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FIG. 3 Serotonin may mediate r
the modulatory actions of DSL. a
a and b, DSls are immunoreac-
tive for serotonin. a, All three
ipsilateral DS| neurons were
identified physiologically and
two were injected with
Lucifer yellow (arrows). b, The
uninjected neuron (arrowhead)
and both of the injected neu-
rons (arrows) were recognized
by an antibody against sero-
tonin (Incstar, Stillwater, MN),
visualized with a secondary
antibody tagged with Texas f
red (Vector Lab). The giant

serotonergic cerebral cell C1

(asterisk) displayed Sero-

tonin  immunoreactivity as
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expected®®. Fixation and anti-
body procedures were modified
from ref. 30. ¢, Serotonin mim-
ics and occludes the modula-
tory effects of DSI. Brief C2
trains (4 pulses, 20 Hz) were
elicited every 60s to evoke a
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test e.p.s.p. in DFN; aiternate
C2 trains were preceded by a
DSl train (5 Hz for 10 s; ending

after c2
DSI alone

after
DSl

4 s before the C2 train) to Control Serotonin
induce modulation. In contro!

saline, the C2-DFN e.p.s.p.

after DSI stimulation (open

circles) was larger than the e.p.s.p. evoked when C2 was stimulated
alone (filled circles). Switching the bath solution to 100 uM serotonin
(hatched bar) caused the C2-evoked e.p.s.ps to increase in amplitude,
mimicking the effect of DSI stimulation. After 30 min, the e.p.s.p.
enhancement caused by serotonin was maximal and the modulatory
effect of DS! was occluded. Upon switching back to controt saline, the
C2-evoked e.p.s.p. returned to its original amplitude and the modulatory
actions of DSI reappeared. d and e, Excerpts from the experiment in ¢,
showing averaged compound C2-DFN e.p.s.ps, evoked by C2 stimula-
tion alone and after DSI stimulation, which were taken from the periods
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indicated by the black bars, in contro! saline (d) and 100 uM serotonin
(e). f, Average data from three experiments. DS| produced a 134%
enhancement of the C2-DFN e.p.s.p. in control saline. Serotonin mim-
icked this effect, producing a 191% increase in the C2-DFN e.p.s.p. In
serotonin, the ability of DSI to produce further enhancement of the
e.p.s.p. was occluded (208% total enhancement). All experiments were
done in high-divalent-ion saline and in each case DFN was impaled
with two electrodes for independent voltage recording and current
injection. The resting potential was held at —70 mV by injecting current
into the DFN, countering the direct depolarizing action of serotonin.
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The ‘blue-on’ opponent
pathway in primate retina
originates from a distinct
bistratified ganglion cell type

Dennis M. Dacey* & Barry B. Lee™

* Department of Biological Structure, University of Washington,
Seattie, Washington 98195, USA
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Germany

CoLouR vision in humans and Old World monkeys begins with
the differential activation of three types of cone photoreceptor
which are maximally sensitive to short (S), medium (M) and long
(L) wavelengths. Signals from the three cone types are relayed to
the retinal ganglion cells via come-specific bipolar cell types'™.
Colour-coding ganglion cells fall into two major physiological
classes: the red—green opponent cells, which receive antagonistic
input from M- and L-sensitive cones, and the blue—yellow opponent
cells, which receive input from S-sensitive cones, opposed by com-
bined M- and L-cone input. The neural mechanisms producing
colour opponency are not understood. It has been assumed that
both kinds of opponent signals are transmitted to the lateral geni-
culate nucleus by one type of ganglion cell, the midget cell*®, We
now report that a distinct non-midget ganglion cell type, the small
bistratified cell, corresponds to the physiological type that receives
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excitatory input from S cones, the ‘blue-on’ cell. Our results thus
demonstrate an anatomically distinct pathway that conveys S-cone
signals to the brain. The morphology of the blue-on cell also sug-
gests a novel hypothesis for the retinal circuitry underlying the
blue~yellow opponent response.

Blue-on cells were identified physiologically by intracellular
recording in an in vitro preparation of the macaque retina. Dur-

FIG. 1 Intracellular re-
sponses (impulses (imp.)
per s) of morphologically
identified parasol and
midget ganglion cells of
Macaca nemestrina in an
isolated  retina—choroid
preparation. a, Strong vis-
ual response of a cell,
identified morphologically
as an outer parasol cell,
to the output of red and
green light-emitting
diodes (LEDs) modulated
in phase at 10 Hz. The cell
gave a phasic off-
response and hyperpolar-
ized in response to lumin-
ance increment. Top
trace, stimulus composi- AV SV
tion (modulation contrast |
is 100% in all figures); 1 ‘
middle trace, intracellular !

record; bottom, a peristi-
mulus time histogram
averaged over 20 stimu-
lus presentations. b,
When the output of the
blue diode was adjusted
to equal luminance and
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ing recording, tracer was injected into the cell so that its mor-
phology could be determined. Because previous intracellular
studies in primates on the intact eye”® or isolated eye cup”® have
been only partially successful, we used a different approach. We
isolated the retina, together with the pigment epithelium and
choroid, and mounted this preparation flat in a recording
chamber. Complete removal of the vitreous promoted survival
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modulated 180° out of
phase with modulation of
the red and green diodes
in  phase (blue/yellow
chromatic flicker), no
response was elicited
from the cell. ¢, Similarly, v
stimuli modulated along a j J
tritanopic confusion line,

where only S cones are . 1
modulated, evoked no
response. d-f, Visual
response of a cell identi-
fied morphologically as an
inner midget cell. Lumin-
ance modulation at 3.3 Hz

T A

red+blue red+blue

green " green

elicited an on-response
(d); chromatic modulation
between red and green
elicited a green-on, red-off response (e). No midget cells gave any
modulated response to the S-cone isolating stimulus (f).

METHODS. Eyes (M. nemestrina, Macaca fascicularis or Macaca mul-
atta) were obtained from the tissue programme of the Washington
Regional Primate Research Center. The retinae were prepared by drain-
ing the vitreous from the eye cup and dissecting the retina, pigment
epithelium and choroid intact in oxygenated Ames medium. The retina—
choroid was mounted in a superfusion chamber on the stage of a light
microscope and kept at 36 +1 °C. Ganglion cell bodies were visualized
by epifluorescence after staining with acridine orange. Intracellular
penetrations were made under direct microscopic control and cells were
recorded in conventional current clamp mode. Red, green and biue
LEDs were used to deliver chromatic stimuli via a small optical bench
mounted on the camera port of the microscope. Output of the LEDs was
sinusoidally modulated™*. The red, green and biue LEDs have dominant
wavelengths of about 638, 554 and 470 nm, respectively. The irradi-
ance in the plane of the retina was measured using a Gamma Scientific
spectral radiometer. We estimated retinal illuminance in these experi-
ments to have been ~100 trolands. To produce the S-cone isolating
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stimulus, human observers used flicker photometry to estimate the
relative luminances of the red, green and blue diodes on white paper
set on the microscope stage in the plane of the retina. These relative
troland values were then corrected for the absence of macular pigmen-
tation (all recordings were done in retinal periphery), lens and ocular
media®®. The relative intensities predicted for an S-cone isolating stimu-
lus were then calculated from the cone fundamentais®’, checked and
adjusted as described elsewhere (T. Yeh, B.B.L.. and J. Kremers,
manuscript in preparation). Our measurements showed the retinae to
be in good physiological condition. MC cells responded down to 1-2%
luminance contrast, and the S-cone cells to 5-10% S-cone modulation.
These are comparable to sensitivities found in vivo. Also, MC-cell flicker
photometric spectral sensitivities were close to the prediction, indicating
that cone weightings had not been disturbed during dissection of the
retina. The dendritic morphology of the recorded cells was visualized
initially through the microscope by intraceliular injection of the fluo-
rescent dye pyranine during recording, and preserved for later analysis
by injection of Neurobioctin (Vector; Burlingame, CA) and subsequent
horseradish peroxidase histochemistry®®.
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of the retina and we commonly obtained vigorous light responses
for many hours. A crucial advantage of the in vitro preparation
was that the retina was mounted on the stage of a light micro-
scope so that we were able to target identified ganglion celt
types visually for recording'®. Retinae were vitally stained with
a fluorescent dye, acridine orange, which clearly revealed the cell
bodies of the two major ganglion cell classes, the large-bodied
parasol cells and the small-bodied midget cells, whose axons
project to the magnocellular (MC) and parvocellular (PC) layers
of the lateral geniculate nucleus (LGN), respectively. Light
stimuli, delivered as sinusoidal flicker from red, green and blue
light-emitting diodes'', were projected onto the retinal surface
via the camera port of the microscope. Episcopic illumination
was required to visualize and penetrate individual cell bodies,
but this did not appreciably bleach the cone photopigments, as
vigorous light responses could be recorded immediately after cell
penetration.

We first recorded intracellularly from the two major ganglion
cell classes whose axons project to the LGN, and investigated
whether these cells showed any evidence of S-cone input. Mor-
phologically identified parasol cells (n=25) corresponded, as
predicted from previous results>®, to phasic, non-opponent cells
(MC cells). As expected'?, parasol cells whose dendrites stratified
in the inner portion of the inner plexiform layer (IPL) gave ‘on-
centre’ responses to luminance, and those that stratified in the
outer IPL gave ‘off-centre’ responses. Phasic parasol cells gave
no modulated responses to isoluminant chromatic stimuli optim-
ized to reveal input from S-cones, consistent with previous con-
clusions that these cells receive little or no S-cone input'®. Figure
1 shows responses of an on-centre phasic cell. Although the cell
responded strongly to luminance modulation (Fig. 1a), there
was no response to blue-yellow chromatic flicker (Fig. 15) or
to a stimulus modulated along a tritanopic confusion line (Fig.
I¢), a condition in which only S-cones are modulated.
Recordings from morphologically identified midget ganglion
cells' in the retinal periphery revealed, as expected, responses
to both luminance modulation and red-green chromatic
modulation®. However, like the parasol cells, these midget gan-
glion cells (n=18) showed no evidence of input from S cones.
Figure 1d-fillustrates the response of a green-on, red-off colour
opponent cell identified as an inner midget ganglion cell. This

cell showed a clear opponent response to red and green set at
equal luminance and modulated 180° out of phase (Fig. le). S-
cone isolating stimuli (Fig. 1f) did not elicit a response.

Given the paucity of S cones in the retina, it is conceivable
that S-cone signals are transmitted to the LGN by only a small
percentage of midget cells and our sample could have been too
small to discover them. An alternative possibility is that a third
ganglion cell type could convey S-cone signals to the LGN. We
tested this by targeting a recently identified primate ganglion
cell type, the small bistratified cell, whose axon projects to the
parvocellular geniculate layers'>. We were able to target the small
bistratified cell for intracellular injection and recording in vitro
by its characteristic cell body size and spatial density’®.

All small bistratified cells recorded (n=23) received strong
excitatory input from S cones and resembled the blue-on cell
that has been described physiologically'’. All small bistratified
cells gave a strong response to the S-cone isolating stimulus (Fig.
2), such that membrane depolarization and associated action
potentials were always in phase with the S-cone modulation. The
small bistratified cells also gave a sustained on-response to blue
luminance modulation (Fig. 3a) and a clear off-response to yel-
low luminance modulation; isoluminant blue-yellow modula-
tion elicited a strong blue-on response. Although it has been
suggested that more than one cell class may receive excitatory
S-cone input (F. M. De Monasterio and A. Mariani, personal
communication), among the various non-midget, non-parasol
ganglion cell types from which we have recorded, only the smali
bistratified cells have shown evidence of excitatory input from
S-cones. In particular, we have found no cells that have both
parasol-like morphology’ and excitatory S-cone input.

The distinctive morphology of the small bistratified cell sug-
gests a specific neural circuitry that may give rise to blue-yellow
colour opponency. The larger, inner dendritic field stratifies at
precisely the same depth as the axon terminals of the blue-cone
bipolar cells>'®, making it likely that the blue-cone bipolar cell
and the small bistratified cells form a synaptic pathway for exci-
tatory S-cone signals in the retina. It seems probable that a
second, hyperpolarizing bipolar cell type conveys M- and L-
cone input directly to the outer dendritic tree. This arrangement
would be consistent with the strong off-response to yellow lumin-
ance modulation shown in Fig. 36 and with the receptive field

red+blue

20 mV

150 imp. s~

400 600
Time (ms)

50 pm

inner tree

FIG. 2 Physiological and morphological identification of the blue-on
ganglion cell type. a, The small bistratified cell gave a vigorous and
sustained on-response to the same S-cone isolating stimulus that elic-
ited null responses from the red-green opponent and phasic non-
opponent cells shown in Fig. 1. Stimulus presentation at 4 Hz; all con-
ventions as in Fig. 1. b, Dendritic morphology of cell whose intracellular
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recording is shown in a displayed the pattern of bistratification and
morphological features of all small bistratified cells'®. The two tiers of
the dendritic tree are traced separately (shaded insets) and illustrate
that the inner tree forms a larger, more densely branched field than
the outer dendrites.
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FIG. 3 Small bistratified cells also gave
characteristic blue-on, yellow-off responses.
a, Intracellular recording of response to 4 Hz
luminance modulation of blue LED. The cell
showed a sustained on-response with hyper-
polarization of membrane potential to lumin-
ance decrement. b, Off-response of the same
cell to luminance modulation of a yellow light
(red and green LEDs modulated in phase).
The cell was hyperpolarized by a yellow lum-
inance increment and gave a burst of spikes
with luminance decrement. ¢, Response of
the same cell to blue—yellow isoluminant
chromatic modulation. Blue LED sine wave
(solid line) is 180° out of phase with the in-
phase modulation of the red and green LEDs
(dotted line). d, Dendritic morphology of the
small bistratified ganglion cell whose light
response is shown in a, b and c. This cell was
located at a lesser retinal eccentricity than
the cell shown in Fig. 2 and consequently had
a smaller overall dendritic field size™®.

blue

inner tree

50 um

1 X R
! )
| ‘ :
/ e
| outer tree ;,J{-..//)
MI ml M &L '\f(\ A
200 400 600 800 1000 100 urr
Time (msL - T
{
Small bistratified Parasol

FIG. 4 Camera lucida tracings
comparing the dendritic mor-
J phology of macaque ganglion
cell types from the retinal per-
iphery whose axons project to
\ the dorsal lateral geniculate
N nucleus. The parasol ceils give
phasic, non-opponent on- or
off-centre responses and pro-
ject to the magnocellular LGN.
The midget ganglion cells give
red—green on- or off-centre
opponent responses and pro-
ject to the parvocellular LGN.
The small bistratified ganglion
cells give blue—yellow opponent
responses of the blue-on type
and also project to the parvo-
cellular LGN. The blue-on, small
bistratified ganglion cells have
a dendritic field size similar to
that of the non-opponent para-
sol cells, but differ from the
parasol cells in the detailed
shape of the dendritic tree.
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structure of most blue-on cells, which are organized into spatially
coextensive on and off regions'®'°.

Our results demonstrate an anatomical dichotomy in the pri-
mate parvocellular pathway which corresponds to the physio-
logical dichotomy between the M, L- and S-cone systems.
Midget ganglion cells convey M, L-cone opponent signals and
the small bistratified cells convey S-cone excitatory signals (Fig.
4). Tt is not known whether there are other parallel pathways to
the parvocellular layers. A blue-off cell type has been
described'®*® and the possibility that ganglion cell types other
than the midget cells convey M, L-cone opponent signals has
been suggested'®, but we have not encountered such cells.

Most mammals possess an S-cone system, but the existence
of distinct M and L cones, and their use for trichromatic vision,
seems to be a relatively recent evolutionary event® which reflects
a specialized adaptation in certain primates®”>. The identifica-
tion of separate ganglion cell types devoted to S-cone and M,
L-cone signals is consistent with this picture of the evolution of
primate colour vision. Moreover, our result supports a previous
suggestion that the blue-on pathway may be kept anatomically
segregated at the level of the LGN** and primary visual cortex*’,
but its significance for further understanding the central
pathways for colour-coding in primates remains largely to be
explored.
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Dynamics of synaptic vesicle
fusion and membrane
retrieval in synaptic terminals

Henrique von Gersdorff & Gary Matthews
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COMMUNICATION among neurons occurs at specialized synaptic
junctions, where neurotransmitter is released via calcium-depen-
dent exocytosis from the synaptic terminal of the presynaptic cell
onto the postsynaptic target neuron. Here we exploit the unique
properties of giant synaptic terminals'™ of bipolar neurons from
goldfish retina to establish the kinetics and calcium-dependence of
exocytosis, and the characteristics of membrane retrieval following
secretion in presynaptic terminals. Simultaneous patch-clamp,
calcium-indicator dye and time-resolved capacitance measure-
ments reveal that activation of calcium current drives secretion at
a rapid rate of about 10,000 vesicles per s and the calcium level
necessary to drive secretion is locally greater than 50 pM. Two
components of membrane retrieval were observed following secre-
tory stimulation. After strong stimulation, capacitance returned to
rest with a time constant of about 30 s, but after weaker stimuli
recovery was much faster, with a time constant of about 2 s. Secre-
tion in a vertebrate central nervous system neuron was thus found
to differ substantially from that in other secretory cells in its rapid
rate of vesicle fusion, requirement for high levels of intracellular
calcium, and the high speed and completeness of membrane re-
trieval. These distinctive features reflect the specialization of neur-
onal synaptic terminals for rapid and focally directed release of
neurotransmitter.

Giant synaptic terminals of goldfish (Carassius auratus) ret-
inal bipolar neurons are about 10 pm in diameter (Fig. 1a) and
contain approximately 60 ribbon-type output sites®, each with
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many small clear-core vesicles (~50 nm in diameter) tethered to
the ribbon. Although the vesicles are small, the summed increase
in membrane area at all of the output sites during secretion is
sufficient to produce a detectable increase in capacitance (Fig.
15). Activation of Ca®" current (sce inset, Fig. 1b) elicited an
increase in intracellular calcium concentration ([Ca’*];), accom-
panied by a rapid increase in capacitance, which returned to
baseline within a few seconds. The capacitance response can be
readily interpreted in terms of the dynamics of synaptic vesicle
release and recycling. The rapid jump in capacitance in response
to depolarization corresponds to the fusion (exocytosis) of a
readily releasable pool of vesicles, such as those tethered to syn-
aptic ribbons at release sites. The restoration of capacitance to
resting level corresponds to membrane retrieval (endocytosis)
and vesicle recycling®’. The amplitude of the jump in capacitance
after a single 250-ms depolarization averaged 154+36 fF(n=
27), corresponding to the fusion of ~2,000 vesicles, or ~30 ves-
icles at each of the ~60 ribbon-type output sites.

To determine the rate of vesicle fusion, the duration of depola-
rization was varied (Fig. 2a). For pulse durations up to 180 ms,
the capacitance response increased linearly with pulse duration
at a rate of 730fFs™', or ~10,000 vesicles s™'. This rapidly
releasable pool of vesicles was limited in size, however, because
increasing the pulse duration beyond 180 ms caused no further
increase in the capacitance jump. Figure 2b shows the depend-
ence of the capacitance jump on the amplitude of depolarization.
At voltages more negative than —20 mV, there was little change
in capacitance, although Ca”>* current and increases in [Ca”");
were observed in this range of membrane potential (Fig. 2¢).
With further depolarization, Ca®* current and the capacitance
response increased, reaching a peak at 0 mV. At more positive
membrane voltages, the capacitance response declined progress-
ively until no change could be detected at potentials more posi-
tive than +50mV. A similar relationship was observed for
[Ca®]; (Fig. 2¢), which suggests that the capacitance change
was due to Ca’"-dependent exocytosis.

To examine the calcium dependence of the capacitance
response, exogenous calcium buffers (BAPTA and EGTA) were
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