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Abstract

The neural circuits of the auditory cortex are a substrate for the dual purpose of representing and storing the auditory signal on
one hand, and sending its relevant features to other cortical and subcortical areas on the other hand. The ability to process and
transform the signal crucially depends on achievement of the neuronal spike threshold following spatiotemporal summation of the
synaptic signals. We used patch-clamp recording in a thin slice preparation to compare neuronal responses to current injection of
layer II/III and layer V neurons. We found that while the two classes of neurons do not differ in passive neuronal properties, layer
II/III neurons possess a lower firing threshold relative to layer V neurons (—44.8 +2.4 mV vs. —34.3+4.0 mV). We speculate that
a lower spiking threshold in layer II/III neurons might favor local intracolumnar activation for representation and storage of the
auditory information whereas a more positive spiking threshold for layer V neurons may prevent unnecessary cortical spread of a

scarcely processed signal.
© 2003 Published by Elsevier B.V.
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1. Introduction

The primary auditory cortex is the area of conver-
gence for the auditory information transferred through
the thalamic relay. Anatomical studies confirm, by and
large (Smith and Populin, 2001), a similar interlaminar
connectivity in auditory and other sensory cortices,
where cells of a middle layer receive thalamic afferents
and project to the supragranular layers II and III,
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Abbreviations: Vi, firing voltage threshold; Vg, voltage of
maximum firing frequency; fmax, maximum firing frequency; V;, rest-
ing potential; GABA, y-aminobutyric acid
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which, in turn, send the processed signal to the local
subgranular layer V and to non-local cortical and sub-
cortical areas (for a review see Linden and Schreiner,
2003). Scant information is available on the mecha-
nisms of intracortical processing, particularly whether
or not the auditory signal is strongly reprocessed within
a cortical column or unit, before eventually being trans-
ferred elsewhere. We have previously found that neu-
rons of layer II/I11 are connected to each other with two
types of synaptic connections distinguished by release
probability and synaptic strength, which we called high-
p and low-p (Atzori et al., 2001). In this study we mea-
sured the spike threshold of neurons within layer I1/I11
and their local monosynaptic projection layer V, for
determining the number of presynaptic neurons that
must be simultaneously active in order to elicit downhill
neuronal firing. We found no obvious interlaminar dif-
ferences in the cell passive properties, whereas neurons
in layer II/III displayed a much lower activation thresh-
old with respect to layer V neurons.
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2. Methods
2.1. Slice preparation

Wistar rats, 20-30 days old, were sacrificed after iso-
flurane anesthesia according to the National Institutes
of Health guidelines, decapitated, and their brains sliced
with a vibratome in a refrigerated solution (0-4°C) con-
taining (mM) 130 NaCl, 3.5 KCIl, 10 glucose, 24
NaHCO3;, 1.25 NaH,POy, 1.5 CaCl, and 1.5 MgCl,,

saturated with a mixture of 95% O, and 5% CO,
(ACSF). Coronal slices were incubated in ACSF at
32°C before being placed in the recording chamber.
The recording area was selected using a Zeiss micro-
scope with a 10X objective as previously described (At-
zori et al., 2001). Layer II/III and V neurons with py-
ramidal cell morphology were visually identified with a
40X water immersion objective. Cells of layer II/III
belonged to the high-density region lying approximately
between 20% and 33% of the cortical span (0% = pial

L2/3 regular firing

a . o
) ., . interspike interval
g 200 4 .
®
g 150 4 ® ®
€ [ ]
£ 100 .
2 .
Q
£ 504
20 mv
30 pA 0 —_—
200 ms 0 1 2 3 4 5 6 7
L V regular firing
b) | L
®
g 150 - ¢
=z . o
g
% 100 L]
§
Q.
% 50 4 .
E
20 mv 0 .
20 pA 0o 1 2 3 4 5 8 7 8
200 ms
) L V burst firing
Cc
I ® o0
E 150 L
K .
2 100 -
E
-
& 50
s
£ 00 o 0% o o o
0_
20mv 0 5 10 15
25pA spike number
200 ms

Fig. 1. Firing patterns in layer II/IIl and V. The firing patterns of neurons in layer II/III and V fell into three firing classes, regular-firing,
bursting, and fast-spiking. The last one, associated with inhibitory cells, was not considered. Regular-firing neurons, displaying an increase of
the interspike interval during the current pulse, were detected in both layer II/IIl and V (a,b). Bursting cells (c) were found in only 10% of

layer V neurons (3/30) and were characterized by series of bursts with short

interspike intervals followed by a longer delay (right).
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Table 1
Layer II/111 n Layer V n

Input resistance (MQ) 266 £24 32 268 £27 30
7 (ms) 22+2 32 21%2 30
Viesting (MV) —589+%1.9 33 —60.4%2.3 30
Spike half width (ms) 2.6%0.2 32 2.5%0.1 30
Percent cells with pronounced afterhyperpolarization 70% 33 53% 30
Threshold (mV) —448+24 28 —34.3%£4.0% 26
Vine (mV) 15.1£2.2 28 26.1%3.1 26
Vnax firing (MV) —1.1£8.8 28 —2.2%6.8 26
Jfmax (Hz) 439+3.8 28 36.0+4.5 26
Slope (Hz/mV) 2.3%0.5 28 2.6%0.9 27
*P <0.05.

surface). Layer V cells were selected in the lower-density
large-cell-body-size region at approximately 60-75%
from the cortical surface.

2.2. Electrophysiology

Current-clamp recording was performed with a Mul-
tiClamp 700A amplifier (Axon) at room temperature
with 3—6 MQ electrodes, filtered at 2 kHz with a Butter-
worth filter, sampled at 10 kHz and stored in a PC with
a Digidata 1320 A/D converter (Axon). The pipette so-
lution contained (mM) 105 KMeS, 1 MgCl,, 10
HEPES, 4 glutathione, 1.5 ATPMg,, 0.2 EGTA, 20
phosphocreatine, 0.3 GTPNa,. The pH was adjusted
to 7.2-7.4 and the osmolarity was 265-275 mOsm. Cel-

firing pattern
a)

lular firing patterns were evoked by injecting square
pulses of current at increasing amplitudes. Recordings
whose resting potential were more positive than —50
mV or whose action potential was smaller than 50
mV were discarded.

3. Results

We classified cortical neurons according to their re-
sponse to current injection, into regular-spiking, burst-
ing, or fast-spiking (Connors and Gutnick, 1990). Since
this last feature is indicative of y-aminobutyric acidergic
inhibitory cells we discarded all fast-spiking cells from
the current analysis. All of the 33 recorded neurons in
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Fig. 2. Computation of fmax, Vmaxfir» Vinr and slope. The number of spikes was obtained counting the peaks larger than half the initial spike
amplitude from a series of current clamp traces at increasing current values (a). The voltage is calculated before the beginning of the second
spike. (b) fmax and Viyaxsr are taken directly from the experimental data. Vi, and the slope of the voltage—frequency data were derived from

the straight line that best fit the linear part of the curve.
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Table 2
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Quantal amplitude

Number of presynaptic cells for threshold

PA mV Layer 1I/1IT Layer V
High-p connections 6.9 1.84 8 14
Low-p connections 1.1 0.29 52 90

layer II/III and 27/30 layer V neurons were regular-fir-
ing (Fig. la,b). Three of the 30 neurons recorded in
layer V displayed bursts for particular values of injected
current (Fig. 1c) and were discarded from further cal-
culations.

In 32 layer II/III and 27 layer V cells we measured
input resistance, membrane potential and membrane
time constant (7) by delivering a single negative current
pulse. The spike width was measured at 50% amplitude.
No significant differences between layers were detected
(Table 1). Since the values of the spike threshold ob-
tained by a single current pulse injection are dependent
on the size of the current pulse, we decided to measure
the activation threshold by analyzing the whole extent
of the voltage—frequency curve for every given neuron.

On 28 layer II/III and 26 layer V neurons we deliv-
ered 1-s current pulses of increasing amplitude (range of
maximum injected current: 80-300 pA) in order to

a) BFe—m————

measure a series of parameters: the activation threshold
(Vinr), the voltage of maximum firing (¥ .y fir), the max-
imum firing frequency (fmax) and the frequency-voltage
slope (slope, see Fig. 2). The frequency was calculated
by dividing the number of spikes whose amplitude was
larger than half of the first spike by the duration of the
pulse. To avoid ambiguities due to a fast rise time dur-
ing the first spike of the train, the voltage was measured
right before the beginning of the second spike. Viax fir
and fi.x were measured directly from the maximum
values recorded. The values of Vy,, and of the slope
were derived by fitting a straight line with a minimum
square algorithm from the linear part of the frequency—
voltage curve, corresponding usually to the first three to
five points of the curve. The activation threshold Vi,
and the slope were calculated accordingly. No differ-
ences were detected in the parameters measured except
for the voltage activation threshold Vi, which was

L 1I/11l

PR

200ms |

00ms |50 pA

JMMMMJMJLUMLMM
UL

Muummm%
U
T O S
[ S G U S

>

LV

160 mv

200ms |go pa

120 mvV

30 4

20 1

frequency (Hz)

frequency (Hz)

V__(mV)

mem

Fig. 3. Layer II/III and layer V have different activation thresholds. Representative example of traces recorded from a layer II/III neuron (a)
and the corresponding voltage—frequency curve. Vi, =—44 mV. Representative traces (c) and voltage—frequency curve for a layer V neuron.

Vine =—32 mV.
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more negative for layer II/IIl neurons than for layer
V neurons (Vi (LIVII)=—44.8%£24 vs. Vi (LV)=
—34.3+4.0, see Table 1 and Fig. 3).

Excitatory neurons in layer II/III are interconnected
by two networks of synapses (Atzori et al., 2001), one
with a high release probability and relatively high quan-
tal amplitude, and another one with opposite character-
istics, which we called high-p and low-p, respectively.
On the basis of the mean quantal amplitude and of the
activation threshold (Vi,,—V;), we estimated the num-
ber of local cells necessary for eliciting an action poten-
tial in layer II/III (Table 2). Since layer 1I/III neurons
project to layer V (Wallace et al., 1991; Winer, 1984;
Linden and Schreiner, 2003), we repeated a similar cal-
culation for determining the number of presynaptic cells
needed for activation of layer V neurons assuming con-
nections similar to layer II/III local connections. As-
suming the existence of similar connections between
layer II/IIT and layer V, the results showed that the
simultaneous activation of approximately eight high-p
or 50 low-p presynaptic neurons is needed for eliciting a
postsynaptic action potential within layer II/III, while
almost twice as many presynaptic layer II/III neurons
need to be active in order to elicit a layer V spike (Table
2).

4. Discussion

In spite of a large morphological variety of neuronal
types in the auditory cortex (Winer, 1984, 1985; Winer
and Prieto, 2001), layer II/III and V neurons display a
limited number of firing patterns referred to as regular-
firing, fast-firing and bursts already described previ-
ously (McCormick et al., 1985; Connors and Gutnick,
1990). In the present analysis we only considered regu-
lar-firing neurons, corresponding presumably to excita-
tory neurons. The main finding of our study is that
neurons in layer II/III have a lower activation threshold
with respect to layer V neurons. Using the voltage acti-
vation thresholds (Table 1) and the quantal amplitude
determined in our previous work (Table 2), we calcu-
lated that approximately eight high-p or 50 low-p pre-
synaptic neurons (or any combination) is sufficient for
evoking a postsynaptic spike in a neuron in layer II/I11.
An error due to the underestimation of the whole-brain
postsynaptic response with respect to the brain slice is
partly corrected by the overestimation of the input re-
sistance, which is measured at the resting potential and
not dynamically, and should not substantially compro-
mise the validity of the estimate. Assuming the existence
of similar connections between layer II/II1 and layer V
(Thomson and Bannister, 1998), almost twice as many
layer II/III presynaptic cells are required to elicit a post-
synaptic spike in one layer V neuron. This information

suggests a specific role of excitatory neurons in the dif-
ferent cortical layers. From anatomical and physiologic
studies it is known that cortical layers II and III receive
cortico-cortical projections from layer IV, in addition to
intralaminar and direct thalamic input (Beierlein et al.,
2002; Shen et al., 1999). Furthermore, it is known that
layer V receives afferent fibers from supragranular
layers II and III, and it is proposed to represent the
major cortical output (Linden and Schreiner, 2003;
Winer and Prieto, 2001). In the cat, layers II and III
are characterized by a high cell density associated with
relatively small somata (Winer, 1984, 1985), whereas
layer V displays a lower cell density and larger cell
body size (Winer and Prieto, 2001). Layer V also pos-
sesses an extended inhibitory network (Foeller et al.,
2001) modulating and limiting its output, which is less
significant in layer II/I11. The lower activation threshold
of layer II/III neurons with respect to layer V neurons
would suggest that while auditory information can
easily circulate and overflow in and from layer II/111,
the activation of information processing in layer V re-
quires a more robust presynaptic activation and/or
higher presynaptic synchrony. One consequence of
this is that the storage of the auditory information
would be easier in synapses within layer II/III rather
than in synapses from layer II/III to layer V. Further-
more, a high density of excitatory cells and a lower
activation threshold would indicate layer II/IIl as the
appropriate substrate for the immediate representation
of auditory stimuli utilizing local excitatory networks
shaped by previous synaptic plasticity. On the contrary,
the presence of strong local inhibitory mechanisms and
a higher spike activation threshold in layer V cells could
indicate that layer V acts as a barrier for the spread of
the signal, allowing only a limited amount of informa-
tion selected by the local circuitry to cross the bound-
aries of a local functional unit (Sugimoto et al., 1997).
A recent in vivo study highlighted a major difference
between layer II and layer III pyramidal neurons, ex-
pressed as a prominent inhibition following the onset
depolarization in response to 50-ms tones in layer 11
but not in layer II pyramidal neurons (Ojima and Mur-
akami, 2002). The differential thalamocortical innerva-
tion of layer II and III, together with their hyperexcit-
ability, a consequence of the low activation threshold,
could contribute to explain the presence of an effective
synaptic inhibition in layer III but not in layer II. Syn-
aptic inhibition could indeed prevent layer III pyrami-
dal cells from saturating their response to thalamic in-
put, while leaving layer II available to uninhibited
signal processing, one synapse downstream on the audi-
tory signal pathway.

We speculate that layer II/IIT and V could carry out
complementary roles in the local cortical circuitry, in
which layer II/III would be the preferred substrate for
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local stimulus representation and storage whereas layer
V would be the feature extracting filter for non-local
signal processing. Alternatively, layer II/III cells could
swiftly extract auditory features by virtue of their low
activation threshold, by using an experience-modified
circuitry, while the higher activation threshold in layer
V could prevent an unnecessary leakage of incompletely
processed auditory information to the areas down-
stream in the auditory pathway. Further studies would
be necessary to assess possible threshold differences be-
tween layer II and layer III, which were not separated
in our study.
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