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Excitatory Postsynaptic Potentials in Rat Neocortical
Neurons In Vitro. III. Effects of a Quinoxalinedione

Non-NMDA Receptor Antagonist

JOHN J. HABLITZ AND BERND SUTOR

Neurobiology Research Center, Department of Physiology and Biophysics, University of Alabama at Birmingham,
Birmingham, Alabama 35294, and Institute of Physiology, University of Munich,

D-8000 Munich 2, Federal Republic of Germany

SUMMARY AND CONCLUSIONS

1. Intracellular microelectrodes were used to obtain recordings
from neurons in layer II/III of rat frontal cortex. A bipolar elec-
trode positioned in layer IV of the neocortex was used to evoke
postsynaptic potentials. Graded series of stimulation were em-
ployed to selectively activate different classes of postsynaptic re-
sponses. The sensitivity of postsynaptic potentials and iontopho-
retically applied neurotransmitters to the non-N-methyl-D-aspar-
ate (NMDA) antagonist 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) was examined.

2. As reported previously, low-intensity electrical stimulation
of cortical layer IV evoked short-latency early excitatory postsyn-
aptic potentials (eEPSPs) in layer II/III neurons. CNQX reversi-
bly antagonized eEPSPs in a dose-dependent manner. Stimula-
tion at intensities just subthreshold for activation of inhibitory
postsynaptic potentials (IPSPs) produced long-latency (10 to
40-ms) EPSPs (late EPSPs or IEPSPs). CNQX was effective in
blocking IEPSPs.

3. With the use of stimulus intensities at or just below thresh-
old for evoking an action potential, complex synaptic potentials
consisting of EPSP-IPSP sequences were observed. Both early,
Cl -dependent and late, K*-dependent IPSPs were reduced by
CNQX. This effect was reversible on washing. This disinhibition
could lead to enhanced excitability in the presence of CNQX.

4. Tontophoretic application of quisqualate produced a mem-
brane depolarization with superimposed action potentials,
whereas NMDA depolarized the membrane potential and evoked
bursts of action potentials. At concentrations up to 5 uM, CNQX
selectively antagonized quisqualate responses. NMDA responses
were reduced by 10 uM CNQX. D-Serine (0.5-2 mM), an agonist
at the glycine regulatory site on the NMDA receptor, reversed the
CNQX depression of NMDA responses.

5. These experiments provide evidence that CNQX, at appro-
priate concentrations, is a selective non-NMDA receptor antago-
nist in the neocortex. Non-NMDA receptors play an important
role in both excitatory and inhibitory neurotransmission in the
rat frontal neocortex.

INTRODUCTION

Excitatory amino acids (EAAs) are prominent neuro-
transmitter candidates in a variety of neocortical areas
(Streit 1984). Glutamate and aspartate are accumulated by
neocortical cells (Baughman and Gilbert 1981; Matute and
Streit 1985), released on depolarization in a calcium-de-
pendent manner (Baughman and Gilbert 1981), and excite
cortical cells when exogenously applied (Krnjevic and
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Phillis 1963). Immunocytochemical studies have identified
glutamate-positive neurons (Giuffrida and Rustioni 1989;
Ottersen and Storm-Mathisen 1984) and glutamate-posi-
tive axon terminals forming asymmetric synapses in the
neocortex (DeFelipe et al. 1988). Although the evidence
pointing toward an EAA as a neurotransmitter in the neo-
cortex is strong, the nature of the receptor mediating var-
ious types of synaptic responses is less clear. From electro-
physiological and receptor binding studies, there appear to
be at least three major EAA-receptor subtypes (Mayer and
Westbrook 1988; Watkins and Evans 1981). Named after
the specific agonists that bind to them, these are the kai-
nate, quisqualate and N-methyl-D-aspartate (NMDA) re-
ceptors (Foster and Fagg 1984; Watkins and Evans 1981).
NMDA receptor antagonists block certain synaptic re-
sponses in the neocortex, but the role of kainate and quis-
qualate receptors is unknown.

Complex synaptic responses have been observed in neo-
cortical slices after stimulation of the white matter (Thom-
son 1986) or corpus callosum (Vogt and Gorman 1982).
Our electrophysiological studies of layer II/IIl pyramidal
neurons in the rat neocortex in vitro have demonstrated
the existence of two types of excitatory postsynaptic poten-
tials (EPSPs) (Sutor and Hablitz 1989a,b). Electrical stimu-
lation of neuronal elements in layer IV at low intensities
produces a short-latency EPSP (early EPSP or eEPSP);
higher stimulus strengths evoke a delayed or late EPSP
(IEPSP). The short latency and lack of decrement with
increases in stimulus frequency suggest involvement of a
monosynaptic pathway in generation of the eEPSP (Sutor
and Hablitz 1989a,b). In contrast, IEPSPs fail completely
at a stimulus rate of 1 Hz, suggesting a polysynaptic origin.
The eEPSP was not affected by the NMDA receptor antag-
onist D-2-amino-5-phosphonovaleric acid (D-APV),
whereas the IEPSP was effectively suppressed.

Investigations of inhibitory postsynaptic potentials
(IPSPs) in the neocortex have shown that both early and
late IPSPs are present (Connors et al. 1988; Howe et al.
1987). The early IPSP is a GABA 4-receptor-mediated,
chloride-dependent event (Connors et al. 1988; Howe et al.
1987; Weiss and Hablitz 1984), whereas the late IPSP is
potassium-dependent and thought to be mediated by
GABAg-receptors (Connors et al. 1988; Howe et al. 1987).
The pathways responsible for IPSP generation are unclear
but may involve activation of inhibitory interneurons by

0022-3077/90 $1.50 Copyright © 1990 The American Physiological Society



CNQX ON RAT NEOCORTICAL EPSPs

recurrent collaterals (Stefanis and Jasper 1964). Presum-
ably synapses onto interneurons would involve an EAA
neurotransmitter (Stone 1973).

An important question is the relative contribution of
NMDA and non-NMDA receptors in generation of synap-
tic potentials in the neocortex. The availability of specific
competitive antagonists for NMDA receptors has helped
delineate the role of this receptor type in excitatory neuro-
transmission. An NMDA-receptor-mediated component
of EPSPs in cortical neurons has been reported by several
investigators (Fletcher et al. 1988; Jones and Baughman
1988; Sutor and Hablitz 1989a,b; Thomson 1986). Non-
NMDA receptor-mediated synaptic potentials have not
been well characterized because of the lack of potent and/
or specific antagonists. The broad-spectrum antagonist
kynurenic acid does, however, greatly reduce synaptic po-
tentials in the neocortex (Jones and Baughman 1988), sug-
gesting that an EAA receptor is involved. Development of
quinoxalinediones as antagonists of kainate and quisqua-
late receptors (Honore et al. 1988) has provided an oppor-
tunity for further analysis of the role of non-NMDA recep-
tors in the neocortex.

In this study we have examined the effect of the non-
NMDA receptor antagonist 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) on synaptic potentials in layer II/III
neocortical pyramidal neurons. The goal of these studies
was to determine the effect of blocking non-NMDA recep-
tors on the overall excitability of the complex synaptic net-
work present in the cortex. We have found that both excit-
atory and inhibitory neurotransmission are reduced. The
effect of CNQX on responses to 1ontophoretically applied
EAAs was also examined to establish the selectivity of this
compound in this preparation. At concentrations up to 5
uM, CNQX is a selective non-NMDA antagonist and at
higher doses reduces NMDA responses via an effect at the
glycine regulatory site.

METHODS

Neocortical slices were prepared from Sprague-Dawley rats
(120-160 g) with the use of standard techniques (Sutor and Hab-
litz 1989a). Animals were decapitated under ether anesthesia.
After rapid removal, the brain was placed in ice-cold saline and
blocked for cutting on a Vibroslicer (Camden Instruments). Four
to six coronal slices (500 uM thick) were taken from each hemi-
sphere starting | mm caudal to the frontal pole and stored in
oxygenated saline for 1 h at room temperature. Slices were then
transferred to the recording chamber where they were contin-
uously perfused with a saline containing (in mM) 125 Na(l, 3.5
KCl, 1.25 NaH,PQq, 2.5 CaCl,, 1.3 MgSO,, 25 NaHCO3, and 10
glucose. The saline was gassed with a mixture of 95% O,-5% CO,;
the pH was 7.4 at the maintained temperature of 33-35°C.

For electrophysiological studies, layer II/1II neurons were im-
paled with glass microelectrodes filled with either 4 M potassium
acetate or 3 M KCl. These electrodes had resistances of 40-90
MQ. All recordings were made with the use of a single-electrode
current- and voltage-clamp amplifier, as described previously
(Sutor and Hablitz 1989a). Recordings were made in the current-
clamp mode and stored on tape for subsequent computer anal-
ysis.

Synaptic potentials were evoked by means of a bipolar stimu-
lating electrode placed in cortical layer IV, 0.5-1.0 mm lateral to
the recording electrode. Graded series of stimulations were given
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in each neuron, and responses to hyperpolarizing and depolariz-
ing current pulses (100 ms; 0.1-0.5 nA) were obtained. Similar
measurements were made after bath application of CNQX (2-10
uM); each neuron served as its own control.

Responses to iontophoretically applied inhibitory and excit-
atory amino acid receptor agonists were examined before and
after bath application of CNQX and D-serine (0.5-2 mM). Dou-
ble-barreled iontophoresis electrodes were prepared from glass
capillaries. The balance barrel contained 1| M NaCl, whereas the
ejection barrel contained either NMDA (25 mM, pH 8), kainate
(20 mM, pH 8), quisqualate (10 mM, pH 8), or y-aminobutyric
acid (GABA) (1 M, pH 4.5). In some experiments tetrodotoxin
(TTX) was added to block sodium-dependent action potentials.

Intracellular injection of Lucifer yellow or horseradish peroxi-
dase (HRP) was carried out in some cases to allow identification
of the recorded cells. For Lucifer yellow, the electrodes were filled
with a 5% solution of the dye in 1 M lithium chloride and had
resistances of 70-120 MQ. Hyperpolarizing current (150- to 300-
ms pulses of 1-1.5 nA for 5-10 min) were used to eject the dye.
Slices containing injected neurons were processed as described
previously (Weiss and Hablitz 1984). HRP was injected from
electrodes containing a 4% solution of the enzyme in 0.5 M KCl/
Tris buffer (pH 7.6). The electrode resistance ranged between 160
and 250 MQ. The injection was carried out with the use of 500- to
1,000-ms depolarizing current pulses (0.5-1 nA at 1-2 Hz for
30-45 min). After fixation in 1% paraformaldehyde and 1.25%
glutaraldehyde, serial sections (50 um) of the slices were made and
reacted with diaminobenzidine. The neurons were visualized
under a light microscope and camera lucida drawings made.

RESULTS

In several experiments neurons were intracellularly in-
jected with HRP (n = 5) or Lucifer yellow (n = 4). As
reported previously (Weiss and Hablitz 1984; Sutor and
Zieglgansberger 1987), intracellular staining indicated that
recordings were obtained exclusively from pyramidal-type
neurons. Depolarizing current pulses elicited, in all
neurons tested, repetitive action potentials with no sign of
burst discharges. This behavior is typical of so-called regu-
lar spiking pyramidal cells (McCormick et al. 1985). The
neurons recorded in this series of experiments had an aver-
age resting potential of —82 + 3.7 (SD) mV and input
resistance of 27 + 10.8 MQ (mean + SD; n = 41). These
parameters were not affected by application of 2-10 uM
CNQX.

Effect of CNQX on EPSPs

As reported previously, the first response to stimulation
of layer IV was a small, short-latency EPSP (Sutor and
Hablitz 1989a). Examples of eEPSPs under control condi-
tions are shown in Fig. 1, 4 and D. Such EPSPs were stable
in amplitude and latency over time and were observed in
all cells tested. Bath application of the non-NMDA antago-
nist CNQX produced a dose-dependent reduction in the
amplitude of the eEPSP (Fig. 1, B and E). This effect was
reversible on washing (Fig. 1C). Increasing the stimulus
strength in the presence of CNQX could partially restore
responses (Fig. 1F). The effect of CNQX was quantified by
determining the percent decrease in eEPSP observed after
drug exposure. The result of CNQX application was dose
dependent producing 53, 80, and 84% decreases at concen-
trations of 1-3, 4-5, and 10 uM, respectively (n = 15, 8,
and 5 for each concentration, respectively).
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FIG. I.

Reduction of eEPSPs by the non-NMDA antagonist CNQX. A4: control recording of an eEPSP in a layer 11

neuron in response to intracortical stimulation. B: response obtained 10 min after bath application of 2 uM CNQX. C:
recovery of eEPSP after washout of CNQX. Resting membrane potential (RMP), —84 mV. D: eEPSP recorded in another
neuron. Stimulus strength was 0.2 of threshold (T) value needed for evoking an action potential. E: marked reduction in
eEPSP after exposure to 5 uM CNQX. F: increasing stimulus strength to 0.4 T results in increase in response amplitude.

RMP = —80 mV. Vertical bar indicates 2 mV.

Higher stimulus intensities evoked, in addition to the
eEPSP, a delayed or IEPSP. An example of a robust IEPSP
is shown in Fig. 24. The IEPSP was reversibly blocked by
the NMDA receptor antagonist D-APV (10 uM) (Fig. 2, B
and C) indicating involvement of NMDA receptors. Ap-
plication of CNQX reduced the amplitude of the eEPSP
(Fig. 2D) and abolished the IEPSP. Increasing the stimulus
strength in the presence of CNQX did not restore the
IEPSP (Fig. 2E) but did increase the amplitude of the
eEPSP. When CNQX was removed, responses similar to
those observed during control periods were recorded (Fig.
2F). Similar results were obtained in all neurons tested (n =
12). Given our findings that the NMDA receptors invelved
in generation of the IEPSP reside on interneurons making
non-NMDA synapses onto pyramidal cells (Sutor and
Hablitz 1989b), the IEPSP’s sensitivity to both NMDA and
non-NMDA antagonists is not unexpected.

Alterations in IPSPs

When stimulus intensities at, or just below, those needed
for triggering an action potential are employed, complex
synaptic potentials consisting of an EPSP-IPSP composite
are evoked (Connors et al. 1988; Howe et al. 1987; Sutor
and Hablitz 1989a). A typical example is shown in Fig. 34.

A B C
0.4T, control 0.4T, 10pM D—2APV, Smin

At the resting membrane potential (middle trace), there is
an initial depolarizing potential that is rapidly terminated,
a second depolarizing potential, and a final hyperpolarizing
response. Depolarization of the cell via current passed
through the microelectrode results in the appearance of an
early hyperpolarization. Membrane hyperpolarization
produces a large increase in amplitude of the peak depolar-
ization and a decrease in the late hyperpolarization. Such
recordings indicate that early IPSPs are depolarizing at rest
in neocortical neurons, and the sensitivity to current injec-
tion suggests a somatic origin. After bath application of
CNQX, it can be seen that synaptic potentials are reduced.
Synaptic potentials at rest consist of a monophasic depolar-
ization (Fig. 3B). In the presence of CNQX, alterations in
membrane potential failed to reveal the presence of IPSPs.
The enhanced synaptic response seen on depolarization in
Fig. 3B is due to activation of voltage-dependent currents
(Sutor and Hablitz 1989a,b). The amplitude of early and
late IPSPs were measured at fixed latencies corresponding
to the peak hyperpolarization observed at depolarized
levels under control conditions. Measurements were then
obtained at the same latency after CNQX exposure. Plots
of measurements at the early time point versus membrane
potential are shown in Fig. 3C. Under control conditions a

0.4T, wash, 8min

FIG. 2. Effect of NMDA and non-
NMDA antagonists on 1EPSPs. 4: IEPSP

. recorded under control conditions. B:

e M

D E F
0.4T, 5pM CNQX, 6min 0.8T, 5pM CNQX, 7min

0.4T, wash, 60min

) suppression of 1EPSP by the NMDA an-
tagonist D-APV. Note preservation of
eEPSP. C: recovery of 1EPSP on D-APV
washout. D: reduction of eEPSP and
1EPSP by CNQX. E: increasing stimulus
strength results in increase in eEPSP am-
plitude; 1EPSP still not seen. F: return of
LEPSP with washout of CNQX. RMP =
—84 mV.

25mV

I{N
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5 uM CNQX

FIG. 3. Alterations in IPSPs after bath
application of CNQX. 4: control record-

Late IPSP

ings of EPSP-IPSP complex after stimula-
tion at 0.8 T. Stimulation was given at
RMP (—82 mV) and after changing the
membrane potential with current puises.
B: responses to the same stimulation after
5 uM CNQX. C: plot of response ampli-

20

10

tude as a function of membrane potential
before (W) and after (@) CNQX. Measure-
ment was made 20 ms after stimulation,
corresponding to the peak of the early
IPSP under control conditions. D: similar

Amplitude (mV)
o

Amplitude (mV)
o

-100 -90 -80 -70 -60

gy

plot as in C but measurements taken at
peak of late IPSP (120 mS after stimulus).

T

Membrane potential (mV)

-100

-90 -80 -70

Membrane potential (mV)

reversal potential of —73 mV was obtained, suggesting a
Cl™-dependent IPSP was present. After CNQX a voltage-
insensitive response was obtained, suggesting that the fall-
ing phase of an EPSP was measured. At longer latencies
(Fig. 3D), a response with a reversal potential of =92 mV
was observed under control conditions, suggesting a K*-
dependent IPSP. Such responses were virtually unmeasur-
able after CNQX, being reduced by 82% by 1-5 uM CNQX
(n = 8).

It has been previously shown that inhibition effectively
controls excitability in neocortical neurons (Sutor and
Hablitz 1989a-c). If CNQX is affecting inhibition in the
neocortex, it is possible that such disinhibition may lead to
increases in excitability under some circumstances. This
was examined by examining synaptic responses at different
membrane potentials before and after application of non-
NMDA antagonists. Figure 4 shows an example of a

A C

Control

—

B D

J

EPSP-IPSP sequence recorded at rest (Fig. 44) and on de-
polarization (Fig. 4B). After application of CNQX (2 uM),
the EPSP was reduced and IPSPs abolished when measured
at rest (Fig. 4C). However, on depolarization, the reduced
EPSP was capable of triggering an action potential (Fig.
4D). This is due to EPSP activation of voltage-dependent
currents, an effect previously curtailed by IPSPs. These
results indicate that the net excitability of a cell after syn-
aptic activation is a product of intrinsic membrane cur-
rents and inhibitory and excitatory conductances.

Specificity of CNOQX

The results with synaptic activation indicate that a non-
NMDA receptor makes a significant contribution to neu-
rotransmission in the neocortex. To elucidate the nature of
the non-NMDA receptor involved and establish the selec-

CNQX 2uM

FIG. 4. Disinhibitory effect of CNQX
seen on depolarization. 4: EPSP-IPSP se-
quence seen in response to stimulation at
the RMP (—79 mV). B: depolarization of
the membrane potential discloses the pres-
ence of an early IPSP. C: after application
of CNQX synaptic response consists of a
smoothly decaying depolarization. D:
EPSP triggers a spike when evoked at de-
polarized levels. No indication of an IPSP
is seen.
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tivity of CNQX under our recording conditions, responses
to iontophoretically applied EAA agonists were examined.
Typical results with quisqualate responses are shown in
Fig. 5. Under control conditions (Fig. 54, left trace), quis-
qualate produced a large membrane depolarization that
reached threshold for spike initiation. This response was
reversibly reduced by CNQX (5 uM) (Fig. 54, 2nd trace).
An increase in the iontophoretic current partially restored
the magnitude of quisqualate response (Fig. 54, 3rd trace).
CNQX’s antagonist action was reversible on washing (Fig.
5A, right trace). Bath application of 2-5 uM CNQX for
periods of 5-20 min reduced quisqualate responses by
40-70%. In no cell was the response abolished (n = 8). At 5
uM, CNQX selectively reduced quisqualate responses
without affecting response to iontophoretically applied
NMDA (Fig. 5B). However, significant reductions in
NMDA responses were observed at higher CNQX concen-
trations. Control responses to two doses of NMDA are
shown in Fig. 6, A and B (left trace). Application of 5 uM
CNQX had no effect on NMDA responses (Fig. 6, 4 and B,
2nd trace); increasing the CNQX concentration to 10 uM
(3rd trace) reduced responses to both low and high doses of
NMDA. Responses recovered toward control values on
washout of CNQX (right traces). This was a consistent
effect in all neurons tested (n = 6); at concentrations of 10

A control S5pM CNQX
7min
= - !
Quis 20nA Quis 20nA i
B

1 Omin

U NMDA 80nA

UUL\_’N\‘_‘ L__

U NMDA 80nA

J. J. HABLITZ AND B. SUTOR

uM or greater, CNQX reversibly reduced NMDA re-
sponses by 70-80%.

The inhibitory effect of CNQX on the quisqualate re-
sponse was dose dependent, and, as shown above, increas-
ing the dose could overcome the block. Analysis of log
iontophoretic-charge-response curves indicated that
CNQX caused a parallel rightward shift, suggesting a com-
petitive antagonism. In one neuron exposed to 5- and
10-uM concentrations of the antagonist, ECsos were 18.6
nA under control conditions and 27.1 nA and 35.8 nA
after 5 and 10 uM CNQX, respectively. The corresponding
dose ratios were 8.5 (5 uM) and 17.2 (10 uM). From these
values it was possible to estimate an apparent pA, value of
6.1. This value is in agreement with the more detailed esti-
mates obtained by Fletcher et al. (1988).

Quinoxaline derivatives have been shown to be antago-
nists of the NMDA -receptor-associated glycine site (Harris
and Miller 1989; Kemp et al. 1988; Kessler et al. 1989). To
test whether the observed CNQX-induced decreases in
NMDA responses could be attributed to an effect at the
glycine site, we tested the ability of D-serine to reverse the
effect of CNQX. D-Serine mimicks the effect of glycine on
NMDA receptors (Snell et al. 1987) but is a poor substrate
for uptake systems. Examples of NMDA-induced re-
sponses before and after 10 uM CNQX are shown in Fig. 7,

SuM CNQX wash
8min 35min
Quis 80nA Quis 20nA

50mV
30min
2s
u\f\._\‘\‘.
NMDA 80nA

FIG. 5. Effect of the non-NMDA antagonist CNQX on iontophoretic responses to quisqualate and NMDA. Recording
was obtained from a layer II/III neuron, and iontophoretic electrode was positioned near site of intracellular electrode.
Negative-going potential before iontophoretic response is in response to a 0.3-nA current pulse. A: /efi trace, under control
conditions, quisqualate (20 nA, 500 ms) produces a membrane depolarization with superimposed repetitive discharges.
Second trace, after exposure to 5 uM CNQX, same quisqualate application produces only a small membrane depolarization.
Third trace, increasing the ejection current to 80 nA in the continued presence of the antagonist partially restores the
response. Right trace, after washout of CNQX, ejection of quisqualate at the original current strength (20 nA) evokes a
response similar to that seen in control. B: response of the same neuron to iontophoresis of NMDA. No effect of CNQX was

observed. RMP = —83 mV.
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A control CNQX, 5pM, 15min

NMDA 40nA

B

NMDA 60nA

| .
.
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CNQX, 10pM, 10min wash, 60min

vly\\—m

50mV

I

FIG. 6. High concentrations of CNQX can antagonize NMDA responses. 4: NMDA was applied with the use of an
ejection current of 40 nA for 2 s. Application of 5 uM CNQX did not affect the NMDA response, but a marked reduction
was seen after application of 10 M. B: response of the same neuron to a larger dose of NMDA (60 nA; 2s). High
concentrations of CNQX also antagonized this response. These effects were partially reversible on washing. RMP = -84

mV.

A and B, respectively. The non-NMDA antagonist reduced
the underlying depolarization and inhibited burst firing.
Addition of D-serine in the presence of CNQX resulted in a
restoration of the response. Firing was enhanced over that
seen under control conditions. Similar results were ob-
tained with all neurons tested (n = 4).

To further examine the role of the glycine regulatory site
in controlling responsiveness to NMDA, the effect of D-
serine was studied in neurons not exposed to CNQX. Fig-
ure 84 shows an NMDA-evoked depolarization with su-

A Control B CNQX

, —

INMDA 20 nA

FIG. 7.

perimposed action potentials obtained under control con-
ditions. To rule out possible indirect synaptically mediated
effects of NMDA, TTX was added to the bathing medium.
TTX did not affect the underlying NMDA-evoked depolar-
ization and slow, presumably calcium-dependent, action
potentials were seen riding on the depolarization (Fig. 8B).
Eight minutes after starting bath application of D-serine an
enhancement of the response to NMDA was observed (Fig.
8C). Further exposure resulted in a further increase in the
NMDA response and a decreased latency to onset of the

Cghax +
I

]15mv

2s

Reversal of CNQX-induced depression of NMDA responses by D-serine in a neocortical neuron. A: response to

NMDA under control conditions consisted of a membrane depolarization and repetitive bursts of action potentials. NMDA
was ejected with a 20-nA current for the period indicated by the horizontal line. B: 2 superimposed responses obtained 20
min after starting 10 uM CNQX. C: 15 min after adding | mM D-serine in the presence of CNQX; the NMDA response is
restored and augmented above control levels. Action potentials are truncated in these digitized records. RMP = —82 mV.
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I 20 mv
5s
NMDA 70 nA

C TTX + D-serine

8 min 15 min

regenerative response (Fig. 8 D). These effects were revers-
ible on washing and seen in all neurons tested (z = 5).

Reliable responses to iontophoretically applied kainate
were difficult to obtain. Brief applications of kainate pro-
duced depolarizations that were small in amplitude and
persisted for long periods. Such responses were consistent
only when sufficient time (>5 min) elapsed between appli-
cations. Larger doses of kainate were often toxic, producing
irreversible depolarizations. Such behavior is atypical for a
receptor mediating synaptic responses, and the effects of
CNQX on kainate responses were not further evaluated.

The pronounced effects of CNQX on IPSPs raised the
possibility that this was due to a direct effect on GABA
receptors. To test this hypothesis, responses to iontopho-
retically applied GABA were examined. When responses to
iontophoretically applied GABA before, during, and after
bath application of CNQX were examined no effect was
seen, indicating that postsynaptic responses to GABA are
not affected by CNQX.

DISCUSSION

This study has shown that the quinoxalinedione com-
pound CNQX can be used as a selective non-NMDA an-
tagonist in rat neocortical slices in vitro. At concentrations
up to 5 uM, CNQX reduced responses to iontophoretically
applied quisqualate without affecting NMDA responses.
CNQX effectively antagonized synaptic potentials in the
neocortical slice and reduced both inhibitory and excit-
atory responses. This dual effect suggests the presence of
EAA receptors on intrinsic interneurons in the cortex and
points to a complex role for EAAs in controlling neuronal
excitability.

Until recently specific and potent antagonists have been
available only for NMDA receptors. Analysis of the effects

D TTX + D-serine
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FIG. 8. Enhancement of NMDA responses
by D-serine. 4: example of membrane depolar-
ization and actions potentials evoked by
NMDA under control conditions. NMDA was
applied for 5 s at 70 nA as indicated by the
horizontal line. B: response to same dose of
NMDA after bath application of TTX. This was
done to block sodium-dependent action poten-
tials and evoked synaptic potentials. Remaining
regenerative responses are presumed calcium
spikes. C: 8 min after starting bath application
of 500 uM D-serine, regenerative response is
enhanced. D: after 15 min of exposure to D-ser-
ine, NMDA response is further enhanced and
occurs at a shorter latency. Negative deflection
at beginning of each trace is voltage response to
a 0.3-nA, 300-ms hyperpolarizing current
pulse. RMP = —84 mV.

of one such antagonist, D-APV, has had a significant im-
pact on our understanding of the basic mechanisms under-
lying epileptiform discharges (Dingledine et al. 1986) and
induction of long-term potentiation (Sutor and Hablitz
1989c¢). The advent of the quinoxalinedione group of glu-
tamate receptor antagonists (Honore et al. 1988) provides a
pharmacologic tool for the study of non-NMDA receptor—
mediated responses. In the CAl region of the hippo-
campus, these non-NMDA receptor antagonists have been
shown to completely block synaptic responses (Andreasen
et al. 1989; Blake et al. 1988, 1989; Fletcher et al. 1988).
Blockade of excitatory synaptic transmission in the CA3
region with sparing of intracellularly recorded IPSPs has
also been reported (Neuman et al. 1988). Investigation of
the involvement of non-NMDA receptors in epileptiform
activity in hippocampal pyramidal neurons has indicated
that, in both CA1 and CA3 regions, CNQX is capable of
completely suppressing picrotoxin-induced epileptiform
activity (Lee and Hablitz 1989). Similar findings have been
reported in organotypic cultures of rat hippocampus
(McBain et al. 1988) indicating a significant contribution
from non-NMDA receptors in paroxysmal bursting. The
present results indicate that a substantial component of
normal synaptic excitation in the neocortex is mediated by
non-NMDA receptors (see also Jones and Baughmann
1988).

Our results in the neocortex have confirmed the selectiv-
ity of CNQX for non-NMDA over NMDA activated chan-
nels (Honore et al. 1988) but indicate that, at the back-
ground level of glycine present in brain slices, it is selective
only at concentrations up to 5 uM. This is in keeping with
previous studies of the neocortex (Fletcher et al. 1988) but
stands in contrast to hippocampal investigations showing
that 10 uM CNQX does not affect NMDA responses
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(Blake et al. 1988, 1989). The reason for these differences is
presently unclear but underscores the need for establishing
the selectivity of CNQX in each brain region investigated.
The mechanism whereby CNQX reduces NMDA re-
sponses in the neocortex appears to be due to an action at
the glycine modulatory site (Harris and Miller 1989;
Kessler et al. 1989). Our results indicate that D-serine, a
glycine-site agonist, can reverse the effect of CNQX and
even potentiate NMDA responses under normal condi-
tions. Potentiation of NMDA responses by glycine has
been reported in neocortical and hippocampal brain slices
(Minota et al. 1989; Thomsen et al. 1989). Thus despite the
suggestion that endogenous levels of glycine in brain slices
is high (Hegsted et al. 1989), modulation via the glycine site
may be significant.

Establishing the nature of the non-NMDA receptor (i.e.,
quisqualate or kainate) involved in synaptic transmission
in the neocortex was not feasible. Reproducible, graded
responses to kainate were difficult to obtain, and compari-
son of CNQXs’ effect on kainate and quisqualate responses
was not possible. The atypical responses to iontophoreti-
cally applied kainate are not those expected of a transmitter
responsible for rapid neurotransmission and may indicate
that fast excitatory responses in the neocortex are mediated
by a quisqualate receptor. Studies with local iontophoresis
(Trussel et al. 1988) or rapid perfusion of quisqualate
(Tang et al. 1989) onto cultured neurons have been able to
mimic many features of synaptic responses. It seems rea-
sonable, although as yet unproven, that quisqualate recep-
tors mediate fast neurotransmission.

In these experiments, both IPSPs and EPSPs were di-
minished after CNQX application. Because responses to
iontophoretically applied GABA were not altered by the
antagonist, it is unlikely that a direct effect on postsynaptic
receptors mediating IPSPs is involved. The pathways in-
volved in elaboration of IPSPs in the neocortex probably
consist of both feedforward and recurrent circuits. Thala-
mocortical afferents terminate on both pyramidal cells and
presumably inhibitory aspiny neurons (White 1978). These
inhibitory neurons synapse on pyramidal neurons, provid-
ing the pathway for feedforward inhibition (Peters and
Fairen 1978). Although the elements involved are not es-
tablished, feedback inhibition mediated by axon collaterals
of pyramidal cells has been demonstrated in the neocortex
(Stefanis and Jasper 1964). Because there is evidence that
corticofugal and efferent fibers use an EAA as a neuro-
transmitter, it is reasonable to assume that the collaterals of
these fibers making synapses onto interneurons also release
EAAs. We therefore interpret the decreases in IPSPs ob-
served after CNQX application to a loss of non-NMDA
receptor-mediated input to inhibitory interneurons.

Decreases in inhibition were often the first observable
change. It is not clear whether this relates to the polysyn-
aptic nature of inhibitory pathways, differences in conver-
gence of afferents onto pyramidal cells versus inhibitory
neurons, or different antagonist sensitivity. However, this
disinhibitory action could give rise to both transient and
sustained increases in excitability. Inhibition effectively
controls the expression of IEPSPs in the neocortex (Sutor
and Hablitz 1989a,c). During the wash-in of CNQX,
IEPSPs were sometimes observed at stimulus strengths that
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were previously ineffective in evoking such responses, an
effect attributable to decreased inhibitory control of the
polysynaptic pathways generating the IEPSP. A more long-
lasting increase in excitability was observed when cells were
depolarized via current injection. EPSPs, although reduced
in amplitude by CNQX, were more effectively amplified by
voltage-dependent currents activated by synaptically
evoked depolarization. This is presumably due to a de-
creased shunting by IPSPs. These studies with the non-
NMDA antagonist CNQX underscore the complexity of
circuits utilizing EAAs in the neocortex and illustrate the
multiplicity of factors involved in controlling neuronal ex-
citability.
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cleus during fictive mastication (rab-
bit), 1067
muscle-spindle discharge from pretibial
flexor muscles of standing humans
performance of maneuvers that alter re-
liance on proprioceptive feedback for
balance, 661
reflex modulation of, 671
Pacinian corpuscle afferents innervating
primate hand, spatial acuity, 236
restricted central convergence of cutane-
ous afferents on excitatory reflex
pathway to medial gastrocnemius mo-
toneurons, 403
sensory afferent-induced long-lasting re-
structuring of pyloric neural network
of lobster stomatogastric nervous sys-
tem, 1555
cellular and synaptic mechanisms, 1574
spatial- and temporal-frequency sensitivity
of posteromedial lateral suprasylvian
neurons, inputs from areas 17, 18,
and 19 and (cat), 1636
stretch-sensitive muscular free nerve end-
ing afferents, clasp-knife reflex in cat
and, 1319
Afterdepolarization potential, slow, in rat
dorsolateral septal nucleus neurons,
1838
Allodynia, in rats with experimental periph-
eral mononeuropathy, 1537
Amino acids, excitatory
actions on brisk ganglion cells in cat ret-
ina, 1368
in bulbospinal transmission of inspiratory
drive to phrenic motoneurons (rat),
423
mediation of synaptic transmission in rat
dentate gyrus, 119
y-Aminobutyric acid
actions within caudal cochlear nucleus of
developing kittens, 961
activation of current in dorsal root gan-
glion neurons (rat), 57
Ammonium, effects on reflexes in spinal
cord (cat), 565
Aplysia
giant neurons, depolarization-induced
modulation of ion currents in, arachi-
donic acid and, 341
histaminergic neurons in central nervous
system, 736
membrane current, action potential dura-
tion, and excitability in somata of
pleural sensory neurons of, differen-
tial effects of CAMP and serotonin, 978
potassium currents in pleural sensory
neurons, CAMP-independent actions
of forskolin, 1474
Arachidonic acid
depolarization-induced modulation of ion
currents in Aplysia giant neurons and,
341
derivatives, in sensitization of cutaneous
nociceptors, 457
Arthritis, knee, central component in sensiti-
zation of spinal neurons with joint
input during development of (cat), 299

Aspartate, actions on brisk ganglion cells in
cat retina, 1368
Association fibers, differences in short-term
potentiation in piriform (olfactory)
cortex (rat), 179
Auditory cortex
azimuthal sensitivity of neurons in
organization along frequency-band
strips (cat), 888
types of sensitivity and effects of varia-
tions in stimulus parameters (cat), 872
bilateral lesions
effect on absolute thresholds (monkey),
191
sound localization and (monkey), 915
delay-tuned neurons in, directional sensi-
tivity of (bat), 225
functional topography of cat primary au-
ditory cortex, distribution of inte-
grated excitation, 1442
neurons, spectral response patterns to har-
monic complex tones (monkey), 282
neuron sensitivity to static and contin-
uously changing interaural phase cues
(cat), 1247
Auditory-evoked potentials, middle-latency,
in rat neocortex, three-dimensional
analysis, 1527
Auditory nerve, afferent fibers, spatiotem-
poral discharge patterns, sensitivities
of cells in anteroventral cochlear nu-
cleus to (cat), 437
Auditory pathways
y-aminobutyric acid actions within caudal
cochlear nucleus of developing kit-
tens, 961
anteroventral cochlear nucleus, cell sensi-
tivity to spatiotemporal discharge
across auditory nerve afferents (cat),
437
bilateral auditory cortex lesions and sound
localization (monkey), 915
cross-correlation analysis of inhibitory in-
teractions on dorsal cochlear nucleus
(cat), 1590
Doppler-shift compensation in bats swung
on a pendulum, 1801
interaural time sensitivity in cells of me-
dial superior olive (cat), 465
intracellular recordings from supporting
cells in guinea pig cochlea, DC poten-
tials, 617
sensitivity to binaural intensity and phase
cues in kitten inferior colliculus, 582
temporal discharge patterns of single audi-
tory neurons in dorsal medullary nu-
cleus of frog, 1460
three-dimensional analysis of auditory-
evoked potentials in rat neocortex,
1527
Autoradiography, histaminergic neurons in
Aplysia, 736

B

Basal forebrain
cholinergic neurons projecting to somato-
sensory cortex (cat), 1223

1941
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stimulation
somatosensory cortical neuron response
to (cat), 1199
somatosensory cortical neuron response
to cutaneous stimulation (cat), 1212
Behavioral antinociception, central relays for
(rat), 1115
Bisonar behavior, Doppler-shift compensa-
tion in bats swung on a pendulum,
1801
Blood pressure, arterial, vagal afferent stimu-
lation and (rat), 1115
Brain stem-spinal cord in vitro model, respi-
ratory pattern generation in, spatio-
temporal patterns of motoneuron and
medullary neuron activity (rat), 1149
Brain stem-spinal cord preparation, hind-
limb-attached, electrically induced lo-
comotion (rat), 727

C

Calcium
calcium-dependent slow afterdepolariza-
tion in rat dorsolateral septal nucleus
neurons, 1838
induction of long-term potentiation at
hippocampal mossy-fiber synapses
and, 948
Calcium channels, single voltage-gated
differential modulation by cholinergic and
adrenergic agonists in hippocampal
neurons (guinea pig), 1291
properties and distribution in hippocam-
pal neurons (guinea pig), 91
cAMP. See Adenosine 3, 5'-monophosphate,
cyclic
Carbachol, differential modulation of single
voltage-gated calcium channels in
adult hippocampal neurons (guinea
pig), 1291
Cardiac disease, abdominal pain in, cardio-
pulmonary sympathetic afferent exci-
tation of lower thoracic spinoreticular
and spinothalamic neurons (cat), 1907
Cation current, hyperpolarization-activated,
in rat nucleus accumbens neurons,
1847
C-cell. See Horizontal cells, chromatic
Central pattern generation
crustacean pyloric network, sensory affer-
ent-induced long-lasting restructuring,
1555
cellular and synaptic bases of, 1574
lamprey locomotor central pattern genera-
tor, intersegmental coordination, 862
Cerebellar flocculus, plane-specific control of
eye movement (cat), 551
Cerebellum, Purkinje cell discharge activity
during grasping and lifting objects of
different textures and weights (mon-
key), 698
Cerebral cortex, cortico-V projections in spi-
nal trigeminal subnucleus interpolaris
circuitry (rat), 3
Cerebral evoked potentials, in sensory dis-
crimination, 1270
Cerebral ischemia, reperfusion, depolariza-
tion and repolarization subsequent to,
extracellular hydrogen ion activity in
(rat), 1125
C-fiber nociceptors. See Cutaneous nocicep-
tors
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Chloride, epileptiform activity induced by
low chloride medium in CAl pyrami-
dal cells (rat), 1747
Clasp-knife reflex. See Reflexes, clasp-knife
relfex
Cochlea, supporting cells, intercellular re-
cordings from (guinea pig), 617
Cochlear nucleus
anteroventral, cell sensitivity to spatiotem-
poral discharge across auditory nerve
afferents (cat), 437
caudal, y-aminobutyric acid actions in
(kitten), 961
cross-correlation analysis of inhibitory in-
teractions on dorsal cochlear nucleus
(cat), 1590
frog. See Medullary nucleus, dorsal
Color coding, in butterfly larva, 1861
Computer simulation
group la EPSPs in cat a-motoneurons, 648
spontaneous EPSPs in initiation of syn-
chronized epileptiform bursts induced
by high potassium in CA3 region of
rat hippocampal slice, 1009
Cones. See Retina, cone photoreceptors
Coupled nonlinear oscillators, lamprey loco-
motor central pattern generator, in-
tersegmental coordination, 862
Cross-correlation analysis, inhibitory interac-
tions on dorsal cochlear nucleus (cat),
1590
Culture studies
development and properties of synaptic
mechanisms in network of cultured
rat hypothalamic neurons, 715
epileptiform activity in microcultures con-
taining small numbers of hippocam-
pal neurons, 1390
excitatory synaptic transmission in rat ol-
factory bulb neurons, 598
NMDA-induced current in cultured rat
hippocampal neurons, suppression by
extracellular potassium, 1361
potassium currents in cultured horizontal
cells isolated from white bass retina,
1758
Current source-density (CSD) analysis, den-
dritic action potential and synaptic
transmission in CAl pyramidal cells
in situ (rat), 1429
Cutaneous nociceptors
heat and mechanical receptive fields of cu-
taneous C-fiber nociceptors (mon-
key), 1502
sensitization of, arachidonic acid deriva-
tives and substance P and (rabbit), 457
Cutaneous stimulation
functional properties of dorsal horn
neurons projecting to dorsal accessory
olive (cat), 1704
long-lasting excitation of spinal inter-
neurons (turtle), 1134
somatosensory cortical neuron response to
(cat), 1212
6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX), sensitivity of EPSPs in rat
neocortical neurons to, 1282

D

Decerebration, segmental reflex action in
(cat), 1611
factors determining, 1625

Defense response, in crayfish, kinematic
analysis, 64

Dendrites, dendritic action potential and
synaptic transmission in CAl pyrami-
dal cells in situ (rat), 1429

Dentate gyrus

associative interactions between synaptic
inputs and long-term potentiation
and depression, 1186
synaptic transmission in, excitatory amino

acid mediation of (rat), 119

Depression, long-term (LTD), associative in-
teractions between synaptic inputs,
spatial overlap and, 1186

Diffuse noxious inhibitory controls (DNIC),
mesencephalic lesions and (rat). 1712

Dipyrone, sensitization of cutaneous noci-
ceptors and (rabbit), 457

Dual-strategy hypothesis of motor control,
isometric task performance in, 1033

Dye studies, intracellular staining of chro-
matic horizontal cell in Xenopus ret-
ina, 1683

E

Echolocation
Doppler-shift compensation in bats swung
on a pendulum, 1801
mustached bat, delay-tuned neurons in
auditory cortex and, 225
Editorial, Traditions, Challenges, and
Changes, |
Electrical stimulation
APV-sensitive dorsal root afferent trans-
mission to neonate rat sympathetic
preganglionic neurons in vitro, 991
brain stem, locomotion in hindlimb-at-
tached in vitro brain stem-spinal cord
preparation (rat), 727
cervical vagal afferent stimulation
arterial blood pressure decreases and
(rat), 1115
modulation of spinal nociceptive trans-
mission, 1098
components of visual cortex field poten-
tials (rat), 1484
contractile and electrical properties of sin-
gle human thenar motor units in re-
sponse to intraneural motor-axon
stimulation, 1331
contractile properties of human thenar
motor units studied by intraneural
motor axon stimulation and spike-
triggered averaging, 1347
descending projections of hypothalamic
neurons with sympathetic nerve-re-
lated activity (cat), 1019
discharge patterns of neurons in pretectal
nucleus of optic tract (monkey), 77
electromyographic activity evoked by mi-
crostimulation of medullary reticular
formation (cat), 782
epileptiform activity induced by low chlo-
ride medium in CAl pyramidal cells
(rat), 1747
functional properties of dorsal horn
neurons projecting to dorsal accessory
olive (cat), 1704
intracellular responses of identified rat ol-
factory bulb interneurons to, 932
microstimulation mapping of precentral
cortex during trained movements
(monkey), 1668



movements evoked by microstimulation
of medullary reticular formation (cat),
767
paralemniscal zone, synaptic potentials in
facial motoneurons and (cat), 381
reciprocal inhibition of soleus motor out-
put in humans during walking and
voluntary tonic activity, 607
red nucleus, inhibition of sensory re-
sponses of cat inferior olive neurons,
1170
sensory afferent-induced long-lasting re-
structuring of pyloric neural network
of lobster stomatogastric nervous sys-
tem, 1555, 1574
twitch properties of single human thenar
motor units in response to intraneural
motor-axon stimulation, 1339
Electromyography
activity evoked by microstimulation of
medullary reticular formation (cat),
782
arm muscle activation for static forces in
three-dimensional space, 1818
bilateral cutaneous reflexes in back muscle
of female rat, modulation by steroids
relevant for reproductive behavior,
835
contractile and electrical properties of sin-
gle human thenar motor units in re-
sponse to intraneural motor-axon
stimulation, 1331
electrically induced locomotion in rat in
vitro brain stem-spinal cord prepara-
tion, 727
evaluation of microstimulation mapping
of precentral cortex during trained
movements (monkey), 1668
hindlimb muscle synergies in backward
quadrupedal walking, 756
organizing principles for single-joint
movements, implications for isomet-
ric contractions, 1033
Purkinje cell discharge activity, during
grasping and lifting objects of differ-
ent textures and weights (monkey),
698
reciprocai inhibition of soleus motor out-
put in humans during walking and
voluntary tonic activity, 607
reflex activation of muscle spindles in
human pretibial muscles during
standing, 671
scratch responses in normal cats, 1653
segmental reflex action in normal and de-
cerebrate cats, 1611
factors determining, 1625
sensory discrimination and response sclec-
tion in choice and nonchoice condi-
tions, 1270
Electroneurography
cutaneous stimulation-evoked long-lasting
excitation of spinal interneurons (tur-
tle), 1134
modulation of muscle spindle afferent ac-
tivity in trigeminal mesencephalic nu-
cleus during fictive mastication (rab-
bit), 1067
Electrophysiology
acetylcholine and role of basal forebrain in
somatosensory cortex of cat
cortical neuron response to glutamate,
1199
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cortical neuron response to somatic

stimuli, 1212

afferent and association fiber differences
in short-term potentiation in piriform
(olfactory) cortex (rat), 179

APV-sensitive dorsal root afferent trans-
mission to neonate rat sympathetic
preganglionic neurons in vitro, 991

associative interactions between synaptic
inputs and long-term potentiation
and depression, 1186

bifurcation analysis of nonlinear retinal
horizontal cell models, network prop-
erties, 248

calcium-dependent slow afterdepolariza-
tion in rat dorsolateral septal nucleus
neurons, 1838

cAMP-independent actions of forskolin on
potassium current in pleural sensory
neurons of Aplysia, 1474

cation current activated by hyperpolariza-
tion in rat nucleus accumbens
neurons, 1847

cross-excitation in dorsal root ganglia of
nerve-injured and intact rats, 1733

depolarizing inhibition at crayfish giant
motor synapse, 532

dorsolateral striatal subregion exhibiting
single-unit correlations with specific
locomotor limb movements (rat),
1233

ensemble discharge from Golgi tendon
organs of cat peroneus tertius muscle,
813

epileptiform activity induced by low chlo-
ride medium in CA pyramidal cells
(rat), 1747

EPSPs in initiation of spontaneous syn-
chronized burst firing in rat hippo-
campal neurons bathed in high potas-
sium, 1000

excitatory amino acid-mediated synaptic
transmission in rat dentate gyrus, 119

excitatory synaptic transmission in cul-
tured rat olfactory bulb neurons, 598

GABA ,-receptor-activated current in dor-
sal root ganglion neurons (rat), 57

globus pallidus neuron activity during step
and ramp wrist movements (mon-
key), 1892

induction of long-term potentiation at
hippocampal mossy-fiber synapses
follows Hebbian rule, 948

inhibitory role of dentate hilus neurons in
guinea pig hippocampal slice, 46

intracellular recordings of effects of pri-
mary afferent input in lumbar spino-
reticular neurons (cat), 1791

inward-rectifying current in inner segment
of single retinal cone photoreceptors
(lizard), 1917

ionic currents in crustacean neurosecre-
tory cell neurons, 1514

ionic mechanism of substance P action on
trigeminal root ganglia neurons
(guinea pig), 273

membrane current, action potential dura-
tion, and excitability in somata of
pleural sensory neurons of Aplysia,
differential effects of cAMP and sero-
tonin, 978

movement-related neuronal activity selec-
tively coding either direction or mus-
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cle pattern in three motor areas of
monkey, 151
multiple site optical recording of trans-
membrane voltage, single-unit record-
ings, and evoked field potentials from
olfactory bulb of skate, 1767
muscarinic depression of synaptic trans-
mission at hippocampal mossy-fiber
synapse (rat), 1089
neural representations of intended direc-
tion in three motor areas of monkey,
133
neural representations of target (goal) of
visually guided arm movements in
three motor areas of monkey, 164
neuronal responsiveness in ventrobasal
thalamic complex of rats with experi-
mental peripheral mononeuropathy,
1537
potassium conductances of postnatal rat
nigrostriatal dopaminergic neurons,
262
potassium currents in cultured horizontal
cells isolated from white bass retina,
1758
potassium currents in inner segment of
single retinal cone photoreceptors (liz-
ard), 1929
properties and distribution of single volt-
age-gated calcium channels in hippo-
campal neurons (guinea pig), 91
structure-function relationships in spinal
trigeminal subnucleus interpolaris
(rat)
cortical inputs, 3
inputs from subnucleus caudalis, 28
synaptic organization of tectal-facial path-
ways, synaptic potentials following
midbrain tegmentum stimulation
(cat), 381
Epileptiform activity
in CA| pyramidal cells, induced by low
chloride medium (rat), 1747
in hippocampus, tetraethylammonium-in-
duced, 1077
microculture approach to synaptic interac-
tions underlying epileptiform activity
in hippocampal neurons, 1390
Esophagus, sympathetic mechanosensitive
nociceptors, stimulus-response func-
tion studies (opossum), 796
Estrogen, effects on bilateral cutaneous re-
flexes in back muscle of female rat, 835
Event-related potentials, in retina and optic
tectum (fish), 903
Evoked potentials
auditory. See Auditory-evoked potentials
cerebral. See Cerebral evoked potentials
Eye movements
coupling between orienting eye and head
movements in different behavioral
tasks, studies and modeling of (cat),
509
discharge patterns of neurons in pretectal
nucleus of optic tract (monkey), 77
plane-specific control by cerebellar floc-
culus, operational unit for (cat), 551
rotational, behavior of accessory abducens
and abducens motoneurons during
(cat), 413
saccadic. See Saccades
Eye retraction, behavior of accessory abdu-
cens and abducens motoneurons dur-
ing (cat), 413
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F

Flicker response, retinal horizontal cells,
background-induced enhancement
spatial properties (cat), 326
temporal and spectral properties (cat), 313
Forskoiin, cAMP-independent actions, on
potassium currents in pleural sensory
neurons of Aplysia, 1474

G

GABA. See y-Aminobutyric acid
Ganglia
basal ganglia-thalamocortical “motor cir-
cuit,” 133, 151, 164
dorsal root
cross-excitation in dorsal root ganglia of
nerve-injured and intact rats, 1733
GABA-activated current in DRG
neurons (rat), 57
trigeminal root, neuronal effects of sub-
stance P in (guinea pig), 273
Ganglion cells, retinal. See Retinal ganglion
cells
Gaze
combined eye-head gaze shifts and accu-
racy of gaze saccades (monkey), 1873
control, coupling between orienting eye
and head movements in different be-
havioral tasks (cat), 509
Geniculate nucleus, lateral
lagged cells, spatial and temporal response
properties (cat), 206
nonlagged cells, spatial and temporal re-
sponse properties (cat), 206
Glutamate, actions on brisk ganglion cells in
cat retina, 1368
Golgi tendon organs, of cat peroneus tertius
muscle, ensemble discharge from, 813
Gustatory repsonse. See Taste

H

Hand
human, stiffness regulation by reflex ac-
tion, 105
Pacinian corpuscle afferents innervating
primate hand, sensitivity to stripe pat-
terns moved across hand, 236
Harmonic complex tones, auditory cortex
neuronal response to (monkey), 282
Hearing loss, bilateral auditory cortex lesions
and (monkey), 191
Hebbian rule, induction of long-term poten-
tiation at hippocampal mossy-fiber
synapses, 948
Hippocampus
dendritic action potential and synaptic
transmission in CA 1l pyramidal cells
in situ (rat), 1429
differential modulation of single voltage-
gated calcium channels by cholinergic
and adrenergic agonists in hippocam-
pal neurons (guinea pig), 1291
epileptiform activity induced by low chlo-
ride medium in CAl pyramidal cells
(rat), 1747
epileptiform activity in microcultures con-
taining small numbers of hippocam-
pal neurons, 1390
EPSPs in initiation of spontaneous syn-
chronized burst firing in rat hippo-
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campal neurons bathed in high potas-
sium, 1000
computer model, 1009
induction of long-term potentiation at
hippocampal mossy-fiber synapses,
948
inhibitory role of dentate hilus neurons in
guinea pig hippocampal slice, 46
muscarinic depression of synaptic trans-
mission at hippocampal mossy-fiber
synapse (rat), 1089
NMDA-induced current in cultured rat
hippocampal neurons, suppression by
potassium, 1361
properties and distribution of single volt-
age-gated calcium channels in hippo-
campal neurons (guinea pig), 91
tetraethylammonium-enhanced synaptic
transmission in, 1077
Histamine, immunoreactivity, in Aplysia
neurons, 736
Horizontal cells
background-induced flicker enhancement
spatial properties, 326
temporal and spectral properties, 313
bifurcation analysis of nonlinear retinal
horizontal cell models, network prop-
erties, 248
chromatic, synaptic pharmacology and in-
tracellular staining of chromatic hori-
zontal cell in Xenopus retina, 1683
potassium currents in cultured horizontal
cells isolated from white bass retina,
1758
response to light onset and offset, rod ad-
aptation and, 1043
Hydrogen ions, extracellular activity asso-
ciated with depolarization and repo-
larization subsequent to cerebral isch-
emia reperfusion (rat), 1125
Hyperalgesia, in rats with experimental pe-
ripheral mononeuropathy, 1537
Hypothalamus
descending projections of hypothalamic
neurons with sympathetic nerve-re-
lated activity (cat), 1019
development and properties of synaptic
mechanisms in network of cultured
rat hypothalamic neurons, 715

Indomethacin, sensitization of cutaneous
nociceptors and (rabbit), 457
Inferior colliculus, sensitivity to binaural in-
tensity and phase difference cues
(cat), 582
Inferior olive
dorsal accessory portion, functional prop-
erties of dorsal horn neurons project-
ing to {cat), 1704
sensory responsiveness of neurons, inhibi-
tion by stimulation of red nucleus
(cat), 1170
Inferotemporal cortex, in selective visual at-
tention and short-term memory
(monkey), 681
Inspiratory drive, synaptic transmission
from bulbospinal neurons to phrenic
motoneurons, excitatory amino acids
in (rat), 423
Interneurons
cutaneous stimulation-evoked long-lasting

excitation of spinal interneurons (tur-
tle), 1134
intracellular responses of identified rat ol-
factory bulb interneurons to electrical
and odor stimulation, 932
Ion currents
in crustacean neurosecretory cells, 1514
depolarization-induced modulation, in
Aplysia giant neurons, arachidonic
acid in, 341
Ischemia, cerebral. See Cerebral ischemia
Isofrequency domain of auditory cortex, 1442
Isoproterenol, differential modulation of sin-
gle voltage-gated calcium channels in
adult hippocampal neurons (guinea
pig), 1291

J

Joint pain, in arthritis, nociceptive spinal
neurons with joint input in, 299
Joints. See Limb movement

K

Kinematics
defense response in crayfish, 64
hindlimb kinematics in backward quadru-
pedal walking, 745
hindlimb kinematics in scratch responses
in normal cats, 1653

L

Limb movement. Se¢ also Locomotion
basal ganglia-thalamocortical “motor cir-
cuit,” 133, 151, 164
defense response in crayfish, kinematic
analysis, 64
dorsolateral striatal subregion exhibiting
single-unit correlations with specific
locomotor limb movements (rat),
1233
evoked by microstimulation of medullary
reticular formation (cat), 767
globus pallidus neuron activity during ster
and ramp wrist movements (mon-
key), 1892
hindlimb kinematics in scratch responses
in normal cats, 1653
movement-related neuronal activity selec-
tively coding either direction or mus-
cle pattern in three motor areas of
monkey, 151
neural representations of target (goal) of
visually guided arm movements in
three motor areas of monkey, 164
organizing principles for single-joint
movement, implications for isometric
contractions, 1033
preparation for, neural representations of
intended direction in three motor
areas of monkey, 133
Locomotion
backward quadrupedal walking, adaptive
control for
hindlimb muscle synergies, 756
posture and hindlimb kinematics, 745
dorsolateral striatal subregion exhibiting
single-unit correlations with specific
locomotor limb movements (rat),
1233



electrically induced, in hindlimb-attached
in vitro brain stem-spinal cord prepa-
ration (rat), 727

lamprey locomotor central pattern genera-
tor, intersegmental coordination, 862

reciprocal inhibition of soleus motor out-
put in humans during walking and
voluntary tonic activity, 607

Long-term potentiation (LTP). See Potentia-

tion, long-term

M

Magnesium, depolarizing actions of sub-
stance P on trigeminal root ganglia
neurons and (guinea pig), 273

Mastication, fictive, modulation of muscle
spindle afferent activity in trigeminal
mesencephalic nucleus during (rab-
bit), 1067

Medullary nucleus, dorsal, temporal dis-
charge patterns of single auditory
neurons in (frog), 1460

Medullary reticular formation. See Reticular
formation

Memory, short-term, inferotemporal units in
(monkey), 681

Mesencephalon, involvement in diffuse nox-
ious inhibitory controls acting on tri-
geminal convergent neurons (rat),
1712

N-Methyl-D-aspartate receptor

activity in cat visual cortex, effect of vary-
ing stimulus intensity, 1413

in excitatory amino acid-mediated synap-
tic transmission in rat dentate gyrus,
119

potassium-suppressed activation of
NMDA receptor channel in cultured
rat hippocampal neurons, 1361

Motoneurons

alerations in group la projections to moto-
neurons following spinal lesions in
humans, 637

behavior of accessory abducens and abdu-
cens motoneurons during eye retrac-
tion and rotation (cat), 413

computer simulation of group la EPSPs in
cat a-motoneurons, 648

depolarizing inhibitory postsynaptic po-
tentials in crayfish motor giant moto-
neurons, 532

quantitative reconstruction, 541

excitatory amino acid-mediated bulbo-
spinal transmission of inspiratory
drive to phrenic motoneurons (rat),
423

motoneuron and muscle-unit properties
after long-term direct innervation of
soleus muscle by medial gastrocne-
mius nerve (cat), 847

reciprocal inhibition of soleus motor out-
put in humans during walking and
voluntary tonic activity, 607

reduction of Ib autogenetic inhibition in
motoneurons during medial gastroc-
nemius muscle contractions in cat,
1380

respiratory pattern generation in mamma-
lian brain stem-spinal cord in vitro
model, spatiotemporal patterns of
motoneuron and medullary neuron
activity (rat), 1149
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restricted central convergence of cutane-
ous afferents on excitatory reflex
pathway to medial gastrocnemius mo-
toneurons, 403
synaptic potentials in facial motoneurons
after paralemniscal stimulation (cat),
381
Motor processing
movement-related neuronal activity selec-
tively coding either direction or mus-
cle pattern in three motor areas of
monkey, 151
neural representations of intended direc-
tion in three motor areas of monkey,
133
neural representations of target (goal) of
visually guided arm movements in
three motor areas of monkey, 164
Motor units
effects of tetanic contraction of motor
units of similar type on initial stiff-
ness to ramp stretch of cat peroneus
longus muscle, 1724
enlarged, long-term persistence in partially
denervated hindlimb muscles of cats,
1261
ensemble discharge from Golgi tendon
organs of cat peroneus tertius muscle,
813
human thenar muscle
contractile and electrical properties, re-
sponse to intraneural motor-axon
stimulation, 1331
contractile properties studied by intra-
neural motor axon stimulation and
spike-triggered averaging, 1347
twitch properties, response to intra-
neural motor-axon stimulation, 1339
motoneuron and muscle-unit properties
after long-term direct innervation of
soleus muscle by medial gastrocne-
mius nerve (cat), 847
reciprocal inhibition of soleus motor out-
put in humans during walking and
voluntary tonic activity, 607
Movement
arm. See Limb movement
coupling between orienting eye and head
movements in different behavioral
tasks, studies and modeling of (cat),
509
eye. See Eye movements
globus pallidus neuron activity during step
and ramp wrist movements (mon-
key), 1892
head rotation in vertical planes, response
of vestibulocollic neurons (cat), 1695
jaw. See Mastication
limb and neck movements evoked by mi-
crostimulation of medullary reticular
formation (cat), 767
microstimulation mapping of precentral
cortex during trained movements
(monkey), 1668
movement-related neuronal activity selec-
tively coding either direction or mus-
cle pattern in three motor areas of
monkey, 151
preparation for, neural representations of
intended direction in three motor
areas of monkey, 133
respiratory. See Respiratory pattern gener-
ation
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Muscarine
depression of synaptic transmission at hip-
pocampal mossy-fiber synapse (rat),
1089
differential modulation of single voltage-
gated calcium channels in adult hip-
pocampal neurons (guinea pig), 1291
Muscle
action of stretch reflex on ankle extensor
muscles of normal and decerebrate
cats, 1611
factors determining, 1625
arm muscle activation for static forces in
three-dimensional space, 1818
behavior of human muscle receptors when
reliant on proprioceptive feedback
during standing, 661
clasp-knife reflex in cat, 1303, 1319
ensemble discharge from Golgi tendon
organs of cat peroneus tertius muscle,
813
hindlimb muscle synergies in backward
quadrupedal walking, 756
human thenar motor units
contractile and electrical properties, re-
sponse to intraneural motor-axon
stimulation, 1331
contractile properties studied by intra-
neural motor axon stimulation and
spike-triggered averaging, 1347
twitch properties, response to intra-
neural motor-axon stimulation, 1339
isometric contractions, single-joint move-
ment and, 1033
long-term persistence of enlarged motor
units in partially denervated hindlimb
muscles of cats, 1261
modulation of spindle afferent activity in
trigeminal mesencephalic nucleus
during fictive mastication (rabbit),
1067
motoneuron and muscle-unit properties
after long-term direct innervation of
soleus muscle by medial gastrocne-
mius nerve (cat), 847
muscle synergies for scratching in normal
cats, 1653
reduction of Ib autogenetic inhibition in
motoneurons during medial gastroc-
nemius muscle contractions in cat,
1380
reflex activation of muscle spindles in
human pretibial muscles during
standing, 671
restricted central convergence of cutane-
ous afferents on excitatory reflex
pathway to medial gastrocnemius mo-
toneurons, 403
stiffness regulation by reflex action in nor-
mal human hand, 105
stiffness to ramp stretch, effects of tetanic
contraction of motor units of similar
type (cat), 1724

N

Neocortex
auditory-evoked potentials in, three-di-
mensional analysis (rat), 1527
EPSPs in rat neocortical neurons, effects
of quinoxalinedione non-NMDA re-
ceptor antagonist, 1282
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Neural pathways, restricted central conver-
gence of cutaneous afferents on excit-
atory reflex pathway to medial gas-
trocnemius motoneurons, 403

Neural transmission

alterations in group la projections toc mo-
toneurons following spinal lesions in
humans, 637

APV-sensitive dorsal root afferent trans-
mission to neonate rat sympathetic
preganglionic neurons in vitro, 991

cellular and synaptic mechanisms respon-
sible for long-lasting restructuring of
pyloric neural network of lobster sto-
matogastric nervous system, 1574

central relays for modulation of spinal no-
ciceptive transmission (rat), 1098

dendritic action potential and synaptic
transmission in CA 1 pyramidal cells
in situ (rat), 1429

effect of ammonium on excitatory synap-
tic transmission in cat spinal cord, 565

excitatory amino acid-mediated bulbo-
spinal transmission of inspiratory
drive to phrenic motoneurons (rat),
423

excitatory synaptic transmission in cul-
tured rat olfactory bulb neurons, 598

muscarinic depression of synaptic trans-
mission at hippocampal mossy-fiber
synapse (rat), 1089

quinoxalinedione non-NMDA receptor
antagonist and EPSPs in rat neocorti-
cal neurons in vitro, 1282

reevaluation of excitatory amino acid-me-
diated synaptic transmission in rat
dentate gyrus, 119

respiratory pattern generation in mamma-
lian brain stem-spinal cord in vitro
model, spatiotemporal patterns of
motoneuron and medullary neuron
activity (rat), 1149

spatial distributions and synaptic order of
extracellular field potentials evoked
by white matter stimulation in iso-
lated slices of rat primary visual cor-
tex, 1484

synaptic pharmacology of chromatic hori-
zontal cell in Xenopus retina, 1683

tetraethylammonium-enhanced synaptic
transmission in hippocampus, 1077

ventrolateral and dorsolateral ascending
spinal cord pathway influence on tha-
lamic nociception in cat, 1400

Neurons

afferent-evoked synaptic mechanisms un-
derlying response of lumbar spinore-
ticular tract neurons (cat), 1791

Aplysia giant neurons, depolarization-in-
duced modulation of ion currents in,
arachidonic acid and, 341

APV-sensitive dorsal root afferent trans-
mission to neonate rat sympathetic
preganglionic neurons in vitro, 991

auditory cortex, spectral response patterns
to harmonic complex tones (mon-
key), 282

auditory cortical neuron sensitivity to
static and continuously changing in-
teraural phase cues (cat), 1247

azimuthal sensitivity of neurons in pri-
mary auditory cortex

organization along frequency-band

strips (cat), 888
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types of sensitivity and effects of varia-
tions in stimulus parameters (cat), 872
bulbospinal neuron transmission of inspi-
ratory drive to phrenic motoneurons,
excitatory amino acids in (rat), 423
calcium-dependent slow afterdepolariza-
tion in rat dorsolateral septal nucleus
neurons, 1838
cardiopulmonary sympathetic afferent ex-
citation of lower thoracic spinoreticu-
lar and spinothalamic neurons (cat),
1907
cation current activated by hyperpolariza-
tion in rat nucleus accumbens
neurons, 1847
caudal cochlear nucleus, y-aminobutyric
acid actions (kitten), 961
central component in sensitization of spi-
nal neurons with joint input during
development of arthritis in knee (cat),
299
cholinergic basal forebrain neurons pro-
jecting to somatosensory cortex (cat),
1223
cross-excitation in dorsal root ganglia
neurons of nerve-injured and intact
rats, 1733
descending projections of hypothalamic
neurons with sympathetic nerve-re-
lated activity (cat), 1019
development and properties of synaptic
mechanisms in network of cultured
rat hypothalamic neurons, 715
differential modulation of single voltage-
gated calcium channels by cholinergic
and adrenergic agonists in hippocam-
pal neurons (guinea pig), 1291
directional preparatory activity
target-dependent, in three motor areas
of monkey, 164
in three motor areas of monkey, 133
directional sensitivity of FM-FM neurons
in auditory cortex of mustached bat,
225
discharge patterns of neurons in pretectal
nucleus of optic tract (monkey), 77
distribution and response properties of so-
matosensory cortex neurons respon-
sive to thermal stimulation of tooth
pulp (cat), 822
dorsal root ganglion, GABA-activated cur-
rent in (rat), 57
effect of mesencephalic lesions on diffuse
noxious inhibitory controls acting on
trigeminal convergent neurons (rat),
1712
effects of basal forebrain stimulation on
excitability of somatosensory cortical
neurons (cat), 1199
cutaneous stimulation and, 1212
epileptiform activity in microcultures con-
taining small numbers of hippocam-
pal neurons, 1390
EPSPs in initiation of spontaneous syn-
chronized burst firing in rat hippo-
campal neurons bathed in high potas-
sium, 1000
computer model, 1009
EPSPs in rat neocortical neurons, effects
of quinoxalinedione non-NMDA re-
ceptor antagonist, 1282
excitatory synaptic transmission in cul-
tured rat olfactory bulb neurons, 598

frontal-eye-field neurons in maintenance
of spatially accurate saccade signal,
489

functional properties of dorsal horn
neurons projecting to dorsal accessory
olive (cat), 1704

globus pallidus neuron activity during step
and ramp wrist movements (mon-
key), 1892

horizontal cells. See¢ Horizontal cells

inferior colliculus neuronal sensitivity to
binaural intensity and phase differ-
ence cues (cat), 582

inferotemporal cortex neurons in selective
visual attention and short-term mem-
ory (monkey), 681

influence of rod adaptation on cone-me-
diated intracellular responses of distal
retinal neurons to light onset and off-
set (salamander), 1043

inhibition of sensory responses of cat infe-
rior olive neurons produced by stimu-
lation of red nucleus, 1170

inhibitory role of dentate hilus neurons in
guinea pig hippocampal slice, 46

ionic currents in crustacean neurosecre-
tory cell neurons, 1514

ionic mechanism of substance P action on
trigeminal root ganglia neurons
(guinea pig), 273

membrane current, action potential dura-
tion, and excitability in somata of
pleural sensory neurons of Aplysia,
differential effects of cAMP and sero-
tonin, 978

movement-related activity, selective cod-
ing for either movement direction or
muscle pattern in three motor areas
of monkey, 151

neuronal responsiveness in ventrobasal
thalamic complex of rats with experi-
mental peripheral mononeuropathy,
1537

NMDA-induced current in cultured rat
hippocampal neurons, suppression by
extracellular potassium, 1361

potassium conductances of postnatal rat
nigrostriatal dopaminergic neurons,
262

potassium currents in pleural sensory
neurons of Aplysia, cAMP-indepen-
dent actions of forskolin, 1474

properties and distribution of single volt-
age-gated calcium channels in hippo-
campal neurons (guinea pig), 91

respiratory pattern generation in mamma-
lian brain stem-spinal cord in vitro
model, spatiotemporal patterns of
motoneuron and medullary neuron
activity (rat), 1149

response of vestibulocollic neurons to ves-
tibular and neck stimulation (cat),
1695

single-neuron activity in caudolateral orbi-
tofrontal cortex in response to gusta-
tory stimulation (monkey), 1055

spatial- and temporal-frequency sensitivity
of posteromedial lateral suprasylvian
neurons, inputs from areas 17, 18,
and 19 and (cat), 1636

spectral sensitivities of elementary color-
coded neurons in butterfly larva, 1861

spinal dorsal horn neuron response to
noxious thermal stimulation, supra-



spinal relays for vagal afferent modu-
lation of (rat), 1098
spinal trigeminal subnucleus interpolaris
neuron structure-function relation-
ships
cortical inputs (rat), 3
subnucleus caudalis inputs, 28
stimulus-dependent information transmis-
sion by inferior temporal neurons
(monkey), 370
stimulus-dependent temporal modulation
in inferior temporal neurons (mon-
key), 351
temporal discharge patterns of single audi-
tory neurons in dorsal medullary nu-
cleus of frog, 1460
NHj. See Ammonium
NMDA. See N-Methyl-D-aspartate receptor
Nociception
cardiopulmonary sympathetic afferent ex-
citation of lower thoracic spinoreticu-
lar and spinothalamic neurons (cat),
1907
central component in sensitization of spi-
nal neurons with joint input during
development of arthritis in knee (cat),
299
central relays for behavioral antinocicep-
tion and arterial blood pressure de-
creases (rat), 1115
central relays for modulation of spinal no-
ciceptive transmission (rat), 1098
distribution and response properties of so-
matosensory cortex neurons respon-
sive to thermal stimulation of tooth
pulp (cat), 822
effect of mesencephalic lesions on diffuse
noxious inhibitory controls acting on
trigeminal convergent neurons (rat),
1712
neuronal responsiveness in ventrobasal
thalamic complex of rats with experi-
mental peripheral mononeuropathy,
1537
receptive field properties of cutaneous C-
fiber nociceptors (monkey), 1502
sensitization of cutaneous nociceptors, ar-
achidonic acid derivatives and sub-
stance P and (rabbit), 457
stimulus-response function characteristics
of esophageal mechanosensitive noci-
ceptors in sympathetic afferents
(opossum), 796
ventrolateral and dorsolateral ascending
spinal cord pathway influence on tha-
lamic nociception in cat, 1400
Noise, auditory cortex neuronal response to
(monkey), 282
Norepinephrine, depletion in visual cortex,
plasticity and, effect of lesions of non-
visual inputs (kitten), 1851
Nucleus accumbens, cation current activated
by hyperpolarization in rat nucleus
accumbens neurons, 1847

o

QOdor stimulation, intracellular responses of
identified rat olfactory bulb inter-
neurons to, 932

Olfactory bulb

excitatory synaptic transmission in cul-
tured rat olfactory bulb neurons, 598
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intracellular responses of identified rat ol-
factory bulb interneurons to electrical
and odor stimulation, 932
multiple site optical recording of trans-

membrane voltage, single-unit record-
ings, and evoked field potentials from
olfactory bulb of skate, 1767

Olfactory cortex. See Piriform cortex

Olfactory system, afferent and association
fiber differences in short-term poten-
tiation in piriform (olfactory) cortex
(rat), 179

Omitted-stimulus potentials, in retina and
optic tectum (fish), 903

Optical signal, multiple site optical recording
of transmembrane voltage, single-unit
recordings, and evoked field poten-
tials from olfactory bulb of skate, 1767

Optic tectum, event-related potentials (fish),
903

Optic tract, pretectal nucleus neurons, dis-
charge patterns of (monkey), 77

Optokinetic nystagmus, 77

Orbitofrontal cortex, caudolateral, gustatory
responses of single neurons in (mon-
key), 1055

P

Pacinian corpuscle afferents, sensitivity to
stripe patterns moved across the
hand, 236
Paralemniscal zone, stimulation, synaptic
potentials in facial motoneurons and
(cat), 381
Phrenic motoneurons, excitatory amino
acid-mediated transmission of inspi-
ratory drive to (rat), 423
Piriform cortex, afferent and association
fiber differences in short-term poten-
tiation in piriform (olfactory) cortex
(rat), 179
Pitch perception, spectral response patterns
of auditory cortex neurons to har-
monic complex tones (monkey), 282
Postsynaptic potentials
afferent and association fiber differences
in short-term potentiation in piriform
(olfactory) cortex (rat), 179
EPSPs
alterations in group la projections to
motoneurons following spinal lesions
in humans, 637
APV-sensitive dorsal root afferent trans-
mission to neonate rat sympathetic
preganglionic neurons in vitro, 991
computer simulation of group Ia EPSPs
in cat a-motoneurons, 648
in cultured rat olfactory bulb neurons,
598
excitatory amino acid mediation in rat
dentate gyrus, 119
in facial motoneurons, paralemniscal
stimulation and (cat), 381
facilitation of cutaneous EPSPs in me-
dial gastrocnemius motoneurons, 403
in initiation of spontaneous synchro-
nized burst firing in rat hippocampal
neurons bathed in high potassium,
1000
computer model, 1009
muscarinic depression of synaptic trans-
mission at hippocampal mossy-fiber
synapse (rat), 1089
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in rat neocortical neurons in vitro, ef-
fects of a quinoxalinedione non-
NMDA receptor antagonist, 1282
IPSPs
depolarizing, in crayfish motor giant
motoneurons, 532
quantitative reconstruction, 541
in facial motoneurons, paralemniscal
stimulation and (cat), 381
in hippocampal slice preparation, den-
tate hilus neurons and (guinea pig), 46
lumbar spinoreticular tract neurons
(cat), 1791
Postural adaptation, in backward quadrupe-
dal walking, 745
Postural stability, behavior of human muscle
receptors when reliant on propriocep-
tive feedback during standing, 661
Potassium
high-potassium medium, spontaneous
synchronized burst firing in rat hippo-
campal neurons bathed in, EPSPs in
initiation of, 1000
computer model, 1009
NMDA-induced current in cultured rat
hippocampal neurons and, 1361
Potassium current
in cultured horizontal cells (fish), 1758
in hippocampus, tetraethylammonium
and, 1077
in inner segment of single retinal cone
photoreceptors (lizard), 1929
in pleural sensory neurons of Aplysia,
cAMP-independent actions of forsko-
lin, 1474
of postnatal rat nigrostriatal dopaminergic
neurons, 262
in somata of pleural sensory neurons of
Aplysia, differential effects of cCAMP
and serotonin, 978
Potentiation, long-term (LTP)
associative interactions between synaptic
inputs, spatial overlap and, 1186
induction at hippocampal mossy-fiber
synapses, Hebbian rule, 948
mossy fiber-to-CA3 pyramidal neuron
synapses, neuromodulation via mod-
ulation of calcium channels (guinea
pig), 1291
Precentral cortex, microstimulation map-
ping, during trained movements
(monkey), 1668
Progesterone, effects on bilateral cutaneous
reflexes in back muscle of female rat,
835
Proprioceptive feedback, behavior of human
muscle receptors when reliant on pro-
prioceptive feedback during standing,
661
Purkinje cell, discharge activity, during
grasping and lifting objects of differ-
ent textures and weights (monkey),
698

R

Receptive fields

heat and mechanical receptive fields of cu-
taneous C-fiber nociceptors (mon-
key), 1502

Pacinian corpuscle afferents innervating
primate hand, spatial acuity and, 236

in spinal trigeminal subnucleus interpo-
laris cells (rat)
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cortical inputs, 3
inputs from subnucleus caudalis, 28
Receptors
excitatory amino acids, in synaptic trans-
mission in rat dentate gyrus, 119
GABA ,-receptor-activated current in dor-
sal root ganglion neurons (rat), 57
sympathetic esophageal mechanosensitive
nociceptors (opossum), 796
Reflexes
action of stretch reflex on ankle extensor
muscles of normal and decerebrate
cats, 1611
factors determining, 1625
activation of muscle spindles in human
pretibial muscles during standing, 671
clasp-knife relfex in cat
neural mechanisms, 1303
stretch-sensitive muscular-free nerve
endings in, 1319
cutaneous reflexes in back muscle of fe-
male rat, modulation by steroids rele-
vant for reproductive behavior, 835
restricted central convergence of cutane-
ous afferents on excitatory reflex
pathway to medial gastrocnemius mo-
toneurons, 403
rostral-scratch reflex in turtle, cutaneous
stimulation-evoked long-lasting excit-
ability, 1134
scratch responses in normal cats, hindlimb
kinematics and muscle synergies, 1653
spinal, ammonium effects (cat), 565
stiffness regulation in normal human
hand, 105
vestibulocollic reflex, response of vestibu-
locollic neurons to vestibular and
neck stimulation (cat), 1695
vestibuloocular reflex, combined eye-head
gaze shifts and accuracy of gaze sac-
cades (monkey), 1873
Respiratory pattern generation, in brain
stem-spinal cord in vitro model, spa-
tiotemporal patterns of motoneuron
and medullary neuron activity (rat),
1149
Reticular formation, functional organization
within medullary reticular formation
electromyographic activity evoked by mi-
crostimulation (cat), 782
movements evoked by microstimulation
(cat), 767
Retina
background-induced flicker enhancement
in horizontal cells
spatial properties (cat), 326
temporal and spectral properties (cat),
313
bifurcation analysis of nonlinear retinal
horizontal cell models, network prop-
erties, 248
cone photoreceptors
inward-rectifying current in inner seg-
ment of (lizard), 1917
potassium currents in inner segment
(lizard), 1929
event-related potentials (fish), 903
influence of rod adaptation on cone-me-
diated intracellular responses of distal
retinal neurons to light onset and off-
set (salamander), 1043
potassium currents in cultured horizontal
cells isolated from white bass retina,
1758
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suppressive rod-cone interaction, 313, 326
synaptic pharmacology and intracellular
staining of chromatic horizontal cell
in Xenopus retina, 1683
Retinal error hypothesis, ocular targeting, 575
Retinal ganglion cells, excitatory amino acid
actions on (cat), 1368

S

Saccades
accuracy of saccades to stationary flash
presented during pursuit, 575
combined eye-head gaze shifts and accu-
racy of gaze saccades (monkey), 1873
maintenance of spatially accurate saccade
signal, frontal-eye-field neurons in,
489
Sciatic nerve injury, cross-excitation in dor-
sal root ganglia neurons (rat), 1733
Sensorimotor function, dorsolateral striatal
subregion exhibiting single-unit corre-
lations with specific locomotor limb
movements (rat), 1233
Sensory discrimination, cerebral evoked po-
tentials and, 1270
Septal nucleus, dorsolateral, calcium-depen-
dent slow afterdepolarization in rat
dorsolateral septal nucleus neurons,
1838
Serotonin, modulatory effects on membrane
current, action potential duration,
and excitability in somata of pleural
sensory neurons of Aplysia, cCAMP
and, 978
Somatosensory cortex
cholinergic basal forebrain neurons pro-
jecting to (cat), 1223
distribution and response properties of so-
matosensory cortex neurons respon-
sive to thermal stimulation of tooth
pulp (cat), 822
neuronal responsiveness
acetylcholine and basal forebrain stimu-
lation and (cat), 1199
cutaneous stimulation and (cat), 1212
Sound localization
azimuthal sensitivity of auditory cortex
neurons
organization along frequency-band
strips (cat), 888
types of sensitivity and effects of varia-
tions in stimulus parameters (cat), 872
bilateral auditory cortex lesions and (mon-
key), 915
FM-FM neurons in auditory cortex of
mustached bat and, 225
functional organization of auditory cortex
and (monkey), 191
Spasticity, alerations in group la projections
to motoneurons following spinal le-
sions in humans, 637
Spike-triggered averaging
contractile properties of human thenar
motor units, 1347
descending projections of hypothalamic
neurons with sympathetic nerve-re-
lated activity (cat), 1019
Spinal cord
alerations in group la projections to moto-
neurons following spinal lesions in
humans, 637
lamprey locomotor central pattern genera-
tor, intersegmental coordination, 862

monosynaptic excitatory reflexes, ammo-
nium effects (cat), 565
nociceptive spinal neurons with joint
input in arthritic pain (cat), 299
Spinal trigeminal subnucleus caudalis, func-
tions in spinal trigeminal subnucleus
interpolaris receptive-field synthesis
(rat), 28
Spinal trigeminal subnucleus interpolaris,
structure-function relationships
cortical inputs (rat), 3
subnucleus caudalis inputs (rat), 28
Spinoreticular tract
lumbar, neuronal response to primary af-
ferent input (cat), 1791
thoracic, cardiopulmonary sympathetic af-
ferent excitation of lower thoracic
spinoreticular and spinothalamic
neurons (cat), 1907
Spinothalamic tract
in nociception (cat), 1400
thoracic, cardiopulmonary sympathetic af-
ferent excitation of lower thoracic
spinoreticular and spinothalamic
neurons (cat), 1907
Stiffness, ramp. See Muscle, stiffness to
ramp stretch
Stiffness regulation hypothesis, 105
Stomatogastric nervous system, sensory af-
ferent-induced long-lasting restructur-
ing of pyloric neural network (lob-
ster), 1555
cellular and synaptic mechanisms, 1574
Striatum, dorsolateral striatal subregion ex-
hibiting single-unit correlations with
specific locomotor limb movements
(rat), 1233
Subnucleus caudalis. See Spinal trigeminal
subnucleus caudalis
Subnucleus interpolaris. See Spinal trigemi-
nal subnucleus interpolaris
Substance P
ionic mechanism of action on trigeminal
root ganglia neurons (guinea pig), 273
in sensitization of cutaneous nociceptors,
457
Substantia nigra zona compacta, potassium
conductances of postnatal rat nigro-
striatal dopaminergic neurons, 262
Superior olivary complex, interaural time
sensitivity in cells of medial superior
olive (cat), 465
Supporting cells, of guinea pig cochlea, inter-
cellular recordings from, 617
Suppressive rod-cone interaction. See under
Retina
Suprasylvian cortex, posteromedial lateral.
See Visual cortex, extrastriate
Synapses
associative interactions between synaptic
inputs and long-term potentiation
and depression, 1186
crayfish giant motor synapse, depolarizing
inhibition at, 532
quantitative reconstruction, 541
dendritic action potential and synaptic
transmission in CA1 pyramidal cells
in situ (rat), 1429
development and properties of synaptic
mechanisms in network of cultured
rat hypothalamic neurons, 715
excitatory amino acid-mediated synaptic
transmission in rat dentate gyrus, 119



induction of long-term potentiation at
hippocampal mossy-fiber synapses,
948

long-term depression. See Depression,
long-term

long-term potentiation. See Potentiation,
long-term

T

Taste, gustatory response of single neurons
in caudolateral orbitofrontal cortex
(monkey), 1055

Tetraecthylammonium, epileptiform activity
in hippocampus and, 1077

Thalamic ventrobasal complex, neuronal re-
sponsiveness, in rats with experimen-
tal peripheral mononeuropathy, 1537

Thermal stimulation

canine tooth pulp, distribution and re-
sponse properties of somatosensory
cortex neurons responsive to (cat), 822

receptive-field properties of cutaneous C-
fiber nociceptors (monkey), 1502

Tooth pulp, thermal stimulation, distribu-
tion and response properties of soma-
tosensory cortex neurons responsive
to (cat), 822

Torsional disparity, interocular, visual corti-
cal development (kitten), 1352
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Trigeminal mesencephalic nucleus, modula-
tion of muscle spindle afferent activ-
ity in, during fictive mastication, 1067

\%

Vestibulocollic reflex. See Reflexes, vestibu-
locollic
Vestibuloocular reflex, combined eye-head
gaze shifts and accuracy of gaze sac-
cades (monkey), 1873
Visual cortex
development, interocular torsional dispar-
ity and (kitten), 1352
direction selectivity, spatial and temporal
response properties of geniculate
lagged and nonlagged cells and (cat),
206
extrastriate, spatial- and temporal-fre-
quency sensitivity of posteromedial
lateral suprasylvian neurons, inputs
from areas 17, 18, and 19 and (cat),
1636
NMDA-receptor activity in, effect of vary-
ing stimulus intensity on (cat), 1413
plasticity, norepinephrine and acetylcho-
line depletion and, lesions of nonvi-
sual inputs affecting (kitten), 1851
spatial distribution of extracellular field
potentials in (rat), 1484

1949

stimulus-dependent information transmis-
sion by inferior temporal neurons
(monkey), 370

stimulus-dependent temporal modulation
in inferior temporal neurons (mon-
key), 351

Visual system

combined eye-head gaze shifts and accu-
racy of gaze saccades (monkey), 1873

event-related potentials in retina and optic
tectum (fish), 903

inferotemporal cortex neurons in selective
visual attention and short-term mem-
ory (monkey), 681

inward-rectifying current in inner segment
of single retinal cone photoreceptors
(lizard), 1917

spectral sensitivities of elementary color-
coded neurons in butterfly larva, 1861

X

X-cells, geniculate, spatial and temporal re-
sponse properties, lagged vs non-
lagged cells (cat), 206

Y

Y-cells, geniculate, spatial and temporal re-
sponse properties, lagged vs non-
lagged cells (cat), 206



Author Index to Volume 64

Agarwal, G. C., 1033
Ahnpelt, P. K., 313
Aitkin, L. M., 872, 888
Alexander, G. E., 133, 151, 164
Aminoff, M. J,, 1270
Ammons, W. S, 1907
Aniss, A. M., 661, 678
Apkarian, A. V., 1400
Aréchiga, H., 1514
Ashby, P., 637

Atsuta, Y., 727

Avoli, M., 1747

Baer, S. M, 326
Baker, R., 413, 381
Barker, J. L., 262
Barman, S. M., 1019
Barstad, K. E., 1223
Barth, D. S., 1527
Baxter, D. A, 978, 1474
Bear, M. F., 1223
Bennett, G. J., 1791
Benoist, J. M., 1537
Bigland-Ritchie, B., 1331, 1339,
1347
Bing, Z., 1712
Blatchley, B. J., 582
Boos, R., 1368
Bouhassira, D., 1712
Bower, J. M., 179
Bruce, C. J., 489
Brugge, J. F., 582, 1247
Buford, J. A., 745, 756
Bullock, T. H., 903
Burkard, R. F., 225
Burke, D., 661, 678
Burke, R. E., 648
Byrne, J. H., 978, 1474

Campbell, J. N., 1502
Capaday, C., 607

Carelli, R. M,, 1233

Carlson, R. O., 341

Carney, L. H., 437

Carter, R. R., 105

Chamberlin, N. L., 1000
Chan, J. C. K., 465

Chapin, J. K., 1233

Chapple, W. D., 64

Cherubini, E., 1847

Cinelli, A. R., 1767

Cleland, C. L., 1303, 1319, 1611
Cody, F. W.J., 607

Cohen, R. H., 457

Cohen, S. M., 1233

Corcos, D. M., 1033

Crago, P. E., 105

Crutcher, M. D, 133, 151, 164
Currie, S. N., 1134

Dallos, P., 617
Dassonville, P., 575

Daw, N., 1413
Delgado-Garcia, J. M., 413
DeLong, M. R., 1892
Devor, M., 1733

Di, S., 1527

1950

Diener, H.-C., 661, 678
Dingledine, R., 1000, 1009
Dostrovsky, J. O., 1704
Drapeau, C., 1747

Drew, T., 767, 782

Dun, N. J., 991

Dykes, R. W., 1199, 1212

Edwards, D. H., 532, 541
Elste, A., 736

El-Yassir, N., 1704
Ermentrout, G. B., 862
Escudero, M., 413
Espinoza, E., 698
Evinger, C., 413

Feldman, J. L., 423, 1149
Feng, A. S., 1460
Filippi, G. M., 1724
Fisher, R., 1291

Fisher, R. E., 91
Fitzakerley, J. L., 961
Flaherty, B. P., 1033
Flanders, M., 1818
Fleshman, J. W, Jr., 648
Foehring, R. C., 847
Fox, K., 1413

Frumkes, T. E., 1043
Fuchs, A. F., 77
Furshpan, E. J., 1390
Fuster, J. M., 681

Gaionti, S. J., 1801
Galiana, H. L., 509
Gallagher, J. P, 1838
Gandevia, S. C., 661, 678
Garcia, U, 1514
Garcia-Rill, E., 727
Gardner, E. P, 236
Gardner, J. P., 1233
Gautron, M., 1537
Gebhart, G. F., 1098, 1115
Gibson, A. R, 1170
Gioux, M., 1724
Goldberg, M. E., 489
Goodin, D. S., 1270
Gordon, B., 1851
Gottlieb, G. L., 1033
Goyal, R. K., 796
Gray, R., 91

Greer, J. ], 1149
Guido, W., 1636
Guilbaud, G., 1537
Guitton, D., 509

Hablitz, J. J., 1282
Hall, J. C., 1460
Hallas, B. H., 28
Hamada, 1., 1892
Hasselmo, M. E., 179
Hasuo, H., 1838
Hayward, L., 1319
Heffner, H. E., 191, 915
Heffner, R. S,, 191, 915
Herreras, O., 1429
Hodge, C. J., Jr., 1400
Hoffer, J. A., 1611, 1625

Hofmann, M. H,, 903

Holler, M., 1125

Hooper, S. L., 1555, 1574
Horcholle-Bossavit, G., 813, 1380
Hore, J., 661, 678

Houk, J. C., 1170

Humphrey, A. L., 206

Hunt, C. C,, 1724

Ichikawa, T., 1861

lino, M., 1361

Irvine, D. R. F,, 872, 888
Isley, M. R., 1352

Iwata, K., 822

Jacquin, M. F,, 3, 28

Jaffe, D., 948

Jami, L., 813, 1380

Jazat, F., 1537

Johansson, R. S., 1331, 1339, 1347

Johnston, D., 91, 948, 1077, 1089,
1291 :

Jones, R. S. G., 119

Kawasaki, M., 225
Kawasaki, T., 551

Keith, M. W., 105

Kelly, T. M., 64

Koester, J., 736

Kolta, A., 1067

Kopell, N., 862

Korenbrot, J. 1., 1917, 1929
Kuhta, P. C,, 1653

LaBella, L. A., 403
Lafleur, J., 1380
Lambert, J. D.C,, 119
Lamy, F., 1380
Langdon, R. B., 1484
Laporte, Y., 1724
Lasater, E. M., 1758
Le Bars, D., 1712
Lebeda, F. J., 1077
Leonard, T. R., 1611
Levitan, 1. B., 341
Levy, W. B, 1186
Liu, G., 423, 1149
Louvel, J., 1747
Luff, A. R., 1261
Lund, J. P, 1067

Ma, S, 248

Mailis, A., 637

Mano, N.-1., 1892
Maricq, A. V., 1917, 1929
Martin, R. J., 1400
Matsumoto, T., 1125
May, P. J., 381
McCrea, D. A., 403
McGee, J., 961
Mclntosh, J. S., 1668
McKay, J., 872
Mendelson, J. R., 1442
Meyer, R. A., 1502
Misgeld, U., 46, 715
Mitchell, B., 1851

Mo, N,, 991

Mohtadi, K., 1851
Molinari, H. H., 1704
Moulins, M., 1555, 1574
Miiller, F., 1368

Miiller, W, 46

Munoz, D. P., 509
Munson, J. B., 847
Muramatsu, H., 822
Mustari, M. J., 77

Nahm, F. K., 903
Nelson, R., 313, 326
Neugebauer, V., 299
New, J. G., 903
Nonaka, S., 1695
Nonnotte, L., 1555
North, R. A., 1847

Obrenovitch, T. P., 1125
Oesterle, E. C., 617
Onetti, C. G, 1514
Optican, L. M., 320, 351
Ozawa, S., 1361

Palmer, C. 1., 236
Panula, P., 736
Pechura, C. M, 262
Perl, E. R., 457
Perreault, P., 1747
Petit, J., 813, 1724
Pfaff, D. W., 835
Pflug, R., 313, 326
Phelan, K. D., 1838
Pomerantz, M., 1233
Prechtl, J. C., 903
Puil, E., 273
Pumain, R., 1747

Raabe, W., 565

Rajan, R., 872, 888

Randich, A., 1098, 1115

Reale, R. A., 1247

Remler, M. P., 862

Ren, K., 1098, 1115

Renehan, W. E., 3

Richmond, B. J., 320, 351

Riquimaroux, H., 1801

Rogers-Ramachandran, D. C.,
1352

Rolls, E. T., 1055

Rossignol, S., 767, 782, 1067

Roth, E., 1851

Rutecki, P. A., 1077

Rymer, W. Z., 1303, 1319

Saha, J. K., 796
Sahara, Y., 1791
Salzberg, B. M., 1767
Sato, H., 1413

Sato, Y., 551

Saul, A. B., 206
Schaible, H.-G., 299
Scheller, D., 1125
Schlag, J., 575
Schlag-Rey, M., 575
Schmidt, E. M., 1668
Schor, R. H., 1695



Schreiner, C. E., 1442
Schiitte, M., 1683
Schwartz, J. H., 736
Schwartz-Giblin, S., 835
Schwarz, D. W. F., 282
Scott, J. W., 932

Segal, M. M., 1390
Segev, 1., 648
Sengupta, J. N., 796
Shapiro, E., 736
Shefrin, S. L., 1270
Shen, E., 991
Shepherd, G. M., 1
Shinkman, P. G., 1352
Sienkiewicz, Z. J., 1055
Sigvardt, K. A., 862
Silva, N. L., 262
Sinkjer, T., 1611, 1625
Skinner, R. D., 727
Smith, A. M., 698
Smith, J. C., 423, 1149

Smith, J. L., 745, 756, 1653

Soechting, J. F., 1818

AUTHOR INDEX TO VOLUME 64

Spear, P. D., 1636
Spigelman, 1., 273
Spitzer, H., 351
Stein, P.S. G., 1134
Stein, R. B., 607
Steward, O., 1186
Stone, S., 1683
Suga, N., 225, 1801
Sullivan, J. M., 1758
Sumino, R., 822
Sur, M., 1484
Sutor, B, 1282
Swandulla, D., 715
Symon, L., 1125

Tegtmeier, F., 1125

Thomas, C. K., 1331, 1339, 1347

Tomlinson, R. D., 1873
Tomlinson, R. W. W, 282
Tong, L., 1636

Torkko, K., 1261

Traub, R. D., 1000, 1009
Treede, R.-D., 1502

Tremblay, N., 1199, 1212
Trombley, P. Q., 598
Tseng, Y., 1851

Tsuboi, Y., 822

Tsuzuki, K., 1361

Turk, F., 1851

Twery, M. J,, 1838

Uchimura, N., 1847

Valdiosera, R. F., 1514
Vejsada, R., 813
Vidal, P.-P., 381

Voigt, H. F., 1590

Wall, P. D., 1733

Walsh, E. J., 961

Warren, R. A., 1199, 1212
Wissle, H., 1368

Weiss, Craig, 1170

Wellis, D. P., 932

West, M. O., 1233

Westbrook, G. L., 598

1951

Westling, G., 1331, 1339, 1347

White, G., 57, 1186
Wiegand, M. R, 3
Williams, S., 1089
Williams, T. L., 862
Wilson, V. J., 1695
Winslow, R. L., 248
Witkovsky, P., 1683
Woodward, D. J., 1233
Wu, S. M,, 1043

Xie, Y.-K., 1791

Yamagata, Y., 1695
Yates, B. J., 1695
Yaxley, S., 1055
Yin, T. C. T., 465
Young, E. D., 1590

Zernicke, R. F., 745

Zytnicki, D., 813, 1380



