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Abstract
Five lagged cells were recognized by extracellular recording in the lateral geniculate nucleus of an awake, behaving
macaque monkey. Previous reports of lagged cells were all in the anesthetized cat. Both parvocellular and
magnocellular lagged cells were observed. Responsetiming was distributed continuously across the population, and
both sustainedand transient responseswere seenin the magnocellular subpopulation. Corlex thus receives signals with
a wide range of timing, which can mediate direction selectivity across multiple dimensions.
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The thalamus relays much of the information going to the neocortex. Temporal transformation may be one function of the thalamus
(Steriadeet al., 1990; Minnery et al., 2003; Winer et al., 2005),
exemplified by the shift in timing produced in the visual thalamus
by lagged cells (Saul, 2008a). About 40Vo of the thalamocortical
relay cells in the cat lateral geniculate nucleus (LGN) are lagged
(Mastronarde, 1987a; Humphrey & Weller, 1988a). These small
Guillery class 2 cells (Guillery, 1966; Humphrey & Weller, 19880)
apparently receive their retinal input through a triadic synaptic
arrangement (Famiglietti & Peters, 1972; Mastronarde, 1981b),
effectively providing feed-forward inhibition. Firing in lagged cells
may be dependent on N-methyl-o-aspartate (NMDA) receptors
(Heggelund & Hartveit, 1990; Kwon et a1., 1991). Visual responsesin lagged cells are shifted by about a quafter cycle at low
temporalfrequencies,relative to nonlaggedcells (Saul & Humphrey,
1990). This shift in timing (note that timing here refers to response
phase relative to stimulus phase; latency is orie aspect of timing,
but it is thought of as how phase varies with temporal frequency)
appears to provide the signals used for cortical direction selectivity at low frequencies (Saul & Humphrey, l992a,b; Saul &
Feidler,2OO2).
A high proportion of neurons in primate LGN receive subsranrial input through triads (Winfield, 1980; Wilson, 1989;
Hamori et al., 1991). However, the ratio of relay cells to retinal afferents is high in cat LGN (Mastronarde, 1992), whereasthis ratio
is close to 1 in monkey LGN (Schein & deMonasterio, 1981;
Spear et al., 1994). This lack of divergence suggestedthat lagged
cells might not exist in monkey LGN. The retina and LGN differ
markedly between cat and monkey, mostly in the parvocellular*
magnocellulardistinction that existsin primate (Dreher et al.,19'76;
Sherman et al., 1976; Schiller & Malpeli, 1978). Triads exist in
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both compartments of monkey LGN but are more numerous in
magnocellular layers (Winfield, 1980; Hamori et a1.,1983; Wilson,
1989). If lagged cells are linked to triadic input, one might expect
to record them more often in magnocellular layers. The magnocellular pathway has been associated with motion processing,
suggestingthat the lagged-nonlagged distinction might be particular to magnocellular LGN.
Five lagged cells were recorded extracellularly in the LGN of
an awake, fixating macaque. Both parvocellular and magnocellular lagged cells were found. This report describes these cells,
along with nonlagged cells recorded in the same set of experiments. The existenceof lagged cells in monkey LGN suggeststhat
thalamic triads might perform a general function of transforming
timing, providing cortex with a broader range of timing. A variety
of timing can be used to construct direction selectivity (Reichardt,
1959; Adelson & Bergen, 1985; van Santen & Sperling, 1985;
Watson & Ahumada, 1985) and, more generally, specificity for
changes over time along both spatial and nonspatial dimensions.
Materials and methods
The monkey (Macaca mulatta) used in this study was highly
trained in a fixation task. Search coils were sutured to the sclera,
and a head post and recording chamber were implanted in sterile
surgeries under isoflurane anesthesia(Tang et al., 2007). During
fluid-scheduled daily sessions, the monkey worked for water
rewards until satiated. National Institutes of Health and Institutional Animal Care and Use Committee suidelines were followed
in all cases.
Implanted electrodes
Guide tubes were implanted under ketamine/xylazine sedation.
A craniotomy and durotomy permitted an assembly of three
33-gauge stainless steel tubes to be lowered to 3-4 mm above
the dorsal surfaceof the left LGN. The guide tubes extended12 mm
above a plastic plate. Collagen and silicone were placed over the
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brain below the plastic, and dental acrylic fixed the assembly to
the surrounding bone. The guide tubes were separatedby about
500 pm. Silicone was injected into the guide tubes to prevent any
leakage of fluid. The entire array could be rotated slightly by
removing the acrylic and recementing it at the new angle, enabling
different parts of the LGN to be targeted.
Reitboeck (1983) electrodes were inserted in the guide tubes.
Polyimide tubing attached to the electrode slid over the guide
tube. Any combination of electrodescould be attachedto an armature on a microdrive mounted on the well. After daily recording
sessions,the electrodes were withdrawn into the guide tubes and
left overnight. Depth measurementsover many days matched the
expected receptive field locations (Fig. l).
Electrodes were pulled from 40-pm platinum-tungsten fibers
coated with quartz glass (Thomas Recording, Giessen,Germany).
The pulled tip was ground on a fine stone to form a pencil-point
of approximately 5 pm length and 3 pm width. Initial impedance
was between 2 and 5 Mf) but varied once in the brain. If an
electrode did not record well, it was removed and a new electrode
inserled in its place. In early experiments,26 nonlaggedcells also
reported here were recorded with similar electrodesthat were not
implanted.
Visual stimulation
Each trial startedwith a waming tone. Dim illumination of a small
red light-emitting diode (LED) signaled the monkey to press and
hold a lever and to look at the LED. Trials lasted 5 s if the monkey
performed correctly, maintaining fixation within 1 deg of the
target and holding the lever until the LED was extinguished, after
which 0.2-1.0 ml of water was delivered as a reward. Data from
the rare broken trials were not used. Typically, 100-200 ml of
water was obtained over hundreds of trials during each daily
session,stopping when the monkey refused to work.
Visual stimuli were presented on a 2I-inch Sony monitor
positioned 114 cm from the monkey's eyes, with a mean luminance of 15 cdlmz. Stimulus position on the monitor was adjusted
to compensatefor eye movements, keeping visual stimuli at the
desired retinal position (Snodderly & Gur, 1995; Gur & Snodderly, 1987; Tang et a1.,2007). The monitor was refreshed at760Hz,
so compensation was not adequate for fast eye movements, but
these were small and infrequent in this monkey (Tang et a1.,2007,
fig. 3, M46 LGN histograms).
Receptive fields were initially plotted by hand on a monitor
that mirrored the stimulus monitor. Occluders were placed in front
of one eye or the other to determine ocular dominance. Bar or
grating stimuli drifted and flashed, varying spatial, temporal, and
chromatic propertiesto estimatethe cell's preferences.Spontaneous
activity was measured over several 5-s trials while the monkey
viewed the fixation point on a uniform screen, usually gray, with
a luminance of 4 cdlm2.
The luminance and/or color of a small spot within the receptive
fleld was modulated in time, in a four-part stepping sequence
(Humphrey & Weller, 1988a) or sinusoidally at a series of temporal frequencies (Saul & Humphrey, 1990). Identical spots were
used for the step and sinewave experiments for comparison, but
for each cell, the spot modulation was chosen to try to optimize
responses.For most P cells, spots were modulated between green
and red on a yellow background. This stimulus was generally
more effective than cone-isolating isoluminant modulations that
were used for a few P cells. For M cells, spots were typically modulated between white and black on a gray background.
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Noise stimuli were presentedin grids ranging from 5 X 5 to 15 X 15,
with each pixel modulated independently of the others. Modulation
could be along a single axis in color space (typically the luminance
axis), across the entire RGB space of the monitor (Horwitz et al.,
2005) or acrossthree pairs of cone-isolating colors (Reid & Shapley,
2002). Temporally, both white and nonwhite ("natural") sequences
were used. White sequencescould be Gaussian, binary, or temary.
Natural noisewas basedon the sequence
: xn : 0.6x,- 1+ 0. l5(x,- 1 x,-z) + 0.12, where z is a random variable uniformly distributed
between -1 and 1. Contrast was enhanced for the natural noise by
taking a hyperbolic tangent of the raw values.
Analysis of responses
Responsesto the four-part spot were analyzed to obtain half-rise
and half-fall latencies for the step with the strongest averaged
firing rate (Humphrey & Weller, 1988a). The spot completed 2.5
cycles during each 5-s trial, and only data from the last 4 s ofeach
trial were used. The sinusoidal data provided measuresof latency
and absolute phase (Saul & Humphrey, 1990). These were obtained by plotting mean responsephase (averaged over stimulus
cycles) versustemporal frequency. Phaseincreasesalmost linearly
with temporal frequency but is slightly concave, reflecting some
low-pass filtering (Saul & Humphrey, 1990, I992a; Saul &
Feidler, 2002; Saul et al., 2005). Linear regressionwas performed,
weighting by the normalized square root of the amplitude and
the reciprocal ofthe standarderror ofthe phase mean (Figs. 38, 6,
and 7E-7H). That is, if amplitudes are A(a) and phase standard
elrors are o(a) for the n temporal frequencies c,.,;,weights are
.,lA(a)l(o(w)2;.,1@@))/n). Standard deviations of the fit parameters are given in the f,gures. Latency is the slope of the line, and
absolute phase is the intercept. In this report, absolute phase
values for ON and OFF cells have been normalized by shifting
values for OFF-center cells by a half-cycle. Absolute phasevalues
near -0.25 c correspond to transient nonlagged responses.Values
just less than 0 c mean sustainednonlagged responses.Sustained
Iagged cells have absolute phase values just greater than 0 c, and
transientlaggedcells have absolutephasevaluesapproaching0.25 c.
From the temporal modulation transfer function obtained from
the sinusoidally modulated spot, predictions wete derived for the
four-part spot responses(Saul & Humphrey, 1990). The stepping
stimulus was decomposedinto its sinusoidal components, and the
response to each of these was estimated from the measured responsesand summed. These stimulus components have contrasts
that fall as the reciprocal oftheir frequencies,and amplitudes were
simply scaled by these contrasts. These estimates do not capture
responseamplitudes well, especially at high frequencies because
of the scaling with contrast, but do predict timing. The raw estimate was scaled and shifted in amplitude, and halfwave rectified,
to provide the least squaresflt to the actual responseto the fourpart spot (Figs. 2, 6, and 7). This fltting procedure did not alter
timing but only amplitude.
The noise data were analyzed by performing correlations between the stimulus at each position and the responseusing wavelet
transforms (Saul, 2008b). Spatiotemporal maps were computed,
showing the impulse responsefunction at each position for each
color component of the stimulus. Latency and absolutephasewere
derived by linear regressionon the phase versus frequency results
as described for the spot data (Saul et a1.,2005).
Cone-isolating directions were established by measuring the
monitor's spectral energy with a Spectrascan specffophotometer
(Photo Research, Chatsworth, CA) as a function of R, G, and B
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values. Cone weights were obtained by multiplying with cone
fundamentals (Stockman & Sharpe, 2000). Three pairs of colors
that modulated one cone type but barely modulated the other two
were determined by methods similar to those of Conway (2001).
Results
Reconstruction of chronic recordings
Daily recordings were made for several weeks from each implant
position. The eye dominance changes as a function of electrode
depth permitted laminar assignmentswith high confidence.When
a neuron was found, it was testedby hand. Typically, the receptive
fleld was plotted, and eye dominance and color preferences were
noted. Detailed computer-controlled testing was not completed on
all cells, but the subjective information helped establishrecording
sites. Parvocellular (P) neurons are found in the dorsal layers 3-6
and magnocellular (M) neurons in ventral layers l-2. For this
investigation, P cells had L-M cone opponency, whereas M cells
were nonopponent and had higher luminance contrast sensitivity.
Fig. 1 shows reconstructions of two implant locations. During
a period of about 6 weeks, the implant targeted lateral LGN
(Fig. 1A). From day to day, small errors can accumulatefrom inadvertent electrodemovements,but these seemedto be minimized in
this example. Most penetrationsended fairly superficially because
of lengthy testing of encounteredcells, but we intentionally made
three deeper penetrations. No magnocellular neurons were recorded, based on color opponency and the sequenceof eye dominance. The receptive field locations were about 5 deg out near the
horizontal meridian. These physiological findings are consistent
with the lateral location for the penetrationsindicated on the inset.
The implant used for the data in Fig. 1,{ had three guide tubes,
and five different electrodes were used for these cells. The distance between the guide tubes was about 500 pm, and additional
scatter was generatedas the electrodes advancedbelow the guide
tubes. Although most of the results are self-consistent,occasional
oddballs occurred, such as the penetration that seemedto start in
layer 6, then picked up a cell in layer 5 or 3, but thenjumped down
in the field (from about 0 to -3 deg). On the other hand, the
contralateral P cell at the end of the penetration with the highest
elevations can be explained as a layer 4 cell, as the layer 3-4
border turns toward medial in the ventrolateral LGN.
After the recordings in Fig. 14. were completed, the array was
rotated by pivoting around a point near the brain surface. For the
next several weeks, recordings were obtained from the ventral
layers (Fig. 1B). These data are more difficult to sort out because
of the higher curvature of the ventral LGN. It appears,based on
receptive field locations, eye dominance, and color opponency,
that these cells were in layers I -4. Cells in layers 5 and 6 were not
picked up, despite presumably passing through these layers, suggesting that they may have been damaged.The lateral penetrations
are consistent with the medial penetrations when all dimensions
are considered.The biggest discrepancy is the contralateral P cell
recorded in what should have been layer 2 or 3. That was the only
unit found on this penetration, however.
Establishing the layer 2-3 border is the only major difficulty
with these reconstructions. The absence of an eye dominance
change means that we must rely on the chromatic measurements.
In no case did I record a sequenceof P cells deeper than the first
M cell, however, and the scatter seen in the f,gure is presumably
due in small part to errors in depth readings from day to day and
largely to the curvature in three dimensions.
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Cell types and proportions
Recordingswere madefrom 106 neurons,of which 73 were classified
as P and 27 as M. Six cells were classified as K (koniocellular)
based solely on their responses to short-wavelength (S) cone
modulations (Dacey & Lee, 1994; Martin et al., 1997; Hendry &
Reid, 2000; Szmajda et al.,2006). Categorization as M or P was
clear in almost every case based on laminar position and chromatic and luminance contrast responses,as in the examples given
in Fig. 1. Of the cel1srecorded with the electrodes that were not
implanted, 17 were classified as P and 9 as M based solely on the
sequenceof eye dominance and color selectivity.
Of these 106 neurons,only 5 were lagged (Table 1). This low
proportion of lagged cells is likely due to electrode sampling bias.
The five lagged cells were recorded with 3 of the 17 electrodes
used to record the entire sample. These three electrodes had impedances in the brain ranging from 6 to 11 Mf) on days when
lagged cells were recorded, whereas the other electrodes,as well
as theseelectrodeson someother days,had impedancesbelow 5 MQ.
Tip sizes of the electrodesthat recorded lagged cells were all less
than4 ptmin length. For these three electrodes,H31 sampled two
lagged cells and five nonlagged cells, H35 sampled two lagged
cells and six nonlagged cells, and K2 sampled one lagged cell and
four nonlagged cells. Although the sample is too small to estimate
the actual proporlion of lagged cells in monkey LGN, extrapolating
from these few cells suggeststhat it ought to be at least as high
as the sampling rate of these three relatively unbiased electrodes
li.e., 5 (25Va)of 20 cellsl. The proportions of lagged and nonlagged cells also depend on the criteria used for their classification: lagged cells in this report all had absolute phase lags, as
described below.
Four of the lagged cells are indicated by the circled points in
Fig. 1. The fifth lagged cell was recorded from another implant
location a year later than the data given in Fig. lB.

Lag g ed cell characteristic s
Lagged cells in cat were distinguished from nonlagged cells based
on numerous differences, including antidromic latencies from
cortex and cross-corelations with their retinal afferents (Mastronarde, 1987&), Iatencies to drifting and flashing stimuli (Mastronarde, 1987a; Humphrey & Weller, 1988a; Heggelund & Hartveit,
1990; Saul & Humphrey, 1990), soma size and dendritic morphology (Humphrey & Weller, 1988e), latency and absolutephase
(Saul & Humphrey, 1990), and dominant secondaryphasesin the
impulse response function (Saul & Humphrey, 1990; Cai et al.,
1997; Wolfe & Palmer, 1998; Alonso et a1.,2001). In the present
study, lagged cells showed responsesto flashed stimuli like those
seen in cats. Absolute phase lags were used as the def,ning criterion, but other features were consistent with this identification.
The best exampleof a laggedcell is the P cell illustratedin Fig. 2.
This layer 5 L*-M (excited by incrementsin the long-wavelength
(L) cone direction and decrementsin the medium-wavelength (M)
cone direction; Fig. 4) neuron had a small receptive field centered
at about (+6, -3 deg). The action potential was one ofthe largest
recorded in theseexperiments (Fig. 28) and was stable throughout
the 2 h of testing. Such a large spike suggests that the high
impedanceof the electroderequired the tip to sit close to the cell's
membrane. Spontaneousactivity was high, 22 + | impulses per
second (ips) measured on a gray background. Responses to
opposite directions of a bar sweeping across the receptive field
showed a characteristicdelay (Mastronarde, 1987a). Responsesto
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Fig. 1. Reconstructions. For two implant locations, all cells for which receptive field locations were obtained are shown (most of these
cells were not tested sufficiently for the main results in the article). The vertical axis plots microdrive depth readings, relative to an
arbitrary point near the.end of the guide tube. The horizontal axis is the receptive field elevation. Receptive field azimuths varied less
than elevation, especially for the data in (A) where they were between 3.2 and 8.3 deg, though plotting and rotating the data in three
dimensions clarify the organization. Azimuths in (B) varied between 5.3 and 13 deg. Eye dominance is specified by colors: red for
contralatera.l and purple for ipsilateral..Some cells were not tested separately for each eye and are plotted ingreen. Lines join symbols
for ce1lsrecorded in the same penetration. Lagged cells are circled. The insets show a coronafmap (Malpeli & Baker, 1975), with red
lines indicating the approximaie locations of the penetrations, which covered a volume around these lines over several weeks. In (A),
all the cells were P or K. In (B), the classiflcation of each ce1l as P, K, or M is indicated. Numbers are placed to suggest laminar
locations, but boundaries actually are cutved surfaces in the three-dimensional neuropil. The contralateral cell with the highest
elevation in (A) was presumably recorded when the electrode reentered layer 4 laterally and ventrally.
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Table 1. Lagged cells*
Type

P
P
M
M
P

Layer

3
5
1
2

Electrode

H
H
H
H
5

3
3
3
3
K

Impedance (M0)

RF coordinates (deg)

9
1l
1
8
6

(+6.6,0.0)
(+5.7, 3.3)

1
1
5
5
2

r'+Q 5 -?

5)

(+10.8,-4.0)
(+2.5,-1.0)

*Cel1type,layer,the electrodeandits impedanceon the day the cell was
recorded,and the horizontaland vertical distanceof the RF from the
fixationpoint arelistedfor the five laggedcel1s.Rfl receptivefield.
the four-part spot are shown in Fig. 24. The spot was modulated
between green, yellow, and red colors, so both luminance and
chrominance varied with time. Firing was evoked primarily by the
red spot. However, the initial responseto the red spot (after 1.0 s in
this graph) was inhibitory. Fig. 2C shows this inhibitory dip on
a finer time scale. Activity was abolished at the trough of the
inhibitory dip, which had a latency of 30 ms and lasted 20 ms. The
cell then fired at a higher rate during the remainder of this step,
culminating in the anomalousoffset dischargeafter 1.5 s. Because
of the inhibitory dip and anomalous offset discharge, latencies
were longer than those seenin nonlagged cells (Fig. 5A): half-rise
latency was 78 ms and half-fall latency 62 ms.

The spot was also modulated in time sinusoidally at a series
of temporal frequencies, again between green and red passing
through yellow. The averaged response histograms for these
stimuli are illustrated in Fig. 3,A..The phases(3B) and amplitudes
(3C) derived from the histograms are shown. The temporal
frequency axis is scaled linearly in (B) and logarithmically in C.
Responseswere poor at low frequencies (3A and 3C). The responselagged the stimulus except at 0.2H2 (38). With increasing
frequency, responsesoccur later in the cycle due to latency. The
line fit to the phasedata, which fits the data points well at high but
not low frequencies becauseit is weighted by the square root of
the amplitudes divided by the standarderrors of the phase means,
provides measures of timing: absolute phase (the intercept at
0 Hz) and latency (the slope). For this cell, absolute phase was
-r 0.5 ms. Nonlagged cells have
0.14 -r 0.01 c and latency 49
negative absolutephasevalues (Fig. 5B). The cell was tuned to
high frequencies (as are many P cells: Spear et a1.,1994; Hawken
et aI., 1996; O'Keefe et a1., 1998; Levitt et al., 2001), with an
optimal frequency of 19 Hz and an extrapolated resolution (point
on the best-fit difference-of-Gaussians curve at l\Vo of peak
amplitude) of 60 Hz. The sharpnessof the features in the step response (Fig. 24) matches this tuning to high frequencies. More
importantly, the timing of the step responsematchesthe timing indicated by the absolute phase value (blue curve in Fig. 2A). This
prediction of the step response from the sinusoidal responsesis
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Fig. 2. Lagged P cell responsesto flashing spot. (A) A smal1spot centered in the receptive field had its color modulated in a four-step
cycle as shown, green-ye11ow-red-yellow The histogram shows when spikes occurred during this cycle over 100 repetitions. The blue
trace is the prediction of the step response based on the sinusoidal responsesshown in Fig. 3. (B) The 184 action potentials from
a single trial are illustrated. (C) The region around the inhibitory dip is expanded.
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excellent in terms of timing but poor for amplitude due to
nonlinearities (Saul & Humphrey, 1990).
Noise stimuli modulated uniformly across the monitor's RGB
space were presented to this cell as well. For the off-line
analyses, the stimuli were transformed into their values along
the cone-isolating L, M, and S directions. The LMS spatial maps
at the time where the strongestresponsewas observed(37.5 ms)
are shown in Fig. 44. The L and M maps were opponent, L* and
M in the center. This confirms the P-cell identification (optimal
spatial frequency was 1.6 cpd; data not shown). For the pixel with
the strongest responses, the impulse response functions are
illustrated in Fig. 4B. The L and M profiles are approximately
out of phase with each other, and the S profile is much weaker.
The key result is that the secondphaseof theseimpulse responses
is stronger than the first phase, a sign of a lagged response(Saul
& Humphrey, 1990). Latency and absolutephasevalues derived
from the L-cone responsewere 32 ms and 0.14 c, consistentwith the
sinusoidal results. Shorter latencies are typically observed with
broadband stimuli compared to narrowband stimuli (Reid et a1.,
1992; Saul, unpublished).
Of interest is the precise timing relationship between the
opponent responses.Are the L- and M-cone impulse responses
exactly a half-cycle out of phase?For the example in Fig. 4, the
M-cone timing is more transient than the L-cone profile. That is,
the secondary phase is more similar to the primary phase. Absolute phase for the M-cone responsewas 0.19 c, correspondingto
a transient lagged response.Note that although the first phase of
the M-cone impulse response looks almost as large as the secondary response,its latency is shorter than what is observed in
LGN P cells and instead reflects early OFF inhibition, just as the
first phase of the L-cone response reflects early ON inhibition.
Whether or not the difference between the timings of the isolated
cone inputs is inherited from the retinal inputs or depends on
intrageniculate processingis a question for future work. Additionally, the M-cone input has a larger spatial extent than the L-cone
input, and so the full description of the receptive field requires
a careful spatial, temporal, and chromatic analysis that is beyond
the scope of this report. Lagged responsesdid not appear to mix
with nonlagged responses within receptive fields for the small
sample studied here.
Population results
Half-rise and half-fall latencies were obtain;d from four-part
flashing spot experiments in 95 cells (Fig. 5A). Most cells had
half-rise latencies less than 50 ms, but the lagged cells, as well as
a few nonlagged cells, fell outside this mark. Half-fall latencies
could be computed for 92 of these cells (the other 3 had insufficient firing at offset and are set to 10 ms). The lagged cells had
longer half-fall latencies than almost all the nonlagged cells.
Across these two dimensions of half-rise and half-fall latencies,
one lagged M cell fell within the range of nonlagged cells but was
outside the range of the nonlagged M cells. The lagged P cell
shown in Figs. 2 to 4 was tested twice, and the two points are
shown in this graph to illustrate the repeatability of these measurements.As in cats (Mastronarde, 1987a; Humphrey & Weller,
1988a; Saul & Humphrey, 1990; Haftveit & Heggelund, 1992;
Wolfe & Palmer, 1998), these latencies might provide a means to
distinguish lagged and nonlagged cells, but the distribution is
continuous and only weakly bimodal.
The distinction between lagged and nonlagged cells was made
here based on the absolute phase values (Fig. 5B). All the lagged
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are plotted against temporal frequency for the responsesshown in (A). The
blue trace is the regressionline. (C) Amplitudes of the responsesin (A) are
shown. Error bars in (B and C) represent standard errors.
cells had absolute phase lags, whereas all the nonlagged cells had
absolute phase leads. The center signs of the nonlagged
with absolute phase values less than
was clear that these cells were highly

cells

0.25 c were known, and it
transient and not lagged.

653

Monkey lagged cells
This graph makes three important points. First, the distribution is
not bimodal, as many nonlagged cells have absolute phase near 0.
Second,Iatenciesof lagged and nonlagged cells are similar. Third,
both M and P cells can be sustained(absolutephasenear 0). These
points are discussedbelow.
An automatic far-point clustering algorithm (FPClustering in
Igor Pro 6.1, based on GonzaIez, 1985) was applied to the four
parametersshown in Fig. 5. The ranges of these parameterswere
normalized to span the range [0,1], and a maximum of two
clusters was specified. The resulting clusters were centered at
HR : 40, FIF : 36, I : 4, po: -0.08, and at HR : 68, HF : 87,
L : 55, ps : 0.05. Four cells were placed in the second of these
clusters, including three of the lagged cells and a very sustained,
long-latency P cell (illustrated in Fig. 7A and 7E). The transient
lagged cells illustrated in Fig. 68, 6C, 6R and 6G were not
included in the second cluster. Scaling the three latency parameters logarithmically resulted in a second cluster with eight cells,
including all the lagged cells and three nonlagged cells with
highly sustained absolute phase values (-0.022, -0.043, and
-0.006 c) and long latencies. Clustering just the half-rise and
absolutephase parametersproduced a second cluster with the five
lagged cells plus the P cell shown in Fig. 7A and 7F,.These results
suggest that the lagged and nonlagged classes can be defined
automatically but require careful choices of parameters. As described previously (Mastronarde, 1987a; Humphrey & Weller,
1988a), these cell groups are modes in continuous distributions in
multidimensional
spaces.
Both lagged and nonlagged cells comprise a wide range of
timing, each ranging from sustained to transient responses.Examples of the four-part flash and sinusoidally modulated spot responsesare shown in Fig. 6 for the other four lagged cells, and in
Fig. 7 for four nonlagged cells. The left panels show the response
histograms for the four-part flash, with the colors of the spot
indicated along the time axis. The right panels show the phase
(black) and amplitude (green) ofthe responsesto the sinusoidally
modulated spots,with the regressionline on the phase data in blue.
The lagged cells in Fig. 64. and 6D are relatively sustained,
whereas those in (68 and 6C) are more transient. Similarly,
the nonlagged M cell in Fig. 7C is transient, but the other
nonlagged cells are more sustained. The lagged cell in Fig. 6C
was clearly OFF center, as its responsesto slowly modulated spots
arose during the dark phase. In all these cases, the predictions
from the sinusoidally modulated stimulus (blu"e traces in A-D)
provide good matches to the timing of the actual responses.The
narrow peaks are poorly fit because they depend on responsesat
high frequencies that tend to be ignored by the model underlying
thesepredictions, where amplitudes are scaledby the reciprocal of
frequency. Comparing the responsesin Fig. 6B and 6C, note that
the absolutephasevalues are similar, and firing occurs at the same
times, but becauseof different amplitude tunings, the responsesof
the M cell in C occur in sharper transients, and the slow
modulations that are seen in the P cell in B are missing. The
cells in Fig.6A and 6D and7A,7B, and 7D all have similar
absolute phase values. These cells have sustained responses,but
the small differences in the phase behavior measured with
sinusoidal stimuli show up in the flashed spot responses. For
instance, Fig. 6D has longer latencies and a stronger anomalous
offset discharge than Fig. 7A. Small changes in absolute phase
cause obvious changes in the predictions of the four-part spot
responses, illustrating the quality of the matches between the
predictions and the actual data. In particular, positive absolute
phase values are associated with inhibitory dips and anomalous
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offset dischargesin the flash responses,whereas negative absolute
phasevalues lead to onset transientsand offset inhibition.
Discussion
Primate LGN
Lagged cells have previously been described in cats (Mastronarde, !987a,b; Humphrey & Weller, 1988a,b; Heggelund &
Hartveit, 1990; Saul & Humphrey, 1990; Mastronardeet al., l99l:'
Kwon et al., 199I, 1992;Hartveit, 1992; Humphrey & Saul, 1992;
Hartveit & Heggelund, 1993; Wang et al., 1994, 1996; Lu et al.,
7995; Cai et al., 1997; Wolfe & Palmer, 1998; Humphrey &
Murthy, 1999; Alonso et al., 2007:' Saul & Feidler, 2002). They
had not been observedin other species.Previouswork was in anesthetized cats, and this study showsthat lagged cells can be recorded
in awake monkey.
The prediction that lagged cells would not exist in monkey
LGN because of the lack of divergence from the retina did not
hold. Cat LGN diversifies its retinal input across several dimensions (Mastronarde, 1992). One possibility is that monkey LGN
amplifies its input on a subsetof these dimensions and that one of
them includes the timing changes indicated by the existence of
lagged cells.
Given that lagged cells are associated with input through
triads, it is not surprising to f,nd them in monkey LGN, which
contains numerous triads (Winfield, 1980; Wilson, 1989; Hamori
et a1., 1991). However, lagged cells may receive all their input
through triads, and more work is needed to determine how frequently that occurs in monkey LGN. Triads are especially common in magnocellular LGN but are found in the parvocellular
layers as well, and lagged P cells were found.
Timing varies not only acrossthe lagged-nonlagged distinction
but also across the sustained-transientdistinction in both lagged
and nonlagged cells. Sustained nonlagged and lagged cells have
very similar timing, and there may be no discrete division between

these cells. Sustainednonlagged cells could, for instance, receive
some but not all their input through triads. In cats, lagged cells
depend completely or dominantly on excitatory input through
NMDA receptors,whereas nonlagged cells have both NMDA and
non-NMDA receptors (Hartveit & Heggelund, 1990; Heggelund &
Hartveit, 1990; Kwon et al., 1991).A continuum of receptorproportions could exist, perhaps correlated with the proportion of
input through triads. A recent study (Augustinaite & Heggelund, 2007)
suggests that a-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid (AMPA) receptors contribute relatively little to firing in
LGN cells. Further work is neededto develop a detailed model for
the biophysical and synaptic mechanisms underlying the visual
responsesobservedin LGN. The rodent slice preparation (Blitz &
Regehr, 2005) seemsbest suited to these investigations, and determination of whether lagged cells exist in rat LGN in vivo
remainsan important step.
These mechanisms that affect timing seem to apply to both
M and P cells. Many studies have argued that M and P cells
differ in their temporal responseproperties (Dreher et al., 1976;
Marrocco, 1976; Shermanet al., 19'16;DeValois et al., 2000; Reid
& Shapley, 2002). Other laboratories have refuted that idea,
however (Kaplan & Shapley, 1982; Blakemore & Vital-Durand,
1986;Levitt et a1.,2001; Xu et al., 2001), showingthat P cells are
uniformly sustained but that the M population contains both
transient and sustained neurons. The results here are consistent
with diversity in magnocellular LGN. Although M cells can be
larger than any P cells, most M cells have soma sizes within the
range of P cells (Norden & Kaas, 1978; Montero & Zempel, 1986;
Liu & Wong-Riley, 1990; Ahmad & Spear, 1993; Weber et al.,
2000). I speculatethat the many small M cells are more sustained
and include the lagged cells (Humphrey & Weller, 1988b). Given
that nonlagged P cells have similar timing, the wider range of
absolute phase values in the three lagged P cells might indicate
that the mechanismsunderlying lagged cells, presumably the proportion of ffiadic input and NMDA receptors, can vary continuously.
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P cells are excited by increases along one cone direction as
well as by decreasesalong another cone direction. All three lagged
P cells had L*-M
organization, but the sample size is too small
to extrapolate. The lagged P cells showed similar, though not
identical, timing in each cone direction but with opposite signs
and probably with different spatial organizations(Reid & Shapley,
2002). In analogy with lagged cells in cat, a lagged P cell may
receive excitatory input from a dominant retinal P cell. This input
could be transformed by triadic inhibition. However, further work is
needed to determine whether the transformation is balanced in color

space.This could be relevant to the contributions of chrominance and
luminanceto motion perceptionat isoluminance(Mullen et al., 2003).
Implications for cortex
In cat LGN, lagged and nonlagged cells were distinguished by
measuring latency and absolute phase (Saul & Humphrey, 1990).
Latencies of cells with absolute phase lags (lagged cells) tended
to be longer than those of cells with absolute phase leads (nonlagged cells). The covariation of thesetwo parametersis useful for

656

Saul

A ,oo

HR=63ms, HF=56ms

U)

.g 120
o
iY 80
c
:E
LL

A^
+v

0

1.75
1.50
() 1 . 2 5
o 1.00
o
(g
-c u ./ 5
o_
0.50
0.25
0.00

L=61+0.8 ms, qs=-Q.Ql+Q.QQ/
6

100

HR=32ms, HF=33ms

F

| -23

=

60

0)
o

20

g

o o u

L-,y',O-o.7
ms, q6=-0.06r0.012
c
80
Il

60 ,A'
6

o) 0.50
a
(g
!

a

30

0.75

6
; 4 0
'=
E 2 0

-

0
25

1.00

^ 8 0

lt

80

40

20

B

120

+ u o

:

0.25

20g

0.00
0

0

C zoo

HR=34ms, HF=32ms

G

8- rso

2.00
1.75

o 1.25
o
o
(5 1 . 0 0

'=

(L

o

En

60(o
A)
4 0 ( D

-

u./3
u.bu

0

D

'|00

0

u.z?

H
HR=36ms, HF=31ms

1.50

L=37t0.6 ms, q6--0.06+0.008c

s 8 0

6^^
v

;c +
'=

v

u

r.L 20
0

| -23

o
o
(E
E
n

60

uoT
40a'

a

6

100

80 -r
=.

I.JU

E roo
tL

L=52j]n.4 ms, qo=-0.22+0.005c

1.00

308
o
2n-:

U./J

- - E

0.50

10-

@

o.25

0
0 5 1 0 1 5 2 0 2 5 3 0
Temporalf requency(Hz)

Fig. 7. Nonlagged cells. Responses to the four-part flashing spot stimulus and sinusoidally modulated spots are shown for four
examples of nonlagged cells. Conventions are the same as in Fig. 6. (A and E) Red ON-center layer 3 nonlagged P cell. (B and F)
Green ON-center layer 4 nonlagged P cell. (C and G) OFF-center layer 2 nonlagged M cell, tested with a dark and bright red spot on
a gray background. (D and H) OFF-center layer 1 nonlagged M cell.

identifying cortical signs of lagged and nonlagged inputs (Saul &
Humphrey, 1992a).The latency difference leads to a characteristic
dependenceof direction selectivity on temporal frequency (Saul &
Humphrey, 1992b). From the limited sample of lagged cells
recorded in monkey LGN, along with cortical recordings (Saul
& Humphrey, unpublished) showing that (1) timing in Vl is
distributed much like that seenhere for LGN (e.g., fig. 11 in Saul
et al., 2005) and (2) direction selectivity does not vary with
temporal frequency in monkey Vl, it appearsthat latency does not
vary across lagged and nonlagged cells. This could be due to
different synaptic mechanismsin LGN or to differences in retinal
inputs between cat and monkey.
Timing differences between lagged and nonlagged cells may
provide cortical cells with the substrate for direction selectivity

(Saul & Humphrey, l992a,b; Saul & Feidler,2O02). In monkeys,
direction selectivity has been associated with the M pathway
(Livingstone& Hubel, 1988; Schiller et al., 1990).Many studies
of monkey LGN have found that M cells are uniformly transient.
If that were the case,they would not by themselvesdeliver a range
of timing to cortical cells sufficient for direction selectivity.
DeValois et al. (2000) argued that P cells, with their sustained
timing, combined with M cells to generate direction selectivity.
However, Saul et al. (2005) found that (1) cells in macaque Vl
were direction selective at low contrastswhere P inputs would not
be expectedto contribute; (2) direction selectivity is found in layer
4Ca, which is dominated by M inputs; and (3) 4Ca cells displayed a range of timing. Those data suggestedthat the M pathway contains not just transient timing but sustainedtiming as well.

Monkey lagged cells
Magnocellular LGN does contain such a range of timing, as seen
previously and confirmed by the present work.
Although direction-selective cells are rarely observed in the
parvocellular input layer 4CB, the P pathway does include
direction selectivity (Malpeli et al., 1981; Merigan et al., 1991;
Ferrera et a1.,19941'Gur & Snodderly, 2007). Direction selectivity
can be seenfor red-green equiluminant stimuli, and at low speeds,
meaning over small spatial extents/high spatial frequencies (MulIen & Baker, 1985; Gegenfurtner & Hawken, 1995; Ruppertsberg
et al., 2003; cf. Mullen et al., 2003). The results given above
indicate that lagged and nonlagged P cells might provide some of
the timing differences neededfor motion processingin the ventral
pathway. I emphasize,though, that direction selectivity for luminance or color changes across space is one case of the general
phenomenon of directionality for changes in any dimension over
time, and timing differences are required for most other functions
in addition to standard direction selectivitv.

Classifications of LGN cells
Responsesfall acrossa continuum, so is it appropriateto call some
cells Iagged and others nonlagged? This question was previously
consideredin detail by Mastronarde (1981a, 1992) and Humphrey
and Weller (1988a), as well as in subsequentstudies. It was
emphasizedthat clustering is clearer when more than one variable
is considered. In cats, lagged and nonlagged cells are distinguished by examining both latency and absolute phase (Saul &
Humphrey, 1990).This is less true in monkey (Fig. 58) because
Iatencies are similar for both groups. For cats, classification was
delined based on latencies to step stimuli, however, and for the
small sample here, these latencies appear to be useful (Fig. 5A). It
may be important to distinguish M and P cells to obtain reliable
criteria that separatelagged and nonlagged cells in each group.
For this preliminary study, lagged cells were defined basedonly on
the absolute phase value.
Cells on each side ofthe borders defining the lagged-nonlagged
division, that is, with absolutephasevaluesnear either 0 or +0.25 c,
have similar timing. Yet some are called lagged and others nonlagged. Absolute phase values near -0.125 c are clearly nonlagged,and thosenear +0.125 c are clearly lagged,but this single
measurementdoes not suflice in general. However, the absolute
phase values are consistent with the results from step and noise
stimuli. The lagged cells seen here all showed inhibitory dips
and/or anomalous offset discharges in response to the four-part
flashing spot stimulus, and impulse responseprofiles with stronger
secondary phases.Comparing the values given in Fig. 6 with the
points in Fig. 5 will demonstratethat these cells are distinguished
from the nonlagged cells when all the data (i.e., in both panels of
Fig. 5) are combined. Although transient lagged and nonlagged
cells such as those shown in Figs. 6 and 7C have similar timing,
their responsesare derived in very different ways. Transient nonlagged cells have strong late inhibition, whereas transient lagged
cells have strong early inhibition. In order to properly categorize
cells as lagged or nonlagged, one ideally needs to understandthe
sourcesof excitation and inhibition. As noted above, for sustained
laggedand nonlaggedcells, the mechanismsare insteadsimilar, and
the differenceis a questionofdegree. Overall, the suggestionis that
there are distinct mechanisms,involving different retinal inputs as
well as triadic inhibition and glutamatereceptordistributions,which
vary acrossthe LGN cell population.Lagged cells are dominatedby
triadic inhibition and excitation through NMDA receptors,whereas
nonlagged cells have less triadic inhibition and input through
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AMPA receptors, but the distribution of these properties is continuous, and not all cells can be put into discrete categories.
Electrode sampling
The lack of recognition of lagged cells in previous studiescould
involve rejection ofresponsesthat appearedodd, but is primarily
due to electrode sampling bias. All extracellular electrodesare
biased toward larger cells because the extracellular currents
generated by the larger neuronal volume swamp the smaller
currentsgeneratedby smaller cells. As the electrodetip becomes
smaller and the impedance higher, the volume around the tip
within which culTentscan be recordedshrinks.Such an electrode
only records from cells when near the membrane and does better
at picking up signals from the many smaller cells even in the
presenceof the few nearby larger cells (Towe & Harding, 1970;
Stone. 1973).
In the present experiments, most electrodes never picked up
lagged cells, leading to the small sample size. This is consistent
with the experience of several laboratories in cat LGN, where
either most Levick electrodes (Mastronarde, 7987a; Heggelund
& Hartveit, 1990; Wolfe & Palmer, 1998) or low impedance
(<20 MCI) glass pipettes (Humphrey & Weller, 1988a; Saul &
Humphrey, 1990; Saul & Feidler, 2002) falled to record lagged
cells. The electrodes that did record the five lagged cells were
manufactured in the same way as those that did not record from
any lagged cells but had small tips and high impedanceonce in the
brain, perhaps due in part to tissue coating the tips. It was never
clear how to best manufacture electrodesthat pick up small cells.
Conclusions
Lagged cells exist in both parvocellular and magnocellular layers
of monkey LGN. These findings in alert, behaving monkeys are
similar to previous observations in anesthetized cats. The main
differences are that integration times are similar to those of
nonlagged cells, temporal tuning is higher in monkeys, and lagged
P cells present a novel situation becauseof chromatic opponency,
which does not exist in cat. The incidence of lagged cells in this
study is artificially low because of electrode sampling bias and
needs to be investigated carefully with less biased recordings.
The projections of these cells to cortex also should be traced,
especially in the caseof the P cells. Finally, generalizationof these
results to other thalamic nuclei (Kultas-Ilinsky et al., 1985; Kuroda
etal.,1993; Ralstonand Ralston,7994iBalercia et al., 1996;Sato
et al., 1996) and other species may show that temporal transformation is a common function of thalamus.If mediodorsalthalamus
containsneuronsthat shift their input by about a quarter cycle, prefrontal cortex might use the range oftiming provided to sequence
behavior appropriately over long periods of time.

Acknowledgments
Supportedby Knights TemplarEducationFoundation.Max Snodderly,
Elsie Wong, and Yamei Tang assistedwith the recordings.Allen Humphreyprovidedcrucialinsights.Paul Heggelundmadecritical comments
on the manuscript.

References
energymodelsfor
Aonr-soN,E.H. & BERGEN,
J.R.(1985).Spatiotemporal
the perceptionof motion.Joumal of the OpticalSocietyof AmericaA
2.284-299.

Saul

658
Asum, A. & Spt,tn, PD. (1993). Effects of aging on the size, density, and
number of rhesus monkey lateral geniculate neurons. Journal of
Comparative Neurology 334, 631-643.
AloNso, J.-M., Usnnv, W.M. & RnIn, R.C. (2001). Rules of connectivity
between geniculate cells and simple cells in cat primary visual coftex.
Journal of Neuroscience21,4002 4015.
AucusrrNArrE, S. & HnccnruNo, P (2007). Changes in {iring pattern of
lateral geniculate neurons caused by membrane potential dependent
modulation of retinal input through NMDA receptors. Joumal oJ
Physiology582. 297-3 I 5.
K., BENrrvocrro, M. & ILTNKSY,I.A.
B.tnncra., G., Kulras-InNsrv,
(1996). Neuronal and synaptic organization of the centromedian
nucleus of the monkey thalamus: a quantitative ultrastructural study,
with tract tracing and immunohistochemical observations. Joumal oJ
Neurocytology 25, 261 288.
Bra.rsmonn, C. & VIrlr-DunlNo,
F. (1986). Organization and post-natal
development of the monkey's lateral geniculate nucleus. Joumal oJ
Physiology380. 453-49 l.
Brrrz, D.M. & REcEHR, W.G. (2005). Timing and specificity of feedforward inhibition within the LGN. Neuron 45.917-928.
C,ql, D., DnANcnus, G.C. & FnnsuaN, R.D. (1997). Spatiotemporal
receptive field organization in the lateral geniculate nucleus of cats and
kitrcns. Journal of Neurophysiology 78, 1045-1061.
CoNruv, B.R. (2001). Spatial structure of cone inputs to color cells in alert
macaque primary visual cortex (V1). Journal of Neuroscience 21,
21681183.
D a c e v , D . M & L E E , B . B . ( 1 9 9 4 ) .T h e ' b l u e - o n ' o p p o n e n t p a t h w a y i n
primate retina originates from a distinct bistratified ganglion cell type.
35.
Nature 367,'731.-:7
DsVar-ors,R.L., CorrARrs, N.P., MlnoN, L.E., Erran, S.D. & WIrsoN,
J.A. (2000). Spatial and temporal receptive fie1ds of geniculate and
cortical cells and directional selectivity. Vision Research40,3685 3102.
DnBnBn, B., Fur<ao,t, Y & Rooircr, R.W. (1976). Identification,
classilication and anatomical segregation of cells with X-like and
YJike properties in the lateral geniculate nucleus of o1d-wor1dprimates.
Journal of Physiology 258,433452.
Fa.rrcrrnmr, E.V & Pnrnns, A,. (1912). The synaptic glomerulus and the
intrinsic neuron in the dorsal lateral geniculate nucleus of the cat.
Journal of Comparative Neurclogy 144,285 334.
FBnnsnl, VP., Nnlr-Bv, T.A. & MauNssl-r, J.H.R. (1994). Responses
in macaque visual area V4 following inactivation of the parvocellular
and magnocellular LGN pathways. Journal of Neuroscience14, 20802088.
Gncnxr.unrNsn, K.R. & HrwrEN, M.J. (1995). Temporal and chromatic
properties of motion mechanisms. Vision Research 35, 154'7-1563.
GoNzlrnz, T. (1985). Clustering to minimize the maximum intercluster
distance. Theoretical Computer Science 38,293 306.
Gurr-rp,nv, R.W. (1966). A study of Golgi preparations from the dorsal
lateral geniculate nucleus of the adult cat. Journal of Comparative
Neurology I28,2l-50.
Gun, M. & SNooonnrv, D.M. (1987). Studying striate cortex neurons in
behaving monkeys: Benefits of image stabilization. Vision Research27,
2 0 8t - 2 0 8 7 .
Gun, M. & SNoronnlv, D.M. (2007). Direction selectivity in Vl of alert
monkeys: Evidence for parallel pathways for motion processing.
Journal of Physiology 585, 383-400.
HAMoRI,J., Pasrr, P. & Pasu<,T. (1983). Differential frequency ofP-cells
and I-celis in magnocellular and parvocellular laminae of monkey
lateral geniculate nucleus. An uitrastructural slttdy.Experimental Brain
Research 52. 5'7-66.
Harr.roru,J., Pa.srx,P & PASIK,T. (1991). Different types of synaptic triads
in the monkey dorsal lateral genlculate nucleus. Journal fii Hirnforschttng32,369-379.
H.q.nrvnrr, E. (1992). Simultaneous recording of lagged and nonlagged
cells in the cat dorsal lateral geniculate nucleus. Experimental Brain
Research88,229-232.
Ha.nrvnrr, E. & HBccnruNo, P. (1990). Neurotransmitter receptors
mediating'excitatory input to cells in the cat lateral geniculate nucleus.
II. NonJagged cells. Journal of Neurophysiology 63, 1367-7372.
HARrvErr, E. & HBccBruNo, P. (1992). The effect of contraston the visual
response of lagged and nonlagged cells in the cat lateral geniculate
nucleus. Visual Neuroscience 9, 51,5-525.
HARTvEIT,E. & HnccnruNo, P. (1993). Brain-stem influence on visual
response of lagged and nonlagged cells in the cat lateral geniculate
nucleus. Visual Neuroscience 10. 325-339.

HAwKEN, M.J., SH,rprnv, R.M. & Gnoson, D.H. (1996). Temporalfrequency selectivity in monkey visual cortex. Vsual Neuroscience
13,411492.
HEccnluNo, P & HlnrvBrr, E. (1990). Neurotransmitter receptors
mediating excitatory input to cells in the cat lateral geniculate nucleus.
I. Lagged cells. Journal of Neurophysiology 63, 1347-1360.
HENDRv, S.H.C. & Ruo, R.C. (2000). The koniocellular pathway in
primate vision. Annual Review of Neuroscience23, 121-153.
HoRwrrz, G.D., Cnrcurr-Nrsr<v,E.J. & Arsnrcur, T.D. (2005). Blueyellow signals are enhanced by spatiotemporal luminance contrast in
macaqueYl. Journal of Neurophysiology93,2263-2278.
Hurrapnnpv,A.L. & Munrnv, A. (1999). Ce1l types and responsetimings
in the medial interlaminar nucleus and C-layers of the cat lateral
geniculate nucieus. Visual Neuroscience 16, 513-525.
Huupnnlv, A.L. & Sa.ur, A.B. (1992). Action of brainstem reticuiar
afferents on lagged and nonlagged cells in the lateral geniculate
nucleus.Journal of Neurophysiology68,6'73 69I.
HuMpHREy,A.L. & Wnrr-sn, R.E. (1988a). Functionally distinct groups of
X-cells in the lateral geniculate nucleus of rhe cat. Joumal oJ Comparative Neurology 268, 429441.
HuMpHREy, A.L. & Wnrr-rn, R.E. (1988b). Structural conelates of
functionally distinct X-cells in the lateral geniculate nucleus of the
cat. Journal of Comparative Neurology 268,448468.
KlprnN, E. & Sn,q.prnv,R.M. (1982). X and Y cells in the lateral geniculate
nucleus of macaque monkeys. Journal of Physiology 330, 125-143.
G.M. & Oenrer, W.H.
Kurras-IrrNsrv, K., Rrn,qr, C.E., PETERSoN,
(1985). A descriptionofthe GABAergic neuronsand axon tenninalsin the
motor nuclei of the cat thalamus. Joumal of Neuroscience 5, 1346-1369.
KuRoDA,M., Sucruna.,T., SHINKAI,M., Munara.rrat,K., ODA,S. & KrsnI,
K. (1993). Synaptic organization and prefrontal corticothalamic termination in the mediodorsal thalamic nucleus of the cat- Jownal Ju7
H irnfo rschung 34, 411430.
KwoN, Y.H, Escunnna, M. & Sun, M. (1991). NMDA and non-NMDA
receptors mediate visual responses of neurons in the cat's lateral
geniculate nucleus. Journal of Neurophysiolo gy 66, 414428.
KwoN, Y.H., Nsr-soN, S.B., Torn, L.J. & Sun, M. (1992). Effect ol
stimulus contrast and size on NMDA receptor activity in cat lateral
geniculate nucleus. Journal of Neurophysiology 68, 182-196.
S.M., SpB,qn,
P.D. & MovsnoN,
Lnvrrr, J.B., Scnunnn, R.A., SHnnMA.N,
J.A. (2001). Visual responseproperties of neurons in the LGN of
normally reared and visually deprived macaque monkeys. Journrtl of
Neurophysiology 85, 21 | l-2129.
Lru, S. & WoNG-RILEv,M. (1990). Quantitative lighr and electronmicroscopic analysis of cytochrome-oxidase distribution in neurons of
the lateral geniculate nucleus of the adult monkey. Visual Neuroscience
4. 269-281.
LrvrucsroNn, M.S. & Hussl, D. (1988). Segregationof form, co1or,
movement, and depth: Anatomy, physiology, and perception. Sclence
240,740-749.
Lu, S.M., Gurro, W., VrucruN, J.W. & SsEnuaN, S.M. (1995).Latency
variability of responsesto visual stimuli in cells of the cat's lateral
geniculate nucleus. ExperimentaLB rain Research 105, 1-17.
Ma.r-rnr-r,J.G. & Blrnn, F.H. (1975). The representationof the visual field
in the lateral geniculate nucleus of Macaca mulatta. Journal of
Comparative Neurology 16l, 569-594.
Ma.r-enlt,J.G.,Scsrrrr,n, P.H. & CorsY, C.L. (1981).Responseproperties
of single cells in monkey striate cortex during reversible inactivation of
individual lateral geniculate laminae. Journal of Neurophysiology 46,

1r02,trt9.
MARRocco, R.T. (1976). Sustained and transient cells in monkey lateral
geniculate nucleus: Conduction velocities and response properlies.
Journal of Neurophysiology 39,340 353.
MARrrN, P.R., WHrrn, A.J.R., Gooocntro, A.K., Wrr-onn, H.D. &
SnEroN, A.E. (1997). Evidence that blue-ON cells are part of the
third geniculocortical pathway in primates. European Joumal of Neuros c i e n c e9 , 1 5 3 6 - 1 5 4 1 .
D.N. (1987a). Two classesof single-inputX-cells in cat
MAsTRoNARDE,
lateral geniculate nucleus. I. Receptive lield properlies and classification of cells. Journal of Neurophysiology 57, 357-380.
D.N. (1987b). Two classesof single-inputX-cells in cat
MASTRoNARDE,
lateral geniculate nucleus. IL Retinal inputs and the generation of
receptive field properties. Journal of Neurophysiologl,5T, 381-413.
D.N' (1992).Nonlaggedrelay cells and intemeuronsin the
MAsTRoNARDE,
cat lateral geniculate nucleus: receptive-field properties and retinal
inputs. l4sual Neuroscience 8, 401441.

Monkey lagged cells
MrsrnoN,qnon, D.N., Huwur.nv, A.L. & Slur, A.B. (1991).Lagged Y cells
in the cat lateral geniculate nucleus. I4szal Neuroscience 7, 191-200.
MEnrc.tN,W.H., BvnNp, C.E. & MluNsBrr, J.H.R. (1991).Does primate
motion perception depend on the magnocellular pathway? Joumal of
Neuroscience l'1., 3422-3429.
MTNNERv,B.S., BnuNo, R.M. & Srnons, D.J. (2003). Response transformation and receptive-field synthesis in the lemniscal trigeminothalamic circuit. Journal of Neurophysiology 90, 1556-1570.
MoNrnno, V.M. & ZBrupnr, J. (1986). The proportion and size of GABAimmunoreactive neurons in the magnocellular and parvocellular layers
of the lateral geniculate nucleus of the rhesus monkey. Experimental
Brain Research 62. 215-223.
Munr,N, K.T. & Bnrnn, C.L. Jr.. (1985). A motion aftereffect from an
isoluminant stimulus. \lsion Research 25, 685-688.
MULLEN, K.T., YosHrzAwA, T. & Ba.xrn, C.L. Jr.. (2003). Luminance
mechanismsmediate the motion of red-greenisoluminant gratings: The
"temporal chromatic aberration".
role of
\4sion Research 43,1235-124'7.
NoRDEN,J.J. & K,ll.s, J.H. (1978). The identification of relay neurons in
the dorsal lateral geniculate nucleus of monkeys using horseradish
peroxidase. Journal o;f Comparativ e N euroI ogy 182, 7 0'7-:725.
O'Krnnn, L.P., Lnvrrr, J.B., Krpnn, D.C., SH.Lrunv, R.M. & MovsnoN,
J.A. (1998). Functional organization of owl monkey lateral geniculate
nucleus and visual cortex. Joumal of Neurophysiology 80,594-609.
RusroN, H.J. III. & R,qrsroN, D.D. (1994). Medial lemniscal and spinal
projections to the macaque thalamus: an electron microscopic study of
differing GABAergic circuitry serving thalamic somatosensorymechanisms. J ournal of N euro scienc e 14, 2485-2502.
RercHA.RDr,W. (1959). Autocorrelation and the central newous system. In
Sensory Communication, ed. RosnNnrrrn, A., pp. 303-318. Cambridge, MA: MIT Press.
Rul, R.C. & Sslprnv, R.M. (2002). Space and time maps of cone
photoreceptor signals in macaquelateral geniculate nucleus. Journal of
Neuroscience 22. 6158-6175.
Rrrn, R.C., Vrcron, J.D. & Snlprpv, R.M. (1992). Broadband temporal
stimuli decreasethe integration time of neurons in cat striate cortex.
\4sual Neuroscience 9, 3945.
Rrrrnoncr, H.J. (1983). Fiber microelectrodes for electrophysiological
recordings. Joumal of NeuroscienceMethods 8,249-252.
RuppERrsBERG,
A.I., WuBncnn, S.M. & Bnnra.rurNr,M. (2003). The chromatic input to global motion perception. \\sunl Neuroscience 20,427428.
Y. & SHrNonl, Y. (1996). Three-dimensional
Se.ro, F., Nlrauuu,
analysis of cerebellar terminals and their postsynaptic components in
the ventral lateral nucleus of the cat thalamw. Journal of Comparative
N eurology J7l. 537-55 l.
Srur, A.B. (2008a). Lagged cells. Neurosignals 16,209-225.
S,rur, A.B. (2008r). Temporal receptive fie1d estimation using wavelets.
Joumal of Neuroscience Methods 168, 450_4.64.
S.tuL, A.B., Canus, P.D. & Hurupnnnv, A.L. (2005). Temporal properties
of inputs to direction selective neurons in monkey V1. Joumal of
Neurophysiology 94, 282-294.
S.tur, A.B. & FBIorn& I.C. (2002). Development of responsetiming and
direction selectivity in cat visual thalamus and cortex. Joumal of
Neuroscience 22, 2945-2955.
S.tur, A.B. & HuMpHRxy, A.L. (1990). Spatial and temporal response
properlies of lagged and non-lagged ce11sin the cat lateral geniculate
nucleus. Journal of N europhysiology 64, 206-224.
Saur-, A.B. & Huupnne! A.L. (1992a). Evidence of input from lagged
cells in the lateral geniculate nucleus to simple cells in cortical area 17
of the cat. Jownal of Neurophysiology 68, 1190-1207.
Srur, A.B. & Huupnnny, A.L. (1992b). Temporal frequency tuning of
direction selectivity in cat visual cortex . \lisual Neuroscierrce 8,365-372.
ScHBrN, S.J. & onMoNl.srnnro, F.M. (1987). Mapping of retinal and
geniculate neurons onto striate cortex of macaque. Journal of Neuroscience7,996-1009.

659
ScrrrrEq P.H., Locorserrs, N.K. & Cn.rnrns, E.R. (1990). Functions of
the colour-opponent and broad-band channels of the visual system.
Nature 343,68-:70.
Scrrun& P.H. & Mar-ppu, J.G. (1978). Functional specificity of lateral
geniculate nucleus laminae of the rhesus montey. Journal of Neurophysiology 41,788J91.
SuonruaN,S.M., WrLsoN, J.R., K.lns, J.H. & Wnsn, S.V. (1976). X- and
Y-cells in the dorsal lateral geniculate nucleus of the owl monkey
(Aotus trivirgatus). Science 192, 475477.
SNooonnrv, D.M. & Gun, M. (1995). Organization of striate cortex (V1)
of alert, trained monteys (Macaca fascicularis): Ongoing activity,
stimulus selectivity, and widths of receptive field activating regions.
Journal of Neurophysiology 74, 2100-2125.
SpsA.& P.D:, MoonB, R.J., Km, C.B., Xun, J.T. & TUrrrosa.,N. (1994).
Effects of aging on the primate visual system: Spatial and temporal
processing by lateral geniculate neurons in young adult and old rhesus
monkeys. Journal of Neurophysiology 72, 402420.
Srnnrloe, M., PlR6, D., Hu, B. & DnscrnNns, M. (1990). The visual
thalamocortical system and its modulation by the brain stem core. In
Progress in Sensory Physiology, Vol. 10, ed. OrrosoN, D. Berlin,
Germany: Springer-Verlag.
SrocrurlN, A. & Snlnpn, L.T. (2000). The spectral sensitivities of the
middle- and long-wavelength cones derived from measurements in
observers of known genotype. \4sion Research 40, 1711-1737.
SroNn, J. (1973). Sampling properlies of microelectrodes assessedin the
cat's retina. Joumal of Neurophysiology,36, 107l-1079.
Szrrlunl, B.A., Buz,(s, P., FrrzcrBBoN, T. & M.lnrrN, P.R. (2006).
Geniculocortical relay of blue-off signals in the primate visual system.
Proceedings of the National Academy of Science United States of
Americ a 103, 19512-195 17.
TlNc, Y., Slur, A.B., Gur, M., Gonr, S., WoNc, E., Enso! B. &
SNoropnrv, D.M. (2007). Eye position compensation improves
estimates of response magnitude and receptive field geometry in alert
monkeys. Joumal of N europhysiology 97, 3439-3448.
TowB, A.L. & HlnorNc, G.W. (1970). Extracellular microelectrode
sampling bias. Exp erimental N eurol ogy 29, 366-381.
vlx SnrrnN, J.P.H. & Spnnrrrc, G. (1985). Elaborated Reichardt
detectors. Journal of the Optical Society of Ameica A 2,30U321.
WaNc, C., Dnurnq B. & Bunrn, W. (1994). Non-dominant suppressionin
the lateral geniculate nucleus of the cat: Laminar differences and class
specificity. Experimental Brain Research 97, 451465.
Wlrc, C., Dnrsr& B. & Bumn, W. (1996). Effects of eliminating retinal
Y cell input on center-surround interactions in the dorsal lateral
geniculate nucleus of the cat. Visual Neuroscience 13, 1089-1W7.
A.J. Jr.. (1985). Model of human visualWArsoN, A.B. & Arruulol,
motion sensing.Joumal of the Optical Societyof Ameica A2,322-342.
WrsnR, A.J., CnBr, H., HUBBARD,W.C. & K.rurnaln, P.L. (2000).
Experimental glaucoma and cell size, density, and number in the
primate lateral geniculate nucleus. Investigative Ophthalmology and
Visual Science 4I, 1370-1379.
WILSoN, J.R. (1989). Synaptic organization of individual neurons in the
macaquelateral geniculatenucleus. Joumal of Neutoscience 9, 2931-3953.
WINB& J.A., MrnB& L.M., LsB, C.C. & ScrnerNrn, C.E. (2005).
Auditory thalamocortical transformation: Structure and function.
Trends in Neuroscience 28, 255-263.
WrNrrnro, D.A. (1980). The synaptic organization of glomeruli in the
magnocellular and parvocellular laminae of the lateral geniculate
nucleus in the monkey. Brain Research 198,5542.
Worrs, J. & PALME& L.A. (1998). Temporal diversity in the lateral
geniculate nucleus of cat. Vsual Neuroscience 15,653-675.
Xu, X., Icnrnl, J.M., ArrrsoN, J.D., BoYD,J.D. & BoNos, A.B. (2001).A
comparison of koniocellular, magnocellular and parvocellular receptive
field properties in the lateral geniculate nucleus of the owl monkey
(Aotus trivirgatus). Joumal of Physiology 531,203-218.

