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A universal feature of the visual system in all previously studied vertebrates is the division
of information into pathways specific for the onset and offset of illumination, called ON and
OFF pathways [1]. ON and OFF pathways have a central role in the detection of contrast
and combine in downstream neurons to produce complicated receptive fields, which detect
diverse aspects of the visual world. This ON/OFF division occurs at the first synapse of the
visual system between the photoreceptor cells — the rods and cones, and separate groups of
ON and OFF bipolar cells [2]. We now show that the separation of visual information into
ON and OFF pathways, and the novel metabotropic glutamate receptors which underlie ON
bipolar cell light-evoked responses, are both present in the retina of lamprey. The simplest
interpretation of this result is that ON and OFF bipolar cells were already present over 500
million years ago when cyclostomes diverged from other vertebrates in the late Cambrian,
and that this fundamental organizing principle of the visual system probably arose not long
after vertebrates first appeared.

Vertebrate photoreceptors remain depolarized and continuously release glutamate in
darkness; light hyperpolarizes their membrane potential and decreases glutamate release.

In OFF bipolar cells, the glutamate binds to AMPA/kainate receptors, with the result that the
bipolar-cell membrane potential is depolarized in darkness and hyperpolarized by light. ON
bipolar cells, in contrast, use a G-protein signal transduction cascade based on the mGIuR6
receptor and the TRPM1 channel [2]. Glutamate binds to the mGIuR®6 receptor in darkness
and keeps TRPM1 channels mostly closed; light decreases activation of mGIuR6 and allows
the channels to open, depolarizing the cell and inverting the photoreceptor signal. The ON
bipolar light response is, we believe, the only known example of a metabotropic glutamate
receptor acting as the primary postsynaptic mediator of synaptic transmission.
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We were curious to know whether ON and OFF pathways and mGIuR®6 receptors are also
present in the retina of lamprey. Lamprey are cyclostomes, a line that separated from all
other vertebrates during the late Cambrian [3]. Earlier research has shown that lamprey
rods and cones share many of the same transduction proteins as the photoreceptors of other
vertebrates [4] and respond to light in a nearly identical manner [5,6], indicating that the
mechanisms of phototransduction were established in vertebrates quite early. However, the
organization of the remainder of the lamprey retina is rather different from other vertebrates
[7]. In the lamprey, the nerve fiber layer runs within the retina between the inner nuclear
layer (INL) and the inner plexiform layer (IPL), with retinal ganglion cell bodies distributed
in both the ganglion cell layer and the INL. Additionally, some retinal ganglion cells extend
dendrites into the outer plexiform layer (OPL), suggesting that they may synapse directly
with photoreceptors. These differences indicate that signal processing in the lamprey retina
may diverge significantly from other vertebrates.

To explore this possibility, we made patch-clamp recordings from cells in the INL of
lamprey retinal slices, using methods we have previously described [8]. We discovered clear
examples of both OFF and ON bipolar cells (Figure 1A,B), with responses and morphology
similar to those in the retina of other vertebrates [9]. Both kinds of cells had dendritic
terminations in the OPL and axonal terminations in the IPL, and some had a process
extending beyond the OPL up into the photoreceptor layer (not shown in Figure 1), similar
to the Landolt club of lower vertebrates [10]. Light stimulation of the retina produced
changes in current in both kinds of bipolar cell. The cell in Figure 1A is representative

of 10 recordings for which full-field light produced an initial outward current response in
voltage clamp and a hyperpolarization in current clamp; these were therefore OFF cells.
The cell in Figure 1B is representative of 35 recordings for which light produced an initial
inward current response in voltage clamp and a depolarization in current clamp; these were
therefore ON cells. In many cells, the initial inward or outward current was followed by a
delayed response producing a rapid inflection in the response waveform. This inflection may
be produced in part by the different time courses of rod and cone inputs to the bipolar cell
[5,6] and/or surround inhibition from horizontal cells.

To investigate the synaptic receptors underlying the ON bipolar-cell responses, we applied
pL-AP4, a specific agonist of group I11 metabotropic glutamate receptors, including
mGIuR6. In vertebrates, oL-AP4 blocks the responses of ON bipolar cells by activating
mGIuRS, thereby driving TRPM1 channels further into the closed state and preventing a
light-evoked response [2]. In Figure 1C-E, we show the responses of an ON bipolar cell to
a series of flashes of increasing intensity. We then perfused the retina with 50 UM pL-AP4,
which completely eliminated the light responses (Figure 1D). When pL-AP4 was washed
off (Figure 1E), the responses returned. These recordings are representative of 16 similar
experiments, 10 of which showed full recovery after washout (Figure 1F). While not every
cell recovered, it is notable that the light-evoked response was suppressed in every ON
bipolar cell we exposed to bL-AP4.

These experiments indicate that the lamprey retina establishes ON and OFF pathways at the
level of the bipolar cells. Furthermore, the ON pathway is mediated by glutamate receptors
sensitive to bL-AP4 similar to the ON bipolar cells of other vertebrates, suggesting that the
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lamprey glutamate receptor is also mGIluR6. Because the mechanism of the ON bipolar-cell
response is novel and unique to retina, we think it highly unlikely that the formation

of this response could have emerged by parallel evolution in the retinas of lamprey and
other vertebrates. The more likely explanation is that the fundamental division of retinal
processing into ON and OFF pathways and the metabotropic mechanism producing the ON
bipolar-cell response first appeared in the Cambrian and have remained relatively unchanged
for 500 million years.

Our preliminary findings indicate that both ON and OFF bipolar cells can receive input
from rods and cones. It remains to be seen whether separate classes of bipolar cells process
distinct aspects of these photoreceptor signals. In addition, preliminary recordings from
horizontal cells resemble those in other species. Thus, the OPL of lamprey retina seems

to be organized much as in other vertebrates. We have occasionally encountered responses
resembling those of vertebrate amacrine and ganglion cells but have not studied them in
detail. It will be interesting to establish whether ganglion cells also come in ON and OFF
varieties and to explore the organization of the l1aPL, given the striking peculiarities of

the anatomy of the lamprey inner retina [7]. We hope that continued investigation of the
structure and function of lamprey retina will provide further insight into the evolution of
vertebrate mechanisms of visual integration and contrast detection.
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Figure 1. Voltage-clamp recordings from lamprey bipolar cellsin retinal dlices.
Cells were perfused in Ames’ medium and maintained at a holding potential of —60 mV. (A)

OFF and (B) ON bipolar cell filled with Alexa Flour 750 and imaged after the recording.
The fluorescent images are overlaid with full-field infrared images. Dendritic and axonal
arbors extend above and below the cell bodies. The photoreceptor layer is at the top of each
image. Scale bars: 50 pm. Insets show light responses to a single, near-saturating 10-ms
light stimulus indicated by arrowheads; flashes were 970 (in A) and 140 (in B) 502-nm
photons um~2. Inset scale bars: 5 pA and 500 ms. (C-F) bL-AP4 blocks light response in
an ON bipolar cell. (C) Responses to a series of 10 ms 405-nm flashes indicated by the
arrowhead, at the following strengths: 3, 10, 30, 100, 300, 990, 3000, 9900 photons pm~2.
(D) Responses to the same set of light stimuli as in (C) after perfusion with Ames’ medium
containing 50 uM pL-AP4, which completely blocked the light response. (E) Response
family after returning to Ames’ medium. (F) Maximum inward current from 16 ON bipolar
cells in Ames’ medium, after perfusion with pL-AP4, and after returning to Ames’ medium
(Rec.). oL-AP4 completely blocked the light response in all cells. Ten cells recovered their
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light responses after returning to Ames’ medium, and 6 cells showed no recovery. In two of
the recordings we used L-AP4 (the active isomer) instead of bL-AP4, with results similar to
the racemic mixture. The recording presented in panels C-E is highlighted in red.
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