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Abstract

The p-isomer of aspartate is both a substrate for glutamate transporters and an agonist of N-methyl-p-aspartate (NMDA) re-
ceptors. To monitor the behavior of these receptors and transporters in intact tissue we synthesized a new photo-labile analogue
of p-aspartate, N-[(6-nitrocoumarin-7-yl)methyl]-p-aspartic acid (Ncm-p-aspartate). This compound was photolyzed rapidly (¢, =
0.11 ps) by UV light with a quantum efficiency of 0.041 at pH 7.4. In acute hippocampal slices, photolysis of Ncm-p-aspartate by
brief (1 ms) exposure to UV light elicited rapidly activating inward currents in astrocytes that were sensitive to inhibition by the
glutamate transporter antagonist bL-threo-B-benzyloxyaspartic acid (TBOA). Neither Ncm-p-aspartate nor the photo-released cag-
ing group exhibited agonist or antagonist activity at glutamate transporters, and Ncm-p-aspartate did not induce transporter cur-
rents prior to photolysis. Glutamate transporter currents were also elicited in cerebellar Purkinje cells in response to photolysis of
Ncm-p-aspartate. Photo-release of p-aspartate from Ncem-p-aspartate did not induce a-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid (AMPA)/kainate receptor or metabotropic glutamate receptor (mGluR) currents, but triggered robust NMDA receptor
currents in neurons; Ncm-D-aspartate and the photolzyed caging group were similarly inert at NMDA receptors. These results in-
dicate that Ncm-p-aspartate can be used to study NMDA receptors at excitatory synapses and interactions between transporters
and receptors in brain tissue.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Plasma membrane glutamate transporters are required
to maintain a low concentration of extracellular gluta-
mate and to prevent excitotoxicity in the CNS. In addition
to these homeostatic functions, glutamate transporters
act on a rapid time scale to shape the concentration profile
of glutamate at synapses, thereby regulating the spatial
and temporal occupancy of receptors (Arnth-Jensen
et al., 2002; Brasnjo and Otis, 2001; Carter and Regehr,
2000; Clark and Cull-Candy, 2002; Huang et al., 2004b;
Oliet et al., 2001), and preserving the fidelity of transmis-
sion by limiting spillover of glutamate between neigh-
boring synapses (Asztely et al., 1997; Diamond, 2001).
Although expression of these transporters undergoes dra-
matic changes during development, and following brain
injury and disease (Danbolt, 2001), little is known about
the mechanisms responsible for regulating transporter ac-
tivity under physiological conditions.

The activity of glutamate transporters can be moni-
tored through uptake of radiolabeled substrates,
through optical measurements of cytosolic pH changes
or absorbance of voltage-sensitive dyes, and by record-
ing transport-associated currents (Danbolt, 2001).
Transporter current measurements provide a high fidel-
ity, quantitative measure of glutamate uptake into indi-
vidual cells (Otis and Jahr, 1998; Zerangue and
Kavanaugh, 1996). To elicit transporter currents, sub-
strates can be applied directly into the bath or through
local perfusion; endogenous glutamate can be released
from nerve terminals by electrical stimulation (Bergles
and Jahr, 1997); or substrates can be photo-released from
a caged compound (Brasnjo and Otis, 2004; Canepari
et al., 2001b; Grewer et al., 2000; Huang et al.,
2004b). Photolysis of caged substrates has several ad-
vantages for stimulating transporters in intact tissues:
(1) it allows rapid presentation of substrates with kinet-
ics comparable to, if not faster than, endogenous vesic-
ular release; (2) application occurs independently of the
endogenous releasing sites; and (3) responses induced by
photolysis are free from mechanical artifacts and are
typically more stable than those induced by pressure ap-
plication. Nevertheless, few caged substrates have been
developed to study transporter activity.

For a caged substrate to be suitable for physiological
experiments it should be released rapidly and efficiently
upon exposure to UV light, yet remain caged in solution
so that the tissue is not exposed to substrate prior to pho-
tolysis. Previously developed a-carboxynitrobenzyl (CNB)
caged versions of L-glutamate or p-aspartate exhibit
poor stability in aqueous solutions (Grewer et al., 2001;
Pettit et al., 1997), and some CNB-caged compounds ex-
hibit antagonistic effects on NMDA receptors (Maier
et al., 2005). In contrast, recently developed nitroindolyl
(NI)- and methoxy-NI (MNI)-caged L-glutamate and
D-aspartate are stable in physiological saline and

biologically inert (Huang et al., 2005; Maier et al.,
2005). The (6-nitrocoumarin-7-yl)methyl (Ncm) cage is
structurally related to the 2-nitrobenzyl cage, and the
mechanism underlying photochemical release of 2-nitro-
benzyl-caged molecules has been studied extensively
(Walker et al., 1988, 1989; Yip et al., 1985, 1991; Schupp
et al., 1987; Zhu et al., 1987). The Ncm cage is based on
the widely used coumarin chromophore, which is de-
signed for improved absorption of the near-ultraviolet
light (300—400 nm) commonly used in photo-release ex-
periments. A facile synthesis starting with inexpensive
commercially available reagents affords the Ncm cage
in good yield, and only mild reaction conditions are re-
quired for coupling the Nem cage to target biomolecules
such as amino acid neurotransmitters.

Although L-glutamate is the primary endogenous
substrate for glutamate transporters, transporter re-
sponses elicited with L-glutamate may be influenced by
simultaneous effects on the multitude of glutamate re-
ceptors present. In contrast, p-aspartate is efficiently re-
moved by glutamate transporters (Arriza et al., 1994),
but it has a low affinity for AMPA receptors, kainate re-
ceptors, and mGluRs, suggesting that a caged p-aspar-
tate may provide the ability to study transporter
activity while signaling through these receptors remains
intact. The efficient transport of p-aspartate may also
provide advantages for studying NMDA receptors, be-
cause clearance of p-aspartate within tissue occurs rap-
idly, mimicking the time course of L-glutamate removal.
Therefore, caged versions of D-aspartate are better suited
to study the interaction of glutamate receptors and gluta-
mate transporters in situ.

Here we describe the synthesis of a novel-caged form
of p-aspartate (Ncm-p-aspartate), in which the a-amino
group of p-aspartate is covalently linked to the Ncm
cage, and examine photolysis-evoked responses in neu-
rons and glial cells in acute brain slices. Ncm-D-aspartate
is stable in physiological saline, is photolyzed rapidly up-
on exposure to UV light, and both Ncm-p-aspartate and
the photolyzed caging group are physiologically inert.
Photo-release of p-aspartate from Ncm-p-aspartate trig-
gered glutamate transporter-mediated currents in astro-
cytes and Purkinje cells, as well as NMDA receptor
currents in pyramidal neurons; however, it did not evoke
AMPA /kainate or mGluR currents. Thus, Ncm-p-aspar-
tate can be used to examine the properties of glutamate
transporters and NMDA receptors in brain tissue.

2. Methods
2.1. Synthesis and characterization of Ncm-p-aspartate
2.1.1. General

Reagents and solvents of ACS grade or better were
purchased from Sigma—Aldrich Corp. (St. Louis, MO),
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Advanced ChemTech, Inc. (Louisville, KY), Fischer Sci-
entific (Pittsburgh, PA), or VWR International (West
Chester, PA), and were used without further purification.
Proton NMR spectra were recorded on a 300-MHz
spectrometer (QE-300, General Electric Co., Fairfield,
CT) and were referenced to tetramethylsilane (6 = 0).
High-performance liquid chromatography (HPLC) was
performed on a system fitted with a photodiode array de-
tector (Model 600, Waters Corp., Milford, MA). Fast-at-
om bombardment (FAB) high-resolution mass
spectrometry (HRMS) was performed at the analytical
facility in the Department of Biochemistry at Michigan
State University (East Lansing, MI).

2.1.2.  N-[(6-Nitrocoumarin-7-yl)methyl |-p-aspartic
acid (Nem-p-Asp, 1)

To 3 mL of DMSO, 0.40 g of 7-(bromomethyl)-6-ni-
trocoumarin (Muralidharan and Kao, unpublished re-
sults), 0.39 g of H-(D)Asp-(OtBu)-OtBu-HCI (Advanced
ChemTech), and 0.58 mL of triethylamine were added.
The mixture was stirred for 4 h at room temperature.
The solvent and excess triethylamine were removed under
vacuum. The residue was purified by column chromatog-
raphy on silica gel (5:95, v/v CH3;CN/CH,Cl,) to give
0.34 g (67% yield) of N-[(6-nitrocoumarin-7-yl)methyl]-
p-aspartic acid, di(z-butyl) ester (2) as a viscous oil. 'H
NMR (CDCly), 6 8.21 (s, 1H), 7.76—7.73 (m, 2H), 6.53
(d, J =9.5Hz, 1H), 4.23 (dd, AB type, Jap = 16.6 Hz,
2H), 3.48 (t, J/ = 6.3 Hz, 1H), 2.69—2.55 (m, 2H), 1.46—
1.43 (m, 18H). To remove the t-butyl protective groups,
a solution of 0.08 g of 2 in 1 mL glacial acetic acid was
maintained at ice/water bath temperature. Concentrated
HBr (1 mL) was added and the stirred solution was main-
tained in the ice/water bath for 15 min. After removal of
the acetic acid and HBr under vacuum, 1 mL of water was
added to the residue. The resulting solution was purified
batch wise on a semi-preparative HPLC column (Intersil
SpODS-3, MetaChem Technologies, Inc. Torrance, CA).
The mobile phase was acetonitrile—water (containing
0.1% v/v trifluoroacetic acid). Details of the solvent pro-
file are in Supplemental Information. The fraction eluting
at 10—12 min was collected and lyophilized. The purity of
the lyophilized material was again checked by HPLC. Af-
ter deprotection and purification, 0.053 g of 1 was ob-
tained from 0.08 g of 2 (yield =89%). 'H NMR
[(CD3),S0], 6 8.52 (s, 1H), 8.17 (d, J = 9.5 Hz, 1H),
7.79 (s, 1H), 6.64 (d, J = 9.5 Hz, 1H), 4.14 (dd, AB type,
Jap = 16.8 Hz, 2H), 3.47 (t, J = 6.2 Hz, 1H), 2.65—2.52
(m, ZH) HRMS (FAB) C14H13N208, [M+ + H] I’VZ/Z,
calculated, 337.0672; found, 337.0673.

2.1.3. Quantum yield of photolysis

A pulsed Nd:YAG laser (Quanta-Ray GCR-18S,
Spectra Physics, Mountain View, CA), operating at
1 Hz, was used as the photolysis light source. The third
harmonic emission (355 nm) was isolated from the

fundamental (1064 nm) and second harmonic (532 nm)
emissions by passing the output of the laser through 2
harmonic separators. We used a standard chemical acti-
nometer (potassium ferrioxalate; Hatchard and Parker,
1956) to confirm that the laser output power was stable
(1.4% over 2.5h), and that energy output was linearly
related to the number of laser pulses (>99.8% linearity
from 1 to 60 pulses). A solution of 1 in 0.1 M sodium
phosphate buffer (pH = 7.41) was prepared to have an
absorbance > 2.5 at 355 nm. In all cases, we ensured
that <20% of 1 was consumed by photolysis. This was
confirmed by HPLC analysis using 4-nitrophenol as
an internal standard: equal amounts of 4-nitrophenol
were added to the photolyzed and unphotolyzed samples
of 1 and the extent of consumption of 1 was determined
by the integration of corresponding peaks in the HPLC
(de Mayo and Shizuka, 1976). Photolysis experiments
were performed in triplicate; each HPLC analysis was
repeated 2 or 3 times.

2.1.4. Kinetics of flash photolysis

The kinetics of flash photolysis was studied on a ki-
netic spectrophotometer (LP920, Edinburgh Instru-
ments, Livingston, UK). An aqueous solution of 1 in
0.1 M sodium phosphate (pH 7.41) was prepared to
have absorbance > 2.0 (in a 1-cm cuvette) at 355 nm,
the wavelength of the photolysis light. The air-equili-
brated solution was magnetically stirred at room tem-
perature. Photolysis of the sample was effected by
an 8.6-ns (FWHM), 200 mJ pulse of 355 nm third har-
monic light from a Nd—YAG laser (Quanta-Ray
GCR-18S, Spectra Physics). A pair of harmonic separa-
tors was used to remove residual fundamental (1064 nm)
and second harmonic (532 nm) laser emissions from the
photolysis beam. A probe beam from a stabilized xenon
arc lamp was focused such that the focal point coincided
with the region in the sample where maximal photolysis
occurred. The spectrum of the probe beam was obtained
through a monochromator. Modulation of the probe
beam intensity by a transient photochemical intermedi-
ate species was monitored at a chosen wavelength
(430 nm in the reported experiments) by a fast photo-
multiplier tube. The intensity-versus-time profile was
converted to an absorbance-versus-time trace. Non-
linear least-squares analysis allowed exponential decay
times to be extracted from the data. Data in the initial
45-ns window contain artifactual contributions from
scattering of the laser pulse and instabilities in the
high-sensitivity detection circuitry, and are not included
in data analysis.

2.2. Slice preparation and electrophysiology
Hippocampal slices were prepared from 12- to 17-

day-old Sprague—Dawley rats in accordance with a pro-
tocol approved by the Animal Care and Use Committee
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at Johns Hopkins University. Rats were deeply anesthe-
tized with halothane and decapitated, the hippocampi
were dissected free, mounted in agar blocks, cut into
400 pm thick transverse sections using a vibratome
(VT1000S, Leica), in oxygenated ice-cold artificial cere-
brospinal fluid (ACSF) containing (in mM): NaCl 119,
KCI 25, CaClz 25, MgCIZ 13, NdH2P04 1, NdHCO3
26.2 and D-Glucose 11. Slices were allowed to recover
in ACSF at 37 °C for 30 min and kept at room temper-
ature thereafter. For cerebellar slices, 250 um thick par-
asagittal sections were prepared. In all cases, brain slices
were used within 7 h of preparation. Brain slices that
had recovered for at least 1 h were transferred to a Lucite
chamber with a coverslip bottom and continuously
superfused with oxygenated ACSF. Individual cells (as-
trocytes, Purkinje neurons or CA1 pyramidal neurons)
were visualized through a 40X water immersion objec-
tive (Olympus LUMPIlanFl, NA = 0.8) using an upright
microscope (Axioskop FS2, Zeiss) equipped with infra-
red-Nomarski optics and a B&W CCD camera. Record-
ing electrodes were pulled from glass capillary tubing
and had a resistance of 1.7—3.5 MQ when filled with
the internal solution. For astrocytes, the internal solu-
tion contained (in mM): KCH;05S (KMeS) 120, EGTA
10, HEPES 20, MgCl, 1, Na,ATP 2, NaGTP 0.2; the
pH was 7.3. For neuronal recordings the internal solu-
tion contained (in mM): CsCH;05;S (CsMeS) 105,
TEA-CI1 20, EGTA 10, HEPES 20, MgCl, 1, QX-314
1, Na,ATP 2, NaGTP 0.2; the pH was 7.3. With these
solutions the series resistance during recordings was
<10 MQ, and was left uncompensated. Unless stated
otherwise, holding potentials have not been corrected
for the junction potential. Whole-cell currents were
amplified using an Axopatch 200B (Axon Instruments),
filtered at 2—5 kHz and sampled at 10—20 kHz. A 0.5—
5 mV hyperpolarizing step was applied at the beginning
of each trace to measure both the membrane and access
resistances.

2.3. Photolysis in brain slices

Caged compounds were dissolved in HEPES buffered
saline (HEPES ACSF) containing (in mM): NaCl 137,
KCl 2.5, CaCl, 2.5, MgCl, 1.3, HEPES 20; the pH
was 7.3. Solutions containing caged compounds were
applied to local regions of the slice using a wide bore
(tip diameter 50—100 pm) pipette connected to a mani-
fold fed by four 10 ml reservoirs. Valves were attached
to each reservoir to control which solution the slice
was exposed to. Antagonists were used to block volt-
age-gated Na™ channels (tetrodotoxin; TTX, 1 puM)
and NMDA receptors ((RS)-3-(2-carboxypiperazin-4-
yl)-propyl-1-phosphonic acid; R,S-CPP, 10 uM; and
(5R,10S)-(+)-5-methyl-10,11-dihydro-5H-dibenzo|a,d]-
cyclo-hepten-5,10-imine hydrogen maleate; MK-801,
50 uM). For Purkinje cell experiments, antagonist to

AMPA /kainate receptors (2,3-dioxo-6-nitro-1,2,3 4-tet-
rahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt;
NBQX, 10 uM) was included to block mEPSCs. Glutamate
transporters were inhibited using DL-threo-B-benzylox-
yaspartic acid (TBOA, 200 uM). For each experiment,
the caged compound solution contained the same con-
centration of antagonists present in the bath solution.
In some experiments, D-aspartate (500 uM dissolved
in HEPES ACSF) was applied locally through a small
tip pipette (~ 1 um diameter) using a picospritzer (Pres-
sure System Ile, Toohey Company); a 5—10 ms pulse
of 15—20 psi was used to eject the solution. All appro-
priate blockers were included in the puffer pipette
solution.

For photolysis, an argon ion laser (Stabilite 2017-AR,
Spectra-Physics) providing ~380 mW of multi-line near
UV light (333.6—363.8 nm) was coupled to the micro-
scope through a multi-mode quartz fiber optic cable
(Oz Optics Ltd.). The output of the fiber optic was colli-
mated using a quartz lens, projected through the
fluorescence port of a Zeiss Axioskop FS2 microscope,
and focused to a ~50 um spot using a 40 X water immer-
sion objective (Olympus LUMPlanFl) for recordings
from astrocytes and pyramidal neurons, and to
a ~100 pm spot using a 20X water immersion objec-
tive (Olympus UMPIlanFl) for recordings from Pur-
kinje cells. The UV spot was centered on the soma of
astrocytes or pyramidal cells or on the dendrites of
Purkinje cells, using a targeting laser (633 nm HeNe).
To control the length of exposure, a computer-con-
trolled programmable pulse generator (Master 8,
AMP Instruments) was used to trigger a high-speed la-
ser shutter (NM laser) placed between the laser head and
the fiber launch. Photolysis was achieved by opening the
shutter for 1 ms. In some experiments, the intensity of
the laser was varied using the aperture on the laser
head. The output intensity for each aperture was mea-
sured using a power meter. A laser intensity (at the
output) of 380 mW was used for all other recordings,
corresponding to a total light energy of 48 mJ/cm’.
This value reflects the laser power prior to entering
the fiber optic; the energy reaching the cell is likely
to be considerably less due to loss at the fiber launch,
the microscope lenses, and the intervening tissue. MNI-
L-glutamate, NBQX, R,S-CPP, MK-801, and TBOA
were purchased from Tocris. DbD-Aspartate was
purchased from Sigma. TTX and QX-314 (N-(2,6-di-
methylphenylcarbamoylmethyl) triethylammonium chlo-
ride) were purchased from Alomone Labs.

2.4. Data analysis and statistics

Data were analyzed off-line using Clampfit (Axon In-
struments) and Origin (OriginLab Corp.) softwares. For
experiments on astrocytes, only cells in which the ampli-
tude of the response to a —5 mV step changed by less
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than 25% during the course of an experiment were ana-
lyzed. All values are represented as mean + standard
error of the mean. The Student’s r-test (paired or un-
paired, as appropriate) was used for statistical compar-
ison; P < 0.05 was considered significant. The rise
times of responses were measured from 10% to 90%
of the peak amplitude, and the 7-decay was measured
using a single exponential least squares fit. Half decay
refers to the time required for the response to decay
from 100% to 50% of the peak amplitude. For NMDA
receptor currents, 90—50% decay time was measured be-
cause of the large amount of noise around the peak of
the response.

3. Results

3.1. Synthesis and biophysical properties
of Nem-p-aspartate

Ncm-p-aspartate was synthesized as outlined in
Fig. 1A. Details of the synthetic procedures are de-
scribed in Section 2. The photochemical process through
which p-aspartate is generated from Ncm-p-aspartate is
shown in Fig. 1B. The UV—visible absorption spectrum
of Ncm-p-aspartate, presented as extinction coefficient
(¢) versus wavelength, is shown as the solid curve in
Fig. 2A. As expected, the spectrum changes markedly
when the sample is photolyzed with UV light (dashed
curve in Fig. 2A). The quantum efficiency for photo-
release of p-aspartate (Q) upon photolysis was 0.041 +
0.005 (n = 3).

A
mNOz Et;N, Me,SO
o0~ "o CH,Br H
HN
O-tBu
O-tBu
o]
B
Z NO, Light
_— =z
(o) 0] Absorption

1 (Ncm-D-Asp)

Transient aci-nitro
photochemical intermediate

For studying photolysis kinetics, we used transient
absorption spectroscopy to monitor the short-lived,
photolytically-generated aci-nitro intermediate (species
in brackets, Fig. 1B) (Schupp et al., 1987; Yip et al.,
1985, 1991; Zhu et al., 1987), whose decay is commonly
taken to be concomitant with cleavage of the caging
group and release of product (McCray and Trentham,
1989; Walker et al., 1988). The kinetic spectroscopy trace
for photolysis of Ncm-p-aspartate in 0.1 M sodium
phosphate buffer (pH 7.41) is shown in Fig. 2B. Photo-
lysis by a single 8.6 ns pulse of 355 nm light gave rise
to a transient spectroscopic trace displaying a single-
exponential time course, with exponential time constant
7 =158 & 3ns (equivalent to a half-life of #,, =
110 &+ 2 ns). That is, photo-release of p-aspartate was
complete in <0.5 ps following flash photolysis. Photoly-
sis kinetics of Nem-p-aspartate depended strongly on sol-
vent conditions, being fastest in aqueous solution (see
Supplemental Fig. 1).

3.2. Activation of glutamate transporters in astrocytes
through photolysis of Ncm-p-aspartate

Astrocytes express glutamate transporters at a high
density (Lehre and Danbolt, 1998), which can be acti-
vated in brain slices through electrical stimulation of
glutamatergic axons (Bergles and Jahr, 1997), or by
the application of exogenous L-glutamate through pres-
sure or photolysis (Bergles and Jahr, 1997; Huang et al.,
2004b). To determine whether photolysis of Nem-p-as-
partate induces transporter activity in this semi-intact

O-tBu

HBr/ HOAC
O-tBu

1 (Ncm-D-Asp)

D-Aspartate

Fig. 1. Synthesis and photochemical release mechanism of Ncm-p-aspartate. (A) Synthesis and structure of N-Ncm-p-aspartic acid (Ncm-p-Asp). (B)
Photo-release of p-aspartate from Ncem-p-aspartate. Light absorption by Nem-p-aspartate generates the short-lived aci-nitro intermediate, which
decomposes into the spent cage (6-nitroso-7-coumaraldehyde) and free p-aspartate.
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Fig. 2. Photolysis of Ncm-p-aspartate monitored by UV—visible ab-
sorption spectrum. (A) The UV—visible absorption spectra, shown in
solid and dashed lines respectively, were acquired before and after pho-
tolysis of Nem-p-aspartate for 60 s with 375 mW of the UV emission
from an argon ion laser. Solvent was 0.1 M sodium phosphate buffer,
pH 7.41. Extinction coefficient (¢) values are reported to facilitate read-
out of ¢ at any wavelength. (B) Photolysis kinetics measured by tran-
sient absorbance spectral change following laser flash photolysis of
Ncm-p-aspartate. The absorbance at 430 nm of a solution of Ncm-
p-aspartate in 0.1 M sodium phosphate (pH 7.41) was monitored. At
time zero, an 8.6 ns, 200 mJ pulse of 355 nm light was delivered to
the sample. In the upper panel, gray points are experimental data (av-
erage of 5 replicates), and the solid black curve is the nonlinear least-
squares single-exponential fit to the data. The double vertical lines in
the upper panel delimit the 45 ns window during which light scattering
from the laser pulse and electronic instabilities of the photometric sys-
tem contribute artifacts to the data; data within this window were not
included in the least-squares analysis. The exponential time constant of
the fitted decay curve is 7 = 158 + 3 ns. The residuals of the fit are
shown in the lower panel. Under flash photolysis conditions, photo-
release of p-aspartate is complete in <0.5 ps.

preparation, we made whole-cell voltage-clamp record-
ings from astrocytes in the CA1 region of hippocampus
and measured their response to photolysis of Ncm-
p-aspartate. When the superfusing solution contained
Ncm-p-aspartate (1 mM), a transient inward current

A B

/
/- RT scaled
100 pA
+Ncm-D-Asp | 100 PA P
X 25 ms
25ms 35°C
C oy D
| . 100 .
gt .
3
é g 80 N .
gx 60 o«
< E .
5 .
8g 0| o

0
0 20 40 60 80 100
25 ms Laser Power (%)

Fig. 3. Photolysis of Ncm-p-aspartate activates glutamate transporter
currents in hippocampal astrocytes. (A) A transient inward current
was elicited in an astrocyte by a 1 ms flash of UV laser light. The in-
ward current was observed in the presence but not in the absence of
Ncm-p-aspartate (Nem-p-Asp, | mM); and was inhibited by TBOA
(200 uM). The trace above shows the duration of UV exposure.
(B) Glutamate transporter currents evoked in astrocytes by photolysis
of Ncm-p-aspartate at room temperature (RT, 22—24 °C) and at
35 °C. The response recorded at room temperature was scaled (thin
trace) to the peak of response recorded at 35 °C. (C) Glutamate trans-
porter currents induced in a single hippocampal astrocyte by uncaging
Ncm-p-aspartate (1 mM) using a range of UV light intensities.
(D) Grouped data showing the relationship between light intensity
and the normalized peak amplitude of the glutamate transporter cur-
rent (n = 7). Error bars are contained within the points. All recordings
were made from astrocytes located in stratum radiatum of area CA1 in
the presence of TTX (1 pM), R,S-CPP (10 uM) and MK-801 (50 uM).
Astrocytes were voltage-clamped at —80 mV with a KMeS-based inter-
nal solution.

was recorded from astrocytes upon brief exposure to
UV light (Fig. 3A). Because p-aspartate is an agonist
of NMDA receptors (Olverman et al., 1988), and astro-
cytes depolarize in response to changes in extracellular
K™, these responses were recorded in the presence of
NMDA receptor antagonists and TTX to block the ex-
citation of surrounding neurons (see Section 2). The cur-
rents recorded from astrocytes in response to photolysis
of Ncm-p-aspartate exhibited a 10—90% rise time of
294+ 0.1ms and a decay 7 of 23.3 +1.2ms (n =7),
similar to transporter currents elicited by endogenous
release from glutamatergic nerve terminals (Bergles
and Jahr, 1997). The peak amplitude of these responses
was 384.2 + 56.7 pA, and was reduced by 93.9 + 0.6%
(n=17) by TBOA (200 uM), a selective antagonist of
glutamate transporters (Shigeri et al., 2001; Shimamoto
et al., 1998) (Fig. 3A). These responses were recorded
with an internal anion (MeS) that does not permeate
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the glutamate transporter-associated anion channel
(Bergles et al., 2002), indicating that they reflect the
movement of charges that are directly coupled to the
flux of p-aspartate. Following 1 ms flash of UV light,
an average charge transfer of 158 +28pC (n=7)
was elicited in astrocytes, corresponding to an uptake
of 4.9 X 10" p-aspartate molecules, as two positive
charges are transferred with each molecule of p-aspar-
tate (Zerangue and Kavanaugh, 1996; Arriza et al.,
1994). Moreover, if it were assumed that each transporter
completes only one cycle following photolysis, an equi-
valent number of transporters would be activated.
The total number of glutamate transporters at the as-
trocyte membrane is conceivably much greater, because
glutamate transporters were still far from saturation un-
der the conditions used for these experiments (see below),
and there is considerable current loss across the low re-
sistance astrocyte membrane (Bergles and Jahr, 1997).
Increasing the temperature from room temperature
(22—24 °C) to near physiological temperature (34—
36 °C) increased the amplitude of these currents and
shortened both their rise and decay times (Fig. 3B), in-
dicating that p-aspartate is cleared more rapidly from
within the slice when the cycle time of these transport-
ers is decreased at higher temperature (Bergles and
Jahr, 1998; Wadiche et al., 1995). Although the Qg
of steady-state cycling of EAAT2 is ~3 (Grunewald
and Kanner, 1995; Wadiche et al., 1995), the charge
movements observed here are likely to be dominated
by the initial steps in the transport cycle, which exhibit
a lower Q; (Bergles and Jahr, 1998). These results in-
dicate that UV photolysis of Ncm-p-aspartate releases
D-aspartate that is subsequently removed by glutamate
transporters in astrocyte membranes.

The amount of D-aspartate released by photolysis was
dependent on the intensity of UV light. As shown in
Fig. 3C and D, the peak amplitude of astrocyte trans-
porter currents varied monotonically over a wide range
of laser intensities (n = 7), indicating that the pool of
transporters expressed by individual astrocytes was not
saturated by the amount of Dp-aspartate released. The
rise times of glutamate transporter currents became
faster as the laser intensity was increased (10—90% rise
time decreased by 8.9 + 1.9% as relative laser power in-
creased from 50% to 100%; n =7, P < 0.01), similar to
transporter currents recorded in outside-out patches,
presumably reflecting the dependence of binding on
the concentration of substrate. Although transporter
currents became slightly more prolonged as the relative
laser power was increased from 50% to 100% (decay
increased by 6.2 + 2.8%, n = 7), this did not reach sta-
tistical significance (P = 0.052). These data may indicate
that the clearance of p-aspartate within the tissue be-
comes slower as more D-aspartate is released. However,
astrocytes at this age express two distinct glutamate
transporter isoforms, GLT-1 and GLAST (Huang

et al., 2004b; Lehre et al., 1995; Rothstein et al., 1994).
Because GLAST exhibits a lower affinity for p-aspartate
and transports D-aspartate more slowly than GLT-1
(Arriza et al., 1994), it is also possible that the slowing
of transporter currents at higher UV intensities arises
from the recruitment of GLAST.

3.3. Physiological properties of Ncm-p-aspartate

Caged analogues of neurotransmitters are of limited
value if they exhibit agonist or antagonist effects at their
respective receptors, as they will alter the properties or
number of receptors available prior to photolysis. Prior
studies have reported that some caged compounds retain
binding activity, in particular, MNI-caged-GABA and
-glycine inhibit the binding of endogenous ligands to
their respective receptors (Canepari et al., 2001a). To de-
termine whether this caged form of p-aspartate is a sub-
strate for glutamate transporters, we measured the
response of astrocytes to a high concentration of Ncem-
p-aspartate in the absence of UV light. Although bath
perfusion of free p-aspartate (500 uM) induced an in-
ward current of —135 + 41 pA (n = 4), application of
1 mM Ncm-p-aspartate did not elicit an inward current
(5.1 £ 7.9 pA, n = 4), indicating that this caged form of
D-aspartate is not a substrate for glutamate transporters.
To determine whether Ncm-D-aspartate is an antagonist
of glutamate transporters we examined its effect on
transporter currents evoked through local pressure ap-
plication of p-aspartate (500 uM). As shown in
Fig. 4A and B, application of Ncm-p-aspartate
(1 mM) had little effect on the amplitude (P = 0.786),
charge transfer (P = 0.092), or rise (P = 0.188) and de-
cay times (P = 0.330) of transporter currents induced by
p-aspartate, indicating that the caged compound is also
not an antagonist of glutamate transporters (n = 9). To
test whether the caging group released as a byproduct
of photolysis interferes with the transport process,
we examined puffer-evoked responses to D-aspartate
(500 uM) in the absence and presence of the photolyzed
Ncm caging group. In order to generate photolyzed Necm
cage within the tissue without concomitant release of
p-aspartate, we photolyzed Ncm-glycine, a compound
which shares the same caging group as Ncm-D-aspar-
tate. The light-absorbing characteristics and quantum
efficiencies of Ncm-glycine and Ncm-p-aspartate are
essentially identical. As shown in Fig. 4C and D, pho-
tolysis of Nem-glycine (1 mM) during the focal applica-
tion of p-aspartate did not significantly change the
amplitude (P = 0.484), charge transfer (P = 0.286), or
rise (P = 0.253) and decay times (P = 0.095) of trans-
porter currents (n = 5), indicating that the spent caging
group also does not interfere with glutamate transport.

For a caged compound to be suitable for studying
high affinity receptors such as transporters (Arriza
et al.,, 1994) it is also important that it is stable in
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Fig. 4. Neither Ncm-p-aspartate nor the photolyzed Ncm cage antag-
onize glutamate transporters. (A) Glutamate transporter currents
evoked in a hippocampal astrocyte by local pressure application of
p-aspartate (500 pM; 5 ms pressure pulse), in the absence (black trace)
and presence (red trace) of Ncm-p-aspartate (Ncm-bp-Asp, 500 pM). A
1 ms UV flash was applied at the end of the recording to demonstrate
the presence of the caged compound. (B) Grouped data showing the
change in peak amplitude, charge transfer, 10—90% rise time and half
decay time of transporter currents elicited through pressure application
of p-aspartate recorded in the absence and presence of Necm-p-aspar-
tate (1 mM, n = 9). (C) Glutamate transporter currents evoked in
a hippocampal astrocyte by local pressure application of p-aspartate
(500 uM; 5 ms pressure pulse) recorded under control conditions
(black trace) or following photolysis of | mM Ncm-glycine (red trace).
(D) Grouped data showing the change in peak amplitude, charge
transfer, 10—90% rise time and half decay time of puffer-evoked trans-
porter currents recorded in the absence and presence of the Ncm cag-
ing group (n = 6). All recordings were made from astrocytes located in
stratum radiatum of area CAl, in the presence of TTX (1 uM), R,S-
CPP (10 uM) and MK-801 (50 uM). Astrocytes were voltage-clamped
at —80 mV with a KMeS-based internal solution.

aqueous solutions; otherwise, a proportion of the trans-
porter population will be occupied prior to exposure to
UV light. Thermal instability is common to carboxylic
acids caged by esterification with the CNB chromophore
(Grewer et al., 2001; Maier et al., 2005; Pettit et al.,
1997). To assess the stability of Ncm-p-aspartate,
a 1 mM solution of the caged compound was prepared
in HEPES ACSF (pH 7.3), stored at 4 °C in the dark,
and applied to astrocytes by local perfusion 2 and
4 days later. This solution produced a change in holding
current of 15.0 + 19.9 pA (n = 5) at 2 days and —5.0 +
7.5 pA (n = 8) at 4 days, indicating that this compound
is highly stable in aqueous physiological buffer.

3.4. Glutamate transporter currents evoked in Purkinje
cells through photolysis of Nem-p-aspartate

The results described above indicate that UV photol-
ysis of Ncm-p-aspartate yields a quantity of p-aspartate
sufficient to induce cycling of large numbers of gluta-
mate transporters in astrocytes. To determine whether
this compound is also capable of inducing glutamate
transporter activity in neurons, where transporters are
typically expressed at a much lower density (Lehre and
Danbolt, 1998), we recorded photolysis-evoked trans-
porter currents from cerebellar Purkinje cells. These
neurons express EAAT4, a transporter that exhibits
a 10-fold higher affinity for glutamate than other gluta-
mate transporter isoforms (Fairman et al., 1995), but cy-
cles ~ 3 times more slowly than GLT-1 (Bergles and
Jahr, 1998; Otis and Jahr, 1998; Auger and Attwell,
2000). Previous studies have shown that EAAT4-medi-
ated currents can be induced in Purkinje cells following
stimulation of glutamatergic parallel and climbing fiber
axons (Delaney and Jahr, 2002; Otis et al., 1997), or
through photolysis of CNB- (Brasnjo and Otis, 2004)
or NI-L-glutamate (Canepari et al., 2001b). When UV il-
lumination (~100 um diameter spot) was centered in
the molecular layer over Purkinje cell dendrites, an in-
ward current of —55.3 + 9.9 pA (n = 5) was elicited fol-
lowing a 1 ms exposure to UV light in Ncm-p-aspartate
(1 mM) (Fig. 5A) that was inhibited by 86.3 £+ 1.5%
(n = 5) of 200 uM TBOA. Photolysis of Ncm-p-aspar-
tate led to an average charge transfer of 9.6 + 2.7 pC.
If it is assumed that each EAAT4 transporter completes
one cycle of transport and contributes a net influx of 2
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| |
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250 ms 1s
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Fig. 5. Photolysis of Ncm-p-aspartate activates glutamate transporter
currents but not mGluR currents or kainate receptor currents in cere-
bellar Purkinje cells. (A) Inward currents recorded from a Purkinje cell
in response to photolysis of Nem-p-aspartate (500 pM, 100 um spot),
in the absence and presence of TBOA (200 uM). (B) Comparison of
the response of a Purkinje cell to photolysis of MNI-L-glutamate
(500 uM) and Ncm-p-aspartate (500 pM) in the presence of TBOA
(200 uM). All currents were recorded at —65 mV in the presence of
SR 95531 (5 uM), picrotoxin (100 pM), R,S-CPP (10 uM) and NBQX
(15 uM).
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positive charges (Auger and Attwell, 2000; Huang et al.,
2004a; Otis and Jahr, 1998), these results suggest that
the photolysis-evoked responses reflect the cycling of
3.0 X 10" EAAT4 transporters. A similar number of
transporters (2.6 X 107) were activated by photolysis
of MNI-p-aspartate (500 uM) (Huang et al., 2005).
Purkinje cells express AMPA, kainate, and metabo-
tropic glutamate receptors (mGluR1), providing an
opportunity to examine whether D-aspartate released
through photolysis is capable of activating these recep-
tors. To determine whether the photo-released p-aspartate
activates kainate receptors and mGluRs we compared
the response of Purkinje cells with the photolysis of Ncm-
p-aspartate (500 pM) and MNI-L-glutamate (500 uM).
When recordings were performed in the presence of TBOA
to block glutamate uptake (and antagonists of AMPA
and GABA, receptors, and TTX), photolysis of MNI-L-
glutamate produced a large (—500 to —1600 pA), slowly
activating inward current in Purkinje cells (Fig. 5B),
which was blocked by the mGIluR1 antagonist LY
367385 (100 uM) (Huang et al., 2005). However, this
slow inward current was not observed in response to pho-
tolysis of Ncm-p-aspartate in the presence of TBOA
(n = 3/3 cells) (Fig. 5B), indicating that the released
p-aspartate did not activate mGluR 1. Notably, a small
(~10 pA) rapidly activating inward current was ob-
served in response to photolysis of MNI-L-glutamate
(in the presence of 25 uM NBQX and TBOA), but not
Ncm-p-aspartate (see Fig. 5B). This small current pre-
sumably results from the activation of GluRS5 containing
kainate receptors (Huang et al., 2004a). Although release
of p-aspartate under these conditions did not result in ac-
tivation of kainate receptors, some kainate receptors
were blocked by NBQX in these experiments. To more
stringently test whether photolysis of Ncm-p-aspartate
activates these receptors, we repeated these experiments
in the presence of GYKI 53655 (10 uM), a selective an-
tagonist of AMPA receptors. Photolysis-evoked responses
under these conditions were inhibited by 84.0 + 0.8%
of 200 uM TBOA, similar to the inhibition observed
with NBQX (P = 0.21). The comparable inhibition by
TBOA in these two experiments indicates that p-aspar-
tate did not activate kainate receptors. Together, these
results show that p-aspartate can be used as a selective
agonist of glutamate transporters in Purkinje neurons.

3.5. NMDA receptor activation induced by photolysis
of Nem-p-aspartate

D-Aspartate is an effective ligand for NMDA recep-
tors (ECso = 10 uM) (Olverman et al., 1988), but has
no appreciable activity at AMPA receptors, suggesting
that Ncm-p-aspartate could be used to selectively acti-
vate NMDA receptors in neurons. To address this
possibility, we measured the response of CAl pyrami-
dal neurons to photolysis of Ncm-p-aspartate. In the

absence of antagonists of glutamate receptors and
transporters, photolysis of Ncm-p-aspartate produced
an inward current when pyramidal neurons were held
at —20 mV (Fig. 6A). The current-to-voltage relation-
ship of this response reversed near 0 mV and con-
tained an area of negative slope conductance (n = 4)
(Fig. 6B), characteristic of responses mediated by
NMDA receptors. These currents were blocked by
R,S-CPP (10 uM) and MK-801 (50 uM) (n =4)
(Fig. 6B), indicating that the p-aspartate released by
photolysis of Ncm-p-aspartate activated NMDA but
not AMPA receptors in these pyramidal neurons. Glu-
tamate transporter-mediated currents were not de-
tected in these neurons, presumably due to the low
level of expression of EAACI1 (Bergles and Jahr,
1998; Danbolt, 2001).

Ncm-p-aspartate (1 mM) did not induce an out-
ward current in neurons held at 30 mV (n = 7), indi-
cating that Ncm-p-aspartate itself does not activate
NMDA receptors and the amount of free p-aspartate
in the solution was undetectable. To address whether
Ncm-p-aspartate acts as an antagonist of NMDA re-
ceptors, we measured D-aspartate-evoked NMDA re-
ceptor currents in the presence or absence of 1 mM
Ncm-p-aspartate. Ncem-p-aspartate did not alter the
amplitude (P = 0.101), charge transfer (P = 0.885),
or rise (P =0.646) and decay times (P = 0.621) of
NMDA receptor currents evoked through focal appli-
cation of p-aspartate (500 uM) (n = 7). To test whether
the caging group released by photolysis alters NMDA
receptor activation, we measured D-aspartate-evoked
NMDA receptor currents before, during and after
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Fig. 6. Photolysis of Ncm-p-aspartate elicits NMDA receptor-mediated
currents in hippocampal CAl pyramidal neurons. (A) Response of
a pyramidal neuron to photolytic release of p-aspartate recorded at
different holding potentials (as indicated). The ACSF contained
1 uM TTX, and responses were recorded with a CsMeS-based internal
solution. (B) Plot of the current-voltage relationship of currents re-
corded from CAl pyramidal neurons in response to photolysis of
Ncm-p-aspartate under control conditions (closed circles) or in the
presence of R,S-CPP (10 uM) and MK-801 (50 uM) (open circles).
Peak amplitudes were normalized to the value recorded at
Vin = =20 mV (n = 4).
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photolysis of Ncm-glycine (1 mM). These experiments
were performed in the continuous presence of 10 uM
D-serine to ensure that the glycine site of the NMDA
receptor was fully occupied. As shown in Fig. 7C and
D, photolysis of Nem-glycine did not alter the ampli-
tude or kinetics of p-aspartate evoked NMDA recep-
tor currents (n = 6). These data indicate that neither
Ncm-p-aspartate nor the photolyzed caging group
has agonist or antagonist activity at NMDA recep-
tors; yet Ncm-D-aspartate can be rapidly photolyzed
by UV light in brain slices to release free p-aspartate
to induce the selective activation of NMDA receptors
in neuronal membranes.

Puff uv
I ! 120
+ Ncm-D-Asp :E: 100 fr g B @
c
G
3 80
B 60
X
J 40
20
ad N @ @ @
& & &
100 pA N ) A
g &
300 ms il
Puff
I
ot 120
B 100 [ B
& 80
(&)
5 60
R a0
- o @ @ @
in Nem-Gl X
(in Nem-Gly) Qq’@ & & £
100 pA S & &
&
200 ms Ll

Fig. 7. Neither Ncm-p-aspartate nor the photolyzed Ncm caging group
antagonize NMDA receptors. (A) NMDA receptor currents recorded
at V, = 30 mV in response to local pressure application of p-aspar-
tate (500 uM; 5 ms pressure pulse) in the absence (black trace) and
presence (red trace) of Necm-p-aspartate (1 mM). A 1 ms UV flash
was applied at the end of the recording to demonstrate the presence
of the caged compound. (B) Grouped data showing the change in peak
amplitude, charge transfer, 10—90% rise time and 90—50% decay time
of NMDA receptor currents elicited through pressure application of p-
aspartate, recorded in the absence and presence of 1 mM Ncm-p-as-
partate (n = 7). (C) NMDA receptor currents evoked in a hippocampal
CA1 pyramidal neuron by local pressure application of p-aspartate
(500 uM; 5 ms pressure pulse), in the absence (black trace) and pres-
ence (red trace) of the UV flash (1 ms) to uncage Ncm-glycine
(1 mM). (D) Grouped data showing the change in peak amplitude,
charge transfer, 10—90% rise time and 90—50% decay time of puffer-
evoked NMDA receptor currents recorded in the absence and presence
of the photolyzed Ncm caging group (n = 6). All recordings were
made in the presence of D-serine (10 pM) and TTX (1 pM). Pyramidal
neurons were voltage-clamped at 30 mV with a CsMeS-based internal
solution.

4. Discussion

In this study we describe the synthesis and physiolog-
ical characterization of Ncm-p-aspartate, a novel caged
analogue of p-aspartate. This compound underwent
rapid photolysis upon exposure to UV light, yielding
free p-aspartate at a concentration sufficient to allow
rapid activation of NMDA receptors and glutamate
transporters in cells within acute brain slices. This method
of inducing transporter activity in situ has substantial
advantages over focal application using pressure (Ber-
gles and Jahr, 1997). Photolysis-evoked responses were
more stable, they were free from mechanical and electri-
cal artifacts, and the concentration of p-aspartate gener-
ated within the tissue could be changed rapidly by
varying the laser intensity. Prior studies have used pho-
tolysis of caged L-glutamate to induce glutamate trans-
porter currents in semi-intact preparations (Brasnjo
and Otis, 2004; Canepari et al., 2001b). However, caged
versions of this endogenous neurotransmitter are of lim-
ited use in studying the interaction between receptors
and transporters at synapses, because glutamate will
activate both simultaneously. We found that photolysis
of Ncm-p-aspartate did not result in the activation
mGluRs (or AMPA /kainate receptors) in neurons, indi-
cating that photo-release of p-aspartate can be used to
selectively probe the status of glutamate transporters
following activation of these synaptic receptors. In vitro
studies have shown that both transporter activity and
density at the cell surface can be regulated through
phosphorylation by protein kinase C (Gonzalez et al.,
2003; Kalandadze et al., 2002), suggesting that activa-
tion of mGluRs in perisynaptic domains may trigger
changes in transport capacity. The availability of a caged
substrate for glutamate transporters that does not acti-
vate mGluRs will help to define the patterns of activity
required to induce local changes in transporter activity
in situ.

Photo-release of p-aspartate from Ncm-bp-aspartate
also efficiently activated NMDA receptors, indicating
that this caged compound can be used to study the prop-
erties and regulation of NMDA receptors in synaptic
and extrasynaptic membranes. Recent studies indicate
that NMDA receptors undergo local trafficking at syn-
apses (Perez-Otano and Ehlers, 2004), an effect that is
induced following activation of mGluRs (Snyder et al.,
2001). By allowing selective activation of NMDA recep-
tors, this caged compound could also be used to deter-
mine the kinetics of receptor internalization following
mGluR activation and the spatial extent of receptor
changes following synaptic stimulation. A photo-labile
analogue of NMDA (B-DNB NMDA) has been devel-
oped to study the gating of NMDA receptors (Gee
et al., 1999). However, because NMDA is not a substrate
for glutamate transporters, clearance of this ligand will
depend on diffusion alone. Thus, photo-release of
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NMDA in situ is likely to trigger long-duration NMDA
receptor-mediated currents, limiting temporal resolution
and causing substantial receptor desensitization. The
properties of Ncm-p-aspartate described here indicate
that it may be more suitable than caged analogues of
NMDA for examining the properties and regulation of
NMDA receptors in brain slices.

The amount of free p-aspartate generated over a period
of days (in the dark at 4 °C) in physiological saline
containing 1 mM Ncm-p-aspartate was below the limit
of detection, indicating that spontaneous hydrolysis of
Ncm-p-aspartate was negligibly slow or absent in aque-
ous solution, as one would predict from the chemical
structure. Even a small amount of free p-aspartate could
alter the behavior of high affinity receptors; in the
case of NMDA receptors by inducing activation, desen-
sitization, internalization, or by creating a population
of singly liganded receptors; in the case of glutamate
transporters, free p-aspartate would decrease the num-
ber of transporters available for uptake and potentially
induce regulatory processes prior to the desired stimulus
(Poitry-Yamate et al., 2002). For this reason, Ncm-Dp-as-
partate has significant advantages over amino acids
caged with the CNB-moiety, which exhibits a high rate
of spontanecous hydrolysis. Neither Ncm-p-aspartate
(1 mM) nor the Nem caging group alone influenced
the activity of glutamate transporters or NMDA recep-
tors. These properties contrast with the antagonistic ef-
fects of CNB-caged-glutamate and CNB-caged-glycine at
NMDA receptors (Maier et al., 2005), NI-caged GABA
at GABA, receptors, and both CNI- and NI-caged-
glycine at glycine receptors (Canepari et al., 2001a).
However, L-glutamate caged with the NI or the MINI
moiety show a similar high stability and a comparable
quantum yield (Canepari et al., 2001a; Maier et al.,
2005). A recently developed caged form of p-aspartate,
MNI-p-aspartate, was also shown to be highly stable
in aqueous solution, biologically inert, and able to trig-
ger the activation of glutamate transporters and NMDA
receptors in brain slices upon photolysis (Huang et al.,
2005). MNI-p-aspartate exhibited a higher apparent
quantum yield (Q = 0.09) than Ncm-p-aspartate (Q =
0.04). Consistent with this observation, it was necessary
to use about twice as much Ncm-p-aspartate to elicit
a transporter current of similar amplitude. However,
Ncm-p-asparate, even at this higher concentration,
did not measurably alter signaling through AMPA or
NMDA receptors, or act as an inhibitor of glutamate
transporters. Thus, MNI- and Ncm-caged versions of
D-aspartate appear equally suitable for photo-release
of p-aspartate under the present conditions. Recent
studies have shown that MNI-L-glutamate can be photo-
lyzed through two-photon excitation using the output
of a Ti-sapphire laser, which has allowed the functional
mapping of AMPA receptors on neurons (Matsuzaki
et al., 2001). However, this approach requires millimolar

concentrations of MNI-L-glutamate, suggesting that
Ncm-p-asparate may be less suitable for studies that in-
volve two-photon uncaging. The development of Ncm-
D-aspartate as a new photo-labile form of p-aspartate
suitable for triggering rapid activation of receptors
and transporters within intact tissue will aid the study
of the regulation of these proteins in their native
membranes.
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