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Sun C, Speer CM, Wang G-Y, Chapman B, Chalupa LM. Epiba-
tidine application in vitro blocks retinal waves without silencing all
retinal ganglion cell action potentials in developing retina of the
mouse and ferret. J Neurophysiol 100: 3253–3263, 2008. First pub-
lished October 15, 2008; doi:10.1152/jn.90303.2008. Epibatidine
(EPI), a potent cholinergic agonist, disrupts acetylcholine-dependent
spontaneous retinal activity. Early patch-clamp recordings in juvenile
ferrets suggested that EPI blocks all retinal ganglion cell (RGC) action
potentials when applied to the retina. In contrast, recent experiments
on the developing mouse that relied on multielectrode array (MEA)
recordings reported that EPI application decorrelates the activity of
neighboring RGCs and eliminates retinal waves while preserving the
spiking activity of many neurons. The different techniques used in
previous studies raise the question of whether EPI has different effects
on RGC activity in mouse compared with that in ferret. A resolution
of this issue is essential for interpreting the results of developmental
studies that relied on EPI to manipulate retinal activity. Our goal was
to compare the effects of EPI on the spontaneous discharges of RGCs
in mouse and ferret using 60-electrode MEA as well as patch-clamp
recordings during the developmental stage when retinal waves are
driven by acetylcholine in both species. We found that in both mouse
and ferret EPI decorrelates RGC activity and eliminates retinal waves.
However, EPI does not block all spontaneous activity in either
species. Instead, our whole cell recordings reveal that EPI silences
more than half of all RGCs while significantly increasing the activity
of the remainder. These results have important implications for
interpreting the results of previous studies that relied on this cholin-
ergic agonist to perturb retinal activity.

I N T R O D U C T I O N

It is widely accepted that spontaneous retinal activity during
early stages of development contributes to the emergence of
visual circuits (Firth et al. 2005; Huberman 2007; Huberman
et al. 2008a; Katz and Shatz 1996). Early in development
neighboring retinal ganglion cells (RGCs) discharge in a tem-
porally correlated manner, resulting in propagating waves of
depolarization that spread across the retinal surface (Maffei
and Galli-Resta 1990; Meister et al. 1991; Wong et al. 1993).
These retinal waves are mediated by different cellular mecha-
nisms and neurotransmitter systems at different developmental
stages (Firth et al. 2005; Wong 1999).

There is good agreement in the literature that epibatidine
(EPI) abolishes cholinergic retinal waves assessed either by

Ca2� imaging (Huberman et al. 2002; Penn et al. 1998) or by
multielectrode array (MEA) recording (Cang et al. 2005;
Pfeiffenberger et al. 2005). Initial experiments investigating
the role of retinal waves in the development of the visual
system in the ferret reported that EPI completely blocked
cholinergic-driven spontaneous retinal activity, silencing all
spiking activity in RGCs (Penn et al. 1998). This was demon-
strated by making patch-clamp recordings from RGCs treated
with EPI in vitro. The EPI treatment in vivo caused retinal
afferents from the two eyes to remain commingled within the
dorsal lateral geniculate nucleus (dLGN) (Huberman et al.
2002; Penn et al. 1998) and ocular dominance columns failed
to emerge in primary visual cortex (Huberman et al. 2006).
These results were interpreted to indicate that silencing all
retinal activity has a profound effect on eye-specific segrega-
tion during development.

More recently, several studies of spontaneous activity have
been performed in the mouse using EPI to block retinal waves.
Unlike in the ferret, EPI application to the mouse retina was
reported not to abolish spontaneous activity. Instead, the dis-
charges of neighboring cells were not correlated, indicating a
loss of retinal waves (Cang et al. 2005; Pfeiffenberger et al.
2005). The mouse studies relied on MEA recordings in vitro to
assess the effects of EPI on retinal activity. Similar to what has
been reported in ferret, intraocular injections of this drug in the
developing mouse resulted in abnormal retinogeniculate, reti-
nocollicular, and geniculocortical projections (Cang et al.
2005; Chandrasekaran et al. 2005; Huberman et al. 2008b;
Pfeiffenberger et al. 2005). These results were interpreted to
indicate that altering patterns of retinal activity during devel-
opment has a profound effect on eye-specific segregation and
retinotopic map formation.

The different results reported in mouse and ferret could
signify a genuine species difference or they could be spurious,
reflecting the different techniques used to record retinal activity
in the two species. Clarification of this issue is required for
interpreting the results of studies examining retinogeniculate
and geniculocortical development and determining whether
RGC activity is playing an instructive or a permissive role in
setting up precise connections in the visual system.
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M E T H O D S

Animals

Timed-pregnant ferrets were obtained from Marshall Farms (New
Rose, NY); C57BL/6 black mice were bred at University of Califor-
nia, Davis. Postnatal day zero (P0) represents the day of pup birth. All
experimental procedures were performed in accordance with National
Institutes of Health guidelines using protocols approved by the Ani-
mal Care and Use Committee of UC Davis.

Surgery and tissue preparation

The surgical and tissue preparation procedures for the MEA record-
ings have been described previously (Warland et al. 2006). Briefly,
neonatal mice and ferrets were administered a lethal intraperitoneal
dose of Euthana-6 (0.1–0.2 ml, pentobarbital sodium; Western Med-
ical Supply, Arcadia, CA). The eyes were enucleated, and the retinae
were removed and stored in buffered and oxygenated media (Eagle’s
minimum essential medium [MEME], M7278; Sigma–Aldrich, St.
Louis, MO) at room temperature. For both patch-clamp and multi-
electrode recording, the retinae were cut into 5- to 8-mm2 rectangles.

Patch-clamp recordings and analysis

We recorded the whole cell activity of 10 RGCs from retinae of
seven mice and 14 RGCs from retinae of seven ferrets. The patch-
clamp recording procedures have been described previously (Liets
et al. 2003; Wang et al. 2001). The bath solution within the recording
chamber was maintained at 37°C during each experiment. Patch
pipettes with a tip resistance between 3 and 7 M� were pulled from
thick-walled 1.5-mm-OD borosilicate glass on a Sutter Instruments
(Novato, CA) puller (model P-97). Current-clamp recordings were
made with an Axopatch 200B patch-clamp amplifier (Axon Instru-
ments, Foster City, CA). The data were low-pass filtered at 1 kHz and
digitized at 4 kHz before storage on an IBM computer for subsequent
off-line analysis. Patch recordings were made from cells with clear,
nongranular cytoplasm. High-resistance seals were obtained by mov-
ing the patch electrode onto the cell membrane and applying gentle
suction. After formation of a high-resistance seal between the elec-
trode and the cell membrane, transient currents caused by pipette
capacitance were electronically compensated by the circuit of the
Axopatch 200B amplifier. The series resistance was 7–16 M�. After
attaining whole cell configuration, the resting membrane potential was
read off the amplifier and monitored regularly throughout the record-
ing. For our recordings, the input resistance varied between 310 and
620 M�. Following whole cell patch of each RGC, spontaneous
activity was recorded for 7–15 min in control bath solution prior to
introduction of epibatidine and for an additional 7–15 min following
drug application.

Multielectrode array recordings

A piece of retina was placed ganglion cell layer down onto a
60-channel MEA (Multi-Channel Systems, Tubingen, Germany), held
in place with a piece of dialysis membrane (Spectrapore 132130;
Spectrum, Los Angeles, CA), and superfused with buffered medium
(MEME, M7278; Sigma–Aldrich) at 1–2 ml/min at 37°C. The array
electrodes were 30 �m in diameter, arranged on an 8 � 8 rectilinear
grid with 200-�m interelectrode spacing. For a 5-mm-diameter eye,
the array covered 50% of the area between the optic disc and the
peripheral edge, so the MEA recordings sampled from a large fraction
of the available retina. At this interelectrode spacing, the signal of a
given cell appeared on only one electrode, so each cell was assigned
the coordinates of the electrode that recorded its signal. Analog data
were acquired at 20 kHz per channel simultaneously from each of the
60 electrodes. Following experimental setup, retinae were allowed to
acclimate for 5–20 min. On emergence of retinal wave epochs,

recordings were performed for a period of 15–20 min, during which
time overall firing rates of the ensemble appeared stable. Following
control recordings, 10 nM EPI was applied to the perfusion medium
and spontaneous activity was recorded for an additional 15–20 min.

Spike identification

Before sorting spike events, the data were digitally filtered with a
125-Hz high-pass filter (four-pole Butterworth). A threshold of 6SD
was set for each channel and 1 ms of data before a threshold-crossing
event and 4 ms after the threshold event were stored for each
negative-slope event. These candidate spike waveforms were then
sorted with the OfflineSorter (Plexon, Denton, TX) using the first
three principal components of the spike waveforms. Coincident events
within 0.5 ms of one another that occurred on all electrodes were
attributed to perfusion noise and removed. Clusters were first identi-
fied using an EM cluster algorithm by Shoham et al. (2003) and then
manually edited for clustering errors. Typically, the activity of one to
three cells was recorded by each electrode.

Statistical analysis

BURST ANALYSIS. The burst duration was measured using the burst
analysis algorithm provided by Neuroexplorer (Nex Technologies,
Littleton, MA). The spike train was scanned until an interspike
interval (ISI) of �0.1 s was found. This defined the beginning of the
burst. Subsequent spikes with ISIs of �1 s were included in the burst,
whereas an ISI of �1 s denoted the end of the burst. If an interval
between two bursts was �5 s, the two bursts were merged and
considered to be one burst. Bursts with a duration �0.5 s or with
fewer than four spikes were discarded. Isolated cells exhibiting fewer
than five bursts during the recording were excluded from the burst
analysis. The burst analysis algorithm provided the burst frequency,
burst duration, interburst interval, ISI of spikes within bursts, number
of spikes per burst, and percentage of spikes in bursts relative to total
spike number for the recording. Two-sample Kolmogorov–Smirnov
(KS) tests were applied to the data for group comparison.

CORRELATION ANALYSIS. To quantify the degree of correlated fir-
ing between recorded pairs of cells, all cross-correlation functions
were calculated and assigned a correlation index (CI). The CI mea-
sures the likelihood relative to chance that a pair of cells fired together
within a particular time window. The CI was computed as described
by Wong et al. (1993) using the following formula: Nab(�w, �w) �
T/[Na(0, T) � Nb(0, T) � (2 � w)], where Nab(�w, �w) is the
number of spike pairs from cells a and b for which cell b fires within
w seconds of cell a, T is the duration of the recording in seconds, Na(0,
T) and Nb(0, T) are the total number of spikes from cell a and b during
the recording, and 2 � w is the width of the correlation window. Nab

was computed using w � 0.1 s and the cross-correlation function was
binned at 0.05 s. The particular values of the CI depend on the choice
of the correlation window w. A value of 0.1 s was chosen based on
what has been commonly used by other investigators as a reasonable
timescale for activity-dependent modification of synaptic strength
(Meister et al. 1991).

WAVE FREQUENCY ANALYSIS. Naı̈ve experimenters visually in-
spected the raw multielectrode analog data and counted wave events
directly. A wave was defined as coincident bursting on four or more
electrode sites.

R E S U L T S

To evaluate the effect of EPI on RGC physiology, we
performed whole cell patch and MEA recordings of isolated
mouse and ferret retinae during acute bath application of
control or 10 nM EPI [(�)-epibatidine dihydrochloride;
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Sigma–Aldrich] solutions. This drug dosage was previously
reported to abolish all spontaneous retinal activity in neonatal
ferret retinae (Penn et al. 1998) and to disrupt correlated wave
activity in mouse retinae (Cang et al. 2005; Pfeiffenberger et al.
2005).

Patch-clamp recordings

For retinal ganglion cell recordings, the resting membrane
potentials varied between �50 and �70 mV for all cells at the
onset of recording. In control whole cell patch-clamp record-
ings, RGCs of both mouse (n � 10 cells) and ferret (n � 14
cells) exhibited depolarizing events with an average frequency
of 0.0289 � 0.0324 Hz. For some cells this resulted in the
generation of bursts of action potentials (Fig. 1, A, B, and D).
For other cells, depolarizations were insufficient to generate

individual spikes or bursts of spikes and only excitatory
postsynaptic potentials (EPSPs) of varying amplitudes were
recorded (Fig. 1C). RGCs usually exhibited periods of quies-
cence ranging from 1 to 3 min between depolarizations, a time
course paralleling retinal wave frequency. Acute application of
10 nM EPI (Fig. 1, A–D, black arrows) to the perfusion bath
resulted in the abolishment of all depolarizing events in some
RGCs of both mouse (Fig. 1A; P4–P8, n � 6 of 10 recorded
cells) and ferret (Fig. 1C; P4–P8, n � 8 of 14 recorded cells).
In other recordings, however, EPI application elicited tonic
activation at enhanced levels relative to normal (Fig. 1B,
mouse P4–P8, n � 4 of 10 recorded cells; Fig. 1D, ferret
P4–P8, n � 6 of 14 recorded cells). Acute application of EPI
to the bath solution often elicited an immediate depolarization
in recorded RGCs. This effect was seen both in cells that were
silenced following EPI application (Fig. 1, A and C) and in
cells whose activity was increased following drug treatment
(Fig. 1D). This is likely due to the initial transient activity of
EPI as a partial agonist of nicotinic acetylcholine receptors
(nAChRs) (see DISCUSSION).

MEA recordings

Recordings of retinal activity on a 60-channel MEA allowed
us to gather physiological data from 40–120 RGCs during
typical recording sessions. As expected, retinal activity of
neighboring cells in normal retinae was highly correlated,
occurring at periodic intervals (Fig. 2, A and C, mouse and
ferret, P4). At finer timescales, spontaneous retinal activity
could be seen to sweep across neighboring electrodes, a phe-
nomenon characteristic of retinal waves (Fig. 2A, bottom).
Acute application of 10 nM EPI disrupted these correlated
discharges in both species (Fig. 2, B and D, mouse and ferret,
P4). Many RGCs whose activity could be isolated from the raw
MEA recordings showed enhanced tonic firing following acute
EPI application (Fig. 2, B and D, mouse and ferret, P4),
confirming the observations made in the patch-clamp record-
ings described earlier.

EPI increases firing rate

Mean firing frequency increased in both control and EPI-
treated retinae from postnatal day 1 (P1) to P12 in mouse (Fig. 3A)
and P0–P10 in ferret (Fig. 3D) (n � 2 or 3 retinae per time
point for each species). Additionally, statistically significant
differences between EPI-treated retinae and controls were
found at many developmental time points (*P � 0.05, two-
sample KS test). We analyzed EPI-dependent changes in mean
firing frequency during the developmental period of retino-
geniculate segregation, when cholinergic signaling within the
starburst amacrine cell network is the key factor for wave
propagation (Feller et al. 1996; Zheng et al. 2006). Retino-
geniculate segregation occurs in mouse from P0 to P8 and in
ferret from P0 to P10. Group data collected from each species
during these ages were pooled. As may be seen in Fig. 3, in
both species acute EPI application significantly increased the
overall level of recorded RGC activity (Fig. 3, B and E, mouse
and ferret; *P � 0.05, two-sample KS test). Mean firing
frequency (spikes/s) during these time points was about 14%
higher in EPI-treated mouse retinae and about 31% higher in
EPI-treated ferret retinae compared with control RGC firing

10
 m

V

1 min

P7 mouse

P7 ferret

P8 mouse

P6 ferret

A

B

C

D

-60mV

-66mV

-58 mV

-62mV

100ms

10
 m

V

FIG. 1. Whole cell current-clamp recordings from retinal ganglion cells
(RGCs) in mouse and ferret. Following (�)-epibatidine dihydrochloride (EPI)
application (black arrows) some RGCs of mouse (A) (n � 4 of 8 total cells
recorded) and ferret (C) (n � 8 of 16 total cells recorded) are silenced. Other
RGCs exhibit increased tonic activation following EPI application (B and D)
(n � 4 of 8 cells recorded in mouse; n � 6 of 14 cells recorded in ferret).
Resting membrane potentials are shown adjacent to recording traces. Expanded
trace in B shows tonic spiking elicited by EPI application.
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frequency. It should be noted, however, that this analysis does
not take into account those cells that were silenced by EPI
treatment.

EPI abolishes correlated activity

Using a standardized algorithm for quantifying correlations
among recorded RGC spike trains, we plotted CI values for
control and EPI-treated retinal recordings in both mouse and
ferret (see METHODS). Analyses of control recordings (Fig. 4A,
mouse P4; Fig. 4B, ferret P4) revealed strong correlations
between neighboring RGCs, which decreased as a function of
distance between cell pairs (see regression line fit to individual
data points). In contrast, acute EPI application to both mouse

(Fig. 4C) and ferret (Fig. 4D) retinae eliminated distance-
dependent correlations so that nearest-neighbor cells no longer
showed temporal alignment in spike firing. Analysis of the
maximum CI values measured at each developmental age
confirmed this finding in mouse (Fig. 4E) and ferret (Fig. 4F)
at all ages studied. Under control conditions, retinae in both
species showed high correlation coefficients at early time
points when waves are known to be acetylcholine dependent.
As reported previously in control retinal recordings in ferret
(Wong et al. 1993), we recorded a reduction in the maximum
CI that occurs as a function of age in both mouse and ferret.
This can be explained by increases in wave area and frequency
that increase chance firing between cell pairs at greater dis-
tances and, additionally, by an increase in spike activity outside

A

C D

BP4 mouse - Bath Solution P4 mouse - 10nM Epibatidine

P4 ferret - Bath Solution P4 ferret - 10nM Epibatidine

FIG. 2. Raster plots of individual RGC
spike activity obtained via multielectrode ar-
ray (MEA) recording. Each row is the spike
train from a single RGC. Within each row,
vertical lines represent spikes from the cor-
responding cell. The interval of time within
the shaded region is expanded at a finer scale
below each raster. Propagating waves of
spontaneous activity were recorded under
control conditions in both mouse (A) and
ferret (C) at all developmental ages (postna-
tal day 4 [P4] shown). Application of 10 nM
EPI resulted in the abolishment of normal
wave activity in both species, yet RGC spik-
ing persisted in all cases (B, mouse; D,
ferret).
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of wave events. In combination, these changes lower the
maximum correlation values for each cell pair examined.
Acute EPI application reduced the maximum CI values for
both species to near zero for the entire developmental period
examined, consistent with the elimination of correlations in-
herent to retinal waves and an increase in uncorrelated spike
activity. The increase in overall activity of some RGCs fol-
lowing EPI treatment could itself lower the calculated corre-
lation coefficients, potentially masking underlying correlated
wave activity. However, for each data set acquired, indepen-
dent observers evaluated the MEA output by eye to verify the
absence of wave activity in EPI-treated retinae. Quantification
of individual wave events in both control and EPI-treated
retinae confirmed that acute EPI treatment eliminated retinal
waves in mouse (Fig. 3C) and ferret (Fig. 3F) (n � 2 or 3
retinae per time point for each species) during the aforemen-
tioned period of ACh-dependent spontaneous retinal activity.
In mouse, retinal waves persisted with EPI treatment at ages
�P7 (Fig. 3C) (n � 2 or 3 retinae per time point). In ferret, EPI
treatment eliminated retinal waves at all ages studied, up to
P16 (Fig. 3F) (n � 2 or 3 retinae per time point). At the oldest
age examined, however, retinal waves were not eliminated but
were markedly reduced in frequency, which may reflect the
maturation of glutamate-dependent spontaneous activity (Fig.
3F) (P16, n � 1).

Properties of EPI-resistant activity

To further identify the properties of RGC discharges follow-
ing EPI treatment we analyzed the structure of the remaining
spontaneous activity in EPI-treated retinae. Notably, although
many units continued to exhibit burst activity following EPI
treatment, the pattern of RGC spike output appeared more
tonic in the presence of the drug (Fig. 2, B and D). This was
evidenced by an increase in the number of single spikes
occurring between bursts and thus a statistically significant
decrease in the percentage of total recorded spikes occurring

within bursts during the period of retinogeniculate develop-
ment in both mouse (Fig. 5A) and ferret (Fig. 5B) (n � 2 or 3
retinae per time point for each species). In addition, the
frequency of bursts is increased by EPI application and the
average interval between bursts is smaller in the presence of
the drug (Fig. 5, C–F). Individual bursts were longer in
duration and contained more spikes per burst in the presence of
EPI (Fig. 6, A–D). However, the ISI within bursts was in-
creased by EPI application (Fig. 6, E and F). All of these
changes in burst properties are consistent with an overall
change in spontaneous retinal activity from regular episodic
bursts characteristic of normal waves to more tonic spike trains
with increased spike output following EPI treatment (Fig. 3, A,
B, D, and E).

Following acute EPI treatment, the percentage of total re-
corded cells engaged in burst activity was reduced in a con-
centration-dependent manner and the magnitude of this effect
was age dependent (Fig. 7A, mouse). Additionally, the percent-
age of time RGCs fired at rates �10 Hz was significantly
reduced in mouse (Fig. 7B) and ferret (Fig. 7C) (n � 2 or 3
retinae per time point for each species) following EPI treat-
ment. The effect on high-frequency output following EPI
treatment persisted in the ferret until P16 (Fig. 7C).

D I S C U S S I O N

Epibatidine, a cholinergic agonist, has been used to assess
the role of retinal activity in the development of retinogenicu-
late (Huberman et al. 2002; Penn et al. 1998; Pfeiffenberger
et al. 2005), retinocollicular (Chandrasekaran et al. 2005;
Huberman et al. 2008b), and geniculocortical (Cang et al.
2005; Huberman et al. 2006) projections. This drug was intro-
duced to the field of visual system development by Penn et al.
(1998) who reported, on the basis of patch-clamp recordings
from RGCs in the isolated ferret retina, that EPI silenced all
retinal activity. More recently, MEA recordings from the
isolated mouse retina have revealed that EPI application per-
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FIG. 3. Analysis of mean firing frequency
and wave frequency as a function of devel-
opmental age. The mean firing frequency
(spikes/s) of RGCs increased in both mouse
(A) and ferret (D) as a function of develop-
mental age. During the period of eye-specific
segregation in the dorsal lateral geniculate
nucleus (dLGN) occurring from P0 to P8 in
mouse (B) and P0 to P10 in ferret (E), EPI
increased overall mean firing frequency. EPI
eliminated retinal waves from P0 to P7 in
mouse (C) and P0 to P16 in ferret (F).
Numbers in A, B, D, and E reflect RGCs
isolated during MEA recording. Data points
in A and D reflect the mean for all recorded
retinae. Error bars reflect �SE. Data points
in C and F reflect separate retinae. *P �
0.05; 2-sample Kolmogorov–Smirnov (KS)
test.
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turbs retinal waves while preserving ganglion cell activity
(Cang et al. 2005; Pfeiffenberger et al. 2005). We have sought
to reconcile these seemingly conflicting reports in ferret and
mouse retina by performing whole cell patch-clamp and MEA
recordings in these two species at a comparable stage of
development.

EPI disrupts spontaneous retinal activity in mouse and ferret

In line with previous reports, we found that EPI treatment
eliminated retinal waves in ferret and mouse retinae. However,
our results demonstrate that this drug silences the activity of
some but not all ganglion cells in both the ferret and the mouse.
Additionally, in both species EPI significantly increased the
frequency of action potential firing for those cells that re-
mained active after drug application.

The differences between our results in ferret retinae and the
previously reported silencing of all RGC action potentials in
the presence of EPI (Penn et al. 1998) may be attributed to a
number of factors. First, it is possible that the reported lack of
active cells in the previous study could reflect a small sample
size (five RGCs recorded in the presence of EPI). That study
relied primarily on Ca2� imaging results to show the disruption
of waves. Alternatively, it is possible that other methodological
differences could account for the different results. The earlier
experiments may have been performed under different record-
ing temperature (unreported in Penn et al. 1998 vs. 37°C in our
experiments) and in a different medium (artificial cerebrospinal
fluid in Penn et al. 1998 vs. MEME in our experiments). Both
temperature and medium affect excitability and wave charac-
teristics in retinae from mice lacking normal cholinergic trans-
mission due to knock out of the gene coding for the beta-2
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FIG. 4. Correlation index (CI) as a func-
tion of intercell distance for pairs of recorded
cells. The location of each cell isolated on
the array was assigned the position of the
electrode on which it was recorded. For each
pair of recorded cells, the CI was plotted
logarithmically against the intercell distance.
The regression line represents an exponential
fit to the data. The y-intercepts (maximum
CI) from the scatterplots are a measure of the
strength of the overall correlations recorded
from cell pairs. In both mouse (A) and ferret
(B) RGCs exhibit highly correlated sponta-
neous activity as a function of intercell dis-
tance. Application of EPI to retinae of both
species (C and D) eliminates correlations
between recorded pairs. At all ages exam-
ined in both mouse (E) and ferret (F), the
maximum CI values are reduced by EPI
treatment. The maximum CI obtained from
recordings of mouse and ferret, respectively,
is plotted for each age together with the 95%
confidence limits (error bars) obtained from
the exponential fit. Vertical lines denote
quintile boundaries and the horizontal thin
line denotes the 99% limit of the shuffle
analysis.
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subunit of the ACh receptor (Sun et al. unpublished data; D.
Feldheim and B. Stafford, unpublished results). Although the
basis of the differences between our results and those of Penn
et al. are unknown, our findings clearly demonstrate that in
vitro application of EPI has equivalent effects on the develop-
ing ferret and mouse retina when recordings are made under
the same conditions.

In addition to silencing over half of all RGCs, EPI application
severely perturbs the activity of those RGCs still spiking after
drug treatment. Under normal conditions, retinal waves drive
RGCs to fire action potentials, which are temporally correlated
among neighboring cells. In contrast, EPI abolished all correla-
tions among spiking RGC cell pairs at all distances, concomitant
with a complete breakdown of observable retinal waves.

The residual activity of RGCs in the presence of EPI consisted
of both bursts and single spikes, although many RGCs failed to
engage in burst activity following EPI treatment. The loss of burst
activity in some, but not all, RGCs exhibiting residual spike

activity could be taken as additional evidence for differences in
EPI sensitivity among varying RGC types. We found that, for
those cells exhibiting bursts in the presence of EPI, many prop-
erties of the bursts were affected in a manner that reflects an
overall shift in spontaneous activity from regular intervals of
consistent burst behavior to more tonic firing patterns. This
increase in tonic spiking contributes to the flat correlation index
observed in our analysis of post-EPI MEA data. The abolishing of
bursting in a fraction of active RGCs combined with increased
spiking not confined to bursts caused significant decreases in the
measurement of the percentage of total spikes occurring in bursts
as well as the percentage of time RGCs were observed to fire at
rates �10 Hz.

Mechanisms of EPI action on spontaneous retinal activity

Why was the activity of some retinal ganglion cells
eliminated by EPI, whereas the firing frequency of other
ganglion cells was increased by this drug? In the mamma-

0 2 4 6 8 10 12 14
0.0

0.5

1.0

1.5

2.0

* *
**

*
**

**

Mouse
 Bath Solution
 10nM Epibatidine

B
ur

st
 fr

eq
ue

nc
y 

(b
ur

st
s/

m
in

ut
e)

Postnatal Date (days) 

0 2 4 6 8 10 12 14
0

30

60

90

120

150

*****
*

**

Mouse
 Bath Solution
 10nM Epibatidine

In
te

rb
ur

st
 in

te
rv

al
 (s

ec
on

ds
)

Postnatal Date (days) 

0 2 4 6 8 10 12 14 16
0.0

0.5

1.0

1.5

2.0

*

***
*

*
*

*

Ferret
 Bath Solution
 10nM Epibatidine

Bu
rs

t f
re

qu
en

cy
 (b

ur
st

s/
m

in
ut

e)

Postnatal Date (days) 

0 2 4 6 8 10 12 14 16
0

30

60

90

120

150

*

*
******

Ferret
 Bath Solution
 10nM Epibatidine

In
te

rb
ur

st
 in

te
rv

al
 (s

ec
on

ds
)

Postnatal Date (days) 

0 2 4 6 8 10 12 14 16
0

20

40

60

80

100

*
*

*
**

*
*

**
Ferret

 Bath Solution
 10nM EpibatidineP

er
ce

nt
 o

f s
pi

ke
s 

in
 b

ur
st

Postnatal Date (days) 

A

FE

DC

B

0 2 4 6 8 10 12 14
0

20

40

60

80

100

*

*

*
**

**
*

*

*

* Mouse
 Bath Solution
 10nM Epibatidine P

er
ce

nt
 o

f s
pi

ke
s 

in
 b

ur
st

Postnatal Date (days)  

Bath only 10nM Epibatidine
0

20

40

60

80

100

*

In
te

rb
ur

st
 in

te
rv

al
 (s

ec
on

ds
)

Postnatal 1-8 days 

Mouse

Bath only 10nM Epibatidine
0.0

0.5

1.0

1.5

*

B
ur

st
 fr

eq
ue

nc
y 

(b
ur

st
s/

m
in

ut
e)

Postnatal 0-10 days 

Ferret

Bath only 10nM Epibatidine
0

20

40

60

80

100

*

In
te

rb
ur

st
 in

te
rv

al
 (s

ec
on

ds
)

Postnatal 0-10 days 

Ferret

Bath only 10nM Epibatidine
0

20

40

60

80

100

*

Pe
rc

en
t o

f s
pi

ke
s 

in
 b

ur
st

Postnatal 0-10 days 

Ferret

Bath only 10nM Epibatidine
0.0

0.5

1.0

1.5

*

B
ur

st
 fr

eq
ue

nc
y 

(b
ur

st
s/

m
in

ut
e)

Postnatal 1-8 days 

Mouse

Bath only 10nM Epibatidine
0

20

40

60

80

100

*

P
er

ce
nt

 o
f s

pi
ke

s 
in

 b
ur

st
Postnatal 1-8 days 

Mouse
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lian retina at least seven different nAChR subtypes are
expressed and it is likely that different ganglion cells are
characterized by different variants of this receptor (Feller
2002; Gotti et al. 2007; Lecchi et al. 2005; Marritt et al.
2005; Moretti et al. 2004). Since the activation kinetics of
different nAChR subtypes are known to be different (Dani
and Bertrand 2007), it seems reasonable to think that the
differential effects of EPI on individual ganglion cells
depend on specific subtypes of nAChRs found in the mem-
brane of a given neuron (Lecchi et al. 2005). At the
concentrations used in our study, EPI likely acts to elicit a
prolonged desensitization of certain nAChRs, thereby re-
ducing normal excitatory conductance following endoge-
nous ACh release, which would be sufficient to prevent
action potential generation in some ganglion cells. Those
expressing the common �4�2 receptor subunit combination
may be particularly sensitive to EPI binding to inactivated

receptors, locking them with high binding affinity in this
inactive conformation (Buisson et al. 2000).

In ganglion cells lacking the nAChR subtypes by which EPI
elicits a prolonged desensitization, the action of the drug might
be expected to increase spiking activity. This seems unlikely,
however, since studies performed on the binding of EPI to
nAChRs have shown that at low concentrations, similar to that
used in the present study, this drug did not elicit receptor
activation, but rather diminished the responses of nAChRs to
simultaneously applied ACh (Busisson et al. 2000). A more
nuanced hypothesis for explaining EPI-dependent increased
activation of some RGCs merits attention. It is known that
during ACh-dependent waves, the activity of RGCs and cho-
linergic amacrine cells can be modulated by GABAergic and
glycinergic signaling (Feller et al. 1996; Fischer et al. 1998;
Johnson et al. 2003; Stellwagen et al. 1999; Syed et al. 2004;
Zheng et al. 2004, 2006). Although �-aminobutyric acid
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FIG. 6. Burst structure exhibited by individual RGCs recorded by MEA. Following EPI application, the average burst duration was significantly increased
for RGCs of both mouse (A) and ferret (B) over the time course of eye-specific segregation (bar graphs). The average number of spikes/burst was also increased
in both species in the presence of EPI during time points of eye-specific segregation (C and D, bar graphs). The mean interspike interval occurring within
individual bursts was significantly increased at all time points evaluated in each species (E and F, line graphs), which resulted in an overall increase in this metric
during the period of eye-specific segregation (E and F, bar graphs). Individual data points reflect mean values and error bars are �SE; *P � 0.05; 2-sample KS
test.
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(GABA) is depolarizing for RGCs at young ages (Fischer et al.
1998; Stellwagen et al. 1999), tonic activation of GABAA
receptors in the retina reduces RGC and amacrine cell excit-
ability, perhaps eliciting a resting conductance that may serve
to shunt excitatory inputs (Wang et al. 2007). It has also been
demonstrated that many GABAergic amacrine cells express
nAChRs (Dmitrieva et al. 2001). Additionally, starburst ama-
crine cells corelease and respond to both GABA and ACh,
raising the possibility that EPI may reduce overall GABA
release in the retina, thereby modulating RGC and amacrine

cell outputs in a way that would increase spike activity for cells
normally constrained by tonic GABAA activation (Wang et al.
2007; Zheng et al. 2004). Further pharmacological studies will
be needed to clarify this issue.

The mechanism by which EPI abolishes retinal waves could
reflect the effects of this drug on RGCs as well as cholinergic
amacrine cells. The direct action of EPI on RGCs, discussed
earlier, could be sufficient to abolish retinal waves, with some
cells being silenced by EPI, whereas others fire at a higher-
than-normal rate. This would act to decorrelate the discharges
of neighboring ganglion cells, thereby abolishing retinal waves
and decreasing the maximum correlation index. It is also likely
that the activity of cholinergic amacrine cells is perturbed by
EPI application. During ACh-dependent retinal waves, rhyth-
mic oscillations in the membrane conductances of these retinal
interneurons result in the release of ACh onto the dendrites of
RGCs and other cholinergic amacrine cells (Zheng et al. 2006).
Cholinergic amacrine cells are known to express multiple ACh
receptors (Dmitrieva et al. 2001; Keyser et al. 2000; Yamada
et al. 2003; Zheng et al. 2004; Zhou and Zhao 2000), so EPI
binding to nAChRs expressed by cholinergic amacrine cells
would be expected to disrupt the efficacy of the reciprocal
excitatory signaling within this amacrine cell network. This
altered pattern of spontaneous activity in the cholinergic am-
acrine cell network would in turn block the generation of RGC
wave activity. Most likely, both the direct binding of EPI to
nAChRs expressed by RGCs and the indirect action of this
drug via the cholinergic amacrine cells contribute to the elim-
ination of retinal wave activity, although the relative impact of
these two factors remains to be established.

Although the precise mechanism by which EPI blocks reti-
nal waves is unknown, our results demonstrate that in the
mouse this occurs from P0 through P7; at later ages the drug
had no obvious effects on retinal physiology. Previous work on
the mouse retina showed that blocking nACh transmission
using curare abolished retinal waves as late as P11, but by P12
the waves are driven by glutamate (Bansal et al. 2000). In the
ferret, we found that EPI eliminated or significantly perturbed
retinal waves from P0 until P16. In the ferret retina, little is
known about the timing of the shift from cholinergic to
glutamatergic waves. It was previously shown that at P7/P8 in
the ferret, ACh is required for waves to occur, but that blocking
glutamatergic transmission even at this early age caused a
significant reduction in wave frequency (Wong et al. 2000).
Blocking cholinergic transmission no longer affected waves at
P20, but time points between P8 and P20 were not studied
(Wong et al. 2000). Taken together, these results suggest that
there is likely a gradual shift from waves driven solely by ACh
to waves driven solely by glutamate and that different phar-
macological agents used to block transmission and different
methods of assessing waves may lead to different assessments
of the relative importance of the two transmitters during the
transition phase. Additionally, the duration during which both
ACh and glutamate are involved in wave generation appears to
be prolonged in the ferret compared with the mouse.

EPI as a tool for investigating
activity-dependent development

We have focused on the effects of EPI on retinal activity
because this drug has been used by a number of previous
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FIG. 7. EPI application to mouse retina resulted in a dosage- and age-
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studies to assess the role of retinal activity in the development
of retinogeniculate (Huberman et al. 2002; Penn et al. 1998;
Pfeiffenberger et al. 2005), retinocollicular (Chandrasekaran
et al. 2005; Huberman et al. 2008b), and geniculocortical
(Cang et al. 2005; Huberman et al. 2006) projections. Although
it is widely believed that retinal activity is required for normal
development of the visual pathways (Firth et al. 2005; Huber-
man et al. 2008a), it is not clear which parameters of retinal
activity are required for a particular feature of the visual system
to be normally formed.

With respect to the role of retinal activity in the formation of
eye-specific retinogeniculate projections several conflicting re-
ports remain to be reconciled (Chalupa 2007). An initial study
reported that infusion of the voltage-gated Na� channel
blocker tetrodotoxin (TTX) into the region of the optic chiasm
prevented the segregation of eye specific inputs in the dLGN of
the fetal cat (Shatz and Stryker 1988). In contrast, intraocular
injections of TTX delayed, rather than prevented, eye-specific
layers from forming in the postnatal ferret (Cook et al. 1999).
In this context, the study by Penn et al. (1998) that intraocular
injections of EPI, which they reported silenced all RGC activ-
ity, prevented eye-specific segregation in the ferret seemed to
refute the results of Cook et al. (1999). Our results clearly
show, however, that EPI does not block retinal activity; as
discussed earlier: some RGCs are silenced by this drug,
whereas others spike at a higher-than-normal frequency. Pre-
vious experimental work suggested that correlated spontaneous
activity is critical for the normal emergence of eye-specific
circuits (Cang et al. 2005; Grubb et al. 2003; Torborg et al.
2005). Modeling studies propose that the structure of burst
activity in individual ganglion cells establishes limits on the
refinement of connectivity (Butts et al. 2007). Together, these
studies argue that the structure of RGC activity is important for
the formation of eye-specific projections. However, testing this
hypothesis requires an agent that changes RGC output in a
defined manner without changing the overall level of activity.
Although we find that EPI decorrelates spontaneous retinal
activity and decreases overall bursting, we also find that it
changes levels of activity in the retina, increasing firing of
some cells while silencing others. Therefore EPI experiments
cannot answer the question of whether retinal waves are
instructive in visual system development or whether normal
levels of activity are merely permissive for normal connections
to form.

Our results illustrate the utility of applying multiple tech-
niques in the examination of spontaneous retinal activity.
Although MEA recording allows for large-scale assessment of
spontaneous RGC output, this technique is not without limita-
tions. Analysis of data obtained using MEAs relies on the
experimenter’s ability to identify individual output neurons
based on physiological signatures that are unique for each cell.
In the case of pharmacological manipulations that affect the
spike waveform of RGC output, as in the present study using
EPI, individual cells isolated prior to drug application cannot
be subsequently identified based on physiological parameters.
Therefore it was not possible to assess the number of cells
silenced by drug application when comparing pre- and post-
drug MEA recordings. Patch-clamp recording mitigates this
difficulty by allowing direct evaluation of the effects of drug
treatment on the spontaneous output of individual RGCs.
However, patch-clamp recordings preclude one’s ability to

examine patterns of spontaneous activity across the retina.
Additionally, it is difficult to obtain large samples for statistical
analysis using this method. Therefore an approach that blends
the strengths of multiple techniques is perhaps the optimal
means of evaluating the constellation of effects a given ma-
nipulation may induce.

Finally, it is important to note that a common assumption
in the field of visual system development is that acute
effects of pharmacological agents observed in vitro are
representative of their chronic effects in vivo. Further ex-
periments are needed to determine the chronic effects of EPI
on retinal physiology in vivo.
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