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Abstract
Rapid synaptic transmission at the calyciform synapse in the embryonic chicken ciliary ganglion is
mediated by two classes of nicotinic receptors; those containing α3 subunits (α3-nAChRs) and those
containing α7 subunits (α7-nAChRs). α3-nAChRs and α7-nAChRs are differentially distributed on
the cell surface; α3-nAChRs are concentrated at postsynaptic densities, while both α7-nAChRs and
α3-nAChRs are found extrasynaptically on somatic spines. I explored the contribution of α3-nAChRs
and α7-nAChRs to uniquantal responses, measured as mEPSCs or as evoked responses under low
release probability conditions. The contribution that each nAChR makes to uniquantal response shape
was determined by blocking one nAChR type; pharmacologically isolated α7-nAChR responses were
kinetically fast (rise time: 0.32 ± 0.02 ms; decay time: 1.66 ± 0.18 ms; mean ± SD, n=6 cells), while
pharmacologically isolated α3-nAChR responses were slow (rise time: 1.28 ± 0.35 ms; decay time:
6.71 ± 1.46 ms; n=8 cells). In the absence of antagonists, most cells (11/14) showed heterogeneity
in the kinetics of uniquantal responses, with ∼25% of events exhibiting fast, α7-nAChR-like kinetics
and ∼75% of events exhibiting the kinetics expected of co-activation of α7-nAChRs and α3-nAChRs.
Cells rarely showed significant numbers of uniquantal responses with slow, α3-nAChR-like kinetics,
which was unexpected given that α3-nAChRs alone are concentrated at postsynaptic densities. The
only site where ACh quanta can activate both α3-nAChRs and α7-nAChRs readily is on the somatic
spines, where α7-nAChRs and α3-nAChRs are present extrasynaptically. At the calyciform synapse,
rapid synaptic transmission is mediated apparently without participation of ionotropic receptors
concentrated at postsynaptic densities.
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INTRODUCTION
Nicotinic receptors (nAChRs) underlie rapid transmission at vertebrate skeletal nerve-muscle
synapses and at ganglionic synapses but not widely in the CNS, where nAChRs are often
located extrasynaptically or presynaptically and play a modulatory role (Dani and Bertrand,
2007; MacDermott et al., 1999; Wonnacott et al., 2006). nAChR expression in the CNS is
diverse, and there is evidence that homomeric α7-nAChRs play different functional roles than
do heteromeric non-α7-nAChRs (Picciotto et al., 2008). This system can be modeled by the
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embryonic chicken ciliary ganglion, where both α7-nAChRs and non-α7-nAChRs are
expressed and where nAChRs are located extrasynaptically and presynaptically.

Embryonic chicken ciliary neurons are supplied by a calyciform terminal (Dryer, 1994),
anatomically similar to the calyx of Held. Ciliary neurons lack dendrites but have somatic
spines; synaptic contacts are present on the spines (Shoop et al., 1999), but ∼90% are located
on the soma (Nguyen and Sargent, 2002). Ciliary neurons express homomeric α7-nAChRs and
a heterogeneous population of nAChRs containing α3, α5, and β4 subunits (Conroy and Berg,
1995; Vernallis et al., 1993). The α3-containing nAChRs (α3-nAChRs) are concentrated at
PSDs (Jacob et al., 1984; Loring and Zigmond, 1987) and are also present on spines (Horch
and Sargent, 1995; Jacob et al., 1984; Shoop et al., 1999). α7-nAChRs are diffusely distributed
on spines (Horch and Sargent, 1995; Jacob and Berg, 1983; Shoop et al., 1999) and are also
located presynaptically (Coggan et al., 1997; Rogers and Sargent, 2003).

One challenge to understanding synaptic transmission onto chick ciliary neurons is to
understand how nerve-released ACh activates α7-nAChRs (Ullian et al., 1997; Zhang et al.,
1996), given that most of them are extrasynaptic. Using electron microscopy Shoop et al.
(1999) reported docked synaptic vesicles and presynaptic “omega figures” at extrasynaptic
sites on somatic spines and suggested that transmitter might be released ectopically onto α7-
nAChRs. Using the MCell modeling environment Coggan et al. (2005) compared the
distribution of mEPSCs with that expected if release occurred from docked vesicles within a
reconstructed portion of the synapse according to one of three release models: active zone
based, ectopic-only, or mixed. The best fit to the experimental data was obtained with the
ectopic-only model. The conclusions of Coggan et al. (2005) are provocative, not only because
ectopic release has not been widely documented at interneuronal synapses (Matsui and Jahr,
2006) but also because we previously reported the stimulation- and calcium-dependent uptake
and release of extracellular tracer at synaptic contacts on ciliary neurons (Nguyen and Sargent,
2002). Since there is release at synaptic contacts, and since release onto α3-nAChRs at PSDs
should produce kinetically slow mEPSCs (Chen et al., 2001; Ullian et al., 1997; Zhang et al.,
1996), I examined mEPSC kinetics in hopes of characterizing responses to conventional
release. Kinetically slow mEPSCs are rare, while kinetically fast mEPSCs, produced by the
activation, in whole or in part, of α7-nAChRs, are common. This suggests that ionotropic
receptors clustered at PSDs play only a minor role in mediating rapid transmission at this
embryonic synapse.

METHODS
Animal procedures were done in accordance with the UCSF Institutional Animal Care and Use
Committee. Chick embryos were obtained from the Avian Facility at UC Davis and were kept
in a forced draft incubator at 36-37 °C and 50-55% relative humidity until 14-15 days of
incubation (E14-E15, Hamilton & Hamburger stages 39-41). Embryos were euthanized by
decapitation, and ciliary ganglia were dissected in HEPES-buffered saline (147.5 mM NaCl,
4 mM KCl, 2 mM CaCl2, 1 MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4,
milliosmolarity: 310-315). Most experiments were performed in bicarbonate-buffered chick
saline (130 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 1 mM
Na2HPO4,25 mM NaHCO3, pH buffered to 7.4 by bubbling with 95% O2-5% CO2,
milliosmolarity: 310-315). Internal solution was either 135 mM CsCl, 10.6 mM HEPES, 1.7
mM EGTA, 4.3 mM glucose, 1.8 mM ATP, 0.2 mM GTP, pH 7.2, or 120 mM Cs
methanesulfonate, 15 mM TEA-Cl, 10 mM EGTA, 10 mM HEPES, 2 mM ATP, 0.2 mM GTP,
and 5 mM QX-314, pH 7.2 (with CsOH), milliosmolarity: 285-295. α-Conotoxin MII, a gift
from Dr. Michael McIntosh (University of Utah), was used at 300 nM in HEPES-buffered
saline (as above) without bubbling and in the presence of 0.1 mg/ml protease-free bovine serum
albumin. Reagents were obtained from Sigma-Aldrich (St. Louis, Missouri) except methyl-
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lycaconitine and QX-314, which were obtained from Tocris Bioscience (Ellisville, Missouri).
All experiments were done at room temperature (21-23 °C).

Whole cell recordings were made from ciliary neurons according to standard procedures
(Hamill et al., 1981) using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale,
California). Synaptic currents elicited from the soma of ciliary neurons should be recorded
under conditions of good space clamp (Shoop et al., 1999), since these cells have no dendrites
and since their spines have roughly the same dimensions as spines of neurons in the mammalian
CNS, where there is general agreement that the voltage drop across the spine neck is negligible
(Harris and Stevens, 1989; Koch and Zador, 1993; Segev and Rall, 1988; Svoboda et al.,
1996). Patch pipettes were made from 1.5 mm thin-walled borosilicate glass and had initial
resistances of 1.6-3.0 MΩ. The surface of the ciliary ganglion was cleaned by local perfusion
with purified collagenase and thermolysin (Roche Pharmaceuticals, Liberase III®) delivered
with a pressure of 0.5-2.0 kPa for 5-30 minutes via a patch pipette with an internal tip diameter
of 3-5 μm [modified from (Yawo and Chuhma, 1994)]. On-cell and whole-cell recordings from
satellite cells, calyciform presynaptic terminals, and ganglion cells were distinguished on the
basis of the response to brief electrical stimulation via a suction electrode to the preganglionic
nerve. Ciliary neurons were distinguished from choroid neurons by their size (McNerney et
al., 2000) and by having a single, large synaptic input (Ullian et al., 1997) preceded by a
capacitative signal that marks the arrival of the presynaptic action potential in the terminal
(Forsythe, 1994). Ciliary neurons, which had a membrane capacitance of 34 ± 7 pF, were
voltage clamped generally at -60 mV, and synaptic currents were filtered at 2 or 5 kHz using
the Axopatch 200B’s four-pole Bessel filter and digitized at 10-20 kHz. No correction was
made for liquid junction potential. Series resistance was monitored during the recording; data
were pooled, or compared, provided that series resistance did not change by more than 25%
over the course of the experiment. Experiments were discontinued if uncompensated series
resistance exceeded 10 MΩ or if the holding current exceeded -100 pA. Series resistance
compensation (80%) was employed either during the recordings using the Axopatch 200B or
afterwards using ChannelLab (Synaptosoft, Decatur, Georgia) and employing the correction
for a non-linear IV curve (see Fig. 1D). Synaptic currents were analyzed using a combination
of Mini Analysis® (Synaptosoft, Decatur, Georgia) and Neuromatic® (ThinkRandom, Jason
Rothman) implemented in Igor Pro® (Wavemetrics, Lake Oswego, Oregon). Except for the
data in Figure 7, mEPSCs were analyzed after being curve-fit in Neuromatic® using an
equation modified from Bekkers and Clements (1999). Fits were confirmed by manual
inspection. Current traces showing mEPSCs displayed in figures were smoothed in Igor Pro
(binomial, n=3), except for Figure 3A2. “Rise time” in the text is 10-90% rise time, and “decay
time” is measured from the peak as area/peak. I found no correlation across cells between
mEPSC amplitude, mEPSC rise time, or mEPSC decay time and (a) cell capacitance, (b) cell
input resistance, (c) uncompensated pipette access resistance, (d) “settling time” of the
electronics (the τ for relaxation of the current during a small step change in potential), (e) the
filtering on the Axopatch 200B (2 or 5 kHz), (f) the rms noise level of the recording, or (g) the
holding current.

Since the rate of spontaneous release is usually low, I generated asynchronous mEPSCs by
stimulating the preganglionic nerve at 2-4 Hz in the presence of strontium. In a sample of
recordings where at least 10 spontaneous events were detected, the mEPSCs produced by this
approach are similar in size to “true” spontaneous mEPSCs (n=8; six comparisons showed no
difference by t-test, p>0.05; in one comparison spontaneous events were about 30% larger than
asynchronous events and in one comparison spontaneous events were about 25% smaller,
p<0.05 by t-test). Asynchronous mEPSCs produced by stimulation in strontium rarely
contained slowly rising events expected with activation solely of α3-nAChRs (see Results).
To explore whether the this might be an artifact related to the use of enzyme to clean the cell
surface or to the mechanical procedures required to establish gigohm seal recordings from
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ciliary neurons, I performed two studies. In one study I looked for a correlation between the
time of enzyme exposure and EPSC kinetics to test the hypothesis that enzyme treatment leads
to a loss of activation of α3-nAChRs, which would be manifest as a reduction in the decay time
of the EPSC. In this study I recorded EPSCs from cells exposed to enzyme for 2-6 minutes
(n=4 cells), for 10 minutes (n=10), and for 15 minutes (n=9); by one way ANOVA, I found no
difference in EPSC amplitude, rise time, or decay time across the samples (0.13<p<0.35). Thus,
there is no suggestion that typical enzyme exposure (15-20 minutes) alters EPSC properties as
compared to brief exposure. In the second set of experiments I used sharp electrodes (resistance:
30-90 MΩ) to compare EPSC properties in enzyme-treated ganglia with those in intact ganglia
not treated with enzyme. Due to filtering through the high series resistance of the sharp
electrode, EPSCs were smaller and slower when recorded using sharp electrodes. I found no
difference in EPSC amplitude or decay time between untreated and enzyme treated (20
minutes) ganglia [EPSC amplitude: 90 ± 145 pA (untreated, n=6) and 126 ± 127 pA (treated,
n=10), p=0.62; EPSC decay time: 7.3 ± 1.5 ms (untreated) and 11.4 ± 6.1 ms (treated), p=0.12].
These results suggest that enzyme treatment does not preferentially reduce activation of α3-
nAChRs by nerve released transmitter and that the failure to detect α3-nAChR mEPSCs is not
likely to be caused by the methods used to acquire gigohm seals from ciliary neurons. To
explore the possibility that some essential component within the ciliary neuron cell body was
dialyzed out by exchange with the contents of the patch pipette, I collected strontium mEPSCs
from cells using the perforated patch technique. In a sample of 8 cells, with 250-600 mEPSCs
analyzed per cell, mEPSC amplitude was -43.1 ± 12.1 pA, mEPSC rise time was 0.39 ± 0.10
ms, and mEPSC decay time was 2.42 ± 0.69 ms; these samples are not different from those
collected using conventional whole cell patch methods (0.31<p<0.64, students’ t-test).
Moreover, an analysis of rise time probability density functions of these cells (as in Fig. 5B1,
see Results) revealed detectable populations of slowly-rising, α3-nAChR-like mEPSCs in only
two of eight cells and accounting for only 4% of events overall. This is similar to the incidence
of slowly-rising, α3-nAChR-like mEPSCs observed in conventional whole cell recordings
(4%; see Results). Finally, to explore the possibility that asynchronous mEPSCs elicited by
stimulation in strontium might represent only a subset of uniquantal events in the readily
releasable pool, I analyzed mEPSCs recorded by exposing terminals to hypertonic solution
(300 mM sucrose dissolved in saline and delivered via a pipette to the vicinity of the cell). In
a sample of 9 cells, with 180-500 mEPSCs analyzed per cell, mEPSC amplitude was -27.9 ±
3.9 pA, mEPSC rise time was 0.44 ± 0.11 ms, and mEPSC decay time was 2.81 ± 1.29 ms.
The kinetics of sucrose-generated mEPSCs were not different from those obtained with
strontium (p=0.053 for rise time and p=0.70 for decay time), while the amplitude of mEPSCs
generated by hypertonic solution was smaller than those generated in strontium (p=0.003). An
analysis of rise time probability density functions of these cells revealed Gaussians of slowly-
rising, α3-nAChR-like mEPSCs in only two of nine cells and accounting for only 5% of events
overall. This is similar to the incidence of slowly-rising, α3-nAChR-like mEPSCs produced
asynchronously by low frequency stimulation in strontium (4%; see Results). Thus, the
characteristics of mEPSCs collected as asynchronous release events by stimulation in strontium
are not altered by switching to perforated patch recordings, and the kinetics of these mEPSCs
are similar to those recorded by exposure of terminals to hypertonic solutions, which are
believed to release the entire readily releasable transmitter pool (Rosenmund and Stevens,
1996).

Perforated patch recordings were made with amphotericin B using standard methods (Horn
and Marty, 1988; Rae et al., 1991) and 1.5 mm thin-walled borosilicate glass pipettes with
initial resistances of 1.3-2.0 MΩ. The final series resistance in these recordings was 7-22
MΩ, and 60-80% series resistance compensation was employed via the Axopatch 200B
amplifier. Breakdown of the patch occurred rarely and was accompanied by an abrupt decrease
in series resistance.
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Uniquantal evoked events were recorded in normal saline containing 2 mM Ca2+, 1 mM
Mg2+, and 15-40 μM Cd2+, a non-specific blocker of voltage-dependent calcium channels. The
concentration of Cd2+ was adjusted to achieve a failure rate for transmission of 85-90%, under
which conditions the incidence of multiquantal events is less than 8% of successes and
insensitive to changes in N (readily releasable pool size) over the range of 100-1000 (Silver,
2003). Neuromatic®, implemented within Igor Pro®, was used to distinguish successes from
failures by generating a Gaussian fit to the distribution of responses (most of which are failures),
measured as peak current recorded during the release window, by assigning as a “success”
events with a response more negative than this Gaussian. Assignments were then checked
manually, after which the average of the failures was subtracted from all events to produce
records suitable for analysis (see Fig. 7).

Higher concentrations of α-conotoxin—MII (α-CTx-MII) were required in these experiments
to block α3-nAChRs on ciliary neurons than we used previously (Ullian et al., 1997). In the
current experiments I used 300 nM α-CTx-MII, which was sufficient to block ∼90% of the
EPSC produced by activation of α3-nAChRs after an incubation of >12 minutes. The reasons
for the difference between this finding and our earlier one [in which 50 nM was sufficient to
block nearly all α3-nAChRs (Ullian et al., 1997)] is not known. Nai et al. (2003) also report
that 300 nM α-CTx-MII blocked ∼90% of the α3-nAChR response to application of nicotinic
agonist. The presence of a residual population (10%) of α3-nAChRs not blocked by 300 nM
α-CTx-MII is likely to have introduced a small error into the measurement of the properties of
pharmacologically isolated α7-nAChR mEPSCs (see Results).

Statistical tests were made using PAST.exe (Hammer et al., 2001). Sample errors are given as
standard deviation. Samples were compared using the students’ t-test. The F test was used to
determine whether probability density functions of mEPSC parameters were better fit with the
sum of n+1 Gaussians than with n Gaussians.

RESULTS
EPSCs evoked from ciliary ganglion neurons by low frequency stimulation of the preganglionic
nerve are large (-5.4 ± 3.2 nA; mean ± SD, n=64) and rapid, having a rise time of 0.62 ± 0.13
ms and a decay time of 4.0 ± 1.5 ms (Fig. 1). As found previously (Ullian et al., 1997;Zhang
et al., 1996), α3-nAChR and α7-nAChR antagonists had distinct effects on EPSC amplitude
and kinetics (Fig. 1). α-Conotoxin MII (α-CTx-MII), a snail toxin that blocks nAChRs with an
α3-β2 interface (Cartier et al., 1996), at 300 nM reduced the peak amplitude of the EPSC by
19% (p=0.01), reduced the decay time by 43% (p=0.0003), but had no significant effect on the
rise time [p=0.67, n=6, paired t-test; Fig. 1A1, A2; α-CTx-MII also blocks α6-AChRs, but the
α6 gene is not expressed in the ciliary ganglion (Fucile et al., 1998)]. Methyllycaconitine
(MLA), an α7-nAChR selective antagonist in the ciliary ganglion (Vijayaraghavan et al.,
1992), at 50 nM reduced the peak amplitude of the EPSC by 82%, prolonged the rise time by
270%, and prolonged the decay time by 320% (Fig. 1B1, B2; p<0.0001 for all comparisons,
n=19). The application of both toxins to the ciliary ganglion reduced the EPSC amplitude to
<2% of its initial value (not shown). Neither α-CTx-MII nor MLA was readily reversible, with
no significant return of EPSC amplitude over 30 minutes of wash.

EPSCs showed strong inward rectification (Fig. 1C), as occurs broadly for both native and
expressed nAChRs [reviewed in (Quick and Lester, 2002)]. Synaptic current reversed at about
0 mV, and the amplitude of outward current at a holding potential of +45 mV was about 5%
of inward current at a holding potential of -45 mV. By measuring the current both at the peak
of the EPSC, which reflects largely the contribution from α7-nAChRs (Fig. 1AB), and 10 ms
after the peak, which reflects largely the contribution of α3-nAChRs (Fig. 1AB), I infer that
current through both channel classes rectifies to about the same extent (Fig. 1D). The time
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course of the EPSC was comparable at holding currents of -60 mV to -15 mV (Fig. 1C, inset),
suggesting that the rate constant(s) governing channel closings are not strongly voltage
dependent.

The participation of both α7-nAChRs and α3-nAChRs in generating evoked synaptic currents
(Fig. 1) raises questions about the structure of the quantal building blocks of the EPSC. The
partial segregation of nAChRs on the neuronal surface, with α3-nAChRs found at PSDs on the
soma and with both α7-nAChRs and α3-nAChRs found on spines, leads one to predict that
mEPSCs may be diverse. α3-nAChR mediated mEPSCs, which are likely to be kinetically slow
[Fig. 1, (Chen et al., 2001)], would be expected from conventional release onto somatic PSDs,
while faster mEPSCs might be expected from release onto spines, where α7-nAChR are
located. I therefore explored the kinetic properties of uniquantal responses.

The frequency of spontaneously occurring mEPSCs was very low in most cells [Fig. 2A;
(Martin and Pilar, 1964)]. Across 21 cells, the mean spontaneous mEPSC rate was 0.24 ± 0.06
Hz, and the median rate was 0.06 Hz (the difference between median and mean was due largely
to one cell having a rate of 2.6 Hz). To increase mEPSC frequency, I stimulated the
preganglionic nerve at low frequency (2-4 Hz) in medium containing strontium and examined
events, presumed to be uniquantal (Abdul-Ghani et al., 1996;Bain and Quastel, 1992;Bekkers
and Clements, 1999), that occur asynchronously (Fig. 2B). Low frequency stimulation in
strontium enhanced mEPSC rate by ∼50 fold (p=0.005 by paired t-test in a sample of 10 cells).
Asynchronous mEPSCs have similar kinetic properties when recorded using conventional
whole cell methods or perforated patch methods (see Methods). mEPSCs produced by exposing
terminals to hypertonic solutions are kinetically similar to asynchronous mEPSCs produced
by stimulation in strontium (see Methods).

MEPSCs recorded from ciliary neurons are diverse in size and shape. Figure 3A1 shows a
sample of mEPSCs representing asynchronous release to low frequency stimulation in
strontium (only the late component of each trace is visible, covering the time when traces have
returned to baseline; see Fig. 2B). Many of the mEPSCs had a rapid rise, but decay times vary.
Figures 3B1, 3B2, and 3B3 show probability density functions for amplitude, rise time, and
decay time (all measurements are made on fits to mEPSCs, see Fig. 3A2). All probability
density functions are positively skewed and show considerable variability; the average
amplitude, rise time, and decay time for mEPSCs from this cell was -42 ± 24 pA, 0.45 ± 0.34
ms, and 3.9 ± 2.7 ms, respectively. Across a sample of 14 cells mean mEPSC amplitude was
-50 ± 19 pA (range: -24 to -84 pA), mean mEPSC rise time was 0.36 ± 0.08 ms (range: 0.24-0.50
ms), and mean mEPSC decay time was 2.6 ± 1.2 ms (range: 1.5-5.9 ms). Across-cell variability
in amplitude, rise time, and decay time was significant, and cell-to-cell comparisons often
revealed significant differences in amplitude and in kinetics (the percentage of pair wise
comparisons yielding p<0.05 following ANOVA was 79%, 45%, and 65%, for amplitude, rise
time, and decay time, respectively).

Our current understanding about the location of α7-nAChRs and α3-nAChRs in relation to
release sites at the calyciform synapse suggests that multiple classes of mEPSCs might exist.
However, probability density functions of mEPSC amplitudes, rise times, and decay times are
not obviously multimodal (Fig. 3B). Without information about the amplitude and kinetics of
mEPSCs that would be produced by activation of either α7-nAChRs or α3-nAChRs alone, it
is difficult to make inferences about the substructure of native populations of mEPSCs. I
therefore examined the properties of pharmacologically isolated “α3-nAChR mEPSCs” and
“α7-nAChR mEPSCs” produced by blocking α7-nAChRs and α3-nAChRs, respectively.

Figure 4A shows the properties of mEPSCs recorded from a cell after blocking α3-nAChRs
with 300 nM α-CTx-MII. Pharmacologically isolated α7-nAChR mEPSCs are variable in
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amplitude, but many are both fast rising and fast decaying (Fig. 4A1), as expected from the
rapid time course of evoked EPSCs recorded after addition of α-CTx-MII (Fig. 1). mEPSCs
sampled from the cell featured in Figure 4A had an amplitude of -67 ± 48 pA, a rise time of
0.29 ± 0.11 ms, and a decay time of 1.74 ± 1.20 ms (n=131). I will focus on the kinetics of
pharmacologically isolated mEPSCs, since they will be shown to differ significantly between
nAChR types. The probability density functions of the rise times (Fig. 4A4) and decay times
(Fig. 4A5) for this cell are adequately fit with single Gaussians having modes of 0.27 ± 0.09
ms and 1.16 ± 0.53 ms, respectively (F test; p>0.2 for null hypothesis: two Gaussians are not
better than one). In a sample of six cells, mean mEPSC amplitude, rise time, and decay time
in 300 nM α-CTx-MII were -34 ± 17 pA, 0.32 ± 0.02 ms, and 1.66 ± 0.18 ms, respectively.
Rise time and decay time probability density functions were positively skewed and sometimes
better fit by the sum of two Gaussians than by a single Gaussian. For rise times, the distributions
were best fit by a single Gaussian for five of the six cells with a mode of 0.29 ± 0.02 ms (in
the sixth cell, the weighted average mode of the two Gaussians was also 0.29 ms) For decay
times, a single Gaussian sufficed for three of the cells (mode: 1.09 ± 0.19 ms) and the sum of
two Gaussians for the other three cells [modes: 0.87 ± 0.18 ms (44% of events) and 1.67 ± 0.31
ms (56% of events); weighted mode of 1.13 ± 0.15 ms, not different from the mode of “single
Gaussian cells,” p=0.8]. Cells having rise time or decay time probability density functions best
fit by one or by two Gaussians do not appear to be qualitatively different.

Pharmacologically isolated α3-nAChR mEPSCs, produced by blocking α7-nAChRs, are
kinetically slow relative to pharmacologically isolated α7-nAChR mEPSCs. Figure 4B shows
the properties of mEPSCs recorded from a cell after blocking α7-nAChRs with 50 nM MLA.
Pharmacologically isolated α3-nAChR mEPSCs are both slowly rising and slowly decaying
(Fig. 4B1). mEPSCs recorded from this cell had an amplitude of -32 ± 16 pA, a rise time of
1.27 ± 0.71 ms, and a decay time of 6.7 ± 3.4 ms (n=228). The probability density function of
rise times (Fig. 4B4) was better fit by the sum of two Gaussians than by one (p=0.005, F test),
with 37% of the events having a rise time of 0.90 ± 0.29 ms and 63% of the events having a
rise time of 1.36 ± 0.89 ms. The probability density function of decay times was also better fit
by the sum of two Gaussians (Fig. 4B5; p=0.007, F test), with 39% of the events having a decay
time of 5.2 ± 1.7 ms and 61% of the events having a decay time of 7.2 ± 3.5 ms. Across eight
cells treated with MLA, average mEPSC amplitude was -25.3 ± 7.4 pA, average rise time was
1.28 ± 0.35 ms, and average decay time was 6.7 ± 1.5 ms. Across 6 cells where I collected
>100 mEPSCs, I found that rise time probability density functions were better fit by a single
Gaussian in four instances (mode: 1.19 ± 0.28 ms) and by the sum of two Gaussians in two
instances (weighted mode: 1.24 ms, not different from single Gaussian data, p=0.40). Decay
time probability density functions were best fit by single Gaussians in three instances (6.1 ±
2.6 ms) and by the sum of two Gaussians in the other three instances (weighted mode: 5.7 ±
1.1 ms, not different from single Gaussian data (p=0.80), with no suggestion that they are
qualitatively different.

The tendency of pharmacologically isolated α7-nAChRs mEPSCs and α3-nAChR mEPSCs to
show rise time and decay time distributions better fit with the sum of two Gaussians might
reflect heterogeneity in α7-nAChR and α3-nAChR channel properties (Nai et al., 2003), but
distinct subpopulations of nAChRs cannot explain the heterogeneity in mEPSC populations if
they are intermixed on the cell surface, since ACh quanta would sample them both and generate
mEPSCs with averaged properties. The heterogeneity of mEPSCs could be explained by
diversity in the physical relationship between release sites and nAChRs, but a specific
hypothesis must await additional information about the molecular environment within the
synaptic cleft.

Pharmacologically isolated α7-nAChR mEPSCs and α3-nAChR mEPSCs are kinetically
distinct, as shown in Figure 4C1, which displays fits to the rise-aligned average mEPSCs from
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the cells featured in Figures 4A and 4B and with the peak amplitudes scaled to the average
across cells (the mean rise and decay times of mEPSCs from these cells were within 10% of
the population means). The amplitudes of pharmacologically isolated α7-nAChR mEPSCs and
α3-nAChR mEPSCs are not different (p=0.19), while the rise times and decay times are highly
significantly different (Figs. 4C2, 4C3). Mixed mEPSCs, arising from co-activation of α7-
nAChRs and α3-nAChRs, should have kinetics that are intermediate between fast α7-nAChR
mEPSCs and slow α3-nAChR mEPSCs. By simulating mixed mEPSCs having variable
amounts of α7-nAChR and α3-nAChR activation (Fig. 4C4), one can conclude that activation
of α7-nAChRs should endow mixed mEPSCs with fast rise times, while activation of α3-
nAChRs will tend to give mixed mEPSCs slow decay times. Thus, the best diagnostic for α3-
nAChR mEPSCs in native mEPSC populations should be events with a slow rise time, while
the best diagnostic for α7-nAChR mEPSCs should be events with a fast decay time.

To look for “pure” α3-nAChR mEPSCs within native populations of mEPSCs, I searched for
events with a slow rise; I found these events to be rare. Figure 5A1 shows examples of mEPSCs
from one cell that did have a detectable population of slowly rising mEPSCs. The rise time
probability density function of 316 events (Fig. 5B1) shows a skewed distribution that was
best fit by the sum of three Gaussians having modes of 0.25 ms (44% of events), 0.42 ms (39%
of events), and 0.86 ms (17% of events; by F-test three Gaussians provided a better fit than
two, p=0.02). The slowest Gaussian mode (0.86 ms) is similar to the mode of Gaussian fits of
pharmacologically isolated α3-nAChR mEPSCs (p=0.15 by one sample t-test). In three other
cells having a small number of slowly rising mEPSCs, a three Gaussian fit identified a
population of mEPSCs with rise time mode of 0.70-0.80 ms (7-16% of the events). These
events, having a modal rise time of 0.79 ± 0.07 ms (n=4 cells), are similar to those of
pharmacologically isolated α3-nAChR mEPSCs (1.08 ± 0.29 ms, n=6, p=0.10), suggesting that
they represent α3-nAChR mEPSCs. For two of the four cells showing a population of slowly
rising mEPSCs, including the one featured in Fig. 5A1/B1, I subsequently added α-CTx-MII
to block α3-nAChRs and found that it abolished nearly all mEPSCs with rise times greater than
0.5 ms (Fig. 5B2); mEPSCs after addition of α-CTx-MII had rise times similar to that of the
fastest Gaussian of the triple Gaussian fit (Fig. 5B2). For the remaining two cells having a
population of slowly rising mEPSCs, I subsequently added MLA to block α7-nAChRs, which
resulted in rise time probability density functions with single Gaussian fits having modal values
similar to the slow mode of the triple Gaussian fits before MLA (“before and after” values
were 0.80 ms and 1.07 ms for one cell and 0.71 ms and 0.70 ms for the other). This confirms
that the small subpopulations of slowly rising mEPSCs detected in native mEPSC populations
of some cells have the characteristics of pharmacologically isolated α3-nAChR mEPSCs.

Most cells did not display a detectable population of α3-nAChR mEPSCs; rise times from one
such cell (Fig. 5C1) were fit with a single Gaussian of 0.24 ± 0.16 ms (compare to Fig. 5B1).
The suitability of a single Gaussian fit for this cell’s mEPSC rise time probability density
function does not imply that all mEPSCs in this cell are “pure” α7-nAChR events, however,
since mixed mEPSCs may have fast rise times (Fig. 4C4). A role for α3-nAChRs in the
production of some mEPSCs in this cell was revealed by blocking α7-nAChRs with MLA. A
scatter plot of mEPSC amplitude vs. rise time for this cell (Fig. 5C2) shows a kinetically fast
“fingerprint” of events with a broad amplitude distribution (black circles) in control conditions
and a kinetically slow and dispersed “fingerprint” of events with narrower amplitude
distribution after blocking α7-nAChRs (gray triangles). There is little overlap between the two
fingerprints, meaning that there are virtually no α3-nAChR-like events in the native population.
Thus, the kinetically slow events recorded after addition of MLA were, before addition of the
antagonist, mixed mEPSCs whose amplitude was reduced and whose time course was slowed
by blocking α7-nAChRs. The overall incidence within native mEPSC populations of slowly
rising mEPSCs characteristic of α3-nAChR mEPSCs is small; these events were detected in
only four of 14 cells, and the overall incidence of these events across the 14 cell sample was
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4%. The failure to find significant numbers of α3-nAChR mEPSCs in native mEPSC
populations is surprising, since α3-nAChRs are the only nAChRs thought to be clustered at
PSDs.

To look for “pure” α7-nAChR mEPSCs in native mEPSC populations I searched for
populations of events having a rapid decay. All 14 cells showed mEPSC decay time probability
density functions having populations of events with rapid decay times; one example is shown
in Figure 6A1. The probability density function of decay times for this cell was best fit by the
sum of two Gaussians having decay times of 1.17 ± 0.34 ms (31% of events) and 2.13 ± 0.88
ms (69% of events; Fig. 6B1). Overall, double Gaussian fits adequately described decay time
probability density functions in 11 of 14 cells (F test, p<0.05), with a fast population of events
having a decay time of 1.02 ± 0.23 ms (26% of events) and a slow population of events having
a decay time of 2.89 ± 1.20 ms (74% of events). The fast-decaying events in these 11 cells
were similar to the average modal decay times recorded for pharmacologically isolated α7-
nAChR mEPSCs (1.22 ± 0.17 ms; p=0.08), which suggests that they represent mEPSCs
produced by activation of α7-nAChRs only (in the remaining three cells decay times were
adequately fit with a single Gaussian having a mode of 1.31 ± 0.26 ms, which is similar to the
fast mode of decay for the remaining 11 cells, p=0.08; all mEPSCs in these cells are kinetically
similar to pharmacologically isolated α7-nAChR mEPSCs). It is reasonable to hypothesize that
the slowly decaying events (decay time of ∼3ms) are mixed (α7-nAChR plus α3-nAChR)
mEPSCs. If so, then blocking α3-nAChRs should collapse the slower Gaussian into the faster
one. In all six cells where I subsequently added α-CTx MII to block α3-nAChRs, the effect
was as predicted, although in some instances the remaining α7-nAChR mEPSCs were best
described by the sum of two Gaussians rather than one. Blocking α3-nAChRs in the cell
featured in Figure 6A1 produced briefer mEPSCs (Fig. 6A2) and converted a two Gaussian fit
into a single Gaussian fit with a decay time mode characteristic of α7-nAChRs (Fig. 6B2; fast
mode before α-CTx-MII: 1.17 ms; single mode in α-CTx MII: 1.20 ms). Similar results were
obtained in a second cell (fast mode before α-CTx-MII: 1.16 ms; single mode in α-CTx MII:
0.95 ms). In the remaining four cells the decay time probability density functions after α-CTx
MII were fit by the sum of two Gaussian with fast modes (e.g., Fig. 6C2). In these cells, the
mode of the fast population of events in control conditions was not altered by α-CTx-MII (from
0.98 ± 0.15 ms to 0.88 ± 0.15 ms, p=0.47 by paired t-test), while the mode of the slow population
of events was altered (from 2.59 ± 0.19 ms to 1.75 ± 0.29 ms, p=0.04). This suggests that the
rapidly decaying population in control conditions represents α7-nAChR mEPSCs, while the
slowly decaying population represents mixed mEPSCs.

The failure to detect significant numbers of kinetically slow mEPSCs, attributable to activation
solely of α3-nAChRs, is surprising given the presence of many synaptic contacts on the soma,
where only α3-nAChRs are thought to be clustered. An alternative approach to collecting
uniquantal responses is to examine synchronous release when the probability of release is very
low (Silver et al., 2003); might such events contain a higher incidence of slowly-rising
responses? I collected populations of evoked uniquantal events in six cells and compared them
with asynchronous mEPSCs collected from the same cells by low frequency stimulation in
strontium. Evoked uniquantal events were collected in 2 mM Ca2+ and 1 mM Mg2+ and with
sufficient cadmium (15-40 μM) to produce a failure rate of ∼85% or higher, under which
conditions the expected incidence of multiquantal events will be low (Silver, 2003). For the
cell illustrated in Figure 7, the EPSC in normal saline was about -4 nA in size (A1; inset shows
an enlarged image of the capacitative artifact that marks the arrival of the presynaptic action
potential in the terminal). After adding 30 μM cadmium, many responses appeared to be failures
(Fig. 7A2), and successes are superimposed on the decay phase of the presynaptic capacitative
artifact (arrow in Fig. 7A2). Figure 7A3 (top) shows 25 consecutive responses, consisting of
4 successes and 21 failures, along with the average trace of all failures (in gray). The time
course of successes can be analyzed more readily following subtraction of the average of the
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failures (Fig. 7A3, bottom). Subsequently, I washed cadmium from the recording chamber,
perfused the ganglion with strontium-containing saline, and collected asynchronous mEPSCs
during 2-4 Hz stimulation (Fig. 7B, showing 10 superimposed traces). Figure 7C shows that
evoked uniquantal responses and mEPSCs collected in strontium were similar in amplitude,
rise time, and decay time. These results failed to reveal a significant population of slow, α3-
nAChR-like mEPSCs expected from acetylcholine release at synaptic contacts on the cell body
of ciliary neurons.

α3-nAChR-like mEPSCs are expected to be kinetically slow, and if they are small, they may
be difficult to detect. If these events had escaped detection upon analysis of currents produced
by synchronous release at low probability (Fig. 7A2 and 7A3), I might expect to find evidence
of a slow inward current among responses recorded as failures. The average of failures in Figure
7A3 (top, gray trace) which represents an average of 484 responses, shows no evidence of
harboring a population of slow events; the trace relaxes to baseline following the presynaptic
capacitative artifact. Over a 10 ms window beginning with the shortest latency of successes,
the mean amplitude of failures for this cell was -0.6 pA (the mean is less than zero because
part of the “tail” of the presynaptic capacitative artifact is included in the 10 ms window). Over
six cells, the mean of the failures was -1.0 ± 1.9 pA over this 10 ms window (not different from
zero, one sample t-test, p=0.26). If 10% of the failures had the time course of a
pharmacologically isolated α3-nAChR mEPSC (Fig. 4B2) and a peak amplitude at the
threshold of detection (7-10 pA), the mean failures trace would have had the shape of a slow
inward synaptic current and would have been distinguishable from the observed average of
failures (not shown). Since none of the failures traces across 6 cells showed signs of a small
inward current, I conclude that if the “missing” α3-nAChR mEPSCs are as numerous as
mEPSCs accompanied by α7-nAChR activation, then their amplitude is likely to be well below
the limit of detection.

DISCUSSION
All ciliary neurons I studied had native mEPSC populations with fast kinetics comparable to
those of pharmacologically isolated α7-nAChR mEPSCs. Most cells also had large populations
of mEPSCs with kinetic properties indicative of the co-activation of both α7-nAChRs and α3-
nAChRs. The combination of α7-nAChR-dominant mEPSCs (∼25% of events) and mixed
α7-nAChR-α3-nAChR mEPSCs (∼75% of events) account for most uniquantal responses in
ciliary neurons. In only four of 14 cells did I encounter detectable numbers of mEPSCs with
slow rise time, characteristic of pure α3-nAChR mEPSCs, and even in these four cells, the
fraction of events was only 12%, on average. Overall, about 5% of mEPSCs have the properties
expected of activation solely of α3-nAChRs, and this same incidence was observed for
experiments using perforated patch methodology and for experiments in which mEPSCs were
elicited using hypertonic solutions (see Methods). The fact that >95% of mEPSCs are produced
by activation, in whole or in part, of α7-nAChRs suggests that nearly all of the detectable
quantal events occur at somatic spines, where α7-nAChRs are concentrated (Horch and
Sargent, 1995; Jacob and Berg, 1983; Loring et al., 1985; Shoop et al., 1999; Williams et al.,
1998). α7-nAChRs are distributed widely on spines (Shoop et al., 1999), and while spines have
PSDs, the majority of the spine membrane is extrasynaptic. This raises the possibility that
activation of α7-nAChRs occurs via non-traditional mechanisms: either by spillover, by ectopic
release, or both. The rapid rise time of mEPSCs argues that spillover is not likely to explain
the results, and the MCell modeling work of Coggan et al. (Coggan et al., 2005) points toward
ectopic release as the principal mechanism. However, without additional information
specifically about whether α7-nAChRs are excluded from PSDs on spines (Williams et al.,
1998) or about whether their presence at the edges of the PSD on spines could explain the rapid
rise time of mEPSCs, it is not possible to conclude simply from the dominance of α7-nAChR
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receptors in producing quantal responses, reported here, that release at this embryonic synapse
is ectopic.

The failure to detect α3-nAChR mediated mEPSCs in native mEPSC populations suggests that
at this synapse ionotropic receptors concentrated at PSDs do not play a significant role in fast
synaptic transmission. A large majority of PSDs on the surface of ciliary neurons are located
on the soma (Nguyen and Sargent, 2002). It is unlikely that synaptic contacts on the soma are
presynaptically silent, since synaptic vesicles are recycled at these sites, and at active zones on
spines, in a stimulation- and calcium dependent manner (Nguyen and Sargent, 2002). Rather,
it seems more likely that responses to release at these site are too small to detect using the
current technology (<7-10 pA), perhaps because the density of α3-nAChRs is low (Loring and
Zigmond, 1987) and/or because their Popen is small (Nai et al., 2003). I do detect activation of
α3-nAChRs, but only in the context of release that concomitantly activates α7-nAChRs and
that is presumed to occur at spines. I conclude that acetylcholine release onto spines opens
more α3-nAChR channels than does release onto the soma. If I assume that the same α3-
nAChRs are clustered at the PSDs on spines as on somatic PSDs, then these clustered α3-
nAChRs cannot account for α3-nAChR channel activation on spines. Rather, I suggest that the
α3-nAChRs that respond to ACh release onto spines are located extrasynaptically (Horch and
Sargent, 1995; Shoop et al., 1999) and that they are functionally distinct from those clustered
at PSDs. At least two classes of α3-nAChRs are expressed by ciliary ganglion cells; each
contains α3, α5, and β4 subunits, and one contains, in addition, the β2 subunit (Conroy et al.,
1992; Vernallis et al., 1993). Based on the sensitivity of nAChRs on ciliary neurons to α-CTx-
MII, which is expected to block nAChRs with an α3-β2 interface (Cartier et al., 1996), and to
α-CTx-Au1B, which is expected to block nAChRs with an α3-β4 interface (Luo et al., 1998),
Nai et al. (2003) concluded that the β2-containing subset of α3-nAChRs accounts for most of
the channel openings elicited from acutely isolated neurons by application of agonist. The
putative “silent” α3-nAChR class lacking the β2 subunit may be clustered at PSDs, while the
α3-nAChRs containing the β2 subunit may be distributed extrasynaptically on the spine, where
they would co-localize with α7-nAChRs (Horch and Sargent, 1995).

Our conclusion regarding the role of α3-nAChRs clustered at PSDs on the soma is based on
the expectation that mixed mEPSCs, having contribution from both α7-nAChRs and α3-
nAChRs, arise from release onto spines, where the density of α7-nAChRs is high, and not onto
the soma, where the density of α7-nAChRs is low [(Horch and Sargent, 1995; Jacob and Berg,
1983; Shoop et al., 1999; Williams et al., 1998) but see also Loring et al. (1985)]. It is useful
to consider whether α7-nAChRs on the soma, while present at low density, could nonetheless
explain the mixed mEPSCs I observe, and I therefore simulated the possible effects of ACh
release at somatic active zones on α7-nAChRs. This approach requires knowing the distribution
of α7-nAChRs at and near PSDs on the soma as well as the kinetic properties of α7-nAChRs.
The number of α-bungarotoxin binding sites on the surface of ciliary neuron cell bodies is
estimated to be 2.4 million/cell (McNerney et al., 2000). The number of α-bungarotoxin binding
sites per α7-nAChR in this system is not known and could vary between one (Chen and Patrick,
1997) and five (Bourne et al., 2005). If I take three as a compromise, and if I assume that the
density of α7-nAChRs is ten times larger on spines than on the soma, as found by Shoop et al.
(1999), then I calculate that the average density of α7-nAChRs is about 500/μm2 on the spines
and 50/μm2 on the soma. The number of α7-nAChRs that might be available to respond to a
single quantum of ACh will be limited by the distance between release site and receptor, given
the fast kinetics of α7-nAChR mEPSCs (Fig. 4A); if I assume 5000 acetylcholine molecules
per quantum, a synaptic cleft height of 20 nm, and a diffusion coefficient for acetylcholine of
0.21 μm2 ms-1 (Coggan et al., 2005), and if I use the two-dimensional disk diffusion model
(Barbour and Häusser, 1997), I calculate that α7-nAChRs activated by a quantum of ACh must
lie within 0.75 μm of the release site, since otherwise the predicted rise time of mEPSCs would
be greater than the measured rise time of α7-nAChR mEPSCs reported here (10-90% rise: 0.32
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± 0.02 ms). About 100 α7-nAChRs would be available to bind ACh released at the center of a
disk of radius 0.75 μm; to determine if this number of α7-nAChRs could support the observed
contribution of α7-nAChRs to mixed mEPSCs, I implemented the kinetic model developed for
chicken α7-nAChRs (Coggan et al., 2005; McNerney et al., 2000) in ChannelLab® and found
that the release of 5000 ACh molecules would be expected to produce a mEPSC of only 2.5
pA in size, which is 3-4 fold smaller than the limit of detection. The presence of
acetylcholinesterase within the synaptic cleft (Olivieri-Sangiacomo et al., 1983), which I have
ignored in our calculations, will make it even less likely that somatic release of ACh would
produce detectable activation of α7-nAChRs there. If our assumptions are incorrect or if the
kinetic model is flawed and it were possible to detect α7-nAChR activation by release onto
somatic PSDs, then I would expect to see two populations of pharmacologically isolated α7-
nAChR mEPSCs, produced by release onto the soma and release onto spines, with mean
amplitudes differing by a factor of 10, and I do not (e.g., Fig. 4A3). Thus, I conclude that release
onto somatic PSDs does not activate a sufficient number of α7-nAChRs to produce detectable
current.

In conclusion, our results suggest that rapid synaptic transmission onto to ciliary neurons in
the embryonic ciliary ganglion occurs without meaningful participation from AChRs clustered
at PSDs. This is an unorthodox design for a synapse, but it should be recalled that at embryonic
day 14-15 this calyciform synapse is in the midst of a developmental transformation; soon it
will acquire a mixed electrical and chemical mechanism of transmission, and it will eventually
break up into separate synaptic boutons (Landmesser and Pilar, 1972). Thus, the design of the
E15 synapse, while effective (Chang and Berg, 1999), is not the version on which selective
pressure might have been exerted. The apparent failure of these receptors to generate
measureable synaptic currents does not necessarily mean that they are functionally silent; they
may be important developmentally. They may also be subject to modification in situ (Margiotta
et al., 1987), perhaps via specific patterns of activation (Chang and Berg, 2001), that would
allow them to contribute to synaptic currents.
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Figure 1.
Evoked EPSCs elicited from ciliary neurons have contributions from both α3-nAChRs and
α7-nAChRs (A-B). α3-nAChR and α7-nAChR mediated currents show inward rectification
(C-D). A1 and B1 show examples of EPSCs elicited by 0.03 Hz preganglionic stimulation
before and after addition of either 300 nM α-CTx MII (A1), which blocks α3-nAChRs, or 50
nM MLA (B1), which blocks α7-nAChRs. A2 reproduces the EPSC from A1 in α-CTx MII
(α7-nAChR current) plus a difference curve (before minus after, representing α3-nAChR
current), while B2 reproduces the EPSC in B1 in MLA (α3-nAChR current) plus a difference
curve (representing α7-nAChR current). α3-nAChR currents are slower than α7-nAChR
currents (A2, B2). All records are the average of 3-5 traces. C shows an EPSC from one
connection at holding potentials of -60 mV to +60 mV (15 mV increments), and D shows the
current at the peak (dominated by α7-nAChRs) and 10 ms after the peak (dominated by α3-
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nAChRs) vs. holding potential, uncorrected for a calculated -5 mV liquid junction potential .
Both α7-nAChR- and α3-nAChR-mediated currents rectify to about the same degree. Each
trace in C is the average of 3 traces collected at 0.03 Hz. Similar results were obtained in three
other cells.
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Figure 2.
MEPSC frequency is low at rest and is elevated by 4 Hz stimulation in strontium. A and B
show samples of recordings at rest and during 4 Hz stimulation in 0.5 mM Ca2+, 2.5 mM
Mg2+, and 2.0 mM Sr2+.
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Figure 3.
MEPSCs are heterogeneous in amplitude, rise time, and decay time. A1 illustrates a sample of
mEPSCs obtained during the second 100 ms of 7 sequential responses after evoking EPSCs in
0.5 mM Ca2+, 2.5 mM Mg2+, and 2.0 mM Sr2+, by which time the baseline had returned to
zero. MEPSCs are fitted (A2), and the probability density functions of the fits displayed in
B1 (amplitude), B2 (rise time) and B3 (decay time). The fastest rise time values (calculated on
fits, see A2) were in the range of 0.10-0.15 ms, which corresponds to 2-3 data points at 20 kHz
sampling (across 14 cells, 97% of rise times were greater than 0.15ms). The fastest decay times
across 14 cells were 0.35 ± 0.09 ms; thus, decay times in the fastest bin (B3, 0-0.5 ms) are in
the range of 0.35-0.5 ms).
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Figure 4.
Pharmacologically isolated α7-nAChR mEPSCs and α3-nAChR mEPSCs are kinetically
distinct. Part A shows data from a cell where “α7-nAChR mEPSCs” were generated
pharmacologically by blocking α3-nAChRs, Part B shows data from a cell where “α3-nAChR
mEPSCs” were generated by blocking α7-nAChRs, and Part C shows summary data.
A1 shows a sample of mEPSCs recorded after blocking α3-nAChRs with α-CTx MII (non
consecutive traces), and A2 shows the average mEPSC (aligned on the 50% rise), most of
whose decay is well fit with an exponential having a τ of 1.27 ms. A3, A4, and A5 show
probability density functions for mEPSC amplitude, rise time, and decay time for this cell.
Both the rise time and the decay time density functions are adequately fit with single Gaussians
(details in Results). See legend to Figure 3 for additional information regarding binning of rise
and decay time values.
B1 shows a sample of mEPSCs recorded after blocking α7-nAChRs with MLA, and B2 shows
the average mEPSC (aligned on the 50% rise), the decay of which is well fit with an exponential
having a τ of 5.95 ms. B3, B4, and B5 show probability density functions for amplitude, rise
time, and decay time for this cell. Both rise time and decay time distributions show positive
skewness and are better fit by the sum of two Gaussians rather than one (details in Results).
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See legend to Figure 3 for additional information regarding binning of rise and decay time
values.
C1 shows fitted mEPSCs corresponding to the average mEPSCs recorded from cells shown in
parts A and B and scaled to the cell average for all experiments. Across cells, there was no
difference in amplitude of pharmacologically isolated α7-nAChR and α3-nAChR mEPSCs,
but there was a highly significant difference in their rise times (C2) and decay times (C3).
C4 shows a series of simulated fits to mEPSCs containing varying amounts of α7-nAChR and
α3-nAChR contributions (100%/0%, 90%/10%, etc.); mixed mEPSCs are likely to have a rapid
rise, due to the activation of α7-nAChRs, and a slow decay, due to the activation of α3-nAChRs.
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Figure 5.
MEPSCs arising from activation of α3-nAChRs are rare. A1 shows examples of mEPSCs
recorded from a cell having a detectable population of slowly rising events (10 sequential
responses). The probability density function of events can be fit with the sum of three Gaussians
(B1), the slowest mode of which (0.86 ms) is comparable to that of pharmacologically isolated
α3-nAChR mEPSCs. Blocking α3-nAChRs in this cell (A2) eliminated this population as well
as a population of events having an intermediate rise (0.42 ms) to produce a distribution of rise
times adequately fit by a single fast Gaussian having a mode of 0.28 ms (B2), similar to the
fastest rise time mode before α-CTx MII (0.25 ms, B1). Across six cells, blocking α3-nAChRs
reduced mEPSC amplitude by 14% (p=0.05 by paired t-test), reduced mEPSC rise time by
22% (p=0.007), and reduced mEPSC decay time by 43% (p=0.03). Only four cells of 14 had
rise time probability density functions with a detectable population of slowly rising events (as
in B1). C1 shows another cell with a rise time probability density function fit with a single
Gaussian of 0.24 ms (n=577, p=0.99 by F-test); there is no suggestion of a population of α3-
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nAChR mEPSCs (compare to B1). An amplitude vs. rise time “fingerprint” of this cell before
and after addition of MLA to block α7-nAChRs (C2) graphically illustrates that kinetically
slow α3-nAChR mEPSCs, with a broad spectrum of rise times and a relatively narrow spectrum
of amplitudes (open triangles), are not detected in the native population (closed circles). Across
eight cells, blocking α7-nAChRs reduced detectable mEPSC amplitude by 53% (p=0.0008 by
paired t-test), increased mEPSC rise time by 431% (p=0.0002), and increased mEPSC decay
time by 351% (p=0.0003). See legend to Figure 3 for additional information regarding binning
of rise time values.

Sargent Page 23

J Neurosci. Author manuscript; available in PMC 2009 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
MEPSC populations with a rapid decay time, characteristic of pharmacologically isolated α7-
nAChR mEPSCs, are common. A1 shows examples of mEPSCs recorded from a cell having
fast rising mEPSCs with variable decay (10 sequential responses). B1 shows a decay time
probability density function of 297 events; the function was best fit by the sum of two
Gaussians, with modes of 1.17 ms and 2.13 ms. Addition of α-CTx MII to block α3-nAChRs
(examples in A2, 10 sequental responses) converted the probability density function into one
best fit by a single Gaussian with a mode of 1.26 ms (B2). C1 shows a decay time probability
distribution function for a different cell that was fit with two Gaussians having modes of 1.32
ms and 2.98 ms. Addition of α-CTx MII to this cell yielded again a two Gaussian population,
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with modes of 0.95 and 1.95 ms (C2). The mode of the fast Gaussian was not altered by α-
CTx-MII, suggesting that the fast-decaying events are produced by activation solely of α7-
nAChRs. See legend to Figure 3 for additional information regarding binning of decay time
values.
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Figure 7.
The properties of uniquantal responses elicited synchronously (cadmium) or asynchronously
(strontium) are similar. A1 and A2 illustrate EPSCs before and after blocking a majority of the
calcium channels with cadmium. After cadmium, most trials result in failures (A2; arrow marks
the capacitative artifact that accompanies the arrival of the action potential in the presynaptic
calyciform terminal). A3 (top) shows a set of 25 sequential responses (4 successes, 21 failures)
superimposed and accompanied by the average of all failures (gray trace), and A3 (bottom)
shows these same 25 responses after subtraction of the failures trace. The successes were
compared with asynchronous mEPSCs recorded in the same cell (B, 10 superimposed traces
shown). C1, C2, and C3 compare amplitude, rise time, and decay time across six cells for the
two populations, which were not statistically different.
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