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Bergsman, Jeremy B., Pietro De Camilli, and David A. McCor-
mick. Multiple large inputs to principal cells in the mouse media
nucleus of the trapezoid body. J Neurophysiol 92: 545-552, 2004;
10.1152/jn.00927.2003. The calyx of Held is a giant nerve terminal
that forms a synapse directly onto the principa cells of the medial
nucleus of the trapezoid body (MNTB) in the mammalian auditory
brain stem. This central synapse, which is involved in sound local-
ization, has become widely used for studying synaptic transmission.
Anatomical studies of this nucleus have indicated that each principal
cell is innervated by only one calyx. Here we use previously estab-
lished electrophysiological criteria of excitatory postsynaptic current
amplitude, kinetics, and transmitter type, as well as other character-
istics commonly reported for this synapse, to examine the input
properties of principal neurons. Our findings indicate that some prin-
cipal cells receive more than one strong excitatory input. These inputs
meet previously established electrophysiological criteria for identifi-
cation as calyceal nerve terminals. Implications for the execution and
analysis of experimentsto avoid errors due to such multiple inputs are
discussed.

INTRODUCTION

The largest presynaptic terminal in the mammalian CNS is
the calyx of Held (Morest et al. 1973), which forms an exci-
tatory axosomatic synapse on the principal cells of the medial
nucleus of the trapezoid body (MNTB). Because both the
presynaptic terminal and postsynaptic cell are amenable to
patch-clamp recording (Forsythe 1994; Forsythe and Barnes-
Davies 1993b), this synapse has rapidly become awidely used
model system for studying many aspects of synaptic transmis-
sion.

The architecture of the MNTB has been characterized ana-
tomically at light and electron microscope levels. Axons from
the globular bushy cells in the ventral cochlear nucleus (VCN)
cross the midline in the trapezoid body and give rise to one or
two calyces (Smith et a. 1991). Anatomica studies in the
young and mature rat (Casey and Feldman 1985; Kandler and
Friauf 1993; Satzler et al. 2002; Taschenberger et a. 2002), cat
(Morest 1968a; Smith et al. 1991), and other animals (e.g.,
Lenn and Reese 1966) have reported that each postsynaptic
principal cell receivesinput from only one calyx. In addition to
the calyceal synapse, other, smaller, bouton contacts onto the
principal cell and its dendrites have been observed (e.g., Lenn
and Reese 1966). One study in the cat indicated that the small
contacts may cover as much of the principal cell as the calyx
(Smith et al. 1991) although most studies have reported a lower
fraction. These contacts have been distinguished from calyceal

contacts by the size and type of vesicles they contain and the
curvature and symmetry (or lack thereof) of the active zones.
Most of these small contacts are thought to be GABAergic or
glycinergic (Smith et a. 1998) and did not appear to arise from
the axons giving rise to calyces, with only =5% attributable to
so-called “calycine collateralS’—boutons extending from ca-
lyces on neighboring principal cells (Jean-Baptiste and Morest
1975; Morest 1968a,b, 1973; Morest et a. 1973; Smith et a.
1991). Without serial sectioning and extensive reconstruction,
it is difficult to determine whether such contacts might origi-
nate from a calyceal process and whether all calyceal contacts
truly arise from a single structure. Accordingly, it has been
hypothesized that occasiona instances of high calyceal-type
coverage of MNTB principal cells may result from innervation
by two calyces (Smith et al. 1998).

Electrophysiological recordings have reinforced the anatom-
ical findings, showing that in addition to the large excitatory
input ascribed to the calyx of Held, there are other, smaller
excitatory and inhibitory inputs to the principal cells in the
MNTB (Banks and Smith 1992; Forsythe and Barnes-Davies
1993a; Hamann et al. 2003). Criteria have been published for
distinguishing calyceal from noncalyceal inputsin electrophys-
iological experiments. Inhibitory inputs are easily separated by
the use of specific blockers of neurotransmitter receptors. For
the excitatory inputs, Banks and Smith distinguished nonca-
lyceal inputs by their greatly increased latency and their graded
responses to stimulation strength. Similar properties of the
small excitatory inputs were noted by Hamann et al. Another
criterion used to distinguish likely calyceal from noncalyceal
inputs was those excitatory postsynaptic currents (EPSCs)
>391 pA versus those <196 pA (after correcting for the
difference in holding potential to —80 mV) (Barnes-Davies
and Forsythe 1995; Forsythe and Barnes-Davies 1993a). An-
other group has used a higher cutoff value (>1 nA) (Futai et al.
2001; Ishikawa et al. 2003). However, when the excitatory
inputs are stimulated by afferent fiber stimulation, the experi-
menter has no information about the morphology of the large
input. Because differences between the evoked responses in
such experiments and those in paired pre- and postsynaptic
recordings have not been reported, the most parsimonious
explanation is that these large responses are due to the calyx
input.

Here we report whole cell patch-clamp recordings from
principal cellsinthe mouse MNTB that received more than one
large, all-or-none, excitatory input. Each input had al the
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electrophysiological characteristics ascribed to the calyceal
inputs to these cells, suggesting that some cells may receive
multiple calyces as described anatomically in the ventral co-
chlear nucleus (Lenn and Reese 1966). In the 101 cells we
examined for the occurrence of this phenomenon (after the cell
in which we first noticed it serendipitously), we identified it in
six more cells; as discussed in the following text, this may
represent an underestimate of the true frequency. Therefore
multiple inputs are present in young mice and are an important
factor in the execution and interpretation of experiments at this

synapse.

METHODS
Sice preparation

P7 to P12 C57BL/6, C57BL/6X129SV, or BALB/c/Weeble (Nys-
tuen et al. 2001) mice were decapitated in accord with Yale's|ACUC
policies, and the brain stems were rapidly transferred to ice-cold
low-Ca®" artificial cerebrospinal fluid (ACSF) containing (in mM)
125 NaCl, 2.5 KCl, 25 NaHCO;, 1.25 NaH,PO,, 25 dextrose, 0.1
CaCl,, 3 MgCl,, 3 myo-inositol, 2 sodium pyruvate, and 0.4 ascorbic
acid bubbled with 95% O,-5% CO,. Transverse brain stem dlices
(200—210 pm) were cut rostral to the seventh nerve. Careful orien-
tation of the plane of sectioning was important to maximize the
number of connected cells. Slices were cut at a dlight (~5°) angle
relative to the medial-lateral axis such that the axons giving rise to the
calyces of Held ran up through the slice to the MNTB on one side, and
recordings were only made from this side (see supplemental Fig. 1%).
The dorsal-ventral axiswas also controlled such that the rostral extent
of the fourth ventricle was sliced with the ventro-rostral extent of the
seventh nerve in the brain stem. Slices were immediately transferred
to normal Ca?" ACSF (asin the preceding text with 2 mM CaCl,, and
1 mM MgCl,) and held at 35°C for 40-50 min and at room temper-
ature thereafter until they were used.

Electrophysiology

Slices were placed in a perfusion chamber (RC-26G Warner In-
struments, Hamden, CT) on a Zeiss (Germany) Axioskop 2 micro-
scope and visualized with a x40 water-immersion lens and video
(Hamamatsu C400-79H camera and C2400 controller) infrared dif-
ferential interference microscopy. Slices were continuously perfused
with ACSF warmed to 26°C (Warner SH-27A) at ~1 ml/min. ACSF
contained 25 uwM b-2-amino-5-phosphonovaleric acid, 10 uM (—)-
bicuculline methiodide 1S9R, and 500 nM strychnine HCI to block
N-methyl-p-aspartate (NMDA), GABA, and glycine receptors respec-
tively.

Patch pipettes were pulled (P97, Sutter Instruments, Novato, CA)
from leaded glass capillaries [PG10165 World Precision Instruments
(WPI), Sarasota, FL] and had a tip resistance of 1.5-2.5 M) when
filled with an internal solution containing (in mM) 110 CsF, 30 CsCl,
5 EGTA, 10 HEPES, and 2 QX-314, adjusted to pH 7.3 with CsOH
and to 295 mosM with H,O. After obtaining the whole cell configu-
ration, the series resistance was usualy <7 M(}, and experiments
were discarded if the series resistance was >10 M) or changed
significantly during the experiment. Experiments were also discarded
if the leak conductance was >5 nS. Series resistance was compen-
sated by 80% with alag of 10 us using the built-in functions of the
Axopatch 200B amplifier (Axon Instruments, Foster City, CA). The
holding potential was —80 mV except for reversal potential experi-
ments. No correction was made for the liquid junction potential,
which was estimated to be ~7 mV. Axons giving rise to the calyces

1 The Supplementary Material for this article (afigure) is available online at
http://jn.physiology.org/cgi/content/full/000927.2003/DC1.
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Fic. 1. Multiple inputs to media nucleus of the trapezoid body (MNTB)
principal cell A. A: postsynaptic current recorded during a 100-Hz, 50-stimulus
train elicited by 110-uA pulses. Responses marked 1-3 are expanded in inset
where they are time aligned to the stimulation. Stimulus artifacts were blanked
for clarity. B: excitatory postsynaptic current (EPSC) amplitude as a function
of the strength of single stimuli. Red lines indicate average response levels for
the stimulus ranges described in the results. Inset: averages of 4—6 EPSCs at
44, 60, 75, and 117 pA time aigned to the stimulation. C, bottom: EPSC
amplitudes in response to a 30-Hz train. Top: stimulation strength. Many
failures occurred at 90 wA—this is common with extended high-frequency
stimulation near the threshold (data not shown).

of Held were stimulated via a bipolar electrode (15-30 k() typical
impedance, FHC, Bowdoinham ME) positioned just ipsilateral to the
midline of the trapezoid body by delivering brief (0.15 ms) constant
current pulses. Stimulation was triggered by Clampex 8.2 (Axon
Instruments) protocols through a Master 8 timer (AMPI, Israel) con-
nected to a stimulus isolator (A360, WPI).

Cell selection

A glass micropipette was used as an extracellular electrode to
search for cells on or near the surface of the slice that received input
evoked by stimulation (Borst et a. 1995). We began our search for
cells on the lateral side of the MNTB, which might have biased our

JULY 2004 « WWW.jN.Org



MULTIPLE INPUTS IN THE MNTB

recordings for cells on this side, which receive input from globular
bushy cells with a lower characteristic frequency due to the tonotopic
organization of this nucleus (Guinan et a. 1972; Smith et a. 1998).
Slices varied in their fraction of connected cells, from ~1in2to ~1
in 30.

Data analysis

Currents were filtered at 2-5 kHz and digitally sampled (Digidata
1322A Axon Instruments) at 1025 kHz and recorded on a PC
running Clampex. Data were analyzed off-line in Igor Pro 4 (Wave-
metrics, Lake Oswego, OR) and Microsoft Excel 2000 (Microsoft,
Redman, WA) and expressed as means + SD. EPSC amplitudes were
computed as the peak current during the EPSC after subtraction of the
baseline current immediately preceding the stimulation.

Chemicals

QX-314 was from Alomone Labs (Israel), bicuculline was from
RBI (Natick, MA) magjor bath constituents were from JT Baker
(Phillipsburg, NJ), and other chemicals were from Sigma (St. Louis,
MO).

RESULTS
MNTB principal cell with three large inputs

We first noticed an instance of multiple large inputs during
avoltage-clamp recording of an MNTB principal cell. First we
present the properties of this exemplary cell in detail and then
compare it to the recordings of other cells with multiple inputs,
which were mostly similar. A bipolar electrode was used to
apply 110-uA pulses to stimulate the axons leading to the
MNTB as they crossed the midline of the brain stem in the
trapezoid body (Forsythe and Barnes-Davies 1993a) while we
measured EPSCs in this cell. A train of 50 stimuli at 100 Hz
produced the well-described presynaptic depression of the
EPSC amplitude (Fig. 1A) (e.g., Borst et a. 1995). However,
after the depression reached a steady state, one EPSC was
much larger than the steady-state amplitude (response marked
3in Fig. 1A). In fact, it was much larger than even the initial
nondepressed EPSC.

TABLE 1. Characteristics of cells with multiple large inputs
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Systematic variation of the stimulus strength applied to the
bipolar electrode revealed three different EPSC size ranges in
this cell (Fig. 1B). Below 50 pA little response was seen.
Between 50 and 70 pA, the response averaged 0.44 nA.
Stimulation between 72 and 113 pA elicited EPSCs with
amplitudes of ~2 nA. Any stimulation >115 uA elicited
EPSCs with an average amplitude of 9.8 nA. Thus this cell
appeared to have at least three inputs. Presumably the larger
EPSC amplitudes included the EPSCs elicited with lower stim-
ulation strengths, so by subtraction, the three amplitudes were
~0.44, 1.6, and 7.8 nA (cell Ain Table 1).

To confirm that the response to the higher stimulation
strength was the sum of the lower- and higher-threshold inputs,
we utilized a protocol that allowed us to measure the response
to the high-threshold input in relative isolation (Fig. 1C). We
first stimulated at 30 Hz at 90 uA—the middle of the medium-
threshold range. After ~1,000 stimuli, the EPSCs €licited by
the medium- and low-threshold inputs were depressed to alow
level (0.56 nA, 28% of their initial value). During continued
30-Hz stimulation, the stimulus strength was increased to 150
pA, significantly above the high-threshold level. The first
EPSC after the increase in stimulus strength was 7.2 nA and
presumably represented an undepressed high-threshold input in
addition to the 0.56-nA depressed response of the low and
middle inputs. The EPSCs containing the high-threshold input
also quickly depressed to a steady state, which was maintained
for another 1,000 stimuli. Returning the stimulus strength to 90
A reduced the response to dlightly less than the steady state
that had previously been reached at this stimulus level (0.36
nA). Inthree such trials (1 at 100 Hz) in this cell, thefirst large
EPSC averaged 7.5 = 1.0 nA larger than the depressed re-
sponses preceding it, in accord with the previous estimate for
the size of the high-threshold inpuit.

All inputs mediated by AMPA receptors

The neurotransmitter released by the calyx of Held onto the
principal neuron is glutamate (Banks and Smith 1992; Wu and
Kelly 1992). Released glutamate activates AMPA and, depend-
ing on the age of the animal (Futai et al. 2001; Taschenberger

Cell Age, d Strain Stimulation Threshold, nA EPSC Amplitude® nA Maximum Frequency® (Hz) Latency® (ms)

A 10 C57BL/6 50 —0.44 = 0.12 Not tested 21=*01
72 -16 * 04 300¢ 22+021°

115 -78 = 06 300 22+ 005

B 7 C57BL/6 X 129SV 365 -51 = 05 =100 2.6 +0.08
500 -35 = 0.6" Unreliable 3.0*x02

Cc 10 C57BL/6 X 129SV 240 -23 *+ 04 =200 2.0+ 0.07

410 -37 = 05 =100 25+ 0.08

D 11 C57BL/6 X 129SV 105 -0.73+0.23 Not tested 19+ 0.07

130 —-43 = 22 Not tested 22+ 005

E 12 C57BL/6 215 -11 = 02 Not tested 2.2 +0.09

225 -37 = 04 =100 1.7 £ 0.04
F 9 C57BL/6 X 129SV 365 -25 = 05 Not tested 22+01

565 -39 = 04 Not tested 2.1+ 0.05

G 13 BALB/c/Weeble® 300 —0.80 = 0.02 200 2.0+ 0.06
450 -59 = 11 200 16+01

Values are means + SD. @Value for high threshold inputs determined by subtracting the value of lower-threshold inputs except as indicated ( *, see RESULTS).
PHighest stimulation frequency at which no or very few failures were seen in 50 stimuli. Some cells were not tested to their limit. Time from onset of the stimulus
artifact to the peak of the excitatory postsynaptic current (EPSC); higher-threshold response latencies were measured after depression of the lower-threshold
response(s). “Includes lower-threshold response. A null mutant in the gene for inositol polyphosphate 4-phosphatase type | (Nystuen et al. 2001)
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and von Gersdorff 2000), NMDA receptors. In addition there
are inhibitory inputs, presumably mediated by GABA and
glycine (Banks and Smith 1992; Forsythe and Barnes-Davies
1993a). Because al our experiments were performed in the
presence of GABA, NMDA, and glycine receptor blockers in
the bath and fluoride in the pipette (see meTHoDS), the EPSCs
described in the preceding text presumably were mediated by
glutamate acting at AMPA receptors. To confirm this, we
measured the reversal potentials of the low/middle- and high-
threshold EPSCs (Fig. 2A). EPSCs were elicited during sus-
tained depolarizations to arange of potentials from —60 to +50
mV. The AMPA receptor-mediated EPSCs at this synapse
reverse at a holding potentia of approximately +9 mV (lessa
7-mV junction potential) (Forsythe and Barnes-Davies 1993a).
We subtracted the currents evoked at the middle stimulus
strength (90 pA; red circles) from those evoked at the same
potential by the stronger stimuli (150 wA; open black circles)

C =
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FIG. 2. Large inputs met criteria used to identify the calyx of Held. A:
amplitudes of EPSCs (peak — baseline) elicited at various holding potentials
(maintained for 15 ms before and 10 ms after stimulation) were used to
estimate the reversal potential of the currentsin cell A. Red symbols: EPSCs
evoked at 90 nA; open symbols, EPSCs evoked at 150 uwA; black symbols: the
difference between the responses to high and middle strength stimulation. Each
point is the average of 3 measurements and error bars represent the SDs. Black
and red lines, linear regressions to the corresponding data. B: 6-cyano-7-
nitroquinoxal ene-2,3-dione (CNQX) blocked both larger- and smaller-ampli-
tude EPSCs in cell A. Responses evoked by 0.2-Hz stimulation at 150 nA
except for EPSCs elicited at 90 A, indicated by red symbols and bars at the
top. CNQX application (10 wM) indicated by the black bar. C: 2 responses
each to stimulation at 350 or 525 A in cell G. Responses are time aigned to
the stimulation. The latency of the large responses at each stimulation strength
were similar, but a small, long-latency response was also present with stimu-
lation at 525 pA (arrow).
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to estimate the currents due to the higher threshold input alone
(filled black circles). Linear fitsto these data estimated reversal
potentials of +10 mV for both inputs, supporting the idea that
these currents were mediated by AMPA receptors. We also
applied the AMPA receptor blocker CNQX (10 wM) during
repeated, low-frequency (0.2 Hz) stimulation at 150 wA, which
blocked the EPSCs by 97% (Fig. 2B), indicating that all three
responses were mediated by AMPA receptors. After removal
of the CNQX, the EPSC amplitude gradually returned to 86%
of the control level. Occasiona reductions of the stimulation
strength to 90 wA during the control, CNQX, and wash periods
reveal ed that the larger two components were blocked similarly
by the CNQX.

Classification of the inputs

The 0.44-nA, low-threshold response in cell A was smaller
than the typical large EPSC seen in MNTB principa cells,
which in our experiments typically ranged from 1 to 10 nA
(mean = 3.9 = 1.5 nA, n = 23). However, the presence of
small inputs in addition to or instead of a large one is not
uncommon in these recordings (Banks and Smith 1992; For-
sythe and Barnes-Davies 1993a; Hamann et al. 2003) (see also
following text). We considered whether this cell might some-
how have an unusually large number of such small inputs with
identical stimulation thresholds. To attempt to answer this
guestion, we considered criteria that have been published for
distinguishing calyceal from noncalyceal inputs (see INTRoDUC-
TioN). We measured the latency of the low-threshold input, the
low- and middle-threshold inputs together, and the high-thresh-
old input after depressing the lower-threshold inputs using the
depression protocol depicted in Fig. 1C. The latencies in this
cell differed by no more than 0.1 ms and by no more than 0.5
ms for any other example (Fig. 1B, inset, and Table 1), sharply
distinguishing them from noncalyceal inputs according to the
latency criterion described by Banks and Smith (an additional
2 ms at 33.5°C) (Banks and Smith 1992).

Some of our recordings, including some with multiple large
inputs, did exhibit small inputs with longer, and typically more
variable, latency. An example of this can be seen in Fig. 2C,
which shows two responses of cell G to stimulation at each of
two intensities. Stimulation at 350 wA produced a 0.8-nA
EPSC. Stimulation at 525 wA recruited not only a 5.9-pA
response with asimilar latency to the response seen to 350-uA
stimulation but also a small response with a latency >3 ms
longer than the other two (Fig. 2C, arrow).

Another means to distinguish likely calycea from nonca-
lyceal inputs was a large EPSC amplitude. The criterion of the
Forsythe group (391 pA) (Barnes-Davies and Forsythe 1995;
Forsythe and Barnes-Davies 1993a), would again classify the
0.44 nA input in cell A as a calyx. However, we used lower-
resistance electrodes and also low-pass filtered our data at a
higher frequency before digitization, both of which would
result in our recording larger responses. The criterion of the
Takahashi group (>1 nA) (Futai et al. 2001; Ishikawa et al.
2003) would not classify thisasacalyx input. We did not study
further this small input, although it contributed to the currents
elicited with higher-intensity stimulation.

Although the 1.6-nA, middle-threshold EPSC amplitude of
cell A was on the low end of the range typical for these cells,
it was till a substantial input, sufficient in principle to evoke
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an action potential in the principa cell (Brew and Forsythe
1995; Wang et a. 1998), athough the presence of QX-314 in
the recording pipette prevented testing this directly in this cell.
This and the larger, highest-threshold input both met the pub-
lished criteria of amplitude, latency, nongraded responses to
stimulation strength, and transmitter type for identification as
originating from a calyx. Other characteristics that supported
this identification were their ability to follow very high-fre-
guency stimulation (Table 1) and the nature of their short-term
plasticity (see following text).

Comparison of the larger inputs short-term plasticity

We next compared the short-term plasticity of the two larger
synaptic inputs to cell A. Averaged responses to a middle
stimulation strength were subtracted from the responses to a
high stimulation strength to reveal the properties of the high-
threshold input in isolation. Figure 3A shows the EPSC ampli-
tudes in response to 100-Hz trains of 50 stimuli for the low/
middle- and high-threshold inputs. Although the high-thresh-
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FIG. 3. Depression and recovery in MNTB principa cell A. A: EPSC
amplitudes for a 100-Hz train of 50 stimuli. The average responses to the
middle stimulus strength (78—110 wA) are shown with red circles (n = 31).
These values were subtracted from the average responses to high stimulation
strength (150 pA, n = 18), and the differences are shown with black circles.
Some middle stimulation strength trials contained occasional large responses
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the amplitude of the 1st EPSC in the train, plotted against the time of recovery.
Symbolsasin A; averages of 3—6 measurements. Lines are double exponential
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amplitudes are given in the figure. Trains were given every 40 s and only one
recovery point was measured for each train. Most data were collected after
wash off of CNQX (see Fig. 2B), and responses were smaller than responses
before CNQX application.
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old input started off almost three times as large as the low/
middle-threshold inputs combined, it reached a similar steady-
state response level after 8—10 stimuli. Scaling the responses to
the middle stimulation strength to the high stimulation strength
according to the size of the first response clearly revealed the
difference in steady-state depression (Fig. 3A). This is a gen-
eral property of this synapse (von Gersdorff et al. 1997).

We examined the recovery from this depression by giving a
single stimulus at various times after completion of the 50
stimulus train. The response was hormalized to the response to
the first stimulus of the depressing train. This analysis revealed
that the lower-threshold response recovered more quickly than
the higher threshold response (Fig. 3B). The recovery rates
were somewhat faster than those previously published for the
mouse (Wang and Kaczmarek 1998), possibly due to the
increased temperature and/or much longer depressing trains
causing increased [Ca®"];, which speeds recovery (Wang and
Kaczmarek 1998). Analogous data were obtained with 50
stimulus trains at 50, 200, and 300 Hz (not shown). As previ-
ously shown, higher-frequency stimulation during depression
resulted in more rapid recovery (Wang and Kaczmarek 1998).
For each frequency of depressing train, the lower-threshold
input recovered more rapidly than the higher-threshold one.
Despite the substantial difference in the behavior of these
inputs, results for both large inputs were within the normal
range for cells with only one apparent input (data not shown).

Other examples of multiple inputs

After this recording, we systematically varied the stimulus
strength in al of our subsequent recordings. All cells were
tested with stimulation strengths ranging from threshold for
eliciting aresponse over ~0.2 nA to approximately three times
this threshold but always to =300 uA. In the 101 recordings
tested in this manner, six more gave evidence of more than one
large input. The phenomenon was observed across the entire
age range studied and in both an inbred and a hybrid strain.
Cells C-G were much like cell A and will not be described
further except for the details listed in Table 1. Onerecording (B
in Table 1), however, gave larger responses to stronger stim-
ulation only infrequently. A plot of the EPSC amplitude as a
function of the strength of single stimuli is givenin Fig. 4A. In
this case, single stimuli did not clearly indicate the presence of
multiple inputs, even when tested over a wide range of inten-
sities. Only when the lower-threshold input was depressed
from high-frequency stimulation was the presence of a second
input clear. For example, a 100-Hz train at 450 wA (Fig. 4B,
top) resulted in typical depression, with two failures, to the
second and fourth stimuli. An identical train with a stimulation
strength of 550 pA resulted in a similar depression, with no
failures and occasiona large undepressed EPSCs superim-
posed on the depressed lower threshold EPSCs (Fig. 4B, bot-
tom). Because the higher-threshold input was weaker than the
lower-threshold input (in contrast to cell A) and was so unre-
liable, we used the method depicted in Fig. 1C to depress the
response to the lower-threshold input to estimate the size of the
higher-threshold EPSC. The value obtained in this manner is
reported in Table 1.
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elicited by 450-pA (top) or 550-uA (bottom) stimulation. Stimulation artifacts
were blanked for clarity. |, failures in response to the 2nd and 4th stimuli

(top).
DISCUSSION

We have shown that a small fraction of principal cellsin the
mouse MNTB exhibit multiple discrete EPSC amplitudes in
response to afferent fiber stimulation, consistent with innerva-
tion by multiple calyces of Held. We considered possible
sources for variable response size other than multiple large
inputs. EPSCs in these cells are large, and voltage clamping
them can be difficult. If increasing the stimulus strength re-
cruited a small input, this might have put the EPSC over the
threshold for triggering a postsynaptic action potential. How-
ever, theinclusion of the voltage-gated sodium channel blocker
QX-314 in the recording pipette prevented postsynaptic action
potentials in al the recordings presented in this work. We
could aso be confident that escaping action potentials were not
the cause of the larger responses because such unclamped
currents would have been expected to surmount the strongest
EPSCs, not the small, depressed responses (see Fig. 1, A and
C). In any case, the linear current-voltage relationship of the
responses (Fig. 2A) indicates that voltage-gated sodium chan-
nels were not activated. If sodium channels had contributed to
the responses at —80 mV, the difference would have disap-
peared at depolarized potentials; this would have inactivated
the sodium channels. For these reasons, we ruled out the
involvement of sodium channels. We also considered whether
greater stimulation strength might have recruited other fibers
that worked through other neurons to somehow disinhibit or
enhance transmission (pre- or postsynaptically) at the synapse
under study. We rejected this hypothesis because it seemed
unlikely that such an effect would have resulted in the same
absolute amplitude increase to a depressed EPSC (Fig. 1C) as
it did to an undepressed EPSC (Fig. 1B). Additionally there is
no evidence for modulation through such a pathway. In fact,
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the direct effect of small-amplitude, high-latency excitatory
inputs onto principal cells has been suggested to inhibit
postsynaptic responsiveness to the calyx input (Hamann et al.
2003). Thus the data presented here indicated that these cells
received multiple large excitatory inputs. These inputs met
commonly used electrophysiological criteria for classification
as originating from the calyx of Held (Barnes-Davies and
Forsythe 1995; Forsythe and Barnes-Davies 1993a; Futai et al.
2001).

Without retrospective anatomical studies we could not be
sure that the inputs were calyces; however, their large ampli-
tudes implied that whatever their form they must have covered
a significant amount of the cell surface. Most MNTB principal
cells have small dendritic arbors (Sommer et al. 1993), arguing
against the possibility of a large collection of small dendritic
contacts arising from a single axon or from a group of axons
with extremely similar activation thresholds and other proper-
ties. We attempted to specifically load the terminals with the
AM ester of aCa?" indicator by focally perfusing the axons as
the crossed the midline (Regehr and Atluri 1995) to allow
imaging of the structures excited by the afferent fiber stimula-
tion. Unfortunately either the axons did not readily trap the
dye, in agreement with previously published work (Billups et
al. 2002), or the calyx volume was too large to load with this
method. Definitive determination of the physical form of these
inputs awaits anatomical experiments with the power to detect
these uncommon occurrences with reasonable likelihood. Per-
haps the most promising approach would be injection of a
tracer and EM analysis of the calyces (Smith et a. 1991); this
might reveal both labeled and unlabeled calycea contacts on
the same cell.

Other instances of cells that receive strong inputs from
single neurons in mature animals, such as the neuromuscular
junction onto skeletal muscle, the climbing fiber-Purkinje cell
synapse in the cerebellum, and the neurons in the submandib-
ular ganglion initially show innervation by multiple neurons
before synapse elimination in the second and third postnatal
week (in the rat) results in a single input (Brown et a. 1976;
Crepel et a. 1976; Lichtman 1977). Afferent and efferent
connections of the MNTB are also changing during this age
(Kandler and Friauf 1993; Kim and Kandler 2003; Kuwabara
et al. 1991), which is the age used for patch-clamp studies. If
indeed some MNTB principal cells do receive multiple caly-
ces, it will be important to determine whether this is a transi-
tory phenomenon during development like that seen in the
other instances of strong single inputs or whether it persistsin
adulthood. If thisis a transitory phenomenon, it may prove to
be a useful system for studying competition between inputs
during development. Conversely if the existence of multiple
large inputs is a persistent phenomenon, it will be important to
determine whether it is sufficiently common to impact the
processing of auditory information. Multiple inputs might in-
crease the ability of the bushy cells in the VCN to synchro-
nously drive the cells in the MNTB, as proposed for the
endbulb of Held-bushy cell synapse (Joris et al. 1994). Thisis
in line with the emerging idea that the MNTB principal cell is
not simply a faithfully firing inverting relay but is subject to
important noncalyceal inputs, which are integrated with the
calyceal input to determine the postsynaptic firing pattern
(Hamann et al. 2003; Kopp-Scheinpflug et al. 2003).

JULY 2004 « WWW.jN.Org



MULTIPLE INPUTS IN THE MNTB

We found that careful orientation of the tissue during sec-
tioning resulted in arelatively high fraction of MNTB cells on
the surface of the dlice retaining enough of their axons to be
stimulated by the electrode placed at the midline of the slice
(see meTHODS). It was possible that this may have increased the
number of cellsin which we were able to stimulate more than
one input compared with studies with a lower fraction of
connected cells. Nevertheless, assuming all principal cells re-
ceived calyceal input, we were rarely able to stimulate even
half of the calyces near the surface of the slice. This implied
that the fraction of cellsthat received multiple inputs may have
been higher than our data indicated. If axons heading for the
same cell ran together through the trapezoid body, they may
have had similar outcomes from the cutting procedure and the
underestimate may be small; but if there was variation in the
axons paths, the estimate could be low by a factor of two or
more. Interestingly, such variation in axon course was cited as
abiasing factor in the underestimate of the number of endbulbs
of Held that converge on the bushy cells in the VCN (Ryugo
and Sento 1991). It was also possible that instances of multiple
inputs to MNTB cells with similar stimulation thresholds were
not detected. If both inputs were reliable at the stimulation
frequencies used, this situation would have been difficult to
detect. In the other extreme, where oneinput isvery unreliable,
like that in Fig. 4, multiple inputs may be missed unless
repeated stimulation is applied.

The potential presence of multiple large inputs should be
taken into consideration when performing experiments at this
synapse that utilize afferent fiber stimulation. Many parameters
of synaptic transmission are quite variable from calyx to calyx
at this developmental stage. Examples of such parameters
include decay of residual Ca?* and facilitation (Felmy et al.
2003), reliability in following high-frequency trains (Taschen-
berger et a. 2002), rate of depression following such trains
(von Gersdorff et al. 1997), and recovery from this depression
(unpublished results). If the combined influence of multiple
inputs is measured, the results will be different from those
expected for a single input as shown for depression and recov-
ery from depression in Fig. 3. The results may be even more
misleading if different combinations of the inputs are evoked
with each stimulus due to unreliability or differences in ability
of theinputsto follow high-frequency stimuli asin the example
shown in Fig. 4.

Our findings suggest two procedura safeguards in experi-
ments of this type. First, to avoid unknowingly recording from
cells receiving multiple inputs, the experimenter must test that
the response size is constant with changing stimulation strength
over afairly broad range covering the stimulation frequencies
used in the experiments as stimulus threshold depends on the
frequency of stimulation. As shown in Fig. 4, even thisis not
a perfect test. Choosing stimulation rates that produce a high
fraction of failures, even if such frequencies will not subse-
quently be used in the experimental paradigm, may be more
likely to reveal an instance of multiple inputs by revealing one
input when the other fails. In addition to these strategies for
avoiding instances of multiple inputs, a second safeguard may
be to avoid recordings with smaller EPSC amplitudes. The
combination of the fact that several of the inputs seen in the
cases of multiple inputs were small and the lack of anatomical
evidence for multiple calyces begs the question whether these
small inputs are simply one end of a spectrum of calyx sizes or
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whether they have a different underlying structure, which
would likely imply other functional differences. Because lim-
iting recordings to those with amplitudes greater than, for
example, 2.5 nA, is not very restricting, such a criterion seems
a reasonable precaution. On the other hand, the fact that most
of the multiple input cells had one small input may be a special
case of competition between the inputs and not apply to prin-
cipal cells receiving only one strong input. Experiments using
simultaneous pre- and postsynaptic recording avoid most of the
problems of multiple inputs, although it must be considered
when monitoring spontaneous miniature EPSCs that they may
not arise from the input being studied.
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