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ABSTRACT: lonotropic glutamate receptors are members of a large family of plasma membrane proteins
expressed by cells of the nervous system. Upon binding glutamate, the receptors transiently open
transmembrane channels that allow the entry of sodium ions. The resulting changes in the transmembrane
potential of the cell initiates a process that is involved in signal transmission to another cell. The binding
of glutamic acid triggers the channel opening in the microsecond time domain and the reversible inactivation
(desensitization) of the receptors in the millisecond time region. The channel-opening mechanism of
glutamate receptors was investigated in rat hippocampal neurons voltage-clampé@ toV at room
temperature and pH 7.4. Two rapid chemical reaction techniques were used: (1) a cell-flow method with
a 4-10 ms time resolution to apply-glutamate and (2) a laser-pulse photolysis technique to release
glutamate fromy-O-(a-carboxy-2-nitrobenzyl)glutamatelCNB-caged -glutamate) with a time constant

of 30us. The rate and equilibrium constants for channel opening were determined. The results are consistent
with the receptor binding two molecules of glutamic acid before the channel opens, with an apparent
dissociation constant of 6QfM. Channel opening and closing rate constakysandk., were determined

to be (9.5+ 1) x 10° st and (1.1+ 0.1) x 10° s, respectively. The value of the channel-opening
equilibrium constant® (=k.y/ks), was 8.6 when determined by laser-pulse photolysis and 6.6 in cell-
flow experiments. The results suggest that there are at least two forms of glutamate receptors in rat
hippocampal neurons that desensitize with different rates. At a concentration gi6@utamate, 80%

of the receptors desensitized with a rate~#00 s* and 20% with a rate of50 s™1.

Glutamate is the major excitatory neurotransmitter in the tropic glutamate receptors. The subfamilies are distinguished,
central nervous system where it activates metabotropic and,on the basis of their selective agonists, Msnethylo-
more importantly for this study, three subfamilies of iono- aspartate (NMDAY, a-amino-3-hydroxy-5-methyl-4-isox-
azole propionate (AMPA), and kainate selective receptors
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(5—7). At the high glutamate concentrations that are likely ~ The LaPP technique usirngCNB-caged neurotransmitters
to be released by active presynaptic neurons, the rapid(reviewed in refsll and 20) has allowed for the determi-
desensitization of non-NMDA glutamate receptor channels nation of the rate constant for channel opening, the channel-
has been postulated to limit the duration of postsynaptic opening equilibrium constant, and the receptoeurotrans-
responses/( but see also re8). Detailed knowledge of the  mitter dissociation constant of the muscle nicotinic acetyl-
opening, closing, and desensitization rates of the non-NMDA choline, glyciney-aminobutyric acid, and kainate receptors
glutamate receptor channels expressed in individual neurongreviewed in refsll and 20). It has also allowed for the
was the objective of this study. The desired information is determination of the effects of inhibitors on the rate constants
considered essential for understanding rapid signal transmis<for channel opening and closing1—25).
sion between cells in different parts of the mammalian brain.

In the present study, we investigated the transient kinetics MATERIALS AND METHODS

of the opening and closing of glutamate receptor channels Chemicals Glutamate, NMDA, Hepes, NATP, EGTA
expressed in primary cultured rat hippocampal neurons. Two p-glucose, a.nd_-glutam'ine Wer'e purch’ased fr,om Sidma

rapid reaction techniques were used to apply glutamate to(S .
. ) ) 2. t. Louis, MO). CsCl, CaG] KCI, and MgC} were
the surface of isolated single cells. One is a modified U-tube/ purchased from Fisher Scientific (Pittsburgh, PA), and

cell-flow method 9, 10) with a 4-10 ms time resolution : : :

. ' . 1 trypsin-EDTA 10X solution (0.5% trypsin, 5.3 mM EDTA
and the other is the laser-pulse photolysis (LaPP) technlque4mloH) from Gibco BRL/Lif((a Techn)cl)llcc))gies (Carlsbad, CA)
previously developed in our laboratory (reviewed inT&. X '

The time resolution of the photolysis method~$60 us, CNB-caged glutamatelf) was Kindly provided by Mo-

which is ~50 times faster than that in the cell-flow lecular Probes, Inc. (Eugene, OR).

experiments. Frequently, the primary problem in measuring _ C€ll Culturé Neurons from hippocampi of 1-day old
the chemical reaction kinetics for the opening and closing SPragué-Dawley rats were prepared as described earlier

of a receptor channel is that diffusional access of neurotrans-(z.s)' H.ippocam.pi were dissefcted frpm the rat brain and then
mitters to their receptor binding sites on cell membrane dissociated using 1 mL of trypsin [trypsin-EDTA 10X

surfaces is slow compared to the rate of receptor desensitizaSC!ution diluted to 1X in a dissecting solution (D1SGH)

tion (10) and channel openind.2, 13; reviewed in refl0). consisting of Puck’s saline (137 mM NaCl, 5.0 mM KCl,
This is particularly true for ionotropic glutamate receptors 4:0 MM NaHCQ, 10.0 mM Hepes-NaOH (pH 7.35)) with

where desensitization rates of 200 are typical but where ~ 43 MM sucrose and 38 mM glucose. Cells were separated
the desensitization rates can vary between Sad 1600 by triturating with a Pasteur pipet. The neurons were cultured
s1, depending upon the cell type or recombinant receptor " dishes coated with rat tail collagen and maintained in

subtype under investigation (reviewed in r&fst, and10). ?Ai”m”m Essential MSdSil; /mh(Gibco BRL) _I(_:r(])ntain:jr!g %
In this study, the problem of rate-limiting diffusional etal bovine serum an o NOTSe serum. “Ne medium was

access of glutamate to its binding sites on the receptors wa supplemented with 2.7 mM glutamine and 30.5 mM glucose.

avoided by first equilibrating the receptors wit&NB-caged StThr:ee er;(euerrci)rgser\:\tlserﬁalgctgjeb:rtlegg;?n?;i/ ;gﬁf%ﬁ?j:sfss Bjn
L-glutamate §-O-(a.-carboxy-2-nitrobenzyl)glutamate]. We davs- t%e neurons used were abotB4m in diameter
chose this caged derivative of glutamic acid because we yS: _ '
ascertained that it and its photolysis side products were Yhole-Cell Current Recording, Cell-Flow Measurements,
biologically inactive, that the compound was sufficienty and LaPP.Currents were recorded using a whole-cell
stable in aqueous solution, and that it is photolyzed by a configuration 7) with a 3-6 MQ resistance saline-filled
single laser pulse to release free glutamate with as3ime pipet. All experiments were done at room temperat2q
constant {4). Thermal hydrolysis of the caged compound ) With the cells voltage-clamped at60 mV. The

in a 10 mM Hepes buffer (pH 7.4 and 2T) is negligible intracellular (pipet) solution contained 140 mM CsClI, 2 mM
in transient chemical kinetic measurements in which the N&@ATP, 10 mM EGTA/1 mM CaGj and 10 mM Hepes-
caged glutamate needs to be exposed to the solution for onlycSOH (PH 7.4). The extracellular bath solution contained
a few minutes 14). The absence of free glutamate in the 145 MM NaCl, 1 mM CaG| 3 mM KCl, 10 mM glucose,
solution of caged glutamate was ascertained in each experi-2nd 10 mM Hepes-NaOH (pH 7.4). The capacitance and
ment, as described in the Materials and Methods section. InS€ries resistance were compensated and the cell currents
locating glutamate receptors in brain slices, considerably @MPplified using an Adams & List EPC-7 amplifier. Currents
longer exposure of the tissue to the caged compounds may/Vere low-pass filtered using a Bessel filter (Dagan)-ab1

be required 15—17). The synthesis of more thermostable KHz for the cell-flow experiments and at 280 kHz for
caged glutamate derivatives than the one we are using forthe LaPP experiments (see the following discussion). Cur-

kinetic measurements has been describéetbfnitromandey- rents were digitized at twice the filter cutoff frequency using

lyl)oxycarbonyl+-glutamatic acid (Nmoc-caged glutamate) & Labmaster DMA board controlled by Axon pClamp 5.5

(18) and 4-methoxy-7-nitroindolynyl-cagedglutamate (MNI- ~ Software.

cagedL-glutamate) 19)]. Once the whole-cell recording configuration was estab-
The chemical reaction for photolysis @fCNB-caged lished, the recording pipet was _Iifted to detach the neuron

L-glutamate {4) is given below. from the bottom of the culture dish, and the suspended cell

was placed in the effluent of the modified U-tube device
o . (9, 10) that was used to apply glutamate to the cell surface.
| e, Y e This cell-flow method allows for the equilibration of all
\/\‘/O\”/\/\COO' b2l SO HO\H/\/\COO' o -
doo b I y receptors on the ceI_I surface with ligands within ) ms. _
caged glutamate fiee gluamate Glutamate was applied by the cell-flow method to establish

NO.
N 2 NH;" -
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the position of the cell that gave the largest maximum current K, K, i)
amplitude. The current amplitude was then corrected for N <> <> o
receptor desensitization that occurred during the equilibration R+1L RL RL, RL:

of the cell surface receptors with glutamate by using €q 1 gure1: Minimum mechanism for ionotropic glutamate receptors.
(10, 28), which is based on the theory of the flow of solutions R represents the receptor in the cell membrane, L the ligand or
over spherical objects2g, 30). To take into account the  neurotransmitter, anld; the dissociation constant for the receptor
uneven rate at which the ligand solution flows over the cell Site contro[lllng channel opening. The channel-opening equilibrium
surface, we divide the current time course into constant time COStan®™ = Kop/Ker, Whe_rekop andkg are the rate constants for
intervals (we have used 3 ms) and then correct the currentchannel opening and closing, respectively ;RhdRL, represent

for the d itization that duri h ti int Ithe ligand-receptor complex in its closed and open forms,
or the desensiuzalion that occurs during €ach ume interva respectively. The binding of two ligand molecules prior to channel

At. After the current lp9Ati is measured for each of opening is consistent with the data. For clarity, the steps leading
constant time intervalsAt = t,), the corrected currenf to the reversible desensitization of the receptor with time constants
is given by in the 5-20 ms range are not shown.
1400 -
n
A L
(), = € = DY (At + (AL, (1) 1200 .

\

15, corrected current

—_
(=3
(=3

o
T

o represents the rate coefficient for receptor desensitization
andt; the time. (op9At; is the observed current during the
ith time interval. [x)t» becomes equal th, when the value

of t, is equal to or greater than the current rise time. In the
LaPP study (see the following discussion), the cell-flow
method was used to pre-equilibrate the cell with di@NB- L
caged glutamateld) before the delivery of UV light (337 200
nm) from a Lumonics excimer laser. This had two pur-
poses: (1) to monitor recording stability for the LaPP study . . , . L
and (2) to determine if theeCNB-caged glutamate was 0 20 40 60 80 100
contaminated with free glutamic acid. The physical arrange- Time (ms)

ment of the cell, U-tube, and fiber optic for the LaPP . o Whole-cell . ded (dotted fine) f solated
; ; ; IGURE 2: ole-cell current recorded (dotted line) from an isolate
experiments has been described in det:d 61, 32). rat hippocampal neuron at60 mV, ~22 °C, and pH 7.4 when

Before and after each LaPP experiment, the energy of theg 5 mm glutamate solution was applied at time 0 using the cell-
laser was determined by using a Gentec joule meter. Theflow technique 9, 10, 28) The current rapidly rises and then decays
amount of free glutamate released from the 5 mM solution (desenstlea)' Th}a dtte_senSIt_lzatlon clr_:m beI flttted by a doilhblz

_ ; ; exponential decay function using a nonlinear least-squares method.
of (J)[LCN:Bbcaged.quEﬁmate was ??rjluslt ed dur||n§g(]§lthe LaPP The time constants are 5 ms (80% of the total current) and 20 ms
pro, ocol by varying the energy of the laser pu 0 ns) (20% of the total current) for the fast and slow forms, respectively.
delivered at the cell surface over a range from 0.15 to 0.5 The current rise time for this trace is about 4 ms. The diameter of
mJ/mn%. Before and after each laser-pulse measurement, thethe cell used in this experiment was abouu. The corrected
response stability of the cell was monitored by the cell-flow current (solid thin line) was calculated to give the current in the
application of 0.5 mM glutamate. The responses to 0.5 mM aPsence of receptor desensitization according to Pl (

L-glutamate were corrected for desensitization according to

eq 1 (L0) and the results used to calibrate the concentration shown in Figure 2. The dark line represents the observed
of glutamate released from tleCNB-caged glutamate. If  current, which reaches its peak value within 4 ms. The thin
the response to 0.5 mM glutamate decreased by more thanine giving rise to the wavy trace parallel to the abscissa
10% in the repeated cell-flow applications, the cell was represents the whole-cell curreri,, after it has been
discarded, and a new cell was used. Three cells werecorrected for receptor desensitization occurring during the
considered stable enough to obtain the LaPP data reportedising responsel). Only the rapid desensitization process
here. These cells each received3single laser pulses ata  (see the following discussion) is pertinent for correcting the
given energy level, and each was exposed-td Zlifferent  rising phase of the current response, which occurs within a
energy intensities. Responses were analyzed offline; linearfew milliseconds (see Figure 2). Without this correction, the
regression and nonlinear least-squares fitting (Marquardt observed current amplitude reflects the concentration of open

algorithm) were performed using MicroCal Origin version channels, the rise time of the current, and the rate of receptor
3.0 software. [Hippocampal pyramidal neurons express adesensitization1(0, 28).

observed current
800
Ay

[o23
[=]
(=)

400

fitted with double exponential decay

Whole-cell current (pA)

04

mixture of non-NMDA receptor subunit8§—35), and our The decay phase of the currents recorded from 0.1 to 10
measurements may, therefore, reflect a population of differentmm L-glutamate was best fited by the sum of two
non-NMDA receptor types.] exponential functions (solid line in Figure 2) with time
constants of 5 ms (or desensitized rate of 200 s80% of
RESULTS total current) and 20 ms (or desensitized rate of 30-s20%

of total current). This current decay, seen in the continued
A typical cell-flow experiment with a rat hippocampal presence of the ligand, was attributed to receptor desensitiza-
neuron exposed to 5QM L-glutamate at room temperature tion. Just as the concentration of receptors varies from cell
and pH 7.4 and with the cell voltage-clamped+t60 mV is to cell, so does the ratio of the percent of receptors
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desensitizing rapidly and slowly. This excludes mechanisms 2500 —
in which a single receptor form desensitizes by two parallel
reactions or by a consecutive reaction scheme, as such
mechanisms require a constant ratio of the reactions char-
acterized by different rate processes. The results indicate,
therefore, that two different receptor forms, characterized by
different desensitization rates, are present in rat hippocampal
neurons.

The correction of the current amplitude at a given
concentration of neurotransmitter was verified for the
nicotinic cholinergic recepto2@) by determining the fraction
of receptors in the open-channel form at the same neu-
rotransmitter concentration using two independent tech-
niques: (1) single-channel current recordings, (37) and
(2) LaPP (2, 13). When the LaPP technique is used, the o T T T o
current rise is much faster than the rate of receptor
desensitization. Correction of the current amplitude for
receptor desensitization is, therefore, not required. However,rgure 3: Dependence dfs, the corrected whole-cell current, on
as itis necessary to estimate the free glutamate concentratiomhe glutamate concentration used. The whole-cell current was
applied during the LaPP protocol, the cell-flow method is recorded from isolated rat hippocampal neurons-@® mv,~22
used together with the LaPP technique (see the following °C, and pH 7.4. The data points for the corrected currents (solid

di ; to take advant f the diff tinf ti squares) were obtained from different cells. For each of the two
iscussion) to take advantage of the different information cells used, the corrected current amplitude was determined in the

obtained from each method of ligand application. presence of 0.5 mM glutamate. The current amplitudes obtained at
A plot of the corrected current amplitudg, as a function this glutamate concentration are shown. The current amplitudes
of g|utamate concentration, obtained in cell-flow experi_ obtained at all other concentrations were normalized to a va_Iue_of
ments, is shown in Figure 3 1480 pA at a glutamate concentration of 0.5 mM. The solid line is
! L . . . the nonlinear least-squares fitting of the data based on eq 2B. The
For the minimum mechanism shown in Figure 1, the i es of the dissociation constant of glutamate € 0.6 + 0.4
relationship between, and the dissociation constant of mMm) and the channel-opening equilibrium constabt= 0.15+
glutamate from the receptor sites controlling channel opening, 0.17) were determined. Each symbol represents Bieasurements
K, and the channel-opening equilibrium constabt?, is from 1-2 cells.

given by eq 2 89)

2000

1500

1000

500 -

15, Corrected whole-cell current (pA)

L

o
!

Glutamate concentration (mM)

| RML2 the case of these two receptors, the two forms have_, within
|, = M > 5 (2A) experimental error, the same receptoeurotransmitter
(Ky+L)y®d+L dissociation constari{;. So far, we have not succeeded in
obtaining cells that contain only one or the other of the two
[IMRM 1/2 YK forms of the receptor in this study. In the analysis of our

1
-1 =o¥+ I (2B) experiments, we have assumed tathas the same value

la for both forms.

I represents the current produced by 1 mol of open receptor A typical result obtained with the LaPP protocol applied
channelsRy is the moles of receptors on the cell surface, o glutamate receptors expressed in a rat hippocampal neuron
andL is the concentration of neurotransmitter. Equation 2B iS shown in Figure 4. In this experiment, the neuron was
and a nonlinear least-squares fitting program was used to€quilibrated with 5 mMoCNB-caged glutamate. The com-
evaluate the constants, with the assumption that the ligand-pound was then photolyzed with a pulse of laser light at 337
binding sites are equivalentb = 0.154+ 0.17,K; = 0.6 + nm at 0 time to liberate 0.4 mM free glutamate. The current
0.4 mM, andlyRy = 2600+ 600 pA. These values for the thus induced first rises, because of the opening of glutamate
constants and eq 2A were used to draw the solid line throughreceptor channels, and then falls because of receptor desen-
the experimental points in Figure 3. Because different cells sitization. Over the range of glutamate concentration-10
contain different numbers of receptors, the results from 600uM) investigated using the LaPP protocol, the rise time
different cells were normalized to each other to obtain a of the response was faster than receptor desensitization, and
complete concentratiereffect curve. Anl, value of 1480 the uncorrected current amplitude was taken as a measure
pA obtained in the presence of 508 glutamate was used  of the concentration of open glutamate receptor channels.
for this normalization. In the range of glutamate concentrations applied by LaPP,
As mentioned previously, the cells contain a minor the current rise followed a single exponential rate equation
receptor form that desensitizes at a much slower rate thanover 90% of the reaction (solid line, Figure 4). This
the main receptor form, which contributes, on average, 80% observation is consistent with the assumption that the
of the total current. The evaluated constants, therefore, neurotransmitter-binding steps are fast as compared to the
contain contributions from this minor receptor form. In the channel-opening step in the range of glutamate concentration
case of theElectrophorus electricusicotinic acetylcholine used. We also assumed that the constants pertaining to the
receptor 89) and of the GABA\ receptor in rat hippocampal  channel-opening process of the minor, slowly desensitizing
neurons 23), it has been possible to obtain cells that contain receptor form are not different from those of the major,
either a rapidly or a slowly desensitizing receptor form. In rapidly desensitizing receptor form. With these assumptions,
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Ficure 4: Whole-cell current (dotted line) recorded-a60 mV, [L/(L+K1)]2

~22°C, and pH 7.4 from an isolated rat hippocampal neuron. The S .
current was induced by LaPP of 5 mCNB-caged glutamate at Ficure 5: Determination of rate constants for the opening and

time 0. The current rises very rapidly, reaching its maximum within €10Sing of the glutamate receptor channel. The observed rate
2 ms (the formation of open channels), and then in a slower time C0€fficient, ko obtained from laser-pulse experiments is plotted

region, the current decreases as the channels close (desensitizatiorf.S a function of /(L + Ky)]? (eq 3B) whereL is the glutamate
In this trace, the concentration of glutamate released was estimatedoncentration ané; is the dissociation constant of glutamate. On
to be 0.4 mM, by comparing the maximum amplitude of the the basis of eq 3B, a straight line is plotted through all the data

corrected whole-cell current in the presence of 0.5 mM glutamate POiNts, and from its slope and intercept, the rate constants for
applied using the cell-flow technique before and after the laser- glutamate channel opening and closig, andk, are evaluated
pulse trace was obtained. The rising phase of the current can bel© b€ (9.5+ 1.0) x 10°s*and (1.1+ 0.1) x 10°s™, respectively.
fitted by a single exponential (eq 3), and in this trace, the observed Each point in this Figure represents one trace in a LaPP experiment.

rate coefficientkyps was determined to be3000 s, The experiment was repeated-3 times at each glutamate
concentration. All LaPP data were recorded from three cells.

the equations pertaining to the reaction scheme (Figure 1)
are amplitudes associated with the two desensitization reactions
characterized by different rate processes was not constant.
Ly = lmadd — expkypd)] (3A) This exclude_s_reactiqn schemes in which a single receptor
) form desensitizes either in two parallel reactions or in
where Kyps= Ky + K[ L/(L + Ky)] (3B) consecutive reactions. How do these results compare to those
obtained previously by different techniques?
| andlmax represent the measured current at tirad when Our concentratioreffect data suggested that the activation
the current reaches its maximum value, respectively. A plot of glutamate receptors in hippocampal neurons requires the
of kapsfor the current rise time versub/[L + Ky)]*according  pinding of two molecules of -glutamate. Recent reports
to eq 3B is shown in Figure 5. Theys value for the current — indicate that the glutamate receptor is tetrame#ie) @nd
rise obtained in the LaPP experiments and the concentrationthat the conductance level depends on the number of subunits
of glutamate ) were used to obtain the least-squares line occypied by glutamatet(, 41). However, these experiments
in Figure 5. The value oky obtained from the ordinate  are also consistent with the requirement of the occupancy
intercept of the line is (1.4 0.1) x 10°s™. From the slope  of two binding sites to initiate channel openingg). This
of the line, a value foko, of (9.5+ 1) x 10°s*is obtained. jnterpretation is consistent with most reports where the
A value forK; of 600uM gives the best fit of the kinetic  apparent Hill coefficient for activation of glutamate re-
measurements to the least-squares line shown (Figure 4). Thigponses, recorded under conditions favoring activation of
is the same as the value obtained from the cell-flow method non-NMDA receptor channels, varied between 1.1 and 2.0
(Figure 3). (42—44).
DISCUSSION The K; value fqr the binding of glutamate to the non-
NMDA receptors in hippocampal cells may be compared to
Here, we have determined the dissociation constéant, the EGp values obtained in recordings from whole cells and
for glutamate and the rate constants for channel opening,small membrane patches using other perfusion techniques.
kop, @nd closingkg, for the non-NMDA glutamate receptors  Using the values oK; and® determined in our studies and
in rat hippocampal neurons. The assumption that we areeq 2, we calculated that the neurotransmitter concentration
studying non-NMDA receptors is based on the fact that our at which half of the maximum current is reached, the;E£C
recording solutions were not supplemented with the NMDA value, is 38QuM. This value is lower than the mean &C
receptor co-agonist glycine, and that the kinetics of NMDA value of 480uM for the non-NMDA responses evoked by
receptor channel activation and desensitization are relativelyrapidly applied glutamate in whole-cell hippocampal neuron
slow (3). The channel-opening equilibrium constag,?, recordings 42) and is in good agreement with Blvalues
was defined ak,/ky. We have also presented evidence that of 342 and 424M glutamate for outside-out patches excised
the cells contain two forms of the glutamate receptors on from CA3 and CAL neurons, respectivel3. In outside-
the basis of the observation that the ratio of the current out patches excised from cell bodies of Purkinje neurons,
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which lack functional NMDA receptor channels, an £C  receptor sites that can be sampled, can be 2 orders of
value of 432uM was obtained for glutamate applied by rapid magnitude lower than those found in whole cells. In
perfusion §5). experiments with membrane patches, only one form of the

The value forky that we obtained in LaPP experiments, GABAa receptor was observed). Two receptor forms
1100+ 100 s, was comparable to théeactivation rates were observed in experiments with whole cells, and the
for glutamate responses in outside-out patches excised fromvalues of ko, and k; for both receptor forms could be
rat dentate gyrus neurons, 300250 s* (35) and from rat determined using the LaPP technig@8)(

Purkinje neurons, 808900 s* (45). Itis in close agreement In the case of the glutamate receptor, receptor forms that
with values derived from the single-channel mean open time gesensitize with different rates were previously detected but
(660us) observed for non-NMDA channels in rat cerebellar only at neurotransmitter concentratior800 «M (43). In
granule neurons4g). _ the transient kinetic experiments with whole cells presented
The kop value of (9.5+ 1) x 10° s™* that we determined  here it was possible to observe two desensitization rates,
can bg compargd to the current rise time obtained in rapid gyen at a very low (1@M) glutamate concentration, and to
perfusion experiments with outside-out membrane patchesgetermine the effect of glutamate concentration on these rates
excised from hippocampal neurons. A mean value of 0.5 Ms gnq, consequently, to establish the presence of two different
for rat h|ppocampal_ neurons has been report) for the receptor forms in the cells. By using the same Kkinetic
20-80% current rise time in the presence of 3 MM tachniques as were used here, evidence was obtained
glutamate. This compares well with the value_ of 0.6 ms for previously for the existence of two receptor forms in8C
the 20-80% current rise time of CA3-mossy-fiber synaptic 11 cells containing the muscle type of nicotinic acetylcholine
currents 47). The 20-80% current rise obtained in our  receptor £0), in embryonic mouse spinal cord cells contain-
experiments is shorter, by a factor of_ about 3. It is 0.18 ms ing the strychnine-sensitive glycine recepté8) and in rat
at 3 mM glutamate and reaches a final value of 0.13 ms. hippocampal neurons containing the GABFeceptor £3).

These values are calculated by using eq 4 In addition to being able to compare the value kof
_ I T _ obtained in LaPP measurements to the lifetime of the open

Nl max Itl][lmax |‘2] = Kodti — ] ) channel (e.g., refé3 and 46) obtained in single-channel
current recordings, results obtained using the transient kinetic
technigues can be examined for self-consistency. The value
of K;, obtained from the kinetics of the rise time of the
current (eq 3B), is also obtained from measuring the effect
of neurotransmitter concentration on current amplitudes in
either LaPP or cell-flow experiments (eq 2B). The values of
kop and kg obtained in kinetic measurements of the current
rise can be compared to the valued{=kg/kop) determined
from the effect of neurotransmitter concentration on the
current amplitudes obtained in LaPP or cell-flow experiments
(eq 2B). The value ofp obtained in cell-flow experiments
is 0.154+ 0.17, and the ratio ok./k,, Obtained in LaPP
experiments is 0.12.

I, has 80% of the value df,a andly, has 20% of the value

of Imax t1 @andt, represent the time it takes for the current to
reach 80% and 20% of the current maximum, respectively.
kobsiS the observed first-order rate constant for reaching the
current maximum at a particular glutamate concentration.
In the LaPP experiments presented (Figures 4 and 5);-a 20
80% current rise time of 0.18 ms is obtained at 3 mM
glutamate. On saturation of the receptors with glutamate, a
20—80% rise time of 0.13 ms is obtained.

The LaPP method we have used permits an improved
measurement of the rise time for direct agonist application
as compared with the most rapid perfusion methods, piezo-
electric driven devices, because they are limited to time

constants of 200400us for solution exchange!8, 44). The In contrast to previously avai_lable techniques, the LaPP
time constant for the photolysis of caged glutamate is only technique allows one to determine the effect of an inhibitor
30 us (14). on k; and also orky, (11). Therefore, the affinity of the

The results obtained using LaPP and those obtained usingnhibitor for the open- as well as the closed-channel receptor
rapid perfusion and outside-out membrane patches have beeform can be determined. This information has been used in
compared previously. In investigations of the GAB£23) arriving at a minimum mechanism of |nh[b|t|on of the muscle
receptor, it was observed that, with either technique, similar Nicotinic acetylcholine receptor by cocairg? and MK801
results are obtained only at very low concentrations of (24) and in the search for and discovery of ligands that
neurotransmitter, when the current rise times are slow, andPrevent this inhibition 25, 50).
at supersaturating concentrations. The suggestion is that, at The results presented suggest, therefore, that the techniques
supersaturating concentrations of neurotransmitter, a smalldescribed are likely to be useful in investigations of the
fraction of the applied neurotransmitter, but sufficient to effects of glutamate on non-NMDA receptor channels formed
saturate the binding sit@38), can diffuse to the receptor sites by heterologous recombination, as well as of the effects of
rapidly as compared to channel opening. In the intermediatedifferent drugs on the mechanism of these glutamate recep-
range of neurotransmitter concentration, the rates obtainedtors in different neurons. Caged neurotransmitters now exist
by flowing solutions over outside-out membrane patches arefor all major excitatory and inhibitory neurotransmitter
lower than the rates observed in LaPP experime®8. (  receptors 11, 20). The rapid reaction techniques now
These experiments cannot, therefore, be used to evaluate thavailable for investigating membrane-bound proteins together
dissociation constant of the neurotransmitt&i, or the with the classical electrophysiological techniques are ex-
channel-opening equilibrium constanb,. Another disad- pected to be useful in investigating how the mechanism of
vantage of using small membrane patches and rapid perfu-neurotransmitter receptor-mediated reactions are modified by
sion, in contrast to using whole cells in LaPP experiments, diseases of the nervous system and by therapeutic as well
is that the surface area, and presumably the number ofas abused drugs.
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