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Abstract

Neurons in the central nervous system are thought to program neural language via firing sequential spikes for guiding animal behav-
iors. The quantitative profiles of spike intrinsic properties are critically important to understand spike programming. We developed
approaches with whole-cell recordings to measure the threshold potentials and refractory periods (RPs) of sequential spikes, and to ana-
lyze the relationships of these factors with spike timing precision and capacity at the regular-spiking and fast-spiking neurons in cortical
slice. The RPs and threshold potentials of sequential spikes at these two groups of neurons are different and are linearly correlated with
spike timing precision and capacity. These data suggest that RPs and threshold potentials essentially navigate the spike programming for
the precise and loyal encoding of meaningful neural signals. Our study provides the avenues for decoding the spectrum of the neural

signals quantitatively.
© 2005 Elsevier Inc. All rights reserved.
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Human behaviors are performed precisely under physi-
ological conditions, which are guided by a set of neural lan-
guages (the spectrum of neural signals) programmed at
neurons and synapses in the brain. The molecular mecha-
nisms underlying neural behaviors were investigated exten-
sively [1,2], however, it is poorly understood how neurons,
accommodating the network of molecules, integrate hun-
dreds of presynaptic inputs and encode spike patterns that
constitute the neural languages [3]. The lag in decoding
neuronal signals is likely due to lack of approaches to
quantify the properties, such as refractory periods (RPs)
and threshold potentials, of sequential spikes.

* Abbreviations: V., resting membrane potential; Vi, threshold potential;
Vis — Vi, the difference between threshold potential and resting membrane
potential; RP, refractory period; RSN, regular-spiking neuron; FSN, fast-
spiking neuron; ISI, inter-spike interval; SDST, standard deviation of
spike timing.
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In the programming of neural signals, spike patterns
(e.g., adaptable sequential spikes or tonic spike bursts)
and inter-spike intervals, likely silicon-based switch, are
the preferred candidate of neural computational processes
[4-6]. Spike timing precision is also critical [7,8] since pre-
cise and loyal spike patterns symbolize neuronal events in
the meaningful and memorable manner. In terms of mech-
anisms underlying spike programs, synaptic plasticity [9—
12] and potassium channel-mediated after-hyperpolariza-
tion [13-20] are thought to be involved. However, spike
intrinsic properties, such as the threshold potentials and
RPs, should be essential for generating the patterns of
sequential spikes. Little, if any, studies were done to quan-
tify the RPs and threshold potentials of sequential spikes,
and to address how these factors manage the programming
of neuronal signals.

To the questions above, we paid attention to quantifying
the threshold potentials and RPs of sequential spikes, and
to addressing the role of these factors in setting spike
capacity and timing precision at regular- and fast-spiking
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neurons by whole-cell recordings in cortical slices. The RPs
and threshold potentials are essential to navigating spike
capacity and timing precision at cortical regular- and
fast-spiking neurons. Our studies provide avenues to eluci-
date the precise analyses and computation of neural signals
quantitatively in the central nervous system.

Methods and materials

Brain slices. Cortical slices (400 pum) were prepared from Sprague—
Dawley rats (postnatal day 16-22) that were anesthetized by injecting
pentobarbital (50 mg/kg) and decapitated with a guillotine. The slices were
cut with a Vibratome in the modified and oxygenized (95% O,/5% CO,)
artificial cerebrospinal fluid (mM: 124 NaCl, 3 KCl, 1.2 NaH,PO,, 26
NaHCOs;, 0.5 CaCl,, 5 MgSOy, 10 dextrose, and 5 Hepes, pH 7.35) at
4 °C, and then were held in the normal oxygenated ACSF (mM: 124 NacCl,
3 KCl, 1.2 NaH,POy4, 26 NaHCOs;, 2.4 CaCl,, 1.3 MgSO,, 10 dextrose,
and 5 Hepes, pH 7.35) at 24 °C for 1-2 h before experiments. A slice was
transferred to the submersion chamber (Warner RC-26G) that was per-
fused with the normal ACSF at 31 °C for the whole-cell recordings [21].
Chemicals were purchased from Fisher Scientific. The procedures were
approved by IACUC in Beijing, China.

Neuron selection. Neurons in layer 1I-1II of sensorimotor cortex were
recorded. Regular-spiking neurons (RSN) show pyramidal-like soma and
an apical dendrite; and fast-spiking neurons (FSN) are round with mul-
tipolar processes under DIC optics (Nikon FN-E600). RSN and FSN
show the different properties in the response to the hyperpolarization and
depolarization pulses [21-23], especially spike patterns (Figs. 1 and 2).
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Whole-cell recording. Electrical signals at the cortical neurons were
recorded with Axoclamp-2B or multi-clamp 700B Amplifiers (Axon
Instrument, Foster CA, USA) in current clamp model and inputted into
pClamp 9 (Axon Instrument) for the data acquisition and analyses. The
output bandwidth of amplifiers was set at 3 kHz. The input resistance was
monitored by injecting hyperpolarization pulses throughout each of
experiments to be sure recording quality. The spike patterns and intrinsic
properties at regular-spiking and fast-spiking neurons were studied by
applying depolarization current pulses.

The standard pipette solution contains (mM) 150 K-gluconate, 5
NaCl, 10 Hepes, 0.4 EGTA, 4 Mg-ATP, 0.5 Tris-GTP, and 4 Na-phos-
phocreatine (pH 7.4 adjusted by 2 M KOH). Fresh pipette solution was
filtered with the 0.1 pm centrifuge filter before use. The osmolarity of
pipette solution was 295-305 mOsmol and resistance was 6-8 MQ.

The measurement and analysis of neuronal intrinsic properties. Neuronal
intrinsic properties in our studies include the threshold potentials of firing
sequential spikes, the RPs subsequent to each of spikes, as well as the
output patterns of spike programming (inter-spike intervals and the
standard deviation of spike timing).

The thresholds of sequential spikes were measured based on the dif-
ferences between resting membrane potential (¥;) and threshold potentials
(Vys), at which the rising phase of spikes (e.g., spikes 1-5) starts represents
an energy barrier for how easily spikes are evoked, which is an index of
neuronal intrinsic properties. RPs subsequent to action potentials at
cortical neurons were measured by intracellularly injecting depolarization-
current pulses (3 ms) after each of spikes (see Fig. 3). Through changing
inter-pulse intervals, we defined absolute RP as a duration from a com-
plete spike to a subsequent spike at 50% of firing probability, and relative
RP as a duration from a complete spike to a subsequent spike that fires
100% of probability and initially reaches the amplitudes of natural spikes.
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Fig. 1. The quantitative measurements of threshold potentials of sequential spikes by whole-cell current clamp recordings in cortical RSN and FSN. (A,B)
The ways are used to measure the threshold potentials of firing five sequential spikes ( Vs, dot-dash line) at RSN (A) and FSN (B). (C) The values and the
comparison of threshold potentials (Vs — V;) of spikes 1-5 at RSN (triangle) and FSN (circles). (D) A comparison of cumulative probability of Vs — V; at

RSN (triangles) and FSN (circles).
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Fig. 2. The relationships between threshold potentials and SDST or ISI in cortical RSN (triangles) and FSN (circles). (A) A linear correlation between

Vs — V; and SDST at RSN (2 = 0.75) and FSN (+* = 0.91). (B) A linear correlation between V;, —
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Fig. 3. The measures of the RP subsequent to each of spikes in cortical RSN (triangles, A and B) and FSN (circles, C and D). (A) The methods are used to
measure absolute RP and relative RP at RSN. ARP is defined as the duration from a complete spike to a subsequent spike at 50% of probability; and RRP
as the duration from a complete spike to a subsequent spike with 100% of probability as well as the amplitude initially reached natural spikes. (B)
Quantitative data show ARP (filled triangles) and RRP (open triangles) subsequent to spikes (S) 1-4 at RSN (n = 35). (C) The methods are used to
measure ARP and RRP at FSN. (D) Quantitative data show ARP (filled circles) and RRP (open circles) subsequent to spikes (S) 1-4 at FSN (n = 32). (E)
The difference between RRP and ARP subsequent to spikes 1-4. The comparisons from spikes 1-4, 2-4 to 3-4 are given (p;_4 = 0.0001, p, 4 = 0.011, and
P34 = 0.24, triangles) at RSN. The difference between RRP and ARP after spikes 1-4 and the comparisons from spikes 1-4, 2-4 to 3-4 are given (p_
4=0.68, py 4= 0.72, and p, 4 = 0.82, circles) at FSN. (F) The correlations between RRP and ARP subsequent to spikes 1-4 are linear at RSN (2 = 0.99,
slope = 1.72, triangles) and FSN (+> = 0.97, slope = 0.99, circles).
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Inter-spike intervals (ISI, an index of spike capacity) and the standard
deviation of spike timing (SDST, an index of spike precision) were ana-
lyzed by evoking repetitive spikes with depolarization currents (>100 ms).
ISI is the duration between spike pairs; and SDST is a standard deviation
of spike lock phase.

Data were analyzed if V, was above —60 mV at the recorded fast-
spiking neurons and —67 mV at regular-spiking cells. The criteria for the
acceptance of each experiment also included less than 5% changes in V;,
spike magnitude, and input resistance throughout each of experiments.
The values of spike threshold, RP, ISI, and SDST are presented as
means + SE. Comparisons under different conditions were done by 7 test.

Results

Spike capacity and timing precision are hypothetically
set by interactions between synaptic inputs and the neuro-
nal intrinsic property. To address how neuronal intrinsic
properties influence spike programming, we developed
approaches to measure the threshold potentials and RPs
of sequential spikes, as well as their role in navigating spike
capacity and timing precision at regular-spiking neurons
(RSN) and fast-spiking neurons (FSN) by whole-cell
recording in cortical slices.

The threshold potentials of sequential spikes at RSN and
FSN

Threshold stimuli by extracellular stimulus [24] or intra-
cellular current injections [25-28] are used to merit neuro-
nal excitability, which represents a minimal intensity of
extrinsic excitatory inputs to fire spikes. In addition to a
single value of threshold stimuli for sequential spikes, the
efficiency of current injections will be deteriorated by the
variation of input resistance among neurons, which causes
the huge diversified threshold stimuli (our unpublished
data). We applied the differences between threshold poten-
tial (Vi) and resting membrane potential (7}) as a neuronal
intrinsic property to present the firing of spikes.

Fig. 1 illustrates the measurements and values of thresh-
old potentials for the sequential spikes, which are defined
as the points of membrane potentials, at which the rapid
rising phase of action potentials starts. The sequential
spikes, evoked by a depolarization pulse, are shown in
Fig. 1A at RSN and Fig. 1B at FSN, in which the dash
lines indicate the threshold potentials. The values of
Vis— V: for spikes 1-5 are 27.46+0.79, 32.3+0.8,
33.1 £0.78, 33.36 £0.77, and 33.71 £ 0.77 mV at RSN
(triangles in Fig. 1C). The values of Vs — V; for spikes
1-5 are 23.89 +0.63, 25.5+4+0.68, 25.83 +0.73, 264 +
0.7, and 26.98 +£ 0.7 mV at FSN (circles in Fig. 1C). The
Vi — V. values relevant to the same number in the
sequence of spikes are significantly lower at FSN than
RSN (p <0.01). Lower threshold potentials at FSN sup-
port a notion that FSNs are highly excitable [22,29,30],
i.e., more sensitive to excitatory inputs, compared to RSN.

Noteworthy, by analyzing the cumulative probability of
threshold potential at RSN and FSN, we found that the
values of Vs — V; vary among 20-35 mV, in addition to

the differences in their values (Fig. 1D). This result indi-
cates that neurons in the cerebral cortex express the differ-
ent sensitivities to extrinsic inputs to be excited.

The threshold potentials navigate spike programming

In order to clarify the role of threshold potentials in the
programming of sequential spikes, we investigated the rela-
tionship between Vi — V, and spike timing precision or
capacity. The spike timing precision is represented by the
standard deviation of spike timing (SDST), which is calcu-
lated from 50 traces of sequential spikes. Spike capacity is
expressed by the inter-spike intervals (ISI) of sequential
spikes, which are averaged from 50 traces.

The values of SDST; to SDSTs are 0.3540.06,
0.89 +0.09, 1.36 £ 0.17, 1.8 £ 0.24, and 2.27 + 0.34 ms at
RSN; and the values are 0.39 4 0.03, 0.66 &+ 0.06, 0.96 +
0.094, 1.34+0.13, and 1.54 +£0.16 ms at FSN. To the
inter-spike intervals, the values of ISI; to ISI; are
1721 +£1.04, 31.5+1.24, 37.884+1.23, and 4246+
1.42 ms at RSN; and the value are 23.23 +0.95, 25.8 &
1.15, 27.5 & 1.15. and 28.56 + 1.26 ms at FSN. Moreover,
the values of Vi, — V. for spikes 1-5 are 27.46 + (.79,
32.3+£0.8, 33.1 £0.78, 33.36 £ 0.77, and 33.71 £ 0.77 at
RSN; and the wvalues are 23.89 4 0.63, 25.54 0.68,
25.83 +0.73, 26.4 +0.7, and 26.98 + 0.71 mV at FSN,
respectively.

We plotted the relationship between Vi — ¥, and SDST
or ISI in figure two. The correlations between Vg — Vs
and SDST,_s appear linear at FSN (+>=0.91, circles in
Fig. 2A) and at RSN (r* = 0.75, triangles). The correlations
between V., — V;_s and ISI (ISI,_, through ISI, s) are lin-
ear at FSN (r=0.96, circles in Fig. 2B) and at RSN
(* =0.93, triangles). The data indicate that threshold
potentials essentially control spike timing precision and
capacity.

The refractory periods of sequential spikes at RSN and FSN

The values of ISI in sequential spikes at RSN increase
gradually, whereas ISI at FSN is close to one another
(Figs. 1 and 2). In addition to the role of Vs — V}, RP sub-
sequent to each of spikes may be another factor to control
ISI, in turn spike capacity. If it is a case, RP should be cor-
related with ISI. We developed an approach to quantify the
absolute and relative RP of sequential spikes by injecting
depolarization pulses (3 ms) following each of spikes into
the recorded neurons. With changing inter-pulse intervals,
we defined absolute RP as the duration from a complete
spike to a subsequent spike at 50% of firing probability,
and relative RP as the duration from a complete spike to
a subsequent spike that fires 100% of probability and ini-
tially reaches the amplitudes of natural spikes (Figs. 3A
and C).

Figs. 3B and D present the quantitative data at RSN
and FSN. ARP values of spikes 1-4 are 7.48 +0.16,
9.97 +£0.32, 11.63 £0.39, and 12.3 + 0.4 ms (filled trian-
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gles in Fig. 3B); and RRP values for spikes 1-4 are
10.03 + 0.28, 14.48 + 0.5, 17.1 +0.59, and
18.46 + 0.61 ms at RSN (opened triangles in Fig. 3B;
n=235). In FSN, ARP values of spikes 1-4 are
7.334+0.27, 811+0.3, 9.1+0.35, and 9.9 +0.46 ms
(filled circles, Fig. 3D); and RRP values for spikes 1-4
are 8.806+042, 9964045  10934+0.47, and
11.38 +0.44ms (n=32, opened circles in Fig. 3D).
Increases in the RPs of sequential spikes at RSN may cause
inter-spike intervals to be gradually prolonged and less
increase in RPs at FSN may explain “equal” inter-spike
intervals.

Interestingly, the differences between RRP and ARP
(ARP) from spike 1 to spike 4 are 2.55+0.24,
4.52 £0.38, 547 4+ 0.5, and 6.38 + 0.6 ms at RSN (trian-
gles in Fig. 3E), where p; » =0.001, p, 4 =0.01, and p;_
4 = 0.24, respectively. In FSN, ARP for spikes from 1 to
4 are 1524024, 1.84+0.3, 179+0.34, and
1.68 +£0.32 ms (circles in 3E), in which p;_, =0.68, p,_
4=0.72, and p3 4 = 0.8. Moreover, Fig. 3F demonstrates
that ARP and RRP are linearly correlated at RSN
(r*=0.99, slope is 1.72; triangles) and FSN (+*=0.97,
the slope is 0.99; circles in Fig. 3F). Although a linear cor-
relation between ARP and RRP denotes same mechanisms
underlying ARP and RRP values, a gradual increase in
ARP and larger than one of their linear slope imply an
unparallel change in ARP and RRP of sequential spikes
at cortical RSN, which further implies that ARP and
RRP are controlled by two dynamic processes.

The refractory periods navigate spike programming

We examined the role of RPs in controlling spike pro-
gramming by plotting the relationship between the RPs
and inter-spike interval (spike capacity, Fig. 4A) or the
standard deviation of spike timing (spike precision,
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Fig. 4B). ARP and ISI are linearly correlated at RSN (tri-
angles, r* =0.99) and FSN (circles, > =0.91). Similarly,
ARP and SDST are linearly correlated at RSN (triangles,
r?=0.99) and FSN (circles, r* = 0.99). Such results indi-
cate that RPs subsequent to each of spikes are important
factor controlling spike capacity and timing precision.

Discussion

By quantifying the RP and threshold potential of
sequential spikes, we studied their role in spike capacity
and timing precision. The threshold potentials and RPs
of sequential spikes are lower at fast-spiking cells; and
the linear correlations between threshold potentials and
spike timing precision or capacity are better at fast-spiking
than regular-spiking neurons. Such differences in neuronal
intrinsic property well explain why fast-spiking cells are
more sensitive to excitatory inputs [31] and express a higher
capacity in spike programming. Moreover, RPs are linearly
correlated with spike capacity and timing precision; and
the threshold potentials are linearly correlated with RPs.
These data indicate that spike capacity and timing preci-
sion at cortical neurons are under the control of spike
intrinsic properties, which help us to understand the princi-
ples from neuronal intrinsic property to neural signal
encodings.

Spike thresholds and the extended considerations

We quantified the intrinsic threshold potentials for
sequential spikes. Their values in sequential spikes keep
away from resting membrane potential, especially between
spikes 1 and 2-5 at regular-spiking cells (Fig. 1). If the
kinetics of voltage-gated sodium channels underlie thresh-
old potentials [24,32-34], each of sodium channels or some
of them on cell membrane may not be completely recovered
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Fig. 4. The relationships between RPs and SDST or ISI in cortical RSN (triangles) and FSN (circles). (A) The linear correlations between ARP and ISI at
RSN (% = 0.99, triangles) or FSN (2 = 0.91, circles). (B) The linear correlations between ARP and SDST at RSN (2 = 0.99, triangles) or FSN (2 = 0.98,

circles).
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from their inactivation when firing subsequent spikes
though their RPs are over. In this regard, the threshold
potentials may more sensitively reflect the kinetics of sodi-
um channels.

In terms of physiological roles of threshold poten-
tials, we found that the threshold potentials of sequen-
tial spikes are linearly correlated with inter-spike
intervals and the standard deviation of spike timing,
indicating that this parameter is involved in ruling spike
capacity and timing precision. It is noteworthy that
threshold potentials vary among cortical neurons. The
diversified sensitivity of cortical neurons to synaptic
inputs grants the neurons in networks having a range
of abilities in encoding spikes. If a network is responsi-
ble for a behavior in animals, the language from this
network would be encoded by a group of neurons that
sing the different rhythms.

Refractory periods and their role in spike capacity and
precision

We developed an approach to measure the RPs of
sequential spikes with whole-cell recordings. Our results
show that the RPs of sequential spikes are prolonged at
regular-spiking cells that show an increased inter-spike
intervals in multiple spikes; whereas RPs are less changed,
similar to ISI, at fast-spiking neurons. Together with the
facts that the RPs are linearly correlated with both inter-
spike intervals and the standard deviation of spike timing,
we suggest that the RPs subsequent to each of spikes, sim-
ilar to threshold potentials, rule spike capacity and timing
precision at cortical regular- and fast-spiking neurons.

In addition to a difference of RPs at regular-spiking and
fast-spiking neurons, the differences between RRP and
ARP (ARP) of spikes 14 are statistically different at
RSN (Fig. 3E). ARP and RRP are linearly correlated;
and the slopes of lines are 1.72 at RSN and 0.99 at FSN
(Fig. 3F). These data imply that the mechanisms underly-
ing RPs are different at RSN and FSN, which may be
due to the differences in the kinetics of voltage-gated sodi-
um channels. A gradual increase in ARP and larger than
one in linear slope between ARP and RRP imply that
ARP and RRP are controlled by two dynamic processes
at RSN.

With our developed approaches to quantify the thresh-
old potentials and RPs of sequential spikes, which volt-
age-gated sodium channels underlie [24], we found that
they are essentially navigating spike capacity and timing
precision at cortical regular-spiking and fast-spiking neu-
rons. Our data emphasize the role of the threshold poten-
tials and RPs in spike programming, besides synaptic
plasticity [9-12] and potassium channel-mediated after-hy-
perpolarization [14-20]. Furthermore, our studies link the
knowledge between the kinetics of VGSC and the encoding
of neural signals, as well as provide avenues for addressing
the precise analyses and computation of neural signals
quantitatively in the brain.
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