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In the retina, light onset hyperpolarizes photoreceptors and depolarizes ON bipolar cells at the sign inverting photoreceptor–ON bipolar
cell synapse. Transmission at this synapse is mediated by a signaling cascade comprised of mGluR6, a G-protein containing G�o, and the
cation channel TRP melastatin 1 (TRPM1). This system is thought to be common to both the rod- and ON-cone-driven pathways, which
control vision under scotopic and photopic conditions, respectively. In this study, we present evidence that the rod pathway is uniquely
susceptible to modulation by PKC� at the rod–rod bipolar cell synapse. Decreased production of DAG (an activator of PKC) by inhibition
of PIP2 (phosphatidylinositol-4,5-bisphosphate) hydrolysis caused depression of the TRPM1 current. Conversely, addition of a DAG
analog, 2-acetyl-1-oleoyl-sn-glycerol (OAG), potentiated the current in rod bipolar cells but not in ON-cone bipolar cells. The potentiating
effects of OAG were absent both in mutant mice that lack PKC� expression and in wild-type mice in which enzymatic activity of PKC� was
pharmacologically inhibited. In addition, we found that, like other members of the TRPM subfamily, TRPM1 current is susceptible to
voltage-independent inhibition by intracellular magnesium, and that modulation by PKC� relieves this inhibition, as the potentiating
effects of OAG are absent in low intracellular magnesium. We conclude that activation of PKC� initiates a modulatory mechanism at the
rod–rod bipolar cell synapse whose function is to reduce inhibition of the TRPM1 current by magnesium, thereby increasing the gain of
transmission at this synapse.

Introduction
In the retina, parallel ON pathways driven by rod and cone pho-
toreceptors convey light information under scotopic and pho-
topic conditions, respectively. Both the rod–rod bipolar cell
(RBC) and the cone–ON cone bipolar cell (CBC) synapses are
thought to use the same postsynaptic mechanism involving
mGluR6 (Nakajima et al., 1993, Nomura et al., 1994), the
G-protein Go (Vardi, 1998, Nawy, 1999), and the cation channel
TRP melastatin 1 (TRPM1) (Morgans et al., 2009, Nakajima et
al., 2009, Shen et al., 2009, Koike et al., 2010). Photoreceptors
tonically release glutamate in the dark, and the rate of release
lessens upon absorption of light, causing mGluR6 to shut off and
allowing TRPM1 to open.

Despite similarities in the RBC and ON CBC transduction
machinery, it is not known whether all aspects of this process are
the same at both synapses. Immunohistochemical data show that
RBCs express the protein PKC�, but this protein is absent in ON
CBCs (Kosaka et al., 1998). This distinctive property of RBCs has
generated interest in understanding the function of PKC�, par-

ticularly as a modulator of TRPM1 (Ruether et al., 2010). In fact,
recent electroretinogram (ERG) data from mice that lack PKC�
show delays in the rise and decay phases of the b-wave, suggesting
a role for PKC� in activation and termination of the TRPM1
response (Ruether et al., 2010). However, because ERGs relay
information about total retinal output, the effects of loss of PKC�
at the rod– bipolar cell synapse are likely obscured by the effects of
loss of this protein on the entire circuit, and therefore they do not
address the specific function of PKC� on the mGluR6/TRPM1
cascade. In addition to modulation by PKC, TRP channels can be
regulated by other components of the phosphatidylinositol-4,5-
bisphosphate (PIP2)–PLC–PKC signaling pathway (Runnels et
al., 2002, Leung et al., 2008, Daniels et al., 2009, Peng et al., 2010).

TRP channels are also commonly inhibited by Mgi
2� (Nadler

et al., 2001, Kerschbaum et al., 2003, Fleig and Penner, 2004, Kraft
and Harteneck, 2005, Macianskiene et al., 2008). Studies of
TRPM7 modulation have shown that high [Mg 2�]i suppresses
TRPM7 currents (Nadler et al., 2001, Kerschbaum et al., 2003),
and both TRPM7 and TRPM6 have been implicated in cellular
Mg 2� homeostasis (Schmitz et al., 2003, Chubanov et al., 2005).
Interestingly, in both TRP and NMDA channels there is evidence
that both voltage-dependent and -independent forms of Mg 2�

inhibition can be alleviated through modulatory mechanisms in-
volving PKC� and other components of the PIP2–PLC–PKC sig-
naling pathway (Chen and Huang, 1992, Macianskiene et al.,
2008, Parnas et al., 2009).

Here, using simulated light responses, we examined the role of
PKC�, as well as the effects of Mgi

2� in TRPM1 regulation. We
found that activation of PKC� potentiates the TRPM1 current in
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rod-driven but not cone-driven ON bipolar cells. We provide
evidence that the current is inhibited by Mgi

2� and that PKC�
may relieve this inhibition. Based on our findings, we propose
that regulation of TRPM1 function is accomplished in part by a
balance of Mgi

2� and PKC� activation.

Materials and Methods
Retinal slice preparation. Retinal slices were prepared from 3- to 5-week-
old female wild-type (WT) C57BL/6 (Charles River Laboratories) or
PKC� �/� 129/SV (courtesy of Dr. Ron Gregg, University of Louisville,
Louisville, KY) mice. Animals were anesthetized with isofluorane and
killed by cervical dislocation in accordance with the policies set forth on
animal use and euthanasia by the Albert Einstein College of Medicine
Animal Institute. Eyes were removed and enucleated, and whole retinas
were isolated. Retinal dissections were performed in chilled Ames me-
dium supplemented with sodium bicarbonate, and pH was buffered by
bubbling with 95% CO2/5% O2. Whole retinas were placed on nitrocel-
lulose paper (Millipore) in a slicing chamber with ganglion cells oriented
downward and cut to 150-�m-thick slices using a tissue slicer. Slices were
then transferred to an adjacent recording chamber, secured with vacuum
grease for recording, and perfused with Ames medium bubbled with 95%
CO2/5% O2 at room temperature at a rate of 3–5 ml/min.

Solutions and recording. Patch pipettes were pulled from fire-polished
thin-walled capillary tubing (World Precision Instruments) to resis-
tances of 5– 8 M� using a two-stage vertical puller (Model PP-830,
Narishige). Recordings had input resistances of �1 G� and series
resistances of 5–20 M�.

To block inhibitory currents, Ames medium was supplemented with the
following (in �M): 1 strychnine, 100 picrotoxin, 50 6-tetrahydropyridin-4-yl
methylphosphinic acid (TPMPA). Four micromolar L-AP4 was added to
activate mGluR6 receptors. The internal solution for most experiments con-
tained the following (in mM): 100 gluconic acid, 40 HEPES, 2.5 EGTA, 4
Mg-ATP, and 1 Li-GTP. MgCl2 in the internal solution ranged from 3 to 4
mM for normal [Mg2�]i (resulting in free [Mg2�]i of 1.7–2 mM) and 0–1
mM for low [Mg2�]i (resulting in free [Mg2�]i of 0.5–1 mM); pH was ad-
justed to 7.3 using cesium hydroxide. The free [Mg2�]i was calculated using
WebMaxCStandard chelation calculator (http://www.stanford.edu/�cpatton/
webmaxcS.htm). In experiments in which we differentiated between rod
and ON cone bipolar cells, Alexa Fluor 488 was added to the internal
solution at a concentration of 50 �M.

Experimental drugs were added to the internal solution and were dis-
solved either in DMSO [U73122, U73343, Wortmannin, 2-acetyl-1-oleoyl-
sn-glycerol (OAG), and RHC 80267], to a final DMSO concentration of
0.1%, or in double-distilled H2O (diC8-PIP2, PKC inhibitor peptide 19-36).
Experimental drug concentrations are specified in Results. LY341495 or RS-
�-cyclopropyl-4-phosphonophenyl glycine (CPPG), mGluR antagonists,
was prepared fresh daily in Ames medium to final concentrations of 500 and
10 �M, respectively and were applied to the bipolar cell dendrites by pressure
application into the outer plexiform layer. Application of either mGluR an-
tagonist allowed for displacement of L-AP4 (an mGluR agonist), which pro-
duced a simulated synaptic response due to shutting off of mGluR6. Unless
otherwise noted, all voltage-clamp recordings were performed at a holding
potential of �38 mV (corrected for the solution junction potential, which
was measured to be �12 mV). Inhibitory feedback responses in RBCs were
evoked by puffing glutamate at a concentration of 50 �M into the inner
plexiform layer (IPL) near the RBC terminals to activate the A17 amacrine
cells. During experiments in which we compared rise and decay kinetics in
WT and PKC��/� mice, a local perfusion system containing our standard
external solution was used to facilitate drug diffusion in an attempt to control
for variability in diffusion rates between different slice preparations. Drugs
were purchased from Sigma-Aldrich, except for L-AP4, LY341495, CPPG,
U73122, U73343, and PKC inhibitor peptide 19-36, which were purchased
from Tocris Bioscience.

Data analysis and acquisition. Recordings were obtained using Axo-
graph X (John Clements), and data were analyzed using Axograph X and
Kaleidograph (Synergy Software). Percentages of increase/decrease were
calculated as the ratio of the mean normalized response amplitude at 5
min to the response at break-in.

Results
Inhibition of PLC depresses the TRPM1 current
We simulated light responses from mouse ON bipolar cells by
bathing retinal slices in the mGluR6 agonist L-AP4, which acti-
vates the mGluR6 cascade and closes TRPM1, as is observed in
darkness. Light onset was simulated by pressure application of an
mGluR antagonist (LY341495 or CPPG), which displaces L-AP4
from the receptor and shuts off mGluR6 signaling. To establish a
role for PLC in modulating the TRPM1 current, we added the
PLC inhibitor U73122 (10 �M) to the intracellular solution. We
observed a rapid depression of the current to 50.61 � 4.78% of
the response at break-in following 5 min of dialysis with U73122
(Fig. 1A,C,F) (n � 9; p � 0.0001, compared with vehicle alone at
5 min). This effect was not seen when using U73343, an inactive
analog of this drug (Fig. 1B,C) (n � 9; mean current amplitude
after 5 min was 105.55 � 6.35% of the original amplitude).

The depression of the TRPM1 current could be caused by
increased levels of PIP2, To test this possibility, we dialyzed cells
with wortmannin, which, at the concentration used in this study
(5 �M), prevents PIP2 synthesis by blocking PI4 kinase activity
(Sorensen et al., 1998; Xie et al., 1998). If excess PIP2 were inhib-
iting the channel, we would expect to observe a potentiation of
the current upon addition of wortmannin to the intracellular
solution. However, wortmannin reduced the current to 54.17 �
8.55% of the amplitude at break-in (Fig. 1D,F) (n � 5). To
confirm that excess PIP2 had no direct effect on the amplitude of
the current, we added a nonhydrolyzable analog of PIP2, diC8-
PIP2, to the intracellular solution. The addition of diC8-PIP2 had
no significant effect on TRPM1 current amplitude after 5 min of
recording (Fig. 1E,F) (94.02 � 9.58% of the current at break-in;
n � 6).

Exogenous DAG potentiates the TRPM1 current in ON
bipolar cells
The observations that both depletion of PIP2 and inhibition of
PLC depresses TRPM1 current suggest that a metabolite down-
stream of PIP2 modulates the ON bipolar cell synaptic channel.
Both DAG and IP3 have been implicated in modulation of several
members of the TRP family of channels. In particular, evidence
suggests that phospholipids like DAG may play a role in modu-
lating current amplitude through multiple mechanisms (Leung
et al., 2008, Tu et al., 2009). To explore this possibility, we aug-
mented endogenous levels of DAG by adding OAG, a cell-
permeable DAG analog, to the intracellular solution. Consistent
with the idea that DAG enhances the TRPM1 current, dialysis
with OAG potentiated the current to 192.58 � 1.15% of the
response at break-in (Fig. 2A,B) (n � 11; p � 0.0001), with no
effect on the baseline current. We next tested the possibility that
addition of exogenous DAG could rescue the effects of PLC inhi-
bition on TRPM1 current. In the presence of 100 �M OAG,
U73122 (10 �M) failed to inhibit the TRPM1 current (Fig. 2C,D)
(response at 5 min � 98.53 � 9.40% of response at break-in; n �
5). These data support the idea that inhibition of PLC depresses
the TRPM1 current due to depletion of DAG, and that this effect
can be reversed with addition of exogenous DAG.

There are several mechanisms that could account for mod-
ifications of the ON bipolar cell synaptic current by DAG. One
such mechanism involves the use of polyunsaturated fatty ac-
ids (PUFAs). PUFAs are produced by the cleavage of DAG by the
enzyme DAG lipase and have been shown to play a role in the
regulation of TRP channels (Leung et al., 2008). We therefore
tested the possibility that PUFAs modulate TRPM1 by inhibiting
DAG lipase. Figure 2, E and F, shows representative traces and a

Rampino and Nawy • PKC� Regulates TRPM1 in Rod Bipolar Cells J. Neurosci., September 21, 2011 • 31(38):13596 –13603 • 13597



summary of the effects of dialyzing the cell
with the DAG lipase inhibitor RHC 80267
(n � 5). At concentrations of 10 and 15
�M, RHC 80267 did not significantly in-
crease the current amplitude over time
(136.48 � 17.24% of the response at
break-in), implying that PUFAs do not
modulate TRPM1 current. Reducing hy-
drolysis of DAG by inhibiting DAG lipase
increases free intracellular DAG, and
these higher levels of DAG may account
for the slight potentiation that we observe.

Potentiation by DAG is PKC dependent
DAG is an activator of PKC (Nishizuka,
1984, Nishizuka et al., 1984), which is ex-
pressed at high levels in certain classes of
ON bipolar cells (Greferath et al., 1990,
Fyk-Kolodziej et al., 2002). We therefore
tested the possibility that DAG potentiates
TRPM1 current by activating PKC�. Many
ion channels contain PKC phosphorylation
sites that render them susceptible to
phosphorylation-induced changes in func-
tion. We used a PKC inhibitory peptide (10
�M) to determine whether preventing PKC
phosphorylation would affect the ability of
exogenous DAG to potentiate the current.
Dialysis of the PKC inhibitory peptide in
combination with OAG prevented the
OAG-mediated increase in the current am-
plitude (Fig. 3A,C) (n � 6; 127.4 � 16.99%
of the response at break-in), which suggests
that the activation of PKC is required for
modulation.

As an independent approach, we measured the effects of OAG
in a mouse model in which PKC� is knocked out. In the
PKC��/� model, OAG had no effect on the current amplitude
(Fig. 3B,C) (n � 5, peak response at 5 min � 109.70 � 8.80% of
the response at break-in), while control mice with the same ge-
netic background as the PKC�-null mice still exhibited potenti-
ation in the presence of OAG (response at 5 min increased to
168.98 � 3.894% of the response at break-in; n � 8, p � 0.001
compared with control response at 5 min; data not shown).

We next determined whether PKC� potentiated TRPM1
currents independently of the magnitude of the current, or
whether it shifted the dose–response function for TRPM1 activa-
tion. We performed dose–response experiments by varying the
length of application of the mGluR6 antagonist. Figure 3D com-
pares the responses from WT and PKC��/� mice to antagonist
puff durations of 5, 10, 100, 200, 300, and 1000 ms. The responses
in WT mice were larger than those in PKC��/� mice, but when
we normalized the responses to the maximum response for each
puff duration, there was clearly no difference in the dose–re-
sponse function between WT and PKC��/� mice. This suggests
that PKC� performs a linear scaling of the TRPM1 current with-
out altering the sensitivity of the channel to weak stimuli.

Modulation by PKC� is specific to the rod pathway
Because RBCs express PKC�, while ON CBCs do not, we wanted
to determine whether DAG-mediated potentiation of TRPM1
was rod pathway specific. (Greferath et al., 1990). We identified
rod- and cone-driven bipolar cells based on the shape of their

axon terminals and the depth of termination into sublamina b
of the inner plexiform layer (Fig. 4 A) (Kolb and Famiglietti,
1974, Saito and Kujiraoka, 1982, Hartveit, 1997, Ghosh et al.,
2004). In cells confirmed to be RBCs, 100 �M OAG produced
a greater than twofold potentiation of TRPM1 current (Fig.
4 B, D) (amplitude at 5 min � 207.14 � 13.17% of the ampli-
tude at break-in; n � 16). It has been reported that there are
two morphologically distinct subtypes of RBCs that differ in
their axon stratification pattern (Wu et al., 2004). We ob-
served similar amounts of potentiation among all cells that we
confirmed to be RBCs. Conversely, we saw no effect of OAG in
ON CBCs over the course of 5 min (Fig. 4C,D) (amplitude at 5
min � 102.62 � 17.03% of response at break-in; n � 6). These
findings are consistent with the known expression pattern of
PKC� in mouse ON bipolar cells.

Activation of PKC� relieves Mg 2�-dependent inhibition
of TRPM1
Several members of the TRPM subfamily of channels are suscep-
tible to blocking or inhibition by intracellular Mg 2�; this prop-
erty is also shared by TRP channels outside of the TRPM
subfamily (Chen and Huang, 1992, Nadler et al., 2001, Voets et
al., 2004, Li et al., 2007, Macianskiene et al., 2008, Parnas et al.,
2009), and there is evidence that membrane phospholipids or
constituents of phospholipid signaling pathways may regulate the
effects of Mg 2� on these channels (Chen and Huang, 1992, Ma-
cianskiene et al., 2008, Parnas et al., 2009). To test the possibility
that TRPM1 might be similarly regulated by Mg 2�, we recorded

Figure 1. Inhibition of PLC depresses the TRPM1 current. A, LY341495-induced current responses from an ON bipolar cell at
break-in (black trace) and after 5 min of dialysis (gray trace) with the PLC inhibitor U73122 (10 �M, n � 9). B, ON bipolar cell
current responses at break-in (black trace) and after 5 min of dialysis (gray trace) with the inactive PLC inhibitor analog U73343 (10
�M, n � 9). C, Time course summarizing the effects of U73122 (circles) on the TRPM1 current amplitude, compared with the
response in the presence of U73343 (triangles) and in control conditions in which the cell was dialyzed with DMSO (squares; n �
8). Error bars indicate SD of the peak amplitude from the mean value at each time point; mean value at 5 min in the presence of
U73122 compared with control was significantly different (Student’s t test, *p � 0.0001). D, ON bipolar cell current responses at
break-in (black trace) and after 5 min of dialysis (gray trace) with the PI4 kinase inhibitor wortmannin (5 �M, n � 5). E, ON bipolar
cell current responses at break-in (black trace) and after 5 min of dialysis (gray trace) with the nonhydrolyzable PIP2 analog
diC8-PIP2 (100 �M, n � 6). F, Histogram representing the mean TRPM1 response amplitudes at 5 min normalized to the mean
response at break-in under control conditions and in the presence of U73122, wortmannin, and diC8-PIP2. Compared with control
conditions, wortmannin caused significant current depression after 5 min (Student’s t test, *p � 0.02); no change was observed in
the presence of diC8 PIP2.
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from RBCs using two ranges of [Mg 2�]i: the range of 1.7–2 mM

freeMgi
2� (which is the concentration range used for all previous

experiments); and a lower range of 0.5–1 mM Mgi
2� (Fig. 5A).

At a holding potential of �50 mV, we observed a highly sig-
nificant correlation between response amplitude and Mgi

2� con-
centration in both rod- and cone-driven ON bipolar cells. The mean
peak amplitude in 0.5–1 mM Mgi

2� was 18.50 � 2.09 pA for RBCs
(n�7) and 19.79�2.64 pA for ON CBCs. In the presence of 1.7–2.0
mM Mgi

2�, the mean peak response amplitude dropped to 8.80 �
1.05 and 10.47 � 1.59 pA, respectively (n � 16 and 8, respectively),
indicating that TRPM1 that is expressed at both the rod–RBC syn-
apse and the cone–ON CBC synapse is inhibited by increasing con-
centrations of Mgi

2� (p � 0.001 and 0.004 for RBCs and ON CBCs in
0.5–1 mM free Mgi

2� compared with 1.7–2 mM Mgi
2�).

To determine whether PKC� might act to relieve Mgi
2� inhi-

bition of TRPM1 current in the rod pathway, we next compared
the effects of OAG in RBCs in the presence of different [Mg 2�]i

values. In 0.5–1.0 mM Mgi
2�, OAG had no significant effect on the

amplitude of the TRPM1 current (Fig. 5B) (n � 9; mean response
amplitudes before and after dialysis were 19.06 � 3.06 and
18.445 � 3.96 respectively; p � 0.8203). The different effects of

OAG on RBCs dialyzed with 0.5–1 mM free Mgi
2� compared with

cells dialyzed with 1.7–2.0 mM free Mgi
2� was highly significant

(Fig. 5C) (n � 9 and 16 respectively; p � 0.001). In addition,
TRPM1 current amplitudes of WT RBCs in 1.7–2 mM Mgi

2� and
OAG were nearly identical to the current amplitudes observed in
0.5–1 mM Mgi

2� either in the presence or absence of OAG. This is
consistent with the idea that the effects of PKC� activation on the
TRPM1 current are occluded in low Mgi

2�.

Inhibition of RBCs by Mgi
2� is not voltage dependent

Based on classic examples of Mgi
2� channel inhibition, intracel-

lular magnesium could act via a voltage-dependent block of the
TRPM1 channel pore or through an inhibition of the channel
that is independent of voltage (Mayer et al., 1984, Gwanyanya et
al., 2004). To determine whether Mgi

2� inhibition of RBC current
is dependent on voltage, we performed whole-cell recordings in
1.7–2 and 0.5–1 mM Mgi

2� and ramped the membrane potential
from �60 to �70 mV while alternating between puffs of
LY341495 to open TRPM1 and no puffs (Fig. 6). TRPM1 current
was isolated by subtraction of the control ramp from the ramp
obtained in the presence of LY341495. Voltage-dependent inhi-
bition would be indicated by inward rectification in the presence
of 1.7–2 Mgi

2�, with smaller current at positive voltage due to
block of the TRPM1 pore by Mg 2�

i, as it exits the channel. Con-
versely, the current–voltage ( I–V) relationship in 0.5–1 mM Mgi

2�

would display little or no inward rectification. However, al-
though comparison of the I–V relationship of the raw responses
shows that the magnitude of TRPM1 current is significantly
larger in 0.5–1.0 mM Mgi

2� (mean amplitude at �60 and �60 �
19.97 � 2.74 and 10.63 � 1.63 pA in 1.7–2 mM MgI

2�, and
�42.14 � 3.98 and 24.79 � 3.89 pA in 0.5–1 mM Mgi

2�, respec-

Figure 2. Exogenous DAG potentiates the TRPM1 current in ON bipolar cells. A, ON bipolar
cell responses at break-in (black trace) and after 5 min of dialysis (gray trace) with the DAG
analog OAG (100 �M, n � 11). B, Comparison of ON bipolar cell responses at break-in and after
5 min of dialysis with OAG (triangles represent individual cells; squares represent the mean at
each time point). Error bars indicate the SD of the peak amplitude from the mean (Student’s t
test; *p � 0.0001). C, ON bipolar cell responses at break-in (black trace) and after 5 min of
dialysis (gray trace) with both U73122 and OAG (10 and 100 �M, respectively; n � 5). D, Time
course depicting the effects of dialysis with U73133 � OAG compared with U73122 alone.
Reponses for each time point were normalized to the mean peak response at break-in. Error bars
indicate SD from the mean peak response. Statistical significance was determined by comparing
the difference in the normalized response at 5 min in the presence of U73122 � OAG to U73122
alone (Student’s t test, *p � 0.002). E, ON bipolar cell responses at break-in (black trace) and
after 5 min of dialysis (gray trace) with the DAG lipase inhibitor RHC 80267 (10 –15 �M; n � 5).
F, Individual (triangles) and mean (squares) responses from ON bipolar cell at break-in and after
5 min of dialysis with RHC 80267. Error bars indicate the SD of the peak amplitude from the
mean.

Figure 3. Potentiation by OAG is PKC� dependent. A, ON bipolar cell responses from wild-
type mice at break-in (black trace) and after 5 min of dialysis (gray trace) with a PKC inhibitor
peptide and OAG (10 and 100 �M, respectively; n � 10). B, ON bipolar cell responses from
PKC� �/� mice at break-in (black trace) and after 5 min of dialysis (gray trace) with OAG (100
�M; n � 10). C, Histogram comparing the ON bipolar cell responses to LY341495 under control
conditions and after dialysis with OAG in WT mice in which PKC function is uninterrupted, in
PKC� �/� mice, and in WT mice under conditions of pharmacological inhibition of PKC. D,
Dose–response curve depicting the mean ON bipolar cell responses to the mGluR antagonist
CPPG of varying puff durations in wild-type and PKC� �/� mice (n � 7 for both WT and
PKC� �/� mice). Puff lengths ranged from 5 to 1000 ms. Responses were normalized to the
maximum response for each puff length. Both plots were fitted with the Hill equation; Hill
coefficients for WT and PKC� �/� were 0.998 and 0.995, respectively. Inset, Raw responses to
CPPG at 5, 10, 100, 200, 300, and 1000 ms for ON bipolar cells in WT (left) and PKC� �/� (right)
mice. Calibration: 5 pA, 1 s.
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tively), there was no difference in the rec-
tification properties in the two ranges of
Mgi

2� (Fig. 6A). This is shown more
clearly in Figure 6B, where the I–V rela-
tions have been normalized to allow for
comparison of overall shape. These data
indicate that the effects of Mgi

2� on
TRPM1 are independent of voltage.

The ramps used here are of relatively
short duration, spanning the complete
range of voltage in 100 ms. When mea-
sured in this way, the I–V relationship de-
scribing TRPM1 is relatively linear. On
the other hand, previous measurements of
TRPM1 made use of voltage steps, each
lasting for many seconds, and revealed a
strong outward rectification of the I–V
(Shen et al., 2009). Thus, the I–V charac-
teristics of a channel can change dramati-
cally depending upon the protocol used to
measure the relationship.

PKC� activation at the rod–RBC
synapse does not affect the kinetics of
the simulated light response
A recent study of the ERG b-wave, an in-
dicator of ON bipolar function (Stockton
and Slaughter, 1989) found that both the
time to peak and decay time were slowed
in PKC��/� mice compared with wild-
type mice (Ruether et al., 2010). To test
the possibility that the effect of PKC� on the b-wave is due to
modulation of TRPM1 current, we compared the kinetics of the
current in wild-type and PKC��/� animals. Both the rise and
decay of individual responses could be reasonably well fitted with
a single exponential. We saw no difference in the mean rise time
(time constant � 0.2103 � 0.05 s and 0.2098 � 0.034 s for WT
and PKC��/� mice, respectively), and a small but statistically
insignificant change in the mean decay time (time constant �
1.029 � 0.51 s and 1.268 � 0.10 s for WT and PKC��/� mice,
respectively). We also recorded RBC responses in current-clamp
and saw no difference in either the rise or the decay kinetics
between the two (Fig. 7B) (WT mean rise time � 0.116 � 0.042 s,
decay time � 0.776 � 0.308 s, n � 8; PKC��/� mean rise time �
0.089 � 0.059 s, decay time � 1.241 � 1.379 s, n � 4). It should
be noted that the time of decay of the response elicited by local
application of mGluR6 antagonist was much slower than the
decay times reported in the ERG measurements. Thus, recovery
from local mGluR6 antagonist application is likely to be limited
by events upstream from G-protein activation and TRPM1
channel closure, such as removal of the antagonist from the
tissue, or antagonist unbinding from the mGluR6 receptor.

The b-wave might reflect the influence of other synaptic path-
ways on the shape of the light response in bipolar cells in addition
to the intrinsic TRPM1 current, as PKC� is widely expressed
throughout RBCs, including the axon terminal. We therefore
considered the possibility that PKC� plays a role in regulating
inhibitory feedback from amacrine cells onto RBCs, and that
disruption of this process could account for some of the reported
changes in the ERG b-wave. We evoked feedback inhibitory cur-
rents in RBCs by puffing glutamate into the IPL near the RBC
terminal to activate neighboring amacrine cells (Fig. 7C,D)

(Chávez and Diamond, 2008, Chávez et al., 2010). Currents were
identified as GABAergic IPSCs by their reversal potential and
susceptibility to block by picrotoxin and TPMPA (data not
shown) (Hartveit, 1999, Molnar and Werblin, 2007, Chávez and
Diamond, 2008, Chávez et al., 2010). Interestingly, IPSCs were
significantly lower in amplitude on average in the absence of
PKC�. In WT animals, the mean IPSC amplitude was 22.52 �
3.44 pA, while that of the PKC��/� animals was 8.00 � 0.90 pA
(n � 17 for WT and n � 13 for PKC��/�; Student’s t test, p �
0.0007). Activators of PKC have been shown to modulate
GABAA receptors on bipolar cells (Gillette and Dacheux, 1996),
albeit in the opposite direction, but effects on GABAC receptors
have not been reported. Our finding leaves open the possibility
that PKC� can regulate inhibitory feedback at RBC terminals,
potentially providing an explanation for the discrepancy between
effects of PKC� on the b-wave and those reported here, but a
more definitive conclusion will require further study.

Discussion
Our results show that the DAG analog OAG robustly potenti-
ates TRPM1 current evoked by pharmacologically inhibiting
mGluR6. Potentiation is prevented by intracellular dialysis with a
PKC inhibitory peptide, and in mice lacking expression of PKC�,
indicating a role for this kinase. Analysis of the effects of PKC�
activation as a function of Mgi

2� suggests that PKC� may poten-
tiate TRPM1 current by providing relief from Mg 2� inhibition.
OAG had no effect when dialyzed into ON bipolar cells in inter-
nal solutions with free Mgi

2� calculated to be 0.5–1.0 mM. Higher
free Mg 2� caused greater inhibition of TRPM1, and the current
could be rescued by activation of PKC�. Measurements of free
Mg 2� in mammalian neurons using Mg 2�-sensitive dyes have
ranged from 0.3 to 1.5 mM (Brocard et al., 1993, Li-Smerin et al.,

Figure 4. Modulation by PKC� is rod pathway specific. A, Example of an RBC (left) and an ON CBC (right). Bipolar cells were filled
with Alexa Fluor 488 (50 �M), and were classified based on the shape of their axon terminals (RBC terminals were more bulbous,
while ON CBC terminals were more diffuse) and the depth of extension into the IPL (RBCs extended into sublamina b, while ON CBCs
terminated higher in the IPL, in sublamina a). B, RBC response at break-in (black trace) and after 5 min of dialysis (gray trace) with
OAG (100 �M; n � 16). C, CBC response at break-in (black trace) and after 5 min of dialysis (gray trace) with OAG (100 �M; n � 6).
D, Time course depicting the effects of dialyzing RBCs and ON CBCs with OAG. Error bars indicate SD from the mean peak response.
Statistical significance was determined by comparing the difference in the normalized mean response RBC response at 5 min in the
presence of OAG with that of the normalized mean ON CBC response (Student’s t test, *p � 0.003).
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2001, Henrich and Buckler, 2008). To our knowledge, there are
no published measurements of free Mg 2� in ON bipolar cells, but
extrapolation from other neurons suggests that the [Mg 2�]i is
sufficient to constitutively inhibit TRPM1.

Differences between the rod and ON– cone pathways
Although there is a consensus that TRPM1 is required for gener-
ation of the light response in ON bipolar cells (Morgans et al.,
2009, Nakajima et al., 2009, Shen et al., 2009, Koike et al., 2010),
it is less clear whether both RBCs and CBCs express the same
channel, or if they express separate isoforms. In fact, two distinct
isoforms of TRPM1 have been identified in the retina (Oancea et
al., 2009), although their expression pattern is not known. Ca 2�-
dependent desensitization of TRPM1 in RBCs, but not CBCs, has
been reported in mouse retina (Berntson et al., 2004), consistent
with the possibility of multiple TRPM1 isoforms that are differ-
entially activated by Ca 2�– calmodulin, but a direct interaction
TRPM1 with the Ca 2�– calmodulin complex has yet to be
demonstrated.

In the present study, we have found that potentiation by OAG
of TRPM1 occurs in RBCs exclusively, consistent with the known
expression of PKC� in ON bipolar cells. Analysis of the response
amplitude of ON CBCs in 1.7–2 and 0.5–1 mM Mgi

2� indicates
that the TRPM1 channel that is expressed in both rod- and cone-

driven ON bipolar cells is similarly inhibited by intracellular
Mg 2�, implying that the major difference between these two
pathways is the ability of PKC� to relieve this inhibition in RBCs.
It is therefore unclear whether CBCs do not exhibit this regula-
tion simply because they do not express PKC�, or because they
express a variant of TRPM1 that is not susceptible to PKC� mod-
ulation. One approach to address this issue would be to expose
the CBC TRPM1 channel to activated PKC� catalytic subunit.

Figure 5. Activation of PKC� relieves Mg 2�-dependent inhibition of TRPM1. A, Compari-
son of peak RBC and ON CBC responses from WT mice in low (0.5–1 mM) Mgi

2�, and normal
(1.7–2 mM) Mgi

2�. Both RBC and ON CBC response amplitude decreased with increasing
[Mg 2�]i; for both cell types, there was a significant difference between the mean amplitude of
the responses in 0.5–1 mM [Mg 2�]i conditions compared with the 1.7–2 mM range (Student’s
t test; RBCs: 1.7–2 mM Mgi

2�, n � 16; 0.5–1 mM, n � 7, p � 0.001; ON CBCs: 1.7–2 mM

Mgi
2�, n � 9, 0.5–1 mM, n � 11. There was no significant difference in the mean peak

response amplitude between RBCs and ON CBCs at either [Mg 2�]i (1.7–2 mM Mgi
2�: p�0.21;

0.5–1 mM Mgi
2�: p�0.75). B, Summary of the effect of OAG in WT RBCs in 0.5–1 mM [M g2�]i.

No significant difference was observed between the response amplitude at break-in and after 5
min of dialysis with OAG (100 �M; n � 9). C, Histogram summarizing the different effects of
OAG in WT RBCs in low and high [Mg 2�]i. Both the mean peak response at 5 min normalized to
the response amplitude at break-in (histogram) and individual normalized peak responses
(filled circles) are plotted for each [Mg 2�]i condition. Statistical significance was determined by
comparing normalized peak response at 5 min in low and high [Mg 2�]i (n � 9 and 11 for low
and high [Mg 2�]i, respectively; Student’s t test, *p�0.001). D, Comparison of effect of OAG on
the peak RBC responses from WT mice in normal (1.7–2 mM) and low (0.5–1 mM) [Mg 2�]i. In
WT RBCs, addition of OAG potentiated the current to 200.06 � 1.05% of the current at break-in
(Student’s t test, high, n � 16, low, n � 9; *p � 0.001). No significant difference was observed
in the mean amplitudes in PKC� �/� RBCs in the two [Mg 2�]i conditions (p � 0.6954).

Figure 6. Inhibition of RBCs by Mgi
2� is not voltage dependent. A, B, Top, Voltage ramp

protocol. Membrane potential was stepped to �60 for 800 ms before a 100 ms ramp from �60
to �70 mV (shaded box). LY341495 was applied so that the current peak reached a steady state
before starting the ramp. A, Bottom, I–V relationship of the raw peak responses in the presence
of 1.7–2 mM Mg 2� (solid line; n � 9) and 0.5–1 mM Mg 2� (dashed line; n � 90). Error bars
indicate SEM. Mean current amplitude at �60 mV ��19.97 � 2.74 pA for 1.7–2 mM Mgi

2�

and �42.14 � 3.98 pA for 0.5–1 mM Mgi
2�, p � 0.0004; mean current amplitude at �60 �

10.63 � 1.63 pA for 1.7 mM Mgi
2� and 24.79 � 3.89 pA for 0.5–1 mM Mgi

2�; p � 0.007,
Student’s t test. B, Bottom, I–V relationship of the responses in the presence of 1.7–2 mM

Mgi
2� (solid line) and 0.5–1 mM Mgi

2� (dashed line) normalized to the peak response at
�60 mV.

Figure 7. PKC� activation at the rod–RBC synapse does not affect the kinetics of the simu-
lated light response. A, Mean normalized, scaled TRPM1 voltage-clamp responses in WT (n �
17) and PKC� �/� mice (n �13). B, Mean normalized, scaled TRPM1 current-clamp responses
in WT (n � 8) and PKC� �/� mice (n � 4). C, Representative RBC IPSCs in WT (n � 17) and
PKC� �/� mice (n � 13). D, Histogram summarizing the mean peak amplitude of IPSCs in
RBCs from WT and PKC� �/� mice; filled circles represent peak responses plotted for each.
Statistical significance was determined by comparing the mean peak amplitude (22.52 � 3.44
pA and 8.00 � 0.90 pA for WT and PKC� �/�, respectively; Student’s t test, *p � 0.0007).
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However, the present study does not address the question of
whether the target of PKC� is TRPM1 or an intermediate protein.
Therefore, failure to observe potentiation of TRPM1 current in
CBCs could result from lack of expression of intermediate pro-
teins rather than differences in the TRPM1 channel itself.

PKC� activation and expression
PKC� is expressed at both the dendrites and the axon terminals of
the RBC, and there is evidence for adaptation state-dependent
expression at one or the other of these cellular compartments. In
goldfish, it has been shown that PKC� is localized to the soma
and dendrites in the light-adapted state, but that it translocates to
the axon terminals in the dark (Vaquero et al., 1996, Gabriel et al.,
2001, Behrens et al., 2007). Regulation of PKC� distribution by
adaptation state provides a potential mechanism by which PKC�
could be selectively turned on in RBC dendrites. In the present
study, all experiments were performed in light-adapted retinas,
and so further experiments performed on dark-adapted retinas
will be required to determine whether the effect of OAG-
activated PKC� is heightened or dampened under dark-adapted
conditions. Our results suggest that PKC� may also play a role in
regulation of GABAergic feedback onto RBC terminals. During
recruitment to the dendrites, a corresponding decrease in PKC�
levels at the axon terminal might decrease the amplitude of the
IPSC at the RBC–amacrine cell reciprocal synapse, enhancing
transmission from RBCs to downstream ganglion cells (Völgyi et
al., 2002, Freed et al., 2003, Eggers and Lukasiewicz, 2006, Chávez
et al., 2010).

Comparison of the effects of PKC� on TRPM1 current and
the b-wave
Ruether et al. (2010) recently reported that both the rise and
decay time of the ERG b-wave are delayed in PKC��/� mice,
without any obvious change in amplitude. While the results pre-
sented here and those reported by Ruether et al. (2010) do not
overlap, they are also not mutually exclusive. The pharmacolog-
ical method that we employ to elicit TRPM1 currents has the
advantage of allowing us to focus on our synapse of interest and
isolate the postsynaptic mechanism at this synapse. In this study,
we were therefore able to focus on the role of PKC� in signal
transmission and channel function solely at the RBC dendrites.
While the authors of the aforementioned study observed no sig-
nificant changes in the b-wave amplitude, we provide strong ev-
idence that there are significant changes in the amplitude of the
TRPM1 current across a range of levels of PKC� activation.

When we compared relative latencies of the response in the
WT and the PKC��/� mice, we did not detect changes in the
kinetics of this response. However, we acknowledge that our
method of eliciting currents may present technical barriers to
determining absolute response kinetics. For instance, it is possi-
ble that the rate of the simulated light response is limited by the
rate at which the mGluR agonists and antagonists diffuse through
the tissue. If this is the case, we cannot accurately determine
whether or not we see changes in the response kinetics that par-
allel those shown by Ruether et al. (2010).

We conclude that that at this synapse, PKC� amplifies the
rod-driven signal, but that perhaps the effect that we present here
is masked in the ERG by other changes attributable to the loss of
PKC� that are upstream or downstream of the rod–RBC synapse.
Studies by Dong and Hare (2000) suggest that both the amplitude
and kinetics of ERG b-wave can be affected by the input from
third-order neurons. It is therefore possible that, in addition to
technical and methodological differences, some of the discrepan-

cies between our findings and those reported by Ruether et al.
(2010) may be due to the fact that there are greater network
effects caused by loss of PKC� that manifest in changes in the
ERG b-wave kinetics.
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