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Reduced systems such as brain slices offer a powerful approach to study the physiology of auditory
neurons in great detail. However, when studying auditory nuclei in reduced systems such as brain slices,
especially highly active auditory brain stem nuclei, one has to be aware that the unphysiological lack of
activity in the reduced system compared to the in-vivo situation has a number of important effects on
the neurons under investigation, and thus on the data that are measured. Most importantly, the lack of

chronic activity in the slice preparation has important effects on the properties of short-term plasticity of
the synapses. The main purpose of this article is to discuss how spontaneous activity in auditory neurons,
or the lack thereof, can affect the data measured.

© 2011 Elsevier B.V. All rights reserved.

1. Chemical synaptic transmission is a slow and demanding
process

Chemical synaptic transmission is a process that is inherently
expensive, both in terms of energy use and the use of molecules.
Synaptic vesicles are filled with transmitter molecules, which are
packaged in patches of cell membrane, and into which many
different and specific proteins are inserted to endow the vesicle
with its particular functionality (Jahn and Scheller, 2006; Jahn et al.,
1990; Lang and Jahn, 2008; Siidhof et al., 1993). Similarly, after the
release event the molecules have to be recycled, regenerated, and
resorted, which also consumes energy and time (Dittman and Ryan,
2009; LoGiudice and Matthews, 2007; Smith et al., 2008). Because
of the many biochemical and biophysical processes involved in
chemical synaptic transmission, this process cannot function at an
infinitely fast time scale. As a result, synapses dynamically change
during periods of intense and repetitive activity, and these dynamic
changes have important consequences on a neural system’s pro-
cessing of ascending information streams (Kandaswamy et al.,
2010; Klyachko and Stevens, 2006).

2. Synaptic facilitation affects the processing of complex
activity

The presynaptic side of a chemical synapse contains a certain
number of synaptic vesicles filled with neurotransmitter. During
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a presynaptic action potential, voltage gated calcium channels open
and calcium triggers the fusion of one ore more vesicles with the
presynaptic terminal membrane (Bollmann et al., 2000; Borst and
Sakmann, 1996; Burnashev and Rozov, 2005; Katz and Miledi,
1965; Sakaba and Neher, 2001b; Schneggenburger and Neher,
2000, 2005). After the fusion event, calcium that entered the
presynaptic terminal in response to the depolarization is still
present in the terminal. In order to restore the synapse to its
recovered state, calcium needs to be buffered and expelled from the
presynaptic terminal (Burnashev and Rozov, 2005). A number of
proteins are performing the buffering process, and active calcium
transport as well a calcium sodium antiporter are in charge of
finally removing calcium from the presynaptic terminal (Burnashev
and Rozov, 2005; Neher and Sakaba, 2008). This process functions
at a relatively fast time scale, such that after tens of milliseconds
calcium levels inside the presynaptic terminal have returned to
normal. Multiple action potentials arriving at the presynaptic
terminal within a short time period —as it is typical for many
auditory neurons— will cause an elevation of calcium level in the
terminal, with the result that vesicle release is facilitated. If
everything else were equal, these higher calcium levels will cause
more synaptic vesicles to fuse than during the first event, and thus
repetitive synaptic events will produce higher synaptic currents.
Recovery from synaptic facilitation occurs with an exponential time
scale over a time period of tens of milliseconds to about 100 ms
(Burnashev and Rozov, 2005). Successive action potentials arriving
at the terminal after this time period will produce synaptic currents
that are much less, or not influenced by facilitation. Successive
action potentials arriving within this 100 ms window will be
affected by facilitation to varying degrees which depend on the
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length of the inter event interval. Note that even though the
recovery from synaptic facilitation occurs at a relatively fast time
scale of <100 ms, this time period corresponds to firing frequencies
of only 10 Hz — a very low firing frequency by standards of most
auditory neurons. Therefore, most if not all processing of auditory
information should be influenced by synaptic facilitation.

3. Synaptic depression affects the state of the synapse in an
opposite direction as facilitation

A second, opposite, effect plays a very important role in
controlling synaptic current amplitudes: synaptic depression.
Synaptic depression is caused by a depletion of the synaptic vesicle
releasable pool (Betz, 1970; Liley and North, 1953;
Schneggenburger et al., 1999, 2002; Trussell, 1999; Von Gersdorff
and Borst, 2002). Naturally, the presynaptic terminal can only
contain a limited number of vesicles, the synaptic vesicle pool. Only
a portion of these vesicles takes part in the release process, termed
the synaptic vesicle releasable pool. Every synaptic event will
release a certain number of vesicles, and thus will deplete the
releasable pool (Schneggenburger et al., 2002). Vesicles are recy-
cled as they are getting used, but this process is time-consuming
and takes several seconds. Thus, a second synaptic event occurring
within that time period can only draw upon a limited number of
vesicles. If everything else were equal, synaptic depression will
cause the amplitude of a second synaptic event to be smaller than
the first (Schneggenburger et al., 2002; Trussell, 1999; Von
Gersdorff and Borst, 2002). Producing new vesicles and filing
them with transmitter is a more time-consuming process than
buffering calcium, and thus recovery from synaptic depression is
a considerably slower process than the recovery from synaptic
facilitation (Schneggenburger et al., 2002; Wilkinson and Lin, 2004;
Wau and Borst, 1999). Depending on the type of synapse, the state of
depression, and activity levels during the recovery process, the
making of new vesicles can take up to several seconds. Therefore,
even neurons firing at very low frequencies of 1 Hz or less are
commonly affected by synaptic depression.

4. Other important mechanisms of short-term plasticity

Trains of action potentials or repeated neural activity can have
a number of other effects on the state of the synapse: for example,
postsynaptic receptors can desensitize in the presence of high
concentrations of the receptor molecule (= receptor desensitiza-
tion; Neher and Sakaba, 2001a,b; Trussell and Fischbach, 1989;
Trussell et al., 1988; Wong et al., 2003); presynaptic calcium chan-
nels can inactivate during repeated activity, allowing less calcium to
flow into the presynaptic terminal (= calcium channel inactivation;
Cheng and Augustine, 2008; Forsythe et al., 1998). Interestingly,
when lower stimulation frequencies are used, calcium currents may
also facilitate due to the repeated activity (Miiller et al., 2008;
Tsujimoto et al., 2002), thus leading to enhanced vesicle release.
Therefore, just these two opposing mechanisms of calcium current
plasticity may account for a large degree of short-term synaptic
plasticity (Cheng and Augustine, 2008).

All synaptic vesicles do not have the same probability of being
released in response to a presynaptic action potential (de Lange
et al., 2003; Rizzoli and Betz, 2005; Trommershduser et al., 2003).
Calcium has been shown to enhance transmission after periods of
high activity (= post-tetanic potentiation; Habets and Borst, 2005,
2006; Korogod et al., 2005; Lee et al., 2008; Xue and Wu, 2010).
Finally, activation of postsynaptic metabotropic glutamate recep-
tors reduces presynaptic release through an endocannabinoid-
mediated pathway (Kushmerick et al., 2004). The mechanisms
discussed above all have relatively short onset as well as short

recovery times and thus are commonly described as mechanisms of
short-term synaptic plasticity. Short-term plasticity includes
mechanisms that appear and recover on a relatively short time
scale of milliseconds to seconds, possibly tens of seconds at most.
Synaptic plasticity at even longer time scales, such as LTP or LTD is
not discussed here.

The mechanisms described above are just a few examples of
many that govern short-term changes in the state of a synapse
during periods of repeated activity. Some of these mechanisms act
to enhance synaptic currents during periods of repetitive activity,
while others act to reduce them. The various effects recover with
their own respective time courses, such that during periods of
repetitive and complex neural activity with varying inter-spike
intervals, synaptic currents are controlled by these various
mechanisms with dynamically changing contributions. During
periods of repetitive activity, synapses dynamically change in
many different ways, and understanding these dynamic changes
can be challenging.

5. Short-term plasticity vs. spontaneous activity in the
auditory system

Mechanisms of short-term plasticity affect the processing of
complex and ongoing sound evoked activity trains. The auditory
system is known to be a highly active neural system where neurons
in the various auditory centers, especially brain stem centers, can fire
with very high frequencies (Brownell, 1975; Brugge and Geisler,
1978; Goldberg and Brownell, 1973; Irvine, 1992; Joris et al., 1994;
Kadner et al, 2006; Kiang, 1965; Klug et al, 2006; Kopp-
Scheinpflug et al., 2003; Schwarz and Puil, 1997; Smith et al., 1998;
Sommer et al., 1993; Spirou et al., 1990, 2005; Wang et al., 2010; Yost
et al., 2008). Sound received by the ears is translated into trains of
multiple action potentials, such that short-term plasticity can be
observed at the synapses even when auditory neurons respond to
brief and simple sound stimuli. During exposure to prolonged sound
activity, as it is typical for most acoustic environments, auditory
neurons fire with ongoing and sometimes complex activity, and thus
it is not surprising that short-term plasticity plays a major effect in
modulating a synapse’s response to the various action potentials of
the activity train (MacLeod et al., 2007).

Much less appreciated is the fact that, at least in the lower
auditory system, short-term plasticity is at work even during the
complete absence of sound. The reason is that auditory neurons,
especially brain stem neurons, fire spontaneously at frequencies
that can range from around 1 Hz to well over 100 Hz (Geisler et al.,
1985; Hudspeth, 1997; Kiang, 1965; Liberman, 1978; Roberts et al.,
1988). The major source for this spontaneous activity in the mature
auditory system is most likely the tip-link channels at the stereo-
cilia of inner hair cells (Hudspeth, 1989; Hudspeth and Gillespie,
1994; Roberts et al., 1988). The tip-link channels in the hair cell
stereocilia have a certain open probability even in the absence of
sound, thus leading to influx of calcium and potassium into the hair
cell and in turn chronic transmitter release at the hair cell to
auditory nerve synapse (Evans and Kros, 2006; Fuchs, 2008; Heil
et al, 2007; Hudspeth, 1989). Thus, the sound independent
release of transmitter leads to spontaneous firing in auditory nerve
fibers. This spontaneous activity is then passed on to the various
ascending parallel pathways, and subsequently spreads to many
auditory centers where it still can be observed several synapses
away from the nerve.

Due to the specific open probabilities of the tip-link channels,
auditory neurons are chronically active and fire action potentials
even in complete acoustic silence. Moreover, these spontaneous
activity levels, which can vary from very low frequencies to about
100 Hz, are suitable to recruit synaptic depression, synaptic
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facilitation, and other mechanisms of short-term plasticity in
auditory brain stem neurons. In other words, even in absolute
acoustic silence, the mechanisms of synaptic facilitation and
synaptic depression —and almost certainly other mechanisms as
well— are active and actively influencing neurotransmission
dynamics. During periods of sound presentation, these mecha-
nisms must play an even more important role (Klyachko and
Stevens, 2006; Wang and Manis, 2008; Wang et al., 2010).

6. The in-vitro problem and its consequences

Studies of synaptic transmission are typically performed in
reduced systems such as brain slices, in combination with elec-
trophysiological recording methods such as intracellular or patch
clamp recordings. Reasons why most investigators choose reduced
preparations such as brain slices for such experiments include that
these preparations offer great access to the neurons and synapses
under investigation, such that specific single neurons or cell types
can easily be located and investigated. Reduced systems allow for
very detailed measurements of intracellular currents in neurons,
down those produced by single channels. They allow for complete
pharmacological control over both the extracellular and intracel-
lular environment of the neurons, and allow for very controlled
electrical stimulation of single cells. Most of these manipulations
would be very difficult if not impossible to do with intact prepa-
rations where an electrode is advanced into a brain and an inves-
tigator has generally much less control over the question which
neuron will be encountered by the electrode. Also, it is very difficult
to control the neuron’s environment pharmacologically with in-
vivo recordings, such that pharmacological agents required to
isolate e.g. single currents cannot be used or can only be used in
a very limited fashion.

It is therefore fair to say that the invention of reduced systems
and the development of electrophysiological methods to record
subcellular currents and manipulate a neuron’s environment in any
way desired has greatly advanced our understanding of neural
processing in general, and synaptic function in particular. This is also
true for the auditory system, where our understanding of e.g. the
creation of specific firing patterns among auditory brain stem
neurons, or our understanding of synaptic transmission between
auditory nuclei was only made possible by the introduction of such
methods. However, one problem of these reduced systems is that the
neurons under investigation are contained in a small isolated piece
of tissue that is disconnected from many of its inputs and is not
functioning in the context of an intact brain. Importantly, during the
preparation of the slices of auditory nuclei, the brain is disconnected
from the auditory nerve, and the spontaneous activity of auditory
nerve fibers is lost. Once tissue is sectioned and the connections
to the nerve are severed, auditory neurons are experiencing
a non-physiological lack of activity. During electrophysiological
recordings from the tissue, prolonged pauses between stimulus
presentations are customary, especially when synapses are tested.
As a result, auditory neurons in brain slice experiments experience
much lower activity levels than they did in the intact brain. It is easy
toimagine that this lack of activity has a number of consequences on
synaptic physiology. Most importantly, synaptic vesicles are not
getting consumed at the typical rate, and presynaptic calcium levels
are likely to fall below the concentrations that are typically present
in naturally active synapses. The majority of electrophysiological
studies in the auditory system using brain slices did not account for
this lack of activity. In many cases, for example those in which
membrane properties, action potential firing etc. are studied, this
will most likely not matter. Also, for studies that focus on the pure
mechanisms of synaptic transmission, this will most likely not
matter as well. However, studies that aim at investigating the role of

auditory synapses during sound processing, this discrepancy might
have a large impact. To date, two auditory brain stem synapses have
been tested both under conditions in which the background activity
was present and was lacking, and for both synapses fundamental
differences between the context of chronic activity and prolonged
silence have been found (Hermann et al., 2009, 2007; Lorteije et al.,
2009; Miiller et al., 2010; Wang and Manis, 2008; Wang et al., 2010).
One of the two synaptic station tested was the calyx of Held, a giant
synapse that connects globular bushy cells in the cochlear nucleus to
principal neuron in the medial nucleus of the trapezoid body
(MNTB). Hermann et al. (2007) investigated the question how key
properties of synaptic transmission might be different at the calyx
between silent conditions and conditions that imitate those of the
intact brain closer. The calyx of Held has become one of the most
important models for studies in synaptic transmission over the last
few years, and due to this fact, transmission at this station is
understood in great detail (Barnes-Davies and Forsythe, 1995;
Schneggenburger and Forsythe, 2006; Von Gersdorff and Borst,
2002). We know that the presynaptic terminal of the calyx of Held
has several active zones and releases a great number of vesicles upon
each presynaptic stimulation. EPSPs measured at the postsynaptic
cell are large and fast, and due to the large size of the EPSCs measured
in standard brain slice experiments, it has always been assumed that
the calyx of Held to MNTB synapse is a very failsafe synaptic station
(meaning that every incoming action potential is reliably related to
an outgoing action potential; Taschenberger and Von Gersdorff,
2000, 2002; Trussell, 2002). The perceived reliability of the
synapse led to a view in the literature that suggested the MNTB is
a pure relay nucleus that converts incoming glutamatergic excita-
tion into outgoing glycinergic inhibition, which is required for
a number of computational processes by higher-order nuclei,
including sound localization (Brand et al., 2002; Caird and Klinke,
1983; Goldberg and Brown, 1968, 1969; Moore and Caspary, 1983;
Spangler et al., 1985).

Does this view change when the same synapse is studied under
conditions in which the chronic background activity is considered?
How can a context of chronic background activity be effectively
tested in a reduced preparation such as a brain slice? The approach
of Hermann et al. (2007) was to record both the firing frequency
and statistical distribution of spontaneous activity from the MNTB
in-vivo, and then they design ongoing stimulus trains that imitate
the measured spontaneous activity. MNTB neurons were found to
fire with spontaneous rates ranging from about 1 Hz to well over
100 Hz, and the statistical distribution was near Poisson-distrib-
uted. Based on these data, the group designed stimulus trains that
lasted for many minutes and consisted of thousands of Poisson-
distributed events at representative mean frequencies. Afferent
inputs to calyces of Held were stimulated with this activity pattern
for several minutes in an attempt to bring the synapses into
a similar state of activity as they presumably would be in the intact
brain. After such a ‘conditioning’ phase, the synapses are presum-
ably in a state that imitates a situation in which an animal is not
receiving any sound input, and its auditory neurons are driven by
spontaneous activity only (i.e. the animal is sitting, for example, in
a sound proof room). The imitation of chronic spontaneous activity
had a number of important effects on synaptic transmission in the
calyx of Held.

Most obviously, synaptic amplitudes were depressed to
different degrees, dependent on the frequency of the background
activity used, and were as small as about 1/4 of the amplitudes
measured in resting slices. In other words, the very large synaptic
amplitudes typically measured under standard (i.e. resting) brain
slice methods and reported in the literature might be a conse-
quence of the artificial lack of activity in standard brain slice
preparations, and EPSCs produced by the calyx of Held might be
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much smaller in the intact brain than previously reported
(Hermann et al., 2007). Apparently, the lack of release events at the
presynapse increases the number of synaptic vesicles in the
presynaptic pool to levels that do not occur typically in the intact
brain. Pool depletion studies have shown that the synaptic vesicle
releasable pool in the calyx of Held can contain several thousand
vesicles, assuming the absence of release events for at least several
seconds (Meyer et al., 2001; Sakaba and Neher, 2001b; Satzler et al.,
2002; Schneggenburger and Neher, 2000; Sun and Wu, 2001).
However such a situation is not likely to occur in the intact auditory
system, even in neurons with a very low spontaneous activity.
Chronic spontaneous activity at any frequency will trigger constant
release events and thus puts the presynaptic terminal in a state of
chronic depression. Again, this state of chronic depression is not
dependent on any sound input, but rather is already present in
a situation of complete acoustic silence. Thus, the first conclusion is
that auditory synapses, especially those in the brain stem that
operate under conditions of chronic synaptic depression, typically
exhibit synaptic currents are likely to be considerably smaller than
measured in standard brain slice experiments in which the natural
spontaneous activity is lacking.

7. Synaptic plasticity during ongoing activity

What happens if stimulus trains simulating sound activity are
presented? Hermann et al. (2007) introduced such activity into the
trains of Poisson-distributed background activity. This was done by
embedding high-frequency stimulus trains (imitated auditory
signals) into low frequency stimulus trains (imitated background
activity). For example, a brief pure-frequency tone (tone burst),
a commonly used sound stimulus for in-vivo recordings, would
recruit a burst of action potentials at frequencies between 50 and
500 Hz. Thus, a situation which imitates an experimenter playing
a tone burst would best be translated into an in-vitro experiment
where a short high-frequency stimulus train is seamlessly
embedded in a low frequency Poisson-distributed background train
of activity. Testing high-frequency trains in the calyx of Held
without background activity produces EPSC trains which depress
progressively with the number of events in the train. When trains
of e.g. 10 or 20 pulses are tested against a background of silence, the
observed depression is substantial. For example a 300 Hz train
depresses from synaptic amplitudes of typically around 10 nA in
response to the first event to about 2 nA in response to the 20th
event in the train, i.e. by about 80% (Fig. 1A, black trace & Fig. 1C and
D, first group of bars; Hermann et al., 2007; Taschenberger and Von
Gersdorff, 2000, 2002).

When the same 300 Hz train was tested embedded in the
background of spontaneous activity, the relative depression
observed during the same 20 pulse, 300 Hz train was much less
than what was observed in the background of silence (Fig. 1B). With
the inclusion of spontaneous activity, the EPSC amplitude in
response to the first stimulus was depressed compared to a non-
active control, and was further depressed over the course of the
high-frequency train. However, when comparing the EPSC ampli-
tudes in response to the first and last stimulus of each train, much
less relative depression was observed to occur during the 300 Hz in
the case where it was embedded in background activity vs. under
control conditions (compare events in EPSC train in Fig. 1A and 1B
and Fig. 1C and D, last group of bars).

One important consequence of the altered EPSC amplitudes is the
observation that not every EPSC leads reliably to a postsynaptic
action potential. Failsafeness, or a reliable 1:1 transmission is,
according to many studies, one of the hallmarks of the calyx of Held
to MNTB synapse — which is why this station is often called a ‘relay’
nucleus (Mc Laughlin et al., 2008; Taschenberger and Von Gersdorff,
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Fig. 1. (A and B) Responses of one neuron to the same 300 Hz/20 pulse stimulus train
before conditioning with spontaneous activity (A, black line), while the 300 Hz train
was embedded in 60 Hz spontaneous activity (B), and about 5 min after the ‘sponta-
neous’ activity was ended (A, gray line). (C) Absolute EPSC amplitudes with various
conditioning and test frequencies. Trains of 100 Hz, 300 Hz, and 600 Hz were tested
with 20 stimuli in the trains in each case. The dark bars ‘initial amplitude’ refer to the
EPSC amplitude of the first event of a train (similar for 100 Hz, 300 Hz, and 600 Hz
stimulus trains), while the bars labeled ‘after 100/300/600 Hz’ refer to the amplitude of
the 20th event in the train of the respective frequency. Numbers in the bars indicate
sample size. (D) Ratios of synaptic current amplitudes in response to the last stimulus
over the current of the synaptic response to the first stimulus of the 20 pulse trains.
Low ratios indicate substantial relative depression during the 20 pulse stimulus trains,
while high ratios indicate low relative synaptic depression. Numbers in the bars
indicate sample size. An asterisk next to a bar indicates a significantly different mean
compared to the respective control (= unconditioned) condition, which is shown be
the same color bar in the group ‘none’ (student’s t-test). From Hermann et al. 2007.
Used with permission.

2000, 2002; Wu and Kelly, 1993). The failsafe property of the synapse
is based on the observation that each presynaptic action potential
will elicit a substantial EPSC that is several fold higher than required
to reach threshold for the postsynaptic neuron (Taschenberger and
Von Gersdorff, 2000). When EPSCs are measured under conditions
of ongoing and chronic background activity, they are still substantial
and super threshold in many cases. However, a significant number of
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failures can be observed during periods of high frequency and long-
lasting activity (Hermann et al., 2007).

8. Recovery from synaptic depression is faster in active
synapses

Recovery from synaptic depression, i.e. the recycling of synaptic
vesicles, is a critically important step for maintaining transmission
during prolonged periods of activity in a synapse. Naturally, this
process is relatively slow since it involves retrieval of membrane
patches from the presynaptic membrane, synthesis of vesicles,
synthesis of transmitter molecules, filling of the vesicles with the
transmitter, adding the new vesicle to a pool of releasable vesicles,
and having it go through the various steps of docking and priming
before it can be released in response to a presynaptic action
potential (Groemer and Klingauf, 2007; Smith et al., 2008).
A number of studies have measured the time constant with which
the presynaptic terminal produces new vesicles and gets them
ready for release. There are mainly two common methods to
perform these measurements: the first one involves flushing the
synaptic pool by depolarizing the presynaptic terminal for pro-
longed periods of time, for example via voltage clamp of the
presynaptic terminal and imposing a depolarizing voltage
command for a prolonged time period. The second method involves
depleting the vesicle releasable pool as much as possible by trig-
gering many successive action potentials at a high frequency. Both
of these manipulations will cause a large amount of calcium to flow
into the presynaptic terminal and thus will cause most if not all
vesicles in the readily releasable pool to be released. Following this
depletion step, test stimuli at certain points in time after the flush
event are given to test the number of newly produced vesicles
during that rest period. Such experiments testing how the refilling
of the synaptic vesicle releasable pool at the calyx of Held prog-
resses have determined a time constant of about 2—4 s. Thus,
a period of inactivity of about 4—8 s will refill the pool to about 95%
of its initial value, and approximately restore initial EPSC amplitude
responses (Bollmann et al., 2000; von Gersdorff et al., 1997; Wu and
Borst, 1999). However, a period of inactivity lasting several seconds
does not occur very frequently in the life of auditory brain stem
neurons, if ever. Therefore it is surprising that the vesicle releasable
pool of an auditory synapse such as the calyx of Held should take up
to 8 s to refill — implying that the system would be at least partially
unresponsive to incoming events during that time period.

In-vivo recordings from the MNTB of rodents show that MNTB
neurons can follow high firing frequencies for prolonged periods of
time and subsequently recover at a time course of tens of milli-
seconds, not seconds (Hermann et al., 2007). Experiments showing
recovery of firing have been performed in both MNTB and other
auditory brain stem nuclei and involve the presentation of a long
tone burst while recording from a single neuron in-vivo, then
allowing the cell to recover for various amounts of time and then
presenting a second, identical tone burst. During the presentation
of the initial tone, cells respond with a certain firing rate and
pattern. In the case of the MNTB, responses declined throughout
the tone stimulus, partially due to depression at the calyx of Held
and partially due to other mechanisms acting at other components
of the ascending pathway. During the inter-tone interval (the rest
period), vesicle releasable pool recovery as well recovery of other
components occurred, and the progress of the various recovery
processes was tested by presenting the second identical stimulus to
the neuron. The goal was to test how long of an inter-stimulus
interval was needed to achieve complete recovery of the
pathway. Complete recovery would be indicated by identical
responses to the first and second tone. In the experiment involving
MNTB, it was found that an inter-stimulus interval of about 80 ms

was sufficient to obtain complete recovery of the afferent pathway
including the calyx of Held (Hermann et al., 2007). By contrast,
recall that in-vitro experiments determined that vesicle pool
refilling at the calyx of Held takes about 100 times as long, i.e. about
4-8s.

Are the two experimental approaches even comparable? The in-
vitro experiments test the refilling of a vesicle releasable pool, i.e.
the production of new vesicles at the presynaptic terminal (the
calyx of Held), while the in-vivo experiment tests the recovery of
firing rates of MNTB postsynaptic neurons. Naturally, the latter
experiment tests the recovery of not only one presynaptic terminal
but the recovery of the entire afferent chain from auditory nerve to
cochlear nucleus to MNTB. However, note that such an experiment
measures the recovery of the slowest component in the afferent
chain. If vesicle pool recovery at the calyx of Held took longer than
80 ms (or if any other component of the afferent chain recovered
slower than within 80 ms), recovery of firing could not be observed
within that time period. Thus, while the in-vivo and in-vitro
experiments test different physiological components, it can be
concluded that the upper limit for vesicle releasable pool recovery
at the calyx of Held must be around 80 ms.

How can the discrepancy in vesicle pool recovery between the
in-vivo situation (80 ms or less) and the in-vitro situation (4—8 s)
be reconciled? There are several reasons. First, active synapses with
an elevated level of calcium in the presynaptic terminal recover at
a faster time scale than silent synapses. The recovery time constant
in these active synapses is on the order of tens or hundreds of
milliseconds, not seconds (Hosoi et al., 2007; Neher and Sakaba,
2008; Sakaba and Neher, 2001a; Wang and Kaczmarek, 1998).
The reason for this faster recovery is that elevated calcium levels in
the presynaptic terminal enhance the recruitment of new vesicles
to the vesicle releasable pool (Neher and Sakaba, 2008; Wang and
Kaczmarek, 1998). In the active brain, especially the active audi-
tory system, where neurons usually fire at relatively high levels,
calcium levels are likely to be chronically elevated. As a result, this
faster time constant probably plays a much more important role in
recovery from depression than the slower time constant that can be
observed in rested slices. Still, the in-vivo recordings show recovery
of firing at the MNTB on time scales even shorter than that. This
discrepancy can be reconciled with the notion that, in chronically
active neurons, the vesicle releasable pool never fills up to levels
that are considered ‘a full pool’ by in-vitro measurements per-
formed in non-active brain slices. The reason is that filling the pool
to these levels requires inactivity for several seconds, which rarely
happens in the auditory brain stem. When more typical activity
levels are considered, the vesicle releasable pool is only about 1/3 to
Y of the size of these measurements (Hermann et al., 2007) and
thus, time periods required to fill the pool to these (artificially) high
levels are not representative for a typical in-vivo situation. Addi-
tionally, high levels of activity do not completely empty the pool as
done in the described pool-flushing experiments, but rather
depress it to certain levels above ‘empty’. Therefore, the dynamic
changes in synaptic pool filling levels are much smaller under in-
vivo conditions than can be experimentally enforced in brain slices.
When dynamic changes in vesicle pool states typical for the active
brain are looked at, and corresponding time courses are applied to
these changes, similar recovery times from synaptic depression are
seen as can be observed in-vivo for the recovery of firing.

9. Other mechanisms of short-term plasticity affect the
processing of information streams in the active brain

Besides synaptic depression and facilitation, many other
mechanisms of short-term plasticity participate in controlling the
amplitude of a signal transferred across a synapse (see above). In
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order to understand short-term plasticity, we need to understand
the relative importance of each of these mechanisms and its
quantitative contribution to the plasticity. One problem is that all of
these mechanisms have been investigated at inactive auditory
synapses, so their role in controlling transmission during ongoing
and complex activity is unclear. However, modeling studies
addressing this question have been done both under inactive and
active conditions. The idea behind these modeling studies is to
create a mathematical model that can capture and reproduce the
dynamics of the observed short-term plasticity well, i.e. calculate
EPSC amplitudes in response to arbitrarily complex stimulus trains
with sufficient accuracy. Any mathematical model that can capture
the dynamic changes of EPSC amplitudes in response to arbitrarily
complex stimulus trains accurately through the modeling of certain
synaptic parameters presumably describes and quantifies these
parameters sufficiently well. These models do not only take into
account the synaptic effects themselves, but also quantify their
relative contribution in reproducing the observed synaptic ampli-
tude changes. Modeling studies are typically performed by taking
an observed dataset, in this case a set of recorded EPSC amplitudes
in response to a certain stimulus train, and then finding the model
which most accurately captures this dataset.

A number of modeling studies have done such an approach. For
example, at the calyx of Held, Hennig et al. (2008) have modeled
short-term plasticity. They have recorded EPSC amplitudes in
response to stimulus trains of different frequencies, and subse-
quently developed a model which can accurately reproduce the
observed EPSC amplitudes. The found that, in order to accurately
describe short-term plasticity at the rested calyx, their model
needed to include several parameters, namely depression and
facilitation, inactivation of calcium channels, inhibition of calcium
channels by metabotropic glutamate receptors, AMPA receptor
desensitization, and two modes of vesicle recruitment. These
results suggest that all these mechanisms make a measureable
contribution to short-term plasticity, and thus, omitting them from
the model would substantially compromise the accuracy of the
predictions. Similar, other groups have also found that a number of
parameters are required to include into the model to obtain accu-
rate predictions, although the exact number and type of the
parameters varies to some degree between studies (Hosoi et al.,
2007; Weis et al., 1999).

Surprisingly, when the same modeling approach was taken to
model EPSC amplitudes in response to stimulus trains under
conditions of chronic activity, a much simpler model achieved great
accuracy and great predictability of the EPSC amplitudes. Specifi-
cally, the simplest model which only accounts for the dynamics of
synaptic depression already achieves a roughly 95% accuracy
(Hermann et al., 2009). In other words, putting synapses in a state
of prolonged and chronic activity appears to simplify the dynamics
of EPSC amplitude short-term plasticity. This suggests that many of
the synaptic short-term plasticity effects that have been demon-
strated physiologically and that are required for accurate descrip-
tions of EPSC dynamics in rested tissue may not participate in the
shaping of EPSC responses during trains of ongoing activity.
Moreover, the inclusion of additional mechanisms such as receptor
desensitization, recovery from depression with two different time
constants, or facilitation did not contribute to the overall predictive
power of the model (Hermann et al., 2009).

We can only speculate about the reasons for this surprising
result. Is it really possible that synaptic transmission becomes
“simpler” during ongoing synaptic activity such that it can be
quantified with simpler models? The answer to this question is
unclear. However, note that many cellular and synaptic processes
are calcium dependent. Presumably, a synapse that is artificially
inactive for prolonged periods of time is depleted of calcium. Once

such a synapse is stimulated, calcium enters the presynaptic
terminal — and might trigger many different calcium-dependent
mechanisms that turn on at their own respective time scales. By
contrast, a synapse that has been chronically active for a prolonged
period of time might have experienced prolonged influx of calcium
into the presynaptic terminal, and thus might be in a steady-state
between calcium influx and calcium elimination. Further studies
are needed to address this very interesting and important question,
and determine how the various mechanisms of short-term plas-
ticity change with chronic activity.

10. Extracellular calcium concentration changes depression
characteristics

All experiments described above were performed under
conditions in which the extracellular calcium concentration of the
slice preparations was kept at 2 mM, the same concentration used
in the vast majority of brain slice experiments. Many investigators
choose this concentration for historic reasons. Another reason why
many investigators choose this particular concentration is the fact
that natural cerebrospinal fluid has been shown to contain about
1.2—1.5 mM of free calcium (Jones et al., 1992; Jones and Keep,
1988). When artificial cerebrospinal fluid is used to replace the
natural cerebrospinal fluid during the slice experiments, some of
the calcium mixed into the solution binds with other ions and
molecules present in the solution, such that a higher concentration
of calcium has to be added to the solution than free calcium is
desired. Presumably, the standardly used 2 mM calcium concen-
tration compares relatively well in terms of free calcium to the
natural cerebrospinal fluid. The extracellular calcium concentration
in most auditory nuclei is not known, but it seems reasonable to
assume that it would be similar as in other brain regions, as cere-
brospinal fluid is secreted in the ventricles and diffuses across the
brain, before it is taken up.

However, if the extracellular calcium concentration chosen in
the experiments described above were higher than in the extra-
cellular environment of the intact brain, most of the properties
described in the same experiments would have yielded inaccurate
results. The reason is that a higher calcium concentration would
lead to more calcium entering the presynaptic terminal during
transmission events, and subsequently the number of synaptic
vesicles released in response to stimulations would have been
overestimated. Moreover, the synaptic vesicle releasable pool
would deplete faster in such experiments than under control
conditions and thus the amount of synaptic depression would be
overestimated. Due to this exaggerated depression, many results
regarding synaptic amplitudes during ongoing trains of activity, as
well as the failsafeness of auditory synapses would have to be
revisited. Therefore, it is critical to determine the extracellular
calcium concentration in auditory nuclei correctly, and use this
correct calcium concentration for the artificial cerebrospinal fluid
in brain size experiments. How can the correct extracellular
calcium concentration of auditory neurons be determined? There
are a number of methods available, but unfortunately none of them
are technically very simple. Lorteije et al. (2009) have chosen a very
elegant approach to determine extracellular calcium concentra-
tions in the medial nucleus of the trapezoid body physiologically.
They performed in-vivo patch clamp recordings from MNTB prin-
cipal neurons while stimulating the animal’s ears with sounds of
various types and durations. They recorded calyx produced EPSC
trains from MNTB neurons in response to sound stimulation, and
analyzed these EPSC trains for the depression behavior of the
afferent synapses, the calyces of Held. Subsequently, they prepared
brain slices from animals of the same species and age group, patch
clamped MNTB neurons in those slices and recorded calyceal EPSC
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trains recruited by electrical stimulation of afferent inputs. They
measured depression behavior in synapses in a similar way as done
during the in-vivo experiments. Then they tested synaptic
depression in response to these trains under different calcium
concentrations, asking the question, which calcium concentration
would lead to the best match between in-vivo and in-vitro
depression behavior of the same synapses. The surprising answer
was that an extracellular calcium concentration of 1.2 mM (corre-
sponding to an even lower concentration of free calcium) best
matched the depression observed in-vivo. Based on this result, it
indeed appears that most experiments described above used a non-
physiological calcium concentration that probably caused an
exaggeration of synaptic depression — with consequences on
a number of the described parameters.

Therefore, determining and using the correct extracellular
calcium concentration for the brain slice experiment at hand will
have to be the next design improvement of any brain slice experi-
ment that aims at the understanding of how neural circuits process
information. One interesting question resulting from the data
described here is why the calcium concentration in the MNTB
would be lower than in most other brain areas. A local depletion of
extracellular calcium due to the high levels of activity of very large
synapses, which take up a lot of calcium, might be the most likely
reason. Borst and Sakmann (1999) have shown that during periods
of repeated activity, the calcium concentration in the synaptic cleft
of the calyx of Held can drop considerably, most likely due to the
exceptional size of the presynapse (Borst and Sakmann, 1999). This
work was done in 8—10 day old rats, i.e. before hearing onset in the
animals. A number of parameters change at the calyx of Held during
the first two weeks of postnatal development, and it is unclear if
this local calcium depletion also occurs in post-hearing animals. If it
does, and if calcium also gets depleted in the MNTB of the intact
brain, then it appears that the extracellular calcium concentration
dynamically fluctuates with activity levels. During periods of high
auditory activity, extracellular calcium concentrations might drop
and recover during subsequent periods of relative silence. Such
dynamic changes would add an entirely new component to short-
term synaptic plasticity, but obviously pose major problems for
brain slice experiments attempting to emulate conditions of the
intact brain as closely as possible. More detailed studies are needed
to determine calcium concentrations present in the extracellular
space of auditory nuclei, and to determine potential dynamic
changes of this concentration with activity levels.

11. Studying the interaction of several highly active inputs in
brain slices

A different area in which the use of naturally present sponta-
neous activity can change our view of information processing is in
cases where excitation and inhibition are integrated with each
other. Again, most brain slice experiments that test the interaction
of excitation and inhibition test the two types of inputs under
conditions in which naturally present background activity is not
used. EPSC amplitudes measured under such silent conditions are
compared to IPSC amplitudes measured under similar silent
conditions, in an attempt to compare the relative strength of the
two types of inputs, and ultimately to assess the computational
result of their integration. However, in cases in which one of the
two inputs, or both, are spontaneously active in the intact brain,
such a comparison becomes difficult, since the strength of the
involved inputs that is compared in such experiments is not
necessarily the strength with which they interact under in-vivo
conditions. If one of the inputs, for example the excitation, is
spontaneously active in the intact brain, then it is likely that the
strength of this excitatory input is overestimated in the brain slice

experiment — since EPSCs produced by that input are likely to be
smaller in-vivo than measured in such an experiment. If the inhi-
bition is assessed correctly in the same experiment (since it is not
spontaneously active), the relative strength of excitation vs. inhi-
bition will be assessed differently in such an experiment than it
would be present in the intact brain. As a result, the role that
inhibition would have in this system in suppressing spikes might be
much larger than found in such an experiment, and might ulti-
mately be misinterpreted altogether.

A scenario that is more typical for the auditory system is
a situation in which both the excitatory and inhibitory inputs to
a neuron are spontaneously active. Most auditory brain stem nuclei
receive both excitatory and inhibitory inputs of auditory origin and
thus both types of inputs are likely to be spontaneously active in-
vivo. In such cases, the important question is to which degree the
two types of inputs depress during in-vivo like activity levels. Since
the two types of synapses are designed fundamentally different, it
is unlikely that the degrees of depression would be similar, even if
the afferent inputs experienced similar activity levels. Thus, an
assessment of the synaptic strength of excitation and inhibition
performed in non-active preparations might not only result in
inaccurate absolute measurements of EPSC and IPSC amplitudes,
but also in inaccurate assessments of the relative strength between
the two — and consequently in an inaccurate assessment of the
potential computational roles of the inputs. Only once the
depression levels under in-vivo conditions have been determined,
it will be possible to estimate the effects of the integration of the
two correctly.

12. Conclusions

Reduced systems such as brain slices offer a powerful approach
to study the physiology of auditory neurons in great detail. The
reduced system offers great access to the neurons under investi-
gation and allows for the measurement of physiological parameters
that would be very difficult if not impossible to measure in the
intact brain. However, when studying auditory nuclei, especially
highly active auditory brain stem nuclei in reduced systems, one
has to be aware that the lack of activity in the reduced system
compared to the in-vivo situation has a number of important effects
on the data that are measured. Most importantly, the lack of chronic
activity in the slice preparation has a number of consequences on
the physiological state of the synapses under investigation. In most
extreme cases, measuring physiological parameters of synapses
under such conditions can lead to results that are not representa-
tive for the functioning of the synapses in the active brain, and
ultimately to misinterpretations of the functioning of the neural
system under investigation. Reintroducing physiologically relevant
spontaneous activity as described above is one important way how
discrepancies between reduced systems and intact brains can be
addressed. Such an approach might be easier to implement for
some brain nuclei than others. In the case of the calyx of Held/
MNTB system, almost all excitatory input to postsynaptic neurons
originates from one single synapse. In this case it very easy to
electrically stimulate the single corresponding afferent axon and
perform the recordings. By contrast, other auditory nuclei receive
multiple excitatory and inhibitory inputs that may impact the
postsynaptic neuron with different latencies and different activity
patterns, making it much more difficult to stimulate each input
with its respective biologically relevant background activity.
Another problem of the approach described above is that sponta-
neous activity rates vary greatly among auditory neurons, even
within the same nucleus. For example, Hermann et al. (2007) found
MNTB neurons that fired spontaneously at rates below 1 Hz, but
also found neurons that fired at rates of above 100 Hz. When
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recording from these neurons in brain slices, it is impossible to
determine the original firing rate that a given MNTB neuron used to
exhibit in the intact brain. Therefore, neurons can only be condi-
tioned with a standard set of background rates, which in some
cases might be very similar to the natural background rate of the
neurons, and in other cases might not be.

Nevertheless, the inclusion of even standard trains of back-
ground activity is an important step in closing gaps between in-
vitro preparations and the intact brain. Together with the use of
tissue from more mature animals (Taschenberger and Von
Gersdorff, 2000, 2002), the use of physiological temperatures
(Kushmerick et al., 2006; Postlethwaite et al., 2007), and the use of
physiologically relevant extracellular calcium levels (Borst, 2010;
Lorteije et al., 2009), this will ensure that brain slice experiments
are as representative for the information processing performed by
the intact brain as can possibly be done at this time — and thus help
exploit the advantages of the reduced system approach maximally.
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Hermann J, Grothe B, Klug A. Modeling short-term synaptic
plasticity at the calyx of Held using in vivo-like stimulation patterns.
J Neurophysiol 101: 20-30, 2009. First published October 29, 2008;
doi:10.1152/jn.90243.2008. We measured synaptic responses to com-
plex stimulus trains in the calyx of Held and used the data to test how
well several vesicle-release models could capture the observed dy-
namics. We tested stimulation protocols consisting of Poisson-distrib-
uted activity with periodically changing mean frequencies, trains with
constant inter spike intervals, and stimulus trains derived from in vivo
responses to natural sounds. All stimuli were embedded in chronic
background activity attempting to imitate the naturally occurring
spontaneous activity in the auditory brain stem. We found that already
the most basic model variant produced very good results, exhibiting
very high correlation coefficients between the experimental data and
the model predictions. None of the more complex model variants,
which incorporated receptor desensitization, synaptic facilitation, and
double-exponential recovery from depression, showed improved data-
prediction matching accuracy. These findings are in contrast to pre-
vious modeling work performed in nonchronically active synapses,
where the inclusion of additional physiological parameters into the
modeling process tended to result in models with higher accuracy. Our
findings suggest that the functional state of chronically active calyces
may differ from the functional state of silent calyces and that this
functional state of chronically active synapses can be described in
relatively simple terms.

INTRODUCTION

The short-term dynamics of synaptic transmission under
various activity levels have been modeled in a number of
synapses (Abbott et al. 1997; Gundlfinger et al. 2007; Markram
and Tsodyks 1996; Tsodyks et al. 1998), among them the calyx
of Held in the auditory brain stem. Basic features of most of
these models are the vesicle release from a readily releasable
vesicle pool as well as a pool size-dependent vesicle recovery
(Weis et al. 1999). Beyond these basic features, additional
effects have been incorporated, for example, calcium-depen-
dent facilitation (Varela et al. 1997) or postsynaptic receptor
desensitization (Graham et al. 2004). These physiological ef-
fects of short-term plasticity have been demonstrated to shape
synaptic transmission at the calyx of Held, thus the inclusion of
them into the modeling process are supposed to yield more
accurate models with higher predictive power, as was observed
by those investigators.

However, the modeling studies mentioned in the preceding
text were based on data recorded from in vitro brain slice
preparations. In the case of the calyx of Held, these prepara-
tions lack the chronic background spontaneous activity that

calyces experience in the intact brain (Irvine 1992; Kadner
et al. 2006; Kopp-Scheinpflug et al. 2003; Smith et al. 1998;
Sommer et al. 1993). This spontaneous activity is a common
feature in the nervous system, and one of the hallmarks of
neurons in the auditory brain stem. On average, it evokes firing
rates of ~25 Hz at the calyx of Held in gerbils. Indeed, calyces
in brain slice preparations lacking this chronic activity differ in
a number of physiological properties of synaptic transmission,
such as baseline synaptic amplitudes, depression during high-
frequency stimulation, recovery from depression, or transmis-
sion fidelity (Hermann et al. 2007).

The focus of the present study was to find the model variant
that would capture transmission at the calyx of Held during
typical in vivo activity levels. Rather than including all known
parameters of short-term plasticity into the model, our ap-
proach was to evaluate different models incorporating different
physiological effects and to test how well each one of these
variants could predict neural responses to the complex stimu-
lation patterns used in the study. To imitate naturally occurring
activity as closely as possible, all presented stimuli were
embedded in chronic background activity resembling the spon-
taneous activity present in the intact brain. The embedded test
stimuli incorporated a large amount of statistical complexity
and, in some cases, were derived from auditory responses to
sound clips. Different variations of the basic model were used
to predict the synaptic currents produced by a given calyx of
Held to these stimuli, and these predictions were compared
with the neuron’s actual responses as determined through
voltage-clamp recordings from gerbil brain slice preparations.

METHODS
Slice preparation

Coronal slices of brain stem were prepared from Mongolian gerbils
(Meriones uniguiculatus) aged 15-19 days old. Animals were briefly
anesthetized by isoflurane inhalation (Isofluran Curamed, Curamed
Pharma) and decapitated. The brain stem was dissected out under
ice-cold dissection Ringer [containing (in mM) 125 NaCl, 2.5 KCI, 1
MgCl,, 0.1 CaCl,, 25 glucose, 1.25 NaH,PO,, 25 NaHCO,, 0.4
ascorbic acid, 3 myo-inositol, and 2 pyruvic acid; all chemicals from
Sigma]. Sections of 180-200 wm were cut with a vibratome
(VT100S, Leica). Slices were transferred to an incubation chamber
containing extracellular solution [ECS; containing (in mM) 125 NaCl,
2.5 KCl, 1 MgCl,, 2 CaCl,, 25 glucose, 1.25 NaH,PO,, 25 NaHCO;,
0.4 ascorbic acid, 3 myo-inositol, and 2 pyruvic acid, all chemicals
from Sigma] and bubbled with 5% CO,-95% O,. Slices were incu-
bated for 30 min at 37°C, after which the chamber was brought to
room temperature. Recordings were obtained within 45 h of slicing.
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Whole cell recordings

All recordings were performed at 36—-37°C. After incubation, slices
were transferred to a recording chamber and continuously superfused
with ECS at 3-4 ml/min through a gravity-fed perfusion system.
Medial Nucleus of the trapezoid body (MNTB) neurons were viewed
through a Zeiss Axioskop 2 FS microscope equipped with DIC optics
and a X40 water-immersion objective (Zeiss). Whole cell voltage-
clamp recordings were made with an EPC 10 double amplifier (HEKA
Instruments), the holding potential was —60 mV, Signals were filtered
at 10 kHz and subsequently digitized at 50 kHz using Patchmaster
Version 2.02 software (HEKA Instruments). Uncompensated series
resistance was 9.7 = 1.1 M() (mean = SE) and was compensated to
1.8 £ 0.3 MQ with a lag time of 10 us. Potential changes in series
resistance were monitored throughout the recordings and data collec-
tion was discontinued whenever uncompensated series resistance
changed by >2 M.

Patch pipettes were pulled from 1.5 mm borosilicate glass (Harvard
Instruments) using a DMZ Universal Puller (Zeitz Instruments).
Pipettes were filled with cesium-methanesulfonate-based solution
[containing (in mM) 125 CsMeSo,, 4.5 MgCl,, 9 HEPES, 5 EGTA,
14 tris-phosphocreatine, 4 Na,-ATP, 0.3 tris-GTP, and 1.5 CaCl,, all
chemicals from Sigma].

Strychnine hydrochloride (500 nM; Sigma) was added to the bath to
block glycinergic inhibition, and 5 mM QX-314 (Alomone Labs) was
added to the pipette fill to eliminate sodium currents.

Stimulation of synaptic inputs

Synaptic currents were elicited by midline stimulation of the
calyceal input fiber bundle with a 5 M bipolar stimulation
electrode (matrix electrodes with 270 wm distance, Frederic Haer).
Stimuli were 100-us-long square pulses with a constant voltage 10 V
above the stimulation threshold (10—40 V) delivered with a STG 2004
computer-controlled four-channel stimulator (Multichannel Systems)
and a stimulation isolation unit (Iso-Flex, AMPI). Due to the long
stimulation durations (=10 min), some cells showed stimulation
failures, i.e., they did not show an excitatory postsynaptic current
(EPSC) after the stimulation artifact. In cases where cells showed
>5% failures they were removed from further analysis.

Data analysis and vesicle release model

All data analyses were done with Igor Pro 5.05A (WaveMetrics)
and Matlab 6.5 (The Mathworks). Unless stated otherwise, values
are always provided with the standard error. To assess the short-
term dynamics of synaptic currents, a vesicle release model was
implemented and fitted to the experimental data. The model was
first described independently by Tsodyks and Markram (1997) and
Abbott et al. (1997) and has since been repeatedly used by various
investigators. The model can be divided into two parts, the reduc-
tion of the pool of available neurotransmitter at the time point of
a synaptic event and the recovery of the pool in between release
events. The dynamically changing size of the pool is characterized
by I(#) which is a measure of the synaptic current produced by all
available neurotransmitter vesicles in the pool. The reduction is
regarded as an instantaneous event described by

Iaflcr = Ibcforc'(l - PR) (1)

with a constant release probability Pg. The “after” and “before”
subscripts refer to the immediate times before and after the arrival of
the action potential. The recovery process follows the differential
equation:

dr I, =1
dr T

)

where I, is the synaptic current created by the amount of neuro-
transmitter vesicles in case of a fully recovered functional vesicle
pool, and 7 is the recovery time constant. Solving the differential
equation and combining it with Eq. I leads to an iterative form that
can be used to calculate the amount of vesicles available at the
synaptic event n based on values calculated for event n — 1 as
follows

=1y = Uy = 1,1 - PRH-exP(@) 5

The synaptic current i, is produced by a fraction of the available
vesicles: i, = Pgr-l,. This value was compared with the experimen-
tally measured EPSC amplitudes. The model has three free parame-
ters, namely Pg, 7, and /. To calculate the optimal parameter set, the
squared error

l iAZ_
N = e

was minimized using the downhill simplex method (Nelder and
Mead 1965).

: i (i, (experiment) — i, (model))? “@)

= |

Model variants

To account for additional influences on short-term dynamics of
synaptic currents, three variants of the vesicle release model were
implemented. In the first variant, the single-exponential recovery was
replaced by a double-exponential time course (Wang and Kaczmarek
1998)

EIZISASI_I+I:)I(‘w_I

dt Tfast Tslow

)

For the second extension, synaptic facilitation was included (Varela
et al. 1997). The release probability was raised for every synaptic event
by the factor F+(1 — Pg) to restrict the release probability to values
smaller than 1. In between events it decayed with the characteristic time
constant T back to its minimum value P

Py PR"— Py
dr TR

(6)

In the third variant an additional factor R(f) representing receptor
desensitization was included (Graham et al. 2004)

in = PR.In.R(t) (7)

R(t) was raised for every synaptic event by the factor D-(1,/I,)
where D defines the percentage of receptors that desensitize for each
synaptic event. Between events, R(7) recovers with a characteristic
time constant 7,

dR 1—-R

dr ™

(8)

Because the model variants affect distinct parts of the basic model,
the extensions can also be combined. For all three variants and their
combinations, the additional free parameters were included into the
parameter optimization and the squared error was minimized similar
to the simple model.

Model predictions

For stimulation patterns with regular inter pulse intervals, the
steady-state amplitude /* can be calculated as a function of the
stimulation frequency, f, and the time constant, 7,, which describes
the exponential time course from any initial amplitude to the steady

J Neurophysiol « VOL 101 « JANUARY 2009 « WWW.jn.org

6002 ‘v’T Arenuer uo Bio AbBojoisAyd-ul woly papeojumoq



http://jn.physiology.org

22 J. HERMANN, B. GROTHE, AND A. KLUG

state. To calculate these two values, the iterative formula for /,, can be
rewritten as

I,=a+b1,, ©)

with a and b representing the more complex terms from the original
equation describing the basic model

7(tn - tn*])) (]0)

a:IO—IO‘eXp< -
- t’l - t’l*
( 1)> an

b=(1- PR)-exp< .

The steady-state amplitude can be calculated by equating the
currents at event n and event n — 1

7= a -7 - Iy Py
O expll/(fD]— 1+ Py

= = 12
=% (12)
The interpulse interval ¢, — #,,_, has been replaced with the inverse
of the stimulation frequency 1/f. Multiplying I* with the release
probability Py gives an estimate for the steady-state EPSC which can
be compared with experimental values.
To calculate the time constant 7,, the deviation from the steady-
state J, is defined as follows
J,=1,—I* 13)
Now the resulting iterative equation J,, = b+J,_, can be solved in
a noniterative way
J,=b"J, (14)
By replacing n with #/Ar and J with I, one can obtain an explicit
solution of this equation

In b
I(t) =TI*+ exp(f'l>'J0 (15)

Ar

The characteristic time constant can now be extracted from the
exponent and results in

Ar At 1
TA = =

b In(l— P — Adr Uz —fIn(l — Py

(16)

RESULTS

The central goal of this study was to model the short-term
synaptic dynamics at the calyx of Held in response to highly
complex stimulation patterns. Furthermore, we wanted to in-
vestigate the synaptic dynamics under conditions mimicking
the in vivo situation of chronically active synapses as closely as
possible. We therefore embedded our various stimulation pro-
tocols in spontaneous background activity mimicking the nat-
urally occurring spontaneous firing of cells in the auditory
brain stem. As we have shown previously (Hermann et al.
2007), this activity causes several changes in the properties of
synaptic transmission, mainly a significant decrease in synaptic
strength and a decrease of synaptic depression in response to
high-frequency stimulation. Here we used a Poisson distributed
pulse train with a mean frequency of 20 Hz to simulate
spontaneous background activity. Neurons were initially stim-
ulated with this background activity for =2 min to “condition”
the synapses. During this conditioning period, the synapses

reached a new steady state with significantly lower synaptic
currents (Hermann et al. 2007). We term this condition the
“in-vivo-like rested state” of the synapse because we assume
that in vivo calyces of Held are in this state in the absence of
any sound stimulation. All other stimulations used in the
present study were embedded in this background activity, and
the change between stimulus and background was gapless,
guaranteeing a true embedding of the recorded stimulus. This
experimental design attempts to imitate the in vivo situation, in
which periods of sound stimulation are embedded in the
naturally occurring spontaneous activity. The mean initial
synaptic strength of all cells measured as the EPSC in voltage-
clamp experiments was 12.2 = 1.2 nA (n = 16). During the 2
min of conditioning with the 20-Hz Poisson train, this value
dropped to 4.1 = 0.6 nA, corresponding to a decrease to 34%
of the initial amplitude.

Poisson-distributed test trains

The first set of test stimuli consisted of Poisson distributed
trains with varying mean frequencies. The stimulus consisted
of 34 segments and had alternating periods of low and high
activity levels as depicted in Fig. 1A. Each one of these 34
periods had a given mean frequency, which was applied for a
brief time period and then changed at the beginning of the next
segment of the stimulus train. The distribution of single events
within these periods was Poisson with the exception that
interpulse intervals <1 ms were not used. The low activity
periods had mean frequencies ranging from 5 to 50 Hz,
whereas the high activity periods had mean frequencies be-
tween 100 and 350 Hz. The entire stimulus was 30 s long and
consisted of 1,201 stimulations.

We had two motivations to choose this particular type of
stimulation. First, this stimulation protocol is highly complex
and is made of many very different sequences of inter pulse
intervals. Therefore it is possible to obtain a lot of information
about synaptic dynamics with this stimulus. Second, it covers
the full range of frequencies experienced by MNTB cells in an
intact brain. A normal Poisson train with a fixed mean fre-
quency could, for example, not account for longer periods of
low activity reflecting silence and at the same time mimic
sound input that would result in high activity. Therefore a
pattern with varying mean frequencies reflects naturally occur-
ring auditory activity closer.

For each neuron, experiments were started by conditioning
the synapse to background activity for =2 min with the 20-Hz
Poisson stimulus described in the preceding text. Next, the
Poisson test train with varying mean frequencies described
here was played to calyces, embedded into the 20-Hz back-
ground activity and repeated four times wherever possible. An
example of a single voltage-clamp trace of recorded EPSCs is
shown in Fig. 1B. EPSC amplitudes were extracted and the
mean amplitudes were calculated from the four repetitions. The
grey area in Fig. 1C indicates the maximum and minimum
EPSC measured over the four repetitions.

Next, the EPSC amplitudes were modeled using the basic
variant of our prediction model. The black line in Fig. 1C
corresponds to the model prediction. The EPSC amplitudes
predicted by the model were fit against the mean amplitudes
calculated from the four repetitions. For most events, the
prediction falls inside the grey area depicted in Fig. 1C,
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FIG. 1. A: time course of the Ist stimula-
tion protocol. The graph represents the mean
frequencies of the pulse trains. The single
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events in each period are Poisson distributed.
The low-frequency segments have durations
of 2 s each, the high-frequency segments
consist of 50 stimulation events each. B: clip
of a voltage clamp trace of an excitatory
postsynaptic current (EPSC) train recorded
from a neuron that was stimulated with the
train described in A. The trace represents 1
single recording. In this and all other figures
showing data traces, stimulation artifacts
were blanked for clarity. C: EPSC ampli-
tudes extracted from the data trace shown
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above. Presented are data from 4 repetitions
of the same stimulus. Gray area indicates the
maximum and minimum amplitude recorded
among the 4 repetitions. Black line repre-
sents the predicted EPSC amplitudes to the
same stimulus train calculated by the basic
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indicating that the model prediction was in the range of the
naturally occurring amplitude variations. To quantify the qual-
ity of our predictions, we calculated the correlation coefficient
between the predicted and corresponding measured ampli-
tudes. Figure 1D shows the correlation coefficients of all 16
neurons that were tested in this way. The majority of cells
show a correlation coefficient of >0.9, indicating a very
high fit quality. The mean correlation coefficient over the 16
cells was 0.918 = 0.017, the median was 0.94.

For two example cells (indicated by “i” and “ii” in Fig. 1D),
the quality of fits is further illustrated with a set of correlation
plots, shown in Fig. 1E. The two plots on the left show a
comparison between two consecutive recordings of the same
stimulation pattern for each one of the two neurons. For a
perfect match, i.e., perfect repeatability, all points would fall
on the black diagonal line. The deviations from this line
demonstrate the degree of variability between individual trials.
For each neuron in our sample, we compared the EPSC
amplitudes from the four individual stimulus repetitions to
each other (6 comparisons per neuron) and calculated the
average correlation coefficient for each neuron (0.603 = 0.012

I
o $ o
& |<> 8 ! vesicle release model. D: distribution of cor-
0.95 1.00 relation coefficients. Open diamonds show
the correlation coefficients between the mean
over 4 recordings and the corresponding
model predictions for each one of the 16
neurons. The closed diamond is the mean
correlation coefficient over all 16 neurons
with its SE; closed square is the median
with the interpolated 0.25 and 0.75 percen-
tile. E: scatter plots comparing EPSC am-
plitudes of the same 2 neurons (i and ii)
under various conditions. Left: the correla-
tion between 2 single recordings of the same
stimulus from the same cell, the scatter indi-
cates the variation between the 2 trials. Mid-
dle: the correlation between data from a
single trial (i.e., a single trace) and the
corresponding model fit. The x axis plots
the EPSC amplitudes recorded in voltage
clamp, the y axis plots the amplitude com-
puted by the model. The 2 scatter plots in
the right column plot the comparison be-
tween the mean over 4 traces and the
corresponding model prediction.

comparison model fit
with mean trace

to 0.961 = 0.002, n = 16). The average correlation coefficient
for all 16 neurons was 0.880 £ 0.019.

The two middle plots in Fig. 1E show the comparison
between single EPSC traces and corresponding model predic-
tion for the two sample neurons. The distribution of points is
very similar to the left plot. Among our sample of neurons, the
average correlation coefficient obtained by correlating data
from each one of the four single traces with the corresponding
model prediction was 0.884 = 0.018 (4 comparisons per
neuron, value for individual cells varied between 0.749 =+
0.012 and 0.955 £ 0.004, n = 16). These values are almost
identical to the average correlation coefficient obtained by
correlating single traces with each other, suggesting that the
accuracy of predictions provided by our model was near
maximal and that the remaining inaccuracies in the predictions
were mainly due to biological noise. The two plots on the right
compare the mean EPSCs calculated over four repetitions to
the corresponding model predictions. The spread of points is
smaller than in the other cases. As stated in the preceding text,
the average correlation coefficient obtained by comparing
model predictions to the average EPSC amplitude was 0.918 =

J Neurophysiol « VOL 101 « JANUARY 2009 « WWW.jn.org

6002 ‘vT Arenuer uo 610°ABojoisAyd-ul wouy papeojumoqd



http://jn.physiology.org

24 J. HERMANN, B. GROTHE, AND A. KLUG

0.017 and thus higher than in the cases described in the
preceding text. Presumably, by averaging over four repetitions,
the biological variability was reduced partially, with the result
that the model predictions improved somewhat. The remaining
prediction errors might be reduced even further with more
repetitions. These data suggest that overall, the predictions
obtained with our relatively simple model were quite good, and
errors were almost within the range of biological variation.
However, note that some of the graphs in Fig. 1E (middle and
right) reveal a very slight S-shaped distribution of points in
both the single trace as well as the average trace fits. This
S-shape was seen for most of the recorded cells and indicates
a (small) systematic prediction error of the model, with an
underestimation of small and very large amplitudes and an
overestimation of medium amplitudes.

Model variants

Although the simple vesicle release model already provided
a very accurate description of synaptic short-term dynamics at
the chronically active calyx of Held, some systematic devia-
tions remained. This may not be surprising, as a large number
of effects of short-term plasticity have been shown to influence
synaptic strength. Some of them were incorporated in previous
models, for example synaptic facilitation caused by an increase
in calcium concentration (Varela et al. 1997), or postsynaptic
receptor desensitization (Graham et al. 2004). The single-
exponential time course for vesicle recovery that we assume in
our basic model has long been replaced by a double-exponen-
tial recovery reflecting two populations of vesicles (Sakaba and
Neher 2001; Wang and Kaczmarek 1998).

Therefore we wanted to investigate next how additional
degrees of freedom introduced by new parameters improve the

A

model predictions. We chose three extensions, namely a vari-
ant with a double-exponential recovery, one with added facil-
itation, and one which accounts for receptor desensitization
(details see METHODS). Figure 2A shows a short clip of recorded
EPSC amplitudes and corresponding predictions obtained with
the different model variants. The experimental data, shown in
black, is represented as the average of four repetitions of the
same stimulus pattern recorded from a single cell. The predic-
tions obtained with the basic model are shown in gray; the
colored traces represent predictions obtained with the three
model variants. Generally, the differences between the individ-
ual model predictions were rather small. To quantify these
differences, we plotted the model predictions of the different
variants against the experimentally measured values. Figure 2B
shows these correlation graphs for the same cell as shown in A.
A summary of the correlation coefficients between predictions
and experimental data of all 16 neurons tested with various
models is shown in C. The data suggest that the model
improvements do not yield better predictions as the correlation
coefficients obtained with the various models are almost the
same. Also the shape of the correlation plots does not change
in any obvious way. Finally we tested combinations of model
improvements. For example, we tested a combination of re-
ceptor desensitization and double-exponential recovery, which
neither resulted in higher correlation coefficients, nor an elim-
ination of the systematic deviations shown in Fig. 1E (data not
shown).

In all variants of the model, the parameters were not re-
stricted to certain ranges, and all parameters were optimized to
generate a model output with the smallest possible squared
error as defined earlier. This strategy yielded parameters,
which did not change significantly in the four different scenar-

FIG. 2. A:ashort clip of data showing the
development of EPSC amplitudes over time.
Black line indicates the mean amplitude
measured over 4 repetitions. The different
model variants are color coded as explained
in B. B: scatter plots comparing predictions
computed by the different model variants to
actual recorded EPSC amplitudes. The cor-
relation coefficients are noted in the bottom
right corner of each graph. C: summary re-
sults for all 16 neurons. The first graph

shows the average correlation coefficients
achieved by each one of the 4 model vari-
ants, the color code is the same as above. The
two other bargraphs compare the release
probability and the recovery time constant,
respectively. For the recovery time constant
an independently determined value is added
for comparison (O).
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i0s. Summary plots of these parameters, namely correlation
coefficient, release probability, and recovery time constant are
plotted in Fig. 2C. In case of the double-exponential recovery,
the fast component of the recovery time course is plotted in
Fig. 2C (right). The slow component is infinitely long in some
cases (>1010 s, 5 of 16 neurons) or has nearly the same value
as the fast component (=1 SD, 8 of 16 neurons). In the
remaining 3/16 neurons, the slow component assumed inde-
pendent values. However, in these cases the combination of
slow and associated fast component yielded almost identical
results as the fast component by itself in the corresponding
model variant with single-exponential recovery. It appears that
in these cases, the number of degrees of freedom in the data
were smaller than the number of parameters in the fit and
therefore one particular situation could be described by several
parameter combinations. All three possibilities lead to the
conclusion that the slow component of the recovery was not
necessary for an accurate description of the experimental data
set. One reason may be that values for the slow component are
typically in the range of several seconds (von Gersdorff et al.
1997; Wang and Kaczmarek 1998; Wu and Borst 1999), while
the largest interpulse intervals in all our stimulation protocols
are in the sub second range. For the model with variable release
probability (i.e., the model including synaptic facilitation), the
minimal release probability is plotted in Fig. 2C (middle). In
this model variant, either the parameter increasing the release
probability is infinitely small or the recovery time course of the
changing release probability is infinitely fast, depending on the
seed values used (16 of 16 cells). Again, both possibilities lead
to the conclusion that a variable release probability is not
important for accurate predictions with our modeling approach.
Receptor desensitization is a postsynaptic effect and is there-
fore not influencing the basic model parameters but rather
altering the output of the basic model. The time courses
describing the receptor desensitization for the neurons are
either in a range similar to the single-exponential recovery
from depression and thus cannot be distinguished from it (14 of
16 neurons) or infinitely short (2 of 16 neurons). All the results
described in the preceding text suggest that none of the model
extensions yielded useful results and that the parameter space
of the basic model variant could capture the variability in our
data set best.

Both release probability and recovery time constant, as
determined by our model, are very similar to values that have
been obtained from experimental data. The release probability
has been measured, for example in the rat MNTB (Schneggen-
burger et al. 1999; Wu and Borst 1999), and determined to be
~0.2. The recovery time constant in the gerbil MNTB has been
determined in our previous paper (Hermann et al. 2007) under
similar experimental conditions and is plotted in Fig. 2C next
to the modeling results for comparison. The close agreement of
our modeling results with previous experimental results sug-
gests that the parameters calculated by the model are the
computational equivalents to the corresponding physiological
phenomena.

Stimulation with trains consisting of regularly
spaced intervals

One important feature of the firing pattern of auditory brain
stem neurons is phase locking. For certain acoustic inputs,

especially pure tones of low frequencies, cells fire with high
temporal precision and phase lock to certain parts of the sound
wave. This is especially true for MNTB neurons, which have a
number of cellular specializations for temporal precision (For-
sythe et al. 1998; Smith et al. 1998; Taschenberger and von
Gersdorff 2000; Taschenberger et al. 2002; von Gersdorff and
Borst 2002). Phase locking results in a very regular firing
pattern not reflected by our Poisson distributed spike trains.
Therefore we also tested the effects of regular spike trains with
varying frequencies. Different frequencies were all tested in a
single stimulus, which consisted of various segments with low
and high frequencies. Each frequency segment consisted of 20
stimuli and was immediately followed by a segment of 20
stimuli at a different frequency (Fig. 3A). The different train
frequencies were chosen to imitate sound stimuli at various frequen-
cies. Within the train, each switch from a low to a high frequency
was matched by a corresponding switch from a high to a low
frequency. Note that the frequencies in Fig. 3A are plotted
against stimulus number, not time. Figure 3B shows a short clip
of the complete stimulus plotted against time (fop), and a clip
of the corresponding voltage-clamp trace from a sample cell
(B, bottom). The segments marked by “i” and “ii” are shown at
a magnified scale in Fig. 3, C and D (mean over 3 repetitions).
Please note that Fig. 3C represents a high-frequency train (196
Hz), whereas D represents a low-frequency train (45 Hz) at a
different time scale. For comparison, clips of the two trains
plotted at the same time scale are shown in the gray insets of
Fig. 3, C and D. To evaluate the data, the 20 EPSC amplitudes
of each constant frequency period were extracted and plotted
against time (Fig. 3, C and D, bottom). We then fitted the data
points with a single-exponential function (solid line in C and
D, bottom).

Besides mimicking phase-locked acoustic input, trains with
regular stimulation patterns allow for the measurement of
steady-state amplitudes and single-exponential time courses
leading to these steady states. These two values are frequency
dependent and characteristic for each synapse. In our case,
predicting a neuron’s response to a train with regularly spaced
intervals with the vesicle release model allowed us to not only
test the accuracy of the predicted EPSC amplitudes but also the
accuracy of the predicted steady-state amplitudes as well as the
dynamics of adjusting to it. We did this by obtaining a data set
with Poisson trains as well as a data set with regularly spaced
trains from each cell that was tested with this protocol. The
Poisson data were used to fit the basic model and calculate the
model parameters as described in the preceding text. Then the
obtained parameters were used to calculate predictions for the
steady-state amplitude /* as well as for the time course of
adaptation to this steady state characterized by the time con-
stant 7,. These two values were then compared with the
parameters for the exponential fits of the experimental data.
The steady-state amplitude I* corresponds to the offset of the
exponential fit, and the time constant 7, corresponds to the
characteristic time constant of the exponential fit. Figure 3E
shows, for the same cell, the comparison of the steady-state
amplitudes for various frequencies; the gray line corresponds
to the model prediction, the black diamonds to the experimen-
tally determined amplitudes. The time constants were plotted
in a similar fashion in Fig. 3F for =150 Hz. For lower
frequencies, time constants were not determined for the fol-
lowing reason: The experimental approach used exponential
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fits to determine the time constant, and thus the quality of the
fit depended on a reasonable number of data points in the range
of one time constant. The predicted time constants were very
fast (<50 ms), therefore the transition to the new steady state
happened for low frequencies within just a few events. Because
of fluctuations in the measurements of EPSC amplitudes, the
resulting error in the fitted time course was too large to allow
any meaningful statements. To indicate this, time constants are
not shown for frequencies <150 Hz (gray box in Fig. 3F).
The average differences between model predictions and
measured EPSC amplitudes over our sample of five neurons
are shown in Fig. 4. The absolute differences for the steady-
state amplitude are plotted in Fig. 4A; deviations from zero
indicate differences between calculated and measured EPSC
amplitudes. Because steady-state amplitudes depend on the
stimulation frequency and are larger for lower stimulation
frequencies, absolute differences between measured and cal-
culated amplitudes also tend to be larger for lower frequencies.
Therefore we also calculated the normalized difference (Fig.
4B, solid square) and compared this difference to the coeffi-
cient of variation (CV) of the calculated steady-state ampli-
tudes. The CV was calculated as the mean CV of the single
cells, averaged over the sample of five neurons and is plotted
in Fig. 4B (gray area). For all tested frequencies but one (196
Hz), the normalized difference between predicted and mea-

sured steady-state amplitude was smaller than one CV. Besides
steady-state amplitudes, the model also predicted the neuron’s
time course for reaching the steady-state amplitude. This cal-
culated time constant was compared with the measured time
constant in five neurons; the differences between the two are
plotted in Fig. 4C. For the considered frequencies the model
provided very accurate predictions.

Natural stimuli

Finally, we tested the performance of our model on “natural”
input, i.e., with spike trains that represent acoustic stimuli of
biological relevance. We obtained these spike trains through
in vivo recordings from single units in the MNTB of the
anesthetized gerbil. The in vivo recording procedures were
identical to the ones used in our previous study (Hermann et al.
2007). The presented stimuli were vocalizations of owls, typ-
ical gerbil predators (Lay 1974). The spectrogram of a 2-s
sound sample is depicted in Fig. 5A.

Using this approach to mimic natural input in a brain slice
preparation has two caveats. The first one is the variability of
firing patterns between different MNTB cells in vivo, mainly
caused by the differential tuning between cells. As information
about the neuron’s tuning is lost in a slice preparation, it is not
possible to stimulate with one spike train associated with the
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FIG. 4. Summary graphs showing the differences between experimental
data and model prediction over 5 cells. A: difference between the offset of
the single-exponential fit (i.e., measured steady-state amplitude) and pre-
dicted steady-state amplitude. B: the same difference as in A but normalized
to the offset of the-exponential fit. Gray area is the coefficient of variation
of the recorded EPSC amplitudes (for details see text). C: difference between
the characteristic time constant of the exponential fit and the model prediction.
Low frequencies were blanked; for details, see text.

“correct” frequency band. The second caveat arises from the
fact that the in vivo recordings were conducted in the MNTB
and not from globular bushy cells in the cochlear nucleus,
which give rise to the calyx of Held. Also, we did not perform
simultaneous pre- and postsynaptic recordings (Guinan and Li
1990; Kopp-Scheinpflug et al. 2003) and thus were unable to
determine if our single units were calyces or postsynaptic
principal neurons. With these caveats in mind, we stimulated
calyceal input fibers with spike trains reflecting characteristics
of natural sound evoked input. These spike trains have differ-
ent characteristics than Poisson or regular stimulations and
thereby present yet another class of stimulation pattern.

The spectrogram of the sample that we used to stimulate the
cells in vivo is depicted in Fig. 5A. The barn owl call has
pronounced temporal features with the main energy between 2
and 5 kHz. We chose data recorded from two in vivo units to
stimulate cells in our slice preparation. The cells had best
frequencies of 2,500 and 3,500 Hz, respectively, and showed a
clear response to the stimulation. From each of these units, we
recorded 10 repetitions of sound presentation and randomly
chose three traces as stimuli for in vitro experiments (Fig. 5B).
Thus a total of six spike trains were used to stimulate each
neuron in vitro. An example of a voltage-clamp response
recorded in vitro in response to the trace marked in Fig. 5B is
shown in C. Similar to the other stimulation protocols, we
extracted the EPSC amplitudes and compared them to the

model prediction. The model was fitted using data from Pois-
son stimulations in the same cell, so the comparison between
data and model prediction is based on parameters obtained with
a different stimulation pattern. This was done to test if the
model could also predict the synaptic strength in response to
stimulation patterns not used for the parameter optimization.
Figure 5D shows the comparison for the sample trace from C;
the corresponding correlation coefficient is 0.94. The mean
correlation coefficient over all stimulation patterns recorded in
six neurons is 0.88 = 0.03, slightly lower but statistically not
different from the values obtained for the Poisson trains.
Therefore we conclude that the model produced very good
predictions for stimulation patterns based on naturally occur-
ring input.

Model performance in rested synapses and during the
transition period

The data presented in the preceding text suggest that a very
simple vesicle release model is sufficient for describing the
release dynamics at the calyx of Held. This result is inconsis-
tent with findings of previous modeling studies, which have
shown that simple models are not sufficient to accurately
describe transmission at this synapse (Graham et al. 2004;
Weis et al. 1999). However, one major difference between this
and previous studies is that in our case synapses were tested
only after they had been stimulated for prolonged periods of
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FIG. 5. A: spectrogram of a presented vocalization recorded from a barn
owl (Tyto alba). B: raster plot of action potentials recorded during 3 presen-
tations of the vocalization to a medial nucleus of the trapezoid body (MNTB)
neuron in vivo. All 3 traces were used to stimulate neurons in vitro.
C: voltage-clamp recording from a neuron during stimulation with the firing
pattern indicated by the gray box in B. Similar to the previous protocols, the
stimulation pattern was embedded in spontaneous activity. D: EPSC ampli-
tudes extracted from the data trace. The gray trace indicates the experimental
data shown in C, the black trace the corresponding model prediction.
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time while previous studies tested and modeled the condition
of rested synapses. To determine if and how key parameters of
transmission might differ between the rested and active state,
we analyzed synaptic responses during the conditioning period
where neurons were shifted from a rested to a chronically
active state. We determined changes in correlation coefficient,
and the three model parameters (pool size, release probability,
and recovery time constant) at the beginning of the condition-
ing period, i.e., when synapses were still rested, and during the
following 2 min of conditioning with the 20-Hz Poisson train.
This was done by fitting the parameters of the same simple
release model to 10-s periods of Poisson responses, i.e., to
analysis windows of on average 200 synaptic responses (gray
box in Fig. 6A). Fitting the responses contained in one such
analysis window to the model resulted in one set of numbers
for the four parameters shown in Fig. 6, B—E. The analysis
window was then shifted by 2 s such that the responses
contained in the first 2 s of the previous analysis window were
dropped and two seconds of new responses were added at the
end of the new analysis window. A new set of numbers for the
same four parameters was calculated by fitting the responses
contained in the new analysis window and plotted in Fig. 6,
B—E. Subsequently, this window was shifted again by 2 s, and
the procedure was repeated until the analysis window reached
the end of the 2-min conditioning period. This procedure of
shifting an analysis window of a 10-s width in increments of
2 s was adopted to compromise between the need to fit the
model to a sufficiently large number of synaptic responses to
obtain accurate values for the computed parameters and the
need for a high temporal resolution in this analysis. In some
cases, the small number of points per analysis window leads to
fluctuations in the parameters as for example in Fig. 6B. The
periodic appearance of these slow changes can be attributed to
the high overlap of adjacent analysis windows (8 s).

Figure 6, B-E, left, shows changes of the correlation coef-
ficient and the three model parameters during the 120-s con-
ditioning period that were obtained with the procedure de-
scribed in the preceding text. Figure 6B indicates that correla-
tion coefficients improved significantly during the 2-min
conditioning period in the sample cell presented here as well as
in almost all of the 11 neurons tested with this protocol. This
result suggests that our simple vesicle release model performs
well in capturing the dynamics of synaptic transmission in
synapses that have been active for prolonged periods of time
but performs significantly less well in rested synapses or

FIG. 6. Model performance during the transition from rested to active
state. Model parameters were calculated for overlapping 10-s segments of the
2-min conditioning period. A: responses during a 10-s window of the condi-
tioning period containing on average 200 Poisson-distributed stimuli were used
to calculate 1 set of values for the model parameters. Subsequently the 10-s
window was advanced by 2 s and a 2nd set of values was calculated, and the
procedure repeated until the analysis window reached the end of the condi-
tioning period. Responses to the 1st second of the conditioning period (i.e., the
1st 20 stimuli) were eliminated from this analysis as these values are domi-
nated by the initial steep buildup of synaptic depression. B—E: values for the
model parameters calculated with this method. Left: the continuous changes in
parameters over the 120-s conditioning period for 1 sample neuron. Middle: the
linear fits associated with the data traces of all 11 neurons tested with this
procedure, and right: the average value of the first analysis window with the
average value obtained with the last analysis window. Note that data from one
neuron was omitted from the center graph of E to allow for better scaling. This
neuron had an initial time constant of 560 ms, which decreased to 350 ms with
conditioning.

synapses that have been driven with a only a small number of
stimuli. Changes in pool size, release probability, and recovery
time constant over the 2-min conditioning period are shown in
Fig. 6, C-E, indicating that pool size decreased, release prob-
ability increased, and recovery time constant decreased con-
sistently and significantly over the 2-min conditioning period.
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These results suggest some functional differences between rested
and active synapses. In summary, the data shown in Fig. 6 suggest
that key parameters of synaptic transmission change during the
transition from rested to active state and that the dynamics of
rested synapses are not as well captured by the simple release
model as the dynamics of chronically active synapses are.

DISCUSSION

The main question this study addresses is how well the
response of the calyx of Held synapse to complex trains of
continuous activity can be described using vesicle release
models. We found that a very basic model including only a
constant release probability and a single-exponential time
course for vesicle replenishment can predict EPSC amplitudes
already with very high accuracy. Two key features of the
present study are the use of very long-lasting and statistically
complex stimuli as well as the embedding of these into chronic
“spontaneous” background activity.

Spontaneous activity is one of the hallmarks of auditory
brain stem neurons in vivo but for methodological reasons is
lost in slice preparations, such that auditory brain stem neurons
in vitro are typically tested against a background of silence.
Previous vesicle release models describing synaptic transmis-
sion at the calyx of Held (Graham et al. 2001, 2004; Weis et al.
1999) were based on electrophysiological data recorded from
silent in vitro preparations (i.e., without the naturally present
spontaneous activity), and thus only capture the dynamics of
synaptic transmission under these conditions. However, previ-
ously we found that synaptic transmission at the calyx of Held
in such silent slice preparations differs from transmission under
natural activity levels in a number of key parameters such as
synaptic amplitude, latency, synaptic depression during trains,
recovery from depression, and fidelity of transmission (Her-
mann et al. 2007).

Therefore the central goals of this study were to model the
transmission dynamics of chronically active calyces, compare
results obtained with several extensions of the model, and test
the performance of the model during complex trains of activity,
including activity resulting from sound stimulation with natural
and biologically relevant sound clips.

The surprising result is that already the most basic model
including only a constant release probability and a single-
exponential time course for vesicle replenishment performs
exceptionally well in predicting EPSC amplitudes. Extending
the model by increasing the number of parameters to account
for additional biophysical effects such as receptor desensitiza-
tion, two vesicle pools, or synaptic facilitation on a separate
time course does not increase the prediction accuracy. Why
does the most basic model perform so well although it disre-
gards a number of physiological mechanisms that have clearly
been shown to be present in the calyx of Held, albeit the rested
calyx of Held in silent brain slices? It is unlikely that the
stimulus trains used in the present study were too simplistic to
capture the fine details of transmission dynamics. We note that
the Poisson distributed activity, which was used to compute the
model parameters, inherently includes a high degree of statis-
tical complexity. Varying the mean frequency of the Poisson
distribution over almost two levels of magnitude introduces
additional complexity and ensures that the entire range of
activity a MNTB neuron may encounter in the intact brain is

covered by the stimulus train. We also tested trains with
regular spaced inter spike intervals and stimulus trains derived
from sound stimulation with natural sound clips, which in-
crease the amount of statistical complexity even further. There-
fore we assume that any model able to predict responses to the
stimuli used in this study correctly should be able to predict
responses to any naturally occurring sound situation equally
well.

Species, age, and temperature differences may account for
some of our findings. Most previous in vitro work on the calyx
of Held has been performed in preparations from rat or mouse
not gerbil. However, we previously found that synaptic trans-
mission in the calyx of Held of the gerbil is very similar to that
of other rodents in basic parameters. Receptor desensitization,
while being very prominent in preparations from younger
animals, plays a much smaller role in preparations from older
animals such as the ones used in this study (Joshi and Wang
2002; Renden et al. 2005; Taschenberger et al. 2005). This
finding may help explain why the model variation with added
receptor desensitization did not yield higher correlation coef-
ficients. EPSC amplitudes, or vesicle pools, are known to
recover with double-exponential time courses, not single-ex-
ponential ones as used by our basic model (Sakaba and Neher
2001; Wang and Kaczmarek 1998). However, of the two
associated time constants, one is very slow and on the order of
seconds. Therefore interspike intervals on the order of seconds
would be required to measure, or compute, this time constant
properly. Due to spontaneous activity in the auditory brain
stem, such long periods of silence are uncommon in vivo.
Because the goal of our study was to capture the dynamics of
synaptic transmission under conditions as closely as possible to
those in the intact brain, our stimulus trains did not contain any
interspike intervals long enough to properly measure the slow
time constant. This might explain why the model variant with
the double exponential did not yield higher correlation coeffi-
cients than the basic version of the model. It might also explain
why the slow time constants were virtually eliminated from the
computations during the parameter fitting process, either by
assuming infinite values for the time constant or values that
were virtually identical to those of the fast time constant.

We are uncertain why the model variant with added facili-
tation did not seem to yield improved predictions over the basic
variant. Synaptic facilitation, i.e., an accumulation of calcium
in the presynaptic terminal, must certainly be present during
chronic stimulation at relatively high frequencies. It is possible
that the introduction of chronic background activity into the
slice preparations changes the dynamics of synaptic transmis-
sion such that the role of the various mechanisms of short-term
plasticity are altered in comparison to the state of a rested
synapse. Long-term stimulation of a slice preparation with
thousands of stimuli might put calyces of Held into a functional
state that is much less well understood than the functional state
of rested calyces. Thus it cannot be ruled out that facilitation
with an independent time scale, possibly also double-exponen-
tial recovery, might just not have a significant influence over
EPSC dynamics during chronic long-term activity. It is also
possible that the time courses of these are too similar to the
basic features of the model such that the parameter optimiza-
tion cannot extract them as separate parameters. In this case,
the parameters computed by our model would represent a
combination of physiological effects and the number of phys-
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iologically relevant parameters is actually higher than esti-
mated by the modeling process. On the other hand, the values
for release probability and the fast recovery time constant as
determined by our model are similar to values previously
reported in the literature, suggesting that they correspond at
least to a high degree to these physiological parameters rather
than an abstract combination of several physiological effects.
Nevertheless, the possibility that our model underestimates the
number of physiological parameters relevant for transmission
in active synapses cannot be ruled out completely.

An alternative explanation that can resolve the discrepancies
between this study and older studies performed in rested
synapses is that active synapses are in a different physiological
state that can be described in mathematically simpler terms.
This explanation implies that mechanisms of synaptic trans-
mission known to influence transmission of rested synapses
play a much smaller role in active synapses. Not much is
known about the chronically active calyx of Held, and there-
fore more data are needed to verify or falsify this interpreta-
tion. Our own analysis of the transition between rested and
active state revealed that model parameters change during the
transition between rested and active states, suggesting that at
least some biophysical parameters of synaptic transmission are
affected by the chronic activity. More importantly, the same
experiment revealed that our model performs significantly less
well with data from rested synapses, suggesting that it is not an
appropriate mathematical description of the rested state, sup-
porting the interpretation of functional differences between
rested and active states of the calyx of Held.
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Editorial Focus

Short-Term Plasticity Turns Plastic. Focus on “Synaptic Transmission at the
Calyx of Held Under In Vivo-Like Activity Levels”

Erwin Neher
Max-Plank-Institute for Biophysical Chemistry, Gottingen, Germany

Short-term plasticity (STP) is a use-dependent change in
synaptic strength on the time scale of millisecond to seconds
and is observed in almost every synapse of the CNS. Each type
of synapse has its own “personality” with respect to this
property. When stimulated a few times within a second, some
synapses show facilitation, others depression or else complex
sequences of facilitatory and depressing changes (Dittman et
al. 2000). It has been shown that terminals at two axonal
branches of the same neuron can express very different forms
of STP (Reyes et al. 1998; Rozov et al. 2001) and that STP
serves important aspects of signal processing in the nervous
system. In this issue of the Journal of Neurophysiology (p.
807-820), Hermann et al. (2007) ask the question whether the
way we usually characterize STP of a given synapse actually
reports that personality, which is relevant for its physiological
function. The answer, not surprisingly, is no!

The object of their study is the Calyx of Held, a glutama-
tergic presynaptic terminal in the auditory pathway. It came to
fame by the fact that it is large enough so that it can be voltage
clamped (Borst et al. 1995; Forsythe 1994). Furthermore, the
terminal contacts the soma of a large, compact postsynaptic
neuron, so that voltage clamp can be applied simultaneously to
both the pre- and the postsynapse (Borst et al. 1995; Takahashi
et al. 1996). This offers unique possibilities for a detailed
biophysical analysis of synaptic transmission. The synapse,
when studied the usual way, displays pronounced short-term
depression, very similar to other glutamatergic synapses (Ditt-
man et al. 2000). The “usual way” means that a short burst of
stimuli is applied after a long period of rest. However, unlike
many central synapses, for which coding is relatively sparse,
the task of the Calyx of Held—as a synapse in the afferent
sensory information flow—is to fire on average 10—100 times
per second, even in complete silence (Kopp-Scheinpflug et al.
2003). Tone bursts cause short episodes of firing in the audi-
tory nerve of 100-500 action potentials per second. The basic
question of the Hermann et al. paper is exactly what type of
STP is observed, when firing rate changes from an average of
~40 to a high frequency of several hundred Hertz. They find,
first of all, that the synapse is partially depressed after condi-
tioning by a 40-Hz Poisson train. This is expected from
previous work on calyces of other species, which had shown
that the steady-state excitatory postsynaptic current (EPSC)
amplitude during ~40-Hz stimulation is ~30-40% of that of
a rested synapse. A second finding is more surprising: The
relative depression during the high-frequency train is much less
than that of a 100- or 300-Hz train applied to a resting synapse.
In fact, Hermann et al. observe that switching from a 40-Hz
Poisson train to a 100-Hz tetanus decreases steady-state EPSC

Address reprint requests and other correspondence to E. Neher (E-mail:
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size only by ~20%. Furthermore, they find that recovery from
such depression occurs very rapidly, on the 50- to 100-ms time
scale, quite unlike recovery to resting levels, which takes
seconds.

Two important questions emerge from this study: what is the
mechanism of this activity-dependent alteration of STP, and
what is it good for in the context of auditory signal processing?

Hermann et al. discuss the latter question but only give a few
clues regarding the mechanisms. This is why I will speculate
about the latter issue in the following text.

PHYSIOLOGICAL SIGNIFICANCE

Hermann et al. point out that synaptic failures are observed
during deep depression at several hundred Hertz. Thus it is
quite clear that the Calyx of Held is not the fail-safe relay,
which it had been assumed to be in many previous studies. On
the other hand, they do point out that first responses to a burst
stimulus are transmitted quite safely, even after 60-Hz long-
term conditioning. Thus the information, which is most impor-
tant for sound localization (about the wave-front of sound
events) is preserved. Given that there are failures, the synapse
contributes to the overall short-term depression (STD) of the
auditory pathway and given the importance of STD for infor-
mation processing [see for example the influence of STD in
another type of auditory system; (Cook et al. 2003)] any
realistic model of sound processing should consider the STD
data after appropriate conditioning and not those of a rested
synapse. In that sense, the plasticity of STD needs detailed
attention.

MECHANISMS

Why does a synapse depress only little during a transition
from a 40-Hz Poisson train to a 100-Hz tetanus, while it
depresses by ~2/3, when the same tetanus is applied to a rested
synapse? Given that the tetanus starts from a state of partial
depression, we may ask whether this is a sufficient explanation
in the light of past work on STD.

The major mechanism of STD at this synapse is the deple-
tion of release-ready vesicles (Schneggenburger et al. 2002).
Any simple model of depletion and recruitment of vesicles
predicts that transmission at steady-state should decline with
the inverse of frequency beyond a certain characteristic fre-
quency. The transition from conditioning to burst stimulation is
a 2.5-fold increase in average frequency, and we would expect
to observe additional depression by about that factor, but we
observe only a 20% change!

Part of the answer to this discrepancy is that the Calyx of
Held, like many other types of synapses, does not conform to
the “simple” model of depression. When one uses rested
synapses and plots the level of steady-state depression during
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high-frequency trains against stimulation frequency, invariably
a two-component curve is obtained: depression develops al-
ready at very low stimulation frequencies and EPSCs reach a
level of ~40-50% of the initial value at frequencies as low as
5-10 Hz (Taschenberger et al. 2005; Weis et al. 1999). Beyond
that point the curve becomes shallower with a further half-
decline only at 200 Hz and beyond. Therefore actually only
very little additional depression is expected when switching
from 40 to 100 Hz—as observed by Herman et al. Several
studies have been performed to explain the deviation of the
depression-versus-frequency curve from a 1/f relationship
(Dittman and Regehr 1998; Kusano and Landau 1975). Prom-
ising, from the current point of view, are mechanisms that
assume an acceleration of vesicle recruitment beyond the
“breakpoint” of the relationship at ~10-20 Hz (Taschenberger
et al. 2005; Weis et al. 1999). Alternatively, presynaptic
Ca”"-current inactivation may explain part of the decline at
low frequencies (Takahashi et al. 2000). The first explanation
goes along nicely with the finding of Hermann et al. that
vesicle recruitment is fast after “conditioning” of the synapse.
The question remains: why is recruitment accelerated by con-
ditioning? A likely explanation is the finding at many synapses
(Dittman and Regehr 1998; Stevens and Wesseling 1998)
including the Calyx of Held (Sakaba and Neher 2001; Wang
and Kaczmarek 1998) that elevated [Ca®™] speeds up vesicle
recruitment.

In conclusion, we are left with the message that STD is
plastic, which means that its properties are influenced by
“physiological” levels of background activity. The work of
Hermann et al. shows that this has functional significance. On
the basis of this work, it may well be worthwhile to study the
mechanistic basis of vesicle recruitment (Wadel et al. 2007), its
modulation by activity and by second messengers, and its
precise influence on STD.
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Hermann J, Pecka M, von Gersdorff H, Grothe B, Klug A.
Synaptic transmission at the calyx of Held under in vivo-like activity
levels. J Neurophysiol 98: 807—820, 2007. First published May 16,
2007; doi:10.1152/jn.00355.2007. One of the hallmarks of auditory
neurons in vivo is spontaneous activity that occurs even in the absence
of any sensory stimuli. Sound-evoked bursts of discharges are thus
embedded within this background of random firing. The calyx of Held
synapse in the medial nucleus of the trapezoid body (MNTB) has been
characterized in vitro as a fast relay that reliably fires at high stimulus
frequencies (=800 Hz). However, inherently due to the preparation
method, spontaneous activity is absent in studies using brain stem
slices. Here we first determine in vivo spontaneous firing rates of
MNTB principal cells from Mongolian gerbils and then reintroduce
this random firing to in vitro gerbil brain stem synapses at near-
physiological temperature. After conditioning synapses with afferent
fiber stimulation for 2 min at Poisson averaged rates of 20, 40, and 60
Hz, we observed a number of differences in the properties of synaptic
transmission between conditioned and unconditioned synapses. Fore-
most, we observed reduced steady-state EPSC amplitudes that de-
pressed even further during an embedded short-stimulation train of
100, 300, or 600 Hz (a protocol that thus simulates in vitro what
probably occurs at the in vivo MNTB after a short sound stimulus in
a silent background). Accordingly, current-clamp, dynamic-clamp,
and loose-patch recordings revealed a number of action potential
failures at the postsynaptic cell during high-frequency—stimulation
trains, although the initial onset of evoked activity was still transmit-
ted with higher fidelity. We thus propose that some in vivo auditory
synapses are in a tonic state of reduced EPSC amplitudes as a
consequence of high spontaneous spiking and this in vivo-like con-
ditioning has important consequences for the encoding of signals
throughout the auditory pathway.

INTRODUCTION

The calyx of Held is a large synaptic terminal innervating
principal neurons of the medial nucleus of the trapezoid body
(MNTB) (Forsythe 1994; Held 1893; Kuwabara et al. 1991;
Smith et al. 1991). MNTB neurons sign-invert calyceal exci-
tation into glycinergic inhibition to various nuclei in the audi-
tory brain stem (Banks and Smith 1992; Bledsoe et al. 1990;
Moore and Caspary 1983; Spangler et al. 1985; Thompson and
Schofield 2000). In vitro, the signal derived from the calyx
generates large excitatory postsynaptic currents (EPSCs) with
a short synaptic delay (Barnes-Davies and Forsythe 1995;
Borst and Sakmann 1996; Sakaba and Neher 2001; Taschen-
berger et al. 2002). Speed and fidelity of synaptic transmis-
sion are considered very reliable up to several hundred
Hertz in mature animals (Futai et al. 2001; Joshi et al. 2004;
Taschenberger and von Gersdorff 2000; Wu and Kelly

1993), leading to a view of the calyx of Held as a very
reliable relay synapse.

All the in vitro work mentioned earlier was performed in
brain slices. Inherently, auditory brain slice preparations
differ from intact brains in various parameters, including
spontaneous activity. In vivo, neurons of the auditory brain
stem fire spontaneously at frequencies that vary from >1 to
=100 Hz, a property that results mainly from the dynamics
of the transduction channels in the cochlear hair cells
(Geisler et al. 1985; Hudspeth 1997; Kiang 1965; Liberman
1978; Roberts et al. 1988), resulting in spontaneous firing of
the auditory nerve (Geisler et al. 1985; Liberman 1978).
Spontaneous firing can also be observed in many brain stem
nuclei including the cochlear nucleus (Brownell 1975; Gold-
berg and Brownell 1973; Joris et al. 1994; Schwarz and Puil
1997; Spirou et al. 1990, 2005) and MNTB (Kadner et al.
2006; Kopp-Scheinpflug et al. 2003; Smith et al. 1998;
Sommer et al. 1993).

In an intact brain, MNTB neurons fire spontaneously at
levels, which might be suitable to chronically induce some
forms of short-term plasticity, such as synaptic depression or
facilitation (Schneggenburger et al. 2002; von Gersdorff and
Borst 2002). Sound stimuli, i.e., streams of high-frequency
activity embedded in this spontaneous firing (Klyachko and
Stevens 2006), would then be processed by the synapse on the
background of chronic depression and/or facilitation (Fig. 1A).
Because of the nature of the brain slice preparation, spontane-
ous activity and its potential effects on short-term plasticity
might be lost in standard in vitro recordings (Fig. 1B). If that
were the case, properties of synaptic transmission in the calyx
of Held under in vivo conditions may be different from those
commonly observed in vitro.

This study investigates synaptic transmission in the calyx of
Held under in vivo-like spontaneous activity levels. We first
measured the rates and statistical properties of spontaneous
firing in the MNTB of Mongolian gerbils (Meriones unguicu-
latus) in vivo. Subsequently, we stimulated the afferent fibers
that give rise to calyceal inputs in gerbil MNTB brain slices at
physiological temperature for prolonged periods of time with
stimuli that mimicked the random spontaneous activity as
closely as possible (Fig. 1C). We assessed changes in synaptic
transmission resulting from this long-term stimulation, such as
synaptic currents, the degree of depression, recovery from
depression, and finally the spiking properties of “spontane-
ously active” neurons.
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FIG. 1.

A: illustration of in vivo activity in the medial nucleus of the trapezoid body (MNTB). In the intact brain, MNTB neurons are chronically

spontaneously active. Responses to sound stimuli, indicated by high-frequency bursts, are embedded in the background activity. B: in a typical slice preparation,
the background activity is not present, such that trains of high-frequency stimuli used to imitate responses to sound are embedded in periods of complete silence.
C: our experimental approach attempted to bring the spontaneous activity back into slice preparations. Responses to simulated sound stimuli were tested to obtain
a baseline of synaptic properties, then spontaneous activity was simulated for several minutes, then the same “sound stimuli” were tested again while they were
embedded in background activity. At the end of data collection, the cell was allowed to recover and the same set of simulated sound stimuli was tested again

to assess the level of recovery.

METHODS
In vivo recordings

Auditory responses from 36 single neurons were recorded in 16
Mongolian gerbils (Meriones unguiculatus) of both sexes, aged be-
tween 21 and 60 days. We found no systematic differences in aurality,
firing frequency, threshold, characteristic frequency, or other response
parameters of neurons, which depended on the age of the animal (data
not shown), and thus the data from all 36 neurons were pooled. In our
sample there was also no covariation between spontaneous activity
and auditory threshold or between spontaneous activity and a neuron’s
characteristic frequency (regression analyses; data not shown). For
experimental reasons, the reported in vivo data were recorded from
MNTB postsynaptic neurons, not calyces of Held or globular bushy
cells in the anteroventral cochlear nucleus. The underlying assumption
is that the spontaneous activity in the MNTB is not high enough to
induce synaptic failures at the calyx of Held synapse, such that the
presynaptic spike frequency is identical to the postsynaptic activity.

Data were collected simultaneously for this study and a different
project involving MNTB response properties (data not shown). All
experiments complied with institutional guidelines and were approved
by the appropriate government authorities (Reg. Oberbayern AZ
55.2-1-54-2531-57-05).

SURGICAL PROCEDURES. Before surgery, animals were anesthetized
by an initial intraperitoneal injection (0.5 ml/100 g body weight) of
ketamine (20%) and xylazine (2%, both in physiological NaCl).
During surgery and recordings, a dose of 0.05 ml of the same mixture
was applied subcutaneously in scheduled intervals that were based on
the animal’s body weight. Constant body temperature was maintained
using a thermostatically controlled heating blanket.

Skin and tissue covering the upper part of the skull were removed
and a small metal rod was mounted to the frontal part of the skull
using UV-sensitive dental-restorative material (Charisma, Heraeus
Kulzer, Hanau, Germany). Custom-made earphone holders were at-
tached to the gerbil head, allowing for the safe insertion of earphones
or probe tube microphones into the ear canal. The animal was then
transferred to a sound-attenuated chamber and mounted in a custom-
made stereotaxic instrument (Schuller et al. 1986). The animal’s
position in the recording chamber was standardized with reference to
stereotaxic landmarks on the skull (Loskota et al. 1974). For electrode

penetrations to the MNTB, a small hole of approximately 1 mm? was
cut into the skull lateral to the lambdoid suture. Micromanipulators
were used to position the recording electrode according to landmarks
on the brain surface and a reference point, which was used for all
penetrations. The meninges overlying the cortex were removed and
saline was applied to the opening to prevent dehydration of the brain.

Typical recording sessions lasted 10—14 h. After successful record-
ings, the animal was killed by injection of an overdose of chloral
hydrate (Sigma—Aldrich Chemie, Munich, Germany). The last elec-
trode position was then marked with a current-induced lesion (20 nA
for 80—-120 s). The head was fixated in 4% paraformaldehyde and
prepared for anatomical processing. Transverse sections were cut and
Nissl-stained to verify the recording sites. An example of an anatom-
ical verification is shown in Supplemental Fig. 1C." The lesion site
can be clearly seen in the center of the left MNTB.

RECORDINGS OF NEURAL ACTIVITY. Single-unit responses were re-
corded extracellularly using 10-M{) glass electrodes filled with 1 M
NaCl. The recording electrode was advanced under remote control,
using a piezodrive (Inchworm controller 8200, EXFO Burleigh Prod-
ucts Group, Victor, NY). Extracellular action potentials were recorded
by an electrometer (npi electronics, Tamm, Germany or Electro 705,
WPI, Berlin, Germany), a 50/60-Hz noise eliminator (Humbug, Quest
Scientific Instruments, North Vancouver, BC, Canada), a band-pass
filter (VBF/3, Bortolin Kemo, Porcia, Italy), and an amplifier (model
7607, Toellner Electronic Instrumente, Herdecke, Germany) and sub-
sequently fed into the computer by an A/D-converter [RP2-1, Tucker-
Davis Technologies (TDT), Alachua, FL]. Clear isolation of action
potentials from a single neuron (signal-to-noise ratio >5) was
achieved by visual inspection on a spike-triggered oscilloscope and by
off-line spike-cluster analysis (Brainware, TDT). Two examples of
recorded single-cell spike waveforms are shown in Supplemental Fig.
1, A and B. The unit in supplemental Fig. 1A is an example of a neuron
with a low spontaneous rate (10 Hz), whereas supplemental Fig. 1B
shows an example of a neuron with a very high spontaneous rate (107
Hz). Both units were recorded from the same animal; histological
verification of the recording site is shown in Supplemental Fig. 1C.

STIMULUS PRESENTATION AND RECORDING PROTOCOLS. Stimuli
were generated at a 50-kHz sampling rate using TDT System III.

"The online version of this article contains supplemental data.
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Digitally generated stimuli were converted to analog signals (DA3-2/
RP2-1, TDT), attenuated (PAS5, TDT), and delivered to earphones
(MDR-EX70LP, Sony, Berlin, Germany).

The standard stimulus was a 200-ms toneburst with a rise/fall time
of 5 ms, presented at a repetition rate of 2 Hz. Stimulus presentation
was randomized. To search for acoustically evoked responses, noise
stimuli were delivered binaurally. When an auditory neuron was
encountered, we first determined its best frequency (BF) and absolute
threshold audiovisually to set stimulus parameters subsequently con-
trolled by the computer. The frequency that elicited responses at the
lowest sound intensity was defined as BF, the lowest sound intensity
evoking a noticeable response at BF as threshold. These properties
were confirmed by off-line analysis of the frequency versus level
response areas. Monaural pure tones to each ear and binaural pure
tones without interaural intensity or time differences were presented
to define the aurality of the neuron. MNTB neurons responded to
stimulation of the contralateral ear only, with a tonic/primary-like
firing pattern, and were not affected by stimulation of the ipsilateral
ear.

Spontaneous activity of a neuron was determined by recording
action potentials in several 5-s-long intervals without sound stimula-
tion and averaging the measured firing rate. All quantifications in this
study are based on off-line analysis with the software packages
Brainware (TDT), Matlab (The MathWorks, Natick, MA), and IGOR
(WaveMetrics, Lake Oswego, OR).

In vitro recordings

Slices of brain stem were prepared from Mongolian gerbils (Meri-
ones uniguiculatus) aged 14 to 19 days (posthearing animals). Data
from these different ages were pooled because no age-dependent
variations in synaptic amplitudes, degree of depression, response to
conditioning, or firing probability were observed (data not shown).

SLICE PREPARATION. Animals were briefly anesthesized by isoflu-
rane inhalation (Isofluran Curamed, Curamed Pharma, Karlsruhe,
Germany) and decapitated. The brain stem was dissected out under
ice-cold dissection ringer (125 mM NaCl, 2.5 mM KCl, 1 mM MgCl,,
0.1 mM CaCl,, 25 mM glucose, 1.25 mM NaH,PO,, 25 mM
NaHCOs;, 0.4 mM ascorbic acid, 3 mM myoinositol, 2 mM pyruvic
acid; all chemicals from Sigma—Aldrich). Sections (200-250 wm)
were cut with a vibratome (VT1000S, Leica, Wetzlar, Germany).
Slices were transferred to an incubation chamber containing extracel-
lular solution (ECS) (125 mM NaCl, 2.5 mM KCI, 1 mM MgCl,, 2
mM CaCl,, 25 mM glucose, 1.25 mM NaH,PO,, 25 mM NaHCO;,
0.4 mM ascorbic acid, 3 mM myoinositol, 2 mM pyruvic acid; all
chemicals from Sigma—Aldrich) and bubbled with 5% CO,-95% O,.
Slices were incubated for 1 h at 37°C, after which the chamber was
brought to room temperature. Recordings were obtained within 4-5 h
of slicing.

WHOLE CELL RECORDINGS. All recordings were performed at 36—
37°C. After incubation, slices were transferred to a recording chamber
and continuously superfused with ECS at 3-4 ml/min through a
gravity-fed perfusion system. MNTB neurons were viewed through a
Zeiss Axioskop 2 FS microscope equipped with DIC optics and a X40
water-immersion objective (Zeiss, Oberkochen, Germany). Whole
cell recordings were made with an EPC 10 double amplifier (HEKA
Instruments, Lambrecht/Pfalz, Germany). Signals were filtered at
5-10 kHz and subsequently digitized at 20—100 kHz using Patchmas-
ter Version 2.02 software (HEKA). Uncompensated series resistance,
between 5.5 and 15 M(), was compensated to values between 2.1 and
5.8 MQ) with a lag time of 10 us. Potential changes in series resistance
were monitored throughout the recordings and data collection was
discontinued whenever series resistance changed by >2 M. All
voltages are corrected for a —12-mV junction potential.

Patch pipettes were pulled from 1.2-mm borosilicate glass (WPI) or
1.5-mm borosilicate glass (Harvard Instruments, Kent, UK) using a

Sutter P-97 electrode puller (Sutter Instrument, Novato, CA) or a
DMZ Universal Puller (Zeitz Instruments, Munich, Germany). Pi-
pettes were filled with potassium gluconate—based internal solution
for current-clamp recordings (120 mM K-gluconate, 4 mM MgCl,, 10
mM HEPES, 5 mM EGTA, 10 mM tris-phosphocreatine, 4 mM
Na,-ATP, 0.3 mM tris-GTP, 0.5 mM CaCl,; all chemicals from
Sigma—Aldrich) or cesium methanesulfonate—based solution for volt-
age-clamp recordings (125 mM CsMeSO;, 4.5 mM MgCl,, 9 mM
HEPES, 5 mM EGTA, 14 mM tris-phosphocreatine, 4 mM Na,-ATP,
0.3 mM tris-GTP, 1.5 mM CaCl,, all chemicals from Sigma—Aldrich).
During all recordings, 500 nM strychnine hydrochloride (Sigma—
Aldrich) and 20 uM SR95531 were added to the bath to block
glycinergic and GABA ,-ergic inhibition, respectively. During volt-
age-clamp recordings, 5 mM QX-314 (Alomone Labs, Jerusalem,
Israel) was added to the pipette fill to eliminate sodium currents.

STIMULATION OF SYNAPTIC INPUTS.  Synaptic currents were elicited
by midline stimulation of the calyceal input fiber bundle with a 5-M(Q)
bipolar stimulation electrode (matrix electrodes with 270-um dis-
tance; FHC, Bowdoinham, ME). Stimuli were 100-us-long square
pulses of 10 to 40 V delivered with an STG 2004 computer-controlled
four-channel stimulator (Multi Channel Systems, Reutlingen, Ger-
many) and a stimulation isolation unit (Iso-flex, AMPI, Jerusalem,
Israel). The stimulator permitted completely independent uploading
and operation of the four channels, allowing the seamless integration
and thus true embedding of simulated auditory signals (i.e., high-
frequency bursts) in the simulated spontaneous activity. Spontaneous
activity was simulated by using 20-, 40-, and 60-Hz Poisson-distrib-
uted stimulus trains (see Figs. 1 and 2, C and E). Sound-evoked
activity was simulated by short trains consisting of 20 stimuli at 100,
300, or 600 Hz.

CONDUCTANCE-CLAMP EXPERIMENTS. Excitatory conductances
were simulated with an SM-1 amplifier (Cambridge Conductance,
Cambridge, UK). The 10-90% rise of the current output in response
to a voltage change for this amplifier was 290 ns. Reversal potentials
were set to 0 mV for the excitatory postsynaptic conductances
(EPSGs). The conductance waveforms used were previously recorded
as EPSCs in voltage-clamp mode. After extrapolating the artifacts,
EPSGs were normalized. All conductance values correspond to peak
conductances. In experiments in which background leak was added, a
constant step command was fed from the computer into the conduc-
tance-clamp amplifier by a separate channel and the reversal potential
for this channel was set to —60 mV. The separately calculated output
of both channels was added together and fed to the HEKA amplifier.

STATISTICAL ANALYSIS. Data were analyzed in IGOR 5 (Wave-
Metrics), MS Excel 2004 (Microsoft, Redmond, WA), and Matlab 7
(The MathWorks). Unless otherwise noted, all errors are reported as
standard error. Statistical significance was tested with a Student’s
t-test, unless otherwise noted. Significant differences are marked with
a single asterisk for values of P < 0.05 and with a double asterisk for
P < 0.01.

RESULTS
In vivo spontaneous firing rates of MNTB cells

The first goal was to determine the spontaneous firing rates
of MNTB neurons in the intact brain of Mongolian gerbils
(Meriones unguiculatus). Neural activity was recorded in vivo
from single cells in the MNTB with standard extracellular
recording techniques. When a neuron was encountered and
isolated, its basic response features such as aurality, auditory
threshold, and frequency tuning were assessed. Among the 36
neurons from which activity was recorded, thresholds for
sound stimulation ranged from 0 to 60 dB SPL (mean = 32 *+
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FIG. 2. A: distribution of spontaneous firing rates measured among our sample of 36 neurons. Each dot represents the average spontaneous firing rate of one
neuron. Mean spontaneous firing rate among the 36 neurons was 24.9 = 5.5 Hz. B and C: in vivo recordings of spontaneous activity from 3 MNTB neurons;
clips of original trace (B); interspike interval (ISI) distribution (C). Although the spontaneous firing rates differed between the neurons and were 16, 40, and 69
Hz, the ISI distribution could be described by a single-exponential curve, and thus was near-Poisson-distributed in each case. D and E: based on the results from
B and C, 3 stimulation protocols of simulating spontaneous activity in brain slices at 20, 40, and 60 Hz were created. ISI distribution was designed to be

near-Poisson.

2.8 dB SPL) and characteristic frequencies were between 486
Hz and 16.8 kHz. Consistent with known input patterns to the
MNTB, all neurons could be excited when sound was pre-
sented to the ear contralateral to the recording site. None of the
neurons showed any effects of ipsilateral stimulation.

After a neuron’s basic response properties to auditory stim-
ulation were assessed, its spontaneous firing rate in the absence
of sound stimulation was measured over =50 s and average
discharge rates were calculated and defined as the neuron’s
spontaneous firing rate. Among the 36 neurons, spontaneous
firing rates ranged from 0.15 to 110 Hz (Fig. 2A4). The mean
spontaneous rate was 24.9 = 5.5 Hz. Short clips of spike trains
are shown in Fig. 2B. The spontaneous rates of these neurons
were 16, 40, and 69 Hz, respectively. An analysis of the
interspike intervals (ISIs) revealed that the spikes are near-
Poisson distributed with the exception that very short ISIs (<1
ms) are underrepresented (three ISI histograms in Fig. 2C).

Introducing spontaneous rates into slice preparations of
the MNTB

Based on these in vivo data, three representative frequencies
of spontaneous rates were chosen for stimulation of the in vitro
brain slice preparations: 20, 40, and 60 Hz (Fig. 2D). Distri-
bution of the spike events in each one of these trains was
chosen to be near-Poisson, to imitate the in vivo spontaneous
activity as closely as possible (Fig. 2E). MNTB calyceal input
fibers were stimulated with these spike trains for prolonged
periods of time (=2 min) and voltage-clamp recordings were
performed from MNTB principal neurons. During the 2-min

conditioning, 7,200 Poisson-distributed stimuli were presented
in case of the 60-Hz train, 4,800 stimuli in the case of the
40-Hz train, and 2,400 stimuli in the case of the 20-Hz
conditioning train.

Effects of “spontaneous” firing on excitatory synaptic
currents in the calyx of Held

At the beginning of each experiment, a synapse was “rested”
or completely recovered, i.e., no stimuli had been given to the
input fibers for =5 min. During the 2-min conditioning period
with Poisson-distributed activity, EPSCs depressed substan-
tially with at least two exponential components. The three
graphs in Fig. 3, A—C show EPSC amplitudes of three different
neurons in response to 2-min conditioning stimuli at 20, 40,
and 60 Hz (Fig. 3, A, B, and C, respectively). Each dot in the
graphs represents the amplitude of one EPSC and the solid
lines represent double-exponential fits.

The initial EPSC amplitudes in the three examples were
between about 5 and 9 nA, fairly typical values of rested calyx
of Held/MNTB recordings in animals of this age group (e.g.,
Taschenberger and von Gersdorff 2000; von Gersdorff and
Borst 2002). We term this value the “initial amplitude” or
“A,.” The synaptic current then depressed substantially during
the first few events of the stimulus train (insets in Fig. 3, A-C,
initial steep declines of amplitudes), then declined much
slower (later shallow decline of amplitudes), and then stabi-
lized during the second half of the 2-min train to values
between about 2 and 3 nA.

We were interested in these steady-state values measured
during the second half of the conditioning period because
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FIG. 3. A—C: excitatory postsynaptic current (EPSC) amplitudes of 3 representative neurons that were stimulated with 20, 40, and 60 Hz “‘spontaneous”
Poisson-distributed activity, respectively. Graphs show the changes of EPSC amplitudes during the 2-min conditioning period. Each dot represents the amplitude
of one EPSC. Insets: magnification of events during the first 0.5 s of conditioning. Solid lines represent double-exponential fits with the following time constants:
20 Hz: 7, = 18.3 ms, 7, = 11.7 s; 40 Hz: 7, = 36.5 ms, 7, = 19.1's; 60 Hz: 7, = 35.6 ms, 7, = 39.3 s. D: comparison of initial EPSC amplitudes,
termed “rested A, values,” and EPSC amplitudes after the 2-min conditioning protocol with Poisson-distributed activity for our sample of neurons. For the 20-Hz
conditioning protocol, the in vivo A, value was 46% of the rested A, for the 40-Hz conditioning it was 30%, and for the 60-Hz conditioning it was 29%. An
asterisk next to a bar indicates a significantly different mean compared with the control (unconditioned) situation (Student’s z-test). Average initial, rested A,
values of EPSC amplitudes for the 3 groups were: 20-Hz group: 7.17 = 0.82 nA; 40-Hz group: 6.76 £ 0,74 nA; 60-Hz group: 6,41 = 0,66 nA; these values
were not significantly different from each other (ANOVA). E and F: comparison of EPSC variability for one neuron in response to a Poisson-distributed 40-Hz
stimulus train (B) and a regular 40-Hz stimulus train (C). In both cases, synaptic current amplitudes converge to the same value, although the variability in
response to the Poisson-distributed stimuli are about twice the variability in response to regularly spaced stimuli of the same frequency.

we hypothesize that these values represent the normal state
of the “rested” synapse in vivo. The reason is that an in vivo
gerbil calyx of Held presumably would fire spontaneously at
frequencies similar to the conditioning frequencies used in
this experiment and thus synaptic currents, even in the
absence of any sound input, would be chronically depressed
to values similar to those measured during the steady-state
period of the conditioning phase. Therefore we term these

steady-state current values the “in vivo initial amplitude” or
“in vivo A,.”

Figure 3D compares “rested A,” values to “in vivo Ay’
values for our sample of neurons, suggesting that typical synaptic
amplitudes in the calyx of Held might be much smaller in vivo
than those observed in standard in vitro experiments.

To assess the effects of the Poisson distribution, five neurons
were tested with trains composed of Poisson-distributed stimuli
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versus trains with regularly spaced stimuli of identical frequen-
cies. The type of stimulus train did not affect the time course
of synaptic depression or the value of the observed in vivo A,
(Fig. 3, E and F). The difference of A, values within each pair
was not statistically different (#-test, P = 0.74). However, the
variability of synaptic currents was much larger in the case of
Poisson-distributed stimuli compared with evenly spaced stim-
uli (Fig. 3, E and F, Gaussian curve insets). On average, the
standard deviation of synaptic currents was 0.04 when stimuli
with regularly spaced intervals were used. Presumably, one
physiological basis of this variability is the stochastic nature of
vesicle release. In contrast, the SD of current amplitudes was
0.08 when stimuli were Poisson distributed. Most likely, the
reason for this larger variability is the additional effect of
changing interspike intervals, which is added to the variability
caused by stochastic release. However, note that the type of
stimulus train used does not appear to affect the final observed
in vivo A,.

Effects of simulated tone bursts on “rested” versus
“spontaneously” active synapses

Our next goal was to determine the effects of the “sponta-
neous” activity on the processing of high-frequency trains by
the calyx of Held synapse. The high-frequency trains attempt
to simulate simple sound-evoked activity, such as short tones.
We tested trains of 20 pulses at 100, 300, and 600 Hz, which
simulated pure tones of 200-, 67-, and 33-ms duration, respec-
tively. Effects of each stimulus train were tested before the
conditioning period, i.e., on the “rested” synapse, and then
after the conditioning period while the simulated tone activity
was embedded in the “spontaneous activity,” and a third time
=5 min after the “spontaneous” stimulation was stopped.
Figure 4A (black trace) shows an EPSC train recorded in
response to a 300-Hz, 20-pulse-stimulus train from a “rested”
neuron. The synaptic current measured in response to the first
event was about 6.9 nA. Subsequently, the synaptic current
depressed during the stimulus train, such that the current
measured in response to stimulus number 20 was depressed to
1.6 nA, i.e., the EPSC was now only 23% of the initial current.

After the synapse had been conditioned with “spontaneous”
activity of 60 Hz, the synaptic current in response to the first
stimulus of the same 300-Hz train was about 2.1 nA and thus
substantially lower than that in the “rested” condition (Fig. 4B,
first event). More interestingly, the relative depression induced
by the 300-Hz train was substantially less than it was under
control conditions, such that the synaptic current at stimulus
number 20 was still about 1.1 nA. Therefore in the precondi-
tioned synapse, the current was depressed to only 54% of the
value of the first stimulus in the train, suggesting that the
degree of relative synaptic depression under in vivo conditions
might be substantially smaller than that measured by in vitro
recordings from “rested” synapses.

Afterward the cell was allowed to recover for 5 min (i.e., it
received no stimulation) and the synaptic amplitudes and
depression ratios recovered to preconditioning values (Fig. 44,
gray trace), suggesting that the observed effects shown in Fig.
4B are reversible and specific and cannot be attributed to
synaptic rundown or other damaging effects of the intense
stimulation protocol.

Synaptic amplitudes in response to the first and last events of
the various 20-pulse-test trains are shown in Fig. 4C. For each
group of bars, the amplitude of the first event (dark gray bar)
is compared with the amplitude of the 20th event after a 100-,
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FIG. 4. A and B: responses of one neuron to the same 300-Hz, 20-pulse
stimulus train before conditioning with spontaneous activity (A, black line),
whereas the 300-Hz train was embedded in 60-Hz spontaneous activity (B),
and about 5 min after the “spontaneous” activity was ended (A, gray line). C:
absolute EPSC amplitudes with various conditioning and test frequencies.
Trains of 100, 300, and 600 Hz were tested with 20 stimuli in the trains in each
case. Dark bars labeled “initial amplitude” refer to the EPSC amplitude of the
first event of a train (similar for 100-, 300-, and 600-Hz stimulus trains),
whereas the bars labeled “after 100/300/600 Hz” refer to the amplitude of the
20th event in the train of the respective frequency. Numbers in the bars indicate
sample size. D: ratios of synaptic current amplitudes in response to the last
stimulus over the current of the synaptic response to the first stimulus of the
20-pulse trains. Low ratios indicate substantial relative depression during the
20-pulse-stimulus trains, whereas high ratios indicate low relative synaptic
depression. Numbers in the bars indicate sample size. An asterisk next to a bar
indicates a significantly different mean compared with the respective control
(= unconditioned) condition, which is shown by the same color bar in the
group “none” (Student’s t-test).
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300-, and 600-Hz stimulus train. Note that the difference in
amplitudes between event 1 and event 20 is greatest in uncon-
ditioned synapses and smallest in synapses that have been
conditioned with 60 Hz of Poisson activity.

Figure 4D shows the amount of relative synaptic depression
induced by the various 20-pulse trains. The bars represent the
ratio of the 20th over the first postsynaptic current amplitude of
the train; i.e., small values indicate that at event 20 only a small
portion of the initial synaptic current was measured and there-
fore synaptic depression caused by the train was substantial.
High values indicate that the high-frequency trains induced a
much smaller amount of relative depression because the cur-
rent measured at event 20 of the train was more similar to the
initial current.

Overall, the 100-Hz trains induced the lowest amount of
synaptic depression (dark gray bars) and the 600-Hz trains the
highest amount (white bars). More interestingly, the same
high-frequency train induced a much smaller amount of rela-
tive depression when the synapse was previously conditioned
with spontaneous activity. In all cases the high-frequency
trains induced a significantly smaller amount of relative syn-
aptic depression when the synapses were previously condi-
tioned with “spontaneous activity.”

Recovery of firing is very fast under in vivo—like conditions

Our next goal was to determine the recovery from synaptic
depression in “spontaneously active” synapses. Recovery from
depression is a critical property, especially in highly active
auditory brain stem synapses, because the speed of recovery
determines how well the neuron can respond to acoustic events
that occur shortly after the first event. We first measured the
recovery of firing patterns of MNTB neurons in vivo (Fig. 5A).
Two identical tone bursts of 200-ms duration were presented to
single MNTB units with a variable pause between them. The
first tone burst elicited a certain firing rate and firing pattern in
the neuron. When the second, identical tone burst was pre-
sented after only a very short pause, it elicited a lower response
rate in the neuron, which was most apparent during the onset
portion of the response (Fig. 54, fop). As the pause between the
two tones was increased, neural responses to the second tone
recovered progressively and at some point resembled the re-
sponses measured to the first tone (Fig. 5A, bottom). The in
vivo recovery time course of six MNTB neurons is plotted in
Fig. 5B. Among these six neurons, the average in vivo recovery
time constant was 82 * 23 ms, suggesting that recovery of
neural responses in the MNTB to acoustic stimuli in vivo is
typically very short.

This finding raises a dilemma because recovery from syn-
aptic depression has been measured in the calyx of Held in
vitro, with very different results. In these experiments, the
presynaptic vesicle pool was depleted, either with a depleting
high-frequency stimulus or by voltage clamping the presynap-
tic terminal to a positive potential. After this pool depletion,
test stimuli were given at distinct time intervals to assess the
degree of recovery. These experiments typically found recov-
ery time constants at the order of several seconds, not milli-
seconds (e.g., von Gersdorff et al. 1997; Wang and Kaczmarek
1998).

The in vivo data and the in vitro data are not directly
comparable because of additional recoveries at the level of the
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FIG. 5. A: poststimulus time histograms of a single MNTB neuron’s in vivo
responses to 2 identical best frequency (BF) tone bursts of 200-ms duration
with varying ISIs. As the ISI was increased, the neuron’s responses to the
second tone recovered back to a point where the responses to the second tone
were comparable to the neuron’s firing pattern in response to the first tone.
Tones were presented at 1,200 Hz and 30 dB above threshold. Firing frequen-
cies in response to the first tone were about 260 Hz for the onset response only
(= first 15 ms) and about 80 Hz for the sustained part of the response. For the
second tone, the onset response varied between 90 and 260 Hz (10- and 73-ms ISI,
respectively), whereas the sustained part varied between 52 and 72 Hz (10- and
73-ms ISI, respectively). B: time constants of in vivo recovery of firing of 6
single MNTB units. Neuron presented in A is indicated by the bold black line.

hair cells, auditory nerve (e.g., Spassova et al. 2004), and
cochlear nucleus, as well as potential effects of inhibition.
However, the in vivo recovery shown in Fig. 5B has to present
an upper limit for the vesicular recovery at the level of the
calyx of Held because the calyx of Held is one element of the
network tested with the in vivo experiment. Therefore the in
vivo data suggest that recovery from synaptic depression at the
calyx of Held should occur with time constants of no longer
than about 80 ms.
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Recovery from depression is very fast in spontaneously
active synapses

To test this, we measured recovery from depression in vitro.
Recovery time constants were determined initially in uncondi-
tioned neurons by depleting the vesicle pool with a high-
frequency train, then allowing the synapse to recover for a
specified amount of time, and finally measuring the relative
amplitude of a test EPSC. An example of a synapse in which
the time course of recovery was determined with this method
is shown in Fig. 6, A and B. Figure 6A shows data points on a
magnified time axis, following a recovery time course that was
best described with an exponential that had a time constant of
72 ms. The average fast time constant of our sample of neurons
was 87 = 16 ms. However, the fast time constant accounted for
only about half of the recovery. Complete recovery to the
rested A value could best be described with double-exponen-
tial fits (Fig. 6B). The slow time constant of the same synapse
shown in Fig. 6A was 1.84 s (Fig. 6B), whereas the average
slow time constant of our sample of neurons was 1.59 = 0.17 s.
In each case tested, the two time constants together could
account for the complete amplitude of the rested A, value.

Because of the nature of the experimental protocol, recovery
from depression could not be measured in conditioned syn-
apses with the same method as used earlier because the
required time intervals (up to several seconds) would be far
longer than the amount of time that a neuron is nonactive
during “spontaneous activity”. Therefore the time course of
recovery in conditioned neurons was measured by fitting an
exponential function to the time course of EPSC amplitude

HERMANN, PECKA, VON GERSDORFF, GROTHE, AND KLUG

recovery as a function of the preceding interpulse interval. The
various interpulse intervals, which inherently occur during a
Poisson-distribution of spikes, yield a suitable range of time
periods to measure the fast recovery time constant. When this
was done, we found fast time constants very similar to those
found in unconditioned synapses. Figure 6C shows an example
of a cell in which recovery from depression was measured with
the described method. For events where the test stimulus
followed shortly after a previous stimulus, the EPSC amplitude
of the test EPSC was small. As the time interval before the test
stimulus increased, the amplitude of the EPSC progressively
increased, presumably as a result of recovery from depression.
For this synapse, the time constant of recovery from depression
was 74 ms. The average recovery time constant for our sample
of neurons was 90 = 15 ms. As for the unconditioned synapse,
the relative contribution of the fast time constant to overall
recovery accounted for about half of the rested A, amplitude.
Therefore we assume that the (missing) slow component of
recovery in conditioned synapses might be similar to that of
unconditioned synapses, although we were unable to measure
this parameter for the reason described earlier.

The fast recovery time constants of both unconditioned
and conditioned synapses are very similar to the recovery
time constants measured in vivo shown in Fig. 5, suggesting
that recovery from activity in the calyx of Held occurs at a
time course similar to that of the recovery of other compo-
nents of the circuit. Although we also found a slow compo-
nent of recovery that was in a range similar to that described
previously by other groups, our in vivo data suggest that the
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FIG. 6. A and B: recovery from depression in unconditioned synapses. Data were obtained with a protocol that depletes the vesicle pool with a 300-Hz,

20-pulse-stimulus train, followed by a pause of variable time to allow for pool refilling, followed by a test stimulus. Amplitudes plotted in graphs refer to the
amplitudes measured in response to the test stimulus. Recovery could be best described with double-exponential fits that had fast time constants of 87 = 16 ms
and slow time constants of 1.59 * 0.17 s. C: recovery from depression in conditioned synapses. In contrast to A and B, recovery was assessed by analyzing the
variable ISIs inherently contained in the Poisson-distributed trains. Only the fast component was measured here and was found to be very similar to the fast
component of unconditioned synapses. D: illustration of recovery from depression in active synapses, which happens within milliseconds. In vivo A point is
indicated at time = 0; the amplitude of the bar is based on data in Fig. 3D. This amplitude represents the state of a synapse after it has been conditioned with
a 60-Hz Poisson train for several minutes, but has not received a high-frequency stimulation. Presumably, this situation compares to the state of a synapse in
an intact brain, while the animal is not receiving sound stimulation. Typical values for synaptic currents after 100-, 300-, and 600-Hz 20-pulse stimulus trains
are presented in the graph. These amplitudes presumably compare to the state of a synapse after a short tone burst has just been played to the animal. Naturally,
synaptic amplitudes are lower than those in the in vivo A, state, as a result of the recent high-frequency activity. Position of the bars along the x-axis is chosen
such that the respective amplitudes correspond to the value of the exponential curve at the same time. Time of recovery indicates the time it would take for the
synapse to recover in vivo from one of the mentioned 20-pulse-stimulus trains back to the in vivo A, point. Time constant of exponential = 90 ms, corresponding
to the average value presented in Fig. 6C; values of bars correspond to last group of bars in Fig. 4C.
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short time constant might be the dominant one for in vivo
recovery.

This point is further illustrated in Fig. 6D. The general idea
of this cartoon is that recovery in vivo does not proceed up to
the point of a completely full pool, i.e., the rested A, seen in
silenced synapses in brain slices. Rather, in vivo, recovery of
the calyx progresses up to the in vivo A, the value of synaptic
current that is typically available to a spontaneously active and
thus chronically depressed synapse for the processing of high-
frequency sound stimuli. The graph in Fig. 6D plots a typical
exponential time course of recovery with a time constant of 90
ms, as determined earlier. The typical “in vivo A,” point of a
synapse, which is spontaneously active at 60 Hz without
acoustic input, is marked at time 0 (value = 29% of the rested
Ay; see Fig. 3D). When the synapse now processes a tone burst
of 20 pulses at 100, 300, or 600 Hz, the synaptic amplitude
depresses even further, typically to the values indicated by the
respective bars (values of amplitudes based on data from Fig.
4D). At the end of the tone burst, the synapse recovers back to
the in vivo A, value, which takes longer or less long, depend-
ing on the frequency of the tested stimulus and the resulting
depression. In this example, which assumes an exponential
time course of 90 ms for vesicle pool refilling, the recovery of
the synapse back to the in vivo A, point would take between 25
and 74 ms. In other words, a spontaneously active synapse
might need only 25-74 ms to recover from a high-frequency
sound input because the synapse is chronically depressed by
the spontaneous activity and thus recovers only partially back
to the steady-state level.

Reduced synaptic reliability in active calyces

The data presented so far suggest that synaptic currents
produced by the calyx of Held under simulated in vivo condi-
tions are considerably smaller than those typically measured in
vitro in “rested” or silent brain slices. The very large synaptic
currents produced by rested calyces in older animals are known
to bring postsynaptic neurons well above threshold for firing
and thus allow for secure synaptic transmission (e.g., Taschen-
berger and von Gersdorff 2000). In light of the synaptic
currents seen under the simulated in vivo conditions, presented
earlier, we next asked the question whether these reduced
currents are still suitable for fail-safe synaptic transmission.

This question was addressed with three different techniques.
First, current-clamp data were obtained from MNTB neurons,
whereas the calyceal fiber bundle was stimulated, with stimu-
lation protocols equivalent to those used for the voltage-clamp
experiments shown earlier. Figure 7A shows the firing pattern
of a representative neuron in response to a 300-Hz, 20-pulse-
stimulus train. Consistent with previous reports, the neuron
responded faithfully to the 300-Hz train—i.e., it fired one
action potential in response to each synaptic event—when the
slice was rested. However, after the neuron was conditioned
with 60 Hz of “spontaneous activity” as described earlier, the
same 300-Hz stimulus train elicited a substantial number of
synaptic failures (Fig. 7B). For those events where the neuron
failed to fire an action potential, a small excitatory postsynaptic
potential (EPSP) could be observed in the voltage trace, sug-
gesting that the calyx of Held fired an action potential and
produced a synaptic current in response to the stimulus. How-
ever, the synaptic current appears to have been subthreshold.

The probability of a failure to occur increased with the number
of the event in the 20-pulse train. Events early in the train were
less likely to fail than events in the latter part of the stimulus
train.

Among our sample of neurons tested with this method, we
observed some variability in the number of failures as well as
other response characteristics. For example, some neurons
showed fewer failures, whereas others showed a higher num-
ber. Also, in some neurons stimulation of the fiber pathway
with 300 Hz resulted in a small plateau from which action
potentials to the stimuli were fired (Fig. 7A), whereas the
plateau was absent in other neurons. Also, we observed some
variation in the height of the action potential. Differences in
channel complement or best frequency to which the neuron
was tuned might account for this variability.

For our sample of neurons, the probability of a postsynaptic
spike was tested as a function of the position of the event in the
train. Firing probability was defined as the number of spikes
fired in response to a given stimulus in the train over the
number of repetitions presented. In the unconditioned synapse,
the firing probability was almost 100% throughout the 300-Hz
stimulus train; very few failures occurred toward the end of the
stimulus train (Fig. 7H, black dotted line and open circles, n =
5). However, when synapses were conditioned with 60 Hz of
spontaneous activity, the number of failures during the 300-Hz
train increased (Fig. 7H, black solid line and closed circles,
n = 5). In most cases, postsynaptic neurons still answered
reliably during the initial three or four events of the train,
although the reliability declined afterward.

The reliability of synaptic transmission was also tested with
conductance-clamp recordings. The advantage of conductance
clamp was twofold: First, this method does not rely on the
presynaptic axons and the calyx to follow the intense stimula-
tion protocol. Therefore synaptic failures arising from axonal
failures can be ruled out more reliably than with the technique
presented earlier. Second, conductance clamp offers the pos-
sibility of combining simulated synaptic currents with added
background leaks to reduce the neuron’s input resistance (see
following text). In our recordings, EPSG waveforms derived
from 300-Hz EPSC trains were used to simulate calyceal
synaptic currents in response to a 300-Hz stimulus train. Two
waveforms were used in these experiments: a 300-Hz, 20-pulse
EPSG waveform that simulated synaptic currents of a rested
calyx (Fig. 7C, bottom) and an EPSG waveform that simulated
the response of a calyx to the same stimulus train embedded in
spontaneous activity (Fig. 7D, bottom). Both waveforms were
previously recorded as EPSC waveforms from an MNTB
neuron under voltage-clamp conditions, while electrically
stimulating the input fibers to the calyx. The waveforms were
chosen to reflect the observation that peak EPSC currents are
larger in rested than in conditioned synapses (Fig. 3D) and that
synaptic depression within a high-frequency train is reduced in
active synapses (Fig. 4, A and B). Conductance-clamp record-
ings with these two waveforms were performed on seven
MNTB neurons. The neurons reliably fired action potentials
when excitatory synaptic currents typical for a rested calyx
were injected (Fig. 7C, top). In the rare case that failures could
be observed, they occurred toward the end of the train (Fig. 7H,
red dotted line and open squares, n = 7). However, when
currents typical for a spontaneously active synapse were used,
failures in the neuron’s response to the 300-Hz, 20-pulse EPSG
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FIG. 7. Reliability of synaptic transmission in spontaneously active synapses. A: current-clamp recording of MNTB neuron while the calyceal input fibers
were stimulated with a 300-Hz, 20-pulse train; the neuron responded to each stimulation with one action potential. B: after the slice was conditioned with 60
Hz of spontaneous activity, a number of failures could be observed during the same 300-Hz train. For each failure, an excitatory postsynaptic potential can be
observed in the place of the missing action potential, suggesting that the failure was postsynaptic. C, top: responses of MNTB neuron when a 300-Hz conductance
waveform was used to simulate currents of a rested synapse; the neuron responded to each event with one action potential, similar to that observed when the
calyceal fibers were stimulated. Conductance waveform is shown in the bottom panel. Peak conductance was 232 nS. D, top: responses of MNTB neuron when
a 300-Hz conductance waveform was used to simulate currents of a synapse that was conditioned with 60 Hz of spontaneous activity; the neuron failed to respond
to a number of events. Corresponding conductance waveform is shown in the bottom panel. Peak conductance was 56 nS. E: various levels of background leak
were added to the EPSG waveforms under conductance-clamp conditions, effectively reducing the input resistance of the neurons to values that are closer to input
resistances observed in neurons under in vivo conditions. F and G: example of a loose-patch recording of a MNTB neuron while calyceal input fibers were
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train could be observed (Fig. 7D, top). These failures tended to
occur more frequently toward the end of the EPSG waveform,
but could sometimes also be observed early in the train (Fig.
7H, red solid line and closed squares, n = 7).

Interestingly, the firing probabilities and frequencies for
conditioned synapses shown in Fig. 7F closely match those
observed in vivo. For both current-clamp and conductance-
clamp experiments, the firing probability of the first few events
in the train was 0.7 to 1.0, based on the calculation method
described earlier. For a train frequency of 300 Hz, this corre-
sponds to a firing frequency of about 200 to 300 Hz. The onset
portion of the in vivo spike trains shown in Fig. 5A had a firing
frequency of about 260 Hz (considered is the response to first
tone of the pair only). The average firing frequency of the
neuron in response to the latter part of the 200-ms tone was
about 80 Hz. This corresponds well to the in vitro data shown
in Fig. 7E, where the firing probability of the neuron to the
latter portion of the train is about 1/3, i.e., about 100 Hz.

A number of studies have observed that a neuron’s input
resistance is substantially higher in brain slices than in the
intact brain (e.g., Bernander et al. 1991; Paré et al. 1998). The
main reason for this observation is probably that neurons in the
intact brain receive a large number and variety of synaptic
inputs. When these inputs are activated at different points in
time, postsynaptic receptors open and thus decrease the neu-
ron’s input resistance. In brain slices, many of these inputs are
silent and/or cut, with the result that the neuron’s input resis-
tance increases. It is unknown whether and how much the input
resistance of an MNTB neuron differs in brain slices compared
with the intact brain because the projection pattern to MNTB
neurons is much simpler than in the case of, say, cortical
neurons. However, prominent glycinergic inhibition to MNTB
has been described in vitro (Awatramani et al. 2004). These
inputs, when activated, will decrease the input resistance of
postsynaptic neurons. An artificially high-input resistance in
neurons of MNTB brain slices would facilitate the neuron’s
responses to synaptic events. In this case, the synaptic failures
shown in Fig. 7, A—E would be an underestimate of the true in
vivo failure rates. We attempted to address this issue by adding
a background leak to MNTB neurons during presentation of the
EPSG waveforms. The background leak had a constant ampli-
tude of 10-90 nS with a reversal potential of —60 mV and
effectively reduced the input resistance of the postsynaptic
neuron up to fivefold. Figure 7F shows the overall firing
probability of six MNTB neurons, when EPSG waveforms of
300-Hz trains plus various amounts of background leak were
tested. As expected, the firing probability decreased with in-
creasing background leak, although the effect was minor.

The last approach to test the reliability of synaptic transmis-
sion was to use “loose-patch” extracellular recordings. For
these experiments, an MNTB neuron in a brain slice was only

loosely patched without obtaining a gigaseal and no break-in
into the neuron was performed, such that the recordings were
effectively extracellular. In some recordings, action potentials
of both the calyx of Held (termed ‘“prepotential”) and the
postsynaptic principal neuron could be observed. An example
is shown in Fig. 7, F and G. In this recording, stimulation of the
calyceal input fibers produced three peaks in response to each
event. The first one was the stimulation artifact (labeled “arti-
fact”), followed by the prepotential (labeled “pre”), and then
followed by the postsynaptic action potential (labeled “post™).
The advantage of this method is that the interior environment
of the postsynaptic cell is left undisturbed. For whole cell
recordings, a common concern is that the perfusion of the
neuron with artificial intracellular fluid might change the firing
properties of the neuron, which would result in inaccurate
measurements of failure rates. However, even when the
postsynaptic neuron was left intact, transmission failures could
be observed in the calyx of Held synapse when the slice was
driven at in vivo-type activity levels. Figure 7F shows a
loose-patch recording of a rested brain slice. Consistent with
the data shown earlier, the synapse was appreciably fail-safe
when a 300-Hz, 20-pulse train was tested, i.e., each prepoten-
tial was followed by a postsynaptic action potential (Fig. 7F).
However, when the slice was conditioned with 60-Hz sponta-
neous activity, a substantial amount of failures could be ob-
served in response to the same 300-Hz test train (Fig. 7G;
postsynaptic failures are indicated by single asterisks). In one
case, neither a prepotential nor a postpotential could be ob-
served (marked by a double asterisk), suggesting that for this
event, the failure must have occurred in the calyceal input fiber.
The blue lines in Fig. 7H show the average reliability of
transmission measured with this technique (blue dotted line
and open diamonds: unconditioned synapses, n = 6; blue solid
line and closed diamonds: conditioned synapses, n = 6).

Furthermore, the latency of synaptic transmission was in-
creased when synapses were spontaneously active (Fig. 7, F
and G). In this cell, the synaptic latency increased by 0.19 ms
when the synapse was conditioned. For all 11 neurons from
which spike-latency data were available, the average latency
increase was 0.4 = 0.13 ms. This discrepancy matches well
with the discrepancy between published values for in vitro
synaptic latency (Taschenberger et al. 2002; von Gersdorff and
Borst 2002) versus in vivo latency (Guinan and Li 1990;
Kopp-Scheinpflug et al. 2003) at the calyx of Held. These data
suggest that highly active calyces have a longer synaptic
latency than previously reported in vitro, but also that our
conditioning protocol might be suited to transform calyces into
a functional state that more closely resembles the functional
state of an active in vivo calyx of Held.

In summary, the data presented in Fig. 7 suggest that the
calyx of Held synapse shows a substantial amount of synaptic

stimulated. In loose patch recordings, no gigaseal is formed and no break-in into the cell is performed. Because the recording is effectively extracellular, the
internal environment of the postsynaptic cell is undisturbed. Even under these conditions, MNTB neurons exhibited a substantial number of failures in response
to a 300-Hz train, when the slice was conditioned with 60 Hz of spontaneous activity. Artifact = stimulation artifact; pre = prepotential = presynaptic action
potential; post = postsynaptic action potential. Postsynaptic failures are indicated by a single asterisk. For one event, neither a prepotential nor a postpotential
could be observed (double asterisk), suggesting an axonal failure for that event. H: firing probability as a function of the number of the event in the 20-pulse
train. Black graphs with circular symbols represent data from 5 neurons tested with current clamp as described in A and B. Red graphs with squared symbols
represent data from 7 neurons tested under conductance clamp conditions, as described in C and D. Blue graphs with diamond symbols represent data from 6
neurons tested with extracellular, loose-patch recordings. For all experimental methods, few failures could be observed under conditions that correspond to a
rested synapse, and occurred toward the end of the 20-pulse train (open symbols and dotted lines). However, for situations that correspond to a spontaneously
active synapse, the same 300-Hz trains elicited a substantial number of failures (solid symbols and solid lines). Firing probability of a given neuron was defined
as the ratio of number of action potentials per 3 stimulations. Presented in graph are average firing probabilities of 5-7 neurons per method, as described earlier.
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failures, after cells were stimulated for several minutes with
Poisson-distributed activity. One possible interpretation of
these results is that in vivo, the MNTB might not be the simple
and reliable relay that is commonly observed under standard in
vitro conditions.

DISCUSSION

The main question addressed in this study is the question of
how synaptic transmission in the calyx of Held synapse
changes when synapses are stimulated for prolonged periods of
time with Poisson-distributed activity, which, we hypothesize,
imitates naturally occurring spontaneous activity. There are
four main findings. First, the introduction of “spontaneous”
activity into in vitro preparations of the calyx of Held consid-
erably depresses synaptic currents, even at relatively low
spontaneous frequencies of 20 Hz. Second, in these “sponta-
neously active” synapses, the degree of additional depression
induced by high-frequency trains (i.e., simulated sound inputs)
is reduced considerably. Third, recovery from synaptic depres-
sion is very fast. Data from corresponding in vivo extracellular
recordings also show fast recovery of firing and are consistent
with these in vitro findings. Fourth, in chronically active
synapses with reduced synaptic currents, the reliability of
transmission is reduced during high-frequency bursts of affer-
ent input.

Background firing in MNTB neurons

Spontaneous activity in the lower auditory system is a
widespread phenomenon. It is assumed that this activity is
explained by the probabilistic behavior of the transduction
channels of the inner hair cells and the resulting chronic
transmitter release at the hair cell synapse. The spontaneous
activity is still present at the level of the cochlear nucleus
(Brownell 1975; Goldberg and Brownell 1973; Joris et al.
1994; Schwarz and Puil 1997; Spirou et al. 1990, 2005) and
most auditory brain stem nuclei, such as MSO in bats (Grothe
1994), MNTB in cats (Smith et al. 1998), MNTB in gerbils
(Kopp-Scheinpflug et al. 2003), and MNTB in rats (Sommer et
al. 1993). Consistent with our data presented here, studies of
spontaneous activity in the lower auditory system typically
report a large variability of rates among neurons, even within
the same species or the same nucleus. One possible explanation
for this large variability is that different neurons receive inputs
from different classes of auditory nerve fibers with low, me-
dium, or high spontaneous rates (Liberman 1978), which
would give rise to auditory brain stem neurons with very
diverse spontaneous firing rates.

For the experiments presented here, three frequencies of
Poisson-distributed activity were chosen for stimulation of
brain slices: 20, 40, and 60 Hz. Although the mean spontane-
ous firing rate in our sample of neurons was 24.9 Hz and thus
closer to the lowest of these frequencies, the three frequencies
chosen for stimulation successfully cover the spectrum of
observed in vivo spontaneous rates (see Fig. 2A; see also
Kopp-Scheinpflug et al. 2003). However, because of the nature
of the brain slice preparation, the original in vivo spontaneous
firing rate of a given neuron is unknown. Therefore it is
possible or even likely that an originally low spontaneously
active neuron was stimulated with a high-frequency stimulus

train and vice versa. However, all neurons in our in vitro
sample responded stereotypically and in a very similar fashion
to our various stimulus protocols and no responses were
observed that could be explained by the use of an inappropriate
background stimulation rate.

Measurements of spontaneous activity presented in this
study were performed under anesthesia. As with almost every
type of anesthesia, the ketamine—xylazine mixture used in this
study might have depressed the neurons’ spontaneous activity
to a certain degree (Destexhe et al. 2003). Therefore the actual
spontaneous firing rates in MNTB neurons of behaving gerbils
might be higher than those shown in this study. On the other
hand, the values for spontaneous activity determined here
match closely with findings of other studies using various
species and various types of anesthesia or, in some cases, no
anesthesia at all (e.g., Irvine 1992; Kiang 1965; Ryan and
Miller 1978). We therefore conclude that the values presented
here are representative or, at worst, a conservative lower limit
of the true effects induced by spontaneous activity.

We also note that double-walled sound-attenuated rooms by
themselves create the biologically unnatural situation of com-
plete absence of sound. Natural auditory environments always
contain a certain level of background noise, which contributes
to the background activity of auditory neurons. Therefore the
effects of chronic activity on synaptic transmission in behaving
animals might be even larger, but are not likely to be smaller
than presented here.

Prolonged spontaneous spiking changes properties of
synaptic transmission

Our data show that prolonged stimulation even at a fre-
quency of 20 Hz decreases synaptic currents to less than half of
the original value, whereas stimulation with frequencies of 60
Hz reduces currents to about one third. It might be surprising
to find that such low frequencies cause such a high degree of
depression because all brain slices were prepared from animals
well past the onset of hearing and recordings were performed
at physiological temperature. a-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor desensitization as
well as N-methyl-p-aspartate (NMDA) currents, although play-
ing a substantial role in preparations from young animals
(Neher and Sakaba 2001; Sakaba and Neher 2001), play only
a very minor role in animals past the age of hearing onset
(Futai et al. 2001; Renden et al. 2005; Taschenberger et al.
2005). Under these conditions, MNTB neurons can follow
stimulation frequencies of =600 Hz for at least short periods
(Futai et al. 2001; Taschenberger and von Gersdorff 2000; Wu
and Kelly 1993). The depression we observed in response to
long-term stimulation progressed with at least two time con-
stants: an initial, fast time constant, which can be seen during
the first few stimulus pulses, and a much slower time constant.
The mechanisms for the slow time constant are unclear, but are
likely to be multiple and will be studied in the future. When the
processing of high-frequency trains was tested in rested versus
spontaneously active synapses, the observed relative degree of
synaptic depression caused by the high-frequency train was
much larger in the rested than in the active synapse. This might
have important functional implications at the calyx of Held,
which sustains high levels of activity.
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Our findings also suggest that recovery from synaptic de-
pression is very fast under biologically relevant activity levels.
These time constants of about 90 ms are an order of magnitude
shorter than previously reported values for rested synapses,
which are in the range of several seconds (e.g., von Gersdorff
et al. 1997: 4.2 s; see also Ishikawa and Takahashi 2001;
Schneggenburger et al. 2002; Wang and Kaczmarek 1998; Wu
and Borst 1999). Age, temperature, and species differences
might account for some of this discrepancy. However, there is
strong evidence suggesting that calcium accumulation in the
presynaptic terminal through high-frequency firing may play a
role in speeding up the recovery from depression (Wang and
Kaczmarek 1998). It appears that this faster recovery plays a
dominant role in active synapses.

Reliability of synaptic transmission

In vitro studies of the calyx of Held in animals past hearing
onset have reported very reliable synaptic transmission and a
number of cellular specializations to increase synaptic reliabil-
ity. Our data are consistent with the view that “rested” calyces
produce large synaptic currents and have a high transmission
reliability. However, we show that in chronically active syn-
apses, the synaptic currents are much smaller. Our current-
clamp, conductance-clamp, and extracellular action potential
recordings all suggest that spontaneously active synapses may
show synaptic failures during periods of high-frequency activ-
ity. Therefore the calyx of Held may not always show the
reliable 1:1 transmission postulated from in vitro experiments
in rested synapses. This finding is consistent with previous in
vivo results from the MNTB. Among the in vivo studies
performed in the MNTB only those where both presynaptic and
postsynaptic activity have been recorded simultaneously can
address the question of transmission failures at the calyx of
Held synapse. To our knowledge, two studies report simulta-
neous pre- and postsynaptic recordings at the MNTB and both
agree on the occurrence of postsynaptic failures (Guinan and Li
1990; Kopp-Scheinpflug et al. 2003) in vivo. However, the two
studies differ in the number of failures observed. Guinan and
Li (1990) found failures mainly with prolonged high-frequency
stimulation of the afferent fiber bundle and only occasionally
with sound stimulation, whereas Kopp-Scheinpflug et al.
(2003) found a substantial number of failures with sound
stimulation. Species differences might account for some of this
discrepancy, but note that these recordings were performed
with intact synaptic inhibition and under anesthesia. Because
MNTB neurons are known to receive a substantial amount of
glycinergic inhibition (Awatramani et al. 2004), it is possible
that some of these failures are the result of spike suppression
by inhibition and that some of the difference observed in the
two studies arises from differential recruitment of synaptic
inhibition. Nevertheless, the presence of synaptic inhibition
alone also questions the interpretation of the calyx of Held as
a fail-safe “relay” synapse. This view has been formed by
previous in vitro studies performed in slices from animals past
hearing onset, where EPSCs well above action potential thresh-
old have been measured even in response to stimulus frequen-
cies of several hundred Hertz. However, these stimulus trains
typically consisted of no more than 20-50 stimuli, with con-
siderable recovery time of several seconds between trials. Our
experimental setup avoided these periods of silence because

they do not occur under in vivo conditions. Presumably the
lack of prolonged periods of recovery keeps calyces in a
chronic state of synaptic depression and causes transmission to
fail during periods of embedded high-frequency activity.

In conclusion, the aim of this study was to perform a first
description of the effects of prolonged “spontaneous activity”
on synaptic transmission at the calyx of Held synapse. We
conclude from our data that synaptic transmission in the calyx
of Held differs in a number of significant ways when synapses
are stimulated with a Poisson-distributed stimulus train for
prolonged periods of time. Future studies will determine the
specific contribution of multiple modulators, receptors, or
channel types in the calyx of Held synapse to the “rested” or
the “spontaneously active” synaptic state.
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Shown are giant synapses, termed calyces of Held, and afferent axons
in the medial nucleus of the trapezoid body (MNTB) of the gerbil.
Clearly visible are several calyces, which synapse directly onto
postsynaptic MNTB cell bodies. Rhodamine-dextrane staining and
confocal image by Marc Ford. For more information see Hermann J,
Pecka M, von Gersdorff H, Grothe B, and Klug A. Synaptic
Transmission at the Calyx of Held Under In Vivo-Like Activity Levels.
J Neuroptysiol 98: 807-820, 2007. First published May 16, 2007,
doi:10.1152/jn.00355.2007.
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