
(22). More recently, a fatty acid amide 
isolated from bovine mesentery was found 
to be angiogenic (23), and synthetic arachi- 
donamide was found to inhibit leukotriene 
biosynthesis (24). Our results raise the pos- 
sibility that anandamide is formed via an 
as-yet-uncharacterized route of arachidonic 
acid metabolism leading to compounds that 
act, at least in part, through the canna- 
binoid receptor. 

Finally,. our results may help to clarify 
the biological significance of previously re- 
ported interactions between cannabinoids 
and eicosanoids (25). 
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Direct Visualization of the Dendritic and 
Receptive Fields of Directionally Selective 

Retinal Ganglion Cells 

Guang Yang and Richard H. Masland* 
Optical methods were used to locate the cell bodies of directionally selective ganglion cells 
in isolated rabbit retinas. These neurons detect the direction in which images move across 
the retinal surface and transmit that information to the brain. The receptive field of each 
identified cell was determined, after which the cell was injected with Lucifer yellow. An 
image of the receptive field border was then projected onto the fluorescent image of the 
dendrites, allowing precise comparison between them. The size of the receptive field 
matched closely the size of the dendritic arbor of that cell. This result restricts the types 
of convergence that can be postulated in modeling the mechanism of retinal directional 
selectivity. 

A classic problem in the study of neural 
microcircuitry and neural computation is 
the mechanism by which directionally se- 
lective (DS) ganglion cells interpret inputs 
from preceding retinal neurons to deduce 
the direction of movement of a visual image 
formed on the retina (1-3). The relatively 
simple neural circuitry involved and the 
specific and clear function performed by DS 
cells have made this problem attractive for 
computational modeling. However, the 
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setts General Hospital, Boston, MA 021 14. 

T o  whom correspondence should be addressed. 

modeling has been based on sparse biolog- 
ical facts. The input-output relations of the 
DS cells have been studied in detail and 
their dendritic morphology has been estab- 
lished (4),  but the neural circuits that 
converge on the DS cells to create direc- 
tional selectivity are unknown. 

Cholinergic inputs from the starburst 
amacrine cells monosynaptically excite the 
DS ganglion cells (5, 6). The starburst 
amacrine cells have widely spreading den- 
dritic fields, which overlap extensively (7). 
Because a DS cell receives inputs from 
many starburst amacrine cells, the receptive 
field of each DS cell should cover an area 
considerably wider than the dendritic arbor 
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of that cell. Alternatively, some other 
mechanism must exist to counteract the 
tendency of convergence to extend the 
receptive field. The relative size of the 
dendritic and receptive fields is thus critical 
for understanding the mechanism of direc- 
tional selectivity. 

We describe an approach that permitted 
a direct comparison between the receptive 
and dendritic fields of DS cells. The cell 
bodies of DS ganglion cells were fluores- 
cently labeled in living retinas. Action 
potentials were then recorded, and the cells 
were studied morphologically by the injec- 
tion of dye. The retrograde fluorescent trac- 
er Fast blue (Sigma) was injected [lo pl of 
a 1% (w/v) solution] into the optic nerve of 
New Zealand White rabbits. After 2 to 3 
days, the dark-adapted retina was isolated 
from the eye in oxygenated Ames medium 
(Sigma). A small piece of the retina was 
removed and then mounted on a ~ i ece  of 
filter paper, with the ganglion cell layer up 
(8). A hole cut in the center of the filter 
paper allowed the projection of light stimuli 
onto the photoreceptors from below. The 
retina was held down by a nylon meshwork 
at the bottom of a perfusion chamber at 
35°C. The chamber was daced on the stage - 
of a fluorescence microscope. To prevent 
photodamage and bleaching of the photo- 
receptors caused by the ultraviolet 0 
illumination, we initially used an intensi- 
fied video camera to view the Fast blue- 
labeled cells with minimum intensity and 
exposure. In the later experiments, we ob- 
tained similar results by using an electronic 
shutter gated by a foot pedal to control 
short exposures of the exciting light. 

Under visual guidance, a tungsten-in- 
glass electrode (tip size, 10 to 20 pm; 
resistance, about 1 megohm) was advanced 
toward labeled cells (Fig. 1A). The DS cells 
could be tentatively identified by the ap- 
pearance of their somata, which were me- 
dium to large and had a smooth outline. 
When the electrode was close to the cell 
body, large action potentials were recorded 
(Fig. 1B). The stimuli consisted of flashing 
spots and moving bars of various sizes. They 
were generated by a computer onto a mon- 
itor, which was imaged through an optical 
system and the condenser of the microscope 
onto the photoreceptor surface of the reti- 
na. The same stimuli were repeated on a 
slave monitor viewed during plotting of the 
rece~tive field. 

w e  routinely recorded extracellular 
spikes larger (1 to 2 mV) than those usually 
encountered with metal electrodes, proba- 
bly because we could optimally place the 
recording electrode near the cell. There was 
no sign of photodamage to the retina. The 
responses to light were brisk and stable for 
several hours. Even when we intentionally 
exposed the tissue to W illumination for 

Ftg. 1. (A) Video image of 
living retinal ganglion cells, 

Ir 
retrogradely labeled after 
the injection of Fast blue 
into the optic nerve. The 
ganglion cell layer is facing 
upward. An intensified 
camera (Dage-MTI) with 
image processing (Image- 
1) was used to view the !. - 

~ .., \ "  ,: 
labeled cells, which fluo- ,1 .el.. , - 

r L .  
resce under blue-violet 
(355 to 425 bm) illumination. Under visual control, a tungsten-inglass electrode was advanced 
toward a DS ganglion cell, tentatively identified by its medium-to-large cell body and smooth 
surface. The cell was confirmed as DS by subsequent physiological study. Scale bar, 50 pm. (B) 
Action potentials recorded from the DS cell. Only when the electrode was within about 10 pm of the 
cell body were large action potentials recorded. The cell shown in (A) was DS: it responded 
vigorously to a bar moving in the preferred direction (top trace) but gave weak responses to the bar 
moving in the opposite direction (lower trace). Scale bar, 100 ms. 

Flg. 2.. Response histograms of an on-off DS cell to movements in different directions. Responses 
are expressed as spikes per second, averaged for five trials. Positioning of the electrode and 
subsequent intracellular injection of Lucifer yellow were performed under visual control. The 
arrows indicate the direction in which the test bar crossed the dendritic arbor of the cell shown. 
This cell has a bistratified dendritic tree (the two levels are collapsed onto a plane in the drawing). 
Its dendrites often curve backwards, forming a regular meshwork that covers the field uniformly. 
Scale bar, 100 wm. 

several minutes (a time period. longer than 
we used for aiming the electrode), the 
ganglion cells were not irreversibly dam- 
aged. Because the electrode was placed 
visually, there was no doubt about which 
cell was recorded from, and DS cells later 
injected with Lucifer yellow all exhibited 
similar morphology (9). 

Because of the stability offered by extra- 
cellular recording (the cells were usually 
studied for 1 to 2 hours), the receptive fields 
could be plotted in detail. Their directional 
preferences were independent of the con- 
trast of the stimuli. When stimulated with a 
flashing spot, DS cells gave on-off transient 
responses. To plot the boundary of their 
receptive fields, we used both the tradition- 
al manual method and a computer-con- 

trolled automated method. For manual 
plotting, we used a computer mouse to 
move a flashing spot. We judged the bound- 
ary of the area within which a response 
could be evoked by listening to the response 
of the cell on an audiomonitor. For auto- 
mated plotting, a.flashing spot (usually 50 
pm in diameter) was presented with 50-pm 
spacing across a large area covering the 
receptive field, and the number of spikes 
evoked at each location was averaged for 
five to ten trials. The border was drawn at 
the position where the response was 20% of 
the peak response evoked at the receptive 
field center (1 0). We found no significant 
daerence in the receptive field boundaries 
obtained by these two methods. 

After the receptive field had been plot- 

SCIENCE VOL. 258 18 DECEMBER 1992 



Fig. 3. Relation between the receptive and dendritic fields of a recorded DS cell. The micrograph 
was taken in the recording chamber immediately after the cell was injected. The faint ring 
surrounding the Lucifer yellow-filled cell is the boundary of the receptive field. It was drawn on a 
computer monitor used to plot the receptive field and projected through the same optical system 
onto the retina. The fuzziness of the receptive field boundary is due to scattering of light by the retina 
when the image is focused onto the photoreceptor side. The longest axis of the neuron's dendritic 
field covers 480 bm. 

ted, the tungsten-in-glass electrode was 
withdrawn and re~laced bv a Lucifer vel- 
low-filled micropipette, which was used to 
inject the cell under visual control. Because 
the ganglion cell bodies were labeled with 
Fast blue, the cell studied physiologically 
could be injected without ambiguity. We 
studied the physiology and morphology of 
33 identified DS eanelion cells from both 

L. L. 

the central and peripheral retina. Figure 2 
shows resDonses of an on-off DS cell to a bar 
moving at different directions in relation to 
its dendritic tree. The dendritic morpholo- 
gy confirms that reported by Amthor and 
colleagues in a smaller sample of cells from 
the central retina (4). We saw no obvious . ., 
relation between the preferred directions of 
the DS cells and their dendritic morpholo- 
gy- 

For a direct comparison of the receptive 
and dendritic fields, the boundary of the 
receptive field was drawn on the stimulus- 
generating monitor and projected onto the 
surface of the retina through the same 
optical system used for stimuli. This com- 
parison was made for 21 cells. Figure 3 is a 
doubly exposed micrograph of a living ret- 
ina, taken in the recording chamber, im- 
mediately after injection and without 
movement of the retina. The boundary of 
the receptive field is visible as a faint ring 
around the cell, just outside the tips of the 
Lucifer yellow-filled dendrites. In many 
instances the receptive field was almost 
perfectly concentric with the dendritic field 

(Fig. 3). In others it was shifted slightly to 
one side. It is not known whether the shifts 
have a consistent relation to the cell's 
physiology. In either case, however, the 
dendritic and receptive fields had nearly the 
same diameter. 

The relation between the dendritic and 
receptive fields is shown in Fig. 4A. The 
receptive fields were similar to the dendritic 
fields at all retinal eccentricities. Figure 4B 
  lots the diameters of the two fields as a 
function of retinal eccentricity. For com- 
parison, the dendritic diameters of the star- 
burst amacrine cells are also shown. The 
three diameters increase in parallel with the 
distance from the central retina. 

These relations indicate that the overlap- 
ping starburst amacrine cells do not increase 
the size of the DS cell's receptive field. As 
mentioned previously, up to 70 overlapping 
starburst amacrine cells are present at any 
location on the retina (7). The overlapping 
starburst cells are believed to synapse on the 
DS cells at each location (6), and each 
starburst cell would be activated bv lieht , - 
falling anywhere within its receptive field. 
Because the starburst cells' dendritic fields 
are roughly as wide as those of the DS cells, 
the region over which stimuli could affect 
the DS cell would be expected to have 
almost three times the diameter of the 
dendritic field of the DS cell. This is clearly 
not the case. 

Five possibilities might be considered to 
explain why the overlapping starburst cells 
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Flg. 4. (A) Scatter plot showing the correlation 
of receptive and dendritic field sizes of DS 
cells. The diameter expressed here is the aver- 
age of the widest and narrowest diameters. The 
line shows the values expected if the receptive 
and dendritic fields were identical. (B) Relation 
of receptive and dendritic field sizes of DS cells 
and the dendritic fields of starburst amacrine 
cells at various retinal eccentricities. The data 
on the dendritic field size of the amacrine cells 
are from a previous study (7). 

fail to increase the size of the DS ganglion 
cell's receptive field. (i) Segments of the 
dendrites of the starburst cells might be 
electrotonically isolated ( I  I). However, 
Bloomfield (12) has shown that the star- 
burst cells generate action potentials and 
these would conduct laterally. (ii) Dedicat- 
ed starburst cells could be selectively con- 
nected to individual DS ganglion cells such 
that only the starburst cell directly super- 
imposed on the dendritic field of the gan- 
glion cell would synapse on it. This is 
unlikely because of the cofasiculation of the 
overlapping starburst dendrites (1 3). More- 
over, such an arrangement would leave a 
"hole" in the middle of the ganglion cell's 
synaptic input because the starburst cells 
have outputs only in the distal third of their 
dendritic tree (6). (iii) The ganglion cell 
could perform a threshold operation, in 
which activity of the overlapping starburst 
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cells is summed. In this model, all of the 
overlapping starburst cells would excite the 
ganglion cells; for geometric reasons, the 
summed i n ~ u t  to the DS cell would be 
greatest when the stimulus lies directly over 
the dendritic field of the DS ganglion cell. 
Such a mechanism seems implausible: a 
broad annulus presented around the DS 
cell's dendritic field would stimulate the 
ganglion cell because of the summed out- 
puts of the neighboring starburst cells. (iv) 
Inhibitory inputs [from other retinal neu- 
rons or from the starburst cells' own release 
of y-aminobutyric acid (GABA) (14)j 
could somehow negate the laterally con- 
ducted effects of the overlapping starburst 
cells. (v) The starburst cells could play a 
role other than the transmission of the 
information about moving stimuli. Wheth- 
er one of these or some other vossibilitv is 
correct, the discussion must clearly be re- 
opened. Our results, together with those of 
Bloomfield (12), challenge the validity of 
all current models of retinal directional 
selectivity (1 5). 
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Cloning of a Delta Opioid Receptor by 
Functional Expression 

Christopher J. Evans,* Duane E. Keith Jr., Heather Morrison, 
Karin Magendzo, Robert H. Edwards 

Opiate drugs have potent analgesic and addictive properties. These drugs interact with 
receptors that also mediate the response to endogenous opioid peptide ligands. However, 
the receptors for opioids have eluded definitive molecular characterization. By transient 
expression in COS cells and screening with an iodinated analog of the opioid peptide 
enkephalin, a complementary DNA clone encoding afunctional6 opioid receptor has been 
identified. The sequence shows homology to G protein-coupled receptors, in particular the 
receptors for somatostatin, angiotensin, and interleukin-8. 

Opiate drugs such as morphine affect the 
perception of pain, consciousness, motor 
control, and autonomic function by inter- 
acting with specific receptors expressed 
throughout the central and peripheral ner- 
vous systems (1). The endogenous ligands 
of these opiate receptors have been identi- 
fied as a family of more than 20 opioid 
peptides that derive from the three precur- 
sor proteins proopiomelanocortin, proen- 
kephalin, and prodynorphin (2). Although 
the opioid peptides belong to a class of 
molecules distinct from the o ~ i a t e  alka- 
loids, they share common structural fea- 
tures including a positive charge juxtaposed 
with an aromatic ring that is required for 
interaction with the receptor (3). 
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Classical ~harmacoloeical studies have - 
defined three classes of opioid receptors-6, 
k ,  and K that differ in their affinity for 
various opioid ligands and in their distribu- 
tion (4). The 6 receptors bind with the 
greatest affinity to enkephalins and have a 
more discrete distribution in the brain than 
either p. or K receptors, with high concen- 
trations in the basal ganglia and limbic 
regions. Although morphine interacts prin- 
cipally with k receptors, peripheral admin- 
istration of this opiate induces release of 
enkephalins (5) .  Thus, enkephalins may 
mediate part of the physiological response 
to morphine, presumably by interacting 
with 6 receptors. Despite pharmacological 
and physiological heterogeneity, the three 
types of opioid receptors inhibit adenylyl 
cydase, increase K+-conductance, and in- 
activate Ca2+ channels through a pertussis 
toxin-sensitive mechanism. These results 
and others suggest that opioid receptors 
belong to the large family of cell surface 
receptors that signal through G proteins 
( 6 ) .  

Previous reports have described the iso- 
lation of two cDNAs that may function as 
opiate receptors. The sequence of a cDNA 




