 2).

The role of transporters on the millisecond time scale: limiting spillover between
synapses. On the time scale of synaptic transmission, the glutamate concentration is
much higher than the background, ambient level. In fact, it has been estimated that the
glutamate transient concentration in the synaptic cleft following vesicle fusion can reach
1 mM (Clements et al., 1992; Diamond and Jahr, 1997). Recording of transporter currents
clearly shows that glutamate spills out of the synaptic cleft, into the extrasynaptic
environment, where it is removed by transporters on glial cells (Mennerick and
Zorumski, 1994; Linden, 1997; Clark and Barbour, 1997; Bergles and Jahr, 1997). In a
seminal study in the hippocampus by Bergles and Jahr (1997), the time course of the STC
recorded in hippocampal astrocytes was compared to rapid agonist application-generated
transporter currents recorded in outside-out patches. From this comparison, the group
estimated the time course of the synaptically-released glutamate in the extracellular
environment. They suggest that glutamate remains elevated in the extracellular space near
astrocytic membranes for longer than 10 ms. In addition, optical measurements using a
genetically encoded glutamate indicator suggest that synaptically-released glutamate
remains elevated in the extracellular environment for hundreds of milliseconds, even in
culture (Hires et al., 2008). On the other hand, a convincing study by Diamond (2005)

suggests that transporters clear glutamate from the extracellular space much faster, with a



time constant of ~1 ms. This study claims that the STC time course is complicated by
filtering of the recording and intrinsic kinetics of the transporters, therefore extrapolation
of the extracellular glutamate time course from the STC is an overestimation.

To date, it is well accepted that receptor activation by glutamate spillover occurs
in many brain regions (Diamond, 2002), and in many cases is limited under normal
conditions by transporters (Barbour, 2001). Most studies have assessed this phenomenon
by measuring changes in the kinetics of the AMPA or NMDA receptor EPSCs (for
review see Tzingounis and Wadiche, 2007), the logic being that the EPSC decay, in part,
reflects the duration of glutamate in the extracellular space and its access to extrasynaptic
receptors. Therefore, if transporters determine the time course of glutamate in the
extracelluar space, their inhibition will lengthen the EPSC decay. However, in the
stratum radiatum region of hippocampus, early studies examining the decay kinetics of
the AMPA receptor EPSC, reported no prolongation of the EPSC decay with inhibition of
glutamate transporters (Hestrin et al., 1990; Sarantis et al., 1993; Isaacson and Nicoll,
1993). This result could be interpreted as a lack of spillover. It is possible that the
densitization of AMPA receptors and the use of transportable substrate inhibitors of the
transporters may have played a role in reaching this conclusion. In contrast, the NMDA
receptor EPSC decay constant is increased with excess glutamate spillover and
exacerbated by transporter inhibition (Arnth-Jensen et al., 2002). In the cerebellum,
spillover at the parallel fiber to stellate cell synapse adds a slow component to the EPSC,
which is enhanced by inhibition of glutamate transporters (Carter and Regehr, 2000).
Additionally, in this region, knockout of EAAT1 indicates that this transporter subtype is

responsible for preventing spillover to neighboring synapses at the climbing fiber to

10



Purkinje cell synapse (Takyasu et al., 2006). A recent study in retina suggests that
spillover contributes to rentinal waves, which are thought to be important in visual
development (Blankenship et al., 2009). This study also stressed the role of transporters
in this process, as their pharmacological inhibition changed the timing of the retinal
waves. Spillover to extrasynaptic NMDA receptors on spinal dorsal horn neurons also is
limited by transporters (Nie and Wang, 2009).

It is less clear whether glutamate diffusing out of the synapse activates
extrasynaptic receptors, neighboring synapse receptors, or both. At the hippocampal
Schaffer collateral to CA1 synapse, the NMDA receptors that extend the EPSC decay
with transporters blocked are different population from those activated by synaptic
release with transport intact (Arnth-Jensen et al., 2002). Though this result suggests spill
out of glutamate from the synapse, it does not distinguish between activation of
extrasynaptic or neighboring synaptic receptors. Evidence in favor of spillover activating
extrasynaptic receptors comes from the mossy fiber to CA3 pyramidal cell synapse of
hippocampus, where transporter blockade enhanced activation of presynaptic mGIuRs
(Scanziani et al., 1997). Therefore, transporters regulate the activation of extrasynaptic
receptors by limiting spill out of glutamate from the synapse. In the cerebellum,
communication from climbing fibers to molecular layer interneurons occurs entirely
through spillover (Szapiro and Barbour, 2007). This suggests that spillover may occur
from specific synapses on one cell type to non-activated synapses on another. If the
extent to which the synaptically-released glutamate can diffuse is limited by transporters,
they play a crucial role in mediating communication between these neurons. More work

must be done to examine whether glutamate released from one synapse can spill out and

11



activate receptors in an unstimulated neighbor synapse, and to what extent transporters
play a role in limiting this process.

Is it possible that a specific population of transporters is responsible for limiting
spillover? One intriguing idea is that neuronal transporters play a greater role in limiting
spillover than glial transporter subtypes because of their perisynaptic location (Dehnes et
al., 1998). It has been suggested that neuronal transporters are preferentially localized for
preventing spill out of glutamate from the synapse (Amara and Fontana, 2002).
Additionally, a number of studies have provided convincing physiological evidence for
this role of neuronal transporters. In hippocampal CA1 neurons, transport activity of the
neuronal transporter EAAT3 in CA1 neurons determines the extent of extrasynaptic
NMDA receptor activation by spillover (Diamond, 2001). Also, in cerebellum
extrasynaptic mGIuR activation on a Purkinje neuron depends on the function of EAAT4
on that neuron (Brasnjo and Otis, 2001; Wadiche and Jahr, 2005). This result is
particularly interesting because Bergmann glial cells, whose processes are closely
associated with synapses onto Purkinje cells (Palay and Chan-Palay, 1974; Xu-Friedman
et al., 2001; Spacek, 1985), express high levels of EAATL. Therefore, it suggests that the
transporters expressed on Purkinje cells must play the role of limiting the extent of
extrasynaptic mGIuR activation because of preferential location.

Regardless of whether transporters are expressed on neurons or astrocytes, it is
clear they play a role in limiting the extent of glutamate spilling out from synapses.

Whether glutamate spillover activates neighboring synapses is yet to be determined.

12



The role of transporters on the submillisecond time scale: Defining the time course
of the synaptic glutamate transient. By far, the most controversial role for transporters
has been that of synaptic glutamate clearance within the cleft. Originally, it was
hypothesized that the time course of the synaptically-released transmitter in the cleft is
determined by diffusion alone (Eccles and Jaeger, 1958). However, a study at the frog
neuromuscular junction (NMJ) suggests a role for enzymatic degradation in clearing
acetylcholine (Ach) released from a single quantum (Katz and Miledi, 1973). This study
demonstrates that the time course of the Ach receptor-mediated miniature excitatory
postsynaptic potential is prolonged, when degradation of Ach by acetylcholinesterase
(AchE) was inhibited. An analogous role for glutamate transporters in determining the
synaptic transient at central synapses has been much less clear.

Postsynaptic receptors are not saturated by glutamate released from a single
quantum (Mainen et al., 1999; McAllister and Stephens, 2000; Oertner et al., 2002).
Therefore, the Kinetics of receptor activation in a miniature EPSC (mEPSC) should
reflect the time course of glutamate in the synaptic cleft. In culture, pharmacological
inhibition of glutamate transporters prolongs the decay of both NMDA receptor (Tong
and Jahr, 1994) and AMPA receptor-mediated (Diamond and Jahr, 1997) mEPSCs.
Diamond and Jahr (1997) simulated the time course of the glutamate transient to examine
the role of glutamate transporters. The model predicts a glutamate transient with two
components: a fast peak, and a slower tail. To simulate the slowing of the mEPSC decay,
the transporters affect the tail of the glutamate transient, though still on the
submillisecond time scale. Because the transport cycle itself is relatively slow (~10 to 70

ms, depending on the transporter subtype; Wadiche et al., 1995b; Bergles et al., 2002),

13



glutamate binding to a large number of transporters, rather than the actual uptake, must
be responsible for the transporters’ contribution to curtailing the synaptic transient (Tong
and Jahr, 1994; Diamond and Jahr, 1997). In this buffered diffusion model, binding of
glutamate by the transporters aids clearance by not allowing glutamate to diffuse back
into the cleft (Franks et al., 2002).

Similar to the role of transporters in limiting spillover, the extent to which
transporters define the time course of the synaptic glutamate transient may depend on
their location relative to the release site. Though perisynaptic clustering of transporters
has been reported (Zhou and Sutherland, 2004), how close to the synapse must
transporters be to affect the quantal glutamate transient? At the NMJ, where transmitter
degradation speeds Ach clearance, AchE is present within the synaptic cleft (Zacks and
Blumberg, 1961). Although transporters could buffer the glutamate transient if they are
located near the synapse rather than in the synapse (Franks et al., 2002); intrasynaptic
localization would give transporters preferential, rapid access to cleft glutamate. Though
immunhistochemical studies have found no evidence for intrasynaptic transporters, this
may be due to epitope masking prohibiting binding of the antibody (reviewed by
Fritschy, 2008). Additionally, a study examining transport of D-aspartate, an exogenous
substrate of the transporters (Dowd et al., 1996), revealed uptake into the Schaffer
collateral presynaptic terminal in stratum radiatum of hippocampus (Furness et al., 2008).
This suggests, at certain synapses, a population of glutamate transporters may be
positioned at the presynaptic terminal to shape the synaptic glutamate transient.

Transporter inhibition lengthens the time course of the synaptic glutamate

transient at synapses in cultured neurons (Tong and Jahr, 1994; Diamond and Jahr, 1997).
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However, a recent study in brain slices examining transporter inhibition on the decay of
MEPSCs revealed no effect (Zheng et al., 2008), supporting the hypothesis that synaptic
transient is cleared by diffusion alone (Eccles and Jaeger, 1958). Models generated to
simulate these results suggest that transporters do not act on a time scale fast enough to
contribute to clearance of the cleft glutamate transient (Zheng et al., 2008). However,
there are a few caveats to this work. One problem is that transporter inhibition in slice
increases the concentration of ambient glutamate in the extracellular space (Jabaudon et
al.,1999; Cavelier and Attwell, 2005; Le Meur et al., 2007; Herman and Jahr, 2007),
which could lead to desensitization of AMPA receptors. This would be less likely to
occur in culture. Another problem is the diffusion coefficient used for the model
simulations. It has been suggested that diffusion is more restricted in the slice than
represented in the model (Nielsen et al., 2004), and an environment with a slower
diffusion coefficient may rely more on transporters to aid in glutamate clearance.
Summary

Synaptic transmission occurs when a vesicle releases glutamate into the synaptic
cleft and activates postsynaptic receptors. However, other factors affect the precision of
this process on the individual synapse to network level. The goal of this dissertation was
to investigate how transporters control extracellular glutamate, which could affect
synaptic transmission.

First, we used electrophysiology and pharmacology to estimate the concentration
of ambient glutamate in the extracellular space of hippocampal slice. We determined that
this concentration is low, ~25 nM, and likely represents a state of balance between

sources of glutamate and uptake by the transporters. Our interpretation of this result is

15



that the transporters compose a powerful glutamate clearance system that maintains
extracellular glutamate at a concentration resulting in negligible tonic receptor activation.
Second, we examined the distribution of ambient glutamate in the extracellular
compartments in hippocampal slice. The concentration estimate reached in the set of
experiments described in Chapter 1 is a spatiotemporal average extracellular
concentration. This estimate is derived from the current generated by all the tonically-
activated NMDA receptors on the entire cell. Therefore, the possibility remained that
receptors on non-synaptic structures were activated by a higher concentration of ambient
glutamate, whereas receptors on synaptic structures were not activated, or protected from
extracellular glutamate. This scenario is dependent on non-uniform expression of
glutamate transporters, resulting in preferential protection of synaptic structures. We used
electrophysiology and two-photon microscopy to resolve the location of NMDA
receptors activated by ambient glutamate. We found that NMDA receptors on synaptic or
non-synaptic structures were not tonically activated by extracellular glutamate,
suggesting that transporters maintain a low ambient concentration throughout the

neuropil.
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Extracellular Glutamate Concentration in Hippocampal Slice
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Abstract:

Synaptic glutamate transients resulting from vesicular exocytosis are
superimposed on a low baseline concentration of glutamate in the extracellular space.
Reported values of baseline glutamate concentrations range up to 4 uM. If glutamate
were present tonically at low micromolar concentrations, many receptors, especially the
high affinity N-methyl-p-aspartate receptors (NMDARSs), would be activated or
desensitized, altering neuronal excitability. Using NMDARs expressed by CAl
pyramidal cells in acute hippocampal slices to monitor extracellular glutamate, we find
that its baseline concentration is much lower, near 25 nM. In addition, superfusion of
low micromolar concentrations of glutamate had no effect on neurons, indicating that
glutamate transport prevents access to receptors within the slice. However, equipotent
concentrations of NMDA, a non-transported agonist, depolarized neurons dramatically.
We suggest that ambient concentrations of glutamate in vivo are also in the nanomolar

range and are too low to cause significant receptor activation.

Introduction:

Glutamate transporters, along with diffusion, terminate excitatory
neurotransmission mediated by exocytosis of glutamate-filled vesicles (Isaacson and
Nicoll, 1993; Takahashi et al., 1996; Asztely et al., 1997; Diamond and Jahr, 1997;
Wadiche and Jahr, 2005; reviewed by Danbolt, 2001). In addition, the densely expressed
glutamate transporters maintain baseline levels of extracellular glutamate at

concentrations low enough to prevent excitotoxicity (Choi, 1992; Rothstein et al., 1996;
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Tanaka et al., 1997). Though the thermodynamic coupling of Na* and K* gradients to
glutamate transport predicts a lower limit of 2 nM extracellular glutamate (Zerangue and
Kavanaugh, 1996), the constant efflux of glutamate results in a higher steady-state
ambient concentration in the extracellular space (Sah et al., 1989; Rossi and Slater, 1993;
Lauri et al., 2006; Le Meur et al., 2007). Microdialysis studies report an in vivo ambient
glutamate concentration as high as 1-4 uM (Lerma et al., 1986; Baker et al., 2002; Nyitrai
et al., 2006). Given that the ECs of the N-methyl-p-aspartate receptor (NMDAR) for
glutamate is ~ 2 uM (Patneau and Mayer, 1990), this concentration range would have
significant effects on neuronal excitability. In contrast to the microdialysis studies,
measurements of ambient glutamate in acute brain slice suggest a much lower
concentration (Cavelier et al., 2005; Cavelier and Attwell, 2005; Le Meur et al., 2007),
although a definitive estimate is lacking, and whether one can extrapolate from brain slice
to brain is unclear.

By measuring the tonic current mediated by NMDARs in CA1 pyramidal cells,
we estimated the concentration of ambient glutamate. We determined that the tonic
spatially and temporally averaged concentration of extracellular glutamate in acute
hippocampal slices with intact glutamate transport is about 25 nM, 100-fold lower than
previously reported (Lerma et al., 1986; Baker et al., 2002; Nyitrai et al., 2006). We
suggest that this low concentration of extracellular glutamate is controlled by densely
expressed glutamate transporters (Cavelier and Attwell, 2005; Danbolt, 2001; Garthwaite,

1985; Jabaudon et al., 1999).
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Materials and Methods:
Slice preparation:

Postnatal day 15-19 rats (or mice) were deeply anesthetized with isofluorane and
decapitated, as approved by the Oregon Health & Science University Institutional Animal
Care and Use Committee. Hippocampi were removed and transverse slices (300 um)
were cut using a vibroslicer (Leica, Bannockburn, IL) in ice-cold solution containing the
following (in mM): 110 choline chloride, 7 MgCl,, 2.5 KCI, 1.25 KH,POy, 0.5 CaCl,, 25
NaHCOg, 1.3 Na-ascorbate, 10 glucose (saturated with 95% O,/ 5% CO,). The slices
were incubated for 30 to 45 minutes at 34°C then stored at room temperature in an
external solution containing the following (in mM): 119 NacCl, 2.5 KCl, 2.0 CaCl,, 1.3

MgCl,, 1.0 NaH,PO,, 26.2 NaHCO3, and 11 glucose (saturated with 95% O,/ 5% CO,).

Experimental procedures:

Whole-cell recordings were obtained, using an Axopatch-1B amplifier (Molecular
Devices, Union City, CA), from CA1 pyramidal cells visually identified with differential
interference contrast optics (Zeiss, Thornwood, NY). Slices were superfused with the
above external solution with 2.5 mM CaCl,, 100 uM picrotoxin, 10 uM NBQX, and 10
uM D-serine, except where noted. Experiments were performed at 32-35°C, with the
temperature maintained by an in-line heating device (Warner Instruments, Hamden, CT),
unless otherwise noted (see Figure 3). Patch pipettes (2.0-3.5 MQ) were filled with an
internal solution containing (in mM) 135 Cs" methanesulfonate, 8 NaCl, 10 HEPES, 10
Cs-BAPTA, 4 Mg-ATP, 0.4 Na-GTP, 0.2 verapamil (voltage-clamp experiments) or 135

K+ methanesulfonate, 8 NaCl, 10 HEPES, 10 K-BAPTA, 4 Mg-ATP, 0.4 Na-GTP
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(current-clamp experiments). Slices from mouse were used for the cystine-glutamate
exchange experiment only. Nucleated patch recordings were performed in the standard
external solution with 5 mM CaCl; and 0 mM MgCl,, using patch pipettes of < 2.0 MQ
resistance. Electrophysiological recordings were acquired using custom software (J.S.
Diamond, NINDS, Bethesda, MD) written in IgorPro (Wavemetrics, Lake Oswego, OR).
Agonists and antagonists were applied using a custom-built flow-pipe perfusion
apparatus with a flow rate of ~ 0.1 ml/min positioned above the slice (Figure 1A). Flow-

pipe solutions were continuously bubbled with 95% O,/ 5% CO:..

Data analysis and statistics:

AxoGraph X software (AxoGraph Scientific, Sydney, Australia) was used for
analysis. Whole cell recordings were excluded from analysis if series resistance was >10
MQ or changed >15% during the course of an experiment. Current amplitudes were
measured at peak deflection relative to baseline. The current blocked by application of
100 uM D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5; Tocris, Ellisville, MO) was
normalized by the amplitude of the current evoked by 5 uM NMDA (Tocris) for cells
recorded in the presence of TTX. Currents recorded from hippocampal astrocytes were
normalized to the plateau of the test pulse, to scale for proportional rundown of the
synaptic transporter current with increase in access resistance (Diamond et al., 1998).
Statistical analysis was performed using Excel (Microsoft, Seattle, WA), and Instat
(GraphPad software, San Diego, CA). Error bars on graphs correspond to the standard

error of the mean (s.e.m.). Significance was determined using ANOVA (Dunett’s or
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Tukey’s post hoc) or Student’s t test. Non-linear regression analyses and ECs estimates
for dose-response data were performed with Prism (GraphPad software, San Diego, CA).
In every whole cell recording in which the standing NMDAR-mediated current
was determined by block with D-APS5, the current evoked by 5 uM NMDA was also
measured (see Results). To estimate the concentration of NMDA that would evoke a
current the size of the standing current, each current evoked by 5 uM NMDA was set to
0.073, the fraction of the maximal response (1 mM NMDA) evoked by 5 uM NMDA in
nucleated patches. The standing current was scaled by the factor required to scale the 5
uM NMDA current to 0.073. As the ratio of standing current to 5 uM NMDA current
amplitude was 0.09, the standing current was 0.0065, i.e., less than 1% of the maximal
current evoked by saturating NMDA. The concentration of NMDA necessary to evoke
such a current was found by reading it off the abscissa of the dose-response curve at the

point where the current was 0.65% of maximal.

Results:
Ambient glutamate generates a standing NMDAR current in hippocampus
Ambient extracellular glutamate activates an NMDAR-mediated current in
hippocampal pyramidal cells (Sah et al., 1989; Cavelier and Attwell, 2005; Le Meur et
al., 2007), which we used to estimate the concentration of glutamate in acute
hippocampal slices. NMDAR currents were recorded in the presence of D-serine (10
uM), NBQX (10 uM), TTX (0.5 uM), and picrotoxin (100 uM) at +40 mV. To
determine the amplitude of the standing NMDAR current, we applied the competitive

NMDAR antagonist, D-AP5 (100 uM), via a flow-pipe to CA1 pyramidal neurons
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(Figure 1A). D-APS5 application decreased the holding current by 73.7 + 11.2 pA (Figure
1B; n =7), blocking the NMDAR-mediated standing current generated by ambient
glutamate. For comparison across cells, we divided this current amplitude by the current
evoked by 5 uM NMDA (Figure 1B; 831 + 74.5 pA; n = 7), a non-transported agonist
(Garthwaite, 1985; Dowd et al., 1996). The resulting measure of the standing current was
0.090 £ 0.01 (n=7), a value that was used to quantify the ambient glutamate
concentration. A similar ratio of standing current blocked by D-APS5 to current evoked
by 5 uM NMDA, 0.14 + 0.02 (n=8) was observed in medium spiny neurons of nucleus
accumbens in the striatum (Supplementary Figure 1).

To confirm that the current evoked by 5 uM NMDA application was a direct
effect of the agonist and not contaminated with depolarization-induced glutamate release
from other cells in the slice, we recorded the action of 5 uM NMDA on CA1 pyramidal
neurons in current-clamp in the same conditions. These cells were depolarized by 2.56 +
0.9 mV during a 90 second application of 5 uM NMDA (n = 6). It seems unlikely that
this depolarization would release enough glutamate to influence the evoked current.

It is possible that the ambient glutamate concentration is altered with changes in
the level of synaptic activity. To test this, we investigated the magnitude of the
NMDAR-mediated standing current while altering neuronal activity. The size of the
current blocked by D-AP5 was not different in the presence or absence of TTX (Figure
1E; n =7) nor with continuous 1 Hz stimulation of Schaffer collaterals, which evoked
NMDAR excitatory postsynaptic potentials (EPSCs; Figure 1C-E; n = 7). This suggests
that the concentration of ambient glutamate is unaltered by activity, which is consistent

with the results of other groups that vesicular release of glutamate does not contribute to
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the ambient extracellular concentration (Jabaudon et al., 1999; Cavelier and Attwell,

2005).

The ambient glutamate concentration is sub-micromolar

To estimate the average extracellular glutamate concentration, we first
constructed dose-response relationships for NMDA and glutamate to which we could
compare the normalized current blocked by D-AP5 (Figure 2). An accurate dose-
response curve for glutamate could not be determined in the slice, because of the
powerful uptake system present in the tissue (Garthwaite, 1985; Danbolt, 2001).
Therefore, responses of pyramidal cells to the non-transported agonist NMDA (Dowd et
al., 1996; 1-10 uM) were recorded in acute slices (Figure 2A; n = 6). These NMDA
concentrations define only the foot of the dose-response curve (Patneau and Mayer,
1990). The entire dose-response curve could not be determined with whole-cell
recordings, because the currents evoked with higher concentrations of NMDA were so
large that we were concerned about the adequacy of the voltage-clamp. Therefore, the
complete dose-response curves for both NMDA and glutamate were generated with
nucleated patches from CAL pyramidal cell somata (Figure 2B; n = 7). A semi-log plot
was constructed, and the patch data were fitted with the Hill equation yielding an ECs, of
37.7 uM for NMDA and 1.8 uM for glutamate (Figure 2C), which are values close to
those reported from dispersed neurons or neurons in primary culture at room temperature
(Garthwaite, 1985; Patneau and Mayer, 1990). The whole-cell currents activated by 5

uM NMDA were scaled to the NMDA patch dose-response curve at the 5 uM point. The

whole-cell measurements for 1-10 uM NMDA were well-described by the Hill equation
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fit of the patch responses to NMDA (Figure 2C inset). When the whole cell data alone
were fitted with the Hill equation, assuming a maximal response at 1 mM, the resulting
fit was nearly identical (ECsp = 39 uM). From the Hill fit, a concentration of 0.790 +
0.069 uM NMDA would be necessary to produce a current equivalent to the normalized
D-AP5-blocked standing current (see Materials and Methods).

The concentration of glutamate required to activate a current of the same size as
that blocked by D-AP5 was estimated by comparing the dose-response curves for NMDA
and glutamate. Comparison of the ECsgs resulted in an NMDA to glutamate conversion
factor of 0.048. Multiplying the NMDA dose-response regression fit by this conversion
factor results in a good fit of glutamate responses (Figure 2C). Using this conversion
factor, the ambient glutamate concentration necessary to produce the standing current in
pyramidal cells is 37.9 + 10.8 nM.

Agonists for the NMDAR can have different efficacies as well as different
affinities (Lester and Jahr, 1992). With heterologously expressed NMDARs, the
maximum response to glutamate is 1.2- to 1.5-fold larger than that of NMDA (Priestley et
al., 1995). We tested this in our system by applying 100 uM glutamate and 1 mM
NMDA, both saturating concentrations, to nucleated patches from CA1 pyramidal
neurons. Glutamate produced a current that was 1.77 + 0.08-fold larger than NMDA
(Figure 2D, E; n =5). Scaling the glutamate dose-response curve by this factor decreased

our estimate of ambient glutamate to ~25 nM (Figure 2E).

Flow-pipe and bath applied drugs have comparable access to receptors
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Flow-pipe drug applications are often used for patches and cultures, but not for
acute brain slice. We performed control experiments to examine the extent to which
drugs applied via flow-pipe penetrate the slice tissue and affect receptors on the recorded
cell (Figures 1, 3). Flow-pipe application of 100 uM D-AP5 blocked the NMDAR-
mediated EPSC by 94.4 + 0.9% (87 + 13% recovery with washout; Figure 1C, D; n = 8).
In addition, we used the NMDAR-mediated current to investigate the concentration of
agonist that reached the receptors (Figure 3). To do so, we compared the extent to which
D-aminoadipic acid (DAA), a competitive low affinity NMDAR antagonist, would block
currents evoked with bath or flow-pipe applications of 5 uM NMDA. If bath applied
NMDA penetrated the slice better than flow-pipe applied NMDA, DAA should block the
current evoked by bath application to a lesser extent. On the contrary, there was no
difference in the block of currents evoked by flow-pipe and bath applied NMDA (69.4 +
8.8% and 66.8 £ 8.7% of control, respectively; Figure 3A, B), suggesting that drug
applied by flow-pipe reaches the receptors at a similar concentration as drug applied by

bath.

Ambient glutamate estimate is not an artifact of washout

The ambient glutamate value of 25 nM could be an underestimate if endogenous
extracellular glutamate were washed out of the slice with bath perfusion. We addressed
this concern by comparing the magnitude of the standing NMDAR current blocked by
100 uM D-APS5 in control and while incubating the slice in 2 uM glutamate, a
concentration in the range found by microdialysis (Lerma et al., 1986; Baker et al., 2002;

Nyitrai et al., 2006). We found that the currents blocked by D-AP5 with 2 uM glutamate
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in the bath were not different from controls (103.8 £ 7.21% of control; Figure 4A; n = 6).
As we would expect a half-maximal activation of NMDARs with this glutamate
concentration (equivalent to ~40 nM NMDA), and yet the standing current was not
increased, we suggest that glutamate uptake is capable of maintaining extracellular
glutamate at very low levels even in the presence of an endless supply of exogenous
glutamate (Garthwaite, 1985). Another possible explanation for the low concentration of
ambient glutamate we observed is that substrate for the source, cysteine for the cystine-
glutamate exchanger (Baker et al., 2002), is being washed out of the slice. To test this, we
recorded the NMDAR-mediated standing current in the presence of physiological
concentrations of cysteine (0.3 to 3 uM) and saw no change from control conditions
(Supplemental Figure 2). This suggests, in hippocampal slice, the cystine-glutamate
exchanger is not the source for ambient glutamate.

If uptake is an important mechanism for maintaining low ambient glutamate
levels, transporter antagonists should increase the standing current. As others have
shown (Jabaudon et al., 1999; Baker et al., 2002; Cavelier and Attwell, 2005), application
of the glutamate transporter competitive antagonist DL-threo-benzyloxyaspartic acid
(TBOA,; 200 uM; Figure 4B; n = 8), caused a rapid increase in current (1, = 14.1 + 2.85
sec; 12 = 65.3 = 9.03 sec), but the current did not reach steady-state during a 2.5 min
application suggesting a continual buildup of glutamate. The rising phase of this current
reflects both the rate at which transporters are blocked as TBOA enters the slice and the
rate at which glutamate is being released into the extracellular space. This current was
mediated by NMDARs as it was blocked by D-AP5 (Figure 4C, D). Of the transporters

expressed in the hippocampus, the astrocytic GLT-1 subtype accounts for ~80% of
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uptake (Lehre and Danbolt, 1998; Danbolt, 2001). Blocking GLT-1 transporters with
dihydrokainate (DHK; 100 uM; Fiacco et al., 2007) increased the standing current almost
4-fold, whereas blocking the remaining 20% of uptake with TBOA caused a further
doubling of the current (Figure 4C, D). This suggests that the ambient glutamate
concentration is controlled by transporters in a non-linear manner. In contrast, while
DHK decreased the amplitude of transporter currents evoked in hippocampal astrocytes
by Schaffer collateral stimulation, it did not decrease the amount of glutamate taken up,
as measured by the integral of the transporter current (Figure 4E, F; see Diamond and
Jahr, 2000). TBOA, on the other hand, blocked the transporter current leaving only the
astrocytic response to elevated extracellular potassium (Figure 4E; Bergles and Jahr,
1997). These results suggest glutamate transporters play a dual role in the homeostasis of
extracellular glutamate. First, they maintain low levels of ambient glutamate, and,
second, they rapidly curtail the fast transients of glutamate following exocytotic release.
Diffusion of ambient glutamate from the surface of the slice into the bath
inevitably occurs. However, given the sensitivity of extracellular glutamate
concentration to transporter impairment and its resistance to change with exogenous
glutamate in the bath, we suggest that tonic glutamate release and uptake are much more
important in controlling the extracellular glutamate concentration in acute brain slice than

diffusion into the bath.

NMDAR activation dramatically alters neuronal excitability

If extracellular glutamate were as high as previously reported (1-4 uM), what

effect would this have on neuronal excitability? To determine this, we applied NMDA at
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concentrations equivalent to this range of glutamate to cells recorded in current clamp in
the absence of receptor antagonists. Using the conversion factor generated by the ECss
of the NMDAR for glutamate and NMDA, 15, 30, and 60 uM NMDA should mimic
effects of 0.75, 1.5, and 3 uM glutamate, respectively. All concentrations of NMDA
produced profound depolarization and spiking (Figure 5). A 30 second application of 15
uM NMDA produced an average depolarization of 24.9 + 10.1 mV, which was increased
to 47.4 + 22.9 mV with a 60 second application (Figure 5A, C). Application of 30 and 60
uM NMDA for 30 seconds produced more rapid and larger depolarizations (60.6 + 6.60
and 60.9 + 5.77 mV, respectively) accompanied by spike accommodation (Figure 5B, C).
These results indicate that neurons in healthy acute slices are not normally enveloped by
micromolar concentrations of glutamate. Were ambient glutamate to rise into the
micromolar range, synaptic transmission, regenerative spiking, and neuronal health
would be compromised. This also suggests that even in vivo, ambient glutamate levels

must be in the nanomolar range.

Discussion:
Ambient glutamate is in the submicromolar range

To avoid excitotoxicity, glutamate transporters must maintain extracellular
glutamate at a low concentration. However, previous studies report ambient glutamate
concentrations of 1-4 uM in vivo (Lerma et al., 1986; Baker et al., 2002; Nyitrai et al.,
2006). We propose that an ambient glutamate concentration in this range would not only
have deleterious effects on neurons and synaptic transmission, but is also unrealistic

given the efficacy of the glutamate uptake system. In the present study, we determined
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that the ambient glutamate concentration in hippocampal brain slice is much lower than
previously described. Our estimated value of 25 nM would have negligible actions on
most glutamate receptors (Trussell and Fischbach, 1989; Patneau and Mayer, 1990; Conn
and Pin, 1997), would not compromise neuronal excitability, and is in better agreement
with the theoretical minimum concentration of glutamate transporters (2 nM; Zerangue
and Kavanaugh, 1996; Levy et al., 1998). Additionally, because we observed a similar
standing current to NMDA-evoked current ratio in medium spiny neurons of nucleus
accumbens in striatum slice, we suggest that a similarly low concentration of ambient
glutamate is present in the extracellular space of this region as well.

Were ambient glutamate in the micromolar range, NMDARSs in vivo would be at
half-maximum activation, because the ECs, of glutamate for the NMDAR is ~2 uM
(Garthwaite, 1985; Patneau and Mayer, 1990). Additionally, because low micromolar
concentrations of glutamate can also cause desensitization of AMPARs (Trussell and
Fischbach, 1989), and may activate high affinity metabotropic glutamate receptors (Conn
and Pin, 1997), synaptic transmission may be affected. We show that application of
NMDA to acute brain slice at concentrations equivalent to 1-4 uM glutamate results in
neuronal depolarization to nearly 0 mV and, as a consequence, complete spike
accommodation. Because of these findings and considerations, we suggest that ambient

glutamate levels in vivo are also in the nanomolar range.

Glutamate transport is highly efficient

The discrepancy in our estimate of the ambient glutamate concentration and that

estimated by microdialysis may result from the exceedingly high concentration of
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glutamate transporters expressed in the CNS (Danbolt, 2001). The significant volume of
tissue damage surrounding the microdialysis probe (Clapp-Lilly, et al., 1999) could
dramatically increase the distance between the probe tip and undamaged, transporter-
expressing astrocytic membrane. We speculate that this transporter-free space
surrounding the microdialysis probe, along with damage to the blood-brain barrier
(Westergren et al., 1995), allows for build-up of extracellular glutamate and results in an
artificially high ambient glutamate estimate. Our data support this speculation by
showing that acutely blocking transport with TBOA increased the ambient glutamate
concentration, even in conditions in which neuronal activity was blocked.

It is unlikely that the discrepancy between our results and previous in vivo studies
result from 1) flow-pipe applied drugs not sufficiently blocking or activating NMDARs
or 2) ambient glutamate washing out of the slice by diffusion into the bath. We
addressed the first possibility by showing that flow-pipe applied D-APS5 reversibly
blocked the NMDAR-mediated EPSC and that NMDA-evoked currents were not
differentially blocked by the low-affinity antagonist DAA when NMDA was applied by
flow-pipe or bath. We suggest that ambient glutamate in the slice is not lowered by
diffusion into the bath, because the standing NMDAR-mediated current in the presence
of 2 uM glutamate was not different from control and blocking transport with TBOA
resulted in a rapid increase in standing NMDAR-mediated current indicating that
glutamate release is relatively rapid. These results indicate that tonic release and uptake,
rather than diffusion out of the slice, control the extracellular glutamate concentration.
We suggest that, even in vivo, transporters have the capacity to keep extracellular

glutamate at nanomolar concentrations. Ambient glutamate concentrations may not be
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uniform throughout the CNS, or even in the same structures across development, as the

expression levels of transporters can vary.

Two roles for glutamate transport: synaptic and non-synaptic uptake

As we and others (Cavelier and Attwell, 2005; Jaboudon et al., 1999) have shown,
ambient levels of extracellular glutamate are not dependent on or altered by vesicular
release, but rather require a different mechanism of efflux, possibly from glia (Cavelier
and Attwell, 2005; Jabaudon et al., 1999; Le Meur, et al., 2007). Because synaptic
release does not change ambient glutamate levels, the densely expressed transporters
(Lehre et al., 1995; Lehre and Danbolt, 1998) must be capable of sequestering
synaptically released glutamate very rapidly (Diamond, 2005; Wadiche et al., 2006) to
prevent protracted diffusion. Thus, glutamate transporters appear to have distinct actions:
rapid binding and uptake of vesicular release, which prevents or diminishes spillover, and
a tonic clearance mode that maintains the average extracellular glutamate concentration

at very low levels.

32



Figure 1: NMDAR-mediated currents in CAl pyramidal cells

A, Schematic of flow-pipe configuration. Barrels were positioned at ~ 30° and ~1 mm
from the recording pipette. B, Currents elicited from a CA1 pyramidal neuron by 5 uM
NMDA and 100 uM D-AP5 (V}, = +40 mV). Bars indicate flow-pipe application of
NMDA and D-APS5. Baseline currents have been offset. C, D-AP5 (100 uM) applied to
CAL1 pyramidal neuron during 1 Hz stimulation of Schaffer collaterals. D, Effect of D-

AP5 on NMDAR EPSC amplitude. Bar indicates D-AP5 application. Inset: average

traces from control, D-AP5 treatment, and washout (gray) periods. E, Average amplitude

of NMDAR current with 1 Hz stimulation (n = 7), without stimulation or TTX (n = 14),

or 0.5 uM TTX (control; n =7).
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Figure 2: Estimation of ambient glutamate concentration

A, NMDA evoked currents in a CAl pyramidal neuron (V, = +40 mV. Bar indicates
applications of 1, 2, and 5 uM NMDA. Baseline currents have been zeroed. B,
Nucleated patch currents produced by flow-pipe application of 5, 10, 20, 50, and 1000
uM NMDA (Vi = +40 mV). C, Semi-log plot of whole-cell (n = 6; gray circles) and
nucleated patch (n = 6) current responses from application of NMDA (black squares) and
glutamate (black circles; 0.5, 1, 3, 5, 100 uM; n = 6). Nucleated patch response were
normalized to the maximum response. Whole-cell responses were scaled by the mean
nucleated patch response to 5 uM NMDA. Line through NMDA responses is the non-
linear regression fit with Hill equation of nucleated patch dose-responses (ECsg = 37.7
uM; ny = 1.3). Line through glutamate responses is the NMDA fit shifted by ECsogiut/
ECsonmpa. Inset: Expansion of low concentration portion of NMDA dose-response curve.
D, Nucleated patch responses to saturating concentrations of glutamate (100 uM) and
NMDA (1 mM). E, Dose-response curves from (C) with glutamate-fit curve scaled by
the efficacy ratio of 1.77. Arrows indicate the concentrations of glutamate and NMDA

required to evoke currents of the same amplitude as that induced by ambient glutamate.
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Figure 3: Solution exchange efficiency with flow-pipe applications

A, Currents evoked by 5 UM NMDA in control or in the presence of 70 uM DAA (V}, =
+40mV; room temperature). Upper bars indicate bath and lower bars indicate flow-pipe

applications. B, Flow-pipe or bath evoked currents blocked by DAA as a percentage of

the control flow-pipe current (n = 4).
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Figure 4: Glutamate transport maintains endogenous ambient glutamate

A, Standing current blocked by 100 uM D-APS5 in control (black) or with 2 uM
glutamate (gray) in the bath. B, Current evoked by flow-pipe application of 200 uM
TBOA. C, Standing currents blocked by 100 uM D-APS5 in control (gray), 100 uM DHK,
or 100 uM TBOA in the bath. Baseline currents have been zeroed. D, Averaged
amplitudes of currents in control, DHK, or TBOA normalized to the control current for
each cell (n =5). DHK and TBOA significantly increase the magnitude of the current
blocked (p < 0.05 and p < 0.01, respectively). E, Schaffer collateral-evoked transporter
current in a hippocampal astrocyte in control, 100 uM DHK, or 100 uM TBOA, in
addition to 10 uM NBQX, 100 uM picrotoxin, and 50 uM D-AP5. All traces normalized
to the plateau of the test pulse (see Materials and Methods). F, Average charge transfer

of evoked transporter currents recorded in control and 100 uM DHK.
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Figure 5: NMDA application causes depolarization and spiking

A, Applications of 15 uM or (B) 30 uM NMDA to a

CAL1 pyramidal neuron in current clamp n (I = 0) in the absence of

antagonists. Inset shows first spike burst on an expanded time scale indicated by
asterisks (A). C, Average change in membrane potential with 30 (n = 6) or 60 (n =5)
second application of 15 uM NMDA, and 30 second applications of 30 uM (n = 6) or 60

1M NMDA (n =5).
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Supplementary Figure 1. NMDAR-mediated standing current in medium spiny neurons

of striatal nucleus accumbens.

Currents elicited from a medium spiny neuron by 5 uM NMDA and 100 uM D-AP5 (Vy,
= +40 mV). Bars indicate flow-pipe application of NMDA and D-AP5. Baseline currents

have been offset.
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Supplementary Figure 2. Replacement of physiological cysteine concentrations does

not alter the NMDAR-mediated standing current.

A, Standing current blocked by 100 uM D-APS5 in control (black) or with 0.3 uM
cysteine (blue), and 3 uM cysteine (red) in the bath recorded from CA1 neuron in mouse
hippocampal slice. B, Standing current blocked for each condition normalized to control

and averaged between cells (n = 3).
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Abstract

Extracellular glutamate is maintained at a low ambient concentration, preventing
excitotoxicity and preserving the sensitivity of receptors for detecting synaptic events. In
a previous study, we estimated an ambient extracellular glutamate concentration of 25
nM surrounding hippocampal CA1 pyramidal cells based on the size of the tonic NMDA
receptor-mediated current. Because this estimate was derived from whole cell recordings,
the location of the receptors could not be resolved. As ambient glutamate levels may not
be uniform throughout the neuropil, we used a combination of two photon laser scanning
microscopy and electrophysiology, to compare tonic activation of NMDA receptors on
synaptic and extrasynaptic structures. Synaptic NMDA receptors were not preferentially
shielded from ambient glutamate, and there was not a steep concentration gradient of
glutamate between extrasynaptic and synaptic extracellular compartments. We suggest
that ambient glutamate is not compartmentalized in the extracellular space, but

universally low throughout the neuropil of the hippocampus.

Introduction

Glutamate transporters maintain ambient concentrations of extracellular glutamate
at low levels (Cavelier and Attwell, 2005; Cavelier et al., 2005; Le Meur et al., 2007;
Herman and Jahr, 2007) and contribute to the termination of excitatory transmission by
rapidly binding glutamate (Isaacson and Nicoll, 1993; Takahashi et al., 1996; Asztely et
al., 1997; Diamond and Jahr, 1997; Wadiche and Jahr, 2005). Glutamate transporters can
maintain low extracellular glutamate concentrations because of their high levels of

expression, predominantly by astrocytes (Lehre et al., 1997; Lehre and Danbolt, 1998),
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and the large driving force for translocation (Zerangue and Kavanaugh, 1996). The
resulting low glutamate concentrations prevent tonic receptor activation and
desensitization as well as excitotoxicity.

We have estimated that the spatiotemporal average concentration of extracellular
glutamate in acute hippocampal slices is ~25 nM, a concentration that produces
negligible tonic activation of glutamate receptors (Herman and Jahr, 2007). Our estimate
was based on the amplitude of the tonic NMDA receptor (NMDAR)-mediated current
recorded in CA1 pyramidal neurons. This current represents the activity of all NMDARs
expressed by the neuron and would not detect any regional differences in activation, e.g.,
between synaptic and extrasynaptic receptors. Indeed, it has been suggested that ambient
glutamate is not evenly distributed in the extracellular space and that a steep
concentration gradient exists between synaptic and extrasynaptic compartments that
results from a non-homogenous distribution of glutamate transporters (Pendyam et al.,
2009). There is evidence that transporter expression is not uniform through the neuropil
(Lehre and Danbolt, 1998; Lehre and Rusakov, 2002), which could allow for higher
extrasynaptic glutamate concentrations. However, whether subpopulations of NMDARs
are preferentially activated is not known.

We used two photon laser scanning microscopy (2PLSM) and electrophysiology
to investigate whether extracellular glutamate is compartmentalized in acute slices of
hippocampus. Pharmacological block of NMDARSs had no effect on Ca** transients
generated in dendritic shafts and spines of CA1 pyramidal neurons by depolarization,
suggesting that ambient glutamate is too low to activate substantial numbers of NMDA

receptors throughout the neuropil. Exogenous transportable and non-transportable
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agonists of NMDARs could access both synaptic and extra-synaptic receptors, suggesting
there is no preferential protection of spines by glutamate transporters. Finally, block of

glutamate transporters did not flood the synapse with glutamate.

Results

Neuronal depolarization decreases Mg®* block of NMDAR channels and
increases their Ca®* flux. Activation of NMDARSs with glutamate uncaging can boost the
Ca”" generated by back-propagating action potential (bAP; Carter and Sabatini, 2004).
Using 2PLSM, we measured Ca®* transients in the dendrites of CA1 pyramidal neurons
in acute hippocampal slices in response to depolarizations to determine if there is a higher
concentration of ambient glutamate at extrasynaptic NMDARs (dendritic shafts) than at
synaptic NMDARs (spines). Pyramidal neurons were recorded in current clamp and filled
through the pipette with the Ca** indicator, Fluo-5F (300 puM), and the morphological
dye, Alexa Fluor 594 (15 uM). We compared Ca*" transients evoked by a single bAP in
dendritic shafts and spines in control conditions (10 uM D-serine; 10 UM NBQX; 100
UM picrotoxin) and with NMDA receptors blocked by D-AP5 (10 uM; Figure 1). Though
bAPs evoked Ca®" transients in both dendritic shafts and spines (Figure 1B, black traces),
D-APS5 did not alter the transients in either structure (Figure 1B, gray traces; dendrite 105
+ 5.5% of control, spine 109 * 5.8% of control; n = 11). This result suggests that there is
little tonic activation of NMDARs in either dendritic shafts or spines by ambient levels of
glutamate.

This experiment is not ideal for detecting activation of a small number of

NMDARs. The brief depolarization of the bAP is too short to engage the slow component
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of NMDAR Mg*" unblock (Kampa et al., 2004). In addition, the increase in Ca?* influx
through NMDARSs during a bAP may be very small relative to the Ca** transient resulting
from voltage-gated calcium channels (VGCCs). To increase the signal-to-noise of our
recordings, we examined the affect of D-AP5 on Ca?* transients generated by 40 ms
voltage steps in the presence of tetrodotoxin (TTX; 0.5 pM) and mibefradil and
nimodipine (20 uM for each), antagonists of the predominant VGCCs on dendrite shafts
and spines of CA1 pyramidal cells (Bloodgood and Sabatini, 2007). Mibefradil and
nimodipine greatly decreased the Ca* transient generated by a 40 ms voltage-step to +5
mV in dendrite (79 + 2.8% decrease; n = 5; P < 0.01) and spine (75 + 4.5% decrease; n =
5; P <0.01).

To test whether NMDARSs contribute to the Ca* signal in the presence of VGCCs
antagonists, we measured the effect of D-APS5 in dendritic shafts and spines of apical
dendrites (Figure 2A). D-AP5 did not reduce the Ca?* signal in either structure, again
suggesting that ambient glutamate concentrations are very low in both compartments. To
test whether our method could detect NMDAR activation, we repeated the experiment in
the presence of bath applied NMDA, a non-transportable agonist. NMDA (5uM,
equivalent to ~250 nM glutamate; Patneau and Mayer, 1990; Herman and Jahr, 2007),
produced a significant voltage step-evoked Ca?* transient in both structures (dendrite,
2.46 fold increase on average, P <0.01; spine, 7.54 fold increase on average, P < 0.001;
Figure 2). These results indicate that this method has the sensitivity to detect NMDAR
activation and that ambient glutamate is low in both compartments. The degree of
compartmentalization of ambient levels of glutamate did not differ across regions of

neuropil, because recordings from apical dendrities (stratum radiatum) and basal
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dendrites (stratum lucidum) were not different. Therefore, data from both regions were
pooled (Figure 2B).

Our results suggest that baseline ambient levels are universally low in the
neuropil. However, our experiments rely on the expression of extrasynaptic NMDARS to
report glutamate levels. If expression is low (Sobczyk et al., 2005), extrasynaptic
glutamate levels could be higher than those in the synapse if transporters preferentially
protect synaptic NMDARs from ambient glutamate. Although we show significant
activation of receptors to bath applied NMDA, the Ca* transients observed in dendritic
shafts could result from diffusion of bound indicator from the numerous surrounding
spines. We tested these caveats in two ways. To test for higher expression levels of
transporters surrounding synaptic receptors, the transporter substrate and NMDAR
agonist, L-aspartate, was focally applied to pyramidal cell apical dendrites from an
iontophoresis pipette while recording Ca®* transients during voltage steps as above.
lontophoresis of L-aspartate, evoked Ca®" transients in both dendritic shafts and spines
(Figure 3, black traces). These Ca*" transients were generated by L-aspartate activation of
NMDARs because they were greatly reduced without L-aspartate ejection (to 23.7 +
6.7% in shafts, P < 0.001 and 11.2 + 3.8% in spines; n = 5; P < 0.001; Figure 3, red
traces), and recovered when L-aspartate ejection resumed (125.8 + 24.6% of the first L-
aspartate response in shafts and 73.3 £ 7.7% in spines; n = 5; Figure 3, gray traces). That
dendritic shafts and spines responded similarly to L-aspartate suggests that spine
NMDARs are not preferentially protected by transporters. However, iontophoretic L-
aspartate potentially could overwhelm the uptake system, negating the expected effects of

differential expression levels. To test for this possibility, Ca®* transients were recorded
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during the ejection of L-aspartate in the presence of the transporter antagonist, TBOA
(100 uM). This resulted in an increase in L-aspartate -evoked Ca®* signal in both shafts
and spines (237 £ 37%, P < 0.001 and 182 + 30%; n = 5; P < 0.05, respectively; Figure 3,
blue traces), suggesting that focally-applied L-aspartate does not overwhelm transporters.
Finally, if very few NMDARs are expressed extrasynaptically and ambient
glutamate in synapses is maintained at much lower concentrations because of a protective
barrier of transporters (Pendyam et al., 2009), blocking transporters should flood
synapses with extrasynaptic levels of glutamate and result in large Ca®* transients in
spines. However, in the absence of L-aspartate ejection, TBOA (100 uM) did not alter
Ca”" levels in either shafts or spines (Figure 3, green traces). This result also indicates
that the increase in Ca** levels produced by TBOA in the presence of L-aspartate does

not result from an independent action of TBOA.

Discussion

The concentration of glutamate in the extracellular space is, on average,
maintained at very low concentrations, sufficient only for activating exceedingly few
high affinity NMDA receptors (Cavelier and Attwell, 2005; Herman and Jahr, 2007,
Jabaudon et al., 1999; Le Meur et al., 2007). These prior studies did not address whether
glutamate concentrations vary across extracellular compartments. Although prior reports
suggested that, as a result of differential distribution of glutamate transporters, ambient
glutamate levels may be maintained at much lower levels in the synaptic cleft than in
extrasynaptic regions (Pendyam et al., 2009). We find no evidence for such

compartmentalization. First, glutamate levels were not high enough to activate significant
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numbers of extrasynaptic NMDA receptors and, second, synaptic NMDA receptors were
not preferentially protected by glutamate transporters.

We observed NMDA receptor-mediated Ca®* elevations in dendrites only in
response to applications of exogenous NMDA or L-aspartate suggesting that
extrasynaptic receptors are rarely bound by ambient levels of glutamate. However,
whether there are enough extrasynaptic NMDA receptors on dendrites to detect ambient
levels is unclear (Sobcyzk et al., 2005). The dendritic Ca®* transients evoked by
exogenous NMDA and L-aspartate may have resulted from the diffusion of bound
indicator from neighboring dendritic spines, i.e., from Ca?* flux through synaptic NMDA
receptors. However, extrasynaptic concentrations cannot be very high because transporter
inhibition does not flood the synaptic cleft with glutamate. In addition, the synaptic
compartment cannot be overly protected from ambient glutamate by a defensive
perimeter of transporters because applying the transportable NMDA receptor agonist, L-
aspartate, readily activates synaptic receptors. Even though the small percentage of extant
NMDA receptors activated by ambient glutamate is increased by transporter antagonists
(Jabaudon et al., 1999; Cavelier et al., 2005; Le Meur et al., 2007; Herman and Jahr,
2007), the likelihood of observing NMDA receptor-mediated Ca®* influx at the single
spine level is apparently vanishingly low, despite the sensitivity of 2PLSM to detect
single NMDA channel openings (Christie and Jahr, 2007; 2009; Nimchinsky et al., 2005).

Can our results be reconciled with studies suggesting a non-homogenous
distribution of glutamate transporters in the extracellular space? Immuno-EM studies
report that astrocytes express a higher density of glutamate transporters on membranes

facing the synapse-rich neuropil than on membranes facing non-synaptic dendrite or
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astrocyte processes (Lehre and Danbolt, 1998). In stratum radiatum, the density only
decreases two-fold, from ~10,000 to ~5,000 per pm? of astrocyte membrane. Using this
distribution of transporters, models of the extracellular space predict that theglutamate
concentration is in the range of 30-50 nM throughout the neuropil of hippocampus
(Zheng et al., 2008), similar to previous experimental estimates (Cavelier and Attwell,
2005; Herman and Jahr, 2007). In addition, EM studies indicate that transporter-laden
astrocytic processes thread throughout the neuropil of hippocampal stratum radiatum,
associating both with putative synaptic and non-synaptic CA1 pyramidal structures
(Ventura and Harris, 1999; Witcher et al., 2007). Together with our present findings,
these studies indicate that glutamate transporters are present throughout the neuropil and

keep extracellular glutamate levels universally low.

Future direction: Our results suggest that there is no significant compartmentalization of
extracellular glutamate in the neuropil of hippocampus. However, the Ca?* imagining
experiments are in part limited by the density of extrasynaptic NMDARS, which is lower
than that at synapses (Sobcyzk et al., 2005). An additional experiment may resolve this
issue. In this experiment, we will compare the extent of desensitization of synaptic and
extrasynaptic AMPARs. Extrasynaptic AMPARs are expressed at densities high enough
to observe currents with electrophysiological recordings (Matsuzaki et al., 2004). If
extrasynaptic glutamate levels are high relative to those in the synaptic cleft,
extrasynaptic receptors should be desensitized to a greater extent. To compare the level of
desensitization, I will use two-photon uncaging of glutamate to generate focal AMPAR

responses from a spine and neighboring dendrite. The uncaging will be repeated after
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desensitization is inhibited with cyclothiazide (CTZ). If extrasynaptic glutamate is at a
higher concentration than in the cleft, the ratio of AMPAR responses (control/CTZ) will
be lower in dendrites than in spines. We expect that the ratio of the responses in both

structures will be the same.

Experimental Procedures
Slice preparation and electrophysiology

Sprague-Dawley rats (P15-21) were deeply anesthetized with isofluorane and
decapitated in compliance with the Oregon Health & Science University Institutional
Animal Care and Use Committee approved protocol. Hippocampi were dissected out,
and transverse slices were cut (300 um) on a vibroslicer (Leica) in an ice-cold solution
containing (in mM): 110 choline chloride, 7 MgCl2, 2.5 KClI, 1.25 sodium phosphate
monobasic, 0.5 CaCl2, 1.3 Na-ascorbate, 25 NaHCO3, and 10 glucose (saturated with
95% O,/ 5% COy). Slices were transferred to an incubation chamber containing the
following extracellular solution (ECS, in mM): 119 NaCl, 2.5 KCI, 2.0 CaCl,, 1.3 MgCly,
1.0 NaH,PO,, 26.2 NaHCO3, and 11 glucose (saturated with 95% O,/ 5% CO,). Slices
were incubated at 34 C for 30-45 min then maintained at room temperature.

Whole cell recordings were obtained from CA1 pyramidal neurons visually
identified by location with infared contrast optics (Dodt). The intracellular solution (ICS)
used for current clamp experiments contained (in mM) 135 K MeSQO3, 10 HEPES, 4
MgCI2, 4 Na2ATP, 0.4 Na3GTP, and 10 phosphocreatine. The ICS for voltage clamp
experiments contained (in mM) 125 CsMeSO3, 20 HEPES, 4 MgClI2, 4 Mg2ATP, 0.4

Na3GTP. To each ICS, 15 uM Alexa 594 and 300 uM Fluo-5F (Invitrogen, Carlsbad,
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CA) was added on the day of recording for imaging purposes. Recordings for both clamp
modes were made using pipettes with resistance of 2-4 MQ with either an Axopatch 1-D
(Axon Instruments, Union City, CA) or a Multiclamp 700B (Molecular Devices, Union
City, CA) amplifier. Electrophysiological data were collected using either Axograph X
(Axograph Scientific, Sydney, Aus) or custom software (J.S. Diamond, NINDS,
Bethesda, MD) written in IgorPro (Wavemetrics, Lake Oswego, OR).

During recordings, slices were superfused with the incubation ECS described
above, temperature elevated to 32-34°C using an in-line heater (Warner Instruments),
with the addition of pharmacological agents purchased from Tocris (tetrodotoxin,
NMDA, D-serine, TBOA), Ascent Scientific (NBQX, D-AP5), and Sigma Aldrich
(picrotoxin, mibefradil, nimodipine) in specific combinations according to experimental
design (see Results and Discussion). In voltage clamp experiments where VGCC signal
was reduced, a rundown protocol (60-120 trials of 40 ms 70 mV voltage-steps) was
preformed in the presence of VGCC antagonists prior to imaging.

lontophoresis pipette contained 100 uM Asp. Asp was ejected by leak or small
negative holding current (< -200 pA), and ejection was stopped by applying positive

backing current (1-2 nA).

Two-photon imaging

Green and red fluorescence were simultaneously monitored using a purpose-built
two-photon laser scanning microscope (as described by Christie and Jahr, 2008). Images
were collected and line scans were performed (32 lines at 2 ms/line) using Scan Image

software (Pologruto et al., 2003). Change in fluorescence over time in line scans was
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quantified by dividing baseline-subtracted green channel traces by the paired trace

collected in the red channel (A G/R, Sabatini et al., 2002).

Data Analysis

Data analysis was performed using Image J, Microsoft Excel, Axograph X, and
BrightStat. Student’s t test and ANOVA (Friedman with Conover post hoc) were used
when appropriate. For voltage-step experiments, cells were rejected if the average
amplitude of the washout response was significantly smaller than control as determined
by statistical analysis of points in the 50-60 ms range of line scan image. P values > 0.05

were considered significant.
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Figure 1. D-AP5 has no effect on bAP-evoked Ca®* signal in dendrite or spine.

(A) Top Left 2PLSM image of dendrite and spine from a CA1 pyramidal neuron. Bottom
Left Green channel fluorescence transient in line-scan mode in response to a bAP
(indicated by arrow). Image is an average of several trials. Right Average AP evoked by
current injection at soma.(B) Average increase in fluorescence with a bAP measured
from line-scan image of dendrite (left) and spine (right) in control (black traces) and in

the presence of 10 uM D-AP5 (gray traces).
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Figure 2. D-AP5 does not decrease the residual Ca** signal in dendrite or spine

(A) Average fluorescence transient collected in line-scan mode evoked by a 40 ms
voltage step in dendrite (left) and spine (right). Voltage-gated Ca?* channel signal was
pharmacologically inhibited in all conditions. Line-scans were collected in control
condition (black), 10 uM D-AP5 (red), after a 10 min D-AP5 washout (green), and in 5
1M NMDA (blue). (B) Histogram of the average fluorescence transient in each condition
over many cells (n = 11). Significance was determined by Friedman ANOVA with

Conover posthoc.
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Figure 2.
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Figure 3. Spine compartment is not preferentially protected by glutamate transporters

(A1) Average increase in fluorescence with a 40 ms mV voltage step in dendrite in
response to control iontophoresis, L-aspartate ejection (black), ejection prevented with 2
nA backing current (red trace), release of backing current/ L-aspartate ejection recovery
(gray trace), the addition of 100 uM TBOA (blue trace), and L-aspartate ejection
prevented with backing current in the presence of TBOA (green).

(A2) Average response in each condition as normalized to 100 uM L-Aspartate without
backing current (n = 5).

(B1,2) Same as in (A1,2) monitored simultaneously in spine.
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Figure 3.
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Discussion

In this dissertation, we show that transporters play a role in controlling glutamate
concentrations on a range of time scales.

Transporters maintain a low concentration of ambient glutamate

The experiments described in Chapter 1 suggest that ambient glutamate in the
extracellular space is ~25 nM. We addressed this issue because the strong driving force
and high expression density of glutamate transporters in the extracellular space did not
predict the range of ambient glutamate proposed by microdialysis experiments (1-4 uM).
Our estimated concentration of 25 nM would cause negligible tonic activation of
receptors, allowing them to function in the most sensitive capacity for detecting synaptic
events.

The concentration of ambient glutamate that generates the standing NMDA
receptor-mediated current is a balance between glutamate release and glutamate clearance
by the transporters. Surprisingly, the source appears to be non-synaptic (Jaubadon et al.,
1999; Cavelier and Attwell, 2005; Le Meur et al., 2007; Herman and Jahr, 2007), but its
identity is still debated. Hypotheses for the identity of the source include the cysteine-
glutamate exchanger (Baker et al., 2002), a non-specific anion channels on glial cells
(Cavelier and Attwell, 2005), or the very slow diffusion of intracellular glutamate
through the neuronal membrane bilayer to the extracellular space (Cavelier et al., 2005).
However, inhibition of these sources has not decreased the baseline concentration of
glutamate. Another potential source for ambient glutamate is the vesicular glutamate
transporter (vGlut). The vGluts use a proton gradient to concentrate glutamate from the

cytoplasm into the synaptic vesicle lumen (Edwards, 2007). After vesicle fusion, vGluts
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may be positioned to extrude glutamate from the cytoplasm to the extracellular space
driven by the glutamate concentration gradient, rather than relying on a proton gradient.
This hypothesis is contingent on expression of vGluts on the plasma membrane, which
has been suggested by Tarusawa et al. (2009) based on freeze fracture immuno-EM
studies. The vGluts are intriguing as a potential source for ambient glutamate, and their
role in this process warrants further investigation.

Future directions. To address the source of ambient glutamate, changes in the
amplitude of the NMDA receptor-mediated standing current described in Chapter 1
would be examined. Experiment 1: Compare the NMDA receptor-mediated standing
current revealed by flow pipe applied NMDA receptor antagonist in control and with
vGluts blocked by the inhibitor Sky Blue. A decrease in the baseline standing current
with Sky Blue would suggest a role for the vGluts as the ambient glutamate source.
Experiment 2: Repeat experiment 1 in the presence of the transporter inhibitor, TBOA.
Even if vGlut inhibitors cannot reduce the baseline standing current, it is possible that
these molecules contribute to the increase in standing current when transporters are
inhibited (Cavelier et al., 2005; Le Meur et al., 2007; Herman and Jahr, 2007).
Experiment 3: Increase the number of vGluts on the plasma membrane by stimulating a
barrage of activity using high potassium or hypertonic sucrose while blocking
endocytosis with the dynamin inhibiting molecule dynasore (Newton et al., 2006; Hosoi
et al., 2009). Compare the standing current in control conditions, post-stimulation, and
post-stimulation in the presence of dynasore. If vGluts can extrude glutamate into the
extracellular space when trapped on the surface, the high potassium or hypertonic sucrose

treatment in the presence of dynasore should result in an increased NMDA receptor-
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mediated standing current. Experiment 4: Dynasore has been shown to block endocytosis
in cultured neurons and at the Calyx of Held (Newton et al., 2006; Hosoi et al., 2009), but
not in hippocampal slice. Test the efficacy of dynasore by repeating the high release
protocol (high potassium or hypertonic sucrose) in the presence of the styryl dye FM1-43
with and without dynasore. After washing away excess FM1-43, compare the number of
stained vesicles between the dynasore and no dynasore conditions.
Ambient glutamate is low throughout the neuropil

Our estimate of the extracellular glutamate concentration, 25 nM, is much lower
than previously reported by microdialysis (Lerma et al., 1986; Baker et al., 2002; Nyitrai
et al., 2006). There are several possible explanations for this discrepancy. Some groups
have suggested that the difference is due to the location of the sensors (i.e. the
microdialysis probe versus NMDA receptors). This view proposes that ambient glutamate
is compartmentalized in the extracellular space by physical barriers and by transporters
that protect synaptic receptors (Pendyam et al., 2009). In this model, standing currents are
generated only by the extrasynaptic NMDA receptors. In making the estimate of ambient
glutamate, we normalized the standing current to a current generated by all the NMDA
receptors on the cell by application of a non-transportable agonist. Because there are
more synaptic than extrasynaptic NMDA receptors (Sobcyzk et al., 2005), the average
standing current normalized to the whole cell NMDA-evoked current biases this estimate
to the receptors sampling the synaptic extracellular compartment. Therefore, the ambient
glutamate concentration as a function of receptor activation would appear very low. The
microdialysis probe, on the other hand, indiscriminately samples all compartments in the

extracellular space. This leads to the claim that the high microdialysis estimate reflects
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the actual concentration of the extrasynaptic extracellular compartments in the neuropil
(Pendyam et al., 2009; Kalivas, 2009). However, using two-photon microscopy, we
tested this scenario in experiments described in Chapter 2 and found no difference
between the tonic activation of synaptic and extrasynaptic NMDA receptors. Therefore,
compartmentalization of glutamate into the non-synaptic extracellular space does not
account for the discrepancy between our estimate and that made by microdialysis.

A more likely explanation for the nearly 100-fold difference in estimates with the
two approaches is the amount of damage caused by the microdialysis probe. Though the
microdialysis samples are not collected immediately following insertion (Xi et al., 2002;
Baker et al., 2003), presumably to avoid contamination by glutamate released in response
to the initial insult, the later samples collected after equilibration may be from chronically
unhealthy tissue. An electron microscopy study suggests that there is a large volume of
tissue damage surrounding the microdialysis probe insertion site, up to distances of 1.4
mm (Clapp-Lilly et al., 1999). It is unknown how the extracellular glutamate
concentration is regulated in injured tissue, and it is possible that extensive damage could
lead to glutamate build-up. Because the microdialysis probe is surrounded by damaged
tissue, sampling the extracellular fluid from that region could lead to artificially high
estimate of the ambient glutamate concentration.

Future directions. Our results from Chapters 1 and 2 are strong evidence that the ambient
glutamate concentration is low in the extracellular space of hippocampal slice. However,

a large body of work suggests a role for micromolar concentrations of ambient glutamate
in the extracellular space of striatal nucleus accumbens (reviewed by Kalivas, 2009).

Though we report in this thesis that the standing current generated by ambient glutamate
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in the medium spiny neurons of striatal nucleus accumbens is equivalent to that produced
in CAL hippocampal neurons (Chapter 1; Supplemental Figure 1), this measurement is
again a spatial and temporal average of all the NMDA receptors activated on the cell. The
possibility remains that compartmentalization of ambient glutamate could occur in
nucleus accumbens (Pendyam et al., 2009), even though it does not occur in
hippocampus. Therefore, to test this, two-photon Ca®* imaging experiments could be
performed, as in Chapter 2, using medium spiny neurons. NMDA receptor-mediated Ca**
signals have been observed in these neurons with synaptic stimulation and glutamate
uncaging (Carter and Sabatini, 2004), suggesting that synapses, at least, contain these
receptors. Comparing the tonic activation of NMDA receptors on the dendrite and spine
of these neurons, using the localized Ca®* signal and depolarization, will address whether
compartmentalization of ambient glutamate occurs in brain regions other than
hippocampus.
Conclusions

Glutamate transporters affect extracellular glutamate concentrations on time
scales of minutes to milliseconds. By controlling these various glutamate concentrations,
transporters preserve the precision of synaptic transmission. On the slowest time scale,
transporters prevent buildup of ambient glutamate in the extracellular space. This role of
transporters is crucial for preventing excitotoxic neuronal damage and maintaining a high
sensitivity of receptors for detecting synaptic events. On a faster time scale, transporters
limit spillover of synaptic glutamate, perhaps enhancing the level of synapse
independence. This may be important for processing information in neuronal circuits and

the whole brain. Additionally, on the fastest time scale, transporters control the time
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course of the synaptic glutamate transient, which may limit the amount synaptic receptors
are activated during a vesicle release event. Therefore, the roles of glutamate transporters
range from preventing global neuronal cell damage to subtly altering the duration of
synaptic events. Regardless of dynamic range of roles, without functional transporters
glutamate concentrations would be unregulated, and the efficacy of synaptic transmission

would be compromised.
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