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ABSTRACT. Theb-isomer of aspartate is efficiently transported by high-affinity a -dependent glutamate
transporters and is an effective ligandMimethylp-aspartate (NMDA) receptors. To facilitate analysis

of the regulation of these proteins in their native membranes, we synthesized a photolabile analogue of
D-aspartate, 4-methoxy-7-nitroindolingtaspartate (MNb-aspartate). This compound was photolyzed
with a quantum efficiency of 0.09 at pH 7.4. Photoreleas®-akpartate in acute hippocampal slices
through brief (1 ms) UV laser illumination of MNb-aspartate triggered rapidly activating currents in
astrocytes that were inhibited by the glutamate transporter antagartisteo/3-benzyloxyaspartic acid
(TBOA), indicating that they resulted from electrogenic uptake-aSpartate. These transporter currents
exhibited a distinct tail component that wa2% of the peak current, which may result from the release

of K* into the extracellular space during counter transport. MNispartate was neither an agonist nor

an antagonist of glutamate transporters at concentrations up \6@0d was stable in aqueous solution

for several days. Glutamate transporter currents were also elicited in Bergmann glial cells and Purkinje
neurons of the cerebellum in response to photolysis of Mfdkpartate, indicating that this compound

can be used for monitoring the occupancy and regulation of glutamate transporters in different brain
regions. Photorelease ofaspartate did not activate-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

acid (AMPA)/kainate receptors or metabotropic glutamate receptors (mGIuRs) in neurons, but resulted in
the selective, but transient, activation of NMDA receptors in hippocampal pyramidal neuronsp-MNI-
aspartate was not an antagonist of NMDA receptors. These results indicate thai-ddgartate also

may be useful for studying the regulation of NMDA receptors at excitatory synapses.

Glutamate released at synapses during excitatory neu-prolonged changes in the expression or activity of glutamate
rotransmission in the mammalian central nervous system istransporters could significantly alter signaling at excitatory
ultimately removed from the extracellular space by high- synapses, network activity, and the extent of excitotoxic
affinity Nat- and K"-dependent glutamate transporters. By damage after injury or disease. However, the mechanisms
preventing glutamate accumulation, these transporters helpresponsible for regulating glutamate transporter activity in
to preserve the fidelity of transmission and prevent excito- situ are not well understood.
toxicity (1, 2). In addition to these homeostatic functions, Glutamate transporter activity can be monitored through
glutamate transporters act on a rapid time scale to shape theiptake of radiolabeled substrates, through optical measure-
activation of receptors, particularly NMDAN¢methylb- ments of cytosolic pH changes or absorbance of voltage-
aspartaté)receptors and mGIuRs in extrasynaptic domains sensitive dyes, or by recording transporter-associated charge
(3—8), and to limit spillover of glutamate between neighbor- movements X1). Glutamate uptake leads to net charge
ing synapses9 10). These results suggest that acute or movement, because two positive charges are carried into the
cell during each cycle of transportZ, 13), and binding of
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glutamate to the transporter increases its conductance tanann glial cells, and Purkinje cells, as well as NMDA
certain anions X4). Transporter-associated currents are receptor currents in pyramidal neurons; however, it did not
proportional to the movement of glutamafe?(15), provid- evoke AMPA/kainate or metabotropic glutamate receptor
ing a means to monitor glutamate transporter activity in currents. Thus, MNb-aspartate can be used to activate
individual cells with high temporal fidelity. Glutamate glutamate transporters and NMDA receptors in native
transporter currents can be elicited from astrocytes in brain membranes and to reveal the interactions between receptors
slices following stimulation of excitatory afferent$g), by and transporters at excitatory synapses in acute brain slices.
bath application of substrate, by focal application of substrate

using pressure, or by photolysis of caged substr&ed e MATERIALS AND METHODS

analysis of synaptic transporter currents is complicated by .

the dependence on nerve terminals for glutamate, while bathSynthesis of MNb-aspartate

application is very slow and lacks spatial precision. Pressure
application improves temporal and spatial resolution but
requires positioning of the application pipet within tissue,
and_responses elicited using .this ?‘pp“’.aCh exhibit POOr . 250 mm) was used for HPLGH and 3C NMR were
stability due to repeated mechanical disruption of surrounding

. . .dmeasured on a Varian Mercury 300.

tissue. In contrast, photolysis of caged substrates allows rapi ) . .
and focal activation of transporters, in a manner free from  Synthesis. (1) N-(tert-Butoxycarbonghaspartic acid
mechanical artifact. o-tert-butyl estel(2) was prepared according to a published

General RemarksSilica gel 60 (mesh 63200 micron)
was used for flash chromatography. A Beckman System Gold
fitted with Hamilton PRP-1 columns (4 250 mm, or 20.1

An ideal caged compound should have the following Procedure23).
properties: (1) it must be biologically inert (neither an agonist ~ (2) 4-Methoxyindolinyl N-(tert-Butoxycarbonyl)aspartic
or antagonist), (2) the compound should be rapidly releasedAcid o-tert-Butyl Ester 8). N-(tert-Butoxycarbonyl)e-
upon photolysis (release half-time 20 us), (3) uncaging  aspartic acidu-tert-butyl ester (356 mg, 1.23 mmol), 1,3-
should make efficient use of the incident light (exhibit a large dicyclohexylcarbodiimide (254 mg, 1.23 mmol), and 4-(di-
extinction coefficient and quantum vyield), (4) the caging methylamino)pyridine (150 mg, 1.23 mmol) were added to
group byproduct should not exhibit activity nor be harmful @ solution of 4-methoxyindoline (142 mg, 0.95 mmol),
to cells, and (5) the caged compound must not undergo Synthesized as described previousi§)( in dichloromethane
spontaneous hydro]ysis during storage or in physio|0gica| (7 mL) The reaction mixture was stirred at room temperature
buffer. For studies of high-affinity receptors such as trans- for 20 h and then it was filtered, diluted with GEl,, and
porters Km range 4—97#M) (17) and NMDA receptorsKm washed with saturated NaHG@olution, 0.5 N HCI, and
~ 5 uM) (18), this latter property is particularly important, ~brine. The organic layer was dried (Mg9@nd evaporated
as this free substrate will alter baseline conditions by causingto dryness. The crude product was purified by flash column
activation in the absence of light. Our previous studies chromatography (ethyl acetate/hexane 1:3) to yield product
indicate that MNI-caged-glutamate (MNIt-glutamate) is 3 as white solid (357 mg, 0.85 mmol, 89%JH NMR
very stable 24), and this knowledge was a prime driving (CDClk) 6 7.8 (1H, d,J = 8.1 Hz), 7.15 (1H, tJ = 8.1 Hz),
force for the synthesis of MNb-aspartate. Although- 6.58 (1H, d,J = 8.1 Hz), 5.82 (1H, dJ = 8.9 Hz), 4.48
glutamate is the primary physiological substrate of glutamate (1H, m), 4.04 (2H, tJ = 8.2 Hz), 3.83 (3H, s), 3.1 (3H, m),
transporters, caged versions.efilutamate are of limited use ~ 2.83 (1H, ddJ = 4.0, 16.8 Hz), 1.45 (9H, s), 1.44 (9H, s);
for studying the interaction of glutamate receptors and “*C NMR (CDCk) 6 170.6, 168.6, 156.0, 155.9, 144.1,129.1,
g|utamate transporters in situ, as the |iberategjutamate 118.5, 110.2, 106.4, 82.1, 79.8, 55.6, 50.9, 48.7, 38.7, 28.7,
will act on receptors and transporters simultaneous8).(  28.3, 25.5; IR (neat) 3440, 3040, 2980, 2938, 1740, 1710,
In contrastp-aspartate offers significant advantages, as itis 1660, 1610, 1490, 1465, 1415, 1365, 1340, 1150, 1060, 840
efficiently transported X7) but it is unlikely to have  c¢m % MS (ESI)mz421.2 (M+ H7).
appreciable activity at AMPA receptors, kainate receptors, (3) 4-Methoxy-7-nitroindolinyl N-(terButoxycarbonyl)-
or mGIuRs. A previous report described the synthesis of an p-tert-butylaspartic Acid 4). To a solution of3 (357 mg,
CNB-caged-aspartate and showed that this compound could 0.85 mmol) and silver nitrate (0.287 g, 1.7 mmol) in
be used to study the activation kinetics of EAACI, the acetonitrile (10 mL) was added a solution of acetyl chloride
primary neuronal glutamate transporter, when heterologously(0.133 g, 1.7 mmol) in acetonitrile (5 mL). The reaction
expressed in HEK293 cells2Q). However, this caged  mixture was filtered; the filtrate was diluted with ethyl acetate
compound has been reported to be somewhat unstable, and washed with saturated solution of sodium bicarbonate.
common problem of excitatory amino acids caged with CNB The solvent was removed by rotary evaporation, leaving a
(21), and its activity at glutamate transporters in situ has not dark orange oil, which was purified over silica gel using ethyl
been examined. acetate/hexane (1:2) to yield 251 mg (0.54 mmol, 64%) of

Here we describe the synthesis of a novel caged form of product5: *H NMR (CDCl) 6 7.74 (1H, d,J = 9.0 Hz),
p-aspartate (MNb-aspartate), in which thg-carboxylate 6.63 (1H, d,J = 9.0 Hz), 5.67 (1H, broad d] = 8.1 Hz),
of p-aspartate is coupled to 4-methoxy-7-nitroindolinyl 4.44 (1H, m), 4.22 (2H, tJ = 8.1 Hz), 3.90 (3H, s), 3.16
(MNI) through a photolabile amidic bon@2), and examine  (1H, dd,J = 4.1, 16.5 Hz), 3.07 (2H, t) = 8.1 Hz), 2.97
the responses triggered in neurons and glial cells in acute(1H, dd,J = 4.1, 16.5 Hz), 1.47 (9H, s), 1.42 (9H, $¥C
brain slices upon photolysis. MNi-aspartate is stable in  NMR (CDCl;) 6 170.0, 169.1, 158.8, 155.8, 136.4, 135.4,
solution, can be photolyzed rapidly, and is biologically inert. 125.5, 122.8, 106.5, 82.4, 79.8, 56.1, 51.1, 49.0, 37.7, 28.6,
Upon brief exposure to near-UV light, this compound reliably 28.1, 26.5; IR (neat) 3420, 3050, 2980, 2930, 1740, 1710,
evoked glutamate transporter currents in astrocytes, Berg-1680, 1610, 1590, 1530, 1490, 1450, 1390, 1365, 1340, 1270,
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1250, 1230, 1150, 1080, 1050, 890, 750, 700%MS (ESI) With these solutions the series resistance during recordings
m/z 488.2 (M + Na"). was <10 MQ and was left uncompensated. Unless stated
(4) 4-Methoxy-7-nitroindolinyb-aspartic Acid (). TFA otherwise, holding potentials have not been corrected for the
(0.7 mL) was slowly added to a solution of compoud  junction potential. Whole-cell currents were amplified using
(113 mg, 0.24 mmol) in dichloromethane (3 mL). The an Axopatch 200B (Axon Instruments), filtered at2 kHz
reaction mixture was stirred at room temperature for 20 h and sampled at 3620 kHz. A 0.5-5 mV step was applied
and then the solvent was removed and the crude materialat the beginning of each trace to measure both the membrane
was purified by preparative HPLC (isocratic elution with and access resistances. Perforated patch recordings were
20% CHCN in H,0) to yield 37 mg (0.12 mmol, 50%) of  performed in the cell attached patch mode by including
productl: H NMR (D;0) 6 7.78 (1H, dJ = 9.3 Hz), 6.88 Amphotericin-B (12Qug/mL) in the KMeS internal solution.
(1H, d,J = 9.3 Hz), 4.43 (1H, tJ = 5.0 Hz), 4.29 (2H, t, Solution ApplicationCaged compounds were dissolved
J=8.0Hz), 3.94 (3H, s), 3.39 (2H, m), 3.08 (2HJt= 8.0 in HEPES-buffered saline (HEPES ACSF) containing (in
Hz):; 13C NMR (D-0) 6 171.0, 169.2, 159.5, 135.0, 134.3, mM) NaCl (137), KCI (2.5), CaGl(2.5), MgCk (1.3), and
125.7, 123.9, 108.3, 56.3, 50.5, 49.7, 34.9, 26.1; M8  HEPES (20); the pH was 7.3. Solutions containing caged
307.8 (M— H™). compounds were applied to the slice using a wide-bore (tip
Quantum YieldThe quantum yield for uncaging MNi- diameter 5&100ur_n) pipet gonnected toa manifold fed by
aspartate was measured by comparing the time of photolysisfour 10 mL reservoirs. Solutions were switched by alternately

with the filtered (286-400 nm) output of a 500 W medium- opening.and closing valves attached to each reservoir.
pressure Hg lamp of an equimolar solution (28l) of Antagonists were used to block voltage-gated Naannels

MNI-L-glutamate and MNb-aspartate in HEPES ACSF. (tetrodotoxin, TTX; 1uM), AMPA/kainate receptors (2,3-
Inosine was used as an inert internal standag (The path dioxo-6-nitro-1,2,3,4-tetrahydroben4fgjuinoxaline-7-sul-

length of the cuvette was 0.1 mm. fonamide disodiumlsalt, NBQX; 10M), NMDA receptors_
[(R9-3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid,
Slice Preparation and Electrophysiology RSCPP (1quM); (5R,109)-(+)-5-methyl-10,11-dihydro43-

dibenzop,d]cyclohepten-5,10-imine hydrogen maleate, MK-

Slice PreparationHippocampal slices were prepared from 801 (50 uM)], and GABA, receptors (6-imino-3-(4-
12—-17-day-old SpragueDawley rats in accordance with @ methoxyphenyl)-1(H)-pyridazinebutanoic acid dihydro-
protocol approved by the Animal Care and Use Committee bromide, SR-95531; &M). In some experiments, group |
at Johns Hopkins University. Rats were deeply anesthetizedmGluRs were blocked with LY367385 (1GM). Glutamate
with halothane and decapitated, the hippocampi were dis-transporters were inhibited usinm-threo$-benzyloxyas-
sected free, mounted in agar blocks, cut in 400 thick partic acid (TBOA, 106-200 xM). The specific blockers
transverse sections using a vibratome (VT1000S, Leica), inused in each experiment are indicated in the figure legends.
oxygenated ice-cold artificial cerebrospinal fluid (ACSF) For each experiment, the caged compound solution contained
containing (in mM) NaCl (119), KCI (2.5), Ca£l2.5), the same concentration of antagonists present in the bath
MgCl (1.3), NaHPO, (1), NaHCQ (26.2), andb-glucose  solution. In some experiments;aspartate (500M dissolved
(11). Slices were allowed to recover on a gauze netin HEPES ACSF) was applied locally through a small-tip
submerged in ACSF at 37C for 30 min and kept at room  pipet (~1 um diameter) using a picospritzer (Pressure System

temperature thereafter. For cerebellar slices, 250thick lle, Toohey Co.); a 510 ms pulse of 1520 psi was used
parasagittal sections were prepared. Brain slices were usedo eject the solution. All appropriate blockers were included
within 7 h of preparation. in the puffer pipet solution.

Whole Cell RecordingBrain slices that had recovered for Photolysis of Caged Compoundir photolysis, an argon
at leas 1 h were transferred to a Lucite chamber with a ion laser (Stabilite 2017-AR, Spectra-Physics) providing
coverslip bottom and continuously superfused with oxygen- ~230 mW or 380 mW of multi-line UV light (333:6363.8
ated ACSF. Individual cells (astrocytes, CA1 pyramidal nm) was coupled to the microscope through a multimode
neurons, Bergmann glial cells, or Purkinje neurons) were quartz fiber optic cable (Oz Optics Ltd.). The output of the
visualized through a 40 water immersion objective (Olym-  fiber optic was collimated using a quartz lens, projected
pus LUMPIanFI, NA= 0.8) using an upright microscope through the fluorescence port of a Zeiss Axioskop FS2
(Axioskop FS2, Zeiss) equipped with infrared-Nomarski microscope, and focused to~850 um spot using a 4R
optics and a CCD camera (Sony XC-73). Recording elec- water immersion objective (Olympus LUMPIlanFl) or to a
trodes were pulled from glass capillary tubing and had a ~100 um spot using a 20 water immersion objective
combined resistance of £8.0 MQ when filled with the (Olympus UMPIlanFIl). The UV spot was centered on the
internal solution. For astrocytes and Bergmann glial cells, soma of astrocytes or pyramidal cells or on the dendritic
the internal solution contained (in mM) KGBsS (KMeS) arbor of the Purkinje cells, using a targeting laser (633 nm
(120), EGTA (10), HEPES (20), Mg&l1), Na&ATP (2), HeNe). To control the length of exposure, a computer-
and NaGTP (0.2); the pH was 7.3. For neuronal recordings controlled, programmable pulse generator (Master 8, AMP
the internal solution contained (in mM) Cs@BS (CsMeS) Instruments) was used to trigger a high-speed laser shutter
(105), TEA-CI (20), EGTA (10), HEPES (20), Mg£(1), (NM laser) placed between the laser head and the fiber
QX-314 (1), NaATP (2), and NaGTP (0.2); the pH was 7.3. launch. Photolysis was achieved by opening the shutter for
To record transporter-associated anion currents from Purkinjel ms. In some experiments, the intensity of the laser was
neurons, the internal solution contained (in mM) CsNO varied using the aperture on the laser head. The output
(100), TEA-CI (20), EGTA (10), HEPES (20), Mg£(1), intensity for each aperture was measured using a power
QX-314 (1), NaATP (2), and NaGTP (0.2); the pH was 7.3. meter. A laser intensity (at the output) of 230 mW was used
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Ficure 1: Synthesis and structure of Mlaspartate.

for recordings from astrocytes, Bergmann glial cells, and

pyramidal neurons (40 objective), corresponding to a total
light energy of 29 mJ/cf An intensity of 380 mW was
used for recordings from Purkinje neurons 20bjective),
corresponding to a total light energy of 48 mJfcifhese

values reflect 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.

Chemicals Used for Photolysis ExperimentdNI-L-
glutamate, NBQX,R S CPP, MK-801, LY367385, SR-
95531, and TBOA were purchased from TocoisAspartate
was purchased from Sigma. TTX and QX-31M-(,6-
dimethylphenylcarbamoylmethyl)triethylammonium chlo-
ride) were purchased from Alomone Labs.

Data Analysis and StatisticBata were analyzed off-line
using Clampfit (Axon Instruments) and Origin (Microcal)

Biochemistry, Vol. 44, No. 9, 2003319

MNI-D-Asp
MNI-L-Glu (scaled)

+ TBOA

Recovery

_|100pA

20 ms

Control

Ficure 2: Photolysis of MNIp-aspartate activates glutamate
transporter currents in hippocampal astrocytes. (A) A transient
inward current was elicited in an astrocytg & 1 msflash of UV
laser light in the presence but not in the absence of Hdbpartate
(MNI-p-Asp, 125uM). The trace above shows the duration of UV
exposure. (B) The response elicited by photolysis of NNI-
aspartate (MNB-Asp, 125uM, red trace) exhibited similar kinetics

to the response elicited by photolysis of MNglutamate (MNI-

software. For experiments on astrocytes, only cells in which L-Glu, 125uM). (C) The current evoked by photolysis of MisH

the amplitude of the response to-& mV step changed by

less than 25% during the course of an experiment wer

analyzed. All values are represented as meatandard error
of the mean. The Studentistest (paired or unpaired, as
appropriate) was used for statistical comparigorg 0.05

aspartate was reversibly inhibited by TBOA (20M). (D) The

eglutamate transporter current evoked in astrocytes by photolysis

of MNI-p-aspartate exhibited a larger peak amplitude and faster
decay at near physiological temperature. (R.T., room temperature).
All recordings were made from astrocytes located in stratum

radiatum of area CAL, in the presence of TTXy W), RSCPP

was considered significant. The rise time of responses was(104M), MK-801 (50uM), and NBQX (10uM). Astrocytes were

calculated from 1690% of the peak response, and the

voltage-clamped at80 mV with a KMeS-based internal solution.

decay was measured using a single-exponential least-squareg,ye the same extinction coefficient, so analysis of the
fit. Half-decay refers to the time required for the response . adiation of an equimolar solution of both compounds, to

to decay to 50% of the peak amplitude.

RESULTS

Synthesis and Quantum Yield of Midaspartate.The
steps involved in the synthesis of MMlaspartate are
outlined in Figure 1. The requisitely protectedaspartate

test the relative extent of photolysis, yields the quantum of
MNI-p-aspartate uncaging. We found that when a solution
containing 0.25 mM of each compound was irradiated (total
OD = 0.215, to ensure uniform photolysis), the quantum
yield was 0.09+ 0.01 ( = 3), slightly faster than that of
MNI-L-glutamate 24).

was synthesized in the same manner as reported previously Photolysis of MNIe-aspartate Triggers Glutamate Trans-

for L-aspartate 43) in a yield of 73%. TheS-carboxylate
was coupled to 4-methoxyindoline24) using standard
DCCD/DMAP conditions to give3 in a yield of 89%. The

porter Currents in AstrocytesGlutamate transporters are
present at a high density in the membranes of astrocytes in
the hippocampu<(), and application of-glutamate through

essential nitro functionality was introduced into intermediate pressure or photolysis in brain slices induces an inward

3 using silver nitrate and acetyl chlorideg) to give
7-nitroindoline4, along with the undesired 5-nitro isomer.
The yield of4 after flash chromatography was 64% (the 7-

current in astrocytes that is blocked by glutamate transporter
antagonistsg, 16). To determine whether photolysis of MNI-
D-aspartate is also capable of eliciting glutamate transporter

and 5-nitro isomers could easily be separated at this stagecurrents in situ, we made whole-cell voltage-clamp record-

unlike MNI-L-glutamate). The BOC anert-butyl protecting
groups were removed by treatmentb4fvith TFA to give
the target caged-aspartate], in a yield of 50% after HPLC
purification. HPLC purification of MNIp-aspartate was
essential to remove free-aspartate.

Quantum Yield of PhotolysisThe quantum yield of
uncaging of MNIp-aspartate was determined by direct
comparison with MNIe-glutamate. Both caged compounds

ings from astrocytes in the CA1 region of hippocampus and
measured their response to UV light in the presence of MNI-
p-aspartate. When the ACSF contained antagonists of
AMPA, NMDA, and GABA\ receptors, as well as TTX (see
Materials and Methods) to block possible indirect effects
resulting from excitation of surrounding neurons, brief (1
ms) exposure to laser UV light produced a rapidly activating,
transient, inward current in astrocytes (Figure 2A) that was
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only observed when the superfusing solution contained MNI-
p-aspartate (12xM). These currents had a slightly faster |

rise time than responses elicited by photolysis of LB5 100 /°
MNI-L-glutamate (rise time: MNb-aspartate, 3.1 0.2 ms; § E 80 o
MNI-L-glutamate, 3.5+ 0.2 ms,p < 0.001) but slightly £E g0 N
slower decay kinetics (decay MNI-p-aspartate, 16.% E g 40 o’

0.9 ms,n = 11; MNI-L-glutamate, 15.4£ 0.6 ms,p < 0.05, %5 5 ,./

n = 11) (Figure 2B) 6). The peak amplitude of these Jmo a2 Va

responses was reduced by 94:3.6% ( = 4) by TBOA P 01¢

(200 uM), a selective antagonist of glutamate transporters 20 ms 0 20 40 60 80 100
(28, 29) (Figure 2C). These currents reflect the movement Laser Power (%)
of charges that are directly coupled to the flux of glutamate, B

as they were recorded with an internal solution (KMeS) that | _

does not reveal the glutamate transporter-associated anion s € 10

conductance 30). Increasing the temperature from room ) Q@

temperature (2224 °C) to near physiological temperature Tail Current 2 5

(34—36 °C) increased the amplitude of these responses by < +\. o
34.14+6.2% ( < 0.01) and decreased the rise time by 10.0 s | T Tmee—e
+ 3.5% ( < 0.05) and the decay time by 29492.6 % J 200 pA 3

=5, p < 0.001) (Figure 2D), in accordance with the high Peak T

temperature dependence exhibited by glutamate transporters 100 ms " 0 20 40 60 80 100
(31, 32). However, the charge transfer induced by these Laser Power (%)
currents was similar at higher temperature (3:03.2% Ficure 3: Photolysis evoked glutamate transporter currents re-

increasep = 0.099,n = 5), suggesting that a comparable corded at different UV light intensities. (A) (Left) Glutamate
amount ofb-aspartate was transported at both temperatures.transporter currents induced in a hippocampal astrocyte by uncaging

These results indicate that laser-induced photolysis of MNI- MNI-p-aspartate (12aM) with a range of UV light intensities.

- . - . (Right) Grouped data showing the relationship between light
D-aspartate releases the free amino acid, which is the”imensity and the normalized peak amplitude of the evoked

removed by glutamate transporters in astrocyte membranesyansporter currenin(= 3). (B) (Left) A single response recorded
By varying the intensity of UV light, it was possible to  from an astrocyte in response to MNi{aspartate photolysis

control the amount ob-aspartate liberated. As shown in illustrating the discrete peak and tail currents. (Right) Grouped data

Figure 3A, the peak amplitude of astrocyte transporter showing the relative amplitude of the tail current (% of peak) at

isi d tonically with | ina | different UV light intensities. The tail current was measured by
currents increased monotonically with increasing laser pOwer, 5yeraging the current 56600 ms after the flashn(= 3). Al

suggesting that glutamate transporters were operating in arecordings were made from astrocytes located in the stratum
linear range of their dose-response curve under theseradiatum of area CAL, in the presence of TTXy/(l), RS-CPP

conditions. As expected from the concentration dependence(104M), MK-801 (504M), and NBQX (10uM). Astrocytes were

of binding, the rise times of glutamate transporter currents voltage-clamped at80 mV with a KMeS-based internal solution.
became faster as the laser intensity was increased, from 2.1

+ 0.1 ms at 50% laser power to 1470.1 ms = 3,p < results suggest that the photolysis-induced tail current occurs
0.01) at 100% (relative) power (230 mW at laser output; 50 as a direct result of glutamate transporter activation.

um spot illumination), similar to concentration-dependent  Physiological Properties and Aqueous Stability of MNI-
effects on transporter currents observed in outside-out patches-aspartate An ideal caged substrate of glutamate transport-
removed from astrocytes ). However, unlike responses ers should not act as a substrate or an antagonist and should
recorded from patches, photolysis-induced glutamate trans-be stable in aqueous solution. To determine whether our new
porter currents recorded in situ became more prolonged ascaged compound is a substrate for glutamate transporters,
morep-aspartate was released (half-decay time: 50% relativewe measured the response of astrocytes to a high concentra-
intensity, 22.8+ 4.1 ms; 100% relative intensity, 272 tion of MNI-p-aspartate. Although perfusion of free

4.5 ms,n = 3, p < 0.01), suggesting that clearance from aspartate (502M) induced an inward current 6f134.7+
within the tissue is delayed as maveaspartate is liberated 41.0 pA ( = 4), application of 50uM MNI- p-aspartate

or that additional GLAST transporters, which exhibit a lower did not elicit a consistent response5.2+ 11.3 pA,n =
affinity and slower transport rate far-aspartate 17), are 6, p > 0.05), indicating that the caged compound is not a
recruited at higher laser intensities. substrate for glutamate transporters. Although MNI-

In addition to the transient response, glutamate transporteraspartate did not activate glutamate transporters, it could act
currents recorded from astrocytes exhibited a slowly decayingas an antagonist, similar to the aspartate analogues TBOA
“tail current” that required several seconds to return to and THA @9). This is a significant concern because other
baseline (Figure 3B), similar to transporter currents evoked caged neurotransmitters (e.g., 4-methoxycarbonyl-7-nitroin-
in astrocytes through synaptic relead®)( The amplitude dolinyl-caged-GABA and -glycine) have been demonstrated
of this prolonged inward current was2% of the peak, and  to have antagonistic properties at their respective receptors
this proportion remained fixed at all laser intensities (Figure (19). To determine whether MNb-aspartate is an antagonist
3B). This tail current is unlikely to have resulted from of glutamate transporters, we examined the effect of the
activation of voltage-gated channels in surrounding neurons, caged compound on responses evoked through local pressure
as UV illumination under these conditions did not elicit a application ofp-aspartate (50@M). As shown in Figure
response from surrounding neurons (see Figure 7). ThesedA, application of MNIp-aspartate (50uM) did not
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Ficure 4: MNI-p-aspartate does not antagonize glutamate trans-
porters. (A) (Left) Glutamate transporter currents evoked in a
hippocampal astrocyte by local pressure application-a$partate
(500 uM; pressure pulse,510 ms at 15-20 psi), in the absence
and presence of MNb-aspartate (MNB-Asp, 5004M). A 1 ms

UV flash was applied at the end of the recording to demonstrate
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Ficure 5: Photolysis of MNIp-aspartate elicits glutamate trans-
porter currents in Bergmann glia of the cerebellum. (A) Inward
currents recorded from a Bergmann glial cell in response to
photolysis of MNIp-aspartate (12%M) were inhibited by the
glutamate transporter antagonist TBOA (2081). SR-95531 (5
uM), RSCPP (10 uM), and NBQX (10 uM) were present
throughout the experiment. (B) Grouped data comparing the peak
amplitudes and percent inhibition by TBOA of responses recorded
in Bergmann glia and hippocampal astrocytes in response to
photolysis of MNIp-aspartate. Numbers in parentheses indicate the
number of experiments. Transporter currents in each case were
recorded with a 4R objective using 125M MNI- p-aspartate.
Astrocytes and Bergmann glia were voltage-clamped &b mV

with a KMeS-based internal solution. f*< 0.01; ***p < 0.001.

cells throughout the central nervous system express glutamate
transportersX1), but the types of transporters expressed and

the presence of the caged compound. (Right) Grouped data showingheir density vary among cells in different brain regions.

the change in peak amplitude, charge transfer; 4@ rise time,

Bergmann glial cells contribute to the clearance of glutamate

and half-decay time of transporter currents elicited through pressurereleased at climbing fiber and parallel fiber terminals in the

application ofp-aspartate recorded in the absence and presence of

MNI-p-aspartater{ = 4). (B) (Left) Peak amplitude of glutamate
transporter currents recorded from an astrocyte over a period of 2
min in a perforated-patch recording configuration ([MbHaspar-
tate]= 125uM). Three representative traces are shown in the inset
to illustrate the time course of the transporter currents over the
duration of the recording. (Right) Grouped data showing normalized
peak amplitudes over the 25 min recording period for four
experiments. All recordings were made from astrocytes located in
stratum radiatum of area CAL, in the presence of TTXu[),
RSCPP (10uM), MK-801 (50 uM), and NBQX (10 uM).
Astrocytes were voltage-clamped-a80 mV with a KMeS-based
internal solution.

significantly change the amplitude, charge transfer, or time
course of transporter currents inducedobgspartate, indicat-

molecular layer of the cerebellurB3—36). To determine if

sMNI-p-aspartate can also be used to activate glutamate

transporters in Bergmann glial cells, we made whole cell
recordings from these cells in acute cerebellar slices and
measured their response to uncaging of MiNdspartate. As
shown in Figure 5A, an inward current was triggered in
Bergmann glial cells by the same uncaging conditions that
were used to elicit glutamate transporter currents in astrocytes
(125 uM MNI-p-aspartate, 1 ms UV exposure), and this
current was similarly inhibited by TBOA (200M). Re-
sponses elicited from Bergmann glial cells were smaller on
average than responses recorded from astrocytes (Bergmann
glia, 63.2+ 7.3 pA,n = 7; astrocytes, 454.5% 84.9 pA,n

= 4, p < 0.01) and were inhibited less by TBOA (%

ing that the caged compound is not a glutamate transporterinhibition: Bergmann glia, 81.5- 1.1%,n =7, p < 0.01)
antagonist. To assess the stability of the caged compound, gFigure 5B). These data are consistent with the lower affinity

500 uM solution of MNI-p-aspartate was prepared in
HEPES-ACSF (pH 7.3), stored at € in the dark, and
applied to astrocytes 2 and 4 days later. This solution
produced a change in holding current of 18:(.8.8 pA f

= 6) at 2 days and-8.7 + 3.3 pA (h = 3) at 4 days,
indicating that this compound is highly stable in aqueous

of TBOA for GLAST (29), the primary glutamate transporter
expressed by Bergmann gli&@5 36), than GLT-1, the
primary glutamate transporter expressed by astrocg@s (
Bergmann glial responses also exhibited slower rise and
decay kinetics than transporter currents recorded from
astrocytes, perhaps reflecting both the lower affinity of

solution. The amplitude of glutamate transporter currents GLAST for p-aspartate X7) and the lower density of

induced by photolysis of MNb-aspartate was dependent on
the concentration of MNb-aspartate, the relative locations
of the superfusion pipet, the cell, and the illumination area,

transporters expressed by Bergmann glial celi§.(
Glutamate Transporter Currentsgked in Purkinje Cells
through Photolysis of MNb-aspartate The previous results

as well as the depth of the cell within the slice. For a given indicate that MNIp-aspartate can be used to probe trans-
configuration, the peak amplitude of the transporter current porter activity in astroglial cells. To determine whether this
was stable for-30 min with repeated uncaging (Figure 4B) compound is also suitable for monitoring glutamate trans-
but became more prolonged over time (half-decay time was porter activity in neurons, we examined photolysis-induced

increased by 26.5- 5.9% after 30 minn = 4, p < 0.001).
Glutamate Transporter CurrentsBked in Bergmann
Glial Cells through Photolysis of MNb-aspartate Astroglial

responses in cerebellar Purkinje neurons. Purkinje neurons
express EAAT4, a glutamate transporter that exhibits a 10-
fold higher affinity for glutamate, cycles-510 times more
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Ficure 6: Glutamate transporter currents evoked in Purkinje
neurons through photolysis of MNkaspartate. (A) Inward currents
recorded from a Purkinje neuron to photolysis of Midkspartate
(500uM), in the absence and presence of TBOA (200). CsMeS-
based internal solution. (B) Same experiment as in part A, except
that the recording was made with a CsNiased internal solution.
(C) Grouped data showing the peak amplitude andd®@% rise
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Bergmann glia under comparable conditions (see Figures 2
and 5), consistent with the lower density of transporters in
Purkinje neurons43). Charge movements associated with
glutamate transport are enhanced in the presence of anions
such as nitrate (N@) and thiocyanate (SCN, which
permeate these transporters in a manner uncoupled from the
flux of glutamate {4). Photolysis-induced transporter cur-
rents recorded from Purkinje neurons recorded with a GsNO
based internal solution were larger (CsNO-634.4+ 62.5

pA, p < 0.001) and exhibited slower rise times (CsNO
13.1+ 0.8 ms,n = 8, p < 0.001) than responses recorded
with a CsMeS-based internal solution (Figure 6B,C), con-
sistent with previous observation39( 40).

Purkinje neurons also express mGIluR1, a metabotropic
glutamate receptor that triggers release of calcium from
internal stores and opens nonselective cation channels in the
plasma membrand®, 44). Photorelease af-glutamate has
been shown to elicit inward currents mediated by mGIluRs
in these neuroni@). To determine whether theaspartate
liberated by photolysis activates mGIuRs, we compared the
response of Purkinje neurons to photolysis of MNI-
aspartate (50@M) and MNI-L-glutamate (50@:M). In the
presence of TBOA (and antagonists of AMPA, NMDA, and
GABA, receptors and also TTX), photolysis of MNi-
glutamate produced a large-$00 to —1600 pA), slowly
activating, inward current in Purkinje neurons (Figure 6D)
that was inhibited by 93.5 2.4% ( = 3) by the mGIluR1
antagonist LY 367385 (10@M) (Figure 6E). This slow,

time of glutamate transporter currents recorded in Purkinje neuronsinward current was not observed in response to photolysis

using two different internal solutions. Numbers in parentheses
indicate the number of experiments. < 0.001. (D) Comparison

of the response of a Purkinje neuron to photolysis of MNI-
glutamate (50Q:M) and MNI-p-aspartate (MNB-Asp, 500uM)

in the presence of TBOA (100M). (E) Response of a Purkinje
neuron to photolysis of MNi-glutamate (MNIt-Glu, 500 uM)

of MNI-p-aspartater(= 7/7 cells) (Figure 6D,F), even when
uptake was blocked with TBOA, indicating that the released
D-aspartate does not activate mGluR1. Notably, a smdlD(
pA), rapidly activating, inward current was observed in
response to photolysis of MNI-glutamate (in the presence

recorded in the absence or presence of the mGIUR1 selectiveof 25 ,,M NBQX and TBOA), but not MNIp-aspartate (see

antagonist LY 367385 (10@M). (F) A glutamate transporter current
recorded from the cell shown in part D in response to photolysis
of MNI-Dp-aspartate. All currents were recorded-&5 mV in the
presence of SR-95531 (BV), picrotoxin (100uM), R S-CPP (10
uM), and NBQX (15-25 uM).

slowly than other glutamate transporters, and exhibits a high
permeability to anions3{). This transporter contributes to
uptake at parallel fiber and climbing fiber synapses, and
currents produced by EAAT4 cycling have been recorded
in response to synaptic38—40) and photorelease af-
glutamate 41, 42) and have been used to estimate the amount
of glutamate released at climbing fiber synaps&—40).

To determine if photolysis of MNb-aspartate is able to elicit
detectible glutamate transporter currents in Purkinje neurons

Figure 6D,E), presumably due to the activation of kainate
receptors 40).

NMDA Receptor Actiation following Photolysis of MNI-
p-aspartate lonotropic glutamate receptors exhibit striking
differences in affinity and stereoselectivity for aspartate;
NMDA receptors have a similar affinity far- andL-aspartate
(p-aspartate, 10M; L-aspartate, 14M) (18), while AMPA
receptors have an extremely low affinity for bath and
p-aspartate45). To determine if MNIp-aspartate can also
be used to selectively activate NMDA receptors in heurons,
we measured the response of CA1l pyramidal neurons to
photolysis of MNIp-aspartate. In the absence of antagonists
of glutamate receptors or transporters, photolysis of MNI-

,D-aspartate produced an inward current when pyramidal

we measured the response of these neurons to photolysis oheurons were held at30 mV (Figure 7A). The current-to-

500 uM MNI-p-aspartate in the presence of ionotropic
glutamate and GABA receptor antagonists and TTX (see
Materials and Methods). When the UV illumination100

um diameter spot) was centered in the molecular layer over
Purkinje cell dendrites, an inward current-089.6 + 25.9

pA (range —41.1 to —172.6 pA, n 6) was elicited
following a 1 msexposure to UV light (Figure 6A). These
currents exhibited a rise time of 48 0.6 ms and a half-
decay time of 54.8: 3.8 ms (| = 6; CsMeS-based internal
solution), and were inhibited by 868 0.13% @ = 3) by

200 uM TBOA. These transporter currents were much
smaller than the currents recorded from astrocytes or

voltage relationship of this response reversed at 0 mV and
contained an area of negative slope conductance, character-
istic of responses mediated by NMDA receptors (Figure 7B).
These currents were blocked BSCPP (1QuM) and MK-

801 (50uM), indicating that thep-aspartate released by
photolysis of MNIb-aspartate results in selective activation
of NMDA receptors in CA1 pyramidal neurons (Figure 7B).
Transporter currents were not observed in these neurons,
presumably due to the low level of expression of EAAC1
(11, 32). MNI-p-aspartate (50Q«M) did not induce an
outward current in neurons held at 25 mvy= 6), indicating

that there was little free-aspartate in the solution and that
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and pathological conditions, we know little about how their
activity is regulated in vivo. Studies of glutamate transporters
in heterologous systems have yielded conflicting resdlts-(

49), highlighting the importance of studying these processes
in their native membranes. Yet, few studies have examined
the regulation of transporters in brain tissue, due to the
challenges inherent in working with intact preparations. To
enable such analysis, we have developed a novel caged
analogue ofp-aspartate (MNb-aspartate), becauseas-
partate is efficiently transported by glutamate transporters
(17) but has a low affinity for many glutamate receptors.
We found that MNIp-aspartate is neither an agonist nor an
antagonist of glutamate transporters and is stable in agueous
solution for a period of days (in the dark af@), yet it can

be photolyzed to releageaspartate upon exposure to near-
UV light. Photolysis of this compound elicited transient
glutamate transporter currents in astrocytes, Bergmann glia,
and Purkinje neurons in acute brain slices, but it did not
activate AMPA/kainate receptors or mGluRs. Thus, the
combination of MNIp-aspartate photolysis and electrophysi-
ological monitoring of glutamate transporter currents rep-
resents a promising approach for examining the interaction
between receptors and transporters at synapses in semi-intact
tissue.

Photorelease ob-Aspartate Reeals a High Density of
Transporters in Astrocyte Membrandsaser-induced pho-
tolysis of MNI-p-aspartate in hippocampal slices triggered
an inward current in astrocytes. Because these currents were

recorded at different holding potentials (as indicated). The ACSF recorded in the absence of anions that exhibit a high

contained uM TTX, and responses were recorded with a CsMeS-
based internal solution. (B) Plot of the current-voltage relationship

of currents recorded from CA1 pyramidal neurons in response to

photolysis of MNIp-aspartate under control conditions (closed
circles) or in the presence &S CPP (10uM) and MK-801 (50

permeability through glutamate transportelrd)( they reflect

the net influx of two positive charges that accompany each
molecule of glutamatel@, 13). Thus, a movement of 33.6
pC of charge (see Figure 2) corresponds to the transport of

uM) (open squares). Peak amplitudes were normalized to the value10.5 x 10" molecules ofb-aspartate and activation of an

recorded a¥, = —30 mV (n = 3). (C) NMDA receptor currents
recorded a¥V,, = 25 mV in response to local pressure application
of 500 uM Dp-aspartate in the presence or absence of MNI-
aspartate (50@M). A 1 ms UV flash was applied at the end of the

equal number of transporters, if it is assumed that the
transporters complete a single cycle following brief pho-
tolysis (L6); this assumption is based on the slow cycling

recording to demonstrate the presence of the caged compound. (Dfime of astrocyte glutamate transporters (time constant: 35
Grouped data showing the change in peak amplitude, chargems) @2) and EAAT2 (time constant: 137 msh@ when

transfer, 16-90% rise time, and half-decay time of transporter
currents elicited through pressure application mhspartate,
recorded in the absence and presence oftBAMNI- D-aspartate
(n = 6).

MNI-p-aspartate does not activate NMDA receptors. To
address whether MNb-aspartate acts as an inhibitor, we
measured-aspartate-evoked NMDA receptor currents in the
presence or absence of Mtaspartate. As shown in Figure
7C,D, MNI-p-aspartate (500M) did not alter the amplitude
or kinetics of NMDA receptor currents evoked through focal
application ofp-aspartate (50«M) (n = 6). These data
indicate that MNIp-aspartate is neither an agonist nor
antagonist of NMDA receptors, yet it can be rapidly
photolyzed by UV light to release fraeaspartate that can
activate NMDA receptors in neuronal membranes.

DISCUSSION

transportingp-aspartate, as compared to the decay of the
photolysis-induced transporter current (time constant: 17
ms). It is likely that this measurement underestimates the
total number of transporters activated in a single cell, as some
of the charge associated with transport is lost through the
low resistance astrocyte membrarié,(51). It is possible

that activation of glutamate transporters on a neighboring
astrocyte could have contributed to the currents recorded
from single astrocytes; however, previous studies suggest
that the high resting conductance of the astrocyte membrane
limits current spread through the astrocyte syncytidi@).(

The slow time course of these transporter currents suggests
that the peak concentration ofaspartate achieved during
the 1 ms pulse was subsaturatiidg)( Together, these data
indicate that a high density of functional glutamate transport-
ers are expressed by astrocytes in this region, consistent with
previous immunogold density measureme®{g @nd func-
tional assaysi(6, 52). By comparison, glutamate transporter

Glutamate transporters expressed in neuronal and glialcurrents recorded from Purkinje neurons under similar
membranes set the level of ambient glutamate, shape theconditions (5Q:m spot, 125:M MNI- p-aspartate) were more
activation of receptors at synapses, and help maintain synaps¢han 100-fold smaller. To maximize the transporter current
specificity (L1, 46). Despite the importance of these trans- from Purkinje neurons, we increased the area of illumination
porters in regulating glutamate dynamics under physiological and the concentration of MN3-aspartate. Photolyic release
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of p-aspartate under these conditions resulted in the move-state components2(). In contrast, astrocyte transporter
ment of ~8.4 pC of charge (see Figure 6), reflecting the currents induced by photolysis of MMaspartate exhibited
activation of 2.6x 10’ transporters in these neurons, if it is rise and decay kinetics that were comparable to responses
assumed that only one cycle of transport is completed dueevoked by MNIt-glutamate (see Figure 2B). These results
to slow transport ob-aspartate by EAAT437). Although are consistent with the similar kinetics of GLT-1 transporter
these results indicate that there are fewer EAAT4 transporterscurrents induced by-glutamate andp-aspartate 30).

in the membranes of Purkinje neurong7,( 43), these Notably, EAAT2 (GLT-1) exhibits a higher affinity for
transporters may reach a high density near synapsesp-aspartate than far-glutamate K. p-aspartate, 1%M;
particularly in perisynaptic zones that are enriched in EAAT4 L-glutamate, 18M), while EAAT3 (EAACL1) exhibits a
(43). Somewhat surprisingly, glutamate transporter currents lower affinity for p-aspartate K. Dp-aspartate, 47uM;
recorded from Bergmann glial cells werelO-fold smaller L-glutamate, 28M)(17). As suggested by Grewer et &0},
than those recorded from astrocytes. This may reflect thethe slower kinetics of EAACL currents in response to
~2-fold lower density of glutamate transporters in Bergmann p-aspartate may indicate that bindingoefispartate was rate-
glial cell membranes27) and the smaller membrane area limiting in their experiments. However, their study examined

of individual Bergmann glial cells. transporter-associated anion currents, which do not always
Glutamate Transport Raises Extracellular Kn astrocyte mimic the movement of coupled charge9). In addition,
recordings, photolysis of either MNJ-aspartate or MNI- the duration of the responses triggered by CBspartate

glutamate €) produced a fast transient current that decayed (>120 ms) and the distinct steady-state component of the
in ~30 ms and a small tail current that decayed over several EAAC1 transporter current indicate that transporters were
seconds. This biphasic waveform is similar to glutamate exposed tw-aspartate for a longer time in their experiments,
transporter currents recorded from astrocytéd$) (and which may accentuate kinetic differences among substrates.
Bergmann glial cells 34) following electrically evoked Carboxylic acids caged by esterification with the CNB
release of glutamate from nerve terminals. It was initially chromophore have been shown to undergo (spontaneous)
proposed that the slowly decaying component of the synaptichydrolysis in physiological buffer20, 21). In contrast, we
transporter current resulted from the release ofidm axons were unable to detect fremaspartate in solutions of MNI-
following stimulation (6); because astrocytes exhibit a very Dp-aspartate, indicating that this compound may be more
high resting conductance totKrelease of K during axonal suitable for analysis of high-affinity receptors and transport-
repolarization may shift the Kequilibrium potential and  ers in situ.
depolarize the astrocyte membrane. Indeed, the slow decay bp-Aspartate Accumulation and Operation of Transporters
of the tail current is consistent with the slow clearance of in Exchange ModeAlthough the rise times of astrocyte
K™ from the extracellular spac&g). Glutamate transporters  transporter currents to photorelease mfaspartate and
counter transport oneKion to complete the transport cycle L-glutamate were similar, the decay of responseo-to
(54), suggesting that transporter activity alone may contribute aspartate was slightly slower (see Figure 2B). Furthermore,
to the accumulation of K In support of this conclusion, the decay time ob-aspartate-induced transporter currents
the tail current was observed following photolysis of MNI- became longer over time with repeated stimulation, an effect
p-aspartate when all neuronal activity was blocked. Further- that was less apparent whemglutamate was photoreleased.
more, the amplitude of this current was the same proportion Transporters can, under certain conditions, operate in an
(~2%) of the peak amplitude over a wide range of light exchange mode during which the movement of substrate into
intensities, as expected if the tail current occurs as athe cell is followed by the movement of this or another
consequence of transporter activity. The tail current depo- substrate back out58, 55). Such activity can prolong
larized astrocytes by~1 mV in response to intense UV transporter currents and slow the clearance of substé}e (
illumination (500uM MNI-p-aspartate; data not shown), and may contribute to the relatively low efficiency of
suggesting that glutamate transporter activity increased theglutamate transporterd, 30, 50). Becausep-aspartate is
extracellular concentration of Kby about 10Q«M, assuming not metabolized, it is possible that the prolongation of the
that the astrocyte membrane behaves like a perfett K transporter currents results from accumulation and subsequent
electrode. These results suggest that glutamate transporterseelease ob-aspartate by homoexchange.
may contribute to the rise in extracellular iduring periods Cerebellar Purkinje neurons are the only neurons in the
of intense coordinated activity. By comparison, the tail brain where glutamate transporter currents have been re-
current observed in astrocytes following electrical stimulation solved. These neurons express EAAT4, a glutamate trans-
of axons was~10% of the peak amplitude of the transporter porter that exhibits a high conductance to aniog).(
current (L6), indicating that the majority of the tail current  Transporter currents mediated by EAAT4 have been recorded
recorded under these conditions results from the release offrom Purkinje neurons in response to synaptic stimulation
K* from axons rather than by transporters. (38—40) and photorelease of glutamatk(42). Photorelease
Comparison of CNB-aspartate and MNb-aspartate A of L-glutamate elicits a complex response resulting from the
prior study examined the kinetics of transporter-associatedactivation of AMPA, kainate, and mGIuRs, in addition to
anion currents in EAAC1-expressing HEK293 cells following glutamate transporters4?); in contrast, we found that
photolysis of CNBp-aspartate 40), a compound that has photolysis of MNIb-aspartate reliably evoked a small inward
an approximately 2-fold higher quantum yield than M- current in these neurons that was selectively mediated by
aspartate (MNb-aspartate, 0.0%-CNB-p-aspartate, 0.19).  glutamate transporters, as tlmsaspartate-induced current
In these cellsp-aspartate-induced transporter currents ex- was larger when recorded with a NGbased internal
hibited a slower rise time than currents evoked by photolysis solution and was blocked by TBOA. Purkinje cell transporter
of CNB-L-glutamate and lacked discrete peak and steady- currents decayed in two phases, an initial rapid decay (to
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27.2+ 1.2% of peak in 16.8& 1.6 ms,n = 6) and a slower
phase that became prominent at higher laser intensities,
similar to responses observed in Purkinje neurons with
7-nitroindolinyl (NI)-caged L-glutamate when glutamate
receptors were blocked?). The slower phase of decay was
also enhanced when Csather than K was used as the
primary internal cation (data not shown). Because internal
Cs' does not support transporter cycling as well as(B0,

57), internal solutions with this cation may allow a greater
fraction of the transporters to operate in exchange mbdde (
Thus, although internal Csand TEA will increase membrane
resistance and improve voltage-clamp in whole-cell record-
ings, they may significantly disrupt transporter cycling and
alter baseline synaptic currents.

MNI-p-aspartate as a Tool for Aatating NMDA Recep-
tors in Brain Slices.Unlike AMPA receptors, NMDA
receptors exhibit little stereoselectivity for aspartate isomers
and exhibit an affinity for aspartate that is comparable to
that of L-glutamate 18). We found that photolysis of MNI-
p-aspartate triggered NMDA receptor-mediated currents, but
not AMPA-, kainate-, or mGIluR-mediated currents, in
hippocampal CA1 pyramidal neurons. These currents were
comparable in both kinetics and amplitude to NMDA-
receptor-mediated currents evoked through release of glutamate
at Schaffer collateral-commissural synaps&<9§. MNI-p-

aspartate did not act as an antagonist of NMDA receptors 18.

and was stable in physiological saline. A photolabile
analogue of NMDA §-DNB NMDA) has been developed
as a tool for investigating the kinetics of NMDA receptors
(58). However, because NMDA is not a substrate for
glutamate transporters, clearance of NMDA within the slice
is dependent on diffusion alone. As a result, photorelease of
NMDA is likely to produce long-duration NMDA receptor-
mediated currents, limiting temporal resolution and causing
substantial receptor desensitization. The properties of MNI-
p-aspartate described here suggest that it may be more
suitable than caged analogues of NMDA for examining

NMDA receptor function in brain slices.
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