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SUMMARY

AND

CONCLUSIONS

1. We have examinedthe effectsof iontophoresingspecifican-

tagonists to excitatory amino acid receptors on the visual responsesof cellsin lamina A or Al of the cat’s lateral geniculate
nucleus(LGN).
2. CellswereclassifiedasON- or OFF-center,X or Y, and lagged
or nonlagged.The effects of antagonistswere studiedwhile cells
were stimulated with spotsof the appropriate contrast covering
the receptive-fieldcenter.
3. The N-methyl-o-aspartate (NMDA) receptor antagonists
D-2-amino-Sphosphonovalericacid (D-APV) and 3-((+)-2-carboxypiperazin-4-yl)-propyl- 1-phosphonicacid (CPP), when iontophoresedat dosesthat specificallyantagonizedNMDA-induced
responsesbut not kainate-induced responses,reduced the responsesof all cell types in the LGN, including X and Y cells,
laggedand nonlaggedcells,and ON- and OFF-centercells.
4. The non-NMDA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione(CNQX), whenappliedat dosesthat specifically
antagonizedkainate-inducedresponses
but not NMDA-induced
responses,also reduced the visual responsesof each of the cell
typesin the LGN.
5. We analyzedquantitatively the effectsof D-APV and CNQX
on LGN cells.D-APV reducedthe responsesof laggedcellsto a
greaterextent than the responsesof nonlaggedcells. CNQX reduced the responsesof laggedand nonlaggedcells to a similar
extent. There was no difference in the effect of D-APV or of
CNQX on X and Y cellsor on ON- and OFF-centercells.
6. We analyzedthe effectsof the antagonistson separatecomponentsof responses,
including an early component comprisingthe
first 100msof responseand a late componentcomprisingthe next
300 msof response.D-APV reducedthe late component of lagged
cell responses
to a greaterextent than either the early component
of the samecellsor the early or late component of nonlaggedcells.
CNQX had nearly equivalent effects on both responsecomponentsof all cell types.
7. Thesedata indicate that NMDA and non-NMDA receptors
makesimilarcontributions to the responses
of ON-and OFF-center
and X and Y cellsin the LGN. Laggedand nonlaggedcellsare not
differentiated with respectto the contribution of non-NMDA receptors to their visual responses.The greater contribution of
NMDA receptorsto the responses
of laggedcellsis consistentwith
the largecontribution madeby thesereceptorsto the late response
componentsof laggedcells.It is possible,then, that the degreeof
participation of NMDA receptorsin the visual responses
of LGN
cellsisa function of the responsecharacteristicsof cellsrather than
a fundamentaldistinguishingfeature of LGN cell types.

INTRODUCTION

Excitatory amino acid (EAA) receptors are involved in
synaptic transmission in many areas of the vertebrate CNS
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(Cotman et al. 1987; Mayer and Westbrook 1987). EAA
receptors can be broadly categorized into two groups, the
N-methyl-D-aspartate
(NMDA) and non-NMDA
receptor
types [which include the kainate (KA) and quisqualate subtypes], on the basis of their specific agonists and antagonists
as well as the ionic composition of their receptor-associated
conductances. To date, the most potent and specific
NMDA receptor antagonists include o-2-amino&phosphonovaleric acid (D-APV) and 3-(( +2=carboxypiperazin4-yl)-propyl- 1-phosphonic acid (CPP) whereas those for
non-NMDA
receptors include 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and 6,7-dinitro-quinoxaline-2,3dione (DNQX) (Honore et al. 1988; Watkins and Olverman 1987).
In the cat’s lateral geniculate nucleus (LGN), visual responses have been shown to be sensitive to the blockade of
EAA receptors (Kemp and Sillito 1982). More recent studies have shown that iontophoretic
applications of the
NMDA receptor antagonists D-APV and CPP, as well as the
non-NMDA
receptor antagonist CNQX, attenuate the visual responses of both X and Y cells in the LGN (Sillito et
al. 1990a,b). Optic tract-evoked postsynaptic responses in
slices of the LGN maintained in vitro are attenuated by
NMDA (Esguerra et al. 1989; Scharfman et al. 1990) and
non-NMDA
(Crunelli et al. 1987) receptor antagonists.
These results together support the notions that an EAA is
the optic nerve transmitter in the LGN and that both
NMDA and non-NMDA
receptor types are involved in
retinogeniculate transmission.
It is now thought that the two main parallel pathways,
comprised of X and Y cells, that arise in the cat’s retina are
further divided in the LGN into two physiologically distinct
groups. These cell types have been termed lagged and nonlagged cells on the basis of temporal properties of their visual responses (Humphrey and Weller 1988a; Mastronarde
1987a,b, 1988; Saul and Humphrey
1990). Lagged and
nonlagged cells may correspond to different response
modes of the same neuron (Uhlrich et al. 1990), although
one study indicates that lagged and nonlagged X cells have
different dendritic morphology
(Humphrey
and Weller
1988b). A recent iontophoresis study suggests that the visual responses of lagged cells are very sensitive to NMDA
receptor blockade but insensitive to non-NMDA
receptor
blockade, whereas the visual responses of nonlagged cells
are more sensitive to non-NMDA
receptor blockade and
less sensitive to NMDA receptor blockade (Hartveit and
Heggelund 1990; Heggelund and Hartveit 1990). These experiments raise the possibility that lagged and nonlagged
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cells in the cat LGN are distinguished pharmacologically
as
well as physiologically.
We have examined the physiological division of LGN
cells into lagged and nonlagged types and asked whether the
visual responses of these cell types are indeed affected differently by NMDA and non-NMDA
receptor antagonists.
We find that X and Y cells in the cat LGN can be divided
reliably into lagged and nonlagged types. However, the visual responses of all cell types are reduced by NMDA and
non-NMDA
receptor antagonists. When we examined
them quantitatively, we found that the responses of lagged
cells are affected significantly more by D-APV than are the
responses of nonlagged cells. CNQX, on the other hand,
affects the responses of both lagged and nonlagged cells to a
similar extent. These results indicate that lagged and nonlagged cell types in the cat LGN are less distinct than suggested previously (Hartveit and Heggelund 1990; Heggelund and Hartveit 1990), at least with respect to the contribution of non-NMDA
receptors to their visual responses.
METHODS

Experiments were performed on adult cats that were prepared
for electrophysiological recording from the LGN by the use of
procedures that have been described previously (Sur et al. 1987).
Animals were anesthetized (70% N,O-30% 02, 0.6-l% halothane), paralyzed (3.6 mg/h gallamine triethiodide and 0.7 mg/h
d-tubocurarine) and artificially ventilated. End-tidal COZ .was
monitored and maintained at 4%. Body temperature was maintained at 38°C. Vital signs were monitored continuously throughout the experiment and an adequate level of anesthesia maintained at all times by increasing the dose of halothane if necessary.
Pupils were dilated and nictitating membranes retracted with topical application of atropine sulfate and phenylephrine hydrochloride. Appropriate contact lenses were used to focus the eyes on an
oscilloscope screen 57 cm in front of the animal. The sharpness of
focus was assessed by using an ophthalmic retinoscope and by
reflecting the image of retinal landmarks onto a tangent screen. A
pair of bipolar stimulating electrodes was placed across the optic
chiasm.
A six-barreled glass micropipette assembly was used for extracellular single-unit recording as well as for iontophoresis of drugs.
The iontophoresis pipettes were made from thin-walled capillary
glass, whereas the recording pipette was made from thick-walled
capillary glass; the recording pipette thus had a finer tip and significantly higher impedance than the iontophoresis pipettes. The tip
of the whole assembly was shaped to an outside diameter of 20-25
pm. The recording barrel was filled with l-3 M KCl. One of the
iontophoresis barrels was filled with 150 mM NaCl and was used
as a balance barrel. The rest were filled with one of the following
solutions, in HZ0 (in mM): 50 NMDA, pH 8.0; 20 KA, pH 8.0; 50
D-APV, pH 8.0; 12.5 CNQX, pH 9.8; and 25 CPP, pH 8.0.
The receptive field of each cell was plotted on a tangent screen
and the cell classified as ON- or OFF-center and X or Y. The latter
classification was based on a battery of tests, including receptivefield center size, response latency to optic chiasm stimulation, and
linearity of summation in response to a counterphasing grating
stimulus (Shapley and Lennie 1985; Sherman and Spear 1982; Sur
et al. 1987). X and Y cells were further divided into lagged and
nonlagged types on the basis of the temporal characteristics of
their responses to a spot of the appropriate contrast (bright spot for
ON-center cells, dark spot for OFF-center cells). A spot flashing at 1
Hz was placed at the center of the receptive field, and peristimulus
time histograms (5-ms binwidth) were collected and averaged over
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15 trials. Two onset latencies [from start of stimulus to start of
response (start-rise) and from start of stimulus to one-half the peak
response (half-rise)] and two offset latencies (start-fall and halffall) were obtained. We then applied criteria that have been reported previously to distinguish lagged from nonlagged cells
(Humphrey and Weller 1988a; Mastronarde 1987a, 1988; Saul
and Humphrey 1990).
Once a cell was classified as ON- or or;r;-center, X or Y, and
lagged or nonlagged, a visual stimulus-consisting
of a spot alternating between brighter and darker than background at 1 Hz and
covering only the receptive-field center-was
continuously presented throughout the duration of recording. The stimulus was
produced with a “Picasso” stimulus generator (Innisfree, Cambridge, MA) and presented on a Tektronix 620 monitor at a mean
luminance of 36 cd/m2 and a contrast of up to 0.84. To establish
effective antagonist doses, we applied the agonist NMDA or KA at
an ejection current level that produced a clear excitatory response
equivalent to the visual response of the cell (the agonist current
levels were typically 30-90 nA). Then an antagonist was applied
simultaneously in increasing “doses” of current until it completely blocked the agonist response (antagonist current levels
were typically 80-90 nA for D-APV and CNQX and 30-40 nA for
CPP). This dose of antagonist was then applied to test whether it
blocked the response to the other agonist. The antagonist dose was
finally applied alone to determine its effect on the visual response
of the cell. At all times, retaining currents of 5- 10 nA were applied
to prevent spontaneous leakage from the drug barrels.
We collected two types of data. First, free-running histograms of
visual responses over a long time scale (l-s binwidth, each bin
equal to 1 stimulus cycle) were continuously collected from each
cell before, during, and after drug ejection. Second, peristimulus
time (PST) histograms corresponding to one stimulus cycle, with
binwidths of 5 or 10 ms and averaged over 10 or 15 stimulus
cycles, were collected intermittently during each phase of drug
application. In later experiments, we continuously recorded cell
responses, stimulus luminance signals, and drug ejection times
onto videotape by using a data encoder (Neurocorder DR-886,
Neuro Data Instruments, New York, NY) so that PST histograms
could be constructed off-line.
Antagonist effects were measured from the data collected before, during, and after iontophoresis. For each cell, we calculated
the mean predrug visual response in successive 15-s segments over
3 min preceding drug iontophoresis and determined the maximum fluctuation between segments. These values for the cells in a
class were pooled to provide baseline measures of (maximum)
fluctuation for a population against which antagonist effects were
evaluated. To determine the effect of an antagonist, we compared
the control response during 15 s preceding iontophoresis with the
mean response in successive 15-s segments from the start of iontophoresis and up to 2 min after the end of iontophoresis and determined the maximum change from the control response. Apart
from antagonist effects on overall visual responses, we calculated
the effects on different response components by comparing the
PST histogram obtained immediately before iontophoresis with
the one obtained during the segment showing maximum effect of
antagonist. We divided each histogram into an early component,
comprising the first 100 ms of response, and a late component,
comprising the next 300 ms of response, and determined the reduction in each component. All statistical comparisons were done
with the Mann-Whitney U test.
After each experiment, the cat was overdosed with pentobarbital sodium and perfused with saline followed by 10% Formalin.
The fixed brain was sectioned on a freezing microtome in the
coronal plane, and the sections were stained with cresyl violet.
Electrode tracks through the LGN were identified to confirm recording locations.

KWON,

416

ESGUERRA,

RESULTS

TABLE

We recorded a total of 119 cells from laminae A and Al
of the LGN in 18 adult cats. Our sample of cells included 67
X, 46 Y, and 6 unclassified cells. Receptive fields of these
cells lay within 20° of the area centralis. We obtained
enough data from 63 X cells and 39 Y cells to classify them
as lagged or nonlagged; the X cells included 39 nonlagged, 1
partially lagged, and 23 lagged cells; the Y cells included 34
nonlagged and 5 lagged cells. We obtained a full complement of data for at least one antagonist (i.e., data before,
during, and after drug iontophoresis) from 77 cells (5 1 X
and 26 Y cells). The X cells included 32 nonlagged and 19
lagged cells, whereas the Y cells included 23 nonlagged and
3 lagged cells.
ClassiJication

of lagged and nonlagged cells

We attempted to follow previous criteria (Mastronarde
1987a, 1988; cf. Humphrey and Weller 1988a; Saul and
Humphrey 1990) as closely as possible in classifying X and
Y cells as lagged or nonlagged. The principal criteria are
based on the visual latencies of cells at spot onset and offset.
We derived latencies at spot onset (using a bright spot for
ON-center cells and a dark spot for OFF-center cells) for
every cell, including start-rise and half-rise latencies. However, we found it more difficult to measure latencies reliably
at spot offset for two reasons. First, consistent with previous reports (Heggelund and Hartveit 1990; Saul and
Humphrey 1990), latencies at spot offset could only be obtained for those cells that showed some tonic response component at the end of the excitatory stimulus. In 15 X cells
and 12 Y cells, the response to a spot stimulus had decayed
to background levels by the time the stimulus turned off.
Second, 10 Y cells exhibited clear ON/OFF
(or “frequency
doubled”) responses to spot onset and offset. Although the
offset response was weak in most cases, consistent with the
fact that the nonlinear mechanisms that lead to rectified
ON/OFF
responses are only modestly engaged by large spots
(Hochstein and Shapley 1976), it was clear that offset latenties represent a complicated response measure for Y cells.
We thus initially divided cells into lagged and nonlagged
types on the basis of onset latencies alone. These latencies
for the cells in our sample are shown in Tables 1 and 2. The
mean start-rise and half-rise latencies of lagged X cells were
greater than those of nonlagged X cells (P < 0.001 for each
comparison; Table 1). Similarly, the start-rise and half-rise
latencies of lagged Y cells were greater than those of nonlagged Y cells (P < 0.00 1 for each comparison; Table 2). For
X and Y cells pooled together as well, lagged cells had
greater start-rise and half-rise latencies than nonlagged cells
(P = 0.0001 for each comparison). Operationally,
in our
TABLE

AND

1.

Visual latenciesof X cells
Onset Latencies, ms

Offset Latencies, ms

Cell Type

Start-rise

Half-rise

Start-fall

Half-fall

Nonlagged
Lagged

32.6 + 1.4 (39)
63.0 I!I 3.9 (23)

40.8 + 1.3 (39)
79.0 AI 5.9 (23)

22.4 k 1.7 (33)
67.0 + 7.9 (14)

30.1 + 1.9 (33)
84.4 IL 7.1 (14)

Values are means + SE; numbers in parentheses are numbers of cells.

SUR

2.

Visual latenciesof Y cells
Onset Latencies, ms

Cell Type

Start-rise

Half-rise

Nonlagged
Lagged

29.6 t 1.5 (34)
54.4 AI 3.9 (5)

38.7 I+ 1.5 (34)
64.9 -t 3.1 (5)

Values are means + SE; numbers in parentheses are numbers of cells.

sample, start-rise and half-rise latencies of 45 and 55 ms,
respectively, separated lagged from nonlagged X cells and
lagged from nonlagged Y cells. These values are nearly
identical to those obtained by Mastronarde (1987a) and
Heggelund and Hartveit (1990) as dividing lagged from
nonlagged cells. Humphrey and Weller (1988a) and Saul
and Humphrey (1990) suggested somewhat higher values
but employed barbiturate anesthesia and a slightly different
stimulus paradigm; and Humphrey and Weller ( 1988a) report using a spot a little larger than the hand-plotted receptive-field center, a stimulus that might increase onset latenties.
Offset latencies, for those X cells for which they could be
defined reliably (see above), correlated well with the onset
latencies (Table 1). Lagged X cells had higher start-fall and
half-fall latencies than nonlagged X cells (P < 0.001 for
each comparison). Start-fall and half-fall latencies of 40 and
50 ms, respectively, separated lagged from nonlagged X
cells; of 48 X cells for which we obtained offset latencies, 47
could be classified as lagged or nonlagged on the basis of the
combined criteria for the two onset and two offset latencies.
One X cell had a half-rise latency slightly ~55 ms but a
half-fall latency slightly > 50 ms. Following Mastronarde
(1987a), we classified this cell as “partially lagged,” but excluded it from subsequent analyses (this cell is not included
in Table 1). For reasons noted above, we did not define
offset latencies for any of the Y cells in our sample.
We calculated peak firing rates for lagged and nonlagged
cells from PST histograms. Consistent with previous reports (Humphrey and Weller 1988a; Saul and Humphrey
1990), peak firing rates of lagged X cells ( 13 1 t 6.9 spikes/s,
mean t SE) were lower than those of nonlagged X cells
(201 t 13.7 spikes/s, mean t SE; P < 0.00 l), and rates for
lagged Y cells ( 112 t 8.5 spikes/s, mean t SE) were lower
than those of nonlagged Y cells (2 16 t spikes/s, mean t SE;
P < 0.0 1). Peak firing rates for lagged cells pooled together
(128 t 11.7 spikes/s, mean t SE) were lower than those of
nonlagged cells pooled together (207 t 6.6 spikes/s, mean t
SE; P = 0.0001).
Specificity of drug doses
Figure 1 shows the effects of typical doses (iontophoresis
current levels) of antagonists on the agonist-induced responses of an OFF-center Y cell. Application of 89 nA of the
agonist KA transiently increased the cell’s firing rate (Fig.
1A). This excitation was blocked almost completely by concurrent ejection of 90 nA of CNQX; 89 nA of D-APV, however, had no effect on the KA-induced excitation. Figure 1B
shows that application of 90 nA of NMDA to this cell in the
absence of visual stimulation had no effect. However, when
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Off-center Y cell
A
-KA89nA

-

-KA89nA

KA89nA
d-APV

89 nA

-

CNQX

90 nA

I

5 spikes/s

100s

-NMDA

90 nA

-NMDA90nA

-NMDA90nA
CNQX

-

NMDA90nA
d-APV

89 nA

FIG. 1.
Responses to EAA agonists recorded from an OFF-center Y cell and the effect of antagonists. A: specificity of
CNQX for the &A-induced response. Iontophoresis of KA increased the cell’s activity (left); increase was unaffected by
D-APV (middle) but antagonized by CNQX (right). Bars above each free-running histogram (binwidth, 1 s) represent periods
of application of drugs indicated. B:specificity of D-APV for the NMDA-induced response. Iontophoresis of NMDA without
visual stimulation had no effect on the cell (far left). A spot flashing at 1 Hz in the cell’s receptive field caused the cell to
respond vigorously (4). NMDA application then increased the cell’s response; the increase was unaffected by CNQX but
antagonized by D-APV. D-APV dose was just enough to abolish only the NMDA-induced response increase. Scale in A
applies as well to B.
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NMDA ejection was superimposed on the response to a
flashing visual stimulus, there was a clear excitatory response. This excitation was subsequently blocked by concurrent ejection of 89 nA of D-APV but not by 89 nA of
CNQX.
We carried out control trials such as these on each cell in
which we challenged visual responses with antagonists. Agonist current levels and durations and spot contrasts were
titrated so that the mean levels of agonist and visual responses were equivalent. The antagonist doses that selectively blocked agonist responses were then applied to the
visual responses. The mean current levels used for iontophoresing D-APV and CNQX were 89 and 86 nA, respectively. These levels were independent of cell class.
Cells with very low levels of background activity (such as
the cell in Fig. 1) characteristically showed little or no response to NMDA iontophoresed alone without concurrent
visual stimulation.
Cells that had higher levels of background activity, however, responded robustly to NMDA
alone (see, for example, Fig. 7).
Overall efects of D-APV

and CNQX on LGN cell responses

Figure 2 shows long-time-scale
histograms indicating
that both D-APV and CNQX reduced the visual responses
of nonlagged and lagged X cells, and Fig. 3 shows similar
data for nonlagged and lagged Y cells. Only small segments
of free-running histograms are shown; we tried different
drugs in succession, and in early experiments PST histograms interrupted the continuous collection of long-timescale histograms. In Fig. 2, D-APV reduced the visual response of an ON-center nonlagged X cell by 43%, whereas
CNQX reduced the visual response of the cell by 67%. D-

A Non-lagged X
-

e
z
24

, -

90nA d-APV

45nA CNQX

0
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A Non-lagged Y
-

a
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B Lagged X
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0

I

-

90nA d-APV

I

13

400

-

90nA CNQX

-

time (s)
FIG. 2. Effects of D-APV and CNQX on nonlagged and lagged X cells.
These are free-running histograms showing the response of each cell to a
spot in its receptive field flashing at 1 Hz (0.5 s on, 0.5 s off) and the effect
of antagonist application for the duration indicated by the bar above each
histogram. A: an ON-center nonlagged X cell. B: an OFF-center lagged X
cell.
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FIG. 3. Effects of D-APV and CNQX on nonlagged and lagged Y cells.
Conventions as in Fig. 2. A: an ON-center nonlagged Y cell. B: an ONcenter lagged Y cell.

APV reduced the visual response of an OFF-center lagged X
cell by 72%, and CNQX reduced its response by 78%. When
D-APV and CNQX were applied simultaneously
to the
nonlagged X cell of Fig. 2, its visual response was reduced
by. 85% (data not shown). In Fig. 3, D-APV reduced the
visual response of an ON-center nonlagged Y cell by 69%,
whereas CNQX reduced its response by 70%. Similarly, DAPV reduced the response of an ON-center lagged Y cell by
76%, and CNQX reduced it by 45%.
These cells, chosen as representative examples of the effects of D-APV and CNQX on the visual responses of nonlagged and lagged X and Y cells, show unequivocally that
both NMDA and non-NMDA
receptors participate in the
visual responses of all cell types in the LGN. When results
from all cells in our sample are pooled together, we find that
blocking NMDA receptors has a greater effect on the visual
responses of lagged than of nonlagged cells, whereas blocking non-NMDA
receptors has equivalent effects on all cell
classes (see below).
Eficts

l d

90nA d-APV

of NMDA

receptor blockade

In addition to examining long-time-scale free-running
histograms of the sort shown in Figs. 2 and 3, we examined
the effects of blocking NMDA and non-NMDA
receptors
in short-time-scale PST histograms. Such histograms allowed us to examine antagonist effects not only on overall
visual responses but also on separate components of responses. Figure 4 shows the effect of D-APV on histograms
obtained from a nonlagged and a lagged X cell. The visual
response of the ON-center nonlagged X cell was reduced by
46%, and most of the effect appeared to be confined to the
late, sustained portion of the visual response. The ONcenter lagged X cell had 59% of its visual response reduced
by D-APV, and again there was a tendency for the late response component to be more affected. In general, the late
component of lagged X cell responses was consistently reduced by D-APV, whereas there was more variability in the
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On-center Non-lagged X On-center Lagged X
A

D
control

300

control

100

0

0
1.0

B

1.0

E

300

II

90nA d-APV

90nA d-APV
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28.9 t 3.3% (SE; n = 40) (Fig. 6C); the effect ofD-APV on
lagged cells was significantly greater than on nonlagged cells
(P < 0.00 1). Lagged X cell responses, reduced an average of
48.5 t 4.1% (SE; n = 16), were affected more (P = 0.001)
than nonlagged X cell responses, which were reduced by
27.3 t 4.1% (SE; n = 2 1). The response of one lagged Y cell
was reduced by 57.6%, and the responses of nonlagged Y
cells were reduced an average of 30.6 t 5.5% (SE; n = 19).
Importantly,
although the effect of D-APV on the visual
responses of cells in our sample covered a substantial range
(Fig. 6, B and D), each category of cell contained neurons in
which responses were nearly abolished by D-APV (e.g., cells
for which visual responses were reduced by -800/o), suggesting that NMDA receptors contribute very substantially
to the visual responses of at least some neurons in each class
of LGN cell.
Because the visual responses of most lagged X cells are
considerably more sustained than the visual responses of

Off-center Non-lagged Y Off-center Lagged Y
A

D I
control

C

160 1

control

120 ‘I
300

recovery

recovery

Ok

l/r 4

0
1.0

time(s)

1.0

B

E

4. Effect of D-APV on nonlagged and lagged X cells. These are
PST histograms (binwidth, 5 ms) showing responses to a spot in the receptive field flashing ON for 0.5 s and OFF for 0.5 s. Line below each column of
histograms shows the light-on period. All control histograms were made
just before antagonist application. A-C: responses from an ON-center nonlagged X cell taken before (A), during (B), and 2 min after iontophoresis
(C). D-F: responses from an ON-center lagged X cell taken before (D),
during (E), and 3.5 min after iontophoresis (E’).
FIG.

effect on the early component or on nonlagged X cells (see
below).
Figure 5 shows an om-center nonlagged Y cell and an
ON-center lagged Y cell that had 4 1 and 57%, respectively,
of their visual responses reduced by D-APV. The visual responses of both cells were quite phasic, and in both the very
early transient response as well as somewhat later responses
were reduced by D-APV. We were able to test the effect of
D-APV on only one lagged Y cell; other lagged Y cells were
tested with CPP (see below). Other nonlagged Y cells that
we tested with D-APV were affected in a generally similar
fashion to that shown for the cell in Fig. 5.
Effects of D-APV on the population of cells that we examined with the antagonist are shown in Fig. 6. D-APV reduced the responses of X cells by 36.5 t 3.4% (SE; n = 37)
and those of Y cells by 32.0 t 5.4% (SE; n = 20) (Fig. 64,
effects that were not significantly different from each other.
Responses of lagged cells were reduced by 49.0 t 3.9% (SE;
n = 17), whereas those of nonlagged cells were reduced by

90nA d-APV

c

160

90nA d-APV

F
recovery

120

160
II I

recovery

LI

0

c

-

1.0

0‘1h-lulu+
1.0

time(s)’
FIG. 5. Effect of D-APV on nonlagged and lagged Y cells. Conventions
as in Figs. 4. A-C: Responses from an OFF-center nonlagged Y cell taken
before (A), during (B), and 4 min after (C) iontophoresis. D-E: responses
from an on;-center lagged Y cell taken before (D), during (E), and 40 s
after ionotophoresis (F).
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D

B
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50 -
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FIG. 6. Effect of D-APV on the population of cells
examined. A: percent reduction in the visual responses
of X and Y cells, shown as mean effectswith SE bars. B:
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nonlagged X cells, we asked whether D-APV affected tonic
(or late) components of visual responses to different extents
in the different cell classes. We divided the visual responses
of our cells arbitrarily into an early component containing
the first 100 ms of response and a late component containing the next 300 ms (we used light-on and -off times of 500
ms, and for 4 lagged X cells with start-rise latencies > 100
ms, the late response component was curtailed to fit within
500 ms). Table 3 shows the effect of D-APV on the early and
late response components of the cells in our sample. The
late components of lagged (X and Y) cell responses were
TABLE

60-79

Effect of D-APV on visual responses

Cell Type

n

Early Component,
%Reduction

Late Component,
%Reduction

Nonlagged X
Lagged X
Nonlagged Y
Lagged Y

16
16
12
1

29.1 k 5.9
30.7 z!I 8.6
37.1 t 7.4
57.2

29.6 AI 8.6
61.4 2 5.4
33.4 fi 6.3
59.3

Values are means + SE. D-APV, D-2-amino-5-phosphonovaleric

acid.

affected significantly more than either the late components
of nonlagged cells (P < 0.001) or the early components of
lagged cells (P < 0.05). Similarly, D-APV reduced late components of lagged X cell responses more than either the
early component of these same cells (P < 0.05) or the late
components of nonlagged X cells (P < 0.01). (The number
of cells in Table 3 is a subset of the cells in Fig. 6 because
Table 3 was derived from short-time-scale PST histograms
compiled from the same data as the long-time-scale histograms used for Fig. 6; in early experiments we could not
derive PST histograms from the long-time-scale records.
The overall effects of D-APV are highly consistent between
Table 3 and Fig. 6, however.)
To further analyze why lagged cell responses were reduced more than nonlagged cell responses after blockade of
NMDA receptors, we examined the effects of D-APV on
our population of cells as a function of visual response level
just before antagonist ejection. We reasoned that lagged
cells might have higher overall levels of visual responses
than nonlagged cells, which might relate in turn to a greater
contribution by NMDA receptors to the visual responses of
these cells. We found little correlation between the effect of
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Finally, we tested 11 X cells (1 lagged, 10 nonlagged) and
5 Y cells (2 lagged, 3 nonlagged) with CPP. In particular, we
wished to examine with another NMDA receptor antagonist whether or not the responses of nonlagged cells were
influenced by blockade of NMDA receptors (cf. Hartveit
and Heggelund 1990). Figure 7 shows representative data
from an OFF-center nonlagged X cell. Control trials show
that the cell was excited by KA and NMDA and that CPP
antagonized the NMDA- but not the KA-induced response.
The same dose of CPP was then applied when the cell was
responding to a flashing spot at a mean rate (of - 8 spikes/s)
similar to the firing rate induced by NMDA iontophoresis.
CPP reduced both the onset transient and the sustained
response of the cell, causing a mean reduction in response
of 55%.
The effects of CPP on the cells that we tested were qualitatively similar to the effects of D-APV. Thus the responses of
X cells were reduced 29.3 t 3.0 (SE) by CPP and the responses of Y cells were reduced 3 1.5 t 9.9% (SE). The visual responses of lagged cells were reduced an average of
22.5 t 4.2% (SE), whereas the responses of nonlagged cells
were reduced 3 1.7 t 4.2% (SE).

1’:11,,:0””
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control

RECEPTORS
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30nA KA

On-center Non-lagged X On-center Lagged X
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FIG. 7. Effect of CPP on KA- and NMDA-induced
excitation and on
the visual response of an OFF-center nonlagged X cell. A: iontophoresis of
KA increased the cell’s activity. B: iontophoresis of NMDA also increased
the cell’s activity. C: iontophoresis of CPP concurrent with KA had no
effect on the L&induced excitation. D: iontophoresis of CPP concurrent
with NMDA abolished the NMDA-induced excitation. E-G: PST histograms of visual responses taken before (E), 20 s after (F), and 2 min, 20 s
after the end of CPP iontophoresis (G). Conventions as in Fig. 4.

D-APV and the mean pre-drug visual response level of our
cells (Y = 0.17). The mean response level of the cells that we
challenged with D-APV was 29.5 t 3.1 spikes/s (SE; n =
57). Lagged cells had a mean response level of 23.8 t 4.6
spikes/s (SE; n = 17), whereas nonlagged cells had a response level of 3 1.9 t 3.9 spikes/s (SE; n = 40). The distributions of these responses did not differ significantly from
each other.
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FIG. 8. Effect of CNQX on nonlagged and lagged X cells. A-C: responses of an ON-center nonlagged X cell taken before (A), 40 s after (B),
and 3 min, 20 s after the end of iontophoresis (C). D-F: responses of an
ON-center lagged X cell taken before (D), 2 min after (I?), and 14 min after
the end of iontophoresis (F). Conventions as in Fig. 4.
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Effects of CNQX for our entire population of cells is
shown in Fig. 10. CNQX reduced the responses of X cells
The effect of CNQX on nonlagged and lagged X cells is by 38.3 t 5.0% (SE; n = 46) and the responses of Y cells by
shown in Fig. 8. CNQX reduced the visual response of the 30.8 t 6.0% (SE; n = 2 1). These effects did not differ signifiON-center nonlagged X cell by 54%. In this cell, as in other cantly from each other. The effects on both X and Y cells
nonlagged X cells, both the early and late response compoincluded a range of effects that varied from very little or no
nents were reduced. The effect of CNQX on the lagged X effect on some cells to a nearly complete block of the visual
cells in our sample was somewhat more variable than the response for a few cells (Figs. 9 and 1OB). CNQX reduced
effect on nonlagged X cells: some cells were affected rela- the responses of lagged cells to a greater extent, on average,
tively little, whereas other cells were affected substantially.
than the responses of nonlagged cells, although the differAn example of a lagged X cell that showed a fairly promience was not significant (Fig. 1OC). Again, a few nonlagged
nent reduction is shown in Fig. 80. This was an ON-center
as well as lagged cells had their visual responses reduced
lagged X cell in which the visual response was reduced 7 1% severely (with an effect of 80- 100%) by CNQX, indicating
by CNQX.
that non-NMDA
receptors can contribute substantially to
At the doses that we used, all antagonists could severely the visual responses of at least some cells of each type.
affect a small proportion of the cells that we tested. One
Effects of CNQX on nonlagged and lagged X and Y cells
example of such an effect is shown in Fig. 9, A-C, in which separately were as follows. CNQX reduced the responses of
CNQX reduced by 97% the response of an ON-center non- nonlagged X cells by 34.1 t 6.2% (SE; n = 29) compared
lagged Y cell. The ON-center lagged Y cell in Fig. 9D had its with 45.3 t 8.7% (SE; n = 17) for lagged X cells. These
response reduced by 76%. In general, both early and late effects did not differ significantly from each other. Nonresponse components of nonlagged and lagged cells were lagged Y cell responses were reduced by 27.3 t 5.6% (SE;
affected by CNQX.
n = 18), whereas lagged Y cell responses were reduced by
5 1.7 t 25.7% (SE; n = 3); these effects also were not signifiOn-center Non-lagged Y On-center lagged Y
cantly different.
We examined whether CNQX differentially
affected
D
A
early and late components of responses of nonlagged and
control
control
lagged X and Y cells. Table 4 shows the effects of CNQX on
300 I I
the early (1st 100 ms of response) and late (next 300 ms of
response) components for the cells for which we obtained
PST histograms before, during, and after CNQX iontophoresis. In each category of cell, CNQX had similar effects
on the two response components; the early and late response components for each cell class were not significantly
different from each other or from the corresponding components for any other cell class.
B
E
We examined whether the reduction of visual responses
by
CNQX correlated with the pre-drug visual response lev90nA CNQX
300 t
90nA CNQX
els of our cells. We found no correlation between these variables (r = 0.077). The mean visual response of the cells that
we tested with CNQX was 35.1 t 3.1 spikes/s (SE; n = 67).
The response level of lagged cells in this sample (22.0 t 3.0,
mean t SE; n = 20) differed only marginally from the response level of nonlagged cells (3 5.5 k 4.2, mean t SE; n =
47; P < 0.1).
Efects of non-NMDA

receptor blockade

F

C
300

I

recovery

I I

recovery

time(s)
FIG. 9. Effect of CNQX on nonlagged and lagged Y cells. A-C responses of an ON-center nonlagged Y cell taken before (A), just after (I?),
and 4 min after the end of iontophoresis (C). D-F: responses of an ONcenter lagged Y cell taken before (D), 20 s after (IT), and 4 min after the end
of iontophoresis (P). Conventions as in Fig. 4.

Efects of NMDA
same cells

and non-NMDA

receptor blockade on the

We examined the effects of NMDA and non-NMDA receptor blockade on 19 lagged cells (16 were studied with
D-APV and CNQX, 3 with CPP and CNQX) and 45 nonlagged cells (34 were studied with D-APV and CNQX, 11
with CPP and CNQX). Heggelund and Hartveit ( 1990) suggested that the visual responses of lagged cells are mediated
largely by NMDA receptors, whereas the visual responses of
nonlagged cells are mediated largely by non-NMDA receptors. If this were true, we would expect that individual
lagged cells would have their response reduced significantly
by D-APV or CPP and little by CNQX, whereas individual
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FIG. 10. Effect of CNQX on the population of cells
examined. A: percent reduction in the visual responses of
X and Y cells, shown as mean effects with SE bars. B:
same data as in A, now showing the distribution of effects
on X and Y cells. C: percent reduction in the visual responses of lagged and nonlagged cells. D: same data as in
C, now showing the distribution of effects on lagged and
nonlagged cells.
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nonlagged cells would show the converse. In fact, consistent
with the description above, we found that individual lagged
and nonlagged cells were affected by blockade of both
NMDA and non-NMDA
receptors (Fig. 11; note that Fig.
11 shows responses as a proportion of control rather than
response reductions). The effects of NMDA and nonNMDA receptor antagonists were similar on the two populations of cells. Both lagged and nonlagged cells were distributed evenly around the 45O line, confirming that the visual
responses of individual cells of both types are mediated by
NMDA and non-NMDA
receptors.

Efects on ON- and OFF-centerceh
We examined the effect of D-APV on 37 ON-center and
20 OFF-center cells and found that they were affected to
nearly identical extents (Table 5A). ON-center X cells were
not affected differently by D-APV than OFF-center X cells.
TABLE 5. Efects of NMDA receptorantagonistson
ON- and OFF-centerceh
Cell Type

ON-center,
%Reduction

X
Y
All

35.2 AI 4.0 (27)
33.1 + 9.2 (10)
34.6 AI 3.7 (37)

OFF-center,
%Reduction

A. D-APV

TABLE 4.

Efict of CNQX on visual responses

Cell Type

n

Nonlagged X
Lagged X
Nonlagged Y
Lagged Y

21
16
13
3

Early Component,
%Reduction
35.8
43.7
30.6
58.1

t 8.6
t 11.7
I~I 7.4
Z!I23.1

Late Component,
%Reduction
44.1
36.4
27.5
30.8

AI 7.6
AI 9.5
zk 6.9
AI 25.2

Values are means t SE. CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione.

40.0 AI 6.7 (10)
30.9 IL 6.1 (10)
35.5 2 4.5 (20)

B. CNQX

X
Y
All

36.2 t 5.9 (33)
40.9 k 9.4 (12)
37.4 + 4.9 (45)

46.1 ~fi:9.7 (13)
17.3 I!I 3.1 (9)
34.3 AI 6.5 (22)

Values are means k SE; numbers in parentheses are numbers of cells.
NMDA, N-methyl-D-aspartate.
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Similarly, the effect of D-APV on ON-center Y cells was no
different than the effect on OFF-center Y cells. We examined the effect of CNQX on 45 ON-center cells and 22 OFFcenter cells; the effects were again very similar (Table 5B).
Although there was no difference in the effect of CNQX on
ON-center X cells and OFF-center X cells, we found a slight
tendency for ON-center Y cells to be affected more than
OFF-center Y cells (P = 0.1). ON-center nonlagged and
lagged cells were affected to much the same extent by DAPV and CNQX, as were OFF-center nonlagged and lagged
cells (Figs. 4 and 5 show side-by-side comparisons of the
effects of D-APV on representative lagged and nonlagged X
and Y cells of the same center sign, and Figs. 8 and 9 show
similar comparisons of the effects of CNQX).

NMDA receptors participate in the visual responses of all
cell types in the LGN. D-APV and CPP, antagonists of
NMDA
receptors, and CNQX, an antagonist of nonNMDA receptors, reduce the visual responses of X and Y,
nonlagged and lagged, and ON-center and OFF-center cells
in the LGN. Third, D-APV reduces the responses of lagged
cells to a greater extent than the responses of nonlagged
cells. CNQX affects the responses of nonlagged and lagged
cells to a similar extent. Fourth, D-APV reduces the late
component of lagged cell responses to a greater extent than
it does the early response component of the same cells or
either component of nonlagged cells. CNQX has nearly
equivalent effects on both response components of all cell
types.

DISCUSSION

Comparison

There are four main results of our study. First, we have
confirmed that X and Y cells in the cat LGN can be divided
into lagged and nonlagged types on the basis of their latenties at spot onset (start-rise and half-rise latencies). Latenties at spot offset (start-fall and half-fall latencies), obtained
for those X cells that had some tonic response component
at the end of the excitatory stimulus, are highly consistent
with the onset latencies. Second, both NMDA and non-

Sillito et al. (1990a,b) have shown that iontophoresis of
NMDA and non-NMDA
receptor antagonists reduces the
visual responses of X and Y cells in the cat LGN. Although
our results are qualitatively similar, in the present report
lagged cells are distinguished from nonlagged cells, and the
drug sensitivities of different components of responses are
analyzed quantitatively.
The mean overall reductions in the visual responses of X

with previous studies of the cat LGN

EXCITATORY

AMINO

ACID RECEPTORS

and Y cells that we observe with NMDA receptor antagonists are lower than reductions found previously (Sillito et
al. 1990a). We took great care not to exceed antagonist
doses determined to be specific against agonist-evoked responses (that were equivalent in level to visual responses).
The effects of these antagonist doses on individual cells in
our sample could be very high, leading to a reduction of
80- 100% for some cells (Fig. 6, B and D). Importantly,
in
comparing the relative effects of D-APV or CPP on X and Y
cells, Sillito et al. (1990a) found the two cell classes to be
affected to similar extents, and our results indicate the
same. The effects of CNQX that we observe are very similar
to those found by Sillito et al. (1990b), both in overall levels
of reduction and in the relative effects on X and Y cells.
Again, our doses of CNQX caused substantial reductions
(of 80- 100%) in the visual responses of some cells in our
sample (Fig. 10, B and D).
Heggelund and Hartveit (1990) and Hartveit and Heggelund (1990) studied the effects of CPP and DNQX on
lagged and nonlagged cells in the cat LGN. In their sample,
CPP reduced the visual responses of 3 1 lagged cells by an
average of 94% and the responses of 72 nonlagged cells by
an average of 22%. D-APV also suppressed the responses of
five lagged and eight nonlagged cells, although reportedly to
a lesser extent; the actual reductions are not stated. In our
study, the effect of D-APV on lagged cells is lesser and the
effect on nonlagged cells somewhat greater than the effect
of CPP on these cell types found by Hartveit and Heggelund. Still, our results are at least qualitatively similar, for
we find the effect of D-APV to be significantly greater on
lagged than on nonlagged cells.
The effect of CNQX in our study is quite different from
the effect of DNQX found by Heggelund and Hartveit
(1990). In their study, DNQX reduced the responses of 24
nonlagged cells by an average of 74%, whereas the responses
of 11 lagged cells were not reduced but even increased by an
average of 27%. In contrast, we found that CNQX reduced
the responses of 47 nonlagged cells by an average of 32%
and the responses of 20 lagged cells by an average of 46%.
When one considers the effects of NMDA and non-NMDA
receptor antagonists on the same cells (Fig. 1 1), the difference becomes quite dramatic. In particular, we did not find
a distinct cluster of lagged cells that showed high NMDA
sensitivity and low non-NMDA
sensitivity and nonlagged
cells that showed the reverse.
We have considered carefully the possible sources of this
discrepancy. First, it is possible that the different effects of
DNQX and CNQX on lagged and nonlagged cells are due
to major differences in effectiveness of the two antagonists
on the two LGN cell types. However, given the similarity of
the two drugs in structure and in antagonizing kainate/
quisqualate-induced
responses in other preparations (Honore et al. 1988), such a possibility seems unlikely. Second, it
is possible that cells have been classified differently in the
two studies. However, the criteria for classifying cells as
nonlagged or lagged in both studies are based closely on
previous criteria and seem quite similar. Heggelund and
Hartveit (1990) found onset latencies to be more reliable
than offset latencies in classifying cells, and their mean latencies are similar to those found by Mastronarde (1987a),
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as are ours (see RESULTS).
Importantly, we encountered similar proportions of lagged and nonlagged cells and employed very similar anesthetic regimens. Third, it is possible
that the different effects of CNQX or DNQX relate to the
way antagonists were applied to examine lagged and nonlagged cells in the two studies. The selectivity of CNQX (or
DNQX) for non-NMDA
receptors and its effect at higher
concentrations at the strychnine-insensitive
glycine site of
NMDA receptors (Birch et al. 1988; Harris and Miller
1989) is an issue in iontophoresis studies. We employed
CNQX doses that were titrated carefully against agonist responses (see above), and our overall mean reductions for X
and Y cells after CNQX application are similar to those
found by Sillito et al. (1990b). In any case, our observation
that CNQX affects nonlagged cells less and lagged cells
more than the effects found by Heggelund and Hartveit
(1990) would require that, in our hands, CNQX nonselectively affects lagged cells but is somehow not effective
enough for nonlagged cells. We consider this unlikely, because we studied the two cell types with current levels that
used each cell as its own control. Lagged and nonlagged
cells were routinely recorded in the same penetration with
the same electrode. Furthermore, we examined the effects
of antagonists without classifying cells on-line as lagged or
nonlagged and hence without overt knowledge of cell identity.
It is difficult to interpret the claim of Heggelund and
Hartveit (1990) that lagged cell responses are not reduced
by DNQX. Of 11 lagged cells that were examined with
DNQX, 1 cell had its response reduced 89% “when DNQX
was applied concurrently with NMDA.”
PST histograms
from one lagged X cell, examined with one current level,
are shown to document the lack of effect of DNQX on
lagged cells compared with control responses (Fig. 4 of Heggelund and Hartveit 1990). In contrast, the effect of CPP on
lagged cells and of DNQX on nonlagged cells (Hartveit and
Heggelund 1990) was examined with increasing levels of
current to show increasing magnitudes of effect. It is unclear how the current levels used for examining the effect of
DNQX on lagged cells were chosen and whether increasing
the antagonist dose would affect lagged cells more than that
reported.
NMDA receptors and retinogeniculate

transmission

Our results, along with those of Heggelund and Hartveit
(1990) and Sillito et al. (1990a,b), indicate clearly that both
NMDA and non-NMDA
receptors are involved fundamentally in retinogeniculate transmission. This stands in
contrast to an in vitro study of retinogeniculate transmission in the rat LGN (Crunelli et al. 1987) that showed that
excitatory postsynaptic potentials (EPSPs) recorded in
LGN cells after stimulation of the optic tract could be reduced by non-NMDA
receptor antagonists but not by DAPV. More recent reports of in vitro LGN experiments,
however, support the view that both NMDA and nonNMDA receptors mediate optic tract-evoked postsynaptic
responses (Esguerra et al. 1989; Esguerra and Sur 1990;
Scharfman et al. 1990; Soltesz et al. 1989). In particular, the
early and late components of EPSPs in most LGN cells
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after optic tract stimulation
are sensitive to D-APV,
although the magnitude of the effect varies among cells (Esguerra and Sur 1990; Scharfman et al. 1990).
Our results suggest that, on the whole, NMDA and nonNMDA receptors each mediate the entire response of LGN
cells to visual stimuli, including early and late response components. Retinal axons have fairly high rates of background
activity (Kaplan et al. 1987; cf. Sur et al. 1987). Thus, even
in the absence of overt visual stimulation,
the steady
barrage of retinogeniculate
EPSPs would be sufficient to
lift, at least to some extent, the Mg2+ block of NMDA receptors on LGN cells. It would follow, then, that NMDA (and
non-NMDA)
receptors would be involved in retinogeniculate transmission at all times and would thus contribute to
all components of visual responses.
There is considerable variation, however, in the contribution of NMDA and non-NMDA
receptors to the responses of LGN cells (Figs. 6, 10, and 11; see also below).
The contribution
of the two receptor classes to the usual
response of an individual cell would depend both on the
relative proportion of these receptors and the effectiveness
of the NMDA receptors; the latter is a function, in turn, of
the cell’s level of depolarization. Our observation that there
is no clear relationship between the pre-drug visual response level and the effect of D-APV on LGN cells is very
likely a reflection of these sources of variability in the contribution of NMDA receptors to the responses of cells that
make up our population. Cells on which NMDA receptors
are fully unblocked would show no dependence of the
NMDA contribution
on visual response level, whereas
other cells would. For an individual cell (where also the
proportion of NMDA and non-NMDA
receptors is not a
variable), we might expect the level of visual response to
correspond well with the proportional
contribution
of
NMDA receptors, at least at low levels of cell activity.
EAA receptors at corticogeniculate

synapses
It has been suggested that the feedback projection from
visual cortex to the LGN is also glutamatergic (Baughman
and Gilbert 1980), and intracellular recordings of optic radiation-evoked EPSPs from LGN cells in vitro indicate that
corticogeniculate
synaptic transmission
involves both
NMDA
and non-NMDA
receptors (Esguerra and Sur
1990). Consequently, iontophoretic application of EAA receptor antagonists could affect visual responses by blocking
transmission at corticogeniculate as well as at retinogeniculate synapses. We cannot exclude this possibility; however,
the severity of antagonist effects on visual responses suggests that the drugs are acting primarily at retinogeniculate
sites. Attenuation of corticofugal influence by other means,
such as reversible cooling (Geisert et al. 198 1; Kalil and
Chase 1970) or ablation of cortex (Murphy and Sillito
1987), produces rather subtle and complex changes in the
visual responses of LGN cells. Furthermore, this modulation may be better detected when moving bars or other less
conventional stimuli are used to activate the corticofugal
projection (Kalil and Chase 1970; Marrocco et al. 1982;
Murphy and Sillito 1987); the flashing spots used in
the present study probably evoke minimal
corticofugal
activity.
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EAA receptors and lagged/nonlagged

cells

D-APV reduces the responses of lagged cells to a greater
extent than the responses of nonlagged cells, suggesting that
NMDA receptors play a larger role in mediating the visual
responses of lagged cells. Lagged cells respond more tonically, in general, to maintained visual stimuli; and the large
role of NMDA receptors in lagged cell responses would be
due at least in part to the large contribution
of NMDA
receptors to the late response component of these cells.
One issue raised by these results is the relationship between NMDA receptors and the peculiar physiological
characteristics of lagged cells. It is tempting to suggest that
NMDA receptors, which play a prominent role in the visual
responses of lagged cells, are in some way responsible for
their unique features. However, visual responses of lagged
cells do not become nonlagged with blockade of NMDA
receptors; their visual latencies before and after application
of NMDA antagonists do not change appreciably. Similarly, the visual latencies of nonlagged cells do not change
with NMDA receptor blockade. Therefore it is unlikely that
the NMDA receptor by itself is sufficient to generate the
features characteristic of lagged cells. Rather, intrageniculate inhibition may be crucial for the response properties of
these cells (Heggelund and Hartveit 1990; Humphrey and
Weller 1988b).
Our results indicate that lagged and nonlagged cells in the
LGN are not as distinct with respect to the role of EAA
receptors in their visual responses as suggested previously
(Hartveit and Heggelund 1990; Heggelund and Hartveit
1990). Not only do non-NMDA
receptors participate to
very similar extents in the visual responses of lagged and
nonlagged cells, but also even the differential contribution
of NMDA receptors to lagged cell responses is more a quantitative distinction than a qualitative one. Thus we find a
range of effects of NMDA antagonists on lagged and nonlagged cells (Figs. 6D and 1 l), including cells in both groups
that are affected very little and cells that are affected substantially. Although it remains possible that lagged and
nonlagged cells indeed represent distinct cell classes that
contain different complements of NMDA receptors, these
findings are consistent with the view that the two types of
cells represent different response modes of the same neuron
(McCormick
1990; Uhlrich et al. 1990; cf. Humphrey and
Weller 1988b).
Our results would suggest then that NMDA receptors participate more in the lagged than in the nonlagged mode, and
we can speculate briefly on how this might happen. One
possibility concerns the visual stimuli that are used to classify cells as lagged or nonlagged and that have been used by
us and others to study the sensitivity of responses to NMDA
and non-NMDA
receptor antagonists; these stimuli, which
are spots of moderate to high contrast that abruptly turn on
or off, might bias the responses of nonlagged cells toward
non-NMDA
receptors. Lagged cells in effect filter the onset
transients in such stimuli so that their responses contain
only gradual onsets. Because the kinetics of the ionic conductances associated with NMDA receptors are slower than
those of non-NMDA
receptors (Cull-Candy and Usowicz
1987), gradual response onsets allow NMDA receptors to
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participate more fully in the responses of lagged cells. A
specific prediction would be that slowly varying stimuli
(with ramp or sinusoidal onsets, for example) would allow
NMDA receptors on nonlagged cells to participate equally
effectively. Another related possibility is that the contribution of NMDA receptors to (lagged or nonlagged) LGN
cells is a function of the tonic response level. The greater
effect of NMDA receptor blockade on lagged cells is consistent with this possibility, and more detailed analyses of
NMDA-sensitive
response components and the maintained activity of cells might reveal such a general relationship.
Concluding

remarks

The present results support the notion that NMDA receptors play a role not only in development and plasticity in
the visual pathway (Artola and Singer 1987; Cline et al.
1987; Hahm et al. 1990; Kleinschmidt
et al. 1987) but also
in ongoing visual function. A similar functional role has
been proposed for NMDA receptors in area 17 of visual
cortex, where APV blocks visual responses in adult cats
when administered either by infusion (Miller et al. 1989) or
by iontophoresis (Fox et al. 1989). Significantly, D-APV
sensitivity is found through all cortical layers in kittens but
persists in only the supragranular layers in adults, suggesting both developmental and functional roles for the same
receptor (Fox et al. 1989). In the LGN, it has been proposed
that the massive corticofugal input may modulate NMDA
receptors at retinogeniculate
synapses, thereby gating the
efficacy of thalamic transmission (Esguerra and Sur 1990;
Koch 1987). In this regard, it is of some interest that lagged
cells, the properties of which emerge in the LGN, are the
very cells for which visual responses are most dependent on
NMDA receptors.
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