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The horizontal cell rollback response is not a direct 
measure of negative feedback from horizontal 
cells to cones

R. Vroman, M. J. van Rijssel and M. Kamermans

(In preparation)

Abstract

In the first retinal synapse, horizontal cells feed back to cones via an inhibitory 
pathway. In cones this inhibitory interaction is visible as a modulation of 
the Ca2+-current. The effects of negative feedback can be measured in 
horizontal cells as well. In general, horizontal cells hyperpolarise to light. 
However, biphasic and triphasic horizontal cells depolarise to long and 
middle wavelength light stimuli. These depolarising responses are mediated 
by negative feedback. Hyperpolarising responses of horizontal cells to light 
show a secondary depolarisation, which is called the rollback response. 
This rollback response is thought to be caused by negative feedback from 
horizontal cells to cones. Both the depolarising responses and the rollback 
response are often used as a measure for feedback. However, some data 
found in previously published literature cast doubt on the reliability of 
these measures of negative feedback. In this paper we evaluated the 
correlation between the feedback-induced modulation of the Ca2+-current 
in cones and the effects of negative feedback measured in horizontal cells. 
We show that two known blockers of the rollback response, ethambutol 
and amiloride, have respectively a minor and no effect on the feedback 
induced modulation of the Ca2+-current in cones. The rollback response 
may be initiated by feedback, but a separate mechanism determines the 
amplitude of the rollback response. We propose that the rollback response 
is generated by the inward rectifying K+-current in horizontal cells. The 
feedback-induced increase in glutamate release slightly depolarises the 
horizontal cell, leading to the inactivation of this K+ current, resulting in the 
rollback response. We conclude that the rollback response is an unreliable 
measure for negative feedback from horizontal cells to cones.
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Introduction

Cone photoreceptors in the retina project to bipolar cells (BCs) and horizontal 
cells (HCs). HCs contact multiple cones and are electrically coupled, 
integrating signals over a large area. This signal is fed back to the cones via an 
inhibitory synapse, modulating the output of cones that is finally sent to the 
BCs. This negative feedback pathway is responsible for early stage contrast 
enhancement (Klaassen et al., 2011) and contributes to colour constancy 
(Kamermans et al., 1998; VanLeeuwen et al., 2007). HCs feed back to cones 
by shifting the activation range of the Ca2+-current (ICa) in cones towards 
more negative potentials (Verweij et al., 1996), leading to a small inward 
current in cones. Two aspects of the HC response are thought to reflect this 
negative feedback signal from HCs to cones: the depolarising responses of 
BHCs (arrow, Figure 1A) and THCs, and the so-called rollback response of HCs 
(arrow, Figure 1B). 

HCs can be classified according to their spectral sensitivity as monophasic 
(MHC), biphasic (BHC) and triphasic HCs (THC). MHCs hyperpolarise when 
stimulated with light of long, middle and short wavelength light. BHCs 
hyperpolarise to middle and short wavelength light, but depolarise to 
long wavelength light. Since BHCs only receive M- and S-cone input, the 
depolarising response to long wavelength light is assumed to be generated 
via negative feedback from MHCs to M-cones (Figure 1A) (Stell et al., 1975; 
Kamermans et al., 1991; Connaughton and Nelson, 2010). THCs hyperpolarise 
to long and short wavelength light and depolarise to middle wavelength 
light. Since the THCs only make contact with the S-cones, it has been 
suggested that the depolarising response to middle wavelength light and 
the hyperpolarising response to long wavelength light are due to negative 
feedback from the BHC to the S-cones. It was argued that since the spectral 
coding of HCs strongly depends on negative feedback from HCs to cones, it 
can thus be used as a measure of feedback (Stell et al., 1975; Kamermans et 
al., 1991; Connaughton and Nelson, 2010).

Another suggested measure for negative feedback is the rollback response 
in HCs. This response is characterized by a slow decrease in the HC 
hyperpolarisation after an initial fast hyperpolarising response to light 
(Figure 1B). The rollback response increases with light stimuli of increasing 
diameters (Kamermans et al., 1998; Piccolino, 1995). Furthermore, the 
rollback response can be reduced by known blockers of negative feedback 
such as low concentrations of Co2+ (Fahrenfort et al., 2009), the Cx-blocker 

carbenoxolone (Kamermans et al., 2001) and high concentrations of 
HEPES and acetate (Vessey et al., 2005; Davenport et al., 2008; Fahrenfort 
et al., 2009; Trenholm and Baldridge, 2010). In contrast to the feedback 
responses measured in cones, the rollback response in HCs is highly variable 
(Connaughton and Nelson, 2010; Klaassen et al., 2011). Although the rollback 
response is a widely used measure for feedback, the correlation between 
the two is founded on indirect evidence.

An indication that there is no strict relationship between the rollback response 
and negative feedback can already be found in the work of Spekreijse et 
al. (1991), who studied the effect of ethambutol on the visual system. 
Ethambutol has been shown to entirely block the rollback response, while 
leaving the depolarising response to long wavelength light in BHCs almost 
completely intact (Spekreijse et al., 1991). Another drug that fully blocked 
the rollback response is amiloride (Vessey et al., 2005). Whether both of 
these drugs can block the feedback induced modulation of ICa in cones has, 
up until now, not been tested. 

The aim of this paper is to determine whether there is a strict relationship 
between the rollback response in HCs and the feedback induced modulation 
of ICa in cones. We tested the effect of two established blockers of the 

Figure 1 Two measures of negative feedback from horizontal cells to cones. (A) The de-
polarising response to long wavelengths of the biphasic HC (arrow) is caused by negative 
feedback from the monophasic HCs to M-cones. (B) The rollback response (arrow) to full 
field white light stimulation.
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HC rollback response, ethambutol and amiloride, on negative feedback 
measured in the cone photoreceptor; i.e. the feedback induced modulation 
of ICa in cones. We show that the rollback response does not correlate well 
with the modulation of ICa. These results indicate that other processes, such 
as the inward rectifying potassium current (IKir) in HCs, may contribute to 
the HC rollback response. This finding has major consequences for studies 
on negative feedback from HCs to cones that base their conclusions entirely 
on HC measurements. Direct measures, such as the modulation of the ICa in 
cones or the depolarising responses in BHCs and THCs, provide more reliable 
results. 

Results

Negative feedback responses in the isolated retina of goldfish were recorded 
from cones that were saturated by a constant bright spot of white light. 
Surround-induced feedback was induced using a full field light stimulus of 
500 ms. Such stimuli hyperpolarise surrounding cones and as a consequence 
the HCs. HCs, in turn, send a negative feedback signal to all of the cones 
in their receptive field. This feedback signal results in a shift of ICa in cones 
to more negative potentials. This causes an increase of the Ca2+-influx into 
the cone and consequently an increase in glutamate release. In a voltage 
clamped cone this can be seen as an inward current (Figure 2B, D). 

Ethambutol, a bacteriostatic antimycobacterial drug used in the treatment 
of tuberculosis, is known to induce colour vision defects in humans and in 
animal models (Trusiewicz, 1975; Zrenner and Krüger, 1981; Van Dijk and 
Spekreijse, 1983; Spekreijse et al., 1991). Van Dijk and Spekreijse (1983) 
showed that the site of action of ethambutol is retinal. They found that 
application of 100 µM ethambutol blocks the rollback response in the HCs of 
goldfish (Spekreijse et al., 1991) (Figure 2A), while leaving the depolarising 
response of BHCs to long wavelength light almost intact. Although they did 
not describe the mechanism of action of ethambutol, their experiments 
show that there was no strict relationship between the depolarising response 
of HCs and the size of the rollback response in HCs. Whether ethambutol 
affected the feedback-induced modulation of ICa in cones was never tested.  

Figure 2Bi shows that 100 µM ethambutol led to a minor reduction in 
the amplitude of the feedback response (black trace: control; blue trace: 
ethambutol).  Figure 2Bii shows the mean feedback response in the control 
conditions (black trace) and after adding 100 µM ethambutol (blue trace) 

Figure 2 The effects of ethambutol and amiloride on negative feedback are not the same 
as their effects on the horizontal cell rollback response. (A) The effect of ethambutol on 
the monophasic and biphasic horizontal cells as measured by Spekreijse et al. (1991). (B) 
Addition of 100 µM ethambutol to the perfusion medium resulted in a 20 ± 6% decrease 
in amplitude of negative feedback measured in cones (n=8). Bi shows a single measure-
ment and Bii shows the average response for control (black) condition and after adding 
ethambutol (blue). (C) The effect of amiloride on the horizontal cell rollback response as 
measured by Vessey et al. (2005). (D) Addition of 200 µM amiloride did not affect the am-
plitude of feedback significantly (n=6). Di shows a single measurement and Dii shows the 
average response for control (black) and amiloride (blue).
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(n=8). The mean amplitude of the negative feedback response was reduced 
by 20 ± 6% after application of ethambutol (p=0.034; n=8). Vroman et al. 
(2014) showed that feedback consists of a fast ephaptic component and a 
slow pannexin 1 (Panx1)/ATP mediated component. The ethambutol induced 
reduction in the feedback amplitude was primarily a result of the reduction 
of the slow component, which was reduced by 49.0 ± 13.3 % (n=8; p=0.014). 
Thus, ethambutol only partially reduced feedback, whereas the rollback 
response in HCs was totally blocked.

Another drug that has been shown to block the rollback response is 
amiloride. Vessey et al. (2005) showed that 200 µM of amiloride completely 
blocks the rollback response (Figure 2C), but again the effect of this drug 
on the modulation of ICa in cones was never tested. Figure 2Di shows that 
application of 200 µM amiloride did not block the feedback response (black 
trace: control; blue trace: amiloride; black trace: wash). Figure 2Dii shows 
the average feedback response in control conditions (black) and after adding 
amiloride (blue). While the amplitude of the feedback response in cones was 
not significantly affected (n=6; p=0.168), the rollback response in HCs was, 
suggesting that there is no strict correlation between the two processes. 

Discussion

We have shown that two blockers of the rollback response in HCs, ethambutol 
and amiloride, did not block the feedback induced modulation of ICa in cones. 
Ethambutol did cause a 20 ± 6%, reduction in feedback amplitude, while the 
rollback response in HCs was completely blocked (Figure 2A,B). Amiloride 
had no effect on the feedback induced modulation of ICa in cones, while it 
completely blocked the rollback response (Figure 2C,D). This suggests that 
the relationship between the feedback induced modulation of ICa in cones 
and the rollback response is not as strong as was previously assumed. The 
rollback response can, therefore, not be used as a reliable measure of 
negative feedback.

The horizontal cell rollback response
Many known pharmacological agents that have been shown to block negative 
feedback, such as carbenoxolone, Co2+ and high concentrations of HEPES and 
acetate, have also been shown to inhibit the rollback response (Kamermans 
et al., 2001; Fahrenfort et al., 2009). Here we show that blockers of the HC 
rollback response do not necessarily inhibit feedback, suggesting that there 
is no strict relationship between the rollback response and the modulation 

of ICa. Other mechanisms seem to be involved in the generation of the 
rollback response. This calls into question the previously assumed nature of 
the rollback response. 

Since ethambutol changes the modulation of ICa in cones only slightly and 
amiloride did not affect the cones at all, it is likely that the mechanism 
generating at least part of the rollback is located in HCs. A channel that 
could potentially be involved in generating the rollback response is the 
hyperpolarisation activated, inwardly rectifying potassium channel (Kir) that 
is expressed by HCs (Dong and Werblin, 1995). Unfortunately, the molecular 
identity of this channel has not yet been resolved. We speculate that IKir 
modulates the HC rollback response in the following way. HCs hyperpolarise 
during light stimulation, activating this channel and increasing IKir, which 
then leads to an acceleration and enhancement of the HC light response; IKir 
amplifies the HC response (Dong and Werblin, 1995; Smith and Kamermans, 
2012). It seems like that the opposite will happens when the HC slightly 
depolarises due to feedback. IKir will inactivate and the HC membrane potential 
will depolarise further, amplifying the effect of feedback. Model simulations 
confirm that IKir affect the HC rollback response in the proposed manner (Van 
Rijssel, personal communication). As a consequence, the magnitude of the 
rollback response would be largely determined by IKir. 

Could the pharmacological agents that have previously been shown 
to modulate negative feedback also affect IKir? As IKir is a voltage gated 
channel, it is highly dependent on the surface charge of the membrane. 
Manipulation of the pH will affect the surface charge and thus the activation 
of IKir. Furthermore, it has been demonstrated that Kir channels have both 
intracellular and extracellular H+-sensitive sites (Sabirov et al., 1997; Zhu 
et al., 1999). Consequently, changes in intracellular pH by, for instance, 
application of HEPES or acetate will affect the activation of IKir (Jonz and 
Barnes, 2007), leading to modulation of the size of the HC rollback response. 
Furthermore, glutamate seems to inhibit IKir via a metabotropic signalling 
cascade (Dixon and Copenhagen, 1997), which will enhance the effect of 
IKir even further. Both hyperpolarisation and the reduction of the glutamate 
release will lead to the activation of IKir and a further hyperpolarisation of 
HCs. Feedback induces an increase in glutamate, leading to an inactivation 
of IKir and a depolarisation of the HC: the rollback response. It is clear that 
this role of IKir needs further testing, but are the effects of ethambutol and 
amiloride consistent with the proposed role of IKir in generating the rollback 
response?
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The effect of ethambutol on feedback and the rollback response
Ethambutol is a Zn2+ chelator (Meyer et al., 2014). Zn2+ is co-released with 
glutamate by the cones and therefore is constantly present in the cone 
synaptic cleft (Wu et al., 1993) and may be involved in the modulation of 
synaptic transmission (Wu et al., 1993; Dong and Werblin, 1996). Could 
the reduction of Zn2+ lead to modulation of the slow feedback component? 
Chelating Zn2+ with the chelator TPEN has been shown to inhibit Panx1 in 
macrophages (Brough et al., 2009). Since the slow component is dependent 
on Panx1 channels, one could speculate that ethambutol has inhibited Panx1 
channels just as TPEN did, resulting in a decrease of the slow component of 
feedback. However, this sequence of events cannot account for the complete 
loss of rollback response in HCs, since ethambutol only reduced the slow 
component of feedback by 49 %. As shown in chapter 4, application of the 
Panx1 blocker probenecid blocked the slow component by 51 ± 10 % (n=9; 
p=0.003) (Vroman et al., 2014; Chapter 4), while only slightly reducing the 
rollback response. This suggests that ethambutol has an additional effect 
on the HC rollback response compared to probenecid. Interestingly, Zn2+ 
has been shown to affect the inactivation of IKir in HCs (Zhang et al., 2006). 
Reducing the external Zn2+ concentration shifts the half-activation potential 
of the inactivation curve to more negative potentials. This would lead to a 
smaller inactivation of IKir with depolarisation and consequently a smaller 
amplification of the rollback response.

The effect of amiloride on the rollback response
Amiloride also blocked the HC rollback response (Vessey et al., 2005), but had 
no effect on negative feedback. Vessey et al. (2005) suggested that amiloride 
affected amiloride-sensitive epithelial sodium channels (ENaCs) located on 
HCs. The evidence for the presence of these channels on HCs is, however, 
not conclusive. Brockway et al. (2002) showed that labelling of HC with anti-
β-ENaC was sometimes observed, but not consistently. Vessey et al. (2005) 
tested the effect of amiloride on voltage clamped isolated HCs and did not 
find any effect. However, when they added glutamate in both the control 
and amiloride conditions, the glutamate-gated conductance was reduced. 
Although Vessey et al. (2005) did not see a significant reduction in the light-
induced hyperpolarisation of the HC after adding amiloride, the resting 
membrane potential of HCs might have been substantially hyperpolarised 
by the amiloride-induced change in the glutamate-gated conductance. 
This may have already led to a strong activation of IKir in the dark, shifting 
the HC membrane potential much closer to the equilibrium potential of 
IKir. Therefore, the feedback-induced depolarisation may not result in a 

significant inactivation of the IKir, which would lead to a reduced or blocked 
rollback response. Unfortunately, Vessey et al. (2005) did not measure the 
drug-induced sustained membrane potential changes (Baldridge, personal 
communication). 

The effect of amiloride on the rollback response could also be indirect. 
Dopamine released by interplexiform cells (IPCs) modulates glutamate 
receptors, resulting in the depolarisation of the HCs (Knapp and Dowling, 
1987). Furthermore, dopamine also affects the gap-junctions of HCs 
(McMahon and Mattson, 1996). In addition, IPCs are under GABAergic 
inhibition of amacrine cells (ACs) in the inner retina (O’Connor et al., 1987). 
The acid-sensing ion channels (ASICs) and ENaCs, which are both amiloride-
sensitive, are expressed on ACs in the inner retina (Brockway et al., 2002). 
Furthermore, ASIC-1 has been shown to affect the activity of dopaminergic 
synapses by enhancing their vesicle release (Voglis and Tavernarakis, 2008).
Taken together, these findings suggest that amiloride may have an indirect 
effect on HCs through the modulation of the retinal dopamine concentration.

In summary: There is no strict relationship between the feedback-induced 
modulation of ICa and the amplitude of the rollback response in HCs. Negative 
feedback might initiate the rollback response, but IKir most likely amplifies this 
response and in that way primarily determines its amplitude. Since many of 
the pharmacological approaches used to block feedback also affect IKir, the 
rollback response is a highly unreliable measure for feedback.

Methods

Light-induced feedback responses were measured in the cones of the goldfish 
retina as described in Vroman et al. (2014). In short, goldfish (Carassius 
auratus) were euthanized and the retinae were isolated and placed into 
a recording chamber and superfused with a bicarbonate-based Ringer’s 
solution. Whole cell voltage clamp recordings were made of cones and their 
light responses determined. The light stimulation protocol consisted of a 
constant bright spot with a diameter of 17 µm and a brief 500 ms ‘full field’ 
stimulation with a white spot of 4,500 µm in diameter. All chemicals were 
obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands). All data are 
presented as mean ± sem. Significance was tested using a two-tailed t-test 
on paired group means. 
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Feedback-induced glutamate spillover enhances 
negative feedback from horizontal cells to cones

R. Vroman and M. Kamermans

(submitted)

Abstract

Inhibition in the outer retina uses a highly unusual mechanism. When horizontal 
cells hyperpolarise the activation potential of the Ca2+-current of cones shifts to 
more negative potentials. The underlying mechanism consists of an ephaptic 
component and a Panx1/ATP-mediated component. In this paper we identified 
a third feedback component, which is active outside the operating range of the 
Ca2+-current. We show that the glutamate transporters of cones can be activated 
by glutamate released from their neighbours. This pathway can be triggered 
by negative feedback from HCs to cones, thus providing an additional feedback 
pathway. This additional pathway is mediated by a Cl--current. It can be blocked 
by either removing the gradient of K+ or by adding the glutamate transporter 
blocker, TBOA, or low concentrations of the divalent ions Zn2+ or Ni2+. These 
features point to a glutamate transporter associated Cl--current. The pathway is 
much slower than the ephaptic feedback pathway (Vroman et al., 2014) and has 
a slight delay of 4.7 ± 1.7 ms. The effectiveness of this pathway in modulating the 
cone output depends on the equilibrium potential of Cl- (ECl) and the membrane 
potential of the cone. With ECl around the dark resting membrane potential of 
cones, negative feedback will especially be enhanced when cones are strongly 
hyperpolarised. Furthermore, spatially this pathway does not reach further than 
the direct neighbouring cones, allowing for feedback between spectral pathways 
that do not share synaptic contacts.


