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Sensory cortices perform sophisticated pattern recognition tasks,
elaborating the thalamic input via a variety of functionally dif-
ferent synapses across the six layers. The role of the auditory cor-
tex in processing and modifying auditory signals, however, is
largely unknown. Thalamic inputs to primary auditory cortex
(A1) show several types of responses to acoustic stimuli, which
fall into two broad classes of ‘transient’ and ‘sustained’ firing pat-
terns1–3. Sustained responses saturate and can even be inhibited
at increasing sound pressure level (SPL), whereas transient
responses do not saturate or decrease at increasing SPL, suggest-
ing differential mechanisms of synaptic processing. How these
afferent signals are processed by downstream elements is unknown
and may rely on distinct intrinsic conductances, synaptic inputs,
ensemble coding or a combination of these or other factors.
Neurons within layer II/III of the auditory cortex receive direct
thalamic input in addition to inputs from both layer IV spiny stel-
late neurons and other layer II/III neurons4–6. Output from layer
II/III pyramidal neurons project to local layer V and layer II/III
in neighboring and contralateral cortical areas, feeding all subse-
quent stages of auditory signal analysis. Anatomical studies have
identified pyramidal cells in layer II/III of the auditory cortex with
different types of axonal recurrent collateral patterns4,5,7 raising
the possibility of differential functional interactions within audi-
tory columns8. We wanted to test the hypothesis that such intrin-
sic connections had the potential for functionally differentiating
between either transient or sustained firing patterns. Here we
demonstrate the existence of two modes of transmission between
pyramidal neurons of layer II/III of the auditory cortex using
paired whole-cell recordings. These two modes of transmission
differed with respect to their success probability, EPSC amplitude,
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Sound features are blended together en route to the central nervous system before being discriminated
for further processing by the cortical synaptic network. The mechanisms underlying this synaptic
processing, however, are largely unexplored. Intracortical processing of the auditory signal was investi-
gated by simultaneously recording from pairs of connected principal neurons in layer II/III in slices
from A1 auditory cortex. Physiological patterns of stimulation in the presynaptic cell revealed two pop-
ulations of postsynaptic events that differed in mean amplitude, failure rate, kinetics and short-term
plasticity. In contrast, transmission between layer II/III pyramidal neurons in barrel cortex were
uniformly of large amplitude and high success (release) probability (Pr). These unique features of audi-
tory cortical transmission may provide two distinct mechanisms for discerning and separating transient
from stationary features of the auditory signal at an early stage of cortical processing.

kinetics and short-term plasticity. In contrast, identical experi-
ments done between layer II/III pyramidal cells in barrel cortex
reveal a uniformly homogeneous population of connections with
large amplitude EPSCs and high release probability, indicating
that the properties of layer II/III auditory cortex connections do
not represent two populations of connections common to other
sensory cortical areas. We propose that these two synaptic net-
works implement two spectrally different tasks: the low proba-
bility synapses support ensemble-encoded narrow-band,
long-lasting input, and the high probability synapses serve as reli-
able event detectors and wide-band signal analyzers.

RESULTS
We recorded from over 100 pairs of layer II/III pyramidal neu-
rons, which resulted in 37 synaptic connections in 35 pairs (two
were reciprocally connected). All recordings were made at room
temperature (∼ 22°C) with the presynaptic cell held under current
clamp and postsynaptic cell held under voltage clamp. Synaptic
currents evoked by single action potentials in the presynaptic cell
(stimulus frequency, 0.06 Hz) were blocked by the AMPA recep-
tor antagonist DNQX (10 µM, n = 6), confirming that connec-
tions were glutamatergic in nature. Synaptic events were insensitive
to exogenous application of philanthotoxin (2 µM, n = 11, data
not shown), indicating that synapses contained predominantly
GluR2-containing, Ca2+-impermeable AMPA receptors9–14.

In 24 of 37 connections, transmission occurred with a low
probability (‘weak connections’), with most presynaptic action
potentials failing to produce detectable postsynaptic events
(Figs. 1a and 2a). The remaining 13 connections demonstrat-
ed synaptic transmission with a higher success probability with
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only a small number of failures of transmission (‘strong 
connections’; Figs. 1b and 2a).

A plot of the probability of transmission success (Pr = 1 – fail-
ures) between all connections revealed a histogram composed of
two distinct clusters (Fig. 2a). One cluster, which we defined as
‘low-probability connections’ (LPCs), had Pr values
less than 0.4 (mean ± s.e.m., 0.13 ± 0.02). We defined
the second cluster, which had Pr values greater than
0.5 (mean ± s.e.m., 0.68 ± 0.02), as ‘high probability
connections’ (HPCs). To determine whether the Pr

Fig. 2. Differing properties of HPCs and LPCs. (a) Left, his-
togram plots of release probability (Pr1) for synaptic
responses in all connections (n = 37). The discontinuous
distribution reveals two modes of transmission, one with
low probability and one with high probability (24/37 and
13/37 connections, respectively). The largest population
comprised those with a high initial release probability
(HPC, open columns), with mean success probability (Pr) of
0.68 (right). The second class, low probability connections
(LPC, black columns) had a mean probability across con-
nections of 0.13. The Pr distribution was best fit by the sum
of two Poissonian distributions (continuous line). Right
three panels, mean values for the release probability, EPSC
amplitudes measured in the absence of event failures (Anf)
and total EPSC amplitude (A, measurement including fail-
ures) of the two groups. (b) 10–90% rise time (left) and
decay time constant (τ, right) versus Pr1. Individual experi-
ments are shown by small symbols. The mean values across
all data are indicated by large symbols. LPC, triangles; HPC,
circles. (c) Left, paired-pulse ratio A2/A1 versus success
probability of the first EPSC. All but two HPCs demon-
strated paired-pulse depression, whereas LPCs could show
either depression or facilitation. Right, CV2 analysis sug-
gests that presynaptic mechanisms (indicated by hatched
areas) largely determine the response to paired-pulse stim-
uli. In this figure, error bars represent standard deviation to
allow better resolution of the data scatter.

dataset (Fig. 2a) represented a single population with a broad Pr
distribution, data were fit with homogeneous, single Gaussian
and single Poissonian distributions. None of these fits gave accept-
able χ2 values. In contrast, when the dataset were fit by the sum
of two Gaussians or the sum of two first-order Poissonian dis-

Fig. 1. Two layer II/III cortico–corti-
cal excitatory connection pheno-
types. (a) Representative example of
a ‘weak connection’ synapse. Top,
single traces showing EPSCs evoked
by paired-pulse stimulation (stimuli
separated by 50 ms). Average 
(n = 50) EPSCs and presynaptic
spikes are in red. Bottom, amplitude
histograms from 50 trials for the
first and second synaptic responses.
Synaptic failures and events are
reported in black and red, respec-
tively. (b) Representative example of
a ‘strong connection’ synapse. Setup
for figure is the same as for (a).
Note scale differences between 
(a) and (b). Bottom, EPSC ampli-
tude histograms from 70 trials. 
(c) Camera lucida drawing of the
corresponding neurons used in
panel (b). Cell bodies were located
within layer III, whereas dendrites
(black) projected deep into layers
I–IV. The axon (indicated in red)
made many local collaterals before
projecting to layer V.
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strated either facilitation or depression in response to paired-
pulse stimuli. The paired-pulse ratio (PPR) from all connec-
tions ranged from 0.18 to 5.3 (Fig. 2c). However, across all
recordings, the mean amplitude of the second EPSC was not
significantly different from the first EPSC amplitude 
(EPSC1 = 1.1 ± 0.5 pA; EPSC2 = 1.1 ± 0.2 pA). In contrast, all
but two of the HPCs displayed strong depression 
(EPSC1 = 6.9 ± 1.9 pA; EPSC2 = 3.5 ± 0.8 pA; Fig. 2c), with a
mean PPR in the range of 0.23–1.13. The ratio Pr2/Pr1 (Pr1,2,
success probability of the first and second EPSC) also differed
between the two connection types: Pr2/Pr1 was 1.28 ± 0.17 for
LPCs, and 0.78 ± 0.06 for HPCs. Evidence that presynaptic
mechanisms determine the observed response to paired-pulse
stimuli in both LPCs and HPCs was suggested by CV2 (ampli-
tude mean/variance) analysis16 (Fig. 2c).

We next determined whether any of the measured parame-
ters, Pr, EPSC amplitude, EPSCnf or the paired pulse ratio, were
correlated with the developmental age range used throughout
our experiments (postnatal day 18–28). None of these parameters
were correlated with the postnatal age of animals (Pr versus age,
r = 0.16; mean amplitude, r = 0.31; EPSCnf, r = 0.3; paired-pulse
ratio, r = –0.09; data not shown). Similarly, no correlation exist-
ed between the intersomatic distances between the pairs of layer
II/III pyramidal cells chosen for study (intersomatic distances
measured from post hoc anatomical analysis) and the Pr (r = 0.04).

Short-term plasticity in response to spike trains
Units in A1 recorded in vivo have an upper firing frequency limit
between 40 and 60 Hz17, and cortical integration times are of the
order of 20–150 ms18. Moreover, in vivo cortical units respond to
repeated auditory stimuli up to frequencies of about 20 Hz19. There-
fore, trains of spikes 150 ms long at 20 Hz (repeated 30–150 times
at 15-second intervals, to allow complete recovery from depression
or facilitation) were selected to simulate physiological stimuli. The
postsynaptic response to the presynaptic spike train markedly dif-

tributions, the χ2 values (5.7 and 0.8, respectively) were well with-
in the χ2

0.05 range (<11.1 and <14.1, respectively). This suggests
that the data do not represent an evenly distributed single pop-
ulation of synaptic connections, but rather, indicate that HPC
and LPCs reflect synapses with two distinct modes of transmis-
sion between layer II/III pyramidal neurons. Throughout the
remainder of this report, all data were obtained from 24 cell pairs
for LPCs and 13 cell pairs for HPCs, unless specified otherwise.

Biophysical and paired-pulse properties
We next wanted to determine whether LPCs and HPCs differed
in properties other than their release probability. We observed
no obvious differences in the resting membrane potentials
(LPCs, Vr = –59.6 ± 1.5 mV; HPCs, –61.3 ± 1.6 mV), input
resistance of the postsynaptic cells (LPCs, Rinput = 228 ± 38 MΩ, 
n = 11; HPCs, 243 ± 53 MΩ, n = 6), or latency of EPSC onset
(LPCs, mean latency, 2.9 ± 0.3 ms, n = 19; HPCs, 2.3 ± 0.2, 
n = 11). Analysis of EPSC kinetics revealed that the 10–90% rise
time differed between the two populations (LPCs, 1.5 ± 0.2 ms,
n = 19; HPCs, 2.0 ± 0.3 ms, n = 13, p < 0.01) but not the decay
time constant (LPCs, 8.4 ± 0.7 ms, n = 19; HPCs, 10.3 ± 1.1 ms,
n = 13, p = 0.16; Fig. 2b). We also observed significant differ-
ences between the mean EPSC amplitudes including failures
(LPCs, A = 1.1 ± 0.5 pA; HPCs, A = 6.9 ± 1.9 pA) and exclud-
ing failures (LPCs, EPSCnf = 4.7 ± 0.9 pA, n = 22; HPCs, 
9.3 ± 2.6 pA, n = 13, p = 0.046; Fig. 2a).

We next determined whether the paired-pulse ratio (PPR)
of synaptic transmission in response to two closely time action
potentials (50 ms) in the presynaptic cell were similar for LPCs
and HPCs. At LPCs, the amplitude of the second EPSC demon-

Fig. 3. Short-term plasticity at LFCs
and HFC connections. High- and low-P
connections demonstrate significantly
different modes of short-term plasticity
in response to trains of action poten-
tials. Eight representative individual
records in response to 20-Hz trains of
presynaptic action potentials (lower
traces) in LPCs (a) and HPCs (b). The
mean response is shown below in bold
for both types of connections.
Amplitude histograms for each of the
four synaptic responses in the spike
train (n = 100 events for each histogram
for both the LPC and the HPC) are
shown below the individual traces.
LPCs had smaller but stationary ampli-
tudes during the course of the stimulus
train. In contrast, HPCs possessed a
larger amplitude response whose mean
amplitude shifted to lower values as the
train progressed. The number of fail-
ures increased during the stimulus train.
(c–e) Average EPSC amplitude, proba-
bility and non-failure amplitude for all
connections within the two groups 
(n = 13 for HPCs and n = 24 for LPCs).
Whereas the HPCs showed a reduction
in mean amplitude, probability and non-
failure amplitude during the spike 
train, LPC parameters were constant
throughout the stimulus train. Solid lines are single exponential fits of
the experimental data. The numeric values for τ are 31 ± 4 ms, 
56 ± 28 ms, and 80 ± 11 ms for (c), (d) and (e), respectively.
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Time course of recovery from short-term depression
To determine the time course of recovery from short-term depres-
sion in HPCs, experiments similar to those described above were
repeated, but the initial 20 Hz train was then followed by stimuli
1–2 seconds after the train. In 6 HPCs (Fig. 4), the depression of
the EPSC mean amplitude occurring during the 20-Hz 
conditioning train did not fully recover until about 2 seconds
after termination of the 20-Hz spike train (EPSC1 = 6.9 ± 0.8 pA, 
EPSC4 = 2.9 ± 1.3 pA, EPSC1second = 2.5 ± 0.5 pA, 
EPSC2seconds = 5.5 ± 1.3 pA; Fig. 4b and c). The time course for
amplitude recovery did not parallel that of the recovery of Pr
(Fig. 4c) (mean PrEPSC1 = 0.70 ± 0.05, PrEPSC4 = 0.41 ± 0.04,
PrEPSC1second = 0.42 ± 0.07, PrEPSC2seconds = 0.53 ± 0.10). These
data suggest that two distinct mechanisms with distinct kinetics
may underlie recovery from short-term depression.

[Ca2+]o-dependence of short-term plasticity
Several features of synaptic transmission, such as release proba-
bility and the degree of depression or facilitation in response to

fered between LPCs and HPCs. On average, LPCs displayed no
change in mean amplitude, Pr or EPSCnf of any EPSCs occurring
during the train (Fig. 3a, c–e). In contrast, HPCs displayed depres-
sion of all three parameters when comparing the fourth to the first
event in the train (Fig. 3b–e). In all cases, the observed amplitude
(or probability) depression was best described by a single expo-
nential function (Fig. 3c–e). Despite the observation of significant
short-term depression of transmission during trains of stimuli at
HFCs, the mean EPSC amplitude remained significantly greater
than that of the corresponding LFCs (Fig. 3c). The mean value of
the fourth EPSC was 1.1 ± 0.2 pA for LPCs, and 2.7 ± 0.7 pA for
HPCs. Similarly, despite the decrease in Pr during successive events
in the train, Pr4 (success probability of the fourth response) in HPCs
remained significantly higher than that of the LPCs (HPCs, 
Pr4 = 0.5 ± 0.1; LPCs, 0.1 ± 0.2; Fig. 3d). The stable response of
LPCs is qualitatively different from the depressing response observed
in HPCs, and suggests that HPCs are not simply the numerical sum-
mation of multiple LPCs and that each represents a distinct mode
of transmission between auditory cortex pyramidal cells.

Fig. 5. Differential dependence of short-term plasticity on [Ca2+]o in
HPCs. (a–d) Representative experiment demonstrating the effect of
reducing [Ca2+]o on short-term plastic properties. (e, f) Mean data
from five experiments at high-probability connections. (a–d) Lowering
[Ca2+]o from 1.5 to 0.5 mM decreased both the mean amplitude and the
success probability of EPSCs occurring early in the train. In contrast, the
amplitudes of synaptic responses occurring later in the train were not
significantly different from those recorded in 1.5 mM [Ca2+]o (mean
change in EPSC4 amplitude, 5 ± 2%). (c, e) This redistribution of EPSC
amplitude acts to minimize the short-term depression observed in con-
trol [Ca2+]o. The influence of [Ca2+]o on short-term plasticity is more
clearly observed when the two data sets are normalized to their
respective first EPSC amplitudes (e, inset), which clearly illustrates that
the depressing response of HPCs in control [Ca2+]o is converted to a
‘stationary’ response in low [Ca2+]o. (d) A comparison of the Pr in the
two [Ca2+]o conditions suggests that a reduction of Pr1 and Pr2 con-
tributes to the reduction of EPSC1 and EPSC2 amplitude observed in
panel (c). (f) Examination of the mean Pr data reveals that in general, the
largest reduction in Pr was associated with Pr1.

a b

c d

e f

a

b c

Fig. 4. Time course of recovery from short-term depression at HPCs.
To determine the time course of recovery from depression in HPCs,
experiments similar to those shown in Fig. 4 were repeated, but the ini-
tial 20-Hz train was followed by stimuli 1 and 2 s after the termination
of the train. (a) Example of HPC activity at 3 time points during the
train and 2 s following termination of the train. Each panel represents 10
traces evoked by single action potentials (bottom). Left and middle
traces represent the first and fourth events in the train and illustrate the
significant depression of the event amplitude. Right, recovery of the
event amplitude at a 2-s time point after termination of the train. 
(b, c) The mean time course of the recovery for the EPSC amplitude
and probability, respectively (n = 6 connections).
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trains of stimuli, are tightly regulated by the extracellu-
lar calcium ion concentration ([Ca2+]o)20,21. For exam-
ple, at connections between hippocampal pyramidal
neurons, the degree of paired-pulse depression increas-
es with elevation of [Ca2+]o

22, indicating that short-
term plasticity is strongly influenced by the initial
presynaptic release probability. To determine whether
the differential response to brief trains of stimuli of
HPCs and LPCs resulted from differences in the initial
Pr, we next examined the role of [Ca2+]o in shaping the
synaptic response to short trains of presynaptic activity.
Specifically, we wanted to determine whether the pat-
tern of short-term plasticity at HPCs could be convert-
ed to activity characteristic of LPCs by simply decreasing
[Ca2+]o, and vice versa.

In 5 HPC recordings, [Ca2+]o was decreased from 1.5
to 0.5 mM (whereas [Mg2+]o was raised from 1.5 to 2.5
mM). Such a reduction in Ca2+ and elevation of Mg2+

allowed us to manipulate the amplitude and Pr of 
EPSC1 to approximate LPCs. The reduction in [Ca2+]o
reduced the mean EPSC1 amplitude by 40 ± 8% 
(Fig. 5), but had little effect on events occurring later in
the train (mean change in EPSC4 amplitude, 5 ± 2%; 
Fig. 5c and e). This redistribution of EPSC amplitude
reduced the short-term depression observed in control [Ca2+]o: in
low-[Ca2+]o, EPSC1 and EPSC4 amplitudes were not significant-
ly different (EPSC1 = 7.3 ± 0.8 pA versus EPSC4 = 5.4 ± 1.2 pA, 
p = 0.28). The short-term plastic properties of HPCs in low [Ca2+]o
were similar to those observed at LPCs in 1.5 mM [Ca2+]o (com-
pare with Fig. 3c). This was more clearly illustrated when the two
data sets were normalized to their first EPSC amplitudes (Fig. 5e,
inset), which showed that a depressing response at HPCs is con-
verted to a ‘stationary’ response in lowered [Ca2+]o.

Lowering [Ca2+]o significantly reduces the Pr of EPSC1 and
EPSC2 (Fig. 5a and b). This reduction of Pr1 and Pr2 likely con-
tributed to the smaller EPSC1 and EPSC2 amplitude (Fig. 5c).
Across all experiments, the largest reduction in Pr of all events in
the train was associated with Pr1 (mean Pr1low[Ca

2+
]o/mean

Pr1ctrl[Ca
2+

]o = 0.46 ± 0.15, Fig. 5f). This reduction in Pr of events
early in the train endows HPC synapses with transmission prop-
erties reminiscent of LPCs.

In contrast, the pattern of short-term plasticity at LPCs was
not altered by elevating [Ca2+]o. In 5 experiments, [Ca2+]o was
elevated from 1.5 to 3.5 mM (and [Mg2+]o was decreased to 
0.5 mM). Under these conditions, we observed an increase in
the mean amplitude and Pr of EPSCs occurring early in the train
(Fig. 6; mean increase in EPSC1 amplitude, 160 ± 98% of con-
trol). However, this increase in EPSC amplitude did not alter
the pattern of short-term plasticity at these synapses (that is,
we were unable to convert a ‘stationary’ response to a ‘depress-
ing’ one; Fig. 6c and e and inset, compare Fig. 5c and e). Indeed,
on no occasion did we observe a LPC that demonstrated HPC-

Fig. 6. Differential dependence of short term plasticity on
[Ca2+]o in LPCs. Greater than twofold elevation in [Ca2+]o fails
to convert the stationary response of LPC short-term plastic-
ity into a depressing one. Figure setup is identical to Fig. 5. At
LPC connections, an elevation of [Ca2+]o from 1.5 to 3.5 mM
results in an increase in the mean amplitude and Pr of EPSCs
occurring early in the train (c–f). However, this increase in
EPSC amplitude or Pr was not accompanied by any alteration of
the short-term plastic properties of the synapse (e, inset).

like short-term plasticity in elevated [Ca2+]o conditions. These
data suggest that although transmission in LPCs is sensitive to
changes in [Ca2+]o, LPCs could not be ‘converted’ to HPCs by
simply changing their Pr.

Equivalent transmission is not observed in barrel cortex
To determine whether LPCs and HPCs were a general property
of synapses between layer II/III pyramidal neurons in other sen-
sory cortical areas, similar recordings were made from pyramidal
neurons in barrel cortex slices23 across an identical age range.
Synaptic transmission between connected pairs of layer II/III pyra-
midal neurons from barrel cortex possessed properties funda-
mentally different from equivalent neurons in auditory cortex
(Fig. 7). From a total of 18 connected pairs, the mean EPSC ampli-
tude in response to single presynaptic stimulation was 
19.6 ± 1.8 pA (n = 18), almost 3 times greater than the mean
amplitude of connections between HPC in auditory cortex and
about 20 times greater than LPC amplitudes (compare Figs. 1
and 2). The probability of synaptic transmission was also signifi-
cantly higher at barrel cortex connections (mean Pr = 0.93 ± 0.01, 
n = 18; Fig. 7e) with few failures of synaptic transmission occur-
ring (Fig. 7a, b, d; compare with HPC mean Pr = 0.68). 
Consequently, the mean EPSC amplitude, excluding failures
(mean, 20.9 ± 1.9 pA) was significantly greater than observed in
either auditory cortex HPC (9.3 pA) or LPC (4.7 pA).

Responses to short trains of presynaptic stimuli were invari-
ably depressing (Fig. 7) with the mean EPSC amplitude, mean
EPSC amplitude excluding failures and Pr all showing signifi-

a b
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the incidence of synchronous events being similar in
LPCs (58%) and HPCs (64%). In contrast, only 18% of
non-connected pairs received synchronous spontaneous
synaptic activity (Fig. 8d). These data suggest the exis-
tence of synaptically connected ensembles whose com-
ponents may be activated in concert24.

DISCUSSION
Here we provide functional evidence, based on differences in
EPSC amplitude, success probability, kinetics and response to
brief trains of stimuli, for two different modes of transmission
between excitatory connections of the primary auditory cortex7.
The most frequently observed transmission mode, the LPC, was
associated with small mean EPSC amplitude, a low event success
probability, and on average, a non-decremental response to 20-Hz
spike trains. Transmission via HPCs was characterized by a high
Pr, a larger mean EPSC amplitude, paired-pulse depression, and
marked short-term depression in response to 20-Hz spike trains.

The differential response of LPCs and HPCs to short trains of
presynaptic stimuli represented the most significant difference
between the two modes of transmission. At LPCs, the mean EPSC
amplitude and Pr remained constant at each successive event in
the train. In contrast, both mean event amplitude and Pr decreased
during the 20-Hz train at HPCs. This suggests that whereas the
release machinery at LPCs can faithfully support brief trains of
presynaptic stimuli, the decrease in both EPSC amplitude and Pr
at HPCs favors their involvement in transient episodes. It is uncer-
tain at this time whether LPCs and HPCs represent two distinct
classes of connection or represent the extreme ends of a contin-
uum ranging from low- to high-probability connections. Because
a uniform distribution for Pr between cortical pyramidal neurons
in layer V was reported previously15, we considered the possibil-
ity that the clustering of LPCs and HPCs resulted from the finite
sample size (n = 37). We considered this unlikely; were the data
from a single population of connections, possessing a uniform

Fig. 7. Equivalent connections were not observed in barrel
cortex. Experiments identical to those illustrated in Fig. 3
were made between pairs of connected neurons recorded
from layer II/III pyramidal neurons in barrel cortex. 
(a) Representative single experiment and panels (b–d) illus-
trate the mean pooled data from 18 connected pairs. (a–c) In
all cases, connections between layer II/III pyramidal neurons
possessed large EPSC amplitudes far in excess of those
observed in the layer II/III auditory connection. (a) Seven
sample traces of synaptic activity in response to trains of 
20-Hz presynaptic action potentials (bottom). An average of
30 traces (third from bottom) illustrates that this connection
possessed short-term depression in response to the 20-Hz
train. In the presence of the AMPA receptor antagonist,
DNQX, all transmission was blocked, indicating the gluta-
matergic nature of this connection. Right, amplitude his-
tograms constructed from cell shown on left. Failures are
indicated by open columns and successes by solid columns.
(b–e) Mean data from 18 connections. In all cases, the EPSC
amplitude (b) and EPSC amplitude excluding failures (c)
showed strong depression in response to the train of 20-Hz
stimuli. (d, e) The mean initial release probability of connec-
tions in barrel cortex was extremely high, with little evidence
for synaptic failures (compare with Figs. 1–3). The mean Pr
decreased during the train of presynaptic stimuli. 
(e) Distribution of Pr1 from all 18 connections show that all
connections possess a uniformly high Pr1. Solid line is fit by
single Gaussian function.

cant depression during the 20-Hz train of stimuli (Fig. 7b–d).
Despite demonstrating significant reduction in the mean Pr dur-
ing the course of the stimulus train (Pr1 = 0.93 ± 0.01 versus 
Pr4 = 0.70 ± 0.03, n = 18), Pr4 was still significantly greater in
barrel cortex that Pr4 in HPC auditory cortex (∼ 0.5). Similarly,
the mean value of the EPSC4 was 10.9 ± 1.3 pA (n = 18) in bar-
rel cortex compared to 1.1 pA and 2.7 pA for LPC and HPC in
auditory cortex. Taken together, these data demonstrate that
connections between layer II/III pyramidal neurons in barrel
cortex possess properties distinct from those observed in audi-
tory cortex. Moreover, these data suggest that HPC and LPCs
do not represent a homogeneous property of synaptic connec-
tions common to other sensory cortical areas.

A high level of connectivity within layer II/III
In recordings from auditory cortex, spontaneous excitatory
synaptic activity often occurred synchronously on both the presy-
naptic and postsynaptic neuron, suggesting that common sources
may innervate layer II/III neurons. We next determined whether
the incidence of such synchronous synaptic activity preferential-
ly occurred on pairs of cells that were connected by LPC or HPCs
compared to pairs of cells that were not synaptically connected.

Correlated spontaneous EPSCs were detected primarily in
recordings from connected cells (Fig. 8). The synchronous nature
of spontaneous events detected in cell pairs was confirmed by the
presence of a sharp peak in cross-correlograms (Fig. 8c). The per-
centage of cells displaying synchronous spontaneous currents was
higher in connected cells compared to non-connected cells, with
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distribution of Pr, the probability of observing such a gap in the
dataset within a single population would be extremely low 
(p < 0.0001). In addition, Pr frequency histograms (Fig. 2a) were
well fit by the sum of two first-order Poissonian distributions but
poorly fit by either a single Poissonian or Gaussian distribution.
Thus, we consider it likely that LPCs and HPCs represent specif-
ic populations of synapse types whose transmission properties are
tuned for specific roles in auditory cortex. This is underscored by
the experiments from equivalent connections in barrel cortex.
Transmission between layer II/III pyramidal neurons in barrel
cortex occurred via synapses that had high release probability
(mean Pr = 0.93) and large EPSC amplitudes, and that invariably
demonstrated short-term depression of both EPSC amplitude and
Pr in response to brief trains of stimuli.

Physiological function of HPCs and LPCs
In vivo recordings from thalamus show that a limited number of
firing patterns exist in response to sustained tones or repetitive
clicks. The response to tone stimulation, measured as mean firing
rate, is either sustained or transient in nature2. Similarly, the two
most frequently encountered patterns, classified according to the
response to series of clicks, are the so-called ‘lockers’ and ‘special
responders’1. ‘Lockers’ respond to clicks presented at a frequency of
up to about 50 Hz, faithfully following the stimulus, whereas ‘spe-
cial responders’ respond only to the onset of the stimulus train.
How these two types of signal are integrated within auditory cor-
tex is largely unknown. We speculate that two synaptic ‘channels’
composed of connections with temporal characteristics observed
in the present experiments could faithfully convey to cortical neu-
rons (which fire up to approximately 20 Hz19) information encod-
ed in transient or sustained patterns of thalamic input.

Because of the distinct properties of short-term plasticity,
we propose that LPCs and HPCs may subserve fundamental-
ly different functions in the auditory network. Input to a set
of LPCs could act to support ‘locker’ responses, ensuring fideli-
ty of the cortical output. A cortical unit receiving a sustained
train of action potentials from a sufficient number of LPCs
could indeed produce a sustained noise-insensitive response
by integration of ensemble-coded synaptic excitatory input.
On the contrary, supra-threshold input through a set of HPCs
would result in a transient, depressing response, largely inde-
pendent of the duration of the input signal. Thus, the brief
activation of a few HPCs may generate ‘special responder’ pat-
terns in cortical units. Consequently, a unit that is postsynap-
tic to HPCs may be particularly suited for detecting variability
in the timing of signal location and frequency. An alternative or
complementary role of depressing synapses is the detection of
subtle differences of frequency-modulated signals25. These
interpretations do not rule out the involvement of additional
mechanisms, such as local inhibition or non-local cortical
interactions, commonly invoked to explain shaping of excita-

tory responses. Future experiments are aimed at determining
the role of inhibitory neurons within the circuitry.

In conclusion, pyramidal cells within layer II/III of the audi-
tory cortex process incoming presynaptic signals using two
synaptic networks with unique computational features. HPCs
and LPCs networks in layer II/III provide a compelling synap-
tic substrate for performing spectrally heterogeneous demands
of auditory cortical analysis, such as event detection and sound
fingerprinting26, possibly related to the ‘what and where’ pro-
cessing in the auditory pathway27.

METHODS
Auditory cortex slices. C57/BL6 male mice (18–28 days old) were anes-
thetized according to the NIH Animal Care and User Committee guide-
lines, and their brains were placed for 1–2 min in ice-cold saline solution
composed of 130 mM NaCl, 3.5 mM KCl, 24 mM NaHCO3, 1.25 mM
NaH2PO4, 0.5 mM CaCl2, 3.0 mM MgCl2 and 10 mM glucose. After
removal of the cerebellum, 250-µm-thick coronal slices from the first sixth
of the caudal part of the brain, where the primary auditory area A1 lies,
were cut at 0–4°C. Slices were then incubated at 32°C in the same solu-
tion until used for recordings. Slices were subsequently moved to a record-
ing chamber and superfused with a solution as above except that [Ca2+]
and [Mg2+] were both 1.5 mM and maintained at room temperature.

Barrel cortex slices. Coronal slices (400 µm) containing the posteromedial
barrel subfield were prepared from C57/BL6 mice (P18–P28) using previ-
ously described methods23. Mice were anesthetized with forane and decap-
itated, and the brain was rapidly removed in ice-cold saline solution as
described above. The posterior part of the left hemisphere was vertically
trimmed away at 50 degrees relative to the midsagittal plane. The trimmed
surface was then glued downward to the vibratome (Leica, Deerfield, Illi-
nois) stage and slices were cut from the rostral pole of the right hemisphere
parallel to the trimmed surface. The initial 4 slices (about 1600 µm) were
discarded and the next 5 slices (about 2000 µm) containing the whisker
barrels were saved for recording. The slices were incubated at 32°C in the
recording solution for 30 min and then maintained at room temperature
until use. The posteromedial barrel subfield was identified by the presence
of three to four large barrel-like structures in layer IV, visible under tran-
sillumination. Individual pyramidal neurons located within layer II/III were
selected for recording based on somata size and position.

Recording. For recording pairs of auditory cortical pyramidal neurons in
layer II/III, cells were selected according to their position, dorsal to the
ectosylvian region, and shape of their cell bodies. Whole-cell patch-clamp
recordings were performed using Axopatch-1D amplifiers. Signals were
filtered at 2 kHz and digitized at 10 kHz on a PC using a Digidata 1200
interface driven by pClamp8 (Axon Instruments, Foster City, California).
The intracellular electrode solution was composed of 90 mM KGluconate,

Fig. 8. Synchronous spontaneous synaptic input onto connected layer II/III
cells. (a) An example of two connected cells (LPC-type). Lower traces
indicate presynaptic action potentials; upper traces represent four repre-
sentative trains of postsynaptic EPSCs. (b) The same two cells display
numerous synchronous spontaneous EPSPs (upward deflections)/EPSCs
(downward deflections) that originate from unidentified sources (indi-
cated by arrows). (c) A zero lag in the cross correlation analysis confirms
the synchronous nature of the co-occurring synaptic events. (d) Summary
histogram showing that the fraction of cells showing simultaneous sponta-
neous EPSC is high in both HPCs and LPC connected pairs but lower in
recordings of two cells showing no connectivity.
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12 mM KCl, 10 mM HEPES, 2 mM EGTA, 2.0 mM ATP.Na2, 0.3 mM
GTP.Na, 1.0 mM MgCl2 and 0.5% biocytin. This solution was selected to
provide a reversal potential of –60 mV for Cl– to minimize the contribu-
tion of GABAergic IPSCs. After obtaining cell pairs, suprathreshold elec-
trotonic current pulses (200–300 ms) were delivered in current clamp to
allow determination of the neuronal firing pattern to provide tentative
identification that cells were pyramidal in nature. In all cases, the pres-
ence of an ‘accommodating’ action potential firing pattern in response to
depolarizing current injection (postsynaptic cell now held under current-
clamp conditions) and post hoc cell identification following biocytin injec-
tion (example in Fig. 1c) confirmed that all weakly and strongly connected
neuron pairs were between pyramidal neurons.

Excitatory synaptic currents were recorded by holding the presynaptic
cell in current clamp and postsynaptic one in voltage clamp at a holding
potential of –60 mV. Synaptic currents were evoked at 0.06 Hz by deliv-
ering current pulses (1–3 ms, 0.3–2.0 nA) to the presynaptic cell held
under current clamp. In some experiments, trains of 4 action potentials
were generated at 20 Hz, repeated at 15-s intervals (40–140 times; on
average, trains were repeated 80 times). In experiments to determine the
recovery from short-term depression, additional EPSCs were elicited at
1–2-s intervals commencing after the spike train.

Biocytin staining. Following all recordings, slices were immediately trans-
ferred to a 24-well plate and fixed in a solution containing 80 mM Na2HPO4,
80 mM NaH2PO4 and 3.5% paraformaldehyde. Biocytin staining was then
processed using diaminobenzidine as chromogen, using a standard ABC
kit (Vector Labs, Burlingame, California). A light cresyl violet Nissl coun-
terstain was used to identify the cortical layers.

Data analysis. The input and series resistance of the postsynaptic cell was
constantly monitored by delivering a –5-mV voltage command. Cells
whose input or series resistance changed by more than 30% of the ini-
tial value were discarded. Lists of events and failures were created for each
recorded cell and for each peak amplitude in the train using a semiau-
tomatic algorithm setting a threshold of two standard deviations of the
noise amplitude. To measure peak amplitudes, the mean of the ampli-
tude of the failures, corresponding to the peak of the noise, was first sub-
tracted from the event amplitude list.

Latencies were determined from the peak of the presynaptic spike to
the zero crossing of the straight line that best fitted the rising phase of a
sample of 10–20 EPSCs. The same sample was used to calculate rise times
(10–90%). Decay time constants were determined using single expo-
nential curve fitting routines. Mean and s.e.m. are reported throughout
unless otherwise indicated. Data were considered significant if p < 0.05.

CV2 analysis was used to predict the locus of short term synaptic plas-
ticity16. A change is represented as a point in the potentiation–CV2 ratio
(π–ρ) graph.

CV2 ≡ µ/σ2, where µ ≡ mean amplitude and σ2 ≡ amplitude variance
π ≡ µafter/µbefore and ρ ≡ CV2 ratio ≡ CV2

before/CV2
after

A data point in the regions between the ρ = πand the π= 1 straight lines
(indicated by hatched area in Fig. 2d) corresponds to a presynaptic locus.
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