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SUMMARY AND CONCLUSIONS

1. We used intracellular recording and
iontophoresis of horseradish peroxidase
(HRP) to study the morphology of physio-
logically characterized W-cells in the cat’s
lateral geniculate nucleus. Morphological
study was limited to light microscopy. Our
data from 20 W-cells of the C-laminae were
compared to analogous data we previously
published for geniculate X- and Y-cells of the
A- and C-laminae.

2. W-cell somata were comparable in size
to X-cell somata, and both classes had smaller
somata than did Y-cells.

3. W-cell dendrites were thin and usually
varicose or beaded; some had complex,
stalked appendages or clusters of appendages
near dendritic branch points. X-cell den-
drites were also thin and often had clustered
appendages. However, Y-cell dendrites were
thick and generally appendage free.

4. W-cell dendritic arbors were slightly
more extensive than those of X- and Y-cells.
While Y-cell arbors exhibited approximately
spherical symmetry, those of W-cells were
elongated parallel to the geniculate laminar
borders and those of X-cells were elongated
perpendicular to these borders. Some den-
drites of every W- and Y-cell crossed laminar
borders, whereas the dendrites of every X-
cell were always confined to a single lamina.

5. W-cell axons were thinner than those
of X-cells, and X-cells had thinner axons
than did Y-cells. All three cell classes com-
monly had axons that, en route to cerebral
cortex, innervated the perigeniculate nucleus

via collateral branches. Occasionally, intra-
geniculate axon collaterals (i.e., within the
main geniculate laminae) were seen for W-,
X-, and Y-cells.

6. The morphological features of W-cells
clearly indicate that these neurons represent
a class different from X- or Y-cells. Further-
more, despite the physiological and morpho-
logical heterogeneity we observed among
these W-cells, we saw no clear evidence that
they comprise more than a single neuronal
class. More data are needed to determine
whether or not these neurons form a single
class.

7. The striking morphological differences
among geniculate W-, X-, and Y-cells suggest
corresponding differences in neuronal pro-
cessing and synaptic integration. Functional
differences among the W-, X-, and Y-cell
pathways are thus probably not limited to
and solely determined by retinal processing
but are further elaborated by these geniculate
neurons.

8. We have speculated how the differ-
ent morphological features of geniculate
W-, X-, and Y-cells might relate to their dif-
ferent physiological properties and func-
tional roles. The Y-cells seem most responsive
to synaptic input and are thought to play a
key role in basic form analysis. Their thick,
appendage-free dendrites may contribute to
their efficient synaptic transmission. W- and
X-cells have dendritic appendages (that are
probably postsynaptic specializations), den-
dritic constrictions, and thinner dendrites.
These dendritic features are consistent with
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the apparently less efficient synaptic trans-
mission through these neurons. Finally, X-
cell arbors, which extend along “projection
lines,” are suited for maximum convergence
of synaptic inputs from the smallest repre-
sentation of visual field, and this might relate
to the observation that X-cells are particu-
larly concerned with fine spatial detail. The
elongation of W-cell dendrites across projec-
tion lines suggests convergence of inputs
from an extensive representation of visual
space, a property consistent with the larger,
more diffuse receptive fields of these neurons.

INTRODUCTION

Enroth-Cugell and Robson (10) first dem-
onstrated that retinal ganglion cells in the cat
contain two distinct functional classes, called
X- and Y-cells. Since that time, a great deal
of attention has been focused on the parallel
pathways from the retina through the lateral
geniculate nucleus to the visual cortex. We
currently recognize at least three such path-
ways, the W-, X-, and Y-cell pathways. These
seem to be organized in parallel, functionally
distinct circuits with limited overlap (48).

Some of the physiological differences
among these neuronal classes in the retina
and lateral geniculate nucleus are as follows
(for recent reviews, see Refs. 33, 40, 44, 45,
48, 49). 1) W-cell axons conduct more slowly
than do X-cell axons, which in turn conduct
more slowly than do Y-cell axons. 2) W-cells
are considerably less sensitive to visual stim-
uli than are either X- or Y-cells. 3) X-cells
tend to display fairly linear spatial and tem-
poral summation of visual stimuli, whereas
Y-cells exhibit nonlinear response compo-
nents; some W-cells are linear in this regard,
while others are nonlinear. 4) Y-cells are
most sensitive to lower spatial frequencies,
and X-cells are most sensitive to higher ones;
W-cells are rather insensitive to all spatial
frequencies but respond relatively better to
lower ones. 5) X-cells tend to have smaller
receptive fields than do Y-cells; W-cells tend
to have the largest receptive fields, but some
are as small as those of Y-cells. Other differ-
ences have also been noted.

The above-mentioned properties represent
physiological distinctions. Attention has been
recently focused on anatomical differences
among these pathways. For instance, the
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three pathways involve different divisions of
the lateral geniculate nucleus (5, 8, 29, 53).
The A-laminae contain a mixture of X- and
Y-cells. The C-laminae contain a nearly pure
population of W-cells except for Y-cells and
perhaps rare X-cells located at the dorsal tier
of lamina C. The medial interlaminar nu-
cleus is comprised mainly of Y-cells, al-
though some W- and X-cells may also be
found there.

We have been interested in the morpho-
logical substrates of these pathways at the
single neuron level and have focused on ge-
niculate cells for this approach. We used
micropipettes filled with horseradish perox-
idase (HRP) to record these cells and identify
each as a W-, X-, or Y-cell. We then pene-
trated the cell to iontophorese HRP into it
for subsequent morphological analysis of the
physiologically identified neuron. We used
this technique to demonstrate characteristic
morphological differences between genicu-
late X- and Y-cells (14, 15). In the present
study we extend this to W-cells of the C-lam-
inae. From these data we can demonstrate
significant morphological differences among
the three physiological classes, and these dif-
ferences indicate that different functional
processing continues for each of these path-
ways in the lateral geniculate nucleus. A pre-
liminary report of some of these data from
W-cells has recently appeared (46).

METHODS

General preparation

Adult cats (2.0-4.0 kg) were used for all exper-
iments. Cats were initially anesthetized with 4%
halothane and a 1:1 mixture of N,O/O,. Follow-
ing anesthetic induction, a 0.4-mg dose of atropine
was administered subcutaneously to prevent ex-
cessive respiratory secretion, a femoral vein was
cannulated, the trachea was intubated, and a long-
lasting local anesthetic (Deltacaine) was applied
intra-aurally. The cat was then placed in a stereo-
taxic head holder. Paralysis was induced with 5
mg of gallamine triethiodide and maintained on
a continuous intravenous infusion of paralytic
agents (3.6 mg/h of gallamine triethiodide, 0.7
mg/h of d-tubocurarine, and 6 ml/h of 5% lactated
Ringer solution). During the ensuing surgical ma-
nipulations the animal was artificially ventilated
with 1% halothane in a 70/30 N,O/O, mixture.
Expired CO, was monitored and kept near 4%,
and body temperature was maintained between
37.5 and 38°C by a feedback-controlled electric-
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blanket system. After the completion of all sur-
gical manipulations and throughout the recording
session, the 70/30 mixture of N,O/O, was given
without halothane. All wound margins and pres-
sure points were periodically infused with local
anesthetic.

Visual stimulation

Solutions of 1% atropine (to maintain pupillary
dilation) and 2.5% phenylephrine (to retract the
nictitating membrane) were applied to the eyes,
and contact lenses were placed on the corneas.
The lenses were chosen by retinoscopy to focus
the retinas on the visual stimuli located on a plot-
ting screen or cathode-ray tube.

The optic disks of both eyes were projected onto
the plotting screen by the method of Fernald and
Chase (12), which allowed us to determine the
position of the receptive fields of our injected cells
relative to the area centralis. Sanderson’s (43) reti-
notopic maps were then used to correlate the re-
covered cells with receptive-field position within
the lateral geniculate nucleus. Adequate spacing
(=1 mm) of our injections within the nucleus en-
sured that subsequent identification was unam-
biguous.

Receptive fields were mapped with bright or
dark spots on the plotting screen. For most cells,
a counterphased, vertically oriented, sine-wave
grating was generated on a cathode-ray tube to
determine the cell’s spatial summation properties.
A cell was considered to sum linearly if it re-
sponded mainly at the fundamental counterphase
frequency and had a demonstrable “null point”
(i.e., a position of the grating pattern that elicited
no response). A nonlinear response occurred at
twice the fundamental counterphase frequency
(second harmonic or doubling response) and ex-
hibited no demonstrable null point. For this test,
the spatial frequency, spatial phase, and temporal
frequency (counterphase rate) were continuously
variable. Contrast (defined as (Lmax — Lmin)/(Lmax
+ Lmin), Where L, and Ly, are, respectively, the
maximum and minimum luminance values across
the grating) was also continuously variable be-
tween 0 and 0.8. Mean illumination (Y2(Lmax
+ Lpmin)) Was constant at 38 cd/m?.

Electrophysiology

ELECTRICAL STIMULATION. A pair of insu-
lated, tungsten-wire electrodes (exposed tip length
approximately 0.5 mm) was used for bipolar, elec-
trical stimulation of the optic chiasm. These elec-
trodes were positioned in Horsley-Clarke coordi-
nates at 14.5 mm anterior and 2.0 mm lateral on
each side, and they were slowly lowered through
the brain to straddle the optic chiasm. Final elec-
trode position (usually 20-23 mm below the cor-
tical surface) was determined by the maximal
light-evoked response recorded differentially be-
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tween the two electrodes. The electrodes were ce-
mented into place at this position. Orthodromic
activation of geniculate neurons was accom-
plished by delivering current pulses between these
electrodes (0.01-0.1 ms, 1-3 mA). In some ex-
periments, similar electrical stimuli were delivered
to an array of four stimulating electrodes placed
in visual cortex (approximately 1-4 mm below
the surface) to effect antidromic or transynaptic
activation of geniculate neurons. Transynaptic
activation was defined by the criteria of Bishop
et al. (2) for both optic chiasm and cortical stim-
ulation. For cortical stimulation, antidromic ac-
tivation was identified by little or no variability
in the latency of the evoked spike and by the abil-
ity of an orthodromically traveling action poten-
tial to cancel the evoked spike (antidromic colli-
sion test). For all forms of electrical stimulation,
latency was taken as the delay between the onset
of the stimulus artifact and the “foot” of the
evoked action potential. For transynaptic laten-
cies, a number of responses were superimposed
on a storage oscilloscope, and both the mode and
range of latencies were measured. In this paper we
shall refer only to the modal latencies. These were
typically the midpoint of the latency range.

ELECTROPHYSIOLOGICAL RECORDING. Re-
cording electrodes were glass micropipettes that
were backfilled with a solution of 2-5% HRP
(Sigma type VI) in 0.2 M KCI and 0.05 M Tris.
The KCI-Tris solution was buffered to a pH of 7.6
and passed through a 0.05-um membrane filter.
We then beveled the electrodes to an impedance
of 80-120 MQ at 100 Hz. This corresponded to
a tip diameter of 0.2-0.5 um, as estimated from
scanning electron micrographs. The electrodes
were inserted into the brain through a hydrauli-
cally sealed chamber. A DC amplifier with bridge
balancing and internal current-injection circuitry
was used for all recording. The internal current-
injection circuitry was externally gated.
Geniculate neurons were first studied and clas-
sified extracellularly using a battery of physiolog-
ical tests and measurements. These included re-
sponse latency to optic chiasm and visual cortex
stimulation; briskness of response to visual targets;
receptive-field size and position; sign (on or off)
of the receptive-field center; ocular dominance;
linearity of spatial summation to counterphased,
sine-wave gratings; strength of inhibitory sur-
round; response to fast-moving targets; and the
tonic or phasic nature of the response to sustained
stimulation of the receptive-field center. The pri-
mary criteria for identifying a neuron as a W-cell
were a long response latency to optic chiasm stim-
ulation, poor (“‘sluggish”) responses to visual stim-
ulation, and responses, when present, only to sine-
wave gratings of relatively high contrast (>0.2)
and low spatial (<0.5 cycles/deg) frequency. Since,
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in the laminated portion of the lateral geniculate
nucleus, W-cells have been found only in the C-
laminae, we limited our injections to this region.
It should be noted that the long response latencies
of W-cells to optic chiasm stimulation could be
due either to monosynaptic input from slowly
conducting optic tract input or to multisynaptic
input via midbrain (or other) pathways that in-
nervate the C-laminae (18, 50). Our methods
could not distinguish between these alternatives.
Electrode position within the C-laminae could be
determined by the pattern of ocular dominance
changes seen as the electrode traversed the more
dorsal A-laminae. Some of the W-cells encoun-
tered in the C-laminae were poorly responsive to
visual stimuli and, therefore, had receptive fields
whose borders were difficult to define; indeed,
some were unresponsive to the visual stimuli we
used. However, we determined the receptive-field
positions of responsive C-laminae cells (all Y-cells
and most W-cells) and A-laminae cells encoun-
tered in a penetration before one of these poorly
responsive cells was recorded and injected with
HRP. These other receptive-field locations per-
mitted us to locate the filled cell in histological
material with the aid of Sanderson’s (43) retino-
topic maps of the lateral geniculate nucleus.

After extracellular classification, the electrode
was slowly advanced until the electrical effects of
mechanical contact with the cellular membrane
were evident. These effects included an increase
in the low-frequency content of the recorded sig-
nal and increased spike amplitude. Brief (50-100
ms) depolarizing current pulses (1-3 nA) were
then used to penetrate the cell. Impalement was
indicated by a rapid 30- to 70-mV drop in the DC
potential, large positive monophasic action po-
tentials, and the presence of subthreshold synaptic
potentials. During visual stimulation, the evoked
burst of action potentials typically rode on a slow
depolarizing wave. After penetration, the cells’
electrophysiological properties were rechecked to
ensure that the penetrated cell and the extracel-
lularly recorded neuron were the same. At this
point, HRP was iontophoresed into the cell with
depolarizing current pulses (3-4 Hz, 70% duty
cycle < 10 nA). We interrupted the injection at
frequent intervals to ensure that the cell still dis-
played a stable resting potential. Loss of 50% of
the initial rest potential was cause for termination
of the injection procedure. Otherwise, iontopho-
resis continued for 5-10 min, after which time the
micropipette was withdrawn rapidly. This termi-
nated the penetration and a new penetration was
started at least | mm distant.

Histology

At least 1 h after the final injection and <24
h after the first, the cats were given 100 mg of
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sodium pentobarbital and perfused transcardially
with a mixture of 1% paraformaldehyde and 2%
glutaraldehyde in 0.1 M phosphate buffer at pH
7.4. A block of tissue containing the lateral ge-
niculate nucleus was then stereotaxically blocked,
removed from the brain, placed in 0.1 M phos-
phate buffer, and stored in a refrigerator for up
to 18 h. The block of tissue was cut on a vibratome
in the coronal plane at 100 um, and the sections
were reacted with either diaminobenzidine (DAB)
(30) or the cobalt intensification modification of
the DAB reaction (1).

Recovered neurons were traced at a magnifi-
cation of 1,000 by using a drawing tube attached
to a microscope equipped with a 100X oil-im-
mersion objective (NA 1.32). A Kodak Wratten
48A filter was used to increase contrast and im-
prove resolution because of its narrow-band,
short-wavelength transmission (cf. Refs. 14, 15).
Many sections were subsequently counterstained
with cresyl violet to allow comparison of the soma
sizes of our injected cells with the soma sizes of
the neurons in the surrounding tissue. The somata
of the surrounding cells in the parvocellular C-
laminae (i.e., cells below the upper half of lamina
C, where many Y-cells are located) were traced
with the same optics as used for our intracellularly
injected neurons. Only cells with visible nucleoli
were included. The cross-sectional areas of these
somata were measured from the tracings with a
planimeter.

In six experiments we injected 0.1 mCi of tri-
tiated proline into the vitreous of one eye for trans-
port by ganglion cell axons to the lateral geniculate
nucleus. After the injected W-cells were traced,
the geniculate tissue was processed for autora-
diography according to the procedure of Cowan
et al. (6). Exposure time adequate to demonstrate
the individual parvocellular C-laminae was 8-16
wk. Since the individual parvocellular C-laminae
are difficult to distinguish in Nissl-stained mate-
rial, these injections allowed us to assess reli-
ably the laminar relationships of the injected
W-cells (22).

Statistics

Unless otherwise stated, all statistical compar-

isons noted in RESULTS are based on the Mann-

Whitney U test, and all probability values are one
tailed.

RESULTS

We considered a geniculate neuron re-
corded in the C-laminae to be a W-cell if,
compared to X- and Y-cells, it exhibited a
long response latency to electrical stimula-
tion of the optic chiasm and responded
poorly and sluggishly to visual stimuli (5, 49,
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53). As noted in DISCUSSION, it is not yet
clear whether these geniculate W-cells form
a single class (analogous to the X- or Y-cell
class) or whether they represent several dis-
tinct classes. Nonetheless, we shall refer to
these as W-cells until we have a more com-
plete classification that requires different ter-
minology.

By these criteria, each of the 60 cells re-
corded ventral to a tier of Y-cells at the top
of lamina C was identified as a W-cell. No
X-cell was identified among our population
of C-laminae neurons. Of the 60 W-cells, 20
were successfully impaled, injected with HRP,
and analyzed morphologically. Most of our
description below is limited to these 20 W-
cells; 18 had apparently complete HRP stain-
ing of somata and dendrites but 2 were in-
completely filled beyond the somata and
proximal dendrites. Thus, morphological data
relevant to dendrites were obtained from 18
W-cells, but all 20 of these neurons provided
data relevant to somata. Of the 18 completely
stained W-cells, 16 exhibited well-filled axons
that could be traced for many sections into
the A-laminae, and 9 were followed beyond
the lateral geniculate nucleus into the optic
radiation. Most of these cells can thus be con-
sidered relay cells (cf. Ref. 14).

Response properties of W-cells

Responsiveness to visual stimuli of the 20
morphologically identified W-cells ranged
from unresponsive (5 neurons), through
poorly and inconsistently responsive such
that receptive-field borders could not be re-
liably mapped (6 neurons), to sufficiently re-
sponsive to map borders (9 neurons). The
expected receptive-field location of each un-
responsive neuron was approximately known
because each was recorded immediately after
encountering responsive cells (see METH-
oDS). We cannot rule out the unlikely pos-
sibility that the retinotopic map in the C-lam-
inae is grossly discontinuous such that some
cells have receptive fields greatly displaced
from the majority. Perhaps our ‘“‘unrespon-
sive” cells were indeed responsive but had
such displaced fields that they were missed.
Also, it is possible that with more extensive
response averaging than we used, visual re-
sponses would have been evident for all of
these cells. However, because poorly respon-
sive cells are easily missed electrophysiolog-
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ically, particularly if they exhibit low spon-
taneous activity, they may be considerably
underrepresented in our sample. The sample,
in any case, appears to represent a contin-
uum of responsiveness, and we therefore in-
cluded unresponsive cells as W-cells. This
tentative classification is supported by mor-
phological data presented below.

Response properties of the 20 morpholog-
ically identified W-cells in no way seem to
represent a biased sample of W-cells recorded
in the C-laminae. For instance, Fig. 1 shows
how the 20 filled W-cells compare against all
recorded W-cells in terms of optic chiasm
latency (Fig. 14) and receptive-field center
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FIG. 1. Comparison of all 60 geniculate W-cells re-
corded in C-laminae with the subpopulation of 20 that
were injected with HRP and recovered for morpholog-
ical analysis. No differences are evident between the en-
tire population and the subpopulation injected with
HRP. 4: frequency histogram of latencies to electrical
stimulation of the optic chiasm. U refers to cells unre-
sponsive to such stimulation. B: frequency histogram
of receptive-field diameters. U refers to cells too poorly
responsive to map their receptive fields.
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diameter (Fig. 1B). Only 8 of the 20 W-cells
responded sufficiently well to counterphased,
sine-wave gratings to be assessed in terms of
spatial and temporal summation properties.
Six of these exhibited linear summation and
two were nonlinear (cf. Ref. 49). For each of
the W-cells studied that responded to the
gratings, including W-cells not identified
morphologically, the best response was al-
ways elicited to gratings of low spatial and
temporal frequency (i.e., <0.5 cycle/deg and
<2 Hz).

Morphology of W-cells

The geniculate W-cells in the C-laminae
are rather heterogeneous in morphology.
However, they are all morphologically dis-
tinct from geniculate X- and Y-cells as de-
scribed by Friedlander et al. (14), and these
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W-cells do share certain structural features
with one another. In general, their somata
are medium in size and their dendrites,
which are rather thin, are oriented parallel
to the lamination. In this regard they resem-
ble the class 4 cell described by Guillery (19)
from Golgi-impregnated material. Figure 2
presents drawings of the somata and den-
drites of four typical C-laminae W-cells, and
Table 1 summarizes a number of physiolog-
ical and morphological parameters for the
W-cells illustrated in this report.

SOMATA. The soma size distributions of ge-
niculate W-cells are shown in Fig. 3 in com-
parison to soma sizes of geniculate X- and
Y-cells. The sizes of W-cell somata (mean
cross-sectional area of 195 um?) and X-cell
somata (mean of 219 um?) are comparable
(P > 0.1), and both are smaller than Y-cell

axonwa .

FIG. 2. Camera lucida drawings reconstructed from serial, 100-um-thick sections of four representative geniculate
Wh-cells that illustrate the range of dendritic features seen in our sample. The scale applies to each cell; it is 50
um and is oriented parallel to the geniculate laminae. A4: W-cell with varicose dendrites (also illustrated in Fig.
5F). Dendrites show fairly regular variations in thickness beyond the primary branch point. B: W-cell with grapelike
clusters appended at or near dendritic branch points (also illustrated in Figs. 5C and 174). C: W-cell with complex,
stalked appendages all along the dendrites (also illustrated in Fig. 5E, G, H). The axon branches dorsal to the soma.
The leftward branch gives rise to a dense intrageniculate collateral arbor that is further illustrated in Figs. 14F and
15D-G. D: W-cell with beaded appendages (also illustrated in Fig. 54, B, D; another example is shown in Fig.
11E, F). Dendrites beyond the primary branch point consist of swollen regions connected by very thin segments.
Varicose and beaded dendrites may differ only in the degree of the variation in thickness (see text).
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TABLE 1. Parameters of W-cells further illustrated in various figures

Cell Illustration, Optic Chiasm  Receptive-Field Center Receptive-Field Soma Size, Dendritic
Fig. Latency, ms  Center Size, deg  Type  Eccentricity, deg um? Type

24; SF; 14D; E; 18 4.5 1.5 On 3.5 253 Varicose
12 2.5 1.0 On 4.5 164 Varicose
13 5.5 * On 1.0 237 Varicose
2B; 5C; 174 4.0 0.5 On 3.0 156 Appendages
10B 2.5 * * 6.5 304 Beaded
104; 11 5.5 Off 21 233 Beaded
10D 4.8 1 Off 12.5 137 Beaded
2D; 54; B, D; 10C 4.0 5 Off 5 198 Beaded
2C; SE, G, H; 14F,

15D-G 4.0 0.5 On 1.5 376 Appendages
144, C; 154-C 5.5 * * 7 253 Varicose

* Responses too inconsistent or sluggish to evaluate.

somata (mean of 493 um? P < 0.001 for
either comparison). Despite their similarity
in size, X- and W-cell somata can be distin-
guished from each other on the basis of
shape: X-cell somata are conspicuously elon-
gated along an axis perpendicular to the lam-
ination, whereas W-cell somata are elongated
along an axis parallel to the lamination.

We argue above that our morphologically
identified sample of W-cells is fairly repre-
sentative of those that can be recorded in the
C-laminae (e.g., Fig. 1). Figure 4 shows that
this sample is also fairly representative of
what is actually present in the C-laminae
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FIG. 3. Some size histograms of geniculate W-, X-,
and Y-cells that were filled with HRP. The X- and Y-
cell data were redrawn from Friedlander et al. (14) and
A- and C-laminae neurons are separately indicated. W-
and X-cell somata are comparable in size and both are
smaller, on average, than are Y-cell somata.

based on Nissl-stained material. The upper
histogram shows the size distribution of
HRP-filled somata, and the lower histogram
shows the size distribution of 237 other cells
from the same, Nissl-stained sections. To
omit Y-cells from these measures, the lower
histogram excludes the dorsal, magnocellular
tier of lamina C. Although the HRP-filled
somata appear to be slightly larger, the neu-
ronal numbers are small and there is no sta-
tistical difference between the HRP-filled and
Nissl-stained samples (P > 0.1). We therefore
conclude that our electrodes were not strongly
biased in favor of larger somata (see also
DISCUSSION). While we cannot rule out other
forms of electrode sampling bias (based on
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FIG. 4. Comparison of soma sizes of 20 geniculate
W-cells injected with HRP (upper) and those of 237
surrounding Nissl-stained neurons (lower) from the
same sections in the parvocellular C-laminae. No sig-
nificant difference is evident between these distributions.
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dendritic configurations, neuronal activity,
etc.), our data probably contain a fairly rep-
resentative sample of C-laminae neurons.
Friedlander et al. (14) arrived at a similar
conclusion for their intracellularly injected

DENDRITES. [Individual dendrites. Morpho-
logical features of neurons within the W-cell
class are remarkably heterogeneous. Figures
2 and 5 provide examples of this heteroge-
neity. The cell in Figs. 24 and 5F has rela-

X- and Y-cells in the A-laminae. tively smooth dendrites that are nearly free

E \

FIG. 5. Photomicrographs of representative dendrites from geniculate W-cells. The scale in A represents 50 um
for A and F and 20 um for B-E, (5, and H. 4: lower power view of W-cell with beaded dendrites. The soma is
at the upper left, and the dashed lines enclose the view shown in B. A complete reconstruction of the cell is shown
in Fig. 2D. B: higher power view of beaded segment of dendrite from cell in 4. C: grapelike clusters appended
near branch point of dendrites from cell shown in Fig. 2B. D: another view of beaded dendritic segment from cell
shownin 4. E: portion of dendrite from cell shown in Fig. 2D with complex, stalked appendages. The arrow points
to one of these appendages. F: portion of cell drawn in Fig. 24 with varicose dendrites beyond the primary branch
point. GG, H: two focal planes of same field of view of cell drawn in Fig. 2D. Arrows indicate complex, stalked
structures appended to the dendrites. A different dendritic segment of this cell is shown in E.
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of any appendages, one of the characteristics
of class 1 cells (19); beyond the primary
branch point, these dendrites generally be-
come varicose. Figures 2B and 5C represent
a cell that has many grapelike clusters of ap-
pendages at dendritic branch points, one of
the features of class 2 cells (19). Yet a dif-
ferent type is shown in Figs. 2C and 5E, G,
H. This cell has complex stalked appendages
all along its dendrites, a feature of class 3 cells
(19). Finally, Figs. 2D and 54, B, D show a
cell with markedly beaded dendrites, a fea-
ture described for class 5 cells (11, 51). The
chief difference between varicose and beaded
dendrites is the greater extent and length of
constrictions in the latter. However, we can-
not yet determine if these dendritic types rep-
resent two morphologically distinct classes
or examples of extreme differences within a
single class.

Only rare W-cell dendrites are appendage
free and not varicose or beaded. Although
this obviates accurate measurements of den-
dritic diameters for W-cells, it is clear that
Wh-cell dendrites are thinner than are Y-cell
dendrites. W- and X-cell dendrites seem to
be of comparable diameter.

Extent of dendritic arbors. We used a mod-
ified Sholl-ring analysis to provide one esti-
mate of the extent or density of dendritic
arbors (cf. Ref. 14). That is, we centered on
the soma a series of concentric rings 50 um
apart. We then counted the number of in-
tersections made by these rings and the cell’s
dendrites. Figure 6 shows that, as a group,
W-cells have somewhat greater dendritic ex-
tent than do either X- or Y-cells (P < 0.01
for either comparison). This is true even
though two W-cells were the only geniculate
neurons in our sample with such limited den-
dritic arbors that no dendrites extended far
enough from the somata to intersect even the
smallest ring. X- and Y-cells do not differ
from each other in this regard (P > 0.1).

The relationship between dendritic extent
and soma size is illustrated by Fig. 7. Within
each neuron class, these variables are highly
and significantly correlated (W-cells: r
= 0.78, P < 0.001; X-cells: r = 0.82, P
< 0.001; Y-cells: r = 0.83, P < 0.001). How-
ever, the precise relationship differs among
the classes. Increases in soma size are asso-
ciated with the greatest dendritic increase for
W-cells, least for Y-cells, and intermediate

STANFORD, FRIEDLANDER, AND SHERMAN

W-CELLS

X-CELLS

NO. OF CELLS

8
6
Y-CELLS

50 100 150 200
NO. OF INTERSECTIONS

FIG. 6. Frequency histograms of dendritic extent for
geniculate W-, X- and Y-cells. Dendritic extent was in-
ferred from the number of intersections made by den-
drites with a series of concentric rings spaced 50 um
apart and centered on the soma (see text). Data for X-
and Y-cells derive from Friedlander et al. (14), and a
more complete description of this parameter can be
found there. On average, X- and Y-cell dendritic arbors
are comparable in size and both are somewhat smaller
than those of W-cells.

for X-cells. As we have noted previously (14),
this suggests that, while soma size is certainly
related to dendritic extent, other factors (such
as axonal arborizations, number of efferent
synapses, or activity levels) that differ among
these cell classes must also play a role in de-
termining soma size.

Finally, note that if all the data in Fig. 7
were pooled without regard to cell class, the
relationship between dendritic extent and
soma size, while still significant, is much less
obvious (r = 0.33; P < 0.01). The correlation
between these parameters is clearly better for
each of the individual W-, X-, and Y-cell
classes than for the entire population of neu-
rons (P < 0.001 on each comparison of cor-
relation coefficients). Whatever the signifi-
cance of this relationship between somata
and dendritic arbors, it is clearer when cells
are grouped according to physiological prop-
erties.
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FIG. 7. Relationship between dendritic extent (as measured by the number of dendritic intersections with a series
of concentric rings; see text) and soma size for geniculate W-, X-, and Y-cells. The X- and Y-cell data were redrawn
from Friedlander et al. (14). Two W-cells are shown with zero dendritic intersections because none of their dendrites
extended far enough to reach the ring nearest to the soma’s center, 50 um away. Note that the correlation between
dendritic extent and soma size is much better for each of the separate W-, X-, and Y-cell classes than for the entire

population of neurons pooled together.

Shape of dendritic arbors. As is evident
from drawings of HRP-filled W-cells (e.g.,
Fig. 2), there exists a striking lack of circular
symmetry in their dendritic arbors. There is
a marked tendency for these dendrites to lie
in a plane parallel to the lamination. We in-
vestigated this feature more systematically by
means of the Sholl-ring analysis described
above. The rings were divided into four ad-
jacent quadrants: two perpendicular to the
geniculate lamination and two parallel to
these laminae. For a given neuron, the quad-
rants of the Sholl rings were oriented appro-
priately with respect to the geniculate lami-
nae. Here and below, horizontal refers to an
orientation parallel to the geniculate laminae
and vertical refers to one perpendicular to
these laminae.

Figure 8 plots for each W-cell the number
of intersections made between the dendrites
and rings, and it shows these values sepa-
rately for the vertical and horizontal quad-
rants. For comparison, our earlier published
data for geniculate X- and Y-cells (14) are
also shown. The line of slope 1 is drawn to

indicate the locus of neurons with circular
symmetry. Every W-cell that had dendritic
intersections (see above) falls below this line.
By contrast, every X-cell falls above the line
and every Y-cell but one lies close to the line.
This verifies our qualitative observations that
W-cells have dendritic arbors that are hori-
zontally elongated, that X-cell dendritic ar-
bors are vertically elongated, and that Y-cell
arbors generally exhibit circular symmetry.
Three-dimensional measurements of the
dendritic configuration of the HRP-filled
neurons were made as follows. Each 100-um
coronal section was optically divided into 10
equally spaced coronal slices by means of the
fine-focus micrometer on a Leitz Orthoplan
microscope. Although the sections were less
than 100 um thick after cover slipping, we
assumed that any compression was constant
throughout the thickness of each section.
Thus we were able to obtain information
about the anteroposterior axis of these co-
ronal sections with a resolution of approxi-
mately 10 um, and this was combined with
the higher resolution information available
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FIG. 8. Vertical versus horizontal extent of dendritic
arbors for geniculate W-, X-, and Y-cells. The X- and
Y-cell data were described by Friedlander et al. (14). For
each neuron, a series of concentric rings spaced at 50-
um intervals was centered on the soma and divided into
two vertical and two horizontal quadrants with respect
to the orientation of the geniculate laminar borders (see
text for details). The number of intersections made in
the vertical and horizontal quadrants was plotted for
each cell. The line of slope 1 is drawn to indicate the
locus of points expected for a dendritic arbor with cir-
cular symmetry. The two W-cells represented in Fig. 7
with no dendritic intersections are omitted from this
illustration. Note that every X-cell falls above the line
(thus showing a vertical bias in their dendritic arbors),
every W-cell falls below the line (thus showing a hori-
zontal bias in their arbors), and every Y-cell but one
falls fairly near the line (thus showing approximate cir-
cular symmetry in their arbors).

in the coronal plane to produce a rough
three-dimensional reconstruction. These re-
constructions indicate that the dendritic ar-
bor of each W-cell roughly approximates a
short, right cylinder or disk with its altitude
oriented perpendicular to the geniculate lam-
inar borders and its intersection with the
plane parallel to these borders roughly being
circular (see also Ref. 19). The mean dimen-
sions of these cylinders are an altitude of 260
um (i.e., the vertical extent of dendrites) and
a directrix diameter of 410 um (i.e., the hor-
izontal extent). In contrast, X-cell dendritic
arbors form right cylinders with the altitudes
perpendicular to the geniculate laminar bor-
ders, and those of Y-cells are more or less
cylindrical (14). For the 10 X- and 10 Y-cells
illustrated in Fig. 9, the mean dimensions are
an altitude of 310 um plus a directrix di-
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ameter of 170 um for the X-cells and a di-
ameter of 360 um for the Y-cells.

Spatial relationship between dendritic ar-
bors and somata. Because dendrites represent
the cell’s major postsynaptic region and be-
cause postsynaptic potentials are thought to
be electrotonically conducted from these
dendrites to the soma and axon hillock, the
spatial relationship between the dendritic ar-
bor and soma may prove to be of some im-
portance. To assess these relationships, we
used our Sholl-ring analyses to determine the
extent of the dendritic arbor (cf. Fig. 6) and
the asymmetry of the arbor (cf. Fig. 8) as a
function of distance from the soma in four
50-um steps. Figure 9 summarizes some of
these relationships for the W-cells of this
study as well as 10 X- and 10 Y-cells
reanalyzed from the data of Friedlander et
al. (14).

Figure 94 summarizes the average extent
of the dendritic arbor as a function of dis-
tance from the soma for these W-, X-, and
Y-cells. The vast majority of the arbor is
found within 100 um of the soma for each
cell class. The tendency at the 50-um distance
for X-cells to concentrate somewhat more of
their arbors than do W- or Y-cells is not sta-
tistically significant (0.1 > P > 0.05). Gen-
erally, the three cell classes show a similar
distribution of dendritic extent with distance
from the soma.

Also, a “symmetry index” was computed
for each cell by counting the number of in-
tersections in the horizontal and vertical
quadrants and dividing the smaller number
by the larger. The maximum value of 1.0
indicates a circularly symmetrical dendritic
arbor, and lower values indicate decreasing
circular symmetry. Figure 9B summarizes
these values of the symmetry index averaged
across the W-, X-, or Y-cells as a function
of distance from the soma. Each of the W-
cell dendritic arbors lacked circular sym-
metry, with more intersections in the hori-
zontal quadrants, and this was evident for
each neuron at every distance measured from
the soma. Likewise, each X-cell arbor lacked
circular symmetry, with more intersections
in the vertical quadrants, and this was seen
at each distance measured from every cell.
The tendency for this lack of circular sym-
metry to be less pronounced at 50 um from
the soma than further away was significant
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FIG. 9. Geometry of dendritic arbors as a function
of distance from the soma for geniculate W-, X-, and
Y-cells. Four sampling locations were taken at steps of
50 um from the soma center by calculating the number
of dendritic intersections made with each concentric
circle (see text). Data were taken from the 16 W-cells
shown in Fig. 8 plus 10 X- and 10 Y-cells randomly
chosen for analysis from the data of Friedlander et al.
(14). Each point represents an average value for the
W-, X-, or Y-cells as indicated. 4: dendritic extent as
a function of distance from the soma center. The total
number of dendritic intersections with all four rings was
counted, and the percentage with each ring is plotted.
All three cell classes exhibit a similar tendency to con-
centrate their dendritic arbors within 50 or 100 pm of
the soma. B: symmetry index as a function of distance
from the soma. To compute this index, the concentric
rings were divided into vertical and horizontal quad-
rants, as described for Fig. 8. Then, the number of in-
tersections between dendrites and these rings in the less-
represented quadrants (i.e., vertical or horizontal) was
divided by the number in the other quadrants. Perfect
circular symmetry is represented by an index of 1.0, and
progressively lower numbers indicate arbors with in-
creasing circular asymmetry. Every X-cell exhibited a
vertical bias (i.e., more intersections in the vertical quad-
rants) at each distance; every W-cell exhibited a hori-
zontal bias at each distance; and Y-cell values were more
variable both among cells and among distances within
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for W-cells (P < 0.001) but not for X-cells
(0.1 > P> 0.05). At this 50-um distance, W-
cell arbors were more circularly symmetrical
than were those of X-cells (P < 0.001), but
otherwise no differences between W- and X-
cells were seen in this measure except for the
obvious difference in the major axis (hori-
zontal versus vertical) of the circular asym-
metry.

Of the relatively symmetrical Y-cell ar-
bors, six had more dendritic intersections in
the horizontal quadrants and four in the ver-
tical quadrants. Also, for several Y-cell ar-
bors, the direction of the circular asymmetry
(horizontal versus vertical) changed at dif-
ferent distances from the soma. Y-cells, on
average, displayed the same circular sym-
metry of their dendritic arbors regardless of
distance from the soma. Also, except for the
50-um distance from the soma, where W-
and Y-cell arbors are equally symmetrical
(P > 0.1), Y-cell arbors are more circularly
symmetrical at every distance than are those
of W- or X-cells (P < 0.001 for each com-
parison).

Translaminar dendrites. It might be sug-
gested that the shape of W-cell dendritic trees
is dictated by their location within the ex-
tremely thin parvocellular C-laminae. That
is, if W-cell dendrites must for some reason
occupy only a single lamina, then their den-
drites are likely to become oriented parallel
to the laminar borders. Unfortunately, indi-
vidual C-laminae cannot be visualized in
standard Nissl preparations but instead re-
quire a means of delineating retinal input
from each eye.

In order to address the question of location
of dendritic trees with respect to these lam-
inar borders, we injected the vitreous of one
eye in each of six cats with tritiated proline
and subsequently processed the brain for au-
toradiography. This was done approximately
1 wk before recording and intracellular HRP
injection of W-cells. Because autoradiogra-
phy shows laminar borders only for the few
micrometers of the 100-um-thick section
subjacent to the photographic emulsion, we
considered the possibility that these borders

a cell. The W-cell dendritic arbors become increasingly
asymmetrical with increasing distance from the soma,
but X- and Y-cell arbors exhibit little change with dis-
tance.
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shifted deeper in the sections where many
HRP-filled processes were located. This was
ruled out as a serious artifact in interpreting
the laminar location of W-cell processes for
two reasons. First, the laminar borders were
ascertained for a series of adjacent sections,
and their locations could be interpolated
within the sections. Shifts of these borders in
the neighborhood of filled W-cells were judged
to be relatively gradual. Second, each of the
dendritic arbors of these W-cells traversed
several adjacent sections, and some processes
of each could always be located sufficiently
close to the emulsion to verify the main con-
clusion that some translaminar dendrites
were present for each of these cells.

Eight of our recovered W-cells were ob-
tained from these autoradiographic experi-
ments, and thus we can confidently locate
these neurons with respect to the individual

I ] Lam. C

C-laminae. The soma of each was located in
a lamina appropriate for physiological ocular
dominance (e.g., lamina C1 for an ipsilateral
eye’s receptive field and lamina C2 for the
contralateral eye’s receptive field). Further-
more, each had at least some dendrites that
crossed into a neighboring lamina. Figures
10 and 11 illustrate examples of this. Note
that the cell shown in Fig. 104 has a soma
and many dendrites in lamina C1, but nearly
half of its dendritic tree ramifies in lamina
C2. Also, the cell illustrated in Fig. 10C has
asoma in lamina C2 and some dendrites that
cross several laminar borders to terminate in
lamina C. While the pattern of lamination
may play some role in the orientation of W-
cell dendrites, it seems safe to conclude that
these dendrites are not powerfully con-
strained by laminar boundaries.

Consistent with this conclusion is the ob-

Lam. C

Lam. C2+C3

FIG. 10. Camera lucida drawings of four geniculate W-cells showing relationships between dendritic arbors and
individual C-laminae. These laminae were revealed by autoradiography following intraocular injections of tritiated
proline. Because the ipsilateral eye was injected in each case, we could not distinguish lamina C2 from lamina C3
(22). The scale is 50 um and applies to all cells. For each cell, a significant fraction of dendrites pass into adjacent
laminae. The cell shown in C even has several dendrites that pass from lamina C2 into lamina C1 and then span

all of lamina C1 to reach lamina C.
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FIG. | 1. Photomicrographs to illustrate relationship between dendritic arbors and geniculate laminae for W-cell
shown in Fig. 104. A: low-power dark-field view of the left lateral geniculate nucleus. The left eye was injected
with tritiated proline, and the resultant autoradiography labels laminae Al and Cl. The box outlines the view in
B and C. The scale is 2 mm. B: higher power dark-field view of region outlined in 4. The scale is 200 ym and
applies as well to C. C: bright-field view of same area shown in B, with laminar borders as indicated. The solid
arrow points to the soma of the W-cell near the ventral border of lamina C1. D-F: bright-field views of three focal
planes of same area showing the soma and some dendrites. The scale in D is 50 pm and applies as well to E and
F. In D, the focus is on the emulsion, and the soma is indicated by a solid arrow. In E and F, where the focus is
on the soma and dendrites, the border between laminae C1 and C2 is indicated by a dashed line. Notice the fine,
beaded dendrites (open arrows) that can be followed into lamina C2.
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servation that several of our W-cells near the
bottom of the C-laminae have some den-
drites that extend ventrally well into the optic
tract (Fig. 12; see also Fig. 18). Indeed, one
neuron identified physiologically as a W-cell
was located entirely in what appears to be
optic tract (Fig. 13). That is, it is located ven-
tral to the C-laminae, but its morphology
(including horizontally oriented dendrites) is
similar to that of other W-cells in this study.
A close inspection of Nissl-stained material
reveals a few scattered neurons in the optic
tract just ventral to the C-laminae, a point
previously noted by Guillery and Scott (21).
Like the neuron we injected with HRP, these
may all be W-cells that represent an irregular
extension of the C-laminae or cells that failed
to migrate completely to appropriate lami-
nae. If so and if they also have horizontally
oriented dendrites, then lamination can
hardly play a dominant role in the asym-
metry of W-cell dendritic trees.

W-CELL AXONS. Of the 18 well-stained W-
cells, 16 exhibited axons that could be traced
for a considerable distance through the lat-
eral geniculate nucleus and 9 were followed
into the optic radiation. The course of these
W-cell axons, like those of X- and Y-cell ax-
ons, is often quite circuitous and unpredict-
able. A common trajectory is one that as-
cends to the border between laminae C and
Al, follows this interlaminar zone to the bor-
der between the laminated part of the nu-
cleus and the medial interlaminar nucleus,
ascends in the fiber zone separating these
geniculate subdivisions until the perigeni-
culate nucleus is reached above lamina A,
travels for a variable distance in the perigen-
iculate nucleus laterally and parallel to lam-
ina A, and finally ascends into the optic ra-
diation (see also below).

As s the case for X- and Y-cells (14), many
W-cell axons issue collaterals in the perigen-
iculate nucleus just dorsal to lamina A. Of

FIG. 12. Camera lucida drawing of a W-cell located near the ventral border (dashed line) of the C-laminae (C-
LAM.) with dendrites extending well into the optic tract (O.T.). See also Fig. 18. The scale is 50 um.
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A

FIG. 13. W-cell located in the optic tract. The scale is 500 um for 4 and 50 um for B. A: low-power drawing
of coronal section through the lateral geniculate nucleus to illustrate location of the soma (at the star) in the optic
tract (O.T.). The main laminae plus the medial interlaminar nucleus (M.I.N.) are shown for reference. B: camera

lucida drawing of the cell.

nine axons traced through this nucleus, seven
issued collaterals. Also, of the 16 axons traced
for a distance within the lateral geniculate
nucleus, 2 issued intrageniculate collaterals.
Figure 14 illustrates axon collaterals from
three W-cells. One of the cells emitted a per-
igeniculate collateral (Fig. 144, B), one emit-
ted both types of collateral (Fig. 14C-E), and
one cell (also illustrated in Fig. 2C) issued
only an intrageniculate collateral (Fig. 14F).
Figure 15 shows photomicrographs of the
intrageniculate collaterals shown in Fig.
14C, F.

Both the perigeniculate and intragenicu-
late collaterals of W-cells are typified by ex-

tremely fine axon branches that have bou-
tons en passant and terminaux. The fine
branches are so thin they can barely be re-
solved by the light microscope, and often
they cannot be followed without gaps that
are interpreted as regions in which the col-
lateral is too fine to be detected with the light
microscope. It is thus possible that more of
these collaterals exist that were not detected
by our methods.

Finally, the parent axons of W-cells are
quite thin compared to those of X- and Y-
cells (see Fig. 16). The axon diameters shown
in Fig. 16 were measured to the nearest 0.5
um, and each value represents the mean of
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FIG. 14. Axon collaterals of geniculate W-cells. 4: low-power drawing of coronal section through the lateral
geniculate nucleus to show the location of a W-cell soma (star) and the course of its axon. Arrow b indicates the
location of axon collaterals in the perigeniculate nucleus just dorsal to lamina A, and arrow ¢ indicates the location
of axon collaterals within C-laminae. The scale is 500 um and applies as well to D. For identification of laminae
and medial interlaminar nucleus in 4 and D, refer to Fig. 134. B, C: details of axon collaterals (open arrows)
indicated, respectively, by arrows b and ¢ in 4. The main axonal trunk is indicated by the solid arrows. The
intrageniculate collateral in C is further illustrated in Fig. 154-C. The scale in C is 20 pm and applies as well to
B, E, F. D: low-power drawing of coronal section through the lateral geniculate nucleus to show the location of
a W-cell soma (star), the course of its axon, and the location of perigeniculate collaterals of the axon (¢). E: details
of the perigeniculate collateral (open arrow) represented in D. The main axonal trunk is indicated by the solid
arrows. F: details of intrageniculate axonal collateral shown for the W-cell illustrated in Fig. 2C and photomicro-
graphs of it are shown in Fig. 15D-G. For reference, the open arrow points to the clump of boutons shown in
Fig. 15G.



GENICULATE W-, X-, AND Y-CELLS 599

g )
B
.
/ -»
- , )
C "
o -~
o |
G
)
P
L W e
, -
- - -

1

FIG. 15. Photomicrographs of intrageniculate axon collaterals from W-cells. 4-C: three different focal planes
of same view of collateral drawn in Fig. 14C. The arrow in A shows the branch point between the main trunk of
the axon (mostly in focus) and the collateral (mostly out of focus). Arrows in B and C point to boutons along the
collateral. The scale in 4 is 20 um. D-F: three different focal planes of same view of collateral drawn in Fig. 14F
from W-cell shown in Fig. 2C. The open arrows point to boutons along one collateral branch, and the filled arrows
depict a bouton cluster on a different branch. The scale in D is 50 yum. G: higher power view of bouton cluster
indicated by filled arrows in D-F. The scale in D represents 20 um for G.
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FIG. 16. Frequency histogram of axon diameters
from geniculate W-, X-, and Y-cells. The X- and Y-cell
data are redrawn from Friedlander et al. (14). Axon di-
ameters have been measured to the nearest 0.5 pm.
Despite some overlap, W-cell axons are thinner than X-
cell axons, which in turn are thinner than Y-cell axons.

several measurements taken from different
locations between 100 and 200 um from the
soma. For the W-cells reported here and the
X- and Y-cells reported in our earlier study
(14), the thickness of the axon (except for
local variations or varicosities) becomes rel-
atively constant from approximately 100 um
from the soma for as long as it can be traced.
W-cell axons are thinner than are X-cell ax-
ons, which in turn are thinner than are Y-
cell axons (P < 0.001 for each comparison).
This is consistent with the relative conduc-
tion velocities of these cell classes. These ve-
locities are lowest for W-cells, intermediate
for X-cells, and fastest for Y-cells (5, 49, 53).

Relationships between response
properties and morphology

It is clear from our data that neurons with
response properties of W-cells are morpho-
logically quite distinct from those identified
physiologically as X- or Y-cells. However, the
Wh-cells of our sample represent a fairly het-
erogeneous group both physiologically and
morphologically. We sought to determine to
what extent physiological and morphological
variables correlated with one another. Among
the physiological variables considered were
latency to electrical stimulation of the optic
chiasm, responsiveness to visual stimuli, on-
or off-center response, receptive-field size,
and linearity of spatial and temporal sum-
mation to visual stimuli. Morphological vari-
ables included soma size, dendritic extent
(based either on our Sholl-ring analysis or a

simple linear measure of the maximum den-
dritic lengths), and type of dendrites (i.e.,
smooth, grapelike clustered appendages,
complex stalked appendages, varicose, or
beaded). We were unable to detect any cor-
relation between any of these physiological
and morphological variables. However, we
must emphasize the possibility that such cor-
relations do exist but could not be discerned
in our rather limited sample of cells.

DISCUSSION

The main conclusion of this paper is that
W-cells in the C-laminae of the cat’s lateral
geniculate nucleus exhibit morphological
features that are quite distinct from those of
geniculate X- and Y-cells. Also, despite the
physiological and morphological heteroge-
neity of these W-cells, we found no evidence
of separate classes among these neurons. In-
stead, they seem to constitute a single neu-
ronal class that encompasses considerable
variability. These and related points are con-
sidered in more detail below.

Classification of W-cells

ARE W-CELLS DISTINCT FROM X- AND Y-CELLS?
Many investigators have used a single test to
identify different neuronal classes in the ret-
ina and lateral geniculate nucleus. This test
is response linearity to a counterphased, sine-
wave grating. All “linear” cells thus are iden-
tified as X-cells and all “nonlinear” cells as
Y-cells. Since every responsive visual neuron
can be identified as linear or nonlinear, every
cell thus becomes either an X- or Y-cell. By
this criterion, linear W-cells are assigned to
the X-cell class and nonlinear W-cells be-
come Y-cells.

As an alternative to this method of clas-
sification, Rowe and Stone (41) advocated a
battery of physiological tests to be used to
distinguish various classes of neurons in the
retina and lateral geniculate nucleus. When
such a battery of physiological tests is ap-
plied, the evidence strongly suggests that ge-
niculate W-cells are functionally quite dis-
tinct from geniculate X- and Y-cells (49).
Our morphological data convincingly sup-
port this conclusion because it is clear that
W-cells represent neurons with structural
features quite distinct from and not contin-
uous with those of X- or Y-cells (see Figs. 7
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and 8). On morphological grounds alone, W-
cells would be considered a separate neuronal
class.

ARE C-LAMINAE W-CELLS A SINGLE CLASS?
Rodieck (40) suggested that when applied to
retinal ganglion cells, the term W-cell has
come to mean any ganglion cell that is nei-
ther an X- nor a Y-cell (see also Ref. 42) and
that these W-cells actually constitute several
distinct classes. However, retrograde labeling
experiments (35) indicate that a fairly ho-
mogeneous morphological class of retinal
ganglion cells projects to the parvocellular C-
laminae of the lateral geniculate nucleus,
raising the possibility that these specific ret-
inal W-cells and their geniculate target neu-
rons are a single class.

For these reasons we are concerned with
the issue of how many cell classes are rep-
resented by neurons in the C-laminae, exclu-
sive of the Y-cells found in the dorsal tier of
lamina C. We refer to these cells in this paper
as W-cells. The morphological and physio-
logical evidence available (this paper; Refs.
5, 23, 49, 53) indicate a fairly wide range of
properties for these neurons. However, with
one possible exception noted below, the ev-
idence suggests a single class with consider-
able variability rather than separate classes.
For instance, none of the parametric data
regarding soma size or dendritic extent (see
Figs. 3, 6-8) show evidence of clustering; in-
stead, these parameters apparently vary along
a single continuum. Likewise, responsiveness
and receptive-field size seem to vary con-
tinuously among these neurons (see also
Ref. 49).

The one exception noted above refers to
response linearity of spatial and temporal
summation. Sur and Sherman (49) noted
that some of these W-cells respond linearly
to counterphased, sine-wave gratings, while
others respond nonlinearly. However, these
authors noted no other receptive-field differ-
ences between linear and nonlinear W-cells
and thus suggested that this measure of re-
sponse linearity may not be sufficient to es-
tablish separate cell classes. Indeed, it has not
yet been rigorously demonstrated whether or
not the parameter of linearity versus nonlin-
earity is distributed along a continuum for
W-cells, whereas such an analysis for X- and
Y-cells clearly indicates a bimodal distribu-
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tion (24). That is, the identification of linear
and nonlinear cells may represent different
ends of a continuum. In any case, we found
no evidence in the present study of any mor-
phological difference between linear and
nonlinear W-cells, although our data are lim-
ited to six neurons identified as linear and
two as nonlinear.

The issue of classification is far from set-
tied, and clearly more parametric data are
needed. However, our tentative conclusion
based on the available evidence is that W-
cells in the C-laminae constitute a single neu-
ronal class with considerable morphological
and physiological variability. In general, we
cannot account for this variability and have
not seen any clear relationship between the
variability of morphological and physiologi-
cal parameters.

Morphology of dendrites

INDIVIDUAL DENDRITES. Because so many
W-cell dendrites had variable diameters due
to numerous swellings (see Fig. 5), we made
no attempt to measure these diameters pre-
cisely. Our qualitative assessment is that, on
average, they are roughly as thin as X-cell
dendrites and noticeably thinner than Y-cell
dendrites. Among W-cell dendrites com-
monly seen in our sample are fairly smooth
(i.e., appendage free) dendrites, varicose den-
rites, beaded dendrites, dendrites with com-
plex appendages distributed both near and
far from branch points, and dendrites with
appendages clustered near branch points.
These dendritic features have been prom-
inent in cell classification of Golgi-impreg-
nated neurons in the A-laminae: class 1 cells
have relatively smooth dendrites, class 2 cells
have clustered appendages at dendritic branch
points, class 3 cells have complex appendages
all along their dendrites, and class 5 cells have
varicose or beaded dendrites (11, 19, 51). We
reiterate that although the W-cells of our
sample most closely correspond to class 4
cells of Golgi-impregnated material (19),
they have all of these dendritic features seen
in other cell types. Since these features have
also been recognized in our population of X-
and Y-cells (14), they are obviously not di-
agnostic for any functional class. As an ex-
ample of this point, Fig. 17 shows compar-
isons of grapelike clusters appended at a
dendritic branch point for a W-cell (Fig.
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F1G. 17. Photographs of representative appendages clustered at dendritic branch points for geniculate neurons.
The scale in A is 20 um and applies as well to B-E. 4: W-cell also illustrated in Figs. 2B and 5C. B: Y-cell in
lamina A. ' X-cell in lamina A. D: X-cell in lamina Al. E: Y-cell in lamina Al.

17A), two X-cells (Fig. 17C, D), and two Y-
cells (Fig. 17B, E). We still do not know what
functional significance, if any, to attribute to
this variation in morphology of W-cells, but
similar variability seems to be found in a
wide range of other geniculate morphological
and physiological classes.

DENDRITIC ARBORS. Figure 18, which shows
a representative example of a W-, X-, and Y-
cell, illustrates many of the morphological
differences among these cell classes (see also
Ref. 14). W-cell and X-cell dendrites are
thinner than those of Y-cells. All dendrites
of every X-cell are confined to a single lam-
ina, whereas every W- and Y-cell has at least
some dendrites that cross laminar borders.
However, the most striking difference be-

tween these classes is the geometry of the
dendritic arbors. Y-cell arbors are more or
less spherical, X-cell dendrites are elongated
in a cylinder oriented perpendicular to the
laminae, and W-cell dendrites are elongated
in a disk oriented parallel to the laminae.

Functional significance of
dendritic morphology

INDIVIDUAL DENDRITES. As noted above,
W-cell dendrites and X-cell dendrites are
roughly comparable in thickness and both
are noticeably thinner than Y-cell dendrites.
Although the higher synaptic input imped-
ance of a thinner dendrite would be expected
to result in a larger postsynaptic potential at
the synaptic site for equal amounts of syn-
aptic current, this potential would be more
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FIG. 18. Camera lucida drawings of a W-cell, X-cell, and Y-cell at the same scale for comparison. Laminar
borders are indicated by dashed lines. These cells typify many of the morphological differences among classes. The
W-cell is located in lamina C2 and/or C3. Some of its dendrites extend ventrally into the optic tract and others
extend dorsally into lamina Cl. Its soma is small, its dendrites are thin and varicose, and its dendritic arbor is
elongated parallel to the laminar borders. The X-cell soma is located in lamina Al, and its dendrites are entirely
confined to that lamina. Its soma is small, its dendrites are thin and have numerous complex, stalked appendages,
and its dendritic arbor is elongated perpendicular to the laminar borders. The Y-cell soma is located in lamina A1,
and some of its dendrites extend dorsally into lamina A. Its soma is large, its dendrites are thick and have few
spinelike appendages, and its dendritic arbor is fairly spherical in shape. For further details, see the text and

Ref. 14.

greatly attenuated during electrotonic con-
duction along the thinner dendrite to the
soma and axon hillock (28, 38, 39). As Rall
and Rinzel (39) point out, the expected result
is a smaller postsynaptic potential measured
at the soma of the cell with the thinner den-
drites. Furthermore, many X- and some W-
cell dendrites have stalked appendages, which,
at least for X-cells, are usually postsynaptic
sites (52); such appendages are relatively rare
for Y-cells. These appendages may act as
high-input-impedance paths for electrotonic
conduction, which would further attenuate
the postsynaptic potentials (7, 38, 39). Ap-

pendage-free W-cell dendrites typically are
varicose or beaded (see Table 1), and the con-
spicuous constrictions, like those of the ap-
pendages, are likely to be sites of significant
attenuation of postsynaptic potentials. Since
there is little overall difference among W-,
X-, and Y-cells either in the overall extent
of dendrites (Fig. 6) or in their distribution
as a function of distance from the soma (Fig.
94), it seems likely from these differences in
thickness and appendages that the dendritic
arbor of a Y-cell is better suited to more ef-
fective conduction of postsynaptic potentials
to the axon hillock than is the arbor of a W-
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or X-cell. (An important factor in differential
efficiency of signal transmission through
W-, X-, and Y-cells is the potentially differ-
ent thresholds of their axon hillocks, but we
cannot yet estimate these values.) The spec-
ulations outlined above assume that the den-
drites conduct electrotonically so that cable
theory can be applied to them (28, 38, 39).
Recent descriptions of voltage-dependent,
calcium-based action potentials among den-
drites of some neurons (37, 54) raise ques-
tions about the validity of this assumption.

Contrary to the above speculations, studies
of spinal motoneurons (4) suggest that smaller
neurons (i.e., analogous to W- and X-cells)
are more readily excited by their synaptic in-
puts than are larger neurons (i.e., analogous
to Y-cells). It is not clear for motoneurons
whether this reflects a difference between
larger and smaller neurons or a difference in
their synaptic inputs. Nonetheless, the spec-
ulations outlined above are consistent with
the observation that geniculate Y-cells seem
more responsive than either W- or X-cells to
electrical stimulation of the optic chiasm
(unpublished observations; Refs. 25, 49, 53).
Also, geniculate Y-cells are more responsive
to visual stimuli than are W- or X-cells (3,
49), although it is not clear to what extent
this difference is already present in the retina.
Likewise, while the morphological features
we described may contribute to these differ-
ences in synaptic transfer functions of W-,
X-, and Y-cells, there are many other plau-
sible explanations for these physiological dif-
ferences.

DENDRITIC ARBORS. It seems likely that the
difference in the shape of dendritic arbors
seen for W-, X-, and Y-cells is also of func-
tional significance. These shapes almost cer-
tainly relate to the spatial distribution of the
neuron’s synaptic inputs, including retinal
and nonretinal sources. Whether the geom-
etry of the arbor is determined by the ge-
ometry of synaptic inputs or vice versa must
remain an open question. In any case, the
two most obvious factors of geniculate anat-
omy to which dendritic geometry probably
relates are the lamination and the projection
lines (43) that run perpendicular to and
through the laminae. Each projection line
represents a single point in visual space, and
the precise retinotopic map evident in the
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lateral geniculate nucleus requires that nearby
projection lines map nearby points. Given
these factors, the following speculations con-
cerning dendritic geometry seem plausible.

W-cells. Since W-cell dendrites are spread
out in a fairly thin disk oriented parallel to
the laminae, these dendrites cut across the
retinotopic map and extend minimally across
the laminae. This raises the possibility that
the dendrites are organized to receive con-
vergent input from a maximum representa-
tion of visual space and/or to obtain maxi-
mum input within one of the rather thin
C-laminae. While the latter factor may be
important to ocular dominance, it is clear
that W-cell dendrites do not rigorously obey
laminar boundaries (cf. Figs. 10-13).

It is difficult to propose a specific role for
the W-cell pathway. A background role is
suggested by the poor responsiveness plus
diffuse and large receptive fields of W-cells
(49). We must emphasize, however, the pos-
sibilities that the stimuli or illumination con-
ditions employed by us and others to study
these cells may be inadequate to activate
them effectively and that the W-cell pathway
may be particularly sensitive to the physio-
logical and pharmacological manipulations
used in the recording sessions. This qualifi-
cation notwithstanding, it is obvious that the
properties described for W-cells place rela-
tively little emphasis on precise retinotopic
mapping and, indeed, may require these neu-
rons to receive afferents across a fairly large
representation of visual space.

X-cells. X-cell dendrites tend to concen-
trate near a single projection line. This per-
mits the maximum convergence of synaptic
input from the minimum representation of
visual space. Because of the relative thickness
of the A-laminae, an X-cell can and does
have its dendrites contained within a single
lamina despite the dendritic orientation along
projection lines.

X-cells are the most sensitive to higher spa-
tial frequencies that subserve high spatial res-
olution and spatial phase (or position) sen-
sitivity. It has been suggested that the X-cell
pathway adds spatial detail to and raises
acuity from the basic form analysis per-
formed by the Y-cell pathway (31, 32, 44).
Spatial resolution and phase sensitivity place
a premium on precise retinotopic mapping,
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and this may be the significance of the shape
of X-cell dendritic arbors.

Y-cells. Y-cell arbors exhibit relatively
good spherical symmetry. It seems reason-
able to assume that spherically asymmetrical
arbors are the result of functional pressures
that shape the arbors (e.g., such as the re-
quirement to receive synaptic inputs along
projection lines or across the retinotopic
map, as suggested above). Presumably, such
pressures on the morphological development
of Y-cells are minimal.

Y -cells are the most sensitive to lower spa-
tial frequencies (32, 49), and this sensitivity
is consistent with their proposed major role
in basic form analysis (31, 32, 44). Perhaps
because these neurons are less concerned
with higher spatial frequencies and spatial
phase sensitivity, there is no need to concen-
trate dendrites near a single projection line,
but their importance to form analysis dictates
against an extreme elongation across projec-
tion lines. Indeed, the superior responsive-
ness of these cells to synaptic input may pre-
clude the need to extend dendrites far in any
direction to obtain sufficient synaptic input,
and this responsiveness is well suited for a
pathway involved in basic form analysis.
With no other powerful pressures to create
a spherically asymmetric dendritic arbor, the
symmetrical arbors of Y-cells are readily ex-
plicable.

Morphology of somata

CORRELATES OF SOMA SIZE. W-cell somata
are slightly (but perhaps not significantly)
smaller than X-cell somata, and both classes
have distinctly smaller somata than do Y-
cells. At least two factors seem to control
soma size. One seems to be the extent of the
dendritic arbor, since, as Fig. 6 shows, den-
dritic extent within each of the W-, X-, or
Y-cell classes correlates well with soma size.
This correlation is most apparent within a
class, because if all cells are pooled, the cor-
relation between these parameters is much
weaker. Indeed, W-cells, which possess the
smallest somata, have the most extensive
dendritic arbors (Figs. 3, 5, 6).

This suggests that at least one other factor
must combine with dendritic extent to de-
termine soma size. A frequently suggested
factor is the number of synaptic terminals or
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the extent of the preterminal arbor supported
by the neuron in question (20, 34). By this
reasoning, geniculate Y-cells have larger so-
mata than do X-cells because a Y-cell’s ge-
niculocortical projections are larger than
those of an X-cell (13, 16, 17, 26, 47). If true,
this would predict that the terminal extent
of axons from C-laminae W-cells are signif-
icantly smaller than are those of Y-cells and
possibly also X-cells. This hypothesis could
be tested by HRP injections into physiolog-
ically identified W-, X-, and Y-cell axons in
the optic radiations.

ELECTRODE SAMPLING AMONG SOMATA.
Electrode sampling should depend on the
size of the extracellular zone in which current
flow caused by the cell’s firing is greater than
some threshold value for detection by the
electrode. It has often been assumed that
electrode sampling characteristics are strongly
determined by soma volume (cf. Ref. 27),
presumably because a larger soma corre-
sponds to a larger zone of threshold current
flow. We recently tested this assumption for
X- and Y-cells of the A-laminae and found,
surprisingly, that these neurons were sam-
pled electrophysiologically without bias based
on soma size, although other factors contrib-
uting to electrode sampling, such as respon-
siveness or dendritic morphology, could not
be ruled out (14).

The present study indirectly extends this
conclusion to W-cells of the C-laminae, since
the soma size distribution of recovered W-
cells closely matched that of the available
sample (see Fig. 4). Furthermore, we con-
verted the available distribution of Nissl-
stained neurons to an expected distribution
of recorded neurons by an algorithm whereby
the probability of recording was determined
by soma volume; we assumed that the cross-
sectional area was =12 and calculated volume
as 4/3=1> (see Ref. 14 for a discussion of this
algorithm). We found that the observed dis-
tribution of recorded W-cells did not differ
from the available (Nissl stained) distribution
but did differ from the distribution expected
on the basis of soma volume (P > 0.1 and
<0.05, respectively). The same relationships
held for X- and Y-cells of the A-laminae (14).
Thus the ability to record, impale, inject with
HRP, and recover a W-cell is not demon-
strably related to its soma size. Except for the
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unlikely possibility that recorded cells with
larger somata are somehow systematically
excluded from the sample of recovered neu-
rons, these data indicate little effect of elec-
trode sampling based on soma size. The con-
clusion that three such distinct neuronal pop-
ulations, geniculate W-, X-, and Y-cells,
should exhibit the same lack of strong elec-
trode sampling bias related to soma size
should raise a serious doubt about the general
validity of this assumption.

Morphology of axons

AXON DIAMETER. We have suggested earlier
for geniculate X- and Y-cells that axonal di-
ameter may be related to the extent of ter-
minals in cortex: a thicker axon is necessary
to permit transport of the necessary meta-
bolic products needed to maintain a larger
or more active terminal arbor (14). This rea-
soning suggests that thinner axons are asso-
ciated with smaller or less metabolically ac-
tive terminal fields. Furthermore, other fac-
tors often associated with axon diameter
(e.g., conduction velocity) may be epiphe-
nomena of the terminal field’s metabolic re-
quirements. Since W-cell axons are signifi-
cantly thinner than X- or Y-cell axons, this
predicts that W-cell axons should form
smaller or less metabolically active terminal
fields in cortex than do X- or Y-cell axons.
Thus a consideration of either the relation-
ship between soma size and dendritic extent
(described above) or axon diameter leads to
the same testable prediction.

AXON COLLATERALS. Most Y-cells and some
X-cells emit axon collaterals from their par-
ent axons as they pass through the perigen-
iculate nucleus just dorsal to lamina A. This
perigeniculate innervation is thought to be
part of an inhibitory feedback loop whereby
perigeniculate cells give rise to axons that
richly innervate the geniculate laminae (9,
14, 36). It is not clear to what extent indi-
vidual perigeniculate neurons receive input
from one or more of these pathways, al-
though Dubin and Cleland (9) reported that
many of these cells received convergent X-
and Y-cell input. Our data make it clear that
most W-cells also innervate the perigenicu-
late nucleus via axon collaterals.

Perhaps more interesting but less common
than perigeniculate collaterals are collateral
branches that innervate the main laminae of
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the lateral geniculate nucleus (i.e., intragen-
iculate collaterals). Previously, we noted that
a distinct minority of both X- and Y-cells
display such collaterals (14). In the present
study, we can extend this observation to in-
clude 2 of 16 W-cells with filled axons. While
relatively rare, these collaterals raise the pos-
sibility that many responses disynaptic to
electrical stimulation of the optic chiasm
could arise from axon collaterals of relay cells
rather than from axons of interneurons that
receive optic tract input (but see Ref. 36).

We may have actually underestimated the
number of these perigeniculate and intragen-
iculate axon collaterals due to their extremely
slender appearance, particularly for W- and
X-cells. These collaterals are often so fine
that they approach the detection limit with
the light microscope. Many more may have
been present but missed. We thus feel that
our evidence of axon collaterals should be
viewed as a conservative estimate of the im-
portance of these pathways to geniculate cir-
cuitry.

Concluding remarks

Two main conclusions may be drawn
from this study plus our previous one (14).
First, the morphological features of W-, X-,
and Y-cells are quite distinct from one an-
other. These morphological differences al-
most certainly relate to functional differences
in the circuits of each pathway. Thus, func-
tional differences in these pathways are not
limited to retinal circuitry and simply relayed
to cortex via the lateral geniculate nucleus.
Instead, differences seem to be amplified by
geniculate circuitry. We have described above
how differences in the morphology of den-
drites and shape of dendritic arbors might
contribute to the different functional roles of
the W-, X-, and Y-cell pathways. Differences
in dendritic morphology may contribute to
the more reliable synaptic transmission
through the Y-cell pathway than through ei-
ther the W- or X-cell pathways. Furthermore,
W-cell dendritic arbors suggest convergence
of inputs from a large retinotopic region for
diffuse processing of visual signals, X-cell
arbors seem to place a premium on receiving
inputs from a limited retinotopic locale, and
Y-cell arbors are best suited for reliable trans-
mission of the crucial lower spatial frequen-
cies.
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The second general conclusion is that W-
cells of the C-laminae form a single neuronal
class that is quite distinct from geniculate X-
and Y-cells and that includes considerable
morphological and physiological variability.
We cannot account for this variability, but
it seems to reflect a continuum of physiolog-
ical and morphological characteristics rather
than distinct classes.
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