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Morphology of 
physiologically identified 

neurons 
Michael J. Friedlander and S. Murray Sherman 

Individual neurons can be classified in terms o f  their physiological properties or in terms 
o f their structure and interconnections with other neurons. When both types o f in  formation 
are available for a defined neuronal population, relationships can be inferred between the 
structure and function o f  single neurons. This, in turn, leads to inferences about functional 
connectivity among neurons. However, in many parts o f  the nervous system, the 
heterogeneity o f  neural structure and function limits the usefulness o f  this approach. We 
have applied a technique that allows us to directly determine the structure o f  individual, 
physiologically characterized neurons. 

Intracellular staining 
Recent methodological advances permit 

neuroseientists to compare structure and 
function directly for the same neuron. One 
can record functional activity intracellu- 
larly with a fine, hollow micropipette and 
then eject a marker substance from the 
micropipette into that same neuron e't~". 
We have used this approach, with horse- 
radish peroxidase (HRP) as the marker 
substance (fluorescent dyes have also been 
used as a marker in other laboratories), to 
study neurons in the cat's lateral geniculate 
nucleus (LGN6.7). The LGN is a major 
component of the cat's central visual 
pathways. 

For a number of reasons, HRP has 
proved to be an excellent marker in these 
studies. It rapidly fills the entire cytoplasm 
of the injected neuron, including all of the 
dendritic and all or most of the axonal pro- 
cesses, without leaking out of the neuron. 
One thus obtains Golgi-like filling of the 
functionally identified neuron which can 
readily he viewed with conventional micro- 
scopy after one of several histochemical 
reactions. These reaction products tend to 
be quite stable over time, and at least one 
(e.g. with 3-3' diaminobenzidine) provides 
a preparation suitable for electron micro- 
scopy ~d. This technique is becoming increas- 
ingly common in a number of laboratories 
and is being directed at many neural re- 
gions, including the cerebral cortex, brain- 
stem, and spinal cord. 

Three parallel pathways 
We used this method to determine the 

morphological features of  each of the three 
functional subgroups of geniculate 
neurons. These subgroups are termed W-, 
X-, and Y-cells. Each class has 
receptive field properties similar to those 
of W-, X-, and Y-cells found in the retina. 

In fact, a geniculate W-, X-, or Y-cell, 
respectively, receives input only from reti- 
nal W-, X-, or Y-cells, As illustrated in Fig. 
1, these cell groups seem to represent three 
separate, parallel pathways from retina 
through the lateral geniculate nucleus to 
visual cortex (see Ref. 15; for a more 
detailed review, see Refs 12, 17). Presum- 
ably, each pathway is involved in the neural 
analysis of different aspects of a visual 
see fie. 

W-celts are distinguished by their poor 
responsiveness and low sensitivity to visual 
targets, and they have the slowest conduct- 
ing axons in the central visual pathways. 
However, our understanding of these 
neurons is still quite preliminary. X- and 
Y-cells are much more sensitive to visual 
stimuli, and so we know considerably more 
about the response properties of these 
cells 15. Compared to Y-cells, X-cells have 
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Fig. I. Schematic summary diagram of  the cat's retino- 
geniculo-cortical pathways. W-, X-, and Y-cells and the 
L G N divisions are shown. 'C complex' refers to the C 
laminae, including C and C2 which are innervated by 
the contraleteral eye, and CI and C3 which receive 
input~ from the ipsilateral eye. In addition to the dis- 
tributions o f  cell types shown for the L G N, Y-cells are 
also located in lamina C, and some IV- and X-cells have 
been reported for MIN. 
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slower conducting axons (but faster than 
those of W-cells) smaller receptive fields, 
more linear spatial summation, and 
respond tonically to appropriate stationary 
targets. Furthermore, X-cells are relatively 
sensitive to the higher spatial frequencies 
of a visual stimulus, therefore they can 
extract fine spatial details from a visual 
scene such as texture. Y-cells, however, are 
much more sensitive to the lower spatial 
frequencies and can thus convey informa- 
tion about larger, more basic forms. 

Morphology of geniculate neurons 
Indirect attempts have been made to 

establish morphological descriptions of 
these cell types in the retina 4 and LGN 1s.2°. 
In the LGN, for instance, laminae A and 
A1 contain only X- and Y-cells. The top of 
lamina C contains mostly Y-cells and the 
rest of the C laminae are comprised mostly 
of W-cells. The medial interlaminar nu- 
cleus (MIN) is mainly a Y-cell population 
with some W- and X-cells (see Fig. 1). 
Knowledge of the different morphological 
types found in each of these regions has led 
to proposals concerning specific structure/ 
function relationships at the single cell 
leveP s.~o. 

Our more direct approach, using 
intracellular HRP staining of functionally 
identified neurons in the A and C laminae, 
has confirmed only some of these pro- 
posals ~'~e. We found that each group of W-, 
X-, and Y-cells includes a rather 
heterogeneous collection of morphological 
features, but nonetheless distinct structural 
characteristics are presented by each group 
(see Fig. 2). Our data base presently 
includes over 70 W-, X-, and Y-cells well 
characterized both physiologically and 
morphologically. 

W-cells. These were found only in the C 
laminae. They have small to intermediate 
sized somata (75-322 /xm 2 in cross sec- 
tional area; mean --- 188 /xm 2) and fine 
dendrites, which for some W-cells have 
numerous stalked appendages. Other 
W-cells have virtually no dendritic appen- 
dages. The dendritic arbors of these cells 
tend to be rich and are oriented parallel to 
the geniculate laminae. 

X-cells. These were found only in the A 
laminae. They have small to medium sized 
somata (68--420/zm2; mean = 219/xm *) 
and fine, sinuous dendrites oriented per- 
pendicular to the geniculate laminae. The 
entire dendritic arbor of each X-cell is con- 
tained within a single geniculate lamina, 
and for some X-cells, the arbor extends 
dorsoventrally across the entire lamina. 
Most X-cells are further characterized by 
complex, stalked appendages along the 
dendrites, although a few of these neurons 
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are virtually devoid of dendritic appen- 
dages. In many ways, X-cells appear mor- 
phologically similar to W-cells rotated by 
90 ° around the anteroposterior axis. 

Of particular interest is our discovery 
that some X-cells confirmed as relay 
neurons (i.e. with geniculocortical axons) 
have morphological features characteristic 
of the 'class 3' neuron described by 
GuilleryL These class 3 cells have been 
generally and confidently equated with 
interneurons 5,~a Although we cannot rule 
out the possibility that many interneurons 
exist with class 3 morphology, the assump- 
tion that class 3 morphology is isomorphic 
with interneurons should be discarded. 
Unfortunately, the identification of any 
such interneurons in the LGN is difficult, 
since negative evidence can be hard to 
interpret. For instance, one could imagine 
circumstances under which a relay neuron 
would fail to be retrogradely labelled after 
a cortical injection of HRP or would fail to 
be activated antidromically by electrical 
stimulation of cortex (see Ref. 7 for a 
detailed discussion of this). 

Y-cells. These were found in the A and C 
laminae. They have the largest somata 
among our HRP filled sample (238-935 
txm~; mean = 490/zm2). The dendrites are 
relatively thick and straight, and the 
dendritic arbors have a fairly cruciate 
appearance. Few dendritic appendages are 
typically seen. The dendritic arbors are 
more or less spherically symmetrical, and 
every Y-cell identified as a relay neuron 
has some dendrites that cross laminar bor- 
ders. In fact, one Y-cell with a soma in 
lamina A and some dendrites extending 
into lamina AI had an excitatory receptive 
field only for the 'ipsilateral' eye. In other 
words, it appears that the cell's dominant 
optic tract input arrived via the peripheral 
segments of these translaminar dendrites. 

Axonal fea tures .  The axons of these W-, 
X-, and Y-cells are usually filled with HRP 
and can bc traced over considerable dis- 
tances (several ram) into the optic radia- 
tions, W-cell axons are thinnest, Y-cell 
axons are thickest, and X-cell axons are 
intermediate in diameter. This correlates 
well with conduction velocity measure- 
ments, since W-cells conduct most slowly, 
Y-cells most quickly, and X-cells with an 
intermediate conduction velocity~2"L 

Fine axon collaterals with numerous  
swellings were also routinely observed, the 
swellings probably being synaptic ter- 
minalstL Occasionally, such collateral 
branches were seen within the LGN. Much 
more common were fine axon collaterals in 
the perigeniculate nucleus, located 
immediately dorsal to lamina A. Many W- 
and X-cells and practically all Y-cells issue 

Fig. 2. ()onen~ lacidu drawings o f  representu',ive W-, X-, and Y-cells from the lateral geniculate nucleu~. Each o f  
the~e was physiologically identified during intracellulur recording and morphologically characterized from the 
intracellularly injected HRP. The ~cale is" orienwd parallel to the genic~late laminae. 

perigeniculate collaterals. These collaterals 
branch from the parent axon as it proceeds 
into the optic radiations. Perigeniculate 
neurons thus receive collateral input from 
geniculate relay cells, and the axons of 
these perigeniculate cells, in turn, project 
back to the LGN laminae 1'2. 

The perigeniculate nucleus, then, seems 
to act as an interneuronal pool in a feed- 
back circuit, and it receives information 
from each of the W-, X,- and Y-cell path- 
ways. This could provide much or all of the 
interneuronal properties suggested for the 
LGN and often presumed to require 
intrageniculate interneurons. 

Relative proportions of X- and Y-cells 

Another  issue that we can address, albeit 
very indirectly, is the relative distribution 

and proportion of the functional cell types. 
However, our data are presently adequate 
to analyse this only for X- and Y-cells in the 
A laminae. Past estimates of  these propor- 
tions were based upon electrophysiological 
recording and suffered from the vaguaries 
of uncontrolled electrode sampling biases. 
For instance, it is generally assumed that 
microelectrodes are more likely to sample 
larger somata than smaller ones, and that 
sampling probability might even be related 
to soma w~lumet°. The observation that X- 
and Y-cells are recorded in roughly equal 
numbers  in the A laminae is often inter- 
preted to reflect strong biases in f~aw~r of 
the large Y-cell somata. It has been com- 
monly and reasonably concluded that the 
actual geniculate X- to Y-cell ratio is Simi- 
lar to that suggested for retinal ganglion 
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cells (i.e. roughly 5-10 to 1). 
For these reasons, we expected to pene- 

trate and inject HRP into cells with larger 
somata more frequently than into those 
with smaller somata. This did not seem to 
happen. The soma size distribution of our 
HRP filled cells is virtually identical to 
what is actually available, based upon the 
sizes of adjacent somata stained for Nissl 
substance in the same tissue. The expected 
skewing of the distribution to larger somata 
did not occur. In any case, we were able to 
infer the relative proportion of X- and 
Y-cells by comparing the soma size dis- 
tribution of our HRP filled and identified 
neurons with the soma size distribution of 
adjacent, Nissl stained cellsL We conclude 
from this that the X- to Y-cell ration in the 
A laminae is less than 2 to 1. Because 
Y-cells are relatively numerous in the top 
of lamina C and in MIN while X-cells are 
mostly confined to the A laminae, the X- to 
Y-cell ratio across the entire LGN prob- 
ably approaches 1 to 1. 

We have no evidence for any electrode 
sampling bias based upon soma size, at 
least for the geniculate X- and Y-cells in the 
A laminae. Presumably, factors other than 
soma size are rather important in determin- 
ing these biases (see Ref. 7 for a more 
detailed discussion of this). 

Retinogeniculate circuitry 

This suggestion of a relatively low X- to 
Y-cell ratio for the LGN is surprising in the 
context of the much higher ratio deduced 
for retina (see above). If these estimates 
are correct, and it must be emphasized that 
they rest on indirect and limited data, then 
we can draw certain conclusions regarding 
retinogeniculate circuitry. Fig. 3 summar- 
izes this and also takes into account that 
there are roughly 4-5 geniculate neurons 
for each retinal ganglion cell. 

As shown, the large decrease in the X- to 
Y-cell ratio that results from retinogenicu- 
late circuitry requires much more 
divergence along the Y-cell pathway than 
along the X-cell pathway. In very rough 
terms, each X-cell optic tract axon inner- 
vates four geniculate X-cells on average, 
and for Y-cells this number is roughly 
20-30 geniculate neurons per optic tract 
axon (see Ref. 7 for details). Bowling and 
MichaeP were able to inject single Y-cell 
optic tract axons with HRP, and they 
described branching patterns of single 
retinogeniculate axons not unlike that pre- 
dicted by Fig. 3. 

We concluded that retinogeniculate cir- 
cuitry serves to amplify Y-cell numbers 
relative to X-cell numbers. This may con- 
tinue central to the LGN, since geniculate 

Fig. 3. Schematic and hypothetical drawing o f  retinogeniculate circuitry for X- and Y-cells. For simplicity, only cir- 
cuitry from the contralateral nasal retina is represented. We suggest that each retinal X-ceU axon innervates only 
about four geniculate neurons within a single limited zone and that each retinal Y-cell axon innervates 20-30 
geniculate neurons within several relatively extensive zones. 
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Y-cells innervate many areas of visual cor- 
tex (e.g. areas 17, 18, 19 and the lateral 
suprasylvian cortex), often by branching 
axons, while geniculate X-ceUs project 
solely to cortical area 17 ~1~. Therefore, 
relatively few retinal ganglion Y-cells 
influence large areas of visual cortex. 

Other uses of the intracellular HRP method 

The above discussion illustrates some of 
the preliminary approaches one can take 
with the intracellular HRP technique. This 
is just scratching the surface. Many other 
approaches are possible, and we have 
begun to explore two of these. 
• Electron microscopy. First, it is possible 
to carry this to the ultrastructural level. The 
HRP filling offers the advantage that the 
entire, functionally identified neuron, 
including the complete dendritic arbor and 
most or all of the axon, can be analysed via 
the electron microscope without the need 
for impractical or tedious serial sectioning 
procedures14,19. 

We have just begun to characterize 
parametric differences in the ultrastruc- 
tural features of geniculate X- and Y-cells, 
including the distribution and types of 
synaptic input to these neurons TM. For 
instance, preliminary data indicate that the 
distribution of optic tract terminals and F 
terminals (F terminals have flattened vesi- 
cles and are thought to be inhibitory) are 
similarly arranged onto X- and Y-cells, 
with optic tract input concentrated on prox- 
imal dendrites and F terminals distributed 
throughout the dendritic arbor. However, 
the ratio of F to optic tract terminals is 
much higher for X-cells than for Y-cells. 
• Abnormal structure~function relation- 
ships. Another approach involves using the 
intracellular HRP technique to study the 
morphological concomitants of abnormal 
function at the single cell level. For 
instance, cats reared with monocular eyelid 
suture develop abnormalities in the central 
visual pathways, including the LGN (see 
Ref. 15). Such cats, incidentally, are often 
considered to be useful animal models for 
the study of clinical disorders of vision, 
such as amblyopia ex anopsia. Our prelimi- 
nary studies have revealed very abnormal 
structure/function relationships for some 
geniculate neurons in laminae that receive 
retinal input from the sutured eyeL 
• Further uses. Once one can identify for 
morphological analysis a neuron from 
which electrophysiological data are avail- 
able, many other kinds of issues can be con- 
sidered. For instance, it might be possible 
to obtain chemical or pharmacological 
information from such neurons with 
appropriate methods, and this would 
further broaden the multidisciplinary 
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approach to the study of single neurons. 
Also, one might be able to relate detailed 
biophysical data to the dendritic geometry 
and synaptic input locations for individual 
neurons TM. Many other possibilities could 
become available through this intracellular 
HRP methodology. 

Our  studies of  geniculate neurons serve 
to illustrate only some of the most prelimi- 
nary kinds of new information and sugges- 
tions made feasible by the intracellutar 
staining of physiologically identified cells 
with HRP.  For the first time, we can un- 
equivocally describe the morphological 
characteristics of  geniculate W-, X-, and 
Y-cells. In some favorable cases, we can 
follow their axon collaterals to describe 
local circuits for functionally identified 
cells. Our  data also allow us to at least ques- 
tion some cherished tenets held by many 
neuroscientists, such as the ability to iden- 
tify interneurons on purely morphological 
grounds and the notion that electrode 
sampling reliably favors larger somata over 
smaller somata. We can use the technique 
to study ultrastructural features of 
physiologically identified cells and to 
describe morphological characteristics of 
functionally abnormal  neurons.  

The extension of these sorts of studies of 

geniculate neurons might eventually sepa- 
rate morphological features that seem to 
relate to specific functional parameters 
from those that are epiphenomena.  Many 
laboratories are pursuing the same 
approach for neurons in various parts of  
the neuraxis, and an overview of these data 
may allow us to generalize about relevant 
structure/function relationships. Finally, 
this approach can potentially be wedded to 
pharmacological, biochemical, biophysi- 
cal, and other methodologies to obtain a 
wide variety of  correlated multidisciplinary 
information about individual, identified 
neurons. 
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Mot ular m hanisms of 
visual transduction 

M. Deric Bownds 

Photoexcitation o f  a single visual pigment  molecule can influence many ion channels. With 
the discovery that this excitation causes large and rapid changes in cyclic G M P  and calcium 
metabolism the way has been opened for biochemical studies o f  the amplification stages o f  

visual transduction. 

No one can fail to be amazed at the ability 
of  our visual system to function both in dim 
moonlight and bright sunlight, a range of 
light intensity spanning 8-10 log units. 
Much of this great adaptability is 
accounted for by the properties of indi- 
vidual photoreceptors, with rod cells 
responding to low light levels and cone cells 
predominating at higher intensities. In dim 
light our rod photoreceptors can signal the 
absorption of single photons by transiently 
decreasing the conductance of the outer  
segment 's  plasma membrane ,  but as the 
ambient light intensity increases, their sen- 
sitivity is drastically reduced. In biochemi- 
cal terms this translates into the s tatement  
that absorption of a single photon by a vis- 
ual pigment molecule triggers the closing of 
100-1000 sodium channels; and further, 
that absorption of only a few photons sets 
(g) Elsevier/North-Holland Biomedical Press 1981 
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in motion mechanisms which diminish the 
sensitivity of the system to further illumina- 
tion. Recent experiments indicate that 
both calcium and cyclic nudeot ides  play a 
central role in these processes*. 

Work on the biochemistry which regu- 
lates phototransduction began over 100 
years ago with the discovery of rhodopsin. 
Studies between 1930 and 1970 showed 
rhodopsin to consist of a membrane  pro- 
tein, opsin, bound to the 11-c~ isomer of 
retinal (vitamin A aldehyde). The only 

* Recent work on transduction is summarized in the 
October 1980 issue of Photochemistry and Photobiol- 
ogy(Vol. 32, No. 4) which contains the proceedings of 
a meeting held at Ohtsu, Japan in December 1979, 
and also in Vol. 15 of Current Topics in Membranes 
and Transport (Academic Press, 1981 ), resulting from 
a recent lecture series at Yale University. Two earlier 
reviews should also be consulted for references cover- 
ing much of the information presented here 7'12. 

known action of light in vision is to photo- 
isomerize this isomer mainly to the all-tram 
configuration. A series of colored inter- 
mediates then form as protein conforma- 
tion changes occur, all-tram retinal 
detaches from opsin, and eventually 
rhodopsin is regenerated. Until 10 years 
ago, work on the chemistry of transduction 
centered almost entirely on this rhodopsin 
cycle and the retinal isomers. 

This period ended with the discovery 
of two new light triggered reactions in 
vertebrate rod photoreceptor membranes:  
a phosphorylation of rhodopsin, and acti- 
vation of enzymes regulating cyclic nu- 
cleotide metabolism. The list of known 
light-initiated reactions has now grown 
longer, and many studies are shifting away 
from direct emphasis  on the visual pigment 
rhodopsin to concentrate on the proteins 
through which rhodopsin regulates calcium 
and cyclic nucleotide metabolism. Progress 
in the past 2 years has been so rapid that 
many electrophysiological studies have 
failed to keep pace with the new biochemi- 
cal information becoming available. 

The preparation most useful for correlat- 
ing both electro-physiological and 
biochemical studies has been the outer 
segment  of the amphibian rod cell (Fig. 1 ). 
This large cylindrical structure (6 /xm 
diameter, 60 -70 /~m length) is a modified 
cilium which consists of a plasma mem- 


