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SUMMARY AND CONCLUSIONS 

1. Forty-seven neurons in the dorsal lat- 
eral geniculate nucleus of normal adult cats 
were studied both physiologically and mor- 
phologically in order to determine structure/ 
function relationships at the single-cell level. 
Neurons were initially identified during ex- 
tracellular recording as W-, X-, or Y-cells. 
This was followed by intracellular recording 
of the neuron, revalidation of its classifica- 
tion, iontophoretic filling of the cell with 
horseradish peroxidase (HRP), histological 
processing to visualize the HRP-filled cell, 
and morphological analysis of the physio- 
logically characterized neuron. The sample 
includes 25 X-cells, 19 Y-cells, I W-cell, and 
2 physiologically unclassified cells. 

2. The 25 X-cells are morphologically 
different from the 19 Y-cells. All of the X- 
cells and 14 of the Y-cells were found in 
laminae A and A 1; the other 5 Y-cells, in 
the C-laminae. Eighteen of the X-cells have 
morphological features of Guillery’s class 2 
and/or 3 neurons, and the other seven X- 
cells could not be placed into one of Guil- 
lery’s classes. Most of the X-cells with class 
3 morphological features are identified ge- 
niculocortical relay cells. Class 3 cells were 
hitherto presumed to be interneurons. The 
Y-cells have either class 1 or class 2 mor- 
phological features. Class 2 X-cells, how- 
ever, differ morphologically from class 2 Y- 
cells. The W-cell has class 4 features and 
was found in the C-laminae, while both of 
the physiologically unclassified cells are 
class 1 morphologically and were found in 
lamina A 1. 

3. Guillery’s morphological classification 

scheme correlates well but not completely 
with the physiological W-, X-, and Y-cell 
classification. Both X- and Y-cells could be 
class 2, but class 2 X-cells differ morpho- 
logically from class 2 Y-cells. The one W- 
cell has class 4 morphology. 

4. Our data permit reasonably confident 
identification of geniculate neurons as X- or 
Y-cells based on a battery of the following 
morphological differences. a) X-cell somata 
are typically smaller than those of Y-cells. 
b) X-cell dendrites are contained completely 
within the lamina in which the soma is 
found, while Y-cell dendrites freely cross 
laminar boundaries. c) The dendritic trees 
of X-cells are asymmetrically elongated 
along projection lines (i.e., orthogonal to the 
lamination), whereas those of Y-cells tend 
to be radially symmetric. d) X-cell dendrites 
tend to be thin, sinuous, and possess many, 
complex appendages throughout their course. 
Y-cell dendrites tend to be large, fairly 
straight, and possess relatively few, simple 
appendages. e) X-cell axons tend to be thin- 
ner than those of Y-cells. f) Both X- and 
Y-cell axons issue collaterals occasionally 
within the lateral geniculate nucleus and 
more often in the perigeniculate nucleus. 
Perigeniculate collaterals are more common 
for Y-cells than for X-cells. 

5. For both X- and Y-cells, soma size cor- 
relates with the extent of the dendritic ar- 
borization. This suggests that factors (e.g., 
dendritic extent) other than the extent of the 
cell’s axonal projection may relate to soma 
size. 

6. The size distribution of our sample of 
HRP-filled cells is virtually identical to the 
size distribution of neighboring cells. Thus, 
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we found no evidence for electrode sampling 
biases based on soma size, and we suggest 
that factors other than soma size (e.g., den- 
dritic extent) might also contribute to elec- 
trode sampling biases. Also, this comparison 
of soma sizes between HRP-filled cells and 
neighboring neurons permitted us to esti- 
mate the relative percentage of X- and Y- 
cells in the A-laminae. We conclude that 
roughly one-third of the neurons are relay 
Y-cells and that the remainder are relay X- 
cells plus interneurons. If as many as 25% 
of the neurons are interneurons, then the X- 
to Y-cell ratio is roughly equal, but if inter- 
neurons are rare (as our data suggest), then 
the ratio is approximately 2 to 1. 

7. The observation that geniculate X- and 
Y-cells differ morphologically suggests that 
differences in the X- and Y-cell pathways 
are not determined only in the retinal plexi- 
form layers. Also, since our estimate of the 
geniculate X- to Y-cell ratio is considerably 
lower than previous estimates of this ratio 
in the retina, one consequence of retinoge- 
niculate circuitry may be to expand the Y- 
cell pathway relative to the X-cell pathway. 

INTRODUCTION 

During the past decade, a number of lab- 
oratories have provided evidence that the 
mammalian geniculocortical system is com- 
prised of several parallel pathways (for re- 
cent reviews, see Refs. 47, 61, 77). This, in 
turn, has led to a new conceptual framework 
for the functional organization of mamma- 
lian visual systems. Most of this evidence 
derives from cats and centers on the classi- 
fication of retinal ganglion and geniculate 
cells into W-, X-, and Y-cells. This classi- 
fication is strictly limited to electrophysio- 
logical differences in neuronal response 
properties. 

Differences among W-, X-, and Y-cells 
are similar at both retinal and geniculate 
levels (for details, see Refs. 8-l 0, 12, 15, 3 1, 
32, 34, 46, 74, 78, 83). Less is known about 
W-cells, but compared to X- and Y-cells, 
they tend to display more sluggish responses 
and have slower axonal conduction veloci- 
ties. Much more is known about X- and Y- 
cells. Compared to Y-cells, X-cells tend to 
have: a) more slow ly conducting axons; 6) 
more linear sp latial summation in their re- 

ceptive fields; c) smaller receptive-field cen- 
ters; d) more heterogeneous fields based on 
spatiotemporal maps; e) slightly greater sen- 
sitivity to visual stimuli consisting of higher 
spatial frequencies, but much less to lower 
ones; f) slightly poorer sensitivity to visual 
stimuli of higher temporal frequencies or 
speeds of movement; and g) more sustained 
responses to visual stimuli of appropriate 
standing contrast. 

These cell groups appear to be links in 
three parallel, relatively independent neural 
chains from retina through the lateral ge- 
niculate nucleus to visual cortex, and even 
cortical neurons may be identified as part of 
one or another of these chains (5-7, 33, 34, 
51). It has been suggested that each of these 
chains analyzes somewhat different features 
of the visual scene, and that these analyses 
are integrated at some as yet undefined cen- 
tral structure. Presumably, the different 
functional roles played by these W-, X-, and 
Y-cell chains relate to the above-mentioned 
physiological differences among the com- 
ponent cell types (37, 38,46,47,67,69, 77). 

W-, X-, and Y-cells have been confidently 
identified only with electrophysiological cri- 
teria. Our knowledge of them is conse- 
quently unidimensional, since it is based only 
on electrophysiological data. It thus would 
be useful to develop identification criteria for 
these cell classes along other dimensions, 
such as morphological, chemical, etc. Sev- 
eral laboratories have suggested specific 
structure/function relationships at the sin- 
gle-cell level for W-, X-, and Y-cells both 
in retina (4, 12, 52, 8 1) and the lateral ge- 
niculate nucleus (48, 83), but these sugges- 
tions are based on evidence that, although 
impressive, is nonetheless indirect. 

Prior suggestions of structure/function 
relationships for geniculate neurons usually 
can be traced to the morphological classifi- 
cation scheme proposed by Guillery (25) and 
based on Golgi impregnations. Guillery de- 
scribed four broad morphological groups, 
but he emphasized that the plurality of neu- 
rons (roughly 40% of his sample) could not 
be placed into any one of these groups (see 
also Refs. 16, 80). Three of these groups 
were described for the A-laminae (see Fig. 
1). Class 1 cells have the largest somata (25- 
4OP ,rn in diameter ) wit h th ick, fai rly stra ight 
and cr ‘UC iate dend rites tha t often cross 1 am- 
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inar boundaries. These dendrites tend to 
have sparse, simple spinelike appendages. 
Class 2 cells have intermediate-sized somata 
(15-30 pm in diameter) with thinner, curved 
dendrites that only occasionally cross lami- 
nar boundaries. A striking feature of these 
cells are grapelike clusters appended in or 
near dendritic branch points. Class 3 cells 
have the smallest somata (lo-20 pm in di- 
ameter) with very fine, sinuous dendrites. A 
heterogeneous assortment of appendages, 
many quite complicated in appearance and 
often connected to dendrites by long stalks, 
can be found all along the dendrites. Class 
4 cells were briefly described and were found 
only in the C-laminae.’ These have medium- 
sized somata, fine dendrites, and a dendritic 
tree oriented in a plane parallel to the lam- 
ination. 

LeVay and Ferster (48) offered several 
converging lines of indirect evidence to sup- 
port the notion that Guillery’s classes 1, 2, 
and 3, respectively, represent relay Y-cells, 
relay X-cells, and interneurons. The concen- 
tration of W-cells in the C-laminae led oth- 
ers to suggest that these are morphologically 
class 4 (83). While these specific structure/ 
function relationships for geniculate neurons 
in the cat are widely accepted (cf. Refs. 47, 
61, 77, 83, and many others), it nonetheless 
seems logical to question such relationships, 
since they are based on indirect evidence. 
Also, retinal ganglion X- and Y-cell prop- 
erties are already distinguishably provided 
by the retinal plexiform layers; and nearly 
all geniculate X- or Y-cells, respectively, re- 
ceive their excitatory optic tract input ex- 
clusively from retinal X- or Y-cells (8). If 
additional differential processing in the lat- 
eral geniculate nucleus specifically related 
to X- and Y-cells were lacking, there might 
be no further structural correlates to X- and 
Y-cells central to the optic tract. 

We wished to test with a direct approach 
whether or not geniculate X- and Y-cells 
differ morphologically and, if so, to what 
extent the LeVay and Ferster (48) hypoth- 

’ The other major cell group of the cat’s dorsal lateral 
geniculate nucleus, beside the A- and C-laminae, is the 
medial interlaminar nucleus. No detailed studies of 
Golgi-impregnated neurons from this region have, to our 
knowledge, yet been published. The medial interlaminar 
nucleus contains practically only Y-cells, although oc- 
casional W- and X-cells have been found there (13, 45, 
55). 

esis is correct. Consequently, we adapted a 
technique used successfully in other mam- 
malian neural pathways (39, 44). That is, 
we intracellularly injected horseradish per- 
oxidase (HRP) into single geniculate neu- 
rons after each was studied with electrophys- 
iological techniques and identified as a W-, 
X-, or Y-cell. The HRP yields a Golgi-like 
filling that permits a detailed morphological 
assessment of the neuron. 

Indeed, we found many different struc- 
tural features among geniculate W-, X-, and 
Y-cells. We have confirmed parts of the 
LeVay and Ferster (48) hypothesis, but sug- 
gest changes in others. Based on Guillery’s 
(25) classification scheme, we find class 1 
cells to be Y-cells, but class 2 cells include 
both X- and Y-cells. Also, many neurons 
with class 3 morphological characteristics 
are X-cell relay neurons. Many X-cells could 
not be placed into one of Guillery’s (25) 
classes. Nonetheless, apart from this mor- 
phological classification scheme, many dif- 
ferent structural features are seen between 
X- and Y-cells, and these are described be- 
low. Limited data from the C-laminae are 
consistent with the notion that W-cells have 
class 4 morphology. Preliminary reports of 
these findings have appeared elsewhere (20, 

7% . 

MATERIALS AND METHODS 

General preparation 
Adult cats (2.0-4.0 kg) were used in these ex- 

periments. Most of the methods have been de- 
scribed in detail elsewhere (20, 34, 45, 46) and 
will be briefly outlined here. The cats were ini- 
tially given 0.4 mg atropine sulfate subcutane- 
ously to prevent excessive respiratory secretions. 
Initial anesthesia was induced with 3% halothane 
delivered in a 1:l N20:02 mixture, and both the 
femoral vein and trachea were cannulated. The 
animals were then transferred to a stereotaxic 
apparatus. The anesthesia level was changed to 
1% halothane in a 70:30 N20:02 mixture for fur- 
ther surgical procedures. Paralysis was initially 
induced with 40 mg of Flaxedil and maintained 
throughout the experiment by an intravenous in- 
fusion of a mixture of 3.6 mg/h of Flaxedil and 
0.7 mg/h of d-tubocurarine in a 5% lactated 
Ringer solution given at 6.0 ml/h. The cats were 
artificially ventilated. End-tidal CO1 was contin- 
uously monitored and maintained near 4%. After 
completion of all surgical procedures, including 
craniotomies, the wounds and pressure points were 
infiltrated with 1% lidocaine and the cat was re- 
moved from the halothane. Additional lidocaine 
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FIG. 1. Tracings of geniculate neurons impregnated by the Golgi-Kopsch method. These cells are all from 
laminae A and Al of adult cats and represent the three major morphological classes described by Guillery (25) 
for these laminae. The class 1 cell has a large soma and thick, cruciate dendrites with occasional, simple spinelike 
appendages. The class 2 cell has an intermediate-sized soma and dendrites of medium thickness with clusters of 
grapelike appendages near dendritic branch points (arrows). Two examples of class 3 cells are shown. They have 
small somata and thin sinuous dendrites with complex, stalked appendages (arrows). Scale: 100 pm. 
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was applied at intervals of approximately 6 h. The 
animal was maintained for recording during the 
rest of the experiment (16-36 h) on a 70:30 
N,0:02 mixture. Body temperature was main- 
tained at 38.0°C with a blanket-control unit. 

Visual stimulation 
Neo-Synephrine and atropine were applied top- 

ically to the cat’s eyes to retract the nictitating 
membranes and dilate the pupils, and the corneas 
were covered with zero-power contact lenses. We 
then performed retinoscopy to ensure that each 
retina was conjugate with the visual stimuli on a 
plotting screen or cathode-ray tube. To do this, 
spectacle lenses were occasionally placed in front 
of the cat’s eyes. Retinal landmarks, including the 
optic disk, were then projected onto the plotting 
screen by the method of Fernald and Chase (18). 
Receptive-field positions could thus be measured 
with respect to the optic disk which, in turn, places 
the field with respect to the area centralis (41, 
65). In each case in which a geniculate cell was 
intracellularly injected with HRP, retinal land- 
marks were replotted immediately after with- 
drawal of the electrode from the cell. 

Visual stimulation was accomplished either by 
means of bright or dark targets presented on a 
plotting screen or by patterns generated on a cath- 
ode-ray tube (for details, see Ref. 46). The pat- 
terns on the cathode-ray tube were vertically ori- 
ented, counterphased, sine-wave gratings. We 
could continuously vary the spatial frequency, the 
temporal frequency (counterphase rate), and the 
position (spatial phase angle) of the gratings. 
Overall mean illumination was 38 cd/m*, and con- 
trast (defined as (L,,, - L,i,)/(L,,, + L,i,) where 
L,,,aX and Lmin are, respectively, the maximum and 
minimum luminances across the grating) could 
be varied between 0 and 0.6. 

Electrophysiology 
ELECTRODES. Recording micropipettes were 
made from glass tubing (1.2 mm OD, 0.6 mm ID) 
with internal glass filaments. Each tube was then 
drawn to a fine tapered tip with a pipette puller 
and backfilled with a solution consisting of 0.2 M 
KCl, 0.05 M Tris, and 2-5s HRP (Sigma VI). 
The solution was buffered at pH 7.6 and filtered 
through a 0.05pm pore diameter “nucleopore” 
system. Each micropipette was then beveled to a 
final outer diameter of 0.2-0.4 pm, as estimated 
from scanning electron micrographs of several 
examples. The final impedance range was 80-120 
MQ measured at 200 Hz. The micropipette was 
stored in a hydrated chamber for up to 36 h be- 
fore use. 

A pair of bipolar stimulating electrodes (insu- 
lated tungsten wires; exposed tip lengths N 0.5 
mm) was lowered into the brain to straddle the 
optic chiasm. Five similar electrodes were placed 

into cortical gray matter for bipolar stimulation 
of areas 17 and 18. Orthodromic activation of 
geniculate neurons was achieved by placing cur- 
rent pulses (lo- 100 ps; 1 .O-3.0 mA) across the 
chiasm electrodes. Transynaptic activation was 
ascertained by variability in response latency to 
the shocks and by the cell’s inability to follow high 
frequencies (>200 Hz) of stimulation. Both tran- 
synaptic and antidromic activation of geniculate 
cells were seen from applying similar currents 
across various pairs of cortical electrodes. When 
present, antidromic activation was identified by: 
little or no variability in evoked spike latency 
(~0.1 ms), the ability of the cell to respond to 
high-frequency (>300 Hz) stimulation, and most 
important, by the ability of an orthodromically 
traveling spike to block the antidromic spike (i.e., 
spike “collision”). 

ELECTROPHYSIOLOGICAL RECORDINGS. 

Single-cell recordings were made with a DC am- 
plifier having internal bridge and current injection 
circuitry. The micropipette was advanced through 
a hydraulically sealed craniotomy and durotomy 
to the lateral geniculate nucleus. A hydraulic seal 
was created by cementing a Plexiglas cylinder 
(10 mm high, 12 mm diameter) to the bone 
around the craniotomy and filling it first with a 
layer of agar solution followed, after the agar 
hardened, with melted wax. We found it necessary 
to insert the micropipette tip l-2 mm into the 
brain before the agar was applied to prevent clog- 
ging of the tip. We also found that traverses 
through overlying tissue to the thalamus often 
clogged or broke the tips, so we employed the 
procedure of aspirating a portion of the overyling 
tissue roughly 5 mm in diameter and 4-8 mm 
deep before electrode penetrations (cf. Ref. 56). 
However, this ablation somehow interfered with 
our ability to activate geniculate neurons anti- 
dromically from cortex, although we had thought 
the ablation would be too anterior and dorsal to 
interrupt the optic radiations (cf. Ref. 20). After 
the first few experiments, we abandoned this 
ablation procedure, at the expense of occasionally 
ruining recording micropipettes, in order to permit 
antidromic activation of geniculate neurons. 

The response properties of geniculate neurons 
were first studied during extracellular recording 
with methodology described in detail elsewhere 
(8, 15, 3 1, 32, 34,46,7 1). Each neuron’s response 
latency to electrical stimulation of optic chiasm 
and visual cortex was measured, and in the case 
of cortical stimulation, the antidromic or transyn- 
aptic nature of the response was determined. We 
also assessed the following receptive-field prop- 
erties: ocular dominance, receptive-field position, 
center and surround type (i.e., on or off), center 
size, responsiveness to fast-moving targets, and 
the tonic or phasic nature of responses to pro- 
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longed stimulation of the center. Finally, we par- 
tially assessed each cell’s spatial summation prop- 
erties from the responses to the counterphased, 
sine-wave gratings. That is, a cell was “linear” if 
it responded at the fundamental temporal fre- 
quency of the stimulus and if a grating position 
of phase angle could be found at which respon- 
siveness practically ceased; this is the “null po- 
sition.” A cell was “nonlinear” if its response pat- 
tern was distorted by higher (even) harmonics of 
the stimulus temporal frequency and if no null 
position could be found. We identified geniculate 
neurons in the A-laminae as X-cells or Y-cells by 
relying chiefly on response latency to optic chiasm 
stimulation, linearity of spatial summation, and 
responsiveness to fast-moving targets. Only if all 
three of these properties led to the same X- or Y- 
cell identification was the cell classified; otherwise, 
it was considered physiologically unclassified. 
Unclassified cells were rarely (~5%) sampled (see 
RESULTS). Occasional electrode penetrations en- 
tered the C-laminae in which W-cells were en- 
countered. These were identified by sluggish re- 
sponses to visual stimuli and long latencies to optic 
chiasm stimulation (9, 10, 11, 83). 

Neurons were initially studied and classified 
during extracellular recording. The electrode was 
then advanced in 1 -pm steps until electrical effects 
of mechanical contact with the cell’s membrane 
were evident. These included fluctuations in the 
DC level, increased spike amplitude, and small, 
slow-wave activity. Brief (100 ms) depolarizing 
current pulses (1 .O-3.0 nA) were applied to pen- 
etrate the neuron. Intracellular recording was in- 
dicated by a rapid, 30- to 65mV drop in the DC 
level, the appearance of 30- to 70-mV monophasic, 
positive action potentials (with up to 5-mV over- 
shoot), and the appearance of depolarizing and 
hyperpolarizing synaptic potentials. 

The cell’s electrophysiological properties (i.e., 
responses to chiasm stimulation, receptive-field 
plot, linearity of spatial summation) were quickly 
revalidated to ensure that the penetrated neuron 
was the same cell from which extracellular data 
were obtained. Then HRP was ejected through 
the tip into the neuron with 200-ms depolarizing 
pulses of 2.5-10.0 nA at 3 Hz for l-10 min. Brief 
pauses in the injection procedure permitted us to 
monitor the neuron’s electrical activity and as- 
certain that the micropipette tip remained within 
the same neuron for the entire iontophoretic pe- 
riod. 

The HRP iontophoresis ended the electrode 
penetration. The micropipette was withdrawn and 
a new penetration started at least 500 pm distant. 
Since we attempted to inject each physiologically 
defined geniculate neuron and since such an in- 
jection terminated a penetration, the C-laminae 
were rarely reached. We injected no more than 

two neurons per lamina, and these were widely 
spaced. The histological location of each injected 
cell could readily be matched to the appropriate 
receptive-field location and ocular dominance 
based on Sanderson’s (63) retinotopic maps of the 
lateral geniculate nucleus. 

Histology 
The cats were sacrificed 12-36 h after the first 

neuron was injected and at least 1 h after the final 
injection. This was accomplished by a large, in- 
travenous dose of barbiturate, followed by trans- 
cardial perfusion with Karnovsky’s fixative. The 
lateral geniculate nucleus was stereotaxically 
blocked, removed, postfixed for 4-l 2 h, and washed 
overnight in phosphate buffer. Sections were sub- 
sequently cut in the coronal plane at 100 pm on 
a vibratome and reacted with diaminobenzidine. 
Many of the sections were then counterstained for 
Nissl substance with cresyl fast violet. 

Microscopic examination and tracing of filled 
cells was done with a Kodak Wratten 48A or 49B 
(deep blue) filter. The filter was chosen on the 
basis of its spectral transmission being comple- 
mentary to that of the HRP-diaminobenzidine 
reaction product. Cells were traced by means of 
a drawing attachment on a microscope with a 
100X, oil-immersion objective (numerical aper- 
ture (NA), 1.32). 

For comparison, Nissl-stained geniculate cells 
were measured from 11 cats. These included six 
cats from which HRP-filled geniculate neurons 
were recovered plus five other cats from which no 
HRF-filled cells were obtained. However, the 
brains were processed identically in each of the 
11 cases. Somata were traced with the same mi- 
croscope optics. Cell samples were selected from 
the middle of the A-laminae (mediolaterally and 
anteroposteriorly). To avoid sampling errors, only 
cells with visible nucleoli were sampled, and every 
such neuron in the field of view was included. The 
samples included the entire dorsoventral extent 
of the A-laminae, so that neurons near the inter- 
laminar zones were included. Roughly equal 
numbers of neurons in laminae A and Al were 
measured. Most of the measurements involved 
cross-sectional area (A) of the soma. This was 
accomplished by means of a planimeter used with 
the drawings. From the area measurement, we 
estimated soma diameter (D) and volume (V) by 
assuming that the soma approximated a sphere. 
That is, A = nr’, V = “/3 &, and D = 2r. 

RESULTS 

We obtained successful intracellular re- 
cordings from over 150 physiologically iden- 
tified geniculate neurons. Both extracellular 
and intracellular recording were used to 
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TABLE 1. Morphological and 
physiological classes of geniculate neurons 

Physiological Class 
Morphological 

Class w x Y Unclassified Total 

1 0 0 12’ 2 14 
2 0 9 7 0 16 

2-3 0 4 0 0 4 
3 0 5* 0 0 5 
4 1 0 0 0 1 

Unclassified 0 7 0 0 7 

Total 1 25 19 2 47 

* All cells are confirmed relay cells except one of the 
class 1 Y-cells and three of the class 3 X-cells. 

identify these neurons as W-, X-, or Y-cells 
based on the criteria listed in MATERIALS 
AND METHODS. Forty-seven of these neurons 
were injected with HRP and successfully 
recovered after histological processing. That 
is, complete and detailed physiology and 
morphology were available for each of these 
47 geniculate cells. Geniculate neurons were 
considered to be relay cells either if they 
were antidromically activated from cortex 
or if they possess an HRP-filled axon that 
can be followed into the optic radiations. 
Thus, either electrophysiological or morpho- 
logical criteria were employed. 

The recovered cells to date include 25 X- 
cells (22 of which are confirmed relay cells), 
19 Y-cells ( 18 of which are confirmed relay 
cells), one W-cell relay neuron, and two 
physiologically unclassified relay cells (see 
Table l).’ Therefore, of the 47 neurons, only 
3 X-cells and 1 Y-cell could not be positively 
identified as relay cells. Each of the three 
X-cells that could not be identified as relay 
cells was obtained from early preparations 
in which antidromic stimulation was not pos- 
sible(see MATERIALSANDMETHODS). Also, 
it must be emphasized that failure either to 

2 Of the X-cells, 12 were identified as relay cells only 
by virtue of an axon traced into the optic radiations; 3, 
only by the collision test; and 7, by both criteria. Of the 
Y-cells, 8 were identified as relay cells by the morpho- 
logical criterion alone; one, by the electrophysiological 
criteria alone; and 9, by both criteria. The W-cell was 
identified as a relay cell by both criteria. Finally, one 
of the two physiologically unclassified cells was identi- 
fied as a relay cell by the morphological criterion alone; 
and the other cell, by both criteria. 

activate a cell antidromically from cortex or 
to demonstrate an axon projecting from it 
and entering the optic radiation does not 
necessarily identify the cell as an interneu- 
ron (see DISCUSSION). 

We found the morphology of X-cells to 
be quite different from that of Y-cells, but 
considerable variability occurs within each 
group. Based on Guillery’s (25) classifica- 
tion scheme, most X-cells have structural 
features that are generally characteristic of 
class 2 cells, class 3 cells, or intermediate 
between these. Some X-cells cannot be clas- 
sified structurally. Y-cells tend to be class 
1 or class 2 in StrUCtUre (See INTRODUCTION 
and Fig. 1). The two physiologically unclas- 
sified cells have class 1 morphology. Table 
1 summarizes these relationships. Of partic- 
ular interest is the identification of several 
class 3 cells and all cells intermediate be- 
tween classes 2 and 3 as relay X-cells. Other 
structural differences between X- and Y- 
cells, including details of the above obser- 
vations, are described below. 

Electrophysiology 

The records in Fig. 2 illustrate several 
examples of electrophysiological recordings 
taken from cells that were ultimately filled 
with HRP. Figure 2A-C shows intracellular 
records taken from the Y-cell illustrated in 
Figs. 12B and 13C. Figure 2A and B shows 
responses to electrical activation of the optic 
chiasm at two sweep speeds. The latency 
from chiasm stimulation was 1.1 ms, and the 
action potential had a 60-mV amplitude with 
a 1.5 ms duration and a 100 V/s rise time. 
The resting potential of this neuron was 
-64 mV, and thus no overshoot of the action 
potential was seen. When the micropipette 
was finally withdrawn, the resting potential 
had shifted by only 7 to -57 mV. Figure 2C 
illustrates intracellular responses from the 
same neuron as a visual target is moved 
through its receptive field. Note that the in- 
dividual action potentials ride on slow de- 
polarizing potentials of 4-5 ms duration 
which, in turn, ride on larger, slower depo- 
larizing waves. 

Figure 2D-G shows records from the X- 
cell illustrated in Fig. 19H. Figure 20 shows 
impalement of the cell with the micropipette. 
The trace begins with extracellular record- 
ing of 5-mV action potentials. The large os- 
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cillation (arrow 1) represents an unsuccess- 
ful attempt to penetrate the cell by applying 
a large negative capacitance to the electrode. 
Then, a 2-nA depolarizing pulse was deliv- 
ered (arrow 2) and penetration ensued. This 
was indicated by a lo-mV initial drop in the 
DC level followed by a second, rapid drop 
of 45 mV (arrow 3). This saturated the FM 
tape recorder, and the oscilloscope beam had 
to be repositioned (arrow 4). Figure 2E-G 
shows intracellular recording from this neu- 
ron as a counterphasing, sine-wave grating 
covered its receptive field. The three traces 
include a null position of the grating (Fig. 
2F) plus spatial phase shifts of the grating 
by 90” to either side of the null position (Fig. 
2E, G). These responses helped to charac- 
terize the neuron as an X-cell (see MATER- 
IALS AND METHODS). The traces from Fig. 
2E, F were taken before and the trace from 
Fig. 2G was taken 3 min after HRP ionto- 
phoresis. Between the time Fig. 2E and F 
and G was recorded, the resting potential 
had dropped by 8 mV. A rapid positive 45- 
mV return to base line DC level accompa- 
nied withdrawal of the micropipette from the 
cell. 

Another X-cell’s records are shown in Fig. 
2H-L. These illustrate antidromic activation 
from cortical stimulation, as inferred from 
the collision test. Figure 2H shows an ortho- 
dromic, spontaneously occurring action po- 
tential (closed arrow) used to trigger the 
cortical stimulation unit; the shock artifact 
(asterisk) and evoked action potential (open 
arrow) are also shown. As the interval be- 
tween the orthodromic action potential and 
cortical stimulation was reduced (Fig. 21- 
L), the evoked action potential was blocked 
(Fig. 2K, L). This indicates antidromic ac- 
tivation of the neuron from cortex which, in 
turn, identified this X-cell as a relay neuron. 
Of particular interest is the subsequent mor- 
phological characterization of this neuron, 
shown in Figs. 3A and 4A and B, as a class 
3 cell. 

Qualitative Morphological Features 

Somadendritic properties 

As mentioned above, X- and Y-cells rep- 
resent heterogeneous morphological classes 
that are, nonetheless, distinct from one an- 
other. X-cells tend to possess class 2 and/or 

3 morphology, and Y-cells, class 1 or 2 mor- 
phology. X-cells have smaller somata. These 
X-cells display a wide variety of complex, 
often stalked, dendritic appendages and tend 
to have thin, sinuous dendrites arranged in 
a tree oriented perpendicular to the genic- 
ulate laminae (i.e., along “projection lines”; 
cf. Ref. 63). Y-cells generally have larger 
somata, thicker and straighter dendrites, 
with few, simple appendages, and a radially 
symmetric dendritic tree. Dendrites of X- 
cells never leave the lamina of origin, whereas 
such extralaminar dendrites are common 
among the Y-cells. Although examples of 
both X- and Y-cells are found with class 2 
morphology, class 2 X-cells nonetheless dif- 
fer morphologically from class 2 Y-cells. The 
class 2 X-cells are smaller and none have 
translaminar dendrites; each of the larger 
class 2 Y-cells displays translaminar den- 
drites. 

All of our X-cell sample is located in lam- 
inae A and A 1. Of the 19 Y-cells, 14 are 
from the A-laminae, and the others are from 
the C-laminae. The W-cell example is lo- 
cated in the C-laminae, and the physiolog- 
ically unclassified neurons are both in lamina 
Al. Except as noted below, no obvious in- 
terlaminar differences in qualitative mor- 
phological features exist either for X-cells 
or for Y-cells. 

X-CELLS. Class 3 X-cells. Figures 3 and 4 
illustrate two X-cells that are morphologi- 
cally class 3. The class 3 X-cell shown in 
Fig. 3A is a confirmed relay cell as dem- 
onstrated both by its antidromic activation 
from cortical stimulation (see Fig. 2H-L) 
as well as by the course of its axon into the 
optic radiations. Note the relatively small 
soma, the complex, stalked structures ap- 
pended to the dendrites, and the fine sinuous 
dendrites. Figure 4A, B illustrates these den- 
dritic characteristics with photomicrographs 
of the same field at two different focal 
planes. All of these features signify class 3 
morphology (25). This cell also has axon 
collaterals within lamina A, and all of its 
dendrites are confined to that lamina. For 
this X-cell, as well as for every other X- and 
Y-cell individually illustrated in Figs. 3- 18, 
Table 2 provides a summary of its receptive- 
field type (X- or Y-cell, on- or off-center), 
field-center size, eccentricity of the receptive 
field from the area centralis, latency of re- 
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FIG. 2. Electrophysiological records from geniculate neurons that were subsequently stained with HRP and 

morphologically analyzed. A-C: intracellular records from the Y-cell shown in Figs. 12B and 13C. A and B each 

show two superimposed responses to stimulation of the optic chiasm, and the asterisks indicate the stimulus artifact. 
A represents a faster sweep speed than does B. This cell’s resting potential was -64 mV, its action potential had 

an amplitude of 60 mV, and its latency to stimulation of the optic chiasm was 1 .l ms. C shows the response to 
movement of a visual stimulus through the neuron’s receptive field. Note that bursts of action potentials ride on 
slow, depolarizing waves. D-G: extra- and intracellular records from the X-cell shown in Fig. 19H. D shows the 

transition from extra- to intracellular recording. We overcompensated the negative capacitance arm of the amplifier 
(arrow 1) in an unsuccessful attempt to penetrate the cell, then we passed a depolarizing pulse of 2 nA for 200 
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sponse to electrical stimulation of the optic 
chiasm, the eye that provided excitatory in- 
put, the lamina in which the soma was lo- 
cated, and the figure(s) in which it is illus- 
trated. 

Another example of a class 3 X-cell is 
found in Fig. 3B. This neuron could not be 
confirmed as a relay cell due to failure to 
identify an axon entering the optic radiation. 
This cell, unfortunately, was obtained from 
an early experiment in which cortical stim- 
ulating electrodes were not used due to ex- 
tirpation of cortex (see MATERIALS AND 
METHODS). The extremely thin and sinuous 
dendrites as well as the delicate, complex 
dendritic appendages can be appreciated in 
the two photomicrographs of Fig. 4C, D, 
which also are from two different focal 
planes of the same field of view. The ap- 
pendages vary from single-headed spines to 
complicated, multiheaded structures. Three 
other features of the cell are noteworthy: the 
soma is quite small, the dendritic tree has 
an orientation dramatically orthogonal to 
the lamination, and the dendrites end 
abruptly at the laminar boundaries (cf. Fig. 
19B). 

Class 2/3 X-cells. The X-cells illustrated 
in Fig. 5 are both confirmed relay cells and 
they have morphological features that in- 
corporate characteristics of both class 2 and 
class 3 cells. These include grapelike ap- 
pendages at some dendritic branch points 
(class 2; filled arrows in Fig. 5) in addition 
to complex stalked appendages along fine, 
sinuous dendrites (class 3; open arrows in 
Fig. 5). Thus, we have identified these as 
morphologically intermediate cell types. The 
photomicrographs of Fig. 6 are of the cell 
illustrated in Fig. 5A. These photomicro- 
graphs illustrate the limitation of the den- 
dritic tree to lamina A (Fig. 6A, B), the 

orientation of the dendrites orthogonal to the 
lamination (Fig. 6&C), a class 2 charac- 
teristic of grapelike clusters at dendritic 
branch points (Fig. 60, filled arrow), and 
class 3 characteristics of complex append- 
ages on thin, sinuous dendrites (Fig. 6E, F, 
filled arrows signify such appendages). The 
soma and several other dendrites are found 
in the adjacent coronal sections and are in- 
cluded in the drawing of Fig. 5A. The soma 
occupies the region indicated by the open 
arrow in Fig. 6C. Of particular interest with 
respect to this cell is the beaded or varicose 
appearance of the terminal section of den- 
drites (Fig. 60). This has been seen on other 
X- and Y-cells, as discussed below. 

Class 2 X-cells. Several X-cells display 
class 2 morphology. They are characterized 
both by intermediate soma sizes and den- 
drite diameters as well as by grapelike clus- 
ters at branch points of dendrites. Three 
such examples, all relay cells, are shown in 
Fig. 7. All of these cells possess dendrites 
confined to one lamina. 

Figures 7A and B and 8A illustrate a class 
2 X-cell located in lamina Al. This cell re- 
sponded to cortical stimulation in a fashion 
indicative of transynaptic activation.3 That 
is, the evoked spike could not be abolished 
by collision with orthodromic spikes, and it 
occurred with variable latency after stimu- 

3 We use the term transynaptic instead of ortho- 
dromic, because we cannot be certain that the action 
potential has traveled down a corticogeniculate axon. 
For example, as we have shown elsewhere in this paper, 
geniculocortical relay axons occasionally have intrage- 
niculate axonal branches. The possibility thus exists that 
the action potentials could travel antidromically down 
the geniculocortical axon, invade the intrageniculate 
branch, and excite the neurons from which we have 
recorded. Since we cannot distinguish this form of ac- 
tivation from orthodromic activation, we use the term 

transynaptic, a term that describes both possibilities. 

ms (arrow 2), which resulted in a large drop in the DC level (arrow 3) and subsequent penetration. This DC-level 
drop saturated the amplifier of our recorder, and the beam was repositioned (arrow 4). E-G shows intracellularly 
recorded responses to a counterphased, sine-wave grating (0.5 contrast, 2 cycles/deg spatial frequency, and 2 cycle/ 
s temporal frequency) at three spatial phase angles (see diagrams at end of traces). F is at the null position, while 
E and G are phase shifted by 90” left and right, respectively, from the null position. G was taken after 3 min of 
HRP injection. By this time the cell had depolarized by 8 mV. H-L: extracellularly recorded responses from the 
class 3 X-cell illustrated in Figs. 3A and 4A and B. These records show collision of an antidromically activated 
spike (open arrow) with a spontaneously generated, orthodromic spike (filled arrow). The latter spike triggered 
the cortical stimulator (the stimulus artifact is shown by the asterisk) at decreasing delays in H-L. Note the 
disappearance of the antidromic spike in K and L. The scale near the record in A applies to all traces as follows: 
20 mV and 1 ms for A; 20 mV and 4 ms for B; 20 mV and 40 ms for C, 120 mV and 1 s for D-G; and 5 mV and 
4 ms for H-L. 
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FIG. 3. Drawings of two morphological class 3 X-cells. Both cells have thin, sinuous dendrites that are limited 
to one lamina, are perpendicular to the lamination, and have numerous, complex appendages. A: 
la,mina A relay cell with intrageniculate axon collaterals. In this and most subsequent drawings, only part of the 
axon is drawn. The outlined area is further illustrated in Fig. 4A, B. B: lamina Al cell that could not be identified 
as a relay cell (however, see text). Note the extensive dendritic tree, which nearly fills the dorsoventral extent of 
but stays entirely within lamina Al (see also Fig. 19B). The outlined area is further illustrated in Fig. 4C, D. 
Scale: 100 pm. 

lation. Dubin and Cleland ( 14) adopted such array of stimulating electrodes or it failed 
criteria of transynaptic activation from cor- to conduct antidromic impluses at some 
tex as a means of positively identifying an point (i.e., perhaps at a branch point). This 
interneuron. Yet, Fig. 7B clearly shows that 
this is a relay cell by virtue of its axon en- 

illustrates some of the difficulty in applying 

tering the optic radiations. Although Fig. 7B 
these electrophysiological criteria to the pos- 
itive identification of interneurons. 

shows the axon just entering the optic ra- 
diations, we were able to trace the axon 

The X-cell shown in Figs. 7C and 88 and 

nearly 1 mm further into the optic radia- 
C has the largest soma among X-cells (410 

tions. Apparently, this axon either could not 
pm’>, but this is well within the range re- 
ported for class 2 cells (25). Also, the cell 

be electrically excited from cortex with our possesses the class 2 signature of clusters 
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FIG. 4. Photomicrographs of dendritic regions from class 3 X-cells drawn in Fig. 3. Note the thin, sinuous 
dendrites and complex, stalked appendages. A, B: same field of view at two focal planes from region of cell 
indicated in Fig. 3A. C, D: same field of view at two focal planes from region of cell indicated in Fig. 3B. Scale 
in A: 20 pm and applies as well to B-D. 

appended at dendritic branch points (Figs. described below, this feature is also seen on 
7C, 8B). A curious feature seen on the ter- one Y-cell. 
minal segment of its dendrites are delicate, The neuron shown in Fig. 70 is morpho- 
sinuous hairlike appendages (Fig. 8C). As logically atypical for an X-cell because its 



92 FRIEDLANDER, LIN, STANFORD, AND SHERMAN 

FIG. 5. Tracings of two X-cells with morphological features intermediate between classes 2 and 3. Both X-cells 
have the class 2 feature of grapelike clusters appended near dendritic branch points (e.g., filled arrows) as well 
as the class 3 feature of complex, stalked appendages distant from such branch points (e.g., open arrows). Also, 
both neurons have thin, sinuous dendrites oriented perpendicular to but contained entirely within a single lamina, 
and both are confirmed relay cells. A: lamina A neuron also illustrated in Fig. 6. B: lamina A neuron. Scale: 100 
pm. 
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dendritic tree is relatively uniformly distrib- 
uted. However, the soma is placed close to 
a blood vessel (shaded area in Fig. 70) 
around which many of the dendrites wrap. 
This could possibly distort the dendritic tree 
from the more typical X-cell geometry that 
is orthogonal to the lamination. It should 
also be noted that some other X-cells do not 
exhibit a dramatic orientation of the den- 
dritic tree along projection lines. 

Morphologically unclassified X-cells. Fi- 
nally, some X-cells display morphological 
features not clearly identified with the classes 
of Guillery’s (25) schema. Figure 9 illus- 
trates three examples, all of which are relay 
cells. They are too small to be class 1 cells, 
do not have the grapelike clusters at den- 
dritic branch points or other characteristics 
of class 2 cells, and their dendrites lack the 
complex appendages found on class 3 cells. 
However, they do exhibit morphological fea- 
tures common to other X-cells, including 
relatively small somata, fine dendrites, and 
a dendritic tree that is both oriented or- 
thogonal to the lamination and wholly con- 
tained within a single lamina. The cells 
shown in Fig. 9A, D are the only cell in our 
entire sample nearly totally free of dendritic 
appendages. A curious feature of the two 
cells in Fig. 9A, D is the extensively beaded 
or varicose appearance of dendrites beyond 
the first branch point, and this is further 
demonstrated with photomicrographs in Figs. 
10 and 11. Cells with beaded dendrites have 
been described previously from Golgi-im- 
pregnated material, and it has been sug- 
gested that they constitute a separate mor- 
phological class (16, 80). However, it is 
clearly possible that such beads or varicos- 
ities could be pathological (e.g., an early re- 
sponse to cell injury due to the intracellular 
recording). 

Y-CELLS. Class 1 Y-cells. The most com- 
mon morphological type for the Y-cells in 
our sample is class 1 (Table 1). Figures 12 
and 13 illustrate two Y-cells with typical 
class 1 somadendritic morphology. Their so- 
mata are large, and their dendrites are thick 
and fairly straight. Dendritic appendages are 
rare, and when they occur, they tend to be 
simple, spinelike structures (Fig. 13B). The 
dendrites occupy a fairly circular zone and 
readily cross laminar boundaries, from the 
C-laminae into lamina Al in one case and 

from lamina Al to lamina A in the other. 
Note that some dendritic branch points can 
be found outside the lamina in which the 
soma is located. 

Figures 14 and 15 represent an unusual 
class 1 Y-cell. The large soma and fairly 
straight, thick dendrites of this cell are typ- 
ical features for a class 1 cell. This cell’s 
dendrites are covered with filamentous, hair- 
like processes (Figs. 14 and 15F), which 
seems to set the cell apart morphologically. 
However, Fig. 1 of Guillery’s paper (25) rep- 
resents a similar class 1 cell with dendrites 
that appear to be covered with filamentous 
appendages. Note also that our example has 
translaminar dendrites, since it projects a 
substantial fraction of its ventral dendrites 
from lamina A into lamina Al (Figs. 14, 
15). Perhaps the most interesting feature of 
this cell is the ocular dominance of its re- 
ceptive field. Although the soma and major- 
ity of dendrites are in lamina A, the cell 
could be excited by visual stimulation only 
through the ipsilateral eye. Since retinal ter- 
minals from one eye are found strictly within 
geniculate laminae dominated by that eye 
(30), this neuron must have been powerfully 
influenced via synapses located fairly pe- 
ripherally on relatively few dendrites. That 
is, the translaminar dendrites in lamina Al 
seem to determine the cell’s functional ocu- 
lar dominance. However, this is the only ex- 
ample of 47 geniculate cells of a soma lo- 
cated in an inappropriate lamina according 
to the eye through which it can be stimu- 
lated. It is thus not yet possible to estimate 
the precise frequency of such cells, but they 
seem to be rare. 

The class 1 cells in our sample, with few 
exceptions, are fairly homogeneous in mor- 
phological properties. These cells have 
roughly radially symmetric dendritic trees, 
and all but one have dendrites that cross 
laminar boundaries. The one exception is a 
faintly labeled cell with dendrites that can 
be traced only a relatively short distance 
from the soma. The failure to trace any of 
these dendrites across a laminar border may 
have been an artifact of poor filling, although 
this point must remain in doubt. Of partic- 
ular interest is that this is the only Y-cell 
not identified as a relay cell and is the small- 
est Y-cell in our sample. Perhaps the light 
HRP filling failed to penetrate the relay 
axon as well as translaminar dendrites or 
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FIG. 6. Photomicrographs of the X-cell shown in Fig. SA with morphological features intermediate between 
classes 2 and 3. A, B: low-power darkfield (A) and brightfield (B) views of the same area. The section was lightly 
counterstained with cresyl fast violet, and the lamination, which is more evident in A, is indicated in B (I.Z., 
interlaminar zone). Note the vertical orientation of dendrites, which are completely confined to lamina A. Scale 
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perhaps interneurons do not possess such 
dendrites. In any case, every identified relay 
Y-cell in our sample has dendrites that cross 
laminar boundaries. 

Class 2 Y-cells. Figure 16 illustrates three 
Y-cells in our sample with class 2 morphol- 
ogy and all were relay cells. Each of these 
somata are located in lamina A 1. Among the 
characteristic class 2 features seen in these 
cells are the grapelike clusters at dendritic 
branch points. Figure 17A is a photomicro- 
graph of the cell drawn in Fig. 16A, and it 
illustrates modest appendages at dendritic 
branch points. Figure 18A, B are photomi- 
crographs of the cell drawn in Fig. 16B and 
illustrates large, globular appendages. 

Class 2 morphological features, then, can 
be shared by X- and Y-cells. However, there 
are two main differences in our sample be- 
tween the class 2 X-cells and the class 2 Y- 
cells. First, the Y-cell somata are larger than 
are those of X-cells (mean t SD, 410 t 86 
pm2 for the class 2 Y-cells; 257 t 63 pm2 
for the class 2 X-cells), and this difference 
is statistically significant (P < 0.001 on a 
Mann-Whitney U test). Second, none of the 
class 2 X-cell dendrites cross laminar bor- 
ders, but each of the class 2 Y-cells has den- 
drites that do so. It is noteworthy that all 
of the grapelike clusters at dendritic branch 
points of the class 2 Y-cells are found in the 
same lamina as the soma. Guillery (25) 
noted similar patterns for the class 2 cells 
whose dendrites cross laminar boundaries. 

The class 2 Y-cell illustrated in Figs. 16B 
and 18 possesses some unusual morpholog- 
ical features. Many secondary dendrites 
flare out into a spray of varicose processes 
as they leave the large grapelike clusters 
(Fig. 1 SC). Also, this is the only Y-cell with 
a strongly oriented dendritic tree and the 
orientation is orthogonal to the lamination, 
as is typical for X-cells. 

SUMMARY OF SOMADENDRITIC MORPHOL- 

OGY OF X- AND Y-CELLS. Clearly, genicuhte 

X- and Y-cell morphological features are 
qualitatively different from one another. 

This, in turn, suggests that differences be- 
tween X- and Y-cell pathways are not com- 
pletely limited to the retina and, conse- 
quently, that these differences are not simply 
relayed to the cortex through an otherwise 
homogeneous population of geniculate neu- 
rons. 

We can summarize these morphological 
differences in two ways. First, Table 1 shows 
how X- and Y-cells are distributed in the 
Guillery (25) classification scheme. X-cells 
occupy the class 2-3 portion, and Y-cells, 
the class l-2 portion. Despite overlap in the 
class 2 category, the morphological distri- 
butions of X- and Y-cells within this clas- 
sification scheme are quite different (P 
< 0.001 on a x2 test). 

A second, related way to summarize X- 
and Y-cell differences in somadendritic mor- 
phology can be appreciated from Figs. 19 
and 20. Figure 19 shows tracings of 1 I typ- 
ical X-cells for direct comparison to 10 typ- 
ical Y-cells selected for Fig. 20. The follow- 
ing morphological differences should be 
evident from a comparison of these figures: 
a) X-cells have smaller somata than do Y- 
cells; 6) X-cell dendrites are finer and more 
sinuous than are those of Y-cells; c) X-cell 
dendrites always remain within a single lam- 
ina, whereas all relay Y-cells have dendrites 
that cross laminar boundaries; d) X-cell den- 
dritic trees tend to be oriented perpendicular 
to the lamination, while those of Y-cells oc- 
cupy a fairly circular zone, although excep- 
tions to this generalization are seen; and e) 
dendritic appendages tend to be more nu- 
merous and complex on X-cells than they 
are on Y-cells. 

GENICULATE NEURONS OTHER THAN X- AND 

Y-CELLS. IV-cells. One W-cell from the C- 
laminae was recovered in this study, and it 
could be antidromically activated from cor- 
tex. This cell had an on-center receptive field 
located 6” from the area centralis, sluggish 
responses to visual stimuli, a field center di- 
ameter of 0.25”, a response latency of 4.0 
ms to electrical stimulation of the optic 

in A: 200 pm and applies as well to B. C: medium-power brightfield view. The soma and other dendrites are 

found in an adjacent section, and the relative location of the soma is indicated by the open arrow. The filled arrow 
refers to the class 2 characteristic of a grapelike cluster appended near a dendritic branch point, and this is shown 
in higher power in D. Scale: 100 pm. D: high-power brightfield view of the grapelike cluster (arrow). Note the 

many varicose dendrites that branch from this cluster. Scale: 25 pm. E, F: high-power brightfield views of the 

class 3 feature of complex, stalked dendritic appendages (arrows). The arrow in E shows the appendage indicated 
by the open arrow in Fig. 5A. Scale: scale in C represents 10 pm in E; the scaie in F is 20 pm. 
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FIG. 7. Drawings of three examples of class 2 X-cells with numerous grapelike clusters appended at dendritic 

branch points. Each is a confirmed relay cell. A, B: high- and low-power drawings, respectively, of lamina Al 
neuron. This cell is further illustrated in Fig. 8A. Despite the fact that this neuron could be activated transynaptically 
but not antidromically from cortical stimulation, it possesses an axon that courses through the perigeniculate 
nucleus (PGN) and well into optic radiations. The axon could be traced nearly 1 mm beyond the point shown in 
B, and this identified the neuron as a relay cell despite its transynaptic activation from cortical stimulation. Note 
the circuitous course of the axon in B. C: lamina Al neuron further illustrated in Fig. 8B, C. A curious feature 
of this cell is the filamentous appendages along the terminal dendritic segments (see Fig. 8C). D: lamina Al 
neuron without a vertical orientation to the dendritic tree. However, the dendrites wrap around a nearby blood 

vessel (shaded area) a factor that might distort the geometry of the dendritic tree (see text). Scale: 50 pm for A, 
C, D, and 200 pm for B. 

chiasm, and a receptive field only for the 
contralateral eye. Figures 21 and 22 illus- 
trate this cell. Because we have not used spe- 
cial techniques to elucidate the separate C- 
laminae (30), we cannot be certain how to 
relate the soma or dendritic ramifications to 
individual C-laminae. 

This cell has a small soma (156 pm2 in 
cross-sectional area), very fine dendrites, and 

a dendritic tree oriented moderately parallel 
to the lamination. These morphological fea- 
tures are consistent with the description of 
class 4 neurons (25). However, note the 
grapelike structures appended at dendritic 
branch points (Figs. 21 and 22), as occurs 
in class 2 cells. 

Physiologically unclassified cells. Two 
recovered neurons in our sample of 47 could 
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FIG. 8. Photomicrographs of class 2 X-cells. A: cell drawn in Fig. 7A, B. Note the soma, out of the plane of 
focus, and several appendages at dendritic branch points (arrows). Scale: 20 pm. B: cell drawn in Fig. 7C. As 
in A, this shows a soma out of the plane of focus and appendages near dendritic branch points (arrows). Scale: 
20 Km, and applies as well to C. C: terminal section of dendrite of cell shown in B. Note the filamentous appendages 
that occur on -all of the terminal dendrites. 

not be confidently classified as W-, X-, or 
Y-cells. This is roughly the percentage of 
unclassified cells reported previously (34, 
83). These two cells could not be classified 
because, on the battery of tests used for this 
purpose (See MATERIALS AND METHODS), 

the cells responded like an X-cell on some 
tests and like a Y-cell on others. Both cells 
are in lamina Al and both have class 1 mor- 
phology indistinguishable from class 1 Y- 
cells except for somewhat small somata for 
class 1 cells (see also below). 

OTHER STRUCTURE/FUNCTION RELATION- 

SHIPS. In the above sections, we have shown 
in a general way some morphological dif- 
ferences among identified physiological types, 
particularly X- and Y-cells. Another func- 
tional manner in which to divide geniculate 
cells is on the basis of center type. We found 
no obvious morphological differences be- 
tween on- and off-center cells, and an in- 
spection of Figs. 3-18 and Table 2 will doc- 
ument this point. It also seems clear that, 
despite obvious morphological differences 
between X- and Y-cells, there is considerable 
heterogeneity in structural features within 

each group (cf. Figs. 19 and 20). We found 
no variation in electrophysiological data 
among X- or Y-cells that could provide a 
clear correlation for much of this structural 
heterogeneity, although some subtle corre- 
lations are described in a subsequent section. 

X- and Y-cell axons 

Filled axons could be traced from 20 of 
the 25 X-cells and 17 of the 19 Y-cells. 
Nearly always the axon emerges from the 
soma, but occasionally it issues from a pri- 
mary dendrite. The axon trajectories vary 
from a fairly direct course vertically through 
the laminae and the perigeniculate nucleus 
(located just dorsal to lamina A) into the 
optic radiations to oddly circuitous routes. 
Figures 9B, 14, and 16A and B illustrate 
axons that take a fairly direct route; tortuous 
routes are shown in Figs. 7B, 9D, and 12A. 

Axon collaterals within the geniculate 
laminae are rare in our sample (see also Ref. 
60). However, such collaterals are seen for 
five X-cells and one Y-cell, all relay neurons 
(see Figs. 3A and 16B). These collaterals are 
much finer (~0.5 pm in diameter) than the 
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FIG. 9. Drawings of three examples of X-cells that could not be placed into one of Guillery’s morphological 
classes (see text and Ref. 25). Each is an identified relay cell, and shares with other X-cells a small soma, fine 
dendrites oriented perpendicular to the lamination, and a dendritic tree limited to one lamina. A, B: high- and 
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parent axon and tend to be fairly simple 
structures. They are often a single branch, 
and they travel for a fairly short distance 
(~200 pm) from the parent axon. Swellings 
often occur along or at the end of these col- 
laterals. These swellings are likely to be pre- 
synaptic terminals, although ultrastructural 
analysis is, of course, needed to verify this 
suggestion. In each of the five X-cells, the 
intrageniculate collaterals remain within the 
lamina occupied by the cell’s soma. The Y- 
cell has several intrageniculate collaterals 
(Fig. 16B); its soma is in lamina Al, and the 
collaterals occur near the interlaminar zone 
between the A-laminae. 

Axon collaterals are much more common 
in the perigeniculate nucleus. Each of the 
cells with intrageniculate axon collaterals 
also have axon collaterals in the perigenic- 
ulate nucleus, but many cells with perige- 
niculate axon collaterals display no intra- 
geniculate collaterals. All of the cells with 
perigeniculate collaterals are confirmed re- 
lay cells. The perigeniculate collaterals, like 
the intrageniculate collaterals, are quite fine 
(co.5 pm in diameter). For some cells, these 
collaterals occupy a wide extent, while in 
others, they are more restricted (Figs. 9B, 
14, and 16A). They range in mediolateral 
extent from 52 to 375 pm. Many geniculate 
axons take a circuitous route and do not fol- 
low lines of projection (63) through the nu- 
cleus. However, perigeniculate collaterals 
from such axons are directed in such a way 
that they occupy the same line of projection 
as does the soma of origin. These collaterals 
thus seem to relate to the same region of 
visual field as does the parent soma. Figure 
178 is a photomicrograph that illustrates the 
swellings that occur along and at the end of 
these perigeniculate collaterals. Preliminary 
observations suggest that these indeed are 
presynaptic terminals (82). The large extent 
of these collateral branches is consistent with 
the large receptive fields reported for peri- 
geniculate neurons ( 14), since these neurons 
can evidently pool inputs from many genic- 
ulate neurons. 

Both X- and Y-cells have perigeniculate 
collaterals. However, only 7 of 19 X-cells 
with a visibly stained axon that could be fol- 
lowed through the perigeniculate nucleus is- 
sue collateral branches there, while 15 of 17 
Y-cells do. This difference is statistically sig- 
nificant (P < 0.001 on a x2 test), but such 
data are difficult to interpret. For instance, 
it is possible that most X- and Y-cells issue 
perigeniculate collaterals from their axons, 
but that these collaterals are less likely to 
be filled with HRP from the thinner parent 
axons of X-cells (see below). 

Quantitative Morphological Features 

Soma size 
From a casual inspection of our recovered 

neurons, it seems clear that Y-cell somata 
are larger than those of X-cells. We have 
pooled our cell size data across receptive- 
field eccentricity for two reasons. First, al- 
though soma measurements from Nissl- 
stained preparations show that somata lo- 
cated more medially in the nucleus tend to 
be slightly larger than the more laterally 
distributed somata, this tendency is barely 
discernible. Second, most of our data were 
obtained from a portion of the lateral ge- 
niculate limited to the middle third of the 
nucleus in the mediolateral and anteropos- 
terior dimensions and, as Fig. 23 shows, we 
found no evidence of any variation in soma 
size with receptive-field eccentricity for ei- 
ther X-cells (r = -0.28, P > 0.2) or Y-cells 
(r = +0.18, P > 0.2). 

Figure 24A shows, for all of the pooled 
data, that little overlap in soma size occurs 
between X- and Y-cells, and Fig. 24C, upper 
histogram, shows a similar difference for the 
subpopulation of our sample in the A-lam- 
inae. In the A-laminae, X-cells average 219 
pm2 in soma cross-sectional area, and the 
mean for Y-cells is 493 pm’. This difference 
in soma size between X- and Y-cells is sta- 
tistically significant (P < 0.001 on a Mann- 
Whitney U test). Interestingly, the two phys- 
iologically unclassified neurons have an in- 

low-power drawings, respectively, of lamina A neuron that is further illustrated in Fig. 10. This neuron has very 
few dendritic appendages, but dendrites become distinctly varicose after the first branch point. As shown in B, the 
cell’s axon emits collateral branches as it passes through the perigeniculate nucleus (PGN). C: lamina Al neuron. 
The fine dendrites have occasional spinelike appendages. D: lamina A 1 neuron also illustrated in Fig. 11. Occasional 
appendages exist on dendrites, but most remarkable is the beaded appearance of dendrites (see Fig. 11). Also note 
the circuitous route of the axon. Scale: 100 pm for A, C, D, and 250 pm for B. 
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FIG. 10. Photomicrographs of the morphologically unclassified X-cell shown in Fig. 9A, B. A: lower power 
view of cell showing dendritic geometry elongated in a direction orthogonal to the lamination. The open arrow 
points to the same region as does the open arrow in B, and likewise for the filled arrows in A and C. Scale: 100 
Wm. B, C higher power views of dendrites showing extensive varicosity. The arrow in C points to one of the rare 
appendages, a bulbous structure attached to a fine stalk (the stalk is out of focus). Scale in B is 20 pm and refers 
as-well to C. 

termediate soma size (Fig. 24A, C). Figure 
24A also shows the three X-cells and one Y- 
cell not identified as relay neurons (indicated 
by stars), plus the W-cell. 

For comparison, Fig. 24C, lower histo- 
gram, shows the sizes of A-laminae somata 
from Nissl-stained sections. These sections 
are from tissue treated identically to the tis- 
sue in which HRP-filled cells are found (see 
MATERIALS AND METHODS), and included 
the lateral geniculate nuclei from which the 
largest injected X-cell and smallest injected 
Y-cell are found, plus nine other nuclei ran- 
domly selected. Somata (n = 1,246) were 
measured from the middle third (mediolat- 
erally and anteroposteriorly) of laminae A 
and Al. Relatively little interanimal vari- 
ability in soma size is evident, and Fig. 24C 
shows the standard errors of the mean ge- 
niculate soma sizes for these 11 cats. That 
is, the mean from each cat was treated as 
a single datum. The distributions in Fig. 24C 
for HRP-filled and Nissl-stained somata are 
surprisingly close (P > 0.2 on a x2 test) and 
suggest that our sample of cells includes a 
fair representation of what is actually avail- 
able based on soma size. 

Figure 24B shows a further breakdown 
between laminae A and Al in the size of 

HRP-filled somata. X-cells in lamina A 1 are 
significantly larger than are their counter- 
parts in lamina A (272 versus 175 pm’; P 
< 0.001 on a Mann-Whitney U test). A 
smaller difference is seen for Y-cell somata, 
but the difference is not statistically signif- 
icant, perhaps due to our small sample size 
(439 pm* for lamina A versus 467 pm* for 
lamina Al; P > 0.2 on a Mann-Whitney U 
test). 

The relationships in Fig. 24C permit an 
estimate of the actual relative frequency and 
soma size distribution of X- and Y-cells in 
the A-laminae. This is shown in Fig. 240 
and is derived in the following manner. The 
two unclassified cells are not considered. All 
somata below 250 pm2 are considered to be 
X-cells and above 450 pm2, Y-cells. For so- 
mata-between 250 and 450 pm*, the relative 
percentage of X- and Y-cells in each bin of 
Fig. 24C, upper histogram, is calculated. 
The relative percentage in each bin is then 
multiplied by that in Fig. 24C, bottom his- 
togram, to derive the separate distributions 
for X- and Y-cells in Fig. 240. From this, 
we estimate that Y-cells represent slightly 
more than one-third (35%) of A-laminae 
neurons. 
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FIG. 11. Photomicrographs of the morphologically unclassified X-cell shown in Fig. 9D. A: lower power view 
showing soma and some of the ventral dendrites. The other dendrites drawn in Fig. 9D are from adjacent sections. 
The open arrow shows the axon. Filled arrows b and c refer, respectively, to structures shown in B and C. Scale: 
50 pm. B: higher power view of dendritic branch point showing the only dendritic appendages found on this 
neuron. Scale: 20 pm and applies as well to C. C: higher power view of one of dendrites. Note the extensively 
beaded appearance of this dendrite, an appearance characteristic of the neuron’s other dendrites. 

Dendritic geometry 

From Figs. 19 and 20, it is clear that the 
dendritic geometry of X-cells is generally 
different from that of Y-cells. Among other 
differences, X-cell dendrites tend to be elon- 
gated perpendicular to the laminae, whereas 
Y-cell dendrites tend to show no obvious 
orientation bias. We attempted to quantify 
this observation in the following manner. A 
series of five concentric rings at 50-pm in- 
tervals was centered on a drawing of the 
soma (cf. Ref. 70). The outermost ring, with 
a diameter of 500 pm, was large enough to 
include practically all dendrites of each cell. 
The rings were then divided into quadrants 
by two lines passing through the center at 
right angles to one another. Each line was 
oriented 45” to the left or right of the axis 

perpendicular to the lamination. This creates 
two vertical and two horizontal quadrants 
(see inset in Fig. 254). By “vertical” and 
“horizontal,” we now mean perpendicular 
and parallel, respectively, to the laminae. 
For a given cell, we then simply counted the 
number of intersections made by the den- 
drites with these rings, and the counts were 
made separately for each of the quandrants. 

Figure 25A plots the number of intersec- 
tions in vertical versus horizontal quandrants 
for each cell. The line of slope 1 is drawn 
simply to illustrate the loci of points ex- 
pected for radially symmetric dendritic trees. 
The number of vertical versus horizontal in- 
tersections correlates for both X- and Y-cells 
(for X-cells: r = +0.57, P < 0.001; for Y- 
cells: r = +0.57, P < 0.01). However, note 
that most X-cell points fall well above the 



FRIEDLANDER, LIN, STANFORD, AND SHERMAN 

Lam. A :~ 



STRUCTURE/FUNCTION ANALYSIS OF LGN CELLS 103 

FIG. 13. Photomicrographs of class 1 Y-cells drawn in Fig. 12. A: low-power montage of neuron drawn in Fig. 
12A. Note looping axon (open arrow). The filled arrow points to the dendritic branch point shown in B. Scale: 100 
Nrn. B: high-power view of dendritic branch point of neuron shown in A. Several simple, spinelike appendages 
can be seen. Scale: 15 Mm. C: low-power view of neuron drawn in Fig. 12B. Scale: 100 pm. 

line of slope 1, as expected for their vertically 
oriented dendritic arbors, while most Y-cell 
points fall near the line. Indeed, the average 
ratio of vertical to horizontal intersections 
is 2.5 for X-cells and is 1.0 for Y-cells, and 
this difference between cell types is statis- 
tically significant (P < 0.001 on a Mann- 
Whitney U test). Thus, the vertical orien- 
tation of X-cell dendritic trees is quite dif- 
ferent from the radially symmetric trees of 
Y-cells. One Y-cell point falls well above the 
line of slope 1 (this is the cell shown in Figs. 
16B and 18). Without this point, the Y-cell 
correlation for vertical versus horizontal 
dendritic intersections becomes much better 

(r = +0.93, P < 0.001). Finally, note that 
the one W-cell point falls slightly below the 
line of slope 1. This is expected since this W- 
cell appears to be class 4 morphologically, 
and such cells have dendritic trees oriented 
parallel to the laminae (25). 

Figure 25B shows, for X- and Y-cells, the 
frequency histograms of the total number of 
intersections in all quadrants, in just the ver- 
tical quadrants, and in just the horizontal 
quadrants. Generally X- and Y-cells have 
equal numbers of total intersections (P > 0.2 
on a Mann-Whitney U test). The number 
of total intersections can be taken as a mea- 
sure of dendritic density. Compared to Y- 

FIG. 12. Drawings of two Y-cells with morphological class 1 features. Each has a large soma and thick, cruciate 
dendrites oriented in a radially symmetric fashion with few spinelike appendages. Each is a confirmed relay cell. 
A: lamina C neuron with some dendrites that cross the interlaminar zone (I.Z.) into lamina Al. Note the looping 
path taken by the axon. This cell is also shown in Fig. l3A, B. B: lamina Al neuron with some dendrites that 
cross the interlaminar zone into lamina A. This cell is further illustrated in Fig. 13C. Scale: 100 grn. 
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LAM. A 

--------------------___ 

1.2. 

--------------------- 

LAM. Al 

FIG. 14. Drawing of a relay Y-cell with class 1 morphological features. The axon passes through the perige- 
niculate nucleus (PGN) where an extensive collateralization occurs. These collaterals have numerous swellings that 
are probably presynaptic terminals. The perigeniculate nucleus is found just dorsal to lamina A (i.e., just above 
the upper dashed line). The soma and most dendrites are in lamina A, but some dendrites pass through the 
interlaminar zone (I.Z.) into lamina Al. The neuron had an excitatory receptive field only for the ipsilateral eye. 
Note the numerous filamentous appendages all along dendrites. The cell is further illustrated in Fig. 15. Scale: 
100 pm. 

cell dendritic trees, those of X-cells are less horizontal and P < 0.01 for vertical on a 
dense within the horizontal and more dense Mann-Whitney U test). 
within the vertical quadrants (P < 0.001 for It should be emphasized that the data il- 
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FIG. 15. Photomicrographs of the neuron drawn in Fig. 14. A, B, C low-power views showing location of the 
neuron (arrow) in the lateral region of lamina A. The section is counterstained with cresyl fast violet. A is a 
brightfield view photographed with no filter, whereas B shows the same view photographed through a deep blue 
(Kodak Wratten 49B) filter. Note how the filter diminishes the effect of the Nissl stain while it enhances contrast 
between the HRP-filled neuron and the background. C shows the same field of view in darkfield. The scale in A 
is 1 mm and applies as well to B, C. D: medium-power, darkfield montage showing axon course and perigeniculate 
collaterals. The arrow indicates the point at which these collaterals emerge from the parent axon, a region shown 
again in E. Scale: 200 pm. E: high-power, brightfield view of axonal collateral branching (arrow) in the peri- 
geniculate nucleus. Note the thin collateral branch. Scale: 50 pm and applies as well to F. F: high-power, brightfield 
view of typical dendritic region. Note the filamentous appendages. 

lustrated in Fig. 25 are obtained from ma- Therefore, a dendritic tree truly oriented 
terial sectioned in the coronal plane. The along projection lines would seem less ori- 
geniculate projection lines are tilted such ented if viewed obliquely to the projection 
that they are more anterior dorsally (63). lines in the coronal plane. We might have 
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FIG. 16. Drawings of three relay Y-cells with class 2 morphological features. All have grapelike clusters appended 
at numerous dendritic branch points. Despite some translaminar dendrites for each cell, these appended clusters 
are all located in the same lamina as the soma. A: lamina Al neuron drawn in higher (left) and lower (right) 
powers. The cell is further illustrated in Fig. 17. Note the ventral dendrites that course through the interlaminar 
zone (1.2). into lamina C. The axon (right drawing) courses vertically through lamina A and the perigeniculate 
nucleus (PGN), at which point a fine collateral arborization can be seen (arrow; see also Fig. 17B). B: lamina A 1 neuron with the most vertically oriented dendrites of any Y-cell. The cell is further illustrated in Fig. 18. Large 
grapelike clusters are seen at many dendritic branch points (curved, filled arrows show two examples; see also Fig. 
184 B). The axon issues two intrageniculate collateral branches near the interlaminar zone. The dorsal one 
(straight, filled arrow) is also shown in Fig. 18C. The ventral one (small, open arrow) is redrawn at higher power 
in the inset (large, open arrow). Swellings along this latter collateral are probably presynaptic terminals. Finally, 
note the beaded appearance of the dendrites peripheral to the first branch point (see also Fig. 18D). C: lamina 
Al neuron with several dendrites coursing down into lamina C. Scales are as follows: left drawing of A, 100 pm; 
right, 250 pm; main drawing of B, 100 pm; inset 50 pm; C, 100 pm. 
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FIG. 17. Photomicrographs of class 2 Y-cell drawn in Fig. 16A. A: region of dendrites showing several, small 
grapelike clusters at dendritic branch points (arrows). Part of the soma can be seen in the lower left corner. B: 
axon collaterals in perigeniculate nucleus from region indicated by arrow in Fig. 16A. The open arrow here points 
to a fine branch emerging from the thicker parent axon. Numerous swellings (filled arrows) can be seen along and 
at the end of collateral branches. These swellings are probably presynaptic terminals. Scale: 10 pm in A and applies 
as well to B. 

underestimated this feature for X-cells. 
However, all but one of our X-cells were lo- 
cated in the middle third of the nucleus 
where the discrepancy between projection 
lines and the coronal plane is minimal 
(roughly loo) and the degree of underesti- 
mation is probably small. 

Relationships among dendritic geometry, 
cell size, and receptive-field size 

As mentioned above, the total number of 
intersections between the dendrites and con- 
centric rings can be considered a rough mea- 
sure of dendritic extent. Figure 26A shows 
that this measure correlates with soma size 
for all cells (r = +0.58, P < 0.001). How- 
ever, the correlation is better for the sub- 
populations of both X-cells (r = +0.82, P 
< 0.001) and Y-cells (r = +0.83, P < 0.001). 
The functions relating these variables are 

essentially parallel for X- and Y-cells, but 
they are shifted toward larger somata for Y- 
cells. The ratio of these variables is statis- 
tically different for the X- and Y-cell pop- 
ulations (P < 0.001 on a Mann-Whitney U 
test). In other words, given that Y-cells have 
larger somata than do X-cells and that both 
cell types have equally extensive dendritic 
trees, soma size and dendritic extent are oth- 
erwise correlated highly and equally for X- 
cells and for Y-cells. 

Figure 26B illustrates the relationship be- 
tween receptive-field center size and den- 
dritic extent. These values are reasonably 
well correlated for X-cells (r = +0.78, P 
< 0.001) but not at all for Y-cells (r = +0.06, 
P < 0.2), and the X-cell population differs 
significantly from the Y-cell population in 
this relationship (P < 0.001 on a comparison 
of z scores). 
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FIG. 18. Photomicrographs of class 2 Y-cell drawn in Fig. 16B. A, B: large, grapelike clusters (larger arrows) 
at dendritic branch points seen in the same field of view at two different focal planes. These clusters are indicated 
by the curved, filled arrows in Fig. 168. The axon (a) can also be seen coursing from the soma. C intrageniculate 
axon collateral. The arrow points to the same branch point as is indicated by the straight, filled arrow in Fig. 16B. 
Note that along the fine collateral branch are swellings that might represent presynaptic terminals. D: examples 
of beaded dendrites found peripheral to the initial dendritic branch point. This field of view is from the most ventral 
position of the dendritic tree. Scale: 25 gm in D applies as well to A-C. 
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TABLE 2. Physiological properties of illustrated neurons 

Center 
Cell Center Size, Eccentricity, OX Latency, Dominant 

Type Type deli! deg ms Eye 

Lamina of 
Soma Figure 

X On 0.35 4.5 2.4 Contra A 3A; 4A, B 

X On 0.35 2.0 1.9 Ipsi Al 3B; 4C, D 

X On 0.45 26.0 2.4 Contra A 5A; 6 

X Off 0.30 10.5 1.8 Contra A 5B 

X Off 0.80 14.0 1.5 I psi Al 7A, B; 8A 

X Off 0.50 9.0 1.7 Ipsi Al 7c; 8B, c 

X On 0.40 2.5 1.8 I psi Al 70 

X Off 0.35 10.0 1.9 Contra A 9A, B; 10 

X Off 0.40 7.0 2.0 Ipsi Al 9c 

X Off 0.40 6.5 2.1 Ipsi Al 9D; 11 

Y On 1.50 29.0 1.2 Contra C’ 12A; 13A, B 

Y On 1.50 4.0 1.1 Ipsi Al 12B; 13C 

Y Off 1.20 31 .o 1.4 Ipsi A 14; 15 

Y On 1 .oo 2.5 1.3 Ipsi Al 16A; 17 

Y On 1.05 15.0 1.2 Ipsi Al 16B; 18 

Y On 0.75 7.5 1.3 Ipsi Al 16C 

W On 0.25 6.0 4.0 Contra C’ 21; 22 

* Denotes C-laminae. 

It follows from Fig. 26A, B that soma size 
should relate to receptive-field center size for 
X-cells, but not Y-cells. The correlations are 
illustrated in Fig. 26C and show a less clear 
difference between X- and Y-cells than 
might be expected. X-cells display only a fair 
correlation for these parameters (r = 0.64, 
P < 0.001 ), and the Y-cell correlation is only 
marginally worse (r = 0.45, P < 0.05). 

The significance of the relationships illus- 
trated in Fig. 26 and their differences among 
X- and Y-cells is largely unclear. Some of 
these data will be reconsidered in the DIS- 

CUSSION. 

Axon diameters of X- and Y-cells 

(very thin sections, proper cover slips, mono- 
chromatic, short-wavelength light, etc.), the 
theoretical resolution of such an instrument 
is 0.2-0.3 pm. Our thick sections undoubt- 
edly reduce this resolution, and we feel that 
we are capable of no better than OS-pm pre- 
cision in our measurements of axon diame- 
ters. We consequently made these to the 
nearest 0.5 pm. They were taken at a dis- 
tance of 100-200 pm from the soma and 
within this range, 20 loci were pseudoran- 
domly selected and the measurements av- 
eraged. Averaging was done because many 
axons appear variable in diameter (Fig. 27) 
and we wished to obtain a representative 
measure of average axon diameter for each 
cell. 

Axon diameters of the 20 X- and 17 Y- Figure 28A shows the frequency histo- 
cells with HRP-filled axons (see above) were grams of axon diameters for the X- and Y- 
measured with the same optical equipment cells in our sample. As expected, Y-cells pos- 
employed for the cell drawings. We used a sess larger axons than do X-cells on average 
drawing tube attachment on a microscope (P < 0.001 on a Mann-Whitney U test), al- 
with a 100X oil objective (NA, 1.32) and a though overlap is present in our data. Figure 
relatively narrow-band, deep blue filter (Ko- 28B shows further that larger somata are 
dak Wratten 48A or 49B). The blue filter associated with larger axons. This correla- 
serves two purposes: it enhances contrast tion holds not only for the entire neuronal 
between the diaminobenzidine-HRP reac- population (r = +0.80; P < 0.001) but also 
tion product and the background (cf. Fig. for the separate X-cell (r = +0.80, P 
HA, B); and the use of narrow-band, short- < 0.001) and Y-cell subgroups (r = +0.58, 
wavelength light optimizes resolution through P < 0.01). Ferster and LeVay ( 19) noted a 
the light microscope. Under ideal conditions similar trend. 
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FIG. 19. Summary drawings of 11 representative X-cells. The laminar borders are indicated by the dashed lines. 
Note the small somata, the generally vertical orientation of dendrites, and the failure of any dendrites to cross 
laminar borders. Neurons among this group illustrated in other figures are as follows: B can be found in Figs. 3B, 
4C, D; C, in Figs. M, 6; D, in Fig. 9C; E, in Figs. 9D, 11; G, in Figs. 3A, 4A, B; I, in Fig. SB; J, in Figs. 9A, 
B, 10; and K, in Fig. 70. Scale: 200 pm. 

DISCUSSION 

These data have led us to three general 
conclusions, one of which was expected and 
two of which are rather surprising. The ex- 
pected conclusion is that geniculate X-cells 
differ morphologically from Y-cells, al- 
though considerable heterogeneity exists 
within each neuronal class. A rather unex- 
pected conclusion derives from the obser- 
vation of several geniculate relay cells with 
morphological class 3 features (25), a mor- 
phological type hitherto thought to be as- 
sociated strictly with interneurons (16, 17, 
48,49, 79). We conclude from this that class 
3 morphological properties may not relate 
generally to interneurons, and suggest that 
the basic concept of a distinct class of in- 
trageniculate interneurons should be recon- 
sidered. Finally, and also surprisingly, our 

data suggest both that electrode sampling 
based on soma size may play less of a role 
than assumed and also that the geniculate 
X- to Y-cell ratio is less than 2 to 1, whereas 
many prior estimates (e.g., Refs. 47, 68, 7 1) 
place the ratio at 5 or 10 to 1. Because for 
technical reasons our data base is small and 
because these conclusions regarding inter- 
neurons and the geniculate X- to Y-cell ratio 
are surprising, we wish to emphasize the 
qualified nature of these conclusions. 

Potential artifacts 
Before we discuss our interpretations of 

the data, we shall briefly discuss some po- 
tential artifacts of our methodology. These 
fall into physiological and morphological 
categories. 

PHYSIOLOGICAL. Two sources of physiolog- 
ical artifact can be considered. First, the 
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FIG. 20. Summary drawings of 10 representative Y-cells. Relevant laminar borders are indicated by parallel, 
dashed lines which demarcate the interlaminar zone. Note that somata are large, that the dendritic trees of these 
cells usually show no obvious orientation, and that every cell has some dendrites that cross laminar borders. Neurons 
among this group illustrated in other figures are as follows: C can be found in Fig. 16C; E, in Figs. 14, 15; F, in 
Figs. 16A, 17; G, in Figs. 16B, 18; H, in Figs. 12B, 13C; and I, in Figs. 12A, 13A, B. Scale: 200 pm. 

HRP-stained neuron might be different from 
that which we studied electrophysiologically. 
For instance, after our physiological study, 
the electrode tip might have come out of one 
cell and immediately penetrated a second, 
and the latter neuron was stained. This 
seems an extremely unlikely possibility and, 
in any case, could not have been a general 
source of error because we always monitored 
a cell’s activity intracellularly before, dur- 
ing, and after HRP iontophoresis (see MA- 

TERIALS AND METHODS). ‘We never saw ev- 
idence of such a potential artifact. 

Second, we cannot be certain how repre- 
sentative our neuronal sample is. While we 
have presented evidence of little or no bias 
based on soma size (see Fig. 24B; see also 
below), this analysis does not address other 

sources of sampling artifact. For instance, 
neurons that might not exhibit regenerative 
action potentials could be missing from our 
sample. However, the morphological data 
obtained in this study are quite similar to 
those obtained from purely morphological 
studies (e.g., Nissl stains and Golgi impreg- 
nations) despite the different potential biases 
that might affect these studies. That is, we 
accept whatever anatomical data we obtain, 
and the only plausible bias in selecting these 
data are based on electrode sampling. Golgi 
studies yield data that are dependent on the 
capriciousness of the unpredictable impreg- 
nation of neurons and the investigator’s sub- 
jective decision as to what constitutes a suf- 
ficiently impregnated neuron to be included 
in the sample. Despite these different poten- 
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FIG. 21. Drawing of a W-cell located in the C-laminae. The scale is 50 pm and is oriented roughly parallel to 
the lamination. Thus dendrites are also oriented in this direction. This dendritic orientation plus the small soma 
and fine dendrites are consistent with class 4 morphology. However, several of the dendritic branch points have 
clustered appendages (e.g., arrows) which could be construed as a class 2 morphological characteristic. These 
appendages are further illustrated in Fig. 22. 

tial sources of sampling artifact, the mor- 
phological data we obtained are remarkably 
similar to morphological data from other 
studies (e.g., Refs. 16, 25, 48, 80). 

MORPHOLOGICAL. The possibility, however 
unlikely, exists that injecting HRP into a 
neuron distorts its shape. For instance, soma 
size could be affected. It could either in- 
crease, due to the extra volume of HRP in- 
jected and/or to osmotic imbalances caused 
by the injection that result in uptake of water 
by the cell, or decrease, due to osmotic im- 
balances that result in loss of water. How- 
ever, the similarity of our soma size distri- 
bution with that obtained with a Nissl stain 
render such an artifact extremely unlikely. 
Furthermore, soma sizes of various soma- 
dendritic types in our sample are in the range 
described by Guillery (25) for similar types 
after Golgi impregnation. 

It is also possible that HRP-filled cells do 
not reflect an accurate picture of dendritic 

or axonal morphology. The HRP might not 
routinely enter fine dendritic processes or 
appendages or fine axonal processes. This 
possibility also exists for Golgi impregnation 
and is a potential artifact that is difficult to 
discount. It is also possible that some of the 
dendritic beading, varicosities, or append- 
ages we have described result from distor- 
tions or artifacts created either by degen- 
erative changes in injured neurons or by in- 
creased intracellular pressure operating on 
the weaker areas of membrane. This latter 
possibility might be analogous to the cre- 
ation of vascular aneurysms. However, such 
an artifact seems unlikely since the morpho- 
logical features we have described in our 
sample of HRP-filled neurons all have been 
previously described in studies of Golgi im- 
pregnations (16, 25, 80). Our current ultra- 
structural studies of these HRP-filled neu- 
rons (82) may shed some light onto the 
question of whether or not any of these mor- 
phological details are indeed artifacts. 
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FIG. 22. Photomicrographs of dendritic regions from cell drawn in Fig. 21. A: grapelike clusters appended at 
dendritic branch point (arrow). This region is indicated by the filled arrow in Fig. 21. B: grapelike cluster appended 
at dendritic branch point (arrow). This region is indicated by the open arrow in Fig. 21. Scale: 20 pm in A and 
applies as well to B. 
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FIG. 23. Plot of soma size versus receptive-field ec- 
centricity from the area centralis representation for each 
of the 47 geniculate neurons in our sample. No rela- 
tionship between these variables is seen (see text). 

Thus, while we cannot exclude the possi- 
bility of physiological or anatomical artifacts 
in our data, we feel that the likelihood of 
their occurrence is small and almost cer- 
tainly has not led us to incorrect conclusions. 
A more likely source of interpretational er- 
ror could be our limited sample size of neu- 
rons. 

Differences bet ween 
Y-cell morphology 

X- and 

The major finding of this study is that, in 
the lateral geniculate nucleus, X-cells have 
different morphological features than do Y- 
cells. While expected, this result is not triv- 
ial, because it seemed equally logical, as sug- 
gested in INTRODUCTION, to imagine that all 
functional (and structural) differences be- 
tween X- and Y-cells are limited to the ret- 
ina. If at least some of the morphological 
differences described for geniculate X- and 
Y-cells represent the basis of functional dif- 
ferences in geniculate circuitry, then differ- 
ences between the X- and Y-cell pathways 
are reinforced in the lateral geniculate nu- 
cleus. These differences between X- and Y- 
cell structure are discussed below, first, in 
terms of prior morphological classification 
schemes, and second, in terms of a scheme 
that permits reasonable identification of X- 
and Y-cells solely on morphological grounds. 

OTHER MORPHOLOGICAL CLASSIFICATION 
SCHEMES. Since the scheme of Guillery 
(25) seems that most widely used to classify 
the morphology of geniculate neurons in the 
cat, we shall use this as a starting point with 
which to compare our morphological results. 
As outlined in INTRODUCTION, Guillery (25) 
described class 1, class 2, class 3, and class 
4 morphological types among these cells and 
also emphasized that 40% of his sample had 
intermediate or unclassified morphology. 
Our sample (including the W-cell) also in- 
cludes these morphological types and we, 
too, found morphologically intermediate or 
unclassified cells (see Table 1). The inter- 
mediate and unclassified cells raise questions 
about the completeness of Guillery’s (25) 
classification scheme as well as its relation- 
ship to functional classification. Nonethe- 
less, Table 1 clearly shows that the Guillery 
(25) classification scheme relates rather well 
to X- and Y-cells. Overlap exists only for the 
class 2 category although, as noted in RE- 

SULTS, class 2 Y-cells can be distinguished 
structurally from class 2 X-cells. 

Although the Guillery (25) scheme is use- 
ful and has some functional relevance, it was 
not always completely clear (to us) into 
which class certain cells belong. Several of 
the differentiating criteria seem somewhat 
vague or qualitative. For instance, a cell was 
considered to be at least partially class 2 if 
several of the primary or secondary branch 
points had some grapelike or bulbous ap- 
pendages. There is considerable variation 
among our class 2 cells in the size, number, 
and precise location (relative to the branch 
points) of these appendages. A similar range 
in density and appearance of the complex 
stalked appendages characteristic of our 
class 3 cells is also evident. The possibility 
exists that different investigators might ap- 
ply different criteria to these characteristics 
and place the same cell population into 
somewhat different distributions of the Guil- 
lery (25) classification scheme, and this pos- 
sibility seems particularly strong for classes 
2 and 3. Partly for this reason we shall at- 
tempt below to outline differences between 
X- and Y-cell morphology in a manner in- 
dependent of the Guillery (25) scheme, al- 
though many of the same structural features 
are considered. 
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FIG. 24. Soma size distributions for geniculate neurons. A: distributions for the entire sample of 47 physio- 
logically and morphologically studied cells. Stars represent the three X-cells and one Y-cell that were not identified 
as relay cells. Physiological classification of these cells is indicated by the box. Note that the unclassified cells have 
soma sizes in the zone of overlap between those of X- and Y-cells. B: separate distribution for each of the A- 
laminae. For both X- and Y-cells, lamina Al somata are larger than those in lamina A, but the difference is 
statistically significant only for X-cells (see text). C: distributions for somata limited to laminae A and A 1. The 
upper histogram represents the subpopulation from A of 41 neurons limited to the A-laminae (i.e., the five Y-cells 
and one W-cell from the C-laminae are removed). The lower histogram represents the soma size distribution for 
a total of 1,246 neurons from adjacent, Nissl-stained sections in 1 1 of the cats (see text). A separate histogram 
was compiled for each cat. The present histogram was constructed by computing the mean value for each bin from 
the 11 separate histograms, and the standard error of these means is shown by dots above each bin. Note the 
similarity in distributions of the upper and lower histograms (see text). D: estimate of relative X- and Y-cell size 
distributions for the A-laminae computed from C. From C, upper, we concluded that all soma sizes below 250 
lrn2 belong to X-cells; and all above 450 pm’, to Y-cells. For bins representing intermediate soma sizes, we 
multiplied the percentages in C, lower, by the relative fraction of X- and Y-cells from C, upper. In this analysis, 
we did not include the two physiologically unclassified cells. These calculations lead to the X- and Y-cell distributions 
in D, and from this we conclude that roughly 35% of the neurons in the A-laminae are Y-cells (see text). 
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FIG. 25. Numbers of dendritic intersections with five concentric circles, spaced 50 pm apart and centered on 
the soma (see inset in A), for the 47 HRP-filled cells in our study. The inset in A also illustrates the manner by 
which the zones of these intersections were divided into vertical quadrants (vertical hatching) and horizontal 
quadrants (horizontal hatching) with respect to the lamination. A: scatter plot of number of horizontal and vertical 

intersections for each cell. The box shows the key, and the line of slope 1 is drawn to indicate the relationship 
expected for radially symmetric dendritic trees. Both X- and Y-cells demonstrate a positive correlation between 
their numbers of vertical and horizontal intersections, but the relationship for X-cells differs from that of Y-cells 
(see text). B: numbers of vertical, horizontal, and total intersections (total number equals vertical plus horizontal 
numbers) for X- and Y-cells. The box shows the key. X-cells have more vertical and fewer horizontal intersections 
than do Y-cells, and no difference is seen in the numbers of total intersections (see text). 
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A related morphological classification 
scheme that has received considerable atten- 
tion recently was described by LeVay and 
Ferster (48). These authors noted that a pop- 
ulation of neurons in the A-laminae contain 
a curious cytoplasmic structure, the “cyto- 
plasmic laminated body” (see Refs. 28, 58, 
59, 72, 84 for a description of these cyto- 
plasmic structures among other neuronal 
populations). In the A-laminae, cells with 
cytoplasmic laminated bodies have inter- 
mediate soma sizes (roughly 15-25 pm in 
diameter) plus a distribution and cortical 
projection pattern reminiscent of X-cells 
(i.e., projections to area 17 only; see Ref. 
76). In the A-laminae, cells without the cy- 
toplasmic structures can be divided into a 
larger group (roughly 20-40 pm in diame- 
ter) whose neurons have a distribution and 
cortical projection pattern reminiscent of Y- 
cells (i.e., projections to areas 17 and 18; see 
Ref. 76), and a smaller group (roughly lo- 
25 pm in diameter). LeVay and Ferster (48) 
then showed that each of nine Golgi-im- 
pregnated class 1 cells had a large soma 
without a cytoplasmic laminated body, eight 
of nine class 2 cells had the cytoplasmic 
structure, and each of six class 3 cells had 
a small soma without the structure. Cells not 
placed into one of these classes were not 
described although such cells represented 
40% of Guillery’s (25) population. LeVay 
and Ferster (48) consequently proposed that 
in the A-laminae, the class 1 cells are Y- 
cells, representing roughly one-third of the 
neurons, the class 2 cells are X-cells, rep- 
resenting roughly two-fifths of the neurons, 
and the class 3 cells are interneurons, rep- 
resenting roughly one-fourth of the neurons 
(see also Refs. 43, 66). 

Our data contradict some aspects of the 
LeVay and Ferster (48) proposal and sup- 
port others. Table 1 shows that X- and Y- 
cells are not isomorphic with class 2 or 1 
morphology, respectively. Also, some of our 
sample of class 3 cells (and all of our sample 
of cells intermediate between classes 2 and 
3) are identified relay X-cells and not inter- 
neurons. Thus, the majority of cells in our 
sample with at least some class 3 morpho- 
logical features are clearly relay neurons. 

On the other hand, the relative numbers 
and soma size distribution of X- and Y-cells 
in our data closely match these parameters, 
as suggested by the data of LeVay and Fers- 
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FIG. 26. Relationships among soma size, total num- 
ber of dendritic intersections (see Fig. 29, and recep- 
tive-field center size for X- and Y-cells. The key is shown 
in A. A: scatter plot of soma size and number of den- 
dritic intersections. A positive correlation of these vari- 
ables exists for both X- and Y-cells. Relationships for 
X- and Y-cells seems similar, with that of Y-cells shifted 
toward larger somata than is that of X-cells (see text). 
B: scatter plot of number of dendritic intersections and 
receptive-field center size. A positive correlation for 
these variables is seen among X-cells but not Y-cells 
(see text). C: scatter plot of soma size and receptive- 
field center size. A slightly better correlation for these 
variables is seen for X-cells than for Y-cells (see text). 
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ter (48). Figure 29 shows a comparison of 
the distribution proposed by these authors 

1~ A 

for the middle of lamina A (redrawn from 
Fig. 7B of Ref. 48) with the distribution of 

m a- 

X- and Y-cells from the A-laminae of our 
5 
a 

present study. The distribution of Y-cells $ 6- 
versus other cell types is indistinguishable 2 
in the two sets of data (P > 0.2 on a x2 test). 
Thus we support the rather surprising LeVay 

8 4- 

and Ferster (48) suggestion that Y-cells $ 2 
comprise one-third or more of the cells in 
the A-laminae (see also below). However, 
our distribution of cells other than Y-cells 0 

0 
I 

are all X-cells which, with three exceptions, 
0.5 1 

are identified relay cells, whereas LeVay and 
Ferster (48, 49) suggest that 25% of their 35 

entire sample are interneurons. As a result, 
B 

we suggest that Y-cells comprise roughly z 30 
35% of relay neurons in the A-laminae (see s-r 1 
also below), while LeVay and Ferster (48) 
place the fraction close to 50%. Perhaps 
these authors have overestimated the num- 
ber of interneurons and perhaps relay X-cells 
include many smaller cells without cyto- 
plasmic laminated bodies. This seems likely, 
since we found relay X-cells with class 3 
morphology and small somata. Other cur- 
rent estimates of interneurons generally de- 
rive from the distribution of unlabeled ge- 
niculate neurons after large HRP injections 
into cortex. However, such experiments offer 
discrepent estimates for interneurons (cf. 
Refs. 23, 49, 53), and there may be artifac- 
tual reasons why some relay neurons would 
not be labeled (see also below). Such esti- 
mates, then, should be considered maximum 
for interneuron numbers. In any case, our 
data can be taken as indirect support for the 
LeVay and Ferster (48) proposal that neu- 
rons with cytoplasmic laminated bodies are 
X-cells (but that not all X-cells have this 
cytoplasmic structure). We are currently 
attempting to test this directly by searching 
for these cytoplasmic structures with appro- 
priate histological procedures in physiolog- 
ically identified and injected cells. 

1 

0 

f  
0 

0: I I I 1 I I 
0 0.5 1.0 1.5 2.0 2.5 3.0 

AXON DIAMETER (pm) 

FIG. 28. Axon diameters and their relationship to 
soma diameter for X- and Y-cells. Keys are shown in 
boxes. A: frequency histogram of axon diameters. Y- 
cells tend to have larger axons than do X-cells, although 
some overlap exists (see text). B: scatter plot of axon 
diameter and soma diameter for X- and Y-cells. These 
variables are positively correlated for both cell types 
(see text). 

MORPHOLOGICAL FEATURES OF X- AND Y- 
CELLS. From our data, we can list a series 
of five distinguishing morphological char- 
acteristics for geniculate X- and Y-cells: I) 
Y-cells have some dendrites that cross lam- 
inar boundaries (the one Y-cell exception 
was faintly stained and not a confirmed relay 
cell), whereas X-cells do not; 2) Y-cells tend 

FIG. 27. Photomicrographs of representative axons from X- and Y-cells. These views include regions from which 
diameter measurements were taken. Note the variability in apparent diameter along some axons. A-C: axons of 
X-cells. D-G: axons of Y-cells. Scale in A: 20 pm and applies as well to B-G. Note that Y-cell axons are thicker 
than are those of X-cells. 
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FIG. 29. Comparison of soma size distributions be- 
tween data of LeVay and Ferster (48) (upper) and data 
from the present paper (lower). Data of LeVay and 
Ferster are redrawn from Fig. 7B of Ref. 48 and rep- 

resent somata from the anteroposterior and mediolateral 
middle of lamina A in a normal cat. Our data represent 
both laminae A and Al. Note the similarity in distri- 
butions between our data and those of LeVay and Fers- 
ter both for Y-cells and also for other neurons (i.e., X- 
cells plus interneurons). Cells thought to be interneurons 
by LeVay and Ferster (48) are shown separately in the 
upper histogram; most of the neurons from our distri- 
bution are confirmed relay cells (see text for further 
details). 

to have larger somata with thicker primary 
dendrites than do X-cells 3) Y-cells tend to 
have thicker axons than do X-cells; 4) Y- 
cells tend to have radially symmetric den- 
dritic trees, while those of X-cells tend to be 
elongated along projection lines; and 5) Y- 
cells tend to have simple, spinelike dendritic 
appendages, except for the grapelike ap- 
pendages of the class 2 Y-cells, whereas X- 
cells usually have complex, stalked processes 
that may occur anywhere along the den- 
drites. In addition , fine axonal collaterals in 
the perigeniculate nucleus occur much more 

frequently for Y-cells than for X-cells, but 
this could be an artifact due to more diffi- 
culty in filling such fine processes from the 
thinner X-cell axons. 

We suggest that the above list of mor- 
phological differences can be used with rea- 
sonable confidence to distinguish X-cells 
from Y-cells based on anatomical data alone. 
These differences can be considered as anal- 
ogous to the “battery of tests” approach ad- 
vocated by Rowe and Stone (62) to identify 
X- and Y-cells from physiological data. We 
are therefore proposing a morphological 
classification scheme with a functional basis, 
a scheme that is somewhat different from 
that proposed by Guillery (25). The two 
schemes can be compared, and it should be 
clear from our results that a class 1 neuron 
would be a Y-cell, a neuron with any class 
3 features would be an X-cell, and a class 
2 neuron could be identified either as an X- 
or Y-cell on the basis of soma, dendrite, and 
axon size, the shape of the dendritic tree, 
and whether or not any dendrites cross lam- 
inar borders. Figure 30 schematically sum- 
marizes many of these morphological fea- 
tures for X- and Y-cells. 

CORRELATIONS AMONG MORPHOLOGICAL 

AND PHYSIOLOGICAL PARAMETERS. In RE- 

SULTS, we point out significant correlations 
for these neurons among several parameters. 
While these correlations may be statistically 
significant, their biological significance is not 
usually clear. We feel, however, that several 
merit further comment and speculation. 

One concerns the strong relationship be- 
tween soma size and dendritic extent (Fig. 
26A). Dendritic extent has been defined in 
terms of dendritic intersections with five con- 
centric rings, 50 pm apart, centered on the 
soma (see RESULTS). It is not entirely clear 
what features determine soma size, but a 
number of authors have suggested that 
larger geniculate somata are associated with 
more extensive axonal and/or terminal ar- 
borizations in cortex (e.g., Refs. 26, 50). 
However, Fig. 26A suggests that dendritic 
extent may also play a major role in deter- 
mining geniculate soma size. It is interesting 
that X- and Y-cells seem to demonstrate 
quite similar relationships between these two 
variables, but that the functions are shifted 
so that equal dendritic extent is matched to 
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FIG. 30. Schematic drawing summarizing typical morphological features for an X-cell and a Y-cell. Typical 
differences indicated include the following: I) the Y-cell has translaminar dendrites and the X-cell does not; 2) 
the Y-cell has a larger soma and thicker dendrites than does the X-cell; 3) the Y-cell has a thicker axon than does 

the X-cell; 4) the Y-cell has a radially symmetric dendritic tree, whereas the X- cell dendrites are oriented 
perpendicular to the lamination; 5) the Y-cell has fewer and simpler dendritic appendages than does the X-cell, 
except for some complex, grapelike appendages occasionally found near dendritic branch points of both cells; and 
6) the Y-cell is more likely than is the X-cell to have axon collaterals in the perigeniculate nucleus (PGN) while 
both cells occasionally have intrageniculate axon collaterals. 

a soma larger for a Y-cell than for an X- 
cell. This observation is consistent with the 
notion that a variable other than dendritic 
extent (i.e., axonal and/or terminal arbori- 
zations in cortex) also constributes to soma 
size. That is, if Y-cells have larger axonal 
distributions and far more synapses in cor- 
tex, this would mean that they would have 
larger somata than would X-cells despite 
equal dendritic extents. Y-cells do seem to 
have larger axonal arborizations than do X- 
cells, both because individual Y-cells typi- 
cally project to areas 17 and 18 while X-cells 
project only to area 17 (23, 76) and also 
because within area 17 the Y-cell axons dis- 
tribute more widely than do X-cell axons 
( 19, 24). It has been repeatedly suggested 
that the abnormally small geniculate somata 
seen in animals raised with visual depriva- 
tion may be due to a reduced extent of ter- 
minal arborization in cortex (26, SO), but 
our data suggest the possibility that this 
could also be related to a reduced dendritic 
extent for deprived neurons. Experiments 
are currently underway on visually deprived 
cats to test this possibility. 

A second correlation of interest concerns 
that between soma size and axon diameter 
(Fig. 28B), and this has already been noted 
by Ferster and LeVay (19) for geniculate 
neurons in the cat. Such a relationship has 
also been assumed for retinal ganglion cells, 
but it has not yet been directly demonstrated 
to our knowledge. The significance of this 
relationship between axon and soma size for 
geniculate neurons is not at all clear, and it 
may be that the two parameters are related 
because they have a common cause. That is, 
perhaps a more extensive axonal arboriza- 
tion requires both a larger soma to provide 
the metabolic machinery for synaptic main- 
tenance as well as a larger axon to permit 
freer axoplasmic transport. If so, then dif- 
ferences in conduction velocity, which are 
usually correlated with differences in axon 
diameter, might be an epiphenomenon of 
axonal arborization and have no further sig- 
nificance for processing of visual informa- 
tion. We emphasize that this is pure spec- 
ulation and that we do not conclude that 
conduction velocity is insignificant for visual 
processing, only that it may be. 
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Finally, the relationship between recep- 
tive-field center size and dendritic extent is 
of interest because it is strong for X-cells but 
absent for Y-cells. That there should be any 
correlation at all for these parameters is puz- 
zling since geniculate neurons typically re- 
ceived excitatory receptive-field input from 
one or very few optic tract axons (8). This 
does suggest that receptive-field dimensions 
may be transmitted differently by geniculate 
X- and Y-cells. 

DIFFERENCESBETWEEN LAMINAEAANDAl. 
Soma sizes in the cat’s lateral geniculate 
nucleus are slightly larger on average for 
lamina Al than for lamina A (27, 29, 42). 
A common explanation for this has been that 
lamina Al contains a higher Y-cell per- 
centage than does lamina A and that genic- 
ulate Y-cells are larger than are X-cells (35, 
57, 83). Our data suggest an additional or 
alternative explanation. That is, both X- and 
Y-cells in lamina A 1 are larger than their 
counterparts in lamina A, but this difference 
is statistically significant only for the X-cells. 

MORPHOLOGICAL VARIABILITY AMONG X- 
AND Y-CELLS. Although X-cells possess 
morphological features distinct from those 
of Y-cells, the drawings and photomicro- 
graphs shown in RESULTS also serve to 
underline the morphological variability 
within each of these functional classes. The 
electrophysiological data we obtained for 
these neurons offer no obvious functional 
correlation for most of this variability. 
Whether this reflects an inadequacy of our 
available electrophysiological data or indi- 
cates certain morphological features with 
little functional relevance is not at all clear. 
Much more data are needed to address this 
issue. 

Class 3 relay cells 

Perhaps our most surprising result is the 
observation of relay neurons with class 3 
morphological features. Such morphology 
has generally and confidently been associ- 
ated with interneurons. There are at least 
two possible explanations that may require 
a reevaluation of the interneuron concept for 
the lateral geniculate nucleus. 

4 Guillery, however, left open the possibility that class 
3 cells are relay cells. He wrote, “in view of the incom- 
plete staining of the axons it remains possible that some 
of these [class 31 cells have axons that leave the lateral 
geniculate nucleus” (Ref. 25, p. 36). 

SUBGROUPS OF CLASS 3 MORPHOLOGY? 
First, it is clear that class 3 morphology 
should no longer be considered completely 
isomorphic with interneuronal function. Per- 
haps two subgroups of class 3 neurons exist, 
one of which represents relay neurons and 
the other, interneurons. As Figs. 3 and 4 
show, our sample of class 3 neurons is not 
morphologically homogeneous. Tomb01 (79) 
has, in fact, described two such general 
groups morphologically: one has an axon 
that ramifies largely within the dendritic tree 
and the other has an axon that projects at 
least to other laminae. Examples of the for- 
mer were not seen in our sample, and these 
may be the true interneurons. We may have 
missed them because our sample size of class 
3 cells is small. Also, if these cells do not 
generate action potentials (with short axons, 
they might have no need for regenerative 
action potentials) or if they have very low 
levels of spontaneous activity, they would not 
be readily detected with our standard re- 
cording procedures. Incidentally, all of the 
class 3 cells in our sample did generate typ- 
ical action potentials. 

EXISTENCEOFINTERNEURONS? Thesecond 
possibility is that interneurons simply do not 
exist in appreciable numbers as a unique cell 
class within the A-laminae. We feel that no 
means of positively identifying a geniculate 
interneuron currently exists. Their presence 
has been inferred from negative evidence 
that is not easy to interpret. Anatomically, 
such evidence usually consists of either fail- 
ure to demonstrate a projection axon after 
Golgi impregnation or failure to label the 
neuron retrogradely following HRP injec- 
tions into cortex. The physiological analog 
is a failure to activate the neuron antidrom- 
ically after electrical stimulation of cortex. 

There are, however, many reasons why a 
relay neuron might fail to have its axon 
stained after Golgi impregnation (e.g., my- 
elinated axons are difficult to impregnate), 
to transport HRP retrogradely (e.g., factors 
controlling such HRP labeling are poorly 
understood and various studies report widely 
variant percentages of labeled geniculate 
neurons after HRP injections of cortex; cf. 
Refs. 23, 49, 53), or to propagate an anti- 
dromic spike (e.g., such propagation failure 
could occur at axonal branch points). As an 
example of this last reason, Dubin and Cle- 
land ( 14) proposed a positive means of elec- 
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trophysiologically identifying interneurons. 
These authors suggested that only such cells 
could be activated from cortex transynapti- 
tally. However, Figs. 7A and B and 8A il- 
lustrate one of several examples we have seen 
of relay cells that display transynaptic ac- 
tivation from cortex. 

Although class 3 cells in Golgi prepara- 
tions have been described with only locally 
ramifying axons (79), it is possible that the 
cells possess unimpregnated projection ax- 
ons. In other words, it is conceivable that the 
same cell can project an axon to cortex (and 
thus act as a “relay” cell) and still contribute 
an axonal network for local processing (and 
thus act as an “interneuron”). A comparison 
of the histograms in Fig. 24A and B suggest 
that, if interneurons indeed exist as a unique 
class, they must represent a rather small 
percentage of the geniculate neuronal pop- 
ulation (53). 

Another reason to reconsider the evidence 
for the existence of geniculate interneurons 
is that other circuits not requiring such cells 
seem available to carry out any proposed 
interneuronal function. For instance, peri- 
geniculate neurons project axons down 
among the geniculate laminae (1, 2,40), and 
these neurons receive input from collaterals 
of relay cell axons (see RESULTS and Refs. 
3, 14). Perigeniculate neurons are thus ex- 
cellent candidates for the basis of any pro- 
posed geniculate interneuronal circuitry. 
Additional intrageniculate circuitry is pro- 
vided both by intrageniculate collaterals of 
relay cell axons (see RESULTS) and also by 
dendrodendritic synapses ( 16, 17). Although 
Famiglietti (16) argues that some of these 
synapses derive from relay cell dendrites, 
Famiglietti and Peters (17) seem to suggest 
that these presynaptic dendrites issue from 
interneurons because they have class 3 mor- 
phology. However, our data raise the pos- 
sibility that interneurons might not exist as 
a unique class of geniculate cells (see above). 
This consequently raises the possibility that 
many or all of the class 3 cells with presyn- 
aptic dendrites described by Famiglietti and 
Peters (17) might be relay cells. If, indeed, 
class 3 relay cells possess presynaptic den- 
drites, this would be most interesting since 
axon terminals of relay cells in cortex possess 
round vesicles and make asymmetric con- 
tacts with postsynaptic elements (22), 
whereas the dendrodendritic synapses have 

flattened or pleomorphic vesicles and make 
symmetric contacts (17). We are currently 
applying ultrastructural methods to inves- 
tigate this interesting possibility (82). 

We emphasize that it is not our contention 
that intrageniculate interneurons do not ex- 
ist. Rather, we suggest that the assumptions 
concerning their existence should be quali- 
fied and reconsidered since it has not yet 
been possible to obtain direct positive evi- 
dence for the presence of such cells. Our data 
clearly discredit the common assumption 
that all class 3 cells are interneurons. 

Relative numbers of X- and Y-cells 

Another general assumption not fully sup- 
ported by our data is that electrodes selec- 
tively favor large somata for recording (e.g., 
Refs. 21, 36, 47, 68). This assumption pre- 
dicts that an electrophysiological sample of 
single units would include an overestimate 
of cells with large somata. So and Shapley 
(68, 7 1) have argued that this sampling bias 
coupled with the larger presumed size of Y- 
cell somata has led to electrophysiologically 
obtained X- to Y-cell ratios of 1 to 1 or less 
when the true ratio is closer to the retinal 
estimates of 5 or 10 to 1. These authors re- 
port that when they record extracellularly 
with cruder metal electrodes, they find a 
larger geniculate Y-cell percentage (roughly 
50%) but with “finer” micropipettes, they 
record many fewer Y-cells (lo-20%) be- 
cause these micropipettes have small tips, 
which make them less biased for larger so- 
mata (68, 71).5 

One might expect intracellular recording 
to be even more difficult than extracellular 

‘So and Shapley (68, 71) suggest that they have 
largely overcome electrode sampling problems by using 
fine micropipettes. The conclusion that these micropi- 
pettes are indeed fine derives from their impedance 
range, which was reported to be 5-15 MQ. However, 
So and Shapley (68,7 1) filled their electrodes with phys- 
iological saline which, compared to the more conven- 
tional 4 M NaCl solution, is a rather nonconductive 
electrolyte. In our informal comparisons, we found that 
micropipettes that had an impedance of 5-l 5 MQ when 
filled with physiological saline became low-impedance 
electrodes (<l MQ) when filled with 4 M NaCl. Since 
Hoffmann, Stone, and Sherman (34) used micropipettes 
with an impedance range of 5-15 MQ with 4 M NaCl, 
these electrodes probably had finer tips than those used 
by So and Shapley (68, 71). Therefore, it seems most 
unlikely that So and Shapley (68, 71) obtained fewer 
geniculate Y-cells because of finer electrode tips than 
were used previously. 
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FIG. 3 1. Soma size distributions of neurons from lam- 
inae A and Al. The box shows the key. The available 
sample, based on Nissl-stained material, and our sample 
of HRP-filled neurons are taken from Fig. 24C. To con- 
struct the predicted sample, we applied an algorithm 
whereby each neuron was assigned a sampling proba- 
bility proportional to its soma volume (cf. Ref. 36). The 
predicted sample thus represents the expected result 
from electrode biases acting on the available sample of 
neurons, and note that the predicted sample includes 
more large and fewer small neurons than does the avail- 
able sample. Of particular interest is the observation 
that our actual sample of HRP-filled neurons differs 
from the predicted but not from the available sample. 
Our data consequently do not support the notion of 
electrode sampling biases based on soma size (see text 
for details). 

recording among small somata, and thereby 
predict that our sample of cells should be 
highly biased in favor of large somata. For 
the A-laminae, Fig. 31 shows the soma size 
distribution of the predicted electrophysio- 
logical sample (dashed outline) that was de- 
rived from the available sample based on 
Nissl-stained material (solid outline). The 
derivation for the distribution of the pre- 
dicted sample is based on an algorithm 
whereby the probability of recording a neu- 
ron is directly proportional to that neuron’s 
soma volume. This algorithm is common to 
considerations of electrode sampling biases 
(36; see also Refs. 2 1, 68, 7 1). Thus, the 
predicted sample has more large somata and 
fewer smaller ones than does the available 
sample. However, our actual soma distri- 
bution of HRP-filled neurons (cross-hatched 
bars) is not statistically different from that 
of the available sample (P > 0.2 on a x2 test) 
but differs significantly from that of the pre- 

dieted sample (P < 0.001 on a x2 test). Fig- 
ure 31 thus suggests little or no electrode 
sampling bias based on soma size (see also 
Fig. 24C), at least for intracellular recording 
of these geniculate neurons. 

Furthermore, as mentioned above, we 
have concluded from these soma size distri- 
butions that Y-cells represent roughly 35% 
of the neurons in the A-laminae. This value 
is very close to that suggested by LeVay and 
Ferster (48) on purely anatomical grounds. 
Thus, the X- to Y-cell ratio would be roughly 
2 to 1 if few or no interneurons exist (53), 
and roughly 1 to 1 if as many as 25% in- 
terneurons exist (e.g., Refs. 23,48,49). This, 
in turn, suggests that X- to Y-cell ratios 
based on extracellular recording may not be 
as dramatically biased in favor of large so- 
mata as is generally assumed! The fact is 
that, despite a widespread willingness to ac- 
cept the conventional notion that large so- 
mata are selectively recorded by electrodes, 
there is little direct evidence for this, and we 
understand precious little about the factors 
that do control electrode sampling. For in- 
stance, perhaps dendritic geometry and the 
possibility of regenerative potentials along 
some dendrites (54, 85) contributes more to 
electrode sampling biases than does soma 
size. Figure 25B shows that, on the average, 
X- and Y-cells have equal dendritic extents. 

We must nonetheless emphasize that, 
while our data do not generally support the 
notion of electrode sampling based on soma 
volume (36), neither do they strongly oppose 
this notion. Although other authors (21, 68, 
7 1) have suggested that electrode sampling 
biases can increase the recorded Y-cell frac- 
tion by a factor of 5 or more, our data sug- 
gest a more modest consequence of such 
biases. A consideration of Figs. 240 and 31 
predicts that the recorded Y-cell percentage 
based on sampling due to soma volume 
should be 60%. This represents a relatively 
modest sampling bias of less than a factor 
of 2 due to the relatively large size of Y- 
cells. In other words, given the soma size 

6 One of us (S. M. Sherman) has analyzed all data 
accumulated during the past 8 years from our labora- 
tory. This analysis indicates that, with micropipettes of 
5-- 15 MQ impedance at 100-200 Hz used for extracel- 
lular recording, our sample of A-laminae cells with re- 
ceptive fields of S-20” eccentric from the area centralis 
includes an X- to Y-cell ratio that is between 1 and 1.5 
to 1. 
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distributions in Fig. 240, soma size alone 
should have a relatively modest effect on 
recorded Y-cell numbers. We cannot rule 
out the possibility from our data that this 
predicted, modest effect of electrode sam- 
pling does not contribute to Y-cell numbers 
recorded extracellularly. In other words, we 
conclude that electrode sampling biases based 
on soma size have relatively little effect on 
recorded geniculate X- and Y-cell ratios. 

Comparison with retinal studies 

As noted above, we now estimate that the 
X- to Y-cell ratio in the A-lamina .e is be- 
tween 1 and 2 to 1. This ratio is probably 
smaller when all geniculate regions are con- 
sidered becau se of the pred ominan ce of Y- 
cells and rarity of X-cells in the medial in- 
terlaminar nucleus (13,45,55). Yet, as men- 
tioned above, retinal estimates place this ra- 
tio at between 5 and 10 to 1 (12, 21, 52, 75, 
81). Since practically all retinal X- and Y- 
cells project to the lateral geniculate nucleus 
(2 1; see also Refs. 47, 6 1, 77), any shift in 
cell ratios between retina and lateral genic- 
ulate nucleus due to differential projections 
seems unlikely. 

l X-CELLS 

oY-CELLS 

Two other explanations, singly or in com- 
bination, seem more likely. First, the genic- 
ulate X- to Y-cell ratio may in fact be little 
different from the retinal ratio due to errors 
in estimating the retinal or geniculate value. 
On the one hand, due to our small sample 
size, our estimates of the geniculate ratio 
may be incorrect. On the other hand, due 
to the indirect method of assigning soma size 
classes to X- and Y-cell groups, Y-cell num- 
bers may have been underestimated for the 
retina. That is, no one has yet reported on 
a direct structure/function correlation for 
retinal X- and Y-cells, as has been per- 
formed in the present study for geniculate 
neurons. Second, and perhaps more inter- 
esting, is the possibility that both retinal and 
geniculate estimates of relative X- and Y- 
cell numbers are approximately correct. If 
so, the X- and Y-cell pathways must have 
different divergence and/or convergence 
properties as they pass from retina through 
the lateral geniculate nucleus to visual cor- 
tex. Strictly for the purpose of simplifying 
our speculation, we shall assume that rela- 
tively little convergence occurs in the reti- 
nogeniculate pathways for either X- or Y- 

FIG. 32. Schematic drawing to illustrate different retinogeniculate divergence patterns for X- and Y-cell path- 
ways. Only two retinal axons, one X-cell and one Y-cell, are shown and only from the contralateral eye. There 
should presumably be S-10 X-cell axons for each Y-cell axon. For added simplicity, no convergence among 
retinogeniculate synapses is drawn; significant convergence in either pathway could be incorporated by altering 
the drawing to include proportionately more divergence for that pathway. As represented, each retinal X-cell 
innervates roughly 4 geniculate X-cells, and the number for the Y-cell pathway is roughly 20-30. The much larger 
divergence in the Y-cell pathway, with consequently more collateral axon branches, is needed to explain the lower 
X- to Y-cell ratios suggested for the lateral geniculate nucleus than suggested for the retina (see text). 
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cells (8). In very rough terms, we suggest pansion of the Y-cell pathway may continue 
that, throughout the lateral geniculate nu- central to the lateral geniculate nucleus. 
cleus (including the medial i.nterlaminar nu- Such a suggestion is compatible with the 
cleus), X- and Y-cells occur in approxi- recent hypothesis that Y-cells play a key role 
mately equal numbers. The suggested ratio in the basic processing of visual stimuli 
between the number of geniculate neurons (46, 69). 
and retinal ganglion cells is roughly 4 to 1 
(64). Since estimates suggest that relatively 
few geniculate neurons are W-cells, but that 
they reflect about half of the retinal ganglion 
cell population (21, 83), the geniculate-to- 
retinal neuron ratio is probably between 5 
and 10 to 1 if just X- and Y-cells are con- 
sidered. Given this, a retinal X- to Y-cell 
ratio of between 5 and 10 to 1, and a ge- 
niculate X- to Y-cell ratio of roughly 1 to 
1, it follows that each retinal X-cell axon 
commonly terminates onto roughly 4 genic- 
ulate X-cells, whereas each retinal Y-cell 
axon branches to provide inputs for 20-30 
geniculate Y-cells. Figure 32 illustrates this 
schematically. If X- and/or Y-cell axons 
display significant convergence in their ret- 
inogeniculate connections, this scheme could 
be altered to include proportionately more 
divergence than illustrated. Thus, in func- 
tional terms, the X-cell retinogeniculate 
pathway includes 4 times as much diver- 
gence as convergence, whereas the value is 
20-30 times as much divergence as conver- 
gence for the Y-cell pathway. The need to 
support such an extensive axonal arboriza- 
tion could account for the presumed large 
somata and axons of retinal Y-cells (4, 12, 
21, 52, 75, 81). 

Conclusions 

This line of reasoning suggests that one 
function of the lateral geniculate nucleus in 
the cat may be to increase the relative con- 
tribution of the Y-cell pathway from retina 
to cortex. Given the aformentioned large ter- 
minal axon arborizations of Y-cells com- 
pared to X-cells in cortex, this relative ex- 
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