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Two classes of retinal bipolar cell, the ON and OFF cells,

are depolarized and hyperpolarized respectively when

photoreceptors in the centre of their receptive field absorb

light. Bipolar cells also receive lateral inhibition at their

dendrites; light falling in the bipolar receptive field

surround hyperpolarizes horizontal cells, which decreases

release of their transmitter GABA (see Fig. 1C) and thus

hyperpolarizes ON bipolar cells and depolarizes OFF

bipolar cells. GABAergic lateral inhibition plays an

important role in early visual processing by removing

low spatial frequencies from the visual signal, thereby

enhancing the detection of edges and spots (Kuffler, 1953;

Marr & Hildreth, 1980; Roska et al. 2000). It is mediated in

part by a feedback synapse from horizontal cells to photo-

receptors, and in part by a feedforward synapse from

horizontal cells to bipolar cells (Kondo & Toyoda, 1983;

Yang & Wu, 1991; Vardi & Sterling, 1994). In addition,

both ON and OFF bipolars are inhibited at their synaptic

terminals by GABA released from amacrine cells (see

Fig. 1C). This shapes the bipolar cell light response,

making depolarizing responses more transient, with

temporal tuning characteristics that depend on the mix of

GABAA and GABAC receptors expressed, and broadens the

range of light intensity over which the cells respond

(Kondo & Toyoda, 1983; Tachibana & Kaneko, 1987;

Dong & Werblin, 1998; Euler & Wässle, 1998; Lukasiewicz

& Shields, 1998; Hartveit, 1999; Euler & Masland, 2000;

Roska et al. 2000; Shields et al. 2000).

For a feedforward signal at the bipolar cell dendrites to

generate an antagonistic surround when GABA release

from horizontal cells is decreased, the reversal potential of

GABA-gated Cl_ channels in the dendrites must be more

positive than the resting potential in ON cells and more

negative in OFF cells. However, for GABA released from

amacrine cells to hyperpolarize bipolar cells, the reversal

potential of GABA-gated Cl_ channels in the bipolar cell

synaptic terminals must be more negative than the resting

potential. Thus, for ON bipolar cells, there should be a

gradient of intracellular chloride concentration, [Cl_]i,

along the cell, being higher in the dendrites and lower in

the synaptic terminals. Two transporters contributing to

the regulation of [Cl_]i in neurons are a Na+–K+–2Cl_

co-transporter (NKCC1) which normally accumulates

chloride, and a K+–Cl_ co-transporter (KCC2) that normally

extrudes Cl_ (Delpire, 2000). NKCC1 is expressed in the

dendrites of both rod and cone ON bipolar cells, where
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[Cl_]i is expected to be high, while KCC2 is expressed in

OFF bipolar dendrites and in ON and OFF synaptic

terminals, where [Cl_]i is expected to be low (Vardi et al.
2000; Vu et al. 2000).

To test the functional significance of this apparent

congruence between transporter location and the [Cl_]i

needed for GABAergic modulation of bipolar cells, we

examined how [Cl_]i varies along the ON bipolar cell,

using the response to local application of GABA to

measure the value of [Cl_]i. The aim was to determine

whether [Cl_]i is indeed significantly higher in the

dendrites than in the synaptic terminals of ON bipolar

cells. In addition we investigated how [Cl_]i is affected by

the extracellular potassium concentration which is known

to change during illumination (Steinberg et al. 1980), and

by the membrane potential of the bipolar cell, in order to

gain a more complete understanding of the mechanisms

regulating [Cl_]i in ON bipolar cells.

METHODS 
Retinal slices
Slices of retina from adult (P35) Sprague-Dawley rats (bred at
UCL) were prepared as described by Werblin (1978) for
salamander retina, after killing the rat by cervical dislocation
according to UK animal use legislation (UK Animals (Scientific
Procedures) Act 1986, Schedule 1). Retinal pieces 2 mm square
were laid on Millipore filter paper, ganglion cell side down, the
sclera was removed and the tissue was covered with normal
extracellular solution. The retina was then cut into 200 mm thick
slices, each still attached to a strip of Millipore filter paper, with a
hand-operated razor blade. The slices were rotated through
90 deg and the attached Millipore filter paper was embedded in
lines of Vaseline to hold the slice so that all cell types were visible
for perforated patch-clamping using an upright fixed-stage
microscope. Experiments were carried out in the light.

Cell identification
Cells were selected that had a soma in the inner nuclear layer
closely apposed to the outer plexiform layer (OPL), with dendrites
in the OPL and an axon heading down to the inner plexiform layer
(IPL). Further identification was provided by checking that the
cells responded when GABA was puffed onto the most proximal
part of the ON sublamina of the IPL. After studying the response
to GABA using perforated patching (see below), approximately
50 % of the bipolar cells from which recordings were made
survived long enough to allow further confirmation of their
identity by going to whole-cell mode, and allowing Lucifer yellow
in the pipette to enter the cell. Cells filled with dye in this way
proved to be ON bipolar cells, as described in the Results (Fig. 1A,
B). These were rod bipolar cells or the morphologically similar
(but less numerous) type 8 or 9 cone bipolars (Euler & Wässle,
1995; Hartveit, 1997), which we are not certain we can reliably
distinguish in this kind of experiment (see Results). Experiments
were at room temperature (21–25 °C); previous experiments have
shown that NKCC1 and KCC2 can raise or lower the chloride
reversal potential (ECl) above or below the resting membrane
potential even at room temperature (Ehrlich et al. 1999; Kakazu et
al. 1999; Ganguly et al. 2001; Jang et al. 2001).

Solutions
Normal extracellular solution contained (mM): NaCl 135, KCl 2.5,
CaCl2 1, MgCl2 3, Hepes 10, glucose 10, NaH2PO4 1, pH set to 7.4
with NaOH, bubbled with O2. When recording responses to
GABA, synaptic transmission mediated by calcium-dependent
exocytosis was blocked by replacing CaCl2 with MgCl2, adding
5 mM sodium EGTA to chelate trace calcium, and adding 20 mM

1,2,3,4-tetrahydro-6-nitro-2,3-dioxobenzo(f)quinoxaline-7-
sulphonamide (NBQX) and 50 mM D-aminophosphonovalerate
(D-AP5) to block ionotropic glutamate receptors (amino-
phosphonobutyrate was not used to block the mGluR6 receptors
on ON bipolar cells (Neal et al. 1981; Tian & Slaughter, 1994)
because, possibly due to glycine contamination, it has been
reported to activate a Cl_ flux through glycine-gated channels in
isolated retinal ganglion cells (Chiba & Saito, 1994) and this would
distort our [Cl_]i measurements if it also occurred in bipolar cells).
Intracellular solution contained (mM): KCl 135, CaCl2 0.5, Na2

EGTA 5, Hepes 10, MgCl2 2, Mg ATP 2, pH set to 7.2 with KOH,
Lucifer yellow (di-potassium salt) 2 g l_1, and gramicidin D
(64 mg ml_1 with 0.8 % DMSO final concentration, from an
8 mg ml_1 stock in DMSO). Although the use of Hepes rather than
CO2/HCO3

_ as a buffer can alter the properties of retinal neurons,
possibly because intracellular pH is not controlled (Hanitzsch &
Küppers, 2001), using Hepes as the buffer in these solutions meant
that we could convert measured reversal potentials directly to
[Cl_]i values, without the complication of correcting for the
permeability of GABA-gated channels to HCO3

_, as would be
necessary if CO2/HCO3

_ were used as the buffer (Bormann et al.
1987). In addition, the absence of HCO3

_ should maximize
control of [Cl_]i by NKCC1 and KCC2 by eliminating any changes
of [Cl_]i mediated by Cl_–HCO3

_ exchange, and so provide the
best chance of detecting the ability of the non-uniform
distribution of NKCC1 and KCC2 to generate a [Cl_]i gradient.
The possible effect of a bicarbonate permeability is considered in
the Results.

Electrophysiology
Perforated patch-clamping was used, to prevent alteration of the
intracellular chloride concentration by the pipette solution. After
forming a seal on the cell membrane, we waited ~30 min for the
gramicidin to make sufficient cation selective pores (Ebihara et al.
1995; Akaike, 1996) in the membrane to lower the series resistance
to below 100 MV (range 30–100 MV, generally around 50 MV),
which will result in series resistance voltage errors of <5 mV for
typical currents of <50 pA; for each cell this residual voltage error
was calculated as described in the main text, and was subtracted
from the apparent reversal potential of the GABA-evoked current
to obtain the true reversal potential. The junction potential
between the electrode and the external solution before a seal was
made on a cell was measured as described by Fenwick et al. (1982)
as _2 mV. All membrane potentials were corrected for this,
assuming that after cations had equilibrated across the pores
formed by gramicidin in the membrane there was no junction
potential between the electrode and the inside of the cell (any
junction potential present across the perforated patch would alter
the absolute values of ECl calculated, but not the difference in ECl

values at the two ends of the cell, which is important for our
conclusions). A total of around 100 cells were recorded from, but
data from three-quarters of these had to be discarded, most often
because the perforated patch ruptured during the experiment
(allowing the pipette solution to enter the cell and alter [Cl_]i),
leaving 24 cells which provided high quality data.

D. Billups and D. Attwell184 J. Physiol. 545.1
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Determination of reversal potential and conductance of
GABA-evoked current
GABA was applied by puffing a 100 mM GABA solution (containing
blockers of synaptic transmission, as did the superfusion solution,
see above) from a pipette (resistance ~10 MV, tip diameter
~1 mm) resting gently on the surface of the slice (perhaps
10–20 mm above the position of the cell dendrites or synaptic
terminals within the slice), using a PicoSpritzer unit (PMI-100,
Dagan Corporation, MN, USA), which applied a pressure of
70 kPa (10 p.s.i.) to the top of the pipette. External solution was
pumped by a peristaltic pump at a constant rate of about
4 ml min_1 through the bath of 1 ml volume,  and the flow was
oriented across the retinal slice (parallel to the plexiform layers;
Fig. 2A) so that GABA puffed onto the OPL would not be swept
over the IPL, and vice versa (dye included in the pipette solution in
early experiments confirmed this). The puffer pipette position was
adjusted to maximize the response either at the dendrites (selected
by placing the pipette over the OPL near the soma) or at the
synaptic terminal (selected by placing the pipette over the most
proximal part of the IPL next to the ganglion cell layer (GCL),
assuming that the axon ran ‘vertically’ through the retina from the
soma). The puffer pipette was found to be less than 5 mm from the
‘vertical’ axis of the cell when cells were filled with Lucifer yellow at
the end of the experiment. GABA was applied with pressure puffs
only 100 ms long, which produced a response with a 10–90 % rise-
time of 79 ± 19 ms (n = 5), to restrict the time of ejection and thus
minimize the diffusion of GABA laterally (from one plexiform
layer to the other). During a time t = 100 ms, for a diffusion
coefficient of D = 7.6 w 10_10 m2 s_1 (i.e. the value for glutamine;
Longsworth, 1953), GABA is expected to diffuse a distance
x~(2Dt)Î = 12 mm. Proof of the spatially restricted flow pattern
was obtained from the observation that in some cells no response
was obtained when GABA was puffed onto the IPL (because the
axon and synaptic terminals had been amputated in the slicing
procedure), despite the occurrence of a robust response when
GABA was puffed onto the OPL; thus GABA does not diffuse
laterally sufficiently to activate receptors at one plexiform layer
when it is applied at the other plexiform layer. To determine the
reversal potential of GABA-evoked currents, voltage ramps (from
+8 to _92 mV over 200 ms, from a holding potential of _42 mV)
were applied. Because the voltage ramp might activate time-
dependent currents, for all measurements a control voltage ramp
was first applied, an interval of 40 s was allowed for reversal of any
current activation, and then GABA was puffed and at the end of
the puff (around the peak of the GABA response) another voltage
ramp was applied. Finally, after another 40 s, another control
voltage ramp was applied to check for reversibility of the GABA-
evoked current; the current response to this ramp normally
superimposed on the response to the first control ramp, as shown
for the two grey traces in Fig. 3A. The duration of the ramp was not
negligible compared to the time course of GABA conductance
activation (see Fig. 2), so the magnitude of the GABA conductance
was varying (by about 35 %) during the ramp, but as the main
parameter of interest was the voltage at which there was no GABA-
evoked current (the reversal potential) and we were not interested
in the exact shape of the I–V relation of the GABA-evoked current
(see below), this was of no consequence to our results. For the
speed of voltage ramp used, the current response includes a
capacity current, CdV/dt, of <2 pA which will be the same in the
presence and absence of GABA and will not affect the reversal
potential derived for the GABA-evoked current. The relative
conductances of the GABA-evoked currents at the OPL and IPL

were calculated from the slope of the I–V relation of the GABA-
evoked current (corrected for series resistance voltage errors as
described in the main text) at a time in the voltage ramp when the
voltage was approximately _40 mV, i.e. close to the reversal
potential of the current for a holding potential of _42 mV
(Fig. 4B). At this time (100 ms after the end of the GABA puff) the
GABA-evoked conductance was about half of its peak value at
both the OPL and IPL (see Fig. 2A). Although the conductance
gGABA(t) activated by GABA is time dependent, which contributes
to the apparent change of current with voltage, this does not affect
the derived conductance. If the current is represented as:

I = gGABA(t)(V _ Vrev),

where V is membrane potential and Vrev is the reversal potential,
then the derived conductance is:

dI/dV = gGABA + (dgGABA/dt)(dV/dt)_1(V _ Vrev),

and when V = Vrev the second term is zero, so that dI/dV = gGABA.

Voltage-clamp quality
Voltage errors caused by the electrode series resistance were
compensated for as described above and in the main text. To
estimate voltage non-uniformity along the bipolar cell axon, we
assumed that the typical input slope resistance of 1 GV in the
physiological response range was produced by conductance
distributed uniformly over an area of 369 mm2 (estimated by
approximating the left-hand cell in Fig. 1 to have a soma of mean
diameter 7 mm, an axon terminal of mean diameter 3.8 mm, a
70-mm-long axon and 20 mm total length of dendrites, both with a
mean diameter 0.6 mm (this last value being the most prone to
error)), giving a specific conductance of 2.7 S m2. For an internal
resistivity of 1.2 Vm this predicts an electrical space constant ofl = 215 mm for the axon and dendrites. We then solved the
steady-state cable equation d2V/dx2 = V/l2 to calculate the
resulting voltage gradient along the axon when a voltage is
imposed at the soma by the patch pipette. The axon was assumed
to be terminated by a synaptic terminal of resistance 8.2 GV in the
absence of GABA (calculated from the fraction of the cell area
present in the terminal) and the boundary conditions applied
were continuity of voltage and current flow at the junction
between the axon and terminal. If the true reversal potential of the
GABA-evoked current in the terminal was set to a value different to
the cell resting potential, the apparent reversal potential measured at
the soma was predicted to overestimate the displacement of the
reversal potential from the resting potential by 9 %, e.g. if EGABA were
10 mV negative to the resting potential the apparent reversal
potential would be 0.9 mV more negative than the real reversal
potential. (A similar calculation for a 10 mm long dendrite with a
sealed end predicts negligible errors of less than 0.2 % for
measurement of the displacement from the resting potential of EGABA

at the dendrites.) Since the reversal potential at the synaptic terminal
is expected to be more negative than the resting potential, and indeed
was usually observed to be more negative than the apparent cell
resting potential (which may, however, be displaced positive by
current flow through the seal conductance; Tessier-Lavigne et al.
1988), then the true value of the reversal potential at the synaptic
terminal will if anything be more positive than the measured value,
reinforcing the conclusion of this paper that there is little difference
between ECl at the two ends of the cell.

Statistics
Data are presented as mean ± S.E.M. Statistical P values were
obtained from Student’s two-tailed t tests.

Bipolar cell chlorideJ. Physiol. 545.1 185
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RESULTS
GABA activates a current at the dendrites and at the
synaptic terminals of ON bipolar cells
Filling of recorded bipolar cells with Lucifer yellow (see

Methods) showed that we were able to select ON bipolar

cells, defined by the position of their somata being close

against the outer plexiform layer, into which their dendrites

run, and by the fact that their axons terminated in the ON

sublamina of the inner plexiform layer close to the

ganglion cells (Fig. 1A, B, the left cell of which was typical

D. Billups and D. Attwell186 J. Physiol. 545.1

Figure 1. Morphology, GABAergic inputs and putative Cl_ transporters of ON bipolar cells
A, fluorescence image of ON bipolars in a retinal slice filled with Lucifer yellow via the whole-cell patch pipette
(taken with a CCD camera), with a transmitted light image superimposed to show the retinal layers (labelled at
the right-hand side: OSL, photoreceptor outer segment layer; ONL, photoreceptor outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer, IPL, inner plexiform layer divided into the OFF and ON
sublaminae a and b, respectively; GCL, ganglion cell layer). Rod ON bipolar cells have their soma in the
outermost part of the INL, their dendrites branch in the OPL, and their axon spans the entire IPL before
terminating as a large, bulbous axon terminal in the inner part of the IPL (sublamina b), while type 8 and 9 cone
ON bipolars have multiple axon terminals less close to the ganglion cell bodies. The cell on the left is a rod ON
bipolar cell, whereas the cell on the right could be either a rod bipolar cell or a type 8 cone ON bipolar cell, based
on the length of its axon and terminals below the axonal branch point. It is less likely to be a type 9 cone ON
bipolar cell because of its restricted dendritic arborization. B, the same cells imaged with a confocal microscope.
C, schematic diagram of the GABAergic inputs to ON bipolar cells and the distribution of Cl_ transporters in
these cells (see Introduction). The dendrites in the OPL receive GABAergic input from horizontal cells, and
contain NKCC1 transporters in their membranes, which normally accumulate Cl_ and shift ECl positive to the
membrane potential, so GABA evokes a Cl_ efflux and an inward current. The synaptic terminals in the IPL
receive GABAergic input from amacrine cells, and express KCC2 transporters, which normally extrude Cl_ and
shift ECl negative to the membrane potential, so GABA evokes a Cl_ influx and an outward current.
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of most of the cells we filled). Comparison of the

morphology of the filled cells with the catalogue of

different bipolar cell classes in rat retina established by

Euler & Wässle (1995) and Hartveit (1997) revealed that

the bipolar cells we recorded from were either rod ON

bipolars or class 8 or 9 cone ON bipolars. We were not

certain that we could reliably distinguish between these

three different types of ON bipolar cell; for example,

although the left-hand cell in our Fig. 1A and B looks like a

rod ON bipolar and the right-hand cell looks like a class 8

cone ON bipolar (see Fig. 2 of Euler & Wässle , 1995), if the

right-hand cell happened to lose part of its synaptic

terminal during the retinal slicing procedure it would

appear to be a rod bipolar. Consequently, since both rod

and cone ON bipolars are predicted to have the same non-

uniformity of [Cl_]i based on their transporter distribution

(Vardi et al. 2000; Vu et al. 2000), and since all of the cells

we recorded gave similar results, we pooled all our data

from these types of ON bipolar cells. A rough lower limit to

the proportion of rod bipolar cells in our sample can be

estimated from the data of Euler & Wässle (1995). They

calculated that rod bipolars comprise at least 40 % of all

bipolar cells in the rat retina, and 14 out of their sample of

83 filled cone bipolars (17 %) were types 8 or 9. This

implies that of the bipolar cells with the morphology we

selected (a soma closely apposed to the OPL and synaptic

terminals closely apposed to the ganglion cells, i.e. rod plus

cone types 8 and 9) at least 80 % (calculated as

40 %/(40 % + 17 % w 60 %)) would be rod bipolars. On

average the input resistance of the cells was around 1 GV
near _40 mV, and the apparent resting potential in the

light (which may be made more positive by the seal

conductance; Tessier-Lavigne et al. 1988) was _34.6 ±

2.9 mV in 15 cells.

GABA-evoked currents were studied using perforated

patch recording, employing the perforant gramicidin,

which forms cation channels in the membrane under the

electrode but does not alter the intracellular chloride

concentration (Ebihara et al. 1995; Akaike, 1996). Puffing

100 mM GABA in solution lacking calcium to block Ca2+-

dependent synaptic transmission (see Methods), produced a

current that lasted about 0.7 s (Fig. 2A). GABA evoked a

Bipolar cell chlorideJ. Physiol. 545.1 187

Figure 2. Response of ON bipolar cells to GABA application at the dendrites and synaptic
terminal
A, schematic diagram of the experiment. GABA (100 mM) was pressure-applied to the dendrites or the axon
terminal via a small patch pipette (‘puff’). The flow of the bath solution was oriented parallel to the retinal
layers to avoid GABA puffed at one plexiform layer being swept to the other plexiform layer. Insets on the
right show specimen current responses at _42 mV to GABA puffs at the OPL or IPL. In this cell the reversal
potential of the response was negative to _42 mV at both the OPL and the IPL. B, relative magnitude of the
conductance evoked by a GABA puff (gGABA) at the dendrites (OPL) and the axon terminal (IPL) of ON
bipolar cells (measurements made at both ends of seven cells). The conductance was obtained as described in
the Methods, at a time when it had decreased to approximately half its peak value; peak values would be
approximately twice the values plotted here. C, specimen traces of currents evoked by bath application of
30 mM GABA and 100 mM baclofen. The ON bipolar cell was voltage clamped at _22 mV (upper panel) or
_42 mV (lower panel), bracketing the reversal potential of the GABA response. Baclofen did not evoke a
significant current at either potential.
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response at the dendrites and the synaptic terminals

(Fig. 2A), as expected from the presence of GABAA and

GABAC receptors at these locations (Karschin & Wässle,

1990; Qian & Dowling, 1995; Enz et al. 1996; Du & Yang,

2000; Shields et al. 2000). The conductance activated

(calculated as described in the Methods at a time when the

conductance had decayed to approximately half of its peak

value) was similar at the dendrites and at the synaptic

terminals (Fig. 2B; not significantly different, P = 0.21, by

paired t test).

In lower vertebrates there are GABAB receptors on bipolar

cell synaptic terminals (Maguire et al. 1989), but these are

reported to be absent in the rat (Koulen et al. 1998). Our

previous work showed that essentially all of the GABA-

evoked current in whole-cell clamped rat bipolar cells was

abolished by a combination of GABAA and GABAC

blockers (Billups et al. 2000). To confirm that there was no

significant contribution of GABAB receptors to the GABA-

evoked current recorded in these cells with the less

intrusive perforated patch technique, we compared the

response to bath-applied GABA and baclofen, a GABAB

receptor agonist. In all three cells tested, baclofen (100 mM)

generated no current (Fig. 2C), confirming that the GABA

response was generated by GABAA and GABAC receptors,

with no contribution from GABAB receptors.

The [Cl_]i is higher at the dendrites than at the
synaptic terminals of ON bipolar cells
Since the GABA-evoked current is generated by GABAA

and GABAC receptors, and there was no bicarbonate in our

solutions (which permeates GABA-gated Cl_ channels;

Bormann et al. 1987), we could use the reversal potential of

the GABA-evoked current to determine the value of [Cl_]i

in the dendrites and synaptic terminals of the cell.

Figure 3A shows the protocol used to determine the reversal

potential. From a holding potential of _42 mV (nominally

_40 mV but with _2 mV added from the electrode junction

potential), a voltage ramp from +8 to _92 mV was applied,

initially in the absence of GABA (grey current trace). (It

was important that the holding potential be the same for

all cells since, as described below, the resting [Cl_]i adapts

to the holding potential used.) The voltage ramp was then

repeated (40 s later) immediately after a puff of GABA was

applied to the outer plexiform layer (black trace). At the

point where the current traces, obtained in the presence

D. Billups and D. Attwell188 J. Physiol. 545.1

Figure 3. ECl is more negative in the axon terminal than in the dendrites of ON bipolar cells
A, top records: specimen current response of an ON bipolar cell to a voltage ramp from +8 to _92 mV
(middle trace, 200 ms duration) applied from a holding potential of _42 mV in control solution (two grey
traces, obtained 40 s before and 40 s after the GABA puff) or at the end of a 100 ms puff of 100 mM GABA
(black trace) to the OPL. Reversal potential of the GABA-evoked current is at the voltage where the current in
the control solution and that in GABA cross (arrow). Current traces have been clipped at positive voltages to
show data near the reversal potential at a higher gain. B, as for A (same cell), but applying GABA to the IPL.
C, values of chloride reversal potential (ECl) at the OPL (0)  and IPL (1) obtained from data as in A and B in
seven cells. For cell no. 2 the value was the same at the OPL and IPL. D, mean values of ECl from C. E, mean
internal chloride concentration ([Cl_]i) at the OPL and IPL calculated from the Nernst equation using ECl

measurements as in C.
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and absence of GABA, cross in Fig. 3A (arrow) is the

apparent reversal potential of the GABA-evoked current,

which was _56 mV (including the electrode junction

potential) in this cell. Using the net membrane current

flowing at this point (_32 pA for Fig. 3A), and the

measured residual (uncompensated) series resistance of

the perforated patch plus electrode (45 MV), this value

was then corrected for series resistance voltage error

(1.4 mV in this case) to obtain the final reversal potential

(Erev) of _54.6 mV. From the Nernst potential for Cl_:

Erev = ECl = RT/F log e([Cl_]i/[Cl_]o),

where F is the Faraday constant with [Cl_]o = 145.5 mM

and a temperature of T = 24 °C, this gives a value of

[Cl_]i = 17.2 mM at the bipolar cell dendrites. F is the Faraday

constant. The value of the reversal potential was stable within

a cell (e.g. Fig. 6B), but varied quite significantly between

different cells, ranging from _35 to _67 mV, corresponding

to [Cl_]i ranging from 37 to 11 mM. This variability between

cells made it essential to compare the values of [Cl_]i at the

dendrites and synaptic terminal of the same cell, rather than

comparing between cells.

The whole procedure was then repeated while puffing

GABA at the inner plexiform layer (Fig. 3B), giving a

reversal potential of _62 mV, which was 7.4 mV more

negative than at the OPL, and corresponded to a value of

[Cl_]i = 12.9 mM at the bipolar cell synaptic terminal. Out

of seven cells to which GABA was applied at the OPL and

the IPL, six had a reversal potential that was slightly

more negative at the IPL and in the seventh there was no

difference at the two locations (Fig. 3C). The mean difference

between the two ends of the cell was 4.2 ± 1.5 mV in the

seven cells (significantly different with P = 0.033 by a

paired t test, although voltage non-uniformity in the

bipolar cell axon could reduce this difference slightly; see

Methods); the mean reversal potentials were _46.2 ±

4.0 mV at the OPL and _50.4 ± 3.9 mV at the IPL (Fig. 3D).

The corresponding mean values for [Cl_]i were 25.4 ±

3.1 mM at the OPL and 21.5 ± 2.8 mM at the IPL (Fig. 3E).
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Figure 4. Adaptation of ECl to the membrane
potential, and direction of operation of
transporters modulating that adaption
A and B, plots of the steady-state chloride reversal potential
(ECl) as a function of the membrane potential (V) in a single
cell (A) and averaged data from five cells (B). The membrane
potential was changed from the holding potential of _42 mV
to a different value for 1–2 min before measuring ECl as in
Fig. 3 at the cell’s dendrites (OPL, 0; in B data are from four
cells for V = _42, _62 and _82 mV, three cells for _22 mV,
one cell for _2 and  _102 mV) or synaptic terminal (IPL, 1;
in B data are from five cells for V = _42, _62 and _82 mV,
four cells for _22 mV, three cells for _2 mV, two cells for
_102 mV; total number of cells studied was five). Lines in B
are linear regressions with a slope of 0.56 (OPL) and 0.51
(IPL). C, energy needed to move one mole of chloride ions
inwards across the membrane when transported by KCC2 or
NKCC1, as a function of [Cl_]i, calculated from:

RTln([K+]i[Cl_]i/[K+]o[Cl_]o)

for KCC2 and:

(RT/2)ln([K+]i[Na+]i[Cl_]i
2)/([K+]o[Na+]o[Cl_]o

2)

for NKCC1, with [K+]i = 135 mM, [Na+]i = 12.5 mM,
[Cl_]o = 145.5 mM, [Na+]o = 147.5 mM and [K+]o = 2.5 mM.
Positive values indicate energy values favouring efflux, and
negative values indicate energy values favouring influx of
chloride. Grey bar indicates the [Cl_]i range observed over
the voltage change used in A; over most of this range (_22 to
_102 mV) KCC2 extrudes and NKCC1 accumulates
chloride, but for the [Cl_]i reached at the OPL at a holding
potential of _2 mV (81 mM) both transporters will mediate
efflux of Cl_.
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[Cl_]i is strongly affected by membrane potential
If the ON bipolar cell has a significant membrane

permeability to Cl_ ions then, when central light

depolarizes the cell, entry of Cl_ is expected to displace ECl

in the positive direction unless membrane Cl_ transporters

confer a stronger control of [Cl_]i than do membrane

channels. To test the effect of membrane potential on

[Cl_]i in ON bipolars, we held the cell at a test membrane

potential for 1–2 min, and then applied a puff of GABA to

either the dendrites or the synaptic terminals of the cell

and used voltage ramps to measure the reversal potential

of the GABA-evoked current, as described above.

Specimen data for a single cell obtained in this way are

shown in Fig. 4A, while Fig. 4B shows averaged data from a

total of five cells. Figure 4B shows a remarkable adaptation

of the steady-state value of ECl to the prevailing membrane

potential. At both the dendrites and the synaptic terminal,

the steady-state ECl varied roughly linearly with holding

potential. This relationship had a slope of about 0.5, and

ECl was approximately equal to the membrane potential at

around _40 to _45 mV. Although these data, like those in

Fig. 3, showed [Cl_]i to be slightly higher in the dendrites

than in the synaptic terminal (see below), at both locations

the steady-state ECl was positive to the membrane potential

for membrane potentials more negative than about

_50 mV, while ECl was negative to the membrane potential

for membrane potentials positive to about _40 mV. This

remained the case even after correcting the derived values

of ECl for a possible contribution of intracellular bicarbonate

to the reversal potential of the GABA-evoked current, as

described in detail below.

These results imply, first, that there is indeed a significant

membrane permeability to chloride and, second, that at

positive potentials there is an active extrusion of Cl_ from

the cell while at negative potentials there is active

accumulation of Cl_. Although in principle the extrusion

and accumulation could be done by a single mechanism

(e.g. KCC2) operating in different directions as [Cl_]i

alters, considering the extent to which [Cl_]i alters at

positive and negative extremes of potential suggests that

two separate mechanisms (presumably KCC2 and NKCC1)
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Figure 5. Kinetics of the voltage-dependent change
of ECl

A, specimen current responses to a voltage ramp applied
from a holding potential of _42 mV, in the absence (control,
less steep traces during the ramps) and presence (steeper
traces)of a preceding 100 ms GABA puff to the OPL . The
control voltage ramp was applied 300 ms after the end of a
voltage step to _62 mV for 0 (a), 2 (b), 6 (c) or 20 (d) s. Then
(after a 40 s interval) the voltage pulse to _62 mV was
repeated followed (after 200 ms) by a 100 ms GABA puff and
the second voltage ramp was applied. Finally the procedure
was repeated again without the GABA puff to test that the
second control I–V relation superimposed on the first one as
in Fig. 3A (data not shown for clarity). The vertical dotted
lines indicate the value of ECl when the cell was either not
hyperpolarized (left vertical line) or was hyperpolarized for
20 s (right vertical line). Insets in the middle show the data at
higher gain. The voltage protocol is shown on the right.
B, reversal potential derived from the traces in A, plotted as a
function of the duration of the voltage step to _62 mV.
Smooth curve is an exponential with a time constant of 11 s
and a maximum change of ECl of 10.9 mV. C, average data for
the change of ECl, measured as in A (number of cells per point
was 5, 5, 3 and 5 for 2, 6, 20 and 60 s pulses respectively; total
number of cells studied was six). For each cell the values of
ECl were normalized to the control value of ECl (when the
membrane was not hyperpolarized before the voltage ramp),
to remove variation due to differences in the initial value of
ECl. The line shows the fit of the data with a single
exponential of time constant 7.6 s.
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must mediate the extrusion and accumulation. Fig. 4C
shows the energy needed to extrude one mole of Cl_ using

either KCC2 (with a stoichiometry such that one K+ ion

moves with each Cl_ ion ; Payne, 1997) or NKCC1 (with a

stoichiometry such that one Na+ ion, one K+ ion and two

Cl_ ions move together; Russell, 2000) as a function of

[Cl_]i, which allows prediction of the direction of operation

of each transporter. In the steady state at a holding

potential of _102 mV the most negative ECl (at the synaptic

terminals) was around _76 mV, corresponding to a [Cl_]i

of 7.5 mM. From Fig. 4C when [Cl_]i = 7.5 mM, KCC2 still

extrudes Cl_ , so the Cl_ accumulation needed to maintain

ECl positive to the membrane potential is assumed to be

produced by NKCC1. Conversely, at _22 mV the most

positive ECl (at the dendrites) was _24 mV, corresponding

to a [Cl_]i of 57 mM. From Fig. 4C when [Cl_]i = 57 mM

NKCC1 still accumulates Cl_, so the Cl_ extrusion needed

to maintain ECl negative to the membrane potential is

presumably mediated by KCC2. When the membrane

potential is held at _2 mV, ECl at the OPL rises to _15 mV,

corresponding to a [Cl_]i of 81 mM. At this value of [Cl_]i

Fig. 4C predicts that, in addition to KCC2, efflux mediated

by NKCC1 may also contribute to ECl being maintained

more negative than the membrane potential.

The data in Fig. 4B show the tendency of ECl to be more

positive in the dendrites than in the synaptic terminal

which was shown in Fig. 3, but the differences between the

OPL and IPL data at each voltage are not statistically

significant. This is because the prolonged experiment

required for these steady-state measurements meant that

for most cells the OPL and IPL data could not be obtained

for all voltages in the same cell (unlike in Fig. 3), so that

cell-to-cell variability contributed a great deal to the error

bars.

The kinetics of the adaptation of [Cl_]i to the prevailing

membrane potential were investigated by clamping a cell

to a potential of _62 mV for different durations (from a

holding potential of _42 mV), and then returning to

_42 mV, applying a GABA puff to the OPL and using

voltage ramps to determine the reversal potential of the

GABA-evoked current (Fig. 5A; see legend for details of the

ramp protocol). Data from a single cell in Fig. 5B show that

the shift in ECl of approximately 11 mV  that occurred on

stepping the membrane potential from _42 to _62 mV

occurred with a time constant of 11 s. On average, the time

course of the change in ECl could be approximately fitted

with an exponential with a time constant of around 8 s

(Fig. 5C).

Both NKCC1 and KCC2 are electroneutral, so their

direction (and, for NKCC1 at least, rate) of operation will

not be affected by changes of membrane potential (Payne,

1997; Russell, 2000). Consequently the tendency of ECl to

track membrane potential changes is most simply explained

by there being a significant resting permeability to Cl_.

Below we attempt to model the voltage dependence of

[Cl_]i based on the assumption that [Cl_]i is determined by

a combination of a chloride conductance, NKCC1 and

KCC2.
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Figure 6. The effect of elevated [K+]o on ECl

A, specimen current responses to voltage ramps (as in Figs 3 and 5) in the absence (grey traces) and presence
(black traces) of a GABA puff  in 6 mM [K+]o (smaller outward current in GABA) or in 2.5 mM [K+]o (larger
outward current in GABA). The chloride reversal potential is at the voltage where the current in the control
solution and that in GABA cross (arrows: a = 6 mM [K+]o, b = 2.5 mM [K+]o). B, the measured ECl as a
function of time during the experiment in A. The lower case letters indicate the times of the specimen traces
shown in A. C, average chloride reversal potential (ECl) for five cells bathed in 6 mM [K+]o (0) or in 2.5 mM

[K+]o (1). D, average internal chloride concentration ([Cl_]i) calculated from the data in C.
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ECl is more positive when [K+]o is higher
From the thermodynamics of their carrier cycle, both the

NKCC1 and the KCC2 transporters are expected to

produce a higher equilibrium level of [Cl_]i when the

extracellular potassium concentration rises (for KCC2 the

equilibrium [Cl_]i is given by [K+]o[Cl_]o/[K+]i, and for

NKCC1 it is given by {([K+]o[Na+]o[Cl_]o
2)/([K+]i[Na+]i)}Î.

Since [K+]o is higher in the outer retina than in the inner

retina (by about 0.5 mM) in the dark, and light initially

lowers [K+]o in the outer retina and raises it in the inner

retina (Steinberg et al. 1980), we examined the effect of

changing [K+]o on [Cl_]i.

Raising [K+]o from 2.5 to 6 mM at a holding potential of

_42 mV shifted ECl positive (Fig. 6A and B) by a mean

value of 7.4 ± 1.6 mV (P < 0.01, Fig. 6C) in five cells to

which GABA was applied at the dendrites, corresponding

to an increase of [Cl_]i of about 7 mM (from 22.8 ± 3.8 to

29.5 ± 4.0 mM, P = 0.003, Fig. 6D). Similarly, ECl shifted

positive by 9 mV when [K+]o was raised from 2.5 to 6 mM

in one cell to which GABA was applied at the synaptic

terminals. In all five cells studied, the shift of ECl took much

longer than that shown for a change of membrane

potential in Fig. 5, and was only complete in 6 min or

longer (Fig. 6B), consistent with a time constant for an

exponential change of more than ~200 s (the time

constant could not be estimated accurately because of the

small number of ECl data points that it was possible to

measure during the change of ECl). The rate of change of ECl

was not limited by the speed of the perfusion, since bath

perfusion produced GABA-evoked currents with a time to

peak of a few seconds (Fig. 2D). In a non-voltage-clamped

cell in vivo, if [K+]o rose uniformly around the cell the

resulting depolarization of the membrane potential would

produce an extra positive shift of ECl (Fig. 4B).

Modelling the control of [Cl_]i

To gain a more quantitative understanding of how Cl_

transporters control [Cl_]i in bipolar cells, we analysed a

simplified model in which we ignored the small difference

in [Cl_]i between the two ends of the cell, treated the cell as

a single well-mixed compartment, and tried to fit the data

in Fig. 4B. Chloride fluxes across the cell membrane were

assumed to reflect current flow through an ohmic Cl_

conductance, GCl (although bipolar cells express hyper-

polarization-activated CLC-2 chloride channels, these are

only significantly activated at voltages negative to _80 mV;

Enz et al. 1999). Extrusion of Cl_ by KCC2 was assumed to

be at a rate k[Cl_]i, i.e. a non-saturating dependence since

KCC2 has a low affinity for Cl_ (at least for external Cl_ :

Km = 101 mM; Payne, 1997). Pumping of Cl_ into the cell

by NKCC1 was assumed to occur at a constant rate n
(inhibition of NKCC1 when [Cl_]i rises was initially

ignored for simplicity; see below). Both n and k were

assumed to be voltage independent, since both NKCC1

and KCC2 are electroneutral, and NKCC1 has been

suggested to be voltage independent (see discussion in

Russell, 2000). If F is the Faraday constant and U is the cell

volume, this gives the rate of change of [Cl_]i as:

Ud[Cl_]i/dt = GCl(V _ ECl)/F + n _ k[Cl_]i, (1)

so that in the steady state:

ECl = V + (F/GCl)(n _ k[Cl_]i). (2)

In Fig. 4B, V is approximately equal to the mean of the ECl

values at the dendrites and synaptic terminals when

V = _40 mV and hence [Cl_]i = 30.5 mM, so (inserting

V = ECl into eqn (2)):

n = k(30.5 mM), (3)

and

ECl = V + (Fn/GCl)(1 _ [Cl_]i/30.5 mM). (4)

We then set the parameter Fn/GCl, which sets the ratio of

Cl_ fluxes mediated by pumping to those mediated by the

D. Billups and D. Attwell192 J. Physiol. 545.1

Figure 7. Modelling the voltage dependence of ECl

A, data points are the OPL (filled circles) and IPL (open circles)
values of ECl from Fig. 4B. The dashed curve is a fit to the data, i.e.
eqn (4) with Fn/GCl = 30 mV. B, points show the data in A
corrected for the contribution of internal bicarbonate to the
reversal potential of the GABA-evoked current. The dashed curve
is a fit to the corrected data (derived using eqn (5)), i.e. a modified
version of eqn (4) such that ECl and V are equal at _60 mV:
ECl = V + (Fn/GCl)(1 _ [Cl_]i/14 mM) with Fn/GCl = 7 mV. Lines
are linear regressions.
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conductance, so that the relationship between ECl and V
predicted by eqn (4) gave as good a fit as possible to the

data of Fig. 4B. The dashed line in Fig. 7A, which is

superimposed on the data replotted from Fig. 4B, shows a

plot of eqn (4) using Fn/GCl = 30 mV, which gives a

reasonable fit to the data over the range of potentials

between _30 and _80 mV, but predicts values of ECl which

are too negative at extremes of potential. Incorporating

inhibition of NKCC1 by intracellular [Cl_]i by making the

rate of NKCC1 obey the formula n(1 _ l[Cl_]i), with l a

constant, led to an equation which is formally equivalent

to eqn (4) and so does not lead to a better fit. We then

considered the possible contribution of bicarbonate to the

reversal potential of the GABA-evoked currents. Although

there is no bicarbonate in our Hepes-buffered superfused

solution (see Methods), HCO3
_ might be present inside

the cell at up to a concentration of 15.1 mM (the value

predicted for an internal pH of 7.2, as in our pipette

solution, and 1.2 mM (40 mmHg) CO2 produced by

metabolism). HCO3
_ passes through GABAA receptor

channels with a permeability that is (at most) about 0.3 of

that for Cl_ (Kaila et al. 1989; Wotring et al. 1999). Thus,

from the Goldman-Hodgkin-Katz equation, assuming no

extracellular HCO3
_, the reversal potential of the GABA-

gated current, Erev, could be displaced positive from the

value of ECl by the presence of intracellular HCO3
_

according to:

Erev = (RT/F)log e{([Cl_]i + (PHCO3
/PCl)[HCO3

_]i)/[Cl_]o},

or using PHCO3
/PCl = 0.3 and [HCO3

_]i = 15.1 mM:

Erev = (RT/F)log e{([Cl_]i + 4.5 mM)/[Cl_]o}. (5)

From eqn (5) we calculated, for the reversal potential data

in Fig. 4B, the corrected value of [Cl_]i and thus a corrected

value of ECl, and plotted this against the membrane

potential. As shown in Fig. 7B, the main effect of correcting

for the possible presence of HCO3
_ is that at more negative

membrane potentials the values of ECl derived from Erev

become more negative. Fitting eqn (2) to the points in

Fig. 7B as described above for Fig. 7A, with ECl equal to V at

_60 mV and Fn/GCl = 7 mV, gave the dashed curve shown.

As for the uncorrected data in Fig. 7A, the curve fits

reasonably well over the voltage range _30 to _80 mV, but

predicts ECl values that are too negative at more extreme

voltages.

To determine whether this model (not including the possible

presence of bicarbonate) could account for the shift of ECl

seen when [K+]o was raised from 2.5 to 6 mM, we assumed for

simplicity that raising [K+]o stimulates Cl_ influx mediated

by NKCC1 (i.e. alters the value of n) but has no effect on the

Cl_ efflux mediated by KCC2 (in fact raising [K+]o shifts ECl

positive even in neurons which have had NKCC1 knocked

out (Sung et al. 2000), presumably by slowing KCC2

extrusion, so this is an oversimplification, see below).

The shift of ECl predicted by eqn (2) at constant voltage

(_42 mV), when the rise of [K+]o elevates [Cl_]i from [Cl_]i
old

to [Cl_]i
new, is given by:

DECl = (F/GCl){n(6 mM K+) _ n(2.5 mM K+) _ k([Cl_]i
new _ [Cl_]i

old)},

or:

DECl
———————— =
Fn(2.5 mM K+)/GCl

n(6 mM K+) _ n(2.5 mM K+) k([Cl_]i
new _ [Cl_]i

old)
———————————— _ —————————.

n(2.5 mM K+) n(2.5 mM K+)

Using Fn(2.5 mM K+)/GCl = 30 mV from the fit to Fig. 7A,

and n(2.5 mM K+) = k[Cl_]i
old near _40 mV from eqn (3),

this becomes:

DECl n(6 mM K+) [Cl_]i
new

———— = —————— _ ———.
30 mV n(2.5 mM K+) [Cl_]i

old

Inserting [Cl_]i
new/[Cl_]i

old = 1.335 to give DECl = 7.4 mV

as observed experimentally (Fig. 6C and D), this gives:

n(6 mM K+)/n(2.5 mM K+) = 1.58,

i.e. a 2.4-fold increase of [K+]o from 2.5 to 6 mM is

predicted to increase the rate of NKCC1 by a factor of 1.58.

If the rate of NKCC1 is assumed to depend in a Michaelis-

Menten fashion on [K+]o, i.e.:

n([K+]o)/n(saturating [K+]o) = [K+]o/([K+]o + EC50),

then to produce a 1.58-fold rise in the rate when [K+]o is

raised from 2.5 to 6 mM, the EC50 for activation by [K+]o

must be 4.2 mM. This predicted value is in reasonable

agreement with the EC50 of 2 mM measured for activation

of human and mouse NKCC1 by external Rb+ and K+

(Isenring et al. 1998; Glanville et al. 2001). A value of 2 mM

(rather than 4.2 mM) for the EC50 would allow some of the

effect of external K+ on ECl to be mediated by a slowing of

KCC2.

Despite the reasonable success of the model above in

predicting the steady-state dependence of [Cl_]i on

membrane potential and [K+]o, the large difference in

kinetics of the ECl shift in response to a change of

membrane potential (t ~8 s) and to a rise of [K+]o

(t > 200 s) is not predicted by the model. Linearizing

eqn (1) for small changes of [Cl_]i predicts a time constant

for the equilibration of [Cl_]i which is similar when the

membrane potential is changed or when n is altered by

raising [K+]o. (This can be seen quickly by noting that the

initial rate of change of [Cl_]i predicted by eqn (1) for

the 20 mV voltage change experiment of Fig. 5 is

GCl20 mV/FU, while that for the [K+]o change experiment

of Fig. 6 which produces a comparable change of ECl is

(n(6 mM K+) _ n(2.5 mM K+))/U = 0.58n(2.5 mM K+)/U
from the factor of 1.58 calculated above. Thus, the ratio of

these rates of change is GCl20 mV/(0.58n(2.5 mM K+)F, or

Bipolar cell chlorideJ. Physiol. 545.1 193
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1.15 using Fn/GCl = 30 mV, so [Cl_]i changes at a similar

rate in response to the voltage or [K+]o change). This raises

the question of whether the effect of raising [K+]o is not a

direct effect on Cl_ transporters, as we have assumed, but

may instead reflect an inherently slower process, such as

stimulation of the Na+–K+ pump by the raised [K+]o

leading secondarily to a lowering of [Na+]i (if this is not

well controlled by diffusion from the patch pipette) and

subsequent stimulation of NKCC1.

DISCUSSION
The aim of this study was to determine whether the

presence in the dendrites of the NKCC1 transporter,

which imports Cl_ into cells, and the presence in the

synaptic terminals of the transporter KCC2, which exports

Cl_ from cells, does indeed lead to [Cl_]i being higher in the

dendrites than in the synaptic terminals of ON bipolar

cells.

Factors controlling [Cl_]i in ON bipolar cells
As described in the Introduction, the concentration of

chloride in the dendrites and synaptic terminals of retinal

bipolar cells will determine the sign of the voltage change

produced by the GABAergic input mediating lateral

inhibition at the dendrites and mediating temporal shaping

at the synaptic terminal. The data reported here show that

the intracellular chloride concentration in ON bipolar

cells is neither constant, nor in equilibrium with the

membrane potential, but is controlled by the membrane

potential, by the extracellular potassium concentration

and by two separate Cl_ transporters, probably KCC2

which extrudes K+ and Cl_ , and NKCC1 which pumps

Na+, K+ and 2Cl_ into the cell. Around a membrane

potential of _40 mV, in the steady state ECl is approximately

equal to the membrane potential. Altering the membrane

potential leads to a time-dependent alteration of the

chloride reversal potential in the same direction, as

expected if there is a passive membrane conductance to Cl_

, but in the steady state the shift of ECl is only about half that

of the membrane potential change (Fig. 4B). Consequently,

at more positive potentials ECl is more negative than the

membrane potential probably because of Cl_ extrusion by

KCC2, and at more negative potentials ECl is more positive

than the membrane potential probably because NKCC1

raises [Cl_]i. Raising the extracellular [K+] leads to a

positive shift of ECl, presumably because the raised [K+]o

stimulates Cl_ entry by NKCC1 and inhibits Cl_ efflux on

KCC2. A simple mathematical model, incorporating a

membrane chloride conductance and KCC2 and NKCC1

transporters could account approximately for the steady-

state voltage and [K+]o dependence of ECl, but was not

successful at accounting for the different kinetics of the

change of ECl in response to a change of membrane

potential and a rise of [K+]o (see Fig. 7 and associated text).

In other CNS neurons, control of [Cl_]i by membrane

potential has been reported by Ehrlich et al. (1999), and

control by [K+]o has been reported by Thompson et al.
(1988), Kakazu et al. (1999), DeFazio et al. (2000) and

Sung et al. (2000).

These data are consistent with demonstrations of a role for

NKCC1 and KCC2 in controlling [Cl_]i in other neurons

(superior olive neurons: Kakazu et al. 1999; hippocampal

pyramidal cells: Rivera et al. 1999; neocortical pyramidal

cells: DeFazio et al. 2000; dorsal root ganglion cells: Sung

et al. 2000; spinal motoneurons: Hübner et al. 2001;

amygdala and neocortical cells: Martina et al. 2001).

Indeed, these transporters have the power to change the

sign of GABA-evoked signalling, since an increase in the

expression of KCC2 during development can lead to a shift

of ECl from being more positive to being more negative

than the resting potential of central neurons, so that GABA

or glycine changes from being initially excitatory during

development to being inhibitory in the adult animal (Ben-

Ari et al. 1994; Ehrlich et al. 1999; Rivera et al. 1999;

Ganguly et al. 2001).

Non-uniformity of [Cl_]i along the ON bipolar cell
The observed distribution of Cl_ transporters in ON

bipolar cells, with NKCC1 at the dendrites and KCC2 at

the synaptic terminals, suggested that the intracellular

chloride concentration should be higher at the dendrites

than at the synaptic terminals (Vardi et al. 2000; Vu et al.
2000). If this difference were large, so that ECl were

significantly more depolarized than the resting potential at

the dendrites, and significantly more hyperpolarized than

the resting potential at the synaptic terminals, then it

would allow GABA released by horizontal cells to produce

a depolarization at the dendrites and GABA released by

amacrine cells to produce a hyperpolarization at the

synaptic terminals. As discussed below, this would fit in

with current ideas about the sign of inhibition at the two

plexiform layers.

Experimentally, although ECl was consistently more positive

at the dendrites than at the synaptic terminal, i.e. in the

direction predicted by the asymmetrical transporter

distribution in ON bipolar cells, the difference was only

4 mV, corresponding to [Cl_]i being approximately 4 mM

higher (25 versus 21 mM). Although our experiments were

done at room temperature (21–25 °C), slowed transporter

operation at this temperature is unlikely to be the cause of

the small size of the [Cl_]i gradient along the cell, because

previous experiments have shown that NKCC1 and KCC2

can shift ECl to be more positive or more negative than the

resting membrane potential even at room temperature

(Ehrlich et al. 1999; Kakazu et al. 1999; Ganguly et al. 2001;

Jang et al. 2001), and because in our experiments, at

negative and positive potentials respectively, NKCC1 and

KCC2 did indeed shift ECl to be more positive and more
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negative than the holding potential, as shown in Fig. 4.

Our experiments were carried out in Hepes-buffered

solution, with the aim of eliminating any contribution of

Cl_–HCO3
_ and Na+-dependent Cl_–HCO3

_ exchange to

the control of [Cl_]i (which may in fact be relatively

unimportant; Ballanyi & Grafe, 1985), and thus maximizing

any difference of [Cl_]i which could be produced between

the dendrites and synaptic terminal of the cell. Even in this

optimal situation, however, the difference in reversal

potential for GABA-evoked currents at the two ends of the

cell does not seem large enough to produce a significant

functional difference between the effects of GABA at the

two ends of the cell, for the reasons described below.

In the intact retina, in the dark, the extracellular [K+] is

approximately 0.5 mM higher around the bipolar cell

dendrites than around the synaptic terminals (Steinberg et
al. 1980) because of K+ efflux from the photoreceptors

(which are depolarized in the dark). Steinberg et al. (1980,

Fig. 15) showed that during prolonged illumination, as

was present in our experiments, this difference is

essentially abolished. The data in Fig. 6 (where a 3.5 mM

increase of [K+]o produces a 7 mV positive shift of ECl)

suggest that the 0.5 mM higher [K+]o at the dendrites in the

dark might increase the difference in ECl between the two

ends of the cell by 1 mV, from the 4 mV that we measured

in the light to approximately 5 mV in the dark. If the dark

resting potential of the bipolar cell (around _45 mV; Euler

et al. 1996) was exactly half-way between the values of ECl at

the two ends of the cell in the dark, it would result in only

2.5 mV of driving force at each end of the cell for GABA-

evoked chloride currents to produce a depolarization at

the dendrites and a hyperpolarization at the synaptic

terminals, and the driving force for depolarization at the

dendrites would disappear as soon as the bipolar cell was

depolarized by central illumination. Furthermore, despite

being consistently slightly more positive than the value of

ECl in the synaptic terminal, there was great variability in

the absolute value of ECl in the dendrites of ON bipolar

cells, ranging from _35 to _67 mV. Although we did not

measure the dark resting potential of the cells (our

experiments were done in the light), the more negative ECl

values we measured would require an extremely negative

dark resting potential for ECl to be more positive than the

dark resting potential. We conclude that the average ECl is

not sufficiently positive for GABA to reliably produce a

depolarization at the dendrites of ON bipolar cells.

Our data differ from those of Satoh et al. (2001) who

measured the reversal potential of GABA-evoked currents

in mouse retinal bipolar cells. Satoh et al. (2001) reported

no difference between the reversal potential at the

dendrites and at the synaptic terminals of ON bipolar cells.

The reason for this is unclear, although their long (5 s)

pressure applications of GABA, which may allow more

GABA to diffuse between the dendrites and synaptic

terminal than is the case for our brief GABA puffs (which

lasted only 100 ms), may contribute to their not observing

a more positive ECl at the dendrites. Satoh et al. (2001) also

reported that ECl was more positive in rod bipolar cells

than in cone ON or OFF bipolars (which had a similar ECl).

We were not certain that we could distinguish dye-filled

rod and cone ON bipolar cells but, although our grouping

of them together may account for some of the variability in

the values of ECl that we measured, Satoh et al. reported a

similar variability of _23 to _61 mV even in cells they

defined to be rod ON bipolars.

Implications for visual processing: lateral inhibition
in ON bipolar cells
Early visual processing depends on changes in the

activation of GABAA and GABAC receptors at the dendrites

and synaptic terminals of retinal bipolar cells. The effect of

these receptors is determined by the value of the chloride

reversal potential relative to the membrane potential. We

had expected that there would be a gradient of intracellular

chloride concentration, [Cl_]i, along ON bipolar cells,

being higher in the dendrites and lower in the synaptic

terminals. This distribution is predicted, not only from

the non-uniform expression of NKCC1 and KCC2 trans-

porters (Vardi et al. 2000; Vu et al. 2000), but also from

current ideas on how bipolar cells integrate lateral inhibitory

signals arriving from horizontal and amacrine cells with

the direct synaptic input they receive from photoreceptors

(see Introduction and references therein). ON bipolar cells

are depolarized when light falling on the centre of their

receptive field suppresses glutamate release from photo-

receptors. Thus, to produce an antagonistic surround to

the receptive field, the suppression of GABA release from

horizontal cells which is produced by peripheral light must

lead to a hyperpolarization. This can only occur if ECl in the

dendrites is more positive than the resting potential

(around _45 mV in the dark; Euler et al. 1996). At the

same time, release of GABA from amacrine cells onto the

synaptic terminal needs to produce a hyperpolarization to

induce transience into the depolarizing voltage response of

the bipolar cell to central light. Our data show that ECl in

the dendrites is unlikely to be more than a few millivolts

more positive than the resting potential in the dark and as

soon as central light has depolarized the cell (by up to

20 mV; Euler & Masland, 2000) the membrane potential

will be positive to ECl so that suppression of GABA release

from horizontal cells by surround light will lead to further

depolarization. By contrast, inhibition at the synaptic

terminal will be able to function, since depolarization of

ON bipolar cells by central light will move the membrane

potential more positive than ECl.

The generation of a centre-surround receptive field for

bipolar cells by lateral inhibitory signals from horizontal
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cells is well established for amphibian retinae (Werblin &

Dowling, 1969; Kaneko, 1970; Stone & Schutte, 1991; Hare

& Owen, 1996), but less so for mammalian retinae

particularly for rod bipolar cells. Anatomically defined

synapses from horizontal cells to bipolar cells are reported

to be rare in mammals (Kolb, 1979), but they have been

reported for rod (ON) bipolar cells in human retina

(Linberg & Fisher, 1988), and GABA receptors are located

on bipolar cell dendrites (Haverkamp et al. 2000), while

vesicular GABA transporters are present in horizontal cell

axon terminals (Cueva et al. 2002); it is also possible that

GABA is released at this synapse by reversed uptake

(Schwartz, 1987) rather than by exocytosis. Cone bipolar

cells (ON and OFF) show an antagonistic surround to

their receptive field (Dacey et al. 2000), but rod (ON)

bipolar cells have been reported to show no antagonistic

surround (Bloomfield & Xin, 2000) although earlier work

did suggest antagonistic horizontal cell input (Dacheux &

Raviola, 1986). Our observation that ECl in the dendrites of

ON bipolar cells is similar to the dark potential of the cells

could explain why rod bipolar cells show no antagonistic

surround mediated by suppression of GABA release from

horizontal cells.

Implications for visual processing: time-dependent
adaptation of [Cl_]i and inhibitory signals
A striking result of our study is that [Cl_]i in ON bipolar

cells, and thus the driving force for inhibitory signals

generated by GABAA and GABAC receptors, adapts on a

time scale of ~8 s following a change of the bipolar cell

membrane potential. This has important implications for

the time course of inhibition following membrane potential

changes produced either by central illumination or by

GABAergic input. When central light depolarizes the cell,

initially the membrane potential will be substantially more

positive than the value of ECl at the synaptic terminal, and

GABA released from amacrine cells will have a large

hyperpolarizing effect on the bipolar cell. However, during

a maintained depolarization induced by central light, ECl

will move positive (with a time constant of 8 s, by about

half the depolarization produced by the central light

(Fig. 4), resulting in a halving of the driving force for the

inhibitory input. Similarly, if GABA receptors in the

bipolar cell membrane are activated by a change of input

from horizontal or amacrine cells (e.g. due to a change of

illumination in the receptive field surround) then after an

initial voltage change the resulting adaptation of ECl

towards the new membrane potential will decrease the

strength of the GABAergic signal, inducing an inherent

transience to this signal. Thus, time-dependent adaptation

of [Cl_]i in ON bipolar cells may add a previously

unsuspected layer of temporal processing to signals as they

pass through the retina.
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