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Levitt, Jonathan B., Robert A. Schumer, S. Murray Sherman,
Peter D. Spear, and J. Anthony Movshon.Visual response prop-
erties of neurons in the LGN of normally reared and visually deprived
macaque monkeys.J Neurophysiol85: 2111–2129, 2001. It is now
well appreciated that parallel retino-geniculo-cortical pathways
exist in the monkey as in the cat, the species in which parallel
visual pathways were first and most thoroughly documented. What
remains unclear is precisely how many separate pathways pass
through the parvo- and magnocellular divisions of the macaque
lateral geniculate nucleus (LGN), what relationships— homolo-
gous or otherwise—these pathways have to the cat’s X, Y, and W
pathways, and whether these are affected by visual deprivation. To
address these issues of classification andtrans-species comparison,
we used achromatic stimuli to obtain an extensive set of quantita-
tive measurements of receptive field properties in the parvo- and
magnocellular laminae of the LGN of nine macaque monkeys: four
normally reared and five monocularly deprived of vision by lid
suture near the time of birth. In agreement with previous studies,
we find that on average magnocellular neurons differ from parvo-
cellular neurons by having shorter response latencies to optic
chiasm stimulation, greater sensitivity to luminance contrast, and
better temporal resolution. Magnocellular laminae are also distin-
guished by containing neurons that summate luminance over their
receptive fields nonlinearly (Y cells) and whose temporal response
phases decrease with increasing stimulus contrast (indicative of a
contrast gain control mechanism). We found little evidence for
major differences between magno- and parvocellular neurons on
the basis of most spatial parameters except that at any eccentricity,
the neurons with the smallest receptive field centers tended to be
parvocellular. All parameters were distributed unimodally and
continuously through the parvo- and magnocellular populations,
giving no indications of subpopulations within each division. Mon-
ocular deprivation led to clear anatomical effects: cells in de-
prived-eye laminae were pale and shrunken compared with those in
nondeprived eye laminae, and Cat-301 immunoreactivity in de-
prived laminae was essentially uniformly abolished. However,
deprivation had only subtle effects on the response properties
of LGN neurons. Neurons driven by the deprived eye in both
magno- and parvocellular laminae had lower nonlinearity indices
(i.e., summed signals across their receptive fields more linearly)
and were somewhat less responsive. In magnocellular laminae
driven by the deprived eye, neuronal response latencies to stimu-
lation of the optic chiasm were slightly shorter than those in the
nondeprived laminae, and receptive field surrounds were a bit

stronger. No other response parameters were affected by depriva-
tion, and there was no evidence for loss of a specific cell class as
in the cat.

I N T R O D U C T I O N

The visual pathways of mammals are organized into several
parallel, largely independent neuronal streams from retina
through the lateral geniculate nucleus (LGN) to visual cortex
(Rodieck and Brening 1983; Sherman 1985; Stone 1983; Stone
et al. 1979). These pathways differ in terms of their projection
patterns, their neuronal morphology, and their cellular response
properties. Presumably, each of these pathways is organized to
perform somewhat different visual processing tasks for the
animal (Lennie 1980; Shapley and Perry 1986; Sherman 1985;
Stone 1983; Stone et al. 1979).

What remains uncertain is precisely how many of these
separate pathways pass through the macaque’s lateral genicu-
late nucleus and what relation these pathways have to the cat’s
W, X, and Y pathways. Initial analysis suggested that one
pathway similar to the cat’s X pathway passes through the
parvocellular laminae and another similar to the cat’s Y path-
way passes through the magnocellular laminae (Dreher et al.
1976; Sherman et al. 1976). A putative third pathway, passing
through the interlaminar zones of the primate LGN and en-
croaching somewhat into the parvo- and magnocellular lami-
nae, remains incompletely characterized (Casagrande 1994;
Fitzpatrick et al. 1983; Hendry and Yoshioka 1994). Kaplan
and Shapley (1982) observed that the monkey’s parvocellular
laminae contain essentially only X cells of rather low visual
sensitivity and that the magnocellular laminae contain a mix-
ture of both X and Y cells of relatively high sensitivity. These
authors concluded that the pathways passing through the mon-
key’s magnocellular laminae are homologous to the X and Y
pathways passing through the cat’s A laminae. Shapley and
Perry (1986) extended thistrans-species comparison to suggest
that the pathway involving the monkey’s parvocellular genic-
ulate laminae corresponds to the W pathway in the cat.

The resolution of this question would be facilitated by a
more thorough classification of the neuron types found in these
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laminae. There is general agreement that cells in the parvocel-
lular laminae are of a different class from those in the magno-
cellular laminae (Derrington and Lennie 1984; Dreher et al.
1976; Kaplan and Shapley 1982; Sherman et al. 1976; Spear et
al. 1994). Kaplan and Shapley (1982) claim that the magno-
cellular laminae contain two cell classes, X and Y, which can
be distinguished by several correlated parameters: the Y cells,
which display nonlinear summation, have poorer spatial reso-
lution and are innervated by faster conducting retinal axons
than the X cells, which display linear summation. Derrington
and Lennie (1984) found no evidence for two cell types among
the neurons in their sample from the monkey’s magnocellular
laminae; a quantitative measure of the extent of nonlinear
summation, the “nonlinearity index” of Hochstein and Shapley
(1976), was unimodally distributed among these neurons, and
no correlation was seen between the extent of nonlinear sum-
mation and spatial resolution. However, Derrington and Lennie
(1984) emphasize that the sample size in both their study and
that of Kaplan and Shapley (1982) precludes an unambiguous
resolution of this matter of classification. More recently, Spear
et al. (1994) described the response properties of a much larger
sample of neurons in both the magno- and parvocellular lam-
inae of macaque LGN. All response measures appeared con-
tinuously distributed; however, they did not determine the
extent of nonlinear summation, which might have revealed
subpopulations.

To address these issues, we used achromatic stimuli to
measure a range of response properties from neurons in the
parvo- and magnocellular laminae of the LGN of nine macaque
monkeys: four raised normally and five monocularly deprived
of vision by lid suture for at least five years starting near the
time of birth. In cats, monocular deprivation produces a selec-
tive loss of Y cells and a reduction in spatial resolution among
X cells in LGN laminae driven by the deprived eye (Lehm-
kuhle et al. 1980; Sherman and Spear 1982; Sherman et al.
1972). Studying the monocularly deprived monkey LGN might
similarly indicate whether a particular cell type within the
magno- or parvocellular laminae was affected or lost. A pre-
vious study (Blakemore and Vital-Durand 1986b) reported
little difference between cells in layers driven by the two eyes
in monocularly deprived old-world monkeys. However, they
studied only one animal deprived for more than 70 days and
made too few quantitative measurements on each cell to es-
tablish effects of deprivation specific to particular physiologi-
cally defined cell types. Our results show that parvo- and
magnocellular neurons form two distinct and separate func-
tional cell classes; we find no evidence using achromatic stim-
uli that these classes can usefully be subdivided. Monocular
deprivation had only very subtle effects on the visual response
properties of geniculate neurons and did not seem to have
specific effects on any particular cell group.

We have briefly described some of these results in abstract
form (Levitt et al. 1989; Sherman et al. 1984).

M E T H O D S

Surgical preparation and maintenance

We performed these experiments on four normal young adult
cynomolgus monkeys (Macaca fascicularis) and on five rhesus mon-
keys (M. mulatta) reared from birth to the age of 5–6 yr with the right
eyelid sutured shut. All experimental procedures conformed to Na-

tional Institutes of Health guidelines. Animals were initially premed-
icated with atropine (0.25 mg), and acepromazine maleate (0.05
mg/kg), or valium (Diazepam: 0.5 mg/kg). After induction of anes-
thesia with intramuscular injections of ketamine (Vetalar: 10–30
mg/kg), cannulae were inserted in the saphenous veins and surgery
was continued under intravenous barbiturate anesthesia (sodium thio-
pental, Pentothal: 1–2 mg/kg boluses as needed). After cannulation of
the trachea, the animal’s head was fixed in a stereotaxic frame. A
small craniotomy was made, and after making a small slit in the dura,
a tungsten-in-glass microelectrode (Merrill and Ainsworth 1972) was
positioned at stereotaxic coordinates A7 L11; the hole was then
covered with warm agar. Bipolar stimulating electrodes (Rhodes
Medical) were also implanted into the optic chiasm; the appropriate
position was determined by recording evoked visual activity through
the electrodes. Once correctly positioned, they were fixed to the skull
with dental cement. On completion of surgery, animals were para-
lyzed to minimize eye movements. Paralysis was maintained with an
infusion of pancuronium bromide (Pavulon: 0.1 mgz kg21 z h21) or
vecuronium bromide (Norcuron: 0.1 mgz kg21 z h21) in lactated
Ringer solution with dextrose (5.4 ml/h). Animals were artificially
ventilated with room air or a 49:49:2 mixture of N2O:O2:CO2. Peak
expired CO2 was maintained at 4.0% by adjusting the respirator stroke
volume or the CO2 content in the gas mixture. Rectal temperature was
kept near 37°C with a thermostatically controlled heating pad. Anes-
thesia was maintained by continuous infusion of sodium pentobarbital
(Nembutal: 1–2 mgz kg21 z h21). The electrocardiograph (EKG),
electroencephalograph (EEG), and rectal temperature were monitored
continuously to ensure the adequacy of anesthesia and the soundness
of the animal’s physiological condition. Animals also received daily
injections of a broad-spectrum antibiotic (Bicillin: 300,000 U).

The pupils were dilated and accommodation paralyzed with topical
atropine, and the corneas were protected with zero power contact
lenses; supplementary lenses were chosen that permitted the best
spatial resolution of recorded units. We opened the eyelids of the
monocularly deprived animals on the day of the experiment and noted
that while the deprived eye tended to be rather myopic relative to the
nondeprived eye [in agreement with Wiesel and Raviola (1977),
interocular differences ranging from 5 to 11.5 diopters], the quality of
the deprived eye’s optics was in every case excellent. Contact lenses
were removed periodically for cleaning, and the eyes were rinsed with
saline. The lenses were also removed for several hours each day, the
eyes given a few drops of ophthalmic antibiotic solution (Gentami-
cin), and the lids closed. At the beginning of the experiment, and
before beginning each day’s recording, the foveas were located and
plotted using a reversible ophthalmoscope.

Characterization of receptive fields

Receptive fields were initially mapped by hand on a tangent screen
using black-and-white or colored geometric targets. When a single
neuron’s activity was isolated, we established the eye through which
it was driven and occluded the other for quantitative experiments. We
classified each cell by the criteria of Wiesel and Hubel (1966) accord-
ing to its receptive field organization and sensitivity to color, using
four broadband gelatin (Wratten) filters (red, green, blue, and yellow).
We also measured the cell’s response latency to electrical stimulation
of the optic chiasm, receptive field eccentricity, and whether it was
on- or off-center. Following this initial characterization, we positioned
the receptive field on the face of a display CRT, and quantitative
experiments using sinusoidal grating stimuli proceeded under com-
puter control. Achromatic stimuli (vertically oriented sinusoidal grat-
ings) were presented within a circular region on the face of a Hewlett-
Packard 1332A display oscilloscope with a P31 phosphor and a mean
luminance of 40 cd/m2; display contrast was linearly related to input
voltage up to the maximum contrasts used. At the viewing distance of
57 cm, the screen subtended 9.5° at the monkey’s eye. Stimulus
presentation was controlled by a PDP11 computer, which also accu-
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mulated, stored, and analyzed neuronal response data. Action poten-
tials were conventionally amplified and displayed; standard pulses
triggered by each impulse were stored by the computer and were also
fed to an audiomonitor. A standard experimental procedure was
followed for all cells encountered. Each experiment consisted of
several (generally 4–10) blocks of trials. Within each block, all
stimuli were presented for the same amount of time (generally 5–10
s); grating stimuli were either drifted or counterphase flickered with a
sinusoidal time course. In each experiment, we measured responses by
averaging several repeats of a randomly interleaved set of stimuli, and
we always included a uniform field stimulus of the same duration and
mean luminance as our grating stimuli to obtain an estimate of
spontaneous activity. We Fourier-analyzed responses to determine the
mean (F0), first harmonic (F1), and second harmonic (F2) components
of the response as well as the temporal phase of each response
component; except as specifically noted in the following text, we
always measured response with the F1 component, that is, the ampli-
tude of the response component that modulated in synchrony with the
temporal modulation of the stimulus.

Neuroanatomical methods

During recording, small electrolytic lesions were produced at loca-
tions of interest along the electrode track by passing DC current
through the electrode tip (1–2mA for 2–5 s, tip negative). At the end
of the experiment, the animals were killed with an overdose of
Nembutal and perfused transcardially with buffered formalin or 4%
paraformaldehyde. Blocks containing the region of interest were sunk
in the cold in a postfix solution containing 30% sucrose, after which
50-mm-thick coronal sections were cut on a freezing microtome.
Sections were stained for Nissl substance with cresyl violet. Cells’
laminar locations were determined by the stereotypical shift in eye
preference as the electrode passed through each of the LGN laminae;
recording sites were subsequently verified histologically. Selected
tissue sections of interest were reacted to reveal Cat-301 immunore-
activity (Hendry et al. 1984, 1988; Hockfield et al. 1983). Briefly,
tissue sections were incubated overnight in monoclonal antibody
Cat-301 (full-strength supernatant) and then for 2–4 h in an appro-
priate dilution (1:50 or 1:100) of secondary antibody [affinity-purified
rabbit anti-mouse conjugated with horseradish perioxide (HRP): Cap-
pell]. HRP label was visualized with diaminobenzidine as the chro-
mogen, then tissue sections were mounted on gelatin-coated slides,
defatted, cleared, and coverslipped.

R E S U L T S

Our sample consists of 468 geniculate neurons: 214 studied
in the four normal animals and 254 neurons from the five
monocularly deprived animals. We studied certain response
parameters of these cells qualitatively, and we describe these
before considering the more quantitative receptive field data.
We will describe the results from normal and deprived animals
together to demonstrate more clearly any possible subpopula-
tions within the magnocellular or parvocellular laminae and to
address the effects of deprivation. While we may have encoun-
tered a few koniocellular neurons, it is unlikely we recorded
from many since they are so small and are restricted to the
interlaminar zones. Values reported for each parameter are
means6 SD, and we used Mann-WhitneyU tests for all
statistical comparisons between groups.

Neuroanatomical observations

Figure 1 shows photomicrographs of coronal sections
through the right hemisphere (ipsilateral to the sutured eye) of

one of the deprived animals. Figure 1A is a Nissl-stained
section. Cells in laminae innervated by the deprived eye (2, 3,
and 5) were clearly pale and shrunken when compared with
cells in nondeprived laminae as previously noted by many
others (e.g., Headon and Powell 1973; Sherman and Spear
1982; Tigges et al. 1984; Vital-Durand et al. 1978; von Noor-
den and Crawford 1978). We also examined the pattern of
Cat-301 immunoreactivity in the deprived animals’ LGN since
it preferentially labels magnocellular laminae in the monkey
and Y cells in the cat LGN (Hendry et al. 1984, 1988; Hock-
field and Sur 1990; Hockfield et al. 1983), and expression of
this antigen in the cat is dependent on visual experience
(Guimaraes et al. 1990; Sur et al. 1988). We therefore thought
examining reactivity patterns in the deprived monkey LGN
would confirm the efficacy of our deprivation regimen and
suggest parallels with the functional organization of the cat
LGN. Figure 1B shows Cat-301 immunoreactivity in a nearby
section. Immunoreactivity is most intense in lamina 1, the
nondeprived magnocellular lamina, though fainter reactivity
can also be observed in the nondeprived parvocellular laminae
4 and 6 as well. Immunoreactivity is essentially eliminated in
the deprived magnocellular lamina 2 as well as in the deprived
parvocellular laminae 3 and 5.

Qualitative physiological observations

We determined the laminar location of each neuron, usually
from the stereotypic shift in ocular dominance of the receptive
fields as our electrode traversed vertically through each of the
six geniculate laminae. We confirmed our assessments of lam-
inar location histologically (seeMETHODS). Our normal sample
includes 94 neurons in magnocellular laminae 1 and 2, plus
120 in parvocellular laminae 3–6; our sample from the mo-
nocularly deprived animals consists of 62 deprived parvocel-
lular neurons, 75 nondeprived parvocellular neurons (including
4 binocular cells between parvocellular laminae), 56 deprived
magnocellular neurons, and 61 nondeprived magnocellular
neurons.

Table 1 shows our sample of recorded units from the mo-
nocularly deprived animals. In testing cells in laminae con-

FIG. 1. Photomicrographs of Nissl (A)- and nearby Cat-301 (B)-stained
sections from the right hemisphere of a monocularly deprived animal’s LGN.
In both panels, thetopof the figure is dorsal, and theright side is medial. Scale
bars5 1 mm.
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nected to the deprived and nondeprived eyes, we were careful
to sample equally from the LGNs both contra-and ipsilateral
to the deprived eye. We recorded in the same range of eccen-
tricities as in the normal animals; as in the normals, we also
took pains to obtain our magno- and parvocellular samples at
similar retinal eccentricities (see following text). Although we
sampled the LGN ipsilateral to the deprived eye (i.e., the right
hemisphere) at slightly more peripheral eccentricities, we
found no consistent differences in response properties between
the hemispheres in the deprived animals (see Table 4) and have
therefore pooled data across hemispheres.

CELL TYPES. Our distribution of geniculate neurons sensitive
to chromatic (types I, II, and IV) and luminance (type III)
contrast agrees well with that originally described by Wiesel
and Hubel (1966). In the normal animals, we found that only
one magnocellular neuron (1%) was chromatically opponent
and that a substantial minority of 44 parvocellular neurons
(40%) were type III. However, as Derrington et al. (1984)
noted, it seems likely that nearly every parvocellular neuron
exhibits some degree of chromatic opponency, a phenomenon
that our techniques were probably too crude to demonstrate.
The proportions of the various cell types encountered in the
deprived animals did not seem to differ either from the normal
animals or between deprived and nondeprived laminae. In
deprived magnocellular laminae, 1 cell in 57 (1.8%) was chro-
matically opponent versus 3% (3/61) of the nondeprived mag-
nocellular neurons. In deprived parvocellular laminae, 14.5%
(9/62) of the sample was type III, while 20% (15/74) of the
nondeprived sample was.

ECCENTRICITY. The receptive field eccentricities of our normal
parvocellular sample ranged from 0 to 9°, while those of our
normal magnocellular sample ranged from 0 to 14°. A sub-
stantial proportion of both magno- and parvocellular samples
was within the central 5°; however, while essentially the entire
parvocellular sample (94%) was within the central 5°, only
about half of the magnocellular sample was. We therefore also
list in Table 3 summary statistics of our magno- and parvocel-
lular samples restricted to the central 5°. More detailed descrip-
tions of eccentricity values of our neuronal sample are given in the
following text in relationship to other variables. Where response
characteristics vary with eccentricity we make comparisons
between magno- and parvocellular samples restricted to this
matched range of eccentricities. In the monocularly deprived
animals, all LGN divisions (deprived and nondeprived magno-
and parvocellular) were sampled at similar eccentricities (i.e.,
from 0 to 8°, mean eccentricity of roughly 4°).

DISTRIBUTION OF ON- AND OFF-CENTER CELLS. Table 2 shows
the distribution of on- and off-center cells across the laminae

for our normal and deprived animal samples. In the normal
animals, we observed an obvious center/surround organization
in 207 (96.7%) of the receptive fields. There were clear inter-
laminar differences among these in the balance of on- and
off-center cells. Although we found an approximate balance
for the entire normal sample (106 on center vs. 101 off center),
the parvocellular sample contained mostly on-center cells (70
on center vs. 46 off center), while the magnocellular sample
was dominated by off-center cells (36 on center vs. 55 off
center), and the anisometry of distribution is statistically sig-
nificant (P , 0.01 on ax2 test). We did not observe the
dramatic segregation of on- and off-center cells for the parvo-
cellular laminae as described by Schiller and Malpeli (1978),
who concluded that laminae 5 and 6 were nearly exclusively on
center and laminae 3 and 4 off center (see also Derrington and
Lennie 1984). As shown in Table 2, however, we did observe
a preponderance of on-center cells in both laminae 5 and 6 (and
this held in each of the monkeys); curiously, in each monkey
we also encountered more off-center cells in lamina 1.

We observed a broadly similar pattern in both deprived and
nondeprived laminae of the monocularly deprived animals,
although there were certain differences. In contrast to the
approximate balance between on- and off-center cells seen in
the normal animals’ LGN, there were clearly more on- than
off-center cells in total in the deprived animals’ LGN, and the
parvocellular laminae were again dominated by on-center cells.
The overall anisometry of distribution of on- and off-center
cells was significant as in the normal animals (P , 0.005 in
deprived-eye laminae,P , 0.01 in nondeprived-eye laminae).
However, the preponderance of on-center cells in laminae 5
and 6 was more pronounced and the preponderance of off-
center cells in laminae 1 and 2 was less pronounced than in the
normal animals. While such differences could conceivably
result from sampling biases, they might also reflect subtle
species differences between the normal animals (M. fascicu-

TABLE 2. Distribution of on- and off-center cells in different
layers of the LGN

Layer Neurons Percent On Percent Off

Normal animals
1 53 37.7 62.3
2 38 42.1 57.9
3 26 42.3 57.7
4 33 54.5 45.5
5 32 68.8 31.3
6 25 76.0 24.0
Total 207 51.2 48.8

Monocularly deprived animals
Deprived-eye layers

1 28 50.0 50.0
2 28 42.9 57.1
3 19 42.1 57.9
4 10 60.0 40.0
5 10 100.0 0.0
6 22 77.3 22.7
Total 116 59.5 40.5

Nondeprived-eye layers
1 29 58.6 41.4
2 29 48.3 51.7
3 18 55.6 44.4
4 9 33.3 66.7
5 19 73.7 26.3
6 24 95.8 4.2
Total 128 63.3 36.7

TABLE 1. Distribution of units recorded in the LGN of animals
deprived of vision in the right eye from birth to the age of 5–6 yr

Magnocellular Parvocellular

LGN contralateral to deprived eye
Deprived eye 28 32
Nondeprived eye 30 37

LGN ipsilateral to deprived eye
Deprived eye 28 30
Nondeprived eye 31 34

LGN, lateral geniculate nucleus.
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laris) and the deprived animals (M. mulatta). In any case,
deprivation had no obvious effect on the relative proportions or
distribution across laminae of on- and off-center cells.

Quantitative physiological observations

LATENCY TO OPTIC CHIASM STIMULATION. Figure 2 shows that
for the 203 normal LGN neurons from which we obtained a
measure of the response latency to activation of the optic

chiasm (OX), cells in the magnocellular laminae exhibited
significantly shorter latencies than did parvocellular cells, and
this difference was seen for each of the four monkeys (parvo-
cellular: 3.146 0.54 ms, magnocellular: 1.766 0.33 ms;P ,
0.001 on a Mann-WhitneyU test for each monkey). This
confirms earlier observations (Dreher et al. 1976; Kaplan and
Shapley 1982; Marrocco et al. 1982). We found no difference
in this parameter between parvocellular neurons identified as
types I, II, or IV and those identified as type III, which
indicates that this aspect of receptive field organization is not
correlated with the conduction velocity of the retinogeniculate
input. Finally, we found no relationship between OX latency
and receptive field eccentricity for either magno- or parvocel-
lular neurons. OX latencies in the monocularly deprived ani-
mals differed between magno- and parvocellular groups as in
the normals and did not differ significantly between the de-
prived and nondeprived parvocellular samples (deprived:
3.20 6 0.51 ms, nondeprived: 3.196 0.46 ms). There was a
small but statistically reliable difference between deprived and
nondeprived magnocellular neurons (deprived: 1.726 0.32
ms, nondeprived: 1.866 0.26 ms,P , 0.018); the significance
of this observation is unclear.

Save for the differences in laminar distributions of on- and
off-center receptive fields noted in the preceding text, the
magno- and parvocellular populations each appeared to be
fairly homogeneous and quite distinct from one another. Thus
in the quantitative analyses in the following text, data from
these various cell types will generally be pooled across the
magno- or parvocellular laminae. We used a consistent proto-
col to study the responses of each neuron, yielding the set of
measurements shown in Fig. 3 for a single magnocellular
neuron.

First, we determined spatial properties of neurons with drift-
ing and counterphase flickered gratings. These gratings had a
contrast of 0.5 and a temporal frequency of 4 Hz. For the
drifting gratings (Fig. 3A), six spatial frequencies from 0.38 to
12 c/° in octave steps were chosen; zero spatial frequency (or
DC) was approximated by sinusoidally flickering a blank
screen at 4 Hz and at a depth of modulation equivalent to the
luminance difference between the brightest and darkest points
along the gratings. The counterphase flickered gratings had the
same range of spatial frequencies; for each frequency, we
presented these at six equally spaced absolute spatial phases.

We found no substantive or consistent differences between
the tuning functions taken from drifting gratings and those
derived from counterphased flickering gratings. We therefore
took most spatial properties of these neurons from the modu-
lated responses to drifting gratings. We used the difference of
Gaussians receptive field model to derive a number of spatial
properties from the tuning curve (Derrington and Lennie 1984;
Enroth-Cugell and Robson 1966; Rodieck 1965). To each
spatial frequency response, we fit a function (Fig. 3A, —) of
the form

R5 k~exp~2~ f/fc!
2! 2 ks exp~2~ f/fs!

2!!

whereR is response,k is an overall scaling factor,ks is the
relative strength of the surround, andfc and fs are the charac-
teristic spatial frequencies of the center and surround mecha-
nisms. From these characteristic frequencies, we calculated the
characteristic radii of the center and surround mechanisms
(Enroth-Cugell and Robson 1966).

FIG. 2. Distributions of lateral geniculate nucleus (LGN) response latencies
(in ms) following electrical stimulation of the optic chiasm. Shown separately
(and in succeeding figures) are normal (Normal M), deprived (Dep M), and
nondeprived (Nondep M) magnocellular neurons, and normal (Normal P),
deprived (Dep P), and nondeprived (Nondep P) parvocellular neurons.
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The counterphase flickered gratings were used to test the
linearity of each cell’s spatial summation by examining the
fundamental (F1) and second harmonic (F2) response compo-
nents. The F1 response varies sinusoidally with the spatial
phase of the grating, whereas the F2 response is for the most
part independent of spatial phase. At each spatial frequency
where there was a reliable evoked response, we calculated the
ratio of the mean of the F2 responses to the amplitude of the F1
responses (Fig. 3,B andC). The maximum value of this ratio
across spatial frequency we define as the “nonlinearity index,”
closely following Shapley and Hochstein (1975) and Hochstein
and Shapley (1976).

Second, we determined the temporal properties of each cell
by measuring responses to gratings of 0.5 contrast and optimal
spatial frequency, drifted at 7–13 different temporal frequen-
cies (Fig. 3D). These were varied in octave or half-octave steps
from 0.5 to 48 Hz. To the temporal frequency response data,
we fitted a function representing cascaded low-pass exponen-
tial and high-pass RC filters (Fig. 3D, —) and from the fit
determined each cell’s optimal temporal frequency (peak re-
sponse), temporal resolution (high temporal frequency at half-
maximum response), and response transience (the slope of the
low frequency limb of the function, see following text). Since
the temporal phase of each neuron’s response to different
temporal frequencies was proportional to temporal frequency,
the slope of the resulting line is the “steady-state visual la-

tency,” which provides a measure of each neuron’s temporal
integration behavior (Fig. 3E).

Third, we studied response as a function of stimulus con-
trast, using gratings of optimal spatial frequency. We chose a
temporal frequency at or slightly below the optimum to take
account of contrast gain control effects (Shapley and Victor
1978). The contrast of these gratings usually ranged from 0.015
to 0.7 in steps of 0.15 log units (Fig. 3F). To these data, we fit
the function suggested by Robson (1975)

R5 k logS1 1
C

C0
D

whereR is response,k is a scaling factor,C is contrast, andC0
is a saturation constant. Over the range of contrasts we used,
parvocellular responses were nearly linear, but magnocellular
responses often showed a nonlinear saturation at higher con-
trasts. At low contrasts, however, all cells gave responses
proportional to contrast; the slope of the contrast response
function at 0 contrast,k/C0, is our measure of responsivity. We
also determined the degree to which the temporal phase of
responses depended on stimulus contrast [indicative of the
contrast gain control described by Shapley and Victor (1978)]
(Fig. 3G). We fitted a function simultaneously to both the
amplitude and phase of contrast response data (Carandini et al.
1997), and from this complex function we extracted a function
relating temporal response phase to stimulus contrast. From

FIG. 3. Response measures derived from a single represen-
tative magnocellular LGN cell. In all panels, F1 response (see
METHODS) is used unless otherwise noted.A: spatial frequency
response function:●, drifting gratings;E, uniform field flicker.
—, the best-fitting difference-of-Gaussians function;2, center
characteristic spatial frequency (fc). B: amplitude of F1 (E) and
mean F2 responses (●), and their ratio (C) as a function of
spatial frequency.● in C indicates an undefined ratio as F1
response was indistinguishable from baseline at this spatial
frequency.D: temporal frequency response function. —, the
best-fitting difference-of-exponentials function.2, optimal
temporal frequency and temporal resolution.E: response tem-
poral phase as a function of stimulus temporal frequency.F
and G: response amplitude and response temporal phase, re-
spectively, as a function of stimulus contrast. — inF is
best-fitting saturating function.
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this phase versus contrast function, we determined the differ-
ence in response phase between the 50% contrast condition and
the blank condition (0% contrast); we took this “phase ad-
vance,” expressed in milliseconds, to measure contrast gain
control.

Tables 3 and 4 summarize a number of the parameters that
we determined quantitatively for neurons in the normal and
monocularly deprived animals. These are shown separately for
magno- and parvocellular neurons. The parameters shown,
defined in the preceding text and considered in more detail in
the following text (see alsoDISCUSSION), include receptive field
eccentricity in deg, response latency to optic chiasm stimula-
tion in seconds (OX latency), radius in degrees (rc), and char-
acteristic frequency in c/degree (fc) of the center mechanism,
surround sensitivity (ks), nonlinearity, optimal and cutoff tem-
poral frequencies in Hz, response latency to visual stimuli in
milliseconds (visual latency), response transience, responsiv-
ity, and phase advance in milliseconds.

SPATIAL PROPERTIES. Figure 4 illustrates the distributions of
the characteristic frequencies (fc) of our magno- and parvocel-
lular samples (derived from spatial tuning functions as de-
scribed in the preceding text), and Fig. 5 shows the variations
of fc and rc (center radius) with eccentricity. Note that, with
increasing eccentricity,rc increases andfc decreases, although
this trend was somewhat less obvious in the monocularly
deprived animals (due to the presence in these animals of units
with lower spatial resolutions close to the fovea and with
higher spatial resolutions at intermediate eccentricities). This
again might reflect subtle species differences. However, Der-
rington and Lennie (1984) and Spear et al. (1994) observed a
similar weak dependence on eccentricity of these parameters
within the central 10° in bothM. mulattaandM. fascicularis
monkeys. Note also that with our methodology, we found little
difference between magno- and parvocellular neurons, in both
normal and deprived animals, with respect to these variables.
This belies the expectation that magnocellular neurons should
have markedly largerrc values and poorer resolution than
parvocellular neurons at matched eccentricities (Derrington
and Lennie 1984; Kaplan and Shapley 1982; Merigan et al.

1991) but is in accord with the findings of Spear et al. (1994).
Our normal sample with receptive fields within 1° of the fovea
is predominantly parvocellular, and beyond 8° it is exclusively
magnocellular. Although parvocellular neurons on average had
somewhat largerfc and smallerrc values (fc: parvocellular,
4.57 6 2.73 c/° and magnocellular, 2.826 1.68 c/°; rc:
parvocellular, 0.0696 0.076° and magnocellular, 0.1126
0.080°), this partially reflects the eccentricity differences in our
normal samples. In our samples within both the 1–2.5° and
3–7.5° sectors of reasonably matched eccentricity, we found no
significant differences between parvo- and magnocellular neu-
rons for mean or variance ofrc and fc values. In our sample
restricted to the central 5°, we did still find a small (though
significant) difference between parvo- and magnocellular neu-
rons (fc: parvocellular, 4.576 2.75 c/°; magnocellular, 3.556
1.94 c/°;P , 0.02). This is consistent with the results of Spear
et al. (1994) and of Blakemore and Vital-Durand (1986a), who
found that the majority of parvo- and magnocellular neurons at
a given eccentricity (the X-like ones) had similar spatial reso-
lution. However, we have noted, as have Derrington and Len-
nie (1984) and Spear et al. (1994), that the smallestrc (and
highest fc and spatial resolution values) at each eccentricity
tend to belong to the parvocellular cells. The values offc and
rc in the deprived animals did not differ significantly from
those values in the normal animals, nor did we find any effect
of deprivation.

We found no significant differences between the parvo- and
magnocellular populations in the mean strength of receptive
field surrounds (ks: parvocellular, 0.546 0.35; magnocellular,
0.60 6 0.33), nor did this parameter vary significantly with
eccentricity. Deprivation had no effect onks for parvocellular
neurons, but the relative strength of the surround mechanism
was stronger in magnocellular neurons in deprived-eye laminae
than in nondeprived laminae (deprived, 0.606 0.18; nonde-
prived, 0.416 0.24;P , 0.0035).

Figure 6 summarizes the distribution of nonlinearity index
values. Larger values indicate greater frequency-doubled re-
sponses relative to the F1 component, indicative of nonlineari-
ties in spatial summation, i.e., “Y-like” behavior. We found no

TABLE 3. Summary statistics for 214 neurons recorded from 4 normal monkeys

RF
Eccentricity, °

OX
Latency, ms fc, C/° rc, ° ks

Optimal TF,
Hz

Cutoff TF,
Hz

Visual
Latency, ms Transience

Responsivity,
imp z s21 z

contrast21 Nonlinearity

Phase
Advance,

ms

Magnocellular neurons
(94)

n 91 90 75 75 75 59 59 59 59 55 75 55
Mean 5.736 3.36 1.766 0.33 2.826 1.68 0.1126 0.080 0.606 0.33 7.946 4.80 31.626 15.85 37.916 4.51 0.546 0.29 87.106 80.08 0.656 0.55 17.706 10.42

Parvocellular neurons
(120)

n 116 113 84 84 84 70 70 70 70 64 84 64
Mean 2.526 1.66 3.146 0.54 4.576 2.73 0.0696 0.076 0.546 0.35 6.766 3.24 21.886 12.30 44.816 8.27 0.706 0.41 23.446 24.22 0.426 0.19 6.696 8.02

Magnocellular neurons
in central 5° (43)

n 43 42 33 33 33 28 28 28 28 25 33 25
Mean 2.716 1.37 1.706 0.35 3.556 1.94 0.0896 0.070 0.686 0.37 7.596 4.67 27.546 13.67 38.996 3.53 0.616 0.29 91.206 76.81 0.636 0.52 18.396 8.58

Parvocellular neurons
in central 5° (110)

n 110 106 82 82 82 68 68 68 68 62 82 62
Mean 2.246 1.13 3.146 0.55 4.576 2.75 0.0696 0.076 0.526 0.35 6.766 3.28 21.386 11.67 44.906 8.37 0.716 0.41 23.446 24.56 0.426 0.19 6.586 8.03

Parameters listed are: receptive field eccentricity, OX latency (response latency to optic chiasm stimulation),fc (receptive field center frequency),rc (receptive
field center radius),ks (relative strength of surround mechanism), nonlinearity index, optimal and cutoff temporal frequencies, visual response latency, transience
index, responsivity, and phase advance. Number of cells recorded (n), mean value and standard deviation (SD) are listed for each parameter. Geometric means
reported forfc, rc, ks, nonlinearity, TF optima, and cutoffs. Arithmetic means reported for eccentricity, OX latency, visual latency, transience, and phase advance.
Values calculated separately for the entire LGN sample, entire magno- and parvocellular samples, and samples restricted to the central 5°.
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change in this index with eccentricity for either the magno- or
parvocellular populations. On average, magnocellular neurons
display greater nonlinearity indices than do parvocellular neu-
rons, consistent with previous reports that the nonlinear (Y-
like) cells are found as a subgroup only within the magnocel-
lular laminae (parvocellular, 0.426 0.19; magnocellular,
0.656 0.55); this difference was significant in both the overall
sample and the sample restricted to the central 5° (P , 0.001).
However, there is considerable overlap between populations,
and both the parvo- and magnocellular distributions are essen-
tially unimodal, an observation in agreement with that of
Derrington and Lennie (1984).

Comparison between deprived and nondeprived laminae
suggests that there was a small but significant decrease in the
average nonlinearity indices of our monocularly deprived sam-
ple in both magno- and parvocellular laminae (parvocellular
nondeprived, 0.476 0.20; parvocellular deprived, 0.386
0.16, P , 0.0085; magnocellular nondeprived, 0.566 0.28;
magnocelluar deprived, 0.426 0.31,P , 0.0006). Although
this is reminiscent of the Y-cell loss noted in cats following
monocular deprivation (Sherman et al. 1972; but see So and
Shapley 1980), the effect is not the same. Here, we see a

decrease in nonlinearity indices inboth magno- and parvocel-
lular laminae, while only the magnocellular laminae contain
the nonlinear (Y-like) cells, i.e., those with indices greater than
1 (Blakemore and Vital-Durand 1986a; Kaplan and Shapley
1982). Furthermore we found no evidence for the loss of any
one subpopulation; nonlinear cells were still found in deprived
laminae. Rather, we observed a simple shift in the overall
population distributions that was approximately 0.5 of a stan-
dard deviation in both magno- and parvocellular layers.

The unimodal distributions of nonlinearity index shown in
Fig. 6 do not by themselves rule out the suggestion of Kaplan
and Shapley (1982) that magnocellular neurons can be classi-
fied into distinct linear (X) and nonlinear (Y) types, since these
types might differ both in their linearity and in such other
characteristics as their spatial resolution or the conduction
velocity of their retinal afferents. Figure 7A shows scatter plots,
separately for magno- and parvocellular neurons, of character-
istic frequency (fc, equivalently center radiusrc, right-hand
ordinate) versus nonlinearity index for our normal sample (Fig.
7A, left) and for our deprived sample (right), which again
shows that both these parameters were continuously distributed
with no clear segregation into subpopulations. Inspection of the

TABLE 4. Summary statistics for 254 neurons recorded from 5 monocularly deprived monkeys

RF
Eccentricity, °

OX
Latency, ms fc, C/° rc, ° ks

Parvocellular neurons, deprived-eye layers
(all cells 5 62)

n 61 46 54 54 54
Mean 4.006 2.33 3.206 0.51 4.796 3.51 0.0666 0.077 0.466 0.24

Ipsilateral to deprived eye (30)
n 29 22 26 26 26
Mean 5.286 2.23 3.226 0.44 3.896 2.77 0.0816 0.060 0.406 0.29

Contralateral to deprived eye (32)
n 32 24 28 28 28
Mean 2.846 1.74 3.186 0.56 5.896 3.71 0.0556 0.089 0.526 0.19

Magnocellular neurons, deprived-eye layers
(all cells 5 56)

n 56 47 52 52 52
Mean 4.416 2.86 1.726 0.32 3.556 1.30 0.0896 0.037 0.606 0.18

Ipsilateral to deprived eye (28)
n 28 26 27 27 27
Mean 6.546 2.46 1.706 0.31 3.556 1.22 0.0896 0.035 0.606 0.21

Contralateral to deprived eye (28)
n 28 21 25 25 25
Mean 2.276 1.05 1.756 0.32 3.556 1.37 0.0896 0.040 0.596 0.14

Parvocellular neurons, nondeprived-eye layers
(all cells 5 75, including 4 binocular)

n 70 57 64 64 64
Mean 3.146 2.20 3.196 0.46 3.636 3.91 0.0876 0.146 0.506 0.24

Ipsilateral to deprived eye (37)
n 37 30 35 35 35
Mean 1.626 0.64 3.086 0.51 3.026 3.33 0.1076 0.146 0.516 0.23

Contralateral to deprived eye (34)
n 31 24 28 28 28
Mean 5.086 1.91 3.306 0.37 4.796 4.23 0.0666 0.136 0.476 0.25

Magnocellular neurons, nondeprived-eye layers
(all cells 5 61)

n 61 58 58 58 58
Mean 4.056 2.99 1.866 0.26 3.246 2.31 0.0986 0.084 0.416 0.24

Ipsilateral to deprived eye (30)
n 30 19 30 30 30
Mean 2.366 0.88 1.786 0.28 2.516 1.78 0.1266 0.080 0.366 0.19

Contralateral to deprived eye (31)
n 31 30 28 28 28
Mean 5.696 3.37 1.926 0.23 4.176 2.43 0.0766 0.077 0.476 0.25
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data from deprived animals reveals no evidence of a loss of a
particular cell group; data from deprived laminae are simply
shifted toward lower values of the nonlinearity index (cf. Fig.
6). Figure 7B shows similar plots of OX response latency
versus nonlinearity index. There is again no evidence for a
distinctive group of nonlinear neurons in either population, nor
do similar displays (not shown) of nonlinearity index against
other properties such as spatial or temporal resolution reveal
subgroups. These results therefore do not support earlier sug-
gestions that there are separate X and Y cells in the magno-
cellular layers; rather, the magno- and parvocellular layers
each seem to contain a single class of neuron with some
diversity of properties within the class.

TEMPORAL PROPERTIES. Figure 8 illustrates the distributions of
our observed temporal resolution values. As noted in the pre-
ceding text, the optimum spatial frequency and spatial resolu-
tion were also determined for these neurons, but we found no
correlation between these spatial and temporal variables. There
was no measurable influence of eccentricity on optimal tem-
poral frequency, and we found no significant differences in
temporal frequency optima between magno- and parvocellular
neurons; nor did we find any significant effects of deprivation

(parvocellular normal, 6.766 3.24 Hz; parvocellular nonde-
prived, 7.596 4.20 Hz; parvocellular deprived, 7.416 5.01
Hz; magnocellular normal, 7.946 4.80 Hz; magnocellular
nondeprived, 8.516 5.48 Hz; magnocellular deprived, 10.46
4.4 Hz). In our normal sample, however, magnocellular neu-
rons did on average have significantly better temporal resolu-
tion than did parvocellular neurons (parvocellular, 21.96 12.3
Hz; magnocellular, 31.66 15.9 Hz;P , 0.001). This differ-
ence might in part reflect the slight increase in temporal reso-
lution with eccentricity (r 5 0.36,P , 0.01 for magnocellular
neurons;r 5 0.29,P , 0.05 for parvocellular neurons) coupled
with the bias in our normal magnocellular sample to more
eccentric receptive field locations relative to the parvocellular
sample. However, we did also observe a small significant
magno-parvocellular difference in temporal resolution values
in our normal sample restricted to the central 5° (parvocellular,
21.46 11.7 Hz; magnocellular, 27.56 13.7 Hz;P , 0.02).

Macaque LGN neurons have also been classified according
to their capacity to maintain discharge during stimulus presen-
tation; Dreher et al. (1976) and Schiller and Malpeli (1978)
reported that responses in the parvocellular laminae are more
sustained than those in the magnocellular laminae. We defined

TABLE 4. (continued)

Optimal TF,
Hz

Cutoff TF,
Hz

Visual
Latency, ms Transience

Responsivity,
imp z s21 z contrast21 Nonlinearity

Phase
Advance, ms

52 52 43 52 47 48 45
7.416 5.01 20.896 10.94 54.586 49.42 0.606 0.48 26.306 105.24 0.386 0.16 8.316 12.89

23 23 20 23 20 20 19
7.086 6.85 23.446 13.67 68.026 69.83 0.616 0.52 37.156 152.90 0.436 0.17 8.916 14.43

29 29 23 29 27 28 26
7.596 2.70 19.056 7.06 42.906 5.64 0.606 0.44 20.426 29.13 0.356 0.15 7.866 11.61

47 47 45 47 45 52 43
10.476 4.43 26.926 8.74 41.066 11.67 0.476 0.28 177.836 285.49 0.426 0.31 17.436 10.86

25 25 25 25 23 27 22
9.126 4.61 23.996 9.94 39.586 6.36 0.546 0.31 134.906 218.69 0.396 0.22 16.086 12.38

22 22 20 22 22 25 21
12.026 3.92 30.206 6.21 42.906 15.80 0.406 0.21 234.426 334.95 0.456 0.38 18.856 8.79

55 55 47 55 52 57 52
7.596 4.20 21.386 10.49 46.966 21.45 0.626 0.41 33.166 114.59 0.476 0.20 10.246 14.87

32 32 27 32 30 32 30
7.596 3.95 22.916 11.24 50.566 11.24 0.636 0.36 35.486 141.65 0.456 0.20 14.376 17.69

22 22 20 22 21 24 21
7.766 4.53 20.426 8.53 42.096 21.04 0.626 0.47 31.626 50.21 0.506 0.20 3.996 5.90

57 57 54 57 56 58 53
8.516 5.48 26.306 12.35 40.906 7.51 0.476 0.29 251.196 341.45 0.566 0.28 20.726 12.15

30 30 30 30 30 30 28
6.766 5.31 22.916 12.99 42.976 8.24 0.576 0.33 204.176 220.47 0.546 0.26 20.506 13.73

27 27 24 27 26 28 25
10.966 4.88 31.626 10.14 38.326 5.47 0.356 0.16 323.596 412.91 0.596 0.30 20.976 10.09
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a transience indexfrom each cell’s temporal frequency re-
sponse function by measuring the slope in log-log coordinates
of the low-frequency (high-pass) limb of the function, below
the optimal temporal frequency. Cells with larger transience
indices had greater attenuation of responses to low temporal
frequencies; this is equivalent to saying that their responses
were less sustained (more transient) during stimulus presenta-
tion—assuming that neurons’ temporal summation behavior is
linear, which seems essentially true (Lee et al. 1994). Thus
transience indices near 0 indicate perfectly low-pass temporal
frequency response behavior (“sustained” responses), while

larger transience indices indicate band-pass temporal fre-
quency responses with attenuated response at low temporal
frequencies (“transient” behavior). Figure 9 illustrates the dis-
tributions of transience indices of our magno- and parvocellu-
lar samples. Unexpectedly, normal magnocellular neurons on
average had slightlysmaller transience indices than normal
parvocellular neurons (magnocellular, 0.546 0.29; parvocel-
lular, 0.706 0.41); these distributions overlapped to a great
extent and were significantly different from one another (P ,
0.0081). The difference was not significant, however, in the
samples restricted to the central 5°. This index is distributed
unimodally through both magno- and parvocellular laminae
with no evidence for any special subpopulations. Our finding
that the distributions overlap agrees with Blakemore and Vital-
Durand’s (1986a) conclusion that response transience was not
strongly correlated with other receptive field classification cri-

FIG. 5. Scatterplot of the relationship between center characteristic fre-
quencyfc (or receptive field center radiusrc) and receptive field eccentricity for
normal LGN cells (top), deprived and nondeprived magnocellular cells (mid-
dle), and deprived and nondeprived parvocellular cells (bottom).

FIG. 4. Distributions of center mechanism characteristic frequencies (fc)
plotted separately (as in Fig. 2) for normal, deprived, and nondeprived magno-
and parvocellular neurons.
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teria in macaque LGN. Our finding that parvocellular neurons
were, on average, slightlymore transient than magnocellular
neurons is nonetheless unexpected.

In the monocularly deprived animals, transience indices in
both parvo- and magnocellular laminae showed no significant
effect of deprivation (parvocellular nondeprived, 0.626 0.41;
parvocellular deprived, 0.606 0.48; magnocellular nonde-
prived, 0.476 0.29; magnocellular deprived, 0.476 0.28).
These mean transience indices are somewhat lower than those
in the normals. The differences between normal cells and either
deprived or nondeprived cells were, however, significant only

for the comparison of normal and deprived parvocellular neu-
rons (P , 0.017). While this difference might indicate a subtle
effect of deprivation on the transience of parvocellular LGN
cells, the absence of a reliable difference between deprived and
nondeprived cells suggests that this merely reflects minor dif-
ferences between the different macaque species.

We also determined the steady-state visual response laten-
cies for our sample. As illustrated by Fig. 10, despite substan-
tial overlap in the distributions, magnocellular neurons’ visual
latencies were on average significantly shorter than those of
parvocellular neurons in both normal and deprived animals,
and deprivation had no significant effect on latencies (parvo-
cellular normal, 44.86 8.3 ms; magnocellular normal, 37.96
4.5 ms;P , 0.0001; parvocellular nondeprived, 47.06 21.5
ms; parvocellular deprived, 54.66 49.4 ms; magnocellular
nondeprived, 40.96 7.5 ms; magnocellular deprived, 41.16
11.7 ms). These values are significantly smaller than the mean
value of approximately 77 ms reported by Spear et al. (1994).
As response latency is known to vary with stimulus contrast
(Sestokas and Lehmkuhle 1986; Shapley and Victor 1978),
these latency differences might simply reflect differences be-
tween their experimental conditions and our own, but we are
puzzled by the discrepancy. Finally, for both the magno- and
parvocellular populations, we found no correlation between
visual latency and receptive field eccentricity, optimum tem-
poral frequency, or temporal resolution.

CONTRAST-RESPONSE PROPERTIES.Figure 11 shows the distri-
butions of responsivity values in our sample and shows that for
the normal magno- and parvocellular neurons we tested, mag-
nocellular neurons were significantly more responsive than
were parvocellular neurons (parvocellular, 23.46 24.2; mag-
nocellular, 87.16 80.1; P , 0.0001). This confirms earlier
observations that magnocellular neurons display greater sensi-
tivity to luminance contrast than do parvocellular neurons
(Derrington and Lennie 1984; Hicks et al. 1983; Kaplan and
Shapley 1982; Schiller and Colby 1983; Spear et al. 1994).
Both distributions are unimodal with no indication of distinct
subpopulations in either LGN division having high or low
responsivities. Nor did we find any relationship between re-
sponsivity and either receptive field eccentricity or center ra-
dius (rc). In monocularly deprived animals, cells in deprived
laminae had lower responsivity than those in nondeprived
laminae, although this difference was significant only in the
magnocellular laminae (parvocellular nondeprived, 33.16
114.6; parvocellular deprived, 26.36 105.2;P . 0.05; mag-
nocellular nondeprived, 251.26 341.5; magnocellular de-
prived, 177.86 285.5; P , 0.033). We note here another
likely species difference between the normals (M. fascicularis)
and the monocularly deprived animals (M. mulatta); nonde-
prived cells in the deprived animals were more responsive than
those in the normals (parvocellular normal vs. nondeprived:
P , 0.0183; magnocellular normal vs. nondeprived:P ,
0.0001).

Figure 12 shows the distributions of phase advance values in
our magno- and parvocellular samples. It is clear that most
parvocellular neurons had phase advances of less than 10 ms,
whereas most magnocellular neurons had phase advance values
between 10 and 40 ms, and there was no significant depen-
dence of this parameter on eccentricity. The difference be-
tween these distributions was highly significant (parvocellular,

FIG. 6. Distributions of nonlinearity indices for normal, deprived, and
nondeprived magno- and parvocellular neurons.
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6.7 6 8.0 ms; magnocellular, 17.76 10.4 ms;P , 0.0001).
This difference shows that the magnocellular laminae are dis-
tinguished not only by the presence of cells with high lumi-

nance contrast sensitivity and nonlinear spatial summation but
also by cells with marked contrast gain control effects. This is
again reminiscent of cat Y cells, as they are the cells exhibiting

FIG. 7. A: scatterplots of the relationship between center characteristic frequencyfc (or equivalently center radiusrc, right-hand
ordinates) and nonlinearity index for LGN cells from normal animals (left) and from deprived animals (right). B: scatterplots of
the relationship between latency to optic chiasm stimulation and nonlinearity index for LGN cells from normal animals (left) and
from deprived animals (right). The datum from 1 parvocellular neuron from a normal animal with an optic chiasm latency of 6.4
ms has been omitted.
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such nonlinearities of spatial summation and phase advances
indicative of contrast gain control (Kaplan and Shapley 1982;
Shapley and Victor 1978). However, none of these attributes
revealed distinct subpopulations within the macaque magno-
cellular laminae, as all of these parameters were unimodally
distributed in our magnocellular sample, and cells showing
contrast gain effects were also found (though more rarely) in
the parvocellular laminae. Phase advance values differed be-
tween magno- and parvocellular laminae in the deprived ani-
mals as in the normals, and deprivation had no significant
effect on the amplitude of the phase shift (parvocellular non-

deprived, 10.26 14.9 ms; parvocellular deprived, 8.36 12.9
ms; magnocellular nondeprived, 20.76 12.2 ms; magnocellu-
lar deprived, 17.46 10.9 ms).

In summary, the only significant effects of monocular de-
privation that we found by comparison of deprived and non-
deprived laminae were the OX latency (magnocellular: de-
prived , nondeprived,P , 0.018), surround strength (ks)
(magnocellular: deprived. nondeprived,P , 0.0035), non-
linearity index (parvocellular: deprived, nondeprived,P ,
0.0085; magnocellular: deprived, nondeprived,P , 0.0006),

FIG. 9. Distributions of response transience indices for normal, deprived,
and nondeprived magno- and parvocellular neurons. Transience is defined as
the slope in log-log coordinates of the portion of the temporal frequency
response function in the decade below the peak temporal frequency.

FIG. 8. Distributions of temporal resolution values (high temporal fre-
quency at half-maximum response) for normal, deprived, and nondeprived
magno- and parvocellular neurons.
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and responsivity (magnocellular: deprived, nondeprived,
P , 0.033).

DEPRIVATION EFFECTS AND STATISTICAL ANALYSES. We per-
formed one other statistical analysis to uncover possible effects
of deprivation, a logistic regression. Rather than simply using
a series of two-way comparisons, this analysis allows one to
take an entireset of measurements and shows how much
predictive power each additional parameter confers when one
tries to make a binary classification on the data (i.e., deprived

vs. nondeprived). The set of measurements used were OX
latency, center frequency (fc), surround strength (ks), nonlin-
earity, temporal frequency optimum and resolution, response
latency and transience, and responsivity. This analysis, though
robust, does require a full set of measurements from each cell,
so any cells missing any of the set of independent measures is
simply not used. One might therefore believe that the cells
stable enough to obtain all measurements might represent a
biased subset of our sample. We collected the full set of
measurements on 60 parvo- and 79 magnocellular cells. For the
magnocellular cells, a set of four measurements permitted one

FIG. 11. Distributions of responsivity values for normal, deprived, and
nondeprived magno- and parvocellular neurons. Responsivity is defined as the
slope of the best-fitting contrast response function at 0 contrast.

FIG. 10. Distributions of steady-state visual response latencies for normal,
deprived, and nondeprived magno- and parvocellular neurons. Latency is
defined as the slope of the line relating response temporal phase to stimulus
temporal frequency.
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to predict whether a cell was deprived or nondeprived—OX
latency, nonlinearity,ks, and responsivity (which are the same
measures shown to be affected by deprivation by simple pair-
wise comparisons). The coefficients and standard errors for
each parameter in the final fit were OX5 22.7 6 0.98,ks 5
2.7 6 1.32, responsivity5 20.0026 0.0009, nonlinearity5
22.9 6 1.22. Addition of each successive measure led to a
statistically significant improvement in thex2 test of the re-
gression fit (using a maximum likelihood test), and addition of

no other parameter improved the fit. The final model’s log
likelihood was242.3,x2 5 84.6, df5 74,P 5 0.187 (i.e., the
fit is not rejected and the model using 4 parametersdoesfit the
data). For the parvocellular cells, no set of measurements could
be used to predict the deprived/nondeprived classification, and
no measure improved thex2. Final log likelihood was241.4,
x2 5 82.9, df5 59, P 5 0.022 (i.e., the fit is rejected). Thus
although pairwise comparisons for each parameter showed a
few (subtle) differences between deprived and nondeprived
groups, this analysis using all of the available information
shows that there were no reliable effects of deprivation in
the parvocellular laminae and only a few small ones in the
magnocellular laminae. Our inability to uncover any major
effects of monocular deprivation on the LGN can therefore
not be attributed to the particular battery of statistical tests
used.

D I S C U S S I O N

Our results confirm that parvo- and magnocellular neurons
form two distinct and separate functional cell classes; we find
no evidence using achromatic stimuli that these classes can
usefully be subdivided. However, we also note (in agreement
with Spear et al. 1994) that there is extensive overlap between
magno- and parvocellular populations in most properties stud-
ied. Monocular deprivation had only very subtle effects on the
visual response properties of geniculate neurons and did not
seem to have specific effects on any particular cell group that
we could identify.

Magno-parvocellular differences and evidence
for subpopulations

Our results are consistent with previous studies of the LGN
showing that neurons in the magnocellular division of the LGN
may be distinguished from those in the parvocellular laminae
by their faster afferent conduction velocities, greater luminance
contrast sensitivities, and greater contrast gain control (Blake-
more and Vital-Durand 1986a; Derrington and Lennie 1984;
Dreher et al. 1976; Hicks et al. 1983; Kaplan and Shapley
1982; Marrocco et al. 1982; Schiller and Malpeli 1978; Shap-
ley et al. 1981; Spear et al. 1994). We observed a tendency for
neurons with the best spatial resolution to be parvocellular and
the best temporal resolution to be magnocellular. However, we
found extensive overlap in spatial and temporal properties of
LGN neurons, in agreement with Spear et al. (1994); this
overlap can also be seen in the data of Derrington and Lennie
(1984). Furthermore, the distributions of all parameters studied
were unimodal and distributed continuously through the pop-
ulation with no clear segregation into subpopulations. Our data
therefore provide no compelling evidence for distinct sub-
groups within the parvo- and magnocellular divisions of the
monkey LGN. In particular, we find no evidence to support
earlier suggestions that magnocellular neurons can be classified
into distinct linear (X) and nonlinear (Y) types with high and
low spatial resolutions (Blakemore and Vital-Durand 1986a;
Kaplan and Shapley 1982). We emphasize again that all of
these conclusions were reached usingachromatic stimuli;
chromatic opponency is one of the prime distinguishing fea-
tures between the magno- and parvocellular laminae (Der-
rington et al. 1984; Schiller and Colby 1983; Wiesel and Hubel

FIG. 12. Distributions of phase advance values for normal, deprived, and
nondeprived magno- and parvocellular neurons. Phase advance (indicative of
contrast gain control), derived from the complex function fitted to contrast
response data, is the difference in response temporal phase (in ms) between the
50% contrast and blank stimulus conditions.
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1966), and we did not study the chromatic properties of these
cells in any detail.

Much emphasis has been placed on the functional differ-
ences between the pathways through the parvo- and magno-
cellular divisions of the LGN and the different visual abilities
they might mediate (Livingstone and Hubel 1988; Merigan and
Maunsell 1990; Merigan et al. 1991; Schiller et al. 1990). We
have shown that in many respects magno- and parvocellular
functional properties overlap with subtle quantitative differ-
ences being the rule. It may therefore be problematic to assign
responsibility for different visual functions to different divi-
sions of the LGN (Livingstone and Hubel 1988; Schiller et al.
1990). Our results are therefore more consistent with Meri-
gan’s (1991) conclusion that apart from the obvious exception
of color vision, which is mediated by parvocellular neurons,
the parvo- and magnocellular LGN pathways both participate
in most visual functions, and differ mainly in the particular
range of spatiotemporal frequencies that they provide to visual
cortex. Our magno- and parvocellular samples almost certainly
included some koniocellular neurons, but we can rule out the
possibility that differences among our magno- or parvocellular
samples were masked by intrusion of koniocellular data. We
compared receptive field properties of neurons located within
either 50 or 100mm of a laminar boundary to those of cells
located further from the boundary; cells receiving koniocellular
inputs should sit closer to laminar borders. We foundno
properties to differ as a function of distance from the laminar
border.

So what is the answer to the question we raised in the
introduction, “How many distinct parallel pathways involve
the parvo- and magnocellular laminae of the lateral geniculate
nucleus?” The short answer is two. Based on an examination of
the spatiochromatic opponent organization of LGN receptive
fields, Wiesel and Hubel (1966) identified three classes in the
parvocellular and two in the magnocellular laminae. We have
shown that full examination of these neurons’ conduction
velocities and spatial, temporal, and contrast processing prop-
erties using achromatic stimuli reveals each of the magno- and
parvocellular divisions to be composed of one population with
no compelling grounds for identifying any distinctive class.
We therefore share the conclusion of Derrington and Lennie
(1984) that magno- and parvocellular neurons can be divided
only by chromatic properties (i.e., spatial opponency and cone
inputs).

Anatomical effects of monocular deprivation

As noted by many previous studies (e.g., Headon and Powell
1973; Sherman and Spear 1982; Tigges et al. 1984; Vital-
Durand et al. 1978; von Noorden and Crawford 1978), cells in
laminae driven by the deprived eye were pale and shrunken
compared with the nondeprived-eye laminae. We also ob-
served a decrease in immunoreactivity for the Cat-301 antigen.
This decrease was most prominent in the magnocellular lami-
nae, which seemed uniformly less reactive; we saw no sign that
any subset of Cat-301-positive cells remained unaffected. This
is unlike the cat, in which Cat-301 seems to specifically label
Y cells, which are lost after deprivation (Guimaraes et al. 1990;
Hockfield and Sur 1990; Sur et al. 1988). This may be inter-
preted as further evidence against the macaque magnocellular
laminae containing several distinct cell classes, as all cells

seemed equally affected by deprivation. Initial electron micro-
scopic studies of the monocularly deprived macaque LGN
showed no changes in the pattern of synaptic inputs to deprived
versus nondeprived neurons (Wilson and Hendrickson 1981).
More recently, Wilson and Forestner (1995) reexamined this
issue in the squirrel monkey. They found that dendritic trees of
deprived neurons were indistinguishable from those of nonde-
prived neurons and that deprived neurons had an essentially
normal distribution of retinal and nonretinal synaptic inputs;
they also observed, however, that deprived neurons had some-
what elevated synaptic densities at all distances from the soma,
and most of that increase was from GABAergic synapses. This
is consistent with the report by Lachica et al. (1990) that
individual retinogeniculate axons in monocularly deprived ga-
lagos innervate the LGN in both deprived and nondeprived eye
laminae with fewer overall boutons but at a higher density
(although the change was greatest in the deprived laminae).
Finally, we also note that not all chemical markers show
reduced LGN activity after monocular deprivation. For exam-
ple, the staining patterns for the calcium-binding proteins parv-
albumin and calbindin remain unchanged (Mize et al. 1992;
Tigges and Tigges 1993). The overall picture that emerges
from all these studies is of subtle and selective anatomical
effects in the LGN, which may plausibly be retrograde changes
that arise as secondary consequences of the major reshaping of
geniculate cells’ axonal arbors that occurs in primary visual
cortex following deprivation (LeVay et al. 1980).

Physiological effects of monocular deprivation

We found only a few significant differences between the
deprived and nondeprived laminae. Magnocellular neurons
driven by the deprived eye had slightly faster response laten-
cies to optic chiasm stimulation, slightly stronger receptive
field surrounds, and somewhat lower responsivities. In addi-
tion, neurons in both magno- and parvocellular laminae driven
by the deprived eye had lower nonlinearity indices. The drop in
nonlinearity indices, while reminiscent of the Y-cell loss in
cats (Sherman et al. 1972), was observed in parvocellular
laminae as well, where there are no Y cells (Blakemore and
Vital-Durand 1986a; Dreher et al. 1976; Kaplan and Shapley
1982; Shapley et al. 1981). Furthermore we still found nonlin-
ear units in the deprived magnocellular laminae, again arguing
against a selective subpopulation loss. It may be that the
decrease in nonlinearity index, the stronger receptive field
surround, and the reduction in responsivity are subtle reflec-
tions of the increase in GABAergic input to deprived neurons
that has been described anatomically (Wilson and Forestner
1995).

Thus in contrast to the situation reported in the cat, the few
(generally subtle) functional changes that did occur as a result
of deprivation were not restricted to any one cell class. The
lack of a major physiological effect of monocular deprivation
on the macaque LGN is consistent with studies in other primate
species also showing no effect (galagos: Sesma et al. 1984;
patas monkeys: Blakemore and Vital-Durand 1986b; squirrel
monkeys: Wilson and Forestner 1995). The explanation for the
differing results of deprivation presumably lies in the differ-
ences in these species’ visual pathways. In cats, X and Y cells
are intermingled in the A laminae of the LGN, but the mag-
nocellular C lamina is a nearly pure Y cell zone (reviewed in
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Sherman 1985); it is interesting in this regard that Y axons
from the deprived eye of lid sutured kittens seem to innervate
the A laminae abnormally sparsely, while they innervate the C
lamina normally (Sur et al. 1982), as if the effects of depriva-
tion seen in cats are related to the opportunity of retinal X and
Y axons to compete for targets during development. In pri-
mates, however, different cell classes are segregated into dif-
ferent laminae, so the effects of deprivation on competition
between cell classes are eliminated.

A few reservations apply to our conclusions. We were not
always able to isolate units easily in deprived laminae, pre-
sumably because neurons were reduced in size. Also, we
occasionally encountered poorly responsive units (though we
did not notice these more often in deprived vs. nondeprived
laminae). It is therefore possible that we missed or under-
sampled a population of shrunken or abnormal cells affected by
monocular deprivation. However, we explicitly tested whether
encounter rates (distances inmm between successively isolated
units) were different in deprived versus nondeprived laminae.
None of these were significantly different from one another at
the 0.01 level [nondeprived magnocellular (1606 170, n 5
55), deprived magnocellular (1706 190,n 5 60), nondeprived
parvocellular (1906 200, n 5 55), deprived parvocellular
(120 6 140, n 5 65)]. This suggests no consistent sampling
biases in deprived versus nondeprived laminae. With this ca-
veat, we conclude that monocular deprivation has little or no
effect on the functional properties of macaque LGN neurons.

Functional differences between macaque species

Although in almost all respects the measured receptive field
parameters in the normal animals did not differ significantly
from those measured in the monocularly deprived animals, we
did discover a few interesting differences. These we attribute to
species differences betweenM. fascicularisandM. mulatta. 1)
On-off cells: the proportions of on- and off-center cells and
their distribution across LGN laminae differed (see Table 2).
Although both species’P laminae consisted mainly of on cells,
laminae 5 and 6 inM. mulattaconsisted almost entirely of on
cells [in agreement with Schiller and Malpeli (1978); though
we do find laminae 3 and 4 more nearly balanced between on
and off cells]. InM. fascicularis, however, it seemed that this
prominence of on cells in laminae 5 and 6 was less pro-
nounced.2) Response transience: we found cells to be slightly
more transient inM. fascicularisthan inM. mulatta for both
magno- and parvocellular groups (Fig. 9).3) Responsivity:
LGN cells (in both M and P divisions) ofM. fasciculariswere
on average consistently less responsive than were those in
either deprived or nondeprived laminae ofM. mulatta(see Fig.
11). 4) Variation of spatial properties with eccentricity: al-
thoughfc values decreased andrc values increased with eccen-
tricity in both the normal and monocularly deprived animals,
this trend was less obvious in the deprived animals. This was
due primarily to the presence in the deprived animals’ parvo-
cellular laminae of neurons at low eccentricities with large
receptive field centers (although the smallest receptive field
centers were in the same range as the normal animals). We are
unsure whether the presence of these neurons can be attributed
to the deprivation regimen. However, both Spear et al. (1994),
who studied normalM. mulatta,and Derrington and Lennie
(1984), who studied normalM. fascicularis, also showed that

within the central 10° there was only a weak dependence on
eccentricity of spatial resolution or receptive field center ra-
dius; as in this study, this reflected the presence of neurons in
the parvocellular laminae with both large and small receptive
field centers. As the methods used to measure these parameters
and to determine receptive field eccentricity were exactly the
same in both sets of animals, we assume that the species
differences noted here are genuine. We emphasize that these
effects cannot be attributed to the deprivation regimen as the
values reported here are within the range of normal values for
M. mulatta reported by others (see, for example, Spear et al.
1994). We are uncertain of the functional significance of any of
these species differences.

Implications for homology

Parallel processing streams from retina through the LGN to
visual cortex are a prominent feature of the visual pathways of
primates and carnivores, and an enduring issue is the evolu-
tionary relationship between the W, X, and Y pathways of
carnivores and the konio-, parvo-, and magnocellular pathways
of primates. Two different homologies have been advanced. In
one, Shapley and Perry (1986) have suggested that W cells are
the homologue of parvocellular cells, and that X and Y cells
together are homologous to magnocellular cells, with no spe-
cific suggestion for the koniocellular path. This was based
largely on evidence that the magnocellular laminae contained
two distinct classes with excellent contrast sensitivity but dif-
fering in linearity of spatial summation (e.g., like X and Y
cells) and that the parvocellular laminae contained cells with
poor contrast sensitivity (e.g., “sluggish” in responsiveness,
like W cells). We did not find distinct X- and Y-like classes in
the magnocellular laminae, and our data therefore do not
support this view.

In the other hypothesis (Casagrande 1994; Dreher et al.
1976; Sherman et al. 1976), the suggested homologies are W to
konio, X to parvo, and Y to magno. This is based largely on
several morphological features: the relative sizes of the cells
and axons is similar, increasing from W to X to Y and from
konio to parvo to magno; projection patterns to striate cortex,
since Y and magnocellular axons tend to terminate more dor-
sally within layer 4 than do X and parvocellular axons, respec-
tively, and both W and koniocellular axons innervate cyto-
chrome oxidase-rich “blobs” in layer 3; and CAT-301 labeling
is found fairly selectively in Y and magnocellular cells. Our
data are more consistent with this second view of homology.
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