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uli by the use of responsephasedata and assuminglinear summation. The inhibitory dip and anomalousofset dischargethat
1. It has recentlybeen shown that the X- and Y-cell classesin characterizethe responsesof laggedcells to flashedstimuli are
the AJayers of the cat lateral geniculate nucleus (LGN) are divisi- present in these linear predictions. Thus it is not necessaryto
ble into lagged and nonlagged types. We have characterized the invoke strong nonlinearitiesin the temporal domain to account
visual responsepropertiesof 153cells in the AJayers to ,l) reveal for the responseprofiles oflagged and nonlaggedgeniculatecells
responsefeatures that are relevant to the X/Y and lagged/non- or for sustainedand transient firing patterns.
lagged classiflcation schemes, and 2) provide a systematic de8. Laggedand nonlaggedcells respondedapproximatelyonescription ofthe propertiesoflagged and nonl"ggedcellsas a basis quarter cycle apart at low temporal frequencies.Becauseof the
for understanding mechanisms that affect these two groups. Re- latency difference between these cell types, this quarter-cycle
sponsesto flashing spots and drifting gratings were measured as phase difference was maintained only over a limited range of
the contrast and spatial and temporal modulation were varied.
hequencies. This range roughly matched the tuning width of
2. X- and Y-cells were readily distinguishedby their spatial. laggedcells,sothat laggedcellstendedto ceaserespondingaround
tuning. Y-cells had much lower preferred spatial frequenciesand the point wheretheir responses
would be a halfcycle out ofphase
spatial resolution than X-cells. Within each functional class(X or with nonlaggedcellsof the samecentersign.We suggestthat the
Y), however, lagged and nonlagged cells were similar in their responsetiming differencesbetweenlaggedand nonlaggedcells
spatial responseproperties. Thus the lagged/nonlaggeddistinction
may be important for generatingdirection selectivity in visual
is not one related to the spatial domain.
cortex.
J. In the temporal domain X- and Y-cells showedlittle difference in temporal tuning, whereas lagged and nonlagged cells
showed distinctive responseproperties. The temporal tuning I N T R O D U C T I O N
functions of lagged cells were slightly shifted toward lower frequencieswith optimal temporal frequencies of laggedX-cells avCat visual cortical cells display remarkable response
eraging an octave lower than those of nonlagged X-cells. Tem- propertiesin light of their relativelysimple inputs from the
poral resolution was much lower in laggedX- and Y-cells than in lateral geniculatenucleus (LGN). Specificityfor a variety
their nonlaggedcounterparts.
of stimulus dimensionsarisesin cQrtexout of a seemingly
4. The most dramatic differencesbetween lagged and nonhomogeneouscollection of geniculateneurons.The domilaggedcells appearedin the timing of their responses,asmeasured
projectionsto area 17 aise from X- and Y-cellsin the
by the phaseof the responserelative to the sinusoidal luminance nant
geniculate
A-laminae (Humphrey et al. 1985; Malpeli
Response
field.
receptive
in
the
centered
a
spot
of
modulation
phase varied approximately linearly with temporal frequency. 1983; Stone and Dreher 1973). These cells inherit their
The slope of the phaseversusfrequency line is a measureof total receptive fields largely unaltered from their retinal inputs
integration time, which we refer to as visual latency. t aggedcells (Cleland et al. 197l; Hoffman et al. 1972).Little evidence
had much longer latenciesthan nonlagged cells.
had accu'mulatedfor significant geniculateprocessingof
5. The intercept of the phaseversusfrequency line is a measure visual information until the discovery of lagged X-cells
of when in the stimulus cycle the cell responds;we refer to this as (Mastronarde l987a,b). Thesegeniculatecells differ from
the intrinsic or absolute phase of the cell. This measure of re- their retinal X-afferentsand from adjacent,nonlagged,gesponsetiming not only distinguished lagged and nonlagged cells
niculate X-cells in displaying an early inhibition rather
well but also covaried with the sustained or transient nature of
excitation to the onset of a visual stimulus in their
than
cells'responsesto flashedstimuli. Absolute phaselaggedthe stimfield. This early inhibition producesa delayed
receptive
ulus for lagged cells, led the stimulus 1ot nqnlagged cells, and
approached a quarter-cycle phase lead or lag for cells that re- latency to discharge.Based on structural and functional
evidence,it is hypothesizedthat intrageniculateinhibitory
spondedtransiently.
6. We conclude that geniculate X- and Y-cells are distin- interneurons are responsiblefor generatingthe lagged-X
guished by their spatial but not temporal response properties; responseprofile (Humphrey and Weller 1988b; Mastrothese characteristicsare largely inherited from the retina. On the narde 1987a).Both laggedand nonlaggedX-cellsproject to
other hand, laggedand nonlaggedcells are indistinguishable spa- visual cortex in substantial numbers, and it is estimated
tially but differ temporally. These temporal differencesreflect that the cells comprise -40 and 60Vo,respectively,of the
intrageniculate mechanismsand indicate that the LGN performs geniculocortical X-afferents (Humphrey and Weller
a major role in the temporal transformation of signals passing
r988b).
from retina to cortex.
Our understandingof the geniculatemechanismsthat
7. The responsesof virtually all cells to square-waveflashing
laggedand nonlaggedX-cells,aswell asthe impliunderlie
stimuli could be predicted from their responsesto sinusoidal stimSUMMARYAND CONCLUSIONS
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cations for cortical function, require further details about
how thesecells respondto visual stimuli. Previousreports
that the two groupsof X-cells are similar in such
suggested
spatialpropertiesas handplottedreceptivefield-center size
and spatial resolution (Humphrey and Weller 1988a;Mastronarde 1987a).In the temporal domain, it was shown
that lagged X-cells prefer lower temporal frequencies
(Humphrey and Weller 1988a)and slower speedsthan
nonlaggedX-cells and that the responsesto moving bars
occur much later in laggedthan in nonlaggedcells (Mastronarde 1987a).Taken together,the previous evidence
suggestedstrongly that the differencesbetweenlaggedand
nonlaggedX-cells were of a temporal rather than spatial
nature. In the presentwork we have investigatedthis issue
more systematicallythan heretofore,both to validate previous findings and to extend the analysesin the temporal
and contrastdomains. We have also extendedtheseanalysesto the newly recognized(Mastronarde 1988a)gloup of
laggedY-cells.
We found that, within each cell class(X or Y), lagged
and nonlaggedcells were indistinguishablespatially. The
clearestdifferencesexistedin the temporal domain. In exploring the temporal properties of geniculatecells, it became clear that not only the lagged/nonlaggeddistinction,
but also the transient/sustaineddistinction and other
aspectsof the timing of visual responses,could be simply
relatedto measurementsof the phaseof responsesto sinusoidally modulated stimuli. A simplifying assumption of
linear temporal summation appearsto be a reasonableapproximation for geniculateA-layer cells. This implies, in
particular, that the mechanismsresponsiblefor the peculiar responsesof laggedX-cells transform the retinal input
linearly. In addition, if cortex were to combine geniculate
inputs even quasi-linearly, direction selectivity could be
generatedout of the responsesof lagged and nonlagged
cells.
Theseresultshave been presentedpreviously in abstract
form (Sauland Humphrey 1988,1989).
METHODS

Physiological preparation
The generalmethods for suryical preparation,visual and electrical stimulation, and recording are described in detail in
Humphrey et al. (1985).Adult catswereanesthetizedwith the use
of 4Vohalothanein nitrous oxide and oxygen.A radial vein was
cannulated,and an endotrachealtube was inserted.After placement in a stereotaxic frame, paralysis was induced with an intravenousinjection of gallaminetriethiodide (Flaxedil),and the animal was henceforth ventilated artificially at a rate sufficient to
maintain end-tidal COz aL -4Vo. The gas mixture contained
-707o NzO and 307o02 with l-2%ohaIothanefor the duration of
surgical procedures.Rectal temperature was maintained at
-37.5"C with a thermostaticallycontrolled heating pad. Heart
rate wasmonitored throughout the experimentasone indicator of
physiologicalstate.An intravenousinfusion containing 3.6 mg/h
of Flaxedil,0.7 me/h of d-tubocurarine,and I mg.kg-t'h-r of
pentobarbital sodium (Nembutal) in 57odextrose and lactated
Ringer solution was given continuously at a rate of -6 ml/h.
Craniotomieswere made over the optic chiasm and the LGN for
placement of bipolar stimulating electrodesand recording electrodes,respectively.
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Care was tak€n to ensureprop€r anestheticlevelsthroughout
the experiment. All incision and pressurepoints were infiltrated
with 2Volidocaine HCl. The head was supported nontraumatically in the stereotaxicby a crossbarattachedto screwsinserted
into the skull, which allowedremoval of the earand eyebars.The
electroencephalogram(EEG) was recorded continuously, and
small boluses(3-6 mg) of Nembutal were administeredintravenously, if necessary.This maintained a stateof strong EEG synchronization and barbiturate spindling during surgeryand mild
synchronizationwith no spindling during recording(Hammond
1978;Humphrey and Weller 1988a).
The pupils were dilated with atropine,and phenylephrineHCI
was applied to retract the nictitating.membranes.The corneas
were covered with contact lenses fitted with 3-mm artificial
pupils, and the eyeswere flushedperiodically with l.5%osalineto
maintain optical quality. Refraction was evaluatedby retinoscopy, and contact lenseswere chosento focus the eyesat a distance of 57 cll;'. The optic disks were projected onto a tangent
screenat I 14 cm, and the direction of gazewas estimatedtherefrom (Bishop et al. 1962).
Recording and electrical stimulation
Singleneurons were recordedwith tris(hydroxymethyl)aminomethane (Tris) gJassmicropipettesfilled with 0.2 M KCI in Tris
buffer and beveledto obtain impedancesof 50-100 MQ in vivo.
As reported previously (Humphrey and Weller 1988a),moderately high-impedanceelectrodesare requiredto samplethe small,
laggedX-cells in the LGN. LaSgedcellsmay alsobe recordedwith
tungsten-in-glasselectrodeshaving small tip exposures(Heggelund and Hartveit 1989;Mastronarde 1987a).We repeatedlyfail
to record laggedcells with micropipettesfilled with 3 M KCl,
while consistentlyrecording 2-3lagged cellsper penetrationwith
similar pipettesfilled with 0.2 M KCl. We speculatethat the lower
molarity reducesthe samplingwindow of the pipettesand somehow allowsbetter isolation of small amplitudepotentialsfrom the
small laggedcells without interferencefrom surrounding potentials generatedby larger cells.The location ofthe electrodetip in
the LGN was establishedwith the use of Sanderson's(1971)
maps, potentials evoked by chiasm stimulation, and cell ocular
dominance. Singleneurons in the A-layerswere well isolatedby
the high-impedanceelectrodes,and somatic spikeswere distinguishedfrom axon spikesby their biphasicpotentialsand by the
slow decay of axonal potentials.I-atenciesto electricalstimulation of the optic chiasmweremeasuredfrom the foot of the action
potential, taking the shortest consistent latency to repeated
chiasm shocks(Humphrey and Weller 1988a).
General visuql stimulation and identification
of X- and Y-cells
Receptive fields were plotted initially by hand on a tangent
screen I 14 cm from the eyes.All subsequentvisual stimulation
wasdone with the useof a Teklronix 608 monitor 57 cm from the
eye,driven by a Picassoimagesynthesizer(Innisfree,Cambridge
MA) linked to an LSI-Il/73 computer. The CRT subtended
- l0o visual angle.All stimuli were presentedmonocularly with
the nondominant eye occluded.
Cellswere identifiedas X or Y primarily by the linearity of their
spatial summation to counterphasingsine-wavegratings,as determined by Fourier analysis of their peristimulus time histograms(PSTHs)(Enroth-Cugelland Robson 1966).Gratingswere
modulated at I or 2 Hz, and the spatial frequencywas slowly
increased.If a spatial frequency could be found where the responsecomponent at the secondharmonic of the stimulus temporal frequency exceededtwice the magnitude of the first harmonic component, the cell was classifiedas nonlinear and there-
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fore Y (Hochsteinand Shapley1976).Cells with a secondto first
harmonic ratio <2.0 were identified as X (the ratio was usually <1.0).
Secondary,qualitative featuresof the cells supported our primary identification. All cellswith optic chiasm latencies> 1.7 ms
or < 1.4ms wereidentified on the basisof spatialsummation as X
or Y, respectively,in agreementwith previousreports(Humphrey
and Weller 1988a;Wilson et al. 1976\.Also. when matched for
eccentricity,X-cells had smaller handplottedreceptivefieldsthan
Y-cells,and most X-cell receptive-fieldsurroundsdisplayedmoderate to strong antagonismofthe center, whereasthose ofmost
Y-cells did not. For a few cells(<5Zoof the sample),the linearity
test yielded equivocalresults,becauseofpoor or erratic responses
at high spatial frequencies.In thesecases,the secondarycriteria
wereusedto identify cell classbut only ifall criteria agreed.Ifnot,
the cells remained unclassifiedand were excludedfrom the present analyses.
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Stimulus protocols
The following testswere used to characterizethe cells' visual
responseproperties.
RESPONSES
TO FLASHINGSPoTS. A cell was identified as
laggedor nonlaggedby its responseto a flashingspot centeredin
its receptivefield (Humphrey and Weller l988al. The luminance
of the spot was modulated in a four-part cycle consistingof steps
at 15, 25, 35, and ?5 cd/m2,with the backgroundluminanie
constant at25 cd/mz. Each steplastedeither 0.5 or 1.0s. These2or.4-s cycles were repeated50-200 times to generatea pSTH
(Fig. l).
SPATIALRESPONSE
PROPERTIES.The spatial responseprop_
ertiesand spatialstructure of the receptivefieldsof th-egeniculjte
cells were determined with the use of drifting sine-wavi gratings
of variousspatialfrequencies.Vertically orientedgratingsdriftiig
rightward acrossthe receptive field at the preferred drift rate foi
eachcell were presentedfor l0-s trials. Grating contrastwas 0.4,
and mean luminance was 25 cd/m2.Sevento i0 spatial frequen_
cies-weretested,usually rangingfrom 0. I 25 to 2 cyiles per digree
-*",
(cpd) in- approximately half-octave steps. Each freq.rerr"y
randomly presentedfive times to generatea pSTH. At a typical
drift rate of 2 Hz, each histogram was built from 100 stimulus
cycles.
TEMPORALRESPONSE
PROPERTIES.The temporal response
propertiesof cellsweredeterminedmainly by the useof the same
spot as in the flashingspot test but now modulated sinusoidally
between I 5 and 35 cdlm2 around a backgroundluminance of 23
"4/y'. Temporal frequenciesof 0.5-24 Hz were tlpically tested
with eachfrequencypresentedfive dmes for l0 s eachto generate
a PSTH showingthe averageresponseover a stimulus cycle.Occasionally,cells were additionally tested at frequenciesbetween
0. I and 2 Hz to study their low-frequencybehavior. The responsesof the cell weretimed relativeto the luminanceof the spot
to determinethe phaseof the responserelative to the stimulus.
Temporal responsefunctions for some cells were also tested
with drifting sine-wavegratingsof optimal spatial frequencyand
contrastof 0.4. Responseswere timed relative to a stimulus-cycle
marking signal,but becausethe position of the grating relativi to
the cell's receptivefield could not be easily determined, the responsephase includes an unknown offset. Although this offset
could be discoveredby varying spatial frequency (Lee et al.
1981a),this methodwas not routinely usedbecauseoftime constraints.
Eye movementsoccasionallyintroduced variability in response
amplitudesduring a test. When activity seemedaffeCted,thi Aata
were rejected, and the stimulus was recenteredbefore startins
another run. The diametersof spot stimuli werechosento be iusi
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FIc. l. Peristimulushistogramsof responses
from 4 oN-centergeniculate neurons to the 4-part flashing spot stimulus. Stimulus wasa smill spot
whoseluminance was modulatedas shown at bottom,For eachcell, spot
size was slightly smaller than the handplotted receptive-fieldcenter. Background luminancewas25 cd/m2,matchingthe spot luminancefrom l-2 s
and 3-4 s. Star marks the luminance step most appropriate for stimulating
theseoN-center cells. Open arrows point to inhibitory dips in the yy and
X1-cells, and filled arrow points to the anomalous offset dischargein the
Xs-cell. Half-riselatenciesfor the Yp, Xn-, Yri and X1-cellswere 39,63,
I 56, and 320 ms, respectively.For half-fall,they were23,46, I l7, and 132
ms, respectively.
smaller than the receptive-field center as plotted by hand to minimize the effect of eye-position drifts.

Data analysis
Occurrence of action potentials was timed with millisecond
resolutionrelativeto stimulus events.All visualstimuli controlled
by the computer wereperiodic,and spikesincrementedhistogram
countersacrossone stimulus cycle. Binwidths varied with stimulus period but were generally <5 ms. Responsesto sinusoidally
varying stimuli were analyzedby converting the spike counts to
firing rates per stimulus cycle and then Fourier analyzing the
histogramto obtain the responsecomponentat the stimulus temporal frequency(and its harmonics).All Fourier transformswere
perfiormedwith a standard Fast Fourier Transform (FFT) routine
(Presset al. 1986).Visual latenciesto the four-part flashingstimulus were measured as described by Humphrey and Weller
( I 988a).
Standard curves (e.g., differenceof gaussians)were fit to responsedata. All fits minimized mean-squarederror. Nonlinear
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fitswerefoundvia a downhillsimplexmethod(NelderandMead transient. Cell dischargewas delayedbecauseof the early
as dip, but once establishedit was sustainedthroughout the
1965;Presset al. 1986).Populationresultswill be presented
arithmeticmeansplus or minusSEsunlessotherwisespecified. stimulus onset step. At spot offset, the cell at the bottom
IJnlessotherwisespecified,comparisonsbetweenmeanswere gave a transient anomalousoffset discharge(filled arrow),
basedon one-tailed/ tests.Correlationsbetweet
intrictr delayed the cell's return to background firing.
lil-"_b!tJ.^1.
linear(Pearwith the useor
cell classification
LaggedX- and y-neurons will be referredt6 as Xr and Yr
SX9; H*:i:each
(Humphrey and Weller 1988a; Mastronarde 1987a,
1988a).
RESULTS
Most geniculatecells can be identified qualitatively as
laggedor nonlaggedby the shapesoftheir responseprofiles
Overview
to flashing spots.As previously reported (Humphrey and
they can alsobe
Our resultsarederivedfrom 153X- and Y-cells recorded Weller 1988a:Mastronarde1987a;1988a),
quantitatively
two measures:
with
the
use
of
Among
distinguished
extracellularly in laminae A and A1 of the LGN.
is
to the inhibiparwhich
sensitive
half-rise,
to
or
l)
the
latency
nonlagged
were
further
identified
as
8l
the X-cells,
tially laggedand 33 as lagged.Among Y-cells, 32 and 7 tory dip at stimulus onset, and 2) the latency to half-fall,
were identified as nonlaggedand lagged,respectively.All sensitiveto the anomalousoffsetdischargeat stimulus ofl
neurons had receptive fields within 35" of the area cen- set. The distributions of half-riseand half-fall latenciesfor
tralis; 55Voof these were located within the central 10o. our total sample are shown in Fig. 2. With the use of the
Approximately equal numbers of oN- and opF-centercells criteria of Humphrey and Weller (1988a),cells with halfwere recordedin each cell group. The differencesbetween rise latencies<70 ms and half-fall latencies<60 ms were
oN- and oFF-centercells were not notable, leading us to identified as nonlagged(filled squaresand circles). Cells
combine them in the results presentedhere. We will first with half-riselatencies> 100 ms and half-fall latencies>60
summarize how each neuron was identified as laggedor ms were identified as lagged(open squaresand circles).All
nonlaggedby its responseto flashing spots. We will then cellscould be distinguishedaslaggedor nonlaggedby these
describethe spatialand temporal responsepropertiesof the criteria with the exceptionof four X-cellsthat respondedin
cells as determined with the use of spotsand gratings.We all regardslike XN-cells(no inhibitory dip or anomalous
will show that the responsesto sinusoidally modulated offset discharge, short half-fall latency) but which had
stimuli predict the responsesto the flashing spot stimuli; slightly longer (78-l l0 ms) half-riselatencies.We refer to
that is, we will compare the frequency-domain and the these cells as partially lagged (Xp1) in accord with Mastime-domain responsecharacteristicsof the geniculate tronarde (1987a). Two Y-cells that had clear inhibitory
neurons. Finally, we will summarize our observationson dips and long half-rise latencies were classified as lagged
(Yr) despitetheir half-fall latenciesof zero. The firing in
propertiesof thesecells.
the contrast-response
these two cells had returned to background levels before
spot offset.
Flash responsesand identification of laggedand
nonlagged cells
1000
XLcells

O
Figure I illustratesthe responseprofilesof four represenn YL cells
stimuflashing
spot
tative oN-centercells to the four-part
X".cells
o
I
lus. Eachstimulus cycleevokesresponsesto two luminance !tc
Xil cells
O
steps.Although we focus our analysison the portion of the oo
obo o o
o
(bright
p
for
$ Y* cells
histogramcoresponding to the cell's centersign
oN-centercellsand dark for oFF-centercells),the immedi- E
ately precedingluminance step is important becauseit
ct
raisesthe cell's firing above background levelsso that any g6
t
dip in dischargeat stimulus onsetcan be detected.
o
profiles
at
the
top
of
the
of
the
two
cells
The response
0
figure are characteristicof nonlaggedgeniculate neurons co
(Humphrey and Weller 1988a;Mastronarde 1987a).At
-5
spot onset, both gave a brisk transient dischargefollowed
by a variably sustainedfiring that was strongerfor the sec1000
100
10
ond cell than for the top cell. At spot offset, both cells
quickly ceaseddischargingand returned to baseJinefiring.
Latencyto half'dse(milliseconds)
As indicated in the figure,we refer to thesecellsas Yp and
FIc. 2. Measured latencies to half-rise and half-fall from flash reXN. Our Xp-cells probably include neurons classifiedas sponsesare plotted for all 153cells recorded,although many ofthe nonXs, Xv, and Xl by Mastronarde( 1988b),with the majority laggedcells are obscuredbecauseof overlap. Half-rise reflects the latency
probably correspondingto the more preval€rt X5, or sin- at which the cell attained half-maximal firing after stimulus onset
(Humphrey and Weller 1988a).Half-fall reflectsthe time taken for firing
gle-input nonlaggedX-cells.
to decayby one-halfafter stimulusoffset.Cellsfor which half-fall latencies
In contrast to the brisk excitatory responsesofthe non- could
not be computed becausetoo little activity was presentjust before
lagged cells, the lagged Y- and X-cells shown below re- stimulus offsetare plotted on the horizontal axis in the <10-ms category.
spondedsluggishly.Spot onsetelicited an inhibitory dip in Open symbolsidentify laggedcells;filled symbolsidentify nonlaggedcells
their discharge(open arrows) rather than an excitatory or Xpr-cells.
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2to

Robson 1966;Rodieck 1965;So and Shapleyl98l). For a
rangeof7-10 spatialfrequenciespresentedto eachcell, the
fundamental responsecomponent was plotted againstspatial frequency,and thesedata points werefit by a difference
of gaussiansfunction (representingthe summed effectsof
an excitatory centerand an inhibitory surround) to obtain
four parametersthat describethe cell's spatialtuning. Estimatesof preferredspatial frequencyand spatial resolution
(the frequencyabove the optimum that would evoke l07o
of the maximal response)were derived, as well as a set of
parametersthat describesthe receptivefield in the spatial
domain. These numbers include.estimatesof the receptive-field centerand surround sizes(r" and r.) and strengths
(C and S, which are combined in the ratio S/C for normalization). Table I lists means obtained for severalof these
parametersfor each cell group. We include in this table
mean receptive-fielddiametersas measuredby hand, and
the receptive-freldradius derived from the point where the
center and surround strengths are equal. Note that the
handplotted fields are about one-half the size of the fields
derived from the drifting grating data.
We found that spatial tuning as measuredby first harmonic responsesdiffered markedly betweengeniculateXand Y-cells, as previously reported (So and Shapley 198I )'
Y-cells generallyrespondedbest to the lowest spatial frequency iested (0.125cpd), which excludesanalysisof their
ritativ-etynegligiblesurrounds.Y-cells had lower preferred
spatial frequencies,lower spatial resolution' and larger receptive-fieldcentersthan X-cells when matchedfor eccentriiity. All of thesedifferenceswere highly significant(P <
0.001 for all applicablecomparisons).Although our conclusions regarding X/Y differences agree with previous
studies, our cells had lower spatial resolution and larger
receptivefield-center sizesthan thosepreviously reported'
Thesedifferencesmight be partly explainedby our use of
constant (0.4) contrast stimuli and cutoffs at ll%o of the
peak, as opposed to contrast sensitivity measurements'
btttet differences in sampling, analysis, and anesthesia
may play a role in thesediscrepancies.
Atthough there were clear differences between X- and
responses
Spatial
Y-cells in spatial tuning, within each cell classlagged and
fields
The spatial responseproperties of the geniculate cells nonlagged iells did not differ. Yr-cells had receptive
frespatial
low-pass
their
matched
and
Yp-cells
as
large
were characterizedconventionally (Enroth-Cugell and as

Figure 2 confirms previous observationsthat half-rise
and half-fall latenciesdistinguish X1- from Xp-cells and
extendsthe findings to Y-cells. Within the laggedand nonlaggedgroups,Y-cell latenciesoverlappedthose of X-cells,
although they were significantly shorter, on average,than
their X-cell counterparts (P < 0.005 for both groups,
Mann-Whitney U test). Curiously, the separationbetween
laggedand nonlasgedX-cells exceedsthat previously reported by Humphrey and Weller (1988a)with the use of
similar measures.This is due mainly to the longer latencies
of Xr-cells in the present study. The reasonsfor this are
unclear. Nevertheless,the important point is that lagged
and nonlaggedX- and Y-cells can be easilyidentified with
the use of the flashing-spotstimulus.
Two other featuresof the flashresponseswere measured:
maximum dischargerate and transient/sustainedbehavior
(quantified by the ratio of mean to maximum firing rate,
equivalent to the Percent Area of Discharge reported by
Humphrey and Weller 1988a).Maximum firing rates in
Xp- and YN-cellswere similar (l3l and 146 spikes/s,respectively)and dwarfed the rate for Xs- and Yr-cells (38
spikes/sfor both). The four Xpa-cellsaveraged48 spikes/s,
more similar to the X1- than to the XN-cells.With regardto
the transient/sustaineddistinction, smaller values of the
ratio of mean to maximum firing ratescorrespondto more
transient firing patterns. Xp-cells ranged widely in their
sustained/transientcharacter(mean ratio of 38 with a SD
of 16),whereasYp-cells tended to be very transient (17 +
l2). Xr-cells had sustainedresponses(62 + l0). The seven
Y1-cellsvaried considerably(42 + 16)but were much more
sustainedthan a typical Y1r-cell.By this measure'too, the
four Xp1-cells resembled X1-cells with an average ratio
of 62.
Having identified cellsphysiologically,we next explored
their responsepropertiesin the spatial,temporal, and contrast dimensions with regard to these classifications.We
were particularly interestedin the extent to which X- and
Y-cells on the one hand, and laggedand nonlaggedcells on
the other hand, differ in their spatial and temporal tuning.

TABLE L
C-ellType
Xg
Mean t SE
Range
Xa
Mean + SE
Rang€
Y1
Mean I SE
Range
Ya
Mean + SE
Range

Spatial receptivefield parameters
Eccentricity,
deg

9.8 + 1.3(33)
l-35
10.9+ 1.0(77)
l-36

S/C

r", deg

r", deg

0.82 + 0.10 (7)
0.4-1.0

0.47 + 6.69 191
0.3-l.l

0.79 + 0.15 (7)
0.3- 1.4

O.77+ 0.07 (23)
0.2-1.9

0.40 + 0.04 (24)
0.1-r.0

t.r3 + o.tz (23)
0.5-2.8

RF;,", deg

SFq, cpd

Remlution, cPd

0.54 + 0.05(8)
0.3-0.8

0.s8 + 0.06(33)
0.2-1.8

0.50+ 0.09(9)
0.2-1.0

l.5l i 0.21(9)
0.5-2.5

0.63 + 0.05(23)
0.2-1.3

0.70 + 0.04(77)
0.2-2.0

0.43+ O.O4(24)
0.1-0.7

1.63+ O'17(24\
0.5-4.5

0 . 1 3+ 0 . 0 1( 4 )
0.1-0.2

0 . 2 9+ 0 . 0 3( 3 )
0.3-0.4

0 . 1 2+ 0 . 0 1( 1 2 )
0.024.2

0 ' 4 1+ 0 . 0 5( 1 2 )
0.24.7

RFd,

deg

+ 0.3 (7)
0.5-2.5

12.7+ 2.4 (7)
4-21

2.2 + 0.4 (3)
1.9-2.6

l.l

1 3 . 8+ 1 . 4( 3 2 )
441

1 . 4 7+ 0 .l 9 ( 1 2 )
0.7-3.0

1 . 5 8+ 0 . 1 7( 3 2 )
0.3-3.5

RFa'
S/C, ratio ofsunound to center strength;r. and r", center and sunound radii from differenceofgaussians,respectively;
Number ofcells testedin parentheses.
spatial
resolution'
frequency:
optimal
spatial
SF.r,
diameter;
r€ceptive
field
measured
receptivefield radius derived from differenceof gaussians;RFsb, subjectively
frequencygiving l0% maximal respons€.
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Rc. 3. Temporal frequencytuning curves for 4 geniculatecells are
shown. Stimulus was a sinusoidallymodulated spot. First harmonic responseamplitudesare plotted againsttemporal frequency,and best-fitting
differenceofgaussiancurvesthrough the points are shown.Optimal temporal frequenciesand temporal resolutionsfor these4 cells were 4.4 and
25 Hz for the Ypcell, 3.3 and22 Hz for the Xy-cell, 3.6 and 14 Hz for the
Yr-cell, and 2 and 9 Hz for the X1-cell.

quency tuning. X1-cells had slightly larger centersand
smaller surrounds than Xp-cells but the differenceswere
not significantin our smallsample(P > 0.05, / test).These
relationshipsheld at all eccentricities.These results indicate that the differencesbetweenlaggedand nonlaggedXcellshave little to do with their spatial receptive-fieldproperties.
Temporal responses
The temporal responsepropertiesofgeniculate cellswere
analyzedby modulating stimulus luminance sinusoidally
at various temporal frequencies.This provided two kinds
of information for each cell. First, the amplitude of the
responseas a function of temporal frequency gave a description of the cell'stemporal tuning. Second,the phaseof
the responseprovided a description of the cell's response
timing.

2ll

TUNING. We tested cells with both sinusoidally modulated spotsand drifting gatings. The amplitude of the first
harmonic component of the response(which dominated
the responsesof all cells)againsttemporal frequencywasfit
by a differenceof gaussiansfunction of four parameters.
This is formally identical to the procedureusedin the spatial domain, but here,the differenceof gaussiansdoes not
represent an explicit receptive-field model. Instead it is
simply a convenientway to estimateoptimal temporal frequency, temporal resolution, peak amplitude, and tuning
widths. Figure 3 showstuning curves for four representative cells. All cells had band-passtuning. We saw no clear
examplesof low-passtuning. All cells respondedwell at
temporal frequenciesbetween - I and 3 Hz but varied
to higher frequencies.The X1-cell
widely in their responses
illustrated in Fig. 3 peakedat 2 Hz and failed to respond
beyond -9 Hz. The Yr-cell respondedsomewhatbetter to
high frequencies.The two nonlaggedcellsdischargedmore
vigorouslyat all frequenciesabove2 Hz, continuing to fire
out to -20 Hz.
Figure 4 shows the distribution of preferred temporal
frequenciesto sinusoidallymodulated spotsfor eachgroup
of cells. The averagevalues for this and other temporal
responsemeasuresare summarizedin Table 2. Comparing
X- and Y-cells,it is clear that there is a substantialrangeof
optimal frequencieswithin eachclassand overlap between
classes.The mean optimal temporal frequencyfor Yycells
is only slightly higher than for Xp-cells when tested with
spots(l : 1.4,P: 0.08).Comparinglaggedand nonlagged
cells, there is also a sizablerange within and overlap betweenthe groups,but X1-cellspreferredmuch slowerstimuli than Xp-cells(t:3.7, P < 0.001).No X1-cellshad
optimal temporal frequency above 3.4 Hz. X1r-cellswere
in their temporal tuning, rangingfrom units
heterogeneous
that preferred frequenciesunder I Hz up to cells with the
highest optimal frequenciesfound. Y-cells were more
tightly grouped around their mean. Yp- and Y1-cells had
similar temporal frequencypreferences(t = 0.2, P: 0.42).
Temporal resolution was taken as the frequencyabove
the optimum that would give a responseof 107oof the peak
amplitude. No differencein mean temporal resolution was
observedbetweenX- and Y-cells when testedwith either
spotsor gratings(Table 2). However,laggedand nonlagged
cells differed significantly on this measure(t : 3.8, P <

FIc. 4. Distribution of optimal temporal frequency
when tested with sinusoidally modulated spots is shown for
each group ofcells. lncluded are 24 Xs-cells, 4 Y1-cells, 63
XN-cells, and 2l Yp-cells. No cell was low-pass, but a few
X-cells had very low preferred frequencies. X-cells were distributed more broadly than Y-cells, which clustered around
4 Hz. Eighty-nine percent of the cells had optimal temporal
frequencies between I and 8 Hz.
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Temporal responseproperties
Grating

Spot
C-ellType
X1
Mean t SE
Range
XN
Mean + SE
Range

Phas€
I-atency, ms

go, cycles

1 3 3+ 4 ( 3 3 )
94 to 197

0 . 0 9 6+ 0 . 1 5( 3 3 )
-0.08 to 0.30

63+ 2(77)
37 to 107

Resn,Hz

Amp, imp/s

3 .l 3 + 0 . 9 ( 9 )
0.7 to 9.6

t7+4191
3to3l

14+119;
9tol9

42 + 3 (63)
lltol0T

4 . 7 + 0 . 8( 1 8 )
0 . 1t o 1 4

25+4(18)
8to54

33+5(18)
l0to75

13+l(4)
ll to 15

27+7 (4)
12to 44

4.7 + t.t (4)
2.0 to 6.9

18+3(4)
l0to22

3l+7(3)
l8to38

22 ! | (21)
1 5t o 3 8

4t + 4 (2t\
7to85

6 . 0 + 0 . 7( 1 0 )
3 . 1t o 1 0 . 8

26+5(r0)
l0to6l

35+7(10)
3to83

Resn,Hz

Amp, imp/s

t.5 + o.z (24)
0.3 to 3.4

9+t(24)
3to23

t9 + 2 (24)
6ro38

-0. l 16 + 0.007(76)
-0.26 to -O.02

3 . a + 0 . 31 6 3 ;
0 . 8t o 1 3 . 8

22 + 2 (63)
7 to73

-0.004 + 0.023 (4)
-0.07 to 0.03

4.3 + 0.6 (4)
3 . 2t o 6 . 1

- 0 . 1 8 0 + 0 . 0 1 0( 2 7 )
-0.3 to -0.1

4 . 1+ 6 . 51 2 1 ;
1 . 6t o I 1 . 4

oopt, Hz

a*,Hz

Y1
Mean + SE
Range
YN
Mean t SE
Range

130+ 14(4)
l09to 170
59 + 2 (30)
35to 9l

go, absolutephase;oooa,optimal temporal frcquency;resn, temporal frequencygiving l0% maximal response;Amp, maximal
Number ofcells testedin parentheses.
responseamplitude.

0.001for X-cells;t:3.2, P < 0.005for Y-cells).Among
individual groups, X1-cells had the poorest resolution; a
number of them ceasedfiring to spot modulation rates
above 4 Hz. Only 25Eo(6 out of 24) of the Xr-cells had
resolutions above l0 Hz compared with 85voof the XNcells. Y1-cells,despitehaving relatively high optimal temporal frequencies,did not respond well to frequencies
above l0 Hz; their temporal resolution rangedfrom I I to
15 Hz when testedwith spots.We should note that all cells
responded relatively better to gratings than to spots at
higher temporal frequencies,although the spot stimuli
generatedstronger maximal responseamplitudes. Nevertheless,the relationshipsamong the four cell groups were
similar when testedwith either stimulus.
Taken together, these data reveal that differences in
temporal tuning that exist among geniculatecellsare more
associatedwith the lagged/nonlagged
dichotomy than with
the X/Y distinction. The main differencebetweenlagged
and nonlaggedcells is the poorer resolution of the former.
These differencesare clearly important yet do not account
for the differencesin the responseprofiles of laggedand
nonlaggedcells when testedwith the four-part flashing spot
stimulus (Figs. I and 2)- Considerable overlap was observedin all of our measuresof tuning. We only observeda
clear separationin the temporal responsesof laggedand
nonlaggedcells when we analyzedthe timing, or phase,of
the responses.
TIMING. The sinusoidallymodulated spot experiments
permitted the systematicextraction of information about
the timing of cells' responses.Figure 5 illustrates typical
responsesfrom three cells:oN-centerXy- and X1-cellsand
an oFF-centerXp-cell. The spot luminance was modulated
at I H4 asshown atthe bottom of the figure.The oN-center
cells fire when the stimulus is bright. The nonlaggedcell
beginsto firejust after the spot reachesits darkestpoint (at
0.75 s) and the luminance beginsto increase.Peak firing
occursjust before the peak of the stimulus luminance (at
0.25 s). The activity declinesrapidly asthe spot darkens.In
contrast, the laggedcell begins to respond as the spot
reachesits brightestpoint, and most of its firing occurs as
the luminance decreases.Nonetheless,the lagged cell
diffen from the oFF-centercell, whosefiring clearly peaks

just beforethe luminancetrough (at 0.75 s). By this point
the Xr-cell has nearly ceasedfiring. At low temporal frequencieslaggedcellsdischargedat a time partway between
the firing of oN- and orr'-center nonlaggedcells.
We quantified these differencesin responsetiming by
measuringthe first harmonic responsephaserelative to the
stimulus. If a cell respondedin synchrony with the stimulus, reachingits peak firing when the spot wasbrightest,the
responsephase was taken to be zero cycles. If response
peaked when the spot reachedits darkest point, phase
would be 0.5 cycles.As a normalization, however,we sub100
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FIc. 5. Responsehistogramsto sinusoidally modulated spot stimuli
are shown for 3 different cell types.Stimulus in all 3 caseswasmodulated
at I Hz. Responsesoccurred at different times for these 3 cells. First
harmonic responsephaseis given lor eachcell, with largervaluesofphase
correspondingto responsesthat occurred later in the stimulus cycle as
shown.
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tracted0.5 cyclesfrom phasevaluesfor orr-center cells.At
low temporal frequencies,responsephasewas assignedto
the interval from -0.25 to 0.25 cycles.Responsesthat occurred later in the stimuluscyclewereassignedlargerphase
values;this convention meansthat responsephase is a
measureof phaselag (l,ee et al. l98l). The phaseof the
oN-center Xp-cell responsein Fig. 5 is -0.059 cycles,
whereasthe lagged-cellresponsephaseis 0.237 cycles,and
the orr'-center Xp responsephaseis 0.484, which became
-0.0 I 6 after normalization.
Physiologically, responsephase is determined by two
factors.The first is where in the stimulus cycle the excitation arises,for instancewhether the cell is excited by increasingluminance, peak brightness,decreasingluminance,or peakdarkness.The secondfactor is the delay that
intervenesbetweenthe stimulus events and the cell's responseto these events,that is, the latency of the evoked
response.Thesetwo factorsare confusedin the responseto
a singletemporal frequency.The late responseofthe lagged
cell could be due to either a tendency to fire late in the
stimulus cycle, or to a long latency, or to both factors.
The intrinsic phasecan be distinguishedfrom the effects
of latency, however, by obtaining phase values at more
than one temporal frequency.A pure delayaddsa phaselag
that is proportional to the frequency. Latency, which includes pure delays and integration time associatedwith
temporal filtering, becomesthe slope of the phase versus
frequency plot. The intrinsic responsephasecorresponds
to the phasethat would be seenin the absenceoflatency
effects,which is the phaseat 0 Hz, becauseat 0 Hz latency
addsno phaselag (cf. Lee et al. 1981).
To dissociatethe effectsof latency and intrinsic phase,
we therefore tested each cell at a range of temporal frequencies.Figure 6 illustrateshow responsetiming changes
with temporal frequency.Responsesto spotsmodulated at
1,2, and 4 Hz areshown for four representativecells.Two
cycles are shown here for clarity. As temporal frequency
increases,the responsesoccur later in the stimulus cycle.
The responsephaseof the Xr-cell in Fig. 6,4increasesfrom
0.24 cyclesat I Hz to 0.40cyclesat 2Hzto 0.68 cyclesat 4
Hz. The cells in B-D behave similarly, but the rate of
changeis slower in the nonlaggedcells than in the lagged
cells.In addition to this differencein latencies(i.e., the rate
of changeof phasewith temporal frequency)betweenthe
laggedand nonlaggedcells,there is a clear differencein the
phaseat I Hz. Even at low temporal frequencies,lagged
cells respondlater in the stimulus cyclethan do nonlagged
cells.This suggestsa differencein the intrinsic phase.Testing cells at severaltemporal frequenciesthus revealeddifferencesin both latency and intrinsic phase.
We plotted responsephase against frequency for four
representativeoN-center cells in Fig. 7. Measured phase
valueswere extremely reliable when an adequateresponse
was present,with SDs of -0.005 cyclesover ten measurements at 4 H4 this is on the order of the binwidth. Phase
increasedapproximately linearly with frequency, with a
consistenttrend toward convexity. That is, the slope decreasedslightly with frequencyin most cells; all cell types
showedthis tendency.At low temporal frequencies(-0.5
Hz) phasewas often advanced.Higher frequenciescould
also lead to apparent phase advances.However, these

points were also associatedwith low responseamplitudes
and less reliable phase values. Linear regressionswere
computed acrosstemporal frequencieswhere the cell respondedadequately(usually l-8 Hz), with regressioncoefficients of at least0.98 and generallyabove 0.99. Because
the phasedata arewell approximatedwith straightlines,we
will describeresponsephasein terms of two numbers,the
slopeand the intercept.The slopeof the regressionline will
be referredto aslatencll the phaseinterceptwill be referred
to as intrinsic or absolutephase.
The slopesof the phaseversusfrequencydata in Fig. 7
show that the laggedcells (open sy.mbols)have longer latenciesthan the nonlaggedcells (filled symbols).Table 2
includes mean latenciesfor each cell type. X- and Y-cells
differed little in this measure.Lagged-celllatenciesaveraged 70 ms longer than nonlaggedcell values. Lee et al.
( 198I ) found geniculatelatenciesof 35-42 ms usingsimilar
methodsbut with much brighter stimuli. Basedon the response-phase
valuesoftheir cells,all appearto have been
nonlagged(seebelow).
The latencycalculatedfrom the slopeof the phaseversus
frequency data was compared with the half-rise latency
obtained from the responseto the flashing spot stimulus.
Thesetwo measuresof latency are reasonablywell correlatedacrossthe Xpcells (r: 0.52,P < .0001,n: 77)but
not acrosseither X1-cells(r : 0.012, n : 33) or Yry-cells
(r : 0.348, P < 0.05, n : 29). For Yy-cells,the limited
range of half-rise latencies(Fig. 2) providestoo little variance to allow any correlation to show up. For X1-cellsthe
lack ofcorrelation is due to the often extendedinhibitory
dip seenin the flash histograms,which can make half-rise
latenciesas long as 750 ms. We discussbelow how these
measur€sof latency are related.
We next considerthe parameterof absolutephase.The
data in Fig. 7 intersectthe ordinate at different points. The
nonlaggedcells have absolutephasevaluesbelow zero,be1.75
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one Xy-cell had borderline values.A fourth Xp1-cellgave
phase values indistinguishable from Xp data (hidden
amongst filled circles);this cell had the shortesthalf-rise
!u_oBo oop h o o
and half-fall latenciesof the four Xp1-cells(Fig. 2). The
oo
Y1-cellshad long latenciesand absolutephasevaluesnear
u-o-o
E roo
zero. The distributions of Y-cells are shiftedtoward earlier
o
o
o
phasevalues and shorter latenciescompared with the X=
cell distributions, but overlaP.
g
The separationachievedbyjoint considerationofthese
o
E
o
two parameterscan also be seenin Fig. 9, where the reJ " "
sponsephaseat I Hz is plotted for eachcell group. Practically everycell respondedwell at I Hz, making it a suitable
frequencyfor comparisons.The phaseat I Hz is the sum of
the phaseat 0 Hz (in cycles)and the latency (in seconds).
-.25
.25
0
Laggedand nonlaggedcells have nonoverlappingdistribuAt I Hz, the responsephasedifferencebetweenXptions.
Absolutephase(cycles)
and Xp-cells, or between Y1- and Yy-cells, is about a
FIG.8. L,atencyand absolutephasevaluesderived from the response quarter cycle.
phasevs. temporal frequencyplots are shown for each cell group. As in
Becauseof the latency difference, the responsephase
Fig. 2, open symbolsrepresentlaggedcells;filled symbolsrepresentnondifference
between lagged and nonlagged cells increases
laggedcells.
with frequency.Figure l0 showsthe averagephaseversus
cell group. The quartercausethey respondin advanceof the stimulus, as seenin frequencyregressionlines for each
phase
increases
to about a half
I
Hz
at
cycle
difference
the histogramsof Fig. 6. The Xr-cell lagsthe stimulus, on
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at
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temporal freis
4
Hz
and
even
cycle
by
the other hand. The Y1-cell has intermediate behavior, replotted
phase
quencies.
valuesfor
we
have
only
Note
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sponding approximately in phase with the stimulus but
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Hz
for
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and
16
frequencies
up
to
temporal
with a long latency. Mean values for absolute phase are
point.
that
very
few
responded
beyond
lagged
cells,
because
phase
given in Table 2. Yscells had the earliest absolute
values followed by XN-cells, Ya-cells, and X1-cells. The COMPARISON OF FREQUENCY AND TIME DOMAINS. WC
differencebetweenany two of thesemeans is statistically have seen that laggedand nonlaggedcells can be distinsignificant (P < 0.001). Thus the late responsesof lagged guishedin two ways, either by measuringresponselatenflashcells are not entirely due to their longer latenciesbut de- cies to onset and offsetof a square-wave-modulated
pend on the linkage of the responseto the offset of the ing spot or by measuringresponsephaseto a sinusoidally
stimulus (i.e., the portion of the stimulus cycle after the modulated spot. We now show how thesetwo analysesare
appropriatecontrasthaspeaked)rather than the onset.The related by translating the frequencydomain data back to
half-rise latency in X1-cells, which we noted above was the time domain. To the extent that cells respondlinearly
uncorrelatedwith the phaselatency, is correlatedwith ab- in time, the results from the sinusoidally modulated-spot
that experiments provide a description of the responseto an
solutephase(r : 0.5I 6, P < 0.00l, n : 33),suggesting
the absolute phasedifference might characterize the differ- arbitrary stimulus. We found that key featuresof the responsesto the flashedstimulus were predictedunder simencebetweenlaggedand nonlaggedcells.
ple
linear assumptions,aswill be shown below. By describnonlagged
from
indeed
distinguished
Lagged cells are
cells by the two parameters derived from the response- ing the dynamics of thesecells we take a step toward unphasedata. Figure 8 showsthe results from all cells as a derstandingthe mechanismsunderlying their responses.
The frequency domain responseof each cell was modscatterplot of latency versus absolute phase. Almost no
noneled
by the differenceofgaussiansfunction that bestfit the
of
lagged
and
the
distributions
overlap existsbetween
laggedcells in this plane. Three Xps-cells(triangles) and amplitude data multiplied by the phasevalues derived
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nc. 10. Phasevs. temporal frequency relationshipsare summarized
for each type of cell. Lines are drawn with slope corresponding to the
averagelatency and intercepts correspondingto the averageabsolutephase
(see Table 2 for values). Lagged and l6ntaeged cells are distinct, but Xand Y-cells of the same type have similar responsephase behavior. Xp1cells fall in the middle. Variation acrossthe population would fill up the
entire phasevs. frequency plane. Difference betweenlaggedand nonlaggcd
cell phasevaluesamounts to -0.25 cyclesat low temporal frequencies,
but expandsto -0.5 cYclesbY 4 Hz.

from the linear regressionfit. This model has deficiencies,
particularly at low temporal frequencies,but is not critical
for the main points below. An array of complex numbers
-32 and 32
was thus generated(for frequenciesbetween
Hz), which was used to derive a real-valued function of
time via a FFT routine (Presset al. 1986). This impulse
responsefunction representsthe theoretical responseofthe
celi to an infinitely intense stimulus of the appropriate
contrast for the cell's center sign flashed in the receptive
field infinitely briefly. More formally, the impulse has a
fixed area but vanishing duration. By convolving the impulse responsefunction with any stimulus, the responseto
that stimulus is obtained, given linear temporal summation. The impulse responsefunction provides a complete
description of the dynamics of a linear system.
Figure I I illustrates four examplesof impulse response
funciions obtained in this way. The four-part flashingspot
histogram is shown along with each impulse responsefor
comparison.The Xp-cell in Fig. llA gavevery phasic responseswith no sustained component. The impulse responsefor this cell (Fig. 1l,B) showsan excitatory response
for the first 78 ms followed by a strong inhibition for the
next 188 ms. Figure llG showsa stronglylaggedX-cell
with a strong inhibitory dip and anomalous offset discharge. The cell's impulse response(Fig. 1111) shows a
short latency inhibition lasting 109 ms followed by 219 ms
of excitation. Betweentheseextremeslie the XN- and Xrcells in C and E. In Fig. I lD, the impulse responsefor the
Xp-cell is dominated by excitation with a weak but longlasting secondaryinhibition. This cell had a strong sustained component in its flash response(Fig. llC). The
X1-cell in Fig. I l,E hasonly a brief early inhibitory phasein

its impulse response(Fig. I lF) matching the brief inhibitory dip in the flash response.
The differencein absolutephase(9e)betweenlaggedand
nonlaggedcellsdeterminesthe initial phaseof the impulse
responsefunction: initial excitation for nonlagged cells
whoseabsolutephaseis lessthan zeroand initial inhibition
for laggedcells whoseabsolutephaseis greaterthan zero.l
The early inhibition in laggedcells is one key attribute of
their responseto flashing spots;the other key attribute is
the anomalous offset discharge.The responsesto sinusoidally modulated stimuli predict the existenceof the anomalous offset dischargeto flashing spots.At stimulus offset
the early inhibition is removed, whereasthe slower excitatory responseremains. We analyze this phenomenon
more fully below. Both the anomalousoffsetdischargeand
the inhibitory dip are relatedto the absolutephaselagging
the stimulus.
Figure I I also illustrates that the more transient nonlaggedcells (e.g.,Fig. llA) have strongersecondaryinhibition (p'ig. 11.8).This inhibition cancelsthe earlier excitation, suppressingactivity after a certaintime. The absolute
phasein thesetransient cellsleadsthe stimulus by nearly a
quarter cycle. Similarly, a strongly laggedcell like the one
in Fig. I lG has strong early inhibition, which is only overcome by a late excitatory phase(Fig. I lF1). The absolute
phasein these cells lags the stimulus by nearly a quarter
cycle.
The impulse responsefunction is a generaldescriptionof
the time domain responseof thesecells but is not directly
comparablewith data becausecellsdo not respondwell to
an impulse. For direct comparison,we simulated the responsesto the four-part flashingspot stimuluswith the use
to sinusoidally
olactual data obtainedfrom cells' responses
flashremeasured
12
compares
Figure
modulated stimuli.
spons€histogramswith curvesgeneratedfrom the simulations. Becausethe flashing spot stimulus has a discrete
spectrum, these reconstructions were derived directly from
the amplitude and phasedata, by computing the sum
Response(r): )

- L) - 4oi)
1-gvn 4 cos{2tlna(t

where the sum was taken over the first 26 odd harmonics,
amplitudeat
the response
n : 1,3,5, . . . , 51.,4 represents
the frequencyn<,r,which is divided by nto approximatethedeclinJin responsewith contrast,becausethe contrast of
the stimulus component at the frequencyna is l/n times
the contrastofthe fundamentalcomponentat frequencyc'r'
(Other choicesfor the amplitude dependenceon contrast,
including scaling by log contrast or using measuredresponses,hidnot greatlyimprove the results,sothe simplest
aisumption was subsequentlyused.)I representsthe latency ind po the absolutephase.The roles oflatency and
absoiutephasein determining the responsewaveform are
explicit in ttris formulation: the latency simply shifts the
wliole responseprofile, whereasthe absolutephasedetermines the phaseof eachcomponent.It is important to note
that all componentsof the square-wavestimulus have risrWriting the responsephaseas I'a * 9o, where.L is latency and 96 is
absolutep[ase, the Fourier transform of the frequencydomain response
becomesihe Fburier transform of the amplitude tuning function with a
time delay of I, multiplied by the absolutephase96.
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Frc. ll. Impulse r€sponsefunctions derived from the responsesto sinusoidallymodulated spotsare comparedwith
to the 4-part flashingspot stimulus for 4 X-cells.Thesecellsrangefrom a very transientnonlaggedcell (l and B) to
responses
a nonlaggedcell with some sustainedresponse(C and D) to a laggedcell with only a brief inhibitory dip and small
anomalousoffsetdischarge(E and .F) to a very laggedcell with a prolongedinhibitory dip and a strong anomalousoffset
discharge(G and H). Absolute phasevaluesrangefrom almost a quarter-cyclephaselead to a phaselag of more than an
eighth of a cycle. One of the effectsof thesephasevalueson impulse responsefunctions is to determinewhetherthe initial
responseis excitatory(B and D) or inhibitory (F andH). Scalesfor the flashresponsehistogramsarein spikes/s.Scalefor the
impulse responsefunctions is arbitrary. Step sizein impulse responsefunctions is -16 ms basedon extrapolationof the
frequencyresponseto 32 Hz.
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ing edgeswhere their sum (the square wave) has rising
edges,and the sameholds for the falling edges.When absolute phaseis <0, the responsecomponentspile up at the
rising edgesof the stimulus giving a transient excitatory
response(Fig. l2A). When absolutephaseis between0 and
0.25, as it is for oN-center X1-cells (Fig. 8), the response
componentspile up at the falling edgesinstead,providing
the anomalousoffset discharge(Fie. l2B). The match between the curvesand the histogramsis inaccurateas far as
amplitude is concerned,but the match to the timing of
presumptive inhibitory and excitatory responsesis excel-

A

o
.g 200
o
ql
El)

.g

fi roo

lent. The key featuresof the flash responseswere consistently reproducedby theselinear approximations derived
from the phasedata.
Although linear temporal summation allowsa usefulapproximation of responsesto complex stimuli in terms of
responsesto simpler stimuli, our cells behavenonlinearly
in several important ways. The responseto a sinusoidal
stimulus is usually somewhatrectified(Fig. 6) and contains
other distortions that we have ignored for simplicity (all
cells were dominated by the first harmonic response,however). Furthermore, responseis not linear with stimulus
contrast, as we discussfurther belpw. The dependenceof
the responseto a complex stimulus on subthresholdsummation is also unclear. Strictly linear predictionstherefore
fail quantitatively. Nevertheless,appealsto nonlinear
mechanismsare unnecessaryto account for phenomena
such as the inhibitory dip and anomalousoffsetdischarge
in laggedcells and the transient firing pattern seenin most
cells.The time when spikesoccur during stimulus presentation matches the linear prediction from the frequency
domain, if responsephase is taken into account'
Contrast
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Time (seconds)
rrc. 12. Responses
to the 4-part flashingspot stimulus are compared
with predictionsderived from responsesto sinusoidallymodulatedspots.
Solidlinesshowthe sumsof 26 sinewaveshavingamplitudes,frequencies,
and phasescorrespondingto responsesto sine-wavecomponentsof the
4-part stimulus.Vertical scalingof sotid curvesis arbitrary, and they have
l: transient
beenplacedby eye to match sustainedportions of responses.
responsesto luminance increasesare matched in this nonlaggedX-cell.
Reconstructionis more sustainedduring the backgroundstep preceding
the bright step.Dischargesduring the backgroundstepafter the bright step
match the increasein the reconstruction.B: the inhibitory dip and anomalous offsetdischargeofthis laggedX-cell are presentin the reconstruction.
Other featuresof the responseprofile also correspondto featuresin the
reconstruction.

Given the differences between lagged and nonlagged
cells in temporal responsepropertiesbut similarities in the
spatial domain, we were interestedin how the cells compared in the contrastdomain. We tested58 cellswith drifting gratings of optimal temporal and spatial frequencies,
varying the contrast over a rangefrom 0.0025to 0.96. The
first harmonic component of the responsewas plotted
againstlog contrast,and the amplitude wasfit with a function that was constant up to a threshold, then increased
linearly with log contrast.This function had three parameters (Fig. 13, top plot for eachcell): the constant(the noise
level), the threshold, and the slope ofthe increasingpiece,
which is a measureof contrast gain. The phase data for
thosepoints abovethreshold were fit with a line (phasevs.
log contrast) so that the slope could provide a measureof
phaseadvancewith contrast (Fig. I 3, bottom plot fot each
cell). This method gavethreshold valuesthat were consistent with our subjectiveestimatesof threshold. The data
werewell fit by the piecewiselinear functions.This method
makes contrast threshold independent of contrast gain,
unlike methods dependenton criterion responselevels
(Enroth-Cugell and Robson 1966).Subjectiveestimatesof
threshold likewise rely on judging whether responsessurpass some criterion. Threshold, gain, and phaseadvance
measurementsare summaized in Table 3.
ANDGAIN. Contrastthresholdsdid not differ
THRESHoLD
significantly between cell types (Table 3; P > 0.15 for all
comparisons). X1-cells often appearedto have relatively
high thresholds becausethey were difficult to drive. The
nonlaggedcells in Fig. 13, A and C were clearly driven
above contrastsof 0.02, whereasthe X1-cell in -Bwas difficult to drive at contrastsbelow 0.1. The objectivelydetermined thresholdsof thesecellsdifferedlittle, however.The
relative easeofdriving nonlaggedcells appearsto depend
more on their largercontrastgain than on lower thresholds.
Lagged and nonlaggedX-cells differed significantly (P <
0.001) in contrastgain, which increasedfrom 5'3 in Xr-
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functions are shown for 4 cells.Amplitude (top) andphase(bottom)are plotted againstlog
Frc. 13. Contrast-r€sponse
contrast. Data were fit by functions that were constant up to a threshold and linear beyond it. These fits yielded 5
parameters:subthresholdimplitude and phase,threshold,contrastgain, and phaseadvance.Cellsweretestedwith gratings
l.0cpd; B,2Hzand0.4cfr;C,4 Hzand0.l25 cpd;D,4Hzand
bfoptimalspatialandtemporalfrequencies:.A,6Hzand
and phaseadvances(in cycles/octave)were l, 0.02, 8, 0.02; B,0'03' 3,
0.1i5 cpd. ihresholds, gahs (in spikes/s-octave),
0.02:C, o.02,7,0.06;D, 0. 13, 12,0. 10.
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TABLE 3.

Contrastresponseparamelers
Cell Type

Threshold

Gain,
imp. s*r . octave-r

PhaseAdvance.
cycles/octave

XL
Mean + SE
Range

0.056+ 0.016(14)
0.0r3-0.235

5 . 3+ 0 . 6( 1 4 )
r.t2-8.39

0.013+ 0.005(l l)
-0.02-0.028

0.056+ 0.016(29)
0.013-0.433

9.6 + 1.0(29)
2.40-26.37

0.023+ 0.003(19)
0.0025-0.058

0.096+ 0.06 (4)
0.o07-0.266

14.0+ 8.4 (4)
2.8-38.4

0.071+ 0.036(4)
,-0.01l-0.157

0 . 0 6 1+ 0 . 0 2( l l )
0.0r3-0.219

1 3 . 0+ 2 . 4( l l )
5.59-42.48

0.059+ 0.005(8)
0.04t-0.074

XN
Mean + SE
Range
YL
Mean + SE
Range
Yp
Mean + SE
Range
Number of cells tested in parentheses.

cellsto 9.6 in XN-cellsto 13.0in Yp-cells,in units of spikes
per secondper octaveof contrast.The four Ys-cellstested
functions. The cell
varied widely in their contrast-response
illustrated in D had a high thresholdand gain, but another
Ya-cell had a low threshold (0.007) and low gain (4.0).
Although the contrast responsemeasurementsfrom four
Yp-cellsare inconclusive,the low responseamplitudes obtained from Yp-cellson other testssuggestthat they share
the weak contrastgain characteristicwith Xr-cells.
PHASEADVANCE. As contrast increases,some cells fire
earlier or more transiently. One way to measure this
changeis to plot responsephaseagainstcontrast (Fig. 13).
As seen in these four typical examples,phase advances
linearly with log contrast once threshold is exceeded.The
X-cells both showedphaseadvancesof 0.02 cycles/octave,
whereasthe YN- and Ys-cells had phaseadvancesof 0.06
and 0.09 cycles/octave,respectively.Shapley and Victor
(1981) arguedthat the temporal transferfunctions of cat
retinal ganglion cellsbecomemore high passwith increasing contrast and referredto this effect as the contrast gain
control. They showedphaseadvancesof -0.02 cycles/octave for X-cells and -0.05 cycles/octavefor Y-cells, when
tested at 8 Hz and at low contrasts(Shapleyand Victor
1978). We found similar averagevalues (Table 3). The
temporal frequency in our experiments was optimal,
usually -3 Hz. In a few runs we varied both contrast and
temporal frequency and confirmed Shapley and Victor's
results indicating that theseeffectswere related to temporal
frequency, with phase advancesonly appearingat higher
frequencies.More extensivetesting of X1-cellsat high frequenciesmight reveal larger phase advances.Unfortunately, Xp-cells respond poorly to high frequencies.Becausethe XN- and Yp-cells were testedat similar frequencies (e.g., Fig. 13, A and C), the weaker phase advances
seenin X-cells were not entirely the result of the effect of
temporal frequency.
Thus among X- or Y-cells there was little differencein
the effectsof contrast on laggedand nonlaggedcells. Between X- and Y-cells there were significant differences,
which reflect their retinal inputs (Shapley and Victor
1978).Thesedata indicate that the geniculatemechanisms
associatedwith the lagged/nonlaggeddichotomy are not
processes,
concernedwith contrast-response
apart from reducing contrast gain in laggedcells.

DISCUSSION

Distinctions betweencell groups
x- AND Y-cELLs. Our resultsare in agreementwith previous reports that, as major classes,X- and Y-cells are
readily distinguishedby their spatial properties,including
linearity or nonlinearity of spatial summation, receptive
field-center size,and spatial frequencytuning (for review,
seeSherman 1985).In comparison, we found only small
differencesbetweenX- and Y-cells in temporal properties.
Optimal temporal frequency was slightly higher in Y-cells
on average,but temporal resolutionwassimilar for the two
functional classes.Responsephasewasadvancedin Y-cells
relative to X-cells on average,correspondingto more transient responseprofiles when tested with flashing spots.
However, X- and Y-cells overlappedconsiderablyon every
measureof temporal response.Thesefindings are in agreement with previous reports indicating that X- and Y-cells
are much more similar in the temporal domain than in the
spatialdomain (Derrington and Fuchs 1979;Lehmkuhle et
al. 1980;Sestokasand Lehmkuhle 1986;Sherman1985).
Moreover, they argueagainstthe notioh that the functional
roles of Y- and X-cells are to subservemotion versusform
perception, respectively(Blake and Camisa 1977; lkeda
and Wright 1972;Stoneetal.1979; Tolhurst 1973).
LAccED AND NoNLAGGEDCELLS. Whereas the X/Y dichotomy does not reveal clear differencesin temporal behavior among geniculate cells, the lagged/nonlaggeddichotomy does. X1-cells match Xy-cells in the spatial domain but give radically different responsesin time.
Similarly, Y1-cellsmatch YN-cellsspatially but differ temporally. As a rough description,the X/Y distinction is spadistinction is temporal. Furtial, and the lagged/nonlagged
thermore, becausethe X/Y distinction is inherited from
the retina (Cleland et al. l97l; Mastronarde 1987a)
whereasthe lagged/nonlaggeddistinction arises in the
LGN, it appearsthat a major role of the LGN in visual
information processingis to transform signalsin the temporal domain.
Importance of phase dffirences in the LGN
RELATIONSHIP TO RESPONSELATENCY.

ThE diffETENCCS

in the temporal tuning propertiesof laggedand nonlagged
cells are insufficient to account for the cells' markedly dif-

RESPONSE PROPERTIES OF LAGGED AND NONLACIGED LGN CELLS

ferent responselatenciesto flashedspots(Fig. l). For example, in simulations of time-domain data based on frequency-domainresponses(e.g.,Fig. l2), resultswere relatively insensitiveto tuning parameterssuch as optimal
temporal frequency.Rather than tuning, the temporal distinction betweenlaggedand nonlaggedcells dependson
timing. The differencebetweenlaggedand nonlaggedcells
correspondedclosely to the distinction between absolute
phasevaluesthat laggedand that led the stimulus. All nonlagged cells had absolute phase leads, and all but a few
laggedcells had absolutephaselags (Fig. 8 and Table 2).
Absolute phasewasthe parameterthat was correlatedwith
the latency to the flashingspot in laggedcells.
RELATION TO DISCHARGE PATTERNS.

ThC MEASUTCSOf

responsetiming derived from responsesto sinusoidalstimuli were surprisinglygood at predicting patternsof cell discharge(i.e., the responseprofiles) to square-wavestimuli.
That is, adding the first harmonic responsesto each component of the four-part flashing spot stimulus produced
good approximationsto the actual responsesto that stimuwerebasedon minimal
lus (Fig. l2). Thesereconstructions
assumptions,the main one being linear temporal summation, and relied critically on only the two parametersderived from the phasemeasurements.The most important
parameterwas the absolutephase,which predicted where
responsepeaksand valleyswould occur in the histograms.
The latency parameter had a less obvious effect, usually
shifting the histogramby <100 ms. The effectsof the amplitude tuning curves on the responseprofile were restricted to determining the smoothnessand the sharpness
of the profile. The assumptionthat the responseamplitude
evokedby eachcomponentwasproportional to its contrast
was made for simplicity. The presentdata are insufficient
to provide accurateestimatesof the many additional parameters (related to distortion, subthresholdsummation,
rectification, and contrast dependenceof both amplitude
and phase)neededto obtain more accuratefits. Nevertheless,the simple model was successfulat generatingthe distinctive featuresof the flash responsehistogramsfor practically all of the cells (numbering over 100)to which it has
been applied. The successof this model implies that, to a
large degree,the mechanismsgeneratinglaggedand nonlaggedresponseprofiles,as well as sustainedand transient
dischargepatterns,act lineady in the temporal domain.
The fact that transient dischargepatterns correspondto
phaseleadshasnot beenappreciatedby someauthors.For
example,Tolhurst et al. (1980)arguedthat temporalsummation in visual cortical cells is nonlinear, basedon comparing temporal tuning with the Fourier transformation of
the derivative of transient responsesto flashedstimuli. In
discussingwhat sorts of nonlinearities might be involved,
they speculatedthat the nonlinearity might be inherited
from the geniculate,becausegeniculateneuronsgive similar transient responses.They ignored responsephase,however, which we have shown producesappropriate impulse
responsefunctions and flash responses,without invoking
strong nonlinearities.Although transient responsestend to
be associatedwith higher temporal frequencytuning, it is
the associationwith strongphaseleadsthat determinesthe
occurrenceof a brief dischargeat stimulus onset.
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M echanismsunderlying X a responses
The presentinvestigationis descriptivebut has implications for mechanisms.t aggedcell responsesare characterized by an absolutephaseshift anda pure delay or latency
increaserelativeto nonlaggedcell responses.Any proposed
mechanismmust account for thesetwo timing changes.
The absolute phaseshift in laggedcells is most simply
accounted for by processesinvolving inhibition. In data
from simultaneous recordings of retinal and geniculate
neurons stimulated with flashing spots, Mastronarde
(1987b) showedthat laggedX-cells are profoundly inhibited at spot onsetwhen their retinal inputs are discharging
most vigorously. The laggedcells come out of the inhibition and begin to dischargeasthe retinal afferentsdecrease
their firing level. Humphrey and Weller (1988b) subsequently provided anatomic evidencethat X1-cellsare subject to feed-forwardinhibition mediatedby intrageniculate
interneurons,which themselveshave firing patternssimilar
to those of retinal afferentsand nonlaggedX-relay cells.It
was thus proposedthat the laggedcell's responseto visual
stimuli resultsfrom a two-stepoperation. First, the retinal
signal is inverted by a geniculateinterneuron that inhibits
the laggedcell asthe retinal afferentfires at stimulus onset.
Second,the laggedcell beginsto dischargeas the afferent
and interneuron decreasetheir firing. We suggestthat this
early inhibition and the responseto its decreaseare responsible for the absolutephaseshift in laggedcells.The transformation betweenretinal afferentsand laggedcellsmay be
describedby a linear systemwhich includes 1) inversion,
correspondingto the feed-forwardinhibition; 2) differentiation, giving the phase shift, and correspondingto the
responseto the decreasein inhibition, and 3) low-pass
stages.Our data are consistentwith such a model but are
inadequatefor derivation of the model parameters,which
would require simultaneous recording experiments like
thoseof Mastronarde(1987b).
The increasedphaselatency of laggedcells is more difficult to associatewith mechanismsbut may reflectlow-pass
filtering. The small but consistentdeviation toward convexity we observedin the responsephaseversustemporal
frequency data suggeststhe existenceof low-passmechanisms. The processthat producesthe additional latency of
-70 ms (beyondthe 60-mslatencyseenin nonlaggedcells)
could involve integration neededto activate channels.In
this regard,recent evidencesuggeststhat the excitatory responsesof laggedX- and Y-cells are mediatedprimarily by
N-methyl-o-aspartate(NMDA) receptors.Heggelundand
Hartveit (1989) report that activity in laggedcells,but not
nonlaggedcells, is reduced or abolished by the NMDA
antagonistCPP. Nonlaggedcells appearmuch more sensitive to non-NMDA antagonists.These data suggesta
model in which non-NMDA receptorswould conveythe
retinal signalto the nonlaggedinterneuron, providing early
inhibition onto the lagged geniculate relay cell. NMDA
receptor-mediated excitatory synapsesdirectly onto the
laggedcell would be ineffective until unblocked, perhaps
by calcium spiking or by removal of inhibition coupled
with small amounts of non-NMDA-mediated depolarization. Our data on timing arguethat activation of the excitatory mechanismmust be tied to some form of inhibitory
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rebound. The interaction of this rebound processand the
time course of the NMDA receptor-mediated potentials
(Forsythe and Westbrook 1988) may require the sorts of
integration times we have observedin laggedcells.
One of the lessonsfrom our work on laggedgeniculate
cells involves the role of inhibition in the central nervous
system.Inhibition does not simply turn thesecells offbut
generatesa phaseshift. The modulation of the magnitude
of the signal conveyed by a laggedcell may be a minor
consequenceof the inhibition with the major consequence
being the phaseshift. The static view of inhibition asacting
mainly on firing rates must be replaced, at least in this
instance,by a dynamic view, where its role is to shapethe
responsesof cellsin time. Inhibition may play a similar role
in other domains and in other systems,shapingresponses
rather than vetoing them (Dykes et al. 1984; Hicks et al.
1986;Srinivasanet al. 1982).

excitatory synapsesin the nonlaggedpathway and one inhibitory synapsein the laggedpathway. Becauseof the linearity used in the simulations, whether the synapsesare
excitatory or inhibitory does not affect the responses,except to reversepreferredand nonpreferreddirections.The
spatial assumptionsinvolved offsettingthe receptivefields
A
LGN A layers
Visualcortex

B

A rolefor laggedand nonlaggedresponsesin generating
cortical dir ection selectivity
Most laggedand nonlaggedgeniculateneuronsproject to
visual cortex (Humphrey and Weller 1988a;Mastronarde
1987a).An important question addressedin this last section is whether the timing differencesbetweentheseafferents might contribute to the generationof responseproperties in cortical cells.
Recently,attention hasbeenfocusedon a classof models
for psychophysicaland visual cortical direction selectivity.
Thesemodelsrequire the interaction of at leasttwo inputs
that are not direction selectivebut which carry signalsthat
are about one-quartercycleout ofphase with eachother in
spaceand in time; this is known asspatiotemporalquadrature (Adelson and Bergen 1985; van Santen and Sperling
1985;Watsonand Ahumada 1985).
Spatial quadrature is easily obtained from pairs of
neuronswhosereceptivefieldsare offsetfrom eachother or
in cortex from odd- and even-symmetricreceptive fields
(Pollen and Ronner l98l). The physiologicalsubstratefor
temporal quadratureis much lessclear,but cortical cellsdo
obtain inputs that are in temporal quadrature.Movshon et
al. (1978), Reid et al. (1987), and Mckan and Palmer
(1989) reported continuous variations in responsephase
acrossreceptivefields ofsingle cortical neuronsthat correlated with the cells' direction selectivity.Becausea quarter
cycleis equivalentto delaysfrom 25 to 250 ms in the range
of frequenciesfrom l0 to I Hz, somewhat complicated
mechanismsmight be neededto provide temporal quadrature. However, laggedand nonlaggedgeniculate cells respond about one-quartercycle apart at low temporal frequencies,and it is tempting to speculatethat they provide
the temporal quadrature inputs to direction-selectivecells
in area 17.
A simple model is presentedin Fig. 14,4,wherein X1and Xscells convergein cortex to producedirection selectivity. We simulated this model by providing data from
laggedand nonlaggedcells and adding their estimatedresponsesto drifting sine-wavegratings.The model was entirely linear and rectification wasignored.Our purposewas
simply to investigatethe potential of a schemethat combinesthesetwo afferentcell types.In Fig. l4A,we illustrate
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of the geniculate units by a distance that was approximately one-quarter of ttreir spatial wavelengths (th-e recip-
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simulated for test gratings of various spatial and temporal
frequencies drifting in each direction along the axis
through the receptive-field centers. For the illustrations in
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