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Voltage-Gated Na Channels in AII Amacrine Cells Accelerate
Scotopic Light Responses Mediated by the Rod Bipolar Cell
Pathway
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During night (i.e., scotopic) vision in mammals, rod photoreceptor output is conveyed to ganglion cells (GCs), the output cells of the
retina, by a specialized neural circuit comprising rod bipolar (RB) and AII amacrine cells. Here, we examined how intrinsic postsynaptic
conductances in AIIs contribute to transmission of rod-derived signals. Using paired recordings from synaptically coupled RBs and AIIs,
we found that a voltage-gated Na conductance in AII amacrines accelerated EPSPs arising from RB synaptic input. EPSPs also could be
amplified by the Na conductance when AIIs were hyperpolarized below resting membrane potential, thereby increasing the availability of
Na channels. AII amacrines are coupled electrically, and coupled AII amacrines likely receive common input from individual RBs. Na
channel-mediated effects on EPSPs, however, appeared to occur at the single-cell rather than the AII network level. By recording light-
evoked synaptic currents from GCs, we determined that the Na channel-dependent acceleration, but not amplification, of RB output by
AII amacrines is reflected in the dynamics of AII synaptic output to retinal ganglion cells: synaptic inputs to both ON and OFF GCs are
slowed equivalently, although not attenuated in amplitude, when Na channels in AIIs are blocked. Thus, during scotopic vision, Na
conductances in AIIs serve to accelerate RB output.

Introduction
The rod bipolar (RB) cell pathway (Fig. 1) is well suited to trans-
mit signals arising at visual threshold during rod-mediated
scotopic vision in mammals (Bloomfield and Dacheux, 2001).
Individual RBs receive input from many (�20) rod photorecep-
tors. Similarly, individual AII amacrine cells receive input from
many (�20) RBs. AII amacrines are coupled electrically by gap
junctions to each other and to multiple (�15) ON cone bipolar
cells (CBs) that provide excitatory input to retinal ganglion cells
(GCs) (McGuire et al., 1984; Freed and Sterling, 1988; Tsuka-
moto et al., 2001). This anatomical convergence allows single
GCs to pool the output of up to 10,000 rods; convergence and
associated cellular and synaptic specializations enable signals
elicited in a small fraction of the rods to modulate GC activity and
to elicit a visual percept (Hecht et al., 1942; Barlow et al., 1971;
Sakitt, 1972).

Although the anatomy of the rod bipolar pathway has been
characterized extensively, the mechanisms governing several in-
teresting and potentially important characteristics of signal pro-
cessing within it remain understood incompletely. For example,

several studies indicate that light-evoked signals are high-pass
filtered as they propagate through the rod bipolar pathway: light
responses recorded in RBs are faster than those of rods (Field and
Rieke, 2002), light responses recorded in AII amacrines are faster
than those of RBs (Nelson, 1982; Trexler et al., 2005), and light
responses recorded in GCs are faster still (Sampath et al., 2005).
Both presynaptic and postsynaptic mechanisms likely underlie
the acceleration of rod-derived signals at the RB–AII synapse.
Presynaptically, exocytosis from RBs is transient, even during
sustained presynaptic Ca 2� influx (Singer and Diamond, 2003;
Trexler et al., 2005; Snellman et al., 2009). Postsynaptically, AII
amacrines possess voltage-gated conductances (Boos et al., 1993)
that may accelerate EPSPs.

Here, we investigated the role that intrinsic membrane con-
ductances play in postsynaptic integration of RB input by AII
amacrines. We show that a voltage-gated Na conductance accel-
erates the time course of signals measured in and downstream of
AII amacrines.

Materials and Methods
Tissue preparation. Experiments were performed on retinae isolated from
C57BL/6 mice (4 – 8 weeks old). For slice experiments (RB and AII re-
cordings), retinae from light-adapted mice were used. For recordings of
GC light responses, retinae from dark-adapted (�12 h) mice were iso-
lated under infrared illumination (�900 nm). In all instances, retinae
were isolated into bicarbonate buffered Ames’ medium (Sigma) equili-
brated with 95% O2/5% CO2 (carbogen). For retinal slice preparation,
retinae then were embedded in low-melting temperature agarose (Sigma
type VIIA, 3% in a HEPES-buffered saline), and slices (200 �m) were cut
on a vibrating microtome (Microm). Slices were stored in carbogen-
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bubbled Ames’ medium until use. For GC recordings, pieces of isolated
retina were stored in carbogen-bubbled Ames’ medium and transferred
to a recording chamber after being placed GC-side up on a piece of filter
paper (Anodisc 25; Whatman).

Data collection. All experiments were performed at near-
physiological temperature (�32–34°C). Retinal slices were super-
fused with an artificial CSF (ACSF) containing the following (in mM):
119 NaCl, 23 NaHCO3, 10 glucose, 1.25 NaH2PO4, 2.5 KCl, 1.1 CaCl2,
1.5 MgCl2, 2 Na-lactate, and 2 Na-pyruvate. Picrotoxin (100 �M), 1,2,5,6-
tetrahydropyridin-4-yl) methylphosphinic acid (TPMPA) (50 �M), strych-
nine (0.5 �M), and niflumic acid (100 �M) were added to the ACSF to
block GABAA receptor-activated, GABAC receptor-activated, glycine
receptor-activated, and Ca 2�-activated Cl channel-mediated currents,
respectively. For recordings of K currents, 6,7-dinitroquinoxaline-2,3-
dione (DNQX) (10 �M), tetrodotoxin (TTX) (500 nM), and CdCl2 (100
�M) also were added to the ACSF to block AMPA/kainate receptor-
mediated, voltage-gated Na channel-mediated, and voltage-gated Ca
channel-mediated currents, respectively. For recordings of Na currents,
DNQX, CdCl2, tetraethylammonium chloride (TEA-Cl) (10 mM), and
4-aminopyridine (4-AP) (1 mM) were added to the ACSF to block
AMPA/kainate receptor-mediated, voltage-gated Ca channel-mediated,
and voltage-gated K channel-mediated currents, respectively. We noted
some differences in Na channel-mediated events in ACSF and Ames’
medium (qualitatively speaking, AIIs exhibited smaller spontaneous
membrane potential fluctuations in Ames’ medium), but these were not
explored further. To simulate light responses chemically, L(�)-2-amino-
4-phosphonobutyric acid (L-AP-4) (5 �M) was included in the ACSF, and
( R, S)-�-cyclopropyl-4-phosphnophenylglycine (CPPG) (600 �M) was
pressure ejected onto RB dendrites from a glass pipette pressurized by a

Picospritzer III (Parker Hannifin). To measure the membrane time con-
stant (�M), an exponential function was fit to the decay of a voltage
waveform (average of at least 300 responses) elicited by current steps of
�25 pA amplitude and 1 ms duration.

When recording light responses, flat-mounted retinae were super-
fused with Ames’ medium or with ACSF (above) supplemented with 6.3
�M L-glutamate, 500 �M L-glutamine, and 0.9 �M L-aspartate. Neurons
were visualized by transmitted light (�900 nm in the case of retinal
ganglion cell recordings) video microscopy and targeted for whole-cell
recordings. Pipettes were filled with the following solutions (in mM): 110
K-gluconate, 5 NaCl, 10 HEPES, 0.2 EGTA, 8 Tris-phosphocreatine, 4
MgATP, and 0.4 NaGTP for AII recording (when noted, QX-314-Cl
[N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium chloride]
was added to the pipette solution to block Na currents within the
recorded cell); 90 Cs-methanesulfonate, 20 TEA-Cl, 10 HEPES, 1
BAPTA, 8 Tris-phosphocreatine, 4 Mg-ATP, and 0.4 Na-GTP for RB
recording; 105 Cs-methanesulfonate, 10 TEA-Cl, 20 HEPES, 10 EGTA, 2
QX-314-Cl, 5 Mg-ATP, and 0.5 Tris-GTP for retinal ganglion cell record-
ing. When noted, TTX (500 nM) was added to the ACSF to block Na
currents in all neurons. Access resistances were typically �40 �� for RBs
and �25 �� for AII amacrines and GCs; compensation (�75%) was
used only for the GC recordings. Membrane potentials in voltage-clamp
recordings are corrected for junction potentials of �10 mV.

Drugs were obtained from Sigma or Tocris Bioscience (except for
TTX, which was from Alomone Labs). Recordings were made using a
single MultiClamp 700B amplifier or two Axopatch 200B amplifiers
(Molecular Devices). Synaptic transmission was elicited by stimulation
of individual RBs at 20 s intervals. Recorded currents and potentials were
low-pass filtered at 2–5 kHz and digitized at 10 –20 kHz by ITC-16 or
ITC-18 analog-to-digital boards (InstruTECH) controlled by software
written in IGOR Pro (WaveMetrics). Recorded voltage-gated currents
were leak subtracted (P/4 protocol). For light stimulation experiments,
light from a 470 nm light-emitting diode (LED) was delivered to the
recording chamber by a fiber optic cable. The spatially uniform stimulus
illuminated a circular area 650 �m in diameter centered on the recorded
cells. Calibrated photon fluxes at the preparation were converted to Rh*/
rod using the spectral output of the LED, the absorption spectrum of
rhodopsin, and an assumed collecting area of 0.5 �m 2/rod. Most exper-
iments used repeated presentations of a stimulus with a temporal trajec-
tory drawn from a Gaussian distribution (0 – 60 Hz bandwidth). The
contrast of this stimulus was defined as SD/mean. Synaptic currents were
recorded at either ECl or ECation [to isolate excitatory (exc) and inhibitory
(inh) inputs, respectively] and converted to conductances (Gexc and
Ginh) on which cross-correlation analysis was performed.

Data analysis was performed using MATLAB (MathWorks), IGOR
Pro, and Excel (Microsoft). We calculated the cross-correlation between
postsynaptic conductances recorded in neighboring retinal ganglion cells
and the autocorrelation for conductances in individual GCs according to
the following equation: C(n) � N	i�1 (xiyi�n) 2/(xi

2yi
2) 1/2, where x and

y are measured postsynaptic conductances (comprising n points each),
and xi and yi represent the difference between the response on a single
trial and the mean response to repeated presentations of the same stim-
ulus. To examine the cross-correlation function between light-evoked
postsynaptic conductances in GCs on a trial-by-trial basis, we computed
the cross-correlation function between responses on each trial and then
averaged across the cross-correlation functions. Paired, two-tailed t tests
were used to compare paired datasets; ANOVA was used for comparisons
of two populations of data. In all cases, significance was accepted as p �
0.05. Unless indicated otherwise, data are presented as mean 
 SEM, and
illustrated traces are averages of 5–10 responses.

Results
AII amacrine cells possess voltage-gated Na and
K conductances
First, we wanted to identify intrinsic membrane conductances
that can interact with synaptic conductances. In accord with pre-
vious studies (Boos et al., 1993; Bloomfield and Xin, 2000; Veruki
and Hartveit, 2002b), we recorded Na and K currents in AII

Figure 1. The rod bipolar pathway of the mammalian retina is illustrated schematically; its
principal neurons are colored red, and its synapses are numbered. Cones make synapses with
two classes of CB: ON and OFF CBs. ON and OFF CBs make excitatory synapses with GCs, the
output cells of the retina. (1) Rods make synapses with an ON bipolar cell, the RB, and with a
subset of OFF CBs (data not shown). (2) RBs contact AII amacrine cells. (3) AII amacrines are
coupled by gap junctions to some types of ON CBs and to other AII amacrines. (4) ON CBs make
synapses with ON GCs. (5) AII amacrines make inhibitory glycinergic synapses with some OFF
CBs and OFF GCs. For a more complete discussion, see Bloomfield and Dacheux (2001).
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amacrines. In voltage-clamp recordings with voltage-gated Ca
and K channels blocked (see Materials and Methods), depolar-
ization of the AII from �90 to �60 mV elicited an inward current
that was blocked by TTX, indicating that it was mediated by
voltage-gated Na channels (Fig. 2A). We could not characterize
the voltage dependence of Na channel activation and inactivation
using whole-cell recording because the voltage clamp appeared to
be non-uniform over the surface of the cell (i.e., space clamp was
inadequate): regenerative Na currents appeared at most poten-
tials (Spruston et al., 1993; Williams and Mitchell, 2008). This is
unsurprising given the elaborate, highly branched structure of
the dendritic tree of the AII as well as electrical coupling between
AII amacrines, the regenerative nature of Na channel-mediated
depolarization, and the fast kinetics of Na channel activation
(Bloomfield and Dacheux, 2001). We attempted to study the bio-
physical properties of the Na current in membrane patches ex-

cised from the soma, but we did not observe such currents in the
somatic membrane, even when the majority of the soma was
excised from the tissue slice as a nucleated outside-out patch (Fig.
2B). The Na conductance, then, appears to be localized to the AII
dendrites, and, consequently, we turned to current-clamp re-
cordings to examine GNa in more detail (below).

To examine the voltage-gated K current, which was amenable
to voltage-clamp characterization, depolarizing steps (100 ms) to

Figure 3. Current-clamp analysis of Na channel activity in AII amacrines. A, Positive current
injection elicits membrane depolarization and small spikelets. Note that spontaneous spikelets
are observed, at a lower frequency, at VREST (�47 mV) in the absence of injected current. Both
evoked and spontaneous spikelets are blocked by TTX (500 nM). B, When a slowly varying
current ramp is injected into the AII (�75 to 75 pA in 2 s), spikelets are evident at potentials
near �60 mV (black). At potentials depolarized to VREST, spikelets are not seen, likely because
of accumulated inactivation of Na channels, but membrane noise is increased. Spikelets and
increased membrane noise are not observed in the presence of TTX. C, Deviations in VM around
the baseline are plotted against membrane potential to illustrate the voltage range in which
spikelets are generated, and membrane noise is increased by the TTX-sensitive Na conductance.
D, TTX hyperpolarizes VM from �50 
 1 to �53 
 1 mV (n � 27), indicating that some GNa

is open at rest. Gray and orange markers are observations from individual cells; black bars are
means 
 SEM. E, TTX increased �M at a potential depolarized to VREST (�45 mV) but not when
VM was �80 mV, below the activation threshold of GNa (n � 9).

Figure 2. Evaluation of voltage-gated Na and K conductances in AII amacrines. A, A voltage
step to �60 from �90 mV elicits an inactivating inward current that is blocked by TTX (n � 5).
B, In a nucleated patch excised from the soma, no voltage-dependent currents are evident (n �
5). C, Whole-cell K currents recorded in AII amacrines after depolarizing 100 ms steps of 20 mV.
Na and Ca currents channels were blocked with TTX and Cd 2�, respectively. D, Steps to �10
mV were preceded by 500 ms prepulses to potentials between�65 and�10 mV (incremented
by 5 mV; a subset of the responses are shown). E, Voltage dependence of K current activation
and inactivation; a sigmoid function is fit to assist in visualization: note that little current is
activated hyperpolarized to �40 mV, the range of VM elicited by EPSPs, and as a result of strong
inactivation, very few channels are open at VREST. F, TEA (2 mM) dramatically suppressed the K
current (n � 4).
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potentials between �60 and �50 mV were delivered to AII ama-
crines from Vhold of �90 mV with voltage-gated Na and Ca chan-
nels blocked (see Materials and Methods). Partially inactivating
currents were observed at potentials depolarized to �40 mV (Fig.
2C) (Boos et al., 1993). To examine the voltage dependence of
current inactivation, the AII was stepped to �10 mV after pre-
pulses to potentials between �90 and �10 mV (Fig. 2D). The
transient component of the K current inactivated strongly and
completely at potentials between �35 and �20 mV; the voltage
dependence of current activation and inactivation is summarized
in Figure 2E. Interestingly, because of their depolarized activa-
tion threshold, K channels will be activated only in conjunction
with voltage-gated Na channels.

The K current recorded in AII amacrines after steps to �10
mV was sensitive to low concentrations of external TEA (Fig. 2F)
(55 
 6 or 72 
 2% block at 1 or 2 mM, respectively; n � 4 for
each condition). K currents also were blocked by 1 mM 4-AP but
were unaffected by internal TEA at concentrations up to 10 mM

(4-AP block 62 
 6%; n � 5; data not shown). The transient and
sustained portions of the current were affected approximately
equivalently by these antagonists (percentage block for 2 mM TEA
or 1 mM 4-AP, respectively: 72 
 2 vs 77 
 4 or 62 
 6 vs 66 
 3;
n � 4 and 5), indicating that the two components arise from
charge flux through the same type of channel. The voltage depen-
dence and TEA sensitivity of the current are indicative of a

Kv3 subunit-containing channel, likely a
Kv3.4 –Kv3.x heteromer (Rudy et al.,
1999; Martina et al., 2003), but the bio-
physical properties of the current and the
identity of the underlying channels were
not explored any further.

AII amacrine cells exhibit Na
channel-mediated spikelets
Next, we used current-clamp recordings
to examine the effects of intrinsic mem-
brane conductances on membrane volt-
age responses. The average resting
membrane potential (VREST) of AIIs in
our light-adapted slice preparation was
�50 
 1 mV; this value was the same
( p � 0.92 by ANOVA; n � 27) in the
presence and absence of DNQX (25 �M)
to block excitatory inputs from RBs (pic-
rotoxin, TPMPA, and strychnine also
were present; see Materials and Methods).
The fact that VM is unaffected by the pres-
ence of antagonists of fast synaptic trans-
mission indicates that the resting
potential is set by intrinsic membrane
conductances rather than synaptic con-
ductances. The observed VREST is slightly
hyperpolarized to VREST of AII amacrines
in the dark-adapted mouse retina (�46 

2 mV) (Dunn et al., 2006).

Injection of positive current at VREST

elicited a membrane potential depolariza-
tion on which a series of “spikelets” rode
(Fig. 3A). In some, but not all, recordings,
we observed spontaneous spikelets at
VREST (with no injected current) (Fig. 3A)
(Veruki and Hartveit, 2002b). Both the
evoked and spontaneous spikelets were

blocked by TTX application, indicating that they arose from ac-
tivation of voltage-gated Na channels.

To determine the range of VM in which Na channels are active,
we injected a slow (2 s) current ramp (from �75 to �75 pA at
0.075 pA/ms) (Fig. 3B) into AII amacrines; this changed VM from
�87 
 5 to �33 
 1 mV (n � 6). Depolarization past a threshold
VM of �57 
 1 mV elicited spikelets (n � 6). In some cells (n �
3 of 6), spikelets could be observed at all potentials depolarized to
threshold; in other cells (n � 3 of 6), spikelets were absent at
potentials depolarized to VM of �41 
 3 mV, presumably be-
cause of accumulated Na channel inactivation. For both sets of
cells, the membrane was significantly noisier at VM more than
�45 mV than at VM less than �60 mV, and data were pooled
(RMS voltage at �40 vs �75 mV: 3.2 
 0.7 vs 0.5 
 0.1 mV; p �
0.008) (Fig. 3C). This increased membrane noise was suppressed
by TTX, indicating that GNa does not inactivate completely at VM

depolarized to rest (approximately �50 mV) (RMS voltage,
0.8 
 0.1 vs 0.4 
 0.1 mV; �40 vs �75 mV; n � 6; differences are
significant at �40 but not �75 mV; p � 0.02 vs 0.4, respectively).

TTX also hyperpolarized the membrane by �3 mV (to �53 

1 mV; n � 27; p � 0.05) (Fig. 3A), demonstrating again that some
Na channels are open at VREST. This assertion is supported by the
observation that TTX lengthened �M at potentials near but not
significantly hyperpolarized to VREST (Fig. 3E) (control vs TTX
�M: 7 
 1 vs 11 
 1 ms at �45 mV; n � 9; p � 0.01; and 16 
 2
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Figure 4. Representative AII responses to RB output. A, During a paired RB–AII recording, the voltage-clamped RB was depo-
larized with a waveform designed to mimic a light flash-evoked voltage response. This elicited a very small, slow presynaptic Ca
current (i) and evoked exocytosis that was recorded as a postsynaptic current in a voltage-clamped AII (single responses in ii;
average responses in iii). B, When the same AII was recorded in the current-clamp configuration, evoked EPSPs were observed
(single responses in ii; average responses in iii). Note that spikelets are evident in some individual responses (asterisk) but not
others. When spikelets are not evident, individual synaptic events can be resolved in the compound EPSP (arrowheads).
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vs 16 
 2 ms at �80 mV; n � 9; p � 0.91;
�M assayed as in Materials and Methods).
Application of TEA (1.5 mM) in combina-
tion with TTX had at most a small addi-
tional effect on �M at depolarized but not
hyperpolarized potentials (�M of 14 
 1
ms at �45 mV and 16 
 2 ms at �80 mV;
n � 5 and 7 and p � 0.07 and 0.5, respec-
tively), consistent with the observation
that few K channels are active near VREST

(Fig. 2E). That �M was longer at �80 mV
than at �45 mV in the presence of TTX and
TEA indicates that voltage-gated membrane
conductances other than GNa and GK are ac-
tive at depolarized potentials.

Our observations confirm that a
voltage-gated Na conductance is found in
the AII dendrites. This GNa is active near
VREST and therefore may be functionally
relevant in postsynaptic processing of
synaptic inputs.

The dendritic Na conductance
shapes EPSPs
To assay contributions of dendritic voltage-
gated channels to postsynaptic integration
over a range of AII membrane potentials,
we recorded from pairs of synaptically
coupled RBs and AII amacrines. The pre-
synaptic RB was recorded in the voltage-
clamp configuration and depolarized with
voltage commands (depolarizing ramps
of 100 ms beginning at �70 mV to poten-
tials between �55 and �30 mV, followed
by a 100 ms ramp repolarization to �70
mV) that had a time course and peak
amplitude similar to light-evoked RB
voltage responses (Euler and Masland,
2000; Trexler et al., 2005). These voltage
commands elicited presynaptic Ca cur-
rents (Fig. 4 Ai) and evoked EPSCs in
AII amacrines (Vhold of �70 mV) (Fig.
4 Aii,Aiii).

When the AII was recorded in the
current-clamp configuration, exocytosis
from RBs evoked EPSPs in the postsynap-
tic AII. The EPSPs illustrated in Figure 4B
were recorded from a neuron that was hy-
perpolarized to approximately �60 mV
by somatic current injection to reduce Na
channel-mediated fluctuations in membrane potential (Fig. 3C).
In some responses, the postsynaptic conductance triggered a
spikelet that was observed as a depolarization with a uniform,
rapid rising phase and an approximately monoexponential de-
cay. In other responses, such spikelets were not evident, and it was
possible to resolve individual synaptic events as inflections in the
EPSP waveform (Fig. 4B, individual traces). These observations
are consistent with a report of light-evoked spikelets in AII ama-
crine cells (Bloomfield and Xin, 2000).

The contribution of the postsynaptic GNa to postsynaptic in-
tegration was studied first by examining the effects of TTX on
EPSPs evoked in AII amacrines by ramp depolarization of RBs.
No current was injected into the AIIs; they were recorded at their

VREST (�50 
 1 mV; n � 10). Depolarization of the RB to �53
mV surpassed the presynaptic threshold necessary to evoke EP-
SPs on every trial; therefore, we call this presynaptic depolariza-
tion our “minimal” stimulus (Fig. 5A). This minimal-stimulus-
evoked EPSP recorded at VREST was surprisingly large (10 
 2
mV; n � 10), and presynaptic voltage ramps to more depolarized
potentials evoked EPSPs of increasing amplitudes (up to a max-
imum of 13 
 1 mV evoked by ramps to �30 mV). As observed
previously, the appearance of spikelets in individual responses
was variable (Fig. 5A). TTX applied to the slice attenuated dra-
matically the amplitude of the minimal-stimulus-evoked EPSPs
(to 2 
 1 mV) and had a much more modest effect on the ampli-
tude of EPSPs evoked by more depolarizing presynaptic stimuli

Figure 5. Voltage-dependent Na, but not K, channels make a significant contribution to the EPSP. A, Minimal (to �53 mV at
left) and stronger (to �40 mV at right) presynaptic depolarizations elicit differently sized presynaptic Ca currents (i) and EPSPs (ii,
individual responses; iii, averaged responses). EPSPs evoked by minimal stimulation are reduced in amplitude quite substantially
by TTX; the effect of TTX on amplitude is weaker for larger EPSPs. TTX has no effect of the presynaptic Ca current. Note also that TTX
eliminates fluctuations in VM. Summary data are presented in B. B1, The effect of TTX on EPSP amplitude varies with the magnitude
of presynaptic depolarization, and TTX has no significant effect on the EPSPs evoked by the largest presynaptic depolarizations; this
is illustrated clearly by the normalized data (TTX � control) presented in B2: p � 0.001 for �53 and �50 mV; p � 0.05 for �47
and �40 mV; p � 0.05 for �30 mV. B3, TTX delays the peak of all EPSPs. Illustrated are the differences between the peak time in
TTX and control conditions; the difference is significant in all instances: p � 0.01 for �53 and �50 mV; p � 0.05 for �47, �40,
and �30 mV; n � 5–15 per point. C, TEA (2 mM) increased EPSP amplitude slightly. Application of TTX in the presence of TEA
reduced the amplitude of the minimal stimulus evoked EPSP but not the EPSP evoked by a larger presynaptic depolarization.
D, Summary of TEA and TEA � TTX effects on EPSP amplitude (top) and timing (bottom): EPSPs were evoked by presynaptic
voltage ramps to either �50 or �30 mV.
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(to 12 
 1 mV) (Fig. 5B1,B2). TTX also slowed the time course of
all EPSPs. A simple way to represent this change in time course of
the EPSPs, which exhibit a complex and variable waveform, was
to measure the shift in the timing of the EPSP peak. In the pres-
ence of TTX, the time to EPSP peak was delayed by several milli-
seconds (6 
 1 ms for ramps to �53 mV; 10 
 2 ms for ramps to
�30 mV) (Fig. 5B3).

We wanted to determine whether a voltage-gated K conduc-
tance was activated in the AII during the EPSP. To do this, we
examined the effect of external TEA (2 mM) on EPSPs evoked by
voltage ramps of different amplitudes delivered to the presynap-
tic RB (Fig. 5C). TEA had a small effect on both the amplitude and
time course of the EPSP recorded at VM of �50 mV, close to the
VREST of AII amacrines (Fig. 5C), but its effect was far smaller
than that of TTX. The EPSP likely does not depolarize the AII
sufficiently to activate many K channels: very little K current was
observed at potentials hyperpolarized to �35 mV (Fig. 2E), the
most depolarized potential reached by the largest EPSPs. In the
presence of TEA, however, TTX reduced the amplitude of minimal-
stimulation-evoked EPSPs, indicating that K conductance does not
regulate the availability of Na channels during the EPSP. Addition-
ally, in the presence of TEA, TTX slowed all EPSPs.

To assay the range of VM (recorded at the soma) over which
the dendritic GNa can boost EPSPs, we varied VM by current
injection and evoked EPSPs with a presynaptic voltage ramp to
�50 mV (Fig. 6A). When the AII was hyperpolarized sufficiently
to prevent the EPSP from activating Na channels (potentials less

than �80 mV) or depolarized more than
�45 mV to inactivate most Na channels,
the effect of TTX on the EPSP was mini-
mal (Fig. 6A–C). TTX, however, had a sig-
nificant effect on EPSP amplitude and
time course over a wide range of VM hy-
perpolarized to VREST (�55 to �75 mV)
(Fig. 6B).

Network interactions are not required
to boost EPSPs
Electrical coupling between AII amacrines
and between AII amacrines and ON CBs is
mediated by connexin36-containing gap
junctions and is preserved in the light-
adapted retinal slice preparation (Deans
et al., 2002; Veruki and Hartveit, 2002a,b)
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).
Because it has been postulated that Na
channel-dependent boosting of EPSPs
arising simultaneously in coupled AII
amacrines can serve to eliminate synaptic
noise in the AII network (Smith and
Vardi, 1995), we took advantage of this
arrangement to determine whether the
observed effects of TTX were exerted on
the level of individual AII amacrines or
the AII network.

To do this, we made paired RB–AII re-
cordings, as above, but we included the Na
channel blocker QX-314 in the postsyn-
aptic pipette to block GNa in the recorded
AII only; there is no evidence that QX-314
crosses or blocks gap junctions (Fig. 7).
Because a single RB contacts three to five

AII amacrines (Tsukamoto et al., 2001), we presumed that the
recorded RB made synapses onto AII amacrines that were cou-
pled electrically to the recorded AII. When QX-314 was included
in the postsynaptic recording pipette, EPSPs were smaller than
control EPSPs recorded at approximately the same membrane
potential (VM � �55 mV; amplitude of 6 
 1 vs 12 
 2 mV) and
were unaffected by TTX applied to the entire slice (Fig. 7A,B)
(amplitude of 5 
 1 mV; n � 5; p � 0.55). The amplitudes and
time courses of EPSPs recorded from AII amacrines with internal
QX-314 were indistinguishable statistically from those recorded
from control AII amacrines in the presence of TTX: amplitude,
5 
 1 vs 6 
 1 mV; time of peak, 107 
 2 vs 107 
 1 ms; p � 0.85
and 0.79, respectively, by ANOVA), and spikelets were not
evoked by synaptic input to these neurons. Thus, spikelets that
may be evoked in a coupled AII by synaptic input are unable to
propagate passively into the recorded AII because of the low-pass
filter imposed by the gap junctions. Additionally, membrane po-
tential changes elicited by spikelets in a coupled AII are not am-
plified by the recorded neuron. These observations are consistent
with those made previously in a detailed study of electrical sig-
naling between AIIs (Veruki and Hartveit, 2002b).

Additionally, postsynaptic membrane potential was unaf-
fected by TTX when internal QX-314 was present, and the voltage
dependence of membrane noise was attenuated significantly in
the presence of QX-314 (Fig. 7C–E). Together, these data indicate
that boosting of excitatory synaptic inputs on AII dendrites oc-
curs in an input-specific manner.

Figure 6. The contribution of the Na conductance to the EPSP varies with VM. A, EPSPs were evoked by presynaptic depolariza-
tion (voltage command and presynaptic Ca currents at top) and recorded at different postsynaptic VM. Averaged traces are
illustrated. EPSP amplitudes at different VM are plotted in B1. In the presence of TTX (500 nM), EPSP amplitude varied linearly with
VM, as predicted by the change in driving force on the synaptic conductance. Under control conditions, however, the amplitude of
the EPSPs was boosted significantly in the range of VM in which GNa is activated. Normalized data are illustrated in B2. p � 0.01 for
�45 to �75 mV; p � 0.05 for �85 mV; p � 0.05 for �95 mV. B3, TTX delays the time to peak when VM permits activation of
Na channels. p � 0.01 for �55 and �65 mV; p � 0.05 for �45 and �75 mV; p � 0.05 for �85 and �95 mV. Points represent
the mean 
 SEM of n � 4 –13 paired recordings.
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The Na conductance accelerates the output of the AII network
We wanted to determine how Na channel activation in AII ama-
crines affects their output. First, we examined the effect of TTX
on light flash-evoked IPSCs in large OFF transient and sustained
GCs, neurons that receive direct glycinergic synaptic input from
AIIs (Manookin et al., 2008; Murphy and Rieke, 2008; Münch et
al., 2009). We found that TTX slowed mildly the time course of
IPSCs evoked at a range of flash strengths (from 0.01 to 0.5
R*/rod): the time to the half-maximal response, averaged over
all flash strengths, was 97 
 0.7% of control (n � 10 recorded
GCs; p � 10 �3; data not shown). We, however, were surprised
to observe that TTX did not affect the amplitudes of IPSCs,
even those evoked by the dimmest flashes (amplitude, 102% of
control; p � 0.87).

Although the presynaptic stimulus delivered in our paired
RB–AII recording experiments was designed to mimic the re-
sponse of an RB to a light flash, the strength and timing of light-
evoked synaptic input to AIIs certainly differs from the strength
and timing of the EPSP evoked by the electrical stimulation of a
single RB. Consequently, we wanted to examine the influence of
the Na conductance of the AII to its synaptic output under con-
ditions when it receives a more uniform and continuous input.
To do this, we examined synaptic currents in both ON and OFF
GCs evoked by a dim flickering light stimulus.

Because AII amacrines provide input to both ON and tran-
sient OFF GCs from distinct portions of their dendritic trees (Fig.

1: indirectly to ON GCs via the AII–ON CB gap junction and
directly to transient OFF GCs via glycinergic synapses), signals in
the RB pathway generate coincident changes in excitatory input
to ON GCs and inhibitory input to transient OFF GCs (Murphy
and F. Rieke, 2008). Here, we take advantage of this arrangement
to examine the absolute and relative effects of TTX on light-
evoked AII output to downstream targets.

We recorded simultaneously synaptic inputs elicited in ON
and OFF GCs by a fluctuating light stimulus that produced on
average 2–3 Rh*/rod/s; under these conditions, rod output is
carried almost exclusively by the RB pathway (Murphy and
Rieke, 2006). Fluctuations in light intensity generated strongly cor-
related excitatory and inhibitory conductances (Gexc and Ginh) in
ON and transient OFF GCs, respectively (Fig. 8A).

When TTX was applied to the preparation to block Na chan-
nels in AII amacrines, the amplitudes and relative timing of Gexc

and Ginh were not altered (i.e., Gexc and Ginh remained correlated
with a peak near 0 ms) (Fig. 8B). TTX, however, did slow the
absolute timing of synaptic input to both ON and transient OFF
GCs. This slowing was revealed as a shift of approximately �10
ms in the peaks of the cross-correlations of control and TTX Gexc

for an ON cell and control and TTX Ginh for an OFF cell (Fig. 8C).
As we observed for IPSCs evoked by single flashes, above, the
amplitudes of Gexc and Ginh were not reduced by TTX. In fact,
fluctuations in postsynaptic conductance tended to be larger in
the presence of TTX: the average SD of the excitatory conduc-
tance was 176 
 6% of control ( p � 0.006), and the average SD of
the inhibitory conductance was 139 
 20% of control ( p � 0.13).

To control for possible effects of TTX on RBs, we evoked
synaptic currents in AII amacrines by pressure ejecting the
mGluR6 antagonist CPPG onto RBs in the presence of the
mGluR6 agonist L-AP-4; this evokes a chemical “light response”
in RBs (Snellman and Nawy, 2002). TTX had no effect on either
the amplitude or integral of these responses (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). This
observation indicates that TTX does not affect synaptic potentials
in and transmitter release from RBs, consistent with the reported
absence of voltage-gated Na channels in these neurons (Ma et al.,
2005).

Although TTX does affect signal propagation in wide-field
amacrine cells (Bloomfield, 1996), the fact that input to the ON
and OFF pathways is affected equally by Na channel blockade
makes it unlikely that the slowing of synaptic conductances re-
flects changes in the outputs of multiple neurons. We, however,
cannot exclude the possibility that the effect of TTX on the am-
plitude of light-evoked conductances in GCs resulted from dis-
inhibition of synaptic inputs onto GCs. Thus, our experiments
indicate that, just as TTX slows the time course of individual
EPSPs recorded in AII amacrines, TTX slows the output of the AII
network. Because the correlation between Gexc and Ginh reported
previously (Murphy and Rieke, 2008) was preserved in the pres-
ence of TTX (Fig. 8C), we conclude that the Na conductance of
the AII affects its output to the ON and transient OFF channels
similarly.

Discussion
We examined postsynaptic integration of RB output by the mam-
malian AII amacrine cell. Using paired RB–AII recordings, we
determined that a dendritic GNa accelerates the time course and,
under some conditions (i.e., after membrane hyperpolarization),
amplifies postsynaptic responses to input from single RBs. Simul-
taneous recordings from ON and transient OFF GCs revealed
that the speeding, but not the amplification, of rod-derived sig-

Figure 7. GNa-dependent effects on EPSPs are exerted at the single-neuron level. A, When
QX-314 (5 mM) was included in the postsynaptic recording pipette, the EPSP was not affected by
TTX (500 nM). B, C, Summary data illustrating that TTX did not affect EPSP amplitude (B; n � 5)
or AII VM (C; n � 12) in the presence of internal QX-314. D, TTX effects on AII amacrines are
abolished when QX-314 is present in the recording pipette: a slow current ramp from �75 to
�75 pA in 2 s (top) induced voltage changes in an AII loaded with QX-314. For comparison, note
Figure 1, D and E. E, As in Figure 3C, fluctuations in membrane potential, isolated by subtracting
a smoothed curve from the trace illustrated, are plotted against VM (VREST of �50 mV).
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nals by GNa in the AII is reflected in the synaptic output of the AII
network. Our experiments reveal a postsynaptic mechanism that
may contribute to accelerating signals at the level of the AII net-
work during rod-mediated vision.

Na current in an unconventional neuron
Because most neurons signal via action potentials, the process of
synaptic integration usually is considered as the transformation
of dendritic synaptic input into trains of action potentials origi-
nating at the axon initial segment. The interplay between den-
dritic and synaptic conductances during synaptic integration is
complex and variable but generally is evaluated by assaying the
efficacy with which synaptic inputs elicit action potentials
(Häusser et al., 2000). The AII amacrine cell differs from most
neurons in that it does not signal via action potentials (it exhibits
only small, i.e., 5–10 mV, Na channel-dependent spikelets, and
AII network output persists in the presence of TTX) (Fig. 8), and it is
an axon-less neuron that both receives synaptic input and makes
synaptic output on its dendrites. What, then, is the role of the
voltage-gated GNa in these neurons?

Little is known about the Na channels found in AII amacrines.
One in situ hybridization study indicates that they may be com-
posed of Nav1.1 subunits (Kaneko and Watanabe, 2007), and one
electrophysiological study involving localized TTX application
indicates that most Na channels may be located in the soma
and/or proximal dendrite (Tamalu and Watanabe, 2007). Nucle-
ated patch recordings failed to demonstrate any somatic GNa, and
our experimental observations demonstrate clearly that the acti-
vation of a dendritic GNa accelerates EPSPs arising at RB–AII
synapses (Figs. 4, 5). The acceleration of the EPSP is propagated
to neurons postsynaptic to the AII, the ON and transient OFF
GCs, as demonstrated by the effect of TTX on the timing of
synaptic conductances recorded in these neurons (Fig. 8B).

It is interesting to note that TTX did not have a differential
effect on AII output to the ON or OFF pathways (Fig. 8C). Given
the anatomical arrangement of input and output synapses on the
AII dendritic tree (inputs from RBs are on distal dendrites, chem-
ical output to OFF cells is from proximal dendrites, and gap
junctions to ON CBs are in distal dendrites) (Tsukamoto et al.,
2001), it might have been expected that GNa would affect prefer-
entially output to the OFF pathway because output synapses are
removed from the sites of synaptic input, whereas AII–ON CB
gap junctions are near RB–AII synapses. That this is not the case
suggests that Na channels may be distributed throughout the
dendritic tree, as is the case in many conventional spiking neu-
rons (Häusser et al., 2000).

Na channels and AII output
It is well known that AIIs express voltage-gated Na channels and
are capable of generating TTX-sensitive spikelets in response to
depolarization (Boos et al., 1993; Bloomfield and Xin, 2000;
Veruki and Hartveit, 2002b; Tamalu and Watanabe, 2007). This
has led to the hypothesis that Na channel-dependent spikelets
may serve as a postsynaptic thresholding mechanism to amplify
nonlinearly small synaptic inputs and thereby allow the AII to
differentiate signals from synaptic noise (Smith and Vardi, 1995).
Indeed, our recordings in the light-adapted retinal slice dem-
onstrated that synaptic input evoked by depolarization of sin-
gle RBs is capable of eliciting spikelets in AIIs (Fig. 4), thereby
boosting the amplitude of EPSPs. The extent of this boosting
depended on the postsynaptic membrane potential and that am-
plification of the EPSP was negligible at potentials at which Na
channel availability was low (more than �45 mV) and at poten-
tials at which the synaptic conductance cannot depolarize the
membrane sufficiently to activate Na channels (less than �85
mV) (Fig. 6). Thus, the extent to which spikelets are evoked by

Figure 8. TTX slows the output of the AII network. A, A fluctuating light stimulus (top trace) elicits changes in the measured excitatory (Gexc; blue trace; Vhold of �70 mV) and inhibitory (Ginh;
brown trace; Vhold of �10 mV) conductances recorded in neighboring ON and OFF GCs under control conditions (top) and in the presence of TTX (bottom). B, Cross-correlation measured between
Gexc and Ginh in control (black) and TTX (red) conditions (mean 
 SE; n � 4). The inset shows the peaks of the mean functions at higher temporal resolution. C, Cross-correlation measured in a given
cell before and after TTX application; the �10 ms shift indicated that TTX slows the time-varying changes in both Gexc and Ginh (mean 
 SE; n � 4). The inset shows the peaks of the mean functions
at higher temporal resolution.
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photoreceptor activation may vary with ambient light intensity
and/or the neuromodulatory state of the retina.

The generation of spikelets by the AII was not required for
light-evoked synaptic output under scotopic conditions: TTX did
not attenuate the amplitudes of light-evoked currents (or con-
ductances) recorded in OFF GCs, reflecting glycinergic transmis-
sion from AIIs, or excitatory conductances recorded in ON GCs
(Fig. 8). We can offer several explanations for the discrepancy
between the effects of TTX on the amplitudes of EPSPs recorded
in AIIs and the amplitudes of light-evoked synaptic conductances
recorded in GCs: (1) Na channel availability may be modulated
by ambient light intensity [although light-evoked spikelets have
been recorded in dark-adapted AIIs (Bloomfield and Xin, 2000)];
(2) AIIs in the dark-adapted retina may be too depolarized to
generate spikelets [VREST of �46 mV (Dunn et al., 2006)]; (3) the
time course of light-evoked synaptic input to AIIs is not approxi-
mated well by our paired-recording experiments; and (4) depolar-
ization arising from the synaptic conductance alone is sufficient to
activate presynaptic Ca channels in the AII and saturate the rate of
glycine release. Given that presynaptic Ca channels in AIIs appear to
be activated maximally at quite hyperpolarized potentials [�40 mV
(Habermann et al., 2003)], we favor some combination of the sec-
ond and fourth possibilities.

Acceleration of RB output at the level of single AII
amacrine cells
It has been recognized for some time that the RB–AII synapse acts
as a high-pass filter to make rod-driven light responses faster in
AII amacrines than in RBs (Nelson, 1982; Trexler et al., 2005).
This acceleration has been attributed in part to the intrinsic dy-
namics of exocytosis from RB terminals (Singer and Diamond,
2003; Trexler et al., 2005; Snellman et al., 2009). Here, we provide
the first experimental evidence for a significant postsynaptic
modification of RB input by GNa in AII amacrines (Figs. 4, 5).
Activation of a dendritic GNa by the synaptic conductance accel-
erates EPSPs and, under some conditions, boosts the amplitude
of the EPSPs. The functional relevance of the speeding of the
EPSP by GNa is illustrated by the slowing of AII network output to
GCs in the presence of TTX under scotopic conditions (Fig. 8B).

The interaction between low-pass filtering (by gap junctions)
and nonlinear acceleration and amplification (by Na channels) of
synaptic inputs is not resolved completely by our experiments,
but our study does provide some insight into the role that Na
channels play in mediating responses to the output of individual
RBs on both the levels of single AIIs and the AII network. In
considering our paired recording experiments, we expect that the
RBs from which we recorded provided synaptic input to AII ama-
crines that were coupled electrically to the postsynaptic AII.
Given the strong electrical coupling between AII amacrines even
in the light-adapted slice (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material) (also a coupling coeffi-
cient �0.3 as measured by Veruki and Hartveit, 2002b) and the
divergence of the output of a single RB to three to five AII amacrines
(McGuire et al., 1984; Freed and Sterling, 1988; Tsukamoto et al.,
2001), we believe it reasonable to expect that a portion of the
recorded EPSP reflected a voltage change in a coupled AII. Im-
portantly, our experimental results demonstrate that the re-
sponses of individual AII amacrines to input from single RBs is
shaped by the activity of their Na channels, not that of Na chan-
nels in coupled neurons: TTX effects on AII membrane proper-
ties as well as EPSPs are abolished when QX-314 is included in the
recording pipette (Fig. 6) (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). This observation is con-

sistent with a previous report of passive signal propagation
between electrically coupled AIIs (Veruki and Hartveit, 2002b).

The fact that local blockade of Na channels within a single AII
abolished the effect on the EPSP of TTX application to the slice
suggests to us that the majority of the boosting and acceleration
of the EPSP in AII amacrines occurs in a cell-specific manner.
This is consistent with observations that other types of signal
processing in rod vision, e.g., nonlinear thresholding of rod re-
sponses by RBs and neural gain control driven by changes in
ambient light intensity, occur at the level of individual synapses
rather than in the retinal network as a whole (Field and Rieke,
2002; Sampath and Rieke, 2004; Dunn and Rieke, 2008). By pro-
cessing RB output at the single-cell (or synapse) rather than the
network level, the retina may ensure that the integrated signal
produced by the network of AII amacrines is not dominated by
the noisiest inputs; this may allow the RB–AII synapse to operate
at a very high gain while noise in AII amacrine cell light responses
remains essentially independent from background light intensity
(Dunn et al., 2006; Dunn and Rieke, 2008). More generally, trans-
formations applied before synaptic integration can serve very
different functional roles than those applied after integration.
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