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SUMMARY

1. Whole-cell voltage-clamp recordings were made from rat isolated hippocampal
neurones. Aspartate (Asp) and/or glycine (Gly) were applied by a method in which
the external solution could be changed within 30 ms and thereafter held constant.

2. Asp and Gly applied together at maximal concentrations (5 mm and 10 /tM,
respectively) evoked an inward current due to activation of N-methyl-D-aspartate
(NMDA) receptors. The current peaked and then declined to a steady state during
the application. The time constant of desensitization (T) was about 1 s when the
agonists were applied soon after the onset of whole-cell recording. The desensitization
became more rapid (T = 0 3 s) and more complete during the first 15 min of
recording, and thereafter remained stable; the amplitude of the peak response did not
change throughout. In solutions containing 10 ,aM-Gly, Asp had an apparent Kd of
51 uM at the peak of response and 20 /tM measured at the steady state. The steady-
state current was 14% of the peak current.

3. Asp was applied after a conditioning exposure of the cell of Gly (from 1 to
50 ,UM), together with the same Gly concentration. The maximum current evoked by
the application of Asp was increased while increasing Gly in the conditioning
solution, with no change in the apparent Kd for Asp at the peak of Asp-activated
response.

4. Various concentrations of Asp (plus 10 tM-Gly) were applied after a con-
ditioning exposure to Asp (which alone was without effect). The maximum current
induced by Asp applications was only 28% of that observed without conditioning
Asp application, but the apparent Kd was unchanged (about 57 /IM).

5. Test solution containing maximal concentrations of Asp and Gly was applied
after conditioning exposure to both Asp (varying concentrations) and Gly (10 ,UM).
Complete desensitization was caused by 200 ,aM-Asp. The apparent Kd for Asp to
induce desensitization (8 7 /tM) was less than the Kd as an agonist (51 JIM).

6. Test solution containing maximal concentrations of Asp and Gly was applied
after conditioning exposure to both Gly (varying concentrations) and Asp (5 mM).
Complete desensitization was caused by 1 ,aM-Gly. The apparent Kd for Gly to
induce desensitization (120 nm) was less than the Kd as a co-agonist (about 1 JIM).
NMS 852'3



I. V. CHIZHMAKOV AND OTHERS

7. The results imply that Asp alone induces desensitization of the NMDA receptor
manifested as a reduced maximal response with no change in apparent Kd, whereas
a combination of both co-agonists induces a desensitization of the NMDA receptor
which is accompanied by an increase in affinity of receptor for both co-agonists.

INTRODUCTION

Glutamate receptors are widespread in the mammalian central nervous system,
mediating excitatory synaptic transmission and events involving plasticity in
different brain regions, particularly in the hippocampus (Collingridge, Herron &
Lester, 1988; Cotman, Monaghan & Ganong, 1988; Collingridge & Singer, 1990).
According to pharmacological and biochemical data they are subdivided into three
major classes: N-methyl-D-aspartate (NMDA) receptors, selectively activated by
NMDA and aspartate (Asp) and blocked by D-2-amino-5-phosphonovaleric acid,
kainate receptors and quisqualate receptors (Watkins & Evans, 1981; Mayer &
Westbrook, 1987; Monaghan, Bridges & Cotman, 1989).

Glycine (Gly) and some other amino acids in low micromolar concentrations
selectively potentiate the responses to NMDA (Johnson & Ascher, 1987). This unique
action is mediated through the binding of Gly at a strychnine-insensitive allosteric
site on the NMDA receptor-channel complex (Monahan, Corpus, Hood, Thomas &
Compton, 1989; White, Kirsten & Frank, 1989; Kessler, Terramani, Lynch &
Baudry, 1989). At the single-channel level this potentiation was revealed as an
increase in opening frequency without changes in mean open time or the conductance
of channels (Johnson & Ascher, 1987; Mayer, Westbrook & Vyklicky, 1988).
However, some recent findings suggest the Gly is absolutely necessary for the
activation ofNMDA receptors (Kleckner & Dingledine, 1988; Foster & Kemp, 1989;
Huettner, 1989; Lerma, Zukin & Bennett, 1990) and may be regarded as an NMDA
'co-agonist'. Thus, in isolated cells which could be studied at lower level of Gly
contamination (e.g. freshly isolated neurones (Chizhmakov, Kiskin, Krishtal &
Tsyndrenko, 1989, 1990; Mody, Salter & MacDonald, 1989) or Xenopus oocytes
injected with mammalian brain mRNA (Verdoorn, Kleckner & Dingledine, 1987;
Kleckner & Dingledine, 1988; Lerma, Kushner, Zukin & Bennett, 1989; Lerma et al.
1990), the response to NMDA or its agonist alone were usually absent or very small.
The 'co-agonist' role of Gly was further strengthened by the findings that selective
competitive antagonists of Gly, 7-chlorokynurenic acid (Kemp, Foster, Leeson,
Priestley, Tridgett, Iversen & Woodruff, 1988; Lerma et al. 1990; Vyklicky,
Benveniste & Mayer, 1990) and indole-2-carboxylic acid (Huettner, 1989), completely
blocked NMDA-activated responses recorded without addition of exogenous Gly. As
the onset of such block was independent of antagonist concentration, it was
concluded that these substances are competitive Gly antagonists, rather than inverse
agonists (Henderson, Johnson & Ascher, 1990).

In experiments with rapid agonist delivery, ionic currents elicited by NMDA and
its agonists show a marked decline due to desensitization (Chizhmakov et al. 1989,
1990; Mayer, Vyklicky & Clements, 1989); the kinetics are slower than those
described for the non-NMDA currents (Kiskin, Krishtal & Tsyndrenko, 1986;
Trussell & Fischbach, 1989; Tang, Dichter & Morad, 1989). Mayer et al. (1989) (see
also Lerma et al. 1990; Sather, Johnson, Henderson & Ascher, 1990) have found that
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Gly regulates NMDA receptor desensitization: increases in Gly concentration from
30 nm to 1 ,IM both decreased desensitization of NMDA-activated currents and
increased the rate of recovery from desensitization. It has been suggested that the
Gly-dependent decrease in the time spent by the NMDA receptor in the desensitized
state underlies the potentiating effects of Gly on central neurones (Mayer et al. 1989).
In contrast, desensitization was found to be independent of the Gly concentration,
and Glv did not reverse desensitization in small cells and excised outside-out
membrane patches (Sather et al. 1990) or in acutely isolated central neurones
(Shirasaki, Nakagawa, WNakamori, Tateishi, Fukuda, Murase & Akaike, 1990); this
raises the possibility that NMDA receptor desensitization and the potentiating effect
of Gly may be regulated separately.

Steady-state desensitization is estimated as a decreased response to saturating
concentrations of agonist after pre-incubation in agonist-containing solutions
sufficiently long to achieve dynamic equilibrium conditions (Katz & Thesleff, 1957;
Kiskin et al. 1986; Trussell & Fischbach, 1988). We used this experimental paradigm
in the study of the steady-state desensitization ofNMDA receptors in freshly isolated
perfused hippocampal neurones to distinguish the properties of steady-state
desensitization produced by Asp alone and by the combined action of Asp and Gly.
In a preliminary report (Chizhmakov et al. 1990) we showed that Asp decreases
sensitivity to subsequent application of Asp and Gly, and this type of desensitization
is prevented by kynurenate, the selective antagonist of Gly at the modulatory site
(Birch, Grossman & Hayes, 1988; Kemp et al. 1988; Williams, Stone, Burton &
Smith, 1988).

METHODS

Cell preparation
Rats (14-21 days) were decapitated without anaesthesia and the hippocampus was removed. It

was manually cut into slices (300-500 ,um), in a solution containing (mM): 150, NaCl;
5, KCl ;125, NaH2PO4; 2, CaCI2; 2, MgCl2; 26, NaHCO3; 20, glucose. Slices were placed on a nylon
net in a 20-50 ml glass vessel and incubated in this solution for 40-60 min at room temperature
(21-26 °C). The enzymatic treatment proceeded in the same solution with lower Ca2+ concentration
(CaCl2 0.9 mm and ethyleneglycol-bis-(8-aminoethylether) N,N,N',N'-tetraacetic acid (EGTA) 1 mM)
and 0 3-0 5% protease from Aspergillu8 oryzae (Sigma) added. Similar results were obtained with
the use of protease Akrezim 3 (03%) from microbial origin kindly provided by Drs Yu. W.
Kostenko and 1. F. Mishunin (A. V. Palladin Institute of Biochemistry, Kiev, USSR). The
addition of 0 10-2% collagenase (Type II, Sigma) to the enzyme solutions sometimes improved
results when the enzymatic treatment proved to be insufficient. The incubation in the enzyme
solution proceeded at 36 °C within 50-90 min, until most slices could be separated along the
pyramidal cell layer to produce viable cells. Slices were kept subsequently in enzyme-free solution
containing normal Ca2+ concentration and used within 6 h. Throughout the entire procedure the
solutions were continuously saturated with a 95% 02 and 5% CO2 gas mixture to maintain pH 7-4.
For cell dissociation the slice was transferred to an extracellular solution containing (mM):
150, NaCl; 5, KCl; 2 CaCl2; 2, MIgCl2; 10, N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid
(HEPES); pH adjusted with 9-11 mm of NaOH to 74. Under low magnification the slice was
carefully separated along the pyramidal cell layers CAI and CA3 with steel needles. For
experiments we used either the cells accessible from the slice surface or neurones mechanically
dissociated by trituration of pieces of slices with a Pasteur pipette (tip diameter 150-300 ,um). The
isolated cells with small pieces of slices were transferred to a bath containing the same solution
mounted on the stage of an inverted microscope. The neurones selected for investigation were
10-30 aum in diameter and preserved a small part of dendritic processes. They were usually suitable
for the recording for 2-4 h.
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Recording conditions
Patch micropipettes were use(d for recording in the whole-cell configuration. Thev were made

from soft glass capillaries (diameter 18 mm) by the usual two-stage pulling procedure. After fire-
polishing, the pipettes had a broad, thick-walled tip with internial diamiieter 2-4 yum (resistance
1-3 MfQ). No pipette coating was emploved. The intracellular solution contained 100 mM-KF (or
100 mm-CsF) and 30 mM-tris(hydroxymethvl aminomethanie chloride (Tris-Cl), pH 72. In some
experiments, the intracellular solutioni was 130 mmi-CsOH, adjusted to pH 7-2 with H3P4 and with
2 mx of MgCl2-ATP added. The cell was sucked into the pipette on approximately ' of its somatic
part, and the membrane under the pipette ruptured after 1-2 min of exposure to the intracellular
solution, either spontaneously or due to a suctioIn applied to the pipette. Depolarization of neurones
from holding potentials between -80 and -100 mV to -20 to -30 mV activated inward sodium
and outward potassium (when using a KF intracellular solution) currents. The presence of stable
voltage-gated currents was used as the index of neurone viability during the experiment.

Solutions and chemicals
All applications were performed in Mg2+-free solution which contained (mM): 150 NaCI; 5, KCI;

5, CaCl2; 10, HEPES-NaOH (pH 7 4). Wrhen amino acids were dissolved in this solution, the final
pH was also adjusted to 7 4 with Tris-OH. All chemicals were purchased from Sigma. We used L-
aspartate (Asp) in most experiments as a selective NMDA agonist (Watkins & Evans, 1981; Maver
& Westbrook, 1987) but NMIl)A gave similar results. Wrhen examined in the same cell, the responses
to i,-Asp, D-Asp and N.MDA were practicallv identical and produced complete cross-desensitization
(Chizhmakov et al. 1989). Special precautions to reduce Glv contamination in extracellular
solutions were not taken; however. we always used freshly made solutions and discarded
experiments in which Asp alone elicited currents exceeding 30-50 pA.

Concentration clamp method
Rapid application of agonists or blockers to the membrane of internally perfused neurone was

performed by using a modification of the concentrationi clamp method (Krishtal, Marchenko &
Pidoplichko, 1983) (Fig. 1A). The recording chamber rested on a microscope stage. It had several
compartments, one filled with control extracellular solutioni, and others containing test
extracellular solutions (typically containing one or more drugs). A V-shaped glass tube (internal
diameter 0-5-1 mm) entered the solution in the chamber before bending upwards so that its orifice
was beneath the surface of the solution the other end of this tube could be coninected to a source
of negative pressure (25-30 cm water) by activating an electromagnetic solenoid valve (60-90 ms
voltage pulse), so that the solution in the chamber rapidly filled the glass tube (flow velocity
150-250 am ms-'). The tip of the recording pipette, with attached neurone, was inserted into the
orifice of the glass tube. The glass tube. coimected to a Ag-AgCl electrode, and the recording
pipette were mounted independently of the microscopic stage. so that they could be positioned
without a loss of electrical contact in one or other compartments of the recording chamber by
lowering, laterally moving, and raising the stage. Complete change of the external solution,
measured as a decrease in the voltage-activated Na' current after application of a Na'-free solution
(equimolar substitution of the choline chloride for NaCl). occurre(d within 10-30 ms. After closure
of the valve the neurone remained bathed in test solutioin until the tube and pipette with neurone
were moved to another compartment and the next applicationi occurred. The experiment started
with the neurone in a fresh MIg2+-free extracellular solution for 30-60 s.
The rapidity of the solution exchange was tested by experimenit. Figure 1 B shows the inward

current observed when the extracellular solution was changed from control (150 mM-sodium) to a
test solution containing 5 mM-Asp and 10 ,aM-Gly agonist in 150 mM-sodium. Figure 1 C shows the
inward current observed when the extracellular solution was changed from a control solution that
contained no sodium to the same test solution. The finding that the inward currents were the same
implies that the sodium concentration at the cell surface had already reached close to 150 mM by
the time of the peak inward current. It was therefore inferred that the agonist concentration (in
this case 5 mM-Asp and 10 /LM-Gly) reached a steady-state value in a time that was less than the
time-to-peak of the inward current.

Data analysis
Digitized records (512 points, sampling rate from 0-1 to 20 ImlS per point) were stored on a PDP

11-compatible microcomputer and plotted by using and X-}Y pen recorder. The peak amplitudes

456



DESENSITIZATION OF NMDA RECEPTORS

of currents were normalized to the maximal amplitude of response (Imax) or to the corresponding
value of the test response in normal conditions. Population results are expressed as means + S.E.M.
Calculations of the theoretical dose-response dependences were performed by a least squares
method. Curve fitting with exponentials was done by using the linear least squares method
approximation of the logarithm of current and a comparison of theoretical curve with experimental
record.

B C

Asp 5 mM +Gily lOPM Asp 5 mM + Gly 10PM

[Na-],= 150 mM [NaJ], = 0 mM [Na ]0 = 150 mM

J 100 pA

200 ms

Fig. 1. Concentration clamp apparatus for the study of isolated neurones. A, schematic
diagram of the experimental set-up. The system 'micropipette in the tube' is placed above
the bath compartment with the application saline, and the bath moves upward to a fixed
position. The solution flows into the tube when the valve is open. Two Ag-AgCl electrodes
are connected to the conventional voltage-clamp circuitry. B and C, estimation of the rate
of achieving steady-state L-aspartate (Asp) and glycine (Gly) concentrations at the
response peak. Solution containing 5 mM-Asp and 10 ,sM-Gly was applied to the same
neurone either from the normal extracellular solution (B), or after pre-incubation in Na2+-
free solution (C, equimolar substitution of choline chloride for NaCl). In this and
subsequent figures the holding potential was -100 mV.

RESULTS

Time-dependent changes in Asp-activated currents
The application of test substances using the concentration clamp method usually

began within 1-2 min after the rupture of the membrane patch. The first
simultaneous application of 5 mm-Asp and 10 ,uM-Gly (saturating concentrations)
elicited an inward current, which peaked in 100-150 ms and then declined
(desensitization) to a certain steady-state level (plateau). In most experiments the
decline could be fitted by a single exponential. Subsequent applications of the same
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agonist solution produced responses of the same peak amplitude, but there was more
rapid desensitization and, thus, a decreased amplitude of the plateau component
(Fig. 2). Within 10-15 min after the beginning of perfusion, both the amplitude of the
non-desensitizing component (Fig. 2B) and the desensitization time constant (Fig.

A 2.5 min 7 min
- --------- 4 ---------

15 min 25 min
a - - -- -_a_ _ . _ _ _ _

100 pA
2 s

B
1.2 -

W 1.0-

0

e 0.6-
t~ 024
r 0-2m'-0.

C
1.2-

0.8-
en
k-

0.4-

0

5
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10 15
Time (min)

10 15
Time (min)

2
20 25

20 25

Fig. 2. Time-dependent changes in the Asp-activated response. A, responses to
simultaneous applications of 5 mM-Asp and 10 4uM-Gly taken at the times indicated above
the traces. Time intervals were measured from the beginning of intracellular perfusion of
the neurone. Note the gradual decrease of the steady-state component of the responses
and acceleration of the desensitization rate during the first 15 min of recording.
Thereafter the response remained stable. B, the amplitudes of peak (@) and steady-state
(0) currents relative to those of the first response (2 5 min of perfusion) are plotted for
the same neurone. C, the corresponding time dependence for mean time constants T of the
exponential response decay. The exponential approximations have been taken for
different time intervals within the each current trace, and mean values from the three to
four best fits are plotted. Bars indicate the S.D. of mean.

2 C) reached stable values; therefore the experiments described were carried out more
than 10-15 min after the beginning of intracellular perfusion.
The desensitization enhancement principally could be attributed to Ca2+ entry due to the Ca2+
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permeability of NMDA-activated channels (MacDermott, Westbrook, Smith & Barker, 1986;
Mlayer, MacDermott, Westbrook, Smith & Barker, 1987), as proposed before (Mayer & Westbrook,
1985; Mayer et al. 1987). In such case this effect would depend on the frequency of applications of
agonists. However, the changes in desensitization were equally evident when the second

A Gly 1 M Gly2.5uM Gly 10 pM
Asp 5 mM

B~ ~~~ ~ ~____ _______________________

J 200 pA

0.5 s

Fig. 3. Responses of an individual hippocampal neurone to 5 mM-Asp applied
simultaneously with Gly (A) and after 30 s pre-incubation in Gly-containing solutions (B).
The concentrations of Gly for both experimental protocols are indicated above the current
traces. Note the slower onset of responses to simultaneous applications (A).

application of agonists was separated from the first by 15-20 min. Similar time-dependent changes
were also seen at lower concentrations of Asp and Gly, as well as in experiments when neurones
were perfused with phosphate-containing solutions containing Mg2+-ATP (see Methods).
Sometimes we observed the two-exponential or even more complex current decays (1 1 +0 3 s for
the time constant of the slow component and 0 25+0-08 s for the fast one, n = 6); with increased
perfusion time, both components were accelerated.

Asp-activated currents with or without pre-application of Gly
Solutions containing Asp and Gly were applied to the membrane of hippocampal

neurone in two different ways. In the first procedure the solutions were applied
simultaneously, whereas in the second case neurones were pre-incubated with Gly.
The amplitude of the elicited responses depended both on the concentration of Gly
and on the application procedure (Fig. 3). At Gly concentrations up to 1 AM
simultaneous applications of Gly and Asp (up to 5 mM) elicited little or no response
(Fig. 3A) although a current was observed if Gly was also present before Asp (Fig.
3B). At 2-5 /IM-Gly, the response after pre-incubation in Gly (Fig. 3B) substantially
exceeded the response to the simultaneous application of Asp and Gly (Fig. 3A). Pre-
incubation in Gly resulted in larger amplitudes of Asp-activated responses at all Gly
concentrations up to saturation (10 jtM; Chizhmakov et al. 1989). At this
concentration both application procedures resulted in practically identical responses.
This was also true for different concentrations of Asp (50 /tM, 100 /tM and 1 mM). We
observed qualitatively similar effects for other agonists of the Gly receptor (Johnson
& Ascher, 1987; Snell, Morter & Johnson, 1988; Chizhmakov et al. 1989): L- and
D-alanine, L- and D-serine, L- and D-proline and hydroxy-L-proline (not shown).
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Thus, to achieve the maximal response, it is necessary to pre-incubate the neurone
with Gly or its analogue. For Gly the pre-incubation for 30-40 s was found to be
sufficient: the increase in this time to 1-2 min had no further effect.

Interaction of Asp with NMDA receptors. Dose-response relationships
Figure 4A demonstrates currents induced by different concentrations of Asp on

the background of pre-applied Gly (5 ,um). Similar experiments with various

A Gly 5uM + Asp:
50iuM 250 jM 500juM 5 mM Asp 5 mM + Gly 10pM

00"T /~~~~~~~~~~~~~~~~~~~~~~~~~~St'

100 pA

1 s /max

B C
1.2 0.2

1 0--- ----------- 10 M

0.8
- - - - - - - -

x x

,E 0.6 5uM
.

0.4 1MM
0.2

0 0,IT"
106 10-5 10-4 10-3 10-2 10-6 10-5 10-4 10-3 10-2

Asp concentration (M) Asp concentration (M)

Fig. 4. Dose-response relationship for the Asp-activated responses measured at different
concentrations of Gly. Pre-incubation in Gly-containing solution was used when Gly
concentration was lower than 10 Mm. It proceeded for 30-40 s and was succeeded by
application of solutions containing the same Gly and various Asp concentrations. A, the
responses to Asp applied on the background of 5 ,/m-Gly. Asp concentrations are indicated
above the current traces. Starting from 500 Pm-Asp, saturation of response was observed,
but the peak response never reached the value obtained at 10 ,Mm-Gly (Imax, right trace).
B, the normalized dose-response dependences for the peak Asp-activated response at
different concentrations of Gly. Each point represents the mean value obtained for three
to five cells; bars here and in subsequent figures indicate S.E.M. Smooth curves are
Langmuir isotherms with the following Kd values and saturation levels calculated to
obtain the best fit using the least squares procedure: 46 Mm and 0-35 for 1 Mm-Gly (M),
37 Mm and 0-67 for 5 Mm-Gly (0), 51 uM and 1 0 for 10 M-Gly (A), 40 gM and 1-05 for
50 uM-Gly (A). C, the dose-response relationship for the steady-state current activated by
Asp in different concentrations on the background of 10 uMM-Gly. The amplitudes of the
current, ISt, were normalized to the corresponding values of Imax for each cell (n = 5), and
the mean values are plotted. The smooth curve is the Langmuir isotherm with a Kd value
of 20 ,Mm and saturating level of 0-14, fitting the experimental data.

concentrations of Asp were performed at other Gly concentrations (1, 10 and 50 /tM).
The peak amplitudes of the observed responses were normalized to the maximal
response amplitude (Imax) obtained at saturating Asp concentration on the
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background of saturating Gly concentration (10 /tM). Figure 4B shows the
dependence of peak current on Asp concentration ('activation curves') at different
G(lv levels. The obtained dependences were fitted by Langmuir isotherms with Kd
values close to 50 /Im. but with different saturation levels determined by the
concentration of Gly. From these levels, the dose-response dependence for Gly at
saturating Asp can also be estimated. However, this dependence with EC50 (half-
maximal effective concentration) around 0 5-3 /M (measured in separate experi-
ments, Chizhmakov et al. 1989) was different from a Langmuir isotherm,
indicating possible heterogeneity of the modulatory Gly sites in this preparation
(Chizhmakov et al. 1989).
The similar values of Kd for the peak Asp-activated currents recorded at different

concentrations of Gly show that at response peak Gly does not change the affinity of
Asp for the receptor (Verdoorn et al. 1987; Kleckner & Dingledine, 1988; Huettner,
1989; Lerma et al. 1989; Bonhaus, Yeh. Sharyak & McNamara, 1990; Shirasaki et al.
1990), and Asp does not influence the affinity of Gly to its binding site either (White
et al. 1989; Monahan et al. 1989; Kessler et al. 1989; Bonhaus et al. 1990). Hence, both
co-agonists initially interact with respective binding sites within the NMDA receptor
independently, and the normalized peak amplitude of the response should be
proportional to the fraction of receptors occupied both by Asp and Gly.
On the background of saturating concentration of Gly (10,M) we have measured

the dose-response relationship for the mean normalized amplitudes of the steady-
state components of Asp-activated responses (ISt, Fig. 40). Though variable from cell
to cell, these amplitudes had a mean maximal value 0 14+0 06 of the Imax (n = 10).
The? dependence was fitted by a Langmuir isotherm with a Kd value of 20 ,aM.

Steady-state desensitization of .NMIDA receptors induced by Asp alone
WN!e studied steadv-state desensitization of NAIDA receptors induced by the Asp

alone in two different sets of experiments. In the first series of experiments (Fig. 5A),
Asp was first applied and the solution was then changed to Asp plus Gly (10 /tM, a
saturating concentration). In all neurones (n = 7). the peak amplitudes of the
responses were smaller than the amplitudes of responses obtained by the same Asp
and Gl concentrations without Asp pre-incubation (compare Fig. 5A and 5B),
presumably reflecting desensitization to the initial Asp pre-incubation. The
concentration dependence of the peak responses to Asp plus Gly (10O 4M) obtained
after pre-incubation in Asp was well fitted by a Langmuir isotherm (Fig. 5D, bottom
curve); the Kd value (57 /m) was similar to that for the peak response to
simultaneous application of Asp plus Gly (10 am), and the saturation level (a) was
0-28 + 0 13 (n = 11). Even after prolonged pre-incubation of the neurone in saturating
Asp concentrations (5 and 10 mM) subsequent addition of Gly (10 uM) still activated
an ionic current with maximal relative amplitude a. Thus, Asp alone in saturating
concentration desensitizes about 70% of the Asp-bound NMDA receptors, making
them insensitive to Glv.

In the second series of experiments (Fig. 05), neurones were pre-incubated in
solution containing different concentrations of Asp and then the solution was
changed to a test solution of Asp (5 mM) and Gly (10 /M). The dependence of the test
response peak amplitude on the varying concentration of Asp used for pre-incubation
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Gly 10,uM
Asp

A

Asp 10 MM 50juM 100uM 5 mM

B~~~~~~~~~~~~~ rr
Asp 5 mNm1
/max

200 pA

2 s

Test
Asp Test Asp 5 mM + Gly 10 pM
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D
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Fig. 5. Steady-state desensitization ofNMDA receptors induced by Asp. A, the response
of a hippocampal neurone to the applications of 10 /tM-Gly and Asp in various
concentrations (indicated below the current traces) obtained after 30 s pre-incubation in
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is shown in Fig. 5D (top curve). The increase in Asp concentration in pre-incubation
medium decreased the test response, but did not abolish it (Fig. 5C). The test
solution should activate both receptors that are not liganded with Asp and receptors
liganded with Asp, by virtue of the added Gly. This second component was measured
independently in the first series of experiments, and is shown as the open circles in
Fig. 5D (bottom curve). Thus, the current due to the activation by 5 mM-Asp and
10 /tM-Gly of receptors that were not already liganded with Asp is computed as the
difference between filled and open circles in Fig. 5D. These values are replotted as
Fig. 5E. Figure 5E also shows (continuous line) the Langmuir isotherm for Asp in
10 /M-Gly (redrawn from Fig. 4B). The agreement with the experimental points
implies that pre-incubation with Asp does not change the apparent Kd determined by
a subsequent test dose.

Steady-state desensitization ofNMDA receptors in the presence of Mg2+
Extracellular Mg2+ selectively blocks the NMDA-activated ionic channels at

negative membrane voltages (Nowak, Bregestovski, Ascher, Herbet & Prochiantz,
1984; Mayer, Westbrook & Guthrie, 1984; Ascher & Nowak, 1988). Neurones were
pre-incubated in saturating concentration of Asp with 2 mM-Mg2+ to find the possible
relationship between agonist-induced steady-state desensitization and cation entry
into the cell (Fig. 6). The test responses were measured after the pre-incubation in
Asp (Fig. 6A) and after pre-incubation in Asp with Mg2+ (Fig. 6B, in this experiment
the Mg2+ was washed out directly with test solution). The comparison of test
responses with controls in Fig. 6 shows that the degree of steady-state desensitization
was almost identical. Thus, channel block by Mg2+ ions does not affect the
development of Asp-induced steady-state desensitization of NMDA receptor.

Steady-state desensitization ofNMDA receptor under concerted action of Asp and Gly
To study the effect of Gly on the steady-state desensitization of NMDA receptors

we conducted two further series of experiments with 'two-step' applications of Asp
or Gly. In the first series of experiments, Asp was applied in a two-step manner on
the background of a saturating concentration of Gly (10 uM, Fig. 7A). With pre-

Asp. The amplitude of these responses never attained the maximum (Imax, right curve).
B, the same concentrations of Asp, when applied to the same neurone as in A, but
simultaneously with Gly, resulted in the responses always exceeding those in A. C, after
30 s pre-incubation in solutions containing the same Asp concentrations as in A and B,
the responses to test solution (5 mM-Asp and 10 etM-Gly) were evoked (another neurone).
The test responses decreased with the increase in Asp concentration. Right trace, the
maximal test response obtained without pre-incubation. D, the dose-response relationship
for the Asp-induced steady-state desensitization of the test response in C (@, top curve)
and the dependence of responses to applications of Asp with 10 /tM-Gly (A) on the pre-
incubating Asp concentrations (0, bottom curve). The same saturating levels of both
dependences correspond to the response to 10 /SM-Gly on the background of saturating
Asp. Points represent mean values obtained for four to eight cells. The top smooth curve
is fitted by eye, the bottom one is a Langmuir isotherm with a Kd value of 57 /M and
maximum a = 0-28, calculated to obtain the best fit to experimental data. E, subtraction
of experimental points in D fits well the theoretically calculated dependence for the
fraction of NMDA receptors free from agonist: smooth curve is obtained by subtracting
from unity the dose-response curve for 10 /M-Gly, Fig. 4B.
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incubation in Gly, the first, 'conditioning', applications of Asp in various
concentrations caused inward currents; their normalized peak amplitude was taken
to indicate the fraction of Asp-occupied receptors (Fig. 7A, left column). To allow the
desensitization process to reach the steady state, the neurone was pre-incubated in

Gly 10 AM Control
Asp 5 mM

A

MgC12 2 mM Control

B

J| 200 pA

2 s

Fig. 6. Channel block by Mg2" ions does not affect the Asp-induced steady-state
desensitization of NMDA receptor. A, small amplitude of the test response to 5 mM-Asp
with 10 ,aM-Gly after pre-incubation in 5 mM-Asp reflects the steady-state desensitization
of receptors. B, the addition of 2 mM-MgCl2 to the Asp-containing solution does not affect
desensitization. The traces on the extreme right show corresponding controls performed
from normal saline (A) and from the solution containing MIg2+ (B). Thev show that the
offset of the blocking action of Mg2+ is not slower than the time of the solution change.
The gaps in current traces represent pre-incubation time: 2 min (A) and 15S (B).

conditioning Asp and saturating Gly for 30 s; the test solution (containing saturating
Asp and saturating Gly) was then applied. The peak amplitudes of the test responses
were measured after subtraction of the steady-state levels of conditioning currents.
The fraction of receptors occupied by Asp at the beginning of the conditioning can

be estimated from the peak amplitude of the conditioning response (Fig. 7A, left
column). If all the receptors that were unliganded by Asp were to respond to the test
application, then the peak current evoked by the test application should be of the
form shown in Fig. 5E (dashed line in Fig. 7B). However, the currents induced by
the test application were smaller than this (Fig. 7B). The apparent Kd for Asp in the
presence of desensitization induced by Asp and Gly was 8 7,um, compared with about
50/tM for its effect as an agonist. Indeed, Asp with Gly induced complete
desensitization at 100-200 /aM, which is much lower than the saturating con-
centration measured from the direct effect (dose-response curve in Fig. 4B).

In the second series of experiments, Gly was applied in a similar two-step manner
on the background of a saturating concentration of Asp (5 mm. Fig. 8A). In this
experimental protocol, the amplitudes of test responses should be compared to the
amplitude of the response elicited by an addition of 10 /IM-Gly on the background
of saturating Asp ('Asp, see top current traces). As in the experiments with pre-
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0.2

0
104 10-5 10-4' 10-3 1o-2

Asp concentration (M)

Fig. 7. Steady-state desensitization of NMDA receptors measured on the background of
a saturating Gly concentration (10 pM). A, after pre-incubation in Gly, each conditioning
application of Asp in various concentrations (indicated near corresponding traces) after
30 s incubation (gaps in current traces) was followed by the application of the test
solution. The trace on the extreme right, the test application without pre-incubation in
Asp represents maximal response, Imax. With the increase in Asp concentration in pre-
incubating solution the amplitude of the test response was progressively suppressed. B,
the peak amplitudes of the test responses were measured from the steady-state level of
conditioning response and normalized to Imax. Mean values obtained on five cells are
plotted against the Asp concentration. The smooth curve is a Langmuir isotherm, K8 =
8-7 /SM, fitting the experimental data. The dashed curve is calculated from the dose-
response dependence for Asp at 10 ,uM-Gly as in Fig. 5D. It represents the concentration
dependence of the fraction of receptors free from Asp. The difference between the curves
indicates the presence of steady-state desensitization of NMDA receptors produced by a
combined action of Asp and Gly.

incubation in Asp (Fig. 5A), this and subsequent test responses are diminished to the
same extent (a) by the steady-state desensitization induced by Asp alone. Using the
same idea of measurements as in the previous series of experiments, we normalized
the peak test responses to IAsp and compared them with estimated concentration



dependence for the predicted fraction of Glv-free receptors. Figure 8B demonstrates
the dependence of normalized amplitudes of test responses on Gly concentration in
pre-incubating solution fitted by a Langmuir isotherm with an apparent Kd for Gly
of 120 nm. The dependence was shifted towards the lower concentrations of Gly, and

Gy
Asp 5 mM

= TsG Iy ~~Test

Gly = 0

'Asp

Gly 50 nM

500 nM -

P,M ---

r~~~~AOOWPIWN

I. I r CHIZHMAKO I AND OTHERS

Test
Asp 5 mM + Gly 10,uM

J500 pA

2s

1.2

1*0

0.8

l< 0.6

0-4.

0.2

io-9 108 10-7 10-6 10-5
Gly concentration (M)

Fig. 8. Steady-state desensitization of NMDA receptors in the presence of Gly, measured
on the background of saturating concentration of Asp (5 mM). A, pre-incubation of the
neurone in Asp alone suppressed the test response to the value 'ASP (top traces), control
without pre-incubation is represented in the trace on the right. Addition of Gly in the
increasing concentrations (indicated near the current traces) further desensitized the test
response. The gaps in current traces represent pre-incubation time, 30 s. B, the
dependence of peak amplitude of test response, measured from the steady-state levels of
corresponding conditioning response and normalized to IAsP' on Gly concentration. The
smooth curve is a Langmuir isotherm with Kd = 120 nm fitting the mean experimental
data obtained for four cells. The dashed curve represents the normalized theoretical
concentration dependence of the fraction of Gly-free receptors on Gly concentration,
based on binding data of Monahan et al. 1989 and White et al. 1989 (Kd = 230 nM).
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complete steady-state desensitization of the Asp-activated response was achieved at
Gly concentrations as low as 1 ,tM.

DISCUSSION

The NMDA receptors display different features in a desensitized state when
tested after pre-incubation of the neurone in Asp alone or in Asp with Gly. In the first
set of experiments, application of saturating Gly on the background of pre-
incubation in Asp (Fig. 5A) produced a response whose amplitude is significantly
reduced as compared to the amplitude of the response to a simultaneous application
of both co-agonists (Fig. 5B). So, it may be supposed that during pre-incubation in
Asp receptors lose the ability to interact with Gly. We assume that when an Asp
molecule is bound to the agonist site of an NMDA receptor and the Gly site is not
occupied, the activation of the NMDA receptor does not occur, but the Gly site may
acquire desensitized conformation. Our finding that kynurenate blocks the Asp-
induced desensitization (Chizhmakov et al. 1990) is consistent with this hypothesis:
while the Gly sites of NMDA receptors are protected by kynurenate, the
desensitization onset under Asp may be prevented.
The second series of experiments with Asp-induced desensitization (Fig. 5C) may

help to clarify the question whether or not receptor desensitization persists after the
dissociation of the Asp-receptor molecular complex. Since we know how the Asp-
bound receptors respond to the addition of maximal Gly (Fig. 5D, bottom curve), the
remaining component of the test response to the addition of maximal Asp and Gly
should reflect the response of all other receptors to both co-agonists. Figure 5E shows
that after pre-incubation in Asp all the receptors free from agonist contribute to this
component of the test response, therefore we failed to detect among them any
desensitized receptors. This situation may be possible if the desensitization proceeds
only while the Asp molecule is bound to the NMDA receptor, and each receptor
recovers to initial non-desensitized state when the Asp-receptor complex dissociates.
A qualitatively different picture of events was observed in the steady state when

the neurone is pre-incubated in Asp with Gly. On the background of Gly the
transition of receptors to a desensitized state proceeds with activation and is directly
seen from the decline of conditioning response. From the known receptor affinities for
co-agonists at the peak of response (Kd values of 51 fM for Asp and 230 nm for Gly,
Monahan et al. 1989 and White et al. 1989; our estimations gave larger values of
around 1 ,UM for Gly, see Chizhmakov et al. 1989) we expected to find the whole
fractions of Asp-free (Fig. 7B, dashed curve) or Gly-free receptors (Fig. 8B, dashed
curve) in non-desensitized state. However, some of these receptors gave no response
to the test stimulus, so the fraction actually desensitized under the action of Asp and
Gly receptors seems larger than that estimated from the amplitude of the decaying
component of the conditioning response (Fig. 7B and Fig. 8B). This is expressed as
a decrease, after pre-incubation with both co-agonists, in apparent Kd values for Asp
(8-7 gM) and for Gly (120 nM) in relation to corresponding values measured at the
peak of response. In contrast, an apparent Kd value for Asp measured after pre-
incubation in Asp alone (Fig. 5E) did not change. Thus, desensitization induced by
a combined action of co-agonists could be described as an increase in apparent
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affinity of receptors for co-agonists from the peak of response to the steady state.
Such increase in the affinity for agonist has been proposed earlier in general models
of the acetylcholine receptor desensitization (Katz & Thesleff, 1957; Changeux,
Devillers-Thiery & Chemouilli, 1984).
However, alternative explanations are possible. First, using the peak amplitude of

response that does not reach a steady state may lead us to underestimate the true
affinities of co-agonists. This seems to be unlikely in these experiments for the
following reasons. First, the experiments shown in Fig. lB and 1C suggest that the
concentrations of Asp and Gly reach the steady-state levels at the time when ionic
current reaches the peak, so an error introduced by non-equilibrated Asp and/or Gly
concentration is negligible. Second, pre-incubation in Gly could ensure a correct
estimation of Gly affinity. Third, the same Kd values for Asp were derived both from
the peak amplitude of the response to simultaneous application of Asp and maximal
Gly (Fig. 4B), and from the experiments with pre-incubation in Asp (Fig. 5A and 5D,
bottom curve). So, it is possible to consider a presence of 'quasi-equilibrium'
conditions at the peak of response. An appearance of a considerable fraction of
desensitized receptors when the response reaches the peak may provide a second
plausible explanation for the difference in Kd values. It also seems unlikely to us,
because the changes in the kinetics of response desensitization in the course of
intracellular perfusion occur at the constant peak response amplitude (Fig. 2). The
peak amplitude of the response changes little if the desensitization is either much
slower than activation or starts after formation of active agonist-receptor complex.
Thus, desensitization of an NMDA receptor is most likely to be a consequence of
receptor activation and is accompanied by an apparent increase in affinity of
receptors.
The dependence of the steady-state component of NMDA response on Asp

concentration (Fig. 4 C) directly shows that, at saturating concentrations of Gly, non-
desensitized receptors detected in the steady state have higher apparent affinity for
Asp (Kd = 20 /tM) than the non-desensitized receptors found after pre-incubation in
Asp alone (Fig. 5D, bottom curve). So Gly and/or receptor activation indirectly
'increases' an apparent receptor affinity for Asp. One possible way to theoretically
account for this change is an introduction of a distinct receptor desensitized state
which can be formed only after the receptor activation. From a desensitized state,
the receptor may return to an activated state (as recently proposed by Benveniste,
Clements, Vyklicky & Mayer, 1990) or may slowly transform, with a loss of one co-
agonist, to either Asp-receptor or Gly-receptor initial complexes. The lifetime of a
desensitized state thus may limit the time required for activated receptors to revert
to the initial state. This should lead to an apparent increase in affinity for co-
agonists, as forward rates of formation of activated receptor do not change whereas
an apparent reverse rate decreases. From a more pronounced shift in apparent Kd
value on the background of saturating Gly (Fig. 7B) we may suspect that the
intermediate desensitized state can most likely be represented by a receptor occupied
by Gly. The fraction of these receptors should be evidently less on the background
of saturating Asp (Fig. 8B). Anyway, the fact that an increase in affinity was
observed for both Asp and Gly further emphasizes the role of Gly as NMDA co-
agonist in contrast to allosteric hypothesis.
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The question arises whether the features of desensitization induced by Asp alone
can be explained by a weak activation and subsequent desensitization of NMDA
receptors due to contamination of solutions with Gly. In our experiments the
desensitization is not directly regulated by Ca2" or any cation entry, since the
experiments with Alg2 showed the absence of protection from desensitization by this
antagonist (Fig. 6). Thus, the desensitization is a receptor process, which apparently
has nio current-dependent component. If all the solutions are equally contaminated
with Gly, applying the test solution after pre-incubation in Asp (Fig. 5E) we should
detect the shift in Kd value, as after pre-incubation in both co-agonists (Fig. 7B).
Alternatively, if the contaminating Gly increases in pre-incubation medium
proportionally to the Asp concentrations, more Asp-bound receptors should interact
with G(ly. Thus, by increasing Asp concentrations from 1 to 10 mm we should observe
a progressive decrease of the response to subsequent addition of Gly instead of
saturation (Fig. 5A,D). However, no indications of such phenomena have been
foun(l.
The fact that during the first 15-20 min of intracellular perfusion the peak

response does not decrease while desensitization increases shows that there is no
correlation between the facilitatory action of Gly and receptor desensitization, in
contrast to original finding of Mayer et al. 1989 (see Sather et al. 1990; Shirasaki et
al. 1990). Moreover, we show here that Gly increases te steady-state desensitization
leading to the appearance of a distinct desensitized state. The differences in the mode
of application of substances, in the expression of receptors in cultured and in freshly
isolated cells, and in the contribution of somatic versus dendritic NMDA receptors,
may principally account for the discrepancy (see Sather et al. 1990). However, the
regulation of the NMDA receptor desensitization in a perfused cell by an intracellular
metabolite (metabolites) is the most plausible explanation (see MacDonald, Mody &
Salter. 1989). Possibly, the intracellular Ca21 ions activity may serve an additional
source of controversy, since to obtain non-desensitizing responses at high Gly
concentrations Vyklicky et al. 1990, used only 0 2 mm of external Ca2' and 5 mM-1,2-
bis(O-aminophenoxy)ethane-N,NV,N',N'-tetraacetic acid (BAPTA) in the intracellular
solution. With fluoride or phosphate in the internal solution we were unable to
decrease external Ca2' below 1 mm. In our experiments the addition of 5 mM-BAPTA
to intracellular solution did not measurably change the features of NMDA response
desensitization. We tentatively suggest that the 'Gly-insensitive' desensitization
produced by a combined action of both co-agonists is caused by a lack of some
intracellular factor or by a high internal Ca2" concentration and thus is not
manifested in the absence of perfusion (Lerma et al. 1990) or at different perfusion
conditions (Mayer et al. 1989; Vyklicky et al. 1990). In contrast, the 'Gly-sensitive'
desensitization to the NMDA alone could be less strongly regulated. Then, when Gly
concentration increases, the fraction of receptors occupied only by NMDA and
capable of becoming desensitized evidently decreases. This may qualitatively explain
how Gly decreases this type of desensitization. Our suggestion is supported by the
finding that the 'Gly-sensitive' desensitization was less prominent either at low
NMDA or high Gly concentrations (Vyklicky et al. 1990).
With arbitrary concentrations of Asp and Gly in the pre-incubation solution, the

two types of desensitized NMDA receptors under certain intracellular conditions co-
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exist and differentially contribute to the integral steady-state desensitization. In the
absence of Gly, NMDA alone causes incomplete desensitization, and the receptors
liganded with NMDA rapidly come back from a desensitized state. This makes
possible the activation of the excitatory response by a sudden increase in Gly
concentration on the background of previously released NMDA agonist (as in
experiments presented in Fig. 5A). The dependence of these receptors on Gly
concentration has an extremely low nanomolar threshold as compared to that for the
inhibitory response activated by Gly (10-20 /SM, Krishtal, Osipchuk & Vrublevsky,
1988). Thus, Gly in different concentrations may either evoke and maintain or inhibit
neuronal excitation, acquiring a dual role in the synaptic function.
Combined action of Gly and Asp promotes a more complete second type of steady-

state desensitization. This process requires receptor activation and may terminate
the NMDA agonist action on the postsynaptic membrane, preventing the damage of
neurones by an excessive Ca2+ entry which triggers the excitotoxic changes (Choi,
1987; Rothman & Olney, 1987). So, the action of Gly on desensitization introduces
an additional negative feedback in the overall process of cell excitation.

In contrast to other receptors requiring no co-agonists, both the amplitude of the
NMDA-activated response and the subsequent desensitization cannot be evaluated
solely from the known concentration ofNMDA agonist. The combined action of both
co-agonists, NMDA agonist and Gly (or its analogue), results in complex and flexible
regulation of neuronal excitation and related intracellular processes.
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work was supported by the Ukrainian Academy of Sciences and partially by the grant from ICI.

REFERENCES

ASCHER, P. & NOWAK, L. (1988). The role of divalent cations in the N-methyl-D-aspartate responses
of mouse central neurones in culture. Journal of Physiology 399, 247-266.

BENVENISTE, M., CLEMENTS, J., VYKLICKY, L. & MAYER, M. L. (1990). A kinetic analysis of the
modulation of N-methyl-D-aspartic acid receptors by glycine in mouse cultured hippocampal
neurones. Journal of Physiology 428, 333-357.

BONHAUS, D. W., YEH, G. -C., SKARYAK, L. & McNAMARA, J. 0. (1990). Glycine regulation of the
N-methyl-D-aspartate receptor-gated ion channel in hippocampal membranes. Molecular
Pharmacology 36, 273-279.

BIRCH, P. J., GROSSMAN, C. J. & HAYES, A. G. (1988). Kynurenic acid antagonizes responses to
NMDA via an action at the strychnine-insensitive glycine receptor. European Journal of
Pharmacology 154, 85-87.

CHANGEUX, J. -P., DEVILLERS-THIERY, A. & CHEMOUILLI, P. (1984). Acetylcholine receptor: an
allosteric protein. Science 225, 1335-1345.

CHIZHMAKOV, I. V., KISKIN, N. I., KRISHTAL, 0. A. & TSYNDRENKO, A. YA. (1989). Glycine action
on N-methyl-D-aspartate receptors in rat hippocampal neurons. Neuroscience Letters 99,
131-136.

CHIZHMAKOV, I. V., KISKIN, N. I., KRISHTAL, 0. A. & TSYNDRENKO, A. YA. (1990). Desensitization
of NMDA receptor does not proceed in the presence of kynurenate. Neuroscience Letters 108,
88-92.

CHOI, D. W. (1987). Ionic dependence of glutamate neurotoxicity in cortical cell culture. Journal
of Neuroscience 7, 369-379.

COLLINGRIDGE, G. L., HERRON, C. E. & LESTER, R. A. J. (1988). Synaptic activation of N-methyl-
D-aspartate receptors in the Schaffer collateral-commissural pathway of rat hippocampus.
Journal of Physiology 399, 283-300.

470



DESENSITIZATION OF NMDA RECEPTORS 471

COLLINGRIDGE, G. L. & SINGER, W. (1990). Excitatory amino acid receptors and synaptic
plasticity. Trends in Pharmacological Sciences 11, 290-296.

COTMAN, C. WV., MONAGHAN, D. T. & GANONG, A. H. (1988). Excitatory amino acid neuro-
transmission: NMDA receptors and Hebb-type synaptic plasticity. Annual Reviews of
.NYeurosciences 11, 61-80.

FOSTER, A. C. & KEMP, J. A. (1989). Glycine maintains excitement. NVature 338, 377-378.
HENDERSON, G.. JOHNSON, J. W. & ASCHER, P. (1990). Competitive antagonists and partial

agonists at the glycine modulatory site of the mouse N-Vmethyl-D-aspartate receptor. Journal of
Physiology 430, 189-212.

HIETTNER, J. E. (1989). Indole-2-carboxylic acid: a competitive antagonist of potentiation by
glycine at the NMDA receptor. Science 243, 1611-1613.

JOHNSON, J. W. & ASCHER, P. (1987). Glycine potentiates the NMDA response in cultured mouse
brain neurons. Nature 325, 529-531.

KATZ, B. & THESLEFF, S. (1957). A study of the 'desensitization' produced by acetylcholine at the
motor end-plate. Journal of Physiology 138, 63-80.

KEMP, J. A., FOSTER, A. C., LEESON, P. D., PRIESTLEY, T., TRIDGETT, R., IVERSEN, L. L. &
WOODRUFF, G. N. (1988). 7-Chlorokynurenic acid is a selective antagonist at the glycine
modulatory site of the N-methyl-D-aspartate receptor complex. Proceedings of the National
Academy of Sciences of the lJSA 85, 6457-6550.

KESSLER, M., TERRAMANI, T., LYNCH, G. & BAUDRY, M. (1989). A glycine site associated with N-
methyl-D-aspartic acid receptors: characterization and identification of a new class of
antagonists. Journal of Neurochemistry 52, 1319-1328.

KISKIN, N. I., KRISHTAL, 0. A. & TSYNDRENKO, A. YA. (1986). Excitatory amino acid receptors in
hippocampal neurones: kainate fails to desensitize them. Neuroscience Letters 63, 225-230.

KLECKNER, N. W. & DINGLEDINE, R. (1988). Requirement for glycine in activation of NMDA-
receptors expressed in Xenopus oocytes. Science 241, 835-837.

KRISHTAL, 0. A., MARCHENKO, S. M. & PIDOPLICHKO, V. I. (1983). Receptor for ATP in the
membrane of mammalian sensory neurones. Neuroscience Letters 35, 41-45.

KRISHTAL, 0. A., OSIPCHUK, YU. V. & VRUBLEVSKY, S. V. (1988). Properties of glycine-activated
conductance in rat brain neurones. Neuroscience Letters 84, 271-276.

LERMA, J., KUSHNER, L., ZUKIN, R. S. & BENNETT, M. V. L. (1989). N-Methyl-D-aspartate
activates different channels than do kainate and quisqualate. Proceedings of the National Academy
of Sciences of the USA 86, 2083-2087.

LERMA, J., ZUKIN, R. S. & BENNETT, M. V. L. (1990). Glycine decreases desensitization of N-
methyl-D-aspartate (NMDA) receptors expressed in Xenopus oocytes and is required for NMDA
responses. Proceedings of the National Academy of Sciences of the USA 87, 2354-2358.

MACDERMOTT, A. B., MAYER, M. L., WVESTBROOK, G. L., SMITH, S. J. & BARKER, J. L. (1986).
NMDA-receptor activation increases cytoplasmic calcium concentration in cultured spinal cord
neurones. NVature 321, 519-522.

MACDONALD, J. F., MODY, I. & SALTER, M. W. (1989). Regulation of N-methyl-D-aspartate
receptors revealed by intracellular dialysis of murine neurones in culture. Journal of Physiology
414, 17-34.

MAYER, M. L., MACDERMOTT, A. B., WESTBROOK, G. L., SMITH, S. J. & BARKER, J. L. (1987).
Agonist- and voltage-gated calcium entry in cultured mouse spinal cord neurones under voltage
clamp measured using arsenazo III. Journal of Neuroscience 7, 3230-3244.

MAYER, M. L., VYKLICKY, L. JR & CLEMENTS, J. (1989). Regulation of NMDA receptor
desensitization in mouse hippocampal neurons by glycine. Nature 338, 425-427.

MAYER, M. L. & WVESTBROOK, G. L. (1985). The action of N-methyl-D-aspartic acid on mouse
spinal neurones in culture. Journal of Physiology 361, 65-90.

MAYER, M. L. & WESTBROOK, G. L. (1987). The physiology of excitatory amino acids in the
vertebrate central nervous system. Progress in Neurobiology 28, 197-276.

AIAYER, M. L., WESTBROOK, G. L. & GUTHRIE, P. B. (1984). Voltage-dependent block by Mg2"
of NMDA responses in spinal cord neurones. Nature 309, 261-263.

MAYER, M. L., WESTBROOK, G. L. & VYKLICKY, L. JR (1988). Sites of antagonist action on N-
methyl-D-aspartic acid receptors studied using fluctuation analysis and a rapid perfusion
technique. Journal of Neurophysiology 60, 645-663.



I. V. CHIZHMAKOV AND OTHERS

MODY. I., SALTER, M. WX. & MACDONALD. J. F. (1989). Whole-cell voltage-clamp recordings in
granule cells isolated from hippocampal slices of adult or aged rats. Veuroscience Letters 96,
70-75.

MIONAGIIAN., D. T.. BRIDGES, R. J. & COTMAN. C. XV. (1989). The excitatory amino acid receptors:
their classes, pharmacology, and distinct properties in the function of the central nervous
svstem. Annual Reviews of 'harmacology and Toxicology 29, 365-402.

MIONAHAN, J. B., CORPUS, V. M., HOOD, XV. F., THIOMAS. J. XV. & COMPTON, R. P. (1989).
Characterization of a [3H]glycine recognition site as a modulatory site of the N-methyl-D-
aspartate receptor complex. Journal of Neurochemistry 53, 370-375.

NOWAK. L., BREGESTOVSKI, P., AScIIER, P., HERBET, A. & PROCHIANTZ, A. (1984). Mlagnesium
gates glutamate-activated channels in mouse central neurones. Nature 307, 462-465.

ROTHMAN, S. MI. & OLNEY, J. WV. (1987). Excitotoxicitv and the NMDA receptor. Trends in
.Neurosciences 10, 299-302.

SATIIER, WV., JOIINSON, J. WV., HENDERSON, G. & ASCHER, P. (1990). Glycine-insensitive
desensitization of NMDA responses in cultured mouse embryonic neuron. Neuron 4, 725-731.

SHIRASAKI, T., NAKAGAWA, T., WAKAMORI, M., TATEISHI, N., FUKUDA, A., MURASE, K. & AKAIKE,
N. (1990). Glycine-insensitive desensitization of N-methyl-D-aspartate receptors in acutely
isolated mammalian central neurons. Veuroscience Letter 108, 93-98.

SNELL. L. D., MORTER, R. S. & JOHNSON, K. M. (1988). Structural requirements for activation of
the glycine receptor that modulates the N-methyl-D-aspartate operated ion channel. European
Journal of Pharmacology 156, 105- 10.

TANG, C. M., DICHTER, M. & MORAD, M. (1989). Quisqualate activates a rapidly inactivating high
conductance ionic channel in hippocampal neurons. Science 243, 1474-1477.

TRUSSELL, L. 0. & FISCHBACH, G. F. (1989). Glutamate receptor desensitization and its role in
synaptic transmission. Neuron 3, 209-218.

VERDOORN, T. A., KLECKNER, N. XV. & DINGLEDINE, R. (1987). Rat brain N-methyl-D-aspartate
receptors expressed in Xenopus oocytes. Science 238, 1114-1115.

VvYKLICKY, L., BENVENISTE, M. & MAYER, M. L. (1990). Modulation of N-methyl-D-aspartic acid
receptor desensitization by glycine in mouse cultured hippocampal neurones. Journal of
Physiology 428, 313-331.

WATKINS, J. C. & EVANS, R. H. (1981). Excitatory amino acid transmitters. Annual Reviews of
Pharmacology and Toxicology 21, 165-204.

XVHITE, XW. F.. KIRSTEN, L. B. & FRANK. D. M. (1989). Glycine binding to rat cortex and spinal
cord: binding characteristics and pharmacology reveal distinct populations of sites. Journal of
,Neurochemistry 53, 503-512.

XVILLIAMS, T. L., STONE, T. W., BURTON, N. R. & SMITH, D. A. S. (1988). Kvnurenic acid and AP5
distinguish between NMDA receptor agonists. Experimental Neurology 102, 366-367.

472


